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Abstract 
Additive manufacturing (AM) techniques enable the construction of a freeform fuel storage tank which leverages 

the underutilized volume in the interior of the cubesat.  In the absence of acceleration or gravity, surface tension of the 
liquid monopropellant can be exploited to control its shape and location within a tank pressurized by an inert gas. This 
technique requires the use of a propellant management device (PMD) to constrain the fuel to the outlet and reject 
intrusion of gas bubbles from the pressurizing gas. The interaction between the fuel and PMD is of critical importance 
to the system design, and a primary factor in this relationship is the liquid adhesion and wetting of the fuel to the PMD 
surface. This adhesion is a function of both the construction and condition of the materials involved. In this paper we 
report measurements on the adhesion of deionized water and hydrogen peroxide to AM surfaces. A modified 
Wilhelmey Plate method is used to measure adhesion tension, and surface tension measurements are done to validate 
the quality of the experiment. The PMDs tested include a flat coupon to measure contact angle on the AM surface, a 
simple Jaekle sponge PMD to measure the capillary rise effect, and a lattice inside the sponge PMD. These 
measurements will be used to assess the impact of AM materials on system performance and deliverable fuel volume.  
Keywords: propellant management device, propulsion, hydrogen peroxide, additive manufacturing, cubesat 
 
1. Introduction 

Cubesats are primarily volume, rather than mass or 
power, constrained. 1U (10cm x 10cm x 10cm cube) is 
on the order of the smallest chemical monopropellant 
systems currently in development [1, 2]. On a 6U 
cubesat, 1U is 16% of the entire volume budget. To 
maximize payload capacity, this paper proposes 
propulsion systems with a flexible form factor to provide 
the exact amount of thrust necessary for the mission. This 
is likely to be most useful for missions that require 
relatively small volumes of propellant, which could fit 
into existing unusued volume spaces.  

To illustrate this, Figure 1 shows the volume 
allocation for a cubesat modelled after the MS-130 
currently under development by Aerojet Rocketdyne [1]. 
The subsystems are modelled as rectangular blocks with 
the payload colored cyan, the propulsion colored blue, 
and the other components grey. The image on the left 
shows the volume allocation for a 3U cubesat with the 
1U propulsion system at the top. The right side image 
indicates a propulsion system integrated with the 
spacecraft structure, which is intended to hold only 
enough fuel to preform necessary operations. Note that 
this cartoon is not based on requirements for any kind of 
mission and the same subsystems are present in both. The 
reduction in fuel volume and flexible form factor 
increases the space for the payload.  

 
Figure 1: Schematic of sample small sat volume 

distribution 
 

The key to this technology is the propellant 
management device (PMD), which controls the location 
of liquid propellant. In a surface tension tank there is no 
barrier between the pressurant (gas) and the propellant 
(liquid), so the PMD ensures the system delivers only 
liquid fuel (with no gas bubbles) to the catalyst bed. 
PMDs are simple and require no moving parts, and if 
required for the mission they can also control the 
propellant’s center of gravity. They have flown on 
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dozens of spacecraft missions [3], but none for CubeSat 
fuel tanks at 10cm in diameter or smaller. 

This paper will overview the considerations related to 
the material finish on a PMD surface and overview the 
constraints enforced by the 3D printing process in section 
2.  Section 3 will overview the measurements of surface 
and adhesion tension for both 91% hydrogen peroxide 
and deionized water and compare them to known values.  
Section 4 will expand the measurements to estimate the 
capillary effects of the PMD in deionized water and 
compare them to theoretical expectation. The concluding 
section will explore the results and describe future 
directions. 
 
2. PMD Design Considerations 

If AM is used to print a fuel delivery system into a 
cubesat structure, the internal surfaces will likely have to 
be left in the ‘as printed’ condition. This surface 
roughness is a key design variable for PMDs as it affects 
the wetting of the propellant to the inner walls. A 3D 
printed surface has an inherent roughness that changes 
the contact angle as a function of the surface itself. This 
effect is shown in Error! Reference source not found. 
and changes the volume of liquid that can be stored in a 
sponge type PMD, Figure 3. The surface roughness of the 
internal surface can be modified through a variety 
chemical polishing techniques, which were not explored 
here [4].  

