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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 prototype has 

been designed to work in conjunction with a ball-milling apparatus in experiments 

dealing with the infusion of hydrogen gas into magnesium powder in order to form 

magnesium hydrides. The 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 of relaying 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 within the 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 

machinability 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 testing. In addition to this, extensive testing was carried out to find the maximum 

acceptable pressure range for the shaft and the vial itself.  An analysis of the testing 

results proved the feasibility of the design for real world application and future 

optimizations of the design. 
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1. Introduction  

1.1 Problem Statement 

 Billions of todayôs research dollars are dedicated towards the study of alternative 

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 experiment that will analyze the 

use of a Planetary Ball Mill to induce Mechanical Alloying of Hydrogen with that of 

Magnesium Powder through the use of Mechanical Milling. Planetary ball mills are 

usually smaller than the more common commercial ball mills and are mainly used in 

laboratories for grinding material grain to a smaller size. Mechanical Alloying is the 

process of utilizing a high-power ball mill, such as a planetary ball mill, to repeatedly 

fracture and re-weld metallic particles to induce unique properties. Mechanical Milling is 

the process to reduce particle sizes to a micro level. 

 Magnesium Powder is ideal for its Hydrogen absorption capacity (7.6wt %)
[1] 

while also considering its low cost, large supply, non-reactivity in standard environments, 

and the fact that itôs easy to work with. 

 The apparatus is a ball milling jar designed with integrated sensors to measure the 

affects pressure and temperature has the Hydrogen absorption capacity of magnesium 

powder as it is alloyed with Hydrogen to form Magnesium Hydride (MgH2). We will use 

mechanical design methodology conforming to ASME and similar standards in 

conjunction with simulation and mathematical techniques to design a milling jar that can 

handle an internal pressure of up to ~100 Bar (1450.38 Psi) in a safe and reliable manner. 

 We will also be using knowledge of heat transfer and mechanics of materials to 

properly interpret sensory data of temperature and pressure to draw conclusive 

implications that pressure and temperature 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 
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for planetary ball milling. A planetary ball mill is a system that has a grinding jar which 

is center-aligned on a sun wheel. The movement direction of the sun wheel is opposite to 

the jar.  The grinding balls in the Jar are subjected to rotational movements that are 

superimposed by the rotation of the system. The difference in rotational speed of the jar 

and balls produce an imbalance between friction and impact forces, which leads to the 

release of large amounts of energies. The relationship between these balances of energy 

produces an 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 

pressure and temperature differentials. The vessel not only has to be able to contain 

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 such a design is to measure the temperature and pressure 

differentials as the ball milling takes place. We will be using hydrogen as the pressurized 

gas medium in conjunction with magnesium powder as the powder source to be milled. 

During the milling process the pressure will decrease due to the loss of hydrogen. This is 

due to the milling process which induces magnesium powder to be infused with 

magnesium powder due to chemical reactions. With the data attained by the sensors, we 

can substantiate how much hydrogen was exactly infused.  This is not the only 

application to this design; there is a vast array of metallic/non-metallic powders that can 

be used with various gases for different purposes. 

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

The 20th century thrived on fossil fuels and rightfully 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 of before the advent of fossil fuels. In comparison, 

wood, which was the most popular means of energy predating fossil fuels can release up 

to 20 Mega Joules per Kilogram of 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 this energy source. Another factor that should be taken into consideration is 

that fossil fuels are of finite sources. Viable alternatives should be identified and pursued 

if not for the betterment of mankind then for the ability to access viable fuel sources 

besides the fossil verity.  

The fuel source of interest is hydrogen. Hydrogen, just as gasoline, has a 

favorable energy density balance when prepared properly.  

The current issue with using Hydrogen as a viable fuel source is that it is 

extremely difficult to store and transport. A route of interest that we have taken is to 

embark upon is the use of chemical compounds to store, transport and use hydrogen as a 

fuel source of the future. 

 The results of this experiment are important for they can be used to 

calculate how much hydrogen will be released as the Magnesium Hydride (MgH2) is 

heated.  If the results are positive then the method of hydrogenation of Magnesium into a 

Hydride can assure a viable method of the storage and use of Hydrogen. 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 there 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 reliable
 [1]

.  Magnesium alloys are the 

current front runners for solid hydrogen storage because of its high capacity (7.6 wt. % 

for pure Mg)
[1]

. 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 

the high impact energy of the milling balls as well as the heat generated from the ball 

milling process. 

 
Figure 2 ï Planetary ball mill that will be used with our design

 
[10] 

 

 Researchers at South China University of Technology have found that even with 

varied ball to weight product ratio, milling time and rotational speed in conjunction with 

varied vessel pressure, that a temperature of 300
o
C

[1]
 is the optimal activation 

temperature. The ball to weight product ratio refers to the total weight of the grinding 

balls in relation 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) occurs. Their findings also revealed a hydrogenation - dehydrogenation 

rate of 70%
[1]

. A hydrogenation ï dehydrogenation rate is the percentage of hydrogen that 

is released after the hydrogenated material is exposed to the necessary activation 
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temperature. The experimental values used in their experiment were as follows: Pressure 

at 3.7 MPa, rotational speed of 250 revs/min, ball-weight ratio of 20:1 and 90 minutes of 

milling time
[1]

. In comparison, our experiment involves a milling time and pressure value 

of up to 20 hours and 10 MPa respectively. 

