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Abstract approved:

The feasibility of fluidized bed combustion of coal for com-
mercial and industrial steam power generation has been established
and reported in the literature. Satisfactory removal of sulfur
oxides from the combustion product gases has also been reported.

In this experiment various heat exchanger tube patterns,
of commercial size tubes, were examined in a two-dimensional,
cold phase fluidized bed of limestone and dolomite. Several
variables such as tube pitch (triangular and rectangular), tube
spacing (horizontal and vertical), array location with respect to the
distributor plate, and superficial gas velocity were considered and
their effect on the quality of fluidization reporfed. Dolomite with a

mean surface/volume size of 569 microns (28 Tyler mesh) and



limestone with a mean surface/volume size of 1379 microns (12
Tyler mesh) were used as bed material.

The results indicate that the horizontal as well as vertical
spacing of tubes has a significant effect upon the start up phase of
fluidization and bed stability. Also, horizontal spacing which is too
close inhibits solids circulation. Triangular pitch arrangements
yielded good solids circulation and did not experience gas by-passing
to the extent seen with rectangular arrangements. Overall bed
stability was improved with the tube arrays closer to the distributor
plate. Rapid bubble growth and associated instabilities were
observedwhena relatively thick layer of solids were above the tube
arrays, indicating that the expanded bed surface should probably
not extend above the tubes. Further research in the area of

fluidized bed quality is recommended.



An Investigation of the Effects of Immersed Heat
Exchanger Tube Spacing and Arrangement on
the Quality of Fluidization in a Cold Phase
Two-Dimensional Fluidized Bed

by

Dwight Norris Lockwood

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Master of Science

June 1976



APPROVED:

Redacted for Privacy

Resegdrch Associaé/ Schgbl of Engineering
in charge of major

Redacted for Privacy

Head Vepa rtment of Mechdnical Engineering

Redacted for Privacy

Dean of Graduate Schéol

Date thesis is presented @;é’ /S /9)6
- 7

Typed by A & S Bookkeeping/Typing for Dwight Norris Lockwood




ACKNOWLEDGEMENTS

I welcome the opportunity to acknowledge my graduate com-

mittee, and others, who have guided and assisted me during my
graduate program.

I wish to acknowledge the following for particular contributions:
The Electric Power Research Institute, Inc. whose financial assis-

tance, under contract no. RP 315-1, made this project possible;

Kaiser Refractories and Pfizer Minerals, Pigments, and Metals
Division for supplying the limestone and dolomite used in this project;
Richard Bowler, project technician, for his suggestions and assis-

tance in constructing the experimental equipment; Ms. Anita Jean
Lang for her computer programming effoxfts; and Mr. Robert Smith
and the staff of the Photography Department of Oregon State University
Bookstore, Inc., for the many valuable suggestions which made the
photographic portions of this project both practical and complete.

Particular thanks are extended to my committee: Dr. David
C. Junge for his guidance as my major professor, to Professor
Octave Levenspiel for introducing me to fluidized bed technology,
and to Professor Richard W. Boubel for his advice and guidance in
my graduate program.

Finally, to the one with the greatest influence upon my life and

the successful completion of my graduate program; for being there

when I needed her, for listening and counseling, and for her encour-

agement and sacrifice, I pay tribute to my wife - Sherri.



TABLE OF CONTENTS

ChaEte r

I. INTRODUCTION
Background
The Problem

1I. REVIEW OF THE LITERATURE
Fluidized Beds
History
The Phenomena
Advantages
Fluidized Bed Combustors

III. EXPERIMENTAL PROGRAM

Objectives

Description of Equipment
Fluidized Bed Column
Array Test Panels
Entrained Solids Collection
Air Compressor and Controls
Pressure and Temperature Measurements
Solids for Bed Material

Design Problems and Solutions
Plate Glass versus Atrylic
Distributor Plate Design
Tube Array Panels
Solids Hold Up Behind the Panels

Experimental Procedure
The Program
Fluidization Quality Characteristics
Data Collected

IV. RESULTS :
The Presence of Intérnals
Tube Arrangement
Tube Spacing
Array Location
Superficial Gas Velocity
Size of Bed Material
Bubbling
Quantity of Bed Material
Tube Errosion

