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ABSTRACT

In order to provide a lighter weight, less
complicated, more easily manufactured, highly
reliable, and more capable propellant tank for an
advanced high capacity communications satellite,
a new design was conceived from three previous
very successful communications satellite
programs. This appreach allows the new design
to rely on significant heritage from the earlier
programs since there are many operating
satellites in orbit with over 800 years of total
operational time.

A lightweight tank shell coupled with re-oriented
pressurant and propellant ports and a redesigned
propellant management device (PMD) fulfilled
this requirement. The resultant tank is fabricated
in an all-welded titanium configuration with a
sponge, vane and trap PMD to store and to
provide pressurized gas-free propellants to the
main satellite thrusters and reaction control
system thrusters in a zero g environment. The
PMD has additional capability to allow
horizontal handiing with a low propellant fill
fraction.

Each spacecraft contains two tanks - one for
nitrogen tetroxide (N,O,) oxidizer and the other
for monomethylhydrazine (MMH) fuel. The
tanks are mounted in tandem in the spacecraft at
32 tabs with nutplates located near one of the
tank girth welds.

The newly analyzed and designed PMD, with no
moving parts, a minimum of surface tension
elements, and titanivm alloy components,
minimizes weight and complexity. A stress and
fracture mechanics analysis on the tank assembly,
using imposed environmental conditions,
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operational  requirements, and spacecraft
interface loads, verified the structural adequacy
of the PMD and tank assembly.

Successful acceptance and qualification tests on
one flight-type unit empirically validated the
analysis and design of the tank assembly. Two
flight units and four thermal and structural
models have been delivered on time. The first
launch of this propellant tank design is
tentatively scheduled for the 2002-2003 time
frame.

INTRODUCTION

Pressure Systems, Inc. (PSI) was contracted to
analyze, design, fabricate, assemble, test, qualify
and deliver propellant tanks to support an
initiative to build a cost competitive, high
capacity, advanced communications satellite.
This satellite features S-Band transponders and
will demonstrate mobile phone communications.
The program provided for one qualification unit,
two flight units, and four test models. Presently,
two additional tanks are in production at PSL.

Each of the satellites includes two propellant
tanks -- one for the nitrogen tetroxide (N,Oy)
oxidizer and one for the monomethylhydrazine
({MMH) fuel. They are mechanically mounted in
tandem inside the satellite’s central cylinder with
32 equally spaced tabs and welded into the
propulsion fluid system. The tanks are of an all-
welded titanium construction. They incorporate
a passive propellant management device for
propellant acquisition and to supply gas-free
propellants to the system thrusters throughout the
required mission life.



This tank assembly reflects the latest in design
innovation and state-of-the art technology for
improved  manufacturability,  performance,
reliability and testing.

The PMD was specifically analyzed and
designed to meet the defined mission profile and
requirements. This tank assembly is compatible
with launches on the Atlas-Centaur, Ariane, Long
March, Proton, and H-2A boosters.

The tank and PMD assemblies were also
designed for producibility since additional tanks
are required to support options for follow-on
units,

DESIGN, DEVELOPMENT,
AND ASSEMBLY

The propellant tank assembly summary of
capabilities is shown in Figure 1.

FIGURE1l: SPACECRAFT PROPELLANT TANK

SUMMARY OF CAPABILITIES

Tank Outside Diameter (in.) 49.1
Tank Length (in.) 63.3
Tank Fluid Capacity, Minimum

Liters 1,435

in3 87,575
Maximum Initial Propellant Load 96% of tank volume

1,979 kg N,O,
1,205 kg MMH
Fluids MMH. N204, TPA
Distilled Water, Ar, He, GN2

Temperature Range 40-131°F
Pressures (Psia at 131°F)

MEOP * 250

Collapse 3.0

Proof 3125

Burst 375
Minimum Expulsion Efficiency, % 99.5 target, 99.8 goal
Leakage Zero liquid leakage

<1 x 10" sce/sec He at MEOP *
Pressurant Leakage
Maximum Weight , 1b. 99.2
Minimum Design Life, Years 15
Stiffness
Tank Propellant Fill Fraction (Worst Case) > 50 Hz Natural Frequency
Launch Vehicle Compatibility Atlas-Centaur, Ariane, Long March, Proton, and
H-2A

* Maximum expected operating pressure,
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Figure 2 outlines the vibration and shock requirements for the propellant tank.

