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For worm gearboxes, oils are mainly used in combina-
tion with splash lubrication. Consistent lubricants, such
as greases, are used less frequently and are used, for
example, in gearboxes where it is not possible or difficult
to seal the housing (Ref. 1). These applications include
positioning gears, but also power gears with high seal-
ing requirements, such as in the food industry. Grease
lubrication has, in comparison to oil, a negative thermal
effect on the worm, resulting in higher mass tempera-
tures (Ref. 2). However, this effect becomes less relevant
in the application of positioning gears, so that the advan-
tages of grease lubrication outweigh the disadvantages in
these applications.

At certain operating points, consistent lubricants also
offer additional advantages over the more common oil
lubrication. For example, in worm gears with low rota-
tional speeds and sliding speeds, friction and wear can be
reduced when using grease instead of oil (Ref. 2).

Grease lubrication places different demands on the
calculation and design of gearboxes than oil lubrication.
This applies to both the housing design and the design of
the gearing. In terms of rheological behavior, grease can
be described as a non-Newtonian fluid, which means that
the viscosity varies with the shear rate. To describe this
behavior, there are various models available, such as the
power law or the Bingham model. These models assume a
solid behavior of the lubricant at low shear rates and vis-
cous behavior at higher shear rates (Ref. 3). In contrast to
oil lubrication, there are currently no calculation meth-
ods available for predicting friction in grease-lubricated
worm gears. Such a physically based calculation method
for friction in a grease-lubricated tooth contact enables
application-specific gear design and optimization regard-
ing friction reduction.

This work presents the foundation for calculating the
friction in the worm gear contact, which is the main dif-
ference between calculating the efficiency for gearboxes
with oil and grease lubrication. The presented investi-
gation includes the determination of boundary friction
as well as the calculation of the film thickness, which is
essential for the relationship between boundary friction
and fluid friction. The combination of these two friction
calculations represents the mixed friction conditions
that are present in the tooth contact of worm gears. The
calculation methods will be presented exemplarily for
one grease.
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In addition to those investigations regarding the cal-
culation of the friction, the grease distribution inside the
gearbox will be researched by using fluorescent particles.
The grease distribution is a key factor for the gear-
box design to avoid starvation in the tooth contact. The
results will be presented for two different greases, which
are different than the one used for the calculation meth-
ods. Although one of them is grouped in the same NLGI
class as the grease used for the analytical description,
according to Ref. 4, the main goal regarding the grease
distribution is to avoid dead spaces and to create a good
mixing of the grease.

Summarizing this paper answers the question “How to
replace oil as a lubricant in worm gearboxes with grease?”
with two different approaches. On one hand, an approach
for an analytical calculation method is presented, and
in addition to that, experimental investigations on the
practical design of the gearbox are shown.

State of the Art

Grease lubrication in worm gearboxes is only little
researched so far in contrast to the area of rolling bear-
ings, where grease lubrication is widespread (Ref. 3).
Monz showed with an experimental approach the poten-
tial for grease lubrication with a wide range of different
greases and operating conditions of the worm gear show-
ing upsides compared to oil lubrication in different areas
(Ref. 2).

For worm gears, there is no physically based calcula-
tion method for friction in the grease-lubricated tooth
contact available, which is necessary for application-
oriented gearbox design as well as for the optimization
concerning friction reduction. Because of this lack
of tools to design worm gearboxes for grease lubrica-
tion, most gear manufacturers use the design of the
gearboxes for oil lubrication and simply fill them with
grease. This working method is sufficient to achieve
the goal of high sealing requirements, but neglects the
potential for optimization.

The calculation methods used for rolling bearings,
for example, to determine the rating life according
to (Ref. 5), use a simplification to calculate the film
thickness for grease lubrication. The calculation of
this value for oil lubrication is well researched and
broadly used, for example, through the equations by
Hamrock and Dowson (Ref. 6). To determine it for
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greases, common sense in the practical calculation is
to use the properties of the base oil of the grease and
calculate the film thickness according to the model
for oil lubrication. This method is, around high sum
velocities, appropriate because the film thickness of
grease converges to that of its base oil with increas-
ing sum velocity (Ref. 7).

