SPIN IT UP — SOME LESS COMMON TORQUE EFFECTS IN REACTION WHEELS
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ABSTRACT

The paper elaborates on torque related contributions and
effects in the context of reaction wheel performance,
which have been less commonly addressed up to now,
however may be encountered in the frame of equipment
qualification & acceptance testing as well as during in-
flight operation.

In some instances, aerodynamic drag has been found to
cause significant resistive torque contributions when
reaction wheel assemblies are tested on ground.
Furthermore, the paper summarises a number of recent
investigations on loss torque contributions caused by
interactions of reaction wheels with internal and external
magnetic fields. In addition, the initial start-up
performance of reaction wheels is often regarded a
critical issue, in particular when high friction torque
levels occur during spacecraft commissioning shortly
after launch.

1 INTRODUCTION & MOTIVATION

When dealing with reaction wheel assemblies and their
functional performance test results & telemetry data, the
interpretation of the underlying characteristics and
hardware behaviour is often requiring comprehensive
background information. Over the last years, the authors
came across some less commonly known phenomena,
which are summarised in this paper for the purpose of
detecting and isolating their physical origin and
contribution.

In general, the friction or loss torque characteristics of
reaction wheel assemblies are among the most sensitive
health indicators for performance monitoring on ground
and in flight, effectively over the entire life of the
equipment, see for example Ref. [5] & [7]. However,
these characteristics may be partially masked or
overlayed by some effects not genuinely caused by the
really critical parts & components to be monitored, for
instance ball bearings and their long-term stable
lubrication, see Ref. [6].

If the housing of a particular reaction wheel assembly is
not hermetically sealed and evacuated, operation under
ambient conditions has to cope with aerodynamic drag
possibly consuming a substantial fraction of the available
motor power. Therefore, an evaluation of the
corresponding loss torque is important for the preparation

and performance of relevant ground tests where an
external vacuum environment cannot be readily
provided, for instance when characterising a reaction
wheel’s microvibration emission.

Furthermore, the loss torque characteristics of a reaction
wheel may include contributions from electromagnetic
phenomena, sometimes forming an immanent part of the
design, e.g. due to eddy currents or Back Electro-Motive
Force (Back-EMF) & induction effects in electric motors.
In a complementary way, the effects of external magnetic
fields have been studied recently, see Ref. [9].

The effort spent on the reliable identification of
mechanical as well as non-mechanical loss torque
components shall help reaction wheel users and
spacecraft operators to better understand the respective
performance monitoring data and to decide on any
potential interventions with more confidence.

In addition, it is found important to emphasise the
particularities of the initial start-up and run-in behaviour,
especially when assessing reaction wheel performance
during the first hours of spacecraft commissioning.

2 AERODYNAMIC EFFECTS

The ground testing of reaction wheel assemblies
occasionally poses some special challenges. In case their
housings are not hermetically sealed and evacuated, the
maximum rotation rate might not be reachable because of
significant aerodynamic drag or resistive torque.
However, the prediction and quantification of the
corresponding physical effects is not straight forward.

2.1 Theoretical Considerations

For a simplified analysis, a reaction wheel could be
approximated by a flat disk or rotor moving in a defined
cavity. However, different flow phenomena, transition
between flow regimes, inertial effects and instabilities
render an analytical calculation approach rather difficult.

In a thin layer of fluid/gas next to the surface of a solid
(boundary layer), viscous flow effects are significant.
The velocity of the fluid directly at the surface is zero and
increases with distance towards the free-stream velocity.

The fluid quasi “sticks” to the surface, and the equivalent
phenomenon applies to a rotating disk or cylinder as well
as illustrated in the figures below.
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Figure 1: Viscous Flow — Velocity Boundary Layer, Ref. [1]

The boundary layer could possess a laminar or turbulent
flow velocity profile. In a laminar zone, the flow lines are
parallel and follow an orderly and locally predictable
profile. In a turbulent zone, the flow lines are distributed
in a much less regular and predictable fashion (i.e.
showing some chaotic nature).
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Figure 2: Laminar (left) vs. Turbulent Flow (right), Ref. [1]

The transition from laminar to turbulent flow is
depending on the flow speed, the length, surface
roughness and local geometric disturbances like surface
features & “imperfections”, for instance bolt holes,
grooves, notches, etc. Such geometrical disturbances
promote turbulent flow.
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Figure 3: Laminar Boundary Layer
attached to a Rotating Cylinder, Ref. [2]
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Figure 4: Radial and Tangential Boundary Layer Flow
at a Rotating Disk, Ref. [2]

Rotating surfaces tend to drag the “attached” fluid
around. Furthermore, the actual flow regime is strongly
governed by the ratio of inertial vs. viscous effects as
given by the local (rotational) Reynolds Number Reo.
According to Ref. [2] & [3], four flow regimes can be
identified in an enclosed rotor-stator cavity system:

Flow Regime 1: Laminar flow, small clearance, merged
boundary layers

Flow Regime 2: Laminar flow, large clearance, separate
boundary layers

Flow Regime 3: Turbulent flow, small clearance,
merged boundary layers

Flow Regime 4: Turbulent flow, large clearance,
separate boundary layers

In such a simplified system, the actual type of flow
regime is primarily dependent on the Reynolds Number
and the Gap Ratio between rotor and stator. In this
context, the Gap Ratio is defined as the axial clearance
with respect to the stator divided by the radius of the
rotor.
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Figure 5: Rotor-Stator Cavity System - Flow Regimes, Ref. [2]

Each of the flow regimes is characterized by its own
specific losses. The losses in the turbulent flow regimes
are generally higher than in the laminar flow regimes.
With a Gap Ratio of about 0.01, only flow regimes 1 and
3 will be encountered. The transition border between the
flow regimes is not sharp, rather gradual and possibly
oscillating between one regime and the other. Any
imperfections or steps in the geometry of stator or rotor
may also influence the flow regime transition.

Having reviewed a number of different designs, smaller
reaction wheel types tend to have a larger Gap Ratio.

2.2 Assessment of Relevant Reaction Wheel Types

In the frame of recent investigations, two specific
reaction wheel types were assessed with respect to their
aerodynamic drag torque and power losses:



o Reaction Wheel A: 430 mm flywheel diameter
and 2 mm gap (Gap Ratio G = 0.0093)

o Reaction Wheel B: 330 mm flywheel diameter
and 2 mm gap (Gap Ratio G=0.0119)

[4]

RW,: Re,, 6.3E4

0.02 4 [3]
[1]
0.01 4 \
0 T T
1000 10000 100000 1000000

Re,
Figure 6: Reaction Wheel Types A (blue) and B (green)
in the Map of Flow Regimes, Ref. [2]

Both reaction wheel types were indicated in the map of
flow regimes as shown in Figure 6. In addition, the flow
regime transition points were marked.

On this basis, the fluid dynamic losses were assessed for
each reaction wheel type according to Ref. [2].

In fact, the specific reaction wheel types were tested in
air, helium and vacuum. Hence, the quantitative
assessment was done for both fluids/gases, air and
helium.
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Figure 7: Reaction Wheel A - Power Losses in Air
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Figure 8: Reaction Wheel A - Power Losses in Helium
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Figure 9: Reaction Wheel A — Resistive Torque vs. Speed
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Figure 10: Reaction Wheel B - Power Losses in Air
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Figure 11: Reaction Wheel B - Power Losses in Helium
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Figure 12. Reaction Wheel B — Resistive Torque vs. Speed
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The fluid dynamic losses correlate well with the
hardware test results and the selected fluids/gases,
especially at higher speeds where the aerodynamic drag
is more pronounced than other losses.

2.3  Flow Transition and Rotor Dynamics

As regards any potential interactions with rotor
dynamics, the findings from the aerodynamic drag
assessment were conceptually indicated in the generic
Campbell diagrams below, Ref. [4].
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Figure 13: Generic Campbell Diagram and
Reaction Wheel B Flow Regimes in Air

From a qualitative point of view, it is worth noting that a
significant portion of the Campbell diagram is associated
with a turbulent flow regime (running in air or helium),
which may introduce some elements of instability, less
predictable behaviour and tendency to chaotic response,
at least on a local scale.
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Figure 14: Generic Campbell Diagram and
Reaction Wheel B Flow Regimes in Helium

When flushing a reaction wheel housing with helium, the
transition to turbulent flow is shifted to significantly
higher wheel speeds, see Figure 14.

As highlighted before, ground testing of reaction wheel
assemblies in air or helium is a common approach
(acknowledging that helium flushing is a valid option for
keeping the required motor power within limits). In this
conjunction, it is worth knowing the transition borders
between flow regimes in order to enable and improve the
identification of any related side effects, for instance
symptoms of local turbulences in microvibration test
data.

3 REACTION WHEEL INTERNAL
ELECTROMAGNETIC EFFECTS

Another area of relevant and potentially misleading loss
torque effects comprises electromagnetic interactions
between parts of the reaction wheel’s electric motor (and
possibly with other parts in its vicinity).

As regards the overall loss torque characteristics of
reaction wheel assemblies, two main contributions were
identified in this area:

(a) Motor Back-EMF & Internal Induction Effects:

Loss torque components caused by back-EMF effects in
electric motors have been identified with some reaction
wheel types. Their contribution to the reaction wheel’s
overall loss torque characteristics tends to be rather linear
vs. speed, reproducible and long-term stable.