57
58
59
64
69
72
77
78
84
85



ChaEter
V. CONCLUSIONS AND DISCUSSION OF ERRORS
Conclusions
Discussion of Errors
VI. SUMMARY AND RECOMMENDATIONS
Summary of Work in a Two-Dimensional,
Cold Phase Fluidized Bed
Recommendations
BIBLIOGRAPHY

APPENDIX A Raw Data

APPENDIX B Unit Conversions

APPENDIX C Sample Calculations

APPENDIX D Table of size distribution of used solids
APPENDIX E List of Tyler Sieve Sizes and Equivalents

APPENDIX F  Orifice (Laminar Flow Element
Calibration Curve

APPENDIX G Books and Journals Related to
Fluidization Engineering

87
87
90
93

93
94

98

100

139

141

147

148

149

150



Table

LIST OF TABLES

Table showing the weight fraction of each

particle size for each of the six samples
studied.

42



Figure

LIST OF FIGURES

Various types of fluidization of solids by a
fluid (4).

Cut away schematic of 0.91 m (27 in.)
atmospheric fluidized bed combustor built
by the National Coal Board of London,
England.

Cut away schematic of 1.22 m (48 in.)
pressurized fluidized bed combustor built
by the National Coal Board of London,
England.

Cut away schematic of 0.69 m (27 in.)
atmospheric fluidized bed combustor built
by the National Coal Board of London,
England and used for corrosion testing.

Schematic diagram of the 15 cm (6 in.) pilot
size fluidized bed combustor built by the
National Coal Board of London, England.

Schematic diagram of fluidized bed combustor
built by Morgantown Energy Research Center.

Schematic diagram of one module of a
pressurized fluidized bed commercial
power plant designed by Westinghouse Research.

Schematic diagram of two-dimentional fluidized
bed system. Descriptions of major components
are on the following pages.

Photograph of the two-dimensional fluidized bed
system showing the column with an array in place,
some of the associated piping and the box con-
taining the exhaust filters.

11

13

14

17

20

23

28

30



Figure

10.

11A.

11B.

12.

13.

14.

15.

16.

17.

18.

Photograph showing the connection between the
laminar flow element (flow measuring orifice)
and the air inlet plenum.

Photograph of distributor plate. The copper wire

screen can just be seen in each drilled hole and
the O-ring seal is near the perimeter of the
plate.

Schematic of distributor plate showing the
sandwiched construction in an expanded view.

Photograph showing construction of the array
test panels. Plastic pipe sections are glued

into a sheet of 1/2 in. plywood in the desired
pattern.

Photograph showing the high efficiency cyclone
and its associated piping. The flow control
manifold and valves are seen above the
cyclone.

Photograph of the roots type positive dis-
placement compressor, on the left, and its
electric drive motor. The compressor exhaust
line can be seen in the lower left of the picture.

Photograph showing the glass fiber insulation
and ""accoustical" tile used to suppress the
machinery noise of the compressor.

Photograph showing the cinder-block enclosure
built around the compressor. Also shown are

the plywood and 2 x 4 lids prior -to being filled

with sand.

Photograph showing the Meriam Laminar Flow
Element.

Schematic drawing showing the 1/4 in. plate
glass being held in place and supported by 1/2
in. acrylic plastic.

30

32

32

34

35

37

38

39

44



Figure
19.

20.

21A.

21B.

22.

23.

24,

25.

Schematic diagram showing the use of
springs to hold the corks (used to make
the ends of the tubes visible) up against
the acrylic front.

List of the values included in the raw
data collected for each array and operating
condition.

Photograph showing rapid bubble growth
with dolomite of mean size 569 pm (28
Tyler mesh) at 2.44 m/s (8 ft/sec)
superficial velocity.

Photograph showing a very large bubble
starting very near the distributor plate.
Limestone of mean size 1379 pm (12
Tyler mesh) is being fluidized at 2. 44
m/s (8 ft/sec).

Photograph showing channeling or gas by-

passing in a rectangular array. The 569 pm
(28 Tyler mesh) solids are being fluidized at

2.44 m/s (8 ft/sec).