FIGURE 2: VIBRATION & SHOCK REQUIREMENTS

Test Frequency Acceleration Limit
(Sine) Axis (Hz) (g, 0-Peak) Acceleration (g) |
5-13 0.20in. S.A. * 40
Acceptance 13-17 34 4.0
(3,038 Ibs. of Lateral 17-45 24 4.0
water at 250 psig) X&Y) 45-100 1.6 4.0
4 Octaves/Min 5-20 0.20in. S.A. 7.0
Axial 20-24 8.2 7.0
Z) 24-50 21 7.0
50 - 100 1.04 7.0
Test Frequency “Acceleration Limit
{Sine) Axis {Hz) (g, 0-Peak) Acceleration (g) |
5-13 0.25in. S.A. 5.0
13-17 4.3 5.0
Qualification Lateral 17-45 30 5.0
(4.363 lbs. of X&Y) 45 - 100 20 5.0
PF-5060 at 250 psig 5-20 0.25in. S.A. 8.75
or dry at 100 psig) Axial 20-24 10.2 875
2 Octaves/Min Z) 24 -50 2.6 8.75
50-100 13 8.75
Frequency (Hz) Qualification Acceptance
(Random) (Randomy)
Time per axis (X, Y, & Z) 2 minutes 40 seconds
Fluid & pressure Dry at 100 psig 3,038 lbs. of water
or 3,038 1bs. of at 250 psig
water at 250
psig
20to 100 +6 dB/OCT +4 dB/OCT
100 to 300 0.054 g*Hz 0.036 g*/Hz
800 to 2000 -3dB/OCT -2 dB/OCT
OVERALL grms 8.7 5.8
* Single amplitude.
QUALIFICATION FREQUENCY SHOCK
TEST AXIS (HZ) RESPONSE
(SHOCK) SPECTRUM
100-1,500 +8 dB/OCT
{Dry at 100 psig) XY.&Z) 1,500-4,000 715G
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DESIGN, DEVELOPMENT
& ASSEMBLY (cont’d)

The tank shells are machined from annealed
titanium alloy Ti-6AL-4V hemispherical and ring
forgings. During processing the hemispheres and
cylinders are rough machined, solution heat
treated and partial aged, skim machined, final
aged and then final machined.

The tank is mounted into the spacecraft structure
by circumferential tabs with nut plates located on
one of the hemispheres near the girth weld. The
mounting tabs are machined from a ring forging
that is electron beam (EB) welded to one of the
hemispheres in the partial machined state.
Individual tabs are finish machined from the ring
when the hemisphere is completed. The
propellant port is a 3/8 inch diameter 6AL-4V
titanium-to-304L CRES transition tube with a
flow control venturi in the propeliant line while
the pressurant port is a 1/4 inch diameter 6AL-
4V titanium-t0-304L CRES transition tube.

Figure 3 depicts an outline of the propellant tank
assembly.

FIGURE 3: QUTLINE OF PROPELLANT
TANK ASSEMBLY
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A shell structural analysis and fracture mechanics
analysis, utilizing the NASA FEAGRO program,
were used to design the tank shell thicknesses
and reinforcements while a stress analysis was
used to analyze the PMD details, subassemblies,
and assemblies including its installation into the
tank. An initial fracture mechanics plan with the
tank's histogram governed the former analysis
while the imposed design and environmental test
conditions, as listed in Figures 1, 2, and 4
dictated the structural and stress analysis
parameters and boundary conditions.

The all-titanium propellant management device is
a combination radial sponge, lightweight trap,
and vane design with a feature allowing
horizontal handling with a low fill fraction.

This surface tension PMD has been designed to
provide gas-free propeliant delivery throughout
mission including, but not exclusively, apogee
and on-orbit maneuvers, The design utilizes a
safety factor of approximately two (2) on all
required volumes and a safety factor of three (3)
on ali required porous material bubble points.
These design margins coupled with conservative
analyses have yielded a PMD design, which
easily meets the mission requirements and, in
addition, provides for some off-design capability.

