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A dual-axis torsional thrust stand has been constructed at the AFRL to enable direct
simultaneous thrust and mass loss measurements for electrospray thrusters. The dual-axis
system is effectively two conventional, nulled, torsional thrust stands nested within one
another with a measurement range of £1200 u/N and £70 mg. Proof of concept data taken
using the in-house AFET-2 electrospray thruster has successfully demonstrated simultane-
ous measurements in the short term (hours). Long-term (days) thrust stand operation is
currently limited by cyclic drift induced by ambient temperature changes and the resulting
orientation shift in the thrust stand platform. A novel approach was taken to control the
effects of platform shift by applying known perturbations and using the resulting thrust
stand response to calculate the location of the center of gravity (CG) in-situ. The CG can
then be centered to reduce drift sensitivity. This method has successfully characterized
and controlled drift for the “mass axis” keeping observed cyclic drift within +0.5 mg. The
“thrust axis”, however, is not fully characterized by C'G placement and a yet uncharacter-
ized drift contribution yields cyclic drift of £ 8 u/N which is an order of magnitude above
the design goal.

Nomenclature
CcG = center of gravity location
(¢9s, gy, cgz) = CG coordinates in the thrust stand coordinate system
g = gravity vector
(962 964+ b) = gravity vector components in {z,y, z} after rotation in
(g;n, g;y, 95-) = gravity vector components in {x,y, z} after rotation in ¢
(992—p+ 9oy—p>99-—p) = gravity vector components in {z,y, 2} after rotation in 6 and 3
(9w—p+ 9py—p+ 9p-—p) = gravity vector components in {z,y, 2} after rotation in ¢ and 3
h = z coordinate of § in {z,y, 2z} after rotation in both 6 and ¢
{z,y,2} = thrust stand coordinate system
{Ztabies Ytables Ztable } = tilt platform coordinate system
{4, v, 29} = Earth coordinate system after rotation in 6
{2, ygs 25} = Earth coordinate system after rotation in ¢
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8 = alignment angle between {z,y, 2z} and {Ztabic, Ytabies Ztabic } about z
0 = tilt angle about y

¢ = tilt angle about x

Tm = torque about the mass axis, x

7. = torque about the thrust axis, z

I. Introduction

A new dual-axis torsional thrust stand capable of simultaneous thrust and mass loss measurement is
being investigated at the United States Air Force Research Laboratory (AFRL) in support of in-house
electrospray thruster development.! The use of torsional thrust stands for electrospray measurements is well
documented?# and in-situ measurement of thrust and mass loss using analytical balances has also become
common practice.’ 7 However, the use of separate diagnostics or separate tests for time resolved thrust
and mass loss measurement requires the combination of two data sets and assumes that both tests were
conducted under identical conditions. What is unique about the diagnostic presented here is the continuous,
simultaneous measurement of both quantities allowing direct comparison between thrust and mass loss for
the same test.

Having simultaneous thrust and mass loss measurements is of particular importance to the development
of porous-media-based electrospray thusters at the AFRL. In these designs, the entire propellant supply and
feed system is fully housed within the thruster itself, rather than provided via an external fuel tank or feed
line, removing the ability to perform direct in-situ measurement of the mass flow rate since the flow cannot be
externally measured or controlled. Additionally, the emitters and propellant of these thrusters are exposed to
the local atmosphere and care must be taken to limit exposure to non-vacuum conditions so that performance
isn’t effected. The current method of measuring mass change before and after testing requires that quantities
of interest such as propulsion efficiency and specific impulse be averaged throughout a test and also exposes
the thruster to atmosphere during the measurement process. A simultaneous measurement capability will
allow for performance data to be directly calculated under known conditions, without averaging and without
breaking vacuum.

