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Abstract

Single emitter porous borosilicate models were developed with four different internal
porous structures. These models were subjected to launch loads intended to verify
structural integrity of cube satellite structures. Those loads are 30G quasi-static loads
in each axes and random vibration loads conforming to NASA’s General Environmental
Verification Standard (GEVS-STD-7000). It was found that all four models passed
Coulomb-Mohr failure criteria and have large factors of safety.

1 Introduction

Electric propulsion (EP) devices have been gaining popularity and are being implemented
into an increasing number of space missions. Electric propulsion devices utilize on board
power systems to accelerate a propellant and produce thrust. This is different to the con-
ventional chemical propulsion since chemical engines use chemical reactions to combust a
propellant and expel high velocity hot gas to produce thrust. Electric propulsion devices
have very low thrust compared to chemical rockets, however, have significantly higher spe-
cific impulse. With their high performance and scalability, CubeSats are now employing
EP devices for attitude control and executting complex missions. With recent technological
improvements, EP devices have low mass, smaller space requirements, and provide better
efficiency than their chemical counterparts. They have become a prime candidates for plenty
of space missions.[1][2]

One such EP device that has been showing promising results is an electrospray thruster
(EST). Electrosprays provide a large electrical potential difference between an extractor grid
and a liquid propellant. The strong electric field will produce large electrostatic forces that
overcome the surface tension of the liquid and extract ions and droplets from the propellant.

Figure 1: Emitter Geometry and Force Balance [2]
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Electrosprays use a porous media to passively feed propellant close to the extractor
grid. This has the added benefit of removing complex feed systems found in other types of
propulsion systems. The porous media emitter will have extremely small cones to transport
propellant as close as possible to the extractor grid and amplify the electric field.

2 Background

Electrosprays generally use ionic liquids for propellant. Ionic liquids are room temperature
molten salts that are composed of both negatively and positively charged of ions. A thruster
will emit one charge of ions depending on the orientation of the electric potential. Since
only one charge of ion is being expelled at a time, the other charge ion or counterions will
accumulate on the emitter tip. Counterion buildup can results in electrochemical reactions
occurring on the emitter, which degrades the emitter and could prevent firing of the thruster.
Although the electrical bias will be alternated at a certain frequency, counterion buildup can
still occur. To further eliminate this risk, current thrusters use machined porous borosilicate
glass, which has a high chemical resistance, for the emitter chips.

Figure 2: (Left) Airforce Electrospray Thruster 2 (AFET-2) emitter grid [3]. (Right) Borosil-
icate glass ablated using a nanosecond laser. [4]

3 Motivation

Western Aerospace Launch Initiative (WALI) at WMU is developing a cube satellite that
will include an electrospray thruster as the main technological demonstration and is involved
with the main mission success criteria. WALI has recently started a partnership with Dr.
Paulo Lozano’s Space Propulsion Laboratory at Massachusetts Institute of Technology to
use their ion Electrospray Propulsion System (iEPS) for the mission.
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Figure 3: Schematic of iEPS
Thruster [4]

Figure 4: iEPS Thruster on Breakout
Board for Testing [4]

With the EST being a crucial component for mission success, having limited flight her-
itage, and using a non-conventional material, there have been significant fears that the porous
borosilicate emitter chip might break due to the severe launch environment. This project
aims at investigating the structural rigidity of an electrospray emitter chip.

4 Project Definition and Scope

This project seeks to model a porous borosilicate electrospray emitter in a finite element
software and subject the model to load cases used to validate satellite structure models. The
load cases include static 30 G loads in all three axes as well as random vibration conforming
to NASA’s General Environmental Verification Standard (GEVS-STD-7000). This work will
complete the following objectives:

• Complete a porous borosilicate electrospray emitter finite element model

• Perform 30G static load cases in all three axes

• Perform random vibration load using NASA’s GEVS-STD-7000
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Figure 5: NASA’s GEVS-STD-700 Random Vibration Criteria [5]

5 Methods

The emitter chip modeled will be based off the iEPS design. The emitter chips used have
480 tips that are on average 175 µm tall [6][7]. The emitter tips were manufactured from
1x1 cm porous borosilicate and the initial material height was 1 mm before machining [7][8].
The tip curvature has a radii of around 15 µm with a pitch, or tip spacing, of 450 µm [7].
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Figure 6: Emitter Tip Radius [8]

The final porosity of the model, which is defined as the ratio of void volume to total
volume, ϕ = VV

VT
, should be between 20 and 50% [8]. Additionally pore size can range from

1-10 µm within the borosilicate [7]. Initial attempts were made to develop an entire emitter
chip model, however due to the shear amount of geometry needed to produce this model,
this was not a reasonable approach. If the voids were modeled as perfect spheres with radius
of 5 µm the individual void volumes are calculated.

4
3πr3 = 4

3π(5)3 = 523.6µm3 (1)

Then assuming a porosity of 50% the amount of sphere necessary to model are calculated.

0.5 = 523.6 × n

10000 × 10000 × 1000 ∴ n = 9.549e7 Spheres (2)

As can be seen, the amount of spheres necessary would require a significant amount of
compute power just to model. Therefore, a scaled down approach was used for this project.

Figure 7: Scaled Down Geometry

As can be seen in figure (7), the base of the emitter was modeled to be 500 µm by 500
µm by 400 µm with an emitter tip geometry having a base radius of 150 µm a height of
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175 µm and a tip radius of 15 µm. Porosity for this geometry was produced with unit cube
structures developed by Mehboob et al [9].

Figure 8: Unit Cube Geometry [9]

The unit cubes have dimensions of 50µm by 50 µm by 50µm. Additionally, a spherical
unit cube was developed which is similar to the cube geometry except with a sphere at the
center of the unit cube. The internal geometric dimensions of the unit cubes could be solved
for by defining a set porosity. This porosity was set to 0.6 which is more porous than normal
electrospray emitters in order to add some contingency to the final results. Based on the
equations from Mehboob et al., the following equations were solved to determine internal
dimensions [9].

• Cube Thickness
Vcube = L3

1 − L3
2 − 6(L2

2 × t) (3)

0.6 = 503 − (503 − (50 − 2 × t)3 − (6 × ((50 − 2 × t)2 × t)))
503 ∴ t = 10.8233µm (4)

• Sphere Radius

0.6 =
4
3πr3

503 ∴ r = 26.1612µm (5)

• Diamond Thickness
Vcone = 1/3 × π(t/2)2t (6)
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l =
√

3/2 × L1 − t (7)
Vcyl = π(t/2)2l (8)

Vdia = (2 × Vcone + Vcyl) × 8 (9)

0.6 = 503 − (2 × (1/3 × π × (0.5 × t)2 × 0.35t) + (π × (0.5 × t)2 × (
√

3/2 × 50 − t))) × 8
503

∴ t = 17.3396µm

• Body Centered Cubic (BCC) Thickness

VBCC = (2 × Vcone + Vcyl) × 8 + Vcube (10)

0.6 = (503 − ((2× (1/3×π × (0.5× t)2 ×0.35t)+(π × (0.5× t)2 × (
√

3/2×50− t)))×8
+ (503 − (50 − 2 × t)3 − (6 × ((50 − 2 × t)2 × t))503))) × 1/503 ∴ t = 8.39395µm

The models were produced in AutoDesk Inventor.

Figure 9: Cube Model
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Figure 10: Sphere Model

Figure 11: Diamond Model

Figure 12: BCC Model
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These models were meshed within GMSH, an open source meshing tool.

Figure 13: Example of Mesh Within GMSH

The mesh properties can be seen in Tabel (1) for each of the models.

Table 1: Mesh Properties for Each Model

These mesh models would then be imported into Abaqus to perform the load cases. The
mechanical properties used for structural analysis are summarized in Table (2).
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Figure 14: Borosilicate Mechanical Properties

Based on the exploded CAD model for the iEPS unit, it was assumed that the insulating
layer corner pieces enveloped the corners of the emitter chip and would therefore keep them
fixed. For this reason, the boundary conditions for all the model cases were set to have fixed
nodes on the edges at the corners.

Figure 15: Exploded CAD Model of iEPS [6]
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Figure 16: Fixed Boundary Condition for Cube Model

Figure 17: Fixed Boundary Condition for Sphere Model
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Figure 18: Fixed Boundary Condition for Diamond Model

Figure 19: Fixed Boundary Condition for BCC Model

Additionally, the load cases were defined the same for each model for comparison. For
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clarity Figure (20) shows the cartesian frame used to define the loads throughout this report.
It should be noted that the positive Z axis in toward the cones tip, when the negative Z axis
is toward the bottom. Additionally, there is symmetry such that the positive and negative
X and Y axis would be identical, therefore only the positive X load cases were simulated.

Figure 20: Coordinate Definition for Loads

6 Results and Interpretation

The models would be ran through Abaqus and results were post processed. An example of
Abaqus results can be seen in Figure (21) with the entirety of the results available in the
appendix.
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Figure 21: Max Principal Stress Results from 30 G Load in X Direction on Cube Emitter
Model

The Coulomb-Mohr failure criteria was used to determine if the models would fail to
the loads. This was selected because borosilicate glass is a brittle material. The following
equations were used to define failure and factor of safety (FOS) for the static G loads:

σ1

UTS
− σ3

UCS
≤ 1[13] (11)

FOS = 1
σ1

UT S
− σ3

UCS

[13] (12)

Where σ1 is the maximum principle stress, σ2 is the minimum principal stress, UTS is the
ultimate tensile strength, and UCS is ultimate compressive strength. Additionally for the
random vibration, the following failure criteria equations were used:

RMises < UTS (13)

FOS = UTS

RMises
(14)

Where RMises is the root mean squared Von Mises stress. The following results were found
for each geometry.
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Table 2: Cube Model Results

Table 3: Cube Model Conclusion

Table 4: Cube Model Natural Frequencies

Table 5: Sphere Model Results
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Table 6: Sphere Model Conclusion

Table 7: Sphere Model Natural Frequencies

Table 8: Diamond Model Results

Table 9: Diamond Model Conclusion
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Table 10: Diamond Model Natural Frequencies

Table 11: BCC Model Results

Table 12: BCC Model Conclusion
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Table 13: BCC Model Natural Frequencies

7 Discussion

For each model of the porous structure, each failure criteria was passed with a large factor
of safety, therefore providing evidence that a porous borosilicate emitter chip would survive
the launch conditions. That being said, the entire emitter was not completely modeled
so the validity of the results could be questioned. Additionally, the porous structure was
modeled with lattice unit cube structures which isn’t perfectly representative of the random
pore distribution within actual porous borosilicate. Impact forces were also not investigated
which is large form of failure for brittle materials. More complex models with the entire
electrospray thruster with contacts would probably be a significant improvement to the
boundary conditions presented in this report. Although not in the scope of this project, off
axis load where not subjected onto the model but could be valuable information to ensure
survivability of the emitter. Significant vibrational and static load testing should still be
completed in order to verify the computational model results.
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A Appendix

A.1 Cube Model

Figure 22: Von Mises Results from 30 G Load in X Direction on Cube Emitter Model

Figure 23: Max Principal Stress Results from 30 G Load in X Direction on Cube Emitter
Model
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Figure 24: Min Principal Stress Results from 30 G Load in X Direction on Cube Emitter
Model

Figure 25: Von Mises Results from 30 G Load in +Z Direction on Cube Emitter Model
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Figure 26: Max Principal Stress Results from 30 G Load in +Z Direction on Cube Emitter
Model

Figure 27: Min Principal Stress Results from 30 G Load in +Z Direction on Cube Emitter
Model
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Figure 28: Von Mises Results from 30 G Load in -Z Direction on Cube Emitter Model

Figure 29: Max Principal Stress Results from 30 G Load in -Z Direction on Cube Emitter
Model
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Figure 30: Min Principal Stress Results from 30 G Load in -Z Direction on Cube Emitter
Model

Figure 31: Root Mean Squared Von Mises Stress Results from Random Vibe on Cube Emitter
Model
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Figure 32: Root Mean Squared Stress Results from Random Vibe on Cube Emitter Model

A.2 Sphere Model

Figure 33: Von Mises Results from 30 G Load in X Direction on Sphere Emitter Model
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Figure 34: Max Principal Stress Results from 30 G Load in X Direction on Sphere Emitter
Model

Figure 35: Min Principal Stress Results from 30 G Load in X Direction on Sphere Emitter
Model
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Figure 36: Von Mises Results from 30 G Load in +Z Direction on Sphere Emitter Model

Figure 37: Max Principal Stress Results from 30 G Load in +Z Direction on Sphere Emitter
Model
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Figure 38: Min Principal Stress Results from 30 G Load in +Z Direction on Sphere Emitter
Model

Figure 39: Von Mises Results from 30 G Load in -Z Direction on Sphere Emitter Model
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Figure 40: Max Principal Stress Results from 30 G Load in -Z Direction on Sphere Emitter
Model

Figure 41: Min Principal Stress Results from 30 G Load in -Z Direction on Sphere Emitter
Model
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Figure 42: Root Mean Squared Von Mises Stress Results from Random Vibe on Sphere
Emitter Model

Figure 43: Root Mean Squared Stress Results from Random Vibe on Sphere Emitter Model
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A.3 Diamond Model

Figure 44: Von Mises Results from 30 G Load in X Direction on Diamond Emitter Model

Figure 45: Max Principal Stress Results from 30 G Load in X Direction on Diamond Emitter
Model
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Figure 46: Min Principal Stress Results from 30 G Load in X Direction on Diamond Emitter
Model

Figure 47: Von Mises Results from 30 G Load in +Z Direction on Diamond Emitter Model
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Figure 48: Max Principal Stress Results from 30 G Load in +Z Direction on Diamond
Emitter Model

Figure 49: Min Principal Stress Results from 30 G Load in +Z Direction on Diamond Emitter
Model
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Figure 50: Von Mises Results from 30 G Load in -Z Direction on Diamond Emitter Model

Figure 51: Max Principal Stress Results from 30 G Load in -Z Direction on Diamond Emitter
Model
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Figure 52: Min Principal Stress Results from 30 G Load in -Z Direction on Diamond Emitter
Model

Figure 53: Root Mean Squared Von Mises Stress Results from Random Vibe on Diamond
Emitter Model
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Figure 54: Root Mean Squared Stress Results from Random Vibe on Diamond Emitter
Model

A.4 Body Centered Cubic Model

Figure 55: Von Mises Results from 30 G Load in X Direction on BCC Emitter Model
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Figure 56: Max Principal Stress Results from 30 G Load in X Direction on BCC Emitter
Model

Figure 57: Min Principal Stress Results from 30 G Load in X Direction on BCC Emitter
Model
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Figure 58: Von Mises Results from 30 G Load in +Z Direction on BCC Emitter Model

Figure 59: Max Principal Stress Results from 30 G Load in +Z Direction on BCC Emitter
Model
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Figure 60: Min Principal Stress Results from 30 G Load in +Z Direction on BCC Emitter
Model

Figure 61: Von Mises Results from 30 G Load in -Z Direction on BCC Emitter Model
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Figure 62: Max Principal Stress Results from 30 G Load in -Z Direction on BCC Emitter
Model

Figure 63: Min Principal Stress Results from 30 G Load in -Z Direction on BCC Emitter
Model
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Figure 64: Root Mean Squared Von Mises Stress Results from Random Vibe on BCC Emitter
Model

Figure 65: Root Mean Squared Stress Results from Random Vibe on BCC Emitter Model
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