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Introduction

P REDICTION of remaining propellant is critical to the phasing
of orbital replacements in the telecommunicationsindustry. In-

creasesin demand fordata � ow capacityhave led to thedevelopment
of larger and more powerful satellites. When such systems are uti-
lized to full capacity,thenet annualrevenuespervehiclecanbe in the
billions of dollars. Thus it is highly desirable to have very accurate
predictionsof the end of useful life for each vehicle to best manage
the procurement and launch of orbital spares and replacements.

The liquid hydrazinepropellant used for both orbit insertion and
orbit station keeping is stored in one or more large tanks with an
internal passive capillary propellant management device (PMD).
The PMD controls liquid mass centerand orients the liquid such that
it can be extractedat the tank outlet.TypicalPMDs are multiple thin
vanes to orient the ullage bubble and a � ner capillary structure near
the tank outlet or sump. As the tank is emptied, a gas bubble grows
in volume and is located away from the tank outlet by the PMD. The
liquidcollects in large � llet regions subtendedby the vanesand tank
walls. The liquid free surface forms a complex three-dimensional
geometry not easily approximated by closed-form equations.

Various methods to determine remaining propellant quantity are
in use, including bookkeeping, thermodynamic measurements, and
capacitive sensors. Thermodynamic measurement methods such as
the transient thermal response and gas law methods are attractive
because of the simplicity of the required sensors. But such methods
require an accurate assessment of the thermal response of the tank
and propellant. Previous analyses have primarily been concerned
with spherical tanks, and relatively simple thermal math models
of the liquid and gas phases have been used with some success.1

However, an accuraterepresentationof the three-dimensionalliquid
mass distribution and, hence the free-surface geometry in weight-
lessness, is required to increase the measurement accuracy of such
methods.

The goal is to determine the liquid free-surface geometry as a
function of propellant � ll level, transfer this geometry to a ther-
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mal � nite element model (FEM), and compute transient thermal
response. Comparison of computed results to � ight data and com-
parisons between computed results for slightly different liquid � ll
fractionsshowthat themethodcan producea viablepropellantgaug-
ing system (PGS).

Model Description
Free-Surface Model

The three-dimensional liquid and vapor distribution in the tank
and PMD is solved for with the Surface Evolver.2 Detailed three-
dimensional analysis of fuel distribution in the vanes and sump of a
propellant tank PMD has not been customary in spacecraft design
and was not practical until the introductionof the Surface Evolver.3

See Ref. 4 for Surface Evolver convergence details and Ref. 5 for
validation.

In a propellant tank with a vane-type PMD, there are three pri-
mary regimes of � ll level, vane-dominated, transition, and � llet-
dominated. At beginning of life, large liquid quantities result in
the vane-dominatedregime where a large bubble forms in the core.
Depending upon the extent of the bubble, it may shift in axial loca-
tion or may be roughly centered by the primary vane edges. In this
regime there is generally a relatively thick layer of liquid separating
the bubble from the tank wall. As the liquid level decreases, the
bubble impinges on the wall, and a transition to a � llet-dominated
regime begins. At the lowest � ll levels, the liquid is contained in
� llets along the vane or vane-wall corners and the tighter capillary
regionsof the sump. The overalldistributionof liquid is more tightly
con� ned by thePMD in this � llet-dominatedregime.With respectto
the PGS measurements, the transition and � llet-dominated regimes
are of primary interest, because it is later in life that accuracyof fuel
measurements becomes crucial.

Liquid free-surface geometries were predicted for the range of
fuel loads in the tank and PMD geometry of the Lockheed Martin
A2100 class of geosynchronous-orbit commercial communications
satellites. A representative solution is shown in Fig. 1 for a vane-
dominated case. The surface geometry is modeled in the Surface
Evolver by triangular facets that are then transferred to the solid
modeling and meshing tool. It can be seen that the liquid forms a
long nearly uniform � llet near the vane in the cylindrical region of
the tank. Larger slugs of liquid form in the spherical dome regions
of the tank, with the out� ow dome containingapproximately twice
as much liquid as the opposite end.

Solid Model
The vertices of the facets of the interface solution were imported

into the I-DEAS solid modeling software, smoothed because of the
� ner resolution of the Surface Evolver model, and spline curves
were generated through the points. A surface loft operation was
used to generate the liquid free surface from the curves in I-DEAS6

Master Modeler. The liquid surface was stitched together with sur-
faces representing the tank wall, vane, and p / 4 symmetry plane to
create a one-quarter– tank liquidvolume.For each case curvescorre-
sponding to � ve circumferentialangles within the one-quarter– tank
model were used, although more curves were available.

Finite Element Model
The solid model geometry was � rst partitionedat the tank equator

in addition to other planes to allow more accurate meshing. For the
� llet-dominated regime cases one-half of the one-eighth slice was
meshed, correspondingto the liquid out� ow end of the tank, which
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Table 1 FEM summary

Calculated No. of solid No. of shell Total model
mass, kg elements elements capacitance, J/K

227.0 9046 1778 1.222 £ 105

232.3 7198 2083 1.292 £ 105

243.8 6938 2170 1.304 £ 105

277.7 5358 1206 1.489 £ 105

Table 2 Model material and physical property summarya

Density, Conductivity, Speci� c heat, Wall thickness,
Location kg/m3 W/m-K J/kg-K mm

Cylinder wall 3257 7.3 935 1.98
Dome wall 4506 16.4 527 1.75
Hydrazine 1003 0.49 3084 N/A

aCylinder wall values are based on titanium with graphite-epoxy overwrap.

Fig. 1 Free-surface geometry predicted with
the Surface Evolver: vane-dominated regime
with tank and vane cross section at tank center
shown.

contains more liquid than the opposite end. The one-eighth–tank
mesh was re� ected to create a one-quarter–circumferential section
of half the tank.The one-quarterslice was meshed to allowexamina-
tion of various heater con� gurations.A summary of the four FEMs
used in this study to assess PGS resolution and the solid models
used to produce them are given in Table 1.

Thermal Model
The FEM producedto representthe liquidgeometrywas thenused

to create the thermal model. First, the geometry was partitionedinto
regions to aid in the meshing process. Then the liquid region was
meshed in I-DEAS SimulationModule6 with solid linear tetrahedral
elements. Additional triangular shell elements were added to rep-
resent the wall. These elements include the approximate thickness
and the effect of the composite overwrap in the cylindrical region.
Shell elements were also added to the liquid free surface in the area
adjacent to the dry wall region. These were used to simulate the
gas conduction between the dry wall region and the adjacent liquid
layer. Material and physical properties used in the model are listed
in Table 2.

In addition to the assumptions inherent in the translation of the
chosen geometry into a FEM mesh, key assumptions were made
with respect to heat transfer. In particular, the liquid and gas are
both modeled as solids, assuming negligible convection effects.
This assumption can be violated if large temperature gradients at

the free surface cause substantial thermal-capillaryconvectionor if
the gravity gradient induces thermal convection.As convectiveheat
transfer is not modeled, the model will be in error if nonnegligible
convection exists. Another key assumption is that the helium gas
is assumed to be a secondary path for heat transfer and is modeled
as a single nongeometric element. This element is coupled to the
dry wall shell elements and the adjacenthydrazinesurface elements
with an area-proportional conductor. The heat-transfer coef� cient
was based on assuming approximately half of the gas volume was
effective, resulting in an estimated value of 2 W/m2-K. This simpli-
� cation was necessitated by the need to maintain suf� ciently large
element capacitance-resistance factors for computational accuracy
and speed. Validity of this assumption was assessed by comparison
with a two-dimensional thermal-network model (SINDA), which
includes gas-phase conduction and found to be in fair agreement.
The inaccuracyintroducedhas littleeffect in the dome region,where
the large mass and conductanceof the liquid dominates.

The radiationheat loss from the tank was modeled using a nonge-
ometric sink element that encloses the entire tank volume. The ra-
diativecouplingwas basedon an effectiveemittanceof 0.016,which
was determined from thermalbalancemeasurements for a represen-
tative tank. The surroundingswere held at a � xed temperature.