Photograph showing both vertical channeling and
relatively large bubbles. The 1379 pm (12 Tyler
mesh) solids are being fluidized at 1.83 m/s

(6 ft/sec).

Photograph showing diagonal channeling or gas
by-passing in a triangular array. The 569 ym
(28 Tyler mesh) solids are being fluidized at

1.22 m/s (4 ft/sec).

Photograph showing the solids forming layers
above rows of tubes due to the combination of

the tubes being too close together and the

rising gas stream holding them up. The 569 pm
(28 Tyler mesh) solids are being fluidized at

2.44 m/s (8 ft/sec).

46

54

60

60

62

63

63



Figure

26,

217.

28.

29.

30.

31.

32.

33.

Photograph showing how a triangular tube
arrangement forces the fluidizing gas to
follow an irregular path through the bed,
yielding a more uniform gas-solids mixture.

Schematic diagram depicting the meaning of
the terms horizontal and vertical spacing as
used in this work.

Photograph showing the effect that close tube
spacing with a high gas velocity has on the bed
material. The solids are carried up above the
array and due to the tube spacing and rising gas
velocity can not get back down into the array.

Photograph showing that too wide a spacing
may permit gas bubbles to grow larger than
desired.

Photographs showing the effect of array
location relative to the distributor plate on
bubble size. Both photos show 1379 pm
(12 Tyler mesh) solids being fluidized in
the same array at 2. 75 m/s (9 ft/sec).

Photograph showing slugging above the array
due to a thick layer of solids being above

the tubes where the bubbles can not be broken
up by the tubes.

Graphic representation of bed differential
pressure versus superficial velocity of 569 pm
(28 Tyler mesh) solids in a 45cm (17.7 in.)
deep bed with array C2-T 15 cm (6 in.) above
the distributor plate.

Photograph showing 569u m (28 Tyler mesh)
solids being fluidized, in array C2-T while
itis 15 cm (6 in.) above the distributor plate,
at 2.75 m/s (9 ft/sec).

65

66

67

67

71

73.

75

76



Figure

34.

35.

36.

37.

38.

39.

Photograph showing 569 um (28 Tyler mesh)
solids being fluidized at 1.22 m/s (2 ft/sec).
Small bubbles and non-uniform bubbling were
typical with low fluidizing velocities.

Photograph showing that too close of a horizontal

tube spacing and too large of a solids size may
cause the solids to become held up above the
array. A dilute phase below the array and poor
solids circulation will result.

Schematic drawing showing the dimension used
in this work for bubble diameter. Also shown
schematically is the typical bubble location and
form relative to the tubes and the usual method

of splitting.

Photograph showing areas where black paint
has been worn off of white tube material,
suggesting areas where tube errosion

might be of concern.

Schematic drawing showing the bottom portion
of a tube which might be most susceptible to
surface errosion.

Graph depicting the time variations in fluidizing
air temperature and superficial velocity which
were experienced during each run.

Page

76

79

82

86

86

92



AN INVESTIGATION OF THE EFFECTS OF IMMERSED
HEAT EXCHANGER TUBE SPACING AND
ARRANGEMENT ON THE QUALITY OF FLUIDIZATION
IN A COLD PHASE TWO-DIMENSIONAL FLUIDIZED BED

I. INTRODUCTION

Background

Optimum use of the energy available in coal is a major concern
in the world and in this country in particular. Several avenues of
achieving this goal are presently being pursued. Included in the list
are gasification, liquification, pyrolysis as well as advances in
direct combustion. All of these processes are being shown to be
potential alternatives when considering the extent of this country's
energy resources. The relevant question, though, is when will they
become viable? For the newer processes, most notably gasification
and liquifaction, time and money will probably be required, in large
amounts, before the technology will be advanced enough to make
them commercially viable. The author feels that the greatest
potential, for rapid, significant improvements, lies in the area of
direct combustion of coal. Much is already known about this process
and it has probably been developed about as far as possible using
present technology. What is needed is a major breakthrough in the

state of the art, a new technology.