Nevertheless, there are approaches to describe the film
thickness of grease lubrication in a more detailed way,
again with the background of lubrication in rolling bear-
ings. Morales-Espejel et al. present a different way to
describe the dynamic viscosity of the grease, in contrast
to just using the viscosity of the base oil. They deter-
mine an experimental correction factor that is applied
to the base oil viscosity and depicts the behavior of the
grease in a more precise way. The factor depends on the
sum velocity and converges to the viscosity of the base oil
with increasing speed, because of the converging behav-
ior of the film thickness from the grease to the oil. This
adapted viscosity can later be used in the existing formu-
las for calculating the film thickness for oil lubrication
(Ref. 7).

Another alternative calculation method is presented
by Cousseau et al., where the properties of the bleed oil
of lubricating greases are used. The film thickness mea-
surements on a ball-on-disk tribometer showed that the
behavior of the bleed oil differs from the base oil and is
more comparable to the actual grease. Their suggestion
for the calculation of grease film thickness is to use the
properties, mainly the dynamic viscosity of the bleed oil
instead of the base oil, to get a better match to the actual
behavior of the grease (Ref. 8).

Friction in the Tooth Contact

The analytical description of the friction in the tooth
contact consists of the description of boundary fric-
tion combined with fluid friction. The approach used for
determining these two frictions is different from each
other, as shown in the existing model for oil lubrication
described in Ref. 9.

Boundary Friction

The boundary friction is calculated by using a charac-
teristic diagram, which is determined with a two-disk
test bench for every grease under various operating
conditions. The overall setup of the testbench, as well
as its functionality and the execution of the test, is
described in Ref. 10. The varied parameters to achieve
different operating conditions are shown in Table 1.
The low sum velocity and the high slide-to-roll ratio
SRR (up to 100 percent) can be explained by the condi-
tions in the worm gear contact, as shown in Ref. 9, and
these circumstances are modelled with the given
parameters on the two-disc testbench. The two discs
are analogous to the materials used in worm gears,
made of bronze and steel. In a worm gearbox, the worm
is usually made of steel, and the worm wheel is made
from bronze.

Parameter Value
Sum velocity 0.2m/s
Slide-to-roll ratio (SRR) 0-+100 %

Temperature 20°C,50°C, 80 °C

Contact pressure 386 MPa, 582 MPa, 802 MPa

Lubricant quantity 0.5 ml

Repetitions 3

Table 1—Parameters two-disc test bench.

During the tests, different coefficients of friction were
determined for positive and negative slide-to-roll ratios
(SRR). The difference between positive and negative SRR
results from the different speed distribution of the two
discs. Investigations with positive SRR were made with
the steel disc rotating faster, and the values for nega-
tive SRR were determined with the bronze disc rotating
faster. The primary focus during this investigation is on
the values for positive SRR, which means that the steel
disc is rotating faster. This condition is the main use
case in real worm gear boxes because the worm is rotat-
ing faster than the wheel. The used grease is classified
according to Ref. 4 into NLGI class 1, and its base oil vis-
cosity amounts to 680 cSt.

During the tests, traction curves are determined for
various temperatures and pressures, resulting in a
characteristic diagram for the examined grease. As an
example, Figure 1 shows the traction curves of the
examined grease at 20°C with two investigated con-
tact pressures.
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Figure 1—Traction curves for p = 386 MPa and 582 MPa at 20°C.

The traction curves show a temperature and pressure-
dependent behavior of the grease regarding the coefficient
of friction. There is also a visible difference between the
states of positive and negative SRR. The measured coef-
ficients of friction with the bronze disc rotating faster
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are higher than those with a faster-rotating steel disc. A
possible explanation for this effect is the rolling friction,
which always works in the same direction, regardless of
the sliding friction. The effect that the coefficient of fric-
tion in the area of positive SRR decreases with higher
pressure can potentially be explained by a thinning effect
on the grease, resulting in lower fluid friction.