II. Design Concept

The dual-axis thrust stand is effectively two conventional nulled torsional thrust stands nested within one
another enabling simultaneous measurement of torques about a “thrust axis” and a “mass axis.” Management
of long term drift for both axes is the limiting factor to successful measurements and the design presented here
was primarily concerned with with the characterization and minimization of drift associated with changes
in the thrust stand platform orientation as a function of time. Instead of the typical practice of maintaining
platform orientation to be orthogonal with gravity, an alternative approach was taken to reduce the overall
sensitivity to gravity vector orientation by measuring and centering the thrust stand center of gravity (CG).
The thrust stand is mounted on a platform which is able to assign known tilts to the thrust stand and the
response of these tilts is used to calculate the location of the GC. By providing an in-situ CG measurement
capability, the CG can be centered to reduce overall tilt sensitivity below the desired system resolution.

A. General Arrangement

The general arrangement and coordinate system for the dual-axis thrust stand is given in Fig. 1. At
the center of the stand is a two axis gimbal supported by flexural pivots, with the outer assembly allowing
rotation about the vertical “thrust axis” (z) and the inner assembly allowing rotation about the horizontal
“mass axis” (z). The thrust stand beam, located at the center of the gimbal, has two degrees of freedom
and the thruster is mounted on the left hand side of the beam.

Two plates running parallel to the thrust stand beam are attached to the inner gimbal assembly which
restricts their rotation to only about the thrust axis. Calibration and control equipment for the mass axis are
attached to these plates and ride along with the thrust axis during operation. This configuration is required
to eliminate the effects of off axis forces from the calibration and control hardware and ensure that forces
are only applied to the desired axis.

The flexural pivots supporting the dual-axis gimbal have an approximate spring constant of 0.076 Nm/rad
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Figure 1. Drawing of the dual-axis thrust stand defining the coordinate system, each axis of rotation and
positive torque directions.

in each rotation direction. This effectively limits the fundamental sensitivity of the system to 0.1 u/Nm on
either axis as a finite torque is required to cause sufficient signal for the control system. Despite this resolution
limitation, it is practically beneficial to have a finite spring constant on each axis as this allows the thrust
stand to “float” when not under active control simplifying the alignment process prior to operation.

Both axes utilize identical calibration and control arrangements. Rotation is recorded at 100 ms intervals
using two linearly variable differential transformers (LVDT) assuming small deflections and two LabView
based PID controllers are used to supply current to the voice coils. Coil currents are recorded by measuring
voltage drop across 10 € shunt resistors which are capable of sustaining < 1% change in resistance up to a
maximum of 10 W per channel. Electrostatic combs* &9 are used to provide known torques to each axis in
order to calibrate the voice coils after the nulling system has been activated. Damping is provided by both
passive eddy current damping, allowing the system to come to an equilibrium when not under control, and
through the voice coils so that behavior can be adjusted.

The stand was designed using a nulled configuration primarily to eliminate consideration of coupled
rotational dynamics and to maintain a fixed neutral position. The PID system is capable of holding each
axis to + 1.5 pRad and thus it is assumed that both axes are fixed and orthogonal during operation. A nulled
configuration also is the standard design for analytical balances and high sensitivity comparator balances'® !
which inspired design of the mass axis.

A stepper driven traverse is embedded within the thrust stand beam running parallel to the y axis. This
traverse is capable of moving a 100 g mass in 5 pm increments and is used to balance the mass axis of
the stand prior to operation. Initial balance of the mass axis is critical as any torque required to “zero”
the system takes away from the maximum measurement range and initial balance capability should be on
the order of the desired measurement resolution. For a nominal measurement resolution of 0.5 mg, manual
balancing would require the use of either < mg weights at the location of the thruster, or < mm placement
precision of a 1 g mass making manual balancing impractical. A physical balance mechanism (as opposed to
a second voice coil dedicated to zeroing) is required by the tilt sensitivity concerns discussed in Section I.B
and can also be used to de-saturate the mass axis during extended testing.

