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Abstract

BABAR-ERI is an Earth-imaging radiometer, currently under development as a 12U “cubesat”. This
instrument includes two imaging telescopes, detectors, and a Chopper Mechanism which modulates the
light entering the telescopes. The Chopper Mechanism includes a rotating disk, supported by a pair of
angular contact bearings, and actuated by a brushless DC motor. The disk rotates at a constant rate of
228 rpm and has a lifetime requirement of 720 million revolutions. Lubrication analysis indicated that our
“heritage” lubricants would cause the mechanism to operate in the boundary lubrication regime. Moreover,
lubricant breakdown was highly likely, leading to the eventual failure of the mechanism.

It was theorized that the high lifetime requirement could be achieved if the mechanism was operated in the
elastohydrodynamic (EHD) lubrication regime. To achieve this, RHEOLUBE 3000-3Pb, a high-viscosity
grease from NYE lubricants, was investigated. Fluid film thickness analysis showed that this grease results
in a film thickness ratio of A = 3, indicating the onset of EHD. Bearing torque testing was performed to
experimentally verify operation in EHD, but unfortunately the results were inconclusive. However, life testing
is currently underway, and after 520 million revolutions, the bearings show no signs of degradation. Based
on the lubrication analysis and life testing, RHEOLUBE 3000-3Pb appears to be an enabling technology
for the BABAR-ERI Chopper Mechanism.

The BABAR-ERI Instrument

BABAR-ERI is an Earth-imaging radiometer, currently under development with funding from NASA'’s Earth
Science Technology Office. This optical/infrared instrument uses two telescopes to measure the reflected
and re-radiated energy leaving Earth’s atmosphere over a broad wavelength range from 300 nm — 100 um.
The energy is focused onto novel detectors that employ vertically aligned carbon nanotubes to absorb
>99.8% of the incident radiation over the entire bandpass. These detectors are designed by the National
Institute of Standards and Technology in cooperation with the Laboratory for Atmospheric and Space
Physics (LASP) [1, 2]. By miniaturizing a number of key technologies, the BABAR-ERI instrument is
designed to fit within the volume of a 12U cubesat, as shown in Figure 1.

The broadband radiation measurements made by BABAR-ERI are critical for understanding the Earth
radiation budget (ERB). When combined with atmospheric and terrestrial properties derived from spectral
imagers, the BABAR-ERI observations will also enhance and accelerate physical process-level
understanding of clouds, ERB quantities and surface temperature, or “cloud feedbacks”. BABAR-ERI's
“cloud-resolving”, 1-km, spatial footprint ensures that clear- and cloudy-sky ERB quantities can be
accurately established, which is key to improving our understanding of climate variability and change by
reducing the uncertainties in cloud feedbacks [3, 4].
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Figure 1: BABAR-ERI instrument inside a Nadir-pointing, 12U cubesat with three deployable solar panels

Chopper Mechanism

In order to make on-orbit calibrations, the two telescopes are optically chopped with a mechanism that
opens/closes each aperture at 7.6 Hz (Figure 2). The Chopper Mechanism is a simple wheel with two open
and two closed quadrants, attached to a shaft and supported by a duplex pair of angular contact bearings
in back-to-back configuration. The wheel rotates at a constant rate of 228 rpm, using a 3-phase Brushless
DC (BLDC) motor and optical encoder (Figure 3).

The mechanism operates at approximately 20°C, with an on-orbit lifetime requirement of 2.5 years. After
adding an additional 1.2x factor of safety to account for ground testing, and a 2x factor safety for life testing
per GSFC-STD-7000 (GEVS) [3], the required design life of the mechanism is almost 720 million
revolutions. The mechanism driving requirements are summarized in Table 1.

Table 1: Mechanism driving requirements

Driving Requirements
Rotational velocity 228 rpm
Max mass 0.5 kg
Distance between telescope axes 116.8 mm (4.6 in)
Max wheel diameter 117.8 mm (7.0 in)
Operating temperature 20£5°C
Quasi-static limit load 30g
Random vibe level 10.0 g_rms (acceptance)
14.1 g_rms (qualification)
Lifetime 2.5 years on-orbit,
720 million revolutions
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Figure 2: Chopper Mechanism and BABAR-ERI optical system

Figure 3: Chopper Mechanism section view
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Bearing Design and Lubrication

To meet the requirements of this mechanism, a custom bearing was specified and procured from
CEROBEAR GmbH (Figure 4). This bearing is a duplex angular-contact bearing in back-to-back
configuration, with a 29-N (6.5-Ib) axial preload. This preload was chosen to prevent gapping between the
balls and races under our worst-case axial launch vibration accelerations. This preload results in a mean
Hertzian contact stress of 807 MPa (117 ksi) at the inner ring contact ellipse.