 The need to optimize for the best weight ratio of ball to powder, size of the 

grinding balls and amount of are all very important to yield accurate results. Guangdong 

University of Technology employed the powerful Tanguchi method to analyze the 

variance of results through many experiments to optimize each of the deciding 

experimental variables. The Tanguchi method developed by Genichi Taguchi mainly 

used is to study and interpret variance. The deciding experimental variables refers to the 

controllable inputs of the system. Their study found that a ball to weight ratio higher than 

15:1 can improve the efficiency of the grinding process
[2]

. It was also found that a larger 

volume of magnesium alloy and 10 hours of ball milling can improve efficiency of the 

process
[2]

.  

 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 impact energy of the 

grinding balls, could optimize the ratio. The 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 experiment. Through the use of the DEM simulation, 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 material
[3]

. In their experiment, 40% of the jar 

volume was occupied by grinding balls and a powder sample of 0.150 kg was used. The 

motions of the balls were simulated for 3.0 seconds
[3]

. Their findings showed that an 

increase to the rotation-to-revolution speed ratio will increase the impact energy of the 

grinding balls
[3]

, thus improving the efficiency of the process. It was also noted that 

through use of a derived equation,  

  
[3] 
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that a critical speed ratio for effective milling can be found with r  representing 

the critical speed, R representing the radius of the sun gear and lc representing the jar 

radius subtracted by the milling ball radius. Therefore, increasing the rotation-to-

revolution speed ratio is effective up to the critical speed ratio where the system 

exponentially becomes inefficient. Below is a visual representation of the variables used 

in the critical speed ratio equation.  

  

Figure 3 ï Visual representation of a planetary ball mill with noted variables for the critical 

speed ratio equation 

 

 It has already been noted that 300
o
C is an optimal temperature for the activation 

process; Researchers at Warsaw University of Technology explored the option of using 

catalysts with Magnesium alloy to optimize the activation process. They did this by 

investigating the catalytic effect of Nb2O5 and Cr2O3 on the hydrogenation -

dehydrogenation rate of Magnesium Hydride (MgH2) 
[4]

.  Catalytic refers to the process 

in which a substance can increase or decrease the rate of a chemical reaction. Their 

experiment involved the use of prepared Magnesium Hydride (MgH2) with 10wt% of 
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Cr2O3 in one trial, and 10wt% of Nb2O5 in another. A sample of 100 mg was used during 

each trial with a temperature of 300
o
C or 325

o
C 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 towards the enhancement of 

the hydrogenating properties
[4]

. 

 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 energy transferred from the milling process to the powder particles. 

Their findings reinstated to importance of rotation-to-revolution values
 [5]

. Out of the 

various parameters in the planetary ball milling process, it was found that the rotation-to-

revolution values are the most significant parameters in ball milling
 [5]

. The researchers 

also noted that a much higher value of pressure within the vessel does not ensure better 

results with the energy transfer of the system
 [5]

. Although our designôs main focal point 

is the variation of pressure to understand its correlation to Hydrogenation properties, it 

should be noted that the Indian Institute of Technologyôs findings concluded that pressure 

had no effect on the kinematics and not that of the absorption wt% of powered 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 how to properly optimize 

the system for commercial use
 [6]

. The researchers noted the various commercial 

possibilities for pressurized ball milling. Extractive metallurgy, crystal engineering, coal 

industry, building industry, agriculture, pharmacy and waste management are some of the 

few viable commercial applications
 [6]

. 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 configuration to yield desired 

properties based on the utilization of molecular interactions.  They noted that using 

traditional planetary ball milling procedure was not the optimal method to commercialize 

the process
 [6]

. They developed a way to use the planetary ball mill in a continuous 

fashion to allow for a faster, more efficient milling process. 
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Figure 4 ï Flow sheet for the design of a planetary ball mill running continuously 

 

 By examining the flow chart above designed by the Institute 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 course and fine powders. When course 

powder is identified, it is re-fed 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. The un-usable powder is subjected to a fanning 

process while the usable powder is deemed as the ready product. 

The chemical department of Univerista degli studi di Calgiari studied the aggregation that 

powdered metal alloys experience during the milling process. Aggregation refers to the 

attraction of forces utilizing the Van Der Waals forces. Van Der Waals forces are the 

forces between molecules, being attractive or repulsive. They found that when particle 
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sizes are milled to a value smaller than 1 µm that aggregation starts to take place which 

induces the breakage phenomenon
 [7]

.  Breakage Phenomenon refers to the instantaneous 

deregulation of a molecular system. The mathematical representation of the breakage 

phenomenon is a popular research area yet as of now is far from being achieved. The 

findings of the study showed that the breakage phenomenon is directly related to the 

properties of the material subjected to the planetary ball milling process
 [7]

. The 

researchers utilized a mathematical technique based on the Population Balance Equation 

(PBE) to simulate the system. The population Balance Equation is used to define how 

separate populations develop over time when subjected to specific conditions. They 

found by using a two population approach for the metallic powder and the aggregates that 

a representative simulation of the planetary ball mill grinding process can be achieved
 [7]

. 

They were able to predict the impact frequency of the system which can be correlated to 

the aggregation rate of the fine powder
 [7]

. 

 It has been proven that 80% of energy generated in the process of planetary ball 

milling is converted to heat
 [8]

. Researchers at the Universiti Teknologi Mara saw this as 

an opportunity to optimize the modeling of the grinding jar and ball motions to increase 

the efficiency of the process, being that only 20% of the remaining energy is utilized in 

the hydrogenation of various metallic ore
 [8]

. The researchers mentioned the critical speed 

constraint being that if the critical speed is breached that rolling would occur instead of 

the needed tumbling motion. 
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Figure 5 ï Visual representation of the planetary ball milling process at critical speed (left) 

and when critical speed is breached (right) 

 

 

 It is clear from the visual representation 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 between the milling balls and between the milling balls with the jar. 

The non-optimal dynamic shows the rolling phenomenon. The rolling phenomenon refers 

to the kinetic movements of particles within a cylindrical system that rotation in a rolling 

fashion against the cylindrical wall of the system. With the rolling phenomenon, the 

metallic powder builds up to one side of the jar with limited Dynamic interactions
 [8]

.  

 The last journal of interest comes from the School of Engineering in the 

University of Wales Swansea. The researchers at this university devise an experiment to 

compare the varied methods of ball milling including the SPEX Shaker mills, planetary 

ball mills and attrition mills. SPEX 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 particle-to-particle collision that results in 

agglomerate break up or particle shearing). 
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 The method of approach taken by the researcherôs primarily deals with the 

discrete element method (DEM) as described in a previously mentioned journal. The 

main objective though is not on the effects of rotation-to-revolution speed ratio but on the 

simulation of the planetary ball milling process as a whole
 [9]

. To simplify the system a 

local model of the planetary ball mill was used to investigate the weight of influence of 

metallic power on ball impact. Local Model refers to the simplification of a model for 

simulation techniques. 

 
Figure 6 ï A local model approach using the DEM method to simulate the planetary ball 

milling system 

 

The motivation for such a simulation arose from the fact 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
 [9]

. By utilizing the DEM simulation model with current computer capacities, one 

can simulate the entire ball milling process in a matter of seconds
 [9]

. This 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 goals are feasible. It should also be noted that 

the problem statement and the journal findings are in line with our motivation for the 

project.  

 By using aforementioned findings by some of the fields leading researchers, we 

can simplify our problem statement considerably. Through the use of the critical speed 

equation we can be assured that the rotation speed we will be using for 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 utilization of 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 experimentation. This 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 in certain journals is the optimal activation 

temperature. Through the use of the optimal activation temperature, 300
o
C, we 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 powder optimum 

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. Thus the results 

of our experiment would be replicable and valid. 
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2. Project Formulation  

2.1 Overview 

 Given the current need for cleaner alternative fuels due to rising C02 levels 

throughout the world, this project was formulated to aid in research that will lead to the 

development of ñgreenerò fuels. Currently the auto industry is experiencing a paradigm 

shift, where previously used modes of operation with respect to fuel are no longer 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 project 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 a major 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 gas. Specifically 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 safety concerns during usage, transportation, etc. By 

designing a pressure vessel that has temperature and pressure sensing capabilities, it then 

becomes possible to monitor the reactions that take place during a ball milling process 

that is used for hydrogen infusion. By analyzing the data it and tweaking certain 

parameters involved in the milling process, a more efficient form of hydrogen infusion 

can be developed. Thus it will be possible to ascertain if hydrogen infusion is a cost 

effective and efficient way of storage hydrogen as a fuel. 
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2.2 Project objectives 

We have chosen to concentrate our effort on only on particular area (ball-milling), 

while at the same time understanding that the design process involves a broad scope of 

engineering knowledge not limited solely to mechanical engineering. 

 We have focused solely on improving the ball-milling technique in order to gain 

ground with the hydrogen infusion process. In order to improve the ball-milling process, 

it is necessary to be able to gather quantifiable data 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 of communication for relaying pertinent data electronically 

in order to do an in-depth analysis and plan accordingly. 

 This design involves a very broad range of engineering disciplines, and is 

particularly useful for gaining experience because it covers the whole range 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 drafting design plans 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: 

I. To design a pressure vessel for use in ball-milling 

a. To include pressure and temperature sensors in the design 

b. To find a means of relaying data electronically for analysis 

II.  To draft design plans while taking design constraints into consideration 

a. To carry out necessary force and structural analysis in order to ensure 

safety 

b. To draft design drawings that will be suitable for use by a machinist 

III.  Assemble prototype and conduct preliminary testing of components 

IV.  Conduct hydrogen infusion experiments base upon previous research and 

conjectures 

V. Analyze results and formulate conclusions 
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2.3 Design 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 designed. It is understood that a great part of the ball-milling machine design is 

dependent on the volume enclosed in the ball-milling jar.  

 Nevertheless our project requires that the pressure vessel have temperature 

sensing capabilities. This then requires the use 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 indicates that a certain 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 components also 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 pressure and temperature 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, which includes 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 locally. This rules out 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 the 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 jarôs life 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 Planetary Ball Mill 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 height-wise, as can be seen from our figure 2 

il lustration. 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 the lid. 

 Also, we are limited width-wise 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 100 posses 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 accurate temperature readings 

necessitates the use of some sort of temperature sensor. From our meetings with our 

faculty advisor, it was ascertained that the milling jar would be operated under a wide 

range of temperatures, with the minimum and the maximum being around -30° C 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. Also the pressure input must be 

designed in such a way that it will allow for pressure input according to the method 

currently used by the researcherôs currently conducting experiments. 

 The atmospheric conditions inside the pressure vessel will vary from experiment 

to experiment. Thus, it is necessary to have the pressure vessel machined out of a 

material that has substantial anti-corrosive properties.  
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2.5 Discussion 

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 which a company 

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 great amount 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 time in 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 be rated for such 

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 material. In addition, 

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 testing 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 prove useful 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 were numerous. Problems in this fashion seldom have 

single solutions, yet alternatives have to be examined in order to select the best possible 

approach given the restricting parameters of time, cost, knowledge, and accessibility. It is 

for this reason that a 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. 

3.2 Design Alternate 1 

A different approach taken towards developing an efficient 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 to be increased in volume significantly 

in order to house the respective electronic wireless components.  

 Design alternative 1 allows for onboard wireless sensors to read, transform, and 

transmit data through radio signals on a real time basis to a nearby computer that can 

interpret the data and represented in a visual manner to the user. Reselected sensors for 

operating temperature and pressure fluctuations convert measurements as empirical data 

into analog voltage signals with a 0-5 volt range. Through the use of a Data Acquisition 

Module, emitted signals by the sensors are converted into useable information as analog 

signals are converted into digital signals. A Data Acquisition Module is a device that 

receives data in the form of signals/waveforms to convert into usable information. Digital 

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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3.3 Design Alternate 2 

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 make fitting 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 the jar for 

inputting pressure. In 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 

pressure input hole 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 different directions. 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 

pressure vessel would no longer have to be able to withstand 

compression from a hydraulic press. However, this 

would make pressure sensor, temperature sensor, 

data acquisition model, and 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 of the 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 components (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. 

Figure 8 - Two way valve 

Figure 7 ï Side pressure input  
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3.4 Feasibility Assessment 

-Design Alternate I -  The first design basically consists of a pressure 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 ensure real-time readings. However given 

that ball milling operations last a couple of hours (nominally 4-5 hours, dependant on 

application), the usefulness of 5 hours of real-time readings is minimized. Unless there is 

a particular ball milling process which requires careful monitoring of the process to make 

real-time 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 significant 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, which would translate into more time in addition to the 

mechanical design. 

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

inputting pressure into the vial. Valves were proposed as substitutes for the current 

system. The benefits of 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 system 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 III - The basic premise of the third design is to use the current 

pressure input system and 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. data-logger, battery, etc). However it becomes 

apparent that any 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 misalignment ruled out using this option. 
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3.5 Proposed Design 

Our proposed design that was manufactured into a prototype involves the use of a 

data logger, a circuit temperature sensor, a pressure sensor, a high pressure O-ring, 9-volt 

battery and the manufacturing of a specially design jar and lid system. Our 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: 

 Model OM-44 Nomad Family data logger 

 AS3578-230 (2-1/2 ID X 2-3/4 OD X 1/8 W) O-ring 

  ETM-375 (M) SERIES  5 VDC OUTPUT (5000 PSI) pressure sensor 

 LM35 temperature sensor 

 Specially manufactured jar and lid 

 

 
Figure 9 ï Simulated visual of proposed design using solid works 
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The design was limited to many constraints prior to the design process as 

previously mentioned. This design is able to accomplish its intended purpose while 

meeting budget constraints. 

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 9-Volt battery securely at designated 

locations. 

 Interconnect the sensors with the data logger and the 9-volt battery. 

 Input the predetermined magnesium powder and grinding balls into the 

jar. 

 Use the 4 predetermined bolts to keep the lid slightly elevated to expose 

the pressure intake/out-take hole. 

 Use a powerful pump to remove air from the jar using the intake/out-take 

hole, process can take up to 2 hours. 

 Lower lid slightly to cover intake/out-take hole. 

 Attach a pressured canister of Hydrogen Gas to intake hole. 

 Raise the lid slightly but this time use a powerful hydraulic clamp to keep 

the lid from detaching from the jar. 

 Input Hydrogen into the jar, up to 1450 Psi. 

 Use the hydraulic powered clamp to close the jar. 

 Use the 8 predetermined bolts to keep the lid sealed. 

 Place the prepared jar into the Planetary Ball Milling device. 

 Run the system at critical speed for up to 24 hours. 

 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 at Florida International University main campus.  
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3.6 Discussion 

There is no one sequence of specific steps that would lead a team of engineers to a 

workable design.  

The design process usually starts off with the exploration of alternative system 

designs that could solve the problem at hand. When the best alternative is reached, the 

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. 

 Each step 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 design is to explore various 

engineering handbooks available such as the handbook on high-temperature 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 process becomes easier with 

experience.  

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

 The Recognition of a need 

 The definition of the problem statement 

 The data collection and gathering information 

 Conceptualization 

 Study and Evaluation 

 Communicate the end results of the design 
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Figure 10 ï Flow chart of the engineering design method 

 

 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 

undertaken 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 to current 

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 statement that 

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 of specific tasks between team members, organization of work and timeline, 

breakdown of responsibilities and the commercialization of the final product.  

 

Figure 11 ï 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 is Dr. Chen; 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 

that was detailed enough for the manufacturing process, Ahmed Al-Bahar was in charge 

of this assignment.  

Tasks were then broken down by the members of our group. Jimmy Sandoval and 

Ahmed Al-Bahar were responsible for the ordering of the parts while all three members 

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 place. 

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

manufacturing plant, this done by Ahmed Al-Bahar. 