Two sets of galinstan pools are used to feed power to the thruster, mass axis calibration and control
hardware, and the y axis traverse. The first set of galinstan pools are used to provide power to the mass
axis hardware and are mounted to the thrust axis plates (one degree of freedom). The second set of pools
are mounted to the thrust stand beam (two degrees of freedom) and are used to feed power to the thruster
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and the y axis traverse. The successful use of liquid metal pools for thrust stand connections is documented
in the literature.*'? However, in this application what are presumed to be electrostaic effects within the
galinstan feeds are observed whos magnitude follows V? scaling. For example, when 2000 V are applied to
a thruster without propellant, the system registers =~ 3.5 uN of steady state thrust and 1 mg of mass loss.
These spurious forces negatively effect current performance, but careful re-engineering of the galinstan feeds
incorporating sufficient shielding should alleviate these issues in future designs.

As presented here, the dual-axis thrust stand system has a maximum range of +£1200 uN and +70 mg
for a thruster mounted 0.511 m (20.125”) from the center. All results are presented as thrust stand output
for a thruster at this location.

B. Tilt Sensitivity

The primary concern during the development of the dual-axis thrust stand was characterization and
reduction of torques due to orientation changes of the thrust stand platform. Heating, ventilation and air
conditioning (HVAC) induced thermal cycling of the testing chamber produces observed tilts of approxi-
mately +1 mrad and the resulting shifts in the relative direction of the gravity vector can saturate thrust
stand measurements if the system is improperly designed.

Changes to the relative direction of the gravity vector will impart torques on both axis of the stand if
the overall C'G is not centered at the intersection of the thrust and mass axis. The dependence of drift
and overall noise sensitivity on C'G location is a known concern and was well documented for a horizontal
dynamic torsional pendulum by Ziemer.2 With the understanding that having a perfectly balanced thrust
stand and perfectly horizontal rotational plane is difficult in practice, Ziemer’s design mounted the thrust
stand on a leveling platform and active control was used to keep the thrust stand axis of rotation parallel
with the gravity vector. This active control scheme is standard practice for torsional balances which achieve
long term stability,® % '3 as is using counterweights to center the CG.*

For the dual-axis thrust stand a different design approach was considered. Instead of using a leveling
platform to actively correct for changes in orientation, the leveling platform was used here to provide known
tilts to the thrust stand in order to determine the location of the thrust stand C'G in-situ. If the CG can be
located and centered with sufficient precision, the sensitivity of the thrust stand to platform orientation can
be reduced below the desired resolution with the added benefit of reducing sensitivity to vibration.? For this
work, the C'G location was adjusted manually but ultimate design goal for this system is to have remotely
adjustable masses along all three principle axes allowing for CG manipulation after thruster install without
breaking vacuum.

The tilt angles 6 and ¢ for the thrust stand are defined as shown in Fig. 2. Since the thrust stand is
operated in a nulled configuration, the orientation of the stand with respect to the tilt platform is assumed to
be constant. In this analysis the coordinate system attached to the thrust stand, {z,y, z}, is assumed to be
fixed and changes in platform orientation alter the relative orientation of the gravity vector. Furthermore, it
is assumed that all axis are orthogonal and that the tilt platform is properly aligned with the thrust stand.
The effects of this final assumption are discussed in detail in Appendix A and the relative insensitivity of
the system to misalignment means that this assumption can be met without extensive engineering effort.

Figure 3 shows the effects of orientation change on the gravity vector and how this relates to each axis of
the thrust stand when 6 and ¢ are applied separately. For the thrust axis, tilt about 6 produces a component
of the gravity vector that is parallel to the x axis and tilt about ¢ produces a component of the gravity
vector parallel to the y axis. For the given C'G location, the induced torque about the thrust axis is

7 & |glsin(¢)cgem — |glsin(0)cgym (1)

noting that cg, location does not have an effect on torque about the z axis and if the small angle approxi-
mation is used, then the torques induced by ¢ and 8 will vary linearly with angle. The relationship in Eq. 1
is approximate because with simultaneous tilt in ¢ and 6, the gravity components gp, and g;by are coupled.
However, as discussed in Appendix A, this coupling effect is negligible.