Effect of Preshearing on the Coefficient of
Friction

During the experiments on the two-disk test bench, the
effect of preshearing on the coefficient of friction was
investigated. To research this behavior, the coefficient of
friction was measured using two different states of the
examined grease. In the first state, the grease was not
conditioned beforehand and was directly applied to the
two discs. For the second state, the grease was sheared
using a kneader for grease according to DIN 2137 (Ref.
11). The kneader used for this investigation is shown in
Figure 2.

The determined traction curves for the two differ-
ent states of the examined grease are shown in Figure 3,
this time showing the results of an alternative grease in
contrast to Figure 1. In this diagram there is again the
difference between the values for positive and negative
SRR. But in contrast to that the difference between the
normal and the kneaded state of the grease is very small,
especially in the area of positive SRR.

Film Thickness in the Tooth Contact

To determine the share between fluid and boundary fric-
tion, the lubricating film thickness is a key indicator. To
describe the film thickness of the grease more precisely
than the approximation with only the properties of the
base oil, both additional methods presented in the state
of the art will be investigated in this work. The inves-
tigation will take an eye on the applicability of these
calculation methods on the examined grease.

Determination of Lubricant Parameters

Both examined calculation methods require the dynamic
viscosity of an oil from the grease, either from the base oil or
from the bleed oil. Since these viscosities are not provided
by the manufacturer of the lubricant, the viscosities of both
oils were measured using a high-pressure viscometer.

Extraction of the Bleed Oil

Bleed oil refers to the oil in a grease that is “bled” out
under load. To determine the properties of this oil, it
must first be extracted using a filter method based on the
principle in Ref. 12. Therefore, the grease was placed in
a filter and then subjected to a static load for a longer
period of time. A pleated filter made of cellulose with a
retention capacity of 7-9 pm was used and placed in a
plastic funnel. The grease was then distributed along the
walls of the funnel, and a second funnel was used to apply
the load evenly. The load was applied using a disk with a
weight of 1 kg, which was placed in the second funnel.
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Figure 2—Kneader for grease according to DIN 2137 (Ref. 11).
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Figure 3—Traction curves for p = 386 MPa and 582 MPa at 20°C with
different states of the alternative grease.

Figure 4—Structure for the extraction of the bleed oil.
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The entire combination of funnels, grease, and weight
was then placed on a beaker to collect the bleed oil. To
speed up the extraction process, the entire assembly was
then placed in an oven at a constant temperature of 70°C.
In this way, approx. 15 ml of bleed oil per funnel assembly
could be obtained over a period of 5 days. The structure in
the oven is shown in Figure 4.

Measurements on the High-Pressure Viscometer
The measurements to determine the lubricant parame-
ters were conducted using a high-pressure viscometer.
The design of the device and the mode of operation of
the viscosity measurement are explained in Ref. 13. The
measuring principle of the viscometer is based on a fall-
ing body, which sinks downwards due to gravity in a tube
filled with fluid, whereby the fluid is tempered and pres-
surized. During the experiment, the falling time of the
body is measured, and the viscosity is determined based
on this information. The longer this time is, the slower
the body sinks in the fluid and the greater the viscosity.
The temperatures assessed were 20°C, 40°C, 60°C, 80°C,
and 100°C at ambient pressure, 200 MPa and 400 MPa,
respectively. In the evaluation, the viscosity is deter-
mined using Equation 1 (Ref. 13):
7](‘0,19) _ C(!9) c e Osinker pﬂui{l(p58)
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where
C is a correction factor;
t is the measured time of the falling body;
v is the temperature;
7 is the dynamic viscosity;
P is the pressure;
o) is the density of the lubricant / falling body.

