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ABSTRACT

This objective of this project was to develop a new dewatering device that could produce
a lower moisture content and better fine particle recovery than current technology. To meet this
goal, a hyperbaric horizontal belt filter was designed and constructed over the course of 18
months. Once built, the filter was then thoroughly tested to determine operational capabilities.
The test data showed that the lowest moisture content that could be achieved with a coarse feed
(minus 1 mm screen-bowl centrifuge feed) was 8.8%. This value could be further reduced to
8.2% and capacity increased with the use of dewatering aids. When testing with a fine feed
(minus 0.15 mm column product feed), the lowest moisture content was 35% without chemicals
and 29% with chemicals. A 50/50 mixture by volume of coarse and fine feeds was artificially
created and provided a moisture of 10.8%, which was reduced using reagents to 8.4%. The
machine provided a very high recovery rate for all feed materials. Of the coal input, no less than
94% of it reported to the dry product. The pressure used to dewater the coal was the controlling
factor for the air consumption of the unit. The data from these tests suggest that a full size

production unit is feasible, although the power requirements for gas compression would be high.
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CHAPTER 1:
GENERAL INTRODUCTION

1.1 Preamble

Coal is a major energy resource in both the United States and world wide. The extraction
of this resource from the earth requires methods that often mix impurities that do not contain
heating value in with the valuable coal. Removal of this excess material requires that the coal be
washed in a preparation plant to separate the clean coal from the refuse material. Most known
methods for accomplishing this for the fine particle size range (less than 1 mm) are wet
processes. Water, when mixed with coal, also reduces its BTU (British Thermal Unit) value, thus
creating a need to remove it from the final product.

Traditionally, coal producers have handled fine waste slurries in two different ways. The
first is to pump the slurry to an impoundment pond where the valuable coal is wasted and creates
an environmental hazard. This is done because it becomes increasingly difficult and costly to
dewater coal as particle size decreases. The other option is to install thermal dryers. Thermal
dryers, however, have high capital and operating costs. It is also difficult to get a permit to install
thermal dryers due to air pollution problems.

Thus, there is a need for a third option. An attractive alternative would involve the use of
a filtration unit that greatly reduces the cost and improves the effectiveness of fine coal
dewatering. This cost is reduced because the energy input needed to evaporate water is high
compared to the cost of mechanically removing water. The use of displacement filters combined
with surface tension reducing reagents can create a high volume filtration unit that would allow
for the economical recovery of these fine coal slurries. Unfortunately, a piece of equipment that

takes advantage of all of these factors in a cost effective way does not currently exist.



The impact of such a unit, if developed, should not be underestimated. It would help
reduce the size of hazardous impoundments, reduce the air pollution currently caused by thermal
drying, and increase the available energy supply in the world by creating more usable BTUs with

less energy input.



1.2 Literature Review

1.2.1 Definition of Filtration

Filtration is the separation of two forms of matter by passing one of them through a
porous medium. This study is limited to the principles relating to the separation between solid
particles and liquids. In addition, the primary liquid that is being separated in this case is water,

allowing the distinction to be made that this is a dewatering process.

1.2.2 Filtration Methods

Dewatering is primarily concerned with removing water that is bound in the capillaries
between solid particles. This can be achieved using three basic known methods. The first is to
compact the slurry by adding stress to the perimeter of the slurry with a roller, pistons, screw
presses, or other mechanical means. The second method is to displace the water using a gas that
is applied through either vacuum or pressure. The third method can be achieved by adding an
electrical field to a slurry of charged particles. Each of the methods has its advantages and
limitations.

Dewatering that uses mechanical compression is limited to the compressibility of the
filter cake. Once the cake has been compressed to the point of virtual incompressibility, no
further dewatering is possible since the water has been fully compacted into the capillaries and
pores.

In dewatering by gas displacement, the important factors are the pressure difference
across the filter cake and the kinetic dewatering characteristics. This process results in an

exchange between water volume and gas volume in the filter cake.



Dewatering using electrical fields creates charged ions to generate the pressure required
to force the water out of the capillaries. This process is called electro-osmosis. The primary
difference in this method of dewatering is that rather than the driving force being generated from

outside the capillaries, it is formed from the electrical forces within the capillaries.

1.2.3 Filtration Theory

Scientists and engineers have been working to develop the fundamental theory behind
filtration for over 150 years. Despite this large time frame and much attention, the theory
regarding filtration is not complete. Most of the work that has been done is in regard to cake
formation rates. The ability to predict the moisture content of a cake is beyond the current
knowledge of filtration theory. Most work that has been done on this topic is empirical in nature.

The filtration theory that is known is an extension of fluid mechanics. The rate of
filtration is directly proportional to the pressure drop across the cake and inversely proportional
to the resistance. It is known that the pore sizes in the filter cake are small and the liquid’s
velocity through the cake is also slow, the filtrate flow maybe considered laminar. Since these
assumptions can be made Poiseuille’s law is applicable. From this it can be seen that the variable

rate of filtration may be expressed as:

u= d—V 1
Adt (1
where V = volume of filtrate

A = area of filtration

t = time

u = filtration rate



By making the laminar flow assumption and by applying Poiseuille’s Law the basic filtration

equation, it is possible to show that:

av AP
Adt~ plawV +r) (2)
A
where AP = pressure drop across the filter (including the cloth and drainage system)

p = liquid viscosity

a = specific cake resistance

w = weight of the dry cake solids per unit volume of filtrate

r = resistance of the filter cloth and drainage system
Rearranging Equation (2) yields,

714 714
uawV “— + r —— = APdt
A? A 3)

It can then be assumed for a thick cake that r = 0 since the resistance of the cake is much greater
than that of the filter cloth and drainage system. This expression can be integrated between the
limits of 0 and tr (Where t is the cake formation time per cycle) and 0 and V¢ where V¢ is volume

of filtrate in time ty. From these limits, it is possible to show that:

WJ-V/ Vdv

0A2:

AP J'Ot’ dt (4)

The result of the integration gives:



HAW o5
e V:=APt, (5)

When both sides are divided by t?, rearranged, and square root taken, it can be shown that:

v, _ [2aP
= (6)
At pawt ;

The final step is to get the equation in the form Z. Z, is measured in weight of dry solids per unit
area per unit time of cake formation. If t; is the time involved in the cake formation, this variation

of the equation is realized by multiplying Equation (6) by w, i.e.:

z, =—2"L= (7)

This expression shows that the cake production rate is proportional to the square root of the

pressure and inversely proportional to the square root of time.