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

manufactured parts by correctly assigning tolerance 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 1 ï Gantt chart with the different t asks outlined and the estimated length of each task 

 

ID Task Name Start Finish Duration
Mar 2009 Apr 2009 May 2009 Jun 2009 Jul 2009 Aug 2009 Sep 2009 Oct 2009 Nov 2009

3/1 3/8 4/5 5/3 6/7 7/5 8/2 8/9 9/6

1 2d2/13/20092/12/2009Selection of Project

2 11d2/27/20092/13/2009Background Research

3 3d3/4/20093/2/2009Design Restr ictions Set

4 30d4/16/20093/6/2009
Preliminary Design of 

Pressure Vessel

5 21d5/15/20094/17/2009Design of lid

6 22d6/15/20095/15/2009Design of Jar

7 20d7/10/20096/15/2009Selection of Sensors

8 23d9/11/20098/12/2009
Testing lid for  adequate 

housing of sensors

9 13d10/7/20099/21/2009
Testing vessel under  

extreme Environments

10 10d10/23/200910/12/2009
Testing the sensors and 

their  parameters

11 7d11/13/200911/5/2009
Data Acquisition from 

prototype

12 3d11/18/200911/16/2009
Var ious Exper imental 

Adjustments made

13 3d11/20/200911/18/2009Data Acquisition

14 2d11/23/200911/20/2009Data Results

15 6d11/30/200911/23/2009Conclusion
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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 Al-Bahar 

Roger Garcia 

Jimmy Sandoval 

 

Breakdown of Responsibilities: 

Ahmed Al-Bahar was involved with the preliminary literature 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 for the final design of the pressure 

vessel with the jar and lid. He was also in charge of simulating the system to 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 responsible for the 

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 Garcia was also involved with the preliminary literature survey 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 temperature sensors 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 Sandoval was 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 

responsible 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 patent protection. The 

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 filed up to 12 months 

after the 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 required that any 

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.  

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

identifies the follow: 

 the patent application; 

 all inventor names; 

 all inventor addresses; 

 invention title; 

 attorney name and registration number if applicable; 

 mailing address;  

 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 encompass the process 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 product for the long-term, 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 customer base and explore your funding options early; no 

consumer base, no product.   

The first step to commercialization is to answer the famous, ñWhen, Where, To 

Whom, How?ò  

The timing of a product release is of upmost importance. Too soon and you might 

be releasing a subpar product, too late and you have already been beaten by the 

competition. For our product I feel that after our November 30
th
 deadline 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 appeal to? Our product has a wide range 

of appeal spanning many industries. Education, Laboratories, Pharmaceutical companies, 

Coal Industry, waste management sector and even the military can all benefit from our 

design
1
. 

Deciding ñwhereò to launch the product and ñhowò would be relative to our 

proposed marketing budget. 

                                                           
1
 The spanning of many industries was mentioned in detail with-in literature survey 
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It should be assumed that about 10% of the marking budget comes from investors, 

10% from potential buyers and the remaining on a bank loan credit line. The assumed 

total marketing budget is set at $180,000. This budget will cover the initial batch of 60 

jars which runs at $80,000, with advertising and market which covers the remaining 

amount. The market value of each jar should run at $5,000 dollars, giving a total income 

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

 

 

 

 

 

 

 

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 2 months. Below we investigate the actual cost of such a loan over a 2 month 

period is, 
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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 years) yields, 

 

 

 

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, 

 

 

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 

start-up costs. In our case the initial investment on advertising served 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 customers. Once 

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 most important 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 graduated 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 spending an exorbitant amount of time on every 

detail of the design, which were unnecessary 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 of discussing ideas with professors and mentors.  

An example was the design of our first discarded prototype. We were utilizing 

radio frequency chip sets suggested to us by a graduate Electrical Engineer. As 3 

Mechanical Engineers with limited knowledge in Electrical Engineering, we spent 3 

weeks learning the ins and outs of the device and all the associated components. After 30 

lab hours of excessive trouble shooting, we got the radio signal to transfer properly from 

the milling jar to the computer. It then came 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 require time extensive reprogramming. It also came to our 

attention that the power needed to power the remote radio 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 management is all 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 ball milling 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. 

Figure 12 ï Kinematic motion of the planetary ball milling system through a single rotation 

cycle 
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Figure 13 ï 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 velocity. 

 

 

 

 

 

The height of the ball in relation to the motion of the system can then be 

correlated through equation, 

 

 

 The milling ball height is an important calculation as a checking system 

since our process has a constraint on internal height of the jar, therefore if óhô exceeds the 

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, 

 

 

[5]
 

 

 

 

 

 

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

collision can be simplified with, 

 

 

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 numerical simulation for accuracy.  

With that value and considering the finding that 80% of milling energy is 

converted to heat
 [3]

 and the idea that collision energy between two masses is an inelastic 

process with the majority of energy converted to heat, one can estimate 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 be validated. 
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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 can be correlated to an equivalent fluid spring constant. 

 

Figure 14 - System Analysis of Equivalent Hookeôs Constant 

The system works as an adiabatic process where the relation concerning pressure, 

volume, and the specific heat ratio are expressed in the following thermodynamic 

expression, 

 

By differentiating the relation we obtain, 

   

Solving for ȹV,    

Relevant equations for the system include Hookeôs Law, change in force with 

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

Using   
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We obtain,   

By plugging in the obtained equation for change in volume we get, 

   

Solving for k yields the equivalent spring constant, 

   

 

Table 2 ï Dynamic analysis nomenclature 

Pressurization System Analysis Nomenclature 

P  Initial Pressure Within Jar  

V Initial Enclosed Inner Volume 

K Equivalent Spring Constant 

A Contact Area 

ȹX Change in Distance 

ȹP Change in Pressure 

ȹV Change in Inner Volume 

ɔ 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 predict how the 

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 is the 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 corrosion resistance chart for volatility analysis. 

Table 3 ï Reactivity table of 440C stainless steel with various elements 
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 From the table above it is clear that our selection of 440C Stainless steel was ideal 

for the corrosive level 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. 

 

 
Figure 15 ï 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 the jar and the 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. 



49 
 

5.4 Force Analysis 

Pressure Vessel and Bolt Analysis 

  
To find bolt tension P 

 

     Where   

Individual Bolt Tension 

 

Where               

 

 

For 8 bolts 

 

Bolt Length  

 

 

From Table 8-1                        

 

From Table 8-7 

 

 

 

 

Define        (Length of useful unthreaded portion) 

 

 

Equation 8-23 

 

 

 

Equation 5-30 

 

Loading Factor  
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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 by performing 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 thick-walled or thin-walled 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: 

 

 If the ratio is less than 1/10, then the cylinder must be treated as a thin- walled 

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 analysis of a 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 vial will have stress in the radial direction ůr and in the 

circumferential direction ůc. Also when looking at the pressure from a side view, an axial 

stress ůa becomes apparent.  

 

Figure 16 - Thick walled pressure diagram 
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Formulas for the previously mentioned parameters are as follows: 
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By using the following parameters, it is possible to calculate the above stresses in order to 

determine the viability and safety of the design: 

Table 4 - Thick-walled parameter values 

Variable Meaning (Units) Value 

ri Inner Radius (m) .06985 

ro Outer Radius (m) .09525 

Pi Inner Pressure (MPa) 12.159 

Po Outer Pressure (MPa) .10 

ɡ Poissonôs Ratio .3 

E Youngôs Modulus (GPa) 200 

The resulting stress values are as follows: 

Table 5 - Cylinder stress values 

Parameter Value Units 

Max Circumferential Stress, ůc 40.0194 MPa 

Max Radial Stress, ůr 12.159 MPa 

Axial Stress, ůa 13.9302 MPa 

Increase in inner radius, ȹri 15.2507 10
-6

m 

Increase in outer radius, ȹro 13.3304 10
-6

m 

Increase in axial length per length, ȹL/L -41.7905 10
-6

m/m 

The yield strength for 440C stainless steel is about 448 MPa. Beyond 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 been overdesigned. 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 

When selecting 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 able to withstand temperatures ranging from -30° 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 milling, more commonly known as jars, is the following: 

 Hardened Steel    

 Stainless Steel    

 Tungsten Carbide     

 Agate        

 Sintered aluminum oxide  

 Zirconium oxide 
 

Table 6 ï Material property t able 

 

 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 the structural design, with higher strengths allowing for thinner components.  

 

Young's Modulus  Rigidity Modulus Bulk Modulus Poisson's Ratio 

 

GPa GPa GPa 

 Tungsten Carbide 534.4 219 319 0.22 

Hardened Steel 201.4 77.8 165 0.296 

Stainless Steel 190-201 74-86 166 0.25-0.29 

Zirconium 98 35 89.8 0.38 

Aluminum 70.6 26.2 75. 2 0.345 



53 
 

 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 stress 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 our intention 

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 pressure is introduced 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 exposed to high 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 criterion. 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 reviewing 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 this project. 

 

Table 7 - Material properties of AISI 440C stainless steel 

Thermal and Mechanical Properties of AISI 440C Steel 

Density (lb/in³) 0.281793 

Elastic Modulus (lb/in²) 29000000 

Poisson's Ratio 0.285 

Tensile Strength (× 10^5  lb/in²) 1.39961 

Shear Modulus (× 10^7 lb/in²) 1.2328 

Thermal Conductivity (× W/m-K) 37 

Specific Heat (J/kg-K) 460 
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5.7 Design Based on Static and Fatigue 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 

chemical 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 temperature 

ranges would not exceed significant elevated values, whilst operating pressure ranges and 

the produced tangential, longitudinal, and radial stresses were established to be a main 

issue toward static vessel failure prevention.  

By previous deduction it was pre-determined that a thin-walled
2
 pressure vessel 

would be unable to safely operate under the determined pressure scale. This resulted a 

design of a thick-walled
3
 vessel jar that would be able to provide stability, as well as meet 

safety and cost-efficient standards.  Due to the high pressure input to the jar which causes 

the lid of the pressure vessel to be subjected to high internal operating pressures, its 

design requires a  planned precision to meet safety requirements whilst able to meet 

functional requirements. 

            A foremost factor towards operational subjugation by the pressure vessel was 

previously established as pertaining to fatigue. Ball milling processes under which the 

pressure vessel will operate are bound to maintain steady processes that can reach several 

hours, in addition, repeated ball milling cycles for which the pressure vessel will function 

are expected to be numerous as well. In an effort to diminish potential fatigue failure by 

                                                           
2 Thin-Walled pressure vessels are those which radius I larger than 5 times its wall thickness. 

3
 Thick-Walled pressure vessels are those where the thickness of the wall is greater than one-tenth of the 

radius. 
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the vessel, additional detail was put into prevention 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 the vessel design as 

subjected to determined parameters and specifications, mathematical/software 

simulations were carried out under such design specifications.  

A complete model was created and analyzed through the software application 

Solid Works. Corresponding pressure values, equivalent forces, and respective restraints 

were applied were ideal in an effort to replicate and simulate the real-life model 

experienced by the designed vessel.  

Through the relevant studies, both the lid and jar of the vessel were examined by 

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 over-defining the design of the 

pressure vessel itself. Stresses brought upon by the elevated operated pressure ranges are 

directly 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 the corresponding maximum pressure and restraints in order 

to approximate as close as possible probable deflection by the vesselôs material.  
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5.9 Component Design/Selection 

The component design process was taken care of by using the CAD software 

Solid works. There were two main components that needed to be designed, the jar and the 

lid. 

 
Figure 17 ï Jar design  

The design focus of the jar included the consideration of bolt placement, jar 

height, jar thickness and input pressure location. 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 18 ï Lid design 

The design focus on the lid included the matching of bolt placement with the jar, 

lid height, thickness of supporting safe, O-ring 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 

temperature. 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 

accuracy to aid us in calibration and for general temperature 

readings. However, considering thermal couples led us to 

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.  