 
2.1 Governing Equation for Sponge PMD 

The approach outlined by Jaekle [5] is used to create 
an initial PMD design. When the thruster valve opens 
(during firing), a pressure differential will force the 
propellant out of the sponge and to the thruster. Figure 2 
shows the thruster burn time is restricted to the volume 
stored in the PMD and the thrust cycle rate is restricted 
by the PMD fill rate.  

 
Figure 2: Time for burn vs. PMD refil time 

 
This assumes flow loss from the PMD is negligible, 

and only applies when the thruster valve is closed. In the 
hydrostatic case, surface tension is balanced with the 
acceleration by the Equation 1 and shown in Figure 3 [5].  
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Figure 3: Sponge PMD 

Where 𝜎𝜎  is the liquid surface tension, 𝑅𝑅𝑢𝑢𝑢𝑢  is the 
smallest liquid radius, 𝑅𝑅𝑑𝑑𝑙𝑙𝑙𝑙𝑜𝑜 is the largest liquid radius, 
𝜌𝜌 is the liquid density, 𝜌𝜌 is the applied acceleration, and 
𝑁𝑁 is the number of fins, 24 in this test apparatus. The 
solution of the governing equation forms the surface of 
the liquid, Figure 4, and delivers the minimum and 
maximum fill volumes for a given acceleration. The fill 
volumes are restricted by the radius of the propellant 
fluid where excessively large radii will drip out of the 
sponge. The 3D printed material increases the contact 
angle of the propellant in the sponge, which results in a 
smaller volume of propellant contained in the sponge. 

 
Figure 4: Solution of Liquid Surface 

 
In this model the forces in center of the PMD are 
neglected and assumed to be full of liquid (this area will 
be filled by a lattice to enforce this).  
 
2.2 Contact Angle for 3D Printed Surface 

Increasing the roughness of a surface decreases its 
contact angle [6, 7]. A large contact angle between the 
liquid and solid indicates a lower force between the solid 
and liquid, so the assumption of a 0° contact angle is not 
conservative. Wenzel’s equation, 𝐶𝐶𝐶𝐶𝑠𝑠(𝜃𝜃𝑚𝑚) = 𝑟𝑟𝐶𝐶𝐶𝐶𝑠𝑠(𝜃𝜃), 
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relates the ideal contact angle (𝜃𝜃 ), measured contact 
angle (𝜃𝜃𝑚𝑚), and surface roughness (r). Young’s equation 
is modified with Wenzel’s equation to assess the 
adhesion force (𝑟𝑟𝑟𝑟 ) of the liquid to the surface as a 
function of the contact angle and surface tension. 

𝑟𝑟𝑟𝑟 =  𝜎𝜎𝑙𝑙𝑙𝑙 cos𝜃𝜃𝑚𝑚 2 
 

 
Figure 6: Force Balance of liquid droplet 

 
 
Each of these three parameters will be independently 

measured for the 3D printed aluminum surface.  The 
roughness ratio [8] was calculated by the area factor, Sdr, 

𝑟𝑟 = 1 +
𝑆𝑆𝑑𝑑𝑑𝑑
100

 3 

The area factor was measured with a Taylor Hobson CCI 
white light interferometer and shown in Figure 7.  The 
surface tension is measured from the zero degree initial 
contact measurement detailed in Section 3 and the 
adhesion tension is calculated from the submerged 
coupon measurements, also detailed in Section 3.  The 
AM aluminum material, alloy AlSi10Mg, used in this 
work has an unknown ideal contact angle. However, for 
an ideal solid aluminum surface in DI water, the expected 
Young’s contact angle is 72°, however it has been 
measured to be between 69° and 100° [9, 10, 11, 12], 
depending on temperature, alloy, and surface treatment. 

 
Figure 7: Interferometer Measurement 

Test coupons were 
printed using a DMLS 
printed with AlSi10Mg 
powder [13]. Area factor is 
measured in 6 locations on 
each side of the tested 
coupons, as shown in 
Figure 8. Three different 
lengths are tested (short, 

medium, and long). 
Different orientations 
and locations on the 
build plate were tested, 

but not found to be significant drivers for area factor. The 
measurements were averaged and the results, including 
the standard deviation, are summarized in Table 1. 
Samples were precision cleaned following a standard 
practice of vapor degrease and ultrasonic IPA bath and 
kept clean throughout testing. DI water testing was 
performed first, which includes the samples sitting in DI 
water overnight. H2O2 testing was done on August 7 
2019, when samples sat in 91% concentration H2O2 for 
~4 hours. After testing was complete, samples were 
rinsed with DI water, dried with N2, and roughness was 
re-measured. In general, Table 1 shows that roughness of 
the samples increased after contact with H2O2. 
Compatibility between H2O2 and AlSi10Mg was 
unknown at the time of testing. During the test there no 
visible sign of a reaction, however the roughness 
increased by a statistically significant amount post 
testing.  

 
Table 1: Coupon Roughness Measurements 

Length Side 
Sdr 

Before 
H2O2 

Sdr 
After 
H2O2 

% 
Diff 

Short A 108 ± 
15 

123 ± 
27 14% 

Short B 105 ± 
19 

119 ± 
15  14% 

Medium A 99 ± 
17 

111 ± 
37 12% 

Medium B 105 ± 
9 

130 ± 
16 23% 

Long A 107 ± 
23 

137 ± 
20 29% 

Long B 109 ± 
22 

145 ± 
18 32% 

 
2.3 Fuel Tank Design 

An integrated fuel tank was printed for testing as 
shown in Figure 8. The functional components of this 
system are the pressurant tank, the passive pressure 
regulating valve, the propellant tank, the PMD, and the 
propellant outlet. AM enables fabrication of complex 

Figure 5: Measurement 
locations 
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systems that make the propulsion system customizable 
and modular, as long as the unique fabrication constraints 
are well understood. This also allows integration of the 
fuel tank into the spacecraft structure. For a flight system, 
316 Stainless Steel is compatible with H2O2. Since the 
design constraints and roughness are very similar with 
aluminum 3D printing, in-house capabilities of 3D 
printing aluminum were leveraged for this research.  

 
Figure 8: Integrated system 

 
The PMD is based on a previously published design 

by Jaekle’s [5] for direct comparison, with the addition 
of a lattice in the center tube. Additional mass constraints 
of 500g were placed on the PMD to allow use with a load 
cell for measurements that will be discussed in Section 3. 
The width of the PMD’s panels is a balance between 
printable structure and maintaining the taper required to 
push gas bubbles away from the center tube and outlet. 
The final constraint is critical to prevent gas from 
reaching the outlet. Future flight designs should consider 
the risk of gas isolating propellant within the PMD and 
preventing it from reaching the outlet, but this was not a 
driver for this design, which is used to correlate the 
experiment to theory.  

The tapered walls ensure that the surface tension 
forces acting from the propellant on the bubble exceed 
hydrostatic forces pushing the bubble out of the center. 
This force balance is expressed as: 
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Where 𝑅𝑅𝑖𝑖𝑜𝑜  is the inner radius, 𝑅𝑅𝑙𝑙𝑢𝑢𝑜𝑜  is the outer radius, 
and ∆𝑧𝑧 is the size of the bubble.  The minimum required 
panel taper required for gas rejection can be found by 
expressing 𝑅𝑅 in terms of panel gap g, and differentiating 
with respect to z. The resulting minimum taper constraint 
is: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑧𝑧

>
𝜌𝜌𝜌𝜌𝑑𝑑2

2𝜎𝜎𝜎𝜎𝐶𝐶𝑠𝑠(𝛼𝛼)
 5 

The center tube of the PMD is too large to rely on 
surface tension or capillary action to prevent gas injection 
due to the 0.04” gap between panels required to remove 

powder after printing. A porous device is therefore added 
to block gas bubbles, shown in Figure 9. The bubble point 
pressure (∆𝑷𝑷𝑩𝑩𝑷𝑷) defines performance of a porous device. 
This is the minimum pressure required to prevent gas 
from flowing through the barrier. For this system, the 
bubble point is 200 Pa, resulting in a maximum pore 
radius, r, of 1mm as derived from Young-Laplace 
Equation:  

∆𝑃𝑃𝐵𝐵𝐵𝐵 =  
2𝜎𝜎𝜎𝜎𝐶𝐶𝑠𝑠(𝜃𝜃𝐶𝐶)

𝑟𝑟
= 200 𝑃𝑃𝜌𝜌 6 

where 𝜃𝜃𝐶𝐶 is the pore contact angle between the liquid and 
screen [14, 15]. With this constraint, a lattice was added 
to the central tube with MAGICS software and printed to 
determine if its geometry was printable. 5 different lattice 
options with the 1mm gap are tested in this paper.  
 

 
Figure 9: “Center Tube” of PMD and Final PMD 

with Lattice 
 
A Matlab routine was developed to select an optimal 

PMD design over the indicated panel thicknesses and 
number of panels, Figure 10. The minimal panel 
thicknesses was determined based on in house testing and 
approximating the fin as a cantilevered beam. This could 
possibly be reduced with further printer development.  
The color bar indicates the volume in the PMD and 
reveals a reduced trade space of available designs to 
select from when considering manufacturability and 
effectiveness.  

 
Figure 10: PMD Deliverable Volume Trade  
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The final design of the PMD is:  
• Minimum sponge radius 1” 
• 22 panels, .06” thick 
• 1” tall 
• Center tube filled with lattice with a maximum 1 

mm radius hole 
• Deliverable fuel volume: 0.21 in2 
• Limiting acceleration for gas rejection: .12g 
• Bubble Point: 200 Pa 

 
3. Measurement of Adhesion and Surface Tension 

The Wilhelmy Plate method [16, 17] is selected to 
measure the surface tension, adhesion tension, and 
contact angle. Although more accurate alternative 
techniques are available [10], this method was selected to 
enable low-cost assessment of the performance of the 
PMD without requiring a 0g test.  This initial step may 
provide a useful quality check for future and more 
complex systems.  

The apparatus is shown in Figure 11. To measure the 
PMD properties, a load cell is raised and lowered with a 
lab jack. The load data were collected at a frequency of 
8000 Hz on a National Instruments data acquisition 
system. The height of the lab jack was monitored with a 
calibrated dial gauge and the H2O2 and DI water were 
kept in clean glassware. A vibration isolating table was 
used to prevent room noise (~5-10 mN) from affecting 
the data. 

 
Figure 11: Wilhelmy Plate Experiment Setup 

 
The experimental procedure compromised of raising 

and lowering various samples into the liquid.  As the 
samples were drawn into and out of a liquid bath, the 
force on the load cell was monitored in real time. Figure 
12 shows the vector forces from the water surface 
measured while the coupon is submerged and correlate 
with Equation 2.  There are additional forces acting on 
the system from the bulk liquid, such as buoyancy, which 
IS observed and accounted for. 

 
Figure 12: Submerged Coupon  

 
Figure 13 shows a typical output from the DAQ for a 

single measurement with a coupon inserted and removed 
from the liquid bath.  A matlab script was developed to 
highlight and calculate the pertinent features of each data 
set. The black data are the baseline force of the coupon 
on the strain gauge, not touching the water. As the 
coupon is lowered into the fluid, the initial large feature 
in the force plot is from the surface tension of the first 
interaction between the water and the coupon. This force 
occurs when the contact angle is zero and the surface 
tension can be directly measured and compared with 
published values [18, 19]. After breaking the surface of 
the liquid, the coupon becomes fully submerged and the 
liquid is allowed to find the steady state solution, shown 
in Figure 12, defined by the lowest energy of the liquid 
and metal surface interaction. The red data in Figure 13 
show this force measured on the strain gauge when the 
liquid is adhered to the surface.  Utilizing Equation 2 and 
the difference between the adhered forces, dry forces, and 
surface tension, the contact angle can be calculated. 

 
Figure 13: Measured Coupon Force 

 
3.1 Measurements on Test Coupons 

This process is conducted for several different 
coupons and many different penetration depths. By using 
different coupon geometries and submersion depths, the 
variations due to surface inconsistencies, buoyancy, and 
material geometry will be averaged. Table 2 compiles 
data from several runs for surface and adhesion tension 
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and the percent difference between the published surface 
tension and the one measured in this apparatus. 

 
Table 2: Adhesion and Surface Tension Results 

Coupon 
Description 

Adhesion 
Tension (mN/m) 

Surface Tension 
(mN/m) 

H2O Small 62.7 ± 1.3 89.4 ± 3.7 
H2O Long 58.6 ± 4.5 72.6 ± 1.1 

H2O2 Small 60.7 ± 0.7 80.6 ± 2.6 
H2O2 Medium 58.4 ± 1.1 77.2 ± 3.3 

H2O2 Long 58.4 ± 0.8 73.7 ± 1.9 
 

This data shows that for 3D printed aluminum 
surfaces where adhesion and surface tension are the 
primary forces, deionized water and hydrogen peroxide 
behave in similar ways. There are larger variations in the 
measurements of surface tension than adhesion, this is 
attributed to the mounting method used in the test.  A 
skewed coupon will contact the surface with slightly 
different cross section will adhere to the surface at first 
contact.  This will affect the force peak shown in Figure 
13. For adhesion, the entire cross section is submerged 
and at equilibrium and therefore will be wet.  

The measured contact angle, 𝜃𝜃𝑚𝑚, of H2O2 and H2O 
can be computed for these rough 3D printed surfaces 
utilizing Equation 2 and the measurements summarized 
in Table 1 and Table 2 to be, 41.5 ± 8.2 for DI water and 
40.0 ± 3.8 H2O2.  Using Wenzel’s equation and the 
measured surface roughness, the ideal Young’s angle, 𝜃𝜃, 
for the Al liquid interface can be calculated. The value 
for DI water is 69.8 ± 3.6 and for H2O2 is 69.3 ± 2.8. The 
contact angles for the individual coupons are summarized 
in Table 3. 
 

Table 3: Coupon Contact Angles 
Coupon Description Contact Angle 

DI Water Small (measured) 29.2 ± 2.1 
DI Water Long (measured) 35.4 ± 5.8 

DI Water (Young’s) 69.8 ± 3.6 
H2O2 Small (measured) 32.5 ± 1.0 

H2O2 Medium (measured) 36.4 ± 0.5 
H2O2 Long (measured) 35.8 ± 1.1 

H2O2 (Young’s) 69.3 ± 2.8 
 

3.2 Measurements on PMD 
Utilizing this same apparatus, the performance of the 

PMD can also be assessed. The mass of the liquid 
adhered to the PMD is measured.  The value can be 
broken into two components: the first is the volume held 
by the adhesion to the sponge fins (same as the coupons) 
and the second component is due to the geometric effects 
of capillary rise between two angled parallel plates [20, 
21]. The average adhesion per unit length across all 

coupons for a given liquid is used to estimate the volume 
adhered to the surface of the PMD, the “fin adhesion”. 
The difference between the measured liquid mass and the 
fin adhesion is therefore estimated to be the mass of 
liquid captured by capillary rise. For a PMD with no 
internal sponge, the adhesion force of DI water is 42.9 ± 
0.1 mN. The fin adhesion is 36.9 ± 2.4. The measured 
force of the capillary water is therefore 12.3 ± 2.4.  

This volume is approximately calculated by 
modifying the capillarity pressure for a circular capillary 
and equating the radial height profile to a distance from 
the PMD plate surface. The capillary pressure is 
calculated following the approach in Rapp [22] where H 
is the liquid height along the symmetry lines between the 
fins, 𝑥𝑥 is the radial distance, 𝛼𝛼 is the angle between fins, 
and d is the plate separation 

𝐻𝐻 =
4 𝐶𝐶𝐶𝐶𝑠𝑠(𝜃𝜃) ∗ 𝜎𝜎

𝑟𝑟 ∗ 𝜌𝜌𝑑𝑑
 7 

This capillary rise has two components, the height, 
detailed in Equation 7, and the meniscus on top of the 
fluid. It is assumed that the meniscus contribution is 
accounted for by the already calculated adhesion force.   
The total capillary rise force and volume is calculated by 
the volume integral bound in the z axis by the capillary 
height, the theta direction by the plate walls, and in the 
radial direction by the minimum plate separation on the 
inner radius and on the outer radius by the capillary 
length.  The capillarity length [22] is defined as, 

Lc = �
σ
ρg

 

Completing this exercise, we arrive at a capillary rise 
force of 7.1 ± 1.2 mN.  
 

3.3 Measurements on PMD with Lattice 
Utilizing this same apparatus, the performance of the 

PMD with the center lattice (shown in Figure 9) can also 
be assessed. In this case, the adhesion tension can be 
broken into 3 volumes: fin adhesion (from section 3.2), 
liquid wicking into the sponge from the capillary rise 
effect (from section 3.2), and liquid inside the lattice in 
the center tube. MAGICS software was used to generate 
5 different lattice options which all met the maximum 
pore diameter criteria from eq. 6. Each were 3D printed 
for testing, shown in Figure 15.  

The buoyancy affecting the PMD is different 
depending on the geometry of the lattice, and was 
included. The theoretical capillary rise for this PMD was 
estimated by first computing the theoretical value, 9.4 ± 
1.7 mN, following the same approach described in 
section 3.2. This was scaled by the ration of the measured 
value to the predicted value of the PMD with no lattice 
(12.3/7.1) to an estimated capillary rise force of 16.4 ± 
3.2 mN. The force of liquid in the lattice equals Total 
PMD Adhesion – Capillary Rise – Fin Adhesion. Table 4 
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shows the different adhesion results for the different 
lattice shapes. Note that the experiment was run at depths 
of 0.1” and 0.15”. The volume of liquid in the lattice was 
observed to be smaller by the percent listed in Table 4 for 
all lattices. The physical explanation for why this would 
be is not well understood, and requires further 
investigation. Many of these differences are within the 
error of the experiment. Lattice 2 is in the top right corner 
of Figure 15, and is the only lattice that has the pores open 
all the way through to the outlet (shown in Figure 15). It 
is not surprising that this resulted in poorer liquid 
adhesion, but this is the only geometry that lets the ends 
of the lattice meet, providing greater structural strength.  

 

 
Figure 14: PMDs with Lattices on Build Plate 

 
Table 4: Lattice Adhesion Results 

Lattice ID 
Total PMD 
Adhesion  

(mN) 

Lattice 
Liquid 

Volume 
(mL) 

% Decrease 
in Volume 
at Depth 2 

Lattice 1 
115.7 +/- 1.6 6.4 +/- 0.4 2.6%  

Lattice 2 
98.2 +/- 0.5 4.6 +/- 0.4 13.7%  

Lattice 3 
108.6 +/- 0.2 5.7 +/- 0.4 3.3% 

 
Lattice 4 112.9 +/- 

0.01 6.1 +/- 0.4 2.0% 
 
Lattice 5 

113.6 +/- 0.7 6.2 +/- 0.4 2.2%  

 

 
Figure 15: Lattice Geometry Detail 

 
6. Conclusions  

For the complex geometries of additively 
manufactured fuel storage and feed systems, the 
Wilhelmy Plate method is used to characterize the 
trapped volume of fuel in a PMD under normal 
gravitational conditions.  The trapped volume is further 
broken down into the liquid stored in the fins and the 
liquid stored in the central lattice of the PMD. This 
method demonstrates a path forward for an experimental 
tool to characterize PMD performance without zero 
gravity measurements. In addition, the contact angle, 
adhesion tension, and surface tension for as-printed, 
AlSi10Mg is measured for both deionized water and 91% 
hydrogen peroxide are measured and compared to 
published values for similar material. These results show 
a probable path forward for future integrated, 3D printed, 
and flexible fuel storage and feed systems for cubesats 
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Appendix A (Aspect Ratio of PMD) 
 
The optimal orientation to print the PMD is vertical due 
to the shape of the panels and lattice. Printing thin vertical 
walls introduced manufacturing challenges. The 
manufacturability constraints were determined 
expirementally. Representative PMD panel walls of 
various hieght to thickness ratios were printed and 
inspected for damage. Orientation with respect to the 
cutting blade and aspect ratio were the two critera that 
drove the success of the print.  
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Orientation of the PMD with respect to the cutting 
blade is critical to manage during printing. It is important 
to avoid a 90° angle with cutting blade.   

 
The fin aspect ratio (AR) is critical to get a successful 

print. We iterated on this once by printing in house and 
saw failures with an aspect ratio of 12.5. With a slight 
reduction in aspect ratio (11.25), the print was successful.  

 
Alternate criteria was considered to evaluate 

manufacturability based on bending stress of a thin plate. 
This was used in the matlab trade illustrated in Figure 10. 

 

𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 =
6𝑀𝑀
𝐼𝐼𝑡𝑡2

 
 

First print (failure): 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝑏𝑏𝑙𝑙𝑚𝑚𝑑𝑑𝑏𝑏

= 3000 𝑠𝑠𝑠𝑠−2 

Second print (success): 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
𝐹𝐹𝑏𝑏𝑙𝑙𝑚𝑚𝑑𝑑𝑏𝑏

= 1205 𝑠𝑠𝑠𝑠−2 

 
Appendix B (Integrated Tank Fabrication) 

In order to remove powder after printing, each cavity 
must have at least 2 openings- one to insert gas to blow 
the powder out, and 1 exit for the powder.  The flow chart 
shown below depicts the step by step process required to 
ensure that all debris is removed from the interior volume 
and ensure that the cavities are sealed.   

 

 
Tank validation flow chart 

 
Once the tank is printed, a gross cleaning occurs with 

pressurized gas and a vacuum.  To ensure that the 
majority of the material has been removed various 
imaging techniques can be used.  With the gross powder 
removed, the sintered material is heat treated to further 
solidify the walls.  The part is removed from the build 
plate and cleaned once again with dry gas and a vacuum, 
before more powder is sonically dislodged.  The final five 
stages of the flow chart verify that the tank produced is 
as designed. 

A “scoop” design has been incorporated to improve 
the flow of powder out of the chamber. These scoops 
required a detailed finite element analysis of the tank to 
consider high stress concentrations at these locations in 
the tank. In house processes were leveraged for 
additional powder removal. DI water was circulated 
through the tank to remove traces of powder. A particle 
counter measured particulate levels, and a filter removed 
particles as water circulated. This has the additional 
benefit of verifying the system won’t clog. The table 
below summarizes particle counts measured during this 
process, and in the final state.  

 
Particle Levels during DI Cleaning 

 
 
Some anomalies during print were identified during a 

boroscope inspection of the channels. A void which looks 
like a possible crack initiation site is photographed. This 
was located on the internal wall of the channel, and was 
not a threat to the outer walls of the tank. However, the 
boroscope is limited in with a short view distance, which 
means only the narrow channels and interfaces to the 
larger tanks can be inspected. This means there could be 
other voids printed in the larger chambers, where we 
cannot inspect. Funding for a CT scan (which has enough 
resolution to image these kinds of voids) was not 
originally budgeted, and was found to be prohibitively 
expensive. The tank was imaged with the in house X-ray, 
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and the build video was reviewed to attempt to identify 
other locations with anomalies. The anomaly was 
identified in the build video, as shown below.  

 
Figure 16: Print Anomaly 

 
Images of Print Anomaly in Build Video  

 
The completed tank was checked for leaks with a 

standard helium 4 mass spectrometer.  The leak rate from 
propellant tank and pressurant tank to atmosphere, as 
well as to one another were shown to have leak rates less 
than 5𝑥𝑥10−7 𝑚𝑚𝑚𝑚𝜌𝜌𝑟𝑟 𝐿𝐿/𝑠𝑠.  A further test was done where 
the entire chamber was encased to determine if hairline 
cracks were present from the 3D printing process.   

The tank was proof tested at ABS testing in 
Bridgewater, MA. This was a hydrostatic test using water 
as the pressurant, because any failure would be safer than 
failing with gas pressurant. The tanks were tested to 1.3x 
Max Burst Disc Pressure. This is more than 2x operating 
pressure.  

Results of the proof test were successful to levels of 
340 psi on the propellant chamber and 540 psi on the 
pressurant chamber. A post-test x-ray showed no 
deformation.  
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