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ABSTRACT

This thesis covers the design of a valve cap coal feed system for
an atmospheric fluidized bed combustion unit. The system is a flat cap
within a cage which operates as a check valve, allowing coal to be
injected into the bed, but preventing bed material from draining down
into the feed line. The cap was required to remain fully open with an
air volumetric flow rate of 97.3 cubic feet per minute at 80%F and 14.3
psia which corresponds to the requirements of the Tennessee Valley
Authority (TVA) 20MW pilot plant located in Paducah, Kentucky. An addi-
tional requirement was for the cap to be thick enough to have a reason-
able Tife expectancy when subjected to the abrasive conditions of coal
feed operation.

The design was effected by conceiving candidate valve cap systems,
testing them in an ambient temperature, atmospheric pressure fluidized
bed and iterating the design using the experimental results. The valve
cap systems were subjected to numerous air only and air plus solids tests
in order to cover their full spectrum of operating modes.

The result of the design and test steps was a valve cap system
which operated according to the design specifications and a sufficient
base of data to allow a valve cap to be designed for similar, but
slightly different conditions. The cap developed has added potential for
wear prevention as a consequence of its unique recessed design.

Three additional feeder designs and a limited amount of experimen-
tal data are presented in the appendices. These designs include two

below-bed feeders: a flat plate and a sphere cap. The third feeder, the

four-arm cross, is a combination coal feed system and fluidization system.
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CHAPTER 1
INTRCDUCTION
Background

There is an imperative to decrease our dependence on foreign oil
supplies by employing nationally available fuels. The United States
has one of the largest reserves of coal in the world (Table 1.1). The
United States is also the second largest producer of coal in the world
(1, p. 5-2]. Clearly, coal is a likely choice for an alternate fuel.
Coal accounted for 58 percent of the fuels used in utility steam
plants in 1974 [1, p. 5-5]. Since this percentage has been increasing
from prior years and because coal is the likely choice to replace 0il
in the utility industry, a clean, environmentally acceptable, inexpen-
sive method of burning coal needs to be developed.

Several methods for burning coal for electrical production are
potentially available that will meet the current Federal Environmental
Protection Agency's (EPA) emissions standards. From a report by D. J.
Walker [2, p. 1] these are:

1. Burning low sulfur coal.

2. Stoker firing of coal with Flue Gas Desulfurization (FGD).

3. Burning Pulverized Coal (PC) with FGD.

4. Using synthetic gas from a coal gasification plant.

5. Firing solvent refined coal.

6. Coal fired in a fluidized bed combustor.
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TABLE 1.1

WORLD COAL PRODUCTION

Solid Fossil Fuel Resources by Continents and Nations
with Major Resources, 1974
(Million metric tons)

Country or Economic Reserves Total

Continent Recoverable Total Resources
U.S.S.R. 136,600 273,200 5,713,600
China, P.R. of 80,000 300,000 1,000,000
Rest of Asia 17,549 40,479 108,053
United States 181,781 363,562 2,924,503
Canada 5,537 9,034 108,777
Latin America 2,803 9,201 32,928
Europe 126,775 319,807 607,521
Africa 15,628 30,291 58,844
Oceania 24,518 74,699 199,654
Total 591,191 1,402,274 10,753,880

Source, World Energy Conference, Survey of Energy Sources, 1974.
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The supply of low sulfur coal is becoming depleted; or the cost
of transportation prohibitive, consequently, the burning of high
sulfur coal appears unavoidable. Stoker and PC firing with FGD are
expensive and create excessive waste. Synthetic gas firing or solvent
refined coal are not presently available. Thus, fluidized bed combus-
tion of coal appears to be the most attractive near term alternative
for commercial power generation.

As described in a presentation by Shelton Ehrlich [3, pp. 15-20],
a fluidized bed used for combustion was first patented in 1928 by
Fritz Winkler. However, the first coal fired fluidized bed boiler was
not patented until 1944 by the Standard 0i1 Company. Investigation
into fluidized bed boilers stagnated until the early 1960s when
research efforts were renewed by the Central Electricity Generating
Board (CEGB) and the British Coal Utilization Research Association
(BCURA)in England. Pope, Evans, and Robbins of the United States had
a small fluidized pot working by 1965. These efforts have grown to
present day conceptual design for the Tennessee Valley Authority (TVA)
by the Fluidized Combustion Company [4], Babcock and Wilcox [5], and
Combustion Engineering [6], for a 150 to 250 megawatt (MW) demonstra-
tion plant. TVA is presently constructing a 20MW pilot plant to demon-
strate the applicability of fluidized bed technology to commercial
power production.

The interest in fluidized bed combustion of coal exists because
of several advantages. These include:

1. Nitrous oxide (NOX) emissions that will meet current Federal

EPA limits.
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2. Reduced emissions of sulfur dicxide (S0,).

3. Dry and easily transported waste.

4. MWaste that has possible uses in construction and agriculture.

5. Reduction or elimination of fouling and slagging problems.

6. A reduction of the required heat transfer area.

7. Ability to utilize poor quality, (high ash, high sulfur),
coal. (Sources: Walker [2] and Fluidized Combustion
Company [4]).

Although fluidized bed combustion offers these advantages, it

also has some engineering problems associated with its basic design

and operation. The major problems are:

1. Carryover of carbon particles from the bed, termed elutria-

tion.

2. Load following for utility operation.

3. Waste disposal.

4. Development of a reliable and effective coal feeding system.
According to Wilkerson [7, p. 1] the most critical of these problems
is the development of an acceptable coal feeder. This problem will
be addressed in detail by this thesis; however, the basics of coal
feeding as it relates to fluidized bed combustion must be understood

before specific coal feeders are discussed.

Coal Feeding and Fluidized Bed

Combustion in General

In a fluidized bed combustion unit, limestone or dolomite is
placed into the bed in order to reduce sulfur dioxide emissions.

This is effected through the following reactions.

A}




w

For limestone: (CaCO, + Heat 2 Ca0 + ce, (1.1)

Cad + 50, + 3 0, < CaSC,. (1.2)

For dolomite: CaC0, MgCO, + Heat < Ca0 Mg0 + 2C0, (1.3)
>

Cad MgO + 250, + 0, < CaS0, MgSO,. (1.4)

The Ca0 in equation 1.1 and the Ca0 Mg0 in equation 1.3 are referred to
as calcined limestone or lime and calcined dolomite respectively. The
Timestone or dolomite in the bed is fluidized by the passage of combus-
tion air through the bed. The term fluidized is employed to describe
the pseudofluid behavior of the air and 1imestone. As a result of
friction and pressure gradients, the limestone bed is expanded above
its slumped or nonfluidized depth. Figures 1.1 and 1.2 show this phe-
nomena in a cold model fluidized bed. The term cold refers to non-
combustion. The air that is required to expand and fluidize the
slumped bed is termed fluidization air.

Fluidized bed coal feeders can be classified into three major

divisions. These are explained in the following section.

Types of Coal Feeders

The three major types of coal feed systems for a fluidized bed
are over-bed feeders, in-bed feeders, and below-bed feeders.

Over-bed feeders would employ a rotary type device such as an
over-bed stoker to spread coal upon the top of the limestone bed.

In-bed feeders would utilize feed pipes extending into the lime-
stone bed. These pipes could be placed in almost any configuration,

but they must be short enough to avoid becoming too hot which results




Figure 1.1.

Slumped Bed of Limestone.




Figure 1.2.

Fluidized

Bed

of Limestone.




in the coal agglomerating and clogging the Tire. This happened with
the needles coal feed system at the fluidized bed test facility at
Rivesville, West Virginia.

Below-bed feeders enter the bed through the fluidization grid
plate located at the base of the bed. These feeders can be made in
various configurations, but they must be designed to distribute coal
uniformly and to prevent the fluidized bed from draining back into the
feed system.

This thesis covers the design of a valve cap below-bed feed
system that operates according to specifications set forth by the TVA.
These specifications and a general statement of the problem are pre-

sented in Chapter 3.



CHAPTER 2

BELOW-BED COAL FEEDING DESIGN PHILOSOPHIES

Introduction

The primary function of any coal feed system, whether in-bed,
below-bed, or over-bed, is to distribute coal uniformly to all
sections of the fluidized bed of limestone. Non-uniform distribution
will create cool bed sections, uneven temperatures, poor heat transfer
characteristics, or oxidizing and reducing zones, and could lead to
poor sulfur capture or excessive carbon monoxide emissions.

Another function, applying only to below-bed coal feed systems
is the prevention of bed drainback. Bed drainback occurs when the
limestone in the bed drains down a feedline that is not being used for

feeding. This could occur during bed startup, shutdown or slumping.

Coal Feeding

Coal feeding is most enhanced by having several openings in
different directions. Ultimately, a vertical pipe whose exit flow
impinges upon a horizontal flat surface and produces a radial coal dis-
tribution would be an ideal feed system.

Coal feeding can also be improved through the use of a small
opening or large air flow rates to increase jet escape velocity.

Higher exit velocity will contribute to deeper bed penetration of the

coal particles. This phenomenon was investigated by F. A. Zenz [8].
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Naturally, the feeder exit opening should be somewhat larger than the
largest expected coal particle. It is typically made three times

Targer than the maximum particle size.

Drainback

Bed drainback can be prevented with several designs. One method
shields the feedline from the limestone bed by employing the concept
of angle of repose. Angle of repose is defined as the angle measured
with respect to horizontal that a substance makes when placed in a
free pile [9, p. 911. If a vertical entrance pipe is guarded by a
surface such that the angie from the top of the pipe to the end of the
surface is at all points less than the angle of repose, no limestone
should drain back during slumped bed conditions. In theory this works
well, and in a single feed point bed, this works in practice, however,
in an actual utility fluidized bed boiler, slumped portions of the bed
will be adjacent to and in contact with non-stumped (or fluidized)
sections. Vibration and interface friction plus some leakage and
cross compartment flow from the fluidized section of the bed to the
non-fluidized section may cause drainback. This can be counteracted
by passing a purge flow of air through the system under these condi-
tions. This is a workable solution, but it is not ideal since it
requires operational control.

Drainback can also be effectively prevented by the use of an
active closing device. Most simple of these would be a floating cap

[10]. These devices are very effective for coal distribution, produce
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good fluidization and prevent bed drainback. Their only drawback is
potential cap hangup in either a closed or an open position because of
the bed particles lodging between the cap and its enclosure.

Orainback could also be combatted by the use of an externally
controlled valving device, however, when one considers the number of
feed points in a typical utility size fluidized bed (on the order of
1000 [5, p. 3-7]1), the operation and construction of such a system

seems very prohibitive.

Closure

The brief discussion in this chapter presents some of the basic
ideas available for use in designing a below-bed feeder. The remain-
der of this thesis will present the design, fabrication and testing of
one particular below-bed feed system. This is the valve cap coal feed
system.

The next chapter states the exact design specifications as out-

lined by the TVA. Chapter 4 discusses the experimental system and

test formats.




CHAPTER 3
STATEMENT OF THE PROBLEM

This thesis covered the conceptual design, development and test-
ing of a valve cap below-bed feed system that could distribute coal
uniformly to all sections of a fluidized bed and prevent bed drain-
back. This system was to operate at 97.3 cubic feet per minute at
80% and 14.3 psia. The coal feed rate was to be approximately 1500
pounds per hour. The feeder was to be designed to feed nine square
feet of bed area. Because of blower limitations, the actual bed area
used in this study was four square feet.

The conditions chosen correspond to requirements selected for
the TVA 20M4 pilot plant located in Paducah, Kentucky.

The valve cap design was based upon a 2.0 inch diameter schedule
40 coal feed pipe with a disk shaped cap enclosed in a four-bar cage.
The cage was made adjustable so that its diameter and height could be

changed.

12




CHAPTER 4

FLUIDIZED BED TEST FACILITY

Introduction

The basic fluidized bed test facility, illustrated in Figure
4.1, was designed by Mr. Rod L. Henry [10] and Mr. G. D. Knox [11].
The design specifications, operational procedures and tests are des-
cribed in their theses accompanied by a description of the testing of
two different feeders. Mr. Knox tested an in-bed feeder. It con-
sisted of horizontal pipes with vertically placed holes. Mr. Henry
examined a below-bed feed system. It consisted of parallel operating
valve caps. The systems tested by Henry and Knox were combined
systems meaning that the air required to fluidize the bed and the air
required to transport the coal were combined into one system. The per-
forinance of the feeders tested in this thesis will be compared to each

of these systems.

Experimental System

The experimental apparatus can be divided into ten systems as
described below.

First is the limestone feed system. It is used to place lime-
stone into the bed before a test is conducted. This system involves
the lower storage bin, a ball valve to meter the limestone into a
three inch diameter feed line, and a regulated pressure compressed air
supply to pneumatically convey the limestone to the top of the fluid-

ized bed.
13
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Second is the coal feed system. Actual coal is not used in this
experiment because it cannot be easily removed from limestone once a
coal feed test has been performed. As a result of this, G. D. Knox
[11] developed an imitation coal which has the same color, density,

shape and size as does real coal. The imitation coal is a polyester

magnetic. This allows the coal to be conveniently separated from the
limestone after a test. The imitation coal is ground to % x O as
specified in representative systems [12, p. 4-7]. The iron impregna-
tion makes the coal an excellent tracer and also allows the same lime-
stone and coal to be used repeatedly. For a complete discussion on
the imitation coal, see Knox [11] Chapter 3. For the remainder of the
thesis, the imitation coal will simply be referred to as coal. The
coal feed system 1is designed to meter and convey a preset mass flow
rate of coal to the particular feed device under investigation. Its
components include a vibrascrew metering machine and a three inch line
to allow for pneumatic conveyance of the coal to the plenum box. The
coal feed system varies depending upon the particular feeder being
studied.

Third is the drain system which allows the bed material, typi-
cally limestone mixed with coal, to be drained following a test. It
incorporates the upper storage bin, a 2.25 inch diameter flexible
drain line, a ball valve and a vacuum cleaner (not shown) to facili-
tate draining. The vacuum is used to create a vacuum in the upper

1
resin impregnated with iron powder which makes the imitation coal
storage bin thus allowing the bed to be drained quickly.
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Fourth is the separation system. This system separates coal
from the Timestone after a coal feeding test. It contains the upper
and Tower storage bins, a magnetic separator, a three inch recircula-
tion Tine between the two bins and a regulated pressure compressed air
supply for pneumatic conveying. The limestone and coal mixture is
directed through the magnetic separator from the upper bin to the
Tower bin. After all of the limestone and coal have flowed into the
lower bin, it is replaced into the top bin through pneumatic conveying
and the separation repeated. Four such separations are required to
reduce the background coal concentration below 0.40 percent.

Fifth is the fluidization air system. This system supplies air
to fluidize the limestone. In an actual bed, this would be the combus-
tion air. This system encompasses the blower and its associated con-
trol equipment and a large diameter flexible hose connecting the
blower outlet with the plenum box.

Sixth is the transport air system. This system uses compressed
air from the building compressor for transporting coal or limestone in
the coal feed, lTimestone feed, or separation systems. It requires a
regulated pressure compressed air supply and various control valves.