If the thrust stand platform is used to apply known values of ¢ and 6 to the thrust stand, the resuling
torques can be recorded and the following relations can be used to determine the location of cg, and cg, for
the thrust axis.
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X

Figure 2. Definition of orientation angles 6, for rotation about the y, and ¢ for rotation about z. The primed
coordinates represent the coordinate system of the earth with respect to the fixed {z,y, 2} corrdinate system
assigned to the thrust stand.
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Figure 3. From left to right: Gravity vector components with respect to the thrust stand after tilt in 0, gravity
vector components after tilt in ¢, gravity vector components and CG location orthogonal to the thrust axis,
gravity vector components and CG location orthogonal to the mass axis.

oy
¢
Tilt sensitivity for the mass axis is dependent on ¢ since changes in 6 produce a gravity component parallel
to the axis of rotation. As there are two torque components that change with a change in ¢, experimental
determination of the mass axis C'G location requires the assumption that cg, = 0 for the mass axis hardware
(i.e. cgy of only the hardware with two degrees of freedom) which is reasonable because prior to operation,
the thrust stand is balanced using the internal stepper motor assembly discussed in Section I.A. For any cg,
component remaining, it can also be noted that changes in gj,, are proportional to cos(¢) who's derivative
is minimal under the small angles considered here further aiding this assumption.
Assuming cg, is negligible for the mass axis hardware, the induced torque about the mass axis can then
be calculated as

- aTt i
~ —|glcg.m -5 ~ |glegym (2)

00

Tm = |g|sin(@)cg-m 3)

and application of the small angle approximation allows for cg, to be calculated from experimentally mea-
sured sensitivity with respect to ¢.
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OTm
2]
Equations 2 and 4 allow the CG location to be determined experimentally and then re-centered.
Considering an HVAC induced tilt of £1 mrad in both ¢ and 6, a sensitivity of +1 uN for a thruster
mounted 0.511 m (20.125”) requires that both d7¢/0¢, 01 /I¢ ~ 0.25 uNm/mrad. Assuming an equivalent
mass of 100 g, this would require cg, and cg, placement accuracy of ~ 0.25 mm. For a mass axis sensitivity
of £0.1 mg, 071,,,/0¢ ~ 0.5 pNm/mrad requiring that cg, be placed within ~ 0.5 mm with an equivalent
balance mass of 100 g. C'G locations are presented in the remainder of this paper as the location of a 100 g
mass yielding an equivalent torque to what is observed from the thrust stand.

~ |gleg=m (4)

C. Thermal Sensitivities

The design of the current thrust stand did not strive to optimize thermal sensitivities, but characterization
was performed at atmosphere in an insulated isolation box to reduce effects from thermal gradients. Thermal
sensitivity of the mass axis is well understood due to the care taken in the comparator balance literature.
For a mass balance, length stability is critical and must remain stable within the same fractional amount
as the desired mass resolution.'® 4 The mass axis assembly for the current thrust stand is approximately
1.5 kg so differential thermal expansion of the thrust stand beam results in the shift of 0.75 kg equivalent
masses. For a measurement resolution of + 0.5 mg, and assuming that mass is evenly distributed throughout
the system, this requires that differential temperatures be maintained within ~0.06 °C.

For the thrust axis, strong thermal dependence has been observed which is not well characterized and
appears to be the dominant force in the overall drift. Future work on the dual-axis system will be focused
on characterizing this thermal effect.

III. Operation Procedure

The operation of the dual-axis thrust stand begins by performing an initial alignment without activating
the nulling system to ensure that the neutral position of both LVDTs is about zero, maximizing the potential
measurement range. After this initial alignment, the nulling system is activiated and electrostatic combs are
used to provide known torques and calibrate the response of both voice coils. Known tilts are then applied
to the stand to record tilt sensitivities completing in-situ system characterization.

A. Voice Coil Calibration

Calibration of the voice coils is performed each time the nulling system is activated and is repeated
throughout testing to confirm proper stand operation. Voltages between 150 - 600 V' are applied to two sets
of electrostatic combs to provide known steady state forces to each axis and the resulting nulling current is
then recorded. Sample calibration results for each axis are given in Figure 4. It has been observed that coil
calibrations vary <1% during multiple days of operation.

