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Abstract  

 Bulk Packaging Systems utilize flexible intermediate bulk containers or otherwise 

known as FIBCôs to handle the cement produced. FIBCôs can hold up to 1.5 metric tons 

of cement.  The company Titan America LLC produces different varieties of cement and 

construction products in bulk quantities for their customers.  Their super bag division 

utilizes a bag filling station that is manually operated using six workers.  Their bag filling 

station is very labor-intensive and calls for the use of a forklift, aluminum cages for the 

FIBCôs, and the constant turning on and off of a pressurized air valve.  As of right now, 

Titan America is producing 12,000 bags a month using their current design; the company 

would like to increase this to 18,000 bags a month.   

 The main objective of this project is to design a bulk packaging system that Titan 

America feels will increase production in the super bag division.  During the mid-phase 

of working with Titan America, the original General Plant Manager of their Medley, 

Florida facility Daniel P. Crowley had been relocated and Kevin Baird was appointed the 

new General Plant Manager.  Mr. Crowley was convinced that having a gas-solid 

separator to help de-aerate the cement would be the optimum idea.  However Kevin Baird 

was not convinced of the cyclone separator idea and redirected the project towards a 

hopper design with one exit spout and aeration holes on top.   

This project is broken down into two design phases, one for the gas-solid particle 

separator and one for the overhead hopper design.  The final conceptual design is the 

overhead hopper.  Three design alternatives will be developed for the hopper, with the 

goal of mass flow being the main objective.  There will be two design alternatives for the 
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hook release system which will allow for easy insertion and extraction of the FIBC 

straps, and there are two design alternatives for the FIBC spout clamp system which will 

hold the FIBC spout head in place as the system operates.  
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1. Introduction  

1.1 Problem Statement  

 The demand of cement in bulk quantities has risen in the last few years due to 

developing countries experiencing recent construction booms (Bloomberg News, 2011).  

Some of these countries are expected to have a cement demand increase between 45% 

and 65% within the next ten years. In metric tons, this translates to an increase of 17.4 

million metric tons to 47.9 million metric tons over that period of time.  The global 

impact of cement production cannot be underestimated.  The ongoing rebuilding efforts 

of Haiti and Japan since the earthquake tragedies that struck their areas cannot be done 

without the importation of cement and cement products.  These, and other nations, 

depend on cement to continue to build and expand their growing countries.  To appease 

these demands, cement production must be increased and be able to be exported at a more 

efficient rate.   

1.2 Motivation  

 The existing bulk packaging system that Titan America uses is currently being 

operated by six workers and one forklift.  The FIBC that Titan America utilizes can hold 

up to 1.5 metric tons of cement per bag.  As of January 2011, Titan America is able to 

produce 12,000 FIBCôs a month, but the company would like to increase that to 18,000 

FIBCôs.  To accomplish this, the time it takes to produce one bag would have to decrease 

from the current 4 minutes and 20 seconds, down to 1 minute 30 seconds per bag. 
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Another motivational factor to design a new bulk packaging system would be to 

reduce the amount of workers needed to produce one bag.  From a business stand point, 

the ideal goal would be to reduce the number of workers from 6 workers to 3 workers.  

Two goals are to increase the efficiency and the accessibility of the system.  A redesigned 

hook system and spout system will also reduce the amount of workers it takes to install 

the FIBC spout head.  Currently four workers are needed to attach and remove the FIBC, 

but with a redesigned hook and spout system, only two will be needed. 

1.3 Literature Survey  

Bulk packaging systems are machines which can package a variety of materials 

using many different methods.  A series of pipes deliver the materials down to an exit 

spout, which then deposits the materials in Flexible Intermediate Bulk Containers.  These 

packaging systems can be fully automated, or completely manual.  The applications for 

which FIBCôs are used can also vary, from packaging cement, chemicals, or even food 

products.  Bulk packaging systems generate product of up to ten times more than regular 

packaging systems, and can be attributed to the growth and expansion of many 

companies (ORBIS Corporation, 2007).   

1.3.1 History  

Cement manufacturing has a long history in society.  Some of the first examples 

of cement manufacturing can be traced back to the height of the Roman Empire.  The 

first patent on cement mixing was recorded in 1824 by a brick layer and mason named 

Joseph Aspdin (3).  Aspdinôs early mixture consisted of limestone and clay.  The cool 

mixture was crushed and then heated at high temperatures; the end result would be a 
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clinker that was then ground into ash.  More recently in the 1950ôs and 1960ôs, the 

FIBCôs were introduced in the United States and Japan (4).  These superbags were able to 

package more material than any bags before, and thus created the bulk packaging market 

that still resonates to this day.   

1.3.2 Cement Properties  

In most cases cement is classified as hydraulic or non-hydraulic (Gutteridge, 

1990).  Hydraulic cement is hydrated during a chemical process that is independent of the 

mixtureôs water content, while non-hydraulic cements must be stored in dry areas in order 

to retain its strength.  The strength of cement, once hardened, can withstand normal 

environmental effects (Powers, 2006) and this is the main reason why cement is one of 

the most widely used materials in the world.  The particle size of cement can be measured 

in millimeters, micrometers, or inches.  Measured in micrometers, cement particle sizes 

are usually smaller than 45 micrometers; however, the average is approximately 15 

micrometers.  Important properties of cement are the static coefficient of friction of a 

cement particle is between 0.45 and 0.75 and the cement bulk density is 1,506 kg/m
3
.  

1.3.3 Cement Production  

Like many other manufacturing processes, cement manufacturing begins in the 

land mine (Huntzinger, 2008).  During the mining stage, different raw materials such as 

limestone, aluminates, silica, ferric minerals and other minerals are extracted and 

gathered.  Once the mixture is formed the content is burned into ash.  Some companies 

use a pneumatic pipe system to transport the fine cement from the mixing mill to the bulk 

packaging system.   
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Figure 1: Cement Production Process

 (Climate Tech) 

 Figure 1 shows the basic flowchart of how cement goes from raw material, to 

processed and packaged goods.  The raw mill extracts materials from the Earth and is 

then fed into a raw mill silo after being electrostatically ionized.  The raw mill silo then 

transports the material through a pre-heater that gets it ready for the rotary kiln.  This kiln 

breaks up the material into finer fragments, and then delivers the new finer material to a 

clinker silo.  It is here where the material is separated into usable and unusable products.  

The unusable portion is called Gypsum, and is stored in an offsite location, or buried in 

the Earth.  The usable material, now called cement, is then transported through the 

cement mill, where it is then passed through a cement silo and then shipped and packaged 

into bags or trucks.  
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1.3.4 Flexible Intermediate Bulk Containers  

The methods used to transport cement vary by how much cement is being 

shipped.  Cement can be transported in slim bags, enough to slab bricks for small houses; 

bulk bags, for bigger projects; or in tanker trucks for major projects.  The bulk bags that 

transport the cement are made of very durable polypropylene, a type of polymer that is 

used in producing monofilament and multifil ament yams and threads (Brody, 1997).  

This polymer is generally chosen as the fabric for the flexible intermediate bulk 

containers over polyester because polypropylene is recyclable.  Figure 2 shows the 

current FIBC design Titan America is using for their Super Bag division.  It is made of 

the polypropylene stated above, along with an inner plastic layer to protect from the south 

Florida climate.  There are many different types of FIBC designs being used in the 

packaging industry.  Some can be designed specifically for certain applications, such as 

packaging or unloading, and also designed specifically for lifting.   

 
Figure 2: Titan America FIBC 

(Anthente Bulk Bags) 



19 | P a g e 
 

Figure 3 shows these different variations and how they can be customizable to fit 

certain lifting designs.   

 
Figure 3: Different Types of FIBCôs 

(Anthente Bulk Bags) 

1.3.5 Bag Strap Release Systems 

Another important aspect of filling systems is the hooks that hold the FIBCôs 

during loading or unloading.  These mechanical applications are essential to fast filling 

times because they allow workers the ease of access to put on or take off the bag once 

filled. There are many variations of this system as well.  The advancements range from 

stationary arms to fully automatic pneumatic bag strap release system that opens and 

closes to hold the bag straps.  Figure 4 shows the latter design, one that this project will 

emulate.   
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Figure 4: Pneumatic Bag Strap Release System 

 Currently, Titan America uses stationary two inch diameter steel rods that extend 

out from two steel bars.  The FIBCôs are then slid on and kept in place by a snapping 

fabric.  This method does hold the bags stationary during filling, but the extraction 

portion of the process is what needs to be optimized.  A pneumatic bag strap release 

system will decrease extraction by up to thirty seconds, thus improving efficiency of the 

overall system.  There are also many different types of bag strap hooks.  Designs include 

adjustable manual snap hooks, ñdrive offò hangers, and actuated bag release systems.  