The PMD is for use in a 49.1 inch diameter tank
with hemispherical heads and a 14.2 inch long
cylindrical section. The same design can be used
in the NTO and the MMH propellant tanks.
Additional features were incorporated into the
design to provide optimal service. First, because
the PMD is a passive device with no moving
parts, the design is inherently reliable. Second,
the design is constructed entirely of titanium.
The PMD is lightweight and offers exceptional
compatibility, long life, and reliability. Finally,
the PMD is designed not only to provide
propellant during steady flow conditions but also
to ensure gas-free delivery throughout the
mission. The PMD is designed to suppress
vortexing, to suppress surface dip, to
accommodate fluid transient motion (which
could cause premature ingestion of gas), and to
allow horizontal handling with a low propellant
fill  fraction. These additional design

considerations have led to a reliable and efficient
PMD design.

The trap is cylindrically shaped with internal fins
and a closed, flat top. The trap allows gas-free
propellant during off design operation, provides
a flow path to the bulk space propellant during
all phases of demand, and minimizes propellant
residuals. In the bottom of the trap is a pick up
assembly, which incorporates four perforated
sheet windows. The trap’s bottom platform is
machined from a ring forging and incorporates
four screened window assemblies.

These trap inlet window assemblies, consisting of
80 x 700 mesh CP titanium screen and a support
plate, are EB welded to the bottom platform and
are located at 90° intervals around the platform.
This platform also supports the sponge panels at
the bottom. The sponge panel support plate is
machined from a ring forging and provides the
supports for the sponge panels and vane panels
near the middle of the trap. Finally, the trap is
closed at the bottom by a trap base plate, which
is also machined from a ring forging.

The trap inlet tube, which is a 0.8 inch ID
titanium tube, connects the +X/-Y side of the trap
inlet manifold to the —X/+Y side of the top of the
trap. This tube is composed of three sections: a
vertical section up the side of the trap, a
horizontal section across the top of the trap, and
then into the top of the trap.

The trap inlet manifold and trap inlet tube are
oriented and configured to allow for horizontal
handling of the tank assembly. The vertical
direction of the horizontal and loaded tank
assembly must be maintained at 45° to the +X
and -Y axes. The perforated sheet windows are
positioned so that propellant access during lateral
and setting maneuvers is assured throughout
mission. The trap has been sized to contain
propellant for contingency maneuvers during
which time the trap inlet windows will not have
access to propellant. No such maneuvers are
cuarrently planned. In addition to the trap, a
sponge comprised of titanium sheet separated by
a tapered gap, has been incorporated into the
design. The sponge has been designed to
provide liquid to the trap during the repetitive
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nonsettling  maneuvers. These include
acquisitions, deployments, station keeping,
synchronous orbit maneuvers, housekeeping, and
deorbit. The sponge also will provide propellant
during transient fluid reorientation at apogee
ignition.

The sponge and trap are connected by four
titanium-screened windows located on the four
thrust axes. These windows allow propellant
flow into the trap while preventing gas
penetration. Four large major vanes, which are
laser cut from thin titanium sheet, are spaced 90°
apart and follow the inside contour of the tank.
They interface into the trap at the bottom of the
tank. They re-supply the sponge during the coast
between burns. The major vanes and window
assemblies are oriented on the major spacecraft
axes. Figures 5A and 5B present schematic
views of the PMD,

The PMD is fabricated from 6AL-4V, 3AL-2.5V,
and commercially pure (CP) titanium sheet, tube,
and bar stock. All details are resistance welded,
tungsten inert gas (TIG), or EB welded into
subsequent assemblies. The perforated sheet
disks are EB drilled while the sponge panels are
chemically etched to provide the hole pattern.

After assembly, the PMD is mounted and
welded into the outlet hemisphere while the
vane-to-tank wall gaps are maintained. The
expulsion assembly is bubble point tested and
accepted before the tank assembly is closed.
Previously, the cylindrical center section was
automatic TIG welded to the mounting
hemisphere and the mounting tabs were finish
machined. For the final tank assembly there is
one automatic TIG girth weld that joins the
expulsion assembly to the center section-to-
hemisphere assembly.

Both girth welds are radiographic and dye
penetrant inspected and the final assembly is
stress relieved in a vacuum heat treat furnace.
The nut plates are then installed in the mounting
tabs. The tank is ready for final inspection,
acceptance testing, cleaning, and delivery.