Seventh is the bed. Fluidization and coal mixing take place
within the bed. It is constructed of plexiglass, for observational
purposes, and its dimensions are approximately 2 x 2 feet base area
and 6.5 feet tall. Holes are cut in one wall for insertion of sample
probes for taking samples of the operating bed. Two rectangular sec-
tions and a small port were made removable for ease of access to the

feeders.



17

Eighth is the adaptable plenum box. The plenum box is where
coal and air mix for a combined feeder and where air is distributed
for a below-bed feeder. This piece has the capability of being
detached from the bed, coal feed 1ine and fluidization air line so
that it can be lowered and a new feeder installed or an existing
feeder altered.

Ninth is the grid plate, a steel plate which separates the
plenum box from the bed area. This component holds the feeder in
place and is an integral part of the coal distribution and fluidiza-
tion systems. It also supports simulated heat transfer tubes.

Tenth is the dust handling system. It includes the exit duct-
work and the baghouse filter. This system filters the air before it
exits to the atmosphere.

For complete details on the design, layout, construction and
operation of this experimental system, refer to the theses by Henry
(10] and Knox [11].

The limestone used in the experimental tests was a nominal 0.125
inch top size double screened limestone. The sieve size was stated as
6 by 16, i.e., all material retained on a number 6 sieve or passing a
number 16 sieve was removed. The limestone had an experimentally
determined average bulk density of 92 1bm/ft3.

The imitation coal used was ground in a hammermill crusher con-
taining a 0.25 inch screen. The largest particles were 0.25 inch and
the minimum were fines. The imitation coal had an experimentally
determined average bulk density of 47 ]bm/ft3. For further informa-

tion, see Knox [11].




CHAPTER 5

FLUIDIZED BED TEST FORMAT

Introduction

This study involved a detailed experimental investigation of the
below-bed valve cap coal feed system. Evaluation was performed with
four basic tests. The formats of these tests will be described next

as well as the equipment required to perform the tests.

Air Test

The first type of test is the air test. For this test, various
air flow rates are passed through the feeder and the resulting pres-
sure drops are measured. Pressure fluctuation and frequency of
fluctuation are also recorded. Flow characteristics are observed by
the use of tufts placed within the bed as is common practice in fluid
dynamics experiments [13, p. 213-214, 14, p. 151]. Two air flow tests
are required: one for the fluidization air system and one for the

transport air system.
Limestone Test

The second type of test is the limestone test. As with the air
tests, different air flow rates are passed through the feeder which
will fluidize the limestone bed. This will allow the quality of fluid-
ization to be evaluated through observation. Pressure drop across the
feed system is measured in addition to pressure fluctuation and

frequency of fluctuation. Bed pressure drop is also recorded. The

18
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bed height at each flow rate is measured as well as the slumped or no
fluidization depth. These bed depths were measured to allow the
degree of fluidization to be determined by calculation of the bed

expansion.

Coal Test

A coal test is done exactly as an air test except coal is intro-
duced into the feed system. In this way, the feeder performance with
solids and air can be observed and quantified. The same data that are

taken for the air test are recorded for the coal test.

Coal Feed Test

The coal feed test models the way in which the feed system would
operate under actual combustion conditions.

Coal is fed into the fluidized bed of limestone at specified
mass flow rates and air flow conditions. Bed samples are taken at a
specific time by sample probes placed in four of the twelve bed entry
ports. Three rows of four entry ports are located at levels one foot,
two feet and three feet above the grid plate. The sample probes are

shown in Figure 5.1 and were designed by G. D. Knox [11, Chapter 3].

Data Summary

The various parameters that were monitored during the experiment
are summarized in Table 5.1. They are separated by their particular

system.



Coal Sample Probes.

Figure 5.1.




TABLE 5.1

EXPERIMENTAL FLUIDIZED BED DATA

System Data

Fluidization Air Air Flow Rate, Air Inlet Temperature and
Pressure, Plenum Pressure, Bed Pressure,
Above Bed Temperature and Pressure

Transport Air Air Flow Rate, Air Inlet Temperature and
Pressure, Air Exit Pressure Directly
i Below the Valve Cap, Bed Pressure, Above
| Bed Temperature and Pressure

Coal Feed Coal Mass Flow Rate

Safety Bed Wall Temperature, Blower Qutlet
Temperature, Baghouse Pressure Drop
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For complete details on measuring and recording data with this

system, refer to the theses by Knox [11] and Henry [10].
Feeder Evaluation and Data Reduction

The valve cap feed system was evaluated both qualitatively and
quantitatively. Qualitatively, the operating flow regime, the charac-
teristic fluidization and bed drainback were observed. Quantita-
tively, pressure losses, pressure fluctuation and frequency of fluctua-
tion, bed height and coal distribution were obtained.

To determine the operating flow regime, direct observation dur-
ing testing and videotapes were used. Possible flow regimes are illus-
trated in Figure 5.2. The same type of observations were done for
determination of the characteristic fluidization except that addi-
tional observation of particular bed sections were made after drain-
ing. Drainback was checked by simply slumping the bed to see if any
material would drain into the feed pipe.

Pressure measurements were taken at three locations: the plenum
box, the bed directly above the grid plate, and in the top of the bed.
Bed material was kept out of the pressure taps by a nine cubic feet
per hour (at room temperature and atmospheric pressure) purge flow.

The flow was kept constant by the use of a nozzle (needle valve) with
sonic conditions at the throat [10]. This small flow created a

constant, but small magnitude error in the pressure readings which was
accounted for when a differential pressure was calculated. Frequency

and fluctuation of pressure were recorded on a strip chart recorder.
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Ded expansion was determinad by measuring the bed depth with a
tape measure attacked to the hed wall. This measurement was highly
subjective because the upper surface of the fluidized bed moved as
much as ten inches. The depth was corrected for the volume lost by
covering simulated heat transfer tubes and for the volume occupied by
the feeder itself.

Coal distribution was determined by taking samples with the coal
sample probes. Twelve locations were sampled during each test: three
positions on each of four probes. The coal to limestone mass ratio
for each position was determined by separating the coal from the lime-
stone with a hand held magnet. The mass ratios for all of the compart-
ments were averaged and then each mass ratio was compared to this
average. This method of reducing the coal sample data determined
where coal lean and coal rich regions were located in the bed. For a
properly operating feeder, these regions should be randomly mixed.
Also, there should be no regions that vary significantly from the
average. If there existed such a region, it would show that the feed
system was feeding improperly.

The next chapters will discuss the results of the tests per-

formed with the valve cap feed system.



CHAPTER 6
VALVE CAP BELOW-BED FEED SYSTEM
Introduction

This chapter presents the results of tests performed with the
fluidized bed test facility on the valve cap below-bed feed system.
This system was thoroughly studied, altered and reinvestigated. This
chapter presents the initial designs, initial tests, redesigns and
latter tests. In Chapter 7, the best system is chosen and recommenda-

tions for future tests are presented.

Bubble Cap Fluidization System
Description

The bubble cap fluidization system was selected by the TVA for
use in the 20MW pilot plant. Fluidization air passed from the plenum
box through the grid plate via twenty-four bubble caps. A bubble cap
is shown in Figure 6.1. Each cap has sixteen 0.128 inch diameter exit
holes. These bubble caps were supplied by the Babcock and Wilcox
Company and were actually used in the Electric Power Research
Institute's (EPRI) 6x6 foot test facility.

In an actual bed, the caps would be screwed into the grid plate
and the nut placed on the bottom and tack welded. Castable refractory
would be poured around the caps up to the level of the neck of the
upper section. In the cold model test facility, the neck of the upper
section was placed flush with the grid plate, sealed with silicon glue
and a wooden false bottom was placed at the base of the caps. The

25




Figure 6.1. Bubble Cap Fluidization Device.
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bubble caps were arranged in a sguare grid 1S inches on a side with
4.5 inches between cap centers. The center cap was omitted for the
coal transport system. This matrix was centered in the 2 x 2 foot

square bed area.

anljtative results

Air only tests of the bubble cap fluidization system were con-
ducted with tufts placed in the bed for flow visualization. The air
circulated upward along the outer edges of the bed and downward in the
center. This type of flow pattern would yield good mixing. The tufts
also revealed the onset of turbulence along the grid plate. This was
found to occur at a superficial velocity of about 5 feet per second.
It is recommended that to achieve good mixing characteristics through
turbulence, these caps should be operated at or above this velocity.

When limestone was placed into the bed and fluidized, bubbles
were seen to coalesce at the first row of heat transfer tubes approxi-
mately 9 inches from the grid plate. This is shown in Figure 6.2. A
small row of bubbles formed about 5 inches above the grid plate,
resembling slug flow. The major portion of the fluidized bed of lime-
stone was characterized by layers of bubbles forming and flowing
through the limestone to the surface, shown in Figure 6.3. Along the
bed walls which run parallel with the heat transfer tubes, large
bubbles formed and rose. Because of the uniform bubble formation
along a horizontal line the regime of fluidization was termed plug/

bubbly.
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Figure 6.2. Bubbles Coalesing at First Row of Heat Transfer Tubes
for Bubble Cap Fluidization System.



Figure 6.3. Row of Bubbles Flowing Through Limestone for Bubble
Cap Fluidization System.
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There were no sections where jets or large air flows were concen-
trated. The entire bed was fluidized uniformly. The upper surface of
the bed was fairly violent when the bed was deep (around 2 feet
slumped) and was rather calm for shallow beds (around 7 inches

slumped).

Quantitative results - pressure drop

The pressure loss across the bubble cap fluidization system was
measured for various superficial velocities. The results are shown in
Figure 6.4. The data can be described very accurately by the relation-
ship given in equation 6.1. This equation was obtained through a
power law curve fit [16, p. 98]. P is given in inches of water when
Vs s in feet per second (conditions are 14.3 psia and 80°F).

1.739 2

AP = 8.57 Ve [r® = 0.973]. (6.1)

The r2 which appears with equation 6.1 is the coefficient of deter-
mination which is a measure of how well the fit describes the variation
of the dependent variable with respect to the independent variable. A
value of r2 equal to 1.000 indicates that 100% of the variation of P
with respect to VS is accounted for by the curve fit.

The bubble cap pressure loss is much greater than any of the other
fluidization systems for which this data were available. These are also
shown in Figure 6.4.

If an incompressible pipe flow analysis is performed on a bubble
cap, this pressure loss can be accurately calculated. These calcula-
tions can be used to alter the design of this system to fit any desired

conditions. This technique is described in Appendix E.
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Amplitude and frequency of bed pressure

The average amplitude of the lower bed pressure fluctuation as a
function of superficial velocity and bed depth is shown in Table 6.1.
The amplitude is seen to increase with bed depth and superficial
velocity. Both cf these trends are common and were expected. The
increase with superficial velocity occurs because the greater flow
creates greater pressure pulses. Secondly, the greater bed depths
require greater pressure pulses for the air to pass through the bed.
The maximum amplitudes are also shown in Table 6.1. These are the
result of a bubble passing by the pressure tap. Table 6.2 compares
the average lower bed pressure amplitudes of the bubble cap fluidiza-
tion system to those of the crosses (see Appendix A), the pipe grid
(11] and the floating caps [10]. There are several notes concerning
this table. One, since the pipe grid, the floating caps and the
crosses experienced a much smaller pressure drop than the bubble caps,
the blower could pump more air thus giving them a much greater super-
ficial velocity range, up to about 8.5 ft/sec. The data for the float-
ing caps, ithe pipe grid and the crosses were much more sparse in the
superficial velocity range covered by the bubble caps, 3.5 to 5.3
ft/sec, consequently, some interpolation was required. Two, the total
flow area for each feeder is given in Table 6.2. In cases where the
flow area was variable, the configuration with the area closest to
that of the bubble caps is presented. Third, two bed depths were
chosen as a comparison basis, 6.0 and 15.5 inches. For the crosses
and the pipe grid feeders, bed depths as close as possible to these
two were chosen. The average amplitude of the floating cap feeder was

not a function of bed depth.
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TABLE 6.1

AMPLITUDES OF THE LOWER BED PRESSURE FOR THE
BUBBLE CAP FLUIDIZATION SYSTEM

Bed Depth (in.) 6.0 12.5 15.5 15.75 25.0
Superficial
Velocity
Range(ft/sec) Average Amplitudes (+ in. Hp0)
3.7-3.9 —-- 0.7 2.0 1.5 0.7
4.1-4.5 1.0 2.0 3.0 3.0 3.5
4.6-4.7 2.0 3.0 4.0 --- 4.5
4.9-5.3 2.5 3.5 4.5 5.0 6.0
5.4 2.7 —- .-
Maximum Amplitude (in. Hp0)
+4.5 +7.5 +10.5 -10.2 +10.5
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Study of Table 6.2 reveals that the bubble cap system has the
greatest average amplitudes of all of the systems for both depths.

This is most 1ikely a result of the characteristic bubbiy fluidization
of the bubble caps.

The frequency of the lower bed pressure oscillation is presented
in Table 6.3 as a function of bed depth and superficial velocity. The
frequency tends to remain fairly constant with respect to superficial
velocity, but decreases from 2.8 cycles per second to about 1.8 cycles
per second for slumped bed depths increasing from 6.0 inches to 24.0
inches. This is because larger bubbles tend to form in deeper beds.
Larger bubbles form less frequently because they require more air.

One noteworthy exception is the 3.3 cycles per second for the 25
inch deep bed at superficial velocity range of 3.7 to 3.9 feet per
second. This is not a singularity; the same high frequencies were
observed in the Tower superficial velocity range (3.0 to 3.6 feet per
second) of the other depths. These data were not presented because
the pressure instrumentation did not have sufficient resolution to
allow a good count to be obtained. It was possible, however, to deter-
mine that the frequency was somewhat higher, in some cases around 5.0
cycles per second. This occurs due to the fact that the frequency at
low superficial velocities is the result of small bubbles. At higher
superficial velocities, the frequency becomes the result of larger bub-
bles formed by the coalescence of the small bubbles.

The frequency of the lower bed pressure oscillations for the bub-
ble cap system is compared to the frequencies of the other systems in

Table 6.4. Henry [10] did not present data on the frequency of the
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TABLE 6.3

FREQUENCIES OF THE LOWER BED PRESSURE FOR
THE BUBBLE CAP FLUIDIZATION SYSTEM

\\\\\ Bed Depth {in.) 6.0 12.5 15.5 15.75 25.0

Superficial

Velocity

Range (ft/sec) Frequency (cycles/sec)
3.7-3.9 -—- 2.0 1.9 2.1 3.3
4.1-4.5 2.5 2.4 2.0 2.1 1.7
4,6-4.7 2.7 2.3 2.1 --- 1.8
4.7-5.3 2.8 2.5 2.0 2.1 1.7
5.4 2.8 -—- - - -
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oscillations for his floating cap fluidizing feeder. The bubble caps'
frequencies are about the same as the crosses for the deepest bed.
The bubble caps' frequency did not change significantly when the bed
was made shallow, however, the crosses did. The bubble caps' fre-
quency was lower than the pipe grid's for both bed depths. A1l of the
fluidization systems display the trend of decreasing frequency with

increasing bed depth.

