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Abstract
Anomalies during integration of a small-scale hydrodynamic pump motor prompted an investigation into all
sources of radial loading on the motor shaft bearings and revealed that, overall, loads were insufficiently
characterized. Experimental measurements demonstrated that magnetic forces in the pump motor
contributed to significant amounts of radial loading on the bearings, potentially causing wear over long
periods of operation and premature failures. The magnitude of these magnetic forces was determined for
the rotor and stator separately, as well as for the rotor-stator combination by designing various experimental
setups able to recreate the pump motor without hydrodynamic bearings. Characterization of these magnetic
forces led to changes in manufacturing processes and enabled selective choices of components, improving
the pump motor hardware in order to meet NASA’s Europa Clipper project requirements.
Introduction
Mechanically pumped fluid loops have been successfully implemented on various NASA space missions,
including the Heat Rejection Systems of the Mars Science Laboratory (MSL) Rover1, Curiosity, and Mars
2020 Rover, Perseverance, to control vehicle temperatures by managing waste energy generated by heat
sources such as electronic components. In these systems, the working fluid (CFC-11,
trichlorofluoromethane) is circulated in a closed loop with at least one compact, 3-phase brushless DC
centrifugal pump. This small-scale pump motor utilizes a 6-pole rotor and a 15-pole stator, packaged in a
housing of roughly 25-mm diameter and 50 mm in length. The pump operation had been successfully
demonstrated in flight, and spare units dedicated to long-term testing on Earth2,3 (up to 12 years) were still
in operation and had shown no indication of abnormal performance. Nevertheless, when operational testing
of newly manufactured pumps for the Europa Clipper Heat Redistribution System (HRS)4 resulted in
electrical anomalies and premature failures, expectations of an uneventful integration were replaced with
causes for concern. An immediate root-cause investigation and recovery strategy was conducted to meet
the manufacturing schedule and ensure the pumps would meet the 12-year life requirements of NASA’s
Europa Clipper mission.
The investigation started with inspecting the operational life-test pumps to quantify any differences in
manufacturing with the newly received pumps. Subsequent disassembly of these units revealed an
unexpected discovery: the pumps had been operating in a mixed lubrication regime, with rotors exhibiting
extensive surface damage at the bearing interfaces. As a result, a quantification of all potential sources of
radial loading present in the original pump design was carried out. The radial magnetic forces imparted by
the rotor and stator were determined to be major contributors to bearing wear and had not been considered
in the hydrodynamic bearing analysis for the pump design. The experimental characterization and
quantification of the radial loading due to magnetic forces in small-scale, surface-mounted permanent
magnet motors is the focus of this paper.
Hydrodynamic Bearings
Hydrodynamic bearings differ from radial ball bearings in that there are no rolling elements mechanically
restraining a rotating shaft. Hydrodynamic bearings rely on a fluid film between the shaft (or journal) and
bearing sleeve for load transfer and lift. A pump using this type of bearings is illustrated in Figure 1. The
hydrodynamic bearing geometry allows for fluid pressure to be generated as the shaft rotates, which creates
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a fluid boundary that lifts the shaft and is intended to prevent contact with the inner walls of the bearing
sleeve. The viscosity of the working fluid, the rotational speed of the shaft, and the geometry of the bearing
sleeve are all considerations in designing a hydrodynamic bearing with appropriate lifting force to counteract
radial loading on the shaft. When properly designed and running at the designed rotational speed,
hydrodynamic bearings ideally have no physical contact between the outer diameter of the shaft and inner
diameter of the bearing sleeve, which results in a theoretically infinite life. Shaft-to-bearing sleeve contact
should only be present during start and stop cycles, where acceleration from, and deceleration to a norotation state results in insufficient film thickness to lift the shaft away from the inner surfaces of the bearing
sleeve. In this mixed lubrication regime, the resulting contact can lead to wear on the shaft and bearings
and reduce the service life of the pump.