B. Center of Gravity Manipulation

The thrust stand platform is used to apply known tilts in # and ¢ to the stand while recording the
changes in nulling torque applied. Example data for part of this process is given in Fig. 5 demonstrating
the response from each axis to changes in ¢. So long as absolute angles remain within the small angle
approximation, CG characterization data is related to relative changes as opposed to absolute values with
any initial misalignment reflected in the “zero” signal from the voice coils.

The recorded sensitivity for each axis is used to calculate the location of the CG via Eqgs. 2 and 4 and
the results of three rounds of C'G adjustment are given in Fig. 6 demonstrating the ability to reduce overall
sensitivity. The improvements shown in Fig. 6 are relatively course due to the current manual CG adjustment
scheme which relies on the available thrust stand hole spacing. This process also requires a full system reset
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after each manual adjustment. Future work will incorporate a remote system enabaling fine adjustment
along each dimension so sensitivity reduction can be performed in-situ in quick succession.

IV. Current Results

The dual-axis thrust stand was installed in the “Chamber 2” electrospray test facilty at the In-Space
Propulsion Branch of the AFRL at Edwards AFB and tests were conducted using the AFET-2 thruster. This
test campaign successfully produced short duration proof-of-concept data demonstrating simultaneous thrust
and mass loss measurements for an electrospray. Drift characterization was also successful in quantifying long
term drift for the mass axis. Thrust axis drift was not succesfully characterized by measured tilt sensitivities
and is an order of magnitude above the desired resolution.

A. Proof of Concept Data

Figure 7 shows simultaneous thrust and mass loss values recorded for a 2.4 hour firing of the AFET-2
thruster at a constant emitter voltage of 1700 V. Both thrust and mass data has been corrected by removal
of approximated linear drift and spurious electrostatic effects in the galinstan feeds are expected to be 0.75
mg on the mass axis and 3.5 u/N on the thrust axis.

Total mass loss data agrees within + 2.5% to analytical balance measurements before thruster installation
and immediately after removal from the testing chamber. It must be noted that during the available testing
window only one successful complete data set was captured. However, the reported mass loss uncertainty is
similar to that observed in atmosphere for pipet delivered water droplet evaporation tests.

Unexpectedly, oscillations are present on both axes when the thruster is operating and were observed to
correspond with a charge-discharge cycle of dielectric surfaces within sight of the thruster plume. Fig. 8 shows
that the effects of this process are synchronous on both axes and it was visually observed that oscillations
were preceded by a discharge from an undetermined source to the grounded table below the thrust stand
platform. The thrust stand platform was constructed using an anodized aluminum plate with anodized
framing. This will be replaced in the future with non-anodized versions to reduce potential locations for
charge accumulation.

Proof of concept data shows that the dual-axis thrust stand is capable of simultaneous measurements in
the short term. However, significant engineering work remains to create a reliable diagnostic for extended
multi-day tests.
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Figure 7. Simultaneous thrust and mass loss data for a 2.4 hour firing of the AFET-2 thruster using EMI-BF4
propellant and a constant emitter voltage of 1700 V. Data has been filtered using a 25 second moving average
and linear drift has been removed. Mass loss values agree with pre-post measurements on an analytical balance
within +2.5%
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Figure 8. Zoomed, un-filtered view of the proof of concept data in Fig. 7 to highlight the disturbances in
both the thrust and mass axis which were synced with an observed visible electric discharge to the grounded
chamber platform. For the mass axis data, oscillations are occurring at the natural frequency and the response
is indicative of a long build up (charge) and sudden release of force (discharge) which leads to second order
behavior.

B. Drift Characterization

The thrust stand is currently capable of taking short term measurements by linearly approximating drift
and removing it from the signal in keeping with standard practice. However, a reliable diagnostic for muli-day
operation requires that long term drift be below the desired measurement resolution.