PMD ANALYSIS AND DESIGN

I. PMD Introduction & Requirements



The PMD is a passive, all titanium, surface
tension device designed to provide pas-free
nitrogen tetroxide (NTOQ) and
monomethylhydrazine (MMH) during all mission
accelerations with a minimum expulsion
efficiency of 99.5% and a safety factor of two.

As with most PMDs, this PMD is designed
specifically for the defined mission. The mission
requirements include ground operations and
launch, followed by multiple apogee burns with
three axis stabilization to achieve orbit, and
reaction control system thruster firings of varying
duration to maintain orbit. In addition,
horizontal handling with low propellant fill
fractions has been added to increase the
capability of the PMD. The mission
requirements are summarized in Table 1.

II. PMD General Design Description
The PMD design incorporates a small trap, a
large radial sponge, and four vanes as illustrated

in Figures 5A and 5B.

The device consists of a cylindrical trap housing
attached to the tank with bolts. The PMD

attachment was designed to allow the PMD to be
installed in an existing tank shell. One of the
existing boltholes is used as the propellant outlet.
The trap housing incorporates a pick up assembly
with four electron beam drilled perforated sheet
windows and overlying fins, which feed
propellant to the windows during lateral firings
and spinning operations. The entrance to the trap
consists of an annular manifold located outboard
from the trap and below the sponge. Four
screened windows are located in this manifold on
the X and Y axes. Propellant flows from the
bulk space, through the manifold windows into
the trap inlet manifold, up and across the trap
inlet tube, down into the trap housing, and then
into the propellant outlet through the pick up
assembly. The tortuous path provided by the trap
inlet tubing minimizes gas entering the trap
during horizontal handling operations with low
propellant fill fractions. Also attached to the
bottom side of the trap housing at 90 degree
intervals are four vanes, which extend from the
trap to the tank center section. This trap, sponge
and vane PMD concept easily meets the mission
requirements.

FIGURE 4: FACTORS OF SAFETY FOR
STRUCTURAL ANALYSES

STRENGTH
REQUIREMENT

COMMENTS

Yield Load 1.25 X Limit Load.

Tank is to withstand combined yield load & MEOP under all specified
environmental conditions.

Ultimate Load

1.5 X Limit Load.

Tank is to withstand combined ultimate load & MEOP under all specified
environmental conditions.

Safety Factor

Proof Factor: > 1.25
Burst Factor > 1.5
Multiple MEOP by these factors to design the tank.

Safety Margin

Safety Margin (yield load) = (Yield Stress - material)/(Stress — yield load) - 1

Safety Margin (ultimate load) = (Fracture Stress — material or Buckling Stress —
material)/(Stress — uitimate load) - 1
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FIGURE 5A: SCHEMATIC SHOWING THE PROPELLANT MANAGE

Windows

Trap Inlet
Tube
(Rotated Into View)
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T Pressurant
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Radial Sponge Panels
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Vanes

Trap
Housing

Propelfant
Qutlet
{Rotated Into View)

Trap Inlet
Tube
{Rotated Into View)

Trap Fins Trap
] Inlet
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N Sponge Panels
\7 VA » - ] Vanes
7‘_‘— f Vane
Pick Up Assy Notch
Perforated Sheet \
Teap
Inl
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Pick Up Assy (Rotated Into View)
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FIGURE 5B: SCHEMATIC SHOWING THE PROPELLANT MANAGEMENT

Sponge Panels

DEVICE COMPONENTS (TOP VIE

Trap Fins
(Trap Cover Removed)
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TABLE 1

PROPELLANT MANAGEMENT DEVICE

PERFORMANCE REQUIREMENTS SUMMARY

- 4.3 in"/second maximum flow rate.

Ground Operations and Launch

¢ Tanks are filled, drained, and launched outlet
down .

o Tank fill fraction is between 70% and 96%.

¢ Tanks are upright or horizontal during
handling. The tank pressure will be 135 psia
minimum after loading.

¢ During launch, the settling acceleration is
greater than 1g. No propellant is required.
Propellant is positioned over the outlet.

Ascent Operations

¢ Separation from the booster produces a
negligible acceleration.

