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Abstract

The purpose of this project is to design and manufacture a pressure vessel
prototype that possesses temperature and pressure sensing capabilities. The pestotype
beendesigned to work in conjunction with a baiilling apparatus in experiments
dealing wth the infusion of hydrogen gas into magnesium powder in order to form
magnesium hydride3.he prototype has been designed to operate within a temperature
range of-25°C and 150°C and 100 atmospheres of pressure. In addition, the prototype
has a means oélaying data electronically for analysis through the use of a data logger.

The prototype design was based on a previous pressure vessel design that did not
include onboard sensors. Potential components were evaluated to establish their
feasibility withinthe proposed design goals and objectives. Final components were then
selecting and tested, allowing for a comprehensive prototype design phase to take place.
During this period, several revisions were made to the original design in order to ensure
machindility and compatibility with the ball milling apparatus.

Having worked closely with project advisors and a machinist, the prototype was
machined and subsequently assembled with all the electronic components in order to
perform testingln addition to ths, extensive testing was carried out to find the maximum
acceptable pressure range for the shaft and the vial itselanalysis of the testing
resultsprovedthe feasibility of the d&gn for real world application and future

optimizations of the design



1. Introduction

1.1 Problem Statement

Billions of todayo6s resear clfalttmdttear s
energy sources. Hydrogen is at the pinnacle of alternative fuel with the most potential to
be realized as a true alternative

Hydrogen has yet to be realized as a true alternative source of energy because of
issues dealing with the cost, manufacturability, transportability and storage of Hydrogen
as a fuel source.

We will be designing apparatus to be used in an experiméanwilhanalyze the
use of a Planetary Ball Mill to induce Mechanical Alloyingfdrogen withthat of
Magnesium Powder through the use of Mechanical Millitignetary ball mills are
usually smaller than the more common commercial ball mills anchairdy used in
laboratories for grinding material grain to a smaller.dSidechanical Alloying is the
process of utilizing a highower ball mill, such as a planetary ball mill, to repeatedly
fracture and raveld metallic particles to induce unique propest Mechanical Milling is
the process to reduce particle sizes to a micro level.

Magnesium Powdés ideal for its Hydrogen absorption capacity (7.6wt%)
while also considering its low cost, large supply,n@activity in standard environments,
andhe fact that i1itdéds easy to work with.

The apparatus is a ball milling jar designed with integrated sensors to measure the
affects pressure and temperature has the Hydrogemmion capacity of magnesium
powderas itis alloyed with Hydrogen to form Magnesium Hydride (MgHVe will use
mechanical design methodology conforming to ASME and similar standards in
conjunction withsimulation and mathematical techniquesiesign a milling jar that can
handle an internal pras® of up to ~100 Barl@50.38Psi) in a safe and reliable manner.

We will also be usingnowledge of heat transfer and mechanics of materials to
properly interpret sensory data of temperature and pressure to draw conclusive
implications that pressure atemperature have on Hydrogen absorption.

We will be designing a cylindrical vessel that is designed to allow for the infusion of a

gas into the vessel until a predefined pressure is met. The pressurized vessel will be used

ar
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for planetary ball millingA planetary ball mill is a system that hegrinding jar which

is centeraligned on a sun wheel. The movement direction of the sun wheel is opposite t
the jar. The grinding balis the Jar are subjected to rotational movements that are
superimposed bghe rotation of the system. The difference in rotational spetgkgar

and balls produce ambalance between friction and impact forces, which leads to the
release of large amour$ energies. The relationship between these balances of energy
producesan effective grain size reduction of the material used within the ball mill.

The design will allow for onboard sensors on the vessel that can handle speeds of
up to 600 rpm while the apparatus is in motion. The sensors will be used to measure the
pressureand temperature differentials. The vessai only has to be able tmntain
extreme amounts of internal pressure but also allow for optimum movement of stainless
steel balls which will allow for the ball milling to take place.

The specific purpose of sli a design is to measure the temperature and pressure
differentials as the ball milling takes plad®e will be using hydrogen as the pressurized
gas mediumn conjunction withmagnesium powder as the powder source to be milled.
During the milling procesthe pressure will decrease due to the loss of hydrdges is
due to the milling processhich inducesnagnesium powddo be infused with
magnesium powdatue to chemical reactions. With the data attained by the sewsors,
can substantiate how muchdmggen was exactly infused. This is not the only
application to this design; there is a vast array of metallie/metallic powders that can

be used with various gases for different purposes.

Figure 1 - Initial jar design fabricated without sensory éedback
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1.2 Motivation

The 20th century tived on fossil fuels and rigtully so since so much energy is
available in extremely dense forms. Gasoline for example provides 34.4 Mega Joules of
energy per Liter, a value unheard ofdye the advent of fossil fuels. tmmparison
wood, which was the most popular means of enprggating fossil fuels can release up

to 20 Mega Joules per Kilograof wood

The issue with the use and dependence of fossil fuels is that of great complexity
Political, social, environmental and economical strife has come as of late when pertaining
to the use of thignergy sarce Another factor that should be takamo consideration is
that fosil fuels are of finite sources.iadble alternatives should ligentified andpursued
if not for the betterment of mankind then for the ability to access viable fuel sources

besides the fossil verity.

Thefuel source of interess hydrogen. Hydrogen, just as gasoline, has a
favorable energy density balance when pregdproperly.

The current issue with using Hydrogen as a viable fuel source is that it is
extremely difficult to store and transport. A route of intetieat we have taken te
embark upon is the use of chemical compounds to store, transport andinggehgs a

fuel sourceof the future.

The results of this experiment are important for they can be used to
calculate how much ltyogen will be released as the Magnesiuyditle (Mgh) is
heated.If the results are positive then the methodthydrogenatio of Magnesium into a
Hydride can assure a viable thed of the storage and use ofdiogen.Hydrogenation
is in reference to a chemical reaction that results from the addition of Hydrogen to a

compound.
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1.3 Literature Survey

Currently thee are three methods to store hydrogen; gaseous, liquid or solid
states. The solid state method is deemed by many as being the most viable because it
shows high storage volume density and is more reli@blMagnesium alloys are the
current front runnerfor solid hydrogen storage because of its high capacity (7.%wt
for pure Mg}l Planetary ball milling is used as the method of choice to hydrogenate the
magnesium alloys for it is effect at modifying material structure through the utilization of
thehigh impact energy of the milling balls as well as the heat generated from the ball
milling process.

Figure 27 Planetary ball mill that will be used with our design[10]

Researchers at South China University of Technology foarel that even with
varied ball to weight product ratio, milling time and rotational speed in conjunction with
varied vessel pressure, that a temperature dic39@s the optimal activation
temperatureThe ball to weight product ratio refers to th&ataveight of the grinding
balls inrelation to the amount of powder used, in this case being magnesium. The
Activation temperature is the temperature at which dehydrogenation of the magnesium
hydride (MgH2) occursTheir findings also revealealhydrogention - dehydrogenation
rate of 709%8. A hydrogenatiori dehydrogenation rate is the percentage of hydrogen that
is released after the hydrogenated material is exposed to the necessary activation

12



temperatureThe experimental values used in theiperiment were as follows: Pressure

at 3.7 MPa, rotational speed of 250 revs/min,-alight ratio of 20:1 and 90 minutes of
milling time™. In comparison, our experiment involves a milling time and pressure value
of up to 20 hours and 10 MPa respedtive

The need to optimize for the best weight ratio of ball to powder, size of the
grinding ballsandamount of are all very important to yield accurate results. Guangdong
University of Technology employed the powerful Tanguchi method to analyze the
variarce of results through many experiments to optimize each of the deciding
experimental variabled'he Tanguchi method developed by Genichi Taguchi mainly
used is to study and interpret variance. The deciding experimental variables refers to the
controllableinputs of the systenT.heir study found that a ball to weight ratio higher than
15:1 can improve the efficiency of the grinding proBédswas also found that a larger
volume of magnesium alloy and 10 hours of ball milling can improve efficiency of the

proces&.

Rotation to revolution speed ratio in planetary ball milling was also found to be a
key input for an effective process. The researching at Tohoku University, through the use
of the Discrete Element Method (DEM) to measure the specific ingpaecgy of the
grinding balls could optimize the ratiolhe Discrete Element Method is a powerful
numerical method that can compute the motion of a large number of particles, like that of
magnesium alloys used in our experimditrough the use of the DEMmulation, the
colliding velocities of a milling ball against another or milling jar can be calculated which
can be correlated to the rate of grinding of matéki&h their experiment, 40% of the jar
volume was occupied by grinding balls and a poveadenple of 0.150 kg was used. The
motions of the balls were simulated for 3.0 sec6hdgeir findings showed that an
increase to the rotatieto-revolution speed ratio will increase the impact energy of the
grinding ball§’, thus improving the efficiency of the process. It was also noted that
through use of a derived equation,

(@
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that a critical speed ratio for effective milling can be found witlepresenting
the critical speedR representing the radiug the sun gear arldrepresenting the jar
radius subtracted by the milling ball radius. Therefore, increasing the retation
revolution speed ratio is effective up to the critical speed ratio where the system
exponentially becomes inefficient. Belowasisual representation of the variables used

in the critical speed ratio equation.

Last Gear

| || lc .~ |
R \ ._
< Milling Ball

Sun Gear

Figure 31 Visual representation of a planetary ball mill with noted variables for the critical
speed ratio equation

It has already beemoted that 30T is an optimal temperature for the activation
processResearchers at Warsaw University of Technology explored the option gf usin
catalysts with Magnesium alldg optimize the activation processhey did thisby
investigatinghe catalyic effect of NpOs and CpO3 on thehydrogenation
dehydrogenation rate dflagnesium Hydride (Mgh) . Catalytic refers to the process
in which a substance can increase or decrease the rate of a chemical rEaetion.

experiment involved the use of prepahddgnesium Hydride (Mgk) with 10wt% of

14



Cr,03in one trial, and 10wt% of N5 in another. A sample of 100 mg was used during
each trial with a temperature of 3@or 325C used under 1 or 10 bar of pressure
respectively. They used a milling time of 20 hours for the trials to investigate the catalytic
effect of the added material. Their findings showed that the use of the catalyst show slight
improvement but not enough to deem the effort worthwhile towardstt@neement of

the hydrogenating propertiés

Researchers at the Indian Institute of Technology have derived a set of equations
to compute grinding ball velocity and acceleration. They were able to correlate the values
to an estimate of the energggnsferred from the milling process to the powder particles.
Their findings reinstated to importance of rotattorrevolution value$'. Out of the
various parameters in the planetary ball milling process, it was found that the ratation
revolution vdues are the most significant parameters in ball milfhghe researchers
also noted that a much higher value of pressure within the vessel does not ensure better
results with the energy transfer of the systérd | t hough our desti gnds ma
is the variation of pressure to understand its correlation to Hydrogenation properties, it
should be noted that the I ndian Institute of
had no effect on the kinematics and not that of the absorption wt%vefed alloys.