Figure 1. Cross Section of a Hydrodynamic Pump
A pump used in a fluid loop system is a prime candidate for hydrodynamic bearings, as the working fluid in
the system can also be utilized for the pump motor bearings. This creates competing design interests as
the working fluid must be able to fulfil multiple roles, such as the heat transfer and bearing lubrication
requirements. In the case of the Europa Clipper HRS, CFC-11 is a low-viscosity refrigerant—ideal for heat
transfer, but not ideal for bearings—which further increases the importance of understanding the radial
loading of the pump in order to meet the 12-year life requirement for the Europa Clipper mission.
Life-test Pump Observations
Operation of this pump had been demonstrated over a 12-year period as part of the Mars Exploration
Rover/MSL cooling fluid loop life testbed and showed no abnormal behavior prior to removal from the
testbed. After disassembly, the hydrodynamic pump components were thoroughly inspected. As shown in
Figure 2, shaft wear was evident on the bearing surfaces of the rotor, indicating that the radial loading was
significant enough to cause the shaft to contact the inner diameter of the bearing during operation. This
provided strong evidence that the pump bearings were operating in a mixed lubrication regime rather than
the assumed fully hydrodynamic state and prompted the need for further investigation on what forces could
be causing mixed lubrication operation.
Sources of Radial Loading
The hydrodynamic bearing analysis had originally considered two main sources of radial loading on the
fore and aft bearings. The first was from dynamic unbalance, which stems from uneven mass distribution
of the rotor, and generates a force perpendicular to the axis of rotation; the second is produced by the
reaction forces at the centrifugal impeller from interaction with the working fluid. A more detailed
investigation suggested that forces from variations in magnetic field of the rotor and the stator, a subject
not originally considered, could be an order of magnitude greater than forces caused by the rotor’s dynamic
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unbalance and impeller operation. The different sources of radial loading in the hydrodynamic bearing are
illustrated in Figure 3, and listed in order of increasing magnitude:
1. Reaction force from the impeller’s interaction with the working fluid
2. Dynamic unbalance
3. Magnetic unbalance

Figure 2. Shaft Wear on Life-test Pump Rotor

Figure 3. Sources of Radial Loading in the Hydrodynamic Pump
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Radial Loads due to Impeller Forces
The pump design features a cantilevered impeller that is mounted on the end of the rotor shaft. During
pump operation, the fluid imparts a radial force on the rotor as each blade pushes the fluid into the outlet
of the pump. This action induces a force and moment on the shaft that is reacted by the two bearings. A
Computational Fluid Dynamics analysis was carried out to determine the magnitude and characterize the
varying nature of this force as a function of flow rate. In the operational regime of the pump for the Europa
Clipper mission, the average radial load reacted from the impeller was estimated to be 0.2 N for the fore
bearing and 0.06 N for the aft bearing.
Radial Loads due to Mass Unbalance
To reduce vibrations and bearing wear, dynamic balancing of rotating parts is common practice in industrial
machines. Dynamic unbalance of the rotors was measured on two planes at 5000 rotations per minute
using a dynamic balancing machine. The maximum unbalance of newly manufactured rotors was
2.3e-7 kg.m per plane. To reduce the unbalance, component tolerances were reviewed across the
manufacturing of rotors at different stages of assembly. In addition, a dynamic balancing step was added
to the existing manufacturing process, aimed at correcting unbalance introduced during the early phases
of rotor fabrication. The method of material removal, shown in Figure 4, was chosen to work within the
existing pump motor design. It required drilling out a small amount of material from underneath the magnets
on the rotor.
The dynamic balancing step reduced the rotor unbalance to a maximum value of 7.6e-9 kg.m per plane.
Using 𝐹𝑈𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = 𝑈 ∗ 𝜔2 (with 𝑈 the measured unbalance, and 𝜔 the rotational speed of the rotor), the
radial bearing forces were calculated to be up to 0.1 N per bearing at the maximum rotation speed of the
pump.

Figure 4. Rotor Construction and Mass Unbalance Correction Through Mass Removal
Radial Loads due to Magnetic Forces
Variations in magnetic forces between the rotor and the stator can have significant contributions to bearing
radial load. Magnetic field deviation in the radial direction of a cylindrical component is characterized as
magnetic runout. Furthermore, the interaction of the two magnetic fields is affected by any physical radial
offset of the stator from the rotation axis of the rotor, which will create a non-uniform air gap between the
rotor and stator. The magnitudes of these magnetic forces were determined experimentally for the rotor
and stator separately, as well as for the rotor-stator assembly using variations of a test setup which was
able to recreate the rotation of the rotor inside the stator without the use of hydrodynamic bearings.
Experimental Setup Validation
To reconstruct the pump motor without the presence of the fluid loop or fluid bearings, a mandrel was
inserted into the center bore of a rotor and installed in between two radial ball bearings as part of the test
setup shown in Figure 5. The mandrel was connected to a dynamometer in order to apply a variable load
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to the motor during operation. Linear stages were used to adjust the radial position of the stator relative to
the rotor, and the axial position of the rotor relative to the stator. The forces acting on the stator were
measured with several high-stiffness load cells.