¢ System line priming occurs during coast and
after separation.

- Tl3le maximum priming demand is 119
in”.

The maximum tank pressure is 230 psia.

- Spacecraft rotation is 2 degrees/second
maximum about the X axis.

o Initial Maneuvers (Thruster Check, Adjust
Deployment, Acquisition, Gyro Calibration,
and Attitude Change).

- 4 kg total propellant use; 3 kg maximum
propellant use in any one hour period.

- 0.0015 g maximum acceleration.
- 0.85 in*fsecond maximum flow rate.

- Maximum spin of 0.5 degrees/second in
X axis.

e AKE Check.
- 1 kg total propelant use.

- 0.009 g maximum settling acceleration.
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AEF Maneuvers.

1 kg total propellant use.

0.0015 g maximum settling acceleration.
0.85 in*/second maximum flow rate.
Settling burn prior to each burn.

Four engine starts; continuous long
duration burns.

0.019 g maximum settling acceleration.
5.1 in*/second maximum flow rate.

Three axis stabilized (no spinning).

Between AEF Maneuvers.

4.55 kg total propellant use (over + 19
hours); 3 kg maximum use in any one
hour period.

0.0029 g maximum acceleration.

0.85 in’/second maximum flow rate.

Maximum spin of 0.25 degrees/second in
X axis.

After AEF Maneuver #4 and Before
Synchronous Orbit.

6.42 kg total propellant use (over 10
hours); 3 kg maximum use in any one
hour period.

0.003 g maximum acceleration.

0.85 in’/second maximum flow rate,

Maximum spin of Q.75 degrees/second in
X or Y axis.



¢ Synchronous Orbit Maneuvers.
- 18.2 kg total propellant use; 3 kg
maximum use in any one hour period.

- 0.0015 g maximum acceleration in +/- X
directions.

- 0.43 in’/second maximum flow rate.

- Minimum of 11 hours 50 minutes of
coast separates burns.

Orbital Operations

* During orbital operations, all stationkeeping
maneuvers are in one of four lateral directions
- east, west, north, and south. Stationkeeping
maneuvers will occur repeatedly.

e The tanks are in blow down mode with a
minimum pressure of 200 psia.

* 3 kg maximum propellant use in any one hour
period.

o Pulsed thruster operation occurs throughout
mission.

» 0.43 in’/second maximum flow rate.

¢ 00016 g maximum acceleration in any
direction except —Z; principal lateral directions
are +/- X & +/- Y.

Contingency
= 3 kg total propellant used in mission life (1 kg
per maneuver).
e Can occur at any time.
s 0.85 in*/second maximum flow rate.

¢ 00031 g maximum acceleration in any
direction except -Z.

X, Y, or Z axis spin of up to 0.25
degrees/second may occur; 360 degree rotations
at 1 degree/second may occur.

Deorbit

» 6 kg total propellant used.

» 0.0032 g maximum settling acceleration.
¢ 0.85 in’/second maximum flow rate.

¢ 11 hours of coast between first perigee
maneuver and second apogee manewuver.

The trap housing consists of a centrally located
cylindrical region and an annular region below
the sponge. The trap housing encloses a volume
of propellant, which is available for contingency
IAneuvers.

The screened trap inlet windows are located
along the thrust axes below the sponge and near
the cylindrical region of the trap. All of the
screen in the PMD lies in a single plane
simplifying bubble point testing. The screen is
constructed from commercially pure titanium and
is supported by a doubler with circular holes.

The sponge consists of thin sheet metal panels
positioned in proXimity to one another and
forming a tapered gap between each panel pair.
The taper ensures that the sponge is full in zero g
and that sponge draining is efficient. The sponge
is located over the trap inlet windows and
provides a refillable reservoir of propellant
available for stationkeeping maneuvers.

The four sheet metal vanes are positioned on the
east, west, north, and south axes and follow the
tank contour from the sponge to the tank center
section. The vanes provide a flow path to the
sponge from the propellant pool settled by the
lateral operational accelerations. The vanes are
noiched at the sponge to minimize sponge
leakage and are designed to refill the sponge
during periods of zero g coast.