The resulting dynamic viscosities for the various oper-
ating points are shown in Figure 5. The measured

Determination of Viscosity Parameters

viscosities show a visible difference between the bleed oil
and the base oil, indicating that these two lubricants are
not identical. This is an expected result and matches the
observations regarding bleed oil and base oil present in
Ref. 8, where differences between the oils were also
found. As an example, the difference between the viscos-
ity of both oils at 400 MPa and 80°C is 31 percent of the
viscosity of the base oil. The standard deviation at this
point is 0.8 percent for the base oil and 0.7 percent for the
bleed oil. This shows that the measured difference results
from the lubricant properties and is not an outcome of
the measurement principle. Furthermore, it is noticeable
that the viscosity of the bleed oil increases more with
increasing pressure than that of the base oil, which indi-
cates the pressure viscosity coefficient p of the bleed oil
is higher than that of the base oil. Currently, there is no
explanation for this behavior, and the effect will be sub-
ject to further investigations in the future. It is important
to check whether this effect occurs with other lubricants
as well.
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Figure 5—Measured dynamic viscosities for bleed and base oil.

Based on the measured viscosities, there can be specific parameters determined to calculate the dynamic viscosity of a
lubricant in dependence on the pressure and the temperature. For this calculation, Equation 2 is used according to Ref. 14:

n(p9) =K - exp[ﬁTBc] . exp(

where
v is the temperature;
7 is the dynamic viscosity;
P is the pressure.

b
Cl1+dz'(9+(b1+b2+l9)'p)

The three parameters K, B, and C are calculated by Equations 3-5 according to Ref. 15:
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The remaining four parameters a; , az , by and b, are deter-
mined afterwards by nonlinear regression. For this purpose,
the measured viscosities as well as the corresponding pres-
sure and temperature are used and the system of equations
for the parameters is solved. With the parameters deter-
mined in this way, the viscosity can now be determined
for the oils under investigation at any pressure and any
temperature, which makes it possible to estimate the lubri-
cating gap height for any operating points.

Film Thickness Measurement

To rate the applicability of the different calculation meth-
ods for the examined grease, the film thickness is
measured under different operating conditions using a
ball-on-disk tribometer. The used device is the high-
speed tribometer “EHD-HS” by PCS Instruments, which
determines the film thickness using interferometry and
enables measurements at speeds of up to 20 m/s. A brief
description of the device and the measuring principle can
be found in the manufacturer’s brochure (Ref. 16). A total
of three temperatures and 31 different speeds at a con-
stantcontact pressurewereselected forthemeasurements.
The overview of the test parameters is shown in Table 2.

Parameter Value
Velocity 0.01 m/s to 2 m/s (31 Data
points)
Temperature 30°C, 45°C, 60 °C
Contact pressure 531 MPa

Table 2—Parameters ball-on-disc tribometer.

As worm gearboxes have very low local sum velocities in
contact, the measurements on the tribometer were also
primarily conducted at low speeds, with a speed of 0.01
m/s representing the lower limit of the measuring device.
This speed is the sum speed, which consists of the sum of
the disk speed and the ball speed at the contact point.
There is no slip during the tests, which means that the rel-
ative speed in the contact is zero. During a measurement,
the speed is then successively increased at logarithmic
intervals, and a value for the central film thickness is
determined at each operating point. The measurement for
this is repeated a total of five times, and the result for the
film thickness is formed by the mean value from the five
measurements. Similar conditions were selected for the
temperature as for the tribometer tests on boundary fric-
tion to analyze similar operating points. The temperature
of 30°C represents the lower limit of the measuring device
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in our specific setup, as this value depends on the temper-
ature of the room in which the tribometer is set up. The
considered contact pressure of 531 MPa results from the
combination of a pressure close to the application and the
stress limit of the glass disc of the tribometer, which is 700
MPa. A certain degree of safety was considered here, with
which a realistic pressure value in the tooth contact was
nevertheless investigated.
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Figure 6—Film thickness measurements for grease and oils.

The results of the film thickness measurement at 60°C
are presented in Figure 6. The results show clear differences
between the film thickness of the lubricating grease and the
corresponding oils. In areas of low speed, the film thick-
ness of the grease is significantly higher than that of the
oils, and it converges with increasing sum velocity. In con-
trast to that, the film thickness of the bleed oil and base oil
is fairly similar to each other. The small excerpt shows the
film thickness of the bleed oil and base oil in a more detailed
view, and with the addition of error bars. These graphs show
that the difference between the oils does not come from
measurement accuracy and that they have different lubri-
cant properties, like the viscosity measurements.