Figure 5. Pump Motor Dynamometer Test Setup for Magnetic Load Characterization
Operational testing of the pump motor was successfully demonstrated using the test setup shown in
Figure 5. The results showed that the current draw of the motor as a function of torque resistance was
consistent with the manufacturer specification, proving that the test setup would produce reliable results for
subsequent investigations. The dynamic balancing process using material removal directly beneath the
magnets on the rotor was cleared for production use by demonstrating that a rotor with a maximum
allowable amount of material removed still met the pump operational specifications.
Magnetic Runout Characterization of Rotors
Magnetic runout of the rotor is the result of differences in the strength and placement of the magnets on the
rotor yoke. Differences in magnet adhesive gap thickness, magnet material property variation, and physical
runout of the rotor shaft are all factors that can change the magnetic field and shift the magnetic center
radially away from the axis of rotation. The combined effect of these individual errors is a net radial attractive
force in the direction of the highest magnetic field. Investigating this force required the development of a
method for measuring the magnetic runout of the rotor.
A dedicated test setup, shown in Figure 6, was designed to gain an understanding of the magnetic runout
present in the pump rotor. The rotor was installed in a mandrel, and a surrogate magnetically attractive
component (in this case, a carbon steel flat head bolt) created the necessary attractive force with the rotor
permanent magnets. The attractive force was measured by the supporting load cells providing a
measurement range of ±36 N. A stepper motor was coupled to the mandrel, allowing a slow, controlled
rotation at 3 rpm above the surrogate bolt. The air gap, or distance between the rotor and the magnetic
element, was adjusted by varying the height of the platform supporting the surrogate bolt and the load cells.
A first iteration of the test setup led to relatively large variations in air gap (≈0.13 mm) during the rotation of
the rotor due to material deflections. Improvements in the stiffness of the components and the load cells
led to a reduction in air gap variation by a factor of 10, thus highly improving the magnetic characterization
of the rotors.
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Figure 6. Test Setup for Magnetic Runout Characterization of the Rotors
Force data in the vertical direction was collected over a full rotation of the rotor for different air gaps, as
shown in Figure 7. Maximum forces were found to occur between adjacent pole (magnet) pairs, with six
pole pairs per rotation (Figure 9). Minimum forces were found to occur at the pole locations. The magnitude
of the force profile increased quadratically as the air gap between the rotor and magnetic surrogate was
reduced. This observation is important when characterizing magnetic runouts of various rotors, since any
comparison between units needs to done at the same air gap. Figure 8 is a representation of the same
force data on a polar plot, and the red dot locates the centroid of the magnetic field of the rotor—the radial
distance of the magnetic center. The magnetic runout of the rotor is directly correlated to the offset between
this centroid and the axis of rotation.

Figure 7. Measured Magnetic Forces of a Rotor and Surrogate Magnetic Element as a function of Rotor
Rotation Angle at Various Air Gaps
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Figure 8. Magnetic Field of a Rotor Measured with a Surrogate Magnetic Element Represented on a
Polar Plot. The Magnetic Centroid is shown in Red.
From the magnetic force measurements, it was determined that an ideal rotor with no physical or magnetic
runout would have a six-per-revolution period force profile corresponding to the number of pole pairs
present in the rotor, as illustrated in Figure 9. However, the rotor’s axis of rotation is not necessarily
coincident with the magnetic center of the rotor. Two components contribute to this effect: the physical
runout of the rotor, and the physical runout of the mandrel. In an effort to remove the physical runout of the
mandrel, the magnetic characterization of the rotor was performed with the mandrel press fit at four different
clocking positions with respect to the rotor, and the four datasets were averaged. The magnetic and physical
runout impose a longer, once-per-revolution period sinusoidal force profile on top of the six-per-revolution
sinusoidal force profile and shifts the magnetic center away from the axis of rotation.

Figure 9. Schematic of a Rotor’s Magnetic Field without Magnetic Runout
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To investigate the effects of magnetic runout of the rotor on the radial loading of the bearings, a numerical
model was developed to simulate the rotor inside an ideal stator. This model assumes that an ideal 15-pole
stator can be modeled as 15 fixed magnetic elements surrounding the rotor. The experimental
measurement of the radial force of the rotor with respect to a single magnetic element (the surrogate bolt)
as a function of rotation angle is used as input, and the sum of the 15 radial forces is computed to determine
the total magnetic force. The total resultant force, which contributes to the radial loading of the pump motor
bearings, is then calculated over a complete rotation of the rotor.
Two numerical test cases were used to validate this 15-pole stator model. The first assumes a rotor without
magnetic runout. In this case, the magnetic force versus rotation angle between the rotor and a single fixed
magnetic element is represented by a cosine function with six periods per revolution (Figure 9). When taking
the sum of the radial forces from 15 fixed elements, the resultant force is zero for all angles of rotation. In
other words, a 6-pole rotor without magnetic runout will produce no net radial force in an ideal 15-pole
stator. The second test case assumed some magnetic runout of the rotor, represented by additional cosine
and sine functions with one period per revolution. In this scenario, the magnetic centroid is not coincident
with the axis of rotation (Figure 10). When taking the sum of the radial forces from 15 fixed elements, the
resultant load over a full revolution of the rotor is constant, and larger than zero. The magnitudes of the two
orthogonal components of the radial load (𝐹𝑦, 𝐹𝑧, ), and the resultant force as a function of rotation angle are
shown in Figure 10. Furthermore, an interesting correlation was made: the ratio between total resultant
force and magnitude of the magnetic centroid was exactly 7.5.

Figure 10. Forces Computed with the 15-pole Numerical Stator Model using a Numerical Model for a
Rotor with Magnetic Runout (Left) as a function of Rotation Angle (Right)
The magnetic runouts of 27 newly manufactured rotors were experimentally characterized using the
surrogate bolt setup, and the data was used as input for the 15-pole numerical model to calculate the
resultant radial loading in the pump motor assembly. Confirming the result from the ideal test case, the
resultant radial force and the magnetic centroid of the rotor were linearly correlated with a factor of 7.5, as
shown in Figure 11. Consequently, the magnitude of the magnetic centroid of a rotor, measured with a
single surrogate magnetic element over a full rotation of the rotor at a given air gap, was selected as the
parameter to characterize and perform relative comparisons of the magnetic runout of the rotors.
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Figure 11. Resultant Force Calculated with the 15-pole Numerical Model as a Function of the
Experimentally Measured Magnetic Centroid of 27 Rotors
Magnetic Runout Characterization of Stators
A similar test setup was designed to characterize the magnetic runout of the stators (Figure 12). In this
case, a strong neodymium magnetic element was adhered to a carbon steel mandrel placed inside the
stator and acted as a single magnetic element creating a vertical attractive force with a localized portion of
the stator. The air gap between the magnetic element and the stator could be adjusted with linear stages.
The stator was not energized in this case and was rotated around the magnetic element with the use of a
stepper motor to establish the magnetic characterization at all angles. In practice, the rotor rotates inside
the stator, but in the test setup, rotating the single magnetic element would have also required a rotation of
the load cells to measure the radial force in line with the magnet. Instead, the magnetic element was kept
stationary, and the vertical magnetic force was measured with a stack of four load cells. Figure 13 shows
the total magnetic force as on a polar plot, where the 15 poles of the stator can be identified. The magnetic
centroid can thus be measured using this type of setup to characterize, and relatively compare the magnetic
runout of the stators.

