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Abstract
Gravity Probe B was a cryogenic, space-based mission that successfully
measured two effects predicted by general relativity. The mission required a
24001 liquid helium Dewar. In this paper we describe the design and per-
formance of the approach taken to control the distribution of the liquid in the
Dewar on-orbit. Such an approach may be applied to other spacecraft con-
taining significant liquid mass.

Keywords: fluid dynamics, low gravity fluid, superfluid helium, Gravity
Probe B

Introduction

Gravity Probe B (GP-B) was a precision test of Einstein’s theory of general relativity [1]. A
24001 liquid helium Dewar, placed in a 640 km polar orbit about the Earth, provided cooling
for the ~1.5 year mission. Tight control of the helium mass distribution was required for
spacecraft attitude and translation control (ATC), and for minimization of mechanical and
gravitational disturbance to the experiment’s gyroscope test masses. Control of superfluid
helium in low gravity is relevant to those interested in space born instruments studying
classical and quantum gravity that contain cooling by superfluid helium. The motion of the
fluid is generally important to those experiments.

To perform GP-B, the spacecraft attitude was locked on to a reference star (Guide Star,
GS), and the spacecraft translation was defined by the unperturbed orbit of one of the
gyroscopes, the drag free sensor. The authority to perform both operations was provided by
the Dewar’s helium boil off gas, independently allocated to 16 gas thrusters. For well
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controlled liquid helium, the ~150 mW natural heat rate into the liquid evolved sufficient gas
for ATC. Higher gas flow and authority was available by operation of a tank heater, although
the resulting reduction in helium lifetime would degrade experiment precision. A sintered
titanium porous plug [2] allowed the gas to vent while ensuring the liquid remained within.

The simplest approach to containing the liquid in the tank—allowing it to freely float—
was inadequate. The liquid’s ill-defined mass distribution and tank wall collisions would
cause gravitational disturbances and ATC challenges. Consider the effect of 100 kg of liquid
helium with a center-of-mass (CM) offset 10 cm from the drag free. This configuration results
in a ~107° g disturbance, as compared with a 107" g science mission requirement.

To control the liquid, the spacecraft was rolled at fixed rate about the line of sight to the
GS. Among many benefits to GP-B [3], this operation symmetrized the liquid helium dis-
tribution. Roll tends to cause the helium to move away from the roll axis, distributing itself at
the outer diameter of the tank. Critically, roll also causes gravitational disturbance due to CM
offset to average to near zero. The on-orbit roll rate was 0.77 rpm or 0.08 rad s™'.

Spacecraft roll requires additional control authority. One might think that for constant roll
rate the added authority would be relatively small. This is not always correct. For instance,
radial offset of the CM relative to the drag free gyroscope would require authority to force the
CM to rotate about the drag free proof mass. To minimize this force, the offset must be small.

Control of fluid CM

Analyses were performed to predict the behavior of helium’s CM on-orbit. Although it was
found that no baffling was needed to control the fluid after the liquid was rotating, a set of
baffles was installed in the tank for initialization. These baffles helped dampen slosh during
orbit insertion and assisted in causing the fluid to rotate as the vehicle was spun up. Earlier
studies [4-6] evaluated the behavior of the liquid in the GP-B tank, leading to additional
analysis [7, 8] that guided the design of final configuration, shown in figure 1.

To guide tank design we assume a near-full Dewar at launch. The space vehicle is spun
up to a high roll rate, causing the fluid to take on an axisymmetric profile. The roll rate is then
reduced for the remainder of the mission.

Analysis approach

To predict static and dynamic fluid behavior, the primary tool used in the analysis was a
computational fluid dynamic called FLOW3D which employs finite difference software
developed by Flow Science, Inc. In addition we used Surface Evolver, an interactive software
package aimed at the study of surfaces shaped by surface tension. Closed-form solutions of
the liquid—vapor interface and scale model tests performed on the ground in 1 g aided in
software validation.

Two dimensional and three dimensional simulations of the static shape of the liquid/
vapor interface provided the fluid’s CM. The dynamic impulse response of the fluid gave
slosh amplitudes and damping rates.