Figure 4: Bearing design and specification

Given the high lifetime requirement of this mechanism (720 million revolutions), Ball-Pass Analysis was
used to calculate the lubricant Cumulative Degradation Factor (CDF) for this bearing according to the
method outlined in [6, 7]. This calculation is assumed to be valid for bearings operating in the boundary
lubrication regime. At LASP, we typically use conservative CDF limits of: 2e12 (ball pass-psi) for
Perfluoropolyether (PFPE) lubricants and 20e12 (ball pass-psi) for Multiply Alkylated Cyclopentane (MAC)
lubricants. This Ball-Pass Analysis indicated that the Chopper Mechanism has a CDF of 580e12, which is
290x higher than the CDF limit for PFPE and 29x higher than the CDF limit for MAC lubricants. This result
indicates that the Chopper Mechanism is unlikely to achieve its lifetime requirement due to lubricant
breakdown if operated in the boundary regime.

To verify our assumptions, the lubricant film thickness ratio was calculated using the method outlined by
Hamrock and Dowson [8] and includes the starvation correction factors proposed by Zaretsky [9]. Our
standard lubricants were used in this calculation, including Castrol Braycote 601EF (a PFPE grease) and
NYE RHEOLUBE 2004 (a MAC grease). Both yielded a film thickness ratio (A-ratio) of approximately A = 1
at our operating temperature, which implies that the mechanism would indeed be operating in the
boundary/mixed lubrication regime [10].

So, we ask ourselves: if Ball-Pass Analysis predicts bearing failure due to lubricant breakdown, how is it
that some mechanisms, such as reaction wheels, can achieve lifetimes that are orders of magnitude higher
than the Chopper Mechanism? We believe the answer is that they typically operate in the
elastohydrodynamic (EHD) lubrication regime rather than the boundary regime. In the EHD regime, friction,
wear and subsequent surface damage are minimized [7].

In order to achieve EHD, the film thickness ratio must be increased to A~3, by either increasing the

mechanism speed, decreasing the contact stress within the bearing, or increasing the lubricant viscosity.
Given our other design constraints, using a high viscosity lubricant was seen as the only available option.
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RHEOLUBE 3000-3Pb Grease

RHEOLUBE 3000-3Pb is a high-viscosity MAC grease developed by NYE Lubricants, based on Synthetic
Oil 3001A. It is formulated for use in aerospace and vacuum environments and is fortified with antioxidants
and anti-wear additives. It is especially well suited for use in the BABAR-ERI Chopper Mechanism because
its kinematic viscosity at 20°C is 20x higher than LASP’s “heritage” lubricants: RHEOLUBE 2004, and

Braycote 601EF.

Some useful properties of RHEOLUBE 3000-3Pb are shown in Table 2 below. Additional information is also
available through the NYE Lubricants website. Viscosity data was extrapolated over a wide temperature
range using the method outlined in ASTM D341-20. This data is plotted in Figure 5 for Synthetic Oil 3001A,
as well as Synthetic Oil 1001A, 2001A and Brayco 815Z, for comparison. It is believed that the viscosity

data for these base oils is also representative of their corresponding greases.