The trap pick up assembly consists of an annular
channel positicned within the trap. Four electron
beam drilled perforated sheet windows are
positioned in the upper portion of the pick up
channel. The windows are 90° apart and are
located on the thrust axes. This position reduces
residuals while allowing horizontal handling with
no risk of gas ingestion.

All of the porous elements in the design are
titanium and prevent gas from penetrating into
the trap and into the outlet lines prior to
depletion. The minimal area of porous element
greatly increases reliability. The entire design
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uses 6 square inches of screen and 5 square
inches of perforated sheet.

Several key characteristics make the PMD
robust, reliable and able to provide optimal
service.

First, because the PMD is a passive device with
no moving parts, the design is inherently reliable.

Second, the design is constructed entirely of
titanium. Thus, the PMD is lightweight and
offers exceptional compatibility, long life, and
reliability.

Third, the design contains a minimal quantity of
screen and perforated sheet; providing increased
strength and reliability. Reducing screen area
dramatically increases reliability.

Finally, the design is implemented to rely
minimally on the porous elements within it.
During many nominal operations all porous
elements are submerged. This detail to design
robustness is a key feature of this PMD.

The extremely simple and robust PMD provides
low cost, low mass, and high reliability. PMD
performance will exceed all requirements.
Typical PMD safety factors are listed in Table 2.

III. PMD Operational Description

This section describes the PMD function during
each phase of the vehicle’s life. The operation is
separated into its three logical phases: Ground
Operations, Boost Operations, and Orbital
Operations.

The various phases of the mission that the PMD
will encounter and how the PMD will affect the
propellants are illustrated in Figure 6, The PMD
Operational Sequence.

Ground Operations

The ground operations can be divided into three
parts; filling, handling, and draining. These are
important not only from a flight standpoint but
also from a testing standpoint. One must be able
to fill the tank in a reasonable time when
following a standard procedure.  Similarly,
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handling and ground draining must be
accomplished without excessive effort. The
operational sequence depicts these ground
operations.

Filling occurs with the tank upright in the outlet
down position. The tank pressure is initially at
atmospheric pressure to reduce the amount of gas
retained in the trap above the trap inlet windows.
The trapped gas will be compressed upon
pressurization. The filling process is
straightforward and should introduce no
difficulties either to the technician or to the
PMD.

The PMD was designed for handling with the
tank in the outlet down or horizontal orientation.
Gas may penetrate the trap inlet windows and fill
the manifold during handling at low fill fractions
or due to slosh during transport but gas will not
enter the trap. Both upright and horizontal
handling are iilustrated in the operational
sequence.

Ground draining may have to be accomplished
with propellants and certainly will occur with test
fluids. The liquid remaining in the tank at the
end of ground draining will have to be
eveporated from the tank. The tank will be
drained in the outlet down position as shown in
the operational sequence.

Boost rations

Boost operations can be divided into many
stages: launch, system priming, coast, apogee
pitch over, settling, and apogee engine firing. In
addition, the spacecraft will encounter lateral
firings for station acquisition and may encounter
0.75 degreefsecond rotations about the X or Y
axis.

The PMD is designed to be taunched in the outlet
down position. Launch is illustrated in the
operational sequence and the propellant position
is identical to upright ground handling.

TABLE 2
TYPICAL CALCULATED PMD

SAFETY FACTORS

¢ Trap Usage: Allocation of Volume



Mission Stage  Volume at EOL (in’)

Contingency 99

Gas Trapped

During Fill negligible
Ingested During 52
Handling

Total Trap Use 151

Total Trap Volume 315

Trap Residual Vol. 6
Available Volume 309
Safety Factor (SF) 2.05

s Perforated Sheet Loads

Event SF* (NTO) SF(MMH)
Apogee — 19 15

4 windows

Apogee — 7 7

2 windows

Nonsettling — 22 21

1 window

Nonsettling — 10 10

¥2 window

* Sponge Volume (Worst Case) - 104°F NTO

Acceleration (g) SE
0031 2.19
*Safety Factor
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Launch

Ground Handling
Horizontal

Upright

Ground Handling

!

Ground Drain

Ground Fill

FIGURE 6: THE PMD OPERATIONAL SEQUENCE
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22% FF Approx.

Mid Coast Apogee Pitch Over

Early Coast

System Priming