Example drift characterization data is given in Fig. 9 highlighting the dependence of platform motion and
thrust stand drift on the ambient temperature with all measured quantities showing synced cyclic transients.
In the case of platform orientation, there is also a net trend dependent on the moving average of the ambient
temperature.

The mass axis was well characterized by the measured tilt sensitivity and overall drift was kept within
+ 0.5 mg with cg, = 2 mm for a 100 g equivalent mass. To calculate the expected tilt contribution, the
sensitivities 07, /0¢ and 07, /00 were multiplied by the measured platform angle and summed. Contrary
to the assumption in Section I.B that tilt sensitivity in the mass axis is only a function of cg, and ¢, a linear
0T /00 is also observed when applying known tilts to the stand which contributes approximately 15 % of
the expected signal and thus is not negligible. This extra contribution isn’t believed to be a symptom of
system misalignment, which is discussed in Appendix B, and the expected residual cg, from the balancing
procedure is nearly two orders of magnitude below whats necessary to cause this effect. Furthermore, the
unknown location of cg, for the mass axis is not expected to contribute to tilt sensitivity as it is along the
axis of rotation and it’s orientation remains fixed with respect to the x axis of the thrust stand regardless
of platform tilt. Contribution to the mass axis from 6 is as yet uncharacterized, but is not a limiting factor
for long term stability at the current resolution.

For the thrust axis, platform tilt does not adequately characterize the observed drift. Similar to the
mass axis, the expected thrust axis drift in Figure 9 is calculated by multiplying measured platform angles
by the recorded values for d7,/00 and 01;/9¢. Since these quantities are directly measured, it is assumed
that the expected thrust axis torque in Figure 9 is well determined. The unknown position of cg, for the
combined thrust and mass axis hardware is also assumed to have no effect as it is along the axis of rotation
and remains fixed with respect to the z axis of the stand regardless of platform tilt. The tilt contribution to
overall thrust stand drift is currently below an as yet uncharacterized contribution which appears to follow
the cyclic behavior of the ambient temperature. This unknown contribution is an order of magnitude above
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Figure 9. Example drift characterization for the dual-axis thrust stand when testing at atmosphere. Thrust
stand drift is presented as the equivalent signal as opposed to absolute torque and expected torque is calculated
based on inclinometer measurements and measured tilt sensitivities. Note that if absolute torque is considered,
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Figure 10. Quasi steady drifts observed on the mass axis beginning approximately 12 hours after pump down
which demonstrate a reduction in macro drift by the removal of outgassing materials. The oscillations in each
signal are comparable to drift expectations based on platform tilt if the linear macro drift slope is removed.
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the desired drift resolution and is currently the limiting factor for long term testing.

Macro drift in the mass axis was also observed when testing in vacuum. For approximately 12 hours after
pump down, the mass axis exhibits drift with a decaying slope followed by a transition to a quasi-linear drift.
The initial reaction of the mass axis to pump down is thought to be caused by both the altered thermal
environment and outgassing. The following quasi-linear region is then thought to be caused by vacuum
incompatible materials with a substantial outgassing rate. The traverse contained within the thrust stand
beam uses an off the shelf stepper motor which connects to the galinstan power feed with PVC insulated
leads - a known vacuum-incompatible material.!> Figure 10 shows that by shortening these PVC leads and
removing approximately 10 g of PVC from the left hand side of the mass axis, the macro drift slope of the
linear region is reduced by 75%. The sensitivity of the mass axis requires that care must be taken in future
designs to only incorporate vacuum compatible materials and hardware.

V. Conclusion

A new dual-axis thrust stand has been designed with the goal of enabling simultaneous thrust and mass
loss measurements for electrospray thrusters. The current system has successfully produced proof of concept
data showing that such measurements are possible. However, further engineering work is required before the
dual-axis stand becomes a reliable diagnostic for long duration testing.