Figure 12. Test Setup for Magnetic Runout Characterization of the Stators
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Figure 13. Magnetic Field of a Stator Measured with a Surrogate Magnetic Element Represented on a
Polar Plot. The Magnetic Centroid is Shown in Red.
Radial Magnetic Force as a Function of Rotor-Stator Offset in the Pump Motor Assembly
Following the magnetic characterization of the rotor and stator separately, various measurements were
made at the pump motor-assembly level. First, the stator was translated vertically with the rotor remaining
in a fixed position. Because magnetic forces increase with a reduction in distance between sources, the
offset generates a greater radial magnetic attractive force in the area of least air gap between the rotor and
stator. As shown in Figure 14, the starting point for the stator was chosen to be at a hard limit, with the
upper portion of the stator bore contacting the outside diameter of the rotor. The stator was then translated
upward, allowing the rotor to pass through the center of the stator until coming into contact with the opposite
side of the stator bore. Neither rotor nor stator were rotated during this translation.
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Figure 14. Pump Motor Radial Offset Test Setup
Force results are given in Figure 15. Different datasets were obtained by rotating the position of the stator
in 45 degree increments to capture the magnetic force as a function of radial position in different locations
around the circumference of the stator bore. A combined average (dotted line) was then used to
characterize the rotor-stator assembly. In the starting position, the maximum attractive force occurs at the
top of the stator, pulling it downwards, and therefore putting the load cells in compression, creating a
negative force. At the final position, the stator is being pulled upwards, putting the load cells in tension, and
creating a positive force. However, the measured data needed to be corrected for the stiffness of the
mandrel mounted through the rotor, contributing to an uncertainty in the vertical position of the rotor inside
the stator in the test setup. Because the data in Figure 15 was fairly linear over small displacements, the
correction was made by modeling the magnetic load as a linear spring of constant 𝑘1 , using the mandrel
material stiffness 𝑘2 , and calculating an equivalent spring constant 𝑘𝑒𝑞 using Equation 1 for two springs in
series. The experimental data demonstrated that the magnetic runout of the rotor and the stator would play
a large part in the static radial loading of the bearings, and a displacement of only 14 microns could create
as much as 1 N of radial load, largely exceeding the dynamic unbalance and impeller loads.
1
1
1
= +
𝑘𝑒𝑞 𝑘1 𝑘2
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Figure 15. Experimental Measurement of the Radial Magnetic Force as a Function of Rotor-Stator Offset
Radial Magnetic Force in the Rotor-Stator Assembly
In order to further quantify potential loads on the bearings at the pump motor-assembly level, the setup was
modified to read the force on the stator during rotation of the rotor (Figure 16). The same stack of four load
cells was used to measure the vertical force (𝐹𝑧 ) by using the sum of the four measurements. As shown in
Figure 17, the two load cells located on both sides of the mandrel (off axis) could also be used to recover
the shape—but not the magnitude—of the horizontal force (𝐹𝑦 ) using a moment balance.

Figure 16. Test Setup for Measuring Bearing Forces using Rotor and Stator
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Figure 17. Load Determination from the Four Load Cell Measurements
The experimental measurements of these two forces (proportional to 𝐹𝑦 and 𝐹𝑧 ) for a rotor-stator assembly
are given in Figure 18. The numerical 15-pole stator model described in an earlier section had demonstrated
that the magnitude of the radial load was ideally constant over a full rotation of the rotor. From Figure 18,
at 110 and 290 degrees, the force is vertical (𝐹𝑦=0 ), corresponding to when the stator is being pulled directly
downward and the rotor is being pulled directly upward, or similarly, when the stator is being pulled upward
and the rotor being pulled downward. The curve of 𝐹𝑧 is shifted in the vertical direction and not centered
around zero due to the radial offset between the rotor and the stator. The difference between maximum
and minimum values (8 N) is the value of interest. At 110 and 290 degrees, 𝐹𝑧 is equal to the magnitude of
the resultant radial load, which is on the order of ±4 N. As a result, the radial loading due to magnetic forces
from the rotor and the stator during pump motor operation clearly eclipse the radial loads due to dynamic
unbalance (≈0.1 N per bearing) and the impeller (≈0.2 N and 0.06 N) by an order of magnitude.

Figure 18. Vertical and Horizontal Radial Magnetic Forces Measured in the Rotor-Stator Assembly as a
Function of Rotation Angle of the Rotor
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Conclusions
When considering the radial bearings loads in a small-scale hydrodynamic pump, the internal magnetic
forces between the rotor and the stator were found to be a major contributor. Loads due to the impeller and
dynamic unbalance were small compared to these magnetic forces, which are fundamental to the operation
of the motor. The final estimate of loads in the pump were large enough to potentially shorten the life of
hydrodynamic bearings.
Magnetic forces could be attributed to the magnetic runouts of both the rotor and stator and were measured
experimentally with different variations of a test setup utilizing a single magnetic element to characterize
the magnetic field over a full rotation of the component. Measurements were also made at the rotor-stator
assembly level and demonstrated that the interaction of the magnetic fields was also affected by any
physical radial offset of the stator from the rotation axis of the rotor. In all of these experimental setups,
selecting sufficiently stiff components was critical to reducing measurement uncertainty.
Understanding how the radial magnetic forces change as a function of radial offset can assist in defining
manufacturing tolerances that can limit bearing loads from rotor or stator positional errors. Furthermore,
collecting magnetic runout data for rotors and stators can enable methods for screening components for
particular final assemblies. While the heritage Mars missions have outlived the original life expectancy using
this pump design, these magnetic measurements will help retire risks associated with future pump motor
operation and help meet NASA’s Europa Clipper mission life requirement.
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