To further analyze the difference between the lubricant
properties of the bleed oil and base oil, Figure 7 shows the
calculated central film thickness for both oils according to
Equation 6, which will be further explained in the section
“Grease Film Thickness.” The needed lubricant parameters
were taken from the viscosity measurements shown in the
section “Determination of Viscosity Parameters.” The vis-
ible results of the calculation show a good match to the
experimentally determined values of the film thickness, and
the values for bleed oil and base oil are again fairly simi-
lar to each other. Furthermore, the calculated film thickness
of the bleed oil is lower than that of the base oil, as well as
in the experimental results. This difference mainly comes
from the lower viscosity at ambient pressure, 7, which can
be seen in the result of the viscosity measurement in Figure
5. The calculated values suggest that the higher pressure
viscosity coefficient of the bleed oil does not equalize the
lower viscosity at ambient pressure, resulting in a lower cal-
culated value for the film thickness.
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Grease Film Thickness

To compare the two described analytical approaches to the experimental measurements, the film thickness must first
be calculated at the chosen operating points. To calculate the central film thickness, the equation for the elliptical
point contact, shown in Equation 6, according to Venner (Ref. 17), was used. This approach is based on the equations of
Dowson and Higginson (Ref. 18), and the whole calculation is shown in the appendix.

Hoo = [((1,70 « M7« I« £ + (1,96 « M°Y)Y” + (47,3 - M2Y]"

The main equation can be used equally for both
approaches because the only difference lies in the cal-
culation of the dynamic viscosity of the lubricant. The
dynamic viscosity influences the parameters M, L, and
H.., in Equation 6 because it is used for the calculation
of the dimensionless velocity parameter U, shown in
Equation 16, which is needed for the determination of the
three mentioned parameters.

The comparison between the measured film thickness
at 60°C and the calculated value with both methods is
shown in Figure 8. Here, the values described as “Venner
bleed o0il” were calculated using the viscosity of the bleed
oil according to Ref. 8, and the values named “Venner
effective viscosity” were calculated using the correction
factors introduced in Ref. 7. The calculation for this effec-
tive viscosity is shown in Equation 7.

ﬁgrease,eff. - 7]0,baseoil ° (COtan(A * g))f

(7

The two correction factors A and f are determined by
using nonlinear regression for the results of the film thick-
ness measurements of the grease at two striking velocities.
The first velocity is the lowest measured speed, but higher
than 0.0063 m/s, and the second velocity is the speed at
which the behavior of the grease matches that of its base
oil. Furthermore, the pressure viscosity parameter ap
needed for the film thickness calculation of the grease is
obtained from the highest film thickness measurements,
where its behavior is close to that of the base oil (Ref. 7).

The comparison shows overall that the calculation
method using the effective viscosity of the grease fits the
measured values at this operating point with this exact
grease better than the values determined with the bleed
oil viscosity. The difference between the two methods
is bigger at lower speeds, and the results converge with
increasing velocity to each other as well as to the experi-
mental values.

Grease Distribution

The grease distribution in the gearbox of a worm gear is
a key factor for sufficient lubrication of the tooth con-
tact. If the distribution is unfavorable, it is possible that
there is not enough lubricating grease in the tooth con-
tact, and the effect of starvation can occur, which leads
to increased friction and loss in efficiency. To design the
gearbox properly for an optimal grease distribution, it is
important to understand the behavior of the grease dur-
ing operation.

(6)

To determine the flow and the distribution of the
grease, a gearbox with a transparent lid was used to get a
look inside of it during operation. The test bench setup is
described in Ref. 19 and shown in Figure 9. The gearbox is
designed so that the worm and worm wheel are enclosed
close to the contour by the tubular housing parts. The
gearbox itself is mounted on a test rig and can be turned
into various positions to examine different mounting
positions of the worm.
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Figure 7—Calculated film thickness for base oil and bleed oil.
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Figure 8—Comparison between measured and calculated film
thickness.

Power Transmission Engineering MARCH 2026 } 7



During the experimental test, two greases with differ-
ent consistencies were used, where one is classified as
NLGI 1 and the other as NLGI 2 according to Ref. 4. To fol-
low the movement of the grease inside the gearbox and
track the intermixing, tracer particles were added to the
greases, which can be stimulated to fluoresce by UV radi-
ation. During the test, the drive speed, the location of the
worm, the quantity of grease, and the location of applica-
tion were varied to consider different conditions.

Results on Grease Distribution

The first test regarding the grease distribution was the
experimental determination of the minimal quantity of
grease to cover the worm and the worm wheel evenly with
lubricant. The result was that the amount is independent
of the location of application and grease consistency,
because in all tests the approximate amount needed
was 20 g. During these tests, it was also visible that the
worm wheel functioned as a grease depot, whereas the
worm distributed the grease by tearing it out of the tooth
gaps. With an increasing amount of grease brought into
the gearbox, dead spaces emerged in the gearbox where
grease got deposited and was not conducted again by the
worm or the worm wheel. An amount of grease sticks to
the walls of the gearbox after its contribution and distrib-
utes itself poorly. This effect was more distinct with the
use of the NLGI 2 grease, the grease with the lower con-
sistency index distributed itself better after a short period
of time and did not stick as much on the walls of the gear-
box. The amount of grease spun out at a given speed was
comparable between the two greases.

Monz already stated in Ref. 2 the effect of a so-
called caterpillar as a relubrication mechanism inside
the gearbox. This effect occurs when excess lubricant
is carried on by the worm wheel and then drifts off at
a narrow point. The developing depot grows when a
critical amount of grease is exceeded, and a balance is
formed between stripping at the beginning of the cat-
erpillar and removal towards the end. The development
of this effect is provoked by adding additional grease
after the stationary state of lubrication, and in addition
to that, the added grease is marked with tracer particles
to inspect the intermixing inside the grease caterpillar.
Figure 10 shows the emerged grease caterpillar after the
test. The investigation on intermixing for the caterpil-
lar is shown in Figure 11. The left picture in Figure 11
shows the behavior of the grease with a lower consis-
tency class, and a good blend between the existing and
added grease inside the gearbox is visible. In contrast to
that, the grease classified as NLGI 2 in the right picture
shows a worse blend of the different markers, result-
ing in two separate phases of grease. This means that
used and fresh grease parts do not intermix as well, and
the same grease is carried around in the gearbox all the
time. In conclusion, the tested grease classified with the
lower consistency had better characteristics regarding
the intermixing and overall grease distribution inside
the worm gearbox.
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Figure 9—Mounted test bench setup (top) and partly transparent
worm gearbox (bottom) (Ref. 19).

Figure 10—Grease caterpillar after the test.

Figure 11—Intermixing of grease for NLGI 1 (left) and NLGI 2 (right).
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The investigations on the intermixing of the grease showed
that a significant amount of grease is not transported further
into the contact and instead is deposited on the walls of the
gearbox and the front side of the worm wheel. To reduce the
amount of grease that deposits on the front side of the wheel
and the walls of the gearbox, magnetic guide plates were
added to the gearbox, which is shown in Figure 12.

The circulating grease is wiped off at these plates and
conveyed back towards the tooth contact to ensure suf-
ficient lubrication. The addition of these guide plates
led to a ring-shaped grease flow around the toothing of
the worm gear, and a larger proportion of the quantity
of introduced grease is mixed and thus actively used for
lubrication. This works against the effect of bad inter-
mixing, which was shown before.

Comparative Tests
To compare different locations of the worm, combined
with the addition of the guide plates, tests were performed
with constant values for the remaining parameters, such
as speed and application of the grease. The results of
these comparative tests are shown in Table 3.

The comparison between the different locations and
greases shows a big difference regarding the grease dis-
tribution. With an eye on the location, the results indicate

Figure 12—Guide plate to influence the grease transport.

that the optimal mounting position of the worm gear is
with the worm above, followed by a vertical arrangement.
The tests with the worm below took the longest time to
get into a stable state of grease distribution. In addition
to that, the position with the worm above was the only
configuration without a dead space in the whole gearbox,
which is another benefit over the other mounting posi-
tions. Furthermore, the necessary amount of grease to
reach the defined condition of lubrication is significantly
less when the worm is located above the worm wheel.

Conclusion

The question “How to replace oil as a lubricant in worm
gearboxes with grease” was addressed using two different
approaches in this work. The first part included the idea of
an analytical method to describe the friction in the tooth
contact of a grease-lubricated worm gear. Because of the
mixed friction conditions, the combination of boundary
friction and fluid friction must be considered in the cal-
culation. The boundary friction was therefore determined
using a two-disc test bench with comparable operating
conditions to the tooth contact. Furthermore, the cal-
culation of the film thickness was shown, which is a key
value to determine the ratio between boundary and fluid
friction. In that case, two different approaches for the cal-
culation were presented and compared to experimental
results of film thickness measurements on a ball-on-disc
tribometer. The results of these investigations showed
that for this grease, there is an approach that matches
the experimental results better than the other.

In addition to the analytical approach, experiments on
the grease distribution inside the gearbox were presented.
During these tests, two major experience values emerged
from the experiment: the optimal mounting position and
the constructional adaptations to the gearbox. In regard
to these results, the gearbox for the experimental valida-
tion of the analytical model will be designed with a worm
position above, and further investigations regarding the
use of guide plates will be performed.

To provide an outlook into further investigations
regarding grease lubrication in worm gears, the analyti-
cal calculation will be expanded further so that the actual
fluid friction can also be calculated using grease. With

Mounting position Grease Time for stable Caterpillar Dead Space
condition

Worm below 170 g NLGI 1 6:00 min Yes Below worm

Worm below 150 g NLGI 2 7:00 min Yes Below worm wheel
shaft

Worm above 100 g NLGI1 4:30 min Yes None

Worm vertical 100 g NLGI1 4:30 min No Shaft shoulder, guide
plate

Table 3—Results of the comparative tests with guide plates.
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this final addition, the efficiency of the worm gearbox can
be determined and will then be verified with an efficiency
test on an actual test bench.

In conclusion, there is an easy way to replace oil as
a lubricant in worm gearboxes with grease by simply
changing the lubricant without changes to the design of
the gearbox. This simplistic approach seems easy at first
thought, but comes at the cost of an unoptimized gear-
box. By using an analytical calculation method combined
with experimental tests to find an optimized gearbox
design for grease lubrication, the efficiency of these gear-
boxes can be increased in the future.
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Appendix
The following equations show the calculation of the cen-
tral film thickness for the elliptical point contact, shown
in Equation 6, and the necessary parameters according to
Venner (Ref. 17). The equation for the central film thickness
for the elliptical point contact is again shown in Equation 8.

Heo, = [((1,70 « MY« L/« ¢y + (1,96 « M YY" + (47,3 - M*)y]"

(8)

The dimensionless parameter for the central film thickness H.., is described by equation (9).

_ (e
H-m_<R

X

> (20U

(9)

The further parameters in equation (8) are the dimensionless load parameter M

M=Ww-(2-U)"

and the dimensionless material parameter L

(10)

L=G-(2-U)”

and the auxiliary variables r, s and ¢ calculated from M and L

r=exp(l—6/(L+8))

(12)

s=12—10 « exp(M?)

(13)

L1/6

/6
L‘=1—exp<—0,9 U >

(14)

The two dimensionless parameters M and L in turn consist of the dimensionless material parameter G

G == Q/) ° Ered
(15)
the dimensionless velocity parameter U
o 70 ° Us
U o 2 * Ered * Rx
(16)
and the dimensionless load W
_ w
W= "R
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