Fluidized bed combustion of coal can, in a relatively short
time, be a commercially viable process. The important words here
are "relatively short''., Westinghouse Research Laboratories
(10), has designed a small commercial scale, pressurized, fluidized
bed boiler demonstration plant and estimated construction could be
completed in about five years. Follow-on plants could come almost
immediately. By contrast, for the newer processes, such as
liquifaction, 5 to 10 years may be needed to achieve a
demonstration plant and several - more for a commercial one. Thus,
for the near future at least, direct combustion of coal appears
to be the process most amenable to significant improvements in
terms of power generation efficiency, economics of construction
and operation and, in the author's view, with the least research and
development required. Another advantage, and an important
environmental one, is the ability of the limestone bed material, in
fluidized beds, to absorb sulfur dioxide from the combustion gases.
Rice and Coates (5) reported 90% sulfur removal from several
grades of coal with various sulfur contents, in a fluidized bed

combustor.

The Problem

The technological breakthrough suggested above is actually a

complex one. While much is known about fluidization, a process



which is in fact used in industry today, relatively little has been
published specifically dealing with the problems related to steam
power generation using coal in a fluidized bed. Apparently, little
fundamental work has been done to design fluidized bed combustors
independent of conventional combustion technology and practice.
Published works, to date, can generally be catagorized as feasibility
studies, used to see if fluid bed combustion of coal should even be
considered. Some of the questions dealt with include 1) will a fluid

bed combustor even work, 2) whether or not SO_ and NOX emissions

2
can be reduced further than by conventional methods and 3) to
determine if pumping costs will be tolerable, to suggest a few. Now
that these questions have been answered affirmatively researchers
must take the next step and attack the fundamental design problems,
but with an eye on the practical utility of the results. Some of the
questions to be answered include:
1. What is the optimum distributor plate design with respect,
primarily, to pressure drop across it.
2. What is the optimum heat exchanger tubing size, arrange-
ment, orientation, and location within the bed.
3. What superficial velocity will provide the required
excess combustion air.

4, What size bed material should be used to minimize

entrainment as well as fluidize properly.
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5. What fluidization phenomena (such as bubbling and slugging)
are acceptable and to what extent.

Questions such as these should be answered relative to optimizing the
quality of fluidization to achieve maximum heat transfer, and energy
conservation at minimum cost. They should be answered on a scale
large enough to be representative of commercial applications.

The purpose of this work was to provide preliminary answers to
some of the questions, posed above, related to the quality of fluidiza-
tion; answers which can be used to predict or anticipate behavior to be

be experienced in a large fluidized bed being built at Oregon State
University as part of a 39 month research project which began on
January 1, 1975. Funds for the project are provided by Electric
Power Research Institute under Contract No. RP315-1. Parameters
to be studied in the main project include: gas and solids flow and
mixing, heat transfer, elutriation, tube erosion, and tube stress.
Specifically, the problem of this work is stated as follows:

investigate the effect of a(rrangement and spacing of heat exchanger

tubing and the tube array location, on the quality of fluidization in a

two-dimensional fluidized bed at various superficial velocities.
Qualitative judgements were based on visual observation of the
fluidized bed in operation. Quantitative data were also taken, pri-
marily in the form of differential pressure measurements and

fluctuations in the system. Comparisons between the various fluidi-

zation conditions were made based on desired fluidization qualities,

which will be discussed later.



II. REVIEW OF THE LITERATURE

Fluidized Beds

Historz

A good historical summary of fluidization is provided in Kunii
and L.evenspiel's Fluidization Engineering (4) and is summarized
here. Commercial gasification of powdered coal using, by todays
standards, a relatively inefficient fluidized bed was patented by
Fritz Winkler in 1922. Increased availability of petroleum and
excessive use of oxygen caused the process to fall into disuse.
World War II created a demand in this country for large quantities
of high octane aviation fuel. The Thermofor Catalytic Cracking
(TCC) process using a fluid bed reactor and regenerator as well as
inter-vessel gas transfer was developed in 1940 to help fill this
need. In a parallel effort the then Standard Oil Development Company
developed the Fluid Catalytic Cracking (FCC) process, which was
based on pioneering work by Lewis and Gilliland of Massachusetts
Institute of Technology. In the late 1940's the use of fluidization
went outside the petroleum industry. Independently Dorr-Oliver in
the United States, Badische Anilin Und Soda-Fabrik (BASF) in
Germany and a Japanese chemical company developed fluidized bed

roasters. Dorr-Oliver also pioneered fluid bed driers and calciners.