A fascinating journal by the Institute of Geotechnics took a different approach to
the study of hydrogenation of various hydrometallurgical processes. What they noted was
the possibilities of planetary milling in various industries and foproperly optimize
the system for commercial U8k The researchers noted the various commercial
possibilities for pressurized ball milling. Extractive metallurgy, crystal engineering, coal
industry, building industry, agriculture, pharmacy and wasteag@ament are some of the
few viable commercial applicatioff Extractive metallurgy is a type of mineral
processing that consists of both physical and chemical treatment of metallic alloys.
Crystal Engineering is the process of adjusting molecular garaiion to yield desired
properties based on the utilization of molecular interactidimey noted that using
traditional planetary ball milling procedure was not the optimal method to commercialize
the proces¥!. They developed a way to use the planeball mill in a continuos

fashion to allow for a faster, more efficient milling process.
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Figure 41 Flow sheet for the design of a planetary ball mill running continuously

By examining the flow chart above designed bylttstitute of Geotechnics, one
can understand how the process works. The continuous planetary ball mill starts off with
the feeding of the powdered alloy which is then put under the grinding process. A
classification system distinguishes between coursdiaagowders. When course
powder is identified, it is Hed back to the grinding process. The fine powder is then
subjected to a filtration system. The filtration system separates fine powder that can be
used to fine powder that cannot be used. Thasible powder is subjected to a fanning
process while the usable powder is deemed as the ready product.

The chemical department Bhiverista degli studi di Calgiari studied the aggregatit
powdered metal alloys experience during the milling prodeggregation refers to the
attraction of forces utilizing the Van Der Waals forééan Der Waals forces are the

forces between molecules, being attractive or repul$ivey found that when particle
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sizes are milled to a value smaller than 1 um that agdgien starts to take place which
induces the breakagdenomenoH’. Breakage Phenomenon refers to the instantaneous
deregulation of a molecular systefine mathematical representation of the breakage
phenomenon is a popular research area yet as oismfawfrom being achieved. The
findings of the study showed that the breakage phenomexaoedsly related to the
properties of the material subjected to the planetary ball milling prétegise

researchers utilized a mathematical technique bas#dwdPopulation Balance Equation
(PBE) to simulate the systeifihe population Balance Equation is used to define how
separate populations develop over time when subjected to specific conditiegs.

found by using a two population approach for the metptiwder and the aggregates that
a representative simulation of the planetary ball mill grinding process can be aéfiieved
They were able to predict the impact frequency of the system which can be correlated to

the aggregation rate of the fine powter

It has been proven that 80% of energy generated in the process of planetary ball
milling is converted to he&. Researchers at the Universiti Teknologi Msaw this as
an opportunity to optimize the modeling of the grinding jar and ball moticingtease
the efficiency of the process, being that only 20% of the remaining energy is utilized in
the hydrogenation of various metallic §fe The researchers mentioned the critical speed
constraint being that if the critical speed is breached thatgallould occur instead of

the needed tumbling motion.
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Figure 51 Visual representation of the planetary fall milling process at critical speed (left)
and when critical speed is breached (right)

It is clear from the visual pesentation above the importance of the critical speed
value. With the optimal dynamic of milling, a sufficient amount of interaction occurs
which causes a much more effective milling process. The metallic powder is subjected to
more interactions betwedhe milling balls and between the milling balls with the jar.

The nonoptimal dynamic shows the rolling phenomenbhe rolling phenomenon refers

to the kinetic movements of particles within a cylindrical system that rotation in a rolling
fashion againste cylindrical wall of the systerith the rolling phenomenoné

metallic powder builds up to one sidéthe jar with limited Dynamic interactioff

The last journal of interest comes from the School of Engineering in the
University of Wales Swansea. The researchers at this univeesityean experiment to
compare the varied methods of ball milling including the SPEX Shaker mills, planetary
ball mills and attrition millsSSPEX shaker mills are a variant to the ball mill; it grinds
samples by placing them in a container which is then vibrated, rolled or shaken. Attrition
Mills are designed for attrition (which is partidi@ particle collision that rests in
agglomerate break up or particle shearing).

18



The method of approach taken by the
discrete element method (DEM) as described in a previously mentioned journal. The
main objective though is not on the effectsathtionto-revolution speed ratio but on the
simulation of the planetary ball milling process as a whbl€o simplify the system a
local model of the planetary ball mill was used to investigate the weight of influence of
metallic power on ball impactocal Model refers to the simplification of a model for

simulation techniques.

Milling Ball

Figure 61 A local model approach using the DEM method to simulate the planetary ball
milling system

The motivation for such a simulation arosenfrthefact that actual ball milling
can take up to several hours. With each parameter change, the experiment has to be
redone leading to a very time consuming process if a number of parameters are to be
changed”. By utilizing the DEM simulation modetith current computer capacities, one
can simulate the entire ball milling process in a matter of se€bnlkis allows for
preliminary testing of the system through simulation to avoid wasting time on parameters

that yield no affect on the system.
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1.4 Discussion

With the technical background from the extensive literature survey and with the
problem statement in mind, we feel that our goaldeasible. It should also be noted that
the problem statement and the journal findings are in line witimativation for the

project.

By using aforementioned findings by some of the fields leading resesrofe
cansimplify our problem statement considerably. Through the use of the critical speed
eguation we can be assured that the rotation speed we wairgpfor experimentation is
at optimal value. It is also interesting to note that with the knowledge that 80% of the
planetary ball milling energy is converted to heat allows us to calculate the total energy
expenditure of the system through the utiliaatof a temperature sensor attached to the

milling jar.

It can also be noted that through the findings of certain journals that the expected
hydrogenation rate of magnesium ore is that of 7.6wt%, giving us a benchmark to strive
for during experimentatiorthis is important for it can lead to conclusions early on, on
the effects that high amounts of hydrogen pressure has on the hydrogenation of

magnesium ore, saving us considerable time during the experimentation stage.

Another important finding mentioned certain journals is the optimal activation
temperature. Through the use of the optimal activation temperatuf&, 306 can be
assured that the value is an optimal parameter and will save considerable about of time

during the experimentation stage.

Another decisive parameter is the size of the grinding balls. It is interesting to
note that through the use of the critical speed equation, that an optimal size of grinding
balls is realized. This, in conjunction to the milling ball to metallic powdenmuph

weight ratio, allows us to fix every parameter of our system besides that of pressure.

This is an assurance that the experiment has been designed appropriately with a
single independent variable with a number of dependent fixed variables. Thusulke re

of our experiment would beeplicableand valid.
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2. Project Formulation

2.1 Overview

Given the current need for cleaner alternative fuels due to risinp@ds
throughout the world, this project was formulated to aid in research that will lead to the
devel opment of Agreenero fuels. Currently th
shift, where previously used modes of operation with respect torkiabadonger valid.

Much research is being conducted to find more efficient and readily accessible energy
sources. Hybrid cars are already out on the market and electric cars are slated to be
available for consumer use within the next few years.

This prgect aims to explore one possible avenue of alternative fuels. Currently
there are some automobiles out there that run on hydrogen gas, leaving only water as the
byproduct of the operation process. However, using hydrogen gas as fuel source would
require amajor revamping of the fuel supply infrastructure present in the United States
and many other countries throughout the world.

This project addresses that issue by seeking to ascertain the viability of using
hydrogen in another form as opposed to a §pscifically this project focuses on
hydrogen infusion in order to obtain hydrogen as a fuel in a solid state. By storing
hydrogen in a solid state, it would be possible to reduce the space necessary for the
storage of said fuel, and also aid in safetyceons during usage, transportation, etc. By
designing a pressure vessel thastemperature and pressure sensing capabilitideen
becomes possible to monitor the reactions that take place during a ball milling process
that is used for hydrogen infusi. By analyzing the data it and tweaking certain
parameters involved in the milling process, a more efficient form of hydrogen infusion
can be developed. Thitswill be possible to ascertain if hydrogen infusion is a cost
effective and efficient way ofterage hydrogen as a fuel.

21



2.2 Project objectives

We have chosen to concentrate our effort on only on particular arean{lbialdy),
while at the same time understanding that the design process involves a broad scope of
engineering knowledge not lineil solely to mechanical engineering.

We have focused solely on improving the mallling technique in order to gain
ground with the hydrogen infusion process. In order to improve thendatg process,
it Is necessary to be able to gather quantifidiaka from the process for analysis. For this
reason, we have elected to design a pressure vessel apparatus that will be used for the ball
milling process. This pressure vessel will have temperature and pressure sensing
capabilities, as well as a form adramunication for relaying pertinent data electronically
in order to do an wuepth analysis and plan accordingly.

This design involves a very broad range of engineering disciplines, and is
particularly useful for gaining experience because it covers liadewange of a project
with respect to time. This project starts from an initial concept and project formulation,
and proceeds to research and preliminary design. This stage is then followed by
component design and selection, which leads to draftingrdpkgs and manufacturing.
After prototype assembly and preliminary testing, the relevant data is recorded and
analyzed in order to formulate conclusions about the outcome of the project.

In summary, the objectives of this project are as follows:

l. To design a pressure vessel for use in mallling
a. To include pressure and temperature sensors in the design
b. To find a means of relaying data electronically for analysis
1. To draft design plans while taking design constraints into consideration
a. To carry outhecessary force and structural analysis in order to ensure
safety
b. To draft design drawings that will be suitable for use by a machinist
[1I. Assemble prototype and conduct preliminary testing of components
V. Conduct hydrogen infusion experiments base upon prevesearch and
conjectures

V. Analyze results and formulate conclusions

22



2.3Design Specification

We have designed a pressure vessel that is retrofitted to function in a
commercially available ball milling machine. This is quite more complicated than
designing a pressure vessel that will later be designed around, as other pressure vessels
are designedt is understood that a great part of thepailling machine design is
dependent on the volume enclosed in thetdling jar.

Nevertheless our project requires that the pressure vessel have temperature
sensing capabilities. This then requires the of some sort of temperature sensor with a
prescribed range of readings. In addition the project requires the use of a pressure sensor
to relay pressure data inside the enclosed volume of the ball milling vial.

The use of a pressure sensor indicatesattartain amount of pressure will be
inside the vial during ball milling. For this reason it is necessary to design a mechanism
that will allow for pressure and input and release, while at the same time ensuring safety.

The use of electronic componeratso necessitates some sort of power
distribution and management. This can be facilitated by the use of a battery, given that
the ball milling vial will be rotating and this rules out using some form of wired power.

