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EXTRACTING HIGH FIDELITY HEAT TRANSFER PHYSICS FOR MICRO PILLAR
WICK STRUCTURES THROUGH AN IN-HOUSE EXA-SCALE PORE-NETWORK
SIMULATOR
Shaikh Tanveer Hossain*, Ashesh Chattopadhyay*, V.M.K Kotteda*, Vinod Kumar*, William
Spotz**
*University of Texas at El Paso, El Paso, Texas
** Sandia National Laboratories, Albuquerque, NM.
The increase in power requirements for high performance electronic devices such GAN power
amplifiers, concentrated photo voltaics and laser diodes presents a challenge in the field of thermal
management. Enhanced heat transfer characteristic obtained through micro pillar structures for
phase change flow boiling has gained significant attention in recent technology due to their simple
design and stable and self-regulating performance. However, understanding high resolution
physics from mathematical models depicting these structures are a computational challenge owing
to the significant jump in scale from a single micro pillar structure to an array of them. An inhouse exa-scale capable pore network simulator leveraging the modern principles of next
generation high performance computing capabilities provides a framework to build mathematical
models illustrating the physics demonstrated by the governing dynamics of fluid flow through
these micro pillar arrays. The governing dynamics resolved at a pore scale can be extended to a
full network with 10 million to a billion nodes through a directed acyclic graph (DAG) based
model implemented on massively parallel architectures. The capabilities of the software built with
Sandia National Labs Trilinos and Kokkos allows us to process very high volumes of data
efficiently in order to resolve the physics obtained at micro scale and subsequently up-scale it to
an array of micro structures. This paper demonstrates briefly the software stricture of the simulator
that we have developed and its advantages while concentrating on the flow physics extracted by
the software for the heat transfer mechanism involved in a phase flow boiling phenomenon through
on micro pillar arrays.
(a)

(b)

(C)
Fig.1 (a) Top view of the model showing fluid
flow direction and some parameters (b) Side view
of the model (c) A close view of the model
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(a)

(b)

Fig.2: For 𝑙 = 30𝜇𝑚, 𝑟 = 15 𝜇𝑚 𝑎𝑛𝑑 ℎ = 25 𝜇𝑚 and three heat fluxes (a) Liquid thickness (from
the top of the bottom surface to the bottom of the meniscus) (b) Relative pressure 𝑃𝑟,𝑙𝑖𝑞 = 𝑃𝑣𝑎𝑝 −
𝑃𝑙𝑖𝑞 distribution along 𝑋 direction

Fig.4: An example of approximation of pore network
Introduction:
Day by day the electronic devices are becoming smaller and thus power concentration is
increasing. This throws a heat management challenge for electronic manufacturers [1] [2]. Use of
phase change process to cool this device is very popular in recent days because of high heat
removal rate as it exploits the large heat consumption during evaporation [3] [4] [5]. Among all
the available systems of phase change cooling system capillary pumped thin-filmed evaporation
system is highly effective because its properties like self-regulative, easy designable, reliable
mechanism and not consuming any pumping power. This type of flow needs a porous wick
structure for continuation of flow. A handful of works are already done on flow through porous
media. [6] [7] [8]. Among all possible regular shaped wick structures the cylindrical shaped micropillar structures are the most efficient [9]. A detail study on different parameters (distance, height
and radius) of this cylindrical type structure was done on paper [9]. In their case, they considered
a huge array of micro pillar structure with uniform radius, height and length between two micropillar for a particular case and a lot of these cases were observed with difference in these three
parameters.
Problem Description:
For this paper, a micro-pillar wick structure with hydrophilic surface is considered with a total
length of 𝐿 = 5 𝑐𝑚. Notation 𝑙, 𝑟, ℎ are used for indicating the distance between cylinders,
cylindrical pillar radius and height respectively. The details are shown in fig.1. The flow direction
2

is considered in the 𝑋 direction. The surrounding air is considered as saturated with a pressure of
1 atm and the input temperature is considered as 100℃ which boiling temperature for the
considered pressure. The surface beneath the cylinder pillars are considered very thin so that we
can neglect heat conduction in axial direction. A constant heat flux 𝑞 is considered transferring
form the thin solid bottom plate to the liquid. As the liquid is in boiling temperature so all the heat
incoming to the liquid will be gained as the latent heat of vaporization and the fluid will evaporate
with a constant rate per unit surface area. Due to friction loss during flow the water pressure will
decrease with the advancement of flow. The curvature of the meniscus is determined by the
equation:
𝑃𝑣𝑎𝑝 − 𝑃𝑙𝑖𝑞 = 2𝜎𝐾(𝑥)
(1)
Where 𝑃𝑣𝑎𝑝 and 𝑃𝑙𝑖𝑞 is the vapor and liquid pressure respectively. Notation, 𝜎 is for surface tension
and 𝐾(𝑥) is for meniscus curvature. Equation (1) indicates that if the liquid pressure decreases the
curvature will increase (because vapor pressure and surface tension is constant) and so the contact
angle inside the water at contact surface will decrease. This ultimately decrease the average height
of water inside a unit cell of water volume with advancement in the 𝑋 direction (Fig. 1 (b)). In the
paper [9] they did a hand full of work to find the height, contact angle and pressure distribution
along 𝑋 direction. In fig 2 the distribution of height and pressure is plotted from their work for 𝑙 =
30𝜇𝑚, 𝑟 = 15 𝜇𝑚 𝑎𝑛𝑑 ℎ = 25 𝜇𝑚. Three different heat fluxes 𝑞 (50, 60 𝑎𝑛𝑑 76 𝑊/𝑐𝑚2 ) were
considered in their work. However, though they have focused a lot on approximating the flow
resistance when fluid passing through each fluid volume they did not considered the effect of
largescale flow field. Rather, they considered the flow to be symmetric in the 𝑌 direction.
In our case, we solved the similar problem using a exa-scale pore network solver. The problem
model was constructed mathematically by pipe and node connection. The volume between any
two-adjacent pillar in 𝑋 or 𝑌 direction is considered as pipe or path way and the volume between
neighboring four pillars where four pipes are connected are called node. The solver we used was
basically developed to solve pore network problem by assuming the pore network as a regular
geometry and to solve the flow in the network electronic circuit theory was applied. A detail of
that solver model is described in the paper [asesh]. In Fig.3 network model is shown as an example.
Though in practical, the pore network is highly irregular in shape but for simplification in this
solver the geometry is considered as regular pipe shaped with random diameter and length and the
flow is considered as laminar. However, when solving our problem with this solver we assumed
the channel as rectangular shaped where length is 𝑙 width is 𝑙 − 2𝑟 and the height is taken from
the distribution in Fig 2 (a). The resistance is then calculated using Darcy–Weisbach equation and
the hydraulic diameter is also calculated accordingly.
∆𝑝
𝜌 𝑣2
= 𝑓𝑑
𝑙
2𝐷
Here, ∆𝑝 =pressure difference,
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DESIGN OPTIMIZATION OF ADDITIVE MANUFACTURING IN
POLYMERS WITH JOULE HEATING
𝑻𝒂𝒏𝒊𝒂 𝑽𝒆𝒏𝒕𝒖𝒓𝒂𝒂, 𝑱𝒂𝒄𝒌 𝑪𝒉𝒆𝒔𝒔𝒂𝒃
1
Department of Mechanical Engineering, University of Texas at El Paso,
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ABSTRACT
A design with integral electrical circuitry that is fabricated by a stereolithographic (SLA) process is
considered. In addition to the copper deposited in the SLA process for the circuitry, an additional metal is
deposited to ease the dissipation of the heat generated by the Joule effect. The objective of this study, is to
design and optimize the placement of metal for heat conduction. To do this, a computational parametric
design study was considered in conjunction with the development of response surface models (RSM) to
help guide the optimal design. In addition to the computational study, as future work, test specimens will
be fabricated and used to validate the approach.
1.1 Introduction
Additive manufacturing (AM) describes the technology that creates 3D objects by adding layer-by-layer of
material. This allows not only the fabrication complicated prototypes, but also functional components such
as electronics. This technology has made possible to fabricate embedded circuits such as resistors,
capacitors among others. Fully additive manufacturing provides advantages such as reduction of
prototyping time, integrate electronic components in complex structures and creating customizable
electronics [1] (H.W. Tan et al 2016). Even though advantages are promising, thermal management in
electronics is an important issue since lost energy is converted into heat. “When these devices are fully
enclosed, overheating is a serious problem if they are not being actively cooled. Excess heat can adversely
affect the mechanical performance of parts, and for every 10° C increase in temperature, the average
reliability of electronic components decreases by 50%” [2] (Milkkelson 2014). The intent of this research,
is to design, simulate and optimize thorough FEA 3D polymer components with heating joule to dissipate
heat by convection through deposited metal.
2.1 Simulation
A finite element analysis was created to simulate a base design which consists on: a rectangular 3D printed
polycarbonate block with an embedded copper wire running along the polymer. A fixed current of 5.5
amperes was used to run the simulation. FEA thermal simulation in Abaqus 6.14 [3] showed a max
temperature 62.65 ℃ and all heat was dissipated through the polymer component. This model increases the
temperature of the polycarbonate considerably which result in the deformation and decrease in the
reliability of the material as shown below.
2.2 FEA Optimization

The model optimization consisted in: sets of embedded auxiliary copper wires and the decrease in the
overall size of the polycarbonate block. The aim of this design is, to ease heat dissipation from the joule
heating wire to the 3D printed block. Copper was selected as the wire due to the high conductivity of the
material which improves heat dissipation. To simulate heat dissipation, geometries were meshed separately
in Hypermesh using 3-dimensional elements with: a maximum element size of 0.3 and a minimum element
size of 0.02 using curvature and proximity.

Figure 1. Shows mesh with 3-D elements

After the mesh was created, geometries were exported to Abaqus with the following thermal properties of
polycarbonate and copper materials: (1) Density. (2) Thermal expansion which accounts to the size changes
of materials as they are heated or cooled. (3) Thermal conductivity that describes the transport of energy in
form of heat through a body of mass a result of temperature gradient. (4) Specific heat which is the amount
of heat required to change a unit mass of a substance by one degree in temperature. As part of the model
setup, a steady state heat transfer step was created to apply the following boundary conditions: Film
𝑊
𝑊
coefficient of 10.24
and a Body heat flux of 7.96𝑒 4
2
3 explained in the theory section.
𝑚𝑚 ∙𝑘

𝑚𝑚

3.1 Results
The statistical technique RMS was employed to identify the relationship
between the response output (Total heat dissipated, Temperature) and input
variables (Dimensions and volume fraction). In other words, it determines the
significance of the input factors to obtain an optimum response output. A
partial factorial design was chosen as initial experimental design to identity
significant variables. The partial factorial design is represented as 2𝑘−1 . [4]
(Mitra C. Arniban, 2016). Four dimension parameters (a, b, f, n) where used
as factors with high and low values, giving a 24−1 design configuration. Figure
2. Shows the parameters used in the factorial designs. The best run of the
partial design gave a 29.53% of heat dissipated through the auxiliary wires and
a maximum temperature of 29.85℃. Then, a regression analysis was done
using the obtained data finding that b and n are influent factors. Then, a full
factorial Taguchi Design L16 was perform using two dimension parameters (b
and n) using fixed values (f and a) of the best run in the partial factorial design. Figure 2. Shows parameters
The best run of this full factorial gave as 34.33% of heat dissipated through considered for design
auxiliary wires and a maximum temperature of 29.55℃. A second full factorial optimization
Taguchi Design L9 was done using dimension parameters (h and w) with fixed
values of (a, b, n, f). Best run showed 40.43% of heat dissipated through the wires and a maximum
temperature of 30.85℃. Factorial designs gave as a result, a temperature reduction of 52.83% and a
reduction to 59.57% of heat dissipated through the polycarbonate block.

Factorial Design
Partial Factorial Design

Heat Dissipation %
29.53

Max Temperature ℃
29.85

Wire volume fraction %
2.052

Taguchi L16
Taguchi L9

34.44
40.43

29.55
30.85

2.56
7.96

Table 1. Shows the best results obtained for each factorial design.

Figure 3. Shows temperature profiles for the best runs in each factorial design.

Figure 4. Shows fluxes at nodes for the best runs in each factorial design.

4.1 Theory and Equations
Heat Dissipation in 3D printed components with joule heating is referred by convective heat transfer. [5]
(Cengel 2006) The rate of heat flow in watts due to convection is:
ℎ ∙ 𝐴 ∙ ∆𝑇

(1)

To predict heat dissipation with computational simulation, heat transfer parameters are necessary to be
calculated. 𝑇∞ is assume to be room temperature 298 K and heat transfer coefficient is ℎ𝑠𝑖𝑑𝑒𝑠 =
10.24 𝑊 ⁄𝑚𝑚2 ∙ 𝐾 and a body heat flux of 7.96𝑒 4 𝑊 ⁄𝑚𝑚3 . Surface heat loss is by free convection from
the horizontal sides, table below shows properties of air at a film temperature of 338K which was calculated
from an assumed room temperature of 298 𝐾 and 378 𝐾 as the temperature of the polycarbonate. [6]
(Incropera, 2013)
From equation (2) Rayleigh number is calculated.
𝑅𝑎𝐿 =

𝑔∙𝛽∙𝜌2 (𝑇𝑠 −𝑇𝑓 )∙𝐿3
𝜈∙𝛼

= 3.84𝑒 9 ∙ 𝐿3

(2)

To calculate both horizontal sides L = H = 0.0227 m. Hence 𝑅𝑎𝐿 = 4.49𝑒 4 .The free convection
boundary layer is therefore laminar; Nusselt Number is calculated:

𝑁𝑢𝐿 = 0.68 ∙ +

1
0.670∙𝑅𝑎𝐿 ⁄4
9

⁄16
[1+(.492⁄𝑃 )
]
𝑟

4⁄
9

= 8.173

(3)

𝑊
𝑚𝑚2 ∙𝑘

(4)

Thus, heat transfer coefficient associated with sides is given by:
ℎ𝑠𝑖𝑑𝑒𝑠 =

𝑘
𝐻

∙ ̅̅̅̅̅̅
𝑁𝑢𝐿 = 10.24

4.2 Joule Heat Generation
Joule heating is defined as the process where energy of an electric current is converted into heat as it flows
through a resistance. The intent of the simulation is to predict an undesirable effect of the heat generated in
the 3D component. Body Heat Flux which represents uniform scalar heat fluxed applied to volume
geometries was calculated to be used as a thermal load in Abaqus.
Since heat is measured in terms of power, the following will calculate the rate at which energy is converted
into heat:
𝑃 = (∆𝑉∙𝐼)

(5)

where ∆𝑉 is the pressure drop and is calculated with the following Equation.
∆𝑉 = 𝐼 ∙ 𝑅

(6)

Where resistance and Total Body Heat Flux are:
𝑙

𝑅 = φ ∙ 𝐴 ∙ 𝐼 = 0.16181
2

𝑃
𝜌∙𝐼
𝑊
∆̇= 𝑉 = 𝐴2 = 7.96𝑒 4 𝑚𝑚3

(7)

(8)
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ABSTRACT
With the development of hardware which enables multi-functional additive manufacturing (AM),
there is a need for software that can design for this new hardware. Currently there exists software
for individual functions that the multi-functional enabling hardware can utilize, but they are not
designed to be used in parallel. This research aims to automate the integration of multiple software
such as electronic computer aided design (ECAD) software, 3D slicers, and tool path generation
software. This is accomplished through the use of custom macros in SolidWorks ECAD software
and a custom plugin in CURA 3D slicer software, in an effort to simplify the design process and
shorten the time from design to implementation. The plugins and macros are discussed, as well as
the challenges with integrating these multiple software. The results show that through the use of
the integrated software, the fabrication cycle for multi-functional 3D printed parts can be
shortened.
1. Introduction
Currently, there are software limitations to multi-functional additive manufacturing (AM) [1], [2].
Given a machine that can 3D print and embed wire, there are multiple pieces of software needed
to produce code for the machine, and they are separate. These include electronic computer aided
design software (ECAD), 3D slicers, and tool path generators. The outputs of these software need
to be examined individually, combined, then adjusted so that the machine can read the final output.
Doing this by hand is a time consuming and error prone process. By automating these steps, we
can reduce the time, and error involved with manual integration of the other program outputs. The
integrated processes can be separated into 3 parts: Design, Slicing and toolpath generation and
combination, and Fabrication.
2. Methodology
The design phase of the process is accomplished through the use of SolidWorks and several custom
macros. For component placement, if the component is to be embedded we need to be able to
design a cavity of the right dimensions. One of the macros uses a custom library of components

component list imported
from EAGLE schematic
file

a

custom GUI

SolidWorks CAD environment

empty list indicates all
components have been placed

automatically generated component cavities

b

Figure 1: SolidWorks design environment showing the developed, custom macro that imports data
from EAGLE schematic to enable automatically generated electronic component cavities.

and their cavity dimensions to make these available to the user through a Graphical User Interface
(GUI), as seen in Figure 1. The user can select the component they would like to make a cavity
for, and the plane that they would like to place the cavity on, and the macro places a cavity in the
3D model. In order to add a circuit pattern, the sketch feature of SolidWorks is used. Another
macro extracts the sketch information and converts it to a usable format to develop tool paths.
An open source software called CURA was used as the slicer. CURA allowed us to write a plugin
(Figure 2) that can ran from within CURA itself. This plugin takes the loaded model file (STL),
processes the slicing g-code it gets from the slicer, and then adds the g-code for the circuits. A
major challenge faced in the development of the plugin was that the movement of the tool head
for any given line of g-code is also dependent on the previous line of g-code. Also, the wire
CURA Plugin Main Window

Processing
parameters
menu
Circuit
Visualization Tool

Figure 2: Screen capture of CURA plugin, shown are the main window of the program, its circuit
visualization tool, and the processing parameters for the wire embedding tool

embedding tool head uses custom commands not supported by CURA, and because of this the

commands could not be implemented through the use of CURA alone. This meant that after every
replacement or insertion of a circuit pattern or certain lines in our g-code file, all of the following
lines had to be adjusted so that the end product would stay the same. An algorithm was developed
to overcome this issue and the software now keeps track of what it is changing and how it needs
to change the rest of the file. The custom wire embedding tool head for the Lulzbot TAZ 5 has a
number of parameters that the user may want adjust for their print. Certain parameters such as
heater temperature can be altered through this plugin.
3. Results
To demonstrate the capabilities of this developed software tools, a demo was designed and
produced with embedded circuits and components. From design, to print, it took only 6 hours to
complete the multifunctional part. The ECAD macro cut out measuring and testing dimensions for
the component cavities in the 3D model, and the CURA plugin processed the part immediately,
with all of the parameters specific to the print. The shorter production cycle allows for multiple
prints in a day. Figure 3 shows some of the steps involved with the development of this
multifunctional part.

a

b

c

Figure 3. Combination of software and hardware to create a multifunctional part. A) Embed copper wire
to create interconnects between placed components B) Resume print process to cover cavities, C)
Multifunctional 3D printed part completed

4. Conclusion
The benefit of adding macros to the SolidWorks is that the design process can be completed in
ECAD software, and all from a single place. The 3D model does not need to be made in a separate
environment and then transferred to software that can draw the circuit patterns or the cavities, and
being able to lay out the circuit patterns using ECAD software, because it allows the use of precise
measurements, rather than having to place them on the 3D model by hand. Through the integration
of ECAD, slicing, and auto routing software used in the design process for multi-functional
additive manufacturing, the time from design to fabricated part can be reduced significantly.
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ABSTRACT
Syntactic foams are a special class of sandwich cores considered for marine applications.
They are formed by combining a polymeric matrix and microballoons, which are hollow
spheres mostly made out of silica and alumina filled with air or an inert gas. In this paper, an
approach to model syntactic foams is presented. Four representative volume elements were
considered for the cases of 20% and 40% volume fraction of syntactic foams and no damage
was introduced in the model. Only linear-elastic behaviour is considered. Representative
volume elements were modelled for each volume fraction. Consequently, the modulus of
elasticity was compared to data obtained from previously performed tests in order to
determine the validity of the model. Good agreement is shown between the experimental data
and results obtained from the computational model.
1

Introduction

In the recent years, the interest to use composites materials to replace conventional
engineering materials for naval applications has been increasing. Sandwich composites
materials conformed of a polymeric matrix core reinforced with small particulates are of
interest thanks to its tailor made properties for naval applications. These cores are made from
closed-cell and low-density polymer composites placed between fiber-reinforced polymeric
composite facings. These components are characterized by being extremely lightweight
which can help increase the buoyancy of the craft when employed in the ship-structure
design. Syntactic foams are a special class of sandwich cores considered for marine
applications. They are formed by combining a polymeric matrix and microballoons, which
are hollow spheres mostly made out of silica and alumina filled with air or an inert gas.
Earlier researchers such as Marur[1] and Antunes, Ferreira, and Capela[2] have used
numerical approximations and numerical models respectively to predict the behavior of the
syntactic foam materials and therefore optimize its mechanical properties. But, seldom work
has been reported that discusses the computational modeling of these. With the overarching
goal of improving the performance of sandwich composites and the necessity to reduce the
time and cost associated with testing and validation of materials, the implementation of
computational modelling can help the researcher by providing a better understanding of the
material behavior. The objective of this paper is to develop a computational model capable of
predicting the mechanical behavior of syntactic foams.

1
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2

Model Overview

2.1 Case Studies
Computational models were developed for two different volume fractions. In this
case, only 20% and 40% volume fraction models were considered. Besides, for each volume
fraction, four distinct size models were examined. The representative volume elements
(RVE) consisted of 0.25 mm, 0.5 mm, 0.75 mm, and 1.0 mm. Also, for the case of 40%
volume fraction a packing study was performed in order to examine the effect that different
packing of sphere might have in the model.
Computational models were subjected to 1% total deflection in compression in order
to capture the linear-elastic behavior of the model. In all cases, perfect bonding between the
spheres and the matrix was considered. Mechanical properties for each case, 20% and 40%
volume fraction, were validated using experimental data previously obtained.
2.2 Random Distribution of Spheres
A MATLAB script was used to generate the dimensions and coordinates for the
randomly distributed spheres. For the script, the particle/sphere range size considered was
between 50 and 200 μm. Also the ratio of inner to outer diameter was maintained constant at
0.9. Besides, all spheres were confined in the given volume and did not overlap with each
other. After obtaining the dimensions and coordinates, a CAD model was developed.
2.3 Simulation
Using the output obtained from running the MATLAB script, a CAD model was
developed. As mentioned previously, a total 1% deflection was applied. Since only RVEs
were modelled, symmetry was considered when applying boundary conditions. Fig 1 depicts
the boundary conditions applied to the model. Deflection was applied on the top face (ydirection) of the element while the bottom face was restricted of any motion. The back left
face motion was restricted in the x-direction and the back right face motion was restricted in
the z-direction. For all models, mesh sensitivity study was conducted to eliminate the
possibility of any mesh dependence of the model.

Figure 1. Boundary Conditions

The properties used for the simulation are depicted in Table 1. Only the modulus of elasticity
and Poisson’s ratio were input are material properties.
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Table 1. Material Properties
Material
Lapox L-12 epoxy resin with K-6
hardener
Cenospheres

Modulus of Elasticity (MPa)

Poisson’s Ratio

3.4

0.425

55

0.19

3 Results and Discussion
As it can be seen in Figs. 2 & 3, the initial slope of the stress-strain curve obtained
from computational simulations follows the same trend as experimental data. The difference
in the modulus of elasticity between experimental data and the computational model,
regardless of the size of the model, was less than 5%. For both volume fractions considered,
the model correctly simulates the linear elastic behavior of syntactic foams when subjected to
compression.

Figure 2 & 3. Experimental versus Computational Data

In Fig. 4, four distinct packing of the cenospheres was developed maintaining constant the
number of spheres in all the models as well as its properties. It was observed that the modulus
of elasticity remains relative constant despite the different distribution of spheres. Between a
2.8% and 3.5% difference is observed between models.

Figure 4. Packing Study for 40% Volume Fraction Model
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ABSTRACT
Low-velocity impact response for carbon fiber reinforced polymer composites was analyzed
at room and arctic temperatures. Samples were subjected to impact under 4 different impact
energies: 20 J, 25 J, 30 J and 35 J. From each test, the force-time, energy-time, and forcedeformation were recorded. The progressive damage by repeated impact was analyzed
visually and by calculating the degree of damage. The absorbed energy, deflection and
impact force were analyzed as a function of temperature.
1

Introduction

Sandwich structures have gained popularity for the use in Navy and Marine Corps. Sandwich
structures consist of a pair of face sheets and a lightweight core which are joint by an
adhesive as it can be seen in Fig. 1. The face sheets are usually made of composite materials
and the core by polymer foams. The advantages of these structures are their low weight, high
stiffness, high strength, fatigue resistance and absorption capabilities [1]. Despite its several
advantages, a major disadvantage of sandwich structures are their low resistance to impact
damage due to the layered nature of the face sheets (composite materials) as well as weak
adhesion between the face sheets and core.
Composite materials consist of layers of woven carbon fibers that are reinforced in polymer
matrix. Although the mechanical properties along the fibers are strong and stiff, the region
between the woven carbon fiber layers of the composite is a resin-rich region, which is
known as interlaminar region as it can be seen in Fig. 2. This region is very susceptible to
damage and can result in a premature failure of the composite.

Fig. 1. Sandwich structure composition.

Fig. 2. Composite materials.

Low-velocity impact, like tool drop during manufacturing or repair[1] can cause significant
damage in the interior of these composites. Dynamic impact is generally divided into low- or
high-velocity impact[2,3]. Common failure modes observed during low-velocity impact are
fiber breakage, matrix cracking and delamination[4,5]. Of these, delamination is the most
common of all failure mechanisms[6], which often results in the reduction of stiffness,
strength, durability and stability of the composite[7]. Most of the studies focus only on single
impact and room temperature and little work has been performed on repeated impact under
arctic temperatures.
Therefore, there is still a long way on the understanding of low-velocity repeated impact
response at low temperatures of CFRP. This research is concerned with the response and
failure mechanisms of woven carbon laminates subjected to low-velocity repeated impacts at
room (25 ⁰C) and arctic temperature (-50 ⁰C). A total of 40 specimens were tested with 4
different energies (20 J, 25 J, 30 J and 35 J) at 25⁰C and -50⁰C. For every test the force-time,
energy-time, and force-deformation were recorded. The progressive damage by repeated
impact was analyzed visually and by calculating the degree of damage.
2

Manufacturing

Laminates of 16 layers were manufactured according to the ASTM Standard D7136/D7136M
in a 12 by 12 in. aluminum mold by the vacuum assisted resin transfer molding (VARTM)
process. Laminates were fabricated by placing layers of woven carbon fiber in an aluminum
mold with flow media, breather and nylon ply, as it can be seen in Fig. 3. This was followed
by enclosing the mold in a vacuum bag and drawing it into vacuum in order to aid infiltration
of the resin (vinyl ester resin). The specimens for arctic and room temperatures were
manufactured together as one laminate in order to ensure that the curing conditions were
identical as it can be seen in Fig. 4. A total of 6 laminates were manufactured. From each
laminate 6 samples were obtained (3 for room temperature and 3 for arctic temperature).

Fig. 3. VARTM configuration for the laminate.

Fig. 4. Composite materials.

3

Experiments

Drop-weight impact tests were performed on the specimens with a hemispherical impactor
(striker). Each laminate was clamped between two fixtures with a circular testing area as it
can be seen in Fig. 5. The impact load was concentrated at the center of the specimen in the
out-of-plane direction. The specimens were tested for the following energies: 2, 5, 10, 20, 25,
30, and 35 Joules at room and at arctic temperatures. The specimens were 100 mm long x 100
mm wide with an average thickness of 4.02±0.023 mm. The samples were impacted until
perforation or until the degree of damage for the samples was greater than 0.8.

Fig. 5. Impact testing set up.
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ABSTRACT
Based on a one-dimensional, three-phase transient model for a Polymer Electrolyte Fuel
Cell (PEFC), calculations are performed to delineate the effect of different parameters and
operating conditions on the post-cold-start three-phase transient performance of a PEFC. Apart
from understanding the governing physics of transient PEFC operation in the vicinity of
freezing point temperature, these parametric studies are critical to design strategies to achieve
better loading and/or load change characteristics of a fuel cell stack. In this study, the effects
of initial membrane water content, cold-start temperature, and start-up current density are
presented.
1

Brief Description of the Mathematical Model

1.1 Computational Domain
The one-dimensional mathematical model for this study, presented in detail in author’s
previous work [1],[2], encompasses anode gas diffusion layer (AGDL), anode catalyst layer
(ACL), ionomeric membrane, cathode catalyst layer (CCL), and cathode gas diffusion layer
(CGDL). Bipolar plates are included only for cell thermal mass calculation in the lumped
thermal model. Only, the variations in the through-plane direction are captured.
1.2 Model Equations
Oxygen transport and cell voltage
The Oxygen transport equation is solved in CGDL and CCL to obtain average concentration
in CCL, which is then used in the Tafel kinetics to obtain cathode overpotential ( c). Protonic
resistance in the membrane and CCL are considered for Ohmic losses ( IR ). The cell voltage
is then obtained as
U cell U 0
IR
(1)
a
c
Where, U0 is the equilibrium potential of H2/O2 reaction. In the above Eq. (1), the anode overpotential is neglected due to fast Hydrogen oxidation reaction kinetics.

Heat equation- lumped thermal model
During post-cold start operation, the total heat generated (J/m2/s) is calculated as

Qtotal Qrev Qirrev Q phase
Reversible heat generation can be obtained as
U0
I
T
I
2F
T
where, T is the operating temperature, and
Qrev

T S

(2)

(3)

S represents the entropy change

The irreversible heat generation due to the operation of the cell at a lower voltage than
equilibrium value because of electrochemical reactions and ohmic resistances is given by
G
U cell I
2F

Qirrev

where,

(4)

U 0 U cell I

G represents the free-energy change of the H2/O2 reaction

Q phase is the heat generation term due to phase transitions, which consists of different source
and sink terms depending on the cell temperature (cold-start vs. post-cold-start state)
The overall heat balance for the cell can be formulated as:
mC p

cell

T

t

T0

0

Qtotal Qloss dt

(5)

Where, heat losses to the ambient are due to convective losses from the bipolar plates, and heat
loss through outflow of gases [3],[4]
Water Transport Model
In membrane electrode assembly (MEA), water content (λ)-explicit transport equation[3] is
solved along with appropriate boundary conditions.
eff

t

x

DeffH 2O

x

S CH 2O

(6)
Uniform water content and homogeneous phase transition in CCL is assumed and a water
balance within CCL control volume is formulated as[1],[2]
n pro

nEOD

nCCL

nBD

nc, outflow nice

nLiqAccu

nLiqTran

0

(7)

The different terms in the above equation are: water production rate, electroosmotic dragged
water, CCL water uptake, back diffusion due to water content gradient, water vapor outflow
with exhaust gas, ice formation or melting rate, water accumulation rate in CCL, and liquid
water transport to CGDL, respectively. These terms are further elaborated in previous work[1].
2. Parametric Studies:
Based on the three-phase transient model presented by the author in the previous work [1], [2],
calculations are performed to assess effects of different physical parameters and start-up
conditions on the post-cold start performance of a PEFC. In the stand-alone FORTRAN code,
the GDL is discretized into 30 numerical elements and the membrane is discretized into 10
numerical elements. These spatial resolutions were found to be sufficient to resolve the
through-plane variations. As the water content in the CL is assumed to be uniform, only one
numerical element is used in the CL. The physical and geometrical parameters are given in
Table 1, which are kept the same as the base case as presented in earlier study[2]. The only
parameter that is studied currently is varied, while all other parameters are kept same at the
base case value. Whenever there is an increase in current density from 100mA/cm2 to
500mA/cm2, it is realized at 50C.

Table 1: Summary of Physical Parameters and Operating Conditions (reproduced from Ref [2])
Geometric Parameters/ Physical Properties
GDL thickness
CL thickness
Membrane thickness
Dry membrane density, ρmem
Ionomer fraction in CL
Porosity of CL/GDL

Operating Conditions

300 µm
10 µm
30 µm
1980 kg/m3
0.2
0.5

Initial membrane water content
Initial ice fraction
Startup temperature
Startup current density
Switch to current density at 50C
Heat Transfer coefficient between cell
and surrounding

7
0.4
-10oC
100 mA/cm2
500 mA/cm2
40 W/m2K

3. Results and Discussions
Effect of initial membrane water content (λ)- The water storage potential of the membrane
depends strongly on the initial membrane water content and is shown to play important role in
three-phase transients of a PEFC. Prior to freezing point temperature, the cell temperature
(Figure 1-a) rises faster for cases with higher initial membrane water content, as in higher initial
λ cases, the CCL becomes saturated earlier, and the latent heat released during vapor
desublimation is utilized in heating up the cell. The cell voltage drop (Figure 1-b) prior to
freezing point temperature increases with increasing initial λ, as the ice formation in the CL is
higher for this case (as can be seen from Figure 1-c); but after ice melting, the voltage recovers
almost to the same level. With higher initial λ, the liquid saturation after completion of ice
melting is observed to be higher as the peak ice fraction is also higher for these cases (Figure
1-d). For all the cases, the cell voltage drop upon load rise is almost the same. This is due to
the fact that the liquid saturation levels in CL for all the cases are relatively small and in that
range the cell voltage is not that sensitive to liquid saturation in CCL (Figure 1-b).
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Figure 1. Comparison of cell performance for different initial membrane water content cases (sice = 0.4, startup
T=-100 C) (a) cell temperature, (b) cell voltage, (c) ice fraction in CCL and (d) liquid saturation in CCL.
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Effect of start-up temperature- Calculations with three different start-up temperatures are (100C, -150C and -200C) carried out. For these calculations, a zero initial ice fraction value is
assumed, as with higher initial ice fraction, the cell cannot self-startup successfully at -20oC.
Figures 2(a)-(d) show the comparison of the results with different start-up temperatures. Figure
2-a shows that the slope of the temperature plots are same for all cases, but as expected,
lowering the startup temperature increases the time required to achieve a successful cold start.
For the cases shown, the maximum ice fraction varies markedly, from 0.06 to 0.9 (Figure 2-c),
which is also responsible for quite different the cell voltage and liquid saturation evolution
curves for these cases (Figure 2-b and 2-d respectively). For -200 C start-up case, the cell
voltage experiences a large drop prior to ice melting, whereas, no drop is observed for -100 C
case. As a result of different peak ice fraction values, immediately after the ice melting, the
liquid saturations are also markedly different. The jump in liquid saturation value and hence,
the voltage dropdown upon load rise are almost similar for all the cases (for -100 C case, despite
of the fact that the liquid saturation just prior to load change is smaller compared to other cases,
the voltage undershoot is similar to other cases, as the voltage dropdown at these small value
of liquid saturation is negligibly small).
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Effect of start-up current density- Results for three different start-up current density cases, 50,
100 and 150mA/cm2 are shown in Figures 3a-3d. Because of higher heat generation rate, in
case of higher startup current density, the cell heats up much faster as shown in Figure 3-a. For
the 150mA/cm2 startup current density case, the CCL water content reaches saturation value of
14 very quickly and consequently, ice starts to precipitate in only 10 seconds (Fig. 3-c). Also,

for this case, the ice fraction prior to freezing point temperature goes to a high value (~0.74)
very quickly. On the contrary, low startup current density case (50mA/cm2) takes longer time
to reach freezing point, and no ice precipitation takes place. An interesting trend is observed
for the liquid saturation curves (Figure 3-d). A larger jump in the liquid saturation value after
load rise is observed as the startup current density is lowered. In case of lower current density
case, the membrane gets more time to be hydrated from product water, as it takes much longer
for the cell to reach 5oC. Thus after load increase, it could absorb lesser amount of water which
leads to the increased liquid saturation in CCL compared to high startup current case. Because
of the same reason, a higher voltage dropdown upon load rise is observed for lower startup
current case. The final cell voltage after the drop is almost the same for all cases, as the final
load is set to same value of 500 mA/cm2 (Figure 3-b).
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ABSTRACT
Temperature monitoring for energy generation systems play an important role for control of
overall safety and efficiency. Continuous monitoring of real time temperature can lead to
enhanced efficiency in these systems. A 1 cm x 1 cm sample of LiNbO3 ceramic with 0.2 cm
thickness was prepared as a sensor. LiNbO3 has high Curie temperature (1210 °C) and is
applicable for high temperature application as a sensor material. The LiNbO3 sensor and a Ktype thermocouple were placed inside a tube furnace to sense the temperature. Different
temperature setting conditions were applied to the sensor including slow heating rate, high
heating rate, and steady state conditions for prolonged time period to validate readability and
repeatability of the sensor. Temperatures were calculated using current generated from the
sensor upon heating or cooling. The calculated temperature from the sensor was compared
with the temperature measured by the K-type thermocouple. A range of deviation from 2 %
to 11 % was found between the temperature measured by LiNbO3 and thermocouple.
1. Introduction
This paper shows the measurement of temperature from room temperature to 450 °C using
the pyroelectric properties of a lithium niobate (LiNbO3) ceramic. Lithium niobate is a
pyroelectric material which has strong temperature variation dependent spontaneous
polarization and loses its pyroelectric property when it is heated above its Curie temperature
[1-2]. Pyroelectric materials have been used many applications including thermometer for
low temperature applications, monitoring indoor objects, tracking motion direction and
distance based on a pyroelectric infrared sensor thermometer [3-5]. Among different types of
pyroelectric material, lithium niobate has higher Curie temperature (1210 °C) than PZT and
PVDF, which makes this material promising for high temperature measurement applications.
Pyroelectricity is a phenomenon of certain materials showing temperature dependent
spontaneous polarization. Both increasing and decreasing of temperature cause the changes in
energy of atoms, crystal structure, and material polarity [6-7]. Generated current (I) through a
homogenous pyroelectric material with temperature T at any time (t) is presented in Eq.1:
I

dQ
dt

pA

dT
dt

(1)

Equation 1 can be rewritten into Eq.2 to calculate the temperature of pyroelectric material at
any specific time.
tf

Tf

1
Idt Ti
pA ti

(2)
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2. Experimental Setup
For the high temperature tests from room temperature to 450 °C, the LiNbO3 sensor was
placed inside of a tube furnace (MTI Corporation, OTF-1200 X-S-UL), Fig.1 (a). The
temperature of the tube (5 cm diameter) furnace was set with the help of PID automatic
control. The temperature can be set for 30 different programmable steps and reaches a
maximum 0.33 ˚C/s heating rate. Experimental tests were done by setting the tube furnace
temperature from room temperature to 500 ˚C with two different heating rates of 0.25 ˚C/s
and 0.33 ˚C/s. A K-type thermocouple rod was also placed near the LiNbO3 sensor inside the
tube furnace to compare with temperature sensing reading from LiNbO3. The two electrical
leads were connected to a picoammeter (KEITHLEY 6485), Fig.1 (b), to measure the current
output from the LiNbO3.

Fig.1. (a) Tube furnace (b) Picoammeter.

3. Results and Discussion
For temperature measurements done at the high temperature range (up to 450 °C), the
LiNbO3 sensor was prepared using a high temperature resistive coating, adhesive and ceramic
sleeve. The LiNbO3 sensor was then placed inside of a tube furnace, Fig.1 (a), along with a
thermocouple rod at room temperature condition with both ends of the tube open to the
atmosphere. Later, the tube furnace was set at different operating conditions from room
temperature to 300 °C, 400 °C, and 500 °C respectively. At every operating condition, the
thermocouple rod temperature readings were less than the set temperature of the furnace
because the thermocouple rod was not at the same place as the furnace mounted
thermocouple. As the thermocouple rod was placed close to the LiNbO3 sensor, the
temperature measured by the thermocouple rod was taken into consideration to compare with
the temperature sensing reading from LiNbO3 sensor. The current generated from LiNbO3
sensor at different operating conditions was used to calculate the temperature of the sensor
using Eq.2. Figures 2 (a & b) and 3 (a) show the comparison between temperature measured
by the LiNbO3 sensor (dotted line) and the thermocouple rod (solid line) at different set
conditions of the tube furnace.

Fig.2. Temperature measured by the LiNbO3 sensor and the thermocouple with a furnace set
temperature of (a) 300 °C and (b) 400 °C
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Fig.3. (a) Temperature measured by the LiNbO3 sensor and the thermocouple with a furnace set
temperature of (a) 300 °C and (b) Thermocouple and LiNbO3 sensor temperature comparison at
steady state conditions for using the tube furnace.

4. Conclusions
A LiNbO3 material was used as a sensor to measure temperature up to 450 °C. The sensor
was placed inside of a tube furnace with different heating rate from The sensor can measure
temperature at both low and high temperature ranges from 22.5 °C to 450 °C. The sensor can
measure the temperatures up to 450 °C with a maximum 11 % deviation from the
temperatures measured by the thermocouple. Overall, the study in this paper shows a
methodology for measuring temperature using the pyroelectric properties of a LiNbO3
ceramic material. Hence, it is possible to measure high temperatures using LiNbO3, providing
the pyroelectric coefficient profile with respect to temperature is known. This study is
thought to be of interest for developing high temperature sensors for various industrial and
commercial applications.
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ABSTRACT
This paper discusses the computational model of high pressure combustor. The operating
conditions of this injector are 20 bar pressure, and 500 kW firing input using gaseous methane and
oxygen. The injector use co-axial shear injection type. The focus of this paper includes injector
design, computational model setup, results and suggested modification.

1. Introduction
The two most common types of power plants are Thermal Power Plants and Kinetic Power Plants.
In these systems, energy is first converted into mechanical energy and then transferred to electrical
energy. Over the years, these traditional power generators have been an incredible source of
reliability. One major problems with this progression lies on the production and environmental
effects.
1.1. Motivation
Due to the availability, energy density, and relatively low cost fossil fuel contributes about 90%
of the worldwide energy supply1. And with an abundance of reserves and relatively cheap price,
coal is the most favorable choice for electrical power generation in the United States 2. But one of
the major concerns regarding fossil fuel combustion is the CO2 production as it is widely
considered a greenhouse gas responsible for global warming. Hence, Oxy-Coal Combustion
(OCC) with Carbon Capture and Sequestration (CCS) is a promising solution3,4. In this process
fuel is burned in a nitrogen-lean and CO2 rich environment with high amount of oxygen present.
Oxygen is separated from air before being used as an oxidizer. Large amounts of recycled flue gas
are used during combustion to dilute the mixture and control the combustion temperature. As the
oxidizer stream contains low levels of nitrogen, the major combustion products are CO2 and H2O.
CO2 is separated by removing the H2O via condensation. After treatment, the CO2 gas is
compressed and ready for sequestration5.
1.2. Background
This paper is part of a project with an overarching goal of demonstrating a swirl Oxy-Coal
combustor. The project will investigate the interrelation between combustor operating conditions
such as pressure, flame stability, and flue gas recirculation ratio. The top mounted modular
combustor burner-head consists of three swirl based individual burner units and two natural gasoxygen pilot burners mounted on the sides of the combustor for start-up and dual-fuel operations.
The main focus of the paper is on the natural gas-oxygen pilot burners.
1.3. Injector
Injector configuration is a crucial parameter for combustor fuel. With precise and accurate fuel
metering injectors, a higher fuel burn and less toxic byproducts in exhaust emission will be
produced. Since the 1990’s, the gas-gas injector has been preferred as a key technology of the Full

Flow Stage Combustion (FFSC) cycle engine. In addition, gas-gas injectors started to be widely
used because the straightforward mixing and reaction processes without atomization and
vaporization, this accelerates the energy releasing process of the chemical reaction 6. In a co-axial
injector, oxygen gas is injected through an inner tube and the fuel is injected through an annulus
gap with a much higher speed. The jets disintegrate and are mixed due to the shear force between
the gases 7. A study by Dai et al. 8 concluded that the diffusive unstable flames show notable
periodicity when shear coaxial injectors are used. The study also showed that the injector geometry
has an obvious effect on flame front wrinkling, hence burning speed. So, it is possible to discover
a regular pattern of turbulent development by analyzing the injector design parameters. Therefore,
co-axial injectors are used for this project. Recently, the computational model for complex systems
has increased. In recent years, computational models could be done in shorter time and less cost
compared with methods used even 5 years prior. Furthermore, the computational model usually is
a mid-solution between the analytical and experimental, providing an estimate about the expected
result. This particular study uses CFD to investigate co-axial gas-gas injector geometries and flame
characteristics.
2. Computational Model Setup
Based on study by Xiaowei et al 6 a multi-element injector chamber is chosen to design the burner
for this project. The multi-element injector equipped with one primary and four secondary
elements in the shape of concentricity were designed. As shown in Figure 1. The total firing input
of the burner is 500 kW. The power input is divided into 200 kW in the primary injector and 300
kW for the secondary injectors. The firing input can be changed to match the requirements for the
oxy-coal system.
2.1. Geometry
The burner will be operating at stoichiometric conditions and a pressure of 20 bar. The lower
heating value of methane is used to determine the mass flowrates of the system based on the firing
input.

Figure 1 Injector dimensions
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Thus, the dimensions of orifices are defined based on the calculated mass flowrates and firing
input. Also, NASA Chemical Equilibrium with Applications (CEA) is used to calculate the
combustion properties such as flame temperature, density, and other properties. These properties
are used to determine the injector dimensions. Table 1 summarizes the injector parameters.
Table 1 Injector prameters used in this study

Power Input
CH4 mass flow
O2 mass flow
CH4 diameter
Area of CH4
O2 Inner diameter
O2 Outer diameter
Area of O2

Units

Primary Injector Secondary Injector (each)

kW
kg/s
kg/s
mm
mm2
mm
mm
mm2

200
0.004
0.016
4.5
15.9
6.1
13.5
113.91

2.2. Injector Mesh
To demonstrate the effect of the injector, the
fluid domain of the gases are created. Theses
domains are the primary and secondary injector
gases, the CO2 cooling domain, and the
combustor domain. Due to symmetry, only one
quarter of the domains are modeled. The system
mesh was created using the ANSYS
Workbench meshing tool. The mesh contained
a combination of triangular and quadrilateral
elements. Table 2 presents the mesh properties
including the number of nodes and elements,
element quality with minimum, maximum,
average and standard deviation.

75
0.0015
0.006
2.5
4.91
4.1
8.6
44.89
CO2 Cooling

Secondary injector
Combustion Domain

Primary
Injector

Figure 2 Injector Mesh

Table 2 Mesh Statistic

Statistics
Nodes
Elements
Mesh Metric
Min
Max
Average
Standard Deviation

Total
Secondary
300
0.006
0.024
N/A
19.63
N/A
N/A
179.54

172,268
507,707
Element Quality
0.19
1.00
0.82
0.12

2.3. Setup and Boundary Conditions
FLUENT, a CFD software package, was used to simulate the combustion and flow behavior. Boundary

conditions for this model can be seen in Table 3. A periodic boundary is applied on the models
symmetry faces.
3

Table 3 Setup and Boundary Conditions
Section

Input
§
§
§
§
§
§

Time: Steady
Solver: Pressure-Based
Energy: on
Viscous: Realizable k-epsilon with standard wall
function
Radiation: P1
Species: Non-Premixed Model with PDF table creation
§ Secondary Stream
§ Inlet Diffusion
§ Compressibility Effects
§ Equilibrium Operating Pressure: 20 bar
§ Fuel Stream Rich Flammability Limit: 0.25
§ Secondary Stream Rich Flammability Limit: 1

Materials

§
§

Mixture: PDF-Mixture
Solid: Steel

Boundary conditions

§
§

Table-1
CO2 mass flowrate: 0.0225 kg/s

General

Models

3. Results and Discussion
Figure 3 shows the temperature contours of the mid-plane in the combustor, where the flow goes from
left to right. The maximum temperature reached is 2855 K, which matches values from NASA CEA.
Also, the flame boundary, according to temperature gradient, is fully developed inside the combustor.
In addition, the injection plane temperature ranges from 300 K to 971 K. The maximum temperature
is located between the primary and secondary injectors. This temperature is in the boundary of
allowable temperatures of steel. As a reason, secondary cooling methods must be considered to drop
that temperature below the yield point of the steel properties especially in that region. Thus, a water
cooling method for the inner wall of the injection plane is recommended. In addition, using a lower
firing input will help to reduce the temperature. Another solution is considering diluted flame with
CO2, which will cause the flame temperature to be reduced as well.
The wall temperature is affected by CO2 cooling, as shown in Figure 3 the cooling is effective in the
first 35% of the combustor starting from the injection plane. The wall temperature in this region range
from 300 to 900 K, which is at the limit for steel. After that zone, the temperature increases to reach
about 1800 K near the exit wall. One of the reasons for the hot temperature, is that gases are trapped

4

in the combustor. Therefore, some modifications are required to lower the temperature. Modifications
from the exit wall to converging nozzle, lowering the firing input, or increase the CO2 flowrate.

Figure 3 Temperature Counters

4. Conclusion
It has been established that the injector design is a sufficient design for operating with methane
and oxygen. Modifications are required in the system to enhance the cooling properties of the fluid.
Cooling is needed for the injection plane to prevent the temperature from exceeding the allowable
temperature of the material. Similarly, CO2 cooling may require some changes to reduce the inner
wall temperature, or changing the exit wall to prevent having trapped hot combustion products.
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ABSTRACT
With the advancement of human society, increased carbon emission has posed numerous
threats to the environment and has become a drawback of the ever-evolving inventions of
science. Oxy-fuel combustion uses oxygen rich gas to burn the fuel yielding fewer
environmental pollutants. This paper presents a benchmark study by reproducing a cycle
from a paper by Hong et al. [1]. All the systems for the cycles are designed using ASPEN
Plus®. It is seen through extensive analysis that the results from the test model and reference
match satisfactorily. This paper further focuses on developing an upstream model for a coal
power plant following an oxy-fuel combustion.

1

Introduction and Background

Oxy-fuel combustion allows for carbon-dioxide rich output flow, in a form for immediate
sequestration with the removal of impurities and water vapor [2]. Thus, the method
culminating to reduction of environmental carbon waste, has become a topic of interest [3].
Oxy-fuel combustion is done by burning a fossil fuel, in this paper coal, in an oxygen rich
environment. The pressurized oxy fuel combustion process uses the latent heat in the flue gas
by recycling and thus increases the efficiency of the system [1, 4-10]. Various designs have been
proposed in literature [1, 11-14]. For this study, two designs are considered as they both use oxycoal combustion. The first model, proposed and researched by CANMET [15, 16] and Babcock
Power [17], is called ThermoEnergy Integrated Power Systems (TIPS). The second design,
ENEL originally patented by ITEA [18-20] is analyzed by MIT in some publications [1, 7]. Hong
et al. [1] follows these designs to attain a high efficiency combustion system. Both these
layouts have similar upstream design and this paper follows the basic principle for the
upstream design.

2

Methodology

2.1 Benchmark Study
The model from Hong et al. [1] , shown in Fig.1., is taken as reference. Using the parameters
found in the paper and approximating unknown parameters, a model is developed in ASPEN
Plus®. The test model, shown in Fig.2., though in essence follows the reference, some

variations are made due to unspecified parameters. The model is designed based on 10 bar
pressure.
The input materials for the system are coal water slurry, water and air. For input materials,
the values of parameters like temperature, pressure, flow rates and mole fractions are fed into
the simulation program. The flow rates of water and slurry are 3kg/s and 46.15kg/s,
respectively. For air, the flow rate is determined according to the performance of the Air
Separation Unit. The air passing from the ASU has the flow rate of 74kg/s at 10bar pressure
and 316 C temperature. The air separation unit delivers an oxygen rich air having up to
95% molar oxygen.
For designing the model in ASPEN Plus® a number of mixers and separators are introduced to
combine or bifurcate streams according to the need. A main heat exchanger in the design has
been modeled as a boiler which is kept at 10 bar pressure. The combustor is represented by
Rgibbs model in ASPEN Plus®. This model executes operation on solids, liquids and gases.

Fig.1. System diagram of Hong et al. [1] (Reference model)

Fig.2. System Design

Table 1: Coal Composition
C

H

O

N

73.81%

5.01%

19.91%

0.95%

2.2 Upstream Design
For both TIPS and ENEL models, the upstream is similar. The two models are shown in
Fig.3. Both of these models display a high energy efficiency and are adaptable for coal power
plants. Thus, following these an upstream model is presented in this paper. The upstream
portion has a fan, a mixer and a combustor as the components. Air from the Air Separation
Unit enters the fan at a rich oxygen percentage. It is calculated that 95% molar oxygen works
best as this would ensure oxygen rich combustion. From there it is mixed with recycled flue
gas. The flue gas is recycled to maintain the temperature [2] and the oxygen percentage. Coal
slurry, having 26% water and 74% coal, is used as the input. The composition of coal is same
as used in Table 1. The pressure of the combustor is maintained at 20bar.

(a)

TIPS

(b) ENEL

Fig.3. (a)TIPS and (b)ENEL model, respectively, based on the works in literature[7,8,16,21]

Fig.4. Upstream Design
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Results

For the test model, presented in this paper, a particular stream is chosen as the ideal case. The
stream 16 is an intermediate stream. Thus, no manual input is given from the user. It is
considered that if the composition of the intermediate stream matches for both the reference
and test models, the test model can be validated. Therefore, upon simulation of the cycle the
stream 16 of the test model yields 3% molar oxygen, having a match with the reference. The
values of some of the pressure and temperatures as found for both the reference and the test
models are studied. This is presented in Table 2. The table shows that the maximum
percentage of difference between the two models is 5%. In the reference, there is no mention
of temperature and pressure of the input materials. Thus, for the variation of assumption of
temperature and pressure of these quantities, the discrepancies might have occurred.
The test model has water flowing through the streams 1 to 5 and changes to supercritical
steam in streams 6 and 7. The streams 9 to 12 are found to be at the supercritical state and are
used for the power cycle. The inlet to the power island is at 247 bar and 600 C as found in
stream 7. The streams 13 to 21 all have gaseous flow with a variation in compositions. By,
comparing with the corresponding streams of the reference model by Hong et al.[1] the states
of the flows are found to match.
The design of the upstream is done with a view to further develop the complete cycle. The
streams converge for the upstream design. The stream coming out from the combustor has a
pressure of 20 bar and temperature of 1600 C. The low temperature is obtained by mixing
of oxygen-rich air from ASU with flue gas. The output from the combustor is gaseous and
rich in carbon dioxide. It has 3% molar oxygen. The output stream after removal of water
vapor and carbon dioxide, is ready for sequestration.
Table 2: Results from model compared to reference case
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Stream
Number

Temperature(°C)

Pressure(bar)

Reference

Test

Percentage of Reference
error (%)

Test

Percentage of
error (%)

7

600

600

0

250

247

1.20

16

800

760

5

10

10

0

17

60.51

58.4

3.5

9.351

9

4

Conclusion

The pressurized oxy-fuel combustion increases efficiency and decreases harmful emissions.
These characteristics have motivated the authors to present the benchmark study, which in
turn led to the design of the upstream system of a coal power plant. Subsequent research and

studies are to be performed to design a complete system using ASPEN Plus® for 550MW
power production using an elevated pressure of 20 bar.
5
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ABSTRACT
This paper discusses the thermal analysis of a 500 kW high pressure combustor (HPC). The
HPC will operate at a maximum pressure of 20 bar and will use gaseous methane and oxygen
as fuel and oxidizer. The focus of this paper includes the cooling system requirements,
analytical approach, cooling system preliminary design, computational fluid dynamics (CFD)
results, and proposed modifications.
1. Introduction
The University of Texas at El Paso’s Mechanical Engineering department owns a HighPressure Combustor (HPC). The objective of the current project is to run methane and oxygen
combustion and acquire flame imaging at different pressures up to a 20 bar pressure. The
primary challenge is overcoming the large amount of heat release from the methane and oxygen
combustion temperatures, which reaches 3450 K at 20 bar[1]. The current project aims to
modify the combustor in order to withstand the new temperature requirements. This paper
presents the thermal analysis of the HPC.
2. Cooling System Requirements
The HPC project requirements include a firing input of 500 kW, methane and oxygen as the
fuel and oxidizer, and to operate at a pressure of 20 bar continuously for 2 hours.
To achieve these requirements, the proposed cooling solution must keep the combustor inner
chamber walls at a maximum allowable temperature of 600 K. The allowable temperature was
obtained by a thermal-mechanical analysis that considered the material’s properties and their
change with temperature, the chamber dimensions, and a factor of safety. The cooling solution
must also provide a way to protect the inner chamber walls of the combustion gases to prevent
corrosion.
3. Analytical Approach
In previous experiments, the HPC was operated without any cooling because the test times
were short and the mass of the combustor worked as a heat sink, allowing it to operate safely
for short periods of time. Previous experiments were also performed with different gas mixtures
with air, which had a significantly lower combustion temperature than when using oxygen and
methane[2].

The first step was to establish the requirements of the cooling system to be used with the
combustor. The project requirement of a 2-hour continuous fire is equivalent to the assumption
of a steady state operation. To prove the need for additional cooling, the inner wall temperature
was calculated. NASA Chemical Equilibrium with Applications software was used to obtain
the gas properties of a 500 kW oxy-methane combustion under a constant pressure of 20 bar.
Various parameters are determined using Eqns. (1) to (3) [3].
Re =
Nu =
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Where Re is the Reynolds number, @ is the density of the combustion gases, V is the gas
velocity, A is the gas Dynamic viscosity, Nu is the Nusselt number, Pr is the Prandtl number of
the combustion gases, f is friction factor, h is the convective heat transfer coefficient, k is the
thermal conductivity of the gas, and D is the hydraulic diameter[3]. After calculating the
convective heat transfer coefficient of the hot gas side using Eqns. (1) to (3), the thermal
resistance model was used to calculate the combustion chamber’s inner wall temperature. The
calculation yielded a temperature of 3120 K. Therefore, it was concluded that a cooling solution
had to be implemented in order for the material to withstand the temperature.
4. Cooling System Design
When methane and oxygen combust, the residuals, assuming complete combustion, are water
and carbon dioxide. In a typical oxy-combustion power generation system, the water is
condensed and the CO2 is recirculated into the combustion chamber[4]. For this reason, CO2
was selected to be used for cooling since it could be obtained from the combustion flue gases.
To meet the cooling system requirements, the design shown in Figures 1b and 1c are proposed.
This design will inject a high velocity ring of room temperature CO2 along the inner walls of
the combustor. In this configuration CO2 will act as a protective layer, keeping the walls at a
low temperature and protect them from the high temperature steam that can lead to accelerated
corrosion.
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(a)

(b)

(c)

Fig. 1. (a) Exploded view of inlet cap, (b) exploded view of CO2 ring, (c) assembly of CO2
ring.
As seen in Figure 1b, the CO2 face plate will be removable. This modular design will enable a
quick change of plates for different configurations without having to disassemble all the
combustor. The plate could be changed for another with less or more open area depending on
the desired CO2 velocity.
5. Results
FLUENT, a Computational fluid dynamics (CFD) software package, was used to simulate the
combustion and flow behavior of the HPC. A 3D geometry was created and the combustion
was modeled using the probability density function (PDF) model. The total amount of CO2
used for cooling was 50% of the total flow by volume with a velocity of 5m/s. The amount of
CO2 possible to be used is limited by the feed system capabilities. Figure 2 shows the
temperature contour of the HPC, where the flow goes from left to right.

Fig. 2. CFD temperature contour of the HPC.

3

It can be observed that the CO2 along the combustor’s walls has helped decrease the wall’s
temperature considerably, to be as low as 1500 K in the first half section of the combustor.
However, this is not sufficient to keep the wall at the maximum allowable temperature of 600
K. It is believed that the high temperatures are caused by the geometry of the combustor, which
creates recirculation zones inside the combustor. Since the current CO2 cooling is ineffective
for the entire combustor other design considerations are being made. Other solutions are
currently being explored, such as a water-cooled injector face and a change in geometry of the
exit cap. The change in geometry consists in changing the exit cap from a 90o to a 45o nozzle
exit. This change is believed to help the gases flow better and escape the combustor.
6. Conclusion
It has been demonstrated that the HPC will need a cooling solution to maintain the inner wall
temperature below 600 K. If no cooling is implemented, the temperature of the walls will rise
above the maximum allowable temperature. The proposed solution is to inject CO2 at room
temperature along the inner walls of the combustor. The proposed design will have a modular
face plate which will allow for a control of the CO2 injection velocity. The current mass flow
rate of CO2 along the walls of the HPC will not be enough to keep its temperature below
material limits.
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I. Abstract

This paper presents a flame study to delineate the flame length of simulated
decomposition products of LMP-103S to support the concept that the flame length of a
propellant is interrelated to the characteristic length of a combustor. It is hypothesized
that the flame length and characteristic length of a propellant or gaseous mixture are
interrelated through the chemical stay time parameter. There is limited information on
designing a propulsion system for an ionic liquid monopropellant. Defining an effective
characteristic length is one of the initial objectives for the GMPE in order to design a
22-N class thruster with LMP-103S as the working propellant.
II. Introduction
The Green Monopropellant Propulsion Effort (GMPE) at the Center for Space Exploration
and Technology Research (cSETR) at the University of Texas at El Paso (UTEP) is currently
working towards proposing propellant alternatives to replace hydrazine from propulsion systems.
Hydrazine has been widely used since the 1930s and is considered the dominant propulsion
technology for low- total impulse applications [1]. However, hydrazine is an extremely toxic
chemical and known carcinogen. Thus, storage, handling and disposal procedures come at a high
cost due to its high toxicity and flammability levels. When considering possible propellant
options to replace hydrazine, the following propellant characteristics should be considered: the
propellant must easily decompose and poses good combustion properties, is chemically stable for
storage, would allow technicians and engineers to safely work with the propellant and whose
performance is equal to or greater than that of hydrazine. One of the propellants being proposed
and researched at cSETR is LMP-103S which is an ammonium dinitramide (ADN) – based ionic
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liquid monopropellant. LMP-103S was developed by ECAPS; a Swedish space company
established by the Swedish Space Corporation (SSC) and Volvo Aero [2]. Unlike hydrazine,
LMP-103S does not require a SCAPE suit for propellant handling, is non-carcinogenic, is a
storable propellant and is approved for air transport. The propellant also possesses a higher
specific impulse and density impulse when compared to hydrazine.
III. Concept
Contracted by the Missile Defense Agency (MDA), the GMPE team is currently working
towards the development of a 22-N class thruster utilizing LMP-103S as the working propellant.
ECAPS has limited the amount of information it has on the propellant to the public and is not
easily accessible. Therefore, the GMPE team is currently pursuing studies to fully understand the
propellant’s performance and combustion process. Flame Studies is one of the many supported
projects within the GMPE whose objective is to combust expected decomposition species found
in LMP-103S and record the acquired flame length. This will be done to support the concept that
the flame length can be directly proportional to the characteristic length (L*) of a combustor for
an ionic liquid monopropellant through the propellant’s chemical stay time. Other gaseous
mixtures will be combusted to create a model with multiple data points relating L* to the critical
velocity gradient (GF) which is a unitless parameter defined as the ratio between the square of the
laminar flame speed (SL) to the thermal diffusivity of the gaseous mixture (a).
A. Characteristic Length, L*
The characteristic length of a combustor is a design parameter for a combustion chamber to
ensure that complete mixture and combustion takes places before the gases exit the throat and
nozzle of the thruster. Thus, the chamber serves as an envelope to retain the gases for a period of
time known as the propellant stay time until complete combustion occurs [3]. L* is the ratio of the
chamber volume, VC, to the area of the throat, AT, shown in equation 1. Since AT is proportional
to the product of the mass flow rate of the propellant (!" ) and the average specific volume (#),
L* is solely a function of the propellant stay time (ts) [3].

$∗=
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*+

=

, - . /0
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(1)

It is possible to increase the L* past that of typical L* values for recorded propellant
combinations to ensure complete combustion. However, increasing the L* of a chamber beyond
its most effective value can also decrease the overall performance of the propulsion system.
Increasing the L* value past its effective operating value can increase the chamber volume and
thus the overall weight of the system. Also, if a cooling system is incorporated to the propulsion
system, an increase in surface area will call for the cooling system to jacket more surface as well
as increase the amount of the thermal losses [3].
B. Chemical Time Scale
The L* for a given propellant and engine size is established from previous tests and designs
[3]
. Because there is no public information for an estimated L* value for an ionic liquid
monopropellant such as LMP-103S, the GMPE team will estimate this parameter by correlating
the propellant stay time to the chemical time scale found in the flame length equation shown in
Equation 2 that shows the flame length is equal to the burning velocity, SL, times the chemical
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time scale, tS, which is also the amount of time for complete combustion to occur within the
flame.
$2 = 34 ∗ 56

(2)

Correlating the time scales from the length of a flame and the L* of a combustor will allow the
team to determine if designing the combustion chamber for an ionic liquid monopropellant is
similar to the L* values of recorded propellant combinations. The typical L* range for propellant
combinations (bi-propellants) is between 20 to 50 inches (0.508 – 1.27 m). The burning velocity
is obtained through the use of the CHEMKIN software. Once the burning velocity is obtained
through CHEMKIN and the flame length is measured experimentally, the chemical time scale
can be calculated from equation 2 and utilized in equation 1 to solve for the L* of a chamber
given the combustion properties of the propellant combinations.
IV. Experimental Testing
A. Experimental Set-Up
The decomposition species of LMP-103S have been approximated using various analytical
tools. The main tool used to determine the decomposition species was the NASA Chemical
Equilibrium and Applications (CEA) software. With this, the chemical composition of the
propellant was inputted and theoretical decomposition mass fractions were calculated. The mass
fractions obtained from CEA will be premixed in a laboratory-design burner system to attempt
combustion. As a safety precaution, it is not ideal to combust all the expected decomposition
species at once since the effect and magnitude of combustion of the gas mixture is unknown.
Instead, a portion of the expected decomposition species were first combusted before attempting
to combust all expected decomposition species. Nitrous oxide, N2O, and methanol, CH3OH,
were first combusted in the test rig and subsequently other species were added to the mixture to
build up to the entire decomposition mixture. To understand how the variation in catalytic
activity affect the flame and combustion, the gas mixtures going into the burner were varied
keeping the total bulk velocity of the gases escaping the burner constant at 16 m/s. The Flame
Studies test rig comprises of gaseous tanks of the expected decomposition species includes and
steam generating system and a gaseous methanol generator. The species flow through the
system, are preheated, combined and ignited with a hand-held torch ignitor. An image of the
Flame Studies test rig can be seen in Figure 1.

Fig. 1: Image of the GMPE Flame Studies Test Rig.
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When a flame is established and is successfully anchored, high definition images for postprocessing and analysis are captured. The main objective of this system is to combust the
decomposition species of LMP-103S established by the following requirements: species flow
control, temperature sampling, temperature control, species mixture and ignition, flame imaging,
hazardous species capture and exhaust of combustion products.
B. Testing
Testing was first conducted combusting methanol and nitrous oxide. Steam was then
introduced and combusted with steam and methanol. The mass fractions of each species were
varied in multiple tests to simulate the variation in catalytic activity. Photographs processed for
one of the tests conducted with 40% methanol, 20% nitrous oxide and 40% steam is shown in
Figure 2.

Fig. 2: Minor flame variation during the testing of a methanol, nitrous oxide and steam mixture.

Five stable flame lengths were acquired during testing and were used to calculate the critical
velocity gradient used in the Flame Studies model show in Figure 3. More data points are
required to populate the model. Testing is on-going and will work up towards testing all the
expected decomposition species of LMP-103S. Results from testing at the decomposition species
will give an approximate value to utilize for the design of an ionic liquid monopropellant
thruster.

Fig. 3: Preliminary Flame Studies model from previous tests.
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V. Conclusion
Preliminary results from the Flame Studies model shows that characterizing the length of a
combustor with the flame lengths of the tested gaseous mixture combinations are close within the
range of recorded propellant combinations. Typical L* values range between 20 to 50 inches
(0.508 – 1.27 m) for those propellant combinations (bi-propellants) recorded in literature. Future
Flame Studies testing will encompass testing all the expected decomposition products of LMP103S to obtained more data points for the Flame Studies model and acquire an effective L* value
for the development of the 22-N class thruster.
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ABSTRACT
Hybrid rocket engines have the ability to throttle, are relatively safer compared to their solid
propellant counterpart, and are mechanically simpler to operate compared to a bi-propellant
engine. However, hybrid rockets are known for having low regression rates. The goal of the
current project is to improve the regression rate of hybrid motors, particularly those that
operate using green propellants. To find the regression rate, a test rig was built with the
ability to ignite various gases at low mass flow rates with the solid fuel HTPB. A model was
developed to measure regression rate based on the change in mass in the solid fuel motors to
calculate the regression rate from each experiment. The results from testing of HTPB and
oxygen were used to validate the test rig and the regression rate model through a literature
comparison. The preliminary experiments were successful and validated. Future work for
understanding and improving the regression of green propellants includes testing
Hydroxylammonium Nitrate (HAN) with the solid fuel HTPB.
1

Introduction

Hybrid propulsion systems combine the advantages of solid and liquid propulsion systems.
For hybrid motors, a fuel grain is maintained within the combustion chamber and the liquid
or gaseous oxidizer is fed into the combustion chamber. Hybrid rockets offer many
advantages compared to their counterparts. Hybrid rockets tend to be safer than solid rockets
since the fuel grain is not premixed with an oxidizer, reducing the risk of accidental explosion
or detonation while manufacturing, transporting, storing or operating. Hybrid rockets also
offer simplified throttling and shutdown because the motor can be throttled by controlling the
oxidizer flowrate and termination of thrust can be achieved by simply shutting off the
oxidizer flow. However, hybrid propulsion systems suffer from low regression rates, or the
rate at which the solid fuel is vaporized, converted to gas, mixed with the oxidizer, and
burned.
The current paper investigates the regression rate of oxygen and HTPB. The experiment
discussed in this paper was the first experiment performed on the test rig built to ultimately
test green propellants and HTPB regression rate. To ensure that the test rig and regression
rate model works as required, this experiment was performed with gaseous oxygen and
HTPB with the objectives of (1) calculating the regression rate of gaseous oxygen and HTPB
and (2) validating the experimental regression rate with regression rates found in literature.

2

Regression Rate Background and Theory

Regression rate is a critical parameter for designing hybrid motors because it drives the
length and geometry of the motor. Unlike solid rocket motors, the regression rate for hybrid
motors is dependent on the oxidizer mass flux rather than the chamber pressure. Thus, an
overview of hybrid combustion is required to understand the regression rate.
2.1 Hybrid Combustion Process
It is important to understand the combustion process of a hybrid motor to better understand
the parameter regression rate. For hybrids, a liquid or gaseous oxidizer is injected into the
fuel grain port at a high Reynolds number, developing a boundary layer over the fuel surface.
After ignition, a flame zone develops within the boundary layer and heat is conducted from
the flame zone to the fuel, resulting in a thin melt layer on the surface (Fig. 1). From this melt
layer, droplets of fuel break off and are carried into the main flow, vaporizing as they pass
through the flame zone.

Fig. 1. Boundary layer development in a hybrid motor[3].

2.2 Hybrid Regression Rate
Marxman et al developed a regression rate model based on the combustion process described
in Section 2.1, that relates the fuel grain regression to the convective heat transfer from the
flame zone to the fuel surface[2]. Many studies have proven that Marxman’s regression rate
law is valid. However, the original relationship over-predicts the regression rate since it was
developed for a hybrid configuration with a flat fuel slab rather than the conventional
cylindrical fuel configuration. Therefore, it is standard practice to use the spatially and
temporally averaged regression rate law shown below:
!(#) = &')(# # #*

(1)

where !, !, and ! are propellant based constants that are determined experimentally, ! is the
distance down the port, and ! is the total mass flux.
For this experiment, the global regression rate was obtained by measuring the motor’s change
in mass over time. The mass change was then related to volume change with the assumption
that the fuel grain regression is uniform throughout the motor. The volume change was then
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used to calculate the final port radius. Equations 2-4 describe the formulations used for the
analysis.
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The regression rate measured will be used to develop a model by relating the average
oxidizer mass flux (Equation 6) to the time averaged change in radius (Equation 5).
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3 System Characteristics and Design
The experiment was conducted using the setup in Figure 2. Figure 2 shows a schematic of the
overall test rig, including the fuel grain holder, the oxidizer and purge feed system, and the
ignition system. The test rig is an adaptation of the previously existing flames studies setup.
Instrumentation used during this experiment include flow meters, pressure gages, and K-type
thermocouples.

Fig. 2. Schematic detailing oxygen/HTPB hybrid motor test setup.

The test rig built for this experiment is composed of five major parts: the oxidizer feed
system, the fuel grain holder, the ignition system, the exhaust system, and the purge system.

3

The exhaust system is a series of ducts attached with aluminum tape that leads to a fan placed
outside of the building. The oxidizer feed system consists of a K-bottle, ¼ inch stainless steel
tubing, a solenoid valve, a metering valve, flowmeter, and a check valve. The ignition system
is made of two parts, a hand-held igniter and a methane fuel feed line. The methane fuel feed
line which is built using the same components as the oxidizer feed line. The purge system
includes a CO2 K-bottle connected to the setup through stainless steel tubing and an
electronically controlled solenoid valve. This system is used to purge the test rig after each
experiment. The fuel grain holder is made of Inconel 718. The fuel grain is placed in the fuel
grain holder then a cap is bolted on the holder to secure the fuel grain in place during testing.

Fig. 3: Fuel grain holder assembly detailing locations of thermocouples and fuel grain.

4 Results and Analysis
As previously mentioned, the change in mass was used to determine the final port diameter of
the fuel grain under the assumption that the fuel regression is uniform throughout the port
length, Equations 2-5. Figure 4 shows the time average regression rate obtained for an
oxygen mass flux ranging from 0.25 to 0.63 g/cm2-s, where the dotted line represents the
expected regression rate based on DeLuca’s baseline model[1]. It should be noted that the
model represented by the dotted line is applicable for flowrates between 0.7-4 g/cm2-s, but
can be applicable outside the limited range. The results presented in Figure 4 show that the
experimental data and the expected data agree throughout the tested mass flux range.

LOW FLOW REGRESSION RATE STUDY OF A GASEOUS OXYGEN
AND HTPB HYBRID MOTOR

Fig. 4: Experimental regression rate for gaseous oxygen and HTPB hybrid motor compared to prediction model.

5 Conclusion
Gaseous oxygen and HTPB fuel were tested with a goal of validating the experimental test
rig. The data collected during experimentation is used to find the regression rate of the fuel
and oxidizer combination. After comparison of the regression rate measured to the data found
in literature, the experimental setup was validated for the tested flowrates. The next
experiment involves testing HTPB and HAN. HAN is an oxidizer component of green
propellants. Once regression rates of HAN and HTPB have been established, other future
tests will involve more green propellants.
References
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ABSTRACT
In an effort to advance green propulsion technology, the Center for Space Exploration and Technology research is
investigating the decomposition nature of a new green monopropellants. The monopropellant presented in this
investigation is AF-M315E. AFM-315E is a new green ionic HAN based monopropellant developed by the Air Force and
comprises of an oxidizer and fuel mixture. While some testing has been done using AF-M315E, information on the
decomposition species is sparse. The Center for Space Exploration and Technology Research at the University of Texas at
El Paso has developed an experimental setup that will be used to decompose this propellant using an iridium coated
catalyst bed. The decomposition products will be captured and analyzed to better understand the combustion process
used in the design of AF-M315E thrusters. This will support the effort of aerospace organizations toward developing safer
and environmentally friendly propellants as compared to hydrazine.

INTRODUCTION
Monopropellant systems work on the concept of a single propellant unlike bipropellants which require two. This
propellant is introduced to a catalyst which accelerates its decomposition and releases the heat necessary to produce the
high temperature gases which are routed through a converging-diverging nozzle to generate thrust. Monopropellant
propulsion is heavily used in the aerospace industry for orbit correction and attitude control.
Meeting specific requirements, hydrazine has become an industry standard for monopropellant propulsions systems,
however, it is a very toxic and flammable substance that can be hazardous for individuals during operations. With its
proven relatively high performance, reliability, and heritage many programs utilize this toxic propellant despite its high
operation cost and risks. For these reasons monopropellant research has recently been concentrated on developing and
maturing propulsion systems that utilize less toxic propellants. These green propellants would not only reduce operational
risk and cost but would be safer for the environment.
NASA is currently focusing on research projects that will develop these new green propellants and potentially replace
hydrazine for low total impulse missions. Two potential candidates are LMP-103S and AF-M315E. Developed by Ecological
Advanced Propulsion Systems (ECAPS), a subsidiary of the Swedish Space Corporation (SSC), LMP-103S is a high-energy
mixture composed of 60-65% ADN, 15-20% methanol, 3-6% ammonia and balance water. ADN is highly soluble in polar
solvents and can be used as an oxidizer in liquid propellants. AF-M315 was developed by the U.S. Air Force Research Lab
and is a HAN based ionic mixture monopropellant. Very limited testing has been done on AF-M315E and the information
on the decomposition nature of the propellant is unavailable. Therefore, the cSETR lab at the University of Texas at El Paso
is focused on designing and developing a test rig that will be used to decompose the propellant and capture the
decomposition species in order to gain better insight into the reaction pathways of the ionic mixture.
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Table 1. Characteristics of Hydrazine and other green propellant (JPL, NASA Facts)

AF-M315E CHARACTERISTICS
AF-M315E by definition is considered a monopropellant since it is a solution that will decompose as it comes in contact
with a catalyst bed and produce the temperatures and pressures necessary to support thrust. The solution is a mixture
consisting of a fuel, an oxidizer, and a solvent. Although the decomposition of AF-M315E alone is an exothermic reaction,
the heat generated is not sufficient to generate the force in a thruster. The thrust comes from the heat generated after
the decomposition byproducts combust. As can be seen in Table 1, the combustion of AF-M315E reaction products give a
higher performance than hydrazine in terms of specific impulse. Because AF-M315E is a green monopropellant, it is also
superior to hydrazine when it comes to handling, storage, and environmentally friendliness. The only disadvantage comes
from the extremely high temperatures produced from the combustion process (over 1000°C). These high temperatures
will make the designing of the thruster engine slightly more complex and costly as materials with higher melting points
will need to be used.

EXPERIMENTAL SETUP
The system used for the decomposition and capturing of the products will now be discussed in detail. The system
schematic is shown below in Figure 1.
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Figure 1 Experimental Schematic

The AF-M315E is injected into the system with a remotely operated syringe pump. The propellant then flows through a
check valve and into the catalyst holder. The catalyst holder, shown in Figure 2, serves to hold the iridium catalyst bed
inside and also to preheat it. Inserted into the catalyst holder are a set of five 100W cartridge heaters that preheat the
catalyst bed to 400 °C before the propellant comes into contact with it. Four thermocouples, TC-104 to TC-107 are
attached to the catalyst holder and are used to measure and record the temperature of the catalyst bed along its length.

Figure 2 Catalyst Holder
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Following the catalyst holder is a set of hand operated valves and solenoid valves that lead up to a sample cylinder. Inside
this sample cylinder is where the exhaust products from the decomposition are captured after the two valves at either
end of it are shut closed. Downstream of the sample cylinder’s exit valve is a vacuum system consisting of an air
connection, a series of valves, and a flow meter. The vacuum in the system is pulled using the venture effect. As air blows
perpendicular to the tubing, the pressure will decrease and a vacuum in the system will follow. The other secondary
system attached the setup serve the purposes of purging the main line of any unwanted contaminants, waste collection,
and safety. Every component, aside from the catalyst holder and the catalyst itself, is made of 316 stainless steel material.
The experimental setup is shown below in Figure 3.

Figure 3 Experimental Setup

Once the AF-M315E has passed through the catalyst bed and the decomposition products have been captured inside the
sample cylinder, the sample will be taken to a separate lab where it will be analyzed. The product gases will be inserted
into a Pfeiffer GSD 320 mass spectrometer. This instrument is able to intake gases into the system and analyze them at
different temperatures. Gases are kept at constant conditions for our purpose. The mass spectrometer can be seen below
in Figure 4.
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Figure 4 Mass Spectrometer

EXPERIMENTAL RESULTS
The experimental test setup was run in order to obtain some preliminary data on the decomposition. Before beginning,
the catalyst bed was preheated to 400°C using five 100W cartridge heaters. Once preheating was complete, 10 ml of AFM315E were loaded into the syringe and injected into the system. As the propellant flowed through the catalyst bed, a
temperature spike of about 70°C was noted and recorded. The thermocouple readings are shown below in Figure 4. The
decomposition gases captured increased the pressure in the sample cylinder by about 15 psi.
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Figure 5 Catalyst Temperatures

As can be seen from the catalyst temperatures graph, the system also experienced a drop in temperature around the 200
second mark. TC-106, which is the last of the three thermocouples, had the highest and most significant temperature
spikes out of all three. It is interesting to note, however, that the biggest and most significant drop came from TC-104
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which is the first thermocouple at the inlet of catalyst. The significant temperature drop can be attributed to the water in
the AF-M315E boiling as it enters the high temperature catalyst chamber. The boiling water removes heat from the system
then shortly after the propellant decomposes and thermocouple TC-106 reads a temperature spike. Normally it would be
expected for the temperature to rise and remain constant at this elevated temperature. However, the experimental
setup’s limited volume did not allow for anymore propellant to be injected beyond the 10 ml used.

CONCLUSION
Only preliminary testing of AF-M315E decomposition has been done by recording the temperature spikes in the system.
From the current data, it is evident that an exothermic reaction is happening when the propellant comes into contact with
the iridium catalyst. However, it is still inconclusive as to whether the decomposition happens due to the catalyst, the high
temperatures, or both. Further testing of this system with clarify this. With the mass spectrometer calibrated, the captured
gases will be inserted and give more insight into the decomposition. It is important to note that AF-M315E is still in the
development phase and in time will replace hydrazine with its overall reduced hazards and superior performance.
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ABSTRACT
Green monopropellants based on hydroxylammonium nitrate (HAN) are strong candidates for
replacing hydrazine because of their relatively low toxicity, high density, high specific
impulse, and low freezing point. The thermal and catalytic decomposition of aqueous HAN
solution has been studied using thermogravimetric analysis and differential scanning
calorimetry coupled with mass spectrometry. Iridium/rhenium catalyst decreased the
decomposition temperature of HAN by 50°C. The decomposition gases included H2O, N2,
NO, N2O, and NO2. The effective activation energy and pre-exponential factor for the
thermal and catalytic case were obtained using model-free and model-based methods.
1

Introduction

Green monopropellants, particularly those based on hydroxylammonium nitrate (HAN), are
strong candidates for replacing hydrazine because of their relatively low toxicity, high
density, high specific impulse, and low freezing point. The thermal and catalytic
decomposition of aqueous HAN solution has been extensively studied, but the reaction
mechanism as well as kinetics still remain unclear. [1-8] In addition, metals such as platinum,
rhenium, and iridium are usually used in the catalytic decomposition of monopropellants, but
their effect on the reaction mechanism of HAN decomposition has not been fully understood.
The objectives of the present work include the determination of the activation energy using
DSC and TGA techniques, the approximation of the kinetic model of the decomposition, and
the characterization of the decomposition gases.
2

Experimental

The thermal and catalytic decomposition of aqueous HAN solution (24 wt%) were studied
using a thermogravimetric analyzer (Netzsch TG 209 F1 Iris) and a differential scanning
calorimeter (Netzsch DSC 404 F1 Pegasus). The decomposition gases were detected by
coupling a mass spectrometer (Netzsch QMS 403D Aëolos) with the DSC. The TGA and
DSC trials were conducted on alumina crucibles with 10 μL of the solution. Three vacuum
cycles and a 20 mL/min argon flow were used to purge residual air in the furnace. The
solution was heated at different heating rates, ranging from 0.5 to 10 K/min. For catalytic
decomposition, 5-mm iridium/rhenium 100 PPI (Ultramet) pellets were placed on the alumina
crucibles. Netzsch ThermoKinetics software was used to determine the effective activation
energy and pre-exponential factor of the reaction by employing the ASTM 698 (DSC) and

ASTM 1641 (TGA) methods. In addition, the software was used to approximate by linear
regression the kinetic model of the decomposition.
3

Results and Discussion

3.1 Thermogravimetric analysis of thermal decomposition
Aqueous HAN solution was tested at different heating rates, ranging from 0.5 to 10 K/min.
After purging, the solution experienced a mass loss of 72-73%, which corresponds to the
evaporation of water. This suggests that water does not take place in the reaction. As
expected, the onset temperature of decomposition, ranging from 85 to 143 °C, increased with
heating rate. HAN is fully decomposed between 123 and 210 °C, depending on heating rate.
The ASTM 1641 method was used to calculate the activation energy and the pre-exponential
factor. The former was 53.98 ± 2.18 kJ/mol while the latter was 1.41×103 s-1.
3.2 Differential scanning calorimetry of thermal and catalytic decomposition
The aqueous HAN solution was tested with DSC at heating rates ranging from 0.5 to 10
K/min. The solution experiences one sharp exothermic peak and its temperature increases
with heating rate. Figure 1 shows DSC curves at 5 K/min with catalyst (dotted line) and no
catalyst (solid line). It is seen that the catalyst decreased the peak temperature by almost
50°C. For both cases, the effective activation energy was calculated following the ASTM 698
method. For non-catalytic decomposition, the obtained activation energy and a preexponential factor were 64.80 ± 6.01 kJ/mol and 9.33×104 s-1, respectively. For the catalytic
decomposition, the obtained values remained virtually the same: 64.81 ± 7.87 kJ/mol and
3.24×105 s-1. The absence of any catalytic effect on the effective activation energy of the
reaction, despite the decreased onset temperatures, is worth further investigation. Also, it is
unclear why there is a difference between the kinetic parameters determined with TGA and
DSC.

Fig.1. DSC curves of non-catalytic (solid) and catalytic (dotted) decomposition of HAN.

3.3 Kinetic model of decomposition
A preliminary approximation of the kinetic model for HAN decomposition was computed
using Netzsch ThermoKinetics software. A single step reaction was assumed and a linear
regression method was used.
For the non-catalytic case, a kinetic model was approximated with TGA data. The obtained
kinetic model was n-th order autocatalysis. The activation energy and pre-exponential factor
obtained using this model were 62.18 kJ/mol and 1.75×104 s-1, respectively.
3.4 Mass spectrometry of thermal and catalytic decomposition
Decomposition gases were detected using their m/z values available in the literature. [9] The
most significant MS peaks included m/z = 14, 16, 17, 28, 30, 44, and 46, which corresponded
to the molecular weights of H2O, N2, NO, N2O, and NO2. Lesser peaks were also noted at 12,
15, 27, 29, 32, 43, and 52. Unique m/z values at 20, 27 and 34, 45, and 63 correspond to H2O,
H3NO, N2O, and HNO3, respectively.
3.3 Conclusion
The thermal and catalytic decomposition of aqueous HAN solution was studied using
thermogravimetric analysis and differential scanning calorimetry. The results have shown
that water is evaporated before the decomposition of HAN and does not participate in the
reaction. The onset temperature of HAN decomposition ranges from 85 to 143 °C (increases
with increasing the heating rate). HAN is fully decomposed between 123 and 210 °C,
depending on heating rate. Iridium/rhenium catalyst decreases the peak temperature of HAN
decomposition by approximately 50°C. The decomposition gases include H2O, N2, NO, N2O,
and NO2. The kinetic parameters have been determined from the thermoanalytical data using
model-free and model-based methods. The observed differences between the parameters
extracted from TG and DSC are worth further investigation.
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ABSTRACT
The effects of altering ammonium perchlorate (AP) particle size or loading in composite AP
composite solid propellants are well documented. Existing propellant datasets include these
variations, but they have significant holes in their current data span. In the current study,
IPDI-cured composite AP/HTPB propellants were manufactured with AP loadings between
70-85% and AP sizes between 20-200 μm, and propellant burning rates were evaluated
between pressures of 2,250-5,000 psi. Decreasing the AP particle size or increasing the AP
loading yielded increases in burning rate. The AP particle size effect is more drastic than that
of the AP loading. The developed dataset was coupled with existing propellant datasets to
develop a simplistic empirical correlation that captures these effects. The developed
correlation accurately predicts propellant burning rate for a large span of AP particle sizes
and loadings, and test pressure.
1

Introduction

Composite ammonium perchlorate propellants (APCP) have been heavily utilized in
chemical propulsion technologies for the last half century.[1] The most common APCP
employs hydroxyl terminated polybutadiene (HTPB) as a fuel binder.[1] Thermoset
polymers, such as HTPB, are chemically cured into solids after mixing, such as by
isophorone diisocyanate (IPDI). The burning rates of APCPs are typically correlated with
Saint Robert’s or Vieille’s law according to:
r = aPn

(1)

where r is the burning rate, P is the chamber pressure, and a and n are empirical constants.
Early experimental studies conducted on AP/polyurethane propellants by Bastress [2]
showed that altering the AP particle size or loading yielded drastic changes in the final APCP
burning rate. More explicitly, decreasing the AP size or increasing the AP content in the
propellant led to increases in burning rate. Furthermore, these factors had significant effects
on the numerical values of the empirical constants of the corresponding burning rate
correlation. Numerous other research studies [3-9] have noted similar trends in AP/HTPB
composite propellants.
The objectives of the project discussed herein were, as follows: 1) Independently
evaluate the effects of altering the AP size and loading on the burning rate of composite

AP/HTPB propellants; 2) Expand the currently lacking dataset of APCP burning rates for a
variety of AP sizes and loadings; and 3) Develop a simple, easy-to-implement empirical
correlation that captures the effects of AP size and loading alterations on the burning rate of
APCPs.
2

Experimental Results
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APCPs were manufactured in the authors’ laboratory according to previously
established methods.[10] AP loading was varied from 70 – 85% and AP diameter was varied
from 23.4 – 206.7 μm. The burning rates of each propellant formulation were evaluated
between pressures of 2,250-5,000 psi in a strand bomb according to previously established
methods.[11] The burning rate of all propellant formulations tested are shown in Figure 1.
Data points represent individual tests, and the dashed lines represent empirical power-law fits
to the data. As expected, increasing the AP particle loading or decreasing particle size led to
increased burning rates. Furthermore, the effects of altering the AP particle size are
significantly more drastic than varying the AP loading.
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Figure 1. The effects of varying AP loading (left) and size (right) on the burning rate of
composite AP/HTPB propellants.
The experimental data produced herein were coupled with existing datasets [3-5] that
span a large range of AP loading and size as well as test pressure. Nonlinear regression
analysis was applied to numerous models that mirrored the form of the traditional burning
rate correlation, Eq. (1), to produce a version that captures the effects of the formulation
alterations. The empirical constants of the correlation are given by:
a = 0.438D-0.942 + 1.034CC14.702 - 0.045D

(2)

n = 1.736 – 0.002D – 1.397C

(3)

where D and C represent the AP diameter (μm) and fractional loading (0.XX), respectively.
The developed empirical correlation fits the dataset with an R2 value of 0.968, which is very
high given the simplicity of the correlation and span of the dataset. A scatter plot of the
experimental versus correlation-predicted burning rates is shown in Figure 2. The correlation
shows good agreement with all of the individual datasets and typically has an error within

10%. The correlation was also compared to additional burning rate data sets [6-9] and
showed good agreement. The largest errors occur at the bounds of the data range used to
develop the correlation, such as AP loadings lower than 60% or AP sizes greater than 200 um.
Although the empirical correlation does have limitations, it should prove to be a useful tool to
propulsion engineers in early-stage propellant selection and design and in the validation of
detailed models.
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Figure 2. Scatter plot of the developed empirical burning rate correlation.
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ABSTRACT
The design of flexible pavement is dependent on temperature of asphalt layer as the mechanical
properties of asphalt is very sensitive to temperature change; consider the asphalt surface in a
winter morning versus that in a summer noon. The temperatures at the different depths of asphalt
concrete are predicted using an empirical equation called BELLS3, which was developed by the
Federal Highway Administration (FHWA). The current study evaluates the performance of that
model using the measured temperature data in a pavement section on Interstate 40 (I-40) in New
Mexico. Four temperature probes were installed at different depths of asphalt concrete in that
pavement. It is found that the FHWA model is not as good as expected. Therefore, a revised model
has been developed using the regression analysis with a full-year measured temperature data at I40. Then the revised model has been evaluated with measured new temperature data and found
that the revised model is more accurate compared the to the FHWA model. Then, both the FHWA
and the revised models were used to evaluate the pavement design using an example calculation.
It has been found that the revised model yields better pavement design.
1. Introduction
The Federal Highway Administration (FHWA) currently uses the BELLS3[1] equation to predict
the temperature of asphalt pavement at different depths. The design of asphalt pavement is largely
dependent on the temperature changes that occurs continuously. The BELLS3[1] equation is used
to predict the temperatures at different depths of asphalt layer. Using the measured temperatures
at four depths (0 mm, 50 mm, 100 mm, and 300 mm) from a pavement section on Interstate 40 (I40) in New Mexico as shown in Fig. 1[2], from Oct of 2012 to Sep 2013, the BELLS3[1] equation
was evaluated. The BELLS3 model shows significant amount of errors as shown in Fig. 2.
Therefore, it is hypothesized that the error in prediction can be reduced with a revised equation.
Hence, a revised model is developed in the current study to reduce the error in temperature
prediction. In addition, the effect of the improvement in the design of asphalt pavement has been
shown using an example.
2. Revised Model Development
Measured temperatures at four different depths of I-40 pavement from Oct 2012 to Sep 2013 was
used to develop the regression model[2]. The analysis was used to develop a new equation with a
reduced amount of error. Like the BELLS3 equation, the CSU-P equation uses four dependent
variables:
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•
•
•
•

Distance below the surface the temperature is to be predicted, mm
Average air temperature of the previous day, ˚C
Surface temperature of the asphalt pavement, ˚C
Time of day, decimal form

Error (Measured - Predicted) ˚C

12.0

9.0

50 mm

100 mm

300 mm

6.0

3.0

0.0

Fig. 1. Temperature probes installation [2]

Fig. 2. Performance of BELLS3 model (Oct 12– Sep 2013)

The developed CSU-P equation which has an adjusted R2 value of 0.95, is mentioned below:
Td 3.85135 0.00037 d 0.54637 1 day 0.47291 IR 4.27367 sin hr18 15 .5

3.37172 sin hr18 13 .5

(1)

where:
Td = Pavement temperature at depth d, ˚C
d = depth at which asphalt temperature is to be predicted, mm
1–day = average air temperature the day before the concerned day
IR = pavement surface temperature
sin = sine function on an 18-hr clock system, with 2π radians equal to one 18-hr cycle
hr18 = Time of day, in a 24-hr clock system, but calculated using an 18-hr asphalt concrete
temperature rise-and-fall time cycle as indicated in the BELLS3[2] equation.

Fig. 3. BELLS3 margin of error

Fig. 4. CSU-P margin of error
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3. Performance of the Developed Model
A new set of data from Nov 2014 to June 2015 from the I-40 was used to evaluate the developed
model shown in Eq. 1. The results were compared to the results of the BELLS3[1] as shown in Figs.
3 and 4. The BELLS3[1] equation shows an error with the standard deviation (SD) of 3.17 ˚C and
the CSU-P model shows the SD of 2.51 ˚C, which is an improvement.
4. Model Impact on the Design
The lab tested dynamic modulus and tensile strain of an asphalt pavement was obtained from New
Mexico for a conventional asphalt sample tested at 10 Hz and 21 ˚C[2]. The dynamic modulus was
calculated using the temperature predicted by both the BELLS3[2] equation and the CSU-P
equation. From the calculated dynamic modulus and assumed traffic loads, the allowable number
of axle load applications was calculated using the Miner’s hypothesis[2], which allowed for the
calculation of Cumulative Damage Index (DI)[3] for each axel load. From this calculated
information the amount of Fatigue Cracking[3] was calculated with the results seen in Fig. 5. For
better accuracy, this analysis could be executed in using a professional pavement design software
which would be done in a future study.
Annual
Repetition
60000
50000
40000

Developed
Strain
0.00017
0.0002
0.00022

Assumed Parameters

30
Fatigue Cracking (%)

Axle
Type
Single
Tandem
Tridem

25
20
15

Actual
CSU-P
BELLS3

25.2

15.0

14.3

10
5
0
Fatigue cracking prediction

Fig. 5. Fatigue cracking prediction at 10 Hz and 21 ˚C

5. Conclusion
The developed CSU-P equation is more accurate than the currently used BELLS3[2] equation.
From the data, the CSU-P equation provides more accurate fatigue cracking prediction of asphalt
pavement design.
6. References
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ABSTRACT
Polymeric foams experience a non-linear deformation when subjected to certain loading
conditions. The ability to computationally predict the deformation becomes a critical aspect
of the analysis that can validate experimental data and vice-versa. The overarching goal of
this research project is to develop a high-fidelity model for divinycell foam core used in
sandwich composites. This model will help to predict the response when subjected to
multiple single and/or simultaneous boundary conditions such as thermal, mechanical, and
mass diffusion. This research aim to validate experimental values previously obtained in
preliminary studies of the divinycell foam core and will serve as validation for the
experimental portions of the foam core research. Currently, the model that was created serves
a unit cell, meaning that the model will replicate the response of the bigger system. The
response expected for unit cell model in tension, compression, and shear tests should predict
the response of the system because the material properties are exclusive regardless of the
final system form.
1 Introduction
Polymer foams are useful materials often utilized for their low density and good damping
characteristics. Predicting the mechanical behavior of these materials, however, is often
challenging due to their inherent non-linear time- and temperature-dependent response, and
different behavior in tension and compression [1]. The constitutive model is based on the
micro mechanisms and the microstructure evolution that control the continuum level behavior
of the foam [2]. The project started with the assumption of creating a linear elastic model and
perform both tension and compression tests in order to analyze the foam response. However,
this idea was discarded at an early stage since the foam behaves non-linearly when subjected
to a compressive or tensile state of stress. FOAMS, often made of polyurethane, are soft and
spongy. Techniques now exist for making three-dimensional cellular solids out of polymers,
metals, ceramics, and even glasses [3]. Man-made foams, manufactured on a large scale, are
used for absorbing the energy of impacts (in packaging and crash protection) and in
lightweight structures (in the cores of sandwich panels, for instance). On a micro-scale, the
behavior of the polymer foam is controlled by the deformation of the cell walls of the foam.
When deformed in tension the cell structure of the foam is deformed mainly by stretching and
rotation, and when deformed in compression the deformation behavior is controlled by

bending, buckling, and compaction of the cells [3]. Unlike rubber, foam products are highly
compressible, and are porous with a large portion of the volume being air. Elastomeric foams
are fully elastic (resilient), metal foams may have plastic yield, and ceramic foams are brittle
and crushable. Resilient foams are used for car seats, mattresses, shipping insulation
materials, and other applications which undergo repeated loading where light weight and high
compliance is desirable. Some foams (for example, rigid polymer foams) show plastic
yielding in compression but are brittle in tension Crushable foams are used widely in shockisolation structures and components [4].

Fig. 1 Hyperelastic response of rubber like materials
These are sometimes analyzed by “foam plasticity” models. In compression, volumetric
deformations are related to cell wall buckling processes. It is assumed that the resulting
deformation is not recoverable instantaneously and the process can be idealized as elasticplastic. In tension, these cell walls break easily, and the resulting tensile strength of the foam
is much smaller than the compressive strength. Strain rate sensitivity is also significant for
such foams. Therefore, hyper-elastic energy function theories were investigated as potential
candidates to be used. Neo-Hookean and Mooney-Rivlin Form for strain energy were
proposed for the study, while the Mooney-Rivlin polynomial function served as an initial
study for the foam deformation an alternative strain energy function was proposed, the hyperfoam function built in ABAQUS [4].
2 Abaqus HYPERFOAM
The Abaqus HYPERFOAM model is a nonlinear, isotropic material model that is valid for
cellular solids with porosity that permits large volumetric changes, and is suitable for hyper
elastic foams [5]. The model, whose details are discussed in the reference [6] and theory
manuals [7]. Abaqus implements a strain energy potential (U) of the form to find the
constitutive model relating strain to stress.

(1)

POLYMERIC FOAM PREDICTIVE RESPONCE STUDY USING
HYPERFOAM CONSTITUTIVE LAW

The parameter N dictates the number of terms in the model. The terms αi, βi, and µ i are
material parameters. The independent variables λ1, λ2, λ3 are principal stretches, and are
related to the strain in a continuum. The term Jel is the elastic volume ratio, and is a function
of the principal stretches. Furthermore, Bi is related to the Poisson's ratio vi by the expression
βi = vi / (1 - 2vi). The model order, N = {1, 2, 3, 4,5, 6}, must be chosen and the material
parameters αi, βi, and µi can either be specified, or computed by Abaqus using a least square
fit that minimizes the error in the computed stress when given experimental data. The
Poisson's ratio can also be specified or computed. All data needs to be input as nominal
(engineering) values, with the appropriate sign following a positive-in-tension convention.
The hyper foam model is based on the hyper elastic material theory. Curve fitting algorithm
is used to fit a strain energy function to the input test data. With the hyper foam model, the
experimental stress strain data could be specified for up to five simple test: uniaxial, equibiaxial, simple shear, planar, and volumetric. Depending on the dominant deformation nodes
in real applications only certain types of test data are required to build the hyper foam
function [8]. In ABAQUS, the hyper foam model can be combined with linear viscoelasticity
to create a rate dependent model.
2.1 Temperature effect in HYPERFOAM
The elastic volume ratio (Jel) is the ratio between the total volume ratio (J) and the thermal
volume ratio Jth. Jel= J/Jth. The thermal volume ratio is defined as Jth= (1+εth)3 which is a
function of the thermal strain that is calculated from the temperature change dT and the
coefficient of thermal expansion (alpha). Therefore, the effect of temperature in the
constitutive Hyperfoam equation is on the volume ratios.
3 Results
The following results are obtained from a hyper-foam simulation that compares multiple
states of stress in a foam, the input curves change depending on the input data and the
material constants are calculated based of the experimental data using the rules of leastsquares fit in Abaqus CAE. The test data modelled here is taken from a uniaxial compression
test conducted on strain rate of 5mm/min. It was assumed that Poisson’s ratio (ν) = 0. Overall
the model fits accurately to the experimental data in Figure 2. Some slight error is noticeable
in the initial elastic region as the test data stiffer material than the model predicts. The shape
of this initial elastic region is strongly dependent on the material constant. This error can be
eradicated by weighting the data towards the lower values of strain; however, this would
introduce error in the higher strain range. Error at lower values of strain was deemed less
important than error at the more critical higher strain values

3

Fig 2 (A) stress strain curve for the hyper foam model with varying values of order. (B) stress
strain curve using the Ogden strain energy function with varying values of order. (C)
compressive stress strain curve comparison with experimental data. (D) Shear stress strain
curve comparing experimental and computational prediction.
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ABSTRACT
The statistical data of asphalt and concrete pavements are not readily available to public. This
study explores the updated literature and analyzed the statistics of the total pavement in the
United States (US). There is the total of 8.7 million miles of pavements (2.5% Interstate and
97.5% Non-Interstate) in the US. Interstate comprises of 65% concrete, and 35% asphalt
pavements. Non-interstate has 94% asphalt and 6% concrete. The construction of asphalt and
concrete pavements cost per mile-lane the average of $3.1 and $2.8 million, respectively. The
total construction cost is $26.7 trillion. The average maintenance cost for asphalt pavement is
$34,000 per mile-lane per year (totaling about $295 billion per year).
1
Introduction
Asphalt is defined as a bituminous aggregate material which is combined with asphalt binder
and compacted for the construction of roads, parking lots and airports. This is a flexible
material that allows for a smooth surface, thus reducing tire noise. Concrete is described as a
rigid material made from aggregate and Portland cement. Since it is a rigid structure, it can
distribute heavy loads over a large area using a beam action in the reinforcement. This
property makes concrete ideal for highways which carries many heavy vehicles daily. While
asphalt and concrete are both commonly used materials in the transportation industry, the true
mileage that is paved in asphalt and concrete is unknown to common people, and merely an
estimation without further research.
2
National and State Mileage
Literature shows that 8.7 million miles of navigable roadway are paved with either asphalt or
concrete materials of which 2.5% is Interstate [1]. Table 1 below demonstrates the total
breakdown of interstate and non-interstate mileage covered in each material. Of the total of
8.7 million miles of roadway, 2.5% are Interstates and 97.5% are others; 93% are asphalt and
7% are concrete paved. In Interstate, 65% are concrete and 35% are asphalt. In non-Interstate,
94% are asphalt and 6% are concrete built. The national data is broken down into individual
state as shown in Table 2. It shows that the state of Texas (676 km) has the largest amount of
pavement and the District of Columbia (3420 miles) has the smallest network of pavement.
Table 1: National Mileage Data [1]
Highway Type
Interstate
Non-Interstate
Combined

Asphalt
Miles
Percentage
142,868
65%
7,930,096
94%
8,072,964
93.3%

Concrete
Miles
Percentage
76,929
35%
506,176
6%
583,105
6.7%

Total Miles

Percentage

219,797
8,436,272
8,656,069

2.5
97.5

1

STATISTICAL SUMMARY OF PAVEMENT SYSTEM IN THE UNITED STATES

3

Cost Analysis

Table 2: Statewide Mile Data [1]

The Construction cost of asphalt
pavement varies from $1.4 (MI) to
$11.3 million (NY) (average of
$3.11 million) per lane-mile from
state to state. This value is $1.2 to
$10 million (average of $2.77
million) for concrete pavement. A
survey by Washington Department
of
Transportation
(WSDOT)
conducted in 2002 in 25 states is
shown in Figure 1. The values are
adjusted for inflation to convert the
cost to 2016’s value [4]. It is found
that concrete pavement construction
cost is 11% less compared to that of
asphalt pavement [5].
4
Maintenance
Maintenance
cost
of
asphalt
pavement varies from $990 (NM) to
$155,00 (NJ) state to state per lanemile per year as shown in Figure 2.
The average and the median costs
are
$34,000
and
$36,000
respectively. The maintenance cost
of concrete pavement could not be
located in the literature. Considering
the maintenance of asphalt and
concrete pavement be equal, the total
maintenance cost is $295 billion per
year.
4

Conclusions

There is the total of 8.7 million miles
of pavements (2.5% Interstate and
97.5% Non-Interstate) in the United
States with the total construction cost
of $26.7 trillion. The construction of
asphalt and concrete pavements cost per mile-lane the average of $3.1 and $2.8 million,
respectively. The average maintenance expenses for asphalt pavement is about $295 billion
per year ($34,000 per mile-lane per year). In the whole pavement system, 93% are
constructed with asphalt and 7% with concrete.

2

STATISTICAL SUMMARY OF PAVEMENT SYSTEM IN THE UNITED STATES

Figure 1: Construction Costs per Lane-Mile of pavement [3,4,5]

Figure 2: Maintenance costs of asphalt pavement per lane-mile [6]
5

References

[1] Table HM-60 – Highway Statistics 2013. Policy and Governmental Affairs Office of Highway Policy
Information. Federal Highway Administration, Washington DC.
[2] Asphalt Facts. Alabama Asphalt Pavement Association, http://alasphalt.com/asphalt-facts/.
[3] Frank, M. (2014). Highway construction costs how does Illinois compare? ILEPI Economic Commentary
#7. Illinois Economic Policy Institute, 6 May 2014.
[4] Consumer Price Index Data from 1913 to 2016. US Inflation Calculator, usinflationcalculator.com
[5] Sullivan, E., and Moss. A. (2016). Paving Report 2016, Portland Cement Association, May 2016.
[6] Hartgen, D., Fields, G. and Feigenbaum, Baruch. (2014). 21st annual report on the performance of state
highway systems (1984–2012), Policy Study 436, Reason Foundation.

3

The Southwest Emerging Technology Symposium 2017

EFFECTS OF DESIGN PARAMETERS ON THE
PERFORMANCES OF FLEXIBLE PAVEMENT
J. Rivera, M. Islam*, M. Mincic
Department of Engineering Technology, Colorado State University Pueblo, CO 81001, USA;
* Corresponding author (md.islam@csupueblo.edu)

Keywords: Asphalt pavement, base, subgrade, binder, performance
ABSTRACT
The effects of different design parameters on the pavement performances are not adequately
explored in the literature. This study investigates the effects of three design parameters: base,
binder, and subgrade types on pavement performance using the recently developed
AASHTOWare pavement design software. Five performance parameters: fatigue cracking,
longitudinal top-down cracking, transverse cracking, rutting, and International Roughness
Index (IRI) were investigated for each parametric study. It was found that the pavement
performances vary a lot with the base, binder, and subgrade types.
1

Introduction

Flexible pavement structure is composed of several layers. The top/surface layer is asphalt
concrete followed by an unbound aggregate base layer, and then on optional subbase layer of
inferior base material if the underneath subgrade is excessively weak. The asphalt layer is
composed of crushed stone aggregate (commonly 92 – 95%), asphalt binder (commonly 4 7%), and optional anti-stripping agent [1]. Asphalt binder is of various types. Regarding the
base, and subgrade, they have different classifications. The performance of overall pavement
depends on the binder types, underneath layers classification, etc. The current study
investigates the effects of these parameters on the performance of pavement namely, fatigue
cracking, longitudinal top-down cracking, transverse cracking, rutting, and International
Roughness Index (IRI) using the AASHTOWare pavement design software [2].
2

AASHTOWare Analysis

The baseline geometry is assumed for all trials is illustrated in Figure 1 below.
Category
Base
Classification

Performance
Grade (PG)
Binder

Subgrade
Classification

Figure 1: Design Geometry and Trial Matrix

Trial
Number
1
2
3
4
5
6
7
8
9
10
11
12

Input
Variable
A-1-b
A-2-6
A-3
70-22
64-22
58-22
76-28
76-16
76-10
A-5
A-6
A-7-5

EFFECTS OF INPUT PARAMETERS ON THE PERFORMANCES OF FLEXIBLE PAVEMENT

The following is the list of other parameters used other than the study parameters:
•
•

Average Annual Daily Truck Traffic
(AADTT) = 6000
Effective Binder Content = 11.6%

3

Results and Discussion

•
•

Air Voids = 7%
Design Life = 20 years

The results are discussed below.
3.1 Effect of Base Type
The effects of base types [A-1-b (Mr = 38 ksi), A-2-6 (Mr = 29 ksi), and A-3 (Mr = 26 ksi)] on
the fatigue cracking, longitudinal top-down cracking, and rutting are shown in Fig. 2. It
shows that A-3 base with the resilient modulus (Mr) of 38 ksi base produces the highest
amount of fatigue and longitudinal cracking, A-2-6 base produces the medium, and A-1-b
shows the lowest. That means in the American Association of State Highway and
Transportation Officials (AASHTO) Soil Classification chart, the base located in the left side,
produced lower cracking. This is expected as the left side materials in the AASHTO chart is
better. However, all of them produces similar amount of rutting, transverse cracking and IRI.
As the stress level in base layer is quite low, the rutting is almost same for any kind of base
materials although it is unexpected.

a)

Fatigue cracking

b) Longitudinal Cracking

c)

Rutting

Fig. 2 Effect of Base Type
3.2 Effect of Subgrade Type
The effects of subgrade types [A-5 (Mr = 14 ksi), A-6 (Mr = 10 ksi), and A-7-5 (Mr = 8 ksi)]
on the fatigue cracking, longitudinal top-down cracking, and rutting are shown in Fig. 3. It
shows that A-7-5 subgrade produces the highest amount of fatigue cracking and rutting. A-5
subgrade shows the lowest amount of fatigue cracking, longitudinal cracking and rutting.
This also indicates that in the AASHTO Soil Classification chart, the subgrade located on the
left side, produced lower cracking. However, they all produce similar amounts of transverse
cracking and IRI. It is important to point out that base type has very small effect on rutting;
however, subgrade plays a lot in the rutting.

2
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a)

Fatigue cracking

b) Longitudinal Cracking

c)

Rutting

Fig. 3 Effect of Subgrade Type
3.3 Effect of Binder Type
The effects of binder types (PG 70-22, PG 64-22, PG 58-22, PG 76-28, PG 76-16, and PG
76-10) on the fatigue cracking, longitudinal top-down cracking, and rutting are shown in Fig.
4. It shows that PG 58-22 binder produces the highest amount of cracking and PG 76-16 with
PG 76-10 showing the lowest amount. This means the first number (high temperature) of the
PG grade controls the fatigue and longitudinal cracking, and rutting. Transverse cracking was
greatly impacted by binder type with PG 76-28 producing almost no damage as the second
number (low temperature) is too low to happen in pavement. Nevertheless, all of the binders
produce similar amount of IRI.

a)

Fatigue cracking

b) Longitudinal Cracking

c)

Rutting

Fig. 4 Effect of Binder Type
4

Conclusions

It is found that rutting is mostly impacted by the subgrade type. Fatigue cracking is
influenced by all parameters, but especially by the base type. Longitudinal cracking is
affected by the base type the most and subgrade the least. Transverse cracking is greatly
varied through the type of binder. However, IRI is similar across all variable categories.
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ABSTRACT
The mechanical properties of bituminous mixtures are greatly dependent on temperature. The
fracture and fatigue crack growth (FCG) behavior of bituminous mixtures are difficult to quantify
due to material-, test-, and equipment-related uncertainties. The goal is to introduce a more
systematic and rigorous testing approach for HMAs adopted from testing standards based on
metallic materials. The objective of this work is to experimentally quantify the fatigue crack
growth (FCG) behavior of hot mix asphalt (HMA) type-C for a single stress ratio and frequency
at 5, 25, and 40°C respectively. The tensile and fracture properties are recorded using indirection
tension (IDT) and disk-shaped compact tension (DCT) tests. Constant force amplitude was used
for fatigue crack growth tests with precracking procedures. Digital image correlation (DIC) is
employed to measure the crack length and determine the stress intensity factor for crack opening.
Optical crack length determination is used for SIF and crack growth relations.
1
Introduction
Asphalt pavements are subjected to cyclic traffic loads during their service life. The repeated load
in addition to climate changes induces fatigue cracking on the surface layers of these materials.
Several forms of distress problems in asphalt pavements include fracture, thermal cracking,
reflective cracking of the asphalt layer, and most importantly fatigue cracking [1]. The primary
form of failure in asphalt concrete pavements is the fatigue cracking and it is often difficult to
predict due to the repeatability of tests that characterize fracture and fatigue properties by cause of
the randomly distributed particles in bituminous mixtures [2]. Hot mix asphalts (HMAs) consist
on one of the highest strength alternatives for asphalt pavement surface layers composed mainly
with bitumen and aggregate [3]. The aggregate consists of crushed stone, sand, and mineral that
are brittle and act in an elastic-perfect plastic mechanical response. The binder component exhibits
viscoelastic-viscoplastic response and thermoplastic behavior as a result of the interaction of
constituents in the heterogeneous particulate composite. This viscoelastic behavior displays elastic
response and high strength during fast loading conditions and low strength at slow loading
conditions. Thermoplastic behavior is characterized as the low strength during high temperatures
and high strength in low temperatures [3]. An understanding and measurement of the engineering
properties of these asphalt mixtures consist of a broad scope of specifications for design and
analysis. In this study, the fatigue crack growth (FCG) behavior is experimentally evaluated for
HMA Type-C using IDT and DCT tests. The stress intensity factor concept is applied based on
LEFM assumptions. Although asphalt mixtures exhibit viscoelastic behavior above 10 °C, in order
to make comparable results K ic was considered as the assessor for the apparent fracture toughness
of the specified geometric dimensions in ASTM 7313-13 [4]. A more systematic and rigorous
testing approach for HMAs was adopted from testing standards based on metallic materials.
Tensile strength and fracture toughness tests were conducted at 5, 25, and 40 °C. Constant force
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amplitude was used for fatigue crack growth tests at a single stress ratio R 0.1 and frequency
f 0.1 Hz with precracking procedures.
2
Experimental Procedures
Material and Specimen Preparation
The subject material of this study is a Type-C hot mix asphalt (HMA) produced by Jobe Materials
in El Paso, TX. The aggregates and asphalt were tested in accordance with ASTM, AAHSTO, and
Texas Department of Transportation (TxDOT) standards by Jobe Materials. Two types of
specimen were prepared for this study: indirect tension (IDT) and disk-shaped compact tension
(DCT). The (DCT) specimens were manufactured according to AASHTO T312-15 for the “…
Preparation and Determination of the Relative Density of Asphalt Mix Specimens by Means of the
Superpave Gyratory Compactor” [5] with specific dimensions according to ASTM 7313-13 [4].
Methodology
To characterize the fracture toughness, the ASTM E399-12 standard for the “… Linear-Elastic
Plane-Strain Fracture Toughness K ic of Metallic Materials” is adopted with some modification
[6]. Fatigue crack growth (FCG) tests were conducted following the ASTM E647-15 standard for
the “… Measurement of Fatigue Crack Growth Rates” [7]. Since the true heterogeneous nature of
HMA mixture, the most rigorous rules were adopted from the standard. Precracking is an important
procedure that conditions (sharpens) the machined notch tip to simulate a “real” fully developed
crack in a structure. Few such procedures have been developed for HMAs. A standard precracking
procedure for the fracture and fatigue crack growth of HMA in the DCT configuration does not
exist. The final K max during precracking was determined to not exceed 60% of the estimated K ic at
a force ratio R

Pmin / Pmax of 0.1. The apparent fracture toughness K ic was calculated as follows
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where B is the specimen thickness, W is the specimen width (depth), a is the crack size, and PQ
is Pmax.
3
Results
The material strength varied greatly at room temperature, 40C and 5C due to the thermoplastic
behavior observed in bituminous mixtures. The IDT strengths are specified in Table 1 at these
temperatures. The fatigue crack growth procedure consists in analyzing the linear region in the
d a / d N vs K before the material reaches fracture toughness value. This graph is similar to Figure
1 and is measured using DIC strain fields at different cycles as shown in zoomed area of Figure 1
in Figure 2. Optical crack length measurement is done using Image J at certain cycles as seen in
Figure 3. The estimated fracture resistance for this material is 0.250 MPa m1/2 . Precracking
preliminary results show that after 2000 cycles the calculated fracture toughness is 0.090±0.010
MPa m1/2 at a fixed cycling of K =0.076 MPa m1/2 at f =0.1 Hz using LEFM assumptions.

f

Table 1. Average IDT strengths of HMA Type-C at different temperatures.
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Room Temp
849.15

Average strength (kPa)

40C
302.73
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2889.52
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Fig 1. CMOD vs cycles fatigue cracking at f =0.1 Hz.

CMOD (mm)

6

4
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Fig 2. DIC and crack growth according to cycle
numbers

Fig 3. Optical crack growth using Image J software.
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Conclusion
Further investigation needs to be concluded to plot and calculate fatigue life for this type of HMA.
Fracture toughness is expected to decrease at high temperature and increase at low temperatures
due to the thermoplastic behavior. Crack growth behavior will be calculated at these temperatures.
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Abstract
Suspension and steering systems are heavily intertwined with each other to maintain a vehicles
performance over different terrains. The UTEP Baja vehicle utilizes double wishbone
suspensions for both the front and the rear of the vehicle to ensure maximum performance during
jumps and through corners. Incorporated with the suspension layout, Coil over shocks are used to
dampen the suspensions movement after landing while also causing it to rebound. For steering,
UTEP’s Baja design uses a rack and pinion steering system. This year’s overall steering design
offers several advantages that make its use appropriate for a light weight endurance vehicle. The
rack and pinion is effective at transforming rotational motion set by the steering wheel into the
linear motion required to steer the wheels in comparison to simpler direct steering mechanisms.
A bearing is used to mount the steering shaft, reducing friction and play. The rest of the
components provide a simple assembly where components can be replaced rapidly in case of
failure and the overall system components require little maintenance while still giving full
performance.
Introduction
The suspension and steering systems are both contributing components to the handling of a
vehicles performance over various terrains. This years’ suspension system was designed to
improve upon the previous design by improving rigidity during operation. The steering system
was also improved with a new rack and pinion to work in conjunction with the modified
suspension layout. The suspension and steering system design and evaluation was completed
using SolidWorks®.
Design
The suspension needed to allow the vehicle the ground clearance and maneuverability to traverse
the off-road terrain. Both the front and rear suspensions use a Fox Podium X coil over shocks
that will be set to allow for a ride height of 10” for articulation varying between 4” up and 2”
down. Having this ability will allow for ease in performing in an assortment of terrains.
The Baja’s vehicles front suspension consisted of a double-A arm, or wishbone, setup. This type
of suspension provides an increased stability to the vehicle during corners and jumps when
compared swing arm suspension. This setup was configured in a way that also provided 1° of
negative camber when at ride height. During travel, the camber can change between a 4° range.
Both the upper and lower arms are mounted to the frame via a set of brackets rather than tabs or
plates like previous designs. The shock is mounted between the bottom A-arm and the frame.
Using this type of setup allowed a maximum articulation range for the suspension as well as
placing the force from the shock on the more durable lower arm member.
On the rear suspension, a four-bar linkage system is utilized. Similar to the design of the front
suspension, the system consists of the bottom arm being an A shaped member, with the top being
“half” of an A. Doing so allowed for the rear suspension to maintain a zero-degree camber both
when stationary and during travel. The system also allows for the arms to better fit the vehicle in

conjunction with the powertrain and reduce weight. The rear suspension differs from the front in
that the shock is mounted to the top arm. The arms on the back are also larger than the front to
compensate for the rear biased weight differential of the vehicle.
For steering, the team required a system that would allow the vehicle to operate with a minimum
turning radius and reduced frictional losses and play while allowing the driver to have better
control over the vehicle. An 11 in. rack and pinion is used as the key component of this year’s
steering system. The rack and pinion properly maintains the tie rods in line with the steering
knuckles thus minimizing losses in energy inputted by the
driver making turns easier and reducing play. The 11 in.
rack and pinion allows for a 2.375 in. center to lock rack
travel and a 52 degree turn of the wheel. The characteristics
of this rack and pinion yield a low theoretical turning radius
of 4 ft. that is acceptable to the team’s required parameters.

Fig. 1 Top view of steering system
To further reduce friction and play, a ¾ in. bearing has been incorporated to the mounting of the
steering shaft. The previous design mounted the steering shaft to a collar welded to the frame.
Such arrangement saw great frictional losses and play
between the collar and the shaft when the steering wheel
was turned. In this year’s new design, the steering shaft rests
on the bearing which is bolted into its steel mount welded
directly to a tube on the frame. The mount for the bearing is
intended to be rigid, which is to keep this component from
moving and/or twisting when operating the steering system.
The bearing facilitates the turn of the steering wheel
providing greater control of the vehicle to the driver and an
overall smoother steering of the vehicle.
Fig 2. Bearing Assembly
The rest of the components function as links and joints to allow for the transition of the steering
wheel rotational motion to the linear motion produced by the rack and pinion necessary to move
the wheels. These components consist of a u-joint, two
clevises joint, two tie-rods, and two sets of ball joints. The
splined u-joint is used to connect the steering shaft to the
rack and pinion. Because of its splined connections on both
ends, the motion transfers directly from the shaft into the
rack and pinion highly reducing the play that would be
observed if the shaft was bolted to the u-joint. The rack and
Fig 3. Tie-rod Assembly
pinion then transfers the motion to the tires though the tie rod assembly. The tie rod assembly is
composed of a clevis joint, a 5/8 in. diameter tie rod, and the ball joint. The clevis joint is

screwed onto the tie rod connecting the latter to the rack and pinion, while the ball joint is
screwed into the other end of the tie rod and connects to the knuckle. The 4130-steel clevis and
tie rod with diameter of 1 in. and 5/8 in. respectively provide a high strength component which is
required in case of an impact. The weakest point in this assembly is the M10 ball joint that
connects the tie rod to the knuckle. This is advantageous since this ball joint can be easily
replaced and it is a very inexpensive part of the steering arrangement.
Material & Sizing Selection
Having the design concept in mind, the next thing to do was decide on the sizing and shape of
the tubing. To decide which tubing would be used, a table is used to compare the various sizes
side by side.
Table. 1. Comparison of properties for A500 Grade B Steel
Shape
I (in4)
A (in2)
E (ksi)
1”Square Tubing
0.056
0.4224
1.5”Square Tubing
0.212
0.6624
29000
2”Square Tubing
0.09723
0.2009
1”Circular Tubing
0.033
0.5231
29000
1.5”Circular Tubing
0.125
1.9955

Sy (psi)

Su (psi)

46000

58000

42000

58000

After comparison of the various shapes and sizes of tubing, the square tubing was chosen over
the round tubing due to its higher moment of inertia and higher yield strength.

Fig. 4 Depicts the front (left) and rear (right) suspension setup with square tubing
Results & Analysis
Having gone through several iterations, a final design was accepted as shown in Fig. 1. On the
front suspension, both arms would be simulated under a front impact load of 1500 lbf, to
simulate something crashing into the front of the Baja vehicle. The lower front arm however was
also placed under a vertical loading with 640 lbf to simulate when landing from a jump. On the
rear end of the suspension, both the upper and lower arms were also loaded with a 640 lbf load
vertically. The deflection and stress results are listed in the table below. Having reviewed the
results from Table. 2., equations for calculating deflection and Von Mises stress were used to
verify the results to be accurate.

Table. 2. Lists the members and their simulation results under selected loading conditions
Member
Max Deflection (in.)
Max Stress (psi)
Factor of Safety
Front Upper Arm
0.00812
2.02x104
2.3
(Front Impact)
Front Lower Arm
0.00463
1.12x104
3
(Front Impact)
Front Lower Arm
0.00348
7.637x103
7.6
(Vertical Loading)
Rear Upper Arm
0.0125
1.08x104
5.4
(Vertical Loading)
Rear Lower Arm
0.0623
2.78x104
2.1
(Vertical Loading)
The turning radius can be defined as the radius measured from a circle pathway completed by the
vehicle when turning lock-to-lock. The turning radius can be theoretically calculated by
calculating the maximum angle of the wheel when turning, and measuring the wheel base
(shown in fig 2).

Fig. 5. Illustrates the turning angle (alpha) and the wheel base (W)

In a rack and pinion system the degrees the front tire rotates, alpha, can be obtained knowing the
maximum rack travel and the knuckle arm length; the knuckle arm in the UTEP vehicle has a
length of 3 inches. The equation for alpha becomes:
α= arcsin(T/L)
T = Rack travel; L= knuckle arm length

(1)

After obtaining the angle alpha, the turning radius can be obtained by relating it with the wheel
base of the vehicle. The equation for the turning radius becomes:
r =W/tan(α)

(2)

Table 3. Compares the inner wheel turning radius of previous and current design.
Base (in)
Width (in)
Arm Length
Rack Travel
Inner Turning Radius
Wheel
(in)
(in)
(ft)
73
43
3
1.5
10.5
63
43
3
2.375
4.05

The 11 inch rack and pinion which allows for a 2.375 inches center to lock rack travel, gives the
wheel a 52 degrees turn, last year’s design allowed for a 30 degrees of turning for the tires with a
1.5 inches center to lock travel. By allowing the tires to rotate more than they did on the previous
design, the turning radius was decreased. By having a rack and pinion system, the
maneuverability obtained from last year was kept. This year’s rack and pinion possesses a ratio
5:1 between the degrees in which the steering wheel is turned per degree of tire turn. This ratio is
better than last year’s 3:1. This change is expected to convert into a better control from the
driver.
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ABSTRACT
Mad Pete Baja is a new student-ran company which intends to design, build and sell
recreational off-road vehicles. Through careful studying, planning, and execution, we believe
we can offer an off-road vehicle that still excel the standards the average consumer is looking
for, but at a more cost-effective price. This is also accomplished, not only by the actual
product, but by improving our manufacturing plans and outlets for retail. When executed in
the manner Mad Pete Baja plans to do, our small student-ran company can provide a product
comparable with products being provided by even the largest of companies.
1

Intro

Last year alone Polaris, one of the largest recreational vehicle manufacturers in the U.S.,
reported profits of over $700,000 USD on just their line of personal off-road vehicles. What
Mad Pete Baja aspires to offer this market is a more affordable vehicle competitive with the
cheapest model Polaris offers, having a retail value of approximately $12,000 USD. To do
this we had to gather data on what features the average buyer looks for, determine the best
location for manufacturing and storage, and to decide whether to sell through a third-party
retailer or direct sales through online and possibly store front locations. In making our
decisions, we took into consideration what the consumer is looking for, but approached our
decisions with the want to save the consumer money without sacrificing quality.
2

Vehicle Design

Through independent studies, Mad Pete Baja determined that the features most buyers want
in a recreational off-road vehicle are reliability, comfort, affordability and safety. Using these
needs as a base for design allowed our team of engineers to create a vehicle we believe will
sell well in today’s recreational market Fig 1.

Fig.1. Base design for a single person off-road vehicle
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By focusing on the main essentials that a recreational vehicle should offer, Mad Pete Baja can
provide a product that will be more affordable while still ensuring safety and reliability. By
forgoing such luxuries as FM radio and Air Conditioning, we can offer the customer a more
affordable vehicle that will enhance their recreational ability with the same safety and
reliability as a more expensive vehicle on the market.
3

Manufacturing and Testing

With our design chosen, the next step is to determine the ease of manufacturing. A few things
considered in this step are manufacturing location, manufacturing method, choice of
materials to use, testing procedure, distribution of product and storage of product and
material.
3.1 Site Location
Our first step to insure our goal to keep cost down is to choose a site that will offer such
things as tax incentives for Mad Pete Baja to start their business in their area. This site also
needs to have access to transportation for both materials to come in and our product to be
shipped out. Last, the site needs to be able to support a low-cost workforce. The site chosen
by Mad Pete Baja meets all three of these requirements. Texas offer a wide range of tax
breaks and incentives and El Paso, Texas has access to both major highways for semi-trucks
and railways. El Paso, Texas also has a large population of skilled labor so filling jobs will
not be a problem. Last El Paso, Texas has access to a major border port allowing us access to
materials and possibly another market besides the United States.
3.2 Manufacturing Process
To help cut down on time and cost, some items will be purchased pre-assembled, such as the
engine and brakes. This will not only cut down on cost, but partnering with such quality
companies such as Briggs and Stratton and Wilwood, we will be able to show the consumer
we are not sacrificing quality for cost effectiveness and thus helps validate our product in the
consumer’s mind. Again, using these quality products will increase the overall cost of
manufacturing but we will be able to make up for these costs by decreasing the amount of
machinery we will need on site to complete construction. Currently we will need two tube
benders, four stick welders and one large air compressor for air tools. By using an assembly
line style process, Mad Pete Baja will be able to cut down on cost, decrease manufacturing
time and can control product output to match the fluctuating market. Fig. 2 below shows the
flow taken from start to finish and eventual testing.
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Fig.2. Flow of manufacturing process

3.3 Testing
At the end of the assembly line, all vehicles will be inspected for safety and tested to insure
all systems are working properly and there were no errors in the assembly process. This will
ensure a quality product is being made and allow us to identify any issues with the raw
materials we are using. Testing and inspection will include checking all welds, insuring all
bolts are tightened and secure, testing both acceleration and braking, and finally, steering and
handling.
4

Marketing and Sales

4.1 Marketing
Another way Mad Pete Baja hopes to cut cost is through advertisements. Utilizing the right
kind of ads on the right media will ensure we capture the target market for our product.
Because we are trying to target consumers between the ages of 18-40, the use of social media
will be a top priority. Also, showcasing our product at events such as camping expos, hunting
and fishing tournaments will allow customers to get a hands-on look of the product.
4.2 Sales
For sales, we will rely on Internet sales as well as wholesale to independent stores. Since Mad
Pete Baja will not have a wide array of products there is no need to have a storefront.
5

Conclusion

With the right plan and the right conditions, the design, manufacture and sale of recreational
off-road vehicles from a student run company is not only possible, but can be profitable to
both the student and the educational institution. The student will gain hands-on experience in
a field they plan to continue with throughout their careers, giving them experience and
knowledge most in the entry-level position do not have. The institution can use the small
profits gained through a student-ran company to reinvest in programs such as Mad Pete Baja
and expand opportunities such as this to more students looking to get a jump start in a
competitive career.

3
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Abstract
The SAE International Aero Design competition is an opportunity for collegiate teams to
design, build, and fly remote-controlled aircraft with a specified mission. The SAE International
Chapter of The University of Texas at El Paso (UTEP) Aero Team set out to build an aircraft that
would compete in the Regular class of the SAE Aero Design competition. Regular class requires
teams to design an aircraft capable of lifting the most payload which will consist of luggage and
passengers with a limited power supply going to the power plant. For the competition,
passengers will be represented by tennis balls and luggage as additional weights. The goal of the
Regular class competition requirements is to resemble industry related requirements for
commercial passenger aircraft and the added considerations regarding limited power, drag due to
a fuselage with large volume, optimizing the total payload that can be carried, etc. In this report,
the UTEP Aero Team will highlight the considerations that have taken place to create a working
and competitive aircraft design that can carry the largest amount of payload possible using a
power plant with a limited power supply. These considerations will include the shape of the
wings, control surface sizing, shape of the fuselage, the accessibility to the inside of the fuselage,
the method for loading and unloading payload, and future improvements to current design
decisions.
Introduction
Collegiate engineering design team competitions, such as the SAE Aero Design
competition, attempt to challenge students from across the world to apply their engineering
knowledge to creating working, competitive designs. In the case for SAE Aero Design, there are
three competition categories: Micro, Regular, and Advanced. Micro class requires teams to
design and build an aircraft powered by an electric motor capable of carrying a payload while
also being able to take off while being thrown. Regular class requires that teams create an
aircraft that can take off and land on a runway while carrying payload consisting of plates and
tennis balls that will act as luggage and passengers, respectively, with a single electric motor
acting as the power plant. Advanced class involves creating an aircraft powered by a single
gasoline engine that can carry payload and drop payload over certain targets. The UTEP chapter
of SAE International chose to Regular class as the competition class that Aero Team will be
competing in due to the advantage that the competition class requirements have similarities to the
two other competition classes for future experience that can be applied to another competition
class.
For Regular class, the SAE Aero Design competition has outlined the following
requirements:
• Aircraft must use a single electric motor.

•
•
•
•
•
•
•
•
•
•

A “6 cell (22.2 volt) Lithium Polymer (li-Poly/Li-Po) battery pack” is required
An aircraft must use either a “2015 or 2016 V2 version 1000 watt power limiter” and must be
placed in a “fully visible and easy to inspect” location.
If the radio system will be powered by another battery, the battery pack must have a
“minimum capacity of 1000 mAh” and “must be a LiPo, LiFe, NiMH, or NiCd type battery.”
Payload will consist of Passengers and Luggage.
Passengers will be represented by “unmodified tennis balls which meet or exceed the
minimum size and weight specifications for Type 1 and Type 2 tennis balls as specified by
the International Tennis Federation (ITF).”
Passengers must be tangent and constrained to a geometric plane with a maximum distance
of .25 inches separating each passenger.
Luggage must consist of plates weighing .5-.75 lb.
Luggage must be contained in a fully enclosed cargo bay with no regulations on its
dimensions.
A minute loading demonstration followed by a minute unloading demonstration must take
place in front of a judging committee
Payload must be loaded one by one into payload compartment

Points during flight in the Regular class competition will be account for using equations 1 and 2.
[3]
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(2)

1

FSS is the final flight score, N is the total number of flight rounds, P is the passengers carried, C
is the luggage weight, E is the number of empty seats, and T is the penalty points. Aero Team’s
goal is to fly four rounds with 10 passengers, 5 lb of weight, 0 empty seats, and 0 penalty points.
Our projected FSS score for each of the four rounds is 31.25.
Power Plant
Aero Team’s first concern when setting out to complying with the SAE Aero Design
Regular class requirements was selecting the appropriate battery and electric motor. Selecting the
motor and battery was ultimately narrowed down due to the power restrictions created by the
necessity to have a power limiter and a battery with a 22.2 V, 6 cell Li-Po battery. In addition to
the explicit limitations given by the SAE Aero Design committee, the maximum amps that can
be supplied through power limiter are 45 A considering the limiter allowing a maximum of 1000
W of power before cutting off power and using a motor that runs at 22.2 V. Taking these values
into consideration, Aero Team settled with a commercially available battery and motor.
The battery was one of the first and most important items we chose. Based on
competition requirements, we had to use a 6s Li-Po battery, with minimum 3000mAh and a
discharge rate of 25C. We researched many different batteries, and ended up with a choice
between the Turnigy 6s 3000mAh 30C and the Venom 6s 3200mAh 30C. We ultimately chose
the Venom due to its lower weight and greater quality.

The safe discharge rate of the battery is (3200mAh)(1A/1000mAh)(30) = 96A continuous
discharge. This far exceeds our limit of 35A, so there should be no problems concerning
discharge.
Our motor had three conditions that we had to meet. First, it had to be able to handle the
voltage from our battery (a 6s Li-Po, 22.2v). Second, it had to draw no more than 35 amps
(discussed above). Third, the motor had to be able to provide enough power to get our plane into
the air to fly. The first two conditions limited the selection, and then from the remaining choices
we chose the E-flite Power 60 400kV because of its common use with aircraft weighing within
6-10lb.
Once the battery and motor were selected, a propeller needed to be selected. Using the
recommended propeller range of 14x10 to 16x8, a propeller with 15x7 dimensions was selected
to be tested. While testing the propeller, a considerable amount of thrust must be produced
(ideally above a maximum of 10 lb of thrust) and amp ceiling must not be reached that would
cause the power limiter to cut power off to the motor. To test the propeller, a static thrust tester
was built using plywood, 2 equal length wooden planks, a hinge, and a weight scale. The static
thrust tester measures thrust from a motor by using a motor to create a moment that will cause
one of the wooden planks to press unto the weight scale that, in turn, will register a
corresponding load.

Front view of the static thrust tester

With the static thrust tester, Aero Team could gain approximate values for the
performance of the motor with our propeller selections. The performances of the two are listed in
the table 1. Turn refers to the amount the joy stick was moved when the motor was tested.
Turn
¼
½
¾
1

15x7
Thrust (lb)
Amps (A)
~0
1
~2-3
11
~6-7
20
~10
31.7
Table 1

Wing

Given the role that the aircraft requirements place on our aircraft design, the amount of
lift that needs to be generated must be relatively large to be able to lift a considerable amount of
weight with a limited power supply. In addition to this, the drag force must be kept as low as
possible to keep the motor from working harder. With these considerations, a wing planform
with a high lift-to-drag ratio (L/D) was considered. The sail plane wing planforms was
considered due to its L/D equaling 20:1. Using equation 3 to solve for wingspan, we chose an
aspect ratio (AR) of 10 and 9 inches as the chord length (c),
𝐴𝐴𝐴𝐴 =

𝑙𝑙
𝑐𝑐

(3)

The overall wingspan would then be 7.5 ft using the values for AR and c.
The airfoil that was to be used needed deliver the relatively large amount of lift at a 0º
angle of attack (α). Airfoils that were considered SA7035, SA7036, SA7038, and SD7037. To
determine the what type of airfoil we wanted to select, we needed to calculate the Reynolds
number that our aircraft will be at maximum velocity flight. Using the Reynolds number
equation or equation 4, we chose v to be the maximum velocity, 15 m/s, with ρ being the air
density and µ the viscosity of air.
𝐴𝐴𝑅𝑅 =

𝜌𝜌𝜌𝜌𝑐𝑐
𝜇𝜇

(4)

With the given values, our maximum Re is approximately 234,797.3728. Therefore, using the Re
range of 100,000 to 200,000, the airfoil that was selected was SD7037. The values for coefficient
of lift (CL) and coefficient of drag (CD) of SD7037 at α equal to 0º are approximately .4 and .01,
respectively. At the maximum Re we calculated, SD7037 was slightly better than the other
airfoils with the largest CL and smallest CD.
Once obtain the values of CL and CD for Using 10 lb as the maximum thrust that will be
produced and 49.12 ft/s (~15m/s) as the maximum velocity that can be achieved with 703 W of
power at disposal with a 15 x 7 propeller, equations 5, 6 and 7 were used to determine the
dynamic pressure, amount of surface area and lift, respectively.
1
𝑞𝑞 = 𝜌𝜌𝜌𝜌 2
2

(5)

𝐹𝐹 = 𝑙𝑙𝑐𝑐

(6)

𝐿𝐿 = 𝑞𝑞𝐹𝐹𝐶𝐶𝐿𝐿

(7)

With equations 1,2 and 3, the maximum amount of lift that can be produced is
approximately 30 lb at maximum velocity. Using 15 lb as the maximum weight the aircraft will
carry (assuming 5 lb of luggage, 5 lb of electronics, and 5 lb of structure), 30 lb is the chosen
amount of lift the should be generated at max thrust.

To build the wing with the chosen airfoil and wing planform, using Styrofoam with a
carbon fiber or epoxy overlay will be used.
Control Surfaces
Once sufficient lift can be generated, stable flight needs to be maintained. To obtain
stable flight, control surfaces need to be implemented to change direction or to adjust course for
adverse flight conditions. Since the mission requirements of the Regular class are to carry a
heavy payload and not to be highly maneuverable, the performance of the control surfaces could
be moderate and at the middle to lower end of the typical range of percentages used for
dimensions of control surfaces. The control surfaces that were chosen were ailerons, elevators,
and a rudder. To operate the control surfaces, four HS-81 servos will be used. These servos were
chosen for their widespread use and their affordability.

HS-81 servo

Ailerons create roll to allow an aircraft to turn horizontally. Regarding sizing and location
of the ailerons, are typically 15-25% of wing chord and they are located 50-90% of the wing
span. [1] Using these percentages, a decision was made to locate the ailerons 70% from the
fuselage and to be 20 % of the chord length. To determine the planform area that the ailerons
would take up on the aircraft, a typical ratio for the area of the aileron to the area of the wing
(Sa/S) is within the range of .05 to .1. [2] Choosing .05 as our Sa/S value, our aileron area would
be . Assuming the aileron to be rectangular, its dimensions would be 1.8x11.25 inches.
On the tail of the aircraft, NACA 0012, a symmetrical airfoil, was chosen to minimize
drag and to provide adequate lift for stabilizing the aircraft. At a Re of 234,797.3728, the CLT and
CDT of NACA 0012 are approximately .02 and .01, respectively, at α equaling 0º. Typical rudder
and elevator sizing are 25-50% of the tail chord. [1] Using 37.5% as the sizing for our rudder and
elevator and 6 inches as the chord length of both the surfaces on the tail, an AR of 4 for the
horizontal stabilizer and AR of 2 for the vertical stabilizer were used. [2] The total planform area
of the horizontal tail (SH) is 144 in2 and vertical stabilizer planform area (SV) of 72 in2.
Using equation 8, the moment arm of the tail (lT) was found at the maximum velocity of
15 m/s by summing the moments about the center of gravity (CG) and assuming that the lift

force acting on the wing acts 25% of the chord length and the CG is located at 30% of the chord
length of the wing.
𝛴𝛴𝑀𝑀𝐶𝐶𝐶𝐶 : 𝑞𝑞𝐹𝐹𝐻𝐻 𝐶𝐶𝐿𝐿𝐿𝐿 𝑙𝑙 𝐿𝐿 − 𝑞𝑞𝐹𝐹𝐶𝐶𝐿𝐿 �9(. 3 − .25)� = 0

(8)

Solving for lT yields a moment arm approximately equal to 3 ft from the location of the CG.

Fuselage
The fuselage of an aircraft is the part of the aircraft that ultimately brings together the
lifting surfaces, landing gear and power plant. Fuselage is simply the body of the aircraft that in
many cases also acts as a compartment for some type of payload. In the case of the Regular class
of the SAE Aero Design competition, the fuselage must contain payload are “passengers” and
“luggage” which are represented as tennis balls and weight plates, respectively. Payload must be
also loaded and unloaded individually in a two minute demonstration. To accomplish containing
a significant amount of payload for flight and loading demonstration while also bringing together
the necessary parts for generating forces for flight, Aero Team approached designing the
fuselage around the payload compartments while assuming that aircraft would be a tractor or in
other words, the power plant would be located at the front of the fuselage.
The main concern for the fuselage was the available volume that needs to be appropriated
to contain at least 5 lb of payload weight and 10 passengers. Using 2.57 inches as the diameter of
each of the tennis balls and a weight plate of steel with dimensions 1.5 x 1.5 x 15/16 inches the
minimum volume needed to be carried inside the fuselage was 171.9 cubic inches. To
accommodate the volume requirements, a fuselage with the interior shape of the rectangular
prism was chosen over a curved fuselage interior due to the increased volume a rectangular
prism has over a shape with curvature. For example, if a rectangular prism of 2 x 2 x 4 inches
was compared to a cylinder with a 2 inch diameter a length of 4 inches, the volumes of both
shapes, respectively is 16 cubic inches and 12.57 cubic inches. Since the volume of a rectangular
prism has a 27% increase in volume over the cylinder, a rectangular prism shape for the interior
fuselage was more advantageous. The final interior available volume was 428.22 cubic inches to
accommodate electronics and compartments for the payload.
The following concern was loading and unloading individual in a manner that was
efficient and quick. A solution to quickly loading the payload was creating two separate
compartments for luggage and the passengers that could be removed from the fuselage for
loading and unloading purposes. The payload compartments would go through a door connected
to the fuselage with three hinges. Two hinges are located along the axis of rotation of the door
and the third hinge acts as a locking mechanism to keep the payload inside the fuselage that
unlocks by removing a pin that holds the hinge together. The luggage would be located in a
separate compartment on top of the passenger in order for the passenger compartment to act as
extra support.

View of the back door with the passenger compartment (green) and luggage compartment (gray)

Once deciding the volume requirements for the fuselage and a method for loading and
unloading payload, focus was shifted toward choosing the landing gear configuration for the
aircraft. The main two configurations considered were taildragger and tricycle. Taildragger gave
a higher angle of attack and lower added weight but literature showed that taildragger
configurations were inherently unstable. [1] Tricycle configurations had added weight but was
easier to control when landing and taking off. [1] Given the inexperience of the team with flying
RC-aircraft, tricycle was chosen to simplify landing and taking off.
Conclusion
In conclusion, the UTEP Aero Team could achieve a maximum of 10 lb of thrust with
703 W of available power. With maximum thrust and a 90x9 inch wing, approximately 30 lb of
lift can be produced using the airfoil SD7037 at a maximum Re of approximately 200,000. With
30 lb of lift, our goal for finishing each flight with a score of 31.25 for each flight round with 10
passengers and 5 lb of luggage as payload is achievable.

Top view of the current aircraft design

Front view of current aircraft design
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ABSTRACT
The UTEP BAJA team is tasked with designing and building an off-road vehicle for
competition every year. The competition is a weeklong event where the vehicle must a pass a
safety inspection and a brake test before the four main dynamic events. The four events the
vehicle will compete in are: the hill climb, suspension track, maneuverability track, and a
four-hour endurance race. This paper will discuss the powertrain and brake design used in the
2016-2017 vehicle. The powertrain system is designed to fit a standard engine that must be
used by all BAJA design teams. The Powertrain System used on this vehicle is designed to be
easily adjusted to meet the need of the user and terrain and able to handle the off-roading
environment. The brake system must be designed around the SAE competition rules which
states that all four wheels must lock when the brakes are fully engaged. This rule drives the
design of the brake system. Multiple calculations are performed to find the forces required to
lock all four wheels and to choose the correct parts for the vehicle.
1

Introduction

The 2016-2017 UTEP BAJA vehicle was designed to be lighter and faster than past UTEP
vehicles. This year the engine requirement was changed so the powertrain system adjusted its
gear ratio to maintain the needed torque and acceleration during the dynamic events. The
brake design is also an improved version of pervious brake system design due to selection of
components. This year’s vehicle is also lighter which made designing the brake system a little
easier. This paper will discuss the powertrain and brake system design for the UTEP 20162017 BAJA vehicle.
2

Powertrain

The powertrain system was developed to serve two purposes: ease of access and ease of
maintenance.
2.1 Transmission
A continuously variable transmission was chosen because of its simplicity and reliability. The
Polaris P90 CVT allows shifting from a ratio of 3.8 to 0.8. This allows for automatic shifting
with a wider range of speeds than would be available from a direct drive.

2.2 Chain Drive
This design utilizes a chain drive system because it is reliable and easily maintained. This
powertrain system can also be used to experiment with different gear ratios in order to find
out what works best with the vehicle. The chain drive system was also designed as a single
unit to be able to be taken in and out of the vehicle as an assembly for ease of maintenance.
The entire box is made of 6061 T6 Aluminum. The sides have were machined in a CNC for
accuracy and have been pocketed to reduce weight without compromising the structural
integrity of the walls. After FEA analysis, we concluded that the sidewalls needed to be ½
inch thick where forces acting on the wall are strongest and ¼ inch thick where forces are
minimal with a factor of safety of five. The side plates have five connections to the car for
added stability during off-roading. Seven guard plates surrounding the chain serve to keep the
entire system enclosed and provide support to the side plates. Small sections of these guard
plates can be removed to allow for easy cleaning of the system. These seven plates are made
of the same 6061 T6 Aluminum and are ¼ in thick. The screws that hold them on have been
countersunk for a flush finish to minimize interference during maintenance.
Within the powertrain box are three one inch steel pre-keyed shafts that have been lathed
down to 7/8 inch to fit into the bearing located in the sidewalls that are held in place by two
retaining rings, one on either side of the plate. Mounted on the shafts are the drivetrain
sprockets held in place by a set-screw. Connecting the sprockets is #40 high performance
chain. Mounted on the left side plate is the rear brake caliber and it is held in place by two
mounting screws. This allows it to be removed and repaired without the powertrain box being
removed. The rear brake rotor is mounted to the lower shaft via set-screw.
2.3 Fuel System
A quick disconnect fuel system was chosen for ease of refueling on the track. The fuel tank is
housed is in a metal box located above the drivetrain. The fuel box has a five degree angle
providing drainage of any fuel with a drain port on the forward edge of the box. A splash
shield is placed under the box for secondary protection against leaks. The splash shield has a
drain port as well. All fuel spillage drains to the ground via hoses routed behind the firewall
protecting drivetrain components. The fuel box lid opens with a 90 degree range which
allows for easy access of the fuel tank. The quick disconnect fitting on the fuel line is placed
within easy reach of the operator.
2.4 Engine
Due to SAE regulations, all teams must use the same engine. This ensures all teams have the
same power output to maximize and the competition revolves around engineering design
rather than teams using the largest engine. The engine we will be using is a Briggs and
Stratton 10 HP OHV Intek, Model 19 Engine. This engine produces 14.5 ft-lbs of torque and
are set at a maximum RPM of 3800 during engine inspection prior to dynamic testing at
competition.
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Brakes

3.1 Design
The primary objective for the brake design is to ensure that all four tires on the vehicle lock
when the brakes are fully engaged. In order to pass inspection and compete in the
competition, the vehicle must pass a brake test where the vehicle is accelerating for 100 feet
then the driver must engage the brakes and tires must stop rotating. With this being the main
requirement for the system, calculations were performed to ensure the correct master
cylinder, caliper, and rotor size were implemented into the vehicle. The calculations were
based on variables such as the weight of the vehicle, the foot force the driver will apply,
wheel size, maximum speed, and the center of mass of the vehicle. By finding the forces
required to stop the vehicle, the correct size of components that can provide the force need to
lock the brakes could be found. The overall system must run off of two master cylinders. This
vehicle is designed with two calipers that are attached to each knuckle connected to the front
tires and one caliper in the rear system that attaches to the drive shaft inside of the gear box.

Fig.1. Forces Calculations

After the selection of components, the pedal and pedal mount was designed. The master
cylinders used for this vehicle have a specific mount that was used in past vehicles. The pedal
was designed to fit the master cylinder mount. In order to fit this design, the bias bar was
placed above the pivoting point on the pedal. The pedal is 10 inches long in order to make
sure that the correct pressure is accumulated in the master cylinder after the foot force is
applied. The master cylinder and pedals are mounted to the car with a pedal mount plate that
is welded to the front frame members.

3

Fig.2. CAD of Pedal Mount Design

4 Testing and Manufacturing
4.1 Manufacturing
The brakes system does not require a large amount of manufacturing. The component that
requires the most manufacturing is the pedal mount. For this vehicle, the pedals and the pedal
mount plate were both manufactured at the UTEP Machine Shop. The pedal mount plate is a
very simple design which allows for the pedals and the master cylinder to be mounted easily.
The brake pedal was designed to fit the master cylinder holder. The pedal is made using 1/8
inch steel plates and that is welded together in order to shape the pedal in a way that fits the
vehicle and the master cylinder mount. The plate which is welded to the car is also made of
1/8” steel.
4.2 Testing
Testing is done to help prepare for the brake test during competition. There are two types of
test performed, dynamic and static. The static test requires a student to be in the car pushing
on the brake pedal without the car running. Four other students will then push on the car until
the car slides forward. The vehicle passes this test if all four wheels lock and do not rotate.
The dynamic test is performed with the car running. A student will accelerate for 100 feet.
Once they have hit 100 feet, the student will stop accelerating and try to lock the brakes.
Through visual inspection of each tire, the vehicle will pass if all four tires lock and skid until
the car is at a stop. These two tests are performed multiple times to make sure all four tires
are locking and brake system is ready for competition.
5 Conclusion
The 2016-2017 vehicle is currently in the final stages of manufacturing. With the powertrain
system designed to fit the new engine, the system is expected to perform with speeds around
25 miles per hour. Once testing begins, changes can easily be made to the adjustable gear box
to improve performance and speed in order to be prepared for competition. The brakes
system will be tested multiple times to ensure the tires fully lock when engaged. Both the
powertrain and brake system were improved designs from previous vehicle and future UTEP
teams will continue to improve upon the designs discussed in this paper.
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ABSTRACT
Over the last decade, electronics have been integrated into nearly every system imaginable. The EcoMiners’ Shell Eco-Marathon vehicle is no different. This year, competition regulations require fuel
injection on all Prototype class vehicles. This alone adds a huge amount of electronic hardware to the
vehicle, but fuel injection is hardly a noteworthy modification. This paper will focus on the innovative
electrical additions to the car, which include an infrared light based speedometer/odometer and a servo
actuated, microcontroller managed throttle. Together, these additions will allow the vehicle to achieve a
higher mileage.

Fig. 1 Example of a prototype vehicle

Fig. 2 Example of an urban concept vehicle

Fig. 3 Disk pattern used to measure vehicle speed
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Overview of the Competition

1.1

Competition

The Shell Eco-Marathon competition is a student design competition. Vehicle categories include both
Prototype (Fig.1) and Urban Concept (Fig.2) designs. Prototype vehicles are generally smaller than urban
concept vehicles, with 3 wheels as opposed to 4, and generally earn higher efficiency numbers at
competition. A vehicle can compete in one of five fuel categories which include gasoline, ethanol,
compressed natural gas (CNG), battery electric, and hydrogen fuel cell. The Eco-Miners currently
compete in the gasoline class of the Prototype category. In the prototype class, vehicles are ranked
based on the amount of fuel they use to complete a six-mile course through downtown Detroit. On
qualifying runs, prototype drivers generally do not come to a stop once they are on the track. The
winning strategy is to accelerate up to a predetermined speed, usually between fifteen and twenty miles
per hour, kill the engine, coast until vehicle speed drops to between fourteen and fifteen miles per hour,
restart the engine, and repeat. These speeds are restricted by the official limit on the duration of an
attempted run, which is usually around half an hour per run.
1.2

Preparation for Competition

Preparation for competition each year begins in May, immediately following the previous year’s
competition. This process begins with a team evaluation of the vehicle’s performance at competition.
The traveling team determines what needs to be modified or updated over the course of the next year.
This includes replacing worn or broken parts, reliability improvements, efficiency improvements, and
component redesign to facilitate these improvements. Design work begins by mid-May, and continues
through December-January. At this point, manufacturing begins. Parts lists are compiled for each subteam, and raw material is ordered. Manufacturing and assembly continues until early April, when the
vehicle is crated and shipped to the competition site.
2

Previous Electrical System

2.1

Overview

Before this year, the electrical system on the Eco-Miners’ vehicle was very simple, as it consisted of only
the starter system, engine kill switches, and electrical driver controls. Through its simplicity this system
had the advantage of high reliability, as there were very few points of failure, however there were

several disadvantages. One disadvantage was that the entire wiring harness operated at 12 volts,
meaning it had to be thicker wire all the way through. If a short were to occur, it would be a short
directly from the battery to ground at the maximum current the battery could supply. As the system was
only 12 volts, this did not present much of a danger to the driver, but it did raise the risk of a fire in the
cockpit.
2.2 Starter System
The starter system was composed of a 12-volt DC permanent magnet motor and a starter indicator light,
both activated by a high side push button switch on the right-hand side of the steering wheel. This
system was developed to provide electrical start capabilities to the engine, as there was no OEM option
for a push button ignition on the small Honda 4-stroke engine the vehicle uses.

2.3 Engine Kill Switches
Engine kill switches included the master kill switch, the dead man switch, and the driver kill switch. The
master kill switch was located on the rear left quarter panel of the vehicle, and served as a way for team
members, track officials, or anyone else outside the vehicle to kill the engine in case of emergency. The
dead man switch, located on the left-hand side of the steering wheel, was a normally closed switch
which opens while depressed by the drive’s hand. This switch served to kill the engine if the driver were
to let go of the left-hand side of the steering wheel, which provided an easy way for the driver to kill the
engine once the target speed was reached as well as a failsafe which would stop the car if the driver
were to become unconscious during vehicle operation. The driver kill switch was a toggle switch on the
right-hand side of the steering wheel which provided additional certainty in preventing accidental
engine startup.
2.4 Electrical Driver Controls
Electrical driver controls included the dead man switch, driver kill switch, push button ignition, and the
horn. The push button ignition activated the starter system. The horn was a simple high side push
button switch between the vehicle battery and the vehicle horn assembly.
3

New Electrical System

3.1

Overview

The new electrical system for the vehicle uses a hobbyist grade microcontroller as an onboard computer
to control the same vehicle components as the previous system. This allows for several upgrades to the
safety and usability of the vehicle, while sacrificing some of the reliability inherent in the old system due
to the increased complexity.
3.2

Upgrades in the Cockpit

One safety upgrade comes in the form of a revamped wiring harness in the cockpit. Instead of providing
analogue control of the electrical components in the engine bay, the electronic driver controls now only
provide digital signal input to the microcontroller. This means that the entirety of the harness in the
cockpit is now operating at 5 volts, instead of 12 volts. This reduces the risk of electrical shock to the
driver, and limits cockpit fire hazard. The microcontroller board contains a safety feature which cuts the

power if it detects power draw of more than one amp. This means that a short in the cockpit will disable
the onboard computer, kill the engine, and stop the vehicle instead of starting a fire.
Another upgrade comes in the form of a smaller harness bundle and smaller switches in the cockpit. All
the wiring to the driver controls must run from the steering wheel, down the steering column to the
nose of the vehicle, and then back to the engine bay. This requires a total of eleven feet of wiring for
each lead, and with the previous system this make the harness quite bulky. The current, thinner, wiring
allows for a more flexible, lighter weight cockpit harness, and helps to reduce the risk of the driver
getting caught up in the harness as he or she exits the vehicle. The new system does not require the
buttons and switches in the cockpit to be as large or handle as much current. This allows for more
ergonomic button placement, and improved driver comfort.
The addition of a speedometer/odometer and LCD screen for the driver improves the driver’s ability to
maintain the efficiency of the vehicle during a run. In addition to better driver control of the vehicle’s
speed through the speedometer, the odometer allows the driver to better judge how much of a run is
left. This system will help prevent disqualifications due to exceeding the limit on the duration of a run.
The final edition of a variable resistor based potentiometer adds more control and consistency for
throttle based control. This edition allows for better control of the throttle by allowing the throttle's
position to be set to a specific position and maintained more accurately.
3.3

Upgrades in the Engine Bay

The biggest addition in the engine bay is the microcontroller assembly. This acts as the digital link
between the digital driver controls and the analogue engine, starter, and kill switch assemblies. When
the microcontroller receives an input signal from the driver it triggers a relay, providing power to the
desired engine bay component. This means that the entirety of the 12-volt portion of the harness is
isolated within the engine bay, and separated from the driver by the firewall.
The speedometer assembly consists of a patterned disk (Fig.3) attached to the rear wheel, and an
infrared sensor to detect the frequency of the color change as the patterned disk spins. The
microcontroller records the frequency, and performs the calculations to convert that frequency into
vehicle speed, according to the following equation, where S is the vehicle’s speed in miles per hour, f is
the frequency of rotation of the wheel in seconds per revolution, and d is the diameter of the wheel.
1

𝑆 = (.0568) 𝑓 𝜋𝑑

(1)

4 Conclusion
The electrical improvements to the vehicle this year will improve fuel economy while allowing for better
monitoring of system performance. Microcontroller support will also allow future improvements and
optimization, including fully software controlled throttle curves.
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ABSTRACT
Solid propellants are used in a variety of applications and are often exposed to a wide range
of pressures and temperatures. While many facilities are capable of determining propellant
burning rates and temperature sensitivities, few fulfill both requirements. Therefore, a new
very high-pressure strand burner for determining both burning rates up to pressures of 68.9
MPa (10,000 psi) and temperature sensitivity was developed and characterized at Texas
A&M University. The development and design of the new strand burner and facility are
summarized along with testing procedures and diagnostics. Low-temperature sensitivity tests
were performed by placing the entire vessel horizontally into a freezer and cooling it to 88°F. Alternatively, high-temperature tests were performed by mounting the strand burner
vertically and wrapping resistance heating tape around the vessel and heating it to an initial
temperature of 194°F. The high-pressure tests above 5000 psi were performed using an airsupplied gas booster. The burning rate results were then validated through a comparison of
the new data to historical data. Similarly, the temperature sensitivity results were qualitatively
verified by comparing them to previously reported data.
1

Introduction

For several years, additives have been used to tailor solid propellant behavior for specific
applications [1, 2]. The propellant is often exposed to harsh environments during combustion
such as extreme temperatures and high pressures. While the burning rates of AP/HTPB-based
solid rocket propellants up to pressures of 15.5 MPa are well documented, relatively few data
at higher pressures exist. Therefore, a new high-pressure, constant-volume strand burner
facility has been installed and characterized at Texas A&M University (TAMU) to test
propellant burning rates at pressures up to 69 MPa (10,000 psi).
2

Methods

The new very-high pressure strand burner is based on the existing test vessel at TAMU as
described by Carro et al. [3]. It doubles the current pressure-testing capabilities from 34.5
MPa (5000 psi) to 68.9 MPa (10,000 psi) and can be heated to 200°F or cooled to -80°F for
extreme temperature sensitivity tests. The design includes a cylindrical main body, two
endcaps, and a bolt, all made out of 17-4PH stainless steel, which is used to hold the test
specimen. The top endcap contains two ports, one for pressurization and the other for a
thermocouple to measure the initial temperature during temperature sensitivity tests. Both

endcap faces along with the inner main body wall were electro-nickel coated for added
corrosion resistance. A metal eyelet and copper wire are located at the tip of the bolt to use
Nichrome wire ignition as described in Stephens et al. [4]. In addition to designing a new
vessel, all new plumbing and valves were installed to ensure a minimum pressure rating of
15,000 psi.
3

Procedure

All propellant samples are approximately 1 inch in length with a diameter of 0.1875 in. They
are manufactured in the test facility by the Petersen Research Group at TAMU using
techniques originally developed by Stephens et al. [5]. The burning rates were determined
using the burn time as indicated by the clear inflection points from the measured pressure
trace indicating the start and end of combustion and initial propellant sample length.
Although SB-IV has no optical ports, thus no light trace, the pressure traces recorded are
similar to those using SB-II as proven through characterization testing. It is still evident when
the ignition begins and when the burn finishes. Since Nitrogen only comes in bottles of a
maximum 41.4 MPa (6,000 psi), an air-supplied Haskel AG-75 gas booster was used to
compress the fill gas to higher pressures. Ignition was achieved by running a current across a
Nichrome wire attached to two metal leads. A detailed description of this method can be
found in Allen et al. [6].
Temperature sensitivity (σp) is calculated by measuring burning rates at 3 different
temperatures, -88oF, 70oF, and 194oF, over a range of pressures. The -88°F burning rates are
measured by placing the strand burner horizontally into a So-Low freezer. For both the lowand high-temperature tests, the test vessel required a minimum of 8 hours to reach the desired
initial temperature. The sample holder is loaded while cooling and heating to ensure constant
expansion and contraction of the material. Additionally, a constant Nitrogen purge is run
while loading the sample into the freezer to prevent moisture from the air entering the
combustion chamber. The 194°F burning rates are measured by wrapping the strand burner in
heating tape and insulation. The temperature inside the strand burner was monitored via a
thermocouple inserted through the top endcap. Once the desired temperature was reached, the
propellants were burned via Nichrome wire ignition.
4

Characterization

Before performing high-pressure and temperature-sensitivity tests, historical data collected
using SB-II were used to verify the burning rates in the new high-pressure strand burner.
Hydroxyl-terminated polybutadiene (HTPB) was used as the binder, 200-μm ammonium
perchlorate (AP) as the oxidizer, and isophorone diisocyanate (IPDI) as the curative. Several
80% monomodal AP/HTPB composite propellants were burned in SB-IV to verify the
burning rates and pressure increase in SB-IV against past historical data collected using SBII. The comparative results are shown in Figure 1. While the entire formulation falls slightly
below the historical baseline trend line, the new points collected in SB-IV fall within the
scatter of those collected in SB-II, hence validating the burning rates measured in the new
strand burner.
To test the temperature capabilities of the new strand burner, both low- and high-temperature
sensitivity tests were performed using an 80% monomodal AP/HTPB-baseline with an

average AP particle size of 138 μm. One sample was tested at the low temperatures and two
at the high temperatures. For the high-temperature tests, the strand burner was wrapped in
heating tape and heated to an initial temperature of 194°F. The burning rate results for both
tests are shown in Figure 2. The propellants burned at the high initial temperature have higher
burning rates than those at ambient temperature, while the propellants burned in the cold
environment are lower, as expected. Only one pressure was tested to obtain a direct
comparison.

Current Strand Burner (SB-II)
New Strand Burner (SB-IV)
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Figure 1. Burning rate data collected using
both SB-II and SB-IV for an 80% monomodal
propellant batch with an average
AP particle size of 200 μm.

0.6

Burning Rate (in/s)

10.2

Burning Rate (mm/s)

Burning Rate (in/s)

0.8

6.8

6.8

13.6

20.4

138 µm Baseline
High Temperature
Low Temperature

25.4
20.3
15.2

0.4

10.2

0.2

5.1

500

1500

2500

Burning Rate (mm/s)

Pressure (MPa)
3.4
1

3500

Pressure (psi)

Figure 2. Example temperature sensitivity data
collected using the new very high-pressure
strand burner for an 80% monomodal propellant
with an average AP particle size of 138 μm.
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ABSTRACT
To mitigate dust problems during launch/landing operations in lunar and Mars missions, it is
desired to build solid pads on the surface. Recently, strong tiles have been fabricated from
lunar regolith simulants using high-temperature sintering. The present work investigates
combustion joining of these tiles through the use of exothermic intermetallic reactions.
1

Introduction

Recent interest in manned lunar and Martian landings has led to new research in the area of in
situ resource utilization (ISRU) as a way of reducing transportation costs. It is hoped that
native resources of the Moon and Mars could be used to provide propellants, life support, and
construction materials for the missions. In particular, ISRU approaches could be useful for
the construction of launch/landing pads. Previous lunar missions have experienced notable
and potentially dangerous dust clouds during landing and takeoff.[1] Various methods have
been tested for stabilizing dust from lunar regolith simulants, including sintering and use of
polymers.[2,3] Recently, the Granular Mechanics and Regolith Operations Lab at Kennedy
Space Center has produced strong tiles by high-temperature sintering lunar regolith
simulants.[3,4] In addition to strength and abrasion testing, the tiles were subjected to
simulated thruster testing. Such tiles could be placed on the lunar surface to form a solid pad
for takeoff or landing, thus mitigating the dust problem.
In order to improve the performance of launch/landing pads consisting of regolith tiles,
connecting these tiles together is desirable. One promising approach is based on the use of
self-propagating high temperature synthesis (SHS), which has been used for synthesis of
numerous ceramic and other materials. [5,6] The SHS process may occur if the initial materials
(e.g., powders) are able to interact exothermally and generate temperatures that are high
enough for a self-sustained combustion, leading to the formation of the desired materials. The
process is driven by the released chemical energy, with no external energy input needed,
except for a small amount for the process initiation (ignition). One of various SHS techniques
is the so-called combustion joining, where a mixture of reactive powders (usually, thermites
or intermetallics) is placed in the gap between two parts and ignited, leading to the formation
of a strong weld between the two parts. [7,8]
The present work aims to apply the combustion joining technique for regolith tiles. This
involves the use of reactive powders mixed and placed between the tiles to be joined. Upon
ignition, the combustion front propagates over the mixture, also affecting the edges of the
tiles so they will merge with the combustion product in the gap, forming a single piece of a

solid material after cooling. Because regolith for the tiles, and potentially at least part of the
joining powder, would be available in situ on the Moon or Mars, the mass of materials
brought from Earth would be dramatically reduced, thus increasing the chance of mission
success, both technologically and financially.
One specific objective of the present work is to experimentally determine the minimum
distance between two regolith tiles that is needed for the formation of a strong weld through a
self-propagating combustion of an exothermic mixture placed in the gap. The second
objective is to determine the thermal conductivity and specific heat of the regolith tiles,
which will then be used in modeling of the combustion wave propagation.
2

Thermodynamic Calculations

To be used for combustion joining of regolith tiles, a mixture of powders should be
sufficiently exothermic to generate combustion temperatures that will affect (e.g., melt) the
tile edges so that they will easily merge with the formed combustion products. Also, it is
desired to avoid phase separation in the burning mixture, which takes place during
combustion of thermites because of gravity. [8] From this point of view, intermetallic
mixtures, such as Al/Ni or Ti/B, appear to be promising as they generate a lot of heat and
may form a single-phase product.
Thermodynamic calculations with THERMO software [9] for a stoichiometric (1:1 mole
ratio) nickel/aluminum mixture at 1 atm pressure have predicted formation of a single
intermetallic phase NiAl and an adiabatic flame temperature of 1912 K. It has also been
shown that the product is 42% liquid and 58% solid at this temperature.
Based on these calculations, it is expected that combustion of this mixture in the gap
between the tiles will melt the edges of JSC-1A tiles, while the presence of a liquid phase in
the combustion product (NiAl) will help form a strong bond between the formed nickel
aluminide and the adjacent edges of the tiles. Note that aluminum could be recovered from
lunar and Martian regolith.
3

Experimental

The tiles were fabricated by sintering JSC-1A lunar regolith simulant in a furnace heated to
1125°C. The delivered tiles were approximately 10 cm x 10 cm squares, with thicknesses of
6.3 mm, 12.7 mm, and 25.4 mm. For the experiments, the tiles were cut by a saw to 32 mm x
32 mm squares, while maintaining their original thicknesses.
A three-dimensional inversion kinematics tumbler mixer (Inversina 2L, Bioengineering) is
used for mixing Al (3.0-4.5 µm, 97.5% pure, Alfa Aesar) and Ni powders (3 - 7 µm, 99.9%
pure, Alfa Aesar). The mixing is conducted in an argon environment for 60 min.
Four tile samples are placed into a special holder (Fig. 1), with stainless steel pins used to
establish pre-determined experimental gaps of 2, 4, and 6 mm. The gaps are filled with the
mixture of Al and Ni powders using a lab spatula. To ensure the same density of the powder
layer in the gap, the holder is placed onto a vibrating shaker (Gilson SS-28 Vibra Pad) and
the vibrations are used to uniformly settle the powder in the tile gaps.
The combustion experiments are conducted in a laser ignition facility (Fig. 2), previously
used for studies of oxygen- and hydrogen-generating mixtures. [10,11] This facility includes a
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windowed stainless steel chamber (volume: 11.35 L), equipped with a pressure transducer
and connected to a compressed argon cylinder and a vacuum pump. An infrared beam of a
CO2 laser (Synrad Firestar ti-60) enters the chamber through a ZnSe window in the lid. The
power of the CO2 laser beam is controlled by a laser controller (Synrad UC-2000), while the
duration of the laser pulse is set using LabVIEW (National Instruments) software connected
to the laser controller. A custom-made electronic scheme based on a photoresistor turns off
the laser pulse upon the ignition. One of the observation windows is made of sapphire to
enable infrared video recording.

Fig. 1. Holder with tiles.

Fig. 2. Laser ignition facility.

During the experiment, the holder with the four tiles and the mixture is placed inside the
chamber so that the laser beam is aligned with the center of the cross formed by the gaps (see
Fig. 1). For this to be done, a red beam of a laser diode pointer, pre-aligned with the infrared
beam of the CO2 laser, is used. The chamber is then evacuated and filled with argon gas. To
simulate the Martian environments, experiments will also be conducted in CO2. To study the
effect of pressure, the experiments in both Ar and CO2 are conducted at pressure 10-100 mbar
(note that the atmospheric pressure at the Mars surface is 6-10 mbar). High-speed video
recording (Vision Research Phantom v1210) is used to record the combustion process and
determine the front propagation velocity. An infrared video camera (FLIR SC7650E) is used
for temperature mapping of the tile surface during the combustion process.
The obtained welds will be characterized using X-ray diffraction analysis (Bruker D8
Discover XRD) as well as scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM, Hitachi S-4800). Mechanical properties of the weld will also be
examined using available facilities.
The specific heats and thermal diffusivities of the tiles will be measured using a
differential scanning calorimeter (Netzsch DSC 404 F1 Pegasus) and a laser flash apparatus
(Netzsch LFA 457 MicroFlash), respectively. Using these thermophysical properties and
established Ni/Al reaction parameters, a one-dimensional model of the combustion wave
propagation will be established, allowing the process to be scaled up as necessary for
practical applications.
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ABSTRACT
The 1U CubeSat project (Orbital Factory II) will be launched on late 2017 to the GTO orbit
providing access to space information and implementing significant experiments in the satellite.
Mission Planning will determine the times between each communication time to the ground
stations, check outs, 3D Printer Experiment, and ELF/SCM (Electron Emitting Film/Surface
Charging Monitor) Experiment. The EPS (Electrical Power System) will be supporting to Mission
Planning to determines times when will working the electrical components throughout Power
Budget analysis and Power Profile of all CubeSat electrical system.
1

Orbital Factory II

1.1 Electrical Power System
The batteries from EPS can provide a total power of 31.5 watts and a capacity of 21.84 watts hour,
as result mission planning have enough power to run all the time OBC (On Board Computer),
Processor, Temperature Sensors and EPS. Throughout, solar panels with an output of 3.08 watts,
the EPS can charge the batteries in a period of less than 45 minutes. As a consequence, the EPS is
able to supply power every 3.5 minutes with a period of 10 seconds to have communication with
the ground stations using S-Band Transceiver, and UHF Transceiver with their respective antennas
(antenna nominal and dipole antenna), and developing two important experiments being 3D printer
experiment with a time period of 5 minutes and ELF/SCM experiment of 1 minute of run time.
1.2 Mission Planning
OF-II will be monitored by 9 ground stations to establish communication 24 hours a day. The STK
(Systems Tool Kit) simulation program allowed to generate the communication in four different
orbits using nine ground stations around eight countries. The locations of the ground stations are
as follows: The University of Texas at El Paso, Cornell University, Kyushu Institute of
Technology, All Nation University College, National University of Mongolia, National Space
Development and Research Agency, BRAC University, King Mongkut's University of Technology
North Bangkok, and National Cheng Kung University. The communication time between ground
stations and Orbital Factory-II will be established with alternately throughout nine institutions and
universities with a communication range around 25000km.
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Fig. 1 STK simulation.

2 Mission Analysis
2.1First Orbit Times
Mission planning established different times in which every component will be working during
the
first
orbit
(11.3
hrs.)
defined
and
described
by
the
graph.
1.-First of all, there will be four components turn on all the time through the entire five days of
mission, in this case only was analyzed in the first orbit:
EPS (Electrical Power System)
Motherboard
Processor
2. - The gyroscopes X, Y, and Z will turn on at the moment the CubeSat is deployed with a duration
time of 3 minutes.
3. - The first check out will be occurring after 45 minutes with a time period of 1 minute:
EPS (Electrical Power System)
Motherboard
Processor
4. – Communication will turn on 46 min after deploy the Cubesat with a duration time of 10
seconds every 3.5 minutes during whole orbit that is 11.3 hours:
S-Band Transceiver
Antenna (Nominal)
UHF Transceiver
Dipole Antenna
5. –The 3D printer experiment will simulate the reparation of a solar panel in a space by
representation of a conductive trace between two terminals. The LED illumination will be used to
illuminate 3D printer progression, and the material dispenser will divided by syringe working
throughout linear actuator, compression spring and plunger. The polymer selected is Silver ink,
this material must be made conductive and cure in vacuum. The drive circuitry drives the Motor
X and Y moving the carriage in these two axis being the dispenser attached into the same system
allowing limiting switches to calibrate the position of the carriage and complete properly the
experiment. After communication immediately the 3D printer experiment will occur running four
components with a time period of 5 min:
Motor X
Drive Circuitry
Illumination
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6. - Electron Emitting Film (ELF) is a passive electron emitting thin film on metallic substrate
(Copper), aim to mitigate satellite charging. It emit electrons when it is surface (fluoropolymer) is
charged (or voltage is developed) due to hitting of energetic particles or radiation. As a secondary
mission of OF-II, the objective of ELF is to measure the emission current and its surface potential
using SCM (Surface Charging Monitor). SCM is fluoropolymer coated surface on copper
substrate, like ELF, except micro-etching in-between. Both emission current and surface potential
will be measured in the form of voltage with an onboard circuit known as CMEC (Circuitry for
Measurement of Emission and Charging). ELF SCM was tested before in the LEO. Since OF-II is
passing through the GTO, it is the best test bed to confirm the emission and related surface potential
when it is traveling through highly radiation zone. It will improve the TRL of ELF. Upon
successful confirmation of emission from ELF, it will be used to mitigate satellite charging.
The ELF/SCM experiment will conduct after 30 minutes of 3D printer experiment with a duration
time of 1 minute.
7. - The communication will established instantly after ELF/SCM experiment with the same time
periods of 10 seconds every 3.5 minutes

Power (Watts)

First Orbit
S-Band Tranceiver
UHF Transceirver
Dipole Antenna
Motor X
ELF/SCM
Gyroscope Z-axis
Gyroscope Y-axis
Gyroscope X-axis
EPS
Illumination
Processor
Antena (Nominal)
Drive Circuitry
MotherBoard

6
2.88
2
0.65
0.3
0.205
0.205
0.205
0.16
0.066
0.066
0.02
0.0033
0.00165
0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00
Time (Hours)

Fig 2. Electrical components power and times

2.1 Communication
The nine ground stations will have a mean duration per day around 3 hours in every institution and
universities, as consequence the mission will have 24 hours in communication. Consequently, the
mean duration per orbit will be an hour and a half, and the total duration will be approximately
130 hours throughout nine ground stations for the five days of mission. The STK program simulate
four different orbits obtaining Fig. 3 results through three important specifications:
Apogee of 35065 Km
Perigee of 185 Km
Communication Range of 25000 Km
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Transmitter to
CubeSat
UTEP
Cornell
Japan
Ghana
Mongolia
Nigeria
Bangladesh
Thailand
Taiwan
Mean Duration per
Orbit
Mean Duration per
Day
Total Duration

Cubesat 1
Mean access
(Hrs)
3.02
2.57
2.79
3.23
1.99
3.36
2.93
2.98
3.18

Cubesat 2
Mean access
(Hrs)
2.6
2.56
2.77
3.63
2.24
3.57
2.91
3.38
3.2

Cubesat 3
Mean access
(Hrs)
2.72
2.26
2.65
3.47
2.27
3.55
3.16
3.47
2.94

Cubesat 4
Mean access
(Hrs)
2.87
2.45
2.84
3.26
2.22
3.14
3.3
3.47
3.14

1.44 Hrs

1.49 Hrs

1.47 Hrs

1.48 Hrs

2.89 Hrs
130.05 Hrs

2.98 Hrs
134.1 Hrs

2.94 Hrs
132.31 Hrs

2.96 Hrs
133.2 Hrs

Fig.3 Communication times
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ABSTRACT
The CubeSat standard allows low-cost payloads to fly in a small, low-mass form factor. At
present however, CubeSats have only been deployed into low earth orbit (LEO). With a new
rideshare program developed by United Launch Alliance (ULA), CubeSats will soon be
deployed into geostationary transfer orbits (GTO). This brings new challenges to CubeSat
design, such as limitations on communication windows caused by the highly elliptical nature
of the orbits, radiation total ionizing dose and single event effects (SEE) from the Van Allen
belts, and also compliance with orbital debris mitigation requirements.
1

Geostationary Transfer Orbit (GTO)

1.1 Definition of GTO
A geostationary transfer orbit (GTO) is used by launch vehicles to deliver payloads to
geostationary orbit (GEO). GEO is popular among communications and earth observation
satellites because in GEO, the period of the orbit is the same as the period of the Earth’s
rotation, meaning a satellite will constantly stay above the same geographical location of the
Earth. GEO is a circular orbit at approximately 35,786 km. A GTO is highly elliptical with an
apogee close to GEO altitude and a perigee near low earth orbit (LEO). GTO also typically
has a period of 11 to 12 hours.
1.2 CubeSat missions to GTO
CubeSats are small satellites based on a standard developed by Cal Poly. In recent years,
CubeSats have become increasingly popular for the ability to fly low-cost payloads in a
small, low-mass form factor. At publication, no CubeSat missions have been deployed into
GTO, however several are planned for the near future, including Orbital Factory II (OF-II)
being developed at UTEP. Through its CubeCorp program, United Launch Alliance (ULA) is
providing GTO missions that are deployed from the Centaur upper stage of the Atlas rocket.
1.3 Estimating a GTO for Analysis
Because no CubeSats have been deployed to GTO, a baseline GTO was not available for
mission analysis. Because the CubeSats will be deployed from a Centaur upper stage, the
orbital parameters of existing Centaur upper stages were used to develop an approximation.
GTO is a highly stable orbit, with Centaur stages remaining in orbit from even early GEO
launches. Using data from 7 recent Atlas-Centaur launches, an approximation was developed
with a perigee of 3978 km, an apogee of 35,065 km, and an inclination of 21 degrees. These
parameters were then used for mission analysis.

Fig.1. The GTO used for mission analysis.

2

Orbital Debris Mitigation Requirements

2.1 Process for Limiting Orbital Debris
Due to the increasing amount of debris in Earth orbit, risk of collision is a growing concern.
To limit future debris generation, NASA-STD-8719.14A “Process for Limiting Orbital
Debris” was developed to provide requirements to help programs mitigate the risk of debris
collisions. As of publication, all CubeSat missions have been limited to LEO, which is
defined as an orbit with an altitude less than 2,000 km. LEO is also where the majority of
satellites—including the International Space Station—orbit, and as such, orbital lifetime
requirements are more stringent. For a satellite that passes through LEO, the satellite must reenter Earth’s atmosphere within 25 years. This requirement will apply if the perigee of the
GTO is below 2,000 km. However GTO can be used as an indefinite disposal orbit if the
perigee is greater than 2,000 km and the apogee is less than 35,286 km—which is 500 km
below GEO. Due to the significantly lower density of the atmosphere at GEO altitude, objects
can stay in orbit for many thousands of years. Further, objects in highly elliptical GTO orbits
will spend the majority of time at high altitudes. Therefore it is imperative that for GTO
missions, the requirements are met for the disposal orbit as it is impractical for a GTO
satellite to deorbit within 25 years without a propulsion system. For this reason, Centaur
upper stages are disposed of with a perigee of approximately 4,000 km.
3

Communication Windows

3.1 Limitations on Availability
Because GTO is a highly elliptical orbit with a very high apogee, the majority of the
satellite’s lifetime is spent at high altitudes. Though the orbital period for GTO is
approximately 11 to 12 hours, only approximately an hour or less of each orbit is spent close
to perigee. Further, the orbital period is approximately half of a day, meaning that the Earth
rotates ~180 degrees for every orbit that the satellite completes. Because of this, the satellite

will pass over a ground station near perigee approximately once per day. Due to size and
power constraints, CubeSats are typically limited to UHF or VHF and also utilize dipole
antennas. This can be challenging as it limits the range allowable for downlinks to occur. Fig.
2 shows downlink availability for 9 ground stations scattered across North America, Africa,
and Asia with a communication range constraint of 20,000 km. Even with 9 ground stations,
communication windows are very limited. For GTO missions, it is recommended to have a
large selection of ground stations, and to also anticipate infrequent and short communication
windows.

Fig.2. Number of ground stations that are accessible in a five day period.

3

Radiation Dosage

3.1 Estimating Radiation Dosage from Van Allen Belts
Perhaps the most dangerous aspect of a GTO mission is the passage through the Van Allen
radiation belts. The Van Allen belts consist of electrons and protons trapped by the Earth’s
magnetic fields. The belts are dangerous as the radiation from these trapped particles is
detrimental to electronics. Radiation is hazardous to electronics as it can degrade electrical
components, as well as cause single event effects (SEE) such as single event upsets (SEU)
where bits flip, single event latchup (SEL) which causes an abnormally high operating
current, or single event burnout (SEB) where components such as transistors are permanently
damaged.
To estimate the radiation dosage from the belts, the Space Environment and Effects Tool
(SEET) from Systems Toolkit (STK) was used. This tool models the Earth’s magnetic field,
and uses a NASA-developed model to calculate radiation dosage over time. The model
assumes a spherical silicon radiation detector, surrounded by aluminum shielding of a
varying thickness, which is being bombarded by radiation from all directions. Fig. 3 shows
radiation dosage rate over time, and Fig. 4 shows accumulated total ionizing dosage over
time.

3

Fig.3. Radiation average dose rate for varying shielding thicknesses.

Fig.4. Radiation total ionizing dose for varying shielding thicknesses.
Typical commercial off the shelf (COTS) components will fail around 2,000 to 5,000 rads of total
ionizing dose. Therefore more shielding is recommended for missions through the Van Allen belts.
For the 5-day OF-II mission, 3 mm of shielding was selected as this would yield approximately 2000
rads in five days.

References
[1] National Aeronautics and Space Administration “NASA-STD-8719.14A Process for Limiting Orbital
Debris”. 2012.
[2] Holbert, K. (2006, January 18). Single Event Effects. Retrieved from
http://holbert.faculty.asu.edu/eee560/see.html.

The Southwest Emerging Technology Symposium 2017

STRUCTURAL DESIGN CONCEPT FOR
A STATIC TESTBED
A. Moreno Tarango1, M. Garcia1, M. Chaidez1 R. Ponce1, J. Adams1, A. Choudhuri1*
1
Department of Mechanical Engineering, The University of Texas at El Paso, El Paso, TX
79968, USA;
* Ahsan Choudhuri (ahsan@utep.edu)

Keywords: Thrust, Measurement, Structure, Methane, Propulsion, Rocket
ABSTRACT
The MIRO Center for Space Exploration and Technology Research (cSETR) has been
developing a 2000-lbf and a 500-lbf rocket engine that use Liquid Oxygen – Liquid Methane
(LO2-LCH ) as propellants for operation. The engines are currently in the final stage of design
and will soon be ready for manufacturing and later testing. The next stage in the development
process is to test the performance of these engines. A load cell module is being designed to
test the loads created by the engines along with a static thrust measurement structure to house
the load module and the engines while being tested. This structure will be constructed at the
MIRO cSETR Technology Research and Innovation Acceleration Park (tRIAc) in Fabens,
Texas.
4

1. Project Background
1.1 Introduction

As part of the efforts of research and development of Liquid Oxygen-Liquid Methane
propulsion systems, the MIRO Center for Space Exploration and Technology Research
(cSETR) is developing the Daedalus and Janus space vehicles. Daedalus is a suborbital
demonstrator vehicle meant to assess LCH integrated systems in space environment. On the
other hand, Janus is robotic lander with the capability of vertical take off and landing used to
test the parallel operation of LCH propulsion systems.
4

4

1.2 Mission Overview

The reason for the LO2-LCH propellant combination is because of the possibility of in-situ
resource utilization (ISRU) on other planets. The ability to create resources on site has
prioritized methane-enabling technologies to be researched. The use of LCH over other
cryogenic propellants will decrease vehicle size, minimize cost of propellant, provide easy
storage, and reduce costs of missions. The cSETR has been developing 2000-lbf and 500-lbf
engines that use this propellant, and the next stage in the process is to test these engines. In
order to check the performance of the propulsion systems, , a load cell module is being
created to test the loads produced by the engines, as well as the static thrust measurement
structure to hold the load cell module and engine during testing. The entire Static Thrust
Measurement Structure will house the Load Cell Module (LCM) during testing.
4

4

2. Project Component Details
2.1 Load Cell Module (LCM)

The LCM is composed of four (4) low profile tension and compression load cells, which will
be used to measure forces in compression caused by the engines. The system will be
calibrated by applying a pressure through an air cylinder. This pressure will act on a precalibrated load cell, which will provide an accurate reading of the load being applied to the
LCM. This load is assumed to be distributed evenly among the four (4) load cells located in
the thrust module.
This method will allow us to determine the resistive forces caused by the stiffness of the
LCM at the moment of pressurizing cryogenic lines.
The LCM is designed in such a way that facilitates easy access to the load cells and the
interchangeability for larger or smaller range cells. A high accuracy tension–compression
type load cell will be used to measure the thrust of the 2000-lbf (CROME-X) engine. To have
a more accurate measurement for the 500-lbf (CROME) engine, a lower thrust range
capability load cell will be utilized.
The LCM will measure the performance of the CROME and CROME-X engines under
various loading conditions.

Figure 1. Load Cell Module serves to measure the thrust for both CROME and CROME-X engines

2.2 Static Thrust Measurement Structure (STMS)
The Static Thrust Measurement Structure (STMS) is designed to serve as a base for structural
support of either single engine tests or full system tests. The structure will be manufactured at
MIRO cSETR Technology Research and Innovation Acceleration Park (tRIAc) in Fabens,
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Texas. To simplify manufacturing processes, the structure shall use standard beam sizes as
following ASTM A6. The STMS has two critical interfaces: the interface at tRIAc and the
interface to the LCM. These two interfaces are critical design drivers to provide sustainability
of current and future projects. Future projects potentially consist of higher thrust engines and
bigger vehicles. Another STMS requirement includes the ability to hold the cumulative dead
weight of the test engine, the load cell module, and either vehicle (i.e. Janus or Daedalus).
Furthermore, the STMS is designed to withstand all engine loads, including the firing,
vibrational, and static loads.
There are two current concepts in mind for the STMS. The first one is composed of
four beams located in the corners of the structure (See figure 2). The beams coming out of the
corners will be attached to both the trusses and the column by a custom designed bracket. On
the other hand, the second concept is a simpler design consisting of two beams located at the
in the middle to the structure (See figure 2). The beams attached in the middle of the structure
will be connected to the trusses between the columns with a bracket and four (4) bolts.

Figure 2. Isometric view of the STMS 1 and 2 concepts
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Abstract
Being able to use lasers and electron beams to join metals offer numerous advantages,
including but not restricted to the ability to create complex geometry parts, a high precision
interface and a narrow heat affected zone. All of this without any type of filler metal, which
together with all the mentioned advantages provides an improvement in mechanical properties that
other joining methods lack. This paper will look into the feasibility for joining similar and
dissimilar metals, specifically Stainless Steel 316L with Stainless Steel 316L and Stainless Steel
316L with Inconel 690, using Electron Beam Melting (EBM). This paper will look into the
mechanical properties of mentioned joint specimens, but also of wrought materials and EBM
fabricated, this in order to compare them between them and also to other joining methods. The
results show for SS316L on SS316L a UTS of 579 MPa UTS and 385 MPa Yield Strength, a
ductile fracture and a successful bond between both materials with the EBM half of the specimen
as the point of failure. For Inconel 690 on SS316L

(A)
(D)
(B)
(E)
(C)
Fig.1. Representation of tensile samples build using ebm. wrought ss316l (A), ebm fabricated ss316l (B), joint
sample of ss316l on ss316l (C), ebm fabricated inc 690 (D) and joint sample of inc690 on ss316l (E)

Fig.2. Ultimate tensile strength average, yield strength and strain with standard deviation

Table 1. Melt parameters used to fabricate INC690 and SS316L

1.

Introduction
Additive manufacture (AM) encompasses technologies, within the field of manufacturing, in
which it is possible to create components in three dimensions usually by a layer-by-layer method
directly from a computer-aided design (CAD) [1]. This type of manufacturing provides several
advantages, for example, the ability to manufacture parts that are difficult or impossible to create
with conventional manufacturing techniques, such as lattice structures, complex geometries or
inner part features [2]. The main focus of this project is to look into the feasibility of joining Inconel
690 with Stainless Steel 316L and Stainless Steel 316L with Stainless Steel 316L using Electron
Beam Melting (EBM). This paper will look into comparing the mechanical properties, failure
analysis and characterization of joint specimens created using EBM technology, wrought materials
and other joining methods. All this is in order to demonstrate the feasibility of joining and or
repairing devices used in different industry applications, especially for nuclear purposes.
The ability to join similar or dissimilar materials is a critical enabling manufacturing
technology, it is used in virtually every branch of manufacturing, from nuclear energy, to
automotive all the way to medical applications [3]. Joining dissimilar metals is a difficult process
due to their differences in physical properties and chemical composition, in order to determine the
weldability of two different metals, it is necessary to take into account their atomic diameter crystal
structure and compositional solubility in the liquid and solid states. Joining dissimilar metals has
been done in the past using different methods such as, fusion welds which include gas metal arc
(GMAW), gas tungsten arc (GTAW) among others, low dilution welds which encompasses
electron beam, lase and pulsed arc and non-fusion joining which are the most common methods
of joining such as brazing, soldering and friction welding [4]. Although these methods have been

relatively successful, they do have their deficiencies, their most common include porosity, surface
defects, propensity to cracks or voids, precipitations, wormhole defects and or a distortion of the
weld interface. There is also the possibility of residual stresses in the weld, which affects its elastic
behavior and ability to withstand loads and maintain the integrity of the structure, tensile stresses
are able to cause crack initiation, and lead to a catastrophic failure.
2. Methodology
2.1 Materials
Inconel 690 is a high chromium nickel base alloy with high strength, excellent corrosion
and creep resistance while on the other hand Stainless Steel 316L strength, corrosion resistance
and low maintenance makes it one of the most used materials, from nuclear reactors vessels.
A wrought SS316L plate of roughly 1000x70x10 mm was obtained from Rolled Alloys
(Temperance, Michigan). The plate was cut in order to have squares of 70x70x10 mm, which
would later be utilized as start plates in an ARCAM S-12 and build joint specimens with SS316L
and INC 690 in powder form.
Both materials were obtained in powder form from Sandvik Osprey Powders (Stockholm,
Sweden), SS316L showing a particle size range of 125 ± 20 microns and Inconel showing a particle
size of 106 ± 20 microns. Showing a majority of spherical shape with satellite particles sticking
out of the surface.
2.2 Electron-Beam Melting
The tensile specimens were fabricated using an EBM S-12 machine from ARCAM AB
(Mölndal, Sweden). The EBM process can be summarize in these basic 4 steps: 1) Powder is
deposit in the starts plate from the hoppers using a raking mechanism, 2) An electron beam
preheats the layer of powder with a low power input, this will lightly sinter the powder, 3) The
contours and inner area are melted with a higher power beam and finally 4) The build platform
moves down a “layer size” which is defined before by the user, this process iterates until the built
is complete. Because at the time of this research ARCAM AB hadn’t certified or developed
parameters for SS316L or Inconel 690, parameters were developed in order to successfully
fabricate the specimens. A smaller built platform (mini-vat) was installed in the S12 system, this
mini-vat consists of a cylindrical column with an area of roughly 415.5 square centimeters and
12.7 tall and it was created in order to speed and facilitate the set up process and parameter
development, as well as to reduce powder and time waste. The parameters developed for the
melting process in order to successfully fabricate with SS316L and INC 690 in the S-12 ARCAM
system can be observed in Table 1. A 70x70x15 mm cube was fabricated for each material, each
lasting approximately 2 hours, all of this process is done under vacuum environment (~10−4 Torr).
2.3 Tensile Testing
In order to develop the mechanical properties of the bond made by the EBM process and
compare them to the wrought material specimens, EBM fabricated samples and other joint
methods, tensile samples were machined using a CNC Super Mini Mill 2 (HAAS Automatic Inc.,
USA), later cut using a IsoMet 4000 Precision Cutter (Buehler, Lake Bluff, IL, USA). The tensile
specimens dimensions are: length: 30 mm, gage diameter: 1.5 mm, width of grip section: 7 mm

and a thickness of 2 mm. The samples were made so that the join is located at middle of the tensile
sample, this is shown in Fig.1. The tests were conducted at room temperature using an INSTRON
5866 (Norwood, Massachusetts), with a rate of displacement of 0.075 mm per minute.
3. Results
3.1 Mechanical Properties
Mechanical properties such as Strain, Yield Strength and Ultimate Tensile Strength can be
observed in Fig.2. All of the results from previous literature of other joint methods used for SS316L
on SS316L, especially for nuclear purposes, are very comparable and similar to the 579 MPa UTS
and 385 MPa Yield Strength observed in this experiment [5] [6] [7]. For joining dissimilar metals
previous work show the joining of Inconel 657 with Stainless Steel 310, which is also an austenitic
Stainless Steel, and the results show that the 603 MPa UTS and 376 MPa Yield Strength shown in
this paper sometimes excel and are comparable.
The strain shown in both of the joint samples is extremely analogous, it was expected to
see a strain reduction given that the EBM fabrication shows defects that are common in the powder
bed fusion technology, which explains why the strain it’s around 0.15 lower than the wrought
specimen.
4. Conclusion
In order to provide a feasibility assessment on the weld of SS316L and INC690 on
SS316L using EBM technology to be used in nuclear applications, as well as to repair damaged
components, the welded samples were tested and compared to a wrought and EBM fabricated
specimens, as well as literature of other welding methods. The results show a successful bolding,
with mechanical properties that comply with tension test requirements.
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ABSTRACT
Electron beam melting (EBM) technology is viable additive manufacturing (AM)
technology that can be implemented to fabricate low-NOx fuel injector due to its ability to
create complex shaped parts without having any kind of assembly requirements. The
development of a fuel injector with integrated temperature sensing capability, containing
internal cavities within the metallic body, is currently underway. The powder removal from
internal cavities is a challenge for fabrication using EBM technology. This paper describes the
efforts for removing powder from EBM manufactured Ti-6Al-4V parts that contain small
cavities, using two methods for powder removal: the use of a powder recovery system (PRS),
and by application of ultrasonic energy. The ultrasonic energy technique was implemented after
the use of the PRS, achieving an additional x% and y% of powder removal from straight and
curved holes, respectively.
Introduction
The project objective is to build Low-NOx fuel injectors for natural gas turbine
combustors. The EBM technology has superior control of thermal profile and it gives users
design freedom of parts. Also, EBM systems have capabilities for processing high temperature
materials under an inert environment making it an attractive technology for fabricating
complex components such as Low-NOx fuel injectors for gas turbines that operate under
extreme environments. Furthermore, current developments of EBM allow for embedding of
sensors during the fabrication process allowing the creation of “smart parts”. The fuel injectors
have complex internal cavities that pose a challenge for powder removal since metal powder is
tightly packed or sintered during the EBM process. This research explores the removal of
powder from internal cavities for components created using EBM, as the technology is
employed in the design of more efficient Low-NOx fuel injectors with sensing capabilities.
Materials and Methodology
An Arcam A2 system (Arcam AB, Sweden) was used to fabricate objects with both
straight and curved internal features. The parts were built using Ti-6Al-4V (AP&C, Canada)
with particle size range from 45-106 microns. Figure 1 shows a schematic of an EBM system.
In the EBM process, the energy from an electron beam is directed to a metal powder bed to
selectively preheat and melt regions within it, as dictated from digital data. The process is
repeated layer by layer to achieve fabrication of 3D parts.

To test the powder removal, sample parts were
printed. Figure 2 shows these parts that contain
complex (curved and straight) internal cavities.
These sample parts were simple but have different
sizes of cavities and have different geometries
(Figure 2 top).
Figure 1 shows the different sizes of each
cavity. Figure 1 shows that the smallest hole is 1 mm
in diameter and the second smallest is 2 mm in
diameter. Also, the biggest hole is 6 mm in diameter
and the second biggest hole is 4 mm in diameter.
These sample parts were tested in pairs. One
pair had a part that had straight cavities and the other
had curved cavities. The straight-hole part gave the
best visual results. These parts were the basis for the
testing that was done. This will provide an idea on Figure 1 EBM schematic
how the different methods will affect the part itself.

Figure 1 Top: Size of holes in parts. Bottom: Geometry of Curved and Straight-holed Part.
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The first step in testing the parts was to put the parts inside the powder recovery system
(PRS). The picture to the left in Figure 3 shows the PRS unit. The PRS uses pressurized air
mixed with metal powder to clean the parts after they were printed. The procedures were:
1. Put part in PRS
2. Spray each hole for 30 sec for a total time of 2 min
3. The parts were weighed after the 2 min
4. Process was repeated until no observable difference in weight was measured.
The use of the PRS was done before the other methods were applied for powder removal.
Each testing method has its own method and procedures, but the results are acquired the same
way, by measuring the weight of each part before and after or during the testing phase. The
parts were weighed to quantify the amount of powder being removed by each method and to
evaluate how effective each method was. The picture on the right shows the chamber inside of
the PRS and a block of sintered powder inside which there is a solid metal component.
The ultrasonic technique was done by subjecting parts to the ultrasonic energy for
various intervals up to two minutes. The ultrasonic method uses an ultrasound probe with high
frequency waves that shake and vibrate the sintered metal powder, allowing its removal. After
each interval of testing the parts are weighed until the powder is removed or until no observable
difference in weight is measured.

Figure 2 Exterior and Interior of PRS

Results
These graphs show the results of the testing that was done. They show the weights of
the parts after each interval of testing. Figure 7 represents the results measured from the use
of the PRS method. Most powder removed by the PRS occurred in the first two intervals of
testing (within the first two minutes of use). As time of application of the PRS continues, no
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substantial difference in weight of powder are measured, and by minute 16 no more powder
removal is occurring. The total drop in weight with the use of the PRS (as a percentage of the
starting weight of the component) was 1.95% and 2% for straight and curved cavities,
respectively.

Figure 7 Graph of PRS testing

Figure 8 shows the measurements obtained with the ultrasonic technique. The testing had good
results in the weight dropping at first, but, as with the PRS, removal decreased over time. The
ultrasonic (patented technology by UTEP – U.S. Patent No. 8,828,311 B2) removed some powder from
the parts. It provided unexpected results. The total drop in weight for straight and curved cavities was
0.09% and 0.15%, respectively.

Figure 8 Graph of Ultrasonic Testing

The PRS shows and advantage for cleaning powder from cavities with big size orifices but fails
for small ones. The ultrasonic technique meanwhile is good at cleaning the parts from the powder, but
the disadvantage is that it is very tedious work and very time consuming.

4

Conclusion
The research explored two techniques to remove the powder from EBM manufactured parts
with complex straight and curved cavities. The knowledge gained from this research will be applied in
the manufacture of Low-NOx fuel injectors. EBM has received considerable attention due to its highenergy density and energy efficiency that allows full density metal components of comparable or even
better quality than those produced by traditional methods [1]. Furthermore, EBM enables the
manufacture of high complexity components that might be challenging using conventional
manufacturing processes, making it an ideal technique to be explored for the manufacture of fuel
injectors.
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ABSTRACT
An Arcam A2 electron beam melting (EBM) additive manufacturing system was utilized to
control the size of microstructure of Ti-6Al-4V by implementing a strategy that selectively
influences the deposition of a finer microstructure within regions of Ti-6Al-4V that exhibit the
more typical acicular α+β microstructure. The process was carried out by partitioning the slice data
so that a circle was scanned in a raster pattern, excluding a 1mm diameter hole in the center of the
build. Following the first scan, a point-wise melting for the center circle was completed. The
strategy generated a finer structure in the center circle in comparison with the more regular sized
microstructure in the rest of the build due to dissimilar solidification conditions. The results were
corroborated by optical microscopy comparison from specific regions of interest, as well as by
measurements of the microstructural features of different areas along the longitude of the scan
using ImageJ image processing software.
1. INTRODUCTION
Notable for its ability to fabricate components of great complexity at cost-friendly durations
of time, additive manufacturing methods have been garnering appraisal among industry
manufacturers looking for low batch productions at high added value; Electron Beam Melting is
one such method. Electron beam melting (EBM) is a powder bed based additive manufacturing
process that utilizes an electron beam as a resource of heat that is capable of fabricating complex
components in a layer by layer fashion with applications in fields such as automotive, defense and
medical.
The most extensively investigated alloy used in the EBM process has been Ti-6Al-4V ever
since it was first introduced commercially (Ljungblad, 2016). With mechanical characteristics that
fall between those of aluminum and iron, its highly desirable properties include a light weight-tostrength ratio, high corrosion and temperature resistance that, although they make the alloy costly,
the versatility of the resulting components justifies the expense (Azani, 2016). In industry, scans
for manufacturing of components by EBM process follow standard parameters that result in
microstructural features that translate into only a specific set of mechanical properties for that
component. However, previous research shows that by modifying the scan parameters a preferred
microstructure and mechanical performance can be obtained. For example, researchers were able
to influence the fabrication temperature profile for several builds by using thermography
information from an infrared camera, consequently being able to alter the microstructure by
controlling the energy input (Mireles et al., 2015) Other studies “included modification of speed
scans in which a preferred microstructure is obtained at slow speed scans 30<100>1000 mm/s.”

(Azani, 2016). Ti-6Al-4V is a two-phase alloy that forms an α-phase that grows from β during
solidification. Aluminum is an α stabilizer that helps make the compound light weight, while
vanadium acts as a β stabilizer that provides ductility. Typically a duplex Widmanstatten
microstructure, it forms by a diffusion controlled nucleation and growth process varying in sizes
depending on its cooling rate. Slower cooling rates yield thicker alpha plates, while faster cooling
rates promote thinner laths (Azani, 2016). Melt scans were applied to distinct areas of the build to
selectively influence the development of different microstructural features upon solidification

3. METHODOLOGY
3.1 Electron beam melting
The ARCAM A2 machine was used for this study by means of a high energy electron beam
(3.5 kW) used to preheat and melt metal powders. The process takes place at an elevated bed
temperature of approximately 730℃ in order to reduce the residual stresses, it is also performed
under a controlled vacuum environment (pressure 2.0-3 mBar) by a constant helium bleed that
prevents oxidation of the feedstock material. The EBM system preparation began by filling the vat
with the metal powder as well as levelling a stainless steel plate that acts as a substrate to begin
fabrication.

Fig 1. Schematic of inside
arrangement of the ARCAM A2
system.

3.2 Material.
For this process the Ti-6Al-4V powder particles were the recommended size, ranging from
45-106 μm. The production of parts was completed using standard Arcam Ti6Al4V parameters for
layer thicknesses of 50 μm.
3.3 Part design
Nine total parts were designed using CAD software. They were fabricated along the Z
direction as cylinders of dimensions of 12.7 mm in diameter by 25mm in height, and were

segregated into three groups depending on the amount of extruded holes in them. Group 1 was
assigned to be the parts with no extruded internal holes, they serve as a baseline of comparison
between microstructures, group 2 encompasses three scans that have one hole, and group 3
includes three builds that contains seven extruded holes, of 1mm in diameter each. A separate STL
file was created for the rods that fill the holes in the cylinders that were concentrically positioned
in the cylindrical parts, so that a total of two STL files were to be used. The two different parts are
shown in Figure 1 below.

Figure 2. Schematic design of the parts used in this study.

3.4 Melt scan strategy
The customary melt scan sequence of steps begins with the preheating of powder to a
temperature approximately half of its melting point, followed by a melt in which the surface is
vector scanned with a focused beam. In this procedure, however, the melt scan was selectively
controlled by sequencing two melt steps; one step to melt the cylinders with the holes, and the
second to melt the area of the concentrically located rods, resulting in regular vector scanning and
point-wise scanning respectively. It is the expectation that the point-wise scanned area will exhibit
a finer microstructure as it corresponds to a smaller area that will experience a faster solidification
process.
3.5 Microscopy
Materials characterization was performed using optical microscopy to confirm the variance
of microstructural sizes that would indicate faster or slower solidification rates. Two cylinders
were selected for characterization: one from group 1 and another from group 2. Both parts were

segmented at the middle of their long axis to have each of their top halves prepared for
microscopy observation. The preparation consisted of mounting the sections in cold cast resin to
facilitate the handling of the surfaces of interest during grinding, which was executed by
progressively increasing grit size from 220 to 1200, and finally polishing the surface using a
polishing pad and fine alumina powder solutions. The powder particle sizes of alumina used
were 0.3 μm, 0.1μm, and 0.05 μm in that order. To reveal the material’s grains a Kroll’s Reagent
solution formula 92 mL of distilled water (H2O), 6 mL of nitric acid (HNO3), and 2 mL of
hydrofluoric acid (HF) was used for etching the sample. The etching procedures on the samples
consisted of dipping the sample on the Kroll’s solution for approximately 10 seconds and
immediately rinsing with distilled water.
Three regions of interest were captured in micrographs of 50x magnification for comparative
analysis. The first region denotes the central area were the rods were built, the second region
indicates the cylinder that was scanned first, and the third region shows the interface area were
both regions coincide. Alpha colonies were then identified and their thicknesses measured at; to
obtain representative values of thicknesses a total of ten colonies were selected and ten to twenty
of their lamellae were counted. The results were then computed to obtain average and standard
deviation values. A figure indicating the regions of interest is presented.

R2

R1

R3

Fig.3. View of indicated regions of interest for
microstructural observation.

In order to account for the retention of microstructural characteristics throughout the height of the
built parts in this study, micrographic observations will be made at a second cross section within
the sample from Group 2, to be analyzed roughly 1mm below the top surface of the part.
4. RESULTS
4.1 Results from Microstructure
Traditional duplex microstructure (α+β grains) was observed throughout the samples
evaluated. Central region (R1) exhibited a finer structure and smaller thickness of lamellae than
what was observed in region (R2) which presented a more typical size seen in parts manufactured
using EBM. The transition region where the structures of refined and regular microstructures

coincide is labeled region 3 (R3). Measurements of lamellae from regions R2 (the region exhibiting
more typical Widmanstätten structure) were performed for the chosen cylindrical build from group
2 at the two previously mentioned locations along the longitudinal axis of the sectioned build: a
middle face of one half, and the basal face of the other half of the sections. Average length and
width of lamellae for the region 2 of the mid-face were 11.72 µm and 1.47µm respectively. From
the region 1mm from the base of the build, the values were 6.08 µm lamellae length and 0.92 µm
lamellae width.

5. CONCLUSIONS AND FUTURE WORK
Previous research has demonstrated the susceptibility of α lamellae to be dimensionally
changed due to selective manipulation in processing conditions, such as the control of build
temperature using IR thermography, where both coarsening and refining of microstructures were
achieved at will (Mireles et al, 2015). The reiteration from researchers, that microstructural
characteristics such as α lamellae are dependent on variations of temperature parameters, provides
an endorsement to the awareness that feasibility of careful control of microstructural features is
practicable, as can be the control in mechanical properties of components. Continuity in
microstructure sizes was not demonstrated in this instance. In the case of this study, though, simply
one micrograph from each region of interest was analyzed, which may not yield representative
values for the all builds. Careful attention will be provided to obtaining further data that provides
more demonstrative values to confirm the hypothesis.
Multiple other variables will be addressed in the continuation of this work, including
quantitative and empirical analysis of data from the scans with seven concentrically located rods
in the cylindrical builds (Group 3), and how their microstructural features relate to mechanical
performance and fatigue properties.
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ABSTRACT
Parameter development study for pre-alloyed aluminum 6061 powder was carried out using an
AconityONE, laser based powder bed fusion technology with capability to heat the build
envelope to 1000°C using induction heating and utilizes a 1kW laser to selectively melt
precursor powder. This research was significant in its approach of using high temperature
induction heating for SLM processing that had been absent thus far in selective laser melting
(SLM) technologies. The build platform was heated to 350°C to achieve a density >96%. Small
10mm cubes were used to evaluate parameters sets to achieve the greatest density. However,
formation of solidification cracks was observed which affect the mechanical properties,
component performance, and density. Further research would be continued to minimize crack
formation and build close to fully dense parts.

Fig. 1. A typical SLM machine layout
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[8]

Fig. 2. Build plate with 10x10x10 mm
coupons

Introduction

Manufacturing industry historically relied on subtractive manufacturing processes that
involved cutting away material from a block of stock material using different cutting tools.
Forming and casting techniques complemented the subtractive shaping techniques in
manufacturing. In the mid 1980’s, a new approach towards manufacturing was introduced in
the form rapid prototyping or 3D printing that involved a layer by layer printing of 3D objects.
Since then there had been rapid development in the technology resulting in so far seven
different additive manufacturing(AM) technology categories per “ISO/ASTM 52900:2015Additive manufacturing” standards. Such expansion has also transcended rapid prototyping/3D

printing to additive manufacturing. AM technology was originally developed around polymeric
materials, waxes, and paper laminates. Subsequently, there has been introduction of
composites, metals,and ceramics[1]. Buchbinder et al. identified the following three driving
factors behind the rapid growth of metal additive manufacturing: resource savings, eco-design
optimization and reduction in the use of harmful chemicals. Specifically, selective laser melting
(SLM) and electron beam melting (EBM) could reduce the material wastage during aero engine
manufacturing bringing down the “buy to fly” ratio as low as 1.5. Also, due to the nature of
AM, components could be designed for functionality rather than manufacturability. Finally,
number of toxic chemicals used for cooling and lubrication in AM is significantly small
compared to that for machining and subtractive processes [2].
Traditional manufacturing processes such as casting, forging, extrusion, and powder
metallurgy (P/M) have been used to fabricate parts using aluminum alloys. However, these
traditional manufacturing processes have resulted in parts having coarse grain structures with
the attendant poor mechanical properties as a consequence of low cooling rates associated with
these processes [3]. Without the requirement for any part specific tool and a considerable
reduction lead time, SLM remains to be a strong candidate for processing aluminum alloy
powders. Aluminum alloy 6061 is composed of aluminum with approximately 1% magnesium,
0.6% silicon, and trace amounts of copper and chromium. Due to its acceptable weldability and
excellent corrosion resistance, it is widely used throughout industry including aerospace and
marine sectors [4]. However, aluminum alloy powders uniquely difficult to process using SLM
technology. Loh et al. discussed results from the processing of aluminum alloy 6061 using an
SLM 250 HL [5]. Although the results only discussed the production of single lines, this work
inspired the confidence that part fabrication is possible. In a different study by Loh et al., 10 x
10 x 10 mm cubes were fabricated for characterization. Results noted that there is a direct
correlation between melt depth and density. The highest density observed was approximately
95% as achieved by using a laser power of 400 W and scanning speed of 800 mm/s. samples.
This same work also made use of a preheat unit to increase the temperature of the aluminum
6061 powder to 100°C prior to laser scanning [6]. Louvis et al. had also demonstrated
fabrication of aluminum 6061 parts, although with lower densities (equal to or less than 90%)
[7]
.
The objective of this investigation was to do the preliminary study towards building fully dense,
crack and fusion defect free aluminum 6061 parts. To realize the objective, 10 x 10 x 10 mm
cubes were fabricated using aluminum 6061 at different laser power and scanning speed.
Fabrication was carried out at an elevated start plate temperature to ensure better fusion. A few
selected coupons were analyzed to observe the crack pattern and fusion defects. The
investigation would lead to better parameters for future experiments expected to result in defect
free and fully dense aluminum 6061 parts.
2

Methodology

Selective laser melting (SLM) is a type of powder bed fusion technology in AM that selectively
melts metal powders using laser power in a layer upon layer fashion to produce functional,
prototype or functional-prototype parts directly from CAD. As shown in Fig.1, a roller spreads
powder on the build platform and laser is incident upon the exposed layer while the mirror
guides the laser to follow along the CAD data on the X-Y plane. For the current investigation,
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an SLM machine called AconityONE was used. Along with a class-4 laser source of 1kW, the
machine had an induction heater that could heat up the build platform up to 1000°C. To the
best of author’s knowledge, AcconityONE is the only machine that had the capacity of heating
build platform this high compared to other commercial SLM systems that could only attain
200°C.
Loh et al.[6] reported better density of aluminum 6061 parts when processed at an elevated
temperature and therefore, it was decided to go for higher build platform temperature of 350°C
in the current experiment. Commercially available aluminum 6061 pre-alloyed powder was
bought from vendor and the particle size of the powder was between 20 to 60µm according to
vendor’s information. 10x10x10 mm cubes were fabricated on triangular support structures
with a layer thickness of 30µm. Layout of the build plate along with the cube orientations is
depicted in Fig.2. In course of the investigation, different hatch spacing such as 80µm, 100µm,
120µm, 140µm and 160µm were use. Other than hatch spacing, laser power and scanning speed
were the parameters of interest. The cubes were benchmarked for surface finish, density and
crack formation on the top surface or build direction and a parameter set was judged based on
the outcome.
Once fabricated, the cubes were measured for density using standard “ASTM B962 – 13” [9].
Afterwards, the cubes were sectioned in a diamond-water precision cutter to expose the build
direction and mounted on standard 31.8 mm mounts. Sectioned specimen was ground using
SiC abrasive paper starting with a 320-grit size and followed up to 1200-grit size using standard
increments. Subsequent polishing was done using Al2O3 cloth of 3µm, 1µm and 0.05µm.
Occasionally, some specimens were etched with “Kellers Etch” to observe the microstructures.
Metallography sample preparation procedure was followed from an article by Vander Voort
[10]
. Otherwise, polished samples were observed under optical microscope for cracks and fusion
defects.
3 Results & Discussion
A total of 65 parameter sets were experimented with in course of the current investigation. A
highest of 96.12% density was observed for a laser power of 350W and scanning speed of
3000mm/s with a 120µm hatch spacing. However, 140µm hatching showed a more consistent
relative density grouping above 95% in [300,400] W of laser power and [2000,2500]mm/s of
scanning speed as evident in Fig.3. Corresponding energy density for the highest observed
relative density was calculated to be 38.8 kJ/m3 according to the following equation, [11]
𝑃
𝐸=
𝑣. ℎ. 𝑡
where, ‘P’ is the laser power in ‘kW’, ‘v’ is the scanning speed in ‘m/s’, ‘h’ is the hatch spacing
in ‘m’ and ‘t’ is the layer thickness in ‘m’.
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Fig. 3. The scatter plot shows the influence of laser power and scanning speed on the relative
density of aluminum 6061 cube coupons fabricated by SLM. Size of the bubbles is
representative of relative density with the largest bubble representing 96.12% and the smallest
bubble representing 91.65%. Apparently, highest density grouping falls between 300 and
350W laser power and 2000 and 2500 mm/s scanning speed for a 140 µm hatch spacing and
30 µm layer thickness. Build platform was kept at an elevated temperature of 350°C all the
time.
High temperature of the build plate had a positive effect on relative density of the cubes when
all the other parameters were kept unchanged as shown in Fig.4. It was concluded that high
temperature supplemented the energy requirement for better fusion and also reduced the
thermal gradient to allow a longer time for solidification. However, influence of induction
heating diminished for parameter set 13 to 16 where the scanning speed was slower that the
rest of the parameter sets. A slower scanning speed meant higher energy input. Using the
induction heater would allow a faster scanning speed and therefore, faster build rate for the
same level of quality.

4

Fig. 4. The bar chart shows a comparison of relative density of the cubes fabricated with and
without the induction heater when all the other parameters were kept unchanged. Note that, for
all the parameter sets relative density with the induction heating is greater.
A

C

B

D

Fig. 5. White arrow in B and D represents build direction. A and C represents surface perpendicular to
build direction. Solidification cracks are visible in both the directions with evidence of porosity. Cracks
are attributed to melt pool strain and lack of material flow. Coupons were built with 160 µm hatch
spacing and 30 µm layer thickness. (A,B)was processed at 300W and (C,D) was processed at 150W
both at 188mm/s of scanning speed. (C,D) was etched with Kellers Etch.
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Cracks were observed in the build coupons on both the planes, parallel and perpendicular to
the build direction with evidence of porosity (Fig.5). The cracks observed could be attributed
to the high strain in the melt-pool during the process of solidification. Similar phenomena could
be observed in submerged arc welding where strain in the melt-pool would be induced by
inadequate supply of metals or blockage due to narrow channels [12].
4 Conclusion
Greater than 96% relative density for SLM processed aluminum 6061 parts was achieved.
Previously, the highest value reported was around 95%[6]. The improvement could be attributed
to the induction heating capability along with a higher laser power of the SLM facility used.
Cracks were observed and could be the result of melt-pool strain stemming from a lack of metal
flow. Increased layer thickness might solve the problem to some extent. Further research would
be continued to develop parameters yielding fully dense and crack-free aluminum 6061 parts
by SLM process.
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ABSTRACT
Hybrid additive manufacturing technology can be a key to manufacturing multi-functional
end use parts by implementing embedding techniques and multi-material fabrication. The end
use parts can be used as transducer, heat sink, pressure or temperature sensor, or even bio
sensor, while retaining structural strength. Most often the base part needs to be removed for
embedding or multi-material fabrication process that can require a part positioning technique
for resolving the misalignment issue. Image analysis based part positioning can be a viable
option due to high temperature fabrication process and easy access to the electron beam
melting machine. This paper shows the methodology and fabrication of a cylindrical shaped
part by relocating the part after pausing the system. A MATLAB code was developed to
calculate the centroid of the fabricated part and obtain the beam center location after pausing
the EBM system. The paused fabrication of the cylindrical part was successful and a
misalignment of ~130 μm was obtained.
1

Introduction

Additive manufacturing (AM) technology is evolving into hybrid manufacturing through
different embedding techniques (e.g., sensor, wire, and electronics embedding) and multimaterial fabrication process to obtain advanced functional end use parts. The embedding or
multi-material process often requires an embedding or tool changing process that may require
the base part to be removed from the build platform. Thus, an alignment of the part becomes
necessary due to part’s movement from initial position. This paper focuses on solving the
registration issue associated with electron beam melting (EBM) hybrid manufacturing
technology.
EBM is a class of powder bed AM technology that fabricates metallic parts using pre-cursor
metal powder in a layer by layer fashion. Accessing any pre-designed cavity or intended layer
can lead to embedding and/or multi-material fabrication process using EBM technology.
Hossain et al. [1] worked on a piezoceramic sensor embedding process using EBM
technology, where the bottom section was moved during sensor material assembly. Terrazas
et al. [2] presented a multi-material fabrication process of cylindrical specimens comprised of
Ti-6Al-4V and Cu using EBM technology. The author used a circular hole in the start plate as
a point of reference and measured a misalignment of ~325 μm [2]. Both authors identified the
initial referencing of the electron beam as a critical issue for hybrid fabrication process. A

referencing process of the part within the build platform is required to overcome
misalignment issue associated with hybrid EBM manufacturing.
Touch probes and laser scanner are commonly used in part positioning or referencing in
computer numerical control (CNC) machining, tooling equipment, and measurement devices.
Persson et al. [3] used a laser scanner and a touch probe scanner for dental surface
topography measurements and showed a repeatability of the scanners within 10 μm. Although
scanner devices show promises in accurate positioning, the main issue is the installation of
the preferred device in the EBM system. The integration of such devices require additional
spacing within the build chamber. Moreover, temperature inside the EBM system can be
greater than 1000º C, which may require high temperature material for measuring
instruments. In-situ measurements is also necessary to compensate the error associated with
thermal expansion that can be challenging for touch probe measurement techniques. An
infrared (IR) camera based image analysis can be a viable solution while capturing the image
during EBM fabrication process.
This research shows the image analysis process to eliminate alignment issue that can happen
in EBM hybrid manufacturing. The image analysis offers the opportunity to obtain in situ IR
image, as a result the thermal expansion of the part can be resolved. An edge detection based
algorithm was developed to obtain position of the part. Now, two types of part displacement
can occur, 1) part can be moved in x and/or y direction and 2) part can be rotated with respect
to x or y axis of the build platform. The calculation of linear movement and angular rotation
can resolve both displacements. A cylindrical shaped part was used to demonstrate the
concept of part positioning technique using image analysis. The part was first fabricated
using EBM technology. The system was paused in halfway and part was repositioned within
the build platform. The part was continued to finish by repositioning the center beam using
calculation obtained from image analysis. As the cylindrical part is symmetric to any axis, so
rotational adjustment was not needed for this study. Herein, this paper focuses the part
positioning of cylindrical shaped part by solving linear positioning of the part in the x-y axis.
The rotational adjustment of the part is out of scope of this paper. The hybrid EBM
manufacturing process can advance through the part positioning using image analysis. The
image analysis process can be implemented in other AM processes and can contribute in
aerospace, biomedical, and automotive industries by fabricating multi-functional end use
parts.
2

Methodology

A MATLAB (MathWorks, Natick, MA) based image analysis was developed to obtain
centroid position and angular rotation of the part to calculate both linear and rotational
movement. The process starts with obtaining IR images during fabrication process. A FLIR
SC645 (FLIR Systems Inc., Wilsonville, OR) IR camera was used to obtain images that was
operated by a virtual instrument developed using LABVIEW (National Instruments, Austin,
TX). IR image was taken before melting sequence of the EBM system. Two sets of images
were taken before and after pausing the EBM system. As a result, the translation and rotation
can be calculated by comparing the after image with the previous one. The images were then
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converted into binary images. The binary image can be described using two levels: black and
white. The black and white can be denoted by pixel value 0 and 1, respectively. The parts
were designated using white and rest is left black.
2.1 Centroid location
In a binary image, the centroid can be calculated using total pixel values of the part [4]. For a
binary image B [i,j],
The area A is,
(1)
The centroid can be calculated by,
(2)
(3)
Where,

and

are the centroid pixel number of the object.

2.2 Linear displacement calculation using centroid pixel location
The linear displacement was calculated using the difference of the centroid pixel location of
the image of before and after pausing EBM system. The centroid of the part was calculated
using equations 1-3. The initial center position of electron beam can be designated by
(P1, Q1), which was obtained from EBM machine. The pixel location of the fabricated part
was (Xcentroid,1 , Ycentroid,1) obtained from image analysis. After repositioning the part, another
image was taken and centroid location (Xcentroid,2 , Ycentroid,2 ) was calculated. Now, the center
beam location after repositioning the part was (P2, Q2). P2 and Q2 can be calculated using the
following equations:
P2 = P1+ α×(Xcentroid,2 - Xcentroid,1)

(4)

Q2 = Q1+ α×(Ycentroid,2 - Ycentroid,1)

(5)

Where, α is the conversion co-efficient of pixel to mm values in x and y axis. The conversion
co-efficient was calculated using known distance of 4 cylinders within the build platform. 5
different images at different layers were considered for calculation and averaged to obtain α
value.
3

Results

Fig. 1 shows the centroid location of the cylindrical part. Fig. 1 (a) shows the converted
binary image of the cylinder and Fig. 1 (b) shows the centroid pixel location of the cylindrical
part. The initial and after pixel location of the centroid was obtained and calculated for
obtaining the linear transition of the cylinder within the build platform.
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(313.31, 297.03)

(a)

(b)
Fig. 1. Centroid location of a part from an image. The part is shown in white color.
(a) Conversion of binary image and (b) detection of centroid (denoted using blue asterisk) and
centroid pixel location is shown in red bounding box
Fig. 2 shows the fabricated cylindrical part. A misalignment of ~130 um was obtained by
measuring using slide calipers. In future, a coordinate measuring machine (CMM) will be
used for accurate measurement of the misalignment.

Fig. 2. Cylindrical part fabricated using paused build EBM fabrication. The seam line
indicates the pausing of the EBM system. The misalignment is visible in the figure as well.
4

Conclusion

The paper demonstrates the fabrication of a cylindrical shaped part proving the potential
fabrication process for embedding and/or multi-material fabrication process. The paper solves
the alignment issue for paused build EBM process. Although, this process can be
implemented in other AM technologies. The method described here can be a pathway in
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hybrid manufacturing technologies by fabricating multi-functional end use parts for
aerospace, biomedical, and automotive industries.
Acknowledgements
This research was supported by the U.S. Department of Energy (DOE) (award No. DEFE0012321). Findings, opinions, conclusions, or suggestions herein are those of the authors,
and do not necessarily reflect the views of the DOE.
References
[1] M. S. Hossain et al. "Fabrication of smart parts using powder bed fusion additive
manufacturing technology", Additive Manufacturing 10pp. 58-66. 2016.
[2] C. A. Terrazas et al. "Multi-material metallic structure fabrication using electron beam
melting" The International Journal of Advanced Manufacturing Technology 71(1-4), pp. 3345. 2014.
[3] A. Persson et al. "A three-dimensional evaluation of a laser scanner and a touch-probe
scanner", J. Prosthet. Dent. 95(3), pp. 194-200. 2006.
[4] M. Sonka, V. Hlavac and R. Boyle. "Image Processing, Analysis, and Machine Vision"
2014.

5

The Southwest Emerging Technology Symposium 2017

AUTONOMOUS TOUGHENING IN THERMOPLASTICS
1

H. Posadas*, M. Brame, P. Morton
Mechanical Engineering, W.M. Keck Center, El Paso, TX 79968, USA;
* Hector Posadas (haposadas@miners.utep.edu)

Keywords: keywords list (no more than 5)

Abstract
Self-healing materials provide a solution to extending the life span of materials and structures as
well as reducing the need to inspect and repair materials. In order to ensure the success of selfhealing materials the factors that reduce a materials lifespan must be isolated, studied and their
impact reduced. Polymers are susceptible to high stress and this reduces their capability to be
used in certain environments or reduce their lifespan. This research aims to isolate two major
factors, stress and strain, and reduce their effect on polymers through the application of thermal
energy. Decreasing the stress and increasing the strain that the material can withstand will not
only increase the life span but their capability to be used in a wider range of applications and
environments.

Introduction
Natural biological responses serve as a model for self-healing materials (SHM). Biological systems
work in several steps, the identification of damage, delivery of healing agents, and finally the repair
or healing process. Early SHM incorporated all three phases of the healing process present in
biological systems but unlike biological systems the materials only worked once or required a
complete stop in damage or testing processes. Further advancements in SHM allowed for the active
identification of damage and created a system that could repair itself more than once thus extending
the service life of the material. This research focuses on integrating a thermal energy repair process
in polymer components.
Previous work in the field of self-healing materials is distinguished by the healing method. The
two predominant healing methods are a healing epoxy applied to the fracture surface or an applied
thermal energy. The development of a system of hollow fibers that are used to repair delamination
in polymer composites with the release of a resin into the polymer when the fibers are cracked due
to micro fractures [1] along with a similar system that employs microencapsulated healing agents
that are released upon crack intrusion [2] created a starting point for self-healing materials. These
systems help prevent crack and micro fracture propagation within the polymer or material.
However the need for a more active and reusable system led to the development of a highly cross-

linked polymer that has multiple cycles of autonomous crack mending through the use of thermal
treatment [3]. The use of thermal treatment in polymers naturally progressed to the development
of more advanced and more active autonomous self-healing processes that employ shape memory
polymers and fiber optic networks to detect damage and apply thermal energy at the crack tip [4]
[5]. These systems use control algorithms to determine when to apply thermal energy in order to
blunt the crack tip, lower the elastic modulus and ultimately slow crack growth [5].

2. Methodology
2.1 Specimen Manufacture Process
The decision to apply heat to the specimen came from previous studies that proved that strain
hardening is affected by increases in temperature and strain hardening at a given strain level is
lower at higher temperatures in thermoplastics [7] [8]. This proves that the true stress in the
specimens is much lower as the temperatures are increased and because the overall focus of this
study is to prolong the service life of a material that is subject to constant strain the decrease in
stress will prevent the ultimate failure of the material. 30 AWG nichrome wire was embedded into
the model below in order to provide a source of thermal energy to the specimen. The wire was
specifically embedded in the gage length as that is where stress and deformation is concentrated
in the specimen therefore by concentrating the heat to the area of stress concentration it is expected
that the stress will decrease thus extending the test. The addition of a conductive filament into the
tensile test specimen in order to measure changes in resistance was based off of a previous study
that embedded wire contacts to detect impact energies in the system [6].
ASTM D638 Type I specimens were manufactured using a Lulzbot TAZ 5 3D printer equipped
with a dual extruder. The dual extruder was equipped with standard ABS filament and a conductive
ABS filament. 30 AWG nichrome and copper wire were embedded into the specimen using a
soldering iron set at 180⁰ C. Special care was taken to not inhale any fumes produced by the
embedding process. The manufacturing process was briefly interrupted to embed the nichrome
wire halfway through the printing process. 150mm of nichrome wire was embedded into small
channels designed into the specimen to facilitate the embedding process. Once the nichrome wire
was embedded the print process was resumed. The g-code was generated using Simplify3D
software. The beds were set at 90C with both extruders set at 220C. The g-code was modified to
ensure that the printer stopped printing at 2.20mm. Once stopped, the nichrome wire was
embedded. Following the embedding process the print was resumed. Upon completion and cooling
of specimen the copper wire was embedded into the conductive component of the specimen using
a soldering iron, special care was taken as well to not inhale harmful fumes.
2.2 Microcontroller
2.3 Mechanical Testing
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The mechanical testing was conducted on an Instron 5866 equipped with a 10kN load cell.
The test was conducted at a constant strain rate 1mm/min. Specimens were conditioned in
accordance with the ASTM D618 standard practice for conditioning plastics.

Results and Discussion

The control sample tensile test produced very standard tensile test results. Fig. 1 shows results that
are standard for polymers, however Fig. 2 shows a decrease in stress and a subsequent increase in
strain. This decrease in stress comes from the application of thermal energy concentrated in the
gage length. The decrease in stress resulted in a massive increase in strain when compared to the
control sample. The maximum tensile strain was 350% larger than that of the control sample and
the maximum tensile stress was 28% less than that of the control sample.
It was expected that with the application of thermal energy the stress within the polymer would
decrease and this decrease in stress would lead to a larger strain value. Comparing the results from
Fig. 3 the test sample was had a maximum tensile stress that was 28% less than that of the control
sample, along with this the test sample had a maximum tensile strain 350% larger than that of the
control sample. These results show that the application of thermal energy through the use of a
nichrome wire result in a decrease in stress and increase in total elongation percentage.
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ABSTRACT
The emergence of additive manufacturing (AM), has not only allowed for rapid fabrication of
complex designs, but also for processing parts at mid-fabrication. This refers to the
interruption of the building process at a certain height, to implement processes such as wire
embedding, machining and component placement, before resuming the build. A desktop 3D
printer utilizing Fused Deposition Modeling (FDM), a method of fabrication through melting
a polymer and dispensing it in layers, was modified so that besides extruding material, it
could also embed wire. This modification allowed for embedding wire on parts at any layer
of the fabrication process, with limited user interaction. Possessing the ability to extrude and
embed in a single unit, the fabrication of actuators was explored. Through the use of a
flexible material (ABS/ SEBS blend) and Shape Memory Alloy (SMA) wire, it was possible
to fabricate actuators utilizing a simple design. Design constraints are discussed as well as the
obstacles for fabricating. Data is shown on the bonding between the wire and substrate, and
the method that was most effective for future printed actuators.
1 Introduction
Additive Manufacturing (AM), commonly known as 3D Printing, is a manufacturing process
where an object is built in a layer-by-layer fashion through the deposition of material [1].
This method of fabrication allows for building very complex geometries with the aid of
Computer-Aided Design (CAD). Due to the nature of layer-by-layer deposition of material, it
is possible for the user to interrupt the printing process at a specified layer. Pausing the print
allows for additional processes to be performed at that predetermined layer. Processes
performed include the introduction of electronic components and embedded wires. These
additional processes allow for increased functionality of the printed object. It then becomes
possible to fabricate an object with more than structural functionality. The printed part may
now contain embedded circuits, and with greater effort, actuators may be produced. The
highlight of this paper is the fabrication of these actuators through a single build process.
With the modified Lulzbot TAZ 5 printer that enables the user to embed wire into AM parts,
it is possible to pause the build, lay down wires in an automated fashion, and then proceed
with the build. While the fabrication is paused, electrical components may also be introduced
if the intent is to make a functioning circuit. Amalgamating the ability to embed wire in an
automated fashion with the ability to fabricate with flexible materials, it is possible to create
3D printed actuators.

2 Modified printer
A desktop printer was modified to include two tools within its gantry system. One tool is the
material extruder, and the other is the wire embedder. To allow for the use of two tools, the
material extruder was designed to actuate up and down, negating its interference with the
embedder. The design of the wire embedder implemented a tangential embedding technique.
This technique consisted of laying the wire tangential to the surface, eliminating friction in
the wire embedder and allowing the wire to exit easily. The embedding tool was designed to
include the capability of rotating around the nozzle of the wire, Fig.1.
Axis of
rotation

Tangential
wire path

Rotation
gear

Nozzle

Fig.1. Modified head of Lulzbot TAZ 5 Printer, outlined in red is the wire embedder

This tool was integrated to the head of the TAZ 5. This allowed for the printing and
embedding processes to alternate without user intervention, automating the fabrication. The
Lulzbot TAZ 5 desktop printer was selected because it is an open
source printer. This allows the user to access the motherboard and
program additional inputs and outputs. Another benefit is that it
utilizes motions based on G-code, a common language in printing
programs. The motion code for build jobs in the TAZ 5 was generated
through Cura, an open source slicer software that breaks CAD parts
into layers and produces the motion code. Cura then opens a plug-in
that reads the design and applies the pauses needed for wire
embedding, as well as the G-code needed for the motion of the wire
embedder and any of the motions and I/O’s that the embedding of wire
requires.
3 Methodology
For fabrication of actuators with the described system, it was necessary
to identify the substrate material and the wire type that would perform
the desired task. The wire type selected for actuation was Shape
Memory Alloy (SMA), a material that contracts when heated or
introduced to current. The initial substrate material considered was

Fig.2. Test setup

Ninjaflex, a Thermoplastic Polyurethane (TPU). However, the material exhibited low
adherence to the SMA wire. Instead, a blend between ABS polymer and SEBS rubber (10%
to 90% weight-ratio) was utilized, a material developed in the W.M. Keck Center by Dr.
David Roberson [2]. This new material adhered effectively to the SMA wire, and was
deemed suitable for this application. Single-fiber pull-out tests were implemented to gauge
the bond between the wire and the ABS/SEBS material [3]. The tests consisted of embedding
50mm of wire in an ABS/SEBS part and then pulling the wire in a tensile testing machine.
The data collected from the tests show how strong the bond between the two materials is.
4 Results
Through spectroscopy, it was found that the SMA wire formed a superficial oxide layer due
to heat treatment, making bonding difficult. To improve bonding, the wire was surface treated
through sanding, to remove the oxide layer. Single-fiber pull-out tests were performed on
both sanded and non-sanded wires.

(a)

(b)

Fig.3. (a) Non-sanded wire results; (b) Sanded wire results

The graphical representation of the data is shown in Fig.3. The average maximum load that
the bond between the sanded SMA wire and the polymer could sustain, was about 80N. This
showed a promising combination of materials for 3D Printing actuators. Conversely, the use
of non-sanded wire provided unreliable results, because of its low repeatability. Although the
maximum force was still about 80N, the data presents an inconsistent set of data points.
5 Conclusion and future work
For actuation to occur, the embedded wires must bond well with the substrate. An effective
actuator must also have enough force to move, without de-bonding between the wire and
substrate. Through testing and material selection, it was concluded that the combination of
ABS/SEBS blend and SMA wire can be used as base for designing a printable actuator.
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ABSTRACT
The production of carbon dioxide from the power generation industry is one of the major
contributors to the greenhouse effect. Because of this, the energy industry has a great interest
in methods that can combine both clean and high energy release, such as the Integrated
Gasification Combined Cycle (IGCC), which utilizes high pressure and high temperature gases
to power turbines. This study focuses on the recreation of high-pressure combustion at 2 MPa
for a steady state operation. An operating combustor of Stainless Steel 410 that has been
previously used for combustion of 500 kPa, will now be modified to sustain an oxy-methane
combustion at a nominal temperature of 1800 K. This paper presents a finite element analysis
to determine the combined stresses induced both by the pressure at which the operation will be
held and by the temperature reaching the inner wall of the combustor. By determining the
maximum stress, it can be compared to the temperature dependent mechanical property of yield
strength indicating the survivability of the combustor. After pinpointing the temperature at
which the stress surpasses the yield strength, a maximum allowable temperature at the inner
wall can be set and thus a proper cooling system could be designed and implemented.
1

High Pressure Combustor

1.1 Introduction
In 2015, 33% of power generated in electricity plants are generated through coal [2]. One of the
most common methods of the generation of electricity is through gas turbines. Such turbines
compress high pressure airflows into their combustion chamber and ignite them to create a high
temperature gas steam. These hot gases pass from the combustion chamber to the turbine
section and rotate the spin blades connected to the generator to produce electricity [3].
A major challenge that designers have faced for decades is creating a combustion device that
produces a small amount of pollutants and still generates a high-amount of power release. A
method that can be utilized for this purpose is called an Integrated Gasification Combined
Cycle (IGCC), which produces electricity using coal to power the gas turbines. The design of
a combustor that can withheld a high pressure and temperature and at the same time be
accessible to instruments of visualization is of the upmost importance. The Center of Space
Exploration and Technology Research has developed a combustor that will operate an oxymethane combustion environment of 500kW at 2 MPa, a pressure that is similar to industry gas
turbines. In this study, a finite element analysis (FEA) of the stresses that the combustion
chamber will experience from the high-temperature and high-pressure environment will be

performed. By comparing the resulting stress to the yield strength of the combustor material,
the temperature at which the combustor wall could reach for continuous operation will be
determined. With this information, an appropriate cooling system could then be designed and
implemented.
2

Stress Analysis

The HPC will be operated at a pressure of 2 MPa while oxy-methane based combustion occurs
within the vessel. This leads to a concern in the ability of the vessel to survive this environment,
since is being operated at a high pressure combined with a maximum temperature that could
lead to failure. A mechanical analysis must be performed to analyze and determine the
temperature at which point the combustor would fail. Additionally, decision points could be
made based on this information on the temperature (with an appropriate safety factor) at which
the cooling system should aim to reach at the combustor wall to ensure the continuity of the
combustor service.
2.1 Hoop Stress for Thick Walled Pressure Vessels
Since the high-pressure combustor (HPC) is a cylindrical vessel that will be operated at a
pressure of 2MPa, it is analyzed using the pressure vessel model. The assumptions that were
considered to obtain the stresses are:
•
•
•
•

The pressure inside the combustor is uniform and positive and the atmospheric pressure
outside the combustor is also considered, all pressures are assuming gage pressure.
It is assumed that the combustor is a thick-walled cylinder
It is assumed that the material throughout the combustor is homogeneous
The geometry and the loadings are symmetrical, and by symmetry, the stresses σh
(hoop) and σr (radial) are functions of radius and not of the angel ϴ.

The directionality of each stress is presented in Figure 1.

σh

σh

σr

σr
σh

σa

σa
σh

Fig.1. Schematic of a pressure vessel and the direction of all the stresses in front and side view.

For thick walled hoop stress, the following formula is used:
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The combustor has an inner radius of 0.14 m and an outer radius of 0.23 m. The combustion
chamber is subjected to a 2 MPa inner uniform pressure and the outer pressure is taken to be
the atmospheric pressure. The hoop stress in the combustor is calculated to be 4 MPa based on
Eqn. (1).
2.2 Thermal Stress Analysis
The thermal stress is calculated in the combustor with Eqn. (2)[1]:
!=
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Where, E is Young’s Modulus, α is the coefficient of thermal expansion, q is the heat flux, t is
the thickness, υ is Poisson’s ratio of the material and the k is the thermal conductivity.
Moreover, the basic equation for heat flux is:
5=
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By substituting Eqn. (3) into Eqn. (2), the resulting thermal stress equation becomes:
!0 =

-. (789 (78:%; )
1 2(3

(4)

The maximum operating temperature of the SS 410 is 700 ˚C. However, Young’s Modulus is
a temperature dependent mechanical property and decreases with an increasing operating
temperature. From the available data [4] the highest temperature for which the mechanical
properties of SS 410 could be obtained is 550˚C, Figure 2. With existing data, an extrapolation
is performed, using a 3rd order polynomial equation. Using this method, Young’s Modulus for
the missing temperature range is determined up to 700oC.
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Figure.2. Young’s Modulus of SS410 for a range of temperatures

Using Eqn. (4) the thermal stress is determined to be 395 MPa. Using the extrapolated value
of the material yield strength at 700 ˚C, it is found that it is 250 MPa. Thus, without any cooling
at these conditions failure will occur since the expected stresses are larger than the maximum
yield strength of the material.
2.2 Total Stress Analysis
Since both the expected thermal stresses and material yield strength are temperature dependent
it is useful to compare these properties, Figure 3. From Figure 3, it is observed that failure is
expected to occur at 450 ˚C. A safety factor of 1.4 was chosen, corresponding to an allowable
operating temperature of 315 ˚C. This is the temperature that must be reached at the inner wall
of the combustor with the cooling system.
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Figure.3. Total stress and Yield Strength vs the temperature.
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3

FEA Simulation

3.1 Approach Model
The model that was used is ¼ of the actual combustor (Figure 4) in order to reduce
computational time. However, using a symmetry boundary condition, results will be
representative of the other ¾ of the vessel. ANSYS Workbench was used, a coupled simulation
of static structural analysis and steady state temperature.
Cylindrical supports
Fixed in radial
direction
Frictionless supports

2 MPa Pressure

Cylindrical supports

Fig.4. Model used to perform the FEA simulation.

Thermal conditions were set at the maximum operating temperature of 700˚C in the inner wall
of the vessel and a convection condition is used. An ambient temperature of 25 ˚C and a
convective heat coefficient for air was set for the thermal boundaries on the outer portion of
the combustor. The approach is considered steady state thermal model due to the continuous
operation and is assumed that the combustion will reach a steady state.
For the mechanical simulation, the boundaries were set to a positive pressure of 2 MPa in the
inner wall; frictionless supports at the sides of the side walls, which prevent the movement in
the normal direction of the face, simulating symmetry plane boundary condition; a cylindrical
support in the outer wall of the combustor with the tangential direction fixed; and finally,
cylindrical supports where the bolt holes are found, fixed in the radial direction.
3.1 Results and Comparison to Analytical Results
The total elements for the geometry were 48,800, Fig. 5. The Equivalent Von-Misses Stresses
are used for the analysis, which is an average of all the structural and thermal stresses. In Figure
6 it can be observed that the maximum stresses are located where the bolts will go, due to the
small area.
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Fig.5. Mesh of the FEA simulation.

The scale says that around the combustor the maximum value of the stress could be 845 MPa
instead of the 400 MPa the analytical solution yielded. This is due to the addition of axial and
radial stress in the simulation, which wasn’t considered in the analytical section because in a
coaxial thrust chamber, the inner shell is where the maximum pressure is found with a
compressive stress caused by the pressure difference of the coolant and the combustion gases
[1]
.

Fig.6. Equivalent Von-Mises Stress results in the FEA simulation.

Afterwards, several points were pick with a probe and averaged to obtain an approximated
number to compared to the analytical results. Table 1 compares the results and additionally
shows the percent error between both.

AVERAGE OF THE
POINTS IN
SIMULATION
(Equivalent Stresses)

HAND
CALCULATION
TOTAL STRESS

% ERROR

407.43 MPa

399.47 MPa

1.99 %

Table.1. Model used to perform the FEA simulation.
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4 Conclusions and Future Work
In industry, it’s a desirable quality to have a turbine that can perform with the maximum
efficiency and power output that at the same time has a lower emissivity of the greenhouse
effect gases. One method is the fabrication of Integrated Gasification Combined Cycle (IGCC)
which utilizes high pressure and temperature combustion to generate a high-power release. The
cSETR is developing a high pressure, high temperature combustor that can accomplish such
expectations and operate with a steady state, oxy-methane combustion at 2 MPa.
This study focuses in the development of an analysis of thermal stresses that the combustor has
to sustain. By determining the temperature at which the mechanical properties of the
combustor’s material will begin to fail, an allowable temperature can be set and afterwards a
cooling system be design. The two stresses that contribute to the total stress are due to the
thermal load and the mechanical constraints placed in the combustor. The analytical solution
was compared to the Finite Element Analysis solution to valid it.
With the maximum allowable temperature determined, at 315˚C, a cooling system is currently
being developed. Such system will utilize water to extract the high heat generated by the
combustion in order to maintain the maximum allowable temperature at the inner wall. By
achieving to sustain such temperature, the team guaranties an steady state operation.
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ABSTRACT
Printed circuit boards (PCB) have been widely used to create computers, electronic toys, and other
simple electronics. Over the years, PCB boards have been proven to be reliable when fabricating
permanent circuits, but when creating circuitry of a prototype one must outsource to fabricate the
boards; therefore, the risk of intellectual property theft and long lead time is an issue. Thanks to
additive manufacturing (AM), a pause can be implemented at a certain layer of a print and by
utilizing a wire embedding (WE) tool along with a fused deposition modeling (FDM) nozzle, the
embedding of copper wire for electronic applications can be enabled. The embedded wires will
create interconnections between micro-controllers, LEDs, sensors, and other electronics. The WE
tool consists of a rotary axis (C-axis), an air nozzle for cooling, a cutting mechanism, a wire driving
mechanism, and heater blocks to heat the solid copper wire.
1 Introduction
Additive Manufacturing (AM), commonly known as 3D printing, is a process in which material is
deposited layer by layer [1]. AM technologies are known for its ability to create complex parts for
aesthetical and mechanical use; however, by introducing pauses at certain layers to incorporate
interconnections, electromechanical functional parts can be created. A current solution created by
Voxel 8, a startup company from Harvard, for integrating interconnections in 3D printing is by
using conductive inks. Conductive inks have proven to be a reliable solution when creating
interconnections between electronic components. However, inks have high resistance (11.8 x 108
Ω m, Dupont Ink CB028 silver-based ink) when compared to copper wire (1.7 x 10-8 Ω m)
making them limited to low power applications.
The objective is to design and fabricate a tool for embedding solid copper wire to accommodate
high power applications. An open source desktop 3D printer known as the Lulzbot Taz 5 is
modified to accommodate for the wire embedding tool. Using SolidWorks, a computer aided
design (CAD) software, the user can model the desired 3D part, generate interconnections, and
incorporate cavities for housing of electronic components. A G-Code post processor allows the
user to input parameters of the wire embedder tool for different types of materials.
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Figure 1. A) CAD image of WE tool describing design details, B) Image of wire embedding tool describing
additional design details, C) Image of WE tool implemented to the Lulzbot Taz 5 printer, D) Magnified
image of wire embedding tool (left) and plastic extrusion tool (right) mounted on the printer

2 Methodology
To accommodate the wire embedding tool, the Lulzbot 3D printer hardware was slightly modified.
Figure 1 shows a detailed diagram of the WE tool and its integration with the printer. The wire
exits the tool in manner that is tangential to the substrate to reduce friction when compared to a
previously designed direct wire embedder [2] which embedded completely perpendicular to the
substrate. Since the wire exits the tool tangential to the substrate, the tool needs to rotate to
maintain the front of the WE tool facing the direction of the embedding path or traversing direction.
The TAZ 5 has the capability of printing with two materials; therefore, a secondary extrusion
nozzle can be implemented and connected to the printer. The connection for the secondary extruder
is instead utilized to control the actions of the WE tool such as the C-axis stepper motor, the
thermistor for temperature readings, and the two 50W 120AC cartridge heaters. An Arduino Mega
is used to read signals from the Lulzbot using the G-code command “M42 P# S255” to activate
various I/O ports located on the Rambo controller of the printer. This command will activate air
for cooling, air for actuating the extrusion nozzle up, and knife actuation for cutting. The developed
G-code post processor allows the user to change parameters such as travel speed, tool temperature,

and number of strokes to cut. Alternately, the post processor enables the ability to effortlessly
change parameters for new materials.
3 Results
Experimentation with the embedding process was conducted to establish the steps of the process
and parameters. The process begins with heating of the wire to a temperature of 195~240ºC, via
the heating blocks controlled by the Lulzbot’s controller, for embedding on to ABS material. The
tool then contacts the plastic surface and melts the surrounding plastic. The WE tool then moves
up and off the surface of the plastic a specified amount and turns off the heaters. The cooling air
is then activated until the temperature reaches 180ºC for the mechanical lock or “stake” to occur
between the plastic substrate and copper wire. The WE tool then heats up the wire to 240ºC and
continues embedding. If the tool encounters a sharp turn, a similar process to staking is done where
the wire embedded turns off its heaters until it reaches 180ºC, rotates the tool, and continues
embedding. After each wire trace is completed, the pneumatic wire cutter is activated. Component
placement and joining of interconnections is done manually.
4 Conclusion
Implementing wire embedding capabilities to desktop 3D printers allows for the devepmonent of
3D printed circuits prototypes in a timely manner. The circuit shown in Figure 2 for a
multifunctional 3D printed part would typically take about a week’s time to design and
manufacture traditionally without the custom software. With the custom software, this
multifunctional 3D printed part was completed in 6 hours using the wire embedding tool. Some
limitations still exist when creating non-planar geometries. Therefore, the addition of a 5-axis
gantry system is a topic of interest expanding this research.

A

B

C

Figure 2. Combination of software and hardware to create a multifunctional part. A) Embed copper wire
to create interconnects between placed components and connections manually soldered, B) Print process
is resumed to cover cavities, g) Multifunctional 3D printed part completed with LED’s powered
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ABSTRACT
A great amount of energy is wasted in the form of heat in several energy conversion applications.
Thermal energy harvesting devices are a potential solution to store, convert, and utilize this waste
energy. Lead Zirconate Titanate (PZT) has been one of the most widely used materials for
piezoelectric and pyroelectric energy harvesting applications. However, this material is harmful to
human health and environment. Thus, creating the need to find lead-free materials with energy
harvesting capabilities. Lithium Niobate (LNB) is a suitable candidate as an energy harvesting
device. This material has lower pyroelectric properties than PZT but has a wider range of working
temperatures due to its high curie temperature of 1142 ᵒC. These properties make LNB a material
with high potential to be used as a thermal energy harvesting device in high temperature conditions
such as those found in energy conversion systems. A commercial supercapacitor was used as the
energy storage device.
1. Introduction
The increasing demand for self-powered electronics has generated an increase in the amount of
research efforts towards the development of energy harvesting devices. With the development of
wireless technology, sensors and other wireless electronics can now be placed almost anywhere.
Numerous investigations are being performed to develop energy harvesting solutions such as
piezoelectric and solar energy harvesting [1]. However, the density of the power harvested from
these natural sources are generally low and it is necessary to carry out further investigations to
obtain alternative sources and increase efficiency of the energy conversion process.
Pyroelectricity is the change of spontaneous polarization in some anisotropic materials due to a
change in temperature. These materials can be either single crystal or poly-crystalline aggregates
[2]. This change in polarization produces a flow of charges to and from the material’s surface. The
property has already proved to be useful in sensing applications. However, the output voltage and
current from the reported energy harvesters are still very low. In this paper, we report LiNbO3 as
a lead free alternative for pyroelectric energy harvesting.
A thermoelectric combined with a polarity switching circuit was used to produce an alternating
heating and cooling environment. The current generated as a function of temperature change was
recorded and the harvesting capability of the material was demonstrated by charging a commercial
0.2F supercapacitor.
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2. Experimental setup
In order to demonstrate the energy harvesting capability of LNB a controlled environment is
desired with a controlled and alternating heating and cooling cycle. To achieve this, the LNB wafer
was placed on a thermoelectric cooler. Thermoelectric materials create a temperature difference
when a voltage is applied. When a voltage is applied to the thermoelectric cooler one surface of
the thermoelectric block starts heating up while the other surface starts cooling down. If the
polarity of the applied voltage is changed, the effect is reversed and the surface that was heating
up now cools down. To achieve an alternating heating and cooling cycle, a DC power supply was
connected to the thermoelectric cooler through a polarity reversing circuit with two timers to
control the start and stop of the reversing. Two leads were taken out from the two surfaces of the
LNB wafer and were connected to the energy harvesting circuit containing a supercapacitor that
was charged from the current generated from the LNB due to the pyroelectric effect. The voltage
of the supercapacitor was recorded using a data acquisition system and Labview. The schematic
of the setup is shown in figure 1.

Fig.1. Schematic of the pyroelectric energy harvesting
3. Results and discussion
To quantify the current generated by the LNB wafer, the leads from the sample were connected to
a picoammeter and the output from the picoammeter was connected to the data acquisition system.
Figure 2(a) shows the current generated from the LNB wafer and the rate of temperature change
that occurred is shown in Figure 2(b). For a peak value of dT/dt of 0.32 °C/s, 380 nA current was
generated. The current density observed here for LNB is 8.3 nA/cm2, which is about 20 times
lower than the current density of PZT nanogenerator as reported in [3]. However, the pyroelectric
properties of LNB are significantly higher than those reported for other lead free alternatives such
as Zinc Oxide or PVDF. The pyroelectric current coefficient p of bulk ZnO has been reported to
be 0.94 nC/cm2K and for the nanowire it was observed in the range of 1.2~1.5 nC/cm2K [3]. For
the LNB wafers tested here, the average pyroelectric coefficient observed was 5-8 nC/cm2K. This
pyroelectric coefficient is in good agreement with literature [2]. For the peak current, the generated
open circuit voltage was around 2.6 V, resulting in a peak power of 988 nW.
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Fig. 2. (a) LNB current generated and (b) rate of change of temperature with time
A 0.2F supercapacitor was charged with a LNB wafer and the resulting voltage data with time is
represented in figure 3. Figure 3(a) shows how voltage increased rapidly in the beginning and then
slowed down until a constant value approximately 4.5 mV after 9hr was reached. On figure 3(b)
charging rate of 0.6 mV/hr can be seen for the first hour. The low value of voltage and the slow
charging rate is due to the significant power drop in rectifying circuit as well as the low current
generated by the pyroelectric effect.

Fig.3. Charging of a 0.2F supercapacitor with a LNB wafer (a) Charging for 11.2 hours (b)
charging profile for the first hour.
4. Conclusion
LiNbO3 as pyroelectric material was investigated for pyroelectric energy harvesting. The density
of LNB was found to be around 8 nA/cm2 which is 20 times lower than PZT. However, this small
current can be utilized to harvest wasted energy from the environment. Energy harvester was
capable of charging a commercial 0.2F supercapacitor. Increasing the surface area or stacking
multiple samples and connect them in parallel can generate more current to achieve desired amount
of energy.
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ABSTRACT
Renewable electric power generation has been of a great interest around the world, and solar
photovoltaic (PV) energy has received special attention in residential microgrid. Solar PV
power has high initial investment, however, this could produce profit over its lifetime. On the
other hand, the utility needs to balance baseload with peak load to generate more profits
without affecting the consumers especially with high electricity prices. This paper proposes a
smart microgrid energy management system at residential level and further presents a costbenefit approach with the use of time-dependent pricing and an energy storage system (ESS).
The simulation results using HOMER simulator demonstrate the effectiveness of the
proposed work for an efficient energy management system.
1

Introduction

Renewable energy sources (RES), primarily wind and solar, have significant contribution on
meeting the load demand growth, and at the same time, their rapid deployment plays an
important role in the reduction of energy emissions especially contributed by fossil fuels.
Emerging technologies and environmental incentives are changing the face of electric power
generation and transmission, and centralized generating facilities are moving towards smaller
or more distributed generation (DG). An efficient way to realize the emerging potential of
DG is to adopt a system approach that views generation and associated loads as a subsystem
or a “microgrid”. A microgrid can be defined as a self-sustainable integrated energy system
consisting of interconnected loads and distributed energy resources (DERs). As an integrated
system, it can operate in parallel with the grid or in an intentional islanded mode. In an
islanding mode, a microgrid is disconnected from the main grid and operates as an isolated
power system. To operate such an integrated system, Microgrid Energy Management System
(MEMS) is required. MEMS utilizes control module linked with one or several DERs, one or
more several price-sensitive loads, interruptible loads, fixed loads and energy storage devices.
DERs may include variable RES, such as wind turbines and solar photovoltaic (PV) [1].
Furthermore, RES and energy storage system (ESS) are important features of smart grid
which play important roles to successfully meeting consumers’ load demand with high
quality and reliability. They also help minimize the energy cost without any power
interruptions [2], [3].
In this paper, we examine a smart residential MEMS that employs solar PV, multiple
residential users using energy storage, and two types of residential electric tariff, i.e., standard
and time of use (TOU) pricing rate. This paper further analyzes the proposed MEMS by
considering different scenarios such as grid-connected mode and island-mode.

2

Data Assumption

2.1 Load Demand Data
This paper considers the data of a small group of household (20 houses) with multiple type of
residential users gathered from El Paso, TX. Total load demand represents a total year cycle
of consumers. Fig. 1 shows the load of each household by month.

Fig. 1. Monthly load from each household.

2.2 Electric Tariff, Solar Irradiance and Emission Data
This paper considers two types of electric tariff adopted from El Paso Electric Company: (i)
standard rate and (ii) real-time pricing TOU. The TOU tariff rate is a real-time pricing for
demand side energy management. Solar daily radiation data is based on coordinates
31°47’25” N and 106°25’24”W for El Paso, TX. The emission data is based $10 per ton of
CO2 [4].
3

Simulation Results and Discussion

3.1 Microgrid Analysis and Case Studies
In this paper, our proposed MEMS consists of two modes of operations: Mode-1 as gridconnected and Mode-2 as islanded. We consider the following two scenarios. Scenario-1 has
a local electricity network connected to the PV. The electricity generated by the PV system
can be either used immediately or be sold to the electric grid. Fig. 2 shows the grid
architecture for Cases 1-3 under Scenario-1. Case-1 deals with grid-connected with PV
including ESS and converter, Case-2 deals with grid-connected with PV and converter only,
and Case-3 deals with island-mode (disconnected with grid) with PV only. Furthermore, the
analysis of how the ESS and two modes of operations using two types of tariff will derive
profit and offer energy balances, i.e., supply meeting demand, is also presented in this paper.
In general, two different scenarios and their associated cases are summarized below.
Scenario-1: Standard rate
Case-1: Grid-connected with PV, ESS, and converter,
Case-2: Grid-connected with PV and converter only, and
Case-3: Island-mode with PV only.
Scenario-2 has a local electricity network connected to the PV using TOU tariff rate.
Scenario 2 considers the similar schematic as shown in Fig. 2 and its cases are given below.

SMART RESIDENTIAL MICROGRID ENERGY MANAGEMENT SYSTEM

Scenario-2: TOU rate
Case-1: Grid-connected with PV, ESS, and converter,
Case-2: Grid-connected with PV and converter only, and
Case-3: Island-mode with PV only.

Case-1
Case-2
Case-3
Fig. 2. Standard tariff rate Scenario-1 for Case-1, Case-2, and Case-3.

The following subsections present results (for each case) that are obtained using HOMER,
which is a simulation tool developed by the National Renewable Energy Laboratory (NREL).
3.2 Results: Scenario-1 (Standard Rate) and Scenario-2 (TOU Rate)
Table I shows the outcomes with the three best optimized options. Case-3 is the only
configuration as a microgrid operated in island-mode, which is independent of the electricity
grid. The breakeven grid extension distance is taking into account because HOMER
simulator compares the cost of the standalone system with that of extending the grid to serve
the load.
Table I. Best optimization results from Standard and TOU tariff for Cases 1-3.
Load: 17 kWh/d
CASE 1:
Components
Standard Rate
Solar Panel (kW)
X (13)
Grid (kW)
X(10)
Battery (Quantity)
Converter (kW)
X (3.6)
Initial Capital
$19,470.00
Net Present Cost
$17,953.00
Net Purchases (kWh/yr) ($6,406.00)
Cost of Energy ($/kWh)
0.233
Operating Cost ($/yr)
-123

CASE 2:

CASE 3:

TOU Rate Standard Rate TOU Rate
X (13)
X (13)
X (13)
X(10)
X(10)
X(10)
X (3.6)
$19,470.00
$19,470.00
($6,406.00)
0.232
-126

X (3.6)
$19,470.00
$17,953.00
($6,406.00)
0.233
-123

Standard Rate TOU Rate
X(13)
X (13)
X(10)
X(8)
X (3.6)
X(3.6)
X (3.6)
$19,470.00
$23,170.00 $19,470.00
$17,919.00
$28,445.00 $17,953.00
($6,406.00)
0.0702
($6,406.00)
0.232
0.37
0.233
-123
427
-123

3.3 Cost-benefit analysis results
The system cash flow shows the total inflow and outflow for a single year. The initial capital
for Case-1 and Case-2 is $18,470. Case-3 investment is $23,170 higher than that of Cases 1
and 2. The energy produced is stored in the bank of batteries. Thus, investment is higher for
this kind of system. The net purchase is negative by all the cases of TOU tariff rate indicating
that system sells more power to the grid than it buys from the grid over the year. Fig. 3 shows
the total cash flow analysis of the system.
The optimal design using emissions criteria is Case-3 (island mode) with Standard rate tariff
and zero emission per year. TOU tariff rate in island mode is not possible, because the TOU

3

rate is provided from the utility and need to be connected to the grid. Fig.4 shows the test
results of the three scenarios with two rate prices.

Fig. 3. Total cash flow results based on Standard and TOU tariff rate for three cases.

Fig. 4. Emission result from both scenarios (Standard and TOU) for three cases.

4 Conclusion
This paper presented smart microgrid energy management system for residential sector.
Simulation results demonstrated how the design variability helps the electricity consumers
and the utility the opportunity to choose an optimal energy management by shifting peak
loads to non-peak hours. Two presented scenarios with three cases allow the use of net
present value to provide a good understanding of a small-scale microgrid system’s
investments, and the potential applications and benefits of RES and ESS.
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ABSTRACT
With the environmental impact becoming more pertinent, the energy sector shifting towards
renewable energy is inevitable with growing demand for power with growing global economies.
Thus, the development of renewable energy has further become more challenging, and therefore,
it is of utmost importance that policies and implementation on the development takes place with
least obstacles thereby improving the reliability of the energy sector and also capacity adding
which will ultimately result in sustainability and geo feasible energy security. This paper
highlights on an overview on the struggle Bhutan is subjected to in order to realize its hydro
power potential. Hydro power has been given much importance in Bhutan mainly for three
reasons: firstly, for being plentiful in the country; secondly, for its renewable nature which can
be harnessed in a geo-friendly manner; and thirdly, for its immense impact on the country’s
economy. Therefore, hydro power development in Bhutan is placed at high priority. This paper
highlights on some of the challenges faced in the current Bhutanese power sector and proposes to
bring constructive analysis for the policy makers and for deliberation in the technical discussion.
1. Introduction
Bhutan is a small landlocked country between China in the North and India in the South.
Bhutan’s main economy is driven by the hydro power projects which sells electricity to India.
Currently, Bhutan has an installed capacity of over 1600 MW of hydro power generation. There
is a surplus of electricity and almost all of the surplus energy is exported to India. In 2015,
Bhutan generated revenue of Nu. 14,258.09 million (approximately USD 209.67 million @
1USD = 68 Nu.) [1]. Several mega hydro power projects are under construction and Bhutan
initially aimed to install 10,000 MW by 2020, however, due to many constraints, the target is
reduced today. As Bhutan gears to become a future world leader in green energy in the South
Asian region, considerable amount of planning and strategy building needs to take place. Druk
Green Power Corporation Limited (Druk Green), a government undertaking company is one of
the key organizations that takes ownership of the hydro power plants and participates in the
development of hydro power projects along with other hydro power project authorities. An
overview of the Bhutanese power sector is illustrated in Fig. 1.
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Fig. 1. Organogram for the energy sector of Bhutan.

2. Teething Problems in Newly Constructed Power Plants
Teething problems with newly constructed hydro power plants is evitable all over the world.
Recently, Bhutan is facing several teething problems mainly owning to the geological aspect and
also some due to the procedural and system outages. One of the largest hydro power plants in
Bhutan is the Tala Hydro Power Plant (THP), which is facing several teething problems THP has
an installed capacity of 1020 MW with six units [2]. Some of the teething problems are rock bolt
failures in power house cavern, water leakages in the butterfly valve chambers, slope
stabilization, dysfunctional computerized control system and many more. Owing to the technical
complexity and the number of agencies that have to be roped in, there are still many teething
problems that require extensive deliberations and consultations, meticulous planning and
resources. Besides, new problems also continue to surface.
3. Power Trading Scenario in Bhutan
Bhutan has a huge potential for hydro power for its size. Bhutan has the potential to harness
about 28000 MW of hydro power in an eco-feasible manner [1]. At present main source of
power in the national grid is from the hydro power sources. All the surplus energy is exported to
India through a mechanism of long term power purchase agreements (PPA). The rates for the
electricity traded are recorded in the PPAs and each power plant has their own PPAs with the
Indian constituents. In recent times, this mechanism has sought much attention due to the
dynamic energy market in India. New development partners have urged the Bhutanese
authorities to get away with the PPAs and participate in the energy market which can prove to be
more profitable. However, this is one step closer to participating in an energy market and lot of
in-depth studies and analyses need to be carried out.
Though Bhutan has surplus energy in most of the time, there are occurrences of energy deficit
and will also face this issue in the coming future. With the real time data obtained from Druk
Green and Bhutan Power Corporation Limited (two main players in the Bhutanese power sector),
the future scenario of the Bhutanese power system is presented in Tables 1 and 2.
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Table1. Power generation forecast
Months
January
February
March
April
November
December

2015
235.33
175.00
214.80
387.91
444.80
313.73

Generation forecast (MU)
2016
2017
2018
246.32
246.32
246.32
194.58
194.58
194.58
226.55
226.55
226.55
321.40
321.40
321.40
444.80
444.80
627.68
313.73
313.73
502.70

2019
435.30
365.27
415.52
504.28
627.68
502.70

2020
583.35
499.00
563.58
647.56
770.96
650.76

Table 2. Load demand forecast

Forecasted Power Generation and Consumer Load Trends

800
700
600
500
400
300
200
100
0

Generation
Load
Jan
Feb
Mar
Apr
Nov
Dec
Jan
Feb
Mar
Apr
Nov
Dec
Jan
Feb
Mar
Apr
Nov
Dec
Jan
Feb
Mar
Apr
Nov
Dec
Jan
Feb
Mar
Apr
Nov
Dec
Jan
Feb
Mar
Apr
Nov
Dec

Energy (Million Units)

Load forecast (MU)
2015
2016
2017
2018
2019
2020
Months
January
191.37
204.74
216.06
227.38
237.14
242.23
February
155.06
192.23
202.31
212.38
221.05
225.50
March
164.87
194.12
205.11
216.10
225.53
230.29
April
197.52
215.76
232.50
249.24
264.47
275.18
November
189.08
200.08
209.58
219.08
227.07
230.54
December
212.37
229.81
245.69
261.57
275.89
285.53
Note: The energy forecasted is in Million Units (MU) as it is an average over a periodic cycle.

2015

2016

2017

2018

2019

2020

Year

Fig. 2. Forecasted power generation and load demand trends in 2015-2020.

There is a surplus power generation which means energy export to India almost all year round as
depicted in Fig. 2. However, in the month of February 2018, there is possibility of electricity
deficit in the Bhutanese power system. Therefore, it is of utmost importance that strategic
planning and implementation of important technical advents at all levels of the power sector is
put in place to overcome future power deficit in the system.
4. Alternative Renewable Energy (RE) Planning Framework
Though Bhutan is doing very well in terms of framing policies for the RE planning compared to
the neighboring countries like Bangladesh, India, and Nepal, it still needs to work to an extent
where many critical areas need to be incorporated. Fig. 3 shows that the RE options could fall in
any one of the four quadrants. In the first quadrant (Q1), Green and Mean are the options that are
the most desirable in the sense that they rate high in both development goals and energy delivery.
RE options in the Sustainable quadrant (Q2) contribute to the developmental objective, however,
fall short in energy delivery. RE options falling in Q3, i.e., Stop Gap, are low in both
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development and energy delivery dimensions. Those options in Q4 or Effective contribute to
energy delivery but not as much towards the developmental goals [3], [4].

Fig. 3. Sustainability vs. effectiveness of RE sources.

5. Conclusion
After having an overview of the Bhutanese energy sector, there are several challenges and only a
few of it is discussed in this paper. For the teething problems, there needs to be mechanism
where it is made minimal. This can be achieved either by framing policies which will in long
term reduce the teething issues. For example for the rock bolt failures, mechanisms such as
installation of mesh wires, installation of online micro seismic monitoring systems and others
can be put in place. From the policy level, the system should be able to adopt such mechanisms
without much hassle and after technical deliberations. As for the probable energy deficit
scenarios, many solutions can be brought on this front. Policy and planning in the energy sector
needs to be addressed for the newer times with newer approaches. The alternate approach is
decentralized; Decentralized Energy Systems (DES) suggests a paradigm shift in the way energy
is produced, delivered and consumed. DES is conceived on the basis of Renewable Energy
Technologies (RET) which offers a clean and inherently resilient approach towards reaching
sustainable development goals. As RET becomes more affordable and penetrate the energy
markets, cities become the place for celebrating these benefits of DES.
Finally, with proper framing of policies and managing technicalities in this newer era of
scientific advent, newer versions of thinking capabilities is required at every level of
implementation. Future scope of this paper would be to research more into issues pertaining to
solution based platforms where more convincing and scientific reasoning can be ascertained.
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Introduction

Ultra-high temperature ceramic material zirconium diboride (ZrB2) possesses properties that
make it attractive for applications such as thermal protection of spacecraft/hypersonics and
electrodes in magnetohydrodynamic (MHD) generators [1]. Self-propagating high-temperature
synthesis (SHS) of ZrB2 from elements (Zr and B) was studied long ago [2], but it is not
economically viable because of high cost of raw materials [3]. A more economical SHS route
is the magnesiothermic SHS of less expensive oxides of zirconium and boron. However,
incomplete conversion of oxides to borides is a major problem [3]. Because of low
exothermicity, it is difficult to ignite this mixture. Recently, ZrB2 was obtained from oxides
by a mechanically induced self-sustained magnesiothermic reduction [4], but it is difficult to
scale-up the combustion process inside the milling vial and to ensure safety of this process. A
more promising approach is to conduct short-duration milling before combustion, which
facilitates ignition (the so-called mechanical activation-assisted SHS, or MASHS).
It is hypothesized that incomplete conversion in magnesiothermic SHS of ZrB2 is
primarily caused by magnesium loss during combustion, due to the relatively low boiling
point of Mg. It is also expected that addition of sodium chloride (NaCl) may facilitate milling
and decrease the grain size of the SHS product. The objective of the present work is to
investigate the effects of NaCl and excess Mg on the mechanically activation-assisted
magnesiothermic SHS of ZrB2.
2

Experimental

Zirconium (IV) oxide (ZrO2), boron trioxide (B2O3), magnesium (Mg,), and sodium chloride
(NaCl) powders were mixed in the stoichiometric proportion (ZrO2/B2O3/Mg mole ratio:
1:1:5) and with 20% excess Mg (ZrO2/B2O3/Mg mole ratio: 1:1:6) in a three-dimensional
inversion kinematics tumbler mixer (Bioengineering Inversina 2L). The NaCl concentration
was varied from 0 to 55 wt% of the entire mixture. After mixing, the mixtures were milled in
a planetary mill (Fritsch Pulverisette 7 Premium Line) using zirconia grinding balls
(diameter: 3 mm, the balls-mixture mass ratio: 20:3). The milling was conducted in an argon
environment at 1000 rpm for 1 to 30 cycles of 1-min milling periods with 60-min cooling
pauses. The milled mixtures were cold-pressed into 4-g cylindrical pellets (diameter: 13 mm,
height: 17–18 mm) with a 1-g booster pellet (Ti/B mixture) on top using a uniaxial hydraulic
press at a pressure of 150 MPa. The combustion process was conducted inside of a windowed
steel chamber (diameter 30 cm, height 40 cm) filled with argon at 1 atm. The pellet was
ignited at the top by a tungsten wire heated with a DC power supply. The combustion process
was recorded using a video camera (Sony XCD-SX90CR). After combustion, MgO and NaCl

were leached in diluted hydrochloric acid (10 % HCl) at room temperature for 2 h.
Compositions of the milled mixture, combustion products, and leached products were studied
using X-ray diffraction analysis (Bruker D8 Discover XRD).
3

Results

Addition of NaCl to the mixture prevented adhering of the mixture to the grinding media.
Without NaCl, 25% of the mixture was lost during milling. By adding only 10 wt% of NaCl,
the mixture loss was reduced to 4.7%. Mixtures with 0 to 55 wt% NaCl were ignitable and
the combustion front propagated steadily in all the samples. The combustion process of the
stoichiometric ZrO2/B2O3/Mg mixture with 40 wt% NaCl is shown in Fig 1. The combustion
front had a steady motion and the products had a uniform structure.

t=0

t=1s

t=2s

t=3s

t=4s

Fig.1. Combustion process of ZrO2-B2O3-Mg mixture with 40 wt% NaCl. Time zero was selected 4s
before the end of the combustion process.

The XRD patterns of ZrO2/B2O3/Mg mixture with 20% excess Mg and 40 wt% NaCl
after milling (left) and after combustion followed by leaching (right) are shown in Fig. 2. It is
seen that after combustion most of the ZrO2 is converted to ZrB2. However, two phases
(cubic and monoclinic) of ZrO2 are present in the products as impurities. The addition of
excess Mg decreased the amount of unreacted ZrO2. Leaching completely removes MgO and
NaCl from the products.

Fig.2. XRD patterns of ZrO2-B2O3-Mg mixture with 20% excess Mg and 30 wt% of NaCl after
milling (left) and after combustion followed by leaching (right).
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4

Conclusions

Zirconium diboride was obtained from oxides of zirconium and boron with sodium chloride
as an inert diluent by magnesiothermic, mechanical activation-assisted, self-propagating
high-temperature synthesis (MASHS). Addition of sodium chloride facilitates the milling
process. Excess magnesium improves the conversion of oxides to borides.
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ABSTRACT
It is common practice to perform accelerated creep testing (ACT) using time-temperature parameter
(TTP) models. The TTP models are calibrated to creep-rupture data at high temperature and/or stress
and extrapolate to lower temperature and/or stress where data is not available. The long-term creep
rupture behavior (at low temperature and stress) is often not available due to the quantity, duration,
and cost of testing. A limited scope of creep-rupture data is often analyzed using the TTP models.
When conducting long-term extrapolation, statistical uncertainty becomes an issue. The ability of the
TTP models to accurately predict creep-rupture at long life is often limited and the inherent material
properties can dramatically influence creep-rupture life. Unfortunately, there is no consensus on the
statistic for assessing the quality of TTP extrapolation. This study demonstrates methodology to
assessing the uncertainty in creep rupture predictions for 316SS using the Larson Miller parameter.
Over 2,000 creep-rupture data points are collected and digitized from the NIMS, ASM, MAPTIS,
and ORNL databases; metadata such as the material’s form, thermomechanical processing, and
chemical composition are recorded. Statistical uncertainty is measured using the “Z parameter”,
which describes the deviation of creep-rupture data to a TTP model. The ability of the TTP models to
extrapolate to long life is analyzed via exclusion of data. This is accomplished by: excluding 50% of
the data, and by excluding the longest 10% of the data. It is shown that culling data in any way
produces more conservative creep rupture predictions. The spread of the dataset will also affect the
width of the reliability bands.
1 Introduction
Accelerated Creep Testing (ACT) is a well-established method to estimate the creep strain and
rupture properties of alloys used in the power generation industry [1]. The ACT tests are
conventional creep tests conducted at a higher temperature and/or stress, the results of which are
extrapolated to low temperature and/or stress conditions. The ability of ACT to provide accurate
predictions is limited by several factors. The predictions made by ACT assume the deformation
mechanism which drives creep remains constant. Additionally, there exist sources of uncertainty
inherent to the material and the data sources will have. Metadata such as the material form, chemical
composition, tests standard, test equipment, etc. can have a massive impact on the uncertainty of
creep rupture behavior.
In this study, the accuracy of a creep rupture dataset using time-temperature parameter models is
explored, for alloy 316SS, parsed to consider tube form. The ability of a TTP model to interpolate
and extrapolate creep rupture is based on three conditions:
• Condition 1: Analyzing a full dataset, after parsing
• Condition 2: Analyzing the parsed dataset with 50% of data excluded
• Condition 3: Analyzing the parsed dataset with the longest 10% of the data excluded
2 Material
The subject material is 316 Stainless Steel (316SS). Creep rupture data for this material is
gathered from multiple public and private sources. [2-7] The list of sources and number of creep
rupture data points obtained from each is shown in Table 1. A stress-rupture plot of this data is
presented in Figure 1. In this study, tube form is arbitrarily chosen as the metadata of interest. The
temperature range of the parsed dataset is: 600°C, 650°C, 700°C, and 750°C.
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Table 1 – Creep rupture data by source [2-7]
Source
ASM Atlas of Creep and
Stress-Rupture Curves
ASTM DS 5-S1
ASTM STP 124
ASTM STP 552
NIMS Creep Database
ORNL-5237
Total Data

Data points
[2]

41

[3]
[4]
[5]
[6]
[7]

547
236
215
1208
69
2297
Figure 1 – All creep rupture data collected for
316SS across several databases

2

Guidelines to Statistical Assessment

2.1 Dataset Selection
There is no single methodology in assessing creep rupture data, so this study borrows from the
guidelines set by the ECCC [8]. This study complies with ECCC Target Minimum Requirement 3
(TM3), which states that for datasets with over 500 observations, a minimum of 5 tests per
temperature should be assessed. Of these 5 tests, a minimum of 4 observations should have rupture
life less than 35,000 hr and at least 1 observation should have rupture life greater than 35,000 hr.
2.2 Creep Rupture Prediction Using a Time-Temperature Parameter Model
Time-temperature parameter models are a form of master curve models which define the
relationships between stress, temperature, rupture life, minimum creep strain rate, and/or creep
deformation. In master curve models for rupture, the isotherms of creep can be collapsed onto a
single curve, that when plotted as a function of stress, enables predictions of the rupture life at any
stress and temperature condition. Most models are phenomenological and do not consider creep
mechanisms; thus, creep rupture predictions will vary from model to model.
This study will use the Larson Miller parameter (LMP) because it is one of the most popular TTP
models and is easy to implement. [9] The LMP model follows:
(1)
PLMP tr
T (log(tr ) C )
where P is the Larson-Miller parameter, T is absolute temperature, t is time to creep rupture, and
C is a material constant of the order 20. It is recommended that C be determined analytically by
fitting the creep rupture data to P using a least-squared error method.
The value of P is calculated for every creep rupture data point T , t r . When an appropriate
stress-parameterization function, PLMP f
is fit to these calculated values of P , the stress versus
parameter curve collapses to a single curve. The parameterized curve can be expressed by a
logarithmic function of the form:
(2)
PLMP
a0 a1
a2 log( )
LMP

r

LMP

LMP

LMP

where a0 , a1 , a2 are the coefficients of the function, is stress, and log is the common logarithm. A
function of this form typically correlates well with the parameterized curve and does not exhibit
inflection points that other parameterization function may exhibit (such as polynomial functions). To
predict rupture life, replace PLMP tr in [Eq. (1)] with PLMP
in [Eq. (2)], then rearrange to solve for
rupture life. The predictive equation for creep rupture life is then
P ( )T C
(3)
tr 10
LMP
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Rupture life can now be predicted for any stress and temperature condition; however, the wide
spread of creep rupture data limits the accuracy of these predictions. Thus, a statistical metric must
be used to assess the accuracy of rupture life predictions.
2.3 Z-Parameter Calculation and Reliability Band
To assess the accuracy of rupture life predictions and assess the impact of metadata on
uncertainty a statistical metric must be introduced for quantitative comparison. There is no consensus
on which statistical metric to use. In this study, the Z-parameter proposed by Zhao and colleagues is
applied [10]. The Z-parameter measures the deviation of creep rupture data from a TTP master
curve, and typically follows a log-normal distribution. This deviation can be plotted as a histogram to
represent the scatter of creep rupture data [10-12]. The relationship between the Z-parameter and the
TTP master model can be expressed as:
log(Z ) log( Pexp ) log( Plog ) log Pexp Plog
(4)
where Pexp and Plog are the LMP values calculated from experimental data (T , t r ) and the
parameterized function f ( ) respectively. It has been shown that the log( Z ) follows a normal
distribution [12]. Positive Z-parameter values indicate experimental TTP values are greater than the
predicted TTP values. A low magnitude of the Z-parameter indicates a “good” fit, while an exact
prediction by the TTP master model is represented by the Z parameter being equal to zero [13].
The function that models this distribution is expressed by the probability density function:
f (Z )

1
s 2

exp

)2

(Z
2s

(5)

2

where s and are the standard deviation and mean of the Z-parameter respectively. The probability
that creep rupture will occur for a given Z-parameter can be calculated using the cumulative
distribution function:
F (Z )

1
s 2

Z*

exp

)2

(Z
2s

2

dZ

(6)

where Z * is a chosen Z-parameter. The cumulative distribution function gives the probability that a
random variable ( Z ) has a value less than or equal to the argument of the function
3 Results
The parsed data is fit to the Larson-Miller parameter per the guidelines described in Step 2, using
[Eq. (1)]. A value of C 17.2 is found. The best fit logarithmic equation for this parameterization is:
PLMP 25430.77 11.4081 2229.23log( )
(7)
with a coefficient of determination R 2 0.9547 . A plot of this parameterization is shown in Figure 2.
Creep rupture predictions for this equation of PLMP are plotted in Figure 3, Figure 4, and Figure 5
for Condition 1, Condition 2, and Condition 3 respectively. To directly compare the predictive
abilities of the LMP model for each of these conditions, creep rupture is predicted for three arbitrary
values of stress: 1.0 MPa, 10 MPa, and 100 MPa. These rupture predictions are shown in Figure 3,
Figure 4, and Figure 5 for the three conditions. The difference in creep rupture between Condition 1
and Condition 2 (i.e. 50% cull) is shown in Figure 6, and the difference between Condition 1 and
Condition 3 (i.e. last 10% cull) is shown in Figure 7.
Z-parameter values are calculated for the parsed data (tube form) under the three conditions. The
distribution of these values, and the probability density function that describes them, are shown in
Figure 9, Figure 10, and Figure 11 for the three conditions. The mean and standard deviation for each
condition are listed in, as well as for all data (unparsed).

3
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Figure 2 – LMP model fit through parsed creep-rupture data
Figure 6 – Difference in creep rupture prediction between
Condition 1 and Condition 2

Figure 3 – Creep rupture data predictions and Z-parameter
reliability band (Condition 1: no data cull)
Figure 7 – Difference in creep rupture prediction between
Condition 1 and Condition 3

Figure 4 – Creep rupture prediction and Z-parameter
reliability band (Condition 2: 50% data culled)

Figure 5 – Creep rupture prediction and reliability band
(Condition 3: last 10% of data culled)

Figure 8 -Z-parameter distribution (all 316SS data)

Figure 9 – Z-parameter distribution (tube, no data cull)
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Figure 10 – Z-parameter distribution for 316SS tube (tube,
50% data culled)

Figure 11 – Z-parameter distribution for 316SS tube (tube,
last 10% of data culled)

Table 2 – Z-parameter statistics
Condition
All data
Tube, no cull
Tube, 50% cull
Tube, Last 10% cull

Mean
-12.85E-5
-3.373E-5
-4.064E-5
-3.44E-5

Standard Deviation
10.6E-3
5.82E-3
6.17E-3
5.62E-3

It is observed that culling the data tends to produce more conservative creep rupture predictions.
This effect is most pronounced at the lowest stress condition (1.0 MPa) where the difference in creep
rupture—regardless of cull type—is nearly an order of magnitude for all temperatures. This effect is
less pronounced for 10 MPa, while creep rupture predictions for 100 MPa differ the least. Across all
conditions, it is observed that the difference in creep rupture increases as temperature and stress
decrease. Unfortunately, this contradicts the main purpose of applying TTP models to data sets,
which is to predict rupture life at low stress and temperature conditions.
For all conditions, it is observed the distribution of the Z-values correlate well with the normally
distributed probability density function. This shows that the experimental creep rupture life follows a
log-normal distribution. It is observed the Z-value distribution for Condition 1 and Condition 3 are
nearly identical. As expected. the histogram count of Z-values for Condition 2 is lower than the other
two conditions because half of the data was culled. It is observed that the Z-parameter for Condition
2 exhibits larger deviations from the mean than the other two conditions. The standard deviation for
this condition is s 6.17E 3 . This relatively larger standard deviation means the reliability band will
be farther to the life prediction line than the other two conditions. This is observed visually in Figure
4. Despite this finding, the biggest factor in predicting creep rupture appears to be the applied stress.
4.

Conclusion
In this study, the predictive abilities of the Larson Miller time-temperature-parameter model are
analyzed using a dataset of 316SS, parsed to consider tube form. The Z-parameter is used as a
statistic metric. Three conditions are considered in analyzing the data. The major outcomes of this
work are: (1) Culling data in any way (either by excluding a random 50% or the last 10%) produces
more conservative creep rupture predictions. This is especially evident at lower temperatures, but
this effect attenuates at higher stress conditions and temperatures. (2) The distribution of Z-parameter
values for all conditions follows a log-normal distribution, where all means are nearly zero. (3)
Differences in the standard deviation for the Z-parameter will affect the reliability curve: higher
values create wider bands, while smaller values create narrower bands.
In future work, it will be elucidating to see how rupture life predictions change for: metadata
other than tube form; TTPs other than LMP; and stress parameterization functions other than
logarithmic. Using the same dataset, the authors of this study are developing a MATLAB subroutine
than will determine the predictive abilities of thirteen TTP models, parsed to consider thirteen
5

different types of metadata. Ultimately, the goal is to determine which TTP models are “best” for a
given metadata.
Additionally, it will be instructive to determine which interpolating function provides the most
accurate rupture life predictions. It was shown that a logarithmic function for LMP provided
acceptable results. Future studies should focus on testing what kind of interpolating function works
best for any model.
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ABSTRACT
This paper presents a preliminary thermal model of Orbital Factory II (OFII), a CubeSat in
development at the cSETR. OFII is scheduled to be launched in late 2017 or early 2018 into
a geostationary transfer orbit (GTO). During its orbit, the CubeSat will encounter the
extreme cold of deep space and receive heat through radiation from the sun, the Earth, and
the albedo reflection. A thermal model is necessary to determine if the modules within OFII
will be within their operation ranges or if insulation is necessary.
1

Introduction

1.1 Introduction of CubeSat
A CubeSat is a standardized small satellite that was originally developed by California
Polytechnic State University, San Luis Obispo and Stanford’s Systems Development Lab in
1999. The purpose of a CubeSat is to allow smaller organizations and universities access to
space exploration on a smaller scale [1]. Because CubeSats are considered micro satellites (10
cm x 10 cm x 10 cm and 1.33 kg), there is often no space for active thermal control.
1.2 Orbital Factor II
Orbital Factory II (OFII) is a CubeSat currently being developed at the Center for Space
Exploration and Technology Research (cSETR) at the University of Texas at El Paso.
Among its planned payloads are an in-house designed and additive manufactured chassis, an
in-house design of a 3D printer, and an electron emitting film surface charge monitor
(ELF/SCM) to manage the charge of the vehicle.
Along with the several in-house designed modules, OFII will also utilize commercial off the
shelf (COTS) components. OFII is designed to enter a geostationary transfer orbit (GTO),
something that no CubeSat has done before. Since the GTO includes the Van Allen radiation
belts, extra precautions must be taken to assure the COTS components do not fail due to
accumulated radiation as well as extreme temperatures.
2

Radiation

2.1 Background
There are three methods of heat transfer: convection, conduction, and radiation. Convection
is travel of heat through the movement of a liquid or gas medium. Since convection requires
1
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a medium and space is considered a vacuum, there is no convection in space. There is also
nothing touching the satellite while in orbit, so the only conduction is within the components
on the CubeSat. The only source of heat for the CubeSat is radiation.
Radiation is governed by the Stefan-Boltzmann Law:
E=σT4
(1)
2
Where E is the energy transferred in W/m , σ is the Stefan-Boltzmann constant (5.67x10-8
W/m2K4), and T is the temperature in Kelvin.
To determine the amount of heat transferred between two objects, equation (1) is modified to
this form:
Q1,2=εσF1,2A1(T14 - T24)
(2)
Where Q1,2 is the heat transferred from surface 1 to surface 2 in W, ε is the emissivity of
surface 1, F1,2 is the view factor between surface 1 and 2, A1 is the area of surface 1 in m2, T1
is the temperature of surface 1 in Kelvin, and T2 is the temperature of surface 2 in Kelvin.
2.2 Thermal Environment in Space
The background radiation in space gives a temperature of around 2.75 °K[2]. There are three
sources of radiation that the CubeSat will experience: solar radiation, albedo radiation, and
Earth emitted radiation. Albedo radiation is the radiation from the sun that is reflected off of
the Earth’s surface [3].

Fig. 1. Radiation inputs and output

2.3 Solar Radiation
Radiation from the sun is the Earth’s main source of heat. The average amount of radiation
that the sun delivers varies with altitude, but is usually defined as the solar constant, 1360
W/m2 [4].
The equation for the amount of solar radiation the CubeSat will receive is a modified version
of equation (1):
(3)

Where is the absorptivity of the surface,
is the solar constant 1360 w/m2,
is the area
illuminated (0.01 m2). Since the CubeSat will have solar panels on 5 of the 6 faces, we
consider the absorptivity of the solar panel, 0.903 as the in equation (3). When we plug in
the values to equation (3), we find that the amount of solar radiation the CubeSat will receive
is 12.3 W.
2.4 Earth Emitted Radiation
All planets and moons, including the Earth emit infrared radiation proportional to the fourth
power of their absolute temperature [5].
(4)
Where is the absorptivity of the solar panel, F is the view factor from the CubeSat to the
Earth, is emissivity of the Earth, is the Stefan-Boltzmann constant 5.670 x 10-8 W/m2,
is the cross section area of CubeSat, is the surface temperature of the Earth, and
is
the surrounding temperature of space. Assuming the view factor from the CubeSat to the
Earth is 1 and that the average surface temperature of the Earth is 15 °C or 288 °K [6]. When
all of these values are put into equation (4), we find that the CubeSat receives around 2.2 W
from Earth emitted radiation.
2.5 Albedo Radiation
Albedo is a dimensionless quality that describes how well a surface reflects solar energy. It
is also used to describe the lightness of a surface, since white surfaces reflect better than
black ones [7]. Since the Earth is covered in many different surfaces, an average value of 0.3
is typically used for the Earth as a whole [8]. The equation for the albedo radiation that the
CubeSat receives is:
(5)
Where is absorptivity of the solar panel,
is the solar constant 1360 w/m2,
is the
cross sectional area of the CubeSat, F is the view factor between Earth and CubeSat, and is
the albedo coefficient of the Earth. When the corresponding values are submitted, we find
that the CubeSat receives around 3.7 W of albedo radiation.
2.6 Radiation Emitted from CubeSat
Because the CubeSat will have a surface temperature different than the temperature of the
surrounding space, it will emit radiation as well.
(6)
Where is the emissivity of the solar panel and As is the surface area of the CubeSat.

3

Using Systems Tool Kit, a simulation of the orbit that the CubeSat will be in gave us an
estimate of what the surface temperature of the CubeSat will be.

Fig. 2. Surface temperature estimations from STK

From this simulation we can see that surface temperature of the CubeSat will fluctuate
between a maximum of 14 °C and a minimum of 8 °C. When all of the appropriate values
are plugged into euqaiton (6), we find that the CubeSat will emit 20 W at its maximum
temperature and 18.2 W at its minimum temperature.
3. Conduction
3.1 Conduction Through the Wall
The difference of the input and the output radiations of the CubeSat is equal to the heat
conducted through the wall to the components.
(7)
We can use Fourier’s Law to determine the temperature on the inside of the CubeSat wall.

(8)
Where k is the thermal conductivity in W/m°K, A is the area through which heat is being
conducted, T is the temperature, and x is the thickness of the material through which heat is
being conducted [9].

Fig. 3. Thermal properties of a photovoltaic cell [10]

Using the values from Fig. 3 in equation (8), we find that the inner temperature of the
CubeSat will be almost identical to the outer temperature. The solar panel and chassis wall
are too thin to provide any thermal protection.
4. Conclusions and Future Work
4.1 Conclusion
Since the solar panel and chassis wall are both very thin, neither will provide significant
thermal protection. More research into the operation temperatures and efficiencies of the
COTS components needs to be conducted in order to assure that they will function within the
thermal environment of the CubeSat.
4.2 Future Work
Future work will consist of computer simulations in order to verify the analytical hand
calculations and refine the assumptions made. The model needs to be expanded in order to
include the conduction within the internal components and structure. The heat generated by
the operation of the modules also needs to be taken into consideration.

5
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ABSTRACT
Liquid Oxygen/ Liquid Methane (LOX/LCH4) propulsion systems are a highly sought after
research field. The University of Texas at El Paso is currently working on two vehicles to test
performance of these systems. One of the key components in these systems is the tanks which
contain and provide propellant to the system. This paper shows the steps taken to size and design
tanks for these LOX/LCH4 rocket tests.

1 Project Background
1.1 Why We Need Tanks
Tanks are used to hold the propellants for spacecraft. They allow storage of the two propellants
and the pressurization gas separately. They are used to pressurize the propellants and ensure that
the engine will receive the necessary fuel to burn and deliver thrust. They also must carry enough
propellant to ensure that main mission objectives and ancillary maneuvers can be achieved
successfully.
Traditionally, to attempt deep space travel, large amounts of propellant have been required to be
placed in rockets before they leave earth. As a result, large tanks are employed; these are
generally heavy and expensive. We now know that methane is found throughout the solar system
on numerous asteroids and planets. The methane on these bodies could be harvested to produce
the rocket propellants LOX and LCH4. These two propellants are desirable for multiple reasons:
they are easy to obtain compared to hydrogen systems, clean compared to hypergolic propellants,
and reasonably efficient. The two current vehicle projects at cSETR use LOX/LCH4 engines for
two different mission objectives. Both projects have their own tank sizing requirements based on
the engine size, mission objective, and size envelope of the vehicle.
1.2 Mission Overviews
The two main vehicle projects are DAEDALUS and JANUS. DAEDALUS is a suborbital testbed
to assess the viability of LOX/LCH4 in vacuum and low gravity. This is a key step in the
advancement of LOX/LCH4 technology, since these propulsion systems have had limited use in
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these conditions. In order to test this vehicle in space, DAEDALUS will be launched from Earth
as the payload of a Black Brant IX sounding rocket past the Karman line [1].
JANUS is a robotic lander vehicle that serves as a methane propulsion technology testbed. The
goal of the project is to develop a flight-capable vehicle that incorporates various methane
technologies into a fully operational autonomous system. These technologies include the use of a
LOX/LCH4 propulsion system and potentially a methane solid oxide fuel cell. Moreover, the
project will demonstrate additive manufacturing for vehicle component design and
implementation, as well as composite vehicle structures.[2]
This paper will focus primarily on the work done on the DAEDALUS project. A similar
approach will be taken for JANUS.

2

Project Requirements

When the design for the tanks began for these two projects, it was decided to do our calculations
using the flight tank’s requirements. From this, we were able to calculate everything to the first
test of the DAEDALUS systems (D-1). The tanks for D-1 will be made of steel rather than
aluminum since there is no weight requirements for static testing. There will also be a greater
factor of safety in the test tanks, and approximately a 20% addition to the volume of the tanks for
ullage.
2.1 DAEDALUS Tank Requirements
The design of DAEDALUS fuel and oxidizer tanks begins with the selection of a launch vehicle.
Sounding rockets have length and diameter requirements that limit the available space for tanks.
Based on our mission requirements, two possible sounding rockets were considered. According
to the “NASA Sounding Rockets User Handbook,” the Terrier Mk 12, with a length of 290 in.,
offered a more affordable light weight option, but limited the amount of tank space and thus run
time was shortened. The Black Brant IX, with a length of 350 in. is capable of a much larger
payload allowing for a significantly longer run time. A longer mission length was preferred, so
the Black Brant IX rocket was selected.
It is important to remember that not all of the rocket length is available for the tanks. As
mentioned earlier, the Black Brant has a max length of 350 in., which allows us to have a total
tank length of 103 in., once lengths for engines, plumbing, release mechanisms, etc. is deducted.
Another important factor is vehicle diameter. To get this value we started by using the outer skin
diameter of the rockets (17 in). Subtracting 1.5 in. for lines and 1 in. for insulation yields a max
tank outer diameter of 12 in.
With the 103 inches in length available for the tanks, the propellant and oxidizer tanks were
calculated to be able to be a length of 40 in each.[3]. The tanks will also need to have two ports on
the top and bottom for filling/draining, level indicators, and safety features.
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The tanks were sized to ensure that the mission objective for DAEDALUS could be achieved
while at the same time being able to fit on the Black Brant IX.

Figure 1 DAEDALUS Tank

A pressurizing tank using gaseous nitrogen (GN2) will also be used to maintain constant pressure
in the fuel and oxidizer tanks, thus delivering constant propellant flow to the engine. The
minimum pressure requirement for the propellant tanks is 350 psig. Thus, there must be enough
gas to pressurize the total volume of the propellant tanks to 350 psi, and have all the leftover gas
in the gas tank still be at 350 psig. From this, the mass of GN2 necessary for the system was
calculated. Using this mass quantity, it was determined that a 1 ft3 tank pressurized at 6000 psig
would be sufficient. It is important to note that pressurized tanks have regulators on them to
control flow from the tank.
2.2 Operation
The next step was to calculate the required gas flow rate to maintain steady engine propellant
flow rate. The following table contains the engine flow requirements for the DAEDALUS
CROME 500lbf engine:
Thrust (lbf)
LOX Flow Rate (lbm/s)
LCH4 Flow Rate (lbm/s)

Minimum
125
0.52
0.19

Maximum
500
1.6
.59

Table 1 DAEDALUS Engine Parameters
The following calculations were done using the maximum flow rates of the 500 lb engine to find
the maximum propellant flows required.
DAEDALUS Max Thrust
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𝑉̇𝐿𝑂𝑋 =

𝑚̇𝐿𝑜𝑥
1.6 𝑙𝑏𝑚/𝑠
𝑖𝑛3
=
= 38.65
𝜌𝐿𝑜𝑥
. 0414 𝑙𝑏𝑚/𝑖𝑛3
𝑠

𝑉̇𝐿𝐶𝐻4 =

𝑚̇𝐿𝐶𝐻4
0.59 𝑙𝑏𝑚/𝑠
𝑖𝑛3
=
= 38.56
𝜌𝐿𝐶𝐻4
. 0153 𝑙𝑏𝑚/𝑖𝑛3
𝑠

𝑉̇𝑇𝑜𝑡𝑎𝑙 = 𝑉̇𝐿𝑂𝑋 + 𝑉̇𝐿𝐶𝐻4 = 38.65

𝑖𝑛3
𝑖𝑛3
𝑖𝑛3
+ 38.56
= 77.21
𝑠
𝑠
𝑠

These propellant flowrate values should be matched by the pressurant gas flow rates to maintain
steady flow. Next this value is converted to cubic feet per hour then to standard cubic feet per
hour to meet industry standard of units for gas flow rate.

𝑄𝑔 =

𝑄𝑔 =

𝑄∗𝑃
14.7

160.85 𝐶𝐹𝐻 ∗ 350 𝑝𝑠𝑖
= 4,020 𝑆𝐶𝐹𝐻
14.7 𝑝𝑠𝑖

This is less than the 10,000 SCFH capability of the regulator selected for the pressurant tank,
making the selection acceptable. But the capability of 10,000 SCFH is only when the cylinder is
at max inlet pressure (6000 psi). As soon as we start to use the gas, the pressure will slowly drop.
Fig. 2 shows how the selected regulator performs as the pressure drops.

Figure 2 Delivery Pressure vs Flow SCFH [4]
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The blue dot on Fig. 2 shows DAEDALUS initial point of operation (350 psig delivery pressure
and 4000 SCFH). The dotted red line is a constant 350 psig pressure delivery. This shows that
when the cylinder pressure drops to 2000 psi, it will still flow at the rate needed, but somewhere
close to 1000 psi the flow falls below the requirement.
Using a standard size 6000 psi nitrogen bottle, which can be provided by Airgas, we estimated
the total run time that this tank could deliver. In order calculate this an isentropic flow was
considered. Using the following assumptions: 𝑃𝑉 𝛾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, where P is pressure, V is
volume, and γ is the ratio of specific heats.

Using this equation and knowing the mass flow rate coming out of the tank, we were able to
determine the pressure decay in the tank as a function of time. (Fig. 3)

Daedalus Pressure vs. time
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Figure 3 Pressure vs. Time
Based on this model, the use of a standard 6000 psi bottle is acceptable to provide the run time
needed for the test.

3

Future Work

3.1 DAEDALUS
DAEDALUS is to be put through a static test in August 2017. Before the test, tanks will be
sourced and built to specification to achieve desired operation. More work on regulators and
what sort of configuration will yield our desired outputs is to be completed in the near future.
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3.2 JANUS
JANUS tank design will be very similar to the process described above for sizing DAEDALUS
tanks. JANUS tanks will also run at 350 psi, but will need to feed a 2000 lbf engine. The tanks
will need to be substantially larger to accommodate the bigger engine (a diameter of around 36
in). They will also be a sphere rather than a cylinder.
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ABSTRACT
This report describes the methods used and lessons learned from a failure investigation conducted
after a test of the LOX/LCH4 reaction control engine (RCE). The results from the RCE hot fire
testing conducted at the in the UTEP cSETR displayed thrust and flow rate values that were
significantly less than expected for the 5 lbf rocket engine. The team conducted a failure analysis
to determine the underlying cause for low engine performance. The failure investigation used cold
gas flow, cryogenic flow, and water flow in to determine if the cause of the low performance of
the engine was due to a design flaw, machining error, or other injector issue. The engine was water
tested again at the end of the failure investigation to determine if it could be salvaged for future
hot fire testing.
1 Introduction
The RCE is a 5 lbf, LOX/LCH4 engine that will be used on UTEP designed vehicle testbeds Janus
and Daedalus; a robotic lander and a sub orbital vehicle whose mission is to display the capabilities
of LOX/LCH4 systems. The RCE will be used as attitude control to adjust the orientation of the
vehicles during flight. In order to verify the manufactured engine performance before use on the
vehicle test beds, the engine would be placed through a series of development tests. An injector
water test was performed on the RCE using low pressures to compare the experimental flows to
analytical data [1]. The mass flow rate and injector pressure drop was compared to the predicted
values using Eq. 1[2]. These water tests were critical as they confirmed whether the experimental
data meets the engine design specifications.
The RCE hot fire testing took place in summer 2016 to test the engine performance. A hot fire test
matrix was designed and the hot fire testing started. After a few tests, the data displayed very low
thrust (10 times lower than the design thrust), chamber pressure, and flow rates which suggested
that there was an issue with either the test setup or the engine. After several engine tests were
completed, the hot fire testing was ended. A failure investigation was conducted to determine
what caused the engine to perform much lower than expected.
𝑚̇

2 1

∆𝑃 = (𝐴𝐶 )
𝐷

2𝜌

(1)
1
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2 RCE Gaseous Hot Fire Results
Fig.1. displays the thrust plot of one of the RCE gaseous hot firing with inlet pressures of 120 psia
and 80 psia for oxygen and methane, respectively. It is apparent that the engine is performing
poorly as the maximum thrust produced by the engine is 0.55 lbf. This data was repeatable with a
nominal thrust of 0.5 lbf (10 times lower than the expected 5 lbf design thrust) despite changing
the inlet pressures for both oxygen and methane.

Fig.1. RCE thrust plot with 3 second burn

The low thrust was repeatable across all inlet pressures and it was concluded that there was an
issue with the engine. Not only was the engine thrust low, the flow rates were not repeatable and
varied greatly. A failure investigation was prompted shortly after hot fire testing.
3

Failure Investigation

3.1 Cold Flow Testing
The first test that was performed on the RCE in the failure investigation was a cold flow of gaseous
nitrogen through each injector both individually and simultaneously. This test was to measure the
flow rate across the injectors using an inert gas that could be correlated to both the testing flow
rates and the water test flow rates. Shortly after performing a few test runs, there was an issue with
the ΔP vs flow rate curve, Fig.2. as it did not support previous flow data [3].

Fig.2. RCE ΔP vs. flow rate plot

2
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3.2 Cryogenic Flow Testing

Because the engine was designed for liquid operation, the RCE team proceeded to preform
cryogenic flow tests to determine if cavitation at the injector was causing the significantly low
thrust and flow rates during hot fire. The same test matrix from gaseous nitrogen cold flow tests
was used for the liquid nitrogen tests to simulate liquid propellant flow through the engine. During
the preconditioning phase of the test matrix, there was much difficulty cooling the feed lines and
the engine down to subcooled temperatures as the flow rate appeared to be too low. The difficulties
of preconditioning the piping verified there was an issue with the injectors.
3.3 Water Flow Testing
After the cryogenic flow tests, a water test was done to directly compare the current flow rates of
the engine to the flow rates measured in previous water tests. After completing the water test
matrix, it was found that the flow rates were significantly lower than that from previous water tests
which verified the results from hot fire and the gaseous and cryogenic flow tests. After visual
inspection using a borescope, it was found that both the oxygen and methane injectors were
clogged with Teflon tape, shown in Fig.3. This tape was used in many fittings upstream of the
engine.

Fig.3. Teflon Tape residual coming out of oxygen injector port

4

Conclusion

After many different approaches taken to troubleshoot the low performance of the engine the
underlying flaw was the improper installation of Teflon tape on piping fittings and valves. Water,
gas, and cryogenic flow tests proved poorly wrapped Teflon tape on NPT fittings caused the
injector ports for the RCE to become clogged rendering the engine unusable. Much of the Teflon
from the RCE has been removed using a series of high pressure forward and back flow through
the injectors. Additional water flow tests were performed and displayed that a large amount of
Teflon residuals was removed from the injector orifices. Although much of the Teflon has been
removed from the engine, there are still noticeably low flow rates from the methane orifices
meaning Teflon is still clogged in the engine. Efforts are being made to attempt to remove the
remaining Teflon by vaporization using a high temperature oven.

3

The Southwest Emerging Technology Symposium 2017
References
[1] A. Johnson “Design and Performance Evaluations of a LO2/Methane Reaction Control Engine”. 2016
[2] D. K. Huzel and D. H. Huang “Modern engineering for design of liquid-propellant rocket engines”. Washington,
DC, AIAA, 1992.
[3] Y.A. Cengel and J. M. Cimbala “Fluid Mechanics: Fundamentals and Applications”. 3rd ed. McGraw-Hill, 2013

4

The Southwest Emerging Technology Symposium 2017

HARDWARE DEVELOPMENT AND TESTING FOR A
LOX/LCH4 2000 LBF ROCKET ENGINE
1

P. Nunez1, L. Hernandez1, I. Lopez1, A. Choudhuri1*
Mechanical Engineering, The University of Texas at El Paso, El Paso, TX 79968, USA
*Director of Center for Space Exploration and Technology Research (cSETR)
Keywords: engine, valve, actuator, seals, testing

ABSTRACT
The paper discusses the hardware selection and development for a 2000 lbf liquid oxygen (LOX)
and liquid methane (LCH4) rocket engine. The hardware discussion focuses on two different areas
of the engine. The first section focuses on the selection process for the main valves and the
actuation components to control these valves. The second subject is the development of the
propellant feedline joints and their sealing mechanism. This section describes the design process
to incorporate the selected sealing material on the engine flanges. Lastly, the paper describes the
tests that will be conducted to validate the selection and design of both types of hardware.
1

Introduction

A 2000 lbf rocket engine is currently being developed by the Center for Space Exploration
Technology Research (cSETR). This engine will be used to propel a vertical-takeoff lander
vehicle. Consequently, the engine needs to throttle the thrust to effectively control the vehicle
flight maneuvers.
In a vehicle, changing the amount of propellant flow delivered to the engine dictates its thrust
response. The main engine valves control the propellant flow to the engine. These valves throttle
the rocket engine by controlling the valve position and consequently the amount of propellant
delivered to the engine [1]. Precise valve position control and repeatability are paramount to vary
the thrust for vehicle dynamic control. Furthermore, selecting the actuator response time is crucial
because the rate at which propellant flow rate changes will dictate how fast thrust throttling can
occur.
Rocket engines require fluid delivery systems to provide propellants at the design condition for
successful operation. Due to this, there are joint sections like the manifold, chamber and injector
that will need a joint seal. This seal needs to be designed to prevent any mechanical failure of the
engine assembly. The seals prevent leaking to the atmosphere, propellant mixing, pressure loss, or
failure of the delivery system altogether. Thus, seal component design is necessary to prevent
engine failure.
The following sections describe the process for selection and design of the components based on
the engine requirements. The section first defines how the main engine valves and its actuators
were chosen. The following section discusses the sealing material selection and the components
1
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that will employ it. Furthermore, testing to validate the hardware will be necessary to ensure that
operation of all components is acceptable before using on the actual engine. The testing process
for each component will be described in the last section as well.
2

Component Selection Criteria

2.1 Valve Selection
The main engine valves and their actuation systems need to work congruently to throttle the engine
effectively. The criteria to select the valves was defined by the engine requirements. The
requirements for the valves are listed in Table 1.
Table 1. Tabulated valve requirements
Requirement
Value
≤ -320 °F
Low Temperature Operating Limit
400 psig
Max Operating Pressure
LOX/LCH4
Propellant Compatibility
LOX: 2 – 6 lb/s
Propellant Flow Rate
LCH4: 1 – 3.2 lb/s
Max Pressure Drop (at max flow rate) ≤ 5 psi (fully open valve)

After assessing the different options available, it was determined that a ball valve would be used
for the main engine valves. Ball valves require a relatively small actuation rotation (i.e. requires
only a quarter of a turn), they are usually simple in geometry, and cheaper than many other types
of valve. Standard ball valves are considered poor for throttling because of their severely nonlinear
change of the cross-section area when opening and closing. As a result, a variant called a v-port
ball valve is normally employed for flow control [2]. V-port valves have a bore in the shape of a
“v” (shown in Fig. 1). As a v-port valve is opened, the “v” shape exposes the bore area more
linearly than a circular port. This gives more control over the flow. As a result, a v-port valve will
be used for the main engine valves. Normally the “v” shape is sold in different angle configurations
(e.g. 30°, 60°, and 90° “v” port). Selecting the port size and angle was the next step.

Fig. 1. Ball valve ports: V-ports vs. standard round port (left to right: 30°, 60°, 90° and standard port)

From the requirements, the required flow coefficient (CV) of the valve (an indicator of the pressure
drop for a given flow rate) was calculated. This value serves as comparison criteria for the
performance of different valves [3]. It was determined that the minimum CV value required was
15. When comparing different valves, manufactures usually report the CV value of the valve at
different open positions from fully open to fully closed (normally shown as a CV vs. % open of
the valve). This information was used to compare different valves from several manufactures and
select the main valves. The valve ultimately selected was a 1” stainless steel 60° v-port valve from
2
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a manufacturer named Habonim Industrial Valve & Actuators. A 60° v-port was selected because
its CV value (approximately 15.7) is greater than required and it would grant better flow control
over the flow rate range specified by the requirements. Valves with a 90° port have bigger CV
values but would yield very coarse flowrate control, and valves with a 30° port did not meet the
minimum CV requirement.
2.2 Actuator Selection
Once the valve was selected, the valve specs were obtained from the manufacturer to select an
actuator. The valve break-out torque (the torque required to open the valve) was used as a
requirement to specify the minimum torque for the actuator. Additionally, the engine has two
valve requirements. The first engine requirement is to be able to fully open the valve in 500 ms
(this roughly translates to an average rotational speed of 30 RPM over a quarter rotation). The
second engine requirement is to have a minimum control of 256 positions from 0° to 90° in rotation
(which correspond to required set positions vs. engine flow rate). All these requirements were then
used to select the actuator.
The chosen actuator is a DC motor combined with a gear box. This motor can deliver speeds of
3000 RPM and torque of 3.6 lbf-in, but when combined with the gear box (71:1 gear ratio), the
speed and torque are converted to 42 RPM and 255 lbf-in, which is within the necessary
specifications for the valve. Furthermore, the actuator can be programmed to deliver more than the
minimum 256 steps (or positions). The motor has an input requirement of 36 VDC and 7.5 Amps
that the vehicle power bus will provide.
2.3 V-A Connector Design
A Valve-Actuator (V-A) connector is a part designed to connect the actuator to the valve. Thus,
the requirements for the V-A connector were to be able to withstand the torque and speed of the
valve. Furthermore, the actuator has an operational temperature lower limit of -22 °F, which is a
higher temperature than the cryogenic valve temperatures (≤ -240 °F). Consequently, the overall
goal of the V-A connector is to transfer the torque from the actuator to the valve, and to serve as a
thermal insulator to keep the temperature of the actuator above -22˚F.
The final concept design for the V-A connector is a cylindrical rod with a hollow mid-section with
surface holes (as illustrated in Fig. 2). The purpose of the holes in the V-A connector is to increase
thermal resistance and thereby increase the thermal gradient between the actuator and the valve.
The V-A connector is to be 3D printed as a means to simplify manufacturing, and the part will be
made with titanium due to its material strength and low thermal conductivity. Since it is crucial to
have a thermal gradient large enough to prevent the actuator from reaching -22˚ F, thermal analyses
were performed on the part to find an optimal length for the V-A connector. Also, to ensure
realistic mechanical conditions for the V-A connector, stress analyses were done in parallel with
the thermal analysis.

3
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Fig. 2. The V-A connector cross section (left) and the overall valve-actuator assembly (right)

2.4 Propellant Delivery Seal
The propellant joint sections seals are a very important component of the engine. Since there are
assembled manifolds that flow combustible cryogenics (LOX or LCH4), a sealant is needed to
prevent fluid leaks. A PTFE (polytetrafluoroethylene or Teflon) joint sealant called GORE seal
has been chosen for the mentioned connections. This material is generally used as a gasket for
jointed components to prevent leakage. The seal is inert and has a temperature rating of -450 °F to
600 °F. According to the manufacturer, a leak tight seal is attainable on a multitude of surface
finishes if the joint provides a gasket clamping pressure equal to or greater than 2,500 psi. There
is no groove or face seat requirement, so it is easy to place on most surfaces [4]. As a result, it will
be employed on most of the propellant manifold connections of the engine. These include
connections to the injector and delivery system.
This material has also been successfully used as an expendable sealant between injector and
combustion chamber interfaces, making it useful for limited hot-fire testing [5]. Therefore this
material can serve as a disposable injector-to-combustion-chamber sealant for engine development
and testing purposes. Consequently, this material will be used as a gasket for the injector-tocombustion-chamber flange of the first developmental test rocket engine. The combustion
chamber seal will be replaced after disassembly following a hot fire test.
3

Component Testing

3.1 Valves and actuator
Typically, a valve used for cryogenic liquids has a long stem that houses the valve packing and
seals at the top of the stem (for example, the aforementioned 1” cryogenic valve from Habonim
has a 9” stem). The long stem produces a thermal gradient and insulates the valve components
from cryogenic temperature [6]. Due to space limitations, a long stem would not fit in the engine
assembly. Consequently, the selected valves will be the standard valves with a short stem
configuration (non-cryogenic); the valves will carry the same packing cryogenic valves use, but
will be prone to frequent servicing or packing seal replacement due to prolonged exposure to
cryogenic temperature. The manufacturer provided replacement packing seals for replacement
when necessary.

4

The Southwest Emerging Technology Symposium 2017
To determine the lifespan of the valves packing seals, a test to flow liquid at cryogenic
temperatures through the valves is needed. Liquid nitrogen (LN2) will be used because it is inert,
safer to handle, and can attain colder temperatures (down to -320 °F) when compared to LOX or
LCH4. The valve will be put under the same pressure and temperatures conditions as defined in
the valve requirements, and the valve will be visually inspected to assess whether any noticeable
leaks are present. Using this data will help to determine the reliability of the seals on the valves
and if any modification needs to be performed on the valves to have a leak tight system,
Additionally, the V-A connector will be monitored to ensure that the actuator temperature does
not reach temperatures below -22 °F.
Along with the valve tests, the actuation system will be calibrated to ensure that actuator
commands move the valve to its target positions. At the same time, the flow rates will be monitored
using a flow meter. Thus, the actuator movement resolution and the repeatability of the valve to
open to a target position will be tested and verified.
3.2 Propellant Delivery Seals
Propellant manifold seals are of crucial importance to prevent engine failure, so tests will be
conducted to ensure that the GORE seal functions over the range of use. The areas of concern are
potential leakage, effects of exposure to cryogenic temperature, and the creep/deformation of the
seal with time. The creep of the seal is of importance because it would result in loss of bolt preload
(i.e. loss of gasket pressure and eventual leakage).
To test the sealant, a bolted flange joint was designed to connect a feedline that carries liquid
nitrogen (LN2). The connection will be cycled from warm to cold temperatures and pressurized to
ensure the seal still holds. LN2 will be used for the same reasons described in section 3.1. The
sealant will be placed in the flange connection and the bolts will be tightened to a predetermined
preload. Each bolt will also be measured before and after preloading to measure the elongation
and accurately ensure that the preload is within the required range [7].
Once tightening is complete, the connection will be filled and isolated with gaseous nitrogen
(GN2) to a pressure of 200 psia to make sure that leakage is negligible. Next, the gas is released
and the feedline will be connected to the LN2 source. LN2 will be flowed through the bolted
connection and visual inspections made to ensure no visible leaks are present. Once the flange
reaches the cold temperature desired, the assembly will be allowed to warm up to ambient
conditions. The pressure-leak test with GN2 will be repeated and the bolt length measured to verify
the preload. This series of warm-cold-warm pressure cycles will be repeated for 5 days to show
how the seal performance changes with time. The results will determine if the GORE seal is
adequate for use under cryogenic conditions. The setup to do this is shown in Fig. 3.
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Fig. 3. Test setup for Gore seal evaluation

4

Conclusion

The valves-actuation system and the propellant seals are important components for the 2000 lbf
engine. The valves-actuation system defines the performance of the engine by controlling the flow
to provide the thrust level needed. The seal prevents leaking from the propellant passages. The
testing of these components is critical to demonstrate the design approach is valid.
5
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ABSTRACT
Martian exploration is a primary focus of interest for both private and government
organizations. Recent discoveries associated with the presence of large ice deposits in Mars
pivoted the focus of the development of a feasible method that can operate in Mars and
extract usable water. This paper presents the preliminary design and analysis of a drilling and
melting system complying with the requirements specified in the RASC-AL guidelines
established by NASA. The system will be created in such a way that it will drill through
Martian simulated surface, melt a block of ice located underneath it, and filter the liquid
water as it is being extracted. The melt-extraction system was proposed for use based of a
computational heat transfer study to ensure that the majority of the ice could be melted and
then extracted as usable liquid water.
1

Introduction

Recent discoveries of what are thought to be large ice deposits just under the surface on Mars
have Mars mission planners re-thinking how a sustained human presence on Mars could be
enabled by a “water rich” environment. Water is essential to enable a sustained presence, as
well as agriculture, propellant production, reduce recycling needs for oxygen, and provide
abundant hydrogen for the development of plastics and other in-situ manufacturing-driven
materials. Before the water can be used to support sustained human presence, it must be
extracted from the Martian ice deposits. Once extracted, water must be isolated to prevent
evaporation (or sublimation if still ice) from the low atmospheric pressures and temperatures
found on Mars. The purpose of this challenge is to explore and demonstrate methods to
extract water from the Martian ice deposits. The major difference between the Earth surface
and the Martian surface would be the behavior of water due to the difference in pressure,
being 600 Pa for Mars. This pressure gives a small margin for keeping the water in a liquid
state, due for the fact that at a pressure of 600 Pa the range for water at liquid form will be
from 0 to 10°C.
2

System Requirements

The Hot Rod Ice Melting System, also referred as H-RIMS, will require several components
of different sub-system configurations in order to have proper functionality both in the earth
and Martian surface. Mechanical, electrical, programing and control sub-systems were
considered when designing the system.
2.1 Mounting Strategy

The frame is designed for positioning on top of the provided mounting platform of the
competition. The two longer beams on the bottom are the same length as the boards on top of
the lid. They are intended to be used for support as well as to reduce the risk of uneven
contact that will result in frame deformation. The frame, as well as most of the system will be
made of hollow aluminum rods with a thickness of 5mm with varying lengths for the
remaining directions. On top of the frame, there is a metal shaft that is parallel to the two
main cross bars of the frame. This shaft will be supported by two mounted bearings, that will
include a pulley system, responsible for the vertical movement of the elevator.

Fig.1. CAD Side and Top views of the mounted frame of the H-RIMS system.

2.2 Drilling Component
Mounting onto the elevator and onto the base of the entire assembly is the drilling and
extraction member. This component consists of a step size drill bit, a cylindrical rod, a
heating element, and an insertion area for a pump hose. This member will be used to drill into
the ice, produce heat to liquefy the frozen water, and to suction melted water out of the
simulated Martian environment. The center of the first set of concentric holes will be 25.4mm
from the end of the rod and will have a diameter of 6.25mm. The second set of voids will
have a distance of 25.4mm from the center of the first corresponding hole to its center point.
Similarly, the third subtracted extrusion will have a distance from center to center of 25.4mm.
These holes will penetrate from one side of the rod to the opposite side, which will allow
potential liquid to flow through and be suctioned by a pump hose that will be inserted from
the superior portion of the rod.
The cylindrical rod will have a step size drill bit that will be press-fitted and welded around
the edges of the shank of the drill bit. This will ensure that the drill bit will not detach from
the inferior end of the cylindrical rod. The material of the step size drill bit will be high-speed
steel with a black-oxide treatment. The high steel drill bit will have a 9.525 mm shank
diameter, which will allow it to fit into the inner diameter of the cylindrical rod. Furthermore,
the drill bit will have a maximum diameter of 41.275mm and will have an overall length of
83.34mm. The maximum diameter of the drill bit is much greater than the outer diameter of
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the cylindrical rod. This was designed in such a manner in order to incorporate a shield that
will encase the heating element that will be lowered into the hole with the rod.

Fig.1. Heat Element and Drill bit schematic.

This shield will consist of two cylindrical sheets that will be made out of copper due to its
conductive properties. This will ensure that the shield will not began to melt or receive any
severe damage from the heat that the element will produce. Therefore, both the inner and
outer shield will be crafted from copper sheets. The inner shield will have a length of 700
mm, an inner diameter of 32 mm, and an outer diameter of 34 mm. In addition, the inner
shield contains circular holes that align in parallel to the holes on the cylindrical rod that was
described earlier. The inner shield also contains a screen inside that will act as a filter to limit
gravel and dirt passage through the holes as water is suctioned into the inside of the shield
and into the center rod. Furthermore, the outside surface of the inner shield will have a
Nichrome coil wrapped around the outer surface. The Nichrome wire will serve as the
heating element, and was chosen due to its ability to produce heat as current is delivered
through it. This shield will be welded to the top surface of a ball bearing that is 7.14 mm
thick, and that has an inside diameter of 15.875 mm.
3 Heat Transfer Problem
The chosen method of solving the problem was a Two-Region Phase-Change Problem. The
approximate radius of water melted after 20 seconds with the surface of the shield being at a
constant 150°C is 6.55075 mm. This gives us .235 mL of water obtained after 20 secs of ice
being directly exposed to the bar at 150°C, neglecting heat convection via air between the rod
and the ice. The assumptions and boundary conditions were made to solve the problem:
The surface of the outside shield covering the coil is at a constant temperature.
The ice is a semi-infinite body.
The temperature of the ice is to be at around -15°C.

Ts (0, t ) T0
Tl ( , t ) Tl

150 o C
o

15 C

Ts ( s, t ) Tl ( s, t ) T f

0o C

(1)
(2)
(3)

3.1 Finite Element Analysis
A Finite element model was created in order to simulate the effect of ice melting under the
thermal boundary conditions specified by the RASC-AL competition. The heat transfer
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1.2 Distance variation due to elevation angle
Change of the distances due to elevation angle is another important challenge for
communication. The exact distance measurement is very important for signal reception as the
ground station antenna pointing, fixing of the antenna gains etc. are the essential factors for
receiving signal at the earth station. These parameters are mostly dependent on the satellite
distance data. For calculating the considerable distance for communication with the satellite,
We will use the formula:
𝑑 = − 𝑟𝐸 sin(𝜃) + √(𝑟𝐸2.𝑠𝑖𝑛2 (𝜃) + 𝑟𝑠2 − 𝑟𝐸2)
(1)
Here , d = Distance GS to Satellite, 𝑟𝐸 = Mean radius of Earth, 𝜃 = Eleveation Angle
𝑟𝑠 = Distance from Centre of Earth to Satellite. Considering 3500 miles of distance, Mean
radius of the earth is 3959 miles and Distance from the center of the earth to the CUBESAT
is 7459 miles’ distances have been measured due to elevation angles.
Elevation angle
(Degrees)
10
25
40
55
70
85
100
115
130
145
160

Distance
(miles)
5671
4866
4269
3861
3614
3507
3528
3680
3978
4446
5110

Fig 1 : Distance variation due to elevation angles
2

Frequency selection

With regard to the frequency selection some analysis has been performed in order to check
the suitability of different frequencies for the mission. Following decisions can be taken from
the analysis:
•

Higher frequency wavelengths are absorbed more easily by the air molecules

•

As amplitude is kept constant by the transceiver specifications frequency is the only
parameter that can be varied

•

Longer wavelength travels faster than shorter wavelength

•

For example, AM radio with low frequency has a long range whereas FM radio with
higher frequency has a very short range
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Higher frequencies are the reasons of lower received power and responsible for higher
attenuation. Considering these factors for satellite primary communication mainly
emphasized on the RF transmit power and the lower frequency to ensure successful signal
reception. The signal is expected to have at least -120dBm of power at the receiver end for
successful data extraction. A relationship between the frequency and the received power is
shown in the following graph.

Fig 2 : Received Power vs Frequency relationship
Based on the analysis in order to have at least -120 dBm of received power, VHF has been
considered for the primary communication.
3. Link calculation:
Link budget analysis is also a very important process for setting up the communication
parameters. Link budget analysis has been performed including following calculation:
• Equivalent Isotropic Radiated Power Calculation
• Different types of losses
• Calculation of received power
• Approximate data transfer rate and received data
• Energy per bit per noise ratio
• Maximum detectable signal
• Calculation of receiver G/T
• Noise Power & Career to Noise ratio
The EIRP has been calculated summing up the transmit power and antenna gain from where
the transmission losses have been deducted. For the mission, approximate EIRP has been
considered 31 dBm. Total propagation losses have been calculated as -125dBm. Energy per
bit noise is -11dB. For 12dB gain of the receiver antenna and 290K of system temperature the
receiver gain to noise temperature is -12.62dB/K. For 10MHz of Bandwidth the noise power
can be calculated as -103.977 dBm.
Based on the link analysis we can determine what can be the minimum detectable signal and
receiver sensitivity. From the analysis using the minimum detectable signal formula it has
been observed that keeping the receiver bandwidth lower, the sensitivity can be increased to
detect the signal of -125 dBm power as mentioned earlier.
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Considering the link calculation the required specifications of the transceiver module is: VHF
and S-Band operating capability, 3W of transmit power, smaller dimension, Forward error
correction capability, Binary frequency shift keying modulation technique and 9.6 kbps of
data rate. For the antenna module the required specification is stated as 5MHz of bandwidth,
140MHz to 150MHz VHF transmission capability and 3watts of RF transmit power.
For 10 minutes of line of sight communication at 10 kbps data rate total transferred data has
been calculated as 750 Kilobytes.
4. Functional Description:
The main component of the transceiver is the microcontroller. The microcontroller of the
transceiver is connected with the On-board computer with IIC, CAN or the USART bus. The
controller receives the command from the OBC and sends the data to transmitter at 9.6kbps
rate. Transmitter converts the baseband signal to RF signal. There is another power amplifier
at the transmitter end in order to increase the transmit power as the typical output of the
transceiver is very low. A buck converter is required to feed the PA which converts the 3.3V
input to 2.3V and supply to Power amplifier. The Rx/Tx switch will be kept at transmitting
mode for all the time to send the signal to the antenna for transmitting.

Fig 3 : Functional block diagram of the Communication Module
5. Conclusion:
The ground station configuration is also extremely important for successful communication
with the satellite. Some basic idea of the ground station system has been developed for the
mission. Some functionalities of the basic ground station components are described below:
Low noise amplifier: LNA is used to amplify the attenuated signal. Amplified signals are
converted to the intermediate frequency in MHz by the down converter. At the next stage
signals are demodulated to restore the original signal. Signals are passed through the de
multiplexer to select the appropriate signal for extraction and selected signals are sent to the
respective channel. Integration, verification & validation of the performance of both satellite
communication module and ground station will be performed in future.
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problem was solved using ABAQUS. Different time intervals were analyzed and proposed to
understand the amount of ice that can be melted and the temperature distribution. For this
simulation, it is expected to accomplish a clear description of the melting process using a heat
input of 1000 W. The initial computational study confirmed that in fact the ice was going to
be melted with the given temperature boundary condition gradient of -10 C and -26 C. The
second iteration was conducted by considering the overburden in the simulation as part of the
calculation.
Properties
Specific Heat
Latent Heat of Fusion
Thermal Conductivity
Density

Value
4217
333.55
2.34
917

Units
J / kg K
kJ / kg
W/mK
kg/m3

Table.1. Thermal Properties of ice considered for calculations.

Fig 2. Computational color-metric contour of the Ice and Water regions.

4 Earth to Martian Surface
Amendments have to be incorporated in the design in order for it to work properly when it is
incorporated in Martian surface. The first amendment that can be done, is to add a pressure
cap onto the top end near the bottom of the elevator. As the elevator is lowered, the pressure
cap will seal the whole, which will be beneficial for the extraction because it will allow
pressure to build within the hole. Furthermore, to control the energy input on the nichrome
wire a thermostat will be adapted. Another contingency method that will be applied is to
completely insulate the pump hose and the electronics to maintain a desired temperature that
will allow the water to remain at a liquid state. Thereafter, when the water is extracted and
collected it will be deposited into a pressurized tank that will be heated to an appropriate
temperature by a heating aid to prevent the solidification.
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ABSTRACT
The purpose of this paper is to show the process required to build a reliable communication
system so that the CubeSAT can communicate with the ground stations successfully. We will
utilize the Amateur radio bands in order to maintain the communication with the Satellite via
the ground stations. An S-Band experimental patch antenna will be developed in house to
measure the performance of the patch antenna for communication. The communication module
and the high frequency antenna module will be purchased from the COTS product vendors. An
extensive analysis of the link budget will be performed which will allow to select the proper
subsystem modules and also helps figuring out their installation, operation, maintenance as
well as interfacing process with other subsystem.
1

Challenges of the Communication

Since the satellite will go to the GTO which is much more longer distance than conventional
LEO there are more challenges associated with it. In order to establish the communication
from such a long distance, we need higher transmit power from the communication radio
which is not available in the off the shelf products. Moreover, there are issues related with the
signal transmission and reception losses which causes the communication process more
challenging. Two types of major challenges have been discussed in the following section.
1.1 Different types of losses
Total losses can be divided into two types which are propagation loss and local loss.
Propagation loss occurs at the transmitter end and the local losses are occurred at the receiver
end. Propagation losses can be of three types which are Free space loss, Atmospheric loss and
Pointing loss. Free space loss is the rate of attenuation of the signal as the signal gets weak
while travelling a long distance. Atmospheric losses are the signal absorption by the
environment which can be the Ionospheric effect, Tropospheric effect etc. Pointing losses are
associated with the antenna misalignment. Local losses occur at the ground station while the
signal passes through different devices.
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ABSTRACT
The CROME project is to design, build, and test a throttleable (4:1) 500 lbf rocket
engine using liquid oxygen and liquid methane as the propellant. Compared to liquid hydrogen,
the most common cryogenic fuel used today, methane is denser and can be stored at a more
manageable temperature; leading to smaller more affordable tanks and a lighter system. With
NASA being on a mission to eventually send humans to Mars, the decision to use methane as
a propellant was spurred by future space missions using In-Situ Resource Utilization (ISRU)
technology to create methane from the carbon dioxide in the Martian atmosphere. By
developing a next generation of rocket engines using liquid methane, this project will
contribute to the learning process of the students. The main objective and motivation for
developing this engine is to develop a workable engine and demonstrate its usability in space.
The engine will serve as the main propulsion system for Daedalus, a suborbital
demonstration vehicle being developed by the Center for Space Exploration and Technology
Research (cSETR). The purpose of this engine is to provide thrust and to demonstrate its
restartibility under microgravity conditions. The project is funded under a NASA grant
awarded to the University of Texas at El Paso (UTEP) Center for Space Exploration and
Technology Research (cSETR) in 2015.
The rocket characteristics were calculated using an iterative set of spreadsheets, and
additional software (Rocket Propulsion Analysis - RPA). Design decisions are justified by our
resources and from previous experiments performed by academia and/or professionals.
1 Mission Requirements
The project is driven by the mission. The mission requirements are identified by our
customer, cSETR director and department chairman, Dr. Ahsan R. Choudhuri. The mission
requirements are as follows. The propellant combination for the rocket engine must be liquid
oxygen and liquid methane. The maximum thrust of the engine will be 500 lbf and the engine
must be throttleable 4:1, from 500 down to 125 lbf.
2

Engine Description

The engine 500 lbf thrust will require a nominal chamber pressure of 235 psi and is
designed to be tested at El Paso ambient pressure. A nozzle will be used with an area expansion
ratio of 1.6:1 (optimum expansion for testing at El Paso altitude) to the operating area
expansion ratio of 30:1. The propellant combination will have a mixture ratio of 2.7 which
allows equal volume tanks for the vehicle for a uniform mass distribution of the fuel and
oxidizer.

500 LBF LIQUID METHANE - LIQUID OXYGEN THROTTLEABLE ROCKET ENGINE DESIGN

2.1 Propellant Feed System
The system chosen for Daedalus and the engine is a Helium gas pressure regulated
system. This is important as the engine will be fired several times at several thrust levels during
its mission.
This engine will use proportional flow valves, allowing throttleability through the
valves. It is a requirement that our engine can be throttle between 125-500 pounds of thrust,
which correlates to minimum and maximum propellant flow rate. Since the valves can be
controlled to a known flow rate, the flow rates can vary and thus throttle the engine. Other key
components required for testing are flow meters, pressure transducers, and thermocouples.
These components measure flow rates, pressure, and temperature at selected points in the
system.
2.2 Combustion Chamber & Nozzle
The liquid oxidizer and fuel are atomized through the injector and mixed together in
the chamber, followed by an ignition of the propellant. The ignition starts the combustion
process, and the resulting high temperature, high pressure gases are accelerated through the
throat and nozzle to create a force. The law of conservation of momentum allows the thrust
force to be described by the thrust equation Eq. (1).
𝐹 = 𝑚̇𝑣𝑒 + 𝐴𝑒 (𝑃𝑒 − 𝑃𝑎 )

(1)

where 𝑚̇ is the propellant mass flow rate, ve is the exit velocity of the exhaust gases, Ae is the
area of the nozzle exit, and Pe and Pa are pressures of the exhaust gases and the ambient
atmosphere respectively [1]. When designing the combustion chamber, the goal is complete
mixing and combustion, which is can be achieved by proper injector design and chamber
dimensions. The standard for quantifying the chambers dimensions is the characteristic length,
L*, which is defined in Eq. (2), where vc is the volume of the chamber, and At is the area of the
throat.
𝐿∗ =

𝑣𝑐
𝐴𝑡

(2)

2.3.2 Pintle Injector
The main advantage of using a pintle injector into the design of our rocket engine is
throttleability[2]. A pintle injector consists of one of the propellants flowing down the inside of
a pintle that has a series of holes or slots close to the tip that injects the propellant radially. The
other propellant leaves the manifold though an annular gap creating an axial concentric sheet
around the base of the pintle. Mixing and atomization of the propellants result from the collision
between the radial jets and the annular sheet.

2
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Fig. 4 – Pintle Injector Schematic
The proposed design and complexity of actuation led to the decision to prototype and
potentially test a fixed area pintle injector. The fixed area pintle injector is currently under
development. This rocket engine concept will be throttled through the valves.
2.4 Cooling Method
The material selected for the combustion chamber and nozzle is Inconel 718. Inconel is
a corrosion resistant, high strength material able to withstand operating temperatures of
between -423 - 2300 F [3]. The gases during combustion will reach between 5000 – 6000 F.
The wall temperature needs to be maintained through cooling to avoid mechanical failure such
as cracks, defects, and melting along the chamber.
For the pintle injector, film cooling is being used to create a cooler region along the
wall. A portion of the fuel will pass through ports on the injector face near the combustion
chamber wall will provide 30% film cooling in order to mitigate the heat from potentially
failing our engine. During testing, this 30% will be reduced until the amount of fuel is
optimized.
3.1 Future Work
The future work will focus on hot firing test of the engine and preparing the engine and
vehicle for space flight. The immediate tasks are performing structural, thermal, and flow
analysis on the thrust chamber and injector. A water test of the injector will be performed to
validate the design calculations by measuring pressure drop, and cone angle as a function of
flow rates and film cooling. Finally, assemble the engine and perform a hot fire test at the
UTEP Technology Research and Innovation Park (tRIAC) located in Fabens, TX.

3
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ABSTRACT
The US coal-fired power generation fleet is aging with plants coming closer to the end of
their service lives. The US Department of Energy (DOE) has instigated a service life
extension program that could see power plants remain in operation for an additional 30 years
of service. This extension plan necessitates a higher fidelity of constitutive models where the
existing state of structural components is assessed and probabilistic constitutive models
applied to predict the probability of remaining life. When a component is subjected to a longterm multiaxial state of stress the remaining life can be challenging to predict. Many
equivalent stress functions have been introduced to predict the creep deformation, damage,
and/or rupture as a function of the state of stress. There is a need to determine which of these
models are “best” exhibiting both accuracy and conservatism in predictions.
In this study, seven equivalent stress functions are integrated into a Sinh-hyperbolic creep
damage constitutive model and compared. Multiaxial creep data for alloys including P91 and
316SS is collected. The constitutive model and stress functions are calibrated to the data
using a standard approach. Finite element models of notched specimen geometry are
generated to determine the extent that the multiaxial constitutive law matches experimental
data. The normalized mean-squared error (NMSE) is applied to quantify the accuracy and
conservatism/non-conservatism of the equivalent stress functions with respect to state of
stress. After analysis it will be deduced which stress function is best suited for different types
(quadrants) of multiaxial stress.
With this knowledge, a better assessment of the remaining life of existing power plants
can be performed. In addition, this knowledge can be integrated into the design procedure for
the next generation of Fossil Energy power generation: Advanced Ultrasupercritical CO2
technology.
MOTIVATION

This study is extremely impactful on society for a multitude of reasons. First of all, this
particular study contains the most common forms of equivalent stress. Oftentimes,
individuals will use the most common equivalent stresses in their calculations, such as the
Hayhurst equivalent stress. However, using the most commonly known stress can negatively
impact the results of the creep strain due to the fact that each equation has unique variables,
constants, and behaviors. Therefore, it is very difficult to discern which equivalent stress
value is correct to use in any specific case.

In addition to defining the most common equivalent stresses, the study provides a way to
define which equivalent stresses are best suited for the particular creep strain model in use.
This is done through modifying a Finite Element Analysis program to use the specific
equivalent stress equation inputted. Once the equation is placed in the program, the finite
element analysis will begin and one can discern whether or not the equivalent stress is a
decent match to the creep model or not based on how close the data is to one another.
Overall this study provides detailed information on the most common forms of equivalent
stress, how they fit to the sinh creep model, and the overall best equivalent stress data point
for the sinh model.
CONSTITUTIVE MODEL
The sinh model was used in this case due to the fact that the model has less skewed
results caused by high stress values, it does not rely on the size and shape of the mesh that is
assigned to the system, and, overall, “sinh offers better creep damage and crack growth
analysis [1] ”.
The sinh creep model is being used due to the fact that it is the most efficient model for
the DOE’s purposes of expanding the lives of their power plants. This model was created by
Calvin M. Stewart Ph. D. to replace the commonly used Kachanov-Rabotnov creep model.
The sinh model is defined by two key equations, the creep strain rate ( ) and the damage
evolution equation ( ).
cr
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The constants A and n are the Norton power law constants while M , x, and
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EQUIVALENT STRESS FUNCTIONS
As aforementioned in the abstract section, this study will be analyzing eight different
equivalent stresses used in the creep damage, deformation, and fracture models. The Von
Mises stress is defined by von and the equivalent stress is defined by eqv for all of the
equations below.
The first stress equivalent model created was Sodbyrev in 1958. The equations are as
follows
eqv
eqv
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Following that model, Hayhurst was created in 1972. The equation is as follows
eqv

3

1

(1

m

)

von

The material constants for this formula are identical to Sodbyrev’s constants. However, the
sum of and
can only be within the range of zero and one.
After Hayhurst, Huddleston created his equation for equivalent stress in 1985.
J
3 2 von a
S1[
] exp[b( 1 1)]
2
3S1
Ss

eqv

The variable J1 is the deviatoric stress of the equivalent stress, where J1
the other hand, S1 is the “first invariant of the stress tensor [2] ”, where S1
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2
3 . Finally, a and b are coefficients used to adjust the
equivalent stress to its desire point.
Finally, after Huddleston’s equations had been released, Dyson, Webster and Cane
collaborated to create their own stress equivalent equations in 1992.
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control the “multiaxial bias on the von-mises stress [2] ”.

FINITE ELEMENT ANALYSIS
Both the equivalent stress and the constitutive functions would be input into the ANSYS
Mechanical ADPL for finite element analysis.
The constitutive functions constants would be defined through experimentation and data
collection as well as an analysis of the composition of the samples. From there, the constants
for the constituents would be placed into ANSYS. Following that step, the actual constituent
formulas would be inputted into the program so that they may be analyzed alongside the
equivalent stress. Once the constituent formulas are input into the program, there is no need
to modify them further. All of the finite element analysis is dependent on the equivalent
stress.
In a separate section of the program, the first equivalent stress would be input into the
system for analysis and run. After the results were established and recorded, the next
equivalent stress would be inputted into the program. This process will be repeated until
every equivalent stress was input into the program and run.

3

After all of the equivalent stresses have been analyzed and run through the program, the
process would begin to determine the accuracy of each equivalent stress with relation to the
sinh model. The normalized mean-squared error (NMSE) would be applied to the program to
quantify the accuracy and conservatism/non-conservatism of the equivalent stress functions
with respect to state of stress.
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ABSTRACT
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(RES) list
will(no
play
a significant
markets, especially for the goal of enhancing social welfare by increasing the use of RES.
Mechanisms designed to prioritize green energy (primarily wind and solar) while clearing a
wholesale auction market are one method for increasing social welfare. We introduce a
normalized green auction mechanism based on green points that are applied to producers
based on whether or not they are using RES. The green auction mechanism prioritizes green
energy transactions in the wholesale market in order to increase green energy trades. The
proposed mechanism involves periodic double auction (PDA) with a normalized green price
for the market orders to achieve high social welfare.
1

Introduction

In the smart grid era, there is a great need to explore novel market mechanisms and
design patterns for electricity markets to handle new types of decentralized production and
consumption. Some of the desirable features of market mechanisms for the smart grid are low
computational costs, low communication overhead, efficient allocations with high social
welfare, and robustness to system imbalance. The market design space for smart electricity
market has not been fully explored yet, especially for incorporating renewable energy sources
(RES) to have more efficient wholesale market clearing process. This may enhance the
reliable and secure operations smart grid and support environmental goals for the markets.
This paper presents three case studies for a smart electricity market that provide a proof
of concept that cost reduction is possible for the brokers in a RES scenario compared to a
monopoly scenario, [1] and high social welfare can be achieved by our proposed approach
based on the green auction mechanism.
In the wholesale market, two types of market participants - brokers and producers play important roles for efficient market operations. A broker is an agent who submits bids
and buys energy from the market to satisfy the load demand (e.g., hourly) of its subscribed
customers. A producer generates energy and sells it in the wholesale market by submitting
orders which are called asks in this paper. A bulk amount of energy is submitted in the
market by producers that provides liquidity to the market. A Periodic Double Auction (PDA)
is one of the existing types of auctions used in real world wholesale energy markets
including, NordPool, FERC and EEX [2], [3]. PDA is a mechanism where potential buyers and
sellers submit orders to an auctioneer. In an hour-ahead PDA wholesale market, brokers and
producers are able to buy and sell energy for future delivery from 1 to 24 hours ahead of
time. These are also known as “hour-ahead” or “day-ahead” markets [2]. Another market

called the real-time (balancing) market is used for real-time balancing of supply and demand
in the smart electricity market.
This paper considers green energy (e.g., wind) and a PDA to study the auctioning
mechanism in smart electricity market. The major contribution of this paper lies with an
introduction of RES in the wholesale market’s auctioning process instead of considering only
one monopoly producer, which increases the broker’s profitability. The results show that a
green auction mechanism for prioritizing RES helps achieve a high social welfare.
2

Case Studies and Auction Clearing Process

This paper considers three case studies, (i) Case-1: monopoly producer, (ii) Case-2: DERs
scenario with 5 producers, and (iii) Case-3: the green auction mechanism. Case-1 deals with
only one producer (Non-RES) in the wholesale energy market that can be treated as a
monopoly producer. However, Case-2 and Case-3 involve multiple RES and Non-RES
producers. Our new green auction mechanism is introduced in Case-3.

Fig. 1. Auction clearing process for Case-2 and Case-3.

Asks are market orders submitted by the producers in an auction process. Fig.1. shows that
the auction can have both RES and Non-RES asks such as p1 or p4 in the figure, and some
broker bids such as c1 and c2. The clearing price is the average value of c4 bid-price and p4
ask-price as they are at the intersection of supply and demand curve. This is the normal
market clearing mechanism a multiple asks and bids auction. All of the bids and asks beyond
the vertical yellow line are cleared. In Case-3, we introduce the green auction mechanism
where we normalize the prices of producers’ ask-price by green points, which are modifiers
given to the producers based on their types, i.e., RES or Non-RES. RES producers will have
higher green points than Non-RES producers. The formula to calculate the green price for a
specific ask is:
Green Price = Actual Price / Green Points

(1)

Our simulation does not consider any green bids for now. As a result, while clearing a bid
and ask we select the ask with the lowest green price and compare its actual ask-price to
check if it is below the current uncleared bid-price. If the actual ask-price of the selected ask
is greater than the current uncleared bid, we skip that ask and move to the next ask in the list
and clear it if possible. This process helps to prioritize the green asks in the auction so they
are picked before the red asks. For example, in Fig. 1 the p5 ask is prioritized in the Case-3
compared to Case-2. In our case study we use publicly available data of the producers’ asks
from the NYISO website [4]. Sets of data include hourly load (MW) and ask-prices ($/MWh).
We used five Zero Intelligence (ZI) brokers[5] and five NYISO[2] producers for Case-2 and
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Case-3. Among the five producers, there are two RES and three Non-RES producers. For the
brokers, the ZI bidding strategy uses 30$/MWh as the mean price and 10$/MWh as standard
deviation to generate the limit prices for bids. We assume that each of the brokers requires an
equal amount of energy, e.g., 200 MWh for each hour. The producers’ ask-price for a
specific hour is kept constant for all of the 24-hour-ahead auctions. RES and Non-RES
producers in Fig. 1 are assigned 80 and 20 green points respectively.
3

Simulation Results and Discussion

This section presents the results for Cases 1-3. In particular, we present comparative results
for prices and cleared volumes for both agent types for each case study.

Fig.2. Average unit price comparison of the buyers.

Fig.3. Producers cleared volume comparison.

We show in Fig. 2 that there is a significant cost reduction (7.65%) from Case-1 to Case-2
when many RES (wind) are introduced to the system. However, when our proposed green
auctioning mechanism is introduced in Case-3, there is an average unit price increment of
0.42% for all brokers. In Fig. 3, we observe that producer1 has a 140% price increase in the
unit price in Case-2 when RES are introduced to the auctioning process. This is because there
is more competition among the participants and all of producer1’s volume is not cleared in
the market. In the context of the balancing market, it is achieving high unit price gain. When
we use the green auction mechanism in Case-3, a unit price increase of 143% is still observed

3

for the Non-RES producers. The RES producers that are prioritized in the green auction clear
more volume of energy in the market and had a lower unit price by 29%. In Fig. 3 it is also
interesting to see that the mean clearing price for the Case-3 is comparatively lower than
Case-1 and Case-2.

Fig.4. Producers cleared volume comparison.

We observe in Fig. 4 that Case-1 clears 100% red volume which is the Non-RES monopoly
producer. In Case-2, RES are introduced and there is a mix of red and green energy cleared.
In Case-3 the green auction mechanism prioritizes producer2’s and producer4’s asks as they
are RES producers and were able to achieve higher cleared volume compared to Case-2. If
we specifically look at the volume of green energy clearance for each of the presented case
studies, we can summarize that Case-3 clears far more green energy (96.1%) than other two
case studies. Fig. 4 implies that Case-3 achieves higher social welfare than that of Case-2.
4

Conclusions

This paper explores the possibility of modifying the underlying auction mechanism for
energy markets to prioritize RES. This led to a cost reduction for the brokers when RES were
introduced, and asocial welfare gain when green auctioning was introduced in a day-ahead
weekly smart electricity market. Our simulation results show that 7.65% cost reduction is
possible with an inclusion of RES and 2.3 times higher social welfare was achieved with a
0.42% unit price increase for the ZI brokers with the green auction. Our future work includes
theoretical analysis to determine the appropriate values for green points to achieve high social
welfare and low unit cost price for the brokers. Analyzing the unit price in the seller’s point
of view and applying separate auctioning for RES and Non-RES by using a limit on the
needed energy demand is also an interesting research direction.
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Abstract
As metallic additive manufacturing (AM) technologies such as Electron Beam Melting (EBM) and
Selective Laser Melting (SLM) see a rise in popularity this turn of the century due to their unique
qualities, scientific and engineering understanding of the manufactured parts is demanded to keep up to
better understand its optimum uses. Both numerical and analytical models have been created and
developed these past few years to predict the residual stresses in parts manufactured by the 3D printing
technologies, which are the stresses that remain in a body when it has come to equilibrium with its
environment. In these cases, the stresses result from the extreme temperature gradients the part is
subjected to during the printing process and the posterior cooling it undergoes. Being able to properly
predict the magnitude of residual stresses prior to manufacturing can eventually lead to more optimal
practices that save economic and time resources in post-treating 3D printed metallic parts. This paper
describes the initial steps of construction and validation of a Finite Element Model (FEM) that would
closely resemble the physical interactions of a part undergoing such AM process.

1. Introduction
Very recently the rapidly growing 3D Printing or Additive Manufacturing industry has taken a
revolutionary turn in detaching itself from producing only ‘prototype’ quality parts, usually of some type
of polymer. As recently as this decade the surge of the AM metal techniques, including shaped metal
deposition and metallic powder bed fusion has opened up the door to a new manufacturing industry that
can meet demands of uniquely built parts with excellent mechanical parts comparable to its counterpart
manufactured by rational methods, such as casting [1]. Two of the most popular metallic additive
manufacturing methods are shaped metal deposition and metallic powder bed fusion. Shaped metal
deposition is similar to multi-pass welding and utilizes a wire as primary material [2]. Metallic powder
bed fusion includes selective laser sintering (SLS), selective laser melting (SLM) sometimes also referred
to as laser beam melting (LBM), and electron beam melting (EBM).
There has been progress in studying, utilizing analytical, numerical, and experimental approaches to
further the understanding of the mechanical properties of metallic parts built with this technologies to
optimize the process. Studying the residual stresses is not an easy task since it involves a strong
connection of temperature-displacement relationship that occurs in situations such as in cooling a red-hot,
recently cast iron into a water by submersion. It is also a process that involves the transient partial
differential equation of heat conduction. As a result, the need to continue developing and exploring
approaches to correctly and accurately predict the magnitude of stresses in AM metallic parts is still
something that requires the attention of the scientific community [3].

2. Material
For the model shown in this paper, the mechanical and thermal properties were used for number
crunching purposes only, as the ultimate goal is to model metallic powder and parts during the layer-by1

layer construction of metallic additive manufacturing technologies. So for the sake of calculations and
results comparison with numerical methods, the common thermoplastic properties belonging to an
Acrylonitrile butadiene styrene (ABS) filament were used. ABS is a thermoplastic very commonly used
in Fused Deposition Modeling home desk printers. The properties are shown below in Table 1.
Table 1. Thermomechanical Properties of Generic ABS Material Used
Thermomechanical Properties

Units

Value

Cp (specific heat)
Κ (thermal conductivity)
α (coefficient of thermal expansion)
ρ (density)
E (modulus of Elasticity)
ν (Poisson’s ratio)

J/kg K
W/(m*K)
1/K
kg/m3
Pa
N/A

1300
0.14
7.38E-05
1050
1.9 E+09
.35

3. Model Development, Equations & Validation
Considering the issue of predicting residual stresses in parts built while subject to extreme temperature
gradients requires in fact the summoning the thermoelastic theory that relates the mechanical stress
caused by a part when thermal expansion is not freely allowed. The equation is as follows in index
notation, where
denotes a change in temperature:
Eq. 1
It can be reduced, for the case where thermal l expansion is only fully suppressed in any one direction that
the resulting mechanical stress will only be a normal stress and the equation reduces to the following:
Eq. 2
Now, since the problem involves heat conduction, a preliminary model to ensure proper understanding of
the heat conduction equation and the very important roles of boundary conditions on the FEA model was
constructed assuming steady state. The heat conduction equation with constant thermophysical properties
and no internal heat generation in Cartesian coordinates is as follows:
Eq. 3
In steady state, solving for the temperature function in a unidirectional problem with a constant heat flux,
q, and an assigned temperature boundary condition of 0 degrees at the other end the equation simplifies to
the following:
Eq. 4
Where x is the distance from the origin and L is the total length of the body. This last equation allows for
a simple FEA model setup to ensure matching of numerical solution with the classic analytical solution.
2

This was done using Abaqus and the results are shown below in Figure 1 below, matching exactly the
analytical solution using the thermophysical properties of ABS.

Figure 1. Results of FEA Model Check for Steady State Heat Conduction.

4. Conclusion
The thermoelastic assumption theory for residual stresses was introduced and manipulated to show how a
temperature change in an isotropic, homogenous body can result in mechanical stresses acting in the part.
In steady state, the heat conduction equation was transformed to compare to a model with wellestablished boundary conditions to obtain matching solutions. A geometry using symmetry and mesh was
created for a model to properly assign a heat flux and the required boundary conditions. Overall, the
governing solid mechanics thermoelastic equation that describes the behavior of residual stresses is
dependent to the temperature change, which in turn depends on the heat conduction through the media, so
a model with these physical phenomena coupled would be the best way to predict residual stresses in AM
parts.
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ABSTRACT
Multiphase flows have a great importance in Engineering applications. Different applications for multiphase
flow have been described in the literature in recent endeavors, which proves that there is an acute need for
accurate and precise multiphase flow modelers in different Engineering applications. MFIX (Multiphase Flow
with Interphase Exchanges), which is a software package designed for the study of multiphase flow, with a
special focus on the modeling of flow-particle interaction. This paper discusses the incorporation of the Trilinos
library to the MFIX solver, in order to increase the solving speed

INTRODUCTION
Multiphase flows have a great importance in Engineering applications. Different applications for multiphase
flow have been described in the literature in recent endeavors[1][2][3] , which proves that there is an acute need
for accurate and precise multiphase flow modelers in different Engineering applications.
For this reason, this paper focus on MFIX (Multiphase Flow with Interphase Exchanges), which is a software
package designed for the study of multiphase flow, with a special focus on the modeling of flow-particle
interaction. MFIX was developed at the National Energy Technology Laboratory (NETL). It is written in
FORTRAN and has the following modeling capabilities: multiple particle types, three-dimensional Cartesian or
cylindrical coordinate systems, uniform or nonuniform grids, energy balances, and gas and solids species
balances [4].
MFIX provides three different suites of models that treat gas phase and solids phase differently: TFM (TwoFluid Model), DEM (Discrete Element Model), PIC (Multiphase Particle in Cell) model. For a further
description, TFM is an Eulerian-Eulerian model, which supports a broad range of capabilities for dense,
reacting, multiphase flows by representing the fluid and solids as interpenetrating continua. This is the most
mature MFIX model and is capable of modeling multiphase reactors ranging in size from benchtop to industry
scale. Approximation of the solid phase as a continuum typically allows for faster simulation time than
Lagrangian techniques; however, it also introduces the need for accurate mathematical models to capture
realistic solids phase behavior. The second MFIX suite is the DEM, which is an Eulerian-Lagrangian model that
treats the fluid phase as a continuum and models the individual particles of the solid phase. While the treatment
of individual particles can provide higher fidelity over a broad range of flow regimes, it also very challenging
when dealing with very large numbers of particles for large-scale simulations. The last suite used by MFIX is
the is the PIC, consisting of an Eulerian-Lagrangian model that represents the fluid as a continuum while using
"parcels" to represent groups of real particles with similar physical characteristics. The MFIX-PIC approach
offers reduced computational cost over MFIX-DEM as there are typically few parcels to track and parcel
collisions are not resolved.
Trilinos is a library that has integrated a number of next generation scalable and performant packages for
example Epetra, Tpetra, Aztec00 etc. The intention of developing this library was to provide a framework that
provides application writers advanced programming semantics offered by the new C++ 11 framework (objected
oriented) like generic template programming, lambdas, etc. Moreover, it provides inherent parallelism for
building and distributed matrices through inbuilt classes that provide a multitude of methods enabling scientific
computing .
The most significant advantage of using Trilinos for massively parallel computing is the Map object that is
provided with the Epetra Class. The Epetra class inherited from the Petra library enables heavy matrix

computations via sparse and dense classes. The advantage of using such an object is that we can use the same
map to define multiple matrices or vectors that would indicate a similar decomposition for all of them thus
reducing programming hours invested in implementing a data decomposition technique.
A FRAMEWORK INDEPENDENT OF LANGUAGE
MFIX, written in FORTRAN cannot directly be integrated with a library as advanced and semantically different
as that of Trilinos. Moreover the memory layout in C style languages and Fortran style languages are different,
hence portability of a parallel code written on such an integrated framework would suffer from incompatibility
of the physical architecture of the cluster on which it compiles or runs. Hence a well scrutinized, structured
communication protocol must be established across the language barriers in order to maintain the semantic
support for each language on each end. The fundamental aspect of this framework is a C-Wrapper which is in
general language independent, with all its codes to be compiled, written within an extern C. This C-object
communicates with the FORTRAN and C++ ends and sends and receives data structures while changing its
structure within its code. It is responsible for maintaining the data structure and doing memory management
while communicating across the two different libraries.
The MFIX wrapper is a FORTRAN code that interprets the structure of the matrix obtained from the legacy
codes inside MFIX while the FORTRAN wrapper transfers the information from MFIX to a C object since C in
general support FORTRAN semantics. The C object acts a mediator whose responsibility is to transform the
memory semantics (row major order from column major order). This C object transfers information to the CPP
wrapper that implements the object oriented programming interface that understands the Trilinos framework and
is compiled with Trilinos. This relatively simple yet robust framework handles the communication between
MFIX and Trilinos and enables us to use MFIX codes with Trilinos functionalities to solve larger and more
complex multi-physicsproblems with better performance by exploiting both the software and hardware
architecture.
RESULTS AND DISCUSSION
The framework described above was tested with various MFIX based test problems and several speed up
analysis was performed. In order to test the framework for various sizes of problems, fluid bed studies for 1-D
(tri-diagonal matrix) and 2-D(penta-diagonal matrix) fluid flow problems were performed. A validation of a 2-D
problem with the two-fluid approach with this new integrated framework was also done to prevent any s
numerical errors occurring due to the increased number of communications across the language barriers. Figure
1 represents the model that was used to obtain the solving times for MFIX and Trilinos.

Figure 1:Simulations performed with MFIX and MFIX-Trilinos
The integrated flow solver is tested on a 2D two-fluid fluidized bed problem. MFiX uses its inbuilt solver,
BICGSTAB, to solve the linear system of equations resulting while discretizing the governing equations of a
fluid or solid/bubbles. On the other hand, the modified solves uses Aztec00 package in Trilinos solve the linear
system of equations using BICGSTAB method.

NEXT GENERATION SOLVERS WITH TRILINOS

CONCLUSIONS
A framework is developed to integrate MFIX with a linear solver in Trilinos. The performance of integrated
solver tested on a fluidized bed problem. The solution from the integrated solver is same as that from MFIX.
However, the integrated solver is approximately 25% faster compared to the actual solver.

Figure 2: Comparison of running wall time between MFIX and MFIX Trilinos
REFERENCES
[1]
Vrancken, R. J., Blow, M. L., Kusumaatmaja, H., Hermans, K., Prenen, A. M., Bastiaansen, C. W. M.,
Broer, D. J., and Yeomans, J. M., 2013, “Anisotropic wetting and de-wetting of drops on substrates
patterned with polygonal posts,” Soft Matter, pp. 674–683.
[2]
Verho, T., Korhonen, J. T., Sainiemi, L., Jokinen, V., Bower, C., Franze, K., Franssila, S., Andrew, P.,
Ikkala, O., Ras, R. H. A., Verhoar, T., Korhonen3, J. T., Sainiemibc, L., Jokinen0, V., Franzeef, K.,
Franssilac, S., Andrew0, P., Ikkala3, O., and Ras3, R. H. A., 2012, “Reversible switching between
superhydrophobic states on a hierarchically structured Reversible switching between superhydrophobic
states on a hierarchically structured surface,” Source Proc. Natl. Acad. Sci. United States Am., 109(26),
pp. 10210–10213.
[3]
Massinon, M., and Lebeau, F., 2012, “Experimental method for the assessment of agricultural spray
retention based on high-speed imaging of drop impact on a synthetic superhydrophobic surface,”
Biosyst. Eng., 112(1), pp. 56–64.
[4]
Syamlal, M., Rogers, W., and O`Brien, T. J., 1993, “MFIX documentation theory guide,” Other Inf.
PBD Dec 1993, 1004(December), p. Medium: ED; Size: 49 p.

3

The Southwest Emerging Technology Symposium 2017

POWER BUDGET CALCULATION FOR SHORT MISSION OF
1U CUBESAT PASSING THROUGH THE GTO ORBIT
ABSTRACT
The purpose of this research is to show how the power budget impacts a CubeSat. The EPS
(electrical power system) is the heart of the CubeSat in which also has tasks to fulfill. The EPS
requirements is to provide power throughout the mission life, to supply enough power during
eclipse position, solar cells should provide enough power depending on their arrangements, and
many others. The power budget helps visualize how the battery capacity will be during some
percentages that the CubeSat will be experiencing throughout the mission, such as its discharges
and charges cycles.
1 Introduction
During the course of the years many CubeSats have been sent out in space to perform or
accomplish investigations. They are small payloads that can rotate fast once in space due to its
low mass. The University of Texas at El Paso has been granted to launch a CubeSat in space and
many investigations have been made to be able to accomplish the mission. Many calculations
have been made to keep on expanding the power budget in order to see how much battery
capacity the EPS will have during the mission.
2 Mission
The mission life is for 5 days, but many things are still been taken into consideration to see if the
CubeSat can be able to survive after the mission has been accomplished. The orbit time will be in
11:30 hours and during that time many experiments will be performed. The first orbit is the most
important one since it will determine if the CubeSat is working properly. During the first orbit,
the schedule is to be deployed and wait for 45 minutes to make sure the CubeSat is stable and be
able to get comfortable with its surroundings. During those 45 minutes, it is planned to charge
the satellite to have it on 100% capacity, however, many risks will be taken. Three scenarios
have been taken into account after the satellite has been deployed.
The three scenarios after deployment are having the battery capacity in 80%, 60% and 50%.
After this data had been calculated, then graphs were made to be more understandable. This
power budget helped to visualize how the battery capacity with different percentage and solar
generation power can be a problem. In most of the 80% battery capacity graphs, it shows that it
can reach its 100% and has normal charges and discharges. However, during the 60% and 50%
battery capacity it is hard to have the batteries on 100% charge. Recommendations taken during
these percentages are that batteries must be charged every time it can be capable to consume
solar power.
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During the first orbit it is able to determine a schedule in which it will be known if the satellite
will have enough power to keep alive to the second day.
3 Power Source
The NanoPower P31U from GOMspace was recommended and chosen to fly in the satellite. It
has a lithium ion battery pack with two power buses of 3.3 and 5 volts. It has a capacity of 2.6
Ahr and 4.2 V, and also has 6 controlled output switches. The solar cells are from Endurosat with
a power of 2.4 watts and with only 4 solar cells for the 4 faces of the satellite.
4 Power Budget
The following graphs visualize how power and time during the mission is been performed.

Fig.1. A solar power generation of 3.08 watts (W) with different percentages
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Fig.2. Solar power generation of 2.63 watts (W)

Fig.3. Solar power generation of 1.55 watts (W)
5 Conclusion
The power budget is an important factor in this project and will keep on changing depending on
the schedules or different timelines that will take place during the mission. The voltage, current,
power, energy were some of the values that were used to determine the graphs that were shown
previously.
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ABSTRACT
Additive manufacturing allows complex geometries to be constructed with Computer Aided
Design (CAD) models. In these CAD models wire embedding paths are also created, and translated
into a GCODE file for use on a computer numerical control (CNC) router. With a second
generation wire embedding tool, wires were heated and embedded into a printed substrate,
fabricated via fused deposition modeling (FDM) [1]. Electronic components (LED’s,
microprocessors, temperature sensors, resistors, capacitors, voltage regulators, and micro USB’s)
were to be embedded into cavities within the substrate and connected with the embedded wires.
Tests were conducted to the preliminary design, by embedding copper wires on two planes and
developing parameters to interconnect the layers. These interconnections were crucial as the final
demonstration has the above mentioned electronic components embedded, to determine the
temperature change of a Nickle-Chromium (Nichrome) wire. Manual connection of the wires was
performed, via solder cavities. Future efforts envision the embedding of the electric components
and fabrication of a functioning printed electronic part.
1.0 Introduction
Additive manufacturing (AM) continues to develop a significant role in the manufacturing industry
[2]. With innovative tool development, wire embedded paths have given 3D printed structures
enhanced functionality. The University of Texas at El Paso (UTEP) houses the Multi3D System, a
system composed of two Fused Deposition Modeling (FDM) printers, a Techno CNC Router, and
a Yaskawa Motoman MH50 robot. The robot material handler transfers a platform that interfaces
with all manufacturing stations. The CNC is unique in that it possesses a wire embedding tool that
has the capability to embed copper wires into polycarbonate (PC) substrates fabricated with the
printers. To illustrate this new utility, a 3D printed electronic demonstration was designed and
fabricated on this system. The hexagonal part utilized FDM to fabricate the substrate. Components
to add electronic functionality included an embedded microcontroller, temperature sensor, LEDs,
resistor, voltage regulator, micro USB port, and copper and nichrome wires.

2.0 Functionality
2.1 Purpose
A thermal demonstration for AFRL was designed to determine the temperature of an
embedded Nickel-Chromium (Nichrome) wire. Electronic components were also embedded within
the printed substrate, with embedded copper wire connecting the components of the circuit. A
temperature sensor was made to read a range of temperatures through the coding script, processed
via the MSP43OG2553 microcontroller. The temperature change was a result of the allowing a
current to run through the embedded nichrome wire. To determine the possibility of functioning
embedded circuits on multiple planes, preliminary tests were made to fabricate two planes of wires,
and interconnect them all while on a single printed substrate.
2.2 Strategy
The approach for producing 3D printed structures with
improved functionality was greatly aided by the
manufacturing of the wire embedding tool. Initially designed
for a desktop LulzBot TAZ 5, a second generation wire
embedding tool was machined on a Haas Mini Mill 2 to mount
on the CNC for the Multi3D System. A processing software
was developed to tune the motions of the CNC with the
rotation of the motors that drive the wire. This software
outputs a GCODE with tool paths that represent the
embedding paths.

Cavities for embedded electronics

For the two plane demonstration, the CAD model was
Embedded wire
modified to include circular cavities for the copper wires to Polycarbonate
be soldered both horizontally on same plane connections, and substrate
vertically (interconnections). The CAD was processed with
the slicing software, Insight, which allows for the user to Fig.1. photograph of second circuitry layer
insert pauses at specific layers of polymer extrusion. The of the satellite panel. Note: embedded wire
is a 26 AWG copper wire
pauses signal the interruption of the printing process, at which
point the portable build platform is removed from the Fortus 400mc printers. The platform is
transferred by the Yaskawa MH50 robot arm [3] to the CNC for embedding to occur. With the
GCODE for the wire embedding paths already generated, the files were loaded into the CNC
router. The embedding tool was required to be zeroed to the surface of the substrate (Z-axis). The
Z-axis height was adjusted to prevent damage to the substrate, considering the embedder operated
at 300°C and made contact with the surface. Before wire embedding on the first layer, copper foil
was adhered to the bottom of the circular cavities printed; this helps with keeping the solder flush
to the surface. The portable build platform was then placed back into the Fortus 400mc for
continued printing until the next pause. When the wires were embedded, solder flux was applied
to the cavities before solder, to ensure connection of wires within the same plane. For the second
layer of wire embedding, when applying the copper foil into the cavities, a soldering iron was used
to help interconnect the solder from the first layer and the copper foil on the second layer.

Similarly, flux was applied and solder was applied where the design specified. Once connections
were finalized, a multi-meter was used to test for continuity between both separate planar layers
of wire embedded paths. Excess wire was removed and the surface was made as smooth as possible
so that no polymer buildups roughen the surface of the structure, Fig.1. The portable build plate
was placed back into the Fortus 400mc by the robot arm for the final two layers of polymer
extrusion. The printing session was then completed, in total two planes of wires were connected,
some within the same plane, some interconnected vertically.
2.3 Implementation
Throughout the printing and wire embedding process, changes
were made to the wire embedding paths to prevent short wires
from detaching and pulling away from the printed substrate. An
effort was made to remove polymer buildup – a common issue
with the wire embedding tool. Polymer buildup refers to the
trenches that form around the embedded path as the hot tool
pushes polymer plastic to either side of the wire. Experimentation
was done to reduce this buildup by determining the most
appropriate Z-axis height for embedding. For final fabrication,
methods were implemented to manually ensure the printing of
material over the wires. Some techniques implemented include
removing small lumps of material that would interfere with
printing. Best results were observed where the surface of the
substrate is completely planar, without debris or excess wire
compromising the print. Fig.2. demonstrates the finished wire
embedding results that successfully tested for continuity between
two separate circuit layers of wire embedding.

Soldering cavities

Rough surface
Fully embedded
26 AWG wire

Fig.2. Embedded two layers of
circuitry with continuity between
layers. Note: rough surface finish as a
result of polymer buildup.

3.0 Conclusion
The addition of a wire embedding tool amplifies the possibilities that can be implemented
to the AM process. Results show that two circuits, each on separate layers, can successfully be
interconnected for full continuity between layers. Through experimentation the most accurate Zaxis height was determined to allow for a clean and almost smear-less finish. Embedded electronics
and wires bring a different type of functionality to 3D printed geometries. The demonstration made
for the Air Force Research Laboratory has provided a focus on 3D printed electronics, and the
anticipated goals for upcoming collaborative and domestic projects.
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ABSTRACT
Our work demonstrates that if the algorithm or code is correctly set up, the total wall time can
be reduced. This can be implemented by combining two framework, which is MFIX and
Trillinos and compare it with MFIX and make sure that it can be 30 percent faster as it is in
the literature. As it can be said, in High Performance Computing one of the goals is to
decrease the time by performing Computational Science Methods such as allocation and
using the libraries to make the code faster. Another goal is to see the behavior of the speed up
and make sure that the literature is right. Proving that Trillinos is super linear and MFIX is
decaying. In order to run the cases the user has to deal with using the Linux Environment;
using the command prompt in Ubuntu. Our team has been able to run up to 200 million total
nodes with 1024 processors on different computer architectures, such as Stampede and
Comet. With an algorithm that is able to map the matrix correctly and solve the problem. This
kind of problem can be achieve through parallel programming, which is running the cases in
several computers using the assign processors.
RESEARCH MOTIVATION
In order to model cases such as a fluidized bed there is a need of High Performance
Computing in it to the get the most precise results, given the complexity of the problem at
hand. Given the high number of unknowns present in the models, memory allocation is a
great issue. Our goal is to increase the solver speed, along with its accuracy and precision, in
order to improve fluid bed model by incorporating the Trillinos library, so the code is
optimized to its maximum potential, with the aim of improving the efficiency of a power
generation plant [1].
RESEARCH BACKGROUND
MFIX software was developed at the National Energy Technology Laboratory and runs on
FORTRAN programming language. Trillinos software was developed at Sandia National
Laboratories and runs on C++ and Python. MFIX is a Computational Fluid Dynamics
modeler that is open source and is use for multiphase flow models for real world applications.
MFIX uses Paraview for the Graphic User Interphase. Our Fluidized Bed Model is a TFM[2]
model, which is an Eulerian-Eulerian model. “Which supports a broad range of capabilities
for dense, reacting, multiphase flows by representing the fluid and solids as interpenetrating
continua”. [3]

CONCEPTS OF OPERATIONS
In order to generate the data for this study, three computer architectures were used. Their
hardware specifications is shown in Table 1.

Table 1 – (Supercomputers Architecture)

A uniform mesh was used for running all the cases, the only difference is that there is an
increase in the number of partitions with different number of processors.
RESULTS

Table 2 – (MFIX-Trillinos framework)

Table 3 – (MFIX framework)

Table 4 – (MFIX-Trillinos framework)

Table 5 – (MFIX framework)

Plot 1 – (MFIX(orange) to MFIX-Trillinos(Gray))
CONCLUTION
From these results we concluted that the literature review is right, Trillinos is superlinear and
MFIX does not scale up. These conclution was made based on the results of the Stampede
supercomputer. In my opinion some properties of the Trillinos code was applied to the
MFIX-Trillinos Framework. In the future, is it possible that we can implement Albany to
used it as a CFD modeler.
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ABSTRACT

Figure 1: Traveling team 2015

In the modern world, we see the emergence of a new technology, additive manufacturing, and
it has already proven to be one of the most dynamic tools in the manufacturing engineering and
prototyping industries. The Eco-Miners team at The University of Texas at El Paso has taken
on the challenge set by the multinational gas and oil company, Royal Dutch Shell to create the
most efficient prototype car also known as a super mileage car. In order to achieve this the Ecominers have integrated 3-D printers to aid them in prototyping and manufacturing of the car.
By using additive manufacturing the team was able to reduce the weight of the car and was
able to manufacture optimized parts that would otherwise be practically impossible to
manufacture using conventional machining.

1 Objective
At The University of Texas at El Paso (UTEP), students in the Shell Eco-marathon team
design a super mileage car, the team is given 150 mL of gasoline during 2 competition, the
goal is to complete a 6-mile course within 24 minutes using as little fuel as possible. Some of
the techniques implemented by the team include, an aerodynamic design with a low drag

ADDITIVE MANUFACTIURING FOR UTEP SHELL ECO MARATHON

coefficient, coast and burn strategies and weight reduction to minimize energy losses. The
students use additive manufacturing in steering and transmission components for its excellent
weight to strength ratio and for its ability to produce complex parts without the need of
machining.

Figure 2: 3-D component

2 Improvements
The gears used in the transmission have been modified to reduce weight by using a
combination of 6060 aluminum for the teeth and a ABS thermoplastic printed core making a
significant weight reduction of about 5:1 ratio. The steering sub-team uses a rack and pinion
system to steer the car, also composed of an ABS component to enclose metal parts to help
reduce weight. In addition, the steering wheel has also been 3-D printed using PLA
thermoplastic for weight reduction but mainly because of the increased number of
components added to the steering wheel that increase the complexity of its geometry making
it hard to manufactured without the help of a 3-D printer. Additive manufacturing has also
become an integral component in the prototyping process of the students as it helps reduce
cost and avoid mistakes before the manufacturing process. 3 Additive manufacturing is
capable of making almost any shape that otherwise would be almost impossible and time
consuming to machine. In the future, the team plans to use Altair's engineering software
Inspire to help optimize their designs. This software is able to produce a shape that is
optimized to the boundary conditions provided by the engineer using only the necessary
material which may or may not be manufacturable using practical machining tools. Thanks to
modern 3-D printers, we are able to manufacture optimized parts with unusual shapes that
help us reach important stiffness requirements with less material saving time and money.
Conclusion Having access to 3d printers has helped the team improve the car but most
important it was helped the team think outside the box when it comes to designing, it helps to
know that we are no longer restricted by manufacturing complications and complex
geometry. Additive manufacturing has helped the team come up with ways to truly optimize
the car and push the boundaries of efficiency for the Shell Eco-marathon.

ADDITIVE MANUFACTURING FOR UTEP SHELL ECO-MARTHON

Figure 3: Team members getting ready for inspection at competition in Detroit, MI.
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Abstract
In the near future NASA will be conducting missions to asteroids, the Moon, and Mars. As we expand
our footprint in our solar system, it is important for scientist to be able to retrieve samples of regolith or
rocks for a better understanding of the investigated space body. Special tools have to be developed for
taking such samples. This procedure is especially difficult in missions to asteroids, where microgravity
hinders astronaut’s work. We have designed a tool that can be used under microgravity conditions. Our
proposed tool will drill rock to a depth of 9’’, retrieve a sample, and contain it with no cross
contamination to other samples. Our tool includes two drill bits, a hammer rigged pneumatic drill, and
protective plastic covers. The pneumatic drill provides the necessary torque to effectively drill through
any rock. The hammer rig provides a spring-loaded force to cut the rock sample once it has reached its
designated depth. The design includes safety precautions to ensure no finger jamming. A commercially
available drill will be modified to provide comfortable fit and ease of use for an astronaut in spacesuit.
Two drill bits ensure no cross-contamination. Drill bits consist of three layers. Layer 1 includes casing
welded to drill bit. Layer 2 contains the sample Cutter powered by the hammer. Layer 3 contains an
aluminum casing and a retrievable clear plastic sleeve. A separate sample holder is included for
transportation.

1 Introduction
The objective is to design, build, and test a tool that will take a 1 in. diameter by 8 in.
deep cylindrical sample of varied stratigraphy which could consist of solid rock or sand/rock
mixture. Device shall also safely operate, contain, and allow removal of samples for verification.
The optimal intended use of our tool is for Mars and asteroid missions while maintaining
personnel’s safety a high priority. All custom-made parts will be manufactured with safety factor
of four. Our final design will meet these requirements. Although the final working conditions for
this tool are to be in space, we have constrained our tool and design to work and function in
Earth’s gravity. Future modifications to the design are being noted to limit reaction forces
towards the user for low gravity conditions.

2. Design Process and Manufacturing
The concept design allowed us to determine what functions needed to be in our design,
this gave us a heading for further design adjustments. From our concept we proceeded to analyze
our design for materials to be used. So, we began to develop a preliminary design based on
materials we planned on purchasing and using. We developed a second iteration of the drawing
that was to scale on parts and materials. This cleaned up the ergonomics of the design, but upon
proceeding to manufacturing many problems arouse. Furthermore, to grasp the initial design
functionality, a 3-model was printed. With the model, we noticed several problems. These
problems being related to material compatibility and a manufacturing process interference.

Figure 2.1: Concept design 1
1

Figure 2.2: Concept design 2

There was material compatibility with the diamond encrusted hole saw we planned on
implementing. The bit was steel with diamonds encrusted, and the outside casing (outer shell)
was aluminum, we initially planned on gluing both pieces together with high strength epoxy, but
for obvious reasons this did not work out. Another issue with materials was we had a gap
between the bit and the wall. We wanted to fill in this gap with aluminum as well but, found no
stock material readily available. Not being knowledgeable in tools was a detrimental factor of
our tool, this became very evident when we wanted to weld aluminum with steel. Steel proved to
be readily available and more workable with our current tools and materials. Although steel is
significantly heavier than its aluminum counterpart, it’s material properties proved to be help
strengthen weak design connections, which proved our tool design more feasible.

Figure 2.2. Current drill bit design

As we are currently testing and verifying our design many things are yet to keep in our design.
Drilling the sample is only one part of the main objects, we still need to address other key factors
that are implemented in our design. Removing the sample is another key component in which we
will incorporate a spring loaded “hammer” method. We plan on wedging this hammer between
the drilling space and the sample. Therefor hammer design will be altered accordingly to initiate
a crack propagation based on similar sandstone lab data and rock properties as described in [1]
and applied to design using safety factor of 4 [2]. To determine the spring needed to propel the
hammer, will be sized according to the data on the fracture surface energy of rocks [3].
Overall this challenge has been a learning and humbling experience. Our design has been
progressively changed due to hurdles we have overcome. The knowledge gained from being
hands on with tools, was humbling to our creative solutions. Part of this experience was the
reality of having to build it and seeing the manufacturing process greatly influence the design,
and it is clearly shown in figures above. This will help in the future, in better tackling design
process that will successfully be carried from sketch to finished prototype build.

Figure 2.3 3-D Printed model with concept hook mechanism (red)

Figure 2.4 Current Build of prototype
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ABSTRACT

Recent discoveries indicate that there exist large ice deposits on the surface/subsurface of
Mars. Obtaining this water would enable biological presence in Mars. Therefore, one of the
current interests of NASA is to design and implement mechanisms to extract the water. In this
proposal we have developed an electromechanical system capable of extracting and filtering
around 4 liters of water per hour. The system will move in as spiral pattern on the icy surface,
starting from the center, given that this is the warmest point in the drilling area thus providing a
faster drilling time. Our systems will collect the ice in solid face to prevent evaporation loss due
to low pressure in Mars. An auger inside a tube will work as an Archimedes screw to take the ice
up to an altitude where a heated tube in an angle of about 225 degrees will receive the solid ice
and transform it into liquid, due to the inclination of the heated tube and the action of the gravity
the water will fall into a filter and then in a reservoir. The system proposed is a closed-system
which reduces the possibilities of water vaporization and external contamination.
1. System requirements
1.1 Programming
For this project it was decided that the Arduino platform would be the best option due to
the fact that the team already has experience with the platform and it is cost effective. The
Arduino software will handle the code which will provide the movement for the system
autonomously.
1.2 Control
For this project a tethered control shall be present in the system, serving as the manual
control for the drill in case of an error in the autonomous operation. The tethered control was
also selected due to the recommendations made by the organizer of the competition, stating that
Bluetooth and Wi-Fi may not be a viable option due to interference, as indicated by past
experiences with interruptions and bad signal. For the autonomous control an Arduino based
code will provide the movement of the system
1.3 Electrical
Table 1. Electrical components and requirements for the system
Item
Stepper
Motors
Compressor

Voltage
(Total)
34 VDC

Current
(Total)
3A

115 VAC

1.2 A

Arduino
Heater

5 VDC
120VAC

1A
7.8 A

2. System description and process

The drill system shown in Figure 2, as a whole, is divided into seven subsystems that will
handle the drilling protocol. These consist of the outer tube, the outer drill bit, the inner tube, the
ice auger, the cable/spring system for the outer drill bit, the lazy susan system and the heating
container. From top to bottom, the first system present is the lazy susan system, which will be
mounted on the outer wall of the outer tube between two platforms. There will be a total of four
lazy susan plates used, where the two inner plates will rotate while the other two outer plates will
remain stationary. This system will allow for rotation around the z axis, with a high degree of
stabilization for the outer tube. The upper platform is to connect to the top of the actuator with
the use of 80/20 aluminum rods. The bottom platform, on the other hand, will include the motor
needed for the outer tube to rotate via a belt or a chain. In addition, the support beams that will
allow the whole drill system to move will attach on to that bottom platform (this assembly at the
initial position is shown fully in Figure 3).

The outer tube, which encloses the inner tube, serves as a protecting wall that will keep
overburden from falling into the hole created by the drill. This outer tube will descend first in the
operation and is hollow. The outer tube will have an outer drill bit mounted to the bottom of it
which will remove overburden from the drilling area by moving it to the sides. The drilling
pattern that has been chosen for such system will work in a square spiral movement (as seen in
Figure 4), the system will start from the center (given that it will be the warmest point as
mentioned) and move 3 cm away to start drilling the next hole in the pattern.

The outer drill bit will have a door mechanism at the bottom that remains closed while
the system is drilling through overburden, and opens when the outer drill bit hits ice. This door
system serves to prevent overburden from entering the inner tube and ending up in our melting
tank, and is actuated by a cable which runs to the top of the outer tube, where a stepper motor
winds cable onto or off of a pulley to open or close the doors. Figures 5 and 6 show the open and
closed states of the door mechanism.

Next, the meter-long ice auger is enclosed inside the inner tube (shown in both Figure 7
and Figure 8), which serves as a wall to keep ice from falling back into the hole. An air cylinder
will mount onto a Dewalt 18 volt cordless drill motor sandwiched between two platforms
directly above the ice auger, which function is to supply the necessary force (no more than 100
N) onto the ice auger that will allow it to descend and rotate in a fashion similar to an
Archimedes screw, bringing excavated ice up to the top of the inner tube as more holes are
drilled (this happens at the final state shown in Figure 9).

At the top of the inner tube a downward oriented inclined tube wrapped in heating tape
which will melt the ice along the walls of the tube as it transfers the ice into the reservoir above
the filter, which will keep the ice from clogging the tube. Once the ice moves through the tube it
will fall into a holding tank, which will have several temperature sensors and a multitude of
heaters in it which will melt the ice that enters the holding tank while monitoring the overall state
of the water in the tank. Once the temperature of the water begins to rise, we can assume that the
majority of the ice has melted as temperature does not change during a phase change, and can
begin pumping water through our filter and into the holding bucket. We plan to use the same nut
cloth filter that will be provided at the bucket, that way we catch any sediment that that official

filter would catch. After completing one cycle of ice collecting the system should go back to the
initial position, move to the next hole position in the pattern and repeat such cycle. It should be
mentioned that Torque calculations were made using the calculated Shear Strength of artificial
ice from a research paper. The Torque calculated the drill would need was between 1 N·m and
10N·m.
2.1 Frame
The frame is going to be mounted on the mounting platform provided in the competition.
For that reason it was designed ready to be mounted. Figure 3 gives a clear view of the whole rail
system. The frame would be done of 80/20 aluminum slots. The shape of the frame should
resemble a cube. Inside the cube there should be 2 lateral rails along with two that goes across
the whole frame design. Those rails would allow movement in the x and y directions. The rails in
the middle of the structure would serve as support for the drill mechanism as well. Those rails
would also be supported by aluminum 80/20 to make sure no bending happens. To archive the
movement on the z direction, five hydraulic actuators would be placed in the frame. The
actuators would go in each corner and one on top of the drill. The actuators would need to be half
meter long in order to be able to make our system go a meter down. In the drill mechanism this
would barely meet our requirement of not to exceed a two meter vertical distance. The rails on
the frame would have a motor and a linear bearing supporting the two middle rails from each
end. Inside those two inner rails we would have lazy susans attached to the lower part of the
rails, which would provide a secure attachment with the bearings preventing it to fall down and
allowing the drill system to rotate.
Deflection calculations were performed to analyze how well the rails would support the
weight of the drill bit, using the Modulus of Elasticity and Moment of Inertia provided by 80/20
for their 1” T-slot aluminum framing. Deflection was calculated using the beam deflection
equation for a center loaded beam supported at both ends, which is as follows:
y=

L3 *W
48*E *I

(1)

Where L is the length of the beam, W is the applied load, and E and I are the Modulus of
Elasticity and Moment of Inertia, respectively. Deflection in the rail system which supports the
drill was found to be a maximum of .035 inches using the weight of the drill with a safety factor
of 2.
2.2 Heating and Melting
For the melting of the extracted ice it is proposed to use a nichrome heating tape wrapped
around a pipe that will contain the ice. The heating tape (shown in Figure 10) will be capable of
providing 468 W and operates off of 120 V. It also can easily connect to a temperature control,
this will allow us to set the outer surface temperature constant. The tape is 13 mm thick and 1.83
m long. A layer of insulation foam will coat the tape (Figure 11). The insulation used will be AP
Armaflex insulation tape, it was chosen because it exhibits a high temperature limit and a very
low thermal conductivity. As the auger operates, the ice will collect in this pipe and once one

hole is drilled, the heating tape will be activated. Once the ice melts, it is planned to be collected
in a reservoir. Collected water will be pumped from the reservoir, pushed through a nut milk bag
filter and then flow into the water container. The proposed pump is a 1/2 HP transfer pump. This
pump operates on 120 V and 8.4 A. It is able to discharge a maximum of 1500 GPH and it
provides a head pressure of 110 ft. The heat transfer analysis is shown below. Fourier's law of
heat conduction and the thermal resistance concept were used.
Fourier's Law:
Thermal Resistance:

Q˙ = − k As dT
dx
Q̇ =

T 2 −T 1
R

(2)
(3)

Here R value changes depending if heat transfer occurs through conduction or
convection. The corresponding resistance values are:
Rconv. =
Rcyl. =

1
h·As1

(4)

ln(r2 /r1 )
2π·k·L

(5)

The time required for melting was found from the ratio of the latent heat of fusion times
mass over the calculated power.
t=

hif
Q̇

(6)

Table 2 below indicates all of the given
parameters for performing the analysis. Table 3 displays the results obtained upon solving 3,4,5
and 6. The results indicate a power of 382 W will need to be provided and a melting time of 14.6
minutes is to be expected.

Table 2. Given Parameters
Parameter
Pipe thermal conductivity (k)
heat transfer coefficient (h)
Mass
T1
T ice
Pipe outer diameter (Do)
Pipe inner diameter (Di)
Pipe length (L)
Surface Area (As)
Latent Heat of Fusion (hif)

Value
60.5
80
1
95
0
0.05
0.04
0.4
0.0502
3.34E+05

Units
W/m*K
W/m^2*K
kg
°C
°C
m
m
m
m^2
J/kg

Table 3. Results
Variable
Convective Resistance
Conductive Resistance

Formula
R1 = 1/ h·As
R2 = ln(Do/Di)/ 2π*k*L

Value
0.249
1.46E-3

Units
K/W
K/W

Heat Flux
T2
Time for Melting

Q = T2-T1/R1
T2 = Q*R+T1
t = hif/Q*60

381.52
95.5
1.46E+01

W
°C
min.

3. Path-to-flight
Most of the system was designed
taking into account the conditions of the
Martian
surface so the critical
modifications while somewhat major, are
not many. First of all a significant
problem on Martian surface would be
sublimation, taking into account that the
pressure on Mars is around 600 Pa and
the temperature on the surface varies
between 0 and 10 degrees Celsius
sublimation is highly possible. This is due
to the fact that the triple point of water is
reached at around 0.01 degrees Celsius
and 611.657 Pa (as seen in Figure 12), conditions which do not give much room for error. Taking
these numbers into account it has been decided that if the system were to be in Martian surface,

temperature would have to be controlled instead of trying to control pressure (the fact that trying
to control temperature is more practical and cheaper than trying to control pressure in this system
was also taken into account). For the system the inside of the inner tube is where the ice will be
transported, it is expected that the outer tube and drill bit in presence of the overburden will
create a semi seal that will not allow the temperature in the inside of the outer tube to go down
below -26 degrees Celsius or even close to 0.1 degrees Celsius.
Another significant problem with the system was the presence of electronics and motors
in low temperatures on the Martian surface. For this problem it has been decided that some type
of insulation or heating aide would be used to prevent the electronics exposed to the outside from
freezing and possible damage.
Another factor taken into account was the fact that the chain moving the rail system could
get stuck. This could happen with the presence of foreign materials such as dirt, so a sheet metal
guard can be positioned inside the rails to prevent any of such materials from entering the chain
system.
The final factor taken into account was the evaporation and refreezing of ice particles
inside the system, for this it has been considered having insulation around the electrical
components to keep temperature constant and inside the tubes heaters at a low setting would
keep temperature at enough so that any ice that could evaporate due to sublimation will just melt
instead and travel to the heating container without freezing again.
As mentioned most of the system was designed using the constraints of working on a
Martian surface, with the exception of weight and size, these were constrained from the
competition rules, but still after mechanical calculations and analysis it was determined that the
weight and size constraints would not affect the operation of the system on the Martian surface.
Force was also tested but taking into account that the 100N force provided comes from the
system itself and not weight or acceleration (which on Mars is around 3.711 m/s^2).
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ABSTRACT
NASA’s mission has always been to push the current technological boundaries in order to better
understand our planet and in general the universe. The purpose of our work is to contribute to
NASA’s objectives in the key areas of in-space robotic assembly and deep space exploration. We
designed an in-orbit-self- assembled tug spacecraft with the capacity of transferring loads from Low
Earth Orbit (LEO) to Lunar Distant Retrograde Orbit (LRDO) using and electrical propulsion system.
We performed various analyses to justify our design using System Tool Kit (STK) for orbital
mechanics simulations and the Space Environment and Effects Tool (SEET) for radiation analysis.
The proposed space tug is composed of two modules that will be launched separately, and
autonomously self-assembled in LEO. Once assembled, the SPADAT (solar powered autonomously
docked and assembled tug) will be able to take future payloads to the moon and back. After the tug
has fulfilled its lunar mission, it can be further equipped for deep space missions to Mars or even
further.
1. Objective
Our objective is to design a solar electric propulsion tug that can carry payloads from
LEO into LDRO and back to LEO. This space tug must operate autonomously since it will be
unmanned. Some of the stated requirements were simplicity, the least amount of launches, and
the ability to remove and add modules in the future. To accomplish this, we combined our
knowledge of space systems with new concepts that are attainable with today’s technology.
2. Project Constraints
• Assembly for SEP tug must be less than 60 days
• Solar arrays must produce 200 kW, at beginning of life
• Modules must withstand up to 0.4 g’s of acceleration
• Flexible body must withstand a 0.05Hz vibration
• Space tug must consider a 500 kW upgrade for deep space missions
For our project constraints, we analyzed the most crucial requirements in order to balance
cost and schedule. This will guide us to design our space tug and bring us success to accomplish
our final design. With the given requirements, we will be able to relate to what needs to be done
and simplify our design criteria to successfully accomplish the objective.

1

3. Conceptual Proposal
3.1 Product Breakdown Structure
Shown in Figure 1 is the Product Breakdown Structure (PBS) of the proposed system.
These are used to provide a quick overview of a system’s components, and how they fit into the
bigger picture of the system. In this case, we have our space tug at the top representing the entirety
of the system. From there, it “breaks down” into its respective subsystems such as modules 1 and
2. However, module 1 will be the second module to enter space because of the docking procedure
involving a female and male counterparts. This process is explained more in detail below.
Starting with the reaction control system, or RCS, this is the component that will allow
the first module to be translated in any given direction in a short period of time. This will be
especially useful when pairing modules to one another, as the space tug will need to adjust
accordingly as other modules approach SPADAT. The 18 ion thrusters are used for long term
travel, and more specifically for transfer of orbits between Earth and the moon. The small antenna
will provide communication in space between the tug and ground station (Earth). The control
moment gyroscope is an added feature for module stabilization, once the RCS thrusters have
oriented the tug in the right direction. In module 2 we have decided to include the solar arrays,
which will supply the electrical power needed at launch as well as for the duration of the tug’s life
in space.
3.2 Mission Concept of Operations

Provided in Figure 2 is the design reference mission scheme. At the start, we plan to send
our two modules into space on separate rocket launches. This was to satisfy the requirement for
the SEP tug to be modular, but it also allows for us to design for more power and capability because
of the extra space in the Atlas V fairing gained from having two launches instead of one. Once
both modules reach LEO, the proposed modules would then be activated and begin the process of
locating each other and performing the autonomous robotic assembly. First, this is to be
accomplished by using k-band communication in module 1 to locate the second module. Once
module 2 has been located, module 1 will use its reaction control system (RCS) to get itself into
the desired position for pairing.
Ideally, module 2 will have been launched into orbit at a location relatively close to
module 1 in order that our system can minimize the fuel needed from the RCS to get to the desired
position. Once both modules are in position, a soft-to-hard docking function in conjunction with a
robotic arm will be used in order to widen the module position error margin. After autonomous
robotic assembly of the SEP tug is completed, the tug nicknamed SPADAT is ready for load
orders, which will be presumably issued by NASA.
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4. System Design
The main components of SPADAT system and a brief description of their function are illustrated in
Figure 3.

Figure 3: SPADAT subsystems
4.1 Module 1: Propulsion & Robotic Arm

In order to perform docking between the
modules, we have decided to use the docking
probe and cone mechanism similar to that of
Figure 4, but with two more features. The
probe being the first, it will provide a fuel
hose and the cone being the second, which
will include concentric rings to provide
electrical connections and data transmission
between modules. This system gives the most
Figure 4. Docking probe and cone mechanism
flexibility for “soft docking” procedures by
eliminating the need for complete co-axial
lining up of the mating system. Two
requirements are needed for a successful
joining, the probe must
land somewhere inside the outer ring of the cone and come in at a reasonable relative velocity.
Once the probe enters the inner channel at the tip of the cone, the straight edge on the semi sphere
of the probe gets locked in place. After the probe is held in place, the soft dock is complete and
now the retraction of the probe arm begins. As the length shortens, the gap and angle between
the two modules is decreased. The conical device on the arm of the probe serves as a guide to
straighten out and align the axes of both modules. Our docking probe concept design takes a step
further using these concentric rings that inter lock when completely mated. These rings serve as
contact points for the communication link and power flow from one module to the other, and vice
versa. Another key design feature is this probe will be multi-functional (see Figure 5). It will serve
as a housing for a fuel line that will connect both modules, giving the tug the ability to refuel in
space. The elastic material that will serve as the house will have wrapping the outside to help
3

maintain the cylindrical shape. It will be compressed during docking to not damage this
component. When extruded completely, the O-ring will create a sealed surface in the inner part of
the cone where the interface will meet and transfer of fuel can commence. The first module is
also going to contain all 18 of the ion thrusters, along with two fuel tanks. The first fuel tank
will hold the xenon for solar electric propulsion (using the ion engines [1]) and the second tank
will contain the liquid propellant. This will be expelled by the reaction control system when
performing adjustments in the yaw, pitch and roll directions.

Figure 5. Proposed docking mechanism: the cone includes concentric rings for communication

The reaction control systems are going to be crucial during the docking procedure. After
separating from the third stage of the launch rocket, neither module will have any source of
thrust besides the RCS. The RCS will also be needed when both modules have been docked and
need major adjustments. When both modules have been docked and enough energy has been
stored, the ion thrusters will become operational. Although these ion thrusters will have gimbals,
the thrust provided will mainly be forward towards the nose of the tug. The probability of the tug
having the center of gravity in the middle
is very small. This thrust from the ion engines will provide a moment large enough to cause the tug
to want to tumble. To offset this moment, we incorporated two control moment gyroscopes attached
in between the ion thrusters. Notice how they are oriented perpendicular to each other, this is
because their gimbaled movement is also mechanically limited. If both are turned on they
could provide numerous different combinations to provide this stabilizing torque. These have
been used for many space applications to keep satellites and the ISS, for example, from tumbling
4

or spinning out of control. This is also important to keep the solar panels faced towards the sun.
The whole assembly of module 1 is shown in Figure 6.
4.2 Module 2: Solar Panels & Communication
The second module (see Figure 7) will have less number of components. This is because the
solar panels alone will weigh under 3000 kilograms. Since this module will be leaving earth first,
it will stay in place while the first module performs most of the docking process. The probe and
cone docking method works best with the probe doing the seeking. Power from the panels is not
needed until fully assembled to power on the ion thrusters. The RCS and space launch centaur will
be doing most of the work up until this point. The Orbital ATK CRS Cygnus Ultra Flex solar array
panels [2] were chosen because of the following reasons.
• 10 successful mission space flights.
• Contains two wings with a diameter of 3.7 m each
• The cell technology efficiency is at 29.9%
• Provides 100 W/kg
5. Mass and Power Budget Calculation
Table 1 shows the weight of each component
as well as the corresponding amount of power
consumed. The total weight was used in the orbital
mechanics calculations to ensure arrival at the moon
was viable. Knowing the max payload of the Atlas V
rocket to be 18,000 kg, we knew the launch vehicle
would have no problem delivering this to LEO. The
power budget was used to ensure the electrical
components running concurrently would not draw
more power than what would be provided by the
solar panels. The produced energy is shown to be
positive, while components that use energy have
negative values.

Mass Budget
Component

(kg )

Solar array
Shell
ATCS
Antennas
Ion Thrusters (18)
PPU (18)
HPA(6)
LPA (18)
Gimbals (18)
Xenon Fuel
Robotic Arm
CMG's (2)
Total

2500
5800
3615
5
228.6
621
34.2
55.8
108
4765
410
544
18687

Power Budget
(kW)
200
NA
-2.5
-0.2
-80.2
-86.6
-0.08
-0.3
NA
NA
NA
-0.24
29.9

6. Orbital Mechanics Simulation and Analysis
In order to determine whether it is possible or not to tug a load from LEO to LDRO
with our proposed system, we performed an orbital mechanics simulation using Systems Toolkit
(STK) software. LEO is defined as an orbit between 160 km and 2000 km. Due to the low thrust
that ion engines produce; it can take a significant amount of time to raise an orbit. As such, a
circular orbit of 2000 km was selected as the departing orbit. To power the spacecraft, the NASA
Evolutionary Xenon Thruster (NEXT) [5] was chosen. NEXT is an ion engine being developed by
the NASA Glenn Research Center for future missions. The specific impulse of NEXT is 4170
seconds and it can produce a maximum thrust of greater than 236 mN. STK features a built-in ion
engine model, which models thrust as a function of Isp, mass flow rate m
, efficiency, and input power. To simplify the simulation, power generated by the solar panels and
efficiency were neglected and it was assumed that there would be constant thrust and Isp while the
spacecraft was in sunlight, with zero thrust in darkness. The spacecraft features 18 NEXT ion
5

engines, giving a total thrust of 4.25 N. Mass flow rate was calculated using the rocket equation

m

nT

1.0388 10 4 kg/s

(1)

Isp g
where T is the engine thrust, g is the gravity constant
and n is the number of engines, where in our case
n=18.
The payload being tugged to LDRO is assumed to be
11,110 kg, which is the mass of the Hubble Space
Telescope, giving an overall system dry mass of
29,797 kg. Additionally, 5000 kg of propellant was
assumed to be on board the spacecraft during
departure. Using all of these input parameters, an
STK simulation was performed to determine both how
long the transit from the Earth to the moon would
take, as well as how much propellant was used by the
ion engine. The trajectory of the spacecraft is shown
in Figure 11. The red portion of the spiral shows the
ion engine burn phase, and the green portion
represents the coasting phase to the moon. The results
showed that the spacecraft’s ion engines would have
to fire for approximately 580 days to travel from a
2000 km circular orbit to the moon. However, during
the trip, only approximately 4,765 kg of propellant
was used which is a significant advantage over
conventional rocket engine.
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ABSTRACT
Heat mirrors are defined as transparent multilayer structures that transmit visible light and
reflect infrared radiation coming from the solar spectrum. The employ of heat mirror as the
window is highly efficient to energy savings by reducing the electrical energy uses in the
building. The present work focused on the heat mirrors based on three- layer structures
composed of dielectric/metal/dielectric (D/M/D) materials. Studies were made with HfO 2 as a
dielectric material and Mo for the metal. HfO 2 /Mo/HfO 2 multilayered devices have been
deposited using electron beam evaporation. The effect of Mo thickness induced chemistry
and microstructure on the efficiency of HfO 2 /Mo/HfO 2 multilayered devices is evaluated. Asdeposited substrates were employed with 50 nm thick HfO 2 layers while varying the Mo
metal interlayer thickness in the range of 5-25 nm. A detailed analysis of the microstructure
and optical properties are evaluated for HfO 2 /Mo/HfO 2 nano-devices. Comparison of the data
will be presented and discussed to determine the optimum Mo interlayer thickness and
feasibility of the heat resistant transparent glass for a warm environment.
1 Introduction
To meet the challenges of energy crises issues as created by the high depletion rate of
limited fossil fuels, recent attention has been mainly focused on harvesting green energy
sources especially solar energy using advanced nanotechnology fermented devices. The
majority of this energy comes from the fossil fuels’ burning, which usually accounted for
~82-85% of global energy consumption. At present, the nano-devices used in harvesting
green energy sources are incompetent in terms of efficiency and unable to meet up with the
increasing demand for energy [1-3]. At the same time, we are faced with the need o f saving
generated energy to the same extent. The efficient glass technology can potentially contribute
to energy saving predominantly in buildings and vehicles. The solar spectral selectivity and
performance are best accomplished by employing suitable thin film or surface coating in an
alternating dielectric/metal/dielectric (D/M/D) multilayer-configuration fabricated directly
onto a glass window. In this work, we demonstrate that the controlled, component-layered
mediated nano-columnar microstructure can dramatically improve the solar spectrum
selectivity of HfO 2 /Mo/HfO 2 nano-devices.
Among transition metal oxides thin films, hafnium oxide (HfO 2 ) thin film is highly
stable transition metal oxide film with a potential for a wide range of scientific and
technological applications [4]. Among noble metals films, Molybdenum (Mo) films have the
lowest reflectance in the visible region, the high reflectance for the infrared region.

A Multilayered D/ M/ D Nano-device for Heat Mirror Application

2 Experime ntal details
2.1 Fabrication
D/M/D multilayer structure was fabricated on Corning glass substrates at room
temperature using electron beam physical vapor deposition (EB-PVD). The D and M layers
were deposited on an about 50 nm thick HfO 2 as D layer and Molybdenum (Mo) as M layer
of varying thickness (5 to 25 nm). Figure 1 shows the functionality of D/M/D based heat
mirror. The HfO 2 /Mo/HfO 2 device films designated as S1, S2, S3, S4 and S5 having Mo
thickness 5, 10, 15, 20 and 25 nm respectively.

Fig.1. Schematic of a Dielectric/Metal/Dielectric based optimal heat mirror.

2.2 Characterization
The crystallographic structure of the D/M/D device films were performed by grazing
incidence X-ray diffraction (GIXRD) (Bruker, D8 advance). Optical properties were
evaluated using CARY 5000 UV–vis–NR double-beam spectrophotometer in the ranges of
300 nm to 2500 nm.
3 Results and Discussion
3.1 Microstructure Analysis
Figure 2 shows the GIXRD patterns of the HfO 2 /Mo/HfO 2 device films deposited on glass
substrate. The characteristic amorphous hump corresponding to glass substrate can be noticed
separately in each D/M/D XRD patterns. It indicates that D/M/D multilayer microstructure is
not of the amorphous phase. It is clearly observed that there is a peak pointing around 32° of
2θ attributed to the (111) monoclinic (m) phase of HfO 2 .

A Multilayered D/ M/ D Nano-device for Heat Mirror Application

Fig.2. GIXRD patterns of the HfO2 /Mo/HfO2 multilayer films on glass substrate.

3.3 Optical properties
The optical transmittance of the films showed a reduction in average transmitta nce from 96%
to 62% in the visible (Vis) with an increase of the Mo layer thickness reaching the lowest
value of an average 62% transmittance with a 20nm thickness of Mo film. The thickness of
the Mo layer was found to affect also the reflectance of the incident solar spectrum from the
glass substrate. The D/M/D film with 20 nm thick Mo layer exhibited lowest (6%) reflectance
in the Vis and highest reflectance in infrared (IR) (25%) and ultraviolet (UV) (25%) ranges.
Thus, Mo (M) layer thickness in the vicinity of 20 nm seems to be a reasonable compromise
for 50 nm HfO 2 (D) layers. A desired optical behavior of low reflectance in the Vis and a
high reflectance in the near infra-red and infrared (NIR-IR) was achieved. It is clearly seen
that the increase in thickness in the metallic layer generates a positive increase in reflectance
but it also drops the transmittance in the visible.
4 Conclusions
Multilayered Dielectric/Metal/Dielectric films were fabricated on a glass substrate using
electron beam deposition at room temperature for their possible feasibility for heat mirror
applications. The microstructure of intermediate Mo layer and HfO 2 -Mo interfaces
significantly control the optical properties of HfO 2 /Mo/HfO 2 devices.
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ABSTRACT
High performance computing is an essential element in large scale physics based
applications. Often, the sheer amount of data processing that is required to resolve physics for
complex problems demands robust programming frameworks that massively parallel on
distributed architectures. However, simply parallelizing the application intuitively may not
result in the most efficient implementation of the physics aware code. Moreover, software
written for a relatively large scale physics application may be scalable on one architecture
however suffer from overhead on another. The ability of a software to exhibit similar
performances on different parallel architectures depends on the optimization of the memory
layout, references and especially cache. Often in this context hybrid-parallelism plays an
important role where it is possible to build applications that provides capabilities to do
heterogeneous computing by exploiting both shared memory cores and distributed memory
nodes. In this paper we describe a computing framework build on a fully hybrid-parallel
programming model driven through Trilinos and Kokkos as its backend. It provides MPI+X
capabilities both on CPU and GPU and is aimed towards large scale fluid dynamics
applications.

Fig1. A schematic of the simulator

Fig2. Percolation of fluid through the structure

1 Introduction
Fluid dynamics applications have demanded scalable algorithmic implementation especially
in complex systems 1234 and in determining uncertainty quantification in borderline stochastic
systems. Previous works in incompressible flow have used GPGPU to develop code mostly
using the CUDA library567. MFiX8 is a multi-purpose CFD code that simulates multi-phase
phyiscs in various fluid mechanics scenarios and have been in use commercially for a good
30 years910. The computing framework developed in this paper aims at importing linear
algebra objects used in MFiX into this framework that supports hybrid-parallelism thus
providing a higher performance metric as compared to the current MFiX framework. This
hybrid-parallel computing framework has been tested for porous flow structure problem for
which we have developed an API called EXPNS. It is exa scale capable and is scalable till
1000 processors. The framework provides performance portability and heterogeneous
computing capabilities over a large number of MPI ranks along with multiple cores through
either OpenMp threads, POSIX threads or CUDA UVM. EXPNS11 is a DAG based model of
a porous flow structure that aims at multi-scale modeling of porous flow physics and tries to
predict the behavior flow under different geometric condition. It is based on a Trilinos back
end 12 with Kokkos13 for heterogeneous computing.
2.

A brief Algorithmic Description of the Simulator

This section discusses in brevity, the methodology of the computer implementation for the
molten metal flow through the porous structure. The porous flow problem was defined as a
molten metal invading the porous structure at a constant pressure of 10 units (scaled pressure)
while the atmosphere is maintained at 0 units (scaled pressure). Each pore would have a no
slip boundary condition, modeled as a circular pipe (EXPNS is capable of modeling any
arbitrary pore structure though machine learning based predictive modeling techniques) and
would exhibit laminar and quasi-static behavior at each time step. At
when a sudden
pressurized molten metal is brought into the porous media, an immediate redistribution of the
pressure values at each node would occur for the existing fluid which was at rest. This new
redistribution leads to a multi-phase fluid flux through the porous media, and increases the
volume fraction of the invading molten metal. At
the increase in volume fraction
changes the
value of the affected pores which leads to a further redistribution of
pressure and change in multi-phase fluid flux. In this fashion the simulator marches the
volume fraction in time for the invading molten metal as it slowly fills up the porous
structure. A schematic of the core numerical algorithmic kernel inside EXPNS is shown in
Fig 1. EXPNS has a hybrid-parallel structure(utilizes both shared memory and distributed
memory in conjunction) to exploit massive scale parallelism and has been tested to be
scalable across 1024 processors while at the same time guaranteeing performance portability
natively through Kokkos. This allows to extract very high resolution physics at pore scale
while at the same time getting an overall picture of the pressure distributions at a macro scale.

PERFORMANCE PORTABILITY AND DATA MANAGEMENT FOR EXA SCALE
PHYSICS AWARE SIMULATIONS

3. Results and Discussions
The framework had been tested with a very large size of data sets on massively parallel
system and in this section we describe some brief results with EXPNS. We look at porous
structure with random radii generated from a Box-Muller Gaussian distribution template that
mimics the uncertainty involved in prediction such flow behavior. The results would show
the incremental flow into the porous structure and the average front rate of the fluid.
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ABSTRACT
The 3D printer experiment will simulate the repair of a solar panel in space. The simulated printed
repair of solar array experiment will be performed shortly after the second system checkout of the
CubeSat mission phase. The printing experiment is the primary objective of Orbital Factory II
mission. The duration of the experiment is approximately 2 minutes. An LED light and a camera
will power on when the experiment begins. The printer will pint on the +X face of the six faces of
the CubeSat. The printer carriage will self-calibrate by moving in the +X direction until the +X
calibration switch is activated, and it will move in the –X direction until the –X calibration switch
is activated. The carriage will begin moving in the +X direction once it is calibrated and the
dispenser will be then activated. The printer will draw a conductive trace between terminal points
on the print substrate, simulating a self-repairing of a solar cell.
1! 3D Printer Design
The instruments that will be active during the printer experiment are the main on board computer,
stepper motors, material dispenser, camera, illumination of led light, and eps. 3D printing
verification will be complete in two ways. One of them being through visual inspection of the
returned images and the other through the voltage measure across the terminals. The material that
will be used to print the rail supports of the printer is ULTEM9085, which is similar in strength to
aluminum, but much less weight. ULTEM9085 has a TML of 0.41% and a CVCM of 0.1%;
therefore, passing low outgassing test [1]. Its tensile strength is of 4800psi in the zx orientation,
and 6800psi in the xz orientation. The material that will be used to print the extruder and its
carriage is called Prototherm 12120. Prototherm 12120 has a TML of 0.71% and a CVCM of
0.01%, and a WVR of 0.20%; furthermore, also passing low outgassing [1]. The railing is made
out of 3.175mm (1/8in) diameter stainless steel tubing, with an outer diameter of
3.175mm(0.125in) and inner diameter of 2.362mm(0.093in). Rulon-J ultra-friction bearing with
rails with an inner diameter of 3.276mm(0.129in), outer diameter of 6.35mm(1/4in), and length of
6.35mm(1/4in). Its TML of 0.18%, and CVCM of 0.01% passes outgassing [1].
For the 3D Printer actuation, he printer will use a lead screw. An FDM-0620 stepper motor will be
used with a 6mm diameter, 11mm in length, 1.1g in mass, and approximate 0.2mNm in maximum
torque. A dry lubricant for use in vacuum under the operating temperature of -35 to 70 C will be
performed. Also, the 0-80 thread, stainless steel threaded rod will be used. A square brass nut for
ease of fabrication. Moreover, a rod interfaced to lead screw using helical shaft coupling made out
of aluminum, with low torque applications of 0.25Nm max, a mass of 0.66g and its dimensions to
be 6mm in diameter by 9.35mm in length.

Fig 1. 3D Printer dimensions and height measurement.
The components of the 3D printer design are two supports for the rails, an FDM 0620 stepper
motor, a coupling for the motor and the shaft to be connected, two 1/8” tubes to be used for
railing, 0-80 threaded rod in between the rails which will be turned by the motor, a 0-80 nut, two
shaft bearing, four standoffs, and the extruder carriage made out of Prototherm. A picture
depicting all of the parts will follow along with a mass table of each component.

Fig 2. 3D Printer components and mass table.
The total mass of the 3D printer is 36.35 grams. The total height of the printer design is 19.1mm.
The printer design meets the requirements of measuring less than 20mm in height, move along
one axis, and print along the +X face, one of the six faces of the CubeSat.

! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!The!Southwest!Emerging!Technology!Symposium!2017
References
[1] Thomas, D. L. (2008, January 8). Outgassing Data for Selecting Spacecraft Materials. In National Aeronatuics
and Space Administration. Retrieved March 20, 2017, from https://outgassing.nasa.gov/

The Southwest Emerging Technology Symposium 2017
ACOUSTIC CAVITY DESIGN FOR A LOX/LCH4 500LBF ENGINE
J. Candelaria, J. Trillo, D. Vargas, A. Lopez
Center for Space Exploration and Technology Research (cSETR),
University of Texas at El Paso (UTEP), El Paso, TX 79968;
* Jonathan Candelaria (jcandelaria2@miners.utep.edu)
*Alai Lopez (alopez105@miners.utep.edu)
Keywords: Combustion Instabilities, Rocket Acoustics
ABSTRACT
Combustion instability, or oscillatory combustion, is an issue in every rocket engine
development program. If not considered in the design of the rocket engine, it can cause
destruction of the rocket, subsequent destruction of the vehicle and compromise the vehicle
mission. Other subsequent results are instrumentation damage, performance losses, material
destruction, and thrust vector variation among other things.
The combustion instabilities can be categorized into three modes; high frequency, low
frequency, and intermediate frequency instabilities (between high and low). Low frequency
instabilities, also known as chug, are caused by the coupling of the combustion oscillatory
pressures and the tank propellant feed system. This mode of instability can cause
instrumentation failure, and can compromise structural integrity due to vibrational loads.
High frequency modes are known to be the more important modes to mitigate in your engine
system because it can result in engine burn through within seconds. Therefore, our design is
aimed to dampen these modes.
With the many resonator types, quarter wave resonators were chosen. This type of
resonator is simple to design compared to other types of resonators a vast amount of
documentation is available. Determining the frequency modes for our chamber geometry and
the sound speed allows us to determine the acoustic cavity lengths needed. A 20% open
cavity surface area to chamber cross sectional area for critical modes, an odd number of
cavities (17), and a ‘dogleg’ cavity geometry is utilized. These design features help to
mitigate transverse acoustic modes, and prevent mode locking. Assumptions made for the
design must be validated with testing so tuning can be done correctly. Thermocouples will
validate or change the cavity temperature assumption. Dynamic pressure transducers and
static pressure transducers will validate and tell us which modes we are seeing and/or
mitigating. Test procedure development is in progress.
1 Combustion Instabilities
A problem that occurs in almost every rocket engine development program is
combustion instability, or oscillatory combustion. Combustion instability introduces several
issues such as a decrease in rocket performance or catastrophic failures of engine
components. It is because of this, that a rocket design must take into consideration how to
mitigate or dampen these oscillations.
The cause of these instabilities is a result of a coupling between the fluid injection
dynamics and the combustion process. Consequently, combustion instability may be
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significantly reduced or eliminated either by reducing the coupling of the oscillations and the
driving combustion process or by increasing the damping inherent in the engine system [1].
1.1 Effects
The effects of these instabilities, as previously mentioned, can cause catastrophic
costly system failures. The main engines are some of the most expensive components of a
vehicle. Without the engine, there is no vehicle. If your engine is not stabile, costly
consequences can occur.
Vibration is a principle result of unstable combustion, and can be destructive. These
vibrations can damage instrumentation, such as pressure transducers, flowmeters, valves,
thermocouple probes, etc. The structure of the engine can be compromised as well,
specifically on the mounting structure of the engine. If applicable, damage to Guidance,
Navigation and Control (GNC) systems and components can occur. This malfunction of the
GNC system could lead to mission failure or loss of the flight vehicle entirely. Vibrational
loading, if not mitigated, can lead to mission failure and the loss of millions of dollars in
progress.
Another key effect of combustion instability is the rapid increase in the heat transfer
coefficient that can occur, and within milliseconds.
In one rocket engine development program, it was found that combustion instability
caused the nozzle to be neatly severed at the throat and dropped in the exhaust flame
deflector. In another program, where considerable unreacted oxidizer was present near
the injector, together with the maximum tangential mode amplitude, increased heat
transfer rates resulted in chemically burning the thrust chamber at that location. This
can become a chain reaction, burning not only the chamber and the injector, the
propellant lines and thrust stand structure as well. [2]
This demonstrates the destructive capabilities that unstable combustion presents to a rocket
engine system. To note, tangential modes will be discussed in further detail in section 1.1.2.
Additionally, some less destructive effects are common as well. Combustion
instability can decrease performance, produce an uncontrolled pulse (if applicable), vary the
engine’s thrust vector, and can cause oscillatory propellant flow rate effects. Although not as
destructive, these can deter mission success.
1.1.1 Combustion Instability Modes
Combustion instabilities yield in three forms, high, low and intermediate frequency;
which can be dampened and controlled within the design phase. Specifically, combustion
instability occurs when velocity, pressure and temperature fluctuations within the process
interact with the natural frequencies of the propellant feed system or the chamber acoustics.
Combustion instability can be visualized through proper instrumentation by the organized
oscillations of pressure acting on the chamber wall at definite intervals. Unfortunately, there
is no such thing as a smooth combustion process; therefore, a vast amount of research has
been made to dampen combustion instabilities which will be discussed in further detail in the
following subsections.
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1.1.2 High Frequency Instabilities
High frequency instabilities, also known as screeching, are the most destructive since
energy amplifies with frequency. Screeching has the capacity to destroy your engine within a
second of initiation. High frequency is categorized as being greater than 1000 Hz[6], solely
enacting within the combustion chamber and can be divided into three modes, radial,
tangential and longitudinal.
Transverse modes (tangential and radial) propagate along planes perpendicular to the
chamber axis and prevails mostly near the injector. Transverse modes can be divided into two
radial and tangential modes.
Longitudinal modes propagate along the axial planes of the chamber and the pressure
is distributed by the reflection of pressure wave oscillations at the injector and the nozzle
throat. Fig 1.1 illustrates the wave propagation of High frequency modes.

Fig. 1. – Types of high frequency modes
1.1.3 Low Frequency Modes (Chug)
Chugging ranges from 10 to 400 Hz of propellant flow rate disturbances and is caused
by pressure interactions between the feed system, structure and chamber. As natural
frequencies between these three components begin to match, a force coupling can occur,
which maintains and increments instability. This is why it is very important to prevent low
frequency modes at early stages. There is a variety of complex analysis which could be done
to determine the vibrational energy. Fortunately, by diminishing vibration modes on major
components it decreases the overall instabilities on the assembly. A rule of thumb to decouple
the feed system from the chamber pressure, mitigating low and intermediate frequency
modes, by designing the injector to have a pressure drop of ≥ 20% the chamber pressure.
1.1.4 Intermediate Frequency Modes
Also dubbed buzzing, ranges from 400 to 100 Hz of propellant flow rate disturbances
and is mainly initiated within the propellant feed system. Buzzing is derived from
uncontrolled low frequency modes, which is a stronger force coupling between the
combustion process and the fluid flow. Buzzing is not accompanied by high resonating
energy yielding a non-damaging frequency mode, however, if not well controlled it can
increase coupling. Buzzing is more effective on medium-size engines than small engines,
thus more regulation is required.
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2

Methodology and Approach
As discussed above, it is of high importance to direct the engine design towards
preventing force couples and dampening oscillations. Therefore, the overall purpose is to
control combustion instabilities through different design features. Each design feature varies
in effectiveness, regarding dampening, depending on the frequency mode. By analyzing the
combustion process through simulation tools we can design the configuration of dampening
devices or the injector component to have major dampening effects on all three modes. The
Center for Space Exploration and Technology Research (cSETR) decided to use a hybrid
approach regarding increasing acoustical damping in the combustion chamber, and
implementing an injector design that it is known to demonstrate stable combustion and can be
tested.
This approach leads to the applications of acoustic energy absorption cavities, and
geometrical configurations on the injector and chamber. There are many different injector
types and configurations. To name a few, there are shear coaxial, impinging like doublet,
impinging unlike doublet, showerhead, pintle, splash plate, and impinging unlike triplet
injectors. The team has chosen to utilize a pintle injector, because of its low cost, ease of
assembly, and combustion stability properties.
Shown below in Fig. 2 is a functional diagram demonstrating the axial and radial
collision for atomization of LCH4 and LOX. The diagram shows an oxidizer centered pintle
post (radial flow), and an axial injection along the sleeve of fuel. Our design is fuel centered
however. Fig. 3 shows a cross section of the injector assembly with the combustion chamber.
The methane flows in the center post for radial injection through the holes, and the axial
injection is oxidizer (liquid oxygen).

Fig. 2. – Functionality of a basic pintle injector
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Fig. 3. – cSETR pintle injector cross section displaying the ‘dogleg’ cavity, chamber, and
pintle injection post
2.1 Types of Dampening Design Features
There is a vast amount of design features that can be implemented to control
combustion instabilities. Each design feature has a different impact on each frequency mode.
Face baffles are used to prevent high frequency modes and revolves around the theory that
the most dangerous instability lies at the vicinity of injector atomization. This design feature
works by minimizing force couples and gas dynamic forces within the chamber, typically
near the injector face.
Acoustical Absorbers are located near the injector and usually on the chamber wall. This
dampening device acts as a gaseous mixture spring and dampener system which absorbs
energy from the vibration enabling the dampening effect on pressure. There are three
different types of acoustic dampeners that are common, quarter-wave resonator, half-wave
resonator, and the Helmholtz resonator.
2.1.1 Geometry and Configuration
Quarter-wave resonators, a type of acoustical absorber, were chosen for the CROME
engine due to the simplicity of integrating in the design and the advantage of being tunable
through the insertion of a bolt to change the frequency of the cavity. The cavities are at the
top of the injector plate near the face because it provides a higher bandwidth absorption and
energy absorbed per cycle. The acoustic cavity tubes will be screwed to the injector due to
assembly purposes. Fig. 4 illustrates how the acoustic cavities are positioned in the design.

Fig. 4. – Acoustic Cavities (Dark Tubes)
With the mentorship of NASA-JSC, a frequency mode range between 1T and 1R, was
critical for dampening, being the most destructive. The sound speed of the combustion
5
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chamber is determined using 95% complete combustion parameters of temperature, adiabatic
constant, gas constant, and molecular weight. Using the Eq. 1, the frequencies and frequency
modes are determined:

𝑓𝑙𝑚𝑛 =

𝑐 𝜆2 𝑚𝑛 𝑘 2 𝜋 2
√
+
2𝜋 𝑅𝑐 2
𝐿𝑐 2

Eq. 1

where c is the speed of sound, λ is the transverse eigenvalue (m,n=0,1,2…(Laudien et al.,
2994)), k,m,n, are the longitudinal, tangential and radial mode number directions, Rc is
combustion chamber radius, and Lc is effective acoustic length. The values calculated are
shown below.
Acoustic Modes Frequencies
1L
5661.8
1T
7129.5
1T1L
9104.2
2L
11323.7
2T
11826.4
2T1L
13111.9
1R
14837.1
3L
16985.5
1R1L
15880.7
2R
27165.7
2R1L
27749.5
Table 1 – Acoustic modes and respective frequencies
The resonant length of the acoustic cavity correlates to the composition of the gas
within the cavity. The speed of sound within the cavity is different from the combustion
chamber, so some baseline assumptions were made. Assumed temperature of 1600 F and
90% equilibrium speed of sound, and a variation of 100 ft/s above and below the speed of
sound was used. The temperature assumption is based on a baseline used on JSC’s Morpheus
Engine. Using Eq. 2, the resonant lengths can then be determined for each resonant
frequency:
𝑓𝑜 =

𝑐𝑟𝑒𝑠
𝑎(𝑙𝑟𝑒𝑠 + Δ𝑙)

Eq. 2

where c is the speed of sound of the fluid within the cavity, α is 4 for quarter wave cavities,
Δl is a length correction factor, 𝑓𝑜 is the resonant frequency, and 𝑙𝑟𝑒𝑠 is the resonant length.
The corresponding resonant lengths calculated are the baseline resonant lengths.
After determining the resonant lengths, additional ½ inch is added to the length of the
tube for the adjustment of the lengths. The half inch allows for adequate thread engagement
between the bolt and the acoustic cavity tube. 17 acoustic absorber tubes have been
6
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designated to adequately dampen these six acoustic modes. An odd number of cavities
reduces the odds of locking transverse acoustic modes. The number of cavities and the
quarter inch diameter of the tubes yields a 20% cavity area to chamber cross sectional area
for each resonant frequency. NASA records show that the 20% ratio allows for stable
combustion [4]. For simplicity, screws will be threaded into the tubes to adjust the lengths
dependent on the results from tests. The geometry of the cavities is a ‘dog leg’ design. Found
in literature, to aid in the dampening of transverse modes.
3 Validation Procedure
To verify the validity of our assumptions, instrumentation is to be integrated into the
dampening system. Thermocouples at different lengths within designated acoustic cavity
tubes will give us a better idea of what the combustion gas temperature is within the cavity. If
the temperature reading is not as predicted, adjustments to the lengths can be made with the
passive system in place.
Pressure transducers are critical to determining the acoustic frequencies within the
cavities and the combustion chamber. Three dynamic pressure transducers measuring at three
different acoustic absorber cavities in an unsymmetrical configuration will tell us what
oscillatory pressure waves experienced during combustion. This is mimicking NASA’s
Morpheus engine.
The development of a LabView program to retrieve and filter the data from our
instrumentation is required. The development of this program will begin while the
manufacturing of the engine components is underway.
4 Status
To date, the design of the acoustic absorbers is under constant revision, however the
resonant frequencies and respective lengths have been well defined. The configuration of the
acoustic dampener system and instrumentation is documented for review in the critical design
review of our engine. A MATLAB program was developed to help identify performance
parameters of the acoustic absorbers. Development of this program has been postponed
because of NASA JSC advice to move forward with testing. The team is in the manufacturing
stage of the injector and its subsystems. GD&T drawings have been produced and are being
revised to ensure tolerance specification requirements.
4.1 Future Work
After the manufacturing and assembly of the components is complete, test procedures
are to be developed and verified. The first hot fire tests are scheduled for August 2017. For
those tests, data will be collected on the acoustic dampening system and necessary
adjustments made. The data collection software will be LabView. The program is to be
developed during the manufacturing of engine components. In addition, development of the
MATLAB acoustic performance parameter program will continue. Research shows that given
a number quarter wave resonator of specific geometry, their respective resonator lengths, and
a given chamber geometry, one can determine how effective the absorbers will be. It is
important for future teams at cSETR to understand how instabilities can occur, and how to
mitigate them.
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ABSTRACT
CubeSat missions provide a relatively inexpensive opportunity to space access. CubeSats are
small satellites that are categorized in different “units” that describe their dimensions. For example
a 1U is a CubeSat that will have a 10x10x10 cm geometry, CubeSats can vary from 2U to 6U[5].
The missions currently have only been taken to a Low Earth Orbit (LEO), and as such the
parameters of these missions dictate the capability of transmission for communication,
requirements for the Electrical Power System (EPS), as well as the environment a CubeSat must
endure to name a few aspects. This paper presents the current software design of a scheduler for
a CubeSat that will be flown in a Geostationary Transfer Orbit (GTO). For the CubeSat mission,
Orbital Factory II (OB II), it has been decided that an operating system is not needed and therefore
the practicality of a scheduler has been chosen for this project. The scheduler is tasked with
running the onboard experiments, as well as the varying tasks such as collecting housekeeping
data and send a communication transmission throughout OB II’s mission.

1 Introduction
1.1 Project Background
OB II is a 1U CubeSat that will be launch into GTO on an Atlas V launch vehicle [6]. The 1U has
design restraints for both its tight geometry as well as its mass budget of 1.33kg [5]. With a 5 day
mission plan that includes approximately two orbits per day each with a period of 11 hours, OB II
proves to be is a challenging project. The orbit that has currently been calculate, using given
parameters from Tyvak who is the launch provider for the mission, will place OB II to travel
through the Van Allen Radiation Belts (VAB). The VAB are an area where the CubeSat will come
in contact with high doses of radiation. The novelty of this project is not only focused on the orbit
which the CubeSat will travel but also the on board payloads that will carry out the experiments
are innovative in their nature too. For the mission objectives OB II is tasked to simulate a 3D
repair of a solar panel while in orbit using an electrically conductive material, preform a flight

1

Graduate Research Student, Mechanical Engineering, The University of Texas at El Paso, 79968
Research Student, Electrical Engineering, The University of Texas at El Paso, 79968
3 Undergraduate Research Student, Computer Science, The University of Texas at El Paso, 79968
4 Research Engineer, cSETR, The University of Texas at El Paso, 79968
5 Professor, Mechanical Engineering, The University of Texas at El Paso, 79968
6 Professor, cSETR Director, Mechanical Engineering, The University of Texas at El Paso, 79968
2 Undergraduate

The Southwest Emerging Technology Symposium 2017
demonstration of a 3D printed patch antenna, and will evaluate the Electron Emission Film and
Surface Charge Monitor (ELF/SCM) in a highly radioactive environment.

Figure 1: Simulation using Systems Tools Kit (STK) to visualize the trajectory path for OB II for a single orbit

2 Command and Data Handling
2.1 Subsystem Responsibilities
Objectives for Command and Data Handling (C&DH) are that the system must have the ability to
control the on board modules as well as scheduling and prioritizing the tasks, have the ability to
store software and data in their respective memories, essentially this subsystem is the brains of the
CubeSat.
2.2 Commercial off-the-shelf components
For this project having commercial off-the-shelf components (C.O.T.S) aids in helping with the
short timeline of the project which is set for 12 months from September 2016 through September
2017. With this approach components are searched for that fit the criteria of the mission.
The three modules for the On Board Computer are the Motherboard, the Pluggable Processor
module, and the Developmental Board. These modules have acquired flight heritage on a variety
of LEO missions. Some of the mission include the CINEMA in 2012 and Aeneas in 2012.
The Motherboard (MB) provides space for an external SD memory card for up to 2 Gb of mass
storage memory, which is a feature that will help have a designated space for the data collected
throughout the mission. This module also follows the PC104 standard which is used by the
Structures Team to design the chassis of the CubeSat.
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Figure 2: Image of the Motherboard from Pumpkin Inc that will be the flight module

[3]

The Pluggable Processor Module (PPM), is a 16-bit digital signal controller (DSC), that features
256KB of programmable memory along with 2 UART, 2 SPI, and 2 I2 C. These features are
required since the modules like the Electrical Power System and Communications Module that
have been chosen for this mission use this to communicate and connect with the OBC.

Figure 3: Assembled On Board Computer from Pumpkin Inc, with PPM on top which holds Microchip dsPIC33 [2]

The Developmental Board has all of the same components that are found on the On Board
Computer. Therefore you have an OBC but one that is easier to access in regards to space availed
to navigate around for connections. The layout for the Developmental Board has a slight change
from the flight module in that the Microcontroller (MCU) is mounted on a separate printed circuit
board (PCB) [1]
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Figure 4: Developmental Board from Pumpkin used for debugging without having to use flight module [4]

3 Software Architecture
3.1 Scheduler
The Scheduler is a system which decides what experiment will be run during the 5 day mission of
the CubeSat. The scheduler will handle handoffs between states of the modules, identify the
different tasks, and use the status of the experiments/tasks to determine an order. Currently the
scheduler will work of priority levels, the three categories will be 1) importance of experiment 2)
ability to run experiment and 3) Last run time of experiment/task. There a tasks and experiments
that are only one time events like deployment of the diploe antenna as well as the print job.
To build up to designing the scheduler state diagrams had been created for the on board modules.

Figure 5: Basic layout for state diagrams used for the different modules on board the OB II
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What is enclosed in each of the orange boxes are the states for a given component with in the
Cube Sat. The light orange rectangle on the right upper hand corner, which is shaded in,
contains the name of the component for which the state diagram is describing. The blue lines
which connect one state to another are the events that will occur and trigger the next state for the
specific component. Lastly the small black rectangle that connect the blue lines from the main to
the states are simple there to represent a connection from the Main to the state of the commonest.
To begin the green block within each of the sections, titled “Main”, references the same central
hub which the entire cube satellite runs on. This program will run off of a scheduler to command
the rundown of the necessary tasks. As was mentioned earlier, the triggers or events which occur
between the “Main” and the states are all different. Even though they all connect to one central
hub, to start up a module and their tasks a different event is required and therefore a black
rectangle is placed coming down from the Main rectangle on each diagram of the modules.
3.2 System Testing
An in house developmental board has been built to physically test the connections as well as the
software for the CubeSat. This will allow debugging to be tested as well as trouble shooting for
errors in the codes once the modules have been physically connected.
A second set of test must be run to protect the code itself from disturbances that can arise when
the code is altered dude to radiation interference. In example bit flipping is a very common
problem that CubeSat encounter during their mission. Therefore error correcting codes are needed
for keeping the integrity of transmissions as well as having a code which can identify alterations
thought out the mission. These techniques are implemented to keep the “the brains” in check and
have them run their proper algorithm as opposed to mixing up its own instructions.
4

Conclusion

OB II is a CubeSat mission that must successfully transmit via its communication modules as well
as deliver the experimental payload data during its 5 day mission plan. This project is set to be
delivered in September of 2017 and launched in December of 2017. This requires a system to
properly command and execute the tasks as well as its experiments and therefore a scheduler will
be used for this mission. The scheduler will act on a set of priorities to distribute the tasks
completed to achieve a successful mission.
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ABSTRACT
CubeSat missions provide a relatively inexpensive opportunity to space access. A CubeSat are
small satellites that are categorized in different “units” that describe their dimensions. For example
a 1U is a CubeSat that will have a 10x10x10 cm geometry, CubeSats can vary from 2U to 6U[5].
The missions currently have only been taken to a Low Earth Orbit (LEO), and as such the
parameters of these missions dictate the capability of transmission for communication,
requirements for the Electrical Power System (EPS), as well as the environment a CubeSat must
endure to name a few. This paper presents the current software design of a scheduler for a CubeSat
that will be flown in a Geostationary Transfer Orbit (GTO). For the CubeSat mission, Orbital
Factory II (OB II), it has been decided that an operating system is not needed and therefore the
practicality of a scheduler has been chosen for this project. The scheduler is tasked with running
the onboard experiments, as well as the varying tasks such as collecting housekeeping data and
send a communication transmission throughout OB II’s mission.

1 Introduction
1.1 Project Background
OB II is a 1U CubeSat that will be launch into GTO on an Atlas V launch vehicle [6]. The 1U has
design restraints for both its tight geometry as well as its mass budget of 1.33kg [5]. With a 5 day
mission plan that includes approximately two orbits per day each with a period of 11 hours, OB II
is a challenging project. The orbit that has currently been calculate, using given parameters from
Tyvak who is the launch provider for the mission, will place OB II to travel through the Van Allen
Radiation Belts (VAB). The VAB are an area where the CubeSat will come in contact with high
doses of radiation. The novelty of this project is not only focused on the orbit which the CubeSat
will travel but also the on board payloads that will carry out the experiments are innovative in their
nature too. For the mission objectives OB II is tasked to simulate a 3D repair of a solar panel while
in orbit using an electrically conductive material, preform a flight demonstration of a 3D printed
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patch antenna, and will evaluate the electron emission film and surface charge monitor (ELF/SCM)
in a highly radioactive environment.

Figure 1: Simulation using Systems Tools Kit (STK) to visualize the trajectory path for OB II for a single orbit

2 Command and Data Handling
2.1 Subsystem Responsibilities
Objectives for Command and Data Handling (C&DH) are that system must have the ability to
control the on board modules as well as scheduling and prioritizing the tasks, have the ability to
store software and data in their respective memories, essentially this subsystem is the brains of the
CubeSat.
2.2 Commercial off-the-shelf components
For this project having commercial off-the-shelf components (C.O.T.S) aids in helping with the
short timeline of the project which is set for 12 months from September 2016 through September
2017. With this approach components are searched for that fit the criteria of the mission.
The three modules for the On Board Computer are the Motherboard, the Pluggable Processor
module, and the Developmental Board. These modules have acquired flight heritage on a variety
of LEO missions. Some of the mission inclie the CINEMA in 2012 and Aeneas in 2012.
The Motherboard (MB) provides space for an external SD memory card for up to 2 Gb of mass
storage memory, which a feature that will help have a designated space for the data collected
throughout the mission. This modules also follows the PC104 standard which is used by the
Structures Team to design the chassis of the CubeSat.
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Figure 2: Image of the Motherboard from Pumpkin Inc that will be the flight module

[3]

The Pluggable Processor Module (PPM), is a 16-bit digital signal controller (DSC), that features
256KB of program memory along with 2 UART, 2 SPI, and 2 I2 C. These features are required
since the modules like the Electrical Power System and Communications Module that have been
chosen for this mission use this to communicate and connect with the OBC.

Figure 3: Assembled On Board Computer from Pumpkin Inc, with PPM on top which holds Microchip dsPIC33 [2]

The Developmental Board has all of the same components that are found on the On Board
Computer. Therefore you have an OBC but one that is easier to access in regards to space availed
to navigate around for connections. The layout for the Developmental Board has a slight change
from the flight module in that the Microcontroller (MCU) is mounted on a separate printed circuit
board (PCB) [1]
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Figure 4: Developmental Board from Pumpkin used for debugging without having to use flight module [4]

3 Software Architecture
3.1 Scheduler
The Scheduler is a system which decides what experiment will be run during the 5 day mission of
the CubeSat. The scheduler will handle handoff between states of the modules, identify the
different tasks, and use the status of the experiments/tasks to determine an order. Currently the
scheduler will work of priority levels, the three categories will be 1) importance of experiment 2)
ability to run experiment and 3) Last run time of experiment/task. There a tasks and experiments
that are only one time events like deployment of the diploe antenna as well as the print job.
To build up to designing the scheduler state diagrams had been created for the on board modules.

Figure 5: Basic layout for state diagrams used for the different modules on board the OB II
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What is enclosed in each of the orange boxes are the states for a given component with in the
Cube Sat. The light orange rectangle on the right upper hand corner, which is shaded in,
contains the name of the component for which the state diagram is describing. The blue lines
which connect one state to another are the events that will occur and trigger the next state for the
specific component. Lastly the small black rectangle that connect the blue lines from the main to
the states are simple there to represent a connection from the Main to the state of the commonest.
To begin the green block within each of the sections, titled “Main”, references the same central
hub which the entire cube satellite runs on. This program will run off of a scheduler to command
the rundown of the necessary tasks. As was mentioned earlier, the triggers or events which occur
between the “Main” and the states are all different. Even though they all connect to one central
hub, to start up a module and their tasks a different event is required and therefore a black rectangle
is placed coming down from the Main rectangle on each diagram of the modules.
3.2 System Testing
An in house developmental board has been built to physical test the connections as well as the
software for the CubeSat. This will allow debugging to be tested as well as trouble shooting for
errors in the codes once the modules have been physically connected.
A second set of test must be run to protect the code itself from disturbances that can arise when
the code is altered dude to radiation interference. In example bit flipping is a very common
problem that CubeSat encounter during their mission. Therefore error correcting codes are needed
for keeping the integrity of transmissions as well as having a code which can identify alterations
thought out the mission. These techniques are implemented to keep the “the brains” in check and
have them run their proper algorithm as opposed to mixing up its own instructions.
4

Conclusion

OB II is a CubeSat mission that must successfully transmit via its communication modules as well
as deliver the experimental payload data during its 5 day mission plan. This project is set to be
delivered in September of 2017 and launched in December of 2017. This requires a system to
properly command and execute the tasks as well as its experiments and therefore a scheduler will
be used for this mission. The scheduler will act on a set of priorities to distribute the tasks
completed to achieve a successful mission.
5
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ABSTRACT
The CubeSat is a U-class spacecraft made up of several 10x10x10 cm cubic units. [3] The goal
the CubeSat being launched is to be the first to go through a geostationary transfer orbit. If
successful, this will be the first time a CubeSat has travelled that far into space. The purpose
of this paper is to illustrate the method used stack the components within the CubeSat and the
reasoning behind the order of the stack-up.
1

PC/104 Architecture

1.1 History
PC/104 is an embedded computer standard intended for specialized environments requiring
small computer systems. [1] It is a modular standard allowing for consumers to stack together
boards of various purposes to produce an embedding system that is customized. The
maximum number of boards that are stacked depend on the size, weight and power
restrictions for the desired application. [2]
1.2 Advantages
The advantages of using this stacking architecture are that it allows for the stacking of boards
from a variety of commercial off-the-shelf manufacturers. The stacking nature of PC/104
boards allow for a compact system and allows from flexibility in choosing the boards needed
since most manufacturers use this architecture. [1] The addition and removal of components is
also made simple by simply adding and removing from the stack. [2] The bus connector system
and four corner mounting holes allow stability and reduces vibration. Due to these reason,
this mounting architecture was the most advantageous for the CubeSat.

Fig. 1. PC/104 stacking method and constraints
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2

Modules

2.1 Order of modules
Due to CubeSat standars, all CubeSats must have a center of gravity located 2 cm above its
geometric center. [3] In order to comply by this requirement, the stacking order was chosen to
be the motherboard, the electronic power system, the transceiver, and antenna from the
positive Z-face to negative Z-face. Since the deployment switches are located on the –Z face,
it creates the highest risk for radiation and therefore needs to be furthest away from the
motherboard. The motherboard that will be used has a mass of 103 g and is provided by the
manufacturer Pumpkin. Due to the EPS containing the most mass, 200 g, it is located close to
the center of the Chassis for distribution of mass. The EPS is by GomSpace. The antenna uses
redundant burn wire mechanism for deploying radiating rods and is on the –Z face. The
antenna’s provider is EnduroSat. The transceiver is currently located between the EPS and
antenna, however the module has not yet been confirmed.

Fig. 2. EPS

Fig. 3. Antenna
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2.3 Additional components
The access port of the Chassis will be located on the +X face. The printer location is still
tentative. However there is flexibility due to it not requiring radiation shielding. The electron
emitting film placement is also under review. The solar panels will be mounted onto 5 out of
the 6 faces

Fig. 4. Solar panels
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ABSTRACT
The CubeSat Standard was developed in 1999 by the California Polytechnic State University
and Stanford University (Cal Poly). CubeSats have mostly promoted the development of
satellites for low Earth orbit (LEO). At higher orbits the Van Allen radiation belts increase
the difficulty and chances of failure for small satellites made by amateurs. The design process
and considerations for a 1U chassis capable of withstanding launch and the high radiation
environment at a Geostationary transfer orbit (GTO) will be discussed in this paper. A 3mm
shielding thickness was chosen for an expected 5-day life. The chassis will be manufactured
using Electron Beam Melting (EBM) with Ti-6Al-4V. Currently in the design and computer
modeling phase. After manufacture physical testing will begin.
1

Introduction

The purpose of this paper is to document and present the challenges and solutions faced
during the design of the University of Texas at El Paso: Orbital Factory II (OBII) 1U CubeSat
that will be launched on a Geostationary transfer orbit (GTO). The design process for OBII
presented the difficulties that it must withstand the launch random vibrations, and radiation
on GTO, while at the same time allowing for ease of assembly and the manufacturability of
the design.
CubeSats have to follow the California Polytechnic State University (Cal Poly) CubeSat
Design Specifications [1]. The design requirements go into general, mechanical, electrical,
and operational requirements. In this case, we will discuss more into the mechanical
requirements.
2

Design

2.1 Software
For this project the Computer Aided Design (CAD) package used was Solidworks 2015 with
Simulation premium package for Finite Element Analysis (FEA). Solidworks was chosen due

of the design. OBII revision 1 started as a simple 2-part chassis with 3mm thick shielding all
around, that complies with Cal Poly’s dimension requirements. The decision of choosing a
3mm thickness shielding was calculated from AGI’s Systems Tool Kit model. The chassis
would contain our vital electronics and scientific experiment. Inner components must follow
the PC/104 Specification to mount electronics [2]. Solar panels and antenna would be mounted
on the outside. Cal Poly allows for protrusions of up to 6.5 mm on the faces of the CubeSat.
This design presented the advantage that electronics were shielded. The disadvantages were
that assembly would be difficult, and cable routing from the outside mounted components to
the inside would create too many complex geometries to route the cabling.

Fig. 1. Isometric view of OBII revision 1.

OBII revision 2 was improvements on revision one that included a better utilization of the
space in between the walls and the outer components, but still had the same issues with
revision 1.

Fig. 2. Isometric view of OBII revision 2.

OBII revision 3 presented a redesigned 3-part chassis. This model allows for the essential
electronics to be enclosed in a shielded section of the satellite. Non-essential equipment can
be mounted in a lightly shielded section. The lightly shielded section can use a different
mounting system for its components, it is not constrained to the PC/104 mounting system.
The lightly shielded section is also where all the outer components like solar panels and
antennas have their connections. Cable routing from the outer components will require only
one shielded route to the inside. The only disadvantage is that this geometry shifts the center
of gravity due to the heavily shielded section.
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Fig. 3. Isometric view of OBII revision 3.

Fig. 4. Exploded view of OBII revision 3.

2.3 Vibration Analysis
Vibration Analysis will be done using Solidworks Dynamic Study for Random Vibrations.
Complex components such as electronics and scientific payload will be modeled as remote
loads. These remote loads would be attached to the standoffs that would be modeled as beam
elements. The model would be constrained using rollers to model the contact of the rails with
the launcher rails and the neighboring CubeSats.
The input information for the random vibration is obtained from the Aft bulkhead Carrier
(ABC) Auxiliary Payload User’s Guide[3].
Results have not been obtained yet due to some proposed changes to the model due to new
electronics that will be placed on the inside. It is planned to compare the results once
obtained with our Shaker to compare reliability of the computer model.
3

Conclusion

In conclusion, the development of CubeSats presents a plethora of challenges for designers
not accustomed to designing for spacecraft, and a unique opportunity for students to learn and
develop their abilities in a wide range of areas.
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ABSTRACT
When the Columbia space shuttle broke up in 2003 during re-entry, the entire seven-person
crew was lost. To this date approximately 40% on a weight basis of the shuttle has been
recovered for future study. These tragic events are reminders of the importance of proper
material selection and the concern for their performance in flight. So much of the Columbia’s
debris contains unique physical characteristics, many of which have not been explored. This
study has focused on the investigation of Window 7, the starboard-side, crew module window
with its thermal protection system (TPS) including the carrier panel tiles and the thermal pane
glass. Many of the materials associated with this portion of the vessel experienced high
enthalpy loads, ballistic velocities, and various impacts. The alterations endured during reentry have been examined forensically using various material characterization tools. A nondestructive evaluation was performed on the as-received condition of the debris using visual
inspection, photographic documentation, and surface elemental analysis. Destructive analysis
involved sectioning, scanning electron microscopy (SEM), energy dispersive X-Ray
spectroscopy (EDS), and X-Ray diffraction (XRD). The results obtained have revealed
various complex metallic and oxide formations, flow trajectory remnants, and aggregations of
various shuttle components. These findings will identify the alterations of a portion of the
shuttle debris and the deterioration of the TPS materials. Hopefully, these findings will be
helpful for the conceptualization and design of future manned spacecraft.
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ABSTRACT
Enabling technologies for liquid oxygen/liquid methane (LOX/LCH ) propulsion systems are
being developed. At the Center for Space Exploration Technology Research (cSETR). These
technologies will be integrated into two testbed vehicles: Janus and Daedalus. The theoretical
prediction of the performance of cryogenic propulsion systems has improved over the years;
however, testing of rocket engines in a test facility is still necessary for the confirmation of design
calculations as well as understanding of all dynamic processes, transients and interaction of the
subcomponents of the propulsion system [1]. Handling cryogenic propellants such as LOX and
LCH is problematic given their propensity to boil at ambient conditions; therefore, special
considerations must be taken when designing and building a testing facility that will use these
fluids. Although low-scale propulsion tests (up to 10 lbf) have already taken place at the cSETR
Goddard Combustion and Propulsion Research Facility in UTEP, a larger scale (up to 5,000 lbf)
facility is being developed at the Technology Research and Innovation Acceleration Park (tRIAc)
in Fabens, TX that would allow the operating conditions of Janus and Daedalus. The following
work describes the factors that lead the design process of the cryogenic test stands at the tRIAc
facility.
4

4

1
Introduction
The Center for Space Exploration Technology Research (cSETR) has put large effort in the
development of cryogenic rocket engines using liquid oxygen (LOX) and liquid methane (LCH ).
These rocket engines will be the propulsion system for two testbed vehicles: Janus and Daedalus.
It has become necessary to assess the characteristics of the engines and verify the design of
components to be used in flight vehicles to ensure mission safety. In order to do this, engine tests
must be conducted to determine the actual thrust characteristics, specific impulse, and verify the
resonant frequencies of the engine. These tests can be run either at an existing test facility such as
WSTF or Stennis, at significant expense, or by the engine developers on in-house test stands. The
testing of our LOX/LCH4 propulsion systems will be done at the cSETR Technology Research
and Innovation Park (tRIAc) in Fabens, TX. In order to create a test stand for cryogenic rocket
engines there are three main considerations to make: the procedures to be used during test, the size
of the engines to be tested, and the instrumentation that will be used in order to complete the tests.
These considerations will be discussed in detail.
4

2
Procedures
The difficulties that arise from handling cryogenic fluids to be used in a rocket engine test stand
can be addressed by implementing procedures for all of the testing stages. It is important to layout
the necessary procedures early in the development of the test stand such that the ensuing design
provides all the necessary instrumentation and hardware to carry on the procedures. Test

procedures shall be written for all intended tests to be carried out and they must include the
following sections to ensure a proper operation of the cryogenic rocket engine:
2.1
Propellant Cleanliness
It is imperative in cryogenic rocket engine test stands to maintain low levels of contamination in
the propellants. There are three main kinds of propellant contamination that need to be considered:
solid particles, foreign gases and humidity. To control contamination on a test facility means
having accurate identification of sources of pollution, definition of contamination limits,
application of cleaning procedures and systematic cleanliness checks [1].
Pollutants are disadvantageous because particles would obstruct the flow of fluids through tight
orifices, foreign gases might be dangerous (e.g. having air in the LCH line would create a
combustible mixture) and humidity would create ice when placed in contact with the low
temperature cryogen. Solid particles need to be carefully removed from all instruments that will
be in contact with the cryogenic fluids and filters need to be implemented in order to avoid
accidentally introducing new particles into the system.
4

2.1.1 Inert Gas Purge
foreign gases and humidity can only be removed prior to every test by flowing an inert gas such
as Helium (He) or Nitrogen (GN ) through all the tubing and hardware.
In the case of the test stand being developed for tRIAc, it is required for each cryogenic path to be
capable of being purged by GN2. All testing procedures shall include a purge phase in which an
inert gas (in this case GN ) will flow through all the lines for sufficient time in order to remove
the contaminants. A gas purge must also be made after each hot-fire test has been completed in
order to remove any remaining propellant from the lines and injection manifolds of the rocket
engine. After the purge has been completed, a low positive pressure shall be kept in the fluid
system in order to prevent contamination while the test stand is not being used.
2

2

2.3
Propellant Loading
Once all lines, tanks and instrumentation are purged and leak checked, the cryogenic propellant
can be introduced into the system. When the liquid propellants come in contact with the hardware
that is at ambient temperature, a some of it will boil-off immediately. This will continue until all
the hardware is cooled to the same temperature as the propellants. The propellant that will boil off
in contact with the hardware will go to waste and it’s necessary to account for it when quantifying
the amount of propellant needed for each test. Also, it’s very important to allow all the vaporized
propellants be vented from the system in a safe manner to prevent any uncontrolled combustion.
This can be done by containing them as gases in a separate tank, igniting them on a flare stack or,
if flow levels are low, purging them into the ambient.
All rocket engines require certain propellant conditions supplied. Therefore, the system must be
cooled to a temperature to which the propellant conditions can be attained. To achieve this, the
propellant loading should be done at a low pressure in order to maintain the saturation temperature
as low as possible. Bleed valves should be kept open during the loading phase in order to prevent
pressurization and keep the fluids at their necessary temperature levels.
After the propellant has reached the required levels inside the test tanks, the pressurizing fluid
(GN ) can be used to pressurize the propellants to the required pressure. This effectively maintains
the cryogens at a subcooled level. However, even if all lines and tanks are to be insulated, heat will
inevitably be transferred into the system. All test preparations and procedures after this point must
2

be carried out within a predetermined timeframe that will allow the propellant conditions to remain
at the required levels. By this point, all cryogenic fluid lines will be temperature conditioned and
filled with propellants up to the test article’s main valves.
2.4
Test Article Chill Down
Although every rocket engine test includes a transient start-up phase while the propellant flow
reaches steady state, cryogenic rocket engines will have a longer start-up transient if they are not
temperature conditioned prior to hot-fire. As mentioned in the propellant loading phase, the
cryogenic propellants will boil when in contact with the warm surfaces of the test article until it is
cooled to the propellant conditions. This can cause issues when executing a hot-fire test.
In order to avoid this extended start-up transient, the testing procedure shall include a conditioning
phase for the test article to be cooled to the required operating conditions. This conditioning can
be done either externally by cooling with another cryogenic fluid such as liquid Nitrogen (LN2) or
internally by using one of the propellants in the system. The geometry of the engines developed
by the cSETR allows for both propellant manifolds to be cooled by a single fluid. Therefore, in
order to reduce complexity of the test stand, LOX will be used to chill the test article. LOX is at
lower temperature than LCH therefore allows the test article to be conditioned faster. Also, it has
a lower risk of combustion when it flows out into the atmosphere.
Once the rocket engine has been conditioned to its operating temperatures, a hot-fire test may
ensue as per the rest of the testing procedure.
4

3
Structural Loading
The stand must support the engine in a static position without yielding the members of the stand.
It must be able to hold all the loads that are placed upon it and maintain its structural integrity
under dynamic loading.
3.1
Static Loads
During the design of rocket engines one of the first requirements given to the engine is the nominal
thrust to be produced. For the cSETR engines to be tested on this test stand the nominal thrust from
the engines will be 500 pounds and 2000 pounds, the design is based on the latter. To ensure that
the test stand will be able to maintain its rigidity during testing the test stand has been designed to
withstand 10,000 pounds of static force with a factor of safety of 2 to allow for possible increases
in thrust without impacting the test stand or requiring a redesign of the stand itself.
3.2
Dynamic Loads
The combustion process within the engine is a chaotic process that induces multiple frequencies
into the structures supporting it. The thrust and all frequencies of the thrust must be reacted to by
the stand which requires the stand’s natural frequency to be as far as possible from the frequency
of the thrust. In order to do this the design must be made to have a natural frequency no lower than
500 Hz.
5
Instrumentation
During the testing of a rocket engine the main values measured are; temperature, pressure,
flowrate, and thrust. When dealing with cryogenic propellant the temperature and pressure become
particularly important as these determine the phase of the propellant and phase changes can cause
drastic changes in the flow of the propellant. The stand’s main requirement regarding

instrumentation is ensuring the instruments can be placed and utilized without damage to stand or
instruments. Included in this is ensuring that the instruments can be reached and have maintenance
performed with limited obstruction.
6
Conclusion
Cryogenic test stands have inherent difficulties that must be considered to provide the
measurements that rocket engine testing require. Recognizing and addressing these issues at an
early stage of the test stand design ensure a greater certainty of successful operation. The facility
being developed at tRIAc for the Janus and Daedalus propulsion systems has followed a
requirements-based design that will enable meeting of the test goals.
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