1.2.4 Cake Filtration Using Displacement

The most critical aspect of any filtration process is the source of the driving force. The
importance of this force is shown in Equation (2), the fundamental relationship for filtration. In
that equation, AP is a critical term and this pressure difference is often referred to as the driving
force. In all of the equipment that was studied and analyzed, the driving force is provided by air
pressure applied to the filter cake. The filtration theory states that the higher the AP the greater
will be the cake formation rate. Other empirical evidence also shows that the higher the AP the

lower will be the final cake retained moisture (Cheremisinoff, 1995).



1.2.5 Filtration Equipment

There are several types of equipment that are commercially available for fine particle
dewatering. The most prolific of these are disc filters, drum filters, and belt filters. All of these
units are currently used in a vacuum mode and some are used in a pressure mode. Each of these
units has some advantages over the others. There are other novel pieces of dewatering equipment

that are made in various places, but these three are the most prevalent.

1.2.5.1 Disc Filters

Disc filters are used in both a vacuum mode and a pressure mode. Pressurized disc filters
work on the same principal only the disks are contained within a pressure vessel. Disc filters use
a multitude of rotary discs that are vertically mounted on a horizontal shaft, which are suspended
in a slurry reservoir. This has the advantage of having greater floor space utilization than other
filters. Each disc is divided into separate sectors often ranging from 12 to 30 per disc. The disc
must be mostly submerged because cake formation occurs while the sector is still submerged in
the slurry.

Disc filters do have some major disadvantages due to the vertical nature of the disks this
limits the thickness of the cake since too thick of a cake will not stick to the filter. This limits the
capacity for the filters. Also, it is difficult to wash the filter media thus plugging can be a major
problem. Since the cake is submerged through much of the rotating cycle of the filter it can result

in too high moisture content due to too short of dewatering time.

1.2.5.2 Drum Filters

Drum filters are the most commonly used air displacement filter. This is a device that has
a large drum that rotates slowly about the horizontal axis. The drum is similar to the disc filter in

that part of the drum is submerged in the slurry. The drum has multiple sections, each containing



a separate vacuum chamber. This filter like the disc filters can be enclosed in a pressure vessel
and operated under pressure. The disadvantage of the drum filter is the relatively poor use of
space. The entire volume of the drum contributes little to the dewatering process and yet
consumes much space. Otherwise, the operating principal of the drum filter is similar to the disc

filter.

1.2.5.3 Belt Filters

Horizontal belt filters are the third prevalent type of displacement filtration equipment.
The operation of the horizontal belt filter is quite different from that of the disc filter or drum
filter. In this unit, a filter belt is continuously rolled across two rollers much like a conveyor belt.
The slurry is feed onto one end and then slowly turned across the length of the belt. While
traversing the length of the belt, a vacuum is applied to the underside of the belt. This type of
unit has an advantage of lower capitol costs than the other filters and it has a high area available
for dewatering. Also, the speed and feed rate of the belt can be easily controlled. The primary
disadvantage is that the unit has a poor dewatering rate per square footage of floor space. These

units are not made in a pressurized version at this time.



1.3 Objectives

A variety of mechanical processes are available for dewatering fine particles in the coal
and mineral processing industries. Most of these units have major problems associated with
them. All of the units currently available suffer from one or more of a number of difficulties,
such as poor dewatering performance, low throughput capacity, high capital costs, and high
operating costs. Primarily, the vacuum units suffer from the poor performance and low capacity,
while the pressurized units suffer from high capital and operating costs.

The first aspect of this research was to develop a new type of dewatering process that
combines the operational flexibility of a continuous horizontal belt filter with the dewatering
efficiency of a batch pressure filter. As such, the project involved the design, construction,
testing, and evaluation of a pilot-scale prototype unit. The prototype hyperbaric belt filter can be
used as a model to assist in the design of a full-size commercial unit. The project demonstrated
that the unit is physically feasible and provided critical operating information such as throughput

capacity, moisture capabilities, power requirements, etc.



CHAPTER 2:
DEVELOPMENT OF A HYPERBARIC BELT FILTER

2.1 Introduction

The final stage of a coal processing operation involves the separation of liquid water from
the useful coal particles. For very fine material, this is commonly done using a vacuum filtration
method, a practice that is inherently limiting. One of the primary factors in any filtration process
is the pressure drop across the filter cake. Vacuum methods are limited to a theoretical maximum
of one atmosphere of pressure. By utilizing pressure filtration, the amount of pressure can be
increased much higher.

Research was done to determine how effective pressure filtration would be on fine
particle dewatering of coal. The ultimate goal is to develop a process that, inexpensively, is
effective at reducing cake moisture content to levels that are currently unattainable in coal
processing equipment.

The mining industry is infamous for handling massive amounts of material. To
accommodate this inherent requirement in the industry it is critical that any filtration device have
a large capacity to be of any practical use. This large capacity is one of the major shortcomings
of vacuum filters. Although it is possible to create a high capacity vacuum filter, this is
impractical due to the massive size that would be required. This is due to the low pressure
differential that causes cake formation times to be long and extended dry cycle times. To
understand the relationship between cake formation time and various operating parameters is
imperative to the design of a filter unit. The higher the cake formation rate is, the higher the
capacity of the full size unit. This overall dewatering capacity is of extreme importance to the

success of the project.
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2.2 Hyperbaric Belt Filter Design

The first step in the design process was to determine what type of filter was going to be
developed to dewater coal. It was determined, that currently, a pressurized belt filter does not
exist. This unit has unique advantages over other types of pressure filters. The primary advantage
is that it has the potential to have high capacity since the length of the belt can be increased and

yet run at a relatively high velocity.