All the data taken from the pressureddemperature sensor must be recorded for
later analysis. This would then require some form of data acquisition, which would
preferably be onboard do to the nature of the pressure vessels movement and rotation.

The design of the milling vial itself, wHicincludes basically the vial where the
steel balls will be enclosed, and the lid that will house all the electronic components,
requires a great degree of efficiency and simplicity. This is due in part to the fact that it
will be machined locallyThis rdesout the complex designs that are normally used for
large scale manufacturing. Also the scope and time allotted for the project simplicity in
design aids in streamlining the drafting and machining process. The design of the
pressure vessel must ensure safety of all those who operate it. This includes safety
concerns when dealing with elevated pressure inputs and also containment of said
pressure throughout the jarbdés | ife cycle.

All these specification must be taken into account when designing and

manufacturing our prototype for use in this project.
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2.4 Constraints and Other Considerations

The pressure vessel for this project must be designed in such a way that it will fit safely
inside the ball milling apparatus. We will be using the Restch Plar@gdirivill PM 100

to conduct our experiments with our newly designed jar. That being said, there are many
constraints that must be taken into account when retrofitting our vial.

First of all, we are limited heigiwise, as can be seen from our figure 2
illustration.Our pressure vessel must have a maximum height of 5.25 in order for it to be
properly clamped down. This poses a dilemma for the placement of electronic
components; naturally one can imagine that they would be placed on top of or
surrounding tk lid.

Also, we are limited widtiwise in terms of our outer diameter. The PM 100 can
accommodate a maximum diameter of 6 in. It must also be noted that this diameter will
correspondingly affect the internal volume available for ball milling.

The PM 10Qposses various grooves and indentations that serve to provide
stability for the bottom of the jar. These must be taken into account when designing the
bottom of the jar. A secure fit is necessary for the ball milling process, given that the vial
will be rotating at high speeds.

The requirement that our final product give accuratgptrature readings
necessitatethe use of some sort of temperature sensor. From our meetings with our
faculty advisor, it was ascertained that the milling jar would be openatder a wide
range of temperatures, with the minimum and the maximum being as®dh@ to 150°
C, respectively.

The pressure vessel must be able to withstand a substantial amount of pressure,
with the maximum being at around 150 atmospheres. Alspréssure input must be
designed in such a way that it will allow for pressure input according to the method
currently used by the e s e a cucrdnidy canducting experiments.

The atmospheric conditions inside the pressure vessel will vary from experimen
to experiment. Thus, it is necess#myhavethe pressure vessel machined out of a

material that has substantial actirrosive properties.
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2.5Discussion

The formulation of this project requires a great deal of foresight and preparedness
in order to successfully fulfill the design specifications and project objectives. This is due
to the fact that the project effectively simulates the process by whichzaogm
formulates, develops, and markets a product.

It is important to note that the design phase is one of the most critical components
in the overall design project. It is at this point where the success or failure of the design
hinges. It requires a gneamount of imagination in order to consider all the details
pertaining to how the design will work. Granted, it is not possible to work out all the
details beforehand. However spending a considerable amount of time sorting out details
actually saves timm the long run. This is due to the fact the any errors unresolved will
result in lost time.

For example, if a simple detail such as the working environment for the vial were
neglected, this would most probably mean that the material would not béaraseidh
usage. This fact would only then be discovered during the testing phase, where
significant corrosion of the cylinder walls would start to take place. This would then
require the pressure vessel to be machined again using the proper materditidn,ad
the calculations would have to be done again with the new material, which might result in
the need for minor tweaks in the design. Basically the design and machining phase would
have to be revisited, constituting an enormous loss of time.

The tesihg phase of the project is also of paramount importance. It is imperative
to ensure that the testing conditions properly simulate real world conditions. In this
particular design, the testing phase is facilitated by the fact that the testing grounds are
also the usage grounds. In other words, the pressure vessel will be used in exactly the
same location and manner as in our testing.

Throughout the course of this project it has become readily apparent to us that
much experience will be gained that will peouseful for our professional engineering

professions and careers.
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3. Design Alternatives

3.1 Overview of Conceptual Designs Developed

It was initially established that the approaches towards developing a single
efficient pressure vessel design wereneuous. Problems in this fashion seldom have
single solutions, yet alternatives havdogoexamined in order to select the best possible
approach given the restricting parameters of time, cost, knowledge, and accessibility. It is
for this reason that series of different conceptual designs were developed in an effort to
meet the desired goal while satisfying all crucial requirements despite inadequate

conditions and restrictions.

3.2Design Alternate 1

A different approach taken towards developing dicieht pressure vessel
incorporates a higher degree of electronics/software implementation to be adapted into
the final design. The jar of the pressure vessel to be used would be the standard one
without any significant alterations, while the lid is toibereased in volume significantly

in order to house the respective electronic wireless components.

Design alternative allows for onboard wireless sensors to read, transform, and
transmit data through radio signals on a real time basis to a nearbyteotiyat can
interpret the data and represented in a visual manner to the user. Reselected sensors for
operating temperatundpressure fluctuations convert measurements as empirical data
into analog voltage signals with a0volt range. Through the @®f aData Acquisition
Module emittedsignals by the sensors are converted into useable information as analog
signals are converted into digital signasData Acquisition Module is a device that
receives data in the form of signals/waveforms to conwtrtusable informatiorDigital
signals can then be transmitted through radio frequency to a nearby receptor after which
the digital signals can be converted into visible information through the use adequate

software to be presented in a legible format.
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3.3Design Alternate?

One of the proposed designs for this project included using a different pressure
input mechanism for the pressure vessel. Using valves for pressure input would greatly
simplify the lid design overall. However it would also makerfg all the electronics into
the lid quite difficult, because of the small dimension of the original jar itself.

The current system uses a hole in the side of tHerar
inputting pressurdn order to pressurize the canister, the lid is
placed on top of the jar but it is not closed completely. This
allows for gas to be introduced in the side. Once the desired

pressure is achieved, then the lid is fully closed, sealing off the

Figure 771 Side pressure input  pressure inphole in the side.

However this method of pressure input requires that the jar and lid be held in
place during pressure input. Otherwise the internal pressure being fed into the pressure
vessel would cause the lid and jar to be hurled in differenttiinsc The jar and lid are
held in place by a hydraulic press that acts on the top of the lid and bottom of the jar. This
design requires that the pressure vessel be able to withstand a considerable compression
force in the axial direction.

For this reason it is theorized that if a valve were used

/,,/- - _» for pressure input, this would greatly simplify the design. The
/ Va

& pressure vessel would no longer have to be able to withstand
& & compression from a hydraulic pseklowever, this
Figure 8- Two way valve would make pressure sensor, temperature sensor,
data acquisition modeand battery placement quite difficult because the valve would
have to be included on an already overcrowded lid. Also using valves would require a
complete overhaul dhe system currently used for inputting pressure into the vial.

This design would use an onboard data logger to record pressure and temperature
data in order to save space. If a wireless interface were to be used, this would require
more electronic compamts (chips, packages, leads, etc), bringing about a further
reduction in space in the lid. By using a control valve pressure input would be simplified

greatly.
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3.4 Feasibility Assessment

-Design Alternate + The first design basically consists gbr@ssure vessel

similar to the one currently used in industry, with the exception of it having radio
transmitters onboard to allow for wireless data transmission. Needless to say, this would
greatly facilitate data transfer, and would also ensuretirmalreadings. However given
that ball milling operations last a couple of hours (nominafb/hburs, dependant on
application), the usefulness of 5 hours of #&ak readings is minimized. Unless there is
a particular ball milling process which requiresefal monitoring of the process to make
reattime alterations to the experiment, wireless communication is unnecessary. Also
after the ball milling process, the pressure vessel is normally allowed to settle for a period
of 20-24 hours. It would be a signitant waste of personnel to monitor a pressure vessel
continuously for 24 hours. Using wireless technology would also be quite difficult given
our Mechanical Engineering background. Implementing the RF transmitters would
involve a steep learning curve, whiwould translate into more time in addition to the
mechanical design.

-Design Alternate I+ The second design involves using a different method for

inputting pressure into the vial. Valves were proposed as substitutes for the current
system. The beneéitof using valves are numerous. However when analyzing the cost and
time necessary for designing a new pressure input system to work in conjunction with the
newly designed pressure vessel, time becomes a limiting factor. Including a new pressure
input sysem in our design would greatly expand the scope of the project, and would also
significantly increase the overall cost (due to component purchasing).

-Design Alternate IIF The basic premise of the third design is to use the current

pressure input systeand to concentrate on designing a modular lid. This design calls for
a threaded shaft to be inserted into the top of the original lid in order to facilitate
component removal and maintenance (i.e.-ttadger, battery, etc). However it becomes
apparent thiany misalignment between the lid and the shaft, even by a few degrees,
would cause the reaction forces present at the top of the shaft to include a lateral
component for which the modular lid is not designed. The possible bending of the shaft

due to misagnment ruled out using this option.
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3.5Proposed Design

Our proposed design that was manufactured into a prototype involves the use of a
data logger, a circuit temperatigensoya pressure sensarhigh pressure -@ng, 9-volt
batteryand the manufaating of a specially design jar and lid systédur design also
involves the utilization of a high pressure powered clamp, a pump system designed for
evacuation of the jar and a pump system designed for the input of select gases at high
pressures.

Summarized Parts List:
e Model OM-44 Nomad Familydata logger
AS3578230 (21/2 ID X 2-3/4 OD X 1/8 W)O-ring
ETM-375 (M) SERIES5 VDC OUTPUT (5000 PSPressuresensor
LM35 temperature sensor
Specially manufactured jar and lid

ssure sensor

Figure 97 Simulated visual of proposed design using solidavks
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The design was limited to many constraints prior to the design process as
previously mentioned. This designable to accomplish its intended purpose while

meeting budget ctstraints.
The procedure for using the proposed design is as follows:

¢ Mount the Temperature and Pressure sensors securely at designated
locations.

¢ Mount the Data Logger and\%olt battery securely at designated
locations.

¢ Interconnect the sensors with tti@a logger and the\®lt battery.

¢ Input the predetermined magnesium powder and grinding balls into the
jar.

e Use the 4 predetermined bolts to keep the lid slightly elevated to expose
the pressure intake/otdake hole.

e Use a powerful pump to remove airrindhe jar using the intake/otake
hole, process can take up to 2 hours.

e Lower lid slightly to cover intake/ottaike hole.

e Attach a pressured canister of Hydrogen Gas to intake hole.

e Raise the lid slightly but this time use a powerful hydraulic clamgépk
the lid from detaching from the jar.

e Input Hydrogen into the jar, up to 1450 Psi.

e Use the hydraulic powered clamp to close the jar.

e Use the 8 predetermined bolts to keep the lid sealed.

¢ Place the prepared jar into the Planetary Ball Milling device.

¢ Runthe systenat critical speed for up to 24 hours.

o Take Pressure and Temperature data results from Data logger and analysis

experiment.

The proposed design satisfies the constraints and our problem statement
effectively and efficiently by accommodating our design to what was available at the
Extreme Materials lab &tlorida International Universitgnain campus.
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3.6Discussion

There is nmne sequence gpecificsteps that would lead a team of engineers to a
workabledesign.

The design processsually starts off witlihe exploration of alternative system
designs that could see the problem at hand. When the best alternative is reaitieed,
next method of approach is the use of simulation and mathematical techniques to model
the system. After this is achieved, detailed drawings for part construction should take

place. This is followed by material selection for the manufactured part.

Eachstep of the design process usually requires specific information. Constraints,
desired results, budget and other various limitations being known can lead a design team

to a successful outcome.

Best method of exploring the various limitations of a desdo explore various
engineering handbooks available such as the handbook otehnigierature alloys.
Gaining such information is a very important but usually difficult stage in the design
process. The task of exploring this area of the design procezsiégeasier with

experience.
The design process can be generalized using the follow process steps:

e The Recognition of a need

e The definition of the problem statement

e The data collection and gathering information
e Conceptualization

e Study and Evaluation

e Comnmunicate the end results of the design
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Figure 107 Flow chart of the engineering design rathod

Our Mentor, Dr. Chen, was the one who recognized the need for the design of a
pressure vessel for use in a planetary ball mill. Dr. Chen assisted us by summarizing what
he was looking for and a problem statement was formed. The Literature survey that was
performed at the start of the design process served as the information gathering stage.
Conceptualizing the idea involved sketches, mechanical design calculations and
simulation techniques. After the conceptualizing stage, a feasibility analysis can be
undetaken with the findings from the previous stages in the design process. This then
leads to the manufacturing of a prototype. The prototype is evaluated then is brought
back to the person of interest who recognized the need for the design to check to seek

approval.

The above is a simplified but fairly representative course of action we had
undertaken during the completion of this design project. A generalized product design
flow chart is useful for future projects or to follow to make adjustments tonturre

projects.
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4. Project Management

4.1 Overview

Project management is the control of management of resources, planning and

organizing towards central goals and objectives.

A project is usually a temporary venture with having a set problem statdment
is constrained by deadlines, funding or limited access to require parts. The central goal of

a project is usually to bring about added value or beneficial change.

The method of approach of project management for our project deals with
assignment ofpgecific tasks between team members, organization of work and timeline,

breakdown of responsibilities and the commercialization of the final product.

T = = e

Board of Directors Design
Ordering of Supplies  Funds for Parts and Labor
Q

Engineering Drawing

Cuality Control

Experimentation and Marketing

Figure 117 Main tasks in project
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4.2 Breakdown of Work into Specific Tasks

For the breakdown of work we shall analyze the main tasks schematic for our

project.

The first stage of our project was to get approval from a faculty or board member
to pursue a designated project. Our mentor i<Iben;he initially gave us a brief outline

of the project and what is to be expected.

With the approval of Dr. Chen to proceed with the project, the next stage was the
rough design. After the rough design was realized, an engineering design was taken place
thatwas detailed enough for the manufacturing process, Ahm&hkar was in charge

of this assignment.

Tasks were then broken down by the members of our group. Jimmy Sandoval and
Ahmed AlBahar were responsible for the ordering of the parts while all thesebers

contributed to the research involved with making an informed purchase.

The next stage involved the approval of Dr. Chen to order the specified parts
since the project is a fully funding project. After which the ordering and shipping stages
take phce.

After all the components for our design has be received, it is then to be sent to a

manufacturing plant, this done by AhmedBahar.

Jimmy Sandoval and Roger Garcia are in charge of the quality control of the

manufactured parts by correctly assigniolgrance values to the engineering sketches.

All three members of the team will be involved with the experimentation and

marketing stage of the design process.
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4.3 Organization of Work and Timeline

Table 117 Gantt chart with the different t asks outlined and the estimated length of each task

Oct2009 | Nov2009

ID Task Name Sart Finish | Duration
1| Seectionof Project | 2122009 | 2132009 A
2| Background Research | 21132009 | 2727/2009 |  1ld
3| DesgnRedrictionsSet | 322000 | 3/4/2009 R

Preliminary Design of
4 oresyreVess 30612000 | 41612009 | 30d I
5 Design of lid 41702009 | 5152009 | 2d
6 Design of Jar 5152000 | 61152009 |  22d I
7| Selectionof Sensors | 6152009 | 71102009 | 20d

Tegtinglid for adequate

Husngf s 8122009 | 9102009 | 23 I

TEngUesAN | g0 | gy | 134

extreme Environments

Tegting the sensorsand
10 el peranet 1071212009 | 101232009 | 10d I
g DASAGSIONAN |-y | g | 14 I

prototype

Various Experimental
12 Y — 101612000 | 1182009 | 3 i
13 DaaAcquistion | 1U182009 | 10202009 |  3d i
i Data Results 10202000 | 10232000 | |
15 Conclugion 12302009 | 103012009 | 6d
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4.4 Breakdown of Responsibilities Among Team Members

The division of responsibilities among team members with the design, research
and overall project management is highlighted below.

Team Members:
Ahmed AlBahar
Roger Garcia

Jimmy Sandoval

Breakdown of Responsibilities:
Ahmed Al-Bahar was involved with th@reliminaryliterature survey research and

completed the final literature survey. He used his findings in the journal surveys to
optimize the design of the system. He was responsible fdinddelesign of the pressure
vessel with the jar and lid. He was also in charge of simulating #tersyto check for

safety issues and simulating the jar and lid to test the limits of the design using solid
works. He is also in charge of project management tasks. He is also rbkpftorghe
Dynamic/Vibration analysis of the system as well as Kinematic Analysis and Animation.
He is also responsible for the structural design and finite element analysis using solid
works.

Roger Garciawas also involved with thereliminaryliteraturesurvey research. He was
responsible for the research, selection and testing of the data logging apparatus. He
served as an aid towards the final design of the pressure vessel with the jar and lid. He
was also responsible for the selection of the temperaensors used in our design. He is
also responsible for research and testing of battery power systems for the experiment. He
was responsible for the force and stress analysis of the system as well as the material

selection.

Jimmy Sandovalwas also involved with the preliminary literature survey research. He
was responsible for the research, selection and testing of the pressure sensor. He served
as an aid towards the final design of the pressure vessel with the jar and lid. He was also
regponsible for the overview of the prototype construction. He was responsible for a
design based on static and fatigue failure design theories and deflection analysis. He also

was responsible for the cost analysis of the design.
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4.5 Patent/Copyright Application

A patent application refers to a request to the patent office for a patent towards an

invention claimed in the application.

In order to obtain a patent, one must file an application at the patent office with
the jurisdiction to grant the patent in the area in which the patent protection is needed.

There are three types of patent applications currently available. These are the
national, regional and international application forms. A national application refers to a
patent that has jurisdiction in the nation in which the patent was filed. A regional
application is one such that a range of countries fall under the patentiprotébe
international patent application covers a large number of countries with patent protection.

An application for a patent request has certain guidelines. The application must
include the names of all of the inventors. The application can be pléal 12 months

afterthe first sale, offer for sale, public use or publication of the invention.

The application also requires a written summary describing the invention which
must comply with the requirements set at the patent office. It is also e ¢ueteany
drawings necessary to understand the invention is submitted which must also comply
with the requirements set at the patent office. If either of the aforementioned items are

missing or incomplete, the application for patent will be denied.

Whenturning in the application, a filing fee has to be paid with a cover sheet that

identifies the follow:

o thepatent application

o all inventor names

o allinventor addresses

e invention title

e attorney name and registration number if applicable

e mailing addres;

« list of any US government agency that has property interest in the invention
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4.6 Commercialization of the Final Product

Commercialization is the course of action taken to introduce a new product to the
market place. There are many aspects that enceipaprocess of commercialization;

marketing, advertising and sale incentives usually taking up the majority of the costs.

The key to a successful commercialization of a product is to follow some
fundamental points. It is important is design a productfedongterm, short term goals
are never ideal with the design process. It is also important to treat the commercialization
process as a ladder of sorts, each having certain goals needing to be met before moving
on. The last is to secure your customeseband explore your funding options early; no

consumer base, no product.

The first step to commercialization is to

Wh o m, How?o

The timing of a product release is of upmost importance. Too soon and you might
bereleasing a subpar product, too late and you have already been beaten by the
competition. For our product | feel that after our Novembé&t@&sadline on the prototype
testing stage that a full product release could happen as soon as 9 months following.
There are many concerns with a product launch that are critical and have to be dealt with
long before the launch. Contracting suppliers who can handle the order load at an
acceptable price is a major concern. Another would be insuring that there is enough
demand for our product.

Which market segment does our product appeaDia?product haa widerange
of appeal spanning many industries. Education, Laboratories, Pharmaceutical companies,
Coal Industry, waste management sector and even the military ¢cemefit from our

desig.

Decidingfiwhered to launch the product arithowd would be relative to our

proposed marketing budget.

'The spanning of many industriegas mentioned in detail witlin literature survey

38



It should be assumed that about 10% of the marking budget comes from investors,
10% from potential buyers and the remaining draak loan credit line. The assumed
total marketing budget is set &@&,000. This budget will cover the initial batch of 60
jarswhich runs at $80,000, with advertising and market which covers the remaining
amount. The market value of each jar shouldau$5,000 dollars, giving a total income

of $300,000. Below we investigate the bank loan needed.

Total Budget needed = $180,000
Investors = $20,000
Buyers = $20,000
Loan = —$180,000 + $20,000 + $20,000
Loan Total = $120,000

To understand the impact of such a loan one must understand the time value of
money. For the sake of this analysis, the objective we have as a group is to produce 60

jars every anonths.Below we investigate the actual cost of such a loan over a 2 month
periodis,

S = amount to be paid back to bank

P = amount borrowed

p = number of interest rates per year
r = annual interest rate

n = number of years
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Therefore by getting a standard daily compounded bank loan at the current
average of 5% annually for a period of 2 months (0.1667 ygids,

0.1667

0.05\3%
S = 120, 000 ((1 + ﬁ) )

S =$121,004

With the total loan cost calculated at $121,004 and total budget cost of $180,000

in relation to our total income of $300,000 puts us at,

Profit = $300,000 — $121,004 — $180,000
Profit = —$1,004

Even with negative profit margin the estimates are excellent. Negative profits are
common during first launches of product lines since there is usually a high investment in
startup costs. In our case the initial investment on advertsgnged to build a strong
consumer base and will teeter down after 6 production cycles. At this point a higher value
of investment will focus on expanding the machining network and increasing employee

base while also focusing on reduced costs.

In engineering the best advertising is word of mouth and loading on the first page
of a Google search. Both approaches are farfetched for a new product release by a new
company. A common way small manufacturing firms offset this is by selling our product
through a bigger, more popular company, and paying a flat fee and a percentage of our
sales. As shown above this method takes a large percentage of total budget but it is a very
effective way to build a name brand for quality products and loyal customas. O
enough products have been sold through this method a private distribution and
advertising method can be made at a lower cost and at higher production value. This

allows for our product line to become profitable and allow for business to expand and

prosper.
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4.7 Discussion

Project management to some is considered an art. A lot of what project
management deals with is the ability to assess a chain of events that have not taken place
yet. The planning and scheduling of a project plan is one of the mpsittant parts of
the engineering design process. The goal for every design project is not only to meet

monetary thresholds but also limit time delay between tasks.

It has often been said that the most common criticism professionals have against
newly gradated engineers is the overemphasis on perfecting the design specifications
and not enough on cost and deadlines. We fell victim to the pressure of designing a
product with a high prototype cost by spendingaarbitantamount of timeon every

detail ofthe design, which were necessary a majority of the time

Another issue we experienced with the design process is being afraid to ask for
information from a colleague or mentor. Only in the last half of our project timeline did

we get used to the idea discussing ideas with professors and mentors.

An example was the design of our fidsscarded prototype. ®were utilizing
radio frequency chip sets suggesiedisby a graduate Electrical Engineer. As 3
Mechanical Engineers with limited knowledigeElectrical Engineering, we speat
weeks learning the ins and outs of the device and all the associated compifiter3§
lab hours of excessive trouble shooting, we got the radio signal to transfer properly from
the milling jar to the computer. It theame to our attention that the computer was not
able to interpret the radio frequency because the program was designed for a wired
connection and would requitiene extensive reprogramming.also came to our
attention that the power needed to power émateradio transmitter would require an
elaborate battery system which would further complicate our design. We decided to do a
redesign and utilize a data logger. This eliminated the power issues and the programming

issue.

This is what project managemesiall about. A successful project manager is one
who has the ability to plan, schedule and quickly adapt the design to reach the same

results.
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5. Engineering Design and Analysis

5.1 Kinematic Analysis and Animation

The kinematics of a planetary baiilling process is centered on the use of a
planetary gear system that utilizes a sun gear that internally rotates a planet gear through

the use of a gear arm.

S £ ,
oy & &

m = - =

Sun Gedar S Gaar S G Sun Gear

Starting Point ll

(—

Sun Gear Sun Gaar Sun Gear e

Figure 127 Kinematic motion of the planetary ball milling system through a single rotation
cycle
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Hydrogen Gas
Medium

Sun Gear

Figure 1371 Starting point kinematic motion diagram enlarged

The process of mathematical modeling of the Kinematics of the planetary ball

milling process is centered on the initial sun gear force itgloc
0=w=t

O is the crank angle of gear arm
w is the constant angular velocity of Sun Gear
tis the time value

The height of the ball in relation to the motion of the systamthen be

correlated through equation,
h = rcosf + (¢ — r? * sin?0)1/2
his the milling ball height

The milling ball height is an important calculation as a checking system
since our process has a constraintonintdrmali ght of t he jar, therefc

value of the internal value, the correlation becomes invalid.
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If the value of h is less than height of internal jar then equation is correlated to

find the ball velocity with,
v=—g(t—tyear)
tpeak = [Vp/g] + t
vy = —1 w? x cosO — ((41°% * w? * c0520(c® —r? xsin? x 0) + (r* *
wsin20)?) + (4(c? — r? = sin® * 0)%)[5]
vy, velocity of milling jar
ris the Sun Gear radius

c is the length of travel of planet gear
v, velocity of milling jar

Then the ball velocity computed, the impact energy evolved during a milling ball

collision can be simplified with,

1
E = (E) m(v, — v)
m is the mass of the milling ball

With the collision energy accounted for and the amount of milling balls known,
one can correlate the result to total impact energy in a given time. This also relies on an

estimation of impacts per second based on nunieiimallation for accuracy.

With that value and considering the finding that 80% of milling energy is
converted to he&t and the idea that collision energy between two masses is an inelastic
process with the majority of energy converted to heat, onestanate total heat

generated through the kinematics of the system.

The Kinematic analysis and the real time temperature data accounted for during
experimentation can be compared and a validation of the theory of context between

collision energy can bealidated.
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5.2 Dynamic/Vibration Analysis of the System

Though systematical analysis of the pressure vessel it is understood that after
going pressurization, the volume changes as the lid is pressed into the jar, increasing the

internal pressure that cée correlated to an equivalent fluid spring constant.

NONNNANN

13 F Kor

P,V

AX

Figure14-Sy st em Anal ysis of Equivalent Hook

The system works as an adiabatic process where the relation concerning pressure,
volume, and the specifiteatratio are expressed in the following thermodynamic

expression,
Constant = PVY
By differentiating the relation we obtain,
APVY + yVY~1(APV) =0
Solving AV@%Z@/T?T
Relevant equations forthe systermc | ude Hookeds Law, change

respect to change in pressure, and change in volume with respect to change in distance,

Using AF = kAx, AF = AAP, & AV = —AAx
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We obtain, A4P = k(=)

By plugging in the obtained equation fdrange in volume we get,

—APV

— Ye(YP_
AAP = k(—-)
Solving for k yields the equivalent spring constant,

k=)

Table 27 Dynamic analysis nomenclature

Pressurization System Analysis Nomenclature

P Initial Pressure Within Jar
Vv Initial Enclosed Inner Volume
K Equivalent Spring Constant
A Contact Area
p X Change in Distance
PP Change in Pressure
pV Change in Inner Volume

2 Specific Heat Ratio
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5.3 Structural Design

The structural design of the jar and lid system is dependent on detailed knowledge
of the external forces that will be subjected to it including load values, physical properties
and material selection. This information is necessary to understand and posdibe

assembly structure can support and resist the imposing loads and forces.

To develop a working structural design, one should have detailed knowledge of
mathematical techniques and understanding of design codes. Another important
consideration ishe understanding of the corrosion resistance of the system especially

when exposed to a volatile environment that our design will be exposed to.

The material that we used to construct out jar and lid system is 440C Stainless

Steel.The following is a cowsion resistance chart for volatility analysis.

Table 31 Reactivity table of 440C stainless steel with varioudeaments

Reactive Element Reaction Level

Hydrogen 1
Magnesium Hydride 1
Matural Gas 1
Potassium Hydride 2
Sodium Hydroxide 2
Cheymen 1
Sea Water 3
Chromic Acid 3
Carbon Dioxide 1
Ammaonium Chloride 3

Good 1

Be Careful 2

Mot Liseable 3
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From the table above it is clear that our selection of 440C Stainless steel was ideal
for the corrosivdevel of Hydrogen, Magnesium Hydride and Magnesium are all set as a
reaction level type 1. This leads to the volatility of our designed system as a whole to be
at an acceptable level since the materials being used in conjunction to the system are inert
when coupled with the 440C Stainless Steel.

rea of Interest for

corrosion analysis

Figure 1571 Area of interest for corrosion analysis

It is clear from the image above that the main area of concern for corrosion
analysis deals with the internal surface area of thendrthe bottom area of the lid.
This enclosed space is the area of exposure for any gases or liquids to be used with this

system. The system is designed with Hydrogen, Magnesium and Magnesium Hydride in
mind.
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5.4 Force Analysis

Pressure Vessel and Bélhalysis

To find bolt tension P

F P
O-ZZ% UZZ_)PTotal:O-A

2
2 _ D
Where AVessel = TT " Effective Radius — T (_e)
Individual Bolt Tension
6A onD,?

Pi=N ="
Where N = # of Bolts
o = Internal Pressure
_ ID + 0D
D, = Ef fective Diamter = —
For 8 bolts
p— oA 10*7m110%* 10E~ 1188 kN
TN 48 T
Bolt Length
A nd?  mwl2? 113 5
DT T T mm
From Table 81 A, = 84.3 mm? (Tensile Stress Area)
From Table 87
h+t, t,<d
l'= d
h+—- t,>d
2
F—h+d
2

12
l'=228+ -5 = 28.8 mm

Define  [; = 6mm (Length of useful unthreaded portion)

_ AdAE 557.94
b A+ A, T T
Equation 823
K, Bd
74 = Ae? =12361 MN/m
c=— % _ 19144
Ky + K,
Equation 530

F; = .75F, = 37.9 kN
Loading Factor
_SAe TR gy
n= P = 5.
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5.5 Stress Analysis

Our design includes two basic components, the pressure vessel jar and lid. The stress
analysis therefore includes two basic components:

1. Analyzing the jar byperforming the necessary calculations in order to ensure that
the pressure vessel can adequately handle the amount of pressure specified by our
design specifications.

2. Analyzing the lid to ensure that it will be able to withstand the internal pressure of
the vial and also the reaction forces caused by the pressure input method.

In order to perform the pressure loading analysis for the vial, it is necessary to first
determine if the pressure vessel is a thicktled or thinwalled cylinder, given that the
method of analyzing the two is quite different. The corresponding formula involves the
ratio of the thickness of the wall and the outer radius:

twall

Ratio =
To

If the ratio is less than 1/10, then the cylinder must be treated as walied
pressure vessel. The design formulated specifies a wall thickness of .5 in and an outer
radius of 3.75 in. Therefore the ratio is equal to .13 and this then requires the design to be
treated as a thick walled pressure vessel.

In order to do a proper analysifa pressure vessel, various internal stresses must
be taken into account. For example, when looking at a top view of the pressure vessel, it
becomes apparent that the vi adndimwthel I have
circumferential directionli.. Also when looking at the pressure from a side view, an axial

stresdl, becomes apparent.