The Phenomena

Fluidization is a unit operation where particulate solids are
put into a fluid like state through contacting with a gas or liquid.

It is appropriate, at this point, to provide definitions of the
various states of fluidization. The following list and the accompanying
Figure 1 are suggested by Kunii and Levenspiel (4).

Fixed Bed: When a fluid passes up through a bed of particles
at a low flow rate, it percolates through the void spaces between
stationary particles.

Incipiently Fluidized Bed, Minimum Fluidization: As the flow

rate is increased it reaches a point where the inertial and frictional
forces on the particles are just overcome. At this flow rate the
pressure drop across any portion of the bed is simply the weight of

the fluid and particles in that portion, analogous to the hydrostatic
head.

Particulately or Liquid or Smoothly Fluidized Bed: This occurs

at a fluid flow rate above minimum fluidization. The bed undergoes
a smooth, progressive expansion with increased flow rate and is most
commonly seen with liquid-solid systems.

Aggregative, Bubbling or Gas Fluidized Bed: Gas-solid

systems demonstrate instabilities with bubbling and channeling for

gas flow rates above minimum fluidization. Solids movement is
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8
quite vigorous and bed expansion above that of minimum fluidization
is minimal,

Dense-Phase Fluidized Bed: This term describes both gas-

solid and liquid-solid systems when there is a fairly well defined

upper limit or surface of the bed.

Disperse or LL.ean-Phase Fluidized Bed: As the fluid flow rate

is increased further the terminal velocity of the solids is exceeded,
the upper surface of the bed disappears, entrainment becomes
appreciable and solids are carried from the bed. This type of
fluidization is used for pneumatic transport of solids.

Slugging Fluidized Bed: This can be considered an aggrevated

bubbling fluidized bed and it is strongly affected by vessel geometry.
Gas bubbles coalesce and grow as they rise. When a bubble becomes
large relative to the cross-section of the bed it pushes the portion

of the bed above it up ahead of it like a piston. Particles fall down
past the bubble until it disintegrates. Bubble disintegration often
leads to particle entrainment and nonuniformity and instability in

the bed. Slugging is usually undesirable and can lead to structural

damage to bed internals such as heat exchangers.

Advantages

Some of the advantages of fluidized beds are listed below as

summarized from Kunii and Levenspiel (4).



1. Smooth, liquid like particle flow allows continuous,
controlled operations.

2. Isothermal conditions in the bed due to rapid mixing.

3, Circulation of solids between two fluidized beds allows for
the transport of large quantities of energy produced or
needed in large reactors.

4. Heat and mass transfer rates between gas and solids are
high.

5. High heat transfer coefficients between the fluidized bed
and immersed internals are experienced.

6. Low pressure drops are generally experienced across the
fluidized bed, minimizing the energy required for pumping
and therefore the cost.

These are some of the more noteworthy characteristics of

fluidized beds which lend them to diverse commercial applications.

Fluidized Bed Combustors

Considerable experimental work has been done, in the past
several years, in an effort to demonstrate the feasibility of fluidized
bed combustors. The experiments were aimed at: (1) showing
that the process was workable; (2) developing an understanding of their
operating conditions; {3) and identifying some of the advantages such as

the reduction of oxides of sulfur and nitrogen as air pollutants, to name -
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a few. The programs generally consisted of constructing a fluidized
bed which was large enough for the desired purpose, and instrumen-
ting and operating it.

In September, 1971, the U.S. Environmental Protection
Agency (8) published a report, '"Reduction of Atmospheric Pollution,
of work they sponsored, conducted by the National Coal Board,
London, England. The main thrust of the research was aimed at
the reduction of sulfur oxides, and nitrogen oxides, and particulate
matter. Several separate studies were made and are summarized
below.