Bed expansion

Bed expansion (see Appendix C for definition of bed expansion)
as calculated on a percentage basis versus superficial velocity is pre-

sented in Figure 6.5. The linear regression equation 6.2 for these

velocity is in feet per second. This equation should not be applied

for superficial velocities below 3.2 feet per second.
E = 17.07 V, - 54.60 [r? = 0.890.] (6.2)

Bubble cap bed expansion is compared to the other systems in Figure
6.6. The bubble caps yield greater bed expansion for a given super-
ficial velocity than any other system. This is because the bubble caps
distributed the fluidization air more uniformly. The bubble caps
created no major air pathways and had few dead spots. This was condu-

cive to bed expansion.

data is given below. Expansion is given in percent when superficial
Conclusions
The bubble caps are an excellent fluidization system. They
| fluidized the bed uniformly experiencing only small dead zones in the
‘ bed corners. It should be emphasized that if the pressure loss charac-

teristics of this system do not meet needed requirements, they can be
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changed by the analytic procedure outlined in Appendix E. This capa-
bility makes this system highly adaptable.
The bubble caps represent the system to be employed in the 20MW
pilot plant being constructed by the TVA. They are, therefore, a state-

of -the-art system.

Valve Cap Below-Bed Coal Feed System

Introduction

A valve cap feed system is shown in Figure 6.7. It has two
very cesirable characteristics. One, when operating, it will distri-
bute coal in all radial directions. Two, when not operating, it will
seat on the feed pipe and prevent the bed from draining back into the
coal feed line. The cap operates as a check valve. The original dim-
ensions were suggested by the TVA.

The first design featured a cage made of square stock oriented
with its diagonal placed horizontally to aid in moving limestone from
between the cap and cage. This was done in hope that the cap would
open completely during operation. Weld beads were placed between the
cap and feed pipe following the recommendations of Henry [10]. This
recommendation was for caps operated together in parallel and stated
that caps would be more likely to open if they always had some small
amount of air flow passing through them to clear away bed particles.
The valve cap in this test was not operated in parallel with any other
cap, but for utility use, it would be operated in this mode. The
valve cap system was made removable from the bed and coal feed line to

facilitate alteration.
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Elementary force balance

An elementary force balance was performed upon the valve cap to
determine the relationship between full-open flow rate and cap mass.
The control volume employed is shown in Figure 6.8.

The cap has five major forces acting upon it.

1. The bed pressure force acting on the top surface.

2. The air momentum transport acting on the bottom surface.

3. The weight of the cap.

4. The force of the containment cage on the cap.

5. The air pressure force acting on the bottom of the cap.

The air flows vertically into the bottom of the cap and radially out-
ward. The iniegral momentum equation is given in equation 6.3 [13, p.

145].

I =IIVS—\7-d7\ +§-t-fff Vg—d(Vol) (6.3)
control © control ©
surface volume

The terms in the equation are defined as follows. ZFZ is the sum of the
forces in the pcsitive z direction shown in Figure 6.8, The density of
the air at the conditions of the bed is denoted by . The dimensional
constant is denoted by 9e- V denotes the speed of the air, V the velo-
city. The differential area vector, denoted by dA, points outward along
the control surface. A differential volume element is written as d Vol.
Time is indicated by t, thus %f is a partial derivative with respect to

time.
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Several assumptions were niade to simplify the analysis. First,
steady-state was assumed so that the time derivative would be zero.
Second, the exit air was assumed to travel only in a horizontal plane,
thus it did not contribute a momentum term in the vertical {z) direction.

Third, the pressure of the air below the cap, (P,. ), was assumed to be

Air
approximately equal to the bed pressure above the cap (PBed), therefore,
the two corresponding pressure forces would cancel. Fourth, the cage
force was set equal to zero to determine the minimum air momemtum |
required to hold the cap open. With these assumptions, the sum of the
forces in the vertical (z) direction becomes simply negative the cap
weight (negative because it is directed downward). The differential
area, dA is rdrdS where 6 is perpendicular to r and z in a horizontal
plane. The dot product V-dA is negative for mass flux into the control
volume. Equation 6.3 will now become equation 6.4.

2n R o

-w = fo fo 3.

A y2 Ldrds + 0. (6.4)

Or, assuming eAir and V are constant across the pipe exit, one obtains

equation 6.5.

Dy 2n R
_ CAir 2
w——gC—V fo fo rdrds. (6.5)

The double integral is simply the pipe area and will be denoted APipe'

gC v APipe‘

Since the design specifications given in Section 3 contain air flow

(6.6)

rate, equation 6.6 will be rearranged by recalling that flow rate, Q,

equals the product of velocity and area.



_ Pair @4

9 APipe

W (6.7)

Equation 6.7 gives an estimate of the maximum weight cap that can be sup-
ported by a given air flow. This weight will be denoted WAir Only to
denote that it is the air flow only which supports this weight cap.
Later, solid and air flows will be considered together.

[t was decided that equation 6.7 could be modified to account for
an additional force'due to the higher pressure expected below the cap.
A higher pressure is expected because of the pressure loss associated
with expanding the flow from the pipe to bed conditions. A correction
factor, called the momentum correction factor and denoted as K, was

inserted in equation 6.7. This is shown in equation 6.8.

Op s 2
= g AirQ 6.8
Wair Only K 9. APipe : (6.8)

Equation 6.8 can be further modified by using equation 6.9 and 6.10

where VAir is the air velocity in the pipe and mAir is the mass flow rate

of the air.
= Vair Poipe (6.9)
P Vair Ppipe * Mpsp (6.10)
Using these equations, equation 6.8 becomes equation 6.11.
e Maie Vair (6.11)
Yair Only K g

c
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If solids flow is to be included, two additional terms must be
defined. These are the slip ratio, S, and the coal mass to air mass flux

ratio, J. The defining equations for these parameters are 6.12 and 6.13.

/N (6.12)

= Vsotids’Vair

/M (6.13)

® Msotids’ MAir

By analogy to the air only development, the weight supportable by

solids alone, Weolids Only? is given by equation 6.14.

W - rhSoh‘ds VSo]ids (6.14)
Solids Only g : ’

o

Utilizing equations 6.12 and 6.13, eguation 6.14 becomes:

e Vagp

"Solids Omly T T g (9s). (6.15)

Note the absence of the momentum correction factor, K, in the solids
equation. It was not necessary to account for a pressure distribution
for the coal as it was for the air. Combining equations 6.11 and 6.15

gives the weight of any cap supportable by air and solids flow.

- h.. V..
"Total = "air Only ¥ “solids Only = —Alfa-élﬁ (K+3S). (6.16)
¢

Equations 6.11 and 6.16 will be used to evaluate K and S from exper-

imental data.
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Initial designs and tests with the valve cap systen

The first caps which were manufactured are described in Table 6.5.
The TVA-1 cap was used to perform initial tests to determine the basic
behavior of the valve cap feed system. Several observations were made.

The cap opened and closed in a cycle. First it would begin to rise
on one-side. The cap would tilt which would cause it to slide back
against two of the four cage bars. MNext, the tilt would increase until
the rising side reached the cage top whereupon the other side of the cap
would begin to rise. When this side rose to about half of the total free
travel, the cap would quickly become fully open. Upon closing, the side
not touching the cage supports would begin falling. This side would fall
until it reached about half the free travel, whereupon, the cap would
shift to the other side of the cage and fall until it reached the pipe.
Because of the tilting, a collar was placed around the pipe, flush with
the top surface, to prevent the cap from tilting below the pipe's lip and
lTodging between the cage and pipe.

The air flow from the feed system was directed radially outward
from the cap. This was expected and will aid with mixing of coal into
the bed.

The 0.75 inch thick cap was heavy and required a significant flow
of air, approximately 165 cubic feet per minute, to operate fully open aﬁ

0.50 inch gap. As a result, it was not used in further tests.

Momentum correction factor tests

The two thin caps were used in tests to determine the value of the
momentum correction factor K appearing in equation 6.8, as a function of

cap free travel. The tests were performed with an open-top cage to
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TABLE 6.5

INFORMATION FOR 3.5 INCH 0.D. FLAT CAPS

Cap Thickness Mass
Name (Inches) Material (Grams)
TVA-1 0.750 Steel 911.90
uT-1 0.375 Steel 451.70
uT-2 0.375 Aluminum 168.95

‘—-—-—3-5" Dia. — ]

thickness
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ensure there was no cage force exerted on the cap. The relationship
between momemtum correction factor K and gap is shown in Figure 6.9. The

line of Figure 6.9 is described by equation 6.9.
K = -0.84 (Gap) + 1.93 [r? = 0.989) (6.17)

This equation only applies for gaps ranging from 0.50 inches to 1.0 inch.
This equation can be used in conjunction with equation 6.8 to determine
the maximum weight cap any air flow can support for a specified free
travel. The momentum correction factor is greater than 1.0 because of

the pressure force exerted by the air on the bottom surface of the cap.

2.688 inch diameter valve caps

The 3.5 inch outside diameter caps were too heavy to operate fully
open at the required air flow rate. Consequently, it was decided to
reduce the outside diameter of the cap in order to reduce the cap mass.
The diameter used was 2.688 inches. The calculations required to arrive
at this diameter are presented in Appendix D. Three flat caps were made
with this outside diameter. The caps' thicknesses and masses are listed
in Table 6.6. The 0.20 inch thick flat cap was designed to open fully
with an air flow of 97.3 cubic feet per minute (80°F, 14.3 psia). The
0.45 inch thick flat cap was designed to open fully with an air flow rate
of 97.3 cubic feet per minute and solids flow rate of 2.0 pounds of coal
per pound of air or 7.5 pounds of coal per minute. The derivations used
to determine these thicknesses are presented in Appendix D. The 0.75
inch thick cap was made to compare geometrically with the large 3.5 inch

outside diameter cap.
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TABLE 6.6

INFORMATION FOR 2.688 INCH 0.D. FLAT CAPS

Cap Thickness Recess Depth Mass
Name t (in.) d (in.) (Grams)
F1 0.75 0 (Flat) 531.40
F2 0.45 0 (Ftat) 323.90
F3 0.20 0 (Flat) 146.15
R1 0.625 0.25 349.40
R2 0.45 0.25 222.90
R3 0.625 0.425 274.00
R4 0.75 0.55 320.65
Max.= 0.45
cl Min. = 0.10 0 (Convex) 215.90

l—— 2.688" Dia,—p

"
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Several recessed caps were also manufactured. It was felt that
the recess would capture coal particles and prevent wear on the under-
side of the cap. This concept is illustrated in Figure 6.10. The
recesses were cut to various depths to investigate the effect this would
have upon the cap wear characteristic. A1l of the recesses were made
2.0 inches in diameter which matched the feed pipe inside diameter.

The important cap dimensions and masses are listed in Table 6.6.

One convex cap was manufactured to determine if it was possible to
make a cap that would be more aerodynamically stable than the flat caps.
It was believed that this cap might float at various levels instead of

tilting as did the flat caps.

2.688 inch diameter caps — air only tests

A1l of the caps were tested with a 3.0 inch inside diameter cage
and 0.5 inch free travel. Air only was passed through the feed system
and the pressure differential was measured between a tap located approxi-
mately 1 foot below the valve cap and the lower bed pressure tap. This
pressure drop is plotted as a function of air flow rate for all of the
caps in Figures 6.11 through 6.18. Several points are noticed from
these figures.

First, all of the caps operate with the same general characteris-
tics. Initially, they are just rising from the seated position. This
is the part of the figure where the pressure increases rapidly with
respect to flow rate. Next, the caps begin to tilt, one side rising

from the feed pipe until it hits against the cage. This is evidenced by

the plateau in the pressure loss versus flow rate curve. The magnitude
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of the pressure loss associated with this plateau is proportional to cap
mass. Heavier caps plateau at higher values of AP. This is a result of
the extra pressure force that is required to tilt a heavier cap. When
flow rate is increased further, the pressure loss again begins to rise.
The only exception to this is the recessed cap R4. This behavior will
be explained later. This rising pressure loss is due to the down side
of the cap rising off the feed pipe. The pressure loss versus flow rate
curve eventually reaches a point where pressure loss drops drastically
with a small increase in flow rate. This is indicative of the cap
becoming fully opened. Once fully opened, the pressure loss varies with
respect to flow rate as a power law function for all of the caps. The

general form of the variation is shown in equation 6.18.

AP = CQX. (6.18)

The values of C and x for all of the caps are tabulated in Table 6.7.
Geometrically similar caps (i.e., flat caps compared to flat caps)
follow the exact same curve when fully open. This is because the mass
of the cap does not affect flow rate once the cap is completely open.
Although not readily evident from Table 6.7, the recessed caps had a
Tower pressure loss for a given fully open flow rate than did the flat
caps. In fact, caps with deeper recesses, had lower pressure losses.,
When the air flow rate was decreased, (data points indicated by
triangular symbols) the pressure loss characteristic followed the fully
open curve until the falling off point was reached. This is evidenced
on the figures by the lowest point of the fully open curve. The flow

rate corresponding to this point is the lowest possible flow rate that




64
TABLE 6.7

PRESSURE DROP VERSUS FLOW RATE EQUATIONS FOR
2.688 INCH DIAMETER CAPS AT 0.5 INCH GAP

General Equation: aP = CQX

Units : &P = in Hp0, Q = ft3/min
Conditions: T = 80°F, P = 14.3 psia
Cap Recess C
Names (in.) x10% X r2
F1,F2,F3 0.0 3.106 1.91 0.998
R1,R2 0.25 2.855 1.92 0.995
R3 0.425 1.943 1.99 1.000
R4 0.55 2.251 1.95 0.998
These values obtained from power law curve fit program

[16, p.98].
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can support the cap in a fully open position. These flow rates are tab-
ulated in Table 6.8. For geometrically similar caps, the flow rates are
proportional to the square root of mass. Heavier caps require more air

flow to remain fully open.

Momentum correction factor (K) is also calculated for each cap
using the experimentally determined flow rate and mass in equation 6.8.
These values for K are seen to be somewhat Tower than the value for 3.5
inch diameter caps with 0.5 inch gap calculated from equation 6.9. This
is because the larger diameter caps experienced a greater pressure force
due to the pressure below the cap being exerted over a larger area.

As the flow rate is continually reduced, the pressure loss
increases sharply from the minimum value to the plateau, where the cap
is now tilting with one edge touching the cage and the opposite edge
resting upon the feed pipe. The closing cycle now follows the same path
as the opening pressure loss cycle.

A11 of the cycles (except cap R4) displayed the same hysteresis
characteristic. That is, more flow was required to fully open the cap
than was needed to support it after it became fully opened. This hyster-
esis can be explained with the aid of Figure 6.19.