Figure 16 - Thick walled pressurediagram
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Formulas for the previously mentioned parameters are as follows:

G = [(Pi 1% - Poto) / (16 - 1] + [1i% 6™ (o - P1) / 72 (16" - 117)]
0= [(pi - PoTo’) / (1” - 12)] - [1i® 16" (Po - i) / 1° (15 - 117)]
Ga= (P 1i¥ - Polo” (1o - 117)
By using the following parameters, it is possible to calculate the above stresses to order
determine the viability and safety of the design:

Table 4 - Thick-walled parameter values

Variable Meaning (Units) Value
ri Inner Radius (m) .06985
o Outer Radius (m) | .09525
P Inner Pressure (MPa)| 12.159
Po Outer Pressur@VPa) .10
g Poi ssonbds .3
E Youngo6s (GRa)g 200

The resulting stress values are as follows:

Table 5 - Cylinder stress walues

Parameter Value Units

Max CircumferentialSt r e.s s | 40.0194| MPa
Max Radi gl St| 12159 | MPa
Axi al Stress| 13.9302] MPa

l ncrease in; in| 152507 10°m
|l ncrease i n, oul 13.3304| 10°m
l ncrease in axi all|-41.7905 10°m/m

The yield strength for 440C stainless steel is about 448 B¥and this point,

permanent deformation would occur. And given that the lid is designed for a yield before
break criterion, the results clearly show that our factor of safety is quite high. In fact, one
could postulate that the pressure vessel has bexdesigned. However, it must be
mentioned that the pressure vessel was not only designed to contain internal pressures,
but also external compressive forces due to our pressure input system, which uses a

hydraulic press.
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5.6 Material Selection

Whenselecting the proper material for use in our pressure vessel, several

considerations must be made. Firstly, the material must be able to withstand a fair degree

of pressure in order to ensure the safety of those who operate it. Also, the material must

be @le to withstand temperatures ranging fre88° C to 150 C. Thirdly, the material

must have the right combination of hardness (in order to withstand pressure) and

machinability(to facilitate manufacture). Lastly, the material must be able to withstand

corrosive environments without significant degradation of the surface finish.

The typical array of materials that are used to make the pressure vessels for

planetary ball millingmore commonly known as jars, is the following:

Hardened Steel
Stainless Steel
Tungsten Carbide

Agate

Sintered aluminum oxide
Zirconium oxide

Table 61 Material property t able

Young's Modulus | Rigidity Modulus | Bulk Modulus Poisson's Ratio
GPa GPa GPa
Tungsten @rbide 534.4 219 319 0.22
Hardened Steel 201.4 77.8 165 0.296
Stainless Steel 190201 74-86 166 0.250.29
Zirconium 98 35 89.8 0.38
Aluminum 70.6 26.2 75.2 0.345

The most obvious and natural choice in selecting a material is some sort of

metal such as steel, copper, aluminum, etc. However, deciding between these depends

heavily on the overall strength of the material. The strength of the material also

influences tle structural design, with higher strengths allowing for thinner components.
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When considering the factors that contribute to the overall strength of the
material, the yield strength must be taken into account. The yield strength is basically the
maximum $ress before deformation of the material will occur. For design of small
pressure vessels, it is general to apply a yield before break criterion, as opposed to large
pressure vessels, where the criterion is leak before break. Nevertheless it is oonintenti
to ensure that our design will not yield under the prescribed stress. Also the tensile
strength of the material must be accounted for. This is due to the fact that the inside wall
of the pressure vessel will be under constant tension when the presstnediuced into
the vial. Having a material that has a high tensile strength can be very beneficial in these
circumstances.

Also creep and rupture strength must be taken into account. Creep is the tendency
of a material to slowly deform when exposedhigh temperatures and constant pressure.
However given our design constraints, we will not be using the sufficiently high
temperatures for creep to take place. Again, with regards to rupture strength, we are not
designing with the yield before break critar. Corrosion causes deterioration of metal
due to chemical reactions. It can be accounted for by designing a thicker wall component.
Also the use of alloy steels will prevent the rapid corrosion that would occur if carbon
steel were used.

Thus in reviewng our possible options for material selection, we chose 440C
Stainless Steel. Having a minimum yield strength of 65 ksi and a tensile strength of 110
ksi while at the same time having very good resistance to corrosion makes it an ideal

candidate for thigroject.

Table 7 - Material properties of AlSI 440C stainless steel

Thermal and Mechanical Properties of AlSI 440C Ste
Density (Ib/in3) 0.281793
Elastic Modulus (Ib/in2) 29000000
Poisson's Ratio 0.285
Tensile Strength (2075 1b/in2) 1.39961
Shear Modulus (x 10"7 Ib/in?) 1.2328
Thermal Conductivity (x W/rK) 37
Specific Heat (J/kdK) 460
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5.7 Design Based on Static and Fatique Failure Design Theories

Failure of the vessel is meticulously analyzed in order to meet safety concerns
that may arise as a cause of ruptures and/or leakage failures from the vessel, such
considerations can include blast effects, pressure outbursts, fragmentation damages, and

chamical and thermal blazes.

Among the factors that play a significant role into the plausible failure of the
pressure vessel, the design is the most fundamental one and demands to be diligently

examined.

An important aspect of what involved the design of the pressure vessel is that of
failure due to the significant pressure ranges to which the vessel would be subjected to.
Thermal subjugations by the pressure vessel did not prove a factor as the temperatur
ranges would not exceed significant elevated values, whilst operating pressurearghges
the produced tangential, longitudinal, and radial stresses established to be a main

issue toward static vessel failure prevention.

By previous deduction it veapredetermined that thin-walledf pressurevessel
would be unable to safely operate unthe determined pressure scale. Thsulteda
design of ahick-walled® vessejar that would be able to provide stability, as well as meet
safety and costfficientstandards Due to thehigh pressure input to the jar which causes
the lid of the pressure vesselbesubjected tdighinternal operatig pressures, its
designrequiresa plannedprecisionto meetsafety requirements whilst able to meet

functionalrequirements.

A foremost factor towards operational subjugation by the pressure vessel was
previously establishedspertaining to fatigue. Ball milling processes under which the
pressure vessel will operate are bound to maintain steady pFed¢kascan reach several
hours, in additiontepeatedall milling cycles for which the pressure vessel will function

are expected to be numerous as welhn effort to diminish potential fatigue failure by

2 ThinWalledpressure vessslare those which radiuddrger than 5 times its wall thickness.

® ThickWalled pressure vessels are those where the thickness of the wall is greater thatewifieof the
radius.
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the vessel, additional detail was put intovyamtion of unnecessary discontinuities within
the jar, augmentation of the mechanical performance through its structure, and material

selection of the vessel to further increase life cycles.

In order to better analyze behavioral characteristics of theMéssign as
subjected to determined parameters and specifications, mathematical/software

simulations were carried out undrchdesign specifications

A complete model was created and analyzed through the software application
Solid Works. Correspondingressure values, equivalent forces, and respective restraints
were applied were ideal in an effort to replicate and simulate théfesalodel
experienced by the designed vessel.

Through the relevant studies, both the lid and jar of the vessel weraexaoy
the software which yielded the corresponding factors of safety and life cycles for the lid

and jar, which proved to be secure and consistent with theoretical expectations.

5.8 Deflection Analysis

Plausible physical subjugations by the vessel due to applicable stresses were
examined to improve design specifications without alefming the design of the
pressure vessel itself. Stresses brought upon by the elevated operated pressure ranges are
diredly proportional to the ratio of the outer and inner radius; these were held into

account to diminish material deflection as much as possible.

The pressure vessel, modeled through the software application Solid Works, was
simulated to be subjected to tb@responding maximum pressure and restraints in order

to approximate as c¢cl ose as possible probable
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5.9 Component Design/Selection

The component design process was taken care of by using the CAD software
Solidworks. There were two main components that needed to be designed, the jar and the
lid.

Figure 1771 Jar design

The design focus of the jar included the consideration of bolt placement, jar
height, jar thickness and input pressia@ation. The slot located on the bottom is not
referenced to any other design feature so could be placed at any location on the bottom of

the jar.

Figure 187 Lid design

The design focus on the lid included the matching of flaltement with the jar,
lid height, thickness of supporting saferi@g indentation location and the placement of

the sensors on the lid.
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Component Selection Temperature Sensor

Thermocouples were also considered for use in our project, due to our previous
experience with them in our instrumentation laboratory. It was understood that the union
of two metals would produce a voltage which could then be correlated to a specific
tempeature. Nevertheless, this particular type of sensor was shelved for use to its low
accuracy. For our project we desired to have a high level of /},“x\
accuracy to aid us in calibration and for general temperature / \
readings. However, considering thermal coupldsueto {
understand more fully how the reading from a sensor can be
recognized by a computer. In this particular case, temperature
readings are extrapolated from voltage readings. Figure 19- Thermocouple

While researching other possible options, we came across thermistors.
Thermistors are basically a type of resistor whose resistance changes with temperature.
They are very precise over a specified range. However in trdese them we would

have to set up a simple electrical circuit. While we

/T"/ were not against building a simple circuit, we desired
')',A/;-_ ~ . to explore all of our options, given that it would be
» very likely that our list of components would increase
greatly by the canpletion of our project. We desired
Figure 21 - Thermistor to keep things as simple as possible in order to avoid

difficulties in troubleshooting later on.

2.5 volts reference

As can be seen frofigure 19, a typical
thermi storédés configur vV e

problematic in the long run, given that it would R1

10K ohms resistor

require a circuit with various resistaaad a

Wioltage to micro processor

power source. All these components would take

up considerable space on a lid that is already Thermistor
overcrowded witlttcomponents. Wiring all these

connections in a small enclosed space would be

quite difficult indeed. i

Figure 20- Thermistor Circuit
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Integrated Circuit

As it became apparent to us that some sort of simple electrical circuit would be
need for temperature readings, we ventured to fisaltion that would be simple, cost
effective, and accurate. To be more specific, the possibility of using an already packaged
circuit was considered. By using an already packaged configuration, we would be able to
ensure long term viability by protectimfigfrom oxidation and/or breaks in contact.

The LM35 temperature sensor was found after conducting extensive research, and
it was concluded that it would be our megtble and practical solution. The LM35
sensor is miniscule in comparison to all our
other options, although a thermistor is
roughly the same size. The advantage
however, lies in the fact that the LM35
requires no other connections than the

voltage sourceBy connecting the input

voltage and the ground to the outside pins, i
. +Vc Voot GHD
all the necessary connections can be made

The middle pin provides a voltage output that

. . Figure 22- LM35 Temperature Sensor TG
can be used to obtain a temperature reading 92 Plastic Package

The LM35 also comes in several different configiarat; these were all examined
in order to procure an optimum design. There are four different options for packaging.
The oneo the leftis a TG92 plastic package, which is suitable for breadboard use. A
sturdier packaging is available in the form of T@-220 packagéCenter) However,
such a package is quite sizable when compared to the previous packaging mentioned. The
SO-8 small outline molded packa@Right)is also available; this can be used in a bread

board environment as well.
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Final Temperature Sensor Selection

Out of all the possible options for the LM35 temperature sensor, thé6Traetal

can packaging was chosen. The-#®is arguably the most compact form of the LM35

sensor, allowing for straightforward placement in the lid @utitaking considerable

amounts of space. The dimensions are presented in inches (millinrefegaje 12. The

| 0.200-0.219

(5.308-5.563)
0.178-0.195

SEATING

PLANE"l i ~ 1 0.080-0.105
0.025 | (2.002 - 2.667)
(0.635) 0.500
~fz "

UNEDHTFIGLLEJ]
LEAD DIA

0.016- IJDIB»_H_E uuau

(0.406-0.483) ID 162)
DIATYP MAX

0.100
0.050

{127 |

0.036-0.046

(0.913-1.168) \//

0.028-0.048

\/ {0.711-1.219)

Figure 23- LM 35 Dimensions

ffl 521-4.953)

(2.540) TYe

HO3H (REV G}

sensor can operate over a wide range of
voltages, from 4V to 35V, making it quite
flexible in terms of power requirements.
The great advantage of the metal can
packaging comes from the material
packaging itself. After considering optimum
placement for the temperature sensor in the
pressure vessel, housing the sensor inside
the jar was ruled out. This is due to the fact
that tre sensor might be damaged by the
steel balls during the milling process. Also
exposing the sensor to elevated levels of

pressure and a potentially corrosive

atmosphere would not be in our best interests.

A dilemma then presents itself in this form; how are temperature measurements to

be taken if the temperature sensor cannot be present in precisely the location where a

reading is desired? This problem is solved by using a metal caageadgy placing the

temperature sensor adjacent to a relatively thin wall whose other side will be exposed to

the internal atmosphere and temperature, it is then possible to use heat transfer to offset

the readings taken from the temperature sensor. Asah ghat

the material of the package is also metal, this will aid in the

transfer of heat in order to minimize inaccuracies when

N

calculating the offset. All in all, the LM35 Temperature sensor

the best option for the prototype when taking into accoesiga

constraints and goals.

Figure 24 - LM35 TO -46 Metal Can
Package
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Component selection as previously mentioned includes the purchasing of the

following components.

e LM35 Temperature Sensor

e AS3578230 (21/2 ID X 2-3/4 OD X 1/8 W) Gring

e Model OM-44 Nomad Family data logger

e Ultra-HardWearResistant Stainless Steel (Type 440C)

e ETM-375 (M)SERIES 5 VDQ5000 PSI) pressure sensor
e 9-Volt Battery

The temperature sensor fit our specifications by being able to read a temperature

range from10°C to 140C with very low poweconsumption and size.

We designed the lid with the intention of using the above mentiorgugOThe
specifications fit our design and can handle pressures of up to 100,000 Psi. Giving is a

factor of safety for the @ing in our intended use of above 6.

The OM44 data logger was a perfect fit for our design. We needed a method of
accepting voltage output from 2 separate sensors and relaying the data to a computer
system for analysis. The ONY4 has its own battery source, can store more than 7000

data ponts at a time and is light and compact.

The type 440C Stainless Steel was chosen as the material of choice to
manufacture our jar and lid out of because of the harsh environments the system will be

undertaking through various experiments.

The pressure seor fit our specifications by being compact enough, able to relay
pressure readings of up to 5000 Psi and having moderate power consumption.

The 9volt battery was a solution to a problem we were having when we were first
started the design process. Pang a system remotely without access to wired system is

at times a difficult task especially with higher power rates where size is a factor.

Overall the component design and selection procedure is an intricate that requires

a lot of forethought and thd#ity to adjust design parameters to solve the problem.
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5.10Finite Element Analysis

Finite Elemental Analysis (FEA) refers to the use of a numerical technique to find
an approximate solution of equations, particularly that of partial differentiahtegtal
equations. The solution is approached based on elimination of differential equations, or
by approximating the system of differential equations using standard methods such as the

Eule or RungeKutta® Method.

There are many software solutions italgle that apply the FEA method of
approach through the utilization of meshing the system to allow the simplification of the
system for analysis to be undertaken.

The following is the relevant FEA analysis using solid works cosmo®add

First we chooséhe lid as the part of interest to analyze using cosmos works.

Figure 257 Meshing of the lid using cosmos warks

* Euler Methodis a numerical method to solving ordinary differential equations (ODE)
*RungeKuttaia | ydzYSNAOFf YSGK2R 2F | LIWINBEAYFGAY3 h59Q4
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Figure 261 Setting up the lid for relevant FEA analysis

The above satip is tosimulate the maximum forces the lid experiences
when the hydraulic press is activated while the max amount of internal pressure has been
inserted into the lid. The red arrows represent the internal pressure force. The green
arrows represent the fixed cheteristic of the lid due to the bolt system. The purple

arrows represent the clamp force exerted onto the lid to close the system.
The values were set as follows:

e Pressure set at 1500 Psi
e Top face force set at 3600 Ibs
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et

- —
Figure 271 Factor of safety analysis

The above results show that for the subjected forces the hydraulic clamp exerts to
the lid that the minimum factor of safety is set at 3.3. The area of weakness is set at the
shaft of the lid.

This @an be explained due to the high relative force and pressure distribution
exerted to a fairly small part which is axially loaded onto a shaft that has a length to

diameter ratio of 1.875.

For a pivotal part of our system process, the use of the hydréautip ¢o allow
the sealing of the system to start the mill, the analysis is positive. It shows that our design

is satisfactory for the specified need and does not require any further alterations.
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Figure 28 - Meshing of the jar using cosmos wrks

Figure 29 - Setting up the fr for relevant FEA analysis

The above satip is to simulate the maximum pressure the jar experiences when
the pressurized canister of hydrogen is inputting the gas into the inlet pressure hole until
maximum pressure has been met. The red arrows represent the internal pressure force.
The green arrows represent the fixed characteristic of the lid due to the bolt system. The

values were set as follows:

e Pressure set at 1500 Psi
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The above results show that for the subgdteces the pressurized canister of

Figure 30 - Factor of safety analysis

Hydrogen exerts to the pressure hole and jar sets a minimum factor of safety of 2.5. The
area of weakness is distributed along the jar, a positive result for a pressurized force since

a local area of weakness could léa@n overdesigned pressure vessel.

This phenomenon can be explained due to the high relative pressure distribution

exerted from the pressure hole on the side of the vessel.

For a pivotal part of our system process, the use of the pressurized canister to
insert the maximum pressure needed in the system is positive. It shows that our design is

satisfactory for the specified need and does not require any further alterations.
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5.11 Design Overview

The design has been tested and proven as being able yoogadte under
maximum designed conditions. The Jar and Lid and been designed to be all conditions

and constraints.

One of the more important technical design points of the Jar and Lid assembly
deal with the ability to seal and open the pressure opéming able to either go about

the evacuating or the pressurization process of the system.

L@ﬁ

Point of Interest

............

Figure 317 Identifying point of interest for the evacuation/pressurization pocess
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Gas Input Shaft

7 \/N

O-Ring Location
Bottom of Lid

Figure 327 Zoomed inview with labeling of a closedill system

As seen from the image above with the assembly in a closed positionyithg O
is situated below the gas input shaft point, effectively sealing the jar from gas entering or

leaving the system.

|

Gas Input Shaft

Bottom of Lid O-Ring Location

Figure 337 Zoomed in view with labeling of anopened lid system

As seen from the image above with the assembly in an open positionyitig O
is situated above the gas input shaft point; effectively opening the jar so that gas may be

forceful sucked from or pushed into the system.
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5.12 Cost Analysis

A significant aspect implemented into the final engineered design of the pressure

vessel is that of cost as pertaining to the final product. Expenditures include structural

vessel material, data aggition and relevant electronic components implemented into the

design, manufacturing process, and tools used.

Table 81 Cost analysis lbeakdown

Expenditure

Unit Price | Units Purchased| Total
LM35 temperature sensor $0.64 4 $2.56
AS3578230 (21/2 ID X 2-3/4 OD X 1/8 W) Gring $0.75 5 $3.75
Model OM-44 Nomad Family data logger $65.00 1 $65.00
Ultra-Hard WearResistant Stainless Steel (Type 440C $278.63 1 $278.63
ETM-375 (M) SERIES 5 VDQ5000 PSI) pressure sensc $504.00 1 $504.00
9-Volt Battery $4.94 2 $9.88
Manufacturing Proceggstimation) N/A N/A $450.00
$1,313.82

Costs relevant to time consumed by research and development of the vessel
design is unable to be taken into account for the reasthisdieing a design project by
students; however, it is important to note that if considered, it would be a significant

factor as counted towards design expenditures for the pressure vessel design.

AS357830 (21/2
ID X 23/4 OD X 1/
W) Oring

0%

LM35 temperature
sensor

0
0% Manufacturing

Process (estimation
34%

Model OM44

Cost Analysis

Nomad Family data

logger

5% Ultra-Hard Wear

Resistant Stainles
Steel (Type 440C
21%

Figure 347 Cost analysis breakiown
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5.13Discussion

The kinematic and dynamic analysis proved beneficial in understanding the range
of motion and speeds the pressure vessel will be going through. This served to highlight
the need for a precise interface between the vial and thenitially machine. By
designing the bottom of the pressure vessel to match the various grooves and indentations
present on the ball milling based, the stability of the pressure vessel durirgpbiegh
rotations can be ensured.

The structural design facidites component removal and maintenance while
simultaneously providing a stable base for the pressure input using a hydraulic press.
Also the design of the lid makes an emphasis on symmetry, which will be of aid duration
rotation in the ball mill.

The fore and stress analysis performed allowed us to properly envisioned the
conditions under which the pressure vessel will be operating. The use of mathematics and
physics greatly aided in this respect, as opposed to using intuition or suppositions. Also,
the force and stress analysis could prove useful for future work such as optimization of
the design.

Material and Component Selection proved to be quite lengthy, especially with
regards to the latter. Given our mechanical engineering background, selectorg sexs
data acquisition modules required a substantial amount of research to properly grasp the
specifications of each of the components selected for review. Nevertheless, the
components selected fit our dimensional constraints and also allowed fof aas€ice.
using 9V batteries).

Cost analysis provided insight into the marketability of the design, given our
material and component cost. It is postulated that the overall cost of the prototype could
be decreased significantly by purchasing greatentifies of components (i.e. pressure
sensors) once mass production takes place.

After completing the necessary calculations to determine the viability of our
proposed design, is has been concluded that our design successfully meets the design
constraintsnitially formulated. It is expected that the meticulous design and analysis

performed will result in a fully functional prototype.
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6. Prototype Construction

6.1 Description of Prototype

The final selection of the proposed design alternatives to be developed into a
required prototype was based on mechanical performance, efficiency, and reliability; all
gualities considered amid limitations with respect to time, costdemnensional

restrctions.

For simplicity reasons, the final design shifted away from a more electronic
guided one, providinghechanicalersatility while diminish complexity of the overall
structural designAs displayed below, the prototype is made up of a two part agsemb

consisting of jar and lid.

Figure 357 Final design pototype
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6.2 Prototype Design

The jar and lid where both designed and tested to meet operational parameters
through methodical simulations and calculatideficiency through ball milling cycles
concerning mechanical performance and failure prevention became the main decisive

factors towards the completion of the pressure vessel prototype design.

Material selection of the prototype proved to be decisive when considering
performance reliability and failure concerns. A hignality combination of distinctive
mechanical properties including the elastic
thermal conductivity, and further properties were diligently considered; for wahich

ultra-hard weairesistant stainless steel was selected.

When considering the intense operational conditions and specifications, it became
imperative to create a design with structural fortitude capable of withstanding the static
and inertial conditionsThe procedure by which gas is inserted into the jar and then
secured by the lid puts vertical pressure forces on the lid, demanding its structure to be
able to withstand high pressure values for the respective instance, with a vast cycle life.
Once secuad, the internal volume of the jar is required to maintain proper functional
requisites for long periods of operation with constant high pressure and internal ball

milling collisions.

The PM 100 ball milling apparatus permits for dimensional propertiteo
vessel to reach up to certain specifications. The protatgpgn wasdjusted to reach
dimensions close to maximum restraints with a specified discrepancy to permit smooth
accessibility for the vessel to be properly secaned removed from operati

positioning
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6.3 Parts List

The two main constituents that make up the structural design of the pressure
vessel prototype are the jar and the lid. The structure of the jar is a cylinder with an inner
cavity where the ball milling will take place. &libottom of the inside cavity has fillet of
0.40 radius, slightly bigger than the steel
procedure. Toward the upper side of the jar a gas input shaft point is located, designed to
meet specified standards. The ggait shaft is located between two of the 8 screw holes,
for which the quantity and specifications were-getermined to provide a secure closure
without failure. The thickness of the jar was determined through-thadled cylinder
theory to avoid statiand fatigue failure while the bottom part of the jar was designed to
fit the encasement of the PM 100.

Figure 3671 Jar of prototype design
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The Lid of the pressure vessel prototype was significantly intricate to design, as it
would need to house the respective electronics components for measuring data yet have
enough space for its structure to avoid static failure through the pressurization procedure
while meeting specified dimensional restrictions. The shaft of the lid s e
component that experiences the axial forces on the lid, with its design procuring a
sufficient factor of safetyDue to the high pressure forces to which the shaft would be
subjected to, a firm foundation would be required where even the smallegtatein a
90° angle would make the lid to collap3&e bottom of the lid encompasses the proper
cavity for the selected high pressure oil ring; the openings though the inner part of the lid

are housings for the temperature and pressure sensor.

The holefor the pressure sensor runs all the way trough, while the one for the
temperature sensor only reaches a certain depth, deep enough to measure temperature
though heat transfer while not being exposed to the high internal pressure. Four
additional screw Hes, not included in the jar, permit structural suppgdinst the

surface of the jafor the lid when undergoing pressurization.

Figure 377 Lid of prototype design
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Additional parts implemented into the design of the prototype are industrial
components that were selected to carry out desired functions with respect to the
prototypeds performance. These include the
devices, anthe respective electrical components.

In an effort to represent the ideal spacing for the housing of the electrical
components, actual representations of each respective component was modeled trough
Solid Works. Design considerations were taken into @acwith respect to possible
subjugation by the pressure sensor threading due to the imposed internal pressure in order
to satisfy safety requirements. Heat transfer though the material between the temperature

sensor and internal cavity of the system veagsed to assure proper capability of the

sensor to measure temperature readings.

Figure 38 - Additional components of prototype design
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Wiring Setup

Wout
Temperature [+ ——
Sensor
_ - — g+
Uata logger | — 9 ol Vol 8 Valt
(IM-44 B V Regulato Battery Battery
fout
Pressure + —
Sensor ]
Gid

Figure 39 Wiring Setup i Wiring setup
Gathering and recording of experimental data is accomplished through the use of the various components illustrated in figure

32.The temperature and pressure sensor will both be powered by two 9V batteries connected in series, which will essdetially doub
the voltage while retaining the same charge capacity. Although both sensors can operate using 9 volts, the voltageqegatator

that the input voltage from the batteries be at least 2 volts above the 9V output. So for our case, this wouldnieduinenasoltage

of 11 Volts. By using 9V batteries in series the total voltage rendered would be 18V, which is more than enough. The voltage
regulator is used to ensure that a stable power flow is delivered to the sensors, in order to ensure stad)lgivesdihgt the sensors

will be outputting voltages as readings. The data logger will then process and record these readings storing thenid@ output

computer using a 232 serial interface.
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6.4 Construction

Construction of the pressur ve s s e | prototype was <carried

(Center for the Study of Materials under Extreme Conditions) machine department at

Florida International University. Available manufacturing procedures and machinery

directly influenced the design of theegsure vessel prototype. The prototype was

manufactured froma3/ 40 di ameter, 120 |l ong stainless
the separate portions for the jar and the lid. The sensor holes thought the lid of the

prototype go all the way to the tags the cavity around the shaft made it impossible to

drill the respective holes for the sensors.

6.5 Prototype Cost Analysis

As demonstrated in section 6.12, the projected cost of the prototype construction
was estimated to be $1,313.82.

6.6 Discussion

The final selection for the pressure vessel design was meticulously analyzed
through theoretical calculations and software simulations and selected to be manufactured
into a tangibleprototype Safety concerns and dimensional parameters are met while its

ultimate function remains unaltered.

Theoretical expectations always differ from actual results, ideally with respect to
dimensional fitting, and dynamic response of the prototype with respect operational
motion within the PM 100.
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7. Testing and Evaludion

7.1 Overview

An important part of our design project is the testing and evaluation stage. Testing
and evaluation allows for the critical evaluation of our design through physical testing.

Our testing was separated into two separate stages. Ondteefegsibility
testing stage and the other being experimental testing stage.

The feasibility testing stage focuses on the testing of our prototype assembly to
the theoretical maximum values that were used for the initial design stage. This
encompassesany different aspects of the completed prototype asseffihiy.includes
the testing of integrity of the lid shaft to compressive force, the internal jar to pressure,
the side hole to pressure, and the pressure sensor to pressure.

The method of approach acquire data and results for the feasibility stage is a
two tier approach. The first approach is using simulation data to compare the elastic limit
of our material with force and pressure values that range from workable to extreme
values for compariso.he second approach is to expose the prototype to the limit of

pressure/forces of our constrained design to check for deformation or failure.

The second stage was the experimental testing portion. This encompasses the
main purpose of our design projectaigh the use of the prototype to acquire
experimental data to reaahconclusion. Thexperiment is to test how pressure affects

the hydrogenation of magnesium ore.

The experimental stage evaluation will be accomplished through data acquired
from the presure and temperature serstbat will allow us to compare the effectiveness
of hydrogenation in relation to pressure input. Using this evaluation we can reach

conclusions to the effect that pressure has on the hydrogenation process.
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7.2 Design ofExperimentsi Description of Experiments

To correctly evaluate our design in both the feasibility testing and the
experimental testing, we must design experiments that will allow for credible data

acquisition to reach a definite conclusion.

For the feadiility testing,an experiment for theeliability of the shaft on the lid
to the hydraulic clamp loading necessary for hydrogenation experimentation can be
designedA proper experimenwill verify our shaft design specificationg satisfy our

design pammeters.

To test the integrity of the shaft we can subject the assembled prototype to the
clamp loading that it will be subjected to during experimentation. To simplify the
experiment we can substitute the need for internal pressure and instead eithar apply
force to the bottom of the assembly or increase the force on the top to compensate for the

lack of internal pressure.

Figure 407 Visualization of hydraulic clamp loading of the prototype assembly
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I i
Figure 417 lllustration of hydraulic clamp to be used for testing

To make sure no accidental deformation or failure will occur to the prototype
during experimentation the use of simulation software is used. Simulated data is taken to
compae the elastic limit of our 440C stainless steel to the subjected compressive force on
the shaft. By using a range of force values we can have an estimated limit for testing

purposes that will ensure no accidental damage will occur to our prototype.

Anothe important aspect of thifeasibility testing process is to test the integrity of
theassemblywhile experiencing high internal pressure loadiThis leads to &avo tier
result experimenthat hadour variable component3.hese are the jar, lid, inlet@n

pressure sensor integrity.
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Sensor Pressure

Inlet Pressure

Jar Pressure

Figure 427 Areas of interest for pressure feasibility testing

Similarly with the feasibility experiment of the lid shaft, to make sure no
accidental deformation or failure will occur to the protetygluring experimentation the
use of simulation software is used. Simulated data is taken to compare the elastic limit of
our 440C stainless steel to the subjected pressure forces on the jar, lid, inlet and pressure
sensor. By using a range @essurezalues we can have an estimated limit for testing
purposes that will ensure no accidental damage will occur to our protutybethese
values we can find the area of weakness due to pressure which can also be useful for

future improvements or redesigns.
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' Hydraulic Pump to '\ =
Increase Input Pressure /! Valve Control Hydrogen Gas
{ . 4 Supply

Hydrogen Gas to
Inlet of Jar

Figur 4317 IIIQstration of pressure feeding system used for testing
The last of the feasibility experiments is to test bolt placement to confirm if the

evacuation process can be done withdésigned specifications. Therenis chance of

deformation or failure due to the evacuation process due to the low amounts of suction

involved so no simulated data is needed.

/i

Figure 4471 lllustration of evacuation system used for testng
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Bolts Used to Keep Li
om Sealing Inlet Holg

Attached

Figure 457 Labeled assembly for the evacuation experiment

The evacuation process is important for it insures the jar does not contain air or
any foreign particles that might interfere with future experimental data such as

hydrogenation values of magnesium due to contamination.

From the illustration it can be se#hat the jar has 8 bolt locations while the lid as
12, this was designed with the intention of using the 4 unassigned lid holes for bolts that
will hold the lid in place while the evacuation process takes place using the vacuum

apparatus.
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The experimetal testing is centered on a simple concept. When a gas is absorbed
into a solid, assuming a sealed volume, a measurable pressure drop will incur. This
pressure drop in addition to the knowledge of volume density of the gas can be correlated
to the amounof gas that was absorbed into the solid, this also assuming that enlargement

of solid is negligible.

With the use of the pssure sensor on the prototype wvhijlrogen gas and
magnesium oré the sealed jawe can design a hydrogenation rate experirbas¢d on

varied pressure inputs during the planetary milling process.

Figure 467 Completed prototype before heat treatment

With the data acquired through the data logger we can reach a conclusion based
on pressure and tempenaueadings if high pressure values do indeed influence

hydrogenation rates of magnesium powder.
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