Titan America currently uses a ñdrive offò hanger, with a snap hook.     

1.3.6 Exit Spout and Spout Seal 

The last major component of bulk packaging systems is the inlet spout where the 

material flows from.  This a very important application of the packaging system because 

it has two roles: 1) to dispense the cement into the underlying FIBC and 2) to expand a 
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rubber outer layer that holds the FIBC spout in place while filling.  This exact system is 

being used in Titan America currently.  The rubber outside layer expands to a diameter 

larger than that of the FIBC spout diameter, thus keeping it in place.  There are design 

alternatives, such as mechanical clamps and liner retaining rings.   

 
Figure 5: Inflatable Spout Seal 

1.3.7 Overhead Hopper Reservoir  

One component that is brand new to the Titan America bulk packaging system is 

the overhead hopper.  This device is widely used in the cement and packaging industry to 

accelerate the de-aeration process and to store the material while the FIBC bags are being 

attached to the arms below.  The following figures demonstrate the design aspects of 

modern day industry hoppers, and how it is attached to the filling stations. 

 
Figure 6: Hopper Design 
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Figure 7: Hopper Overhead of Filling Station 

1.3.8 De-aeration   

 The process of removing the air from the cement particles is known as de-

aeration.  There are many ways to de-aerate a control volume; pressure reduction, 

heating, and membrane degasification are some examples of de-aeration (Sethi, Drewes 

2006).  For this particular application, pressure reduction using vibration systems are 

used.  One can also use specialized vacuum chambers called vacuum degassers to reduce 

pressure in the spout.  De-aeration increase the packing rates of cement, and therefore 

increase efficiency. 

There are systems designed to de-aerate all sorts of materials, mechanisms such as 

the one shown Figure 8 offer a convenient way to de-aerate the material. Using a hopper 

to retain the material and then de-aerate it as is being transported with the help of a 

vacuum pump. However, in the case of cement, there are major drawbacks in using these 

systems that compromise the desired output: Cement particles are very small and light 



23 | P a g e 
 

ranging from 0.1 ï 250 ɛm (15 ɛm average) in size. Consequently, filtration becomes an 

issue. Special fabrics must be used to impede the materialôs fine particles to leave the 

control volume, thus, there will be clogging over very short cycles.  

 
Figure 8: Hopper plus Deaeration System 

(11) 

1.3.9 Types of Gas-Solid Separators  

 Another way to remove the air from powdery materials is to utilize certain 

devices called gas-solid separators.  These separators use centrifugal forces to drive the 

material toward the inside edges of the tank, and as the material drops it creates a low 

pressure field in the middle of the tank.  This low pressure created in the middle of the 

tank, lifts the lighter air particles, and sends those to the top of the tank through an exit 

the spout.  A patent in 1985 on a solid-gas cyclone separator demonstrates this idea (4).  

In this patent, the inventors Hirofumi Hatano and Yoji Hirota claim that as the material 

enters the pipe tangentially, it is inclined against the inner wall of the cyclone, and as it 
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travels against the direction of the central axis of the cyclone, the material deposits at the 

bottom.  Figure 9 below shows the patent prototype.   

 
Figure 9: Cyclone Patent

 (12) 

 Another type of de-aeration device is the air classifier.  These devices are similar 

to gas-solid separators, but have a more focused objective.  Air classifiers use a series of 

centrifugal baskets to classify material into coarse and fine materials.  As the material 

travels through the series of air classifiers, the material begins to separate based on 

particle size, thus creating the classification system.  The patent by Mr. Ernst W. Hanke 

in 1989 shows the overall design of an air classifier (13). 
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Figure 10: Side View of Air Classifier 

(13) 

 
Figure 11: Top View of Air Classifier

 (13) 

 The final device that will be investigated for this project as a de-aeration module 

will be an anti-suction cyclone separator.  This apparatus uses an air bed to prevent 

separated particles from being entrained from the cyclone walls into the inner vortex that 

goes up.  This air core bed increases efficiency and the capacity of the cyclone.  The 

claim is that more material will deposit in the discharge device, and not all of the air 
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entering the inlet duct will leave the cyclone through the exhaust pipe.  Figures 12 and 13 

show the patent design. 

 
Figure 12: Anti Suction Cyclone Side View 

(14) 

 
Figure 13: Anti Suction Cyclone Top View 

(15) 

1.4 Discussion  

 After an in-depth assessment of current and past technologies in solid separation 

systems, a decision was made to implement an overhead hopper for this project.  To fill 

up the bags as efficiently and fast as possible, the simplest design is preferred.  A hopper 

would allow for maximum capacity storage, faster densification, and when properly 

assembled it would also eliminate the need of opening and closing the entrance spout 

slide gate numerous times to get flow of material into the hopper.   
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2. Project Formulation  

2.1 Overview  

 The overall goal of this project is to conceptualize, design, and build a modified 

bulk packaging system which includes a hopper that holds over 5000 pounds of cement, a 

pneumatic hook release system and a PLC controlled weigh system.  

2.2 Project Objectives  

 Working in conjunction with Titan America to increase production for their super 

bag system, the main objective is to design a prototype that eliminates the problematic 

areas that are currently plaguing their system.  The original hopper and spout designs 

were intended to decrease de-aeration times, and increase production.  The optimized 

hook system was intended to decrease loading times of the FIBCôs and also decrease 

releasing times.   

 The first conceptual design for Titan America's bulk packaging system was a gas-

solid particle separator, or otherwise known as a cyclone separator.  This design will 

decrease aeration while increasing loading speeds.  The second conceptual design will be 

the final product design and this is the overhead hopper.  These sections will be 

designated by 1 and 2.   

2.3 Design Specifications  

 In order to meet the objectives of this project, certain specifications needed to be 

stated.  The bulk packaging system must be cleared by the General Plant Manager Kevin 

Baird.  Mr. Baird must personally approve all working systems, and the overall process 

of how each system interacts with each other.  Also, the frame structure will  be designed 
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to sufficiently maintain the 5,000 pounds of material, the weight of the hopper, the 

weight of the slide gate, and all other systems that are attached to this bulk packaging 

system.   

 The material for the frame, hopper, and all other portions of this project should be 

able to withstand large force and pressures without causing the material to weaken, 

undergo permanent deformation, or fail.  

2.4 Constraints and Other Considerations  

 The major constraint of this bulk packaging system is the space available to place 

the system in.  The area where the system will go has a maximum height of fifteen feet, 

and the system must fit next to the already existing bulk packaging system, and still allow 

enough space for forklifts to pass and move the FIBC's.    

 The entrance Scirocco pipe is a standard 200 foot, eight inch diameter pipe that 

transfers up to 240 tons per hour of cement at a negative 3 degree angle (Trelleborg 

Engineered, 2003).  This flow rate is considered a constant along with the negative 3 

degree and must be taken into account during the design phase.  In addition, the PLC 

system is another major component to take in consideration for this bulk packaging 

system to operate correctly.  Titan America will provide the PLC and it will be 

programmed by their personnel.  The efficiency of the hopper can be improved by 

selecting the proper building materials which can include different types of metal alloys 

and coatings for the inside of the hopper that will  reduce friction between the cement and 

the hopper and eliminate the static electricity hazard (Belzona, 2011).  The tables below 



29 | P a g e 
 

show the design specifications of the FIBC Titan America uses, and that this project 

designs around.   

Table 1: FIBC Dimensions, Volume and Cement Capacity 

Bulk Bag Dimensions 

Length = 35 in 

Width = 35 in 

Height = 48 in 

Spout Diameter = 21.5 in 

Spout Height = 28 in 

Volume = 34.028 ft3 

Cement Capacity = 3199 lb 

 

Table 2: FIBC Material Saved by Reducing Spout Size 

TITAN AMERICA'S FIBC 22" 16" 14" 12" 10" Units 
Hopper diameter 16.00 16.00 14.00 12.00 10.00 in 

Inner spout diameter 16.00 16.00 14.00 12.00 10.00 in 

Clearance between inner 
and outer spout 

1.50 1.00 1.00 1.00 1.00 in 

Outer spout diameter 19.00 18.00 16.00 14.00 12.00 in 

Rubber seal max diameter 20.00 19.00 17.00 15.00 13.00 in 

Clearance between 
rubber seal and FIBC 

spout 
1.00 1.00 1.00 1.00 1.00 in 

FIBC spout diameter 22.00 21.00 19.00 17.00 15.00 in 

FIBC spout height 28.00 19.00 19.00 19.00 19.00 in 

Spout Area 1963.46 1268.21 1150.08 1032.00 913.98 in2 

Material saved 695.26 813.39 931.46 1049.49 in2 

 

 Table 2 shows the how much material can be saved by switching to smaller FIBC 

spout sizes. 
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2.5 Discussion  

 This project will conceptualize, design, and modify a bulk packaging system for 

Titan America Inc. The overhead hopper will be a totally new configuration, along with 

the inner spout design, and clamp system.  The hook system and frame structure will be 

modifications of a previous design, with improvements in fatigue stress and material 

selection.   

 Other important considerations when designing a bulk packaging system is to take 

into account the location of the system relative to the silo providing the cement.  If the 

silo does not meet the demands of the designed system then the bottleneck effect can 

occur.  The bottleneck effect is when a solution does not solve the overall problem 

instead it moves the problem to another area.   

 This project will be submitted to the General Plant Manager as well as the 

Engineering Manager in Titan America seeking their approval.  The prototype 

construction and performance tests will be done at Titan America's facility completely.  
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3. Design Alternatives  

3.1 Overview of Conceptual Designs Developed  

3.1.1 Vortex Spout  

Conventional spout designs allow the air-solid mixture to exit through the spout 

as a turbulent flow this leads to high filling times between each cycle. However, by 

creating a vortex effect at the exit of a converging spout, it is possible to achieve two 

desired effects: first, a vortex effect which redirects airflow upward as the vortex 

generates a low pressure zone along its center axis. Second, it helps to maximize the flow 

rate of the material at the exit.  The following figure shows the conceptual design for the 

vortex spout. 

 
Figure 14: Vortex Spout Conceptual Design 

 Theoretically, by speeding up the outlet flow and having a lower material mixture, 

in other words more cement, less air, the filling time can be reduced significantly and the 

packing rate of the cement can be increased. 
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3.1.2 Cyclone Air -Classifier  

 Combining the advantages of the vortex spout, a cyclone air-classifier also known 

as cyclone separators are a suitable design alternative for this project. The cyclone effect 

created in the center of the apparatus separates the gas and solid particles floating in the 

material.  The solid, or heavier particles, are guided by their internal inertia and sink to 

the bottom by following a spiral trajectory against the inner edges.  While the lighter gas 

(air) particles follow the same spiral trajectory down, in the middle of the apparatus a low 

pressure suction zone becomes apparent.  It is here where the air particles are then 

redirected and follow a reverse spiral trajectory up to the exhaust hole (Perry, Kirkpatrick 

1973).  

 
Figure 15: Cyclone Air-Classifier Conceptual Design 

As shown in figure 15 above, cyclone separators consist of three spouts.  The inlet 

spout is located tangentially to the hopper.  In this specific case, this entrance hole will 

have a negative 3 degree incline to accommodate the pneumatic feeding pipe that Titan 

America uses.  The second hole is the exit spout at the bottom of the hopper that the 
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material dispenses from.  Before this exit hole, is a converging cone that generates the 

spiral trajectory for the material, and thus creates the cyclone effect.  Finally, the last exit 

hole is at the top of the hopper and this serves as the exhaust pipe for the air.  At the 

section where the incoming material mixture first strikes the inner wall of the hopper, a 

special coating must be added to account for abrasion and forces that will be located 

there. 

3.1.3 Hook Release System 

 Titan Americaôs original design consists of four manually-adjusted stationary 

hook bars. The FIBCôs straps are hooked manually into place and are also removed in the 

same fashion. In addition, the position and design of the hooks make it impossible for the 

bags to be removed directly from the filling site. A redesigned hook system that allows 

for easy loading and unloading will use a pneumatic piston system to release the bags 

from the hooks, in succession, the hook system structure frees the area to allow for easy 

on-the-spot unloading of the fully filled FIBCs. Figure 16 below shows this design. 

 
Figure 16: Hook Release System Conceptual Design 
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3.2 Design Alterna te 1 

3.2.1 Cyclone Air -Classifier  

Analytical Analysi s & Structural Design  for Cyclone  

Nomenclature 

Symbol Description Units 

ὺ Settling Velocity m/s 

ɤ Angular Velocity rad/s 

r Radial Distance m 

Ὀ  Diameter of Particle m 

” Particle Density kg/m
3 

ɟ Gas Density kg/m
3 

µ Viscosity Pa·s 

ὸ Residence Time s 

V Volume m
3 

Q Volumetric Flow Rate m
3
/s 

Ne # of turns made by gas stream 

in a Cyclone Separator 

Dimensionless 

Dpc Cut Diameter of Particle m 

Vc Cyclone Inlet Velocity m/s 

b Height of fluid cm 

t Time s 

Bc Width of rectangular cyclone 

inlet duct 

cm 
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For separation of small solid particles from gases, the most common type of 

equipment used is the cyclone separator.  The cyclone consists of a vertical cylinder with 

a conical bottom.  The air-solid mixture enters in a rotating motion, and the vortex 

formed develops centrifugal force which throws the particles radially toward the wall. 

 
Figure 17: Process of a Gas-Solid Separator 

(18) 

 Upon entering, the air in the cyclone flows downward in a spiral or vortex 

adjacent to the wall.  When the air reaches near the bottom of the cone, it spirals upward 

in a smaller spiral in the center of the cylinder and cone.  Therefore a double vortex is 

present.  The downward and upward spirals are in the same direction.  The particles are 

thrown toward the wall and fall downward toward the exit spout.  A cyclone is a settling 

device in which the outward force on the particles at high tangential velocities is many 

times the force of gravity.    
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 The Centrifugal force in a cyclone ranges from about 5 times gravity in large, low 

velocity units to 2500 times gravity in small, high-resistance units (Perry, Kirkpatrick 

1973).  These devices are generally applicable in removing particles over 5 µm in 

diameter from gases.  For particles over 200 µm in size, gravity settling chambers are 

often used.  Wet scrubber cyclones are sometimes used where water is sprayed inside, 

helping to remove the solids.   

Equations used for Rates of settling in a centrifuge  

 At the end of the residence time of the particle in the gas, the particle is at a 

distance ὶ m from the axis of rotation.  If rB < r 2, then the particle leaves the cyclone 

with the gas.  If rB = r2, it is deposited on the wall of the cyclone and effectively removed 

from the gas.  For settling in the Stokesô law range, the terminal settling velocity at a 

radius r is obtained by using the equation below (Perry, Kirkpatrick 1973). 

vt =       1 

Since vt = 
Ὠὶ
Ὠὸ then the above equation becomes 

dt =      2 

Integrating the limits between r = r 1 at t = 0 and r = r 2 at t = tT 

tT = ὰὲ     3 
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 The residence time is equal to the volume of liquid in the cyclone divided by the 

feed volumetric flow rate.  The volume V =“ὦὶ ὶ , now substituting this into the 

equation for the volumetric flow rate we have, 

Q = 
 ϳ

 (V) = 
 ϳ

 “ὦὶ ὶ    4 

Collection Efficiency of the Cyclone 

 Smaller particles have smaller settling velocities and do not have time to reach the 

wall to be collected (Geankoplis, 1978).  As a result, the smaller particles exit along with 

the gas in the cyclone.  Larger particles have larger diameter and will reach the wall and 

be removed from the gas.  The efficiency of separation for a given particle diameter is 

noted as the mass fraction of the size particles that are collected.  Normally a collection 

efficiency plot for a cyclone shows that the efficiency rises rapidly with particle size.   

  
Figure 18: Collection Efficiency Graph 

 The cut diameter is the diameter for which one half of the mass of the entering 

particles is retained.  The ratio of the cut diameter can be expressed as, 

Dpc = 
Ȣ

     5 
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Major Components of the Cyclone Design 

 The first major component of this project is the inner walls of the cyclone.   The 

inner walls of the cyclone are the main sections of the gas-solid separator that will be 

withstanding the most force as the material flows in.  The following figure shows the area 

of contact.  This will be tested to find the optimum thickness and material to resist failure.   

 
Figure 19: Area of Contact inside Gas-Solid Separator 

(15) 

Another major component of the cyclone design is the inlet spout.  For Titan 

America's purposes, this spout needs to have a negative three degree slope to coincide 

with the 200 foot long, 8 inch diameter Scirocco pipe that transports the cement.  This 

will increase the inlet velocity of the incoming cement, therefore accelerating it through 

the mechanism.   

Analysis for Cyclone Conceptual Design  

 Initially, the gas-solid particle separator was going to be the emphasis of the 

project and CAD simulation analysis was done accordingly.  Some parameters were 

given as constants from Titan America, such as exit diameter, mass flow rate, and the 

inlet diameter.  Other parameters such as overall height of the system and work space 

area were considered variables and were treated as such.  To properly design a cyclone, 
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the inlet and exit diameters are extremely important to achieve the cyclone effect.  Excel 

spreadsheets were created by Esco Engineering (20) that properly gauged the efficiency 

of certain types of cyclones given certain inputs such as mass flow rate and inlet 

diameters.  The following tables show the differing cyclone types and the input 

parameters that were needed for this project.  

Table 3: Input Parameters for Cyclone Design 

(Esco Engineering) 

   
Input Working 

Flow rate Q cfm 2000 2000 

Design inlet vel vi fps 50 50 

Gas density rg pcf 0.074 0.074 

Inlet area 
 

sf 
 

0.667 

PD parameter 
 

in water 
 

0.555 

 

Table 4: Output Parameters of Cyclone Design 

(Esco Engineering) 

Type of cyclone 

Dimensions 
Stairmand Swift Lapple Swift Peterson/Whitby 

HE HE LE LE LE 

Dia D ft 2.582 2.686 2.309 2.309 2.345 

Inlet ht a in 15.492 14.182 13.856 13.856 16.404 

Inlet width b in 6.197 6.769 6.928 6.928 5.852 

Outlet length S ft 1.291 1.343 1.443 1.386 1.367 

Outlet dia De in 15.492 12.893 13.856 13.856 14.068 

Cylinder ht h ft 3.873 3.761 4.619 4.041 3.125 

Overall ht H ft 10.328 10.476 9.238 8.660 7.433 

Dust outlet dia B in 11.619 12.893 6.928 11.085 14.068 

# vel hds Nh   5.138 4.874 4.487 4.692 4.768 

Press drop, no NV 
 

in water 2.852 2.705 2.490 2.604 2.646 

Press drop, w/NV   in water 1.337 1.268 1.167 1.221 1.241 

 

 The areas shaded in yellow in table 3 are the input parameters that affect all other 

values of table 4. For Titan America's purposes, the design specifications called for 

English units.  The different types of cyclones range by efficiency.  The HE designates 

high efficiency and LE designates low efficiency.  The optimum choice for this project 

was to select the Stairmand High Efficiency cyclone.  The reason for this was because in 
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the food and packing industry, the use of cyclone separators is widely used, and the 

model of choice is the Stairmand cyclone (Ali, Asbi 1991).  The next step in determining 

the proper cyclone design dimensions was to calculate the efficiency of the cyclone with 

the given inputs.  The following table shows the steps. 

Table 5: Geometry Inputs 

(Esco Engineering) 

Geometry 

  
Input Working 

Dia 

Inlet ht 

Inlet width 

Outlet length 

Oulet dia 

Cylinder ht 

Overall ht 

Dust outlet dia 

Natural length 

D 

a 

b 

S 

De 

h 

H 

B 

L 

ft 

in 

in 

ft 

in 

ft 

ft 

in 

ft 

2.580 

15.490 

6.200 

1.290 

15.490 

3.870 

10.330 

11.620 

6.400 

2.580 

15.490 

6.200 

1.290 

15.490 

3.870 

10.330 

11.620 

6.400 

# vel hds Nh 5.140 

Press drop, no NV in water 2.850 

Press drop, with NV in water 1.340 

 

Table 6: Calculated Data to Determine Gas Data 

(Esco Engineering) 

Calculated data 

Log SD 1.133 

Inlet velocity fps 50 

Ratio inlet/salt vel 2.155 

Corrected L 

Core dia 

Eff vol 

Inlet vol 

ft 

ft 

ft
3 

ft
3
 

6.397 

1.628 

26.497 

2.534 

Cycl const 0.916 

G 733.550 

Vortex exp 1.648 
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Table 7: Gas Data of Input Air  

(Esco Engineering) 

Gas data 

Flow rate 

Density 

Q 

rg 

acfm 

pcf 

2000 

0.074 

Viscosity u 0.010 

Temperature T °F 60 

Salt. temp fact fT 1.000 

Salt dens. fact fp 1.000 

 

Table 8: Particle Data of Cement 

(Esco Engineering) 

Particle data Value used 

Log mean dia 

Log SD 

dp 

sd 

µm 

µm 

12.000 

3.000 

12.000 

3.000 

Use distribution? (Y/N):     N 

Specific gravity SG pcf 0.800 49.920 

 

 This particle information was determined from a sample test run from a silo at 

Titan America.  The following figure shows the sample. 

 
Figure 20: Particle Information  from Titan America  
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 This particle data sheet from a silo test run shows the particle size distribution 

needed to complete table 9.  The efficiency can now be calculated. 

Table 9: Efficiency Calculations 

(Esco Engineering) 

Efficiency 

Dia, um 
Inlet mass frn 

fraction 
Penetration Outlet amt 

Outlet mass 
fraction Min Max 

0.0 

0.4 

0.6 

1.2 

1.8 

2.4 

3.0 

3.6 

4.2 

4.8 

7.0 

10.0 

13.0 

16.0 

22.0 

28.0 

34.0 

40.0 

49.0 

64.0 

79.0 

0.4 

0.6 

1.2 

1.8 

2.4 

3.0 

3.6 

4.2 

4.8 

7.0 

10.0 

13.0 

16.0 

22.0 

28.0 

34.0 

40.0 

49.0 

64.0 

79.0 

94.0 

0.002 

0.002 

0.016 

0.026 

0.030 

0.033 

0.033 

0.033 

0.032 

0.108 

0.119 

0.092 

0.072 

0.105 

0.069 

0.048 

0.035 

0.037 

0.038 

0.022 

0.013 

0.875 

0.721 

0.632 

0.530 

0.457 

0.402 

0.356 

0.319 

0.287 

0.234 

0.164 

0.112 

0.080 

0.053 

0.030 

0.018 

0.011 

0.007 

0.003 

0.001 

0.000 

0.001 

0.002 

0.010 

0.013 

0.014 

0.013 

0.012 

0.010 

0.009 

0.025 

0.019 

0.010 

0.005 

0.005 

0.002 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.011 

0.012 

0.067 

0.087 

0.089 

0.083 

0.075 

0.067 

0.059 

0.160 

0.124 

0.065 

0.036 

0.035 

0.013 

0.005 

0.002 

0.001 

0.000 

0.000 

0.000 

  
0.973 

 
0.158 1.000 

  
Overall efficiency 84.2 % 
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Figure 21: Cyclone Efficiency 

(Esco Engineering) 

 Once the overall efficiency was calculated for the Stairmand High Efficiency 

cyclone, the input parameters were then used to design the structure in SolidWorks.  The 

following figure shows the overall design. 

 
Figure 22: Cyclone Design 

 Figures 22 show the initial design of the cyclone that Titan America was satisfied 

with.  The cyclone design matched the specific inputs that were used in tables 1 through 7 

which generated an 84% overall efficiency.  The next step was to simulate flow through 
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the cyclone to determine if the design generates enough separation between large and 

small particles. 

 The uniqueness of this simulation is that inside the cyclone would be two 

different "fluids": 1) Air and 2) Portland Cement.  The following screenshots show the 

velocity of the particles as they enter the cyclone, exit through the dust collector on top, 

and exit through the exit spout that would feed into the FIBC.   

 
Figure 23: Dual Fluid Simulation 
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Figure 24: Low Pressure Simulation 

 In figure 23, the entrance velocity is given as 200 meters per second.  This figure 

was determined from the constant flow rate given by Titan America which stated that 

with an 8 inch Scirocco pipe with a negative 3 degree slope which stated that the flow 

rate would be 240 tons per hour (Trelleborg Engineered Systems, 2003).  This is just the 

flow rate of the cement, not including the air.  The air is used like a conveyor belt that the 

cement slides on, so they both exit the pipe at the same time and at the same rate.  As the 

fluids enter the cyclone, there is an increase in velocity before they hit the inner walls and 

wrap around the cone.  This can be attributed to the centrifugal forces that the air and 

cement particles possess (Kirkpatrick, 1973).  Figure 24 then shows the separation of the 

two fluids.  The lighter and smaller molecules (air) begin to get sucked up in the center 

cyclone developed by the drop in pressure caused by the travel of the cement on the inner 

walls.  This creates a suction that vacuums the air straight up towards an outlet which is 
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where the dust collector would be.  This would leave only the cement particles exiting 

through the bottom exit and into the FIBC bag.     

 Figure 24 also shows the pressure distribution of the particles as they travel 

through the cyclone.  The lower pressure particles are designated in blue, and the higher 

pressure particles are in aqua blue and green.  This simulation was to show proof of 

concept that the cyclone would separate the materials and work efficiently.   

3.3 Design Alternate 2  

With the change of leadership over at Titan America during the completion of this 

project, the conceptual designs also changed.  The original idea of creating an overhead 

hopper was replaced with the idea of the gas-solid cyclone separator.  Conceptual designs 

and analysis were performed and the results were presented to the new General Plant 

Manager.  The new leadership did not believe a gas-solid cyclone separator would 

accelerate the filling process and changed the path of the project back to an overhead 

hopper design.  This experience was beneficial to the project and team because it was an 

example of a real engineering workplace where changes happen and the design engineers 

must adjust.  The following breakdowns of conceptual design 2 are the designs that Titan 

America has been satisfied with and is the final prototype design as well.  

3.3.1 Overhead Hopper  

 Some new project goals were established under the new management. Some of 

which are to create "dump loading", develop mass flow within the material and for the 

hopper is to be able to hold two full FIBC bags at one time, or 5,000 pounds of cement.  
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The following figures show the differences between the original hopper design, the 

revised original version, and final conceptual hopper.  

 
Figure 25: Initial Hopper Design 

 
Figure 26: Redesigned Initial Design 

 Figures 25 and 26 show the original hopper designs that were intended for Titan 

America's bulk packaging system.  However, these versions did not incorporate the 

negative 3 degree angle that the entrance Scirocco pipe utilizes.  Those two prototype 
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designs utilized entrances that were located in the top of the hopper.  The addition of an 

elbow would have had been necessary for those designs to work. 

3.4 Design Alternate 3  

3.4.1 Hook Release System 

Another major component of this design concept are the hinges of the hooks for 

the hook system.  The hinges will be supporting the most stress of the hook system, given 

that they have to rotate the hooks of the full 1.5 metric ton bag as the weight is 

transferred to the forklift.  The following image pinpoints the location of this stress. 

 
Figure 27: Hinges of Hook System 

The hinges of the hooks will also be tested rigorously to examine the areas of 

failure.  These hinges will be responsible to hold 1.5 metric tons of cement, and then 

release in under a second to transfer the straps to the forklift.  This will cause tremendous 

amounts of friction, and a proper material will be chosen.   
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3.4.2 Kinematic Analysis of the Hook System 

This is an important aspect of the project because it determines if the initial 

designs are done well enough to withstand the forces and pressures that are required for 

this application.  The following figures show the data found using SolidWorks 

CosmosWorks.   

 
Figure 28: Factor of Safety for Hooks 

 

 
Figure 29: Y Displacement of Hooks 
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 Figures 28 and 29 show the factor of safety and the overall displacement in the Y 

direction of the hooks that would be utilized in the hook system.  For a product to be 

considered safe the Factor of Safety must be over 2 (Budynas, Nisbett 2008).  For 

construction and packaging applications the safety must be even greater because of the 

extensive and repeated use.  The highest factor of safety for the AISI 4340 Annealed 

Steel hooks is 5.45.  This can be located in figure 28 where the red areas are.  These areas 

will experience the greatest stress from the FIBC because they will have to hold the 

FIBC's once they are full.  The overall Y displacement of the hooks can be found in 

figure 29.  The area with that largest displacement is designated in blue.  In this case, the 

3,300 pound FIBC would create a Y displacement of -0.008526 inches.  The negative 

designates the fact that the displacement is in the downward direction.   
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3.5 Design Alternate 4  

3.5.1 FIBC Clamp System 

The last major component of this design concept is the clamping system.  This 

system is essential to the overall design of the bulk packaging system because it keeps the 

FIBC spout head in place during the filling process.  The ends of the clamps will be fixed 

to the exit spout and the clamps themselves will be connected to two pneumatic pistons 

that would move the clamps up and down along a designated path.   

The clamps will be fitted with the inflatable bladder and the exit spout to leave 1 

inch of clearance for the bladder to inflate.  The overall process would operate with a 

system of pneumatic pistons that would lower and raise the clamps according to how 

empty the hopper is.  This will be organized utilizing a PLC system provided by Titan 

America.   

 
Figure 30: Original Clamp System Design 
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Figure 31: Clamp System Retracted 

3.6 Feasibility Assessment  

 This project is feasible because similar bulk packaging systems have been 

designed and constructed before.  Titan America already had a bulk packaging system 

operating in their facility, but it was cumbersome and inefficient.   

 Our design differs in several ways however.  First, our design incorporates a new 

clamp system that will be manually adjusted so the workers who put the FIBC head on 

the exit spout have room to freely move their hands.  Also, our bulk packaging system 

design will feature an overhead hopper capable of holding 5,000 pounds of cement.  The 

last design feature that our bulk packaging system has that the current one at Titan 

America lacks is the use of "dump loading".   
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3.7 Proposed Design 

3.7.1 Overhead Hopper  

The original hopper design in figure 25 did not have a conical shape, which is 

ideal for bulk loading, and the design alternative in figure 26 did not have the ideal 

conical angle for mass flow (Jacob, 2000).  Therefore the final conceptual hopper in 

figure 32 incorporates all of these missing aspects as well as being able to maintain the 

5,000 pounds of cement that Titan America wants.  

Table 10: Hopper Dimensions and Cement Capacity 

Portland cement vol. per bag: Cylindrical part of the hopper    Total Vol. 

1 ft3 = 94 lbs 
d= 4.00 ft h = 3.50 ft 

65.159 ft3 

Volume= 43.982 ft3 

Hopper's total vol. should be: Conical part of the hopper    

53.191 ft3 = 5000 lbs 
b= 4.00 ft d = 1.33 ft h = 3.50 ft 

Volume= 21.177 ft3 

 

 
Figure 32: Final Conceptual Hopper Design 
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 The hopper specifications in table 10 are used to design the final conceptual 

hopper shown in figure 32.  It is designed to fit the 8 inch Scirocco pipe that enters at a 

negative 3 degree angle.  It also has a 14 inch exit diameter that fits a 14 inch slide gate, 

and has a 28 degree cone.  The hopper is designed to exceed 5,000 pounds, for safety 

purposes.  To ensure that the hopper is properly ventilated, a dust collector must be 

placed on top and in the middle.  This is the ideal location because it ensures even 

collecting distribution of the hopper, as well as easy removal and replacement.  Figure 33 

shows this dust collector, and figures 34 and 35 show the dust collector assembled with 

the hopper.   

 
Figure 33: Dust Collector 

 
Figure 34: Dust Collector within Hopper 
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Figure 35: Final Hopper Design with Dust Collector 

3.7.2 Redesigned Hook and Clamp System 

 The hook system was also revamped with larger pistons and a redesigned hook 

that would prevent pinching and bending.  The material will still be the same, but a 

thicker hook and a solid steel roll bar will be used as the rotational rod.  The pistons will 

be placed on the bar system which will activate and vertically release the hooks from the 

FIBC.  During this process, the forklift teeth will slide between the hooks and the FIBC 

strap all in one motion.  Once the hooks are released, the FIBC straps will slide off the 

hooks and land on the forklift teeth.  This motion of the FIBC straps sliding off the hooks 

is the moment at which the most pinching and bending will occur within the hooks.  As 

expressed in figure 29, the Y displacement of the hooks was large enough to cause 

deformation.  The following figures demonstrate the changes that were made on the hook 

release system.   
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Figure 36: Redesigned Hook System 

 
Figure 37: Clamp System 

 
Figure 38: Redesigned Hook System and Clamp System 
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3.7.3 Revised Structure with attached Load Cells  

 As was with the original structure, it was designed to fit a gas-solid cyclone 

separator which is much slimmer than an overhead hopper.  Therefore the structure had 

to be redesigned as well.  The use of load cells was also a new idea that was to be 

implemented in the final prototype design.  This is important because an accurate 

measure of how much remaining cement is in the hopper is crucial to maintaining fast 

loading and unloading times.  The following figures show the redesigned structure and 

the implementation of the load cells.   

 
Figure 39: Redesigned Structure 
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 Figure 40 shows the top portion of the redesigned structure which houses four 

10,000 pound load cells in cavities. The top portion would lie on the load cells and act as 

the support system for the hopper. These load cells will be provided by Titan America 

and are then connected to a computer board which will read and display the weight of the 

hopper at all times.  The following figure is an up close view of the load cells on the 

structure. 

 
Figure 40: Load Cell Mount to Measure Hopper Weight 

 
Figure 41: 100,000 Pound Load Cell 
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3.7.4 Redesigned Exit Spout 

 The original clamp system design was not big enough for the workers hands to fit 

into and insert the FIBC head onto the exit spout.  It was cumbersome and inefficient.  

Figure 42 below shows the original spout and the little space the workers have to 

properly fit the bag head into. 

 
Figure 42: Titan America Exit Spout 

 As can be seen above, there is less than 2 inches of clearance for the workers to 

squeeze their hands through and fit the FIBC spout head onto the exit spout.  From on-

site testing, it was determined that it took roughly 140 seconds for the FIBC head to be 

properly placed on the exit spout and ready for the inflatable spout seal to expand and 

hold it in place.  With this new smaller exit spout, 14 inches in diameter with a 1 inch 

inflatable seal, combined with the redesigned clamping system, the FIBC spout head 

would be easier to attach and remove.  The redesigned exit spout also has an inner spout 

that fits the diameter of the slide gate, which is 14 inches and can be seen in figure 44.  

As the hook system rotates, it offers the clamp system the ability to also rotate and get out 
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of the way for the workers to insert the FIBC head.  This is essential to faster loading 

times because it allows them to freely insert the head, then remove their hands and lower 

the hook/clamping system all in one motion.  The following figure shows the redesigned 

spout along with the hook and clamping system.   

 
Figure 43: Redesigned Exit Spout with Inflatable Seal 

 
Figure 44: Exit Spout with Clamps 
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Figure 45: Exit Spout with Clamps and Hooks 

 The above figures show the redesigned exit spout along with the clamp and hook 

systems.  The following figure shows the slide gate that would fit with the inner diameter 

of the exit spout. 

 
Figure 46: 16 inch Slide Gate 
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3.7.5 Analytical Analysi s & Structural Design  for Hopper  

Nomenclature 

Symbol Description Units 

ɟ Bulk Density Kg/m
3 

ů Shear Stress Internal Friction KPa 

fc JYL Curve Number KPa 

ů1 Wall Friction Normal Force Newton 

ů Wall Friction Shear Force Newton
 

ŭ 
Effective Angle of Internal 

Friction 
Degrees

 

ŭw Wall Friction Angle Degrees 

ɗ Semi-Included Angle Degrees 

D Diameter m 

A Area m
2 

W Discharge Rate kg/s 

T Time s 

g Gravity m/s
2 

ff Flow Factor Dimensionless 

MFF Material Flow Function Dimensionless 

H 
Constant which is a function of 

Hopper angle 
Dimensionless 

CAS Critical Applied Stress KPa 
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Different Flow Modes 

 There are two primary flow types for solids in conical hoppers: Mass Flow and 

Funnel Flow (Chase, 2006).  The difference between the two flow modes focuses on the 

movement and pattern of the travel of the bulk solid inside the hopper.  Figure 47 shows 

these differences between these two flows and how they are better or worse respectively.  

 
Figure 47: Mass Flow vs. Funnel Flow 

(19) 

 As can be seen in the figure, the main difference between mass flow and funnel 

flow is that in mass flow every solid inside the hopper is always in motion as it exits.  

Whereas in funnel flow, there is only a core of material that moves through the exit, 

while the material next to wall remains stationary, therefore creating a funnel effect 

(Chase, 2006).   

 The pros and cons for each type of flow must also be considered before making a 

decision.  The pros for mass flow in conical hoppers are that the flow is more consistent, 

the flow reduces the effects of radial segregation, the stress field is more predictable, full 

bin capacity is utilized, and the first material in is the first material out.  Some cons with 



64 | P a g e 
 

mass flow are that the wall wear is higher, especially for abrasive materials, there is a 

higher stress on the silo walls, and overall, more height is required to accomplish mass 

flow.   

 The pros and cons for funnel flow were also determined.  The only pro funnel 

flow has over mass flow is that less height is required from the hopper.  The cons of 

funnel flow include: Ratholing (a type of clogging that creates a dome of material at the 

exit), problems segregating the solids, first material in, is the last material out, time 

consolidation effects can be severe, silo could collapse from excess pressures, flooding, 

and a reduction of the effective storage capacity could also occur (Chase, 2006).  From 

these determinations, it is best to aim for mass flow for this particular application.   

Equations used to Determine Proper Hopper Design 

 To design an efficient hopper that utilizes mass flow properly, there are governing 

equations and charts that are needed to be followed that are designed specifically for the 

type of material one would choose to dispense.  The material properties of Portland 

cement and the effects of having a stainless steel hopper acting on it are given in the table 

below.   

Table 11: Calculated Properties of Portland Cement 

Bulk Density 1506 kg/m
3
 

shear stress internal friction ů1 fc 
Ratio 

JYL curve number KPa KPa 

1 2.40 1.50 0.625 

2 2.00 1.30 0.650 

3 1.60 1.10 0.687 

4 1.30 1.00 0.769 
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 The bulk density of the material is how dense the material is.  The shear stress 

internal friction of the material is the amount of shearing stress the material can withstand 

before it cannot shear anymore.  These numbers were determined using a Jenike Shear 

Testing Module.  The following figure shows the structure and processes of the test. 

 
Figure 48: Jenike Shear Tester 

(25) 

 What the test does specifically is apply a normal force to the bulk material inside 

a rotating disc with a cross sectional area.  As the plate rotates, it causes shearing on the 

top portion of the material.  This shearing is then calculated and used to create the Jeniky 

Yield Locus Curve number (Jenike and Johanson, 2010).  This curve number designates 

the maximum shearing stress that the bulk material can withstand.  Four trails were run, 

beginning with the maximum of 2.4 KPa.  The resulting shearing force was 1.5 KPa.  The 

test was run four times, each time lowering the normal force by 400 Newton.  This JYL 

Curve number attributes to the flow property of the material.  By utilizing the rate of 

change of this JYL Curve number, it can be used to later find the Critical Applied Stress 

(CAS) value; a variable essential to find the minimum exit diameter to maintain mass 

flow.   
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 The next material properties that were determined were the wall friction 

measurements and the effective angle of internal friction.  The wall friction measurement 

is the amount of friction generated by the bulk density on the silo material walls, in this 

case, stainless steel.   The effective angle of internal friction is the angle the conical 

hopper needs to be to ensure mass flow.  The figure below offers a visual.   

 
Figure 49: Semi Included Angle 

(21) 

 Table 12 below shows the results of the wall friction measurements and the 

effective angle of internal friction.  The wall friction highlighted in yellow and the 

effective angle in green respectively.   

Table 12: Wall Friction Angle and Eff ective Angle of Internal Friction 

Wall friction measurements ŭw 
normal force shear force 

Ratio 
N N 

0 0.00 0.00 0.000 

1 2.00 0.56 0.280 

2 3.00 0.78 0.260 

Effective Angle of Internal Friction ŭ 

Rise Run 
Ratio 

KPa KPa 

1.40 1.67 0.838 
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 The wall friction data was obtained by measuring the amount of friction that was 

generated on the stainless steel metal by the Portland cement.  University of Akron has 

already done extensive research and has determined the coefficient of friction for 

Portland cement against stainless steel, and that is where these data points originated 

from (23).  

 The effective angle of internal friction is the amount of friction needed within the 

material to cause movement.  There was also information already available for this 

purpose from University of Akron, and this is where the data was sourced from (23).  

These two variables were then used on the Jenike published charts for conical shaped 

hoppers to determine the semi included angle and the flow factor (ff) which can be seen 

in figure 50 below (23).   

 
Figure 50: Design Chart for Conical Hoppers

 (23) 
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 This chart is essential to determine the proper exit diameter to maintain mass 

flow.  The variables in table 12 are used in the Jenike design chart, however, after some 

manipulation the following formulas show how to utilize the rates of change of the wall 

friction measurement and the effective angle of internal friction to determine the semi 

included angle and the flow factor. 

╣╪▪♯  
Ў◐

Ў●
      6 

╣╪▪♯◌  
Ў◐

Ў●
     7 

 Solving for ♯ and ♯◌ by doing the arc tangent of the rates of change, the wall 

friction measurement and effective angle of internal friction are now determined.  These 

angular variables are then inputted into figure 50.  The following table shows the 

resulting calculations. 

Table 13: Jenike Chart Data 

Chart Data 

Effective Angle of Internal Friction 
tan(ŭ) = rise/run ŭ 

degrees 
0.838 39.995 

Wall Friction Angle 
tan(ŭw) = rise/run ŭw 

degrees 
0.260 14.582 

 

 The values in yellow and green were determined already, and were inputted into 

the above equations.  The results are displayed in degrees in red.  The proper way to use 

the effective angle of internal friction is to locate the wall friction curve, in this case 39.9 

degrees.  Then on the Y axis, locate the wall friction degree, in this case 14.5.  Extend 

from here to the right until you reach the wall friction curve.  Once the curve is reached 

extend a line straight down to determine the semi-included angle.  Along this vertical line 
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it will c ross a flow factor curve in the background.  Locate the flow factor curve that is 

the same as the wall friction curve, in this case 39.9.  From here, extend to the right to 

find the flow factor number.  The following figure shows the process for this specific 

application.   

 
Figure 51: Titan America Jenike Chart for Conical Hoppers 

 As can be seen from figure 51, where the values from table 13 are inserted into 

the Jenike design chart for conical hoppers, the resulted semi included angle is 31 degrees 

and the flow factor number is 1.5.  These variables are then used to construct and 

determine the Critical Applied Stress (CAS).  This parameter is critical to determine the 

exit diameter of a conical hopper, which the following equation shows: 

╓ ╗ᶻ
╒═╢

ⱬz▌
      8 

 D is the exit diameter, CAS is the critical applied stress, ⱬ is the bulk density of 

the material, g is the gravity and H is a constant which is based on the shape of the 

 

 

14.5 
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hopper.  In this case it is conical, so H is determined by the following equation (Chase, 

2006): 

Ὄ ς       9 

 Where ɗ is the semi included angle in degrees.  The next variable to determine is 

the CAS.  This is calculated by graphing the inverse of the flow factor curve (1/ff) and 

the material flow function (MFF) on the same graph and determining the intersection 

point.  This can be done because both inputs are stresses and both resultants are shear 

stresses.  The MFF is determined by the blue shaded area in table 11.  This table shows 

the material flow function which uses the flow factor as a function of x.  The following 

equation is determined and the following values of x are used to create a line:  y = 

0.667x, with x values of 0,1, and 2.  The X axis is the normal stress ů, and the y axis is 

the shearing stress fc.  The 1/ff flow factor curve is extended by two x values to create a 

line.  The intersection of these two lines shows the critical applied stress for the material, 

and can be seen in the figure below designated by a green dot. The following table and 

graph show the results obtained.   

 
Figure 52: Critical Applied Stress Chart
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Table 14: 1/ff and CAS Data 

ɗ = 31 

ff = 1.510 

1/ff 0.667 

1/ff Line Data 
 0 

1 

2 

0.000 

0.667 

1.333 

 

 

 CAS 1.200 

 

 Figure 52 shows the intersection of the two curves.  The CAS is determined to be 

1.2 KPa.  The minimum exit diameter can now be found to maintain mass flow in the 

conical hopper.  The following table shows the calculations. 

Table 15: Minimum Exit Diameter for Conical Hopper  

Outlet Diameter Calculation 

H 2.520 dimensionless 

D 9.325 inches 

 Therefore, according to table 15, the minimum diameter of the exit is 9.325 inches 

to achieve mass flow.  Metric units will be used to calculate further variables.  For safety 

purposes, the semi included angle is reduced by 3 degrees, and therefore the hopper 

design angle is then 28 degrees.  

 Once the exit diameter is determined, the next step to design an efficient conical 

hopper is to determine the discharge rate and the amount of time needed to fill one FIBC 

bag.  The discharge rate is determined by utilizing Johanson's Equation.  The formula can 

be seen below.   

ὡ  ”z Ὀ ὃz 
ᶻ

    10 
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 The Johanson equation utilizes the terms ɟ which is the bulk density, D which is 

the exit diameter, A which is the cross sectional area of the exit, the constant m which is 

equal to one for conical hoppers, the semi included angle ɗ, and gravity.  All of these 

variables have been determined.  The following table shows the results found for the 

minimum diameter found in table 16.   

Table 16: Johanson Equation 9.32 inch Diameter 

Johanson Equation 

ɟb bulk density 1506 kg/m
3 

D outlet size 9.320 in 

A Area 68.187 in
2
 

g gravity 32.200 ft/s
2 

ɗ angle of hopper 31 degrees 

m Conical Hopper =1 

W Discharge rate 143.267 lbs/s 

T Time 22.957 s 

 

Table 16 shows all of the data collected so far, and inserts them into the Johanson 

equation.  The discharge rate for the minimum exit diameter of 9.32 inches is 143.26 

pounds per second.  To determine how long it takes to fill one FIBC bag, one must first 

know how many pounds are in a 1.5 metric ton bag and then divide the discharge rate by 

this number.  There are 3,330 pounds in 1.5 metric tons (26).  When the discharge rate is 

divided by this respective value, the time it takes to fill one FIBC bag to capacity is 

calculated.  According to table 16, a hopper with a 9.32 inch diameter with the specified 

angles will take 23 seconds to fill a 1.5 metric ton bag.  Over a fifty percent decrease than 

what Titan America was using when the project began.  However, the conceptual design 

implemented a 14 inch slide gate to fit the exit diameter, so the discharge rate and time 
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needed are still to be determined.  The following table shows these values for a 10 inch 

diameter, 12 inch, 14 inch, and 16 inch exit diameter, all possible slide gate diameters 

(27).   

Table 17: Johanson Equation for 10, 12, 14, 16 inch Diameters 

10 inch Diameter 

B outlet size 10.000 in 

A Area 78.499 in
2
 

g gravity 32.200 ft/s
2 

ɗ angle of hopper from vertical 31 degrees 

m Conical Hopper =1 

W Discharge rate 170.845 lbs/s 

T Time 19.251 s 

12 inch Diameter 

B outlet size 12.000 In 

A Area 113.040 In
2 

g gravity 32.200 ft/s
2 

ɗ angle of hopper from vertical 31 degrees 

m Conical Hopper =1 1  

W Discharge rate 269.500 lb/s 

T Time 12.204 s 

14 inch Diameter 

B outlet size 14.000 in 

A Area 153.859 in
2 

g gravity 32.200 ft/s
2 

ɗ angle of hopper from vertical 31 degrees 

m Conical Hopper =1 

W Discharge rate 396.207 lbs/s 

T Time 8.301 s 

16 inch Diameter 

B outlet size 16.000 in 

A Area 200.959 in
2 

g gravity 32.200 ft/s
2 

ɗ angle of hopper from vertical 31 degrees 

m Conical Hopper =1 

W Discharge rate 553.226 lbs/s 

T Time 5.945 s 
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Figure 53: Discharge Rate as Diameter Size Increases 

 
Figure 54: Time Required per Bag as Diameter Size Increase
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 As can be seen from table 17 above, the larger the exit diameter, the faster the 

discharge rate, and therefore, the faster the filling time.  The 14 inch exit diameter that 

would fit the slide gate that Titan America provided would have a discharge rate of 

396.207 pounds per second and would fill a 1.5 metric ton FIBC bag in 8.300 seconds. 

3.8 Conceptual Design Analysis for Structure and Clamp System  

 The final conceptual design for the hopper now allows for the final conceptual 

design of the structure and clamp system to be determined.  The structure has been 

reinforced with support beams on the top to help distribute the stress evenly, as well as 

support beams on the bottom for added support.  The clamp system also has its' final 

conceptual design that would fit the 14 inch exit spout hopper.  Both fatigue and static 

analysis was done on the structure to ensure safety and longevity.   

3.9 Discussion  

 The final conceptual design parameter is now calculated, and engineering design 

and analysis can now be done.  The 14 inch exit spout diameter was the design that Titan 

America agreed on.  This design specification is carried throughout the engineering 

design and analysis and also directs the design of the clamp and hook system.  This exit 

spout determination also cuts cost for the slide gate. 
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4. Project Management  

4.1 Overview  

 

 Duties and responsibilities were broken down to match the individual strengths 

for each team member.  Rafael Mestril was selected to be the Design Engineer.  His 

duties included to design and analyze the conceptual designs, alternative designs, and 

final prototype designs in SolidWorks for this project.  His work was distributed over the 

length of the project and his hours and work can be seen in subsections 4.2 and 4.3.   

 Carlos Banks was selected to be the Manufacturing Engineer and his duties 

included doing research in the chemical and kinematic properties of cement, silos, 

hoppers, and cyclones.  He researched and developed Excel sheets that calculated the 

projected filling times and discharge rates of the hopper for several specific exit 

diameters.  These results were organized and shown to Titan America.  His duties also 

included the organization of the technical report.  His work was distributed over the 

length of the project and his hours and work can be seen in subsections 4.2 and 4.3.   

 Winton Pierson was selected to be the Industrial and Materials Engineer.  His 

duties included researching materials that were cost effective for past, present and future 

concepts, as well as researching material properties and choosing the optimum materials 

needed to complete the construction of this project.  He was also the liaison between the 

group and Titan America and also organized team meetings.  His work and other duties 

were distributed over the length of the project and his hours and work can be seen in 

subsections 4.2 and 4.3.   
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4.2 Breakdown of Work into Specific Tasks  

Table 18: Breakdown of Specific Tasks 

 

Task Name Resource Names Start Finish % Completed Hours Duration

Introduction at Titan America Team 2/14/2011 2/15/2011 100% 2 days

Project Overview Team 2/21/2011 2/22/2011 100% 2 days

Time and Dimension Logging Team 2/28/2011 3/1/2011 100% 2 days

One-Page Project Synopsis Carlos Banks 3/1/2011 3/7/2011 100% 2 5 days

Report ï 10% CompletedTeam 1/10/2011 2/7/2011 100% 21 days

Report ï 25% CompletedTeam 1/10/2011 4/9/2011 100% 67 days

Report ï 50% CompletedTeam 8/22/2011 9/27/2011 100% 12 days

Report ï 75% CompletedTeam 8/22/2011 10/27/2011 100% 34 days

Report ï 100% CompletedTeam 8/22/2011 11/16/2011 100% 48 days

Team Poster (Final Version) Team 3/15/2011 4/7/2011 100% 18 days

IAB Presentations Team 4/6/2011 4/19/2011 100% 10 days

Meetings Team 2/11/2011 11/1/2011 100% 12 190 days

   Dan Crowley (VP) Team 2/11/2011 2/11/2011 100% 2 1 day

   Dan Crowley (VP) Team 2/22/2011 2/22/2011 100% 2 1 day

   Carlos Castano Team 5/3/2011 5/3/2011 100% 1.5 1 day

   Alberto Hernandez/John Lyon (Managers) Team 7/1/2011 7/1/2011 100% 1.5 1 day

   Kevin Baird (VP) Team 8/8/2011 8/8/2011 100% 2 1 day

   Kevin Baird (VP) Team 10/13/2011 10/13/2011 100% 1.5 1 day

   Kevin Baird (VP) Team 11/1/2011 11/1/2011 100% 1.5 1 day

Manufacturing Engineer Carlos Banks 3/1/2011 11/16/2011 100% 1641 189 days

   Researched dynamics of Cement Carlos Banks 3/1/2011 5/18/2011 100% 59 days

   Researched Kinematics of Cement Carlos Banks 5/18/2011 9/22/2011 100% 92 days

   Researched Cement Properties Carlos Banks 4/21/2011 7/30/2011 100% 72 days

   Static Friction Calculations & Testing Carlos Banks 5/31/2011 9/1/2011 100% 68 days

   Technical Report Carlos Banks 8/4/2011 9/1/2011 100% 21 days

   Process Quality Control Carlos Banks 9/1/2011 11/16/2011 100% 55 days

Design Engineer Rafael Mestril 3/1/2011 11/16/2011 100% 1789 189 days

   Developed Conceptual Designs Rafael Mestril 3/1/2011 4/23/2011 100% 41 days

   Developed  Preliminary Concepts Rafael Mestril 4/23/2011 5/31/2011 100% 27 days

   Developed Detail Final Design Rafael Mestril 5/19/2011 6/29/2011 100% 30 days

   Conducted Stress Analysis Rafael Mestril 6/16/2011 7/11/2011 100% 18 days

   Conducted Fatigue Analysis Rafael Mestril 7/20/2011 9/9/2011 100% 38 days

   Conducted Structure Analysis Rafael Mestril 8/31/2011 9/5/2011 100% 3 days

   Conducted Dynamics Analysis Rafael Mestril 9/5/2011 11/1/2011 100% 42 days

   Conducted Kinematics Analysis Rafael Mestril 9/30/2011 11/2/2011 100% 24 days

   Rendured technical Drawings Rafael Mestril 10/3/2011 11/16/2011 100% 33 days

Industrial Engineer Winton Pierson 3/1/2011 11/16/2011 100% 1684 189 days

   Materials Winton Pierson 3/7/2011 5/18/2011 100% 55 days

   Cost Analysis Winton Pierson 5/9/2011 9/16/2011 100% 95 days

   Coordinated all Activities Winton Pierson 4/3/2011 7/1/2011 100% 65 days

   Researched Concepts Winton Pierson 5/20/2011 8/22/2011 100% 67 days

   Managed Responsibilities Winton Pierson 3/1/2011 11/16/2011 100% 189 days

   Managed Team Roles Winton Pierson 3/1/2011 11/16/2011 100% 189 days

Prototype 100% Completed Team 11/14/2011 11/23/2011 0% 8 days

Prototype Testing Team 11/23/2011 11/30/2011 0% 6 days

Final IAB Presentations Team 11/30/2011 11/30/2011 100% 1 day
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4.3 Organization of Work and Timeline   

 
Figure 55: GANTT chart  
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4.4 Breakdown of Responsibilities among Team Members  

 Table 19 below shows the breakdown of responsibilities held by each team 

member over the duration of this project.   

Table 19: Roles and Responsibilities 

Name Carlos Banks Rafael Mestril Winton Pierson 

Title Manufacturing Engineer Design Engineer Industrial/Lead Engineer 

D
u

ti
e

s
 a

n
d

 R
e

s
p

o
n

s
ib

ili
ti
e

s
 

Researched dynamics and 

kinematics of cement and 

cement properties 

Developed conceptual, 

preliminary and detail 

design concepts 

Materials and cost 

analysis 

Conducted static friction and 

electricity calculations/testing 

Conducted stress, fatigue 

and structure analysis 

Coordinated all activities 

necessary to complete 

design, development and 

implementation of 
engineering project 

Maintained product and 

process data in technical report 

Rendered technical 

Drawings 

Researched past, present 

and future concepts 

Assured product and process 

quality by researching and 

designing testing methods 

Conducted dynamics and 

kinematics analysis 

Managed team roles and 

responsibilities 

 

4.5 Discussion  

 Through teamwork and communication the organization of tasks was fluent and 

in sync with each team member.  One of the most important aspects that made this 

project successful was the division of tasks in accordance to each team memberôs 

strengths, knowledge, and abilities.  The use of Dropbox and emails kept the project in 

sync and each team member up to speed with the overall process of the project.   

 There was an efficient system of weekly meetings that allowed each team member 

to follow through on their duties for the week.  If one meeting was to be missed, another 

day was arranged that would fit everybodyôs schedules and if there were no possible way 
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of meeting at all, meetings were substituted with conference calls.  There were also 

frequent meetings with Titan America that would update them of the progress on the 

project.  Meetings included a summary of the projectôs progress, research that had been 

done for various design concepts, followed by the future goals to be met based on the 

outcome of the meetings themselves.   
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5. Engineering Design and Analysis  

5.1 Structural Design  

 The structural designs that will be tested in SolidWorks are the frame structure 

and the overhead hopper.  These two entities will experience the most stress during 

operation.  The following figures show the frame and the hopper that will be examined.   

 
Figure 56: Frame Structural Design 

 

 

 

 
Figure 57: Hopper Structural Design 

  


























































































































