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ABSTRACT 

 

 Adsorbed Natural Gas (ANG) technology enables the efficient storage of 

natural gas in conformable tanks and is mostly developed to replace the heavy and 

high pressure Compressed Natural Gas (CNG) and Liquefied Natural Gas (LNG) 

tanks for vehicles. Adsorption is the adhesion of the molecules of liquids, gases, and 

dissolved substances to the surface of the solid. The ability of the solid to adsorb 

depends on the chemical makeup of the solid and its physical structure. Nanopore 

activated carbon powder has a very large surface area because of its porous nature, 

which gives it the ability to adsorb large quantity of natural gas.  

 Comparing with CNG tank, the ANG technology stores the same volume of 

natural gas in the tank at a lower pressure, increasing the volumetric efficiency of the 

tank. The nanopore activated carbon powder need to be converted into 

pellets/briquettes in order to be densely loaded into the fuel tank. Currently, the 

process for producing these pellets is inherently slow taking more than one day to 

make a pellet. Therefore, a continuous process with a high production rate of the 

activated carbon pellets is extremely important for the successful application of ANG 

tank. 

 This research focused on the design and analysis of a special purpose 

compaction machine to produce activated carbon pellets from activated carbon 

powder at high production rate. These activated carbon pellets can be installed into 

the ANG tanks to store and contain natural gas at lower pressure, increasing the 

volumetric efficiency, and safety of the tank. All the technical requirements such as 

maximum die pressure required to form the pellet, optimum length of the pellet, 

structural behavior of the entire assembly, and engineering analysis of the machine 

were analyzed in the final design. 

 

 



1 
 

Chapter 1 

Introduction 

1.1 Natural Gas 

 Natural gas is the fossil fuel formed when the layers of buried plants and 

animals are exposed to intense heat and pressure over thousands of years. It is the 

hydrocarbon gas mixture consisting primarily of methane, but commonly includes 

varying amount of other higher alkenes and even a lesser percentage of carbon 

dioxide, nitrogen and hydrogen sulfide. Natural gas is found in deep underground 

rock formation or associated with other hydrocarbon reservoirs in coal beds, and as a 

methane clathrates. 

 Natural gas has much to offer as an energy source that makes it preferable to 

other forms of fossil fuels. It burns much cleaner than coal or oil, and it produces very 

less carbon dioxide for each unit of energy. Its simple chemical nature makes it a 

much better source to use in high efficiency fuel cells than either coal or gas. As a 

usable energy source, natural gas really has only one major obstacle to progress: it is 

hard to transport and store, due to low volumetric energy density. If the transport or 

storage system is not completely sealed, natural gas will leak. Further, both systems 

must be able to withstand high pressures in order to compact the natural gas into a 

reasonable density.   

 Over the last century, the use of natural gas has become more diversified. 

According to the environmental science activities for 21st century (ESA21) [1], in 

2002, 22.6 trillion cubic feet of natural gas were used in the U.S. Table 1.1 shows a 

list of the uses of natural gas in different sectors. As seen, natural gas has come a long 

way from being used primarily to provide lighting. The greatest use today is in the 

industrial sector as an energy source and as a chemical feedstock for manufacturing 

fertilizer. The second greatest use is for generating electricity, which is a growing 

sector. The new turbine generators burn the natural gas in an engine and then use the 

thermal energy to boil water has resulted into power plant efficiencies of 50-60%. 

Most of the remaining percentage of natural gas is used for heating water and cooking 

in homes and companies. However, a very small portion of the total amount of natural 
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gas is used in cars and trucks as an alternative fuel to gasoline and diesel. This usage 

results in reduced emissions from automobiles. However, the sparse usage for this 

(less than 0.1%) means that it makes a very small dent in the amount of air pollution. 

The remaining 7.4% is used to extract the natural gas, remove condensates, and push 

it through the pipelines. This wasted energy lowers the overall efficiency of natural 

gas. While it is a decent amount of energy to waste, it is still far lower than the 

amount of energy that is wasted in both the oil and coal sectors for refining and 

transportation.    

Table 1.1: U.S. Natural Gas Consumption [1] 

Use  Percent 

Residential 21.7 

Commercial 14.0 

Industrial 31.8 

Electricity Generation 25.0 

Automobile 0.1 

Pipeline 2.8 

Lease and Plant 4.6 

 

1.2. Methods to store natural gas 

 Motor vehicles become the biggest consumer of natural gas in developed 

countries [2]. Due to techno-economical problems like increasing cost of fuel due to 

their depletion, and ecological factors like global warming and pollution, natural gas 

will become the most important alternative to oil-based motor fuels in the near future. 

Therefore, massive implementation of Natural Gas Vehicles (NGV) is one of the main 

tools in the strategy of the European Union (EU), for the use of alternative fuels for 

transportation. According to the EU transportation fuel targets, in 2020 natural gas 

should comprise 10% of the total automotive fuels consumption.  

 Two methods are currently commercially applied for natural gas storage: 

Liquefied Natural Gas (LNG) and Compressed Natural Gas (CNG). 
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1.2.1 Liquefied Natural Gas (LNG) 

 In LNG method, natural gas is liquefied under pressure of 10-20 bars at minus 

161.5°C [3]. LNG requires the use of complex and expensive liquefaction equipment 

such as thermos-like insulated tanks and significant energy consumption (25-35% of 

the original energy gas content) for the liquefaction and degasification. LNG storage 

tanks should be cylindrical or spherical in shape. Due to a very distinctive advantage 

of scale it is applied mainly in the marine transportation of very large quantities of 

gas. 

 This technology is not yet mature enough for massive use in vehicles because 

of their huge size and expensive liquefaction techniques. Several thousand LNG 

fuelled heavy vehicles are operated around the world, whereas LNG application for 

light vehicles is considered to be inefficient. On-board tank for a small vehicle costs 

almost as much as for a heavy vehicle and has much lower net volumetric storage 

efficiency. LNG vehicle refueling infrastructure costs even more than CNG. 

1.2.2 Compressed Natural Gas (CNG) 

 Compressed natural gas is stored at a high pressure, usually 200-250 bars in 

the tanks [3]. CNG demands very robust specially designed cylindrical tanks in order 

to withstand the high compressed gas pressure. Such tanks due to their large structure 

and size, use a lot of space and are heavy. In addition, gas compression requires 

expensive multi-stage high-pressure compression technology. 

 Compressed natural gas is currently the prevailing technology in the NGV 

industry. A massive implementation of CNG vehicles in most markets is restrained by 

the need to invest in very expensive refueling infrastructure, and the inconvenience 

and additional costs of on-board CNG tanks. 

 CNG vehicle refueling infrastructures deployment and operation is associated 

with the following problems [2]: 

 The capital investment for the construction of a CNG filling station is several 

times higher than for a petrol/diesel station ($0.2-0.3M for small stations, 

$0.7-3 M for large stations). 
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 The operation of a CNG station requires high energy consumption and very 

expensive maintenance which increases the operating cost. 

 The price of CNG stations substantially increases the natural gas cost for the 

vehicle user. Without significant tax preference, CNG price is not attractive 

enough compared with petrol and diesel. 

 Large-scale implementation of NGV takes place in countries where 

government applies massive NGV subsidies, and/or powerful administrative 

measures. 

 On-board tanks of CNG vehicles involve some functional problems beside the 

substantial additional cost which are mentioned below:  

 CNG tanks occupy 4+ times the volume of petrol/diesel tanks. 

 Much shorter driving range (about 300 km) compared with gasoline or diesel 

fuelled vehicle for similar tank size. 

 Thus, the low energy density of CNG storage limits NG fuelling application 

for many potential users. Since fuel comprises a larger part of the cost of their 

transportation, they could theoretically save more fuel costs using NG in a more 

efficient way. 

1.2.3 Adsorbed Natural Gas (ANG) 

 According to Prof. Y. Ginzburg et al. [2], adsorbed natural gas (ANG) storage 

technology has quite a few promising advantages over both CNG and LNG. The core 

of this technology is gas storage tank which is filled with adsorbent material that acts 

as a sponge to adsorb natural gas. Adsorbents are the material with high surface area 

which can be used to soak the gas like a sponge on its surface. ANG technology 

allows storing high amounts of natural gas at a relatively low pressure of about 40-60 

bars at room temperature in a relatively thin-walled tank filled with adsorbent 

material. This low pressure allows refueling of the tank using simple and cheap 

equipment or sometimes refueling directly from NG pipelines. 

 The volumetric efficiency of ANG storage tanks is measured by volumetric 

ratio. LNG, being a lower-pressure liquid, is the most volume efficient natural gas 

storage option and has volumetric ratio about 615 V/V, i.e. 615 normal cubic meters 
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(cm, etc.) of gas is stored in one geometrical cubic meter (cm, etc.) of the storage 

tank. On the other hand the compressed natural gas (CNG) tank has a volumetric ratio 

of 200 V/V. Generally, the goal of ANG product developers is to achieve a similar 

volumetric ratio of about 200V/V. The combination of adsorption and higher pressure 

makes it possible to increase the volumetric storage ability of ANG, and bring it even 

to higher levels than that of CNG. 

 In addition, low-pressure ANG tanks open new possibilities for tank designs 

of various forms and configurations instead of the cylindrical form of CNG high-

pressure tanks. Thus, tanks could be tailored to fit odd spaces, similar to today’s 

gasoline or diesel tanks. A non-cylindrical tank often called as a conformable tank, 

gives a significant advantage for small vehicles from a volumetric efficiency 

standpoint. Conformable tanks are discussed in detail in the next chapter.  

1.3 ANG Technology 

 As an automobile fuel, natural gas has emerged as a leading alternative to 

gasoline and diesel. Improvements in ANG technologies will offer significant 

opportunities for reducing the capital and operating costs. According to Jian Sun et al. 

[4], a key ingredient for successful commercialization of ANG technology is the 

adsorbents. Natural gas storage capacity of an adsorbent is usually assessed in terms 

of its volumetric methane storage capacity (Vm/Vs, where Vm is the volume of stored 

methane at standard temperature and pressure, and Vs is the volume of the storage 

container). Jian Sun et al. [4] produced the activated carbons for natural gas storage 

by physical and chemical activation of an Illinois coal and scrap tires. Volumetric 

methane storage capacities (Vm/Vs) were measured at pressures up to 500 psi. Vm/Vs 

values of 76 cm3/cm3 were achievable when the adsorbent used was physically 

activated coal. This value is comparable to that of 70 cm3/cm3 achieved from a 

commercial granular activated carbon called BPL. Increased Vm/Vs values of 100 

cm3/cm3 were achieved by grinding the granular coal-derived products. This increase 

in Vm/Vs was due to the increase in bulk density. KOH activated coal-derived 

carbons had higher surface area, micropore volume, and methane adsorption capacity, 

but lower volumetric methane storage capacity, than the physically activated carbons. 

The lower volumetric methane storage capacity was due to the lower bulk density of 

KOH activated carbon. Tire-derived carbons had lower methane storage capacity due 
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to their lower bulk density, when compared to the coal-derived carbons. They also 

produced pellets from tire-derived carbons which resulted into increase in the bulk 

density by as much as 160%. However, this increase was offset by a decrease in the 

micropore volume of the pelletized materials due to the amount of binder required in 

the process. As a result, Vm/Vs values were about the same for granular and 

pelletized tire-derived carbons. Carbon obtained by activating a pelletized tire-derived 

char increased the storage capacity by about 20%. Jian Sun et al. [4] finally concluded 

that, the tire carbons have a higher percentage of mesopores and macropores as 

compared with coal carbons. And that the microporous structure of the final produced 

adsorbents is largely dependent on their starting material. 

 M.M. Dubinin [5] reported two different types of activated carbon used for 

methane storage, when interval adsorption space W/Wo is from 0.06 to 0.94 at the 

pressure from 0.1 to 100 Mpa, respectively. Where W is the volume of the adsorption 

space and Wo is the limiting volume of adsorption space that represents the volume of 

micropores of the active carbon. They surveyed the results of experimental and 

theoretical investigations and found the dispersion forces are the dominant consequent 

of adsorption interaction. Methane adsorption capacity was found to have an 

important ascension at pressure of 5-6 Mpa (750-850Psi). S. Biloe Et al. [6] used 

Dubinin–Astakhov equation to determine the influence of the microporous 

characteristics of activated carbon on the performances of an ANG system while 

charging and discharging natural gas. Using Dubinin relations, S. Biloe et al. [6] had 

concluded that the activated carbon must have a highly microporous potential (Wo), a 

very narrow micro-porosity (n=2) and an average micropore width of 1.5 nm and 2.5 

nm for the charge and the discharge step, respectively. As a result, from the 

calculations, the ideal activated carbon should have an average micropore width of 2.0 

nm for the ANG system. Maxsorb was the best available commercial activated 

carbon, with an average micropore width of 2.2 nm and therefore it is often used for 

ANG storage systems. 