Table 2: RHEOLUBE 3000-3Pb properties

Property Typical Value Test Method
Kinematic viscosity **

@ 40°C 2082 mm?/s

@ 100°C 202 mm?/s
Viscosity index ** 227 ASTM D-2270
Density 0.89 g/cm?®
NLGI Grade 2 ASTM D1403
Oil Separation (24h @ 100°C) 0.09% ASTM D6184
Outgassing (TBD) ASTM E-595
Vapor pressure (NYE internal procedure)

@ 150°C 2.9e-10 MPa

@ 100°C 7.9e-11 MPa

@ 75°C 5.2e-11 MPa

@ 25°C (calculated) 1.0e-11 MPa

** data measured using Synthetic Oil 3001A, but is believed to be representative of RHEOLUBE 3000-3Pb grease

Figure 5: Comparison of kinematic viscosity vs. temperature for selected lubricants
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Film Thickness Modeling

Fluid film thickness calculations were repeated, using the viscosity data for RHEOLUBE 3000-3Pb shown
in Figure 5. The results are plotted as A-ratio vs. temperature at the bearing inner and outer ring in Figure
6. At our nominal operating temperature of 20°C, the film thickness ratios are A = 3 at the inner ring and
A = 3.7 at the outer ring, indicating that the bearing is operating near the onset of the EHD lubrication
regime. Although we’d prefer to operate fully within the EHD regime (A>>3), the constraints placed on our
bearing design and operational speed prevent this. Overall, these results indicate a significant improvement
over the use of medium-viscosity lubricants such as RHEOLUBE 2004 or Braycote 601EF, which result in
boundary lubrication regime (A~1).

In summary, the high viscosity of RHEOLUBE 3000-3Pb enables the mechanism to operate near the
onset of the EHD lubrication regime, even at low speeds which would normally result in boundary
lubrication. By operating at/near EHD, we expect to be able to meet the high cycle-life requirement
which would otherwise be unobtainable.

Figure 6: Calculated film thickness ratio for RHEOLUBE 3000-3Pb

Bearing Torque Tests

Bearings were procured from the vendor unlubricated, so that the grease could be applied at LASP. For
our initial tests, the volume of grease added to each bearing was equivalent to 30% of the internal free
volume of the bearing (Figure 7). This volume was carefully controlled by weighing the bearing before and
after lubrication and using the density to calculate the volume. After a low-speed run-in to evenly distribute
the grease, it was observed that a significant quantity of grease had been pushed out of the ball track and
was deposited near the outer surface of the cage. For subsequent tests, we decided to reduce the grease
fill to 15% of the free volume. Bearings with reduced fill percentage showed less grease migration, with
most of the lubricant remaining near the ball track. Reduced grease volume is not a concern for our
application since NyeBar barrier film is used to limit oil migration (creep), and our relatively low operating
temperature limits evaporative loss.
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Figure 7: Injection of grease into a bearing

After lubrication, the bearings were placed on a torque testing fixture. This fixture uses a brushed DC motor
under closed-loop control to rotate the shaft of our mechanism at a set speed. The outer housing of the
Chopper Mechanism was attached to a static torque transducer which subsequently measured the reaction
torque due to friction in the bearing. This facility was used to measure the bearing friction at our nominal
operating speed of 228 rpm, as well as measure the torque vs. speed characteristics of the bearing from
20 — 400 rpm.

Figure 8: Bearing torque test fixture
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Torque vs. Time

Tests were conducted to measure the bearing friction torque at the nominal operating speed of 228 rpm,
and a typical plot is shown in Figure 9. These tests indicated a “bi-modal” behavior, where the measured
torque alternated between a “low state” (often 4.6 mNm, or 0.65 0z-in), to a “high state” (often 5.6 mNm, or
0.8 0z-in). These jumps were often correlated with a visual change in the motion of the cage. During normal
operation, the cage showed a slight eccentricity as it rotated, due to the clearance between the inner ring
and the cage (which was inner-ring piloted). Additionally, the cage also exhibited several modes of cage
instability, including: a “piston” motion where it would translate along the rotation axis, and a “tip/tilt” motion
where it would rotate about axes normal to the rotation axis. The jumps in measured torque were often
accompanied by a visual change in the cage motion (for example, from quiescent operation to a mode
where the cage translated along the rotation axis). It is believed that the high viscosity lubricant may be
contributing to increased levels of cage instability, as described in [11].