2.2.1 Concept of the Design

Once the decision was made to design a hyperbaric filter, the specific details of the
design needed to be worked out. One of the objectives was to make a low cost unit. To this end,
the basic components were considered. The lab tests showed that for the unit to physically do
what was necessary, the top of the belt would need to be exposed to positive pressure while the
bottom of the belt would need be open to atmospheric pressure. This pressure difference across
the belt is the key item to a pressure filter. All of the parts of the unit are designed to allow this to
occur. Figure 2.1 shows what a pressure difference across the belt looks like.

The most feasible approach to achieve a large pressure differential across a moving belt
was one that had the entire filter device enclosed in a pressure vessel. That would create the large
positive pressure on the top of the belt. To support the pressure differential across the belt, a rigid
pressure plate was devised that was capable of handling a large force load.

The other major requirement that this project set out to overcome is that the pressure
filter had to be a continuously operating unit. This is something that virtually all of the existing
pressure filters are not. Most of them are batch processes that simulate continuous operation by

having multiple units operating side by side. This creates numerous difficulties by presenting a

11
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Figure 2.1. Pressure differential across a horizontal belt filter.

situation where material has to both enter and leave a pressurized chamber while maintaining a

pressurized environment.

2.2.2 Design of the Filter Device

From the general concept of having a belt filter contained in a pressure vessel, it is clear
that the project should be separated into two major designs, the filter device and the pressure

vessel. Each of the parts of the filter device is discussed in detail in the following sections.

2.2.2.1 Frame

The purpose of the frame is to support all of the other components that are required to
make the unit operate. This was designed to be as inexpensive as possible while still minimizing
weight and still having the strength characteristics that would be required. The frame was
constructed out of carbon steel tubing. Figure 2.2 provides a scale technical drawing of the filter
device frame. Additionally, the frame had to be conducive to material handling for maintenance

purposes. For this purpose, hooks were added to allow the unit to be handled using an overhead
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Figure 2.2. Design of the filter device frame.

crane. The unit also has wheels that can roll along a track to allow easy access to the unit inside
the pressure filter. Figure 2.3 shows the track wheel mounted to the filter device frame.

To assist in the handling of the unit an a-frame attachment was made to fit into the end of
the support structure to assist in removing the filter from the pressure vessel. Figure 2.4 is a
picture of the A-frame structure inserted into the end of the filter device to support the structure

when removing it from the pressure vessel.

2.2.2.2 Filter Cloth

The filter cloth is the medium that
allows the water to pass while holding most of
the solids on the top of the belt. The filter
cloth that is being used on the unit has
openings of 80 microns. Thus, any material

that is larger than 80 microns is retained on the

filter belt as is a large percentage of finer

Figure 2.3. Wheel on the filter device.

material. The pressure differential across this
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Figure 2.4, A-frame attachment for the filter device.

medium provides the driving force that allows for the filtration to occur.

One of the major concerns of the filter cloth is that over time the cloth would become
blinded (plugged) with near size particles. This would cause a situation where water would not
be allowed to pass through the cloth and no more filtration would be possible. To prevent this, a
high pressure water spray was installed to force water through the back side of the filter cloth to
push out any trapped particles. The water spray is located just before the fresh feed is put on the
belt to ensure that each run of slurry has a clean cloth to filter through.

Another design concern that had to be addressed in regard to the filter cloth is the
tensioning of the filter cloth. This tensioning had to be done separate of the rubber belt so that

the water spray would be able to spray the back side of the belt to effectively remove any trapped
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Figure 2.5. Tensioning roller and water spray on the filtering device.

particles. This tensioning is done just behind the drive roller. The roller in the center of Figure
2.5 is the tensioning roller.

The tension is provided by a pair of springs that pull an idler roller back to create the
tension on the filter cloth. The filter cloth is in contact with the rubber belt during its entire travel
around the non-drive primary roller and the length of the dewatering stage as well as the trip to
the drive roller. This means that to tension the filter cloth and allow washing, the amount of
distance the filter cloth is apart from the rubber belt is minimized.

To keep the slurry from running off the feed end of the filter, a trough was built to
provide a reservoir of slurry to ensure continuous feed to the dewatering section of the belt. This
was accomplished using two Teflon guiders for the filter cloth and a roller. A picture of this

apparatus is shown in Figure 2.6.
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Figure 2.6. Trough apparatus used to hold slurry on the filter cloth.

2.2.2.3 Pressure Plate

The pressure plate is the part of the filter device that creates the seal necessary to separate
the high pressure region from the low (atmospheric) pressure region. The pressure plate consists
of an aluminum plate, which has had some machine work done to it, along with a steel box that
collects the water. Figure 2.7 shows an isometric view of the pressure plate.

The plate has a slot machined down the center that allows the notch in the rubber belt to
fit inside of it. Also, there are holes drilled in a slightly lower slot to allow the water and air to
pass through both the pressure plate and the rubber belt. At the ends of the pressure plate, two %
inch rubber strips are mounted. The rubber strips also have a slot machined in them to help seal
the ends of the belt and pressure plate as the belt travels across the plate. Also, mounted to the

pressure plate are two V-shaped plastic strips that help the length of the belt to seal. Commercial
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Figure 2.7. Design used for the pressure plate.

weather stripping attached with silicone was found to be ideally suited for sealing the underside
of the belt (see Figure 2.8).

On the bottom of the pressure plate is the discharge box that collects the air and water in
a central location and sends it to a drain pipe to leave the pressure vessel. The pressure plate is
attached to the frame by four one-inch diameter bolts that have a ten-inch adjustment on them.
This allows the pressure plate to be pushed against the belt with varying degrees of force. Figure

2.9 shows how the bolts are screwed through four steel blocks that are welded to the frame.

2.2.2.4 Belt and Drive System

One of the key aspects of the filtration device is the rubber belt that carries the filter cloth
over the pressure plate. The rubber belt provides a material with the strength properties needed to
take the filter cloth across the pressure plate. The rubber belt supplies the drive to overcome the

force that the pressure differential creates to hold the filter cloth in place. The belt has a notch in
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Figure 2.8. Plastic strips used to seal the Figure 2.9. Bolts attaching frame to the
underside of the belt. pressure plate.

the center that contains holes for the air and water to pass through. Also, the belt has slots across
it that allow for the pressure to be applied across the entire width of the belt. These attributes are
shown in Figures 2.10 and 2.11. The belt has two raised angular rubber pieces on each side to
prevent the slurry and cake from falling off the sides of the belt.

The rubber belt is mounted on two nylon rollers. The drive roller is on the same side as
the feed is put on the belt. This roller is chain driven by a DC electric motor that has been speed
reduced to increase the torque needed to pull the belt across the pressure plate. Both of the nylon
rollers are mounted on the frame by two pillow block ball bearings. A diagram of one of the

pillow block bearings used to support the two nylon rollers is shown in Figure 2.12.

2.2.2.5 Filter Cloth Scraper

After studying a lab batch unit that was developed at Virginia Tech, it was determined

that to remove the filter cake from the filter cloth after all of the dewatering has been completed
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Figure 2.10. Top of the rubber carrier belt.

Figure 2.11. Bottom of the rubber carrier belt.

would require some sort of scraper. The best location for the placement of the scraper was
determined to be just over the hopper so that the bulk of the cake would fall into the product
discharge chamber. This means that the scraper would have to scrape over a portion of the filter
cloth while it is traveling across the nylon roller. Since the scraping site is not flat the scraper
needed to be constructed of a material that is soft enough that it would not damage the filter
cloth. To meet this requirement, it was determined that a soft rubber would be stiff enough to

effectively scrape the cloth and not damage it.
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The other issue that had to be
overcome was how to position the scraper in
an orientation that the cake would not
excessively build up on the scraper. This
was accomplished by scraping at an angle
with two separate scrapers to cover the entire
width of the belt. Figure 2.13 shows the
scrapers used to remove fine material
coming off of the filter device. Each of the
scrapers is adjustable to change the amount
of force with which each of the scrapers
presses against the belt. The angle of scrape

can be adjusted also.

2.2.3 Pressure Vessel Design

The pressure vessel was designed
with two primary concerns in mind. The first
was to construct a structure that could safely
hold 60 PSI of air pressure for a long period
of time. The second concern that had to be
addressed was it must be sufficiently large to
contain the filtration apparatus. Both of these
conditions had to be addressed before the

smaller technical issues could be resolved.

Figure 2.12. Pillow block bearing for the
primary drive.

Figure 2.13. Scrapers used to remove fines
from the filter cloth.
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To form the body of the pressure vessel, a cylindrical steel pipe made the most sense.
First, it would be easy to find a pipe that was rated to hold more than 60 PSI of pressure. The
second reason for using a steel pipe would be that it is easy to attach accessories to it since it can
be welded. The final motivation for using steel is that it is relatively inexpensive. The only major
drawbacks to using steel for the pressure vessel is that it is heavy and that there is the potential
for corrosion due to the wet environment that exists on the inside of the unit. The other type of
material that was seriously considered to form the pressure filter was polyvinyl chloride (PVC).
This type of pipe is less accessible but is still widely manufactured. PVC is lighter than steel and
has better corrosion resistance. It is more expensive and it would be difficult to cap off the ends.
Also, adding a structure to the inside of the pipe to hold the filtration apparatus would present a
challenge. After much consideration, the decision was made to use steel pipe. The steel pipe that
was used is a schedule 40 pipe that is rated to hold 150 PSI. Figure 2.14 shows the steel pipe in

the condition it was in when it was received.

Figure 2.14. Pipe used to construct the pressure chamber (as received).
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The second major concern was to get a vessel that would be large enough to hold the
filtration apparatus. From the design specifications it was determined that the smallest circle that
could practically hold the entire unit would have to be 30 inches in diameter. From this plan the

pipe that was acquired is 30 inches in diameter and 10 feet long.

2.2.3.1 Supporting Frame

Before the pressure vessel could be assembled, a frame had to be built to hold the vessel
and filtration apparatus. This frame was built out of tubular steel. Figure 2.15 shows the
dimensions on the tubular steel that was used to construct the frame shown in Figure 2.16. To
support the weight of the pressure vessel and all of its components, it was decided that a simple

box frame would be sufficient to hold the pressure vessel. This frame was welded together and

Figure 2.15. Steel used to construct the Figure 2.16. Schematic of the primary
main frame. support frame.
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then painted. The primary frame was then placed on wheels so that entire hyperbaric belt filter
could be easily moved.

In addition to holding the pressure vessel, the frame also supports a grate walkway that
allows access to the sight glasses that were put into the pressure vessel. Figure 2.17 shows the

walkway that was built on the frame and the safety handrails.

2.2.3.2 End Caps

To seal the ends of the steel pipe, some sort of capping device had to be employed. To
create the end caps two possibilities were considered. The first was to make the end caps out of
Plexiglas. This would have the great advantage of being transparent. The other possibility was to

make the ends out of steel in either a flat cap or a domed structure. The Plexiglas was the first

Figure 2.17. Walkway on the support frame.
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choice because of its great visibility. This option was tried until it was determined that to seal a
30 inch flat plate against the pipe holding back 60 PSI of pressure would result in over 42,000
Ibs of force. To get a piece of Plexiglas that could withstand these forces would require a 12 inch
thick plate. This was determined to be impractical.

That left the steel plate or dome option. Since a blank flanged plate option is simple and
these items are fairly commonly produced that was determined to be the best option. Though to
have used a dome structure would have allowed the caps to use less steel and thus weight less.
The blank flanges would be attached to the pipe using 28 hole flanges that were welded to the

pipe. Figure 2.18 shows one of the flanges attached to the pressure vessel.

Figure 2.18. Flange attached to the ends of the pressure vessel.
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2.2.3.3 Feed System

The pressure vessel had to allow for material to be continuously fed to the filter device.
Since the input stream to the filter is slurry the only option was to pipe in a line and to pump the
slurry onto the filter belt. The main challenge that this presented was that the filter device and
pressure vessel where designed to allow operation at various pressures. This means that a
normal centrifugal pump could be optimized to create flow at a given pressure but it would be
hard to operate the same pump under different conditions. Also, most centrifugal pumps could
not produce the pressure required to overcome the back pressure caused by the pressurized tank
at a low feed rate. These deficiencies lead to the search for some form of positive displacement
pump that could suit the requirements. Since a positive displacement pump could function and
get various feed rates with little reaction to the changing back pressure caused by the air. A
progressive cavity pump seemed to be the best option for the combination of factors that this
situation required. It could generate a low flow rate pulse less flow against high pressure and
could handle abrasive slurry. Figure 2.19 shows a picture of the progressive cavity pump that

was used with this hyperbaric belt filter unit.

2.2.3.4 Discharge System

The discharge system is required to allow a large amount of solids to exit the pressure
vessel and to not lose air pressure. For this system, two basic concepts were considered. The first
was to use a rotary star valve. This is a valve that has several compartments in it that rotate
around an axis. While some of the compartments are exposed to the inside of the pressure vessel,
others are facing the outside allowing the material to pass but not depressurizing the vessel. This

system has the advantage of only requiring one valve. The disadvantage is that these valves are
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Figure 2.19. Progressive cavity pump used to feed the pressure filter.

known to have maintenance problems from the solids getting stuck in the rotary portion of the
valve preventing it from sealing.

The alternative to this is to use a system of two valves that would act as an air lock. This
mean that at no time would both valves be open at the same time. But, one could be opened at a
time to allow material to pass through the system. For the pressure vessel, it was decided to use
knife gate valves that are pneumatically actuated. These valves are operated on two timers that
allow the unit to be fully automated. Figure 2.20 shows one of the knife gate valves prior to

being installed. Figure 2.21 shows the entire airlock system after it has been assembled.

Figure 2.20. Knife gate value used for the air-lock pressure seal.
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2.2.3.5 Rail System

The filter device is supported in the pressure vessel by a rail system. The rail system is a
set of angle iron tracks that is supported by steel supports that have been precisely cut to fit into
the radius of the pressure vessel. Then the steel supports were welded into place inside the
vessel. The tracks were built to fit the wheels on the filter device. Inside the pressure vessel the
filter device is free rolling with only its inertia to keep it in place. Although a locking device has
not yet been deemed necessary to keep the pressure vessel stationary several have been
considered. Figure 2.22 contains a picture of the rail system that was built to allow access to the

filter device and to support it inside the pressure vessel.

Figure 2.21. Twin values used for the airlock system (as installed).
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Figure 2.22. Rails and support system for the belt filter mechanism.
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2.3 Hyperbaric Belt Filter Construction

Once the designs for the filtration device and pressure vessel were completed, it took
almost one year to complete the construction of both units. A vast array of equipment was used

to construct the hyperbaric belt filter. Appendix A provides a list of equipment that was used.

2.3.1 Filter Device Construction

Construction on the filter device started with the tubular steel frame construction. It was
then followed by adding the rollers and the tensioning apparatus for the rubber belt. Once that
was completed the wheels to slide along the track were added. Then, the screws holding the
pressure plate were machined and added. While the screws were being made the discharge box
was constructed from sheet steel. Next, the hooks were attached to the frame to allow easier
handling of the unit. After that, the chain and sprockets were installed to attach the drive motor
to the rollers. The roller system for the filter cloth was then made and the filter cloth was added
to the unit. The final additions to the filter device were the feed trough, water spray, and
scrapers. Once all of the components were added, the unit was painted with epoxy paint. Figure

2.23 shows a picture of the completely assembled filter device.

Figure 2.23. Completely assembled belt filter mechanism.
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2.3.2 Pressure Vessel Construction

The pressure vessel portion of the unit took longer to construct. The construction began
with making the frame to hold the pressure vessel. Then, the pipe was placed on the frame. Once
on the frame the rail system was added to the inside of the pressure vessel. Then, there was a
long break in construction while bids were taken for some work to be done by outside
contractors. This work included welding on the pipe fittings for all of the input and output
system on the vessel. Also, welded on were the flanges for the end caps and knife gate valves.
Once this was done, the end caps were put on and the unit was hydrostatically tested at 100 PSI
for one hour. The unit was then returned to the plantation road facilities and painted with water

resistant epoxy paint. Figure 2.24 shows a picture of the fully assembled pressure vessel.

Figure 2.24. Completely assembled pressure vessel.
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2.4 Shake-Down Testing

When construction of the unit was completed it was necessary to test the hyperbaric belt

filter for its mechanical operation. These tests lead to two primary discoveries.

2.4.1 Air Requirement

The first operational discovery was that for the unit to operate effectively it would need
more volume of air than could be provided by the air compressor at plantation road. The lack of
an appropriate air compressor, lead to renting a 185 CFM unit from RSC Rental in
Christiansburg, Virginia. Once the air requirement for the unit was met the unit began to perform

as expected.

2.4.2 Start-Up Procedure

The second important discovery during shake-down testing was that the unit like most
complex machinery has a start up procedure that must be followed to ensure that the unit will
perform as expected. The steps to properly start up the unit are listed below.

1. Check to see that all of the valves on the unit are closed.

2. Start the water spray.

3. Start the belt at the desired speed.

4. Pressurize the vessel to the desired pressure (not to exceed 60 PSI).

5. Check the pressure vessel to ensure that there are no leaks.

6. Start the pump to allow slurry to flow on the belt.

7. Open the valve to allow the dewatering to begin.

8. Open the water discharge valve to ensure that water level in the waste tank is brought to

Z€10.
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If these steps are followed the unit has operated effectively with little maintenance required.
Once the optimal start up procedure was determined, the unit was ready to be tested to determine

the operating parameters.
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CHAPTER 3:
HYPERBARIC BELT FILTER OPTIMIZATION

3.1 Introduction

The experimental testing of the hyperbaric belt filter was initiated after the design and
construction activities were completed. This work is the final phase of the process for developing
the hyperbaric belt filter. During this phase, the performance of the prototype unit was tested,
analyzed and calculated. The performance was measured on several different aspects. Some of
these measures focused on the functionality of the unit, while others focused on the dewatering
capabilities.

The test program included both batch laboratory tests as well and continuous tests
conducted with the new prototype. Because of the importance of particle size in determining
filter performance, the tests were conducted using coal feeds that were coarse, fine and
intermediate (mixed coarse and fine). Several sets of tests were also performed with dewatering
chemicals in order to further enhance the dewatering performance of the unit. Once these tests
were completed, the optimal operating conditions for the new hyperbaric belt filter were
established. This data was used to develop empirical correlations that could be used to predict the

performance of the filter under other conditions not tested in the current study.
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3.2 Experimental

Described in this section are the precise procedures that were necessary to complete the
test work for the filtration device. This is recorded to ensure that proper scientific procedures

were followed and to allow these experiments to be replicated elsewhere if desired.

3.2.1 Feed Material

To test the operation of the filter, feed coal material is needed. It was decided to perform
the tests under three primary conditions. The first is to have the filter tested under good filtration
conditions. For these tests, the size distribution of the particles in the filter was 1 mm x 0. This
material was obtained as screen-bowl feed for the Alpha Natural Resources Tom’s Creek Mine
in southwestern Virginia. From filtration theory (Gregory, 1984), it is known that larger particles
are easier to dewater than smaller ones. This higher moisture is primarily due to the increased
surface area associated with fine and ultrafine particles.

The second set of tests was also run using fine material that was obtained from Tom’s
Creek Mine. This material is column flotation overflow material; it is much finer and has low
percent solids (less than 10%). This material was nominally minus 0.15 mm (minus 100 mesh).

The third series of tests was done with a mixture of the two feeds. The mixture is 50%
coarse and 50% fine material by volume. This results in a feed that is 1 mm x 0, but has a much
more even size distribution due to the greatly increased amount of fine particles compared to the
coarse tests.

Due to the dramatic difference that has been reported in filter performance due to particle

size, the unit was tested with both extremes of materials to see how the unit would perform under

34



difficult conditions (Dickenson, 1997). From these tests it should be possible to predict the

performance of the filter under a wide range of operating conditions.

3.2.2 Procedure

All of the procedures used in testing the unit were considered and used for the purposes
of functionality and repeatability. In the following sections, each step in the testing process is

described in detail to show how the testing was done.

3.2.2.1 Maintaining the Sample

The samples were obtained in 55 gallon drums and hauled on a trailer to the Plantation
Road processing facilities at Virginia Tech. When it was ready to be used, it was dumped from
the drum into a sump. While in the sump, the sample was mixed and aerated by a two
horsepower mixer/aerator. Also, it was recirculated from the bottom of the sump back to the top
by a pneumatic powered double diaphragm pump to minimize settling. After each had pumped
and mixed for size hours, it was not used again to avoid fines generate via attrition. The pumping
and mixing was done to help ensure that the sample was as uniform as possible during testing.

The sample is meant to be representative of what conditions exist in the processing plant.

3.2.2.2 Percent Solids

The measurement of percent solids was done by pumping the entire sample through a
sample splitter numerous times until it was reduced to approximately 100 ml of sample. Then,
the 500 ml beaker was weighed while dry. The 100 ml of sample slurry was placed into it and
weighed wet. It was then placed in an oven at 80°C overnight and weighed dry. From these

numbers, it is a simple calculation to determine the percent solids in the feed.
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3.2.2.3 Air Flow

The air flow input into the pressure filter was determined using a spring loaded flow
meter. This meter was located after the pressure regulator in the air input line. This allowed it to
measure all of the air that went into the unit so that the air requirements at each operating

condition would be known.

3.2.2.4 Moisture Content

The moisture content of the discharge material is of prime importance. Each of the tests
was conducted over a five minute period. After five minutes, all of the material that the filter
produced was collected by discharging it through the knife gate valve system. Since some of the
tests produce a large amount of filter cake it was necessary to take a sample of the discharge.
This was done by cutting the sample using a Jones Riffler to reduce to sample to a manageable
amount that could be weighed, dried, and reweighed. The sample was reduced in size to less than
50 grams. It was then weighed and placed in an oven at 80°C for five hours. This was to ensure
that all of the moisture had been removed. Once dried, it was weighed again to determine how

much of the original weight could be attributed to moisture.

3.2.2.5 Effluent Characterization

The effluent from the filtration device was also analyzed. This was to determine how
much material was being lost through the filter cloth. This material was collected at the bottom
of a stainless steel tank. Once the test was completed, the tank was drained into a container and
the contents weighed. This material was also dried to see the weight of the solid material that
was being lost during the separation process. From this process, it is not possible to determine

how much water is being released since much of it is carried with the air to the atmosphere.
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3.2.2.6 Bench Scale Batch Testing

To conduct a batch test each sample is prepared separately. The sample is cut from a five

gallon bucket to produce an accurate sample of the bucket’s contents. Then, it is placed inside

the unit shown in Figure 3.1. This is a pressure vessel that has a filter cloth in the bottom of it.

Under the filter cloth there are a series of
grooves that lead to a hole which lets air and
water escape through the filter media. The
process is timed, which varies depending on the
conditions of the test. Once the allotted time has
elapsed, the bottom is removed from the batch
unit and the cake is discharged. It is then
carefully placed into an aluminum pan,
weighed, and dried. From this process, the cake
formation time, total drying time, cake
thickness, air consumption, and total moisture

are all determined and recorded.

37

Figure 3.1. Batch pressure filter.



3.3 Experimental Results

The results that are described below were arrived at using the methods explained in the
experimental section of this chapter. The results are primarily divided into three sections coarse
feed, fine feed, and mixed feed. This segregation is due to the different behavior caused by the

different feed material.

3.3.1 Lab Batch Testing

The batch testing was done for two primary reasons. The first was to set a baseline for
what types of moisture percentages are possible if conditions in the batch tests could be
duplicated in a continuous filter. The second reason for the batch testing was to determine the
best possible reagents and dosages for the coal that was to be used for filtration. These optimal
reagents would then be tested on the prototype unit.

From the filtration theory described by Equation (2), it is known that one of the
controlling factors in dewatering is the driving force created by a AP across the filter cake. For
this reason, all of the tests that conducted were done at 60 PSI. Over fifty tests were done to
create each of the charts in this section. The data obtained from the batch tests are plotted in
Figures 3.2 and 3.3. The difference between these two charts is the amount of material that was
used for each. The later chart shows data from tests run with more slurry, thus increasing the
dewatering time and increasing the cake thickness. The tests were conducted using proprietary
dewatering reagents provided by Nalco Chemical. In this work, these proprietary reagents have
been designated as Reagent RU and RV.

From these charts, it is clear that for this coal sample, which was cut from the larger

sample being used to test the continuous unit, that the best reagent combination is RV at an

38



active ingredient ratio of 1:10. It can also be seen that the effect of the reagents in greatly
increased for the thicker filter cake. Thus, if the continuous unit is run with a thick cake, the
reagents should provide a substantial benefit compared to that of a very thin cake. Also, from
these tests, it is clearly possible to achieve a moisture content less than 9% if the conditions in

the batch test can be replicated in a continuous filter.
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Figure 3.2. Batch test data for 20 ml of coarse feed (60 PSIG).
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Figure 3.3. Batch test data for 50 ml of coarse feed (60 PSIG).

Also tested to determine performance was a fine feed from the same plant. The results of
these tests are shown in Figure 3-4 and Figure 3-5. Just as in the coarse feed tests, all of these
tests were conducted at 60 PSI. This fine material is 61% minus 325 mesh. The high percentage

of slimes in the feed necessitates the need to use flocculants on all tests. All of the tests have a
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Figure 3.5. Batch test data for 50 ml of fine feed (60 PSIG).

dosage equivalent to 1 gallon of flocculant per 70 tons of material. This is similar to the amount

of flocculants that is used in the preparation plant.

From the charts, it can be observed that the best reagent is RV with a dosage of active
ingredient of 1:10. Also, it can be seen that once again as in the coarse material the less slurry
that is on the filter the lower the moisture content of the filtrate. For this fine material, the batch

unit was able to produce a moisture content of approximately 14%.
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3.3.2 Coarse Feed

On the continuous filter there were four primary controllable parameters that were
considered to affect the moisture content of the product. The first has already been mentioned
and that is the size of the feed particles. The second is the pressure across the filtrate. Third is the
speed that the belt moves and the fourth is the speed at which the material is added to the filter or
the mass flow rate. Using these four parameters, it is possible to affect the air flow rate, cake
thickness, production rate, and the moisture content of the product. Each of these responses will
be addressed separately as they each have their own unique impact on the overall performance of
the filter device. The analysis has also been broken down by size class.

This section concerns feed material which is screen-bowl feed from the Tom’s Creek
Mine. The size of the material is 1 mm x 0. This material has some spiral material mixed in with
it. About 15% of this material is minus 325 mesh. Thus, it contains a wide range of sizes of

particles.

3.3.2.1 Moisture Content

There are several factors that affect the moisture content of the product. First is the size
of the material as mentioned before, second the cake thickness, third the AP across the cake,
fourth is the dewatering time, and fifth is the water’s affinity to remain attached to the water.
With this filter it is possible to affect all of these primary factors but not all of them directly.

Since some of these factors cannot be controlled directly it makes sense to focus on
inputs that can be controlled. These are feed rate, belt speed, pressure, and chemical reagents
which affect surface tension.

The first thing that was examined was how consistent the filter’s product is when all of

the external factors are held constant. The results of these tests are shown in Figure 3.6. The
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average value of these tests is 11.4%. These tests were conducted at an operating pressure of 60
PSIG. The percent solids for all of the coarse material tests were approximately 24% solids by
weight.

The standard deviation of this data is 0.0074. This is showing that while the range of the
data is 1.1% by moisture percentage the actual difference between the numbers is small. There
are some likely causes for this variation. One unlikely possibility is that the feed material is
changing. As described in the procedure section the feed it highly mixed and is also recirculated
in the sump. The feed pump is a progressive cavity pump that even with high solids contents and
large particles delivers a steady pulseless flow.

Some likely causes of this variation have to do with the moisture in the compressed air
itself. The compressor while compressing the air heats it to a temperature of approximately 60°C.
The air is not conditioned in any way - it is straight from the atmosphere in Blacksburg, Virginia.

This means that there is a significant amount of moisture in the air. This hot air rises to the top of
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Figure 3.6. Variability of the coarse data (30% feed pump speed).
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the pressure vessel and condenses when it meets the cooler exterior wall of the pressure vessel.
This causes random droplets of water to periodically fall onto the filtered material. If a few of
these drops fall on the filtered material before it is discharged for the pressure vessel it would
account for some of the variability. Also, there is the potential for random periodic cracking of
the filter cake. When this happens the pressure drop locally across the filtrate material is reduced,
which retards the effectiveness of the filtration equipment. Due to this noticeable variability, all
of the subsequent data points are actually an average value of three individual data points. By
taking an average value, the confidence of each point is significantly improved.

After the variance of the data was determined, Design Expert was used to create a testing
matrix of conditions that should be tested to determine the effect of each of the input variables on
moisture content. The Design Expert tool analysis method chosen was a Box-Behnken response
surface. Given the three parameters that could be changed for each test scenario, the program
created a testing schedule that was used. This schedule is shown if Appendix B. Four different
response surfaces were created to accommodate the five parameters that were discussed. Since
only three are truly controllable by the filter device itself those where the variables in each of the
different scenarios.

Two of the response surfaces are related to the coarse feed material. The first is the
material with no additives and the second is one where the feed material has been conditioned
with RV (1:10) based on the results from the batch testing. Figure 3.7 shows the response surface

from the base case test with no additives.
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Figure 3.7. Response surface with coarse feed and no chemicals.

The chart shows the pressure on the x-axis and it is measured in PSI. The y-axis is the
belt speed and it is shown as a percentage of the maximum speed of the belt, and the z-axis
displays the moisture content at a given operating condition expressed as a decimal. Table 3.1
shows the conversion factors between the belt speed as a percentage and feet per minute.

Figure 3.7 shows how the filter device performs at every operating point in the given set.
For each input of pressure and belt speed, it shows how the filter will respond. In this case, it is
showing that at a low pressure and slow belt speed the moisture content is very high. This is
because of the slurry being too deep and not enough dewatering time is available due to the short

length of the filter belt. With thick slurry, the cake formation time is greatly increased (see cake
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Table 3-1. Belt speed conversion chart.

Dial Setting Belt Speed
(%) (ft/min)
20 0.2
30 0.8
40 1.5
50 2.1
60 2.7
70 3.4
80 3.9
90 4.4
100 4.7

formation times of batch tests in Appendix E). Also, from the surface it can be seen that the best
operating point is a 60 PSI and lies between a belt speed of 45% and 75%. Finally, it is
interesting to note that while moisture content typically drops as cake thickness drops, that is not
the case for the 90% belt speed and the 60 PSI operating point. The reason for this is simply that
the belt is moving to rapidly for the dry cake to form in this situation.

That situation changes, however, once the dewatering reagent is added. This chemical, in
addition to helping produce lower moisture contents overall, also has the effect of increasing the
rate of dewatering. Figure 3.8 shows the response surface generated by the data from the
continuous filter using chemical additives. This response surface is for the material that has been
conditioned for five minutes with RV (1:10) at a dosage of 3 Ibs/ton. This surface shows even
more clearly how strong the effect of pressure is on the moisture content of the product. What is
different about this surface is that the edges do not flare up in the same manner that they did with
the chemicals. This is due to the increased rate of filtration associated with the reagents. The

thicker cake at the low belt speed can now be dewatered as well as the thin cake that moves
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Figure 3.8. Response surface with coarse feed and 3 Ib/ton reagent RV (1:10).

quickly across the belt at high speed. It is a little difficult to see, but also the lowest point on the
curve is slightly lower than it was without the reagents. Since the scales are different, it is hard to
see but the low pressure tests performed much better with the reagents than they did without
them. This is also for the same reason. With the lowered surface tension, the filtrate did not

require as great a AP to achieve the same moisture.
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3.3.2.2 Air Requirements

The air requirements for the filter device are important to understanding the cost of
operating a production unit. This is without a doubt the most expensive part of the filtration
process since it is here that the energy to do the dewatering is applied.

There were several factors that were investigated to see if they had a significant effect on
the air requirements of the filter device. These were cake thickness, pressure, feed size, and
chemical additions. The other factor that affects the air required is the amount of losses in the air.
These losses are the result of air leaking from the pressure vessel into to the discharge without
passing through the filtrate.

To approximate how much of the air was being lost, the filter belt was completely sealed
off with plastic and then pressurized at the operating pressures to determine how much of the air
was being lost. The results of this study are shown in Table 3.2. This loss is a result of an
imperfect seal that exists between the rubber belt and the pressure plate. All of the airflow

measurements that are shown below have been corrected based on this table.

Table 3-2. Air losses due to imperfect seal.

Pressure Consumption Losses Percentage
(PST) (CFM) (CFM) Loss
30 88 4 4.5%
45 103 8 7.7%
60 109 12 11.0%
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Figure 3.9. Cake thickness vs. air flow rate for coarse feed.

Based on the speed of the belt with the corresponding pumping speed, it is possible to
construct an estimate of the cake thickness. After comparing the cake thickness vs. CFM
requirements graph, it has been determined that there is only a slight correlation between them.
This chart is shown on Figure 3.9.

The pressure vs. CFM chart is shown in Figure 3.10. This chart shows a strong
correlation between the two factors. There is clearly a direct relationship between these two. It
isn’t clear on the chart, there are many more points than it appears, but they are often
overlapping.

The last factor that was thought to control the air requirements was reagents. The plot of
pressure vs. CFM of both the base tests and the RV tests are shown on Figure 3-11. From this
chart it is clear to see that both are directly related and that the coal conditioned with the reagents

required more air than the corresponding base test conditions.
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Figure 3.10. Pressure vs. air flow rate for coarse feed.
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Figure 3.11. Pressure vs. air flow rate for coarse feed (base vs. reagent RV).

From these tests, it is clear that the controlling factor is the pressure in the pressure
vessel. The chemical additions also have an effect on the process that causes a wider spread in
the air flow and a shift upward in the requirements. This greater variability is caused primary by

cake cracking and the increased air requirements are caused by an increase in cake porosity.
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3.3.2.3 Mass Flow Rate

The mass flow rate is important to know since it will show what the production capacity
of a full size unit would be. This factor is clearly controlled by two factors. That is the percent
solids in the feed and the pump speed. This is due to the fact that the amount of material put on
the filter directly controls how much comes out as product. The amount of material lost through
the filter cloth is important to know. Figure 3.12 shows the mass flow rate into the filter on the
horizontal axis and the amount of losses on the vertical axis. It has been found that although
losses do increase with more material they increase at a rate slower than the input. This is due to
the formation of a bed at the bottom of the filter. This bed once formed greatly reduces the
amount of material lost. It is formed at both low and high feed rates.

Figure 3.13 is informative with regard to how the filter is truly performing. It shows the
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Figure 3.12. Material input vs. losses for coarse feed.
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Figure 3.13. Mass rate vs. recovery for coarse feed.

mass cake rate vs. recov