 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 order to use them we would 

have to set up a simple electrical circuit. While we 

were not against building a simple circuit, we desired 

to explore all of our options, given that it would be 

very likely that our list of components would increase 

greatly by the completion of our project. We desired 

to keep things as simple as possible in order to avoid 

difficulties in troubleshooting later on. 

 As can be seen from figure 19, a typical 

thermistorôs configuration would prove 

problematic in the long run, given that it would 

require a circuit with various resistors and a 

power source. All these components would take 

up considerable space on a lid that is already 

overcrowded with components. Wiring all these 

connections in a small enclosed space would be 

quite difficult indeed. 

 

Figure 19 - Thermocouple 

Figure 20- Thermistor Circuit  

Figure 21 - Thermistor  
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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 find a solution 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 protecting if from 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 most viable 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 source. By connecting the input 

voltage and the ground to the outside pins, 

all the necessary connections can be made. 

The middle pin provides a voltage output that 

can be used to obtain a temperature reading. 

  

The LM35 also comes in several different configurations; these were all examined 

in order to procure an optimum design. There are four different options for packaging. 

The one to the left is a T0-92 plastic package, which is suitable for breadboard use. A 

sturdier packaging is available in the form of the TO-220 package (Center). However, 

such a package is quite sizable when compared to the previous packaging mentioned. The 

SO-8 small outline molded package (Right) is also available; this can be used in a bread 

board environment as well. 

 

 

 

 

 

Figure 22- LM35 Temperature Sensor T0-

92 Plastic Package 
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Final Temperature Sensor Selection 

 Out of all the possible options for the LM35 temperature sensor, the TO-46 metal 

can packaging was chosen. The TO-46 is arguably the most compact form of the LM35 

sensor, allowing for straightforward placement in the lid without taking considerable 

amounts of space. The dimensions are presented in inches (millimeters) in figure 12. The 

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 the 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 can package. By 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. And given that 

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

transfer of heat in order to minimize inaccuracies when 

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

the best option for the prototype when taking into account design 

constraints and goals. 

Figure 23 - LM 35 Dimensions 

Figure 24 - LM35 TO -46 Metal Can 

Package 
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Component selection as previously mentioned includes the purchasing of the 

following components. 

 LM35 Temperature Sensor 

 AS3578-230 (2-1/2 ID X 2-3/4 OD X 1/8 W) O-ring 

 Model OM-44 Nomad Family data logger 

 Ultra-Hard Wear-Resistant Stainless Steel (Type 440C) 

 ETM-375 (M) SERIES  5 VDC (5000 PSI) pressure sensor 

 9-Volt Battery 

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

range from -10
o
C to 140

o
C with very low power consumption and size. 

 We designed the lid with the intention of using the above mentioned O-ring. The 

specifications fit our design and can handle pressures of up to 100,000 Psi. Giving is a 

factor of safety for the O-ring in our intended use of above 6. 

 The OM-44 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 OM-44 has its own battery source, can store more than 7000 

data points 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 sensor fit our specifications by being compact enough, able to relay 

pressure readings of up to 5000 Psi and having moderate power consumption. 

 The 9-volt battery was a solution to a problem we were having when we were first 

started the design process. Powering 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 the ability to adjust design parameters to solve the problem. 



61 
 

 5.10 Finite 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 differential and integral 

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 

Euler
4
 or Runge-Kutta

5
 Method.  

There are many software solutions available 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 cosmos add-on. 

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

 
Figure 25 ï Meshing of the lid using cosmos works 

 

 

 

                                                           
4
 Euler Method is a numerical method to solving ordinary differential equations (ODE) 

5
 Runge-Kutta iǎ ŀ ƴǳƳŜǊƛŎŀƭ ƳŜǘƘƻŘ ƻŦ ŀǇǇǊƻȄƛƳŀǘƛƴƎ h59Ωǎ 
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Figure 26 ï Setting up the lid for relevant FEA analysis 

 

 The above set-up is to simulate 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 characteristic 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:  

 Pressure set at 1500 Psi 

 Top face force set at 3600 lbs 
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Figure 27 ï 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 can 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 hydraulic clamp to 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 works 

 
Figure 29 - Setting up the jar for relevant FEA analysis 

 

The above set-up 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:  

 Pressure set at 1500 Psi 
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Figure 30 - Factor of safety analysis 

 

The above results show that for the subjected forces the pressurized canister of 

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 lead to an 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 to safely operate 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 opening to be able to either go about 

the evacuating or the pressurization process of the system. 

 

 
Figure 31 ï Identifying point of interest for the evacuation/pressurization process  
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Figure 32 ï Zoomed in view with labeling of a closed lid system 

 

 As seen from the image above with the assembly in a closed position, the O-ring 

is situated below the gas input shaft point, effectively sealing the jar from gas entering or 

leaving the system.  

 
Figure 33 ï Zoomed in view with labeling of an opened lid system 

 As seen from the image above with the assembly in an open position, the O-ring 

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 acquisition and relevant electronic components implemented into the 

design, manufacturing process, and tools used. 