In the top portion of Figure 6.19, the schematic cap is rising.
The important forces influencing hysteresis are the friction force due
to the cage, the cap weight and the air force. As the cap rises, the
friction force opposes the force applied by the flowing air. For the
falling cap, illustrated by the bottom part of the Figure 6.19, the
friction force acts to aid the air force. This difference is believed

to cause the hysteresis. The air force required to 1ift the cap must
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TABLE 6.8

MINIMUM FLOW RATES REQUIRED TO SUPPORT FULLY OPEN
2,688 INCH DIAMETER VALVE CAPS AT 0.50 INCH GAP

1 2

Fully Open Flow Momentum
Cap Mass Rate From Correction
Name (Grams) Experiment (S.C.F.M.) Factor K*
Fl 531.40 180.0 1.24
F2 323.90 142.0 1.22
F3 146.15 93.0 1.28
R1 349.40 150.0 1.18
R2 222.90 115.0 1.28
R3 274.00 130.0 1.23
R4 320.65 143.0 1.19
Cl 215.90 135.0 0.90

*Calculated from 1 and 2 with equation 6.8.
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overcome friction, whereas, the air force required to support a fully
open cap is assisted by the cage friction.

Figure 6.17, page 61, for the deep recessed cap, R4, shows no
hysteresis. This can be explained by referring to Figure 6.20. The air
striking a flat cap can smoothly flow by as shown in the top part of the
figure, however, air striking the deep recessed cap must flow around the
recess wall. This imparts an additional force to the cap and aids in
lifting. The removal of hysteresis by the deep recess is noteworthy,
but should not, in itself, be considered an important aspect of cap
design.

Three of the caps were tested at 0.75 inch gap: flat cap F2 and
recessed caps R1 and R2. The results of these air tests are presented
in Figures 6.21 through 6.23 and Tables 6.9 and 6.10. Several ideas can
be discussed using these results.

The plateau, where the cap is tilting, is not affected by this
change in gap. It is primarily a function of cap mass. This is evident
from comparing Figure 6.12, page 56, and Figure 6.21.

Figure 6.22 shows that recess cap R1 does not experience any hys-
teresis at 0.75 inch gap. This is in contrast to its behavior at 0.50
inch gap illustrated in Figure 6.16 on page 60. The reason this cap
shows no hysteresis at the 0.75 inch gap and does at 0.50 inch gap is
because the recess is more able to deflect the flow at this gap as com-
pared to the smaller gap.

Table 6.9 lists the coefficients and the exponents for the fully
open curve fits. Again, geometrically similar caps show the same fully

open pressure loss characteristic. The fully open pressure 10sS versus
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TABLE 6.9

PRESSURE DROP VERSUS FLOW RATE EQUATIONS FOR 2.688 INCH
DIAMETER VALVE CAPS AT 0.75 INCH GAP

General Equation: aP = CQX
Units : AP = in Hp0, Q = ft3/min
Conditions: T = 80°F, P = 14.3 psia
Cap Recess C
Names (in.) x104 X r2
F2 0, Flat 1.388 1.89 0.992
R1,R2 0.25 0.724 2.00 0.996

These values obtained from power law curve fit program [16, p.98].
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TABLE 6.10

MINIMUM FLOW RATES REQUIRED TO SUPPORT FULLY OPEN
2.688 INCH DIAMETER VALVE CAPS AT 0.75 INCH GAP

1 2
Fully Open Flow Momentum
Cap Mass Rate From Correction
Name (Grams) Experiment (S.C.F.M.) Factor K*
F2 323.90 175.0 0.80
R1 349.40 187.5 0.75
R2 222.90 147.0 0.78

*Calculated from 1 and 2 with equation 6.8.
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flow rate curve for either the flat cap or the recessed caps at a 0.75

inch gap is lower than the fully open pressure loss versus flow rate
curve for the comparable cap at 0.50 inch gap. The larger free travel
helps to lessen the resistance to flow. |

Table 6.10 presents the minimum flow rate required to support each
cap in a fully open position. Momentum correction factors for these
caps as determined from equation 6.8 are also listed. Comparing values
for minimum flow rate listed in Table 6.10 to those listed in Table 6.8,
page 66, for similar caps, reveals that more air is required to support
a fully open cap at 0.75 inch gap than is required at 0.50 inch gap.
This is because the air can more easily pass around the caps when they
are at a 0.75 inch gap thus reducing the pressure beneath the caps. The
greater flow rate also causes smaller momentum correction factors to be
calculated for the 0.75 inch gaps. This trend is evidenced by the con-
vex cap. The caps' aerodynamic shape allowed the air to flow around it
with less resistance, consequently, giving a Tower value of momentum

correction factor K (see Table 6.8, page 66).

Air only tests — discussion

The air only tests were performed in-a careful manner to insure
that steady-state was achieved. The air flow was allowed to reach equi-
librium at every point. The caps were raised and lowered slowly and
numerous data points were recorded. Several up and down cycles were
done and the results were highly repeatable.

The caps' free travel was set with steel bars having thicknesses
equal to the desired gaps. The gaps were checked in eight locations
with precision calipers and 0.031 inches was the maximum allowable

error. This error was always positive; in other words, the gap was no
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more than 0.031 inches larger than desired. There was no possible way
in which the gap could be smaller than the desired height.

The results of these tests can be utilized to compare the relative
performance of various caps. Opening, closing and operating character-
istics can be discerned from these tests. Effects of cap design, mass
and cage design can be determined. These tests are quick, easy and
relatively simple to interpret.

The two shortcomings of these tests are that the caps are opened
slowly and that no limestone was present in the bed. The data were not
intended to model these conditions; this was left for the following test

series.

Air only dynamic tests — introduction

Air only dynamic tests were performed on some of the caps to deter- -
mine their behavior when operated in a dynamic mode (i.e., opened and
shut quickly). Data were taken with a strip chart recorder and several

cycles were performed.

Air only dynamic tests —results

When the caps were opened quickly (on the order of 2 seconds),
they did not generally follow the steady-state air only curves because
of the time lag of the experimental system, however, when the flow
reached equilibrium, the equilibrium point would always lie on the
steady-state air only test curves.

When the caps were closed quickly, the flow would fall to zero and

the pressure would drop shortly thereafter.
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If the caps were opened and closed faster than the air only tests,
but not as fast as above (on the order of 10 seconds), the pressure loss
versus flow rate curves would show the same shape as the steady-state
air only tests, but the curve would be displaced. The pressure loss was
somewhat lower because of the system time lag. Hysteresis was still pre-
sent and the final equilibrium pressure loss-flow rate operating point

would always lie on the steady-state air only test line.

Air only dynamic tests-—-discussioq_

The air only dynamic tests simply illustrate the fact that the
caps will operate somewhere along their steady-state air only test
curves regardless of their previous flow history.

This type of test shows that hysteresis should not be of any con-
cern to the actual cap operation. If the caps are opened rapidly, then

the hysteresis would not nhinder the cap opening.

Coal and air tests —introduction

Tests were performed with various caps at 0.5 inch gap employing
coal and air flow only. Different coal mass flow rates varying from
17.5 pounds per minute to 35.0 pounds per minute were used. These
values were picked because they correspond to approximately 2.5 and 5.0
pounds of coal per pound of air respectively for the flow conditions of
Chapter 3. It was felt that this was a representative range of ratios
for a fluidized bed combustion unit based on one feed point per nine
square feet of bed area. Pressure loss versus flow rate data were

obtained along with basic observations.
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Coal and air tests—results

Observations of the caps illustrated several points.

1.

A tilted cap dumps most of the coal to its open side. This
is highly undesirable and should be avoided under all circum-
stances. Uneven coal distribution such as this leads to poor
sulfur capture, high carbon monoxide emissions and poor com-
bustion.

The flat caps, when fully open, are always offset from the
pipe centerline. This is because of the way the caps tilt
upon opening. The deflecting air produces a force on the
tilting cap driving it offcenter and against the cage sup-
ports. This offset causes some maldistribution of coal,
slightly more being fed to the side away from this offset
(i.e., if the cap is against the cage bars on the right side,
more coal is fed to the left side). The different amount of
coal was not enough to create concern especially when one con-
siders that the cap will probably change offset positions
while operating in a Timestone bed because of the forces
exerted on the cap by the fluctuating bed. The convex cap
did not exhibit the "maldistribution of coal® characteristic.
Regardless of the offset direction, coal was always distri-
buted equally. This is a point in favor of the convex cap.
The recess which was cut into the flat caps did not affect
coal distribution. The recess caps behaved exactly as the
flat caps during coal feeding distributing slightly more coal

to the side opposite the offset.
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The pressure loss versus flow rate curve for the 0.45 inch thick
flat cap, F2, at 0.50 inch gap is shown in Figure 6.24 for a coal mass
flow rate of 17.5 pounds per minute. This is compared to the air only
curve,

The additional momentum supplied by the coal reduces the air flow
required to keep the cap fully open from 142 cubic feet per minute to
118 cubic feet per minute. At this flow, the weight of the cap is

given by equation 6.19.

Mo V.
= - Air "Air
“Total ™ "Air Only ¥ "Solids only T T g~ (KWS). (6.19)

The symbols in this equation are defined in the discussion covering its
development.

For 80° and 14.3 psia, the product of mass flow rate and veio-
city divided by 9¢ is 0.405 1bf. The cap weight is 0.714 1bf thus
(K+JS) is equal to 1.765. From Table 6.8, page 66, K is equal to 1.22.
The coal mass flow rate to air mass flow rate ratio, J, at these condi-
tions was 2.018. These values allow the coal slip velocity, S, to be
determined as 0.27. This value of S is lower than values typically
found in literature which are around 0.80 [17]. This suggests further
investigation is needed in this area.

The presence of the coal shifts the fully open curve about 20
cfm. At a given flow rate, the coal plus air pressure loss is larger
than the air only pressure loss for a fully open cap. This is because
the coal restricts the air passageway, in effect decreasing the gap.

The increase is about 20 percent at these conditions.
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Only one mass flow rate of coal was presented of the five flow
rates tested between 17.5 and 25.0 pounds per minute, because over the
test range the mass flow rate did not appreciably affect the pressure

loss curve.

Coal and air tests—discussion

The added momentum of the coal flow is significant enough to con-
sider in a cap design. The conservative designer, however, should
design a cap to open with air flow only and have the coal flow be an
added margin of safety.

The increased pressure loss due to the presence of the coal should

not significantly affect the system performance.

Limestone tests— introduction

The valve caps were tested in the fluidized bed test facility with
various depths of limestone ranging from 6 inches to 26 inches when
slumped. The caps were opened and shut, slowly and rapidly, in a cyclic
fashion. Pressure loss versus flow rate data were obtained using a

strip chart recorder.

Limestone tests—results

Different valve caps were cycled well over 100 times and no hang-
ups occurred with this geometrical configuration; 3.0 inch inside
diameter cage and 2.688 inch outside diameter cap. The three inch
inside diameter cage was chosen on the following design basis. The
clearance between the cage inside diameter should be at least 1.25 times
the Targest possible bed particle to avoid hangup. Three inches equals
2.688 inches plus the product of 1.25 and the size of the largest bed

particle (0.25 inch).
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The valve caps worked very well in preventing drainback. WHo bed
material ever entered the feed line when the transport air was stopped.

When the cap was opened in the limestone, the equilibrium pressure-
loss flow rate point did not lie on the air only graph. The pressure
Toss was wmuch greater at a given flow rate. When comparisons were made
with flat plate data (see Appendix B), the cap was found to have a 0.25
inch gap instead of the 0.50 inch gap that was set. This was caused by
limestone being trapped between the cap and cage, thus reducing the
operating gap. The cage design used was conducive to entrapping bed
material because the top was made of 0.50 inch wide cross bars. (This
cage top was bolted, instead of welded, to the vertical supports.) See
Figure 6.25. To facilitate opening, the cage was redesigned as shown 1in
Figure 6.26 to reduce the contact area between the cap and cage. This
is not the only working design, but was simple to build and install.
This design was tested in limestone and worked well. The operating
point fell almost on the air only test line indicating that only very
small limestone particles were trapped between the cap and cage. The
point to remember when designing a cage is to minimize the contact area
between the cage and cap. Sharp edges, instead of blunt, are very
effective for moving limestone from between the cap and cage.

Another notable result of the limestone tests was that the rising
hysteresis in the pressure loss versus flow rate curve was effectively
eliminated.

The hysteresis was eliminated because the valve cap did not have

to wait for the pressure to build up. The control valve was opened




Figure 6.25.
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Original Cage Top.



84

278" DIAMETER

&

&

BOTTOM VIEW

228" DIAMETER |

) ]
/.

LIZL

/

pl |2/

Figure 6.26. Redesigned Cage Top.



85

quickly enough so that the pressure below the cap was almost instanta-

neously above that required for opening. The cap was "blown" open.

Limestone tests—discussion

The valve cap operates in limestone at equilibrium along the air
only curve. The valve cap is very effective for preventing bed drain-
back. It was also very reliable, not hanging up in well over 100 cycles.

Hysteresis is removed with rapid operation., The only other oper-
ational difference between air only and limestone operation is an
occasional pressure pulse that travels down the feed line due to a bed

pressure fluctuation.

Coal feed tests—introduction

The coal feed tests are actual models of the coal feeding process
in a fluidized bed. Coal was introduced into the fluidized bed through
the coal feed system and bed samples were taken with the sample probes.
The samples were analyzed for the coal mass present as a result of the
feed system.

The analysis produced a map of the bed illustrating where coal
rich or lean areas existed. (The tests are described in more detail in
Chapter 5 and the analysis in Appendix C).

The coal mass flow rate was always set at 25 pounds per minute.
This was picked because it corresponds to the requirements set in
Chapter 3.

Two cap gaps were studied as well as two different caps. The gaps
were 0.50 inches and 0.75 inches and the two caps were the 0.45 inch

thick flat cap (F2) and the 0.75 inch thick, 0.55 inch recessed cap (R4).
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Two different sample times were tried to investigate mixing in the
fluidized bed and to determine what sampling time was truly representa-
tive. The samples were taken for 10 seconds at 20 seconds and 50
seconds into the feed. The samples of coal averaged about 75 grams and
typically ranged from 60 to 90 grams. Sometimes a bubble would be pass-
ing by as the probe was closed and the sample mass might be as low as 30

grams. The sampling volume of the probes was 3.32 cubic inches.

Coal feed tests—results

The first tests presented are those used to determine the amount
of coal present in the bed due to the less than 100 percent efficient
recycle. This coal was referred to as background coal and the concentra-
tion was determined to be constant for each test and over the entire bed.

The data for one of the two background tests are shown in Figure
6.27. The data for all of the coal feed tests are presented in this
same format and its explanation follows. The map shows the exact loca-
tion of the sample port in the bed. The number to the right of the
slash is the corrected coal mass to limestone mass percent ratio calcu-
lated as described in Appendix C (R* is the average of the value and o
is the standard deviation of this set). The term “corrected" is used to
denote that the coal mass has had the background coal mass removed.

This means the coal mass reflects only the coal present as a consequence
of feeding. The number to the left of the slash is the corrected coal
mass to limestone mass ratio at this location compared to the bed
average coal mass to limestone mass ratio on a percentage basis. This is
also discussed in Appendix C and will be called the comparison percent

ratio to denote that it is a comparison to the bed average ratio as a
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Figure 6.27.

Coal Feed Data Reduction— Background.
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percent. This number indicates whether the location is coal rich or
Tean compared to the bed average.

The background data shows a somewhat random arrangement of posi-
tive and negative percentages. There were a Tot more negative percent-
ages than positive, which was due to the one very high positive (+53.4)
and the two near zero negatives (-0.3). The average background coal
mass to limestone mass ratio was 0.26 percent. This was the value used
for the background ratio for all of the tests. The standard deviation
for this data set was 0.05 percent. This will be compared with other
standard deviations from different data sets.

The data of Figure 6.28 are a random sample with the 0.45 inch
thick flat cap (F2) at 0.50 inch gap taken 20 seconds into the coal feed
with the probes at the one foot level. The one foot level indicates
that the line of four probes was one foot above the grid plate. This is
about 10 inches above the injection point. This cap was open and was
not tilting which is indicated by the fact that there are no extremely
high or extremely low comparison percent ratios. This is typical of a
random map and was substantiated by several repeated tests. The average
corrected coal mass to limestone mass ratio was 2.09 percent and the
standard deviation for this data set was 0.47 percent. The coal feeding
increased the average corrected coal mass to limestone mass ratio by a
factor of eight and the standard deviation by a factor of nine.

There are four locations that do not fall within one standard devi-
ation of the average. These are the locations with mass ratios of 1.4,
2.9, 1.6 and 2.8 percent. This indicates that the coal feed data are

more scattered than the background data.
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Figure 6.28. Coal Feed Data Reduction—Cap F2, 0.50 Inch Gap,

20 Second Sample Point.
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When the samples were taken at 50 seconds into the feed, the com-
parison percent ratios were always random, even for one particular test
in which the coal feed line clogged. This indicated that 50 seconds was
too lTong to wait and that the coal initially injected by the coal feed
system had already been well mixed within the bed. This does, however,
attest to the excellent mixing characteristics of a fluidized bed.

Figure 6.29 shows a typical random sample with the 0.45 inch thick
flat cap, F2, at 0.50 inch gap taken 50 seconds into the feed with the
probes at the one foot level. The average mass ratio (R*) is greater
for this test than for the 20 second sample test shown in Figure 6.28.
This is a result of the greater amount of coal injected and the mixing
within the bed. The 50 second sample time was not used again after it
was Judged as being too long.

Figure 6.30 is an excellent example of the problem that might be
encountered when a cap does not fully open and operates at a tilt. This
test used the 0.45 inch thick flat cap, F2, at 0.75 inch gap with the
probes on the one foot level and the samples being taken at 20 seconds.
The transport air flow rate was set at 112 cubic feet per minute which
was, as shown in Figure 6.21 on page 70 or Table 6.10 on page 74, far
too low to keep the cap fully open. At least 175 cubic feet per minute
were required to keep this cap open. The cap was obviously tilted so
that it biased coal in one direction, which is indicated by the +87.4
comparison percent ratio. The side opposite to the coal rich area was
lean which was evidenced by the entire side having a negative comparison
percent ratio. Clearly, this mode of operation in a bed would be very
detrimental to bed performance. The coal rich area would become a reduc-

ing zone and the coal lean area would become an oxidizing zone.
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Figure 6.30. Coal Feed Data Reduction—Cap F2, 0.75 Inch Gap,
20 Second Sample Point.
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A coal feed test was done on the 0.75 inch thick, 0.55 inch recess

cap, R4, at 0.50 inch gap. The probes were on the one foot level and
the samples were taken at 20 seconds. Figure 6.31 shows these data
which are also random. The average coal distribution mass ratio was
also about the same as the average mass ratio for the flat cap under
identical test conditions. The average ratio for this test was 1.97
percent compared with 2.09 percent for the flat cap test. This test
illustrates that recessing the cap does not affect the coal feeding
performance. .

A test was done with the probes at the two foot level using the
0.45 inch thick flat cap, F2. This test simply showed that the coal dis-
tribution was also random on this plane of the bed. The bed average
mass ratio for the two foot level was approximately the same as the bed
average mass ratio for the one foot level (2.08 percent for the two foot
compared to a typical valve of 2.09 percent for the one foot). This
again illustrated how well the fluidized bed mixes.

Repeatability checks were done with some of the tests. Figure
6.32 shows a run which compares with Figure 6.31. The average mass
ratios agree with in 8.7 percent. Figures 6.33 and 6.34 show two tests
which are repeats of Figure 6.28 on page 89. They show the same general

trends and numerical values.

Coal feed tests—discussion

The coal feed tests revealed many facts about coal feeding with
the valve cap feed system and the bubble cap fluidization system.

First, the coal feed tests showed that coal can be distributed ran-

domly throughout the entire bed by the valve cap feed system. These
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tests illustrated the excellent mixing characteristics of a fluidized
bed. As a consequence of these mixing characteristics, the coal feed
tests revealed that 50 seconds was too long to wait for sampling with
this type of tracing.

These tests revealed two important facts about valve caps in
specific. First, they must be operated fully open. If the cap is
tilted, coal lean, oxidizing zones, and coal rich, reducing zones,
will occur. This will lead to poor combustion. Secondly, a recessed
cap will not degrade the system coal feeding performance.

The coal feed tests are the best model to an actual fluidized
bed without burning coal. Actual combustion tests are the next necessary
step in thoroughly evaluating any feed system including the valve cap.

These coal feed tests were performed in a bed with a total cross
sectional area of 4 square feet. This same feed system will typically
be used to feed 9 square feet of bed cross section. The differences
would be lower concentrations for each sample location because of the
extra feed area being serviced by the feed point and a possible radial
concentration gradient. It is believed that these differences would

not be detrimental to the overall system operation.

Wear characteristic study—introduction

A fluidized bed coal feed device is subjected to very abrasive
conditions when high velocity air laden with coal impinges upon its
surfaces. The valve caps, being the component of this system which

bear the brunt of the feed stream, should be designed to combat wear.
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; Three different cap shapes were studied to compare their wear
characteristics. The three shapes tested were the flat cap, the convex
cap and the recessed cap. The flat cap was the standard against which
the other caps were compared. It was felt that the convex cap might
wear mostly in the center thus allowing the edges to be made very thin.
This would help decrease the cap mass.

The recess caps were designed with wear as a major consideration.
It was felt that if the recess was deep enough, coal might collect in
the cap. This would, in effect, be a cap made of steel and coal, with
the main wear being directed on the coal. This was illustrated in
Figure 6.10 on page 54.

The wear characteristic study was conducted for a coal mass flow
rate of 25 pounds per minute and an air flow rate of 160 cubic feet per
minute. The caps' bottom surfaces were painted with a thin layer of
flat black paint. A 0.50 minute feed time was chosen after a few
initial tries at 2.0 and 1.0 minutes proved to be too long; the paint

layer was applied too thin and it would all wear off.

Wear characteristic study—results

The results of the wear characteristic tests are shown in Figure
6.35. The flat cap and the convex cap have no paint over most of their
surfaces. This is characteristic of a high level of wear.

The black crescent where the paint remained is a direct result of
the opening characteristic of the caps. Since they always rested upon
two of the cage supports when rising, the caps were always off center

when open. This created the crescent shape.
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:

Figure 6.35. Wear Characteristic Tests with Various Caps.

Caps: F3 C1 R2 R3
R4 F2 R1 F1
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The 0.25 inch deep recess has no paint over most of its surface,
except near the recessed corners where the coal probably collects. In
contrast, the 0.425 inch deep and the 0.55 inch deep recess caps have
paint over most all of their inner surfaces. This is characteristic of
reduced wear. This is very significant because it shows most of the
wear will be on the collected coal. Thus a properly recessed cap could

reduce the total cap mass and not sacrifice cap life.

Wear characteristic study—discussion

This study illustrates the probable benefit of a recessed cap, Tow
mass and reduced wear. For this reason, the recessed cap, with recess
depth of at least 0.425 inches is the best cap to use with the valve cap
system.

The wear characteristic study is by no means a definitive test.
Further wear tests with caps being subjected to coal flow for extended
time periods are required to determine if the recess does truly prevent
wear. It is believed, however, that the recessed cap will at least

retard cap wear.

Closure
These tests of the small diameter valve cap give a good basis for
selecting a proper cap for any application. The next chapter will dis-
cuss a particular cap design to satisfy the conditions of Chapter 3. It
will also discuss the best possible cage designs and present recommenda-

tions for future testing of valve cap feed systems.



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS
Fluidization System

The bubble cap fluidization system uniformly fluidizes a limestone
bed and prevents bed drainback. This system has been in use in the EPRI
6x6 foot test facility and has operated successfully in actual combus-
tion tests. The pressure loss versus superficial velocity relationship
can be predicted and altered as outlined in Appendix E. For this
reason, this system can be adapted to meet the various design conditions
which might be encountered in industrial application.

The TVA has selected this system for the 20MW pilot plant. Tests

at this facility should increase the available data for this system.
Valve Cap Coal Feed System

Introduction

The valve cap coal feed system operated fully open can evenly dis-
tribute coal to a fluidized bed. The valve cap system can reliably pre-
vent bed drainback. A valve cap does not require any external actuating
device. For these reasons, the valve cap is one of the most effective
and reliable below-bed coal feed systems for a fluidized bed, however,
it must be carefully designed to operate at the required flow rate for

the specified bed temperature and pressure,
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cap

The primary objective of cap design is to create a proper balance
between cap mass and transport air flow rate. The cap diameter must
be made large enough to cover the feed pipe, but small enough so that
the cap mass does not become too great.

A cap should be designed that is resistive to wear. The design
which resists wear most is the recessed cap. To minimize cap weight
by reducing leg height, the shallowest recess which retards wear should
be selected. The diameter of the recess should be at least as large
as the exit of the feed pipe to insure proper wear retardation.

A cap should be constructed with sufficiently thick top and wall
sections to prevent deformation when the bed is slumped and the cap
must support a static load. Effective values for these thicknesses
will have to be determined with actual combustion bed tests.

Finally, the cap should be constructed of a hardened steel or
stellite in order to withstand the harsh environment of a fluidized

bed.

Cap design to meet chapter 3 specifications

A particular cap was designed to meet the specifications presented
in Chapter 3. The cap was required to remain fully open with a trans-
port air flow rate of 97.3 cubic feet per minute at 80°F at 14.3 psia.
The cap was to operate in conjunction with a 2.0 inch diameter schedule
40 feed pipe and a coal mass flux to air mass flux ratio, (J), of 3.5.

The design was initiated by employing equation 6.16 repeated
below.

Tpir VAir_(

c

Wrotal = “Air Only T %solids Only = K+JS). (6.16)
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A cap gap of 0.75 inches was chosen adhering to a "coal industry" rule
of thumb which states that the minimum opening should be equal to three
times the maximum dimension of the largest particle. For this gap, the
momentum correction factor, K, was assumed to be 0.75 from the data of
Table 6.10 on page 74. The slip velocity S was calculated in Chapter 6
to be approximately 0.27. A value of 1.0 was used for the coal mass
flux to air mass flux ratio to account for turndown during operation.
Using equation 7.1, the maximum supportable mass was determined to be
138.9 grams (0.306 pounds).

A recessed cap of 2.688 inches outside diameter was picked as a
design basis. To effectively retard wear, a 0.425 inch recess was the
minimum depth allowed, consequently, this value was used to reduce the
cap mass. The cap was designed to be 0.555 inches tall overall with
0.10 inch thick recess walls. This cap has a mass of 137.1 grams (0.302
pounds) if made from steel with a density of 7.73 grams per cubic centi-

meter (0.279 pounds per cubic inch).

Cage

The cage design and cap design must be compatible. The diamet-
rical clearance between the cage and the cap should be at least 1.25
times the largest dimension of the Targest bed particle. This will
prevent cap hangup due to particle entrapment between the cap and the
cage. The 2.688 inch diameter cap and 3.0 inch inside diameter cage
meets this criterion for 0.25 inch maximum particle dimension
(3.0 = 2.688 + 1.25 x 0.25). The cage diameter cannot be made larger

and the cap still effectively cover the 2.0 inch diameter schedule 40

feed pipe during no feed conditions. The cage and cap combination could
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be made smaller in diameter to reduce the cap weight, however, a smaller
diameter cap might experience difficulty in obtaining a good radial dis-
tribution of coal.

The vertical support bars of the cage can be made from stock
having any cross section, however, the circular bars used in this inves-
tigation proved effective. Support bars should be made small enough to
avoid affecting coal feeding or valve cap operation. They should be
made of stock with large enough cross section to insure that they do not
fail during operation. As with the cap design, a hardened steel would
be the best material choice for a long operating life.

The cage top should be designed to minimize the contact area
between itself and the fully open cap. One acceptable design was pre-

sented in Figure 6.25, page 84.

Recommendations

Fluidization system

The bubble cap fluidization system is a well tested and proven
system. Further testing should concentrate on hot bed studies to
increase the available data base.

New fluidization systems should be designed and tested for appli-

cation under different conditions.

Coal feed system

The most definitive test for a coal feed system is an actual com-
bustion test in a hot bed. This would reveal exactly how well a particu-
lar system can feed coal, prevent bed drainback and withstand wear.

Extended hot bed tests are necessary to truly judge a coal feed systen.
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In a combustion bed, start-up and shut-down cycles could be inves-
tigated to determine proper procedures. Rates of change for the trans-
port air flow rate could be investigated to determine the effect upon
system operation.

“Strength” tests could be conducted on candidate cap designs to
determine the minimum tolerable thicknesses for critical sections.

Actual wear tests should also be conducted on valve cap designs.
These tests should be performed for extended periods of time under
actual combustion bed conditions including representative coal flow
rates.

The cage design should be studied in a greater depth. The most
prominent change should be from four-bar supports to three-bar.

New cage tops should be investigated to determine if more effec-
tive designs can be obtained for moving particles from in between the
cage and the cap.

Finally, innovative coal feed systems should continue to be

designed and investigated to further fluidized bed technclogy.
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APPENDIX A

COMBINED COAL FEEDING AND FLUIDIZATION
WITH FOUR ARM CROSSES

Introduction

Basics
Combined feeders are defined as feeders which combine all of the
fluidization air and transport air into one system that fluidizes the
bed and delivers coal. These systems must simultaneously satisfy
uniform coal distribution and uniform bed fluidization. Combined
feeders have advantages as well as disadvantages compared to feeders

which separate the coal feed and fluidization functions.

Summary of advantages and disadvantages

The major advantage of a combined feeder is its superior ability
to avoid clogging due to insufficient conveying velocity or agglomera-
ting of the coal.

Combined feeders can open heavier valving devices because of the
greater air flow passing through their system.

The major disadvantage of combined feeders is their dual role.
These systems must properly fluidize the bed as well as effectively
deliver coal.

Another disadvantage is erosion in the system. The high velo-
cities associated with the large air flows can create many material

design problems in the coal feed system.
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Coal distribution may or may not be improved depending upon
feeder design and placement within the bed. There is some concern with
combined feeders about creating explosive mixtures of coal and air,
therefore, mixing must be done immediately prior to injection into the

bed. This could be another disadvantage for combined feeding.

Four Arm Cross

Introduction

The four arm crosses were designed as a combined feed system. The
four arm cross is a pipe split in four directions. Each arm of the
cross is 90 degrees from the two adjacent arms and makes an angle of 90

degrees with the base pipe (see Figure A.1).

Design

As a design basis, the four arm cross was to provide a pressure
drop equal to one-third of the pressure drop across a four foot deep
fluidized bed at a superficial velocity of 7.5 feet per second. This
was determined in the following manner.

Assume that a four foot deep fluidized bed is expanded 50 percent.
This would make the slumped depth 4.0 feet divided by 1.5 or 2.67
feet. The pressure loss across 2.67 feet of slurped bed is simply
equal to the limestone weight. From Knox [11, p. 891, the bulk density
of the limestone is 92 pounds per cubic foot, therefore, the pressure
loss, PL’ is:

-1

PL = (92 1bF/Ft3) (2.67 ft) (144 in¥/ft?)

P =1.71 pounds per square inch (psi).
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Figure A.1. Cross Feeder Out of Bed.
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One-third of this value is the desired loss across the cross
system, equal to 0.57 psi. Referring to the work of Henry [10, p. 155],
this pressure Toss was found to correspond to a floating cap with maxi-
mum cap height of one inch at superficial velocity of 7.8 feet per
second. For a 2.5 inch diameter cap, the total flow area is 7.85 1n2.
Because it was believed that the cross would experience a lower
pressure loss than the floating cap, this area was reduced one-third
making the total cross flow area 5.23 inz. This flow area would
require a hole 1.29 inches in diameter in each of the four cross arms.
Each arm was made 1.6 inches in outside diameter to allow the hole size
to be increased by 15 percent.

In order to determine what length arm was necessary, some further
assumptions were made. First, the angle of repose of the limestone in
an arm was assumed to be 30 degrees. The angle of repose is defined as
the angle from the horizontal made by the limestone when resting in a
free pile. Thirty degrees was picked with the aid of Zenz [9]. Using
the maximum designed diameter of 1.48 inches, the limestone would reach
1.48/(tan 30°) = 2.56 inches into the arm. To avoid drainback, the
Cross arm was made approximately this length.

The centerline of the arms were placed 2.375 inches above the grid
plate surface to allow approxmiately 1.5 inches of nonfluidized lime-
stone to rest on the plate. In an actual hot bed, this nonfluidized
zone would help to insulate the grid plate and help keep it from
becoming too hot. This would reduce the possibility of the plate warp-
ing or breaking from the weight of the limestone when the bed is

slumped.
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The inside diameter of the base of the cross was made 2.5 inches in
diameter to match with the existing bed systems. The final cross
design is presented in Figure A.2.

Horizontal jet penetration was calculated to determine if the
crosses would fluidize all parts of the bed. Zenz [17, p. 2] presents
a figure with nondimensional penetration depth P/D0 (nondimensionalized
with respect to exit diameter) versus the product of gas exit velocity
in feet per second and square root of gas density in pounds per cubic
foot. The exit velocity was determined by dividing the design point
flow rate of 1,800 cubic feet per minute by the total exit area of 16
times the flow area of one cross arm. The design point diameter of
1.29 inches was used. The exist velocity, Vo’ was calculated to be 207
feet per second. The gas density used was 0.0735 pounds per cubic
foot. Thus, the product of velocity and gas density was 56. From
Figure 4 in Zenz [17, p. 2], the dimensionless penetration depth, P/DO,
is approximately 4. For an exit diameter of 1.29 inches, the penetra-
tion depth, PO, is 5.2 inches. This number must be considered with
respect to a particular arrangement of the crosses within the bed.

The crosses were arranged in 2 foot by 2 foot bed in a square pat-
tern one foot per side, centered in the bed. Refer to Figure A.3. The
orientation shown is probably the most critical when considering bed
penetration because the distance, D, between confronting arms is great-
est. This distance was determined as follows: D = (12)2+(12)2 - 2d.
The cross arm length measured from the centerline of the base, d, is
3.75 inches so D = 9.47 inches. This is less than the total penetra-
tion depth from both cross arms, twice the depth from one arm (10.4
inches). Therefore, the jets from each arm will interfere, promoting

good mixing.
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Qualitative results

Fluidization with the four-arm cross is shown in Figure A.4.
Several points are evident from the figure. The main characteristic of
the cross fluidization is the large jets. Most of the air from the
crosses is concentrated in the streams eminating from the cross arms.
This is not good from a mixing viewpoint, nor is conducive to uniform
fluidization. As a result of these jets, large bubbles formed within
the bed. The regime of fluidization was bubbly.

The top plane of the bed was violent as a result of the large
bubbles breaking the surface. The bed height would vary approximately
plus and minus five inches.

Large nonfluidized zones were present in many regions of the bed.
Between jets and in the corners was where most of the dead limestone
rested. These dead regions approximated 25 percent of the bed material
at the grid plate. These dead regions would cauée poor mixing, uneven
bed temperatures and poor combustion.

Qualitatively, a comparison of this system's characteristic fluidi-
zation to that of Henry's feeder shows the crosses to be inferior.
Henry's system operated in the turbulent flow regime which is superior
from a mixing standpoint, than the bubbly flow regime. The character-
istic fluidization of the crosses and Knox's in-bed pipe feed system
was very similar. Videotapes of these feeders in operation are avaijl-
able through The University of Tennessee Mechanical and Aerospace

Engineering Department located in Dougherty Hall.

Bed drainback

The crosses prevented bed drainback when the bed was slumped, how-

ever, it should be emphasized that these conditions do not exactly
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Figure A.4. Fluidization with the Crosses.
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match those of an actual operating fluidized bed. In actuality,
slumped bed sections would be in contact with fluidized sections and
interaction between the two would cause some agitation in the slumped
bed. Since this bed does not move at all when slumped, bed drainback
tests in this facility cannot conclusively show that the crosses would

truly prevent bed drainback.

Quantitative results

The crosses were tested only with the limestone and air tests,
because the fluidization was so poor that the crosses were deemed
unappropriate as a fluidized bed combined coal and air feeder. Never-

theless, the results of the air and limestone tests are presented.

Pressure drop

Figure A.5 shows feeder pressure drop from the plenum box to the
exit plane of the crosses, versus bed superficial velocity for differ-
ent cross orientations. The orientations are named and depicted sche-
matically on Figure A.5. It is interesting to note the effect orienta-
tion has upon the pressure loss. The configuration with the least
pressure drop at all superficial velocities was with all of the crosses
in an x position. This occurred because the fluidization air formed
into a large bubble in the center, where the crosses were all aimed,
creating an easy path for the air to travel through the bed. The con-
figuration with the next least pressure drop was with all of the
crosses in the plus orientation. This arrangement allowed four smaller
bubbles (or pathways) to form between each cross. Finally, the config-

uration with the greatest pressure loss (mixed configuration), had two
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x position crosses and two plus position crosses placed diagonally
opposite one another. Only one small main pathway was formed between
the two x position crosses.

This explanation of the air flow passages within the bed was sub-
stantiated by observations of the limestone surface after the bed was
drained. Because of the placement of the drain line approximately two
inches of limestone remained in the bed after draining. The feeders
always left a characteristic pattern in the surface of the remaining
limestone. The all x configuration left a 10 inch diameter hole in the
center that extended all the way to the grid plate. Smaller holes were
present along the sides. A Targe center crater was evidence of the
central air flow. The all plus configuration left four craters that
did not extend to the grid plate between each cross, as well as small
holes along the bed perimeter. The plus and x (mixed) configuration
left one center crater that reached the grid plate and two smaller
holes near the x placed crosses. The limestone patterns are shown in
Figure A.6.

Power law curve fits were determined for each configuration by the
use of a linear regression program [16, p. 98]. The data are seen to
agree very well with the specific curves. The relationships and corres-
ponding orientations are given in Table A.1.

Figure A.7 illustrates the decrease in pressure drop obtained by
increasing the cross arm diameter from 1.30 inches to 1.42 inches (9
percent). This method of decreasing pressure loss might be necessary
to make this system usable. Larger arm units could decrease the ten-
dency for jets to occur or at least decrease their length of bed pene-
tration. This diameter's pressure loss versus superficial velocity

equation is also listed in Table A.7.
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Figure A.6. Cross Limestone Patterns

Top to Bottom Configurations: X, Plus, Mix
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TABLE A.1

CROSS PRESSURE LOSS VERSUS SUPERFICIAL
VELOCITY AND ORIENTATION

General Equation: AP = CV X

Units: 4P = in. Hy0, Vg = ft/sec

Conditions: T = 80°F, P = 14.3 psia

Arm
Diameter
Orientation (in) c X rz(l)

X 1.30 0.46 1.59 0.949
Plus 1.30 0.33 1.94 0.979
Mixed 1.30 0.59 1.67 0.989
Mixed 1.42 0.50 1.60 0.953

lcoefficient of determination.
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The combined system can be quantitatively compared to the systems
studied by Knox [11] and Henry [10]. These comparisons are shown in
Figures A.8 and A.9. In both cases the observed trends are similar
(i.e., Pressure drop increasing with superficial velocity) and the
curve shapes are identical. The crosses, however, experienced lower
pressure losses than either of the other feed systems with comparable
flow areas. The comparable curves and their respective flow areas are
shown on both figures. This lower pressure loss would be an advantage
in an actual utility fluidized bed because it would allow the use of a

Tower pressure capacity air system.

Bed expansion

Bed expansion as a function of superficial velocity was calculated
for each orientation. The bed expansions versus superficial velocity
for all of the orientations are shown in Figure A.10. The band of data
are presented because of the scatter of the bed expansion points.
Linear regression curve fits [16, p. 87] for each orientation and for
all of the orientations combined are presented in Figure A.11. Table
A.2 lists the equations for the mixed, plus, x and all orientations
combined.

There is very little difference in bed expansion for different
orientations. One noteworthy trend is that a combined feed system with
a Tower pressure loss for a given superficial velocity than another
system will also have a lower percent bed expansion than the other
system at that particular superficial velocity. Take as an example,

the mixed orientation and the all x orientation. At any superficial
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TABLE A.2

BED EXPANSION™ VERSUS SUPERFICIAL VELOCITY FOR THE CROSS
FEEDER WITH 1.30 INCH DIAMETER ARMS

General Equation: E = AV -B

Units: E = Percent, Vg = ft/sec

Conditions: T = 80°F, P = 14.3 psia
Orientation A B r2
X 9.27 34.86 0.893
Plus 8.52 26.32 0.877
Mixed 9.02 27.81 0.860
A1l Averaged 8.96 29.87 0.856

1Bed expansion is corrected for the volume of heat transfer tubes
covered. This is explained in Appendix C.
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velocity, the all x system has a Tower pressure loss (see Figure A.5,
page 121) than the mixed system. It also has a lower percent bed
expansion than the mixed system at all superficial velocities. This
trend is caused by the same mechanism that causes the particular orien-
tation to have a lower pressure loss. For example, the all x configura-
tion had the least bed expansion because most of the air passed through
the center of the bed, therefore, the air does not expand the bed as
fully as other orientations. Of course, the mixed configuration had
the most pressure drop, hence, the least number of main pathways
through the bed. Average bed expansion for the crosses is compared to
the feeders of Henry [10] and Knox [11] in Figure A.12. The differ-

ences are most likely due to the various interpretations of bed depth.

Amplitudes and frequencies of the lower bed pressure

The average amplitudes and the frequencies of the fluctuation of
the lower bed pressure are shown in Tables A.3 and A.4 respectively.
The average amplitude of the pressure fluctuation tends to decrease
with decreasing bed depth and increase with increasing superficial
velocity. The larger cross arm diameter seemed to make little differ-
ence nor did the particular orientation. The maximum amplitudes for
each test are also shown in Table A.3. This pressure pulse is always
significantly larger than the average amplitude. This is due to a
passing bubble.

The frequency of fluctuation averaged about 2.5 cycles per second
for bed depths cf 11.5 inches and greater. The most notable character-
istic is the doubling of the frequency for lower bed depths. This

suggests that at large depths, the frequency is the result of only the
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cross closest to the pressure tap. At lower depths, another cross
pressure wave can be detected. The two waves have approximately the
same amplitude and frequency, but are out of phase when they reach the
pressure tap because of the different distances each must travel. For
this to be true, the waves would have to constructively interfere at
sorie times and destructively interfere at other times. This phenoiena
was experienced and was evidenced by a beat pattern appearing on the
strip chart.

The average amplitude data agree with that presented by Knox [11,
p. 139] in relative magnitude as well as general trends. The average
amplitudes from Henry [10, p. 123] are somewhat larger. The deep bed
frequencies (above 10 inches) correspond to those of Knox [11, p. 14]
for his deep beds. The shallow bed frequencies for Knox's feeder are
also larger and this may suggest the same wave phenomena even though
Knox's system was vastly different from the crosses.

The experimentally proven fact that any particular feed system
displays a characteristic pressure frequency depending upon feeder con-
figuration, bed depth and superficial velocity suggests that caution be
exercised when building a feed system to avoid possible vibration prob-
lems that could arise due to resonance. The excessive vibrations that
are caused by resonance could potentially damage bed insttrumentation,

feeder components or heat recovery equipment.

Conclusions

Combined feeding with the four arm cross designed as shown was not
acceptable because of the poor fluidization. The crosses could be used
in a fluidized bed if they are modified and sufficiently tested.
Modified designs of these crosses could possibly be used as a coal feed

system in conjunction with a separate fluidization system.
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Hodified designs of these crosses could possibly be used as a coal feed

system in conjunction with a separate fluidization system.




APPENDIX B

SPHERE CAP AND FLAT PLATE

COAL FEED SYSTEMS

Sphere Feeder

Introduction

As an alternative to the floating cap, a feeder with a spherically
shaped cap was designed. It consisted of a ball placed in a cage
between the feed pipe exit and a flat plate. The flat plate was used
in order to aid the ball with radial distribution of the coal. A sche-

matic of the feeder is presented in Figure B.1.

Design

The gap was set by adjusting the plate height h. This is related
to flow area in the following manner. The area of flow is a truncated

cone of side length 2, base radius R and top radius rsins. This area

is:
_ R4rsing
AF]OW = 27 (——2——)2 (B.1)
or simply, Ac = m (R + rsing) ¢ (B.2)

where r, R, % and © are defined in Figure B.1. The Tength & is equal

to the lengthj minus the sphere radius r.

r=3 -r (B.3)
The length j 1is given, using Pythagorean's theorem, by equation B.4,

1
5 = [her)? 4 RY (B.4)
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Figure B.1. Sphere Feeder Schematic.
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Substituting this into equation B.3 gives the length 2 in terms of

plate height, h, sphere radius, r, and pipe radius, R.
1
L= j-r= [(h-r)¢ + Rz]2 -r (B.5)
From Figure B.1, equation B.6 is obtained for the sin .

. - R
sin ¢ = P (B.6)

This was substituted into equation B.2 to yield equation B.7.

A= R+ (=297 1. (8.7)

This simplifies to equation B.8.

2
A=TT(2Y'RQ,+RQ,)

F r+i (8.8)

fguation ©.5 was substituted into equation B.8 and through considerabie

algebraic reduction equation B.9 was obtained.

A - n(R3Rn2-2rR )

(B.9)

Data for three separate gaps are given in Figure B.2. The flow
area for each gap is given below for a 2.5 inch diameter sphere (mass
of 1091.40 grams) and the standard 2.0 inch schedule 40 feed pipe
(R =1.0" and r = 1.25").
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0
0 234" GAP WITH
PLATE
354,
2)%" GAP WITH
PLATE
| 3.0" GAP WITH PLATE
30
AP (IN H,0)
SPHERE ALONE
25 -
0
0
SPHERE MASS: 1091.40 GRAMS
20-
/V
o ] 1 1 I 1
0 50 100 150 200 250

NOTE:

FLOW RATE (FT3/MIN)

THE ERROR BANDS ARE SMALLER THAN THE SYMBOLS.

Figure B.2. Sphere Pressure Loss Versus Flow Rate, Air Only.
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. 2
A in.
h(in.) F (in%)
2.25 0.97
2.75 2.94
3.00 3.90

Data for a sphere alone are also presented on Figure B.2 for comparison.

Air-only results

The sphere pressure loss versus flow rate relationship is seen to
be Tinear. The sphere was very stable in the flow, in fact, it would
stay in the flow without any cage. The larger gap decreases pressure
Toss as would be expected.

A flat plate was also designed with a two inch diameter hole cut
into the top. The results of an air test with one gap are given in
Figure B.3. The hole reduces the pressure loss by allowing air to pass

through the plate.

Limestone tests

The sphere feeder was tested in a limestone bed. It was cycled
several times and hung open once. Very little limestone, 15 pounds,
drained down the feed line. The clog was a result of insufficient
clearance between the ball and cage. The ball was 2.5 inches in dia-
meter, the cage had a 2.688 inch inside diameter and the largest bed
particle was 0.25 inch. Clogging would have been eliminated if the

cage inside diameter was 2.813 inches or greater.
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234" GAP WITH SOLID
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T T 1 1
50 100 150 200 250
FLOW RATE (FT3/MIN)

THE ERROR BANDS ARE SMALLER THAN THE SYMBOLS.

Figure B.3. Sphere Pressure Loss Versus Flow Rate, Solid Top and
Top with Hole, Air Only.
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Conclusions

The sphere feeder is very desirable for three reasons. One, the
pressure loss versus flow rate variation is linear. Two, the ball is
very aerodynamically stable in the air flow. No tilting or hysteresis
was present as with the flat cap. Three, the ball would wear evenly
over its entire surface. This also avoids another of the problems
encountered in flat cap design. With more study, the sphere feeder
could be a very desirable design. Investigation should concentrate in

the area of smaller mass spheres and superior cages.
Flat Plate Feeder

Introduction

A flat plate feeder was also examined. A 6.5 inch diameter plate
was tested with air only at three heights: 0.25 inch, 0.50 inch and

.75 inches.

Design

The flat plate was designed to prevent bed drainback by the angle
of repose method. This was done by having the angle measured from the
horizontal, between the plate and the exit pipe edge (the angle vertex
was placed at the pipe edge) to be less than the limestone angle of
repose. The angle of repose was defined as the angle, measured from
horizontal, which the limestone makes when placed in a free pile. This
angle has a value of 30 degrees. The feeder angle, ¢, was determined

from equation B.10.

1 Plate Radius - Pipe Qutside Radius
[ Plate Height 1. (8.10)

6 = tan
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For the 6.5 inch diameter plate, 2.325 inch outside diameter pipe and
0.75 inch maximum height, ¢ was determined to be approximately 20°.
This is much less than the angle of repose, so drainback should be pre-
vented for a slumped bed. This method of preventing drainback would
probably not be effective because of the interaction between slumped
and nonslumped bed sections. Thus, a purge flow of air would be

required to keep bed material from entering the feed lines.

Results

Air only test results are presented in Figure B.4. The data match
very well with the valve cap results as shown by the projections. This
illustrates the fact that valve caps operate as flat plates when fully
open and this also shows how little outside diameter affects pressure

loss. No limestone or coal feed tests were performed with the flat

plate.
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Figure B.4. Flat Plate Pressure Loss Versus Flow Rate for Various
Plate Gaps, Air Only.



APPENDIX C

DATA REDUCTION AND ERROR ANALYSIS

Data Reduction

Introduction

In order tc properly evaluate feed systems, extensive data were
taken to allow comparison of the feeders in various aspects. Much of
the data taken was in elementary form and had to be reduced to a mean-
ingful parameter. This appendix covers how each of these reductions

were effected.

Pressure

Plenum box, lower bed, and upper bed pressures were recorded on a
Gould Brush 2400 strip chart recorder. For the valve cap, sphere and
flat plate feeders, the pressure just below the coal exit point was
also recorded on the strip chart. The average pressure, the average
amplitude of fluctuation, and the frequency of fluctuation were taken
off traces from this recorder. Average pressure and amplitude of
fluctuation were determined by inspection. Frequency of fluctuation
was determined by counting the number of pressure cycles in a given
increment of lime.

barometric pressure was read from a standard mercury-in-glass baro-

meter and was corrected for temperature and altitude.

Fluidization air flow rate

The fluidization air flow rates was measured using a calibrated
orifice designed and tested by Knox [11, pp. 78-83] and Henry [10, pp.
30-36]. The pressure drop across the orifice was measured with a
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water-in-glass manometer and the corresponding flow rate was taken from
an orifice calibration curve. Flow rate was converted to the actual
bed conditions by the use of the ideal gas laws for temperature and

pressure. This is shown in equation C.]1.

QFAB = QFAA (TB/TA) (PA/PB)- (Cl)

Transport air flow rate

The transport air flow rate was measured by the use of a standard

orifice meter. The discharge equation for an orifice is

Q = KOA(ZgAh)%. (c.2)
In this equation, KO is the f]ﬁw coefficient which depends upon the
particular orifice and pipe arrangement and the flow. A is the orifice
area, g is the standard gravitational acceleration, and 4Ah is the
change in head across the orifice in units of length of fluid flowing.
To determine Ah in inches of air from a water-in-glass manometer,

equation C.3 was used

"H,0
Ah = As (C.3)
Yair
As is the manometer deflection in inches of water, YH.0 is the specific

2
weight of water and Yair is the specific weight of air. Equation C.3

can be substituted into equation C.2 to obtain equation C.4.

YH,0
" )% (C.4)

Q = K0 A (2g As v
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The orifice was designed with an orifice diameter to pipe diameter
ratio (d/G) of 0.6. This will give an orifice flow coefficient, Ky» of
0.65 which remains constant with flows as low as 50 cubic feet per
minute. Even at 10 cubic feet per minute, KO varies less than 5 per-
cent, therefore, this equation was applied even for very low flows
(13, p. 422].

To determine the flow rate at the orifice, the specific weight of
air must be evaluated at the orifice conditions in the pipe which will
be denoted by the subscript P. From standard conditions, denoted by
the subscript 0, the specific weight of air at the pipe conditions is

given by equation C.5.

o, Pp
YA'iY‘ p = YA.”. 0 (-T_P-) (%)- (C'S)

substituting equation C.5 into equation C.4 and substituting values for
Yaip O’YHZO (this is assumed to remain constant over the range of exper-
imental conditions which were assumed to be TO = 80°F and PO = 14.3 psia),
g, A and KO gives equation C.6.

) 3

QTAP = 7.664 (as Tp/Pp) (C.6)
In equation C.6, QTAP is given in cubic feet per minute when As is in
inches of water, TP is in degrees Rankine and Pp is in absolute pounds

per square inch. To evaluate the flow rate at the bed, QTA , use equa-
B

tion C.6 with equation C.7.

Ura, = Ora, (Tg/Tp) (Pp/Ry) (c.7)

8]

3
QTAB 7.664(8s Pp/T,)  (Tp/Pp) (C.8)
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Again, equation C.8 gives QTA in cubic feet per minute when as is in
B
inches of water, TP and TB in degrees Rankine and Pp and PB in absolute

pounds per square inch.

Bed expansion

Bed expansion is characteristic of a particular fluidizing system.
It can be used as a basis of comparison between fluidizing systems.
Bed expansion is a function of bed superficial velocity and fluidiza-
tion system. It was calculated by using the bed depth as read from a
tape measure attached to the bed wall. The bed depth was corrected to
account for feeder volume and the volume of the heat transfer tubes.
The feeder volume divided by bed area was always subtracted from the
bed depth, however, the volume of the heat transfer tubes changed as
the bed depth changed because various numbers of tubes were covered.
This change was accounted for by the use of Table C.1. For bed depths
between those listed in the table, a simple linear interpolation was
used. Expansion is defined as the bed depth minus the slumped or no

fluidization depth divided by the slumped depth times 100.

Coal mass flow rate

Coal was metered into a three inch diameter pneumatic conveying
line by a Vibra-screw Volumetric Live-bin Screw Feeder [10, pp. 23 and
24]. The coal mass flow rate (m) is only a function of the angular
speed (8) of the screw. The screw feeder was calibrated by setting an
angular speed and measuring the mass of coal that was fed in a parti-
cular interval of time. The result from a linear regression of the
data [16, p. 87] is given in equation C.9 where m is in pounds per

minute when & is in R.P.M,
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TABLE C.1

BED NEPTH CORRECTION FOR VARIOQUS HEIGHTS
FOR UT TEST FACILITY

Subtract
Volume Height
Depth (in) (ft3) Correction (in)
8.0 0 0
9.0 0.06545 0.196
10,0 0.13090 0.393
11.0 0.13090 0.393
12.0 0.21817 0.654
13.0 0.30544 0.916
14.0 0.30544 0.916
15.0 0.37088 1.113
16.0 0.43633 1.309
17.0 0.43633 1.309
18.0 0.52360 1.571
19.0 0.61087 1.833
20,0 0.61087 1.833
21.0 0.67632 2.029
22.0 0.74176 2,225
23.0 0.74176 2.225
24,0 0.82903 2.487
25.0 0.91630 2.749
26.0 0.91630 2.749
27.0 0.98175 2.945
28.0 1.04720 3.142
29.0 1.04720 3.142
30.0 1.13446 3.403
31.0 1.22173 3.665
32.0 1.22173 3.665
33.0 1.28718 3.862
34.0 1.35263 4,058
35.0 1.35263 4,058
36.0 1.43990 4,320
37.0 1.52720 4,581
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m = 0.3511 6. (C.9)
Angular speed was recorded from a tachometer attached to the screw and

was read as data from the control panel.

Qqa1 feed tests

When coal was fed into the bed, samples were taken using the
sample probes. The samples contained a mixture of coal and limestone
with a typical sample mass of 60 to 90 grams (3.32 cubic inches). The
coal was separated from the limestone by passing a hand held magnet
over the sample. Once the two constituents were separate, the mass of
each was recorded. Because recycling was never 100 percent effective,
some coal always remained mixed in the limestone. This was referred to
as background coal.

Two separate background tests were performed by filling the bed
with limestone from a typical recycle, running the blower to fluidize
the bed for the length of time of a normal coal feed test and taking
bed samples with the probes. It should be noted that it was extremely
important to run the blower because the less dense coal floated to the
top of the fluidized bed, therefore reducing the coal concentration at
the probes. The background concentration ratio was found to be 0.0026
grams of coal per gram of limestone. This was significant because
typical sample ratios were between 0.01 and 0.04 grams of coal per gram
of limestone. With the background ratio, the sample could be corrected
to show the results of coal feeding only, by subtracting the mass of
coal due to background. This was effected by multiplying the sample's
limestone mass by the background ratio and subtracting this from the

measured coal mass. This difference was the corrected coal mass.
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To complete this reduction, the corrected coal mass was divided by
the total sample mass to produce a ratio of the mass of coal fed by the
distribution system to the total sample mass. All of these ratios
(twelve were obtained unless a probe failed to open, then there were
nine) were averaged to yield a bed average ratio. Each sample ratio
was compared to the bed average ratio as a percent with the bed average
ratio used as the basis, i.e., sample ratio minus the bed average ratio
divided by the bed average ratio times 100. This percentage comparison
would show whether a given location was coal rich or lean compared to
the bed average. For any feeder, a random distribution of lean and

rich regions is desirable.

Error Analysis

Introduction

In any experiment, the data acquired have some associated uncer-
tainty because of inaccuracies in instrumentation and human error.
Because the raw data have uncertainties calculated values also have
error. The uncertainty in a calculated term can be determined by the

method of Kline and McClintock presented in Holman [18].

Error analysis - Kline and McClintock method [18]

The uncertainty in a calculated result, R, is to be determined.

Let R be a function of n independent variables, X X

10 Xos o n’
R = R(X], X2, v ey Xn)

Let the uncertainty in each of these variables be denoted by Wps Wo, o

- W respectively. Then the uncertainty in R is denoted by Wp and

given by equation C.11.
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This equation was used to determine the uncertainties in each of the

calculated values.

Experimental apparatus - iqformation

Table C.2 is a listing of all of the equipment utilized in this
experiment. It also includes the range, least count and serial numbers
of the instruments. The least counts of the instruments can be used to

determine the accuracy of their measurements. These accuracies are

shown in Table C.3.

Error analysis

Using equation C.11 and the values listed in Table C.3, the uncer-
tainties in all of the calculated parameters were determined and 1isted
in Table C.4. These uncertainties are shown as error bands on some
figures displaying these parameters. Some error bands are not shown

because they are smaller than the symbols used to construct the figures.
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TABLE C.3

EXPERIMENTAL MEASUREMENTS AND ASSOCIATED UNCERTAINTIES

Experimental

Description of Measurement Symbol Uncertainty (+)

Transport Air Pressure in the Pipe
Atmospheric Pressure

Bed Pressure (All tests except
flat cap air only)

Bed Pressure (Flat cap air only tests)
Above Bed Pressure

Plenum Box Pressure

Dense Phase Coal Feeder Pressure
Blower Inlet Air Temperature

Bed Temperature

Transport Air Temperature in the Pipe
Transport Air Manometer AP
Fluidization Air Flow Rate [11, p. 82]
Slumped Bed Height

Operating Bed Height

Vibra-screw (Live-bin Feeder) Angular Speed

Coal Sample Mass

Limestone Sample Mass

px
P
g

PATM

0.05 psi
0.0049 psi

0.5 in H20

0.05 in Hp0
0.2 in Hy0
0.5 in HoO
0.05 in Hp0
0.5°F

0.5°F

0.5°F

0.05 in Hp0
66.7 cfm
0.25 in

2,0 in

2.5 RPM
0.0005 grams
0.0005 grams
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APPENDIX D

SMALL DIAMETER VALVE CAP DESIGN

Small Diameter Valve Cap Design

Four bar cage design

The problem was to design the smallest diameter cap that would
fit inside a 2.875 inch inside diameter cage and completely cover a
2.0 inch schedule 40 pipe regardless of the cap's location inside the
cage. (The 2.875 inch inside diameter was superseded by 3.0 inches
later in the program.) For safety, it was decided to design the cap
to reach the outside edge of the pipe which is 2.375 inches in
diameter. The geometry for a four bar cage is shown in Figure D.1.
Four bars were used instead of three because the cap could be made
smaller. A purely graphical solution yielded a cap radius of 1.344
inches. The analytic solution is covered next.

Referring to Figure D.1, the three governing equations from

purely geometric considerations are:

re = r. cos o+ x cos 45° (D.1)
x sin 45° = r_ sin o (D.2)
re = x+r (D.3)

In these equations, re is the inside radius of the cage, re is the cap
radius to be determined and o is the pipe outside radius. x and o are

both defined as shown.
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3/8“ DIAMETER
SUPPORTS

re = CAP RADIUS (CALCULATED)

fo = PIPE OUTSIDE RADIUS (1.188")

re = CAGE SUPPORTS INSIDE RADIUS (1.438")
C = OPERATING CLEARANCE

Figure D.1. Small Diameter Valve Cap Four-Bar Geometry.
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Using equation D.3, solving for x and substituting this into D.2

one obtains equation D.4

. 0 _ .
(rC - ro) sin 45° = ro sino. (D.4)

Solving for sin a in D.4 yields:

. 1 . 0
sin o = — (r - ro) sin 45°. (D.5)

0
C

Again using equation D.3 solving for x and substituting this

into D.1 gives equation D.6.

- - 0
rg = r.cosa + (rc ry) cos 457, (D.6)
1
From trigonometry, cos a = (1 - sinzu)z, thus equation D.6
becomes:
r.=r (1 - sinza)% + {r_ - r) cos 45° (D.7)
s c o 0 ’ )

Substitute equation D.5 into equation D.7 to obtain equation D.8

2 H

- 1 . 2 _. 0 _ 0
re = r. - ] 5 (rC ro) sin® 45°] + (rc ro) cos 45°.
¢ (D.8)
Or simply,
r. = [r 2 . (r.-r )2 sinZ 450]% + (r.-r) cos 45°.(D.9)
S o o 0 c 0 )

This can be easily solved by trial and error when the appropriate
values are inserted for rs and o 1.438 inches and 1.188 inches
respectively. The minimum calculated cap radius was found to be
1.3365 inches. This would be a diameter of 2.673 inches. 2.688

inches was the diameter used.
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Three bar cage design

To employ the 2.688 inch diameter cap for a three bar cage, the
supports must be moved in closer. This is because the cap can sit
further back between supports. The basic geometry is shown in Figure
D.2.

Referring to the figure, the three basic equations are:

ro sino' = rs' sin 60° (D.10)
\ _ ! 0

X' +r.=r o +rtocos 60 (D.11)

X' = re €os a' (D.12)

The parameters in these equations are defined as follows. The new
cage inside radius that is to be calculated is rs'. The primes denote
values for the three-bar geometry. The pipe outside radius is s and
the cap radius is e x' and o' are defined as shown in Figure D.2.
This system of equations contained three unknowns: rs', x'; and o',
They were solved in the following manner.

The first step to the solution was to substitute equation D.12 into

equation D.11.

' _ ) 0
recosa' +r. =r o +r' cos 60", (D.13)

Equation D.10 was solved for rs' and substituted into equation D.13.

sing'
¢ sin 60°

r. cos at v r =r_+ (r ) cos 60°. (D.14)
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re = CAP RADIUS (1.344")
ro = PIPE OUTSIDE RADIUS (1.188")

r¢ =CAGE SUPPORTS INSIDE RADIUS ( CALCULATED)
C'=OPERATING CLEARANCE

Figure D.2. Small Diameter Valve Cap Three-Bar Geometry.
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This equation simplifies to equation D.15

re =T = Te (cot 60° sin o' - cos a'). (D.15)

This equation was solved by trial and error for a cap radius of 1.344
inches and a pipe outside radius of 1.138. This gave a value of o' of
65.78° (1.148 rad). From equation D.10, the cage inside radius is
determined to be 1.415 inches. This is a cage inside diameter of 2.830

inches.

Cage clearances

For the four bar cage, the minimum clearance was the difference
between the cage inside diameter (2 rs) and the cap diameter (2 rc).
This was 0.188 inches. The minimum clearance occurs only when the cap
rests on one cage support and its diameter lies along the pipe dia-
meter. During operation, the cap does not sit as this, instead it
rests as shown in Figure D.1. The clearance, C, in this position is

given by equation D.16.

C = re - (rc cos o - x sin 45°). (D.16)

Equation D.3 was solved for x and equation D.2 was solved for o. With
these values, C was found to be 0.209 inches.
For the three bar cage, the operating clearance, C', is given by

equation D.17.

,_‘_ _ o _ yi
C' = r [rc (rS cos 60 x')]. (D.17)
This simplifies to:
c' = r; (1 + cos 60°) - re - X' (D.18)
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Equation D.11 was used to obtain x', then equation D.18 was used to
solve for C'.  The three-bar clearance, C', was found to be 0.227.
inches. (Although of no practical concern, the clearance when the cap

rests on one bar is 0.108 inches.)

Small diameter valve cap - air only design

The first cap designed was made to remain fully open at the con-
ditions outlined in Chapter 3. Using equations 6.8 and 6.17 for a 0.75
inch gap, K was found to be 1.30 and the weight to be 0.364 pounds.

The cap height was calculated via equation D.19 with a steel density,

og> of 0.279 pounds per cubic inch.

w = (Volume) (—;—) = [Z (d?) h] (%) = 0. 364. (D.19)
c c i

This equation gave a valve of h equal to 0.230 inches. The actual cap
manufactured was less than this height to provide a conservative margin

for design. The actual thickness manufactured was 0.20 inches.

Small diameter valve cap - air plus solids design

To initiate the design of the value cap, equation 6.16 was
employed. This equation determines the maximum weight which can be
supported by given feed conditions. The equation is repeated below as

equation D.20.

. V..
- Air Air (D.20)
¥Total 9c (k+dS).
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As a design basis, the solid mass flux to air mass flux ratio, J, was
given a typical value of 2.0. The solid velocity slip ratio, S, was
estimated to be about 0.80.

The air flow rate used was 97.3 CFM at 80°F, 14.7 psia. A 0.75
inch gap giving a value of K equal to 1.30 was also employed. These
conditions yield a cap weight of 368.6 grams (0.812 pounds) from
equation D.20. The corresponding cap height for steel with density of
0.279 pounds per cubic inch was 0.513 inches. Again, a smaller height
was used to provide a conservative margin for design. The actual

height employed was 0.45 inches.

Standard valve cap

A 0.75 inch thick cap was also made to use as a standard to com-
pare with the largest 3.5 inch diameter cap which had been previously

investigated.



APPENDIX E

MODELLING OF FLUIDIZING AIR BUBBLE CAPS
Introduction

The pressure loss across the bubble cap fluidization device can be
predicted by a simple incompressible analysis. This technique can be

used to alter the performance of these devices to meet design specifi-

cations.

Model

The initial step in the model is to examine the schematic of one
of the 24 bubble caps shown in Figure E.1. The air passes from the
plenum area, through the large section, bends approximately 110° and
exits through 16 small passageways.

The air passing through the bubble cap experiences several losses
which are: an entrance loss, a loss through pipe one, a bend loss, a
constriction loss, a loss through pipe two and exit loss. Mathemat-
ically, these losses are expressed as follows.

The entrance loss (hLe) is given by equation E.1, where K, 1s the
entrance loss coefficient defined on p. 305 of Roberson and Crowe (133,
V] is the air velocity in pipe one, the large pipe, and g is the accele-

ration due to gravity.

2
1

hLe=Ke"§—. (E.])
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PIPE 2:

L2=0.688"
D2 =0.128" (DIAMETER - TYPICAL 16 HOLES)

PIPE 2

. Kb
Tgep = 120°F <. SeD
N
KE—\/ |
!
I
/ /: : PIPE | :
PIPE 1 — | /" o= 9818
/ l } L, =7.75
|
/ 1, L /
Ke Dy
— PLENUM
TeLenum = Teep

Ke =ENTRANCE LOSS COEFFICIENT
Kp = BEND LOSS COEFFICIENT

K¢ = CONTRACTION LOSS COEFFICIENT
Kg = EXIT LOSS COEFFICIENT

Figure E.1. Schematic Bubble Cap System.
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The loss in pipe one (hLl) is given by equation E.2, where f2 is
the friction factor of pipe one [13, p. 293], Ly is the pipe Tength, D,
the diameter, V] the air velocity in pipe one and g is the acceleration

due to gravity.

2
f]L v

11 )
hL] ST (E.2)

The bend loss (hLB) is described by equation E.3 for a 90 degree
bend. The bubble cap bend was not 90 degrees, it was about 110 degrees,
however, it was assumed that this would make little difference. In this
equation, K, is the bend loss coefficient [13, p. 3051, V, is the air
velocity in pipe one and g is the acceleration due to gravity.

v,

hig = Ky 25 (E.3)

LB

The constriction loss (th) is shown in equation E.4. This equa-
tion contains Ko» the constriction loss coefficient [13, p. 3051, the air
velocity in pipe two, V2, and the acceleration of gravity, g.

v 2

S 2
hLC = KC T (E.4)

The loss in pipe two (hLZ) is presented in equation E.5, where f2

is the friction factor in pipe two [13, P. 298], L, is the length of pipe

two, D2 the diameter, V2 the air velocity in pipe two and g the accelera-

tion of gravity.

2
N = fZEE. Xﬁ_ (E.5)
L2 02 g -
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Finally, the exit loss, hLE’ actually a free expansion, is given
by equation E.6. Here, KE is the exit loss ccefficient [13, p. 205], Vs
the velocity of the air in pipe two and g is the acceleration due to

gravity.

v,
hLE = KE 23 (E.6)

The sum of these losses is the total head loss through the device

in inches of air { hL)'
b v,? foly V,°
Lh = (Ke + 0 + Kb) 75 + (Kc +'—5E‘ + KE) 2q - (E.7)

Equation E.7 is a theoretical prediction, but to see if it holds
it must be compared to the actual bubble cap performance.

An initial point from one test was chosen. The conditions were:
air temperature of 120%F, air pressure of approximately atmospheric, air
flow rate of 1203 cubic feet per minute and bed area of four square feet.

0.50 and Kb = 1.1. Also

From Roberson and Crowe, [13, p. 305] Ke

from the same reference for DZ/D = 0.0, K 1.00.

Exit E
The velocity in pipe one is the flow rate (1/24 x 1203 cubic feet

per minute) divided by the area, a circular cross section of 0.813

inches in diameter.

Q
1
V-I -A—]-= 232 ft/sec. (E.8)

The velocity in pipe two is the flow rate (1/16 x 1/24 x 1203 cubic
feet per winute) divided by the cross sectional area, a circular cross

section of C.128 inches in diameter.
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" A
2

= 584 ft/sec. (E.9)

To determine if the incompressible analysis was valid, the Mach
number (i1a) in each pipe was checked. According to White [19, p. 216]
a flow is incompressibie if Ma< 0.3. The Mach number is the ratio of
the air velocity in the pipe to the speed of sound (c) at the pipe con-

ditions.
v
Ma = c (E.10)

The speed of sound (c) is given by equation E.11 where k is the specific
heat ratio of air, T is the temperature in degrees Rankine and R is the

gas constant for air.

¢ =V kRT (E.11)

Using R = 1,716 ft-1bf/stug - °R, k = 1.40, and T = 120°F (580 °R) the

speed of sound is 1,180 feet per second. Thus from equation E.10:

Vv
-1 _ 232 _
_ 2 _ 584
and Ma2 < *Tigg - 0.49

The incompressible assumption for pipe one is fine, however, pipe two is
above the limit. This will introduce some error, but it will be neg-
lected. If much larger flow rates were being considered an analysis
that included compressibility effects would be required.

With the velocity in pipe one, the Reynolds number in pipe one

(Rey) was determined and the friction factor in pipe one (f]) was taken
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from Figure 10.8 in Robertson and Crowe [13, p. 2931, Reynolds number
(Re) s given by equation E.12 where V is the velocity, D is the pipe

diameter and v is the kinematic viscosity.

Re =D (E.12)
AV]

From E.12, Re] = 83,121 and from Roberson and Crowe [13, p. 2981,

f, = 0.0186.

1

The same analysis was done for pipe two yielding: Re2 = 32,976
and f2 = 0.0228. Note that 120%F and 14.7 psia were used for the pro-
perty values.

Since all of the parameters in equation E.7 are known, the head

loss across the bubble cap was determined.
Th = 9,994 feet of air at 120°F.

The pressure loss @ P) across the bubble cap is given by equation

E.13,
AP = EhLYAir (E.13)

where Yaip is the specific weight of the air at the temperature of the

bubble caps. Substituting values gives:

2

AP = (9,994 ft) (0.0684 1b§> (—t 5) (E.14)
ft> 144 in

AP = 4.75 ;Eg i (E.15)

mn
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For water at 80°F, this pressure loss is 132 inches of water. From the
experiment, the pressure loss was 140 inches of water, therefore, the
prediction was 5.7 percent off.

To be certain, another point from a completely different test was
tried. These conditions were a flow rate of 759 cubic feet per minute
at 112°F. The calculated pressure l1oss was 54 inches of water and the
experimental pressure loss was 63 inches of water. This was 14.3 percent

of f.

Discussion

The theoretical prediction has some error involved. The main
sources being the incompressible assumption, the loss coefficients and
reading the friction factors from a graph. However, this method does
offer a quick and simple procedure to analyze the bubble cap's perform-
ance to meet desired specifications. The holes can be changed 1in
diameter, pipes lengthened or shortened and the entrance improved as
quick ways to alter the pressure loss characteristics. Other methods
could include adding or removing caps or changing their basic design
such as having more or less exit ports per cap. The bubble caps are an

extremely adaptable system.



VITA

Reid L. Kress was born on August 3, 1958, .in Meriden, Connecticut.
His family moved to Oak Ridge in 1959 where Reid attended local elemen-
tary schools and graduated from Oak Ridge High School in 1976. While in
high school, Reid played on the soccer team and was president of the
National Honor Society.

In 1976, Reid entered The University of Tennessee at Knoxville.

He received his Bachelor of Science degree in Mechanical Engineering in
June of 1930. During summers, Reid worked as a lifeguard for the 0Oak
Ridge Recreation Department and as an engineering assistant at Technology
for Energy Corporation located in Knoxville. During his senior year,
Reid served as president of the Tennessee Alpha chapter of Tau Beta Pi
and as vice-chairman of the UT student chapter of the American Society

of Mechanical Engineers.

Reid entered the Graduate School of The University of Tennessee in
June 1980 under a National Alumni Graduate Fellowship and as a research
assistant for the Mechanical and Aerospace Engineering Department. He
received his Master of Science degree in Mechanical Engineering in June
1982.

The author is a member of the American Society of bMechanical
Engineers, Tau Beta Pi, Pi Tau Sigma, Phi Kappa Phi and several other
honor societies. He is employed by Technolgy for Energy Corporation of
Knoxville.

Reid is the son of Dr. Tom S. Kress and Ms. Dee M. Kress of Oak
Riage, Tennessee. He is very happily married to the former Ann Denman
of Oak Ridge, Tennessee.

175