Operational constraints

After launch the liquid in a non-rotating vehicle was predicted to have a nonsymmetrical
profile as shown in figure 2. To generate an axisymmetric profile, we rotate the spacecraft and
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Figure 1. The GP-B baffle configuration.

Figure 2. Nonsymmetrical fluid profiles for 95 and 83% fill levels in a non-rotating
tank, calculated using FLOW3D. The CM offsets for these two cases are 23 and 82 mm
respectively.
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Figure 3. Allowable axial and radial offsets in the liquid helium CM.
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Figure 4. An axisymmetric liquid profile is predicted by FLOW3D at a rotation rate of
~0.5 rpm.
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Figure 5. Rotation rate predicted by Surface Evolver to generate an axisymmetric
profile and the lower stability limit to maintain it.

fluid, giving a toroidal liquid volume. The roll rate is maintained sufficiently long to get fluid
and the tank rotating as a solid body. Thereafter, the rotation rate must be maintained above a
lower stability limit or the torus will break up. In addition, the science mission required that
the liquid CM shifts be below the maximum allowable axial and radial shown in figure 3.

Rotational rates for axisymmetric profiles

The rotation rate required to generate an axisymmetric profile and the lower rotation rate
required to maintain it were calculated with Surface Evolver and FLOW3D for several bubble
sizes. The roll rate required to generate the torus profile was determined by starting with a
spherical bubble at low rate and increasing it until the bubble wrapped completely around the
tank’s center post. The rate to maintain the toroidal shape was determined by starting with an
axisymmetric bubble at high rotation rate and decreasing it until perturbations of the bubble
grew rather than shrunk.

Figure 4 shows results from FLOW3D. A 95% full tank becomes axisymmetric at a
rotation rate of ~0.5 rpm. Surface Evolver results (figure 5) by Brakke [9] are in good
agreement and show that when the tank is >92% full, an axisymmetric profile is stable at or
above 0.1 rpm.

The roll-induced shape of the liquid helium and ullage is disturbed by Earth’s gravita-
tional gradient. When the ullage does not span the full length of the tank the gravity gradient
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Figure 6. The ullage length increases as the fluid depletes.
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Figure 7. The liquid’s CM shift versus mass remaining for two roll rates. A full tank is
assumed at launch.

moves the axial location of the ullage, causing the CM to shift. Figure 6 shows the steady
state profile of different liquid fill levels at a rotation rate of 0.1 rpm, computed using
FLOW3D. At 0.1 rpm, the ullage spans the full length of the tank when it is 53% full. The
minimum roll rates needed to flatten the ullage to span the full length of the tank are tabulated
in table 1.

A gravity gradient model was incorporated into FLOW3D to determine the axial shift of
the ullage and the axial shift of the liquid’s CM when the ullage did not span the full height of
the tank. Axial CM shifts versus fill level are shown for two rotation rates in figure 7. At
0.1 rpm, the maximum shift is 6.7 cm, occurring when the tank contains ~290kg or
remaining mass or ~80% full

Dynamic performance

The baffle system (see figure 1) dampened fluid motion and assisted in setting the liquid in
rotation during the spin-up of the spacecraft. This design does not interfere with an ullage
spanning less than the full tank length. Damping characteristics were assessed by subjecting
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Table 1. Roll rates required to flatten liquid/vapor interfaces.

Percent fill level Roll rate (rpm)

95 0.5
83 0.3
72 0.2
53 0.1
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Figure 8. Fluid response in X and Y axis to an axial impulse with 60% residual rolling at
0.1 rpm. The baffle configuration provides good damping of the fluid.
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Figure 9. Fluid response in Z axis to a lateral impulse with 60% residual rolling at
0.1 rpm. The baffle configuration provides good damping of the fluid.

the tank to an impulse disturbance of 0.1 ms™ for 10 ms in the lateral or axial direction and
calculating fluid displacement and the resultant forces on the tank. Results of these calcu-
lations were incorporated into the spacecraft’s ATC system model. Figure 8 shows the
response to an axial impulse with the tank 60% full rolling at 0.1 rpm. Figure 9 shows the

response when subjected to a lateral disturbance for the same fill and roll conditions. In both
figures, the fluid CM is displayed in body-fixed coordinates.
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Analysis tool validation

To validate the results given in this paper, the software was exercised for test cases in which
shapes were known for fluids in low gravity. Predictions were also compared to exact analytical
solution of the liquid—vapor interface shape. Models were exercised against the following:

(1) Test data of a rotating cylinder of ethanol performed by Leslie on a free-falling KC 135
aircraft [10].

(2) Test data of non-rotating cylinders [11]. Various fluids and diameters were selected in
order to get different meniscus shapes. The liquid vapor interface solution used here was
by Leslie et al [12].

(3) Test data of scale model ground tests with a storable fluid by Collicott et al [13].

The three dimensional FLOW3D model used a 40 x 40 x 42 mesh and was run on a Cray
computer. The need for a non-uniform mesh in FLOW3D was investigated. For the current
work, a uniform mesh was found to be sufficient, although higher resolution would allow
better definition of the high curvature of the meniscus where it intersects the wall. Boundary
layer modeling was not required because the fluid and container were in solid body rotation.

Two fluid model considerations

For the GP-B configuration we evaluated [14] the use of single fluid and two-fluid models for
treatment of the liquid helium. The arguments below justify use of the single fluid model.

The two-fluid model predicts stationary superfluid and rotating normal fluid for a rotating
Dewar. The first observations of rotating helium were performed by Osborne [15], who found
that a rotating superfluid behaved as a single fluid with no temperature dependency. The
entire fluid volume rotated like a classical fluid. This result was later confirmed by optical
measurements by Meservey [16]. These findings are in apparent contradiction with the two
fluid theory of superfluid helium. Further, Andronikashvili [17] found a temperature
dependence in the density of normal helium in superfluid helium.

Helium rotation can be understood by the presence of vortices in liquid. London was the
first to postulate their existence, but experimental observation by Williams and Packard [18]
would only come 30 years later. Below a critical velocity the superfluid does not rotate. With
only the normal fluid responsible for liquid rotation, the meniscus height is a strong function
of the normal fluid density. The expression for determining the critical velocity was verified
experimentally by Hess and Fairbank [19], who measured the angular momentum of a
cylindrical vessel containing liquid helium as it was cooled through the lambda point. The
critical velocity for formation of more than one vortex was measured by Hess [20].

Above the critical velocity, the entire liquid volume rotates, resulting from interaction
between the superfluid and the normal fluid through the vortices. For GP-B, the critical
velocity is predicted to be 6.0x 107" rad s™'. Such low critical velocity indicates that for all
practical situations, the liquid in GP-B’s tank can be treated as a single classical fluid.

On-orbit performance

The GP-B spacecraft was launched 20 April 2004 into a 640 km high polar orbit. The liquid
helium was well controlled on-orbit, allowing the drag free and attitude control systems to
meet mission objectives. Liquid helium was depleted on 29 September 2005.
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Spacecraft roll rate immediately following launch was 0.1 rpm. During the initialization
of the experiment this rate was adjusted on 15 occasions. A mission maximum 0.9 rpm was
commanded on 25 June 2004 to wrap the helium bubble. This rate was maintained for 90 h.
The roll rate was reduced to 0.774 rpm or one spacecraft rotation every 77.5 s for taking the
science data.

During science data taking an interaction was observed [21] between the liquid helium
and the control system. On 29 September 2004, a 4.6 mHz oscillation of increasing amplitude
was found in the gyroscope suspension system control efforts in a direction perpendicular to
the roll axis. The oscillation was caused by the drag free control system pumping a fluid wave
in the Dewar. As the helium was depleted, the frequency slowly decreased to the point where
the natural frequency of the wave came into resonance with the drag free control loop which
resulted is significant pumping. Transverse acceleration on the gyroscopes peaked at
12x10°ms™.

In response to the liquid wave, the drag free system was disabled and its controller was
retuned slightly to take it out of resonance with the liquid. The wave magnitude damped to
acceptable levels. The attenuated wave remained observable for weeks after, pumped lightly
by spacecraft ATC thrust.

Conclusion

This paper described the successful control of the distribution of the liquid helium in the GP-
B Dewar. A specific Dewar configuration, combined with spacecraft rotation, allowed the
ATC to meet mission needs and to adequately reduce the gravitational disturbance on the
gyroscopes from the helium.
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