 Rolf Stockmeyer [7] claimed that a methane-powered vehicle can utilize 

methane which is stored as a fuel in a pressurizable tank containing compacted zeolite 

filling. The zeolite filling enables a packing density of methane in adsorbed or trapped 

form to exceed 10 times the density of the methane at room temperature and a 

pressure of about 10 bar. The filling can be readily charged with the methane or can 
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release the methane to power the vehicle. D.F.Quinn et al. [8] stated that the volume 

available for gas storage is often limited because the density of the adsorbate (Natural 

Gas) is greater than the gas phase above it. The increase in storage capacity at 

moderate pressures can be achieved through the use of adsorbents (Activated Carbon). 

Adsorbent storage technique can be used for various gases such as natural gas, 

hydrogen, ammonia or HFCs. Optimal storage capacity will occur when that fraction 

of the storage volume i.e. micropore is maximized with no void or macropore volume. 

They also stated that the carbons with high methane uptake per unit mass, but with 

low bulk density may not be as suitable as compared to the carbons with lesser 

methane uptake but with higher bulk density. The method of preparation of the 

adsorbent carbon is therefore very important. The conditions or constraints must be 

such that macropore formation is controlled and micropore enhanced. Finally D.F. 

Quinn et al. [8] concluded that the carbons having high surface area and low density 

with high methane uptake per unit mass, stores and deliver less methane compared to 

some other carbons which have lower surface area with higher density. Carbons 

which are optimized for micropore volume per unit volume will be best suitable for 

ANG technology. 

1.4. Problem Statement  

 Based on above mentioned benefits, ANG tanks are mostly developed to 

replace the CNG and LNG vessels for vehicles. Activated carbons are adsorbents with 

energetically non-uniform surface which results in an enhanced adsorption energy 

(adsorption potentials) in the micro-pores of the carbon. Such activated carbons need 

to be manufactured into pellets/briquettes, so that it can be placed inside the fuel 

tanks. Tapan K. Bose et al. [9] carried out an invention on compacting the high 

surface area carbon particles bounded together with a binder. The mass of the carbon 

particles compacted under sufficient pressure resulted into a reduction of about 50% 

to about 200% in bulk volume of the mass, and a corresponding increase in the 

density of about 50 to 200%. The high surface area compacted carbon particles 

invented by Tapan K. Bose et al. [9] provided an increase in gas storage capacity of 

20% to about 100%. Their invention concluded that the high density adsorbents are 

particularly useful in adsorption storage systems for low pressure storage of natural 

gas in tanks. 
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 Currently, the process for producing these pellets is inherently slow taking 

multiple days per pellet. Therefore, a continuous production rate of the activated 

carbon pellets is becoming extremely important for the ANG technology which can be 

achieved by using a special purpose pellet making machine. An approach was taken to 

build a machine which can make the carbon pellets from carbon powder at high 

production rate to meet the future requirements of these pellets.  

1.4.1. Compaction Process: High Density Adsorbent Production 
Process  

 A team of the Mechanical Engineering students of University of Missouri has 

designed a 55 ton hydraulic compaction machine to produce carbon pellets, shown in 

Fig 1.1. The machine as shown has three thick plates/slabs placed parallel to each 

other. The upper and bottom slabs are fixed and the middle slab can move up and 

down with the help of the hydraulic cylinder which is attached to the bottom slab. In 

order to start the compaction, the raw material, i.e. carbon powder is filled inside a 

separate die/mold, and a plunger is placed on the inlet of the die.  

 The die assembly with the carbon powder inside it and the plunger on its top, 

is placed on the middle slab. When the hydraulic cylinder is switched ON, the middle 

slab moves upward, towards the top plate along with the die assembly. As soon as the 

plunger comes in contact with the top slab while the machine is still ON, the plunger 

get pushed deep inside the die due to the hydraulic pressure, compacting the carbon 

powder.  The raw material gets compressed at a pressure range of 20,000 to 80,000 

psi, and held at a temperature of 220 degree C for 90 minutes. It is then held at a 

specified pressure until the temperature drops down to ambient temperature. Once the 

die is cooled, the machine is switched OFF, and the die is removed to take out the 

formed compacted pellet. This process has been described in the US Patent No. 

499930, Tapan K. Bose et al. [9].  

 The operation of this machine is non-continuous, since for every new pellet, 

the die needs to be taken out and loaded with the new charge of carbon powder. Such 

non-continuous process proved to be effective, yet lacked the ability to produce a high 

quantity of pellets per day. However, numbers of pellets were produced on this 

machine in order to study the characteristic of the formed pellets at different pressure 
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and temperature. The machine is not suitable for producing huge quantity of pellets, 

but it proved to be very efficient in making good quality pellets for our study.  

 

Fig 1.1. Compaction Machine 

1.4.2 Three Barrel Vertical Compaction Machine 

 To improve the production rate, the concept of multiple compaction stations in 

the same machine could be applied. The three barrel design shown in Fig. 1.2 is 

composed of a hopper, a press, a 3-barrelled rotary device where the carbon is 

pressed, the barrel casing (2), the frame (3), and the bin (4). The press will have 3 

separate pistons (1), that enters into the 3 separate barrels. Note that the assembly 

drawing attached only shows the pistons, the barrel casing, the frame, and the bin; the 

hydraulic system and hopper are not shown in order to clearly understand the 

mechanics of the actual system. The general idea is that the carbon is filled into the 
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first barrel, where it is pressed. The piston will then exit the barrel and more carbon 

will be hopped into the barrel in the free space, where it is pressed once again. This 

process will continue until the barrel is filled to a certain point. 

 The first rotation happens at this point, where the filled barrel will rotate to the 

second position where it is pressed for 90 minutes under heat. While this is 

happening, the second barrel goes through the before mentioned process in the 

paragraph above. When the 90 minutes are completed, the barrel would rotate one 

more time, where the third barrel is filled and the second barrel is moved to the 

heating section.  The first barrel, in turn, is rotated to the cooling section. 

 The pistons and the barrel casing are supported by the frame (3). After the 

barrels are completed with the heating and cooling cycles, the finished carbon pellet 

will be ejected into a bin (4) located on the bottom of the frame. Note that during this 

entire process, the hydraulic system would need to supply 3 independent pistons.  

Also note that after the barrel is initially filled, the pressure is maintained until the 

barrel is cooled (i.e. the piston will still be in the respective barrel as it rotates).  

 

Fig 1.2. Three Barrel Vertical Compaction Machine 
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 The major drawback of this design is that, it is very costly to build such 

machine due to the use of three heavy duty hydraulic cylinders, needed for three 

different barrels. Also due to the use of more hydraulic systems, the machine becomes 

more sophisticated and bulky. Finally, it is difficult to change the size of the pellet 

according to the tank size in this process. Apart from all these limitations, the 

production rate of the pellets will still be slow with this design.   
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Chapter 2 

Literature Review 

2.1 Conformable ANG Tank 

 Thiokol Corporation and AGLARG are well known forerunners in the non-

conventional conformable tank research & development. The concept of conformable 

tank was established by Thiokol Corporation since 1996 [10]. This concept fulfilled 

the goal that a light multi-cell tank could be designed and made with conformability 

factor close to 1.00. With development of low-pressure ANG technology, AGLARG 

implemented the concept of conformable tank by extrusion and high quality welding. 

Compared to the ANG tank using cylindrical shape, the conformable ANG tank 

developed by AGLARG has better conformability factor. 

2.1.1 Thiokol Tank 

 Thiokol Propulsion is the first to formally propose the concept of conformal 

tank [10]. This concept is based on multi-cell tank and established the idea to greatly 

improve the space efficiency. Its work compared the fraction of envelope available for 

storage of conformable shape and cylindrical shape. The largest fraction of available 

space in a single cylinder tank will not exceed 78.5%, but the conformable tank could 

easily reach 80% and even higher [10]. 
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Fig 2.1 Thiokol's Conformable Tank [11] 

 Thiokol had patented a composite conformable tank for CNG application 

shown in Fig. 2.1. This configuration has a side cell that was composed of a semi-

cylindrical structure, two quarter-cylindrical structures, and a perpendicular 

rectangular planar plate. The middle cell has four quarter-cylindrical structure, two 

top rectangular planar plates, and two perpendicular rectangular planar plates. The 

contacting planar rectangular plates should have the same height in order to have the 

pressure on both sides cancelled. 

2.1.2 AGLARG Tank 

 The AGLARG tank consists of conformable ANG tank manufactured by The 

Welding Institute (TWI) and the adsorbent carbon pellets made by AGLARG. A 

multi-cell model was adopted and two-row configuration was employed. Even though 

ASME VIII Boiler and Pressure Vessel Code (BPVC) and BS5500 have no standards 

for multi-cell tank design and manufacture, some parts like material choice, 

manufacture and test method were adopted into multi-cell tank development [10]. 

 In the trial flat end tank made by AGLARG, Alloy 6063-T6 was used as the 

material with full cross section extrusion as the manufacturing method for chambers. 

The material was chosen because of its good extrudability and aluminum alloy’s 
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better corrosion resistance than steel. A 10 and A 22 cell conformable tank were 

manufactured and passed hydrostatic test. The flat end tank had flat plate as end 

closure and the flat plate was welded onto tank chambers. There was no specific 

discussion about tank head choices though the flat plate could be weak in fatigue 

circles. The final design of AGLARG tank had 22 cells and internal volume of 48 

liters per meter. 

2.2 Extruder Machine 

 The above two compaction machines as stated in Fig. 1.1 and Fig. 1.2 did not 

proved to be efficient in producing large production of the carbon pellets. The first 

machine however showed impressive results in making good quality pellets, but failed 

in making high number of pellets due to the non-continuous operation. The second 

compaction machine was not able to make pellets of non-circular cross section, and 

was expensive to build due to increased number of heavy duty hydraulic cylinders and 

sophisticated design. Considering all these drawbacks shown by the above mentioned 

compaction machines, a new technique of extruding carbon powder was taken into 

interest to make a continuous production process of the active carbon pellets. 

 Generally extruder can be divided into two types: ram type extruder and screw 

type extruder. Ram extruders usually are used in special extrusions. It has short length 

and no plasticizing action inside the barrel but require relatively high power. Screw 

type extruder is the most popular form of the extruder. It requires low power and has 

long continuous profiles. Plasticizing process takes place inside the barrel. 

2.3 Operating Principle of Extruder 

 Fig 2.2 below shows a ram type extruder.  The theory of forging is applied in 

the piston extruder. Reciprocating motion of the piston can push the raw material to 

the barrel. The stuff can be melted by electric heater and promoted to the die section. 
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Fig 2.2 Ram Extruder Section View [12] 

 When the piston extruder is operating, extrusion barrel is filled with powder 

material. The force generated by hydraulic cylinder pushes the material in the barrel 

to the die section. Electric heater and friction heat makes the raw material to melt, 

which store abundant elastic potential energy when it is compressed. The raw material 

transform from the solid to high viscoelastic melt during extrusion process. 

2.4 Extrusion Development and Advanced Technology 

 The earliest application of the extrusion technology probably goes back to the 

extrusion processing for brick-making and ceramic. In the early 50 years of 19th 

century, the extruder was basically used to produce lead pipes, food processing, brick 

and ceramic industry. In 1870, rubber extruder appeared, which was a hot feed 

extruder. The material fed must be through the thermal refining and the temperature 

maintained at 50-70°C. But due to the short screw, non-homogenization and deep 

thread groove, the extrusion product was not satisfactory. In 1939, the extruder 

development reached to a new stage called modern screw extruder stage. Cold feed 

extruder emerged in the 1940s. It can be divided into separate type screw extruder, 

bezel screw extruder, hole-type screw extruder, pin type screw extruder, and multi-

channel mixer screw extruder. According to material flow state in the compression 

section, screw extruder can be separated into conventional cold feed extruder and 

shear cold screw extruder. In the rubber industrial production, extruder is mainly used 

for tire composite tread extrusion and automotive sealing strip. With the invention of 
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cold feed extruder and its widespread use, the application of hot feed extruder is 

gradually becoming less. 

2.5 Extrusion Processes 

2.5.1 Direct Extrusion  

 The direct extrusion process is the most widely used method for extruding 

materials. Figure 2.3 [13] below shows the main components of the direct extrusion 

device which includes, a container (1), ram (2), dummy block (3), billet (4), die (5), 

die holder (6), and extrudate (7). The ram may be hydraulically or mechanically 

operated, which transmits load on the billet through an intermediate dummy block 

connected to the ram. The advancement of the ram and dummy block towards the die, 

forces the billet to extrude through the die. 

 

Fig 2.3 Direct Extrusion Process [13] 

 Once the billet is upset to fill the container, the extrusion process begins to 

produce the extrudate. Due to the movement of the billet against the steady container 

some heat is generated. Also, the deformation of the billet due to the pressure from 

the ram and the shearing at the dead metal zone contributes to rise in temperature. 

Some part of this heat is transported towards the die due to convection heat transfer, 

as the material flows through it. Remaining part of this heat dissipates due to the 
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conduction heat transfer through the tooling, as well as through the billet and the 

extrudate.  

 Direct extrusion can be performed with or without any addition of a lubricant. 

Some materials stick to the container wall in the direct extrusion process which 

sometimes shows non uniform flow. In the direct extrusion process, central region of 

the billet first flows toward the die and the peripheral region is extruded only towards 

the end of the process. In summary, the complete direct extrusion process can be 

stated as consisting mainly of the following steps: 

1. Loading the billet and dummy block into the press. 

2.  Extruding the billet. 

3. Decompression of the press, and opening the container to expose the discard and 

the dummy block. 

4. Shearing the discard. 

5. Returning the shear, container and ram to the loading position. 

2.5.2 Indirect Extrusion 

 The indirect extrusion process is shown in the Fig 2.4 [13] below. The main 

parts of the machine consists of a billet (1), container (2), die (3), ram (4), and 

extrudate (5).  The die at the front end of the hollow ram moves relative to the 

container, but there is no relative motion between the billet and the container. The 

main positive feature of this process is that, there is no friction between the billet and 

the surface of the container, due to the absence of the relative displacement between 

them. The load required for the extrusion is therefore less than that in the direct 

extrusion process, and the flow pattern is more uniform due to the absence of relative 

motion between the billet and the container.  
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Fig 2.4 Indirect Extrusion Process [13] 

 Some other advantages of this process is that, there is no heat produced by the 

friction between the billets and the walls of the container, and hence no temperature 

increase takes place at the billet surface. The life of the tolling is longer because of the 

total absence of the friction, and significantly higher extrusion speed can be achieved.  

 On the other hand there are some disadvantages of indirect extrusion. The 

impurities or defects on the billet surface, affect the surface of the extrudate profile.  

Also, the cross section area of the extrusion is limited to the size of the hollow ram. 

The complete indirect extrusion process can be stated as consisting mainly of the 

following steps: 

1. Loading the die holder and die. 

2. Loading the billet. 

3. Extrusion. 

4. Separation of the die holder with the die and the discard from the extrudate. 

2.5.3 Hydrostatic Extrusion 

 Hydrostatic extrusion is one of the most unconventional methods of plastic 

deformation. Fig 2.5 [14] shows the arrangement of the hydrostatic extrusion process 

with all the components, where 'p' is the pressure of the fluid generated by the 

advancement of punch in downward direction. The tri-axial state of the compression 

stresses which are created during the deformation has resulted into increase in metal 

plasticity.  
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Fig 2.5 Hydrostatic Extrusion Process [14] 

 As compared to the conventional extrusion methods, hydrostatic extrusion 

consists of a hydraulic medium interposed between the billet and the extrusion punch. 

Hydrostatic extrusion method is classified as a severe plastic deformation method and 

known as a method of grain refinements in metals which has resulted in improved 

mechanical properties in extrudate.  

 When the punch is operated, it moves down, exerting force on the fluid inside 

the container. The hydrostatic pressure 'p' is generated inside the fluid and it gets 

pressurized, and starts exerting pressure on the billet from all the direction forcing it 

to move out of the die. The rate at which the billet moves out of the die does not 

depend on the die speed, but it is proportional to the displaced hydrostatic medium 

volume.   

The important characteristic of the hydrostatic extrusion are: 

1. Absence of the wall friction between the billet and the container due to the 

presence of fluid. 

2. Absence of physical contact between the punch and the billet. 
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3. Presence of the liquid medium inside the chamber helps in achieving 

hydrodynamic lubrication in the die. 

2.5.4 Impact Extrusion 

 Impact extrusion is a discrete manufacturing process, in which a metal part is 

extruded through the impact of a die with the work stock. This extrusion process is 

fast, and the parts are manufactured at a high speed. In impact extrusion, mechanical 

presses are widely used instead of hydraulic presses to achieve high speed operation. 

Impact extrusion is usually performed at ambient temperature without heating the 

work stock, but with some metals and thicker walled structures, the work stock is 

heated before the extrusion. 

 

Fig 2.6 Impact Extrusion [15] 

 Fig 2.6 [15] above shows the arrangement of different components in an 

impact extrusion operation. The work stock is placed inside the die and stuck with 

great force of the punch which causes the metal to flow into position in an instant. 

Due to the very high forces required in impact extrusion, the base, die and the punch 

must have sufficient impact resistance, fatigue resistance, and strength to withstand 

high loads. 
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 Impact extrusion is used to manufacture a variety of parts including 

components for machinery and appliances. One of the best utilization of this type of 

extrusion is to produce hollow metal tubes or cylinders with one end partially or 

completely closed. Hollow metal tubes can also be extruded with the internal and 

external geometries. Apart from the circular cross section parts, impact extrusion can 

also make non circular symmetrical parts of wide range. 

2.5.5 Single Screw Extruder  

 In screw type extruders, thermoplastic materials are heated and plasticized in 

an extruder and is extruded into desired shape such as a filament or a film. In such 

machines, the screw forms the heart of the extrusion process because the screw 

conveys, mixes and plasticizes the heated thermoplastic material. Fig 2.7 [16] shows a 

sectioned view of a typical screw extruder which consists basically of a steel cylinder 

or barrel (2), which is equipped with a hardened liner (3). A solid or cored screw (4), 

running the entire length of the cylinder rotates with the help of a variable speed 

power source (6) through a gear reducing unit (7). The barrel (2) is provided with both 

heating and cooling systems controlled by thermocouples (5).  

 

Fig 2.7 Single Screw Extruder [16] 

 When the resin granules are fed from the hopper (8) through the feed throat (9) 

to the rotating screw (4), the resin granules passing through the extruder barrel (2) 
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become fully plasticized and the plasticized mass is forced to move through a beaker 

plate (10) into a heated adapter (12), and finally through a die (14). The temperature 

of the heated adapter (12) is controlled by a melt thermocouple (13). The main 

functions of the screw (4) is to produce a fully plasticized thermally homogenous 

melt, providing the driving force to push the material flow through the die (14) and to 

maintain a uniform flow rate of the plasticized material through the die (14). 

2.5.6 Reactive Extrusion- Twin Screw Extruder 

 Traditionally, extruders are used to homogenize, melt and pump polymers 

through various dies. Extruders have found use in various polymer modification 

applications in past couple of decades. Fig 2.8 [17] shows the carbon dioxide assisted 

reactive extrusion machine. The machine is used to combine at least one polymer, 

oligomer, or combination. The carbon dioxide containing fluid comes into intimate 

contact with at least one polymer, oligomer, or combination. The extrusion system 

(100) included a single-screw vertical feeder (110) for feeding polymer, oligomer, or 

mixtures into the system. This material is fed in solid form, and is heated until it is in 

the molten form upon entry into the main twin screw extruder (120). The molten 

metal then comes in contact with the carbon dioxide containing fluid in a concurrent 

fashion. The carbon dioxide can enter through an inlet port (130) and can exit through 

outlet port (140), and/or enter through inlet port (150) and exit through outlet port 

(160). The mixture then undergoes a reaction as it is fed along the twin screw extruder 

(120). Carbon dioxide fluid can escape the system through vent (170). The reacted 

product encounters a vacuum vent (180) which expels out carbon dioxide and other 

volatile components from the extruder. Condensate formed due to step growth 

reaction may be removed through either or both outlets (140) and (160). 
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Fig 2.8 Reactive Extrusion Machine [17] 

2.6 Powder Metallurgy  

 It is a good idea to extrude the carbon powder through an extruder machine to 

make the carbon pellets or briquettes. In the above mentioned extrusion processes, it 

can be noted that for the extrusion to occur the material or the work stock needs to 

flow like a plastic through a die. Carbon powder differs in various ways from metals 

or plastics, and it is not possible to plasticize the carbon powder. If we really want to 

extrude the carbon powder, then the amount of the binders has to be increased in the 

carbon binder mixture. Binder is basically a polymer, which is mixed with the carbon 

powder to bind the carbon particles together. In such case, the mixture of carbon and 

binder can be extruded because the binders can be plasticized by proper heating and 

the carbon powder can stick to the plasticized binders to form a solid structure. The 

only limitation of adding more binder is that, it will reduce the adsorption efficiency 

of the carbon pellet, because the pellet will contain more binder than activated carbon 

powder. The addition of more binders is also not desirable because it will release lot 

of poisonous gases when subjected to heat.   

 Another technique which can be used to make carbon pellets is the compaction 

of the carbon powder. The concepts of powder metallurgy can be used to compact the 

carbon powder, where the major difference will be the compaction of non-metallic 
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carbon powder instead of metal powder. The technology of pressing metal powders 

into specific shapes is not new. Modern powder metallurgy techniques were started in 

1920s with the production of tungsten carbides and the production of porous bronze 

bushes for bearings [18]. Since 1960s, powder metallurgy has expanded more rapidly 

because of economical processing, unique properties and captive processes. There are 

many techniques to perform P/M which includes: rolling, extrusion or compaction. 

The powder metallurgy has proved to be a rapid, economical and high volume 

production method for making precision components from powders. 

2.7 Powder Metallurgy Techniques 

2.7.1 Die Compaction 

 Die compaction is the most widely used method in P/M and is considered as a 

conventional technique [19]. This method consists of rigid dies and special 

mechanical or hydraulic presses, and up to 90% of full density can be achieved in the 

compaction cycle. Important thing to be noted in the die compaction is that, the 

powders do not respond to pressing operation in the same way as fluids, and due to 

this reason the density is not uniform throughout the compacted length. The friction 

between the powder particles and the wall of the die, along with the friction between 

the individual powder particles, hinders the transmission of pressure.  The compacting 

techniques used may be characterized by references to the movement of the individual 

tool elements- upper punch, lower punch and die relative to one another.  

Pressing within the fixed dies can be divided as follows- 

1. Single action pressing. 

2. Double action pressing. 

 Fig. 2.9 below shows single and double compaction techniques. In single 

compaction process, the lower punch and die are both stationary. The pressing 

operation is carried out only by the upper punch as it moves down towards the lower 

fixed punch into the fixed die. Due to the friction between the powder particles and 

die wall, the pressure distribution is not uniform. The compact has higher density on 

top than at the bottom. On the other hand, in case of double compaction pressing, only 

die is kept stationary. Both upper and lower punches advance simultaneously from 
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above and below inside the die. This results into higher density at the top and bottom 

sides of the compact while the center portion remains a 'neutral zone' which is 

relatively week. 

 

Fig 2.9 Die Compaction Technique [19] 

The pressing operation can be sequenced as follows: 

1. Filling the die cavity with the required quantity of powder. 

2. Compacting the powder to achieve required density and part thickness. 

3. Withdrawal of the upper punch from the die after completing compaction. 

4. Ejecting the compact from the die. 

 There are two types of presses commonly used in the die compaction 

technique: mechanical press and hydraulic press. There are also some partly hydraulic 

and partly mechanical presses available. The capacity of such presses varies from 3 to 

1000 tons according to the requirements. The hydraulic press produces working force 

through the application of fluid pressure on a piston by means of hydraulic pumps. On 
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the other hand, the mechanical press uses a flywheel to store the energy. This energy 

is then released and transferred to the main punch by proper kinematic mechanism. 

 Hydraulic presses are slower in operation than mechanical presses. Hydraulic 

presses are less economical to operate compared to mechanical presses, because they 

do not have flywheel to store the energy [19]. In hydraulic systems, oil pressure inside 

the cylinder drops after each stroke and it has to rebuild in a comparatively short time. 

The hydraulic pump also draws a large amount of electric power. Hydraulic press 

however offers other advantages which mechanical presses do not offer. Hydraulic 

presses have adjustable tonnage at different hydraulic pressures produced by the 

pump. These presses can maintain constant pressure throughout the entire stroke and 

are very useful to achieve long compactions at constant pressure. Moreover, the 

drawing speeds are adjustable in hydraulic presses. 

2.7.2 Isostatic Compaction 

 In isostatic compaction, a flexible mold is filled with powder and is 

pressurized isostatically using fluids like oil or water. The compaction pressure ranges 

from 350 MPa to 1400 MPa with the use of rubber molds to create complex shapes. 

Isostatic compaction has got the following advantages [19]: 

1. Uniform density distribution in the compacts due to uniform pressure distribution. 

2. High green strength and good handling properties of the powder body. 

3. Reduced internal stresses in the compacts. 

4. Capability to produce compact powder without the addition of binders or 

lubricants. 

5. Capability to produce complex shapes with large length to cross section ratio. 

6. Low tool cost due to the use of rubber or plastic molds. 

On the other hand, isostatic compaction has some disadvantages stated as follows: 

1. Dimensional control of compacts is less precise than in rigid die pressing. 

2. The rate of production of compacts is lower in isostatic compaction. 

3. The flexible molds made of plastic and rubber have shorter life. 
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Fig 2.10 Isostatic Compaction [19] 

 Fig 2.10 shows a wet bag and dry bag isostatic compaction presses. In the wet 

bag tooling, the filled and sealed mold is immersed into a fluid chamber which is 

pressurized by an external hydraulic system. After compaction, the wet mold is 

removed from the chamber and the compact is removed from the mold. In case of dry 

bag tooling, both powder filling and ejection are performed without removing the bag 

assembly. The dry bag method is much more rapid because the bag is built directly 

into the pressure cavity. In general, the more versatile wet bag process is used for the 

batch production of small number of shapes, whereas the dry bag process is used for 

the semiautomatic or automatic production of large number of shapes often of smaller 

dimensions. 

2.7.3 Powder Roll Compaction 

 Powder roll compaction is mainly used to produce metal strips [19]. In this 

process, powder is fed from the hopper into a gap formed between two rollers. The 

powder comes out from the gap as a continuous compacted strip. The rolling mill can 

be arranged vertically or horizontally. However, the vertical arrangement is more 

commonly used. The roll compaction can be divided into three different zones: 
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1. Free zone, where the powder is transported downwards under gravity from the 

hopper. 

2. The feed zone, where the powder is dragged by the roller surface, but has not 

attained coherence. 

3. The compaction zone close to the roll nip, where the powder becomes coherent, 

the density changes rapidly and air has to expelled out.  

 

Fig 2.11 Powder Roll Compaction [19] 

 Fig 2.11 shows the arrangement of rollers in powder rolling. The thickness of 

the strip (hg) is closely limited by the diameter (D) of the rolling mill. The change in 

density is accomplished as the powder is transported through the fed zone and the 

compacting zone. The lengths of these zones are determined by the diameter of the 

rolls (D), the internal friction between the powder particles, and the friction between 

powder and rolls. 
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Chapter 3 

Methodology 

3.1 Concept Generation  

 In order to convert activated carbon powder into carbon compacts or carbon 

pellets, all the above mentioned extrusion and compaction techniques were studied in 

detail. Advantages and disadvantages of each process were studied thoroughly, and 

decisions were made accordingly in order to get good compaction for the activated 

carbon powder. Since, carbon powder behaves very different than fluids and metal 

powders, it was a hard decision to choose a single process out of many. Following 

table shows the benefits and limitations of different processes, when used to densify 

carbon powder. 

Table 3.1: Possible processes to make carbon compacts/ carbon pellets 

Process Benefits Limitations 

Direct 

Extrusion 

[13] 

1. Continuous operation. 

2. High production rate of 

carbon compacts.  

3. Can be used to extrude 

carbon powder. 

1. Need more amount of 

binders and water in carbon-

binder mixture.  

2. Process can be tricky due to 

the use of carbon powder. 

Indirect 

Extrusion 

[13] 

1. Continuous operation. 

2. High production rate of 

carbon compacts.  

3. No friction between the 

carbon particles and die.  

1. Difficult to extrude the 

carbon powder. 

2.  Cannot produce pellets of 

large cross section areas. 

Hydrostatic 

Extrusion 

[14] 

1. Frictionless operation due to 

the presence of fluid. 

2. Continuous operation with 

high production rate.  

1. Not at all suitable for 

powders. 

2. Carbon powder will flow 

along with the fluid while 

extruding. 

Impact 

Extrusion 

1. High speed and continuous 

operation. 

1. Only limited to extrude 

solids. 
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[15] 

 

2. Can produce non circular 

parts of wide range. 

2. Mainly used to make hollow 

parts. 

3. Not suitable to produce 

carbon pellets. 

Screw 

Extruder  

[16] 

1. High volume manufacturing 

process. 

2. Excellent mixing of powder 

and binder to form 

homogenous mixture for 

extrusion. 

3. Metal or plastic powders can 

be extruded effectively. 

1. Since the carbon powder 

does not melt, it cannot be 

extruded with this process. 

2. Carbon powder will jam the 

screw and stop the operation. 

3. Not suitable to extrude 

carbon powder.  

Die 

Compaction 

[19]  

1. Effective and widely used 

technique to compact 

powders. 

2. Simple in operation with 

great control over the 

process. 

3. Capability to produce wide 

variety of cross sections.  

1. The density distribution is 

not uniform throughout the 

length of compacts. 

2. The process of operation is 

intermittent.  

Isostatic 

Compaction 

[19] 

1. Uniform density distribution 

in the compacts due to 

uniform pressure distribution. 

2. Can produce compact 

powder without the addition 

of binders or lubricants. 

3. Capability to produce 

complex shapes with large 

length to cross section ratio. 

1. Dimensional control of 

compacts is less precise than 

in rigid die pressing. 

2. The rate of production of 

compacts is low. 

3. The flexible molds made of 

plastic and rubber have 

shorter life. 

Powder Roll 

Compaction 

[19] 

1. Continuous operation 

increases the production rate. 

2. Simple geometry and 

arrangement of components. 

1. Can only produce long 

continuous strips of metals. 

2. Not suitable to work with 

activated carbon powder. 
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3. Uniform density distribution 

throughout the length of the 

strip. 

3. Not suitable to produce 

compacts of large and 

desired cross section area. 

 

3.2 Selection of the process 

 The main objective of this research is to convert activated carbon powder into 

carbon pellets, so that these pellets can be stored inside the conformable ANG tanks. 

The above mentioned processes seem to be quite impressive to accomplish the task, 

but each has got some limitations. Moreover, the conventional methods are difficult to 

extrude the carbon powder, because carbon powder does not behave in the same way 

as fluids or metal powders, and cannot be melted. On the other hand compaction 

processes also seems to be a difficult option to make carbon pellets, because of few 

limitations. The following QFD table shows the comparison of the different 

parameters based on different criterion.   
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Table 3.2: QFD Chart [21] 

 

 After careful consideration of each factor of all the processes, the direct 

extrusion process was selected. The reason for choosing direct extrusion process over 

other is the ease of operation. The direct extrusion process is a continuous process and 

can produce high number of extruded carbon pellets in relatively small amount of 

time. With the addition of proper amount of binder into the activated carbon powder, 

the carbon-binder mixture can be extruded out from the direct compaction machine 

similar to the extrusion of plastics and metals.  

3.3 Recipe to make Carbon Pellet  

 Carbon pellets or carbon compacts are not very difficult to make if we have 

right procedure and correctly designed machine. There are two methods of making 

carbon pellets: hot pelletization and cold pelletization. The Physics Department of 

University of Missouri was making pellets using the compaction machine shown in 

Fig. 1.1. They have discovered two different compaction techniques, hot and cold, 
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showing slightly different results and adsorbtion efficiency for the pellets produced. 

However, both methods are effective in making the carbon pellets, and both have their 

own advantages and disadvantages. The direct extrusion process which we have 

selected for making large quantity pellets, can be designed to perform both, hot and 

cold pelletization. 

 The compaction machine shown in Fig. 1.1 is very efficient in producing good 

quality of pellets. The physics department has produced hundreds of pellets using this 

machine, to analyze the results and operation of the pellets in real time situations. 

However, the machine cannot produce high number of pellets due its non-continuous 

operation which has provoked this research.  

3.3.1 Carbon-Binder Mixture 

 Carbon alone cannot be used to make the carbon compacts, because the 

particles cannot stick together under pressure, or by adding heat. The only way to 

compact the carbon powder is by mixing some external agent, which can bind and 

hold the carbon particles together to form a solid compact. The external agent in this 

case is called binder, and the binder used by the Physics Department is saran resin, 

trade name for polyvinylidene chloride or PVDC. Fig. 3.1 below shows the mixer and 

ceramic container which are used to mix the activated carbon powder and saran resin, 

to form a homogenous mixture.  

 

Fig 3.1 Mixer and Ceramic Container 
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 The mixer shown on the left of the Fig 3.1 has a 1/6 HP electric motor which 

rotates at 1725 rpm. The electric motor is coupled to a worm and worm gear 

mechanism with the help of a jaw coupling (orange color). The worm drive transmits 

the power of the electric motor to the rotor, which is placed perpendicular to the 

motor. The worm drive also reduces the rpm of the rotor and increases the torque, so 

that the rotor rotates at desired rpm after loading. The white ceramic container shown 

on the right of the above figure is attached to the rotor with a simple metal strap and a 

butterfly screw. The ceramic container contains the activated carbon powder, binder 

(saran resin/PVDC), and ceramic balls which can be seen in Fig 3.1. When the motor 

is switched ON, the ceramic container starts spinning at low rpm, mixing the carbon 

powder and binder together to form a carbon-binder mixture. The ceramic balls plays 

a very important role in mixing the powders together, and are reused again and again 

for every mixing operation. The mixing operation usually takes 3-4 hours to complete, 

once done the ceramic balls are separated, and the carbon-binder mixture is 

withdrawn from the container for the compaction. 

3.3.2 Hot Compaction/ Pelletization  

 The Physics Department of University of Missouri was doing hot compaction 

from many years on the vertical compaction machine shown in Fig. 1.1. In the hot 

compaction operation the carbon-binder mixture is filled inside a die, and a 

plunger/punch/piston is placed over the die. A heating band is wrapped around the die 

which can heat the carbon-binder mixture inside it. The complete assembly is kept on 

the middle slab of the machine. When the hydraulic cylinder is switched ON, the 

middle slab moves up and the plunger/punch/piston hits the upper fixed slab, and gets 

pushed deep inside the die, compacting the carbon power. At the same time the 

heating band is switched ON, which will heat the entire die assembly along with the 

carbon-binder mixture to 220°C for 90 minutes. The heating is carried out under the 

hydraulic pressure of 12,500 psi, and the machine is locked at the same pressure for 

90 minutes to retain the pressure on the compact. After 90 minutes the die is allowed 

to cool down to room temperature while the pressure is still ON. Once the entire 

assembly is cooled down, the middle slab is lowered down to release the pressure and 

the pellet can be taken out from the die.  
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3.3.3 Cold Compaction/ Pelletization  

 The physics department of University of Missouri also developed the process 

of cold compaction. The cold compaction is very much similar to the hot compaction, 

except the heating of the carbon-binder mixture. The same equipment and machines 

can be used in cold compaction technique, eliminating the use of heating bands. The 

die assembly filled with the carbon-binder mixture with the plunger/punch/piston over 

the die is placed on the middle movable slab. When the hydraulic cylinder is switched 

ON, the die assembly moves up and the plunger/punch/piston hits the upper fixed 

slab. This process pushes the plunger deep inside the die, compacting the carbon 

powder. There is no heating required in this operation, and the compaction is carried 

out at ambient temperature. The machine is kept in the compacted position to retain 

the pressure on the carbon powder for a particular interval of time. Once the 

compaction is over, the middle slab is moved down and the pellet is taken out from 

the die. The compaction pressure is sufficient to heat up the mixture, due to the 

rubbing of the particles against each other, and against the steady die. This heat is 

high enough to bind the binders together with the activated carbon powder.  

3.4 Design and Operation 

3.4.1 Design of the Extruder Machine 

 The intention of designing the new machine to make the pellets, was to carry 

out the above two processes i.e. hot and cold pelletization, with the increased 

production rate of the pellets without compromising the quality of the pellets. From 

the above two pelletization techniques, the new machine should have the following 

features in order to produce same quality of pellets or better, in high quantity.  

1. The machine should have a die attached to it, in order to eliminate the time 

required to load and unload the die assembly on the machine. 

2. The machine should have proper feeding source to feed the carbon powder into 

the die. 

3. The machine should be able to perform cold as well as hot pelletization operation. 

4. The machine should be hydraulically operated instead of mechanical for the 

following reasons: 
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i. To have a good control over the pressure for the compaction. 

ii. To retain the maximum pressure on the carbon powder for the particular 

time period as stated in the above two operations (3.3.1 & 3.3.2). 

iii. To make the machine simple by avoiding the sophisticated kinematic 

mechanisms.  

5. The machine should have a continuous operation in order to get continuous 

production of carbon pellets. 

 Considering all the above mentioned features, a horizontal hydraulically 

operated extruder machine was decided to design. The machine will use a double 

acting hydraulic cylinder attached on one side, producing 100 tons at 10,000 psi to 

give the desired compaction. The machine will have a die in front of hydraulic 

cylinder of the required dimensions, so that the piston/plunger of the hydraulic 

cylinder can go inside the die to extrude the carbon-binder mixture. After spending a 

good amount of time on the design calculations, material and component selection, 

sequence of operation, and all the other technical aspects, the machine shown in Fig. 

3.2 was designed and manufactured.  

 

Fig 3.2 Hydraulic Extruder Machine 
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 The main component of the machine shown in Fig. 3.2 is hopper, a double 

acting hydraulic cylinder, hydraulic pump and motor, front block, back block, center 

plate, die, heating pipe, and cooling pipe. The machine is mounted on a metal table to 

provide proper height for the operator to operate. The hydraulic cylinder is supported 

by the back block and the center plate which is screwed together by four threaded 

rods. The front block holds the die in center, with the help of socket head cap screws, 

in such a way that the piston/plunger of the hydraulic cylinder goes inside the die 

when extended. The front and back block is connected with four tie rods, and bolted 

together to maintain the proper distance between the components. The die has a 

hopper attached at the top, perpendicular to the ground. The hopper can feed the die 

with activated carbon powder at the time of extrusion process. The heating and 

cooling pipe is attached to the front block on the other side, opposite to the die as 

shown in Fig. 3.2 The die, heating pipe and cooling pipe are all concentric with each 

other, so that the extruded carbon can flow out of the machine from the pipes. The 

pipe which has heating bands is a heating pipe, and the remaining without heating 

bands is a cooling pipe.  

 The machine was designed to take and resists 100 ton of load produced by the 

hydraulic cylinder. The back block was the main concern while designing the 

machine, because it is holding the hydraulic cylinder. In the worst case scenario, if the 

compaction does not take place due to some reason, then all the 100 ton load will 

react back on the back block. This is the main reason why the two blocks are so sturdy 

and connected with huge tie rods.  

3.4.2 Operation of the Designed Machine 

 In order to start the extrusion for pelletization, activated carbon and binder 

mixture is fed into the die from the hopper. The carbon-binder mixture gets collected 

into the die until it is full. Once the die is filled with the mixture, the hydraulic 

machine is switched ON, so that the piston/plunger will extend and will move into the 

die. The piston/plunger going inside the die pushes the mixture out from the die. The 

die has a unique decreasing internal cross section area, which gradually reduces from 

the entry of the piston/plunger towards the exit of the mixture. Due to this unique 

internal cross section of the die, the carbon-binder mixture moving out gets squeezed 

or compacted, and behaves like an extruded plastic material. One important thing to 
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be noted is that, the activated carbon powder is mixed with the binder in proper 

amount before adding into the die. The proper mixing of carbon-binder makes a 

homogenous mixture, which behaves like a plastic when extruded, and takes the 

required shape of the internal diameter of the die.   

 The extruded material moving out from the die enters into the hot pipe region. 

The heating bands attached on the heating pipe produces heat, which heats up the pipe 

and hence the material inside it. The heating melts the binder present in the carbon - 

binder mixture, and the mixture starts to flow more like a molten plastic. This process 

helps to agglomerate all the carbon particles to form a rigid solid structure with proper 

density and porosity. The process is very critical, because if the hydraulic pressure is 

too high or if the heat is too high, then the mixture may become very sticky and 

dense, reducing the porosity of the pellet. If the pellet is too dense, then it will reduce 

its adsorbtivity property, and may not store the natural gas on its surface effectively. 

The extruded material moves further ahead towards the cooling pipe after spending 

required amount of time in the heating pipe. The length of the cooling pipe is greater 

than the heating pipe in order to allow the extruded material to move longer distance 

in order to cool quickly. The extruded material gradually cools down in the cooling 

pipe, and the binders which were plasticized in the heating zone starts to solidify. The 

solidifications adheres the carbon-binder mixture, and the entire mixture becomes a 

solid structure which can be taken out from the cooling pipe. The entire extrusion 

process has converted the carbon-binder powder mixture into a solid structure, which 

can be placed in a conformable ANG tank to adsorb and store natural gas at low 

pressure.  

3.4.3 Design of the Die 

 The design of the die was the most important and critical step while designing 

this extruder machine. The die forms the heart of the machine, because the quality of 

the extruded material such as density, porosity and the surface finish is highly 

dependent on the geometry of the die. The main area of focus while designing a die 

for an extrusion process is the entrance diameter and the exit diameter. These 

diameters are also affected by the extrusion force generated by the plunger of the 

hydraulic cylinder. Taking all these factors into consideration, some calculations were 

done in order to find the exact internal geometry of the die to get good quality pellets.  
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Fig. 3.3 Cross Section of an Extrusion Die [20] 

 Fig 3.3 shows the sectioned view of the extrusion die with different 

components having different lengths and cross section areas. The ram pressure '  ' is 

equal to the barrel exit pressure '  ', which in turn depends on the exit pressure '  ' at 

cone exit. The values of different pressures at different sections can be calculated 

from the known cross section areas or vice versa. The curvature equation is given as- 

            
     

                                                                               (3.1) 

 

Fig. 3.4 Force Acting on an Element of Extrudate in Die Transition Section [20] 
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 The curvature formula shown in Fig 3.4 (Equation 3.1) can be used to 

calculate the inner and outer diameter of the die for the desired pressure. From 

equation 3.1,    can be calculated by setting L to 2" and    to 0.02.    and a are the 

curvature variables, where a is 1.0 [21]. When this calculation was done with    set as 

0.639",    is found to be about 0.75". Because of this, the large diameter of the die 

section was selected to 1.5" for machining purpose. From here, the areas can be used 

to calculate the pressure from equation 3.2 which is given as: 

  

  

  
 (

  

  
)

      √    

       
  

                                                                                 (3.2) 

 For a cone shaped die, the entrance pressure '  ' and the working pressure '  ' 

can be set up as a ratio to find one or the other in varying circumstances as shown in 

equation 3.2 [20]. In this case the working tube pressure is set at 40,000 psi. From 

here, the other parameters can be chosen based on the fluid and the smoothness of the 

pipe. 'm' is the ratio of radial to axial pressure and for an ideal fluid it is 1.0. For the 

experimental purpose, m was chosen as 0.3. K is related to the curvature (θ) of the die 

section, and is selected to be 0.115. The curvature of the die section chosen is 

relatively similar to the experimental data of Deng/Lin [21]. 'η' is the coefficient of 

static friction for the material in contact with the inner wall of the die, and for the 

experimental purpose it was chosen to be 0.4. From these parameters, the entrance 

pressure '  ' needed to be supplied can be calculated. When the pressure '  ' was 

multiplied with the cross section area of the inner punch, the tonnage force was 

calculated and the proper hydraulic cylinder was chosen from the results. 

Table 3.3: Results Found for the Die Section and Pressure [21] 

k η L (inch) Inner Diameter (inch) Outer Diameter (inch) 

0.115 0.4 2.0 1.278 1.5 

m        
          

                   

0.3 1.767146 1.282778 40000 63000 

 

 From the calculated results, the die was designed with the maximum and 

minimum thickness of 0.611" and 0.5" respectively as shown in Fig 3.5. The die is 
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perfectly circular from outside but has a tapered circular cross section from inside, 

reducing from entry port to exit port.   

 

Fig 3.5 2D Drawing of the Extrusion Die [21] 

3.4.4 Performance of the Extruder Machine 

 All the components of the machine were designed by making proper 

engineering calculations, similar to that of the die. The machine was designed, 

assembled and analyzed using Solidworks. FEA analysis was performed on all the 

parts to check the sustainability of each component for 100 tons of force from the 

hydraulic cylinder. Once the analysis was completed, 2D drawings were made and the 

machine was manufactured at University of Missouri. Most of the fasteners and 

connectors were ordered from McMaster, and the hydraulic cylinder, motor and pump 

were purchased from SPX Hydraulic Technologies. The machine was assembled 

completely and was made ready to test extrusion from the activated carbon powder.  

 The machine was tested several times using different combinations of carbon-

binder mixture. Different solvents were added to reduce the friction between the 

material and the die wall, and to make it flow more like a fluid. However, even after 

trying different techniques, this machine failed to show the results as expected. The 

machine was not able to extrude the carbon-binder mixture, instead it was jamming 
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every time due to the tapered cross section of the die. Also, the amount of the binder 

needed in this operation is much higher than expected, reducing the quality of the 

carbon-binder mixture. Following are the limitations of the designed hydraulic 

extruder machine: 

1. The machine could not extrude the carbon-binder mixture as desired. 

2. Due to the tapered cross section of the die, the plunger/piston of the hydraulic 

cylinder was getting stuck every time. 

3. The mixture must contain high amount of binder and solvent to get extruded, 

which will make the carbon-binder mixture poor, reducing the adsorbability. 

 In short, the machine was not at all able to perform the required operation. The 

process of extrusion is always a challenging thing for many designers and failure is 

very common to occur. Moreover, this time the material is powder instead of fluid, 

which makes the process even more complex and needs more careful considerations 

while designing. From this design, it can be said that powders are very difficult to 

extrude, especially those which are non-metals or non-plastics, like activated carbon 

powder. 

3.5 Alternative Design to make Carbon Pellets  

 One should never forget that there is always an alternative solution to every 

problem. The current machine has got a rigid design with very useful components like 

hydraulic cylinder, motor, pump, chassis etc. The machine can easily be modified to 

perform some different operation, while making a very good utilization of the existing 

components, and spending less on buying new.  From Table 3.1, it should be noted 

that extrusion is not the only process which can make the carbon pellets from 

activated carbon powder. The compaction process can be a very good alternative over 

extrusion process, especially when it comes to activated carbon powder, which is 

neither a metal nor a plastic. Fig 1.1 of vertical compaction machine is a good 

evidence to proof that the compaction process is very effective in making the pellets, 

and it has already showed impressive results.  

  Taking into consideration all the above mentioned factors, it was decided to 

modify the hydraulic extruder machine into a hydraulic compaction machine. The first 

thing to start with the new approach is to redesign the die. The old die is very 
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problematic, as the plunger/piston is getting jammed into it, halting the operation. The 

new die need not have to be of reducing internal cross section area, because the new 

process is no longer an extrusion. A simple straight die can be used to reduce the 

complexity in design as well as manufacturing. The other major advantage of this 

process is that, the die can have a non-circular cross section area without any 

difficulty in designing, due to the straight profile. From Fig 2.1 it can be seen that the 

conformable tanks have a non-circular shape and the pellets needs to be of the same 

shape to get accommodated inside the tank easily.              

 

Fig 3.6 Optimized Conformable ANG Tank [10] 

 Fig 3.6 above shows an optimized conformable tank to store the natural gas. 

The cross section of the tank is non circular as shown, and it has two different cross 

sections. The extreme ends of the tank are called 'D' cross section and the middle 

profile is called 'O' cross section. The radius of each cross section is 2.125" and the 

length of the tank is 15". The number of 'O' cross sections can be increased any time 

to increase the volume of the tank, and so does the length. From the shape of the tank 

it is clear that the circular cross sectioned pellet will not work in such tanks, which 

increases the demand to make non circular pellets, i.e. 'D' shape and 'O' shape pellets. 

3.5.1 Design of the Non-Circular Cross Sectioned Die  

 The shape of the pellets should be equal to the cross section of the 

conformable tank, to avoid any machining on the pellet after manufacturing. In order 

to produce 'D' and 'O' shape pellets, the die should be of the same cross section with 

the radius of 2.125". On the other hand, the die should have a circular cross section on 
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one side, so that the plunger/piston of the hydraulic cylinder can slide inside it with 

very minimal friction and without jamming. After considering all the requirements 

and previous work experience, a die was designed to make effective pellets of 

required shape and size. 

3.5.1.1 'D' Shape Die 

 The 'D' shape die was designed to produce 'D' shaped pellets, which goes 

inside the extreme ends of the conformable ANG tank. The die has a non-circular 'D' 

shape cross section at the exit side of the compacted pellet, and a circular cross 

section at the entrance side of the piston/plunger. The reason for having such 

geometry is to achieve a free and smooth movement of the piston at the entrance side, 

and simultaneously to get the required cross section at the exit side. This 

configuration will eliminate the jamming while operating the machine.   

 It was decided to make the complete machine using the principles of Design 

for Manufacturing and Assembly (DFMA). In this way all the parts can be 

manufactured at low cost, at the same time reducing the assembly time. The 'D' shape 

die was made into two different parts to reduce the manufacturing cost, as shown in 

Fig 3.7 below. 

 

Fig 3.7 'D' Shape Die 

 The die is actually a subassembly, consisting of a circular die pipe and a small 

tapered piece, bolted together with three, 1/2"-13 socket head cap screw. The small 

tapered part forms a 'D' shape cross section at the exit, with a slope at the entrance 
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side. The die has enough length of circular cross section at the plunger entrance side 

for the plunger movement, along with four threaded holes at the top to connect the 

hopper, and a through hole for the entry of the carbon powder from the hopper. The 

plunger can move inside the die and can stop just before the start of the slope to avoid 

any jamming. Also, the carbon powder can slide smoothly on the slope to move 

underneath the tapered part towards the exit.  

 Both the pieces are very easy to manufacture on milling machine due to the 

simple geometry and can be bolted together easily. If this had been a single piece die, 

then the only way to manufacture it would be either casting or injection molding. 

Both these methods are very expensive, and would have cost a lot of money. The die 

also has five, 1/2" through holes on the peripheral face so that it can be bolted with 

the front block using 1/2"-13 socket head cap screws.  

 

Fig 3.8 Detailed Drawing of 'D' Die Pipe 

 Fig 3.8 and Fig 3.9 shows detailed drawings of the 'D' die pipe and the tapered 

part. All the technical details are shown in the drawings, with all the dimensions and 

tolerances needed for manufacturing. The inner surface of the 'D' die should be very 

smooth to reduce the friction between the contact materials, and therefore has 
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provided with proper surface finish. At the same time, tolerances for circularity, 

straightness and cylindricity has also been provided to get the perfect shape for 

increased performance. The die has been provided with the precision running fit with 

the plunger/piston having std. tolerance limits H7/f6. The tapered part is also very 

easy to manufacture by cutting a small piece from a solid steel tube of 4.25" dia. It 

just needs some machining at the tapered end and three threaded holes to secure the 

screws.  

 

Fig 3.9 Detailed Drawing of Tapered Part 

3.5.1.2 'O' Shape Die 

 The 'O' shape die was designed to produce 'O' shaped pellets, which goes 

inside the middle space of the conformable ANG tank. The die has a non-circular 'O' 

shape cross section at the exit side of the compacted pellet, and a circular cross 

section at the entrance side of the piston/plunger. The reason for having such 

geometry is to achieve a free and smooth movement of the piston at the entrance side, 

and simultaneously to get the required cross section at the exit side. This 

configuration will eliminate the jamming while operating the machine.   
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 Similar to 'D' shape die, the 'O' shape die was also designed according to 

Design for Manufacturing and Assembly (DFMA). In this way all the parts can be 

manufactured at low cost, at the same time reducing the assembly time. The 'O' shape 

die was made into three different parts to reduce the manufacturing cost as shown in 

Fig 3.10 below. Unlike 'D' shape die, the 'O' shape die has three different parts which 

are assembled together. It has one extra tapered part compared to 'D' shape die, so that 

the exit forms an 'O' shape. One important thing to be noted is that, the size, shape and 

other dimensions of the tapered part is same for both the dies. Hence, both the dies 

can have the same tapered part, reducing the number of parts needed to design and 

manufacture.  

 

Fig 3.10 'O' Shape Die 

 The die is actually a subassembly, consisting of a circular die pipe and two 

small tapered piece, bolted together with three, 1/2"-13 socket head cap screw holding 

each tapered piece. The two small tapered part forms an 'O' shape cross section at the 

exit, with a slope at the entrance side. The die has enough length of circular cross 

section at the plunger entrance side for the plunger movement, along with four 

threaded holes at the top to connect the hopper, and a through hole for the entry of the 

carbon powder from the hopper. The plunger can move inside the die and can stop 

just before the start of the slope to avoid any jamming. Also, the carbon powder can 

slide smoothly on the slope to move underneath the tapered part towards the exit.  

 All the pieces are very easy to manufacture on milling machine due to the 

simple geometry and can be bolted together easily. If this had been a single piece die, 
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then the only way to manufacture it would be either casting or injection molding. 

Both these methods are very expensive and would have cost a lot. The die also has 

four, 1/2" through holes on the peripheral face so that it can be bolted with the front 

block using 1/2"-13 socket head cap screws.  

 Fig 3.11 below shows detailed drawings of the 'O' die pipe. All the technical 

details are shown in the drawings with all the dimensions and tolerances needed for 

manufacturing. The inner surface of the 'O' die should be very smooth to reduce the 

friction between the contact materials, and therefore has provided with proper surface 

finish. At the same time, tolerances for circularity, straightness and cylindricity has 

also been provided to get the perfect shape for increased performance. The die has 

been provided with the precision running fit with the plunger/piston having std. 

tolerance limits H7/f6. The tapered part is also very easy to manufacture by cutting a 

small piece from a solid steel tube of 4.25" dia. It just needs some machining at the 

tapered end and three threaded holes to secure the screws. 

 

Fig 3.11 Detailed Drawing of 'O' Die Pipe 
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3.5.2 Design of the Gate Assembly 

 The new approach of making the pellets from the activated carbon powder 

closely matches with the die compaction method, used in the powder metallurgy 

process. From the die compaction method discussed in section 2.7.1, it can be seen 

that there are two main methods of using this technique: single action pressing and 

double action pressing. Since our design is horizontal, we can use single action 

pressing technique effectively, which can be achieved by blocking another side of the 

die. The main idea is to apply load on the carbon-binder mixture from one side of the 

die, with the help of the hydraulic cylinder, and at the same time blocking the other 

side, in order to disallow the mixture to move out of the die. By doing this, the 

pressure will increase, which will compact the mixture to make the pellets/compacts. 

 The gate assembly is a very important subassembly of this hydraulic 

compaction machine. The purpose of gate assembly is to move the blocker up and 

down, to block and open the exit of the die at the time of compaction and discharge, 

respectively. The gate assembly mainly consists of a blocker, rail guides, sliding 

block, cutter, and a hydraulic cylinder as shown in Fig 3.12.  

 Gate 1, Gate 2 and spacer plates forms the chassis of the gate assembly, 

because it is holding and supporting different parts and components at proper 

positions to form the gate assembly. Gate 2 has a through hole of 4.25" dia. at the 

center, to move the compacted material out from the die and six, 1/2" holes on the 

periphery of the hole to attach the other side of the die. Gate 1 and gate 2 are 

separated by a distance of 3.0" with the help of the spacer plates in between them. The 

spacer plates are connected to the gates with the help of six, 1/2"-13 hex head cap 

screws, and the space formed in between the two gates are used to accommodate other 

parts. Two rail guides are attached on gate 1 with the help of ten, M8 screws, five on 

each guide. The sliding block slides upward and downward on the rail guides along 

with the blocker, which is attached to the sliding block with the help of eight M8 

screws. 
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Fig 3.12 Gate Assembly 

 There is a small connecting plate attached on the blocker by two, 3/8"-16 

socket head cap screws. The connecting plate is also connected with the piston of 

hydraulic cylinder by a 1"-8 flat head socket cap screw. In this way, the piston is 

indirectly connected with the blocker, and when the hydraulic cylinder is activated, 

the blocker can slide up and down on the rail guides. The hydraulic cylinder is 

supported between the bottom and the top cylinder clamps. The complete hydraulic 

assembly is secured on the gates with the help of four, 24" long, 1/2" connecting rods 

as shown in the figure. The hydraulic cylinder used to operate the blocker has a stroke 

of 10" with the capacity of 10 tons. Finally, the gate assembly has got a cutter 

attached to the bottom of the blocker with two, 5/16"-18 socket head screws. The 

cutter is used to cut the pellets into pieces when moved out from the die.  
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Fig 3.13 Detailed Drawing of Gate 1 

 Fig 3.13, Fig 3.14, Fig 3.15 and Fig 3.16 shows the detailed drawings of the 

main designed parts of the gate assembly. Gate 1 and gate 2 are very much identical 

to each other, and are made of 13"X12"X1.5" AISI 4340 steel blocks. Gate 1 has two 

1.375" wide slots, which are 7.5" apart to accommodate and secure the rail guides. On 

the other hand, gate 2 has a through hole of 4.25" with six, 1/2" holes on its periphery 

to connect the exit end of the die. The spacer plates are made of 14"X3.0"X1.0" AISI 

1035 SS plates, with three 1/2" through holes to insert bolts. The blocker has an 'H' 

shape with the overall dimension of 10.5"X6.0"X1.0", made of AISI 4340 steel. 

Threaded and non-threaded holes are provided on the blocker at proper position, in 

order to connect the sliding block, the connecting plate and the cutter. 
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Fig 3.14 Detailed Drawing of Gate 2 

 

Fig 3.15 Detailed Drawing of Spacer Plate 
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Fig 3.16 Detailed Drawing of Blocker 

3.5.2.1 Heating/Cooling Pipe 

 Heating/cooling pipe actually forms a bridge between the front block and the 

gate of the compaction machine. In short, this pipe connects the two ends of the 

machine, i.e. the compaction side and the blocking side, and at the same time provides 

a good length to produce a long compacted carbon pellet. In other words, the 

heating/cooling pipe is an extension of the dies discussed in sections 3.2.2.1 and 

3.2.2.2, with a slightly different tapered part. The tapered part of this pipe does not 

have any kind of slope, and it is just a straight piece. The reason for calling it a 

tapered part is that, it maintains the same internal structure as that of the die, which 

would have lost if it had not been there.  

 Recalling section 3.3, which talks about the recipe to make the carbon pellets, 

we have two types of compaction methods: hot compaction and cold compaction. The 

heating/cooling pipe will provide both types of the compaction processes. In the 

actual operation, this pipe will have heating bands on its surface which will heat up 

the carbon-binder mixture for the hot compaction when turned ON. Conversely, the 



54 
 

cold compaction can be achieved by simply switching OFF the heating bands, and 

performing the compaction process without external heating.  

 

Fig 3.17 'D' Heating/Cooling Pipe 

 

Fig 3.18 'O' Heating/Cooling Pipe 
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 Fig 3.17 and Fig 3.18 shows the front and isometric views of ‘D’ and 'O' 

heating/cooling pipes, respectively. Both the pipes have the same tapered part inserted 

to produce the desired cross section at both the ends. The 'D' pipe has only one 

tapered part secured with the help of five, 1/2"-13 socket head cap screws to form a 

'D' shape cross section internally. Whereas, the 'O' pipe has two tapered parts screwed 

opposite to each other with ten, 1/2"-13 socket head cap screws to form an 'O' shape 

cross section internally, as shown. The pipes have been provided with the proper 

threaded holes on the front and back faces in order to connect the front block and the 

gate 2. The pipes are connected to the front block using five/four (for 'D'/ 'O'), 1/2"-

13, 11" long socket head cap screws which are holding the die and the pipe together 

with the front plate at proper position. The other end of the pipe is connected to the 

gate 2 with six, 1/2"-13, 2.5" long socket head cap screws. 

 

Fig 3.19 Detailed Drawing of 'D' Heating/Cooling Pipe 

 Fig 3.19 and fig 3.20 shows the detailed drawings of 'D' and 'O' 

heating/cooling pipes. Both the pipes are very identical except that the 'O' pipe has got 

10 holes, 5 on each side, to secure two tapered pieces opposite to each other. And, the 

'D' pipe has only 5 holes on one side to secure the tapered part. The other difference is 
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that, the 'D' pipe has 5 threaded holes on the front face to connect the front block, 

whereas the 'O' pipe has only 4 threaded holes on the front face to connect the front 

block.   

 

Fig 3.20 Detailed Drawing of 'O' Heating/Cooling Pipe 

 Fig 3.21 below shows the detailed drawing of the tapered part, which can be 

easily manufactured by cutting a 4.25" dia. solid rod along the length. This part will 

be same for both the pipes, and it has 5 threaded holes on the cylindrical face. This 

part has intentionally designed longer than the length of the pipes in order to maintain 

the same internal cross sections inside openings of the front block and gate 2. All 

these parts are quite easy to manufacture using conventional tools and machinery, 

with good tolerances and surface finish. 
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Fig 3.21 Detailed Drawing of Pipe-Tapered Part 

3.5.2.2 Calculation of the Length of Heating/Cooling Pipe 

 At the time of compaction process, there is always some friction between the 

moving powder inside the die and the wall of the steady die [22]. This frictional force 

restrains the densification of the powder because they act against the external pressure 

'P', exerted by the compaction punch. As the distance from the face of the compaction 

punch increases, the axial stress '  ', which is the required for local densification of 

the powder, decreases. Hence, it becomes very difficult to make long compacted 

pellets, which shows lower densities than at their two ends [22].   

 Consider a case shown in Fig 3.22 below, where a powder in getting densified 

in a deep cylindrical compaction die having the inner diameter '2r'. The upper punch 

is assumed to have entered the die, and has already compacted the powder to a certain 

limit, so that the axial stress in the powder underneath the punch face is '     '. The 

variable vertical distance from the punch face be 'x'. We will assume that the powder 

column in the die as being composed of thin discs stacked upon one another like 

coins. We select one disc at distance 'x' from the punch face. Let the thickness of disc 
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be 'dx', its cross section area be      , and its small lateral area or surface contact 

area be         . 

 

Fig 3.22 Density Distribution in Compacts [22] 

 The axial stress acting upon the top face of the disc is '     '. Due to friction 

between the lateral face of the disc and the die wall, the axial stress acting upon the 

bottom face of the disc is "        ', which is smaller than '     '. Assuming that 

the frictional force is approximately proportional to the axial stress '     ' and to the 

lateral face 'f ' of the disc [22]. Using these values and assumptions, we can calculate 

the equilibrium between all the forces acting upon the selected disc. 

The force acting on the top face of the disc is- 

       
                                                                                                                 (3.3) 

The force acting at the bottom face of the disc is- 

       
                                                                                                           (3.4) 
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The frictional force acting on the lateral face of the disc is- 

                                                                                                               (3.5) 

From the condition of equilibrium, 

                                                                                                                   (3.6) 

Arranging equations (3.3), (3.4), (3.5) and (3.6), we get- 

                                                                                     (3.7) 

Integrating equation (3.7), we get- 

                                                                                                        (3.8) 

 From equation (3.8), it can be seen that the axial compressive stress in the 

powder mass '     ' decreases exponentially with increasing distance 'x' from the face 

of moving upper punch. Also, larger the frictional coefficient 'µ' and smaller the inner 

diameter '2r' of the die, smaller is the value of '     '. It can be noted that if we know 

few values in equation (3.8), we can calculate the other values, in order to get good 

compacts out from the die. This equation becomes very useful in calculating the 

effective length of the die which is 'x', if all the other parameters are known.  

 We can use the above equations to calculate the effective length of the 

heating/cooling pipe. However, we cannot use the same above equations, because 

those were derived for the circular cross section area. The heating/cooling pipe in our 

case has two different cross sections: 'D' and 'O'. And, it is very important to derive 

the equations for these cross sections in order to calculate the effective length, to get 

good compaction with proper density distribution.  

 Fig 3.23 below shows the exact geometry of the cross section of the 'D' pipe, 

where r = 2.125", b = 3.507" and θ = 111.24°. Other parameters can easily be 

calculated using these value. 
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Fig 3.23 Cross Section of 'D' Pipe 

       
  

 
(

 

   
      ) 

Substituting the value of θ as 111.24° in above equation, we get- 

    (  
 

 
)                                                                                           (3.9) 

Force acting on the top face will become- 

      
                                                                                                         (3.10) 

Force acting at the bottom face- 

      
                                                                                                  (3.11) 

The frictional force acting on the lateral face of the pipe- 

               , where '      is the lateral face of the pipe, given as- 
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      (
 

   
     )    

      [
 

   
               ]    

                     

Therefore,                                                                                (3.12) 

Also,                                                                                                         (3.13) 

Arranging equations (3.9), (3.10), (3.11), (3.12) and (3.13), we get- 

     
 

         
                                                                        (3.14) 

Putting values of r, b and π in equation (3.14), we get- 

                                                                                                  (3.15) 

Integrating the above differential equation (3.15),  

                                                                                             (3.16) 

 The same procedure can be repeated for Fig 3.24 below with 'O' cross section 

pipe, where r = 2.125", b = 3.507",   = 111.24° and   = 68.76°. 

                                                              

         
  

 
(

 

   
        ) 

Substituting the value of    as 111.24° in above equation, we get- 

                                                                                                                 (3.17) 

Force acting on the top face will become- 

      
                                                                                                          (3.18) 

Force acting at the bottom face- 

      
                                                                                                   (3.19) 
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Fig 3.24 Cross Section of 'O' Pipe 

The frictional force acting on the lateral face of the pipe- 

               , where '      is the lateral face of the pipe, given as- 

                                   

      (  
 

   
       )    

      [  
 

   
           ]    

                      

Therefore,                                                                               (3.20) 

Also,                                                                                                         (3.21) 

Arranging equations (3.17), (3.18), (3.19), (3.20) and (3.21), we get- 

     
 

       
                                                                         (3.22) 

Putting values of r, b and π in equation (3.22), we get- 
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                                                                                                     (3.23) 

Integrating the above differential equation (3.23),  

                                                                                                (3.24) 

 From equation 3.16 and equation 3.24, the value of 'x' for 'D' and 'O' 

heating/cooling pipes can be calculated, respectively. The value of 'x' is actually the 

length of the heating/cooling pipe in this case. In order to get the optimum value of 'x' 

for each pipe, it is very important to know the other values such as,      ,       and 

 . These values can be calculated by doing some experiments on small dummy dies of 

the same cross sections as that of 'D' and 'O' pipes. The carbon can be compacted in 

such small dummy dies using the vertical compaction machine explained in Section 

1.4.1. The results obtained from the compactions can be used to get the values of the 

unknowns, to find the optimum value of 'x'.  
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Chapter 4 

Results and Discussions 

4.1 Stress and Deformation Analysis 

 The hydraulic compaction machine has a horizontally mounted hydraulic 

cylinder for compaction, which produces 100 tons of force at 10,000 psi. It is very 

important to check if the components of the machine can sustain such a high load. 

There are few components in the machine, which are in a direct contact with the 

hydraulic cylinder, which experiences the maximum load due the hydraulic pressure. 

Therefore, it becomes very important to check the stresses and deformation for such 

components, in order to have a safe and reliable design. Finite Element Analysis 

(FEA) was performed on all the components of the machine in order to check the 

stresses and deformation on them due to the high load. Dynamic analysis was also 

performed in order to get values of those unknown forces, which are transmitted from 

the hydraulic cylinder, from one part to another at the time of operation. Dynamic 

analysis has helped in getting the stresses and deformation values of those 

components which are not in the direct contact with hydraulic load.  

4.1.1 Analysis of the Back Block 

 The back block is the one which is holding the hydraulic cylinder with the 

help of the front block and four tie rods. Since the back block is in the direct contact 

with the hydraulic cylinder, it is going to experience the maximum load, and therefore 

needs to be sturdy enough to sustain high magnitude forces. Considering the worst 

case scenario, where the hydraulic cylinder is trying to compact the carbon powder, 

and due to some reason the compaction has stopped. Under such circumstances, since 

the hydraulic cylinder is not able to compact any carbon powder, and the hydraulic oil 

of the hydraulic cylinder is incompressible, all the 100 tons of load will get reacted on 

the back block. Therefore, it is very important that the back block should be able to 

take and withstand 100 tons of force in order to have the safe operation and avoid any 

kind of accident.  
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Fig 4.1 Stress Analysis of Back Block 

 

Fig 4.2 Deformation Analysis of Back Block 
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 Fig 4.1 above shows the stress analysis of the back block at 100 ton-force 

acting in the central region. The maximum von Mises stress obtained is 305.657 MPa, 

for a 4.25" thick AISI 4340 annealed steel block having the yield strength of 470 

MPa, giving a FOS value of 1.54. Fig 4.2 shows the deformation analysis of the back 

block at 10,000 psi. The maximum deformation is in the central region of the plate 

which is red in color, where the maximum force is acting. The maximum deformation 

for this block is              mm at 100 ton-force. Both these values of stress and 

deformation are within the limits, which confirms that the design is safe. 

4.1.2 Analysis of the Front Block 

 The front block is placed 19" apart, exactly in front to the back block, which 

holds the die in place. When the hydraulic cylinder is operated to compact the carbon 

powder present inside the die, the hydraulic pressure gets transmitted from the carbon 

powder towards the walls of the die. Since, the die is secured firmly to the front block 

at the center, the force of compaction gets transferred from the walls of the die to the 

front block, which causes stress and deformation. Also, there is a small space inside 

the front block, which is the gap between the die and the heating/cooling pipe. In this 

space, the carbon powder is in direct contact with the front block, and all the 

compacting pressure acts directly inside the front block.  It is practically not very easy 

to calculate the amount of forces being transmitted on the front block, and therefore, 

the dynamic/motion analysis was performed to get these values. 

 Fig 4.3 and Fig 4.4 shows the stress and deformation analysis of the front 

block, respectively. The maximum stress acting on the front block is 77.9 MPa, for a 

4.25" thick AISI 4340 annealed steel block having the yield strength of 470 MPa, 

giving a FOS value of 6. The maximum deformation for this block is              

mm at 100 ton-force, which is negligible. Both the values of stress and deformation 

are well under the limits, which indicate that the design is safe and is capable to take 

the load. 
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Fig 4.3 Stress Analysis of Front Block 

 

Fig 4.4 Deformation Analysis of Front Block  
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4.1.3 Analysis of the Die 

 The die is the most crucial component of the compaction machine, since the 

carbon powder is getting compacted inside it. When a powder is being compacted in a 

rigid cylindrical die, the axial pressure exerted upon the powder by the compacting 

punch, is partly transformed to radial pressure upon the die wall. This radial pressure 

can be quite substantial, but it cannot reach the level of the axial pressure, because a 

powder is not a liquid and has no hydraulic properties. However, it is very important 

to analyze the die at 100 ton-force in order to avoid any kind of risk while operating. 

Even though the powder does not behave like a liquid, and not all the pressure will be 

transferred on the walls of the die, there are still many possibilities that it is going to 

experience a high load whose value is unknown. Fig 4.5 shows the stress analysis of a 

3/4" thick AISI 4340 normalized steel die, with the maximum von Mises stress of 510 

MPa at 100 ton-force giving FOS of 1.4. Fig 4.6 shows the maximum deformation 

value of              mm, which is well under the limit, concluding this as a safe 

design.  

 

Fig 4.5 Stress Analysis of Die 
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Fig 4.6 Deformation Analysis of Die 

4.1.4 Analysis of the Tapered Part 

 The tapered part forms the integral part of the die, which is secured to the die 

with the help of three socket head cap screws. When the compaction takes place, the 

carbon particles offer pressure on the bottom side of the tapered part. Since, the 

tapered part is sandwiched between the rigid die and the compacted carbon powder, 

and has no space to expand, it experiences a high compressive stress at the time of 

compaction process. The tapered part is made up of AISI 4340 annealed steel having 

yield strength of 470 MPa. Fig 4.7 shows the stress analysis of the tapered part, where 

the maximum von Mises stress is 347.455 MPa at 100 ton-force, giving FOS of 1.35. 

Fig 4.8 shows the deformation analysis of the tapered part, which is              

mm. 
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Fig 4.7 Stress Analysis of Tapered Part 

 

Fig 4.8 Deformation Analysis of Tapered Part 
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4.1.5 Analysis of the Blocker 

 Analysis of the blocker is a little tricky part, because the hydraulic load is not 

acting directly on the blocker. The main purpose of the blocker is to block the carbon 

powder, to retain the pressure in it at the time of compaction. From the section 

3.5.2.2, it can be recalled that, there is always some friction between the moving 

carbon powder inside the die and the wall of the steady die. This frictional force acts 

against the hydraulic pressure, and reduces the intensity of the hydraulic pressure with 

the increasing distance of the die. Since, the blocker is away from the plunger (die 

piston), which is the source of hydraulic pressure, the frictional force will reduce the 

magnitude of hydraulic load acting on the blocker. From equation 3.16 and equation 

3.24, it can be seen that the value of       can be calculated in future, which is 

nothing but the force acting on the blocker, which is distance 'x' apart from the 

plunger (die piston).  

 

Fig 4.9 Stress Analysis of Blocker  
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Fig 4.10 Deformation Analysis of Blocker 

 Since, the value of       is unknown, the analysis on the blocker was 

performed at 100 ton-force, which is the maximum load acting on the machine. It is 

obvious that the value of       is less than 100 tons, but there is no harm in 

performing analysis at higher values. The blocker can be optimized later once the 

value of       is calculated. The maximum von Mises stress obtained is 357 MPa, for 

a 1" thick AISI 4340 annealed steel block having the yield strength of 470 MPa, 

giving a FOS value of 1.32 shown in Fig 4.9. Fig 4.10 shows deformation analysis, 

where the maximum deformation obtained is              mm. 

 The results obtained from the stress and deformation analysis, proves that the 

values of stresses and deflection of all the parts of the compaction machine are in the 

safe zone. Also, the factor of safety (FOS) values of most of the analyzed components 

are above 1.3, describing the structural capacity of a components beyond the expected 

loads or actual loads.  

 

 



73 
 

4.2 Assembly of the Compaction Machine 

 Fig 4.11 shows the side view of the compaction machine after assembly. All 

the parts of the machine are arranged and connected in a proper manner, in order to 

make it functional. The machine can be partitioned into three main sections: high 

pressure compaction section, pellet formation section, and blocking gate section. The 

high pressure compaction section contains the big hydraulic cylinder which produces 

100 ton-force (220462 lbf) at 10,000 psi, and is responsible to produce pressure for 

the compaction. The pellet formation section is actually the area where the activated 

carbon powder is getting compacted. The die which is on the right side of the front 

block, and the heating/cooling pipe which is on the left side of the front block shown 

in Fig 4.11, together forms the pellet formation section. The blocking gate section has 

a vertical hydraulic cylinder which produces 10 ton-force at 10,000 psi. This 

hydraulic cylinder only operates the blocker, attached to the sliding blocks, which are 

sliding on the rail guides. The blocker disallows the carbon powder to move out of the 

pellet formation section, which creates the compaction when the big hydraulic 

cylinder is operated. Fig 4.12 shows the detailed section drawing of the assembly, 

with all the parts and components of the compaction machine.  
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Fig 4.11 Compaction Machine 
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Fig 4.12 Assembly of Compaction Machine 
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Table 4.1: Design for Assembly (DFA) 

Part 
ID # 

# of 
Item 

Handle 
Code 

Handle 
Time 

Inser
t 

Code 

Inser
t 

Time 

Total 
Time 

Operate 
Cost 

(¢.83/se
c) 

Ther. 
min. 
Parts 

Name of 
Assembly  

1 1 99 9 03 3.5 12.5 10.375 1 

Place 
Hydraulic 

Cylinder on 
Back Block 

2 1 10 1.5 00 1.5 3 2.49 1 

Place Center 
Plate over 
Hydraulic 
Cylinder 

3 4 00 1.13 38 6 28.52 23.671 0 

Insert Center 
Plate Rods 

through 
Centre Plate 

4 4 00 1.13 38 6 28.52 23.671 0 

Secure 
Centre Plate 
and Cylinder 
with Screws 

5 1 10 1.5 38 6 7.5 6.225 1 

Secure Die 
Piston to 
Hydraulic 

Piston Rod 

6 1 - - 98 9 9 7.47 0 

Reorient 
Back Plate 

with 
attached 
Cylinder 

7 1 30 1.95 06 5.5 7.45 6.1835 1 
Insert 

Tapered Part 
in the Die 

8 3 10 1.5 38 6 22.5 18.675 0 
Secure 

Tapered Part 
with Screws 

9 1 95 4 02 2.5 6.5 5.395 1 
Place Die 

inside Front 
Block 

10 5 10 1.5 00 1.5 15 12.45 0 
Insert Screws 

in the Die 

11 1 - - 98 9 9 7.47 0 
Reorient 

Front Block 

12 1 99 9 08 6.5 15.5 12.865 1 

Position 
Heating/Cooli
ng Pipe with 
Front Block 

13 5 - - 38 6 30 24.9 0 
Secure  

Heating/Cooli
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ng Pipe with 
inserted 
Screws 

14 1 30 1.95 08 6.5 8.45 7.0135 1 

Insert Long 
Tapered Part 

in 
Heating/Cooli

ng Pipe 

15 5 10 1.5 38 6 37.5 31.125 0 
Secure 

Tapered Part 
with Screws 

16 1 10 1.5 06 5.5 7 5.81 1 
Place Hopper 

on the Die 

17 4 11 1.8 38 6 31.2 25.896 0 

Secure 
Hopper and 

Die with 
Screws 

18 1 99 9 98 9 18 14.94 0 

Place Front 
Block 19" 

apart parallel 
to Back Block 

19 4 99 9 00 1.5 42 34.86 4 

Pass Tie Rods 
between 
Front and 
Back Block 

20 8 00 1.13 38 6 57.04 47.343 0 
Secure Tie 
Rods with 

Nuts 

21 1 99 9 08 6.5 15.5 12.865 1 

Align Gate 2 
with the 

Heating/Cooli
ng Pipe 

22 6 10 1.5 38 6 45 37.35 0 
Secure Gate 

2 with Screws 

23 2 30 1.95 00 1.5 6.9 5.727 2 
Place Rail 
Guides on 

Gate 1 

24 10 10 1.5 38 6 75 62.25 0 
Secure Rail 
Guides with 

Screws 

25 2 20 1.8 00 1.5 6.6 5.478 2 
Slide the 

Sliding Block 
in Rails 

26 1 30 1.95 02 2.5 4.45 3.6935 1 
Mount 

Blocker on 
Sliding Blocks  

27 8 10 1.5 38 6 60 49.8 0 

Secure 
Blocker to 

Sliding Block 
with Screws 
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28 1 30 1.95 06 5.5 7.45 6.1835 1 

Position 
Cutter Clamp 

on the 
Blocker 

29 2 10 1.5 38 6 15 12.45 0 

Secure Cutter 
Clamp to 

Blocker with 
Screws 

30 1 33 2.51 00 1.5 4.01 3.3283 1 
Position 

Blade With 
Cutter Clamp 

31 2 11 1.8 38 6 15.6 12.948 0 

Secure Blade 
to Cutter 

Clamp with 
Screws 

32 1 99 9 98 9 18 14.94 0 

Reorient 
Gate 1 

parallel to 
Gate 2, 3" 

apart 

33 2 10 1.5 00 1.5 6 4.98 2 

Place Spacer 
Plates 

between 
Gate 1 & 2 

34 6 10 1.5 00 1.5 18 14.94 0 

Put Bolts 
from Gate 1 

through 
Spacer plate 

in Gate 2 

35 6 0 1.13 38 6 42.78 35.507 0 
Secure Bolts 
with Screws 

36 1 00 1.13 00 1.5 2.63 2.1829 1 

Place 
Cylinder 
Clamp 

Bottom 
inside Cutter 

Cylinder 

37 1 30 1.95 08 6.5 8.45 7.0135 1 

Position 
Connecting 
Plate with 
Piston of 

Cutter Cyl. 

38 1 10 1.5 38 6 7.5 6.225 0 

Secure 
Connecting 

Plate to 
Piston with 

Screw 

39 1 99 9 98 9 18 14.94 0 

Place the 
Cutter Cyl. 

Assembly on 
Gate 1 & 2 
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40 4 00 1.13 38 6 28.52 23.6716 0 

Secure 
Cylinder 
Clamp 

Bottom with 
Connecting 

Rods 

41 1 20 1.8 02 2.5 4.3 3.569 1 

Place 
Cylinder 

Clamp Top on 
the Cutter 
Cylinder 

42 4 00 1.13 38 6 28.52 23.671 0 

Secure 
Cylinder 

Clamp Top 
with Screws 

43 1 99 9 29 11.5 20.5 17.015 0 

Bring Cutter 
Close to 

Connecting 
Plate 

44 2 10 1.5 48 8.5 20 16.6 0 

Secure Cutter 
to 

Connecting 
Plate with 

Screws 

      
874.89 726.15 25 

Efficiency = 3 
X (Nmin/Total 

Time) 

      
Total  
Time 

Total 
Cost 

Nmin 0.085725063 

         

8.57% 

 

 Table 4.1 shows the design for assembly of the compaction machine. Design 

for assembly (DFA) is a process by which products or machines are designed with 

ease of assembly in mind. If a product contains fewer parts it will take less time to 

assemble, thereby reducing the cost of assembly. Moreover, if the parts are provided 

with features which make it easier to grasp, move, orient and insert them, this will 

also reduce assembly time and assembly costs. The reduction of the number of parts 

in an assembly has the added benefit of generally reducing the total cost of parts in the 

assembly. DFA technique was used while designing the compaction machine, which 

has resulted into assembly time of 874.89 seconds, giving design efficiency of 8.57%. 

The total cost of assembling the compaction machine is 726.2 cents as shown in table 

4.1, considering the labor cost of 0.83 cents per second.  
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 The compaction machine was also designed according to the concepts of 

design for manufacturing (DFM). Design for manufacturing is the engineering art of 

designing products in such a way that they are easy to manufacture. The design of the 

component can have an enormous effect on the cost of manufacturing. This design 

practice not only focuses on the design aspect of a part but also on the 

manufacturability. In simple language it means relative ease to manufacture a product, 

part or assembly. DFM describes the process of designing or engineering a product in 

order to facilitate the manufacturing process in order to reduce its manufacturing 

costs. The implementation of design for manufacturing and assembly (DFMA) has 

helped in reducing the overall cost of the hydraulic compaction machine.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

Chapter 5 

Conclusion and Future Work 

5.1 Conclusion 

 Above all, this thesis has demonstrated the analysis and design of the 

hydraulic compaction machine to produce activated carbon pellets. The downsides 

shown by the old compaction machine and extrusion machine as discussed in the 

previous chapters are eliminated in this research, and the new compaction machine 

does not have any of those drawbacks. This machine is also capable of performing 

two different types of compactions: hot compaction and cold compaction.  

 Since the machine has a continuous operation due to the installation of the 

gate on the other side, it should produce pellets continuously once automated 

according to the requirements. The machine should be capable to produce good 

quality of activated carbon pellets at high production rate. The use of the special 

purpose non-circular dies has allowed to produce carbon pellets of required shape ('D' 

and 'O') and size, which can be installed in the conformable ANG tank, eliminating 

the machining of the pellets to required shape after manufacturing. The result and 

analysis section has proved that the machine will remain safe and unaffected at higher 

loads, and will sustain the forces of compaction without failing. The components 

which are in direct contact with the hydraulic cylinder, which experiences the 

maximum load, are also well under the desired safety value.  

 The use of DFMA while designing the machine has resulted in reducing the 

cost of manufacturing as well as assembly. Most of the machine parts are rectangular 

metal blocks, which can be easily machined to the required shape and size on a 

milling machine. Some other components like hydraulic cylinders and pumps, rail 

guides, sliding blocks, and fasteners can be purchased readily at lower cost. Since the 

die of the machine has a split design, both the parts i.e. the die pipe and the tapered 

part can be machined separately on any milling machine, which can be joined together 

with screws to form a single non circular die. In short, the manufacturing of the 

compaction machine does not require any special operations, and due to this, all the 
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parts of the machine are easy to manufacture at low cost. Also, the machining time 

and cost of the compaction machine is very low as shown in table 4.1.  

 Finally, the 2D engineering drawings of all the parts of the compaction 

machine are produced, and the machine is ready to get manufactured. Geometric 

Dimensioning and Tolerancing (GD&T, ASME Y14.5 M 2009) system was used to 

make the drawings for defining and communicating engineering tolerances. The use 

of GD&T reduces the manufacturing cost further, by providing tight tolerances on the 

critical parts which needs to be very accurate, and loose tolerances on the minor parts 

whose shape and size does not much affect the performance of the machine. 

5.2 Future Work 

 Although the design of the compaction machine is almost ready, there are few 

things which need attention in future, for the smooth operation of the machine to 

produce high quality carbon pellets at high production rate.  

1. The length of the heating/cooling pipe 'x' as discussed in section 3.5.2.2 is the 

crucial parameter in producing good quality of pellets. In order to get the 

value of 'x', it is very important to perform some experiments on small dummy 

dies of the shape similar to 'D' and 'O' dies. The activated carbon powder can 

be compacted in such dummy dies using the compaction machine explained in 

section 1.4.1. From the experimental data obtained from this compaction, the 

value of 'x' can be calculated using equations 3.16 and 3.24, discussed in 

section 3.5.2.2 for 'D' and 'O' die, respectively.  

2. The next important work is to build the compaction machine. The high 

pressure compaction section was already manufactured, so the only parts 

which needs to be manufactured are the dies, pellet formation section and the 

blocking gate section. Since the 2D drawings of all the components are ready, 

we just have to place the order for the raw materials and components, and 

start to manufacture the machine.  

3. In order to make the operation continuous, it is very important to automate the 

machine. It is very easy to automate the machine once it is manufactured and 

ready to operate. The automation can be done either by using Programmable 

Logic Controller (PLC) or Arduino microcontroller.  
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