Table 8 ï Cost analysis breakdown 

Expenditure Unit Price Units Purchased Total  

LM35 temperature sensor $0.64  4 $2.56  

AS3578-230 (2-1/2 ID X 2-3/4 OD X 1/8 W) O-ring $0.75  5 $3.75  

Model OM-44 Nomad Family data logger $65.00  1 $65.00  

Ultra-Hard Wear-Resistant Stainless Steel (Type 440C) $278.63  1 $278.63  

ETM-375 (M) SERIES  5 VDC (5000 PSI) pressure sensor $504.00  1 $504.00  

9-Volt Battery $4.94  2 $9.88  

Manufacturing Process (estimation) 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 reason of this being 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. 

 
Figure 34 ï Cost analysis breakdown 
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5.13 Discussion 

 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 the ball milling 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 during high-speed 

rotations can be ensured. 

 The structural design facilitates 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 force 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, selecting sensors and 

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 for ease of use (i.e. 

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 greater quantities 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 

constraints initially 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 

qualities considered amid limitations with respect to time, cost, and dimensional 

restrictions. 

 For simplicity reasons, the final design shifted away from a more electronic 

guided one, providing mechanical versatility while diminish complexity of the overall 

structural design. As displayed below, the prototype is made up of a two part assembly 

consisting of jar and lid.  

 

 

Figure 35 ï Final design prototype 
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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 calculations. Efficiency 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 high-quality combination of distinctive 

mechanical properties including the elastic modulus, Poissonôs ratio, shear modulus, 

thermal conductivity, and further properties were diligently considered; for which an 

ultra-hard wear-resistant 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 conditions. The 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 secured, 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 properties of the 

vessel to reach up to certain specifications. The prototype design was adjusted to reach 

dimensions close to maximum restraints with a specified discrepancy to permit smooth 

accessibility for the vessel to be properly secured and removed from operation 

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. The bottom of the inside cavity has fillet of 

0.4ò radius, slightly bigger than the steel balls used to create a smooth ball milling 

procedure. Toward the upper side of the jar a gas input shaft point is located, designed to 

meet specified standards. The gas input shaft is located between two of the 8 screw holes, 

for which the quantity and specifications were pre-determined to provide a secure closure 

without failure. The thickness of the jar was determined through thick-walled cylinder 

theory to avoid static and fatigue failure while the bottom part of the jar was designed to 

fit the encasement of the PM 100. 

 

 

Figure 36 ï 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 is the main 

component that experiences the axial forces on the lid, with its design procuring a 

sufficient factor of safety. Due to the high pressure forces to which the shaft would be 

subjected to, a firm foundation would be required where even the smallest deviation in a 

90° angle would make the lid to collapse. The 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 hole for 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 holes, not included in the jar, permit structural support against the 

surface of the jar for the lid when undergoing pressurization. 

 

 

Figure 37 ï 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 

prototypeôs performance. These include the high pressure oil ring, screws, measuring 

devices, and the 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 account with 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 was revised to assure proper capability of the 

sensor to measure temperature readings. 

 

Figure 38 - Additional components of prototype design 

 

 

 

 



75 
 

 

Figure 39 Wiring Setup ï 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 essentially double 

the voltage while retaining the same charge capacity. Although both sensors can operate using 9 volts, the voltage regulator requires 

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

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 stable readings, given that the sensors 

will be outputting voltages as readings. The data logger will then process and record these readings storing them for output to a 

computer using a 232 serial interface. 
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6.4 Construction 

Construction of the pressure vessel prototype was carried out by the CESMECôs 

(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 the pressure vessel prototype. The prototype was 

manufactured from a 3-3/4ò diameter, 12ò long stainless steel rod. The rod was cut into 

the separate portions for the jar and the lid. The sensor holes thought the lid of the 

prototype go all the way to the top, as 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 tangible prototype. 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 Evaluation 

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. One being the feasibility 

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 

encompasses many different aspects of the completed prototype assembly. This 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 to 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 comparison. The 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 project through the use of the prototype to acquire 

experimental data to reach a conclusion. The experiment is to test how pressure affects 

the hydrogenation of magnesium ore.  

The experimental stage evaluation will be accomplished through data acquired 

from the pressure and temperature sensors that 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. 

  

 



78 
 

7.2 Design of Experiments ï 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 feasibility testing, an experiment for the reliability of the shaft on the lid 

to the hydraulic clamp loading necessary for hydrogenation experimentation can be 

designed. A proper experiment will verify our shaft design specifications to satisfy our 

design parameters. 

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 either apply a 

force to the bottom of the assembly or increase the force on the top to compensate for the 

lack of internal pressure. 

 
 

Figure 40 ï Visualization of hydraulic clamp loading of the prototype assembly 
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Figure 41 ï Illustration 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 

compare 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. 

Another important aspect of the feasibility testing process is to test the integrity of 

the assembly while experiencing high internal pressure loading. This leads to a two tier 

result experiment that has four variable components. These are the jar, lid, inlet and 

pressure sensor integrity. 
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Figure 42 ï 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 prototype during 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 of pressure values we can have an estimated limit for testing 

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

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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Figure 43  ï Illustration 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 with the designed specifications. There is no chance of 

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

involved so no simulated data is needed. 

 
Figure 44 ï Illustration of evacuation system used for testing 
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Figure 45 ï 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 seen that 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 experimental 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 amount of gas that was absorbed into the solid, this also assuming that enlargement 

of solid is negligible.  

With the use of the pressure sensor on the prototype with hydrogen gas and 

magnesium ore in the sealed jar, we can design a hydrogenation rate experiment based on 

varied pressure inputs during the planetary milling process. 

 
Figure 46 ï Completed prototype before heat treatment 

 

With the data acquired through the data logger we can reach a conclusion based 

on pressure and temperature readings if high pressure values do indeed influence 

hydrogenation rates of magnesium powder. 

 