The limiting factor in thrust stand performance is cyclic drift which is driven by tempertaure effects as well
as changes to the thrust stand orientation with respect to gravity. The novel approach taken here, focusing
on in-situ C'G characterization to reduce tilt sensitivity, has successfully characterized and controlled drift for
the mass axis. The primary source of thrust axis drift remains uncharacterized and will be the focus of future
design iterations. Future work will also incorporate practical lessons learned during this effort including a
re-design of the galinstan feed system and optimizing the thrust stand beam for the minimization of thermal
gradients.

It should also be noted that, in principle, the dual-axis thrust stand is capable of providing simultaneous
thrust and mass loss data for other self-contained propulsion systems by simply altering the range of the
voice coils. The challenge in this work was creating a reliable system at the pu/N level where thrust stand
drift and measurement quantities are of the same order of magnitude. Since drift sources do not directly
scale with thrust level, increasing the thrust measurement range by an order of magnitude would not require
substantial changes to the thrust stand and macro drift levels would remain the same.

Appendix

A. Simultaneous Tilt in # and ¢

Equations 1 and 3 assume that g, and ggy are independent. However, these two vector components are
coupled for simultaneous tilt in 6 and ¢. Figure 11 shows the location of the gravity vector with respect to the
thrust stand coordinate system where the angles 6 and ¢ are defined as the angle between the projection of |g]
and gy, and gé)y respectively. This is in keeping with the definition of angles reported from the inclinometers
on the thrust stand platform.

The values of g, and gj, can be written as

Ghe = - tan(9) (5)
Gy = h - tan(@) (6)

and as h is the third component of |g], the following is true

71° = gi + 95, + h (7)

By using Eq. 7 to solve for h, Egs. 5 and 6 can then be used to solve for the following
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I
9oz = V/tan2(0)

I
oy = V/tan2(0)

g1

+ tan?(¢p) + 1

41

+ tan?(¢p) + 1

tan(9)

tan(¢)

(8)
(9)

which are equivalent to Egs. 1 and 3 if tilt in only a single axis is considered. Equations 8 and 9 are within
< 0.5% of Egs. 1 and 3 for combined tilts of up to 100 mrad and thus the coupling effect is considered to
be negligible.

Figure 11.

B. Table Misalignment

-Z

«Q,

>
Pt Y

-Z

Gravity vector components for simultaneous tilt with 6 and ¢ defined as reported by the thrust
stand platform inclinometers.

The characterization of tilt effects in # and ¢ are related to relative changes in orientation so misalignment
between the thrust stand and the tilt table as well as initial misalignment between the thrust stand and the
earth frame for these rotation angles will not affect measurements of C'G location, only the initial torques
applied to zero each axis. Rotational misalignment between the thrust stand and the tilt table will have
an effect on measured C'G values and will create a 6 dependence for the mass axis not accounted for in the
assumptions given in Section I.B.

Figure 12.

axis, 8, between the thrust stand and the tilt table.

v

Xtable

Dy SEEEI

Xiable

Gravity vector components for tilt in § and ¢ considering a rotational misalignment about the z

Figure 12 shows gravity vector components considering an initial rotational misalignment between the
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thrust stand and the thrust stand platform. Misalignment, defined by the angle 3, effects the gravity vector
components created by tilt 8 and ¢ and alters Egs. 1 and 3 so that induced torques become

7 ~ |g|{sin(¢)cos(B) + sin(8)sin(B)}cgzm — |g|{sin(8)cos(B) + sin(¢)sin(B)}cgym (10)
Tm = |g|{sin(0)sin(B) + sin(p)cos(B)}cg.m (11)

These new induced torques are within 1% of Egs. 1 and 3 for 5 < 0.01 rad which is achievable within standard
machining tolerances. Thus it is assumed that effects of 5 can be negligible with appropriate system design.

For the mass axis, misalignment in 8 will add a linear torque dependence on 6 due to the g’ey_ 5 gravity
component. As mentioned in Section IV.B, a linear dependence with 6§ was observed during thrust stand
characterization. However, the magnitude of the 07,,/00 observed for the test in Fig. 9 would require
B ~ 0.2 rad which is unreasonable with even a cursory alignment prior to testing.
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