First, a combustor of 0. 42 ‘mz (4.5 ftz) cross-sectional area
was used to study and quantify the products of combustion, of
various United States and United Kingdom coals, under various
fluidizing conditions. A sketch of the unit is shown in Figure 2. The
combustor consisted of a steel column about 4.57 m (15 ft) high
which was refractory lined to give inner column cross-sectional
dimensions of 0.91 by 0.46.meters (36 by 18 inches). The heat
exchanger consisted of 14 - 51 mm (2 in.) O.D., horizontal tubes
arranged on a 0.11 m (4.5 in.) triangular pitch. The distributor
plate was a flat plate with 12. 7 mm (0.5 inch) diameter standpipes,
with four horizontal holes drilled in each one, threaded into holes
in the plate. This work operated with bed depth to diameter, L/D,

ratios ranging from 0.84 to 2.9 and fluidizing velocities from 0. 61
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Distributor 1.3 cm (0. 5 in) stand pipes on 7.6 cm (3 in) square pitch
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Elutriation up to 80%

Use: Measurement of products ¢f combustion

Figure 2. Cut away schematic of 0.91 m (36 in. ) atmospheric fluidized bed combustor built by the
National Coal Board of London,. England.
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to 2.44 m/s (2 to 8 fps). The investigators found that SO2 reduction
is less affected by operating temperature than by fluidizing velocity.
Lower temperatures will tend to reduce SO2 reduction. Higher
velocities substantially reduce SO2 reduction. Higher limestone to
sulfur ratios‘by weight will increase sulfur recovery.

Another study, aimed at reduction of the products of combus- -
tion, used a 1.22 by 0.61 m (48 by 24 in.) combustor contained in a
pressure vessel. The operating conditions, which were held
essentially constant, were 0.61 m/s (2 fps), 1.14 m (3.75 ft.) bed
depth, 799° C (1470° F) bed temperature and 354.6 to 506.6 kPa
(3.5 to 5 atm) absolute pressure. The distributor plate consisted
of 465 bubble caps on a 40 mm (1.5 in.) square pitch. The heat
exchanger consisted of approximately 128 tubes on 0.15 m (6 in.)
horizontal by 40 mm (1.5 in.) vertical pitch. The tubes were used
for water cooling, air cooling, corrosion studies, preheating and
some were simply used as dummies. Figure 3 shows the apparatus.
The results indicated that SO2 reduction was not affected by pressure
in the 354.6 to 506.6 kPa (3.5 to 5 atm) range.

Corrosion studies were conducted in a 0.686 m (27 in.)
diameter combustor. This combustor was not refractory lined,
rather it had a water-cooled jacket. Heat exchangers were used at
the top of the vessel to cool the hot gases. Figure 4 is a simplified

drawing of the combustor. Four 51 mm (2 in.) diameter tubes,
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Figure 3. Cut away schematic of 1.22 m (48 in. ) pressurized fluidized bed combustor build by the
National Coal Board of London, England.
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Figure 4.

Cut away schematic of 0.69 m (27 in. ) atmospheric fluidized bed combustor built by the
National Coal Board, London, England and used for corrosion testing.
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arranged on 0.13 m (5 in.) centers horizontally and 0.162 m
(6 3/8 in.) centers vertically, were inserted into the 0.61 m (2 ft)
bed for corrosion, errosion and deposition studies. An internal,
low efficiency cyclone exhausted collected solids via a dip leg directly
into the bed. A bubble cap distributor plate, similar to the previous
study was used to support the bed. Results obtained in this study
indicate coarser bed material yields higher SO2 reductionfrom
combustion gases. Direct metallic errosionbyash particles did not
occur. This was predictable since the fluidizing velocities were
low [0.61 - 2.44 m/s (2-8 fps)]. Scouring of the tubes by ash was
not sufficient to remove the oxide layer. Deposition on tubes in the
bed consisted of a thin ( < 0.1 mm), even hard and adherent deposit.
Thicker and looser deposits were found on tubes which were close
to the coal feed nozzle.

A 0.31 m (12 in,) diameter combustor was also used to study
corrosion. It was constructed of refractory lined steel with an
internal cross-section of 0.008 m2 (12 inz). The air distributor
consisted of 9 short vertical tubes, with horizontal holes drilled in
them, arranged ona 0.11 m (4.5 in.) square pitch. Four rows of
25.4 mm (l in.) diameter air-cooled tubes were immersed in the
bed on a 0.15 m (6 in.) triangular pitch., The primary observation
from this test was deposition of fine ash on the underside and coarse

ash on the top side of tubes placed in the freeboard above the bed.
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Other results were similar to those found in the 0.69 m (27 in.)
combustor previously mentioned.