The heater boundary condition was modeled by applying heat
sources directly to the wall shell elements. This simpli� cation is
deemed appropriate because of the thinness of the heater and tank
wall. Various generic heater geometries were modeled, including a
uniformheat input to thedomeregionaswell as discretestrip heaters
typical of a � ight design. Two analysis cases and corresponding
boundary conditions are modeled in the current work. One is with
the strip heaters and a relatively large liquid � ll representative of a
beginning of life case. This analysis case was compared with � ight
thermal data for a beginning of life case. Fill estimates for this
case are based on the bookkeepingmethod. Predictionof propellant
� ll using the bookkeeping method is more accurate closer to the
beginning of life, thus producing a known case for comparison.
The second analysis case is the arbitrary case with a middle-of-life
propellant � ll and uniform heater geometry. The purpose of this
case is to estimate the measurementuncertaintyfor a particularheat
input pro� le and � ll level.

Results
Predictions were � rst made for the speci� c case of beginning-of-

life � ll quantity to support validation of the thermal model. These
resultsare comparedto the � ight data in Fig. 2. The sink temperature
was heldat 18.4±C throughoutthe 90-h transient.No � ight data were
available for the sink environment,but it is likely that it varied over
the period of nearly four orbits. Agreement between the predicted
and measured temperatures at cylinder sensor locations deviates by
about 3±C near the end of the transient. Near beginning of life, the
propellant geometry is in the vane-dominated regime as discussed
earlier. Therefore, this comparison is not a rigorous validation of
the model for the middle- or end-of-life cases but is used mainly as
a qualitative validation of the modeling approach.

Transient runs for measurement uncertainty cases were initiated
for each � ll level with a uniform initial temperature of 20 and a

Fig. 2 Representative results: predicted vs � ight test.
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Fig. 3 Wall-temperature pro� le after a 10-h heating period.

Fig. 4 Predicted transient wall-temperature response vs � ll level.

20±C sink temperature. The heating boundary condition used was
100-W total heat load distributedevenly over the dome region of the
tank wall. Representativetemperaturedistributionsfor the tank wall
are shown in Fig. 3 after 10 h of heat input with a uniform initial
temperature. One-quarter of the tank circumference and one-half
of the length is shown. The hot spot corresponds to the location
of the thinnest liquid layer where the gas bubble is beginning to
extend into the dome region of the tank. This location is thus a good
location for the sensor to maximize resolutionof different liquid � ll
quantities.The selected sensor location is at an angle bisecting two
of the four major vanes and at the boundary between the dome and
cylinder portions of the tank wall.

Predictions were generated for the four � ll levels with the same
heat input pro� le, boundary, and initial conditions. Predicted tem-
peratures at the selected sensor location (dome/cylinder boundary)
are given in Fig. 4 for each of the four � ll levels for the case of 100-
W heating on the dome (25 W on the FEM). The key to resolving
different� ll levels is the ability to obtain temperaturemeasurements
that are suf� ciently different to ensure accuracy. The minimum dis-
cernable difference in temperature sensor readings was taken to be
approximately1.0±C basedon theonboardanalog-to-digitalconver-
sion method. It can be seen that afteran hour of heating the predicted
temperatures at the sensor location for the different � ll levels have
suf� cient spread to be easily distinguished.

The temperature rise after 10 h of heat input is plotted vs � ll
quantityin Fig. 5. From theseresultsit is estimatedthat theminimum

Fig. 5 Maximum wall temperature vs � ll level.

� ll quantity difference that can be resolved is approximately 3% at
the nominal � ll quantity of 245 kg. The trend is toward greater
accuracy at smaller � ll quantities.

Conclusions
Prior analytical correlations to the transient thermal response

method have used relatively crude assumptions with respect to the
liquid mass distribution in weightlessness.These assumptionshave
limited the ability to determine the measurement resolution of the
method. By utilizing state-of-the-art modeling of the liquid-vapor
interface,a more accurate thermal math model of the propellant liq-
uid free surface has been developed.The model was shown to be in
fair agreement with � ight data for beginning-of-life � ll quantities
from bookkeeping.

Further predictionswere performed to estimate the attainable ac-
curacy of the method for middle-of-life � ll levels. The accuracy
of the method is constrained by several factors. The dominant fac-
tor is the resolution of the temperature measurement system. The
accuracy of the measurement is therefore tied to the minimal dis-
cernible difference in transient temperature rise between two liquid
� ll quantities. Because the temperature measurement resolution is
known, predictions were made for various liquid � ll increments to
determine what the required change in � ll quantity is for the given
measurement resolution. These analyses yield an estimate of the
gauging system accuracy.
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