Figure 9: Measured friction torque at 228 rpm

Torgue vs. Speed

Torque vs. speed measurements were obtained over the range from 20 — 400 rpm, which spans the
boundary, mixed and EHD lubrication regimes. The goal was to experimentally verify that the bearings were
entering EHD at 228 rpm, by observing a reduction in the friction torque as predicted by the Stribeck-Hersey
curve [10]. Figure 10 shows data taken from 10 consecutive tests of the same bearing (left) as well as the
mean and standard deviation of these tests (right). The data is generally noisy, and some measurements
exhibit the bi-modal response discussed above. There is also no clear indication of a reduction in friction
torque, and thus no conclusions can be made about where the EHD lubrication regime begins. After
consulting with experts at NASA, they indicated that we were unlikely to see evidence of a transition to EHD
in this kind of test, and that we should rely on the numerical modeling in this case.
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Figure 10: (left) Torque vs. speed measurements from 10 consecutive tests,
(right) Mean and +1 standard deviation of 10 consecutive tests

Mechanism Life Testing

A flight-like Life Test Unit (LTU) of the Chopper Mechanism has been built and is currently undergoing life
testing. The LTU has received a 3-axis vibration test, followed by Thermal-Vacuum (TVAC) tests, including
thermal cycles between its hot and cold survival limits. After TVAC, the test unit was transferred to an
ambient temperature vacuum chamber where it is currently operating. At the time of writing this paper, it
has accumulated 520 million of its planned 720 million cycles and is expected to complete its full life test
by May 2024. During operation, the closed-loop motor torque is constantly measured and trended to look
for any sign of increased friction or bearing degradation. To date, no anomalous trends have been
observed.

In order to meet schedule, budget and facilities constraints, the life test has been accelerated by operating
the mechanism at 6x its normal speed (i.e., now 1368 rpm). This decision was made to reduce the total
duration of the test from 6 years, to 1 year. Careful consideration was paid before deciding to accelerate
the test. Lubricant film thickness analysis indicates that accelerating the test results in the A-ratio increasing
from A =3 at 228 rpm to A =5 at 1368 rpm. Since A = 3 is at/near the onset of the EHD regime, it was felt
that the mechanism was not undergoing a significant change in lubrication regime by running faster.
Although not ideal, it is felt that the benefits of accelerating the test from 6 year to 1 outweigh the risks of
an anomalous result.
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Conclusions

An optical Chopper Mechanism has been built to fulfill the needs of the BABAR-ERI mission. This
mechanism included a disk, supported by a pair of angular contact bearings, rotating at 228 rpm. The most
challenging requirement of the mechanism was its lifetime of 720 million revolutions. Ball-Pass Analysis
indicated that the lubricants commonly used at LASP (RHEOLUBE 2004 and Braycote 601EF) would have
a high likelihood of breakdown, resulting in mechanism failure. This analysis was supported by the fact that
the mechanism would be operating in the boundary lubrication regime using the lubricants noted above.

Given the history of other mechanisms, such as reaction wheels, it was theorized that the Chopper
Mechanism could achieve its lifetime requirement if it were operating in the EHD lubrication regime. The
most feasible way of achieving EHD in this mechanism was to employ a high-viscosity grease, such as
NYE RHEOLUBE 3000-3Pb. This grease is based on Synthetic Oil 3001A, a Multiply Alkylated
Cyclopentane (MAC) fluid. Lubricant film thickness calculations were performed, indicating a A-ratio of A =
3 at the nominal operating temperature of 20°C. These results show that the mechanism should be
operating at or near the onset of EHD using the high viscosity grease.

Experimental torque measurements were made in an attempt to verify operation in the EHD regime.
Unfortunately, the torque data was noisy and exhibited additional signatures which made it difficult to
interpret. Certainly, there was no clear indication of a transition to EHD, as predicted by the Stribeck-Hersey
curve. Despite this, a Life Test Unit was built and is currently undergoing an accelerated life test. This test
has completed 520 million of its required 720 million cycles and is on track to finish by May 2024. To date,
the test has not shown any signs of bearing degradation or increased friction.

Lessons Learned

A number of valuable lessons have been learned throughout this investigation, including:

e Use caution when relying on “heritage” mechanism designs. Subtle changes to lifetime
requirements, or operational parameters such as speed, can dramatically change the bearing and
lubrication requirements.

e Lubricant analysis, such as Ball-Pass Analysis or film thickness calculations are a critical part of
any mechanism design and should not be overlooked.

e |t is very difficult to experimentally determine the onset of the EHD lubrication regime. If this
determination is important to a design, the engineer may have to rely on numerical modeling alone.
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