Figure 15 shows the estimated loss/friction torque
characteristics of the four reaction wheels on the Rosetta
spacecraft for the first three weeks after launch. In
comparison, Figure 16 depicts the finally converged loss
torque characteristics after about four years into the
mission. It can be noticed that the final characteristics of
all four reaction wheels are nearly linear and very close
to each other. They are predominantly caused by back-
EMF effects while Figure 15 includes the viscous friction
losses of the ball bearings, which decayed over the first
few years of the spacecraft cruise phase.
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Figure 15: Initial Loss Torque vs. Speed Characteristics
(typical example)



ROSETTA Reaction Wheels {excl. man., 01/01/08-27/03/08)
0.03 . , . . .

——RWA
———RwB||

Tf (in Mrm)

001}

o0zl

ETic] i | 5 ; ; ;
-3000 -2000 -1000 ] 1000 2000 3000

(in rpm)

Pk

Figure 16: Final Loss Torque vs. Speed Characteristics
(typical example)

(b) Eddy Current Effects (due to Motor Stray Field):

In order to quantify loss torque components due to the
stray field external to the motor’s air gap, a Finite
Element Analysis was conducted for the configuration of
a specific reaction wheel type.

As it can be seen in Figure 18, the magnitude of loss
torque components due to eddy current effects, i.e. stray
field outside the motor’s air gap, tend to be rather small
in magnitude. Apart from that, they feature a non-linear
characteristic over speed.
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Figure 17: Model Topology for Eddy Current Effects Analysis
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Figure 18: Eddy Current Related Loss Torque vs. Speed
in a Reaction Wheel Assembly (typical example)

4 EXTERNAL MAGNETIC FIELD EFFECTS

Upon special request by Earth Observation spacecraft
projects of ESA, the interactions of magnetic torquers,
i.e. attitude control actuators in many Low Earth Orbit
(LEO) spacecraft, and reaction wheels has been studied.
As a major result, the (unwanted) effects on the total loss
torque vs. speed characteristics due to external magnetic
fields can be now reliably detected and evaluated.

The corresponding test set-up is shown in Figure 19, with
a fully flight representative reaction wheel assembly
mounted in the centre of a Helmholtz coil system at
ESA/ESTEC.

Figure 19: Reaction Wheel Test Set-up
in the Mobile Coil Facility at ESTEC

The corresponding test set-up is shown in Figure 19, with
a fully flight representative reaction wheel assembly
mounted in the centre of a Helmholtz coil system at
ESA/ESTEC.
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Figure 20: Loss Torque Component due to an External
Magnetic Field (typical example)

Typical results are plotted in Figure 20. If strong
magnetic torquers are operated in the vicinity of reaction
wheels, the resulting contribution to the overall loss
torque may reach significant levels, up to the typical
magnitude of mechanical friction torques.

5 INITIAL START-UP BEHAVIOUR

In many spacecraft missions, it has been commonly
observed that the friction torque of most reaction wheels
(i.e. on-board estimator data) tends to be significantly
higher than nominal levels in the first few hours of in-
flight operation, see Figure 21 (typical example obtained



from a recently launched ESA spacecraft).

In the specific case below, it took more than one day for
the initially very high friction torque levels (exceeding
0.06 Nm with one reaction wheel) to stabilise in a
nominal range of about 0.02 Nm.
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Figure 21: In-Flight Telemetry Data of 4 Reaction Wheels
(Friction Torque in Nm vs. Time, 24 hours per division)

For a closer investigation on the start-up behaviour,
several tests have been performed at ESTEC, using
flight-representative reaction wheel assemblies, see
Figure 22.
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Figure 22: Reaction Wheel Start-up Behaviour
(typical example)

Based on the acquired data, an empirical assessment and
the available background information, it is concluded that
initial excursions of the friction torque (up to multiples
of the nominal values) need to be considered completely
normal and expected behaviour of typical reaction
wheels. Therefore, it is recommended to take this effect
into account for the future refinement of related
equipment monitoring approaches, especially in the
frame of Failure Detection, Isolation and Recovery
(FDIR) algorithms in order to reduce the risk of false or
unnecessary alerts.

6 SUMMARY & CONCLUSIONS

The investigations covered by the paper helped to
generate a comprehensive understanding and model of
the loss torque effects found in reaction wheels.

The identification of individual loss torque components
together with their physical origin and the creation of the
corresponding performance models form an essential
building block for health & condition monitoring of

reaction wheels as mission critical and long-life
spacecraft equipment. This approach contributes to a
strategic goal by the Mechanisms Section of the
European Space Agency and the industrial partners
active in the product and technology domain of reaction
wheels and similar spacecraft mechanisms.
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