The final combustor used in this series by the National Coal
Board of England was a 0.15 m (6 in.) diameter, stainless steel
vessel. Its purpose was to study SO2 reduction from various coals
with calcium based additives. Comparisons were made with the
results of a similar size combustor operated by Argonne National
Laboratories in the United States; whose research will be discussed
in subsequent paragraphs. This combustor was heated by electrical-
wall heaters. The distributor plate was made from a drilled flat
plate covered with three layers of 9.5 mm (3/8 in.) alumina balls.
Excess heat was removed from the bed by means of a water-cooled
metal coil immersed in the bed. Figure 5 shows a schematic of
this system.

In 1973 Vogel, G. J. et al., of Argonne National Laboratories
(9), reported on bench scale combustion and additive regeneration
studies they had conducted. Their combustor was constructed from
0.15 m (6 in.) schedule 40 pipe about 3.35 m (11 ft.) in length. This
was then encased in a 0. 31 m (12 in.) schedule 10 pipe to permit
operating pressures up to 1013 kPa (10 atm.). A bubble-cap-type
distributor was attached to the inner combustor vessel. Electrical

resistance heaters provided necessary vessel heating and cooling

coils around the vessel provided some of the cooling. Additional
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Figure 5. Schematic diagram of the six inch pilot size fluidized bed combustor built by the
National Coal Board, London, England.
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cooling coils were suspended into the bed for further cooling capacity.

Argonne's experiments were conducted in both excess air and
air deficient modes. In the excess air mode the calcium to sulfur,
Ca/S, ratio directly effected sulfur retention. Experimental evidence
indicated that there is an optimum bed temperature, at which sulfur
retention is maximized. This optimum-varies with the type of coal
used and Ca/S ratio but is generally near 816° C (15000 F.). Sulfur
retention was found to increase with decreased superficial or
fluidizing gas velocity [in the range of 1,07 to 2.26 m/s (3.5 to 7.4
ft/sec)]. Higher velocities will require coarser calcium additive to
ensure its retention in the fluidized bed. Oxygen deficient experi-
ments used a two-stage combustion concept, substoichiometric
combustion of coal with additional air injected into the particle
disengaging section to burn the gaseous hydrocarbons, H2 and CO
from the first stage. Preliminary results for the two-stage com-
bustion process indicate the following advantages over the one-stage
process: ‘(1) lower NO emissions; (2) sulfur retention in the form of
calcium sulfide (rather than sulfate), allowing for potentially easier
additive regeneration; and (3) production of a combustible gas that
could be used in a gas turbine system.

Rice and Coates, of Morgantown Energy Research Center,
conducted research in 1973 (5) to compare sulfur retention using

various coals in fluidized beds of limestone. Heat transfer
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coefficients were also determined for tubes immersed in the bed,
shown in Figure 6. An 2.44 m (8 ft) high combustor witha 1.5
ft diameter combustion zone and a 0.61 m (2.0 ft) diameter, dis-
engaging section was built of refractory lined carbon steel. The
distributor plate was conical with stainless steel elbows welded over
3.18 mm (1/8 in.) drilled holes. This allowed injection of fluidizing
air axially and parallel to the cone surface. Water-cooled 19.1 mm
(3/4 in.) pipe served as a heat exchanger. Fluidizing velocities of
3 and 6 ft/sec were used. Results of this work indicated that sulfur
retention by a limestone bed decreases with increased fluidizing
velocity and the Ca/S ratio must be increased to compensate.
Carbon burn-up was found to be too low, for commercial purposes,
without recycling of fines. Heat transfer coefficients were found to
vary, from about 181 to 370 W/mZK (32 to 65 Btu/hr ft20 F), for
water-cooled tubes, depending upon limestone size distribution.

Ehrlich (1) of Pope, Evans, and Robins Corporation and
Bryers of Foster Wheeler Corporation reported, in June 1975, on

experimental studies using an 0. 743 m2 (8 ftz) combustor and 3, 34

m2 (36 ftz) cold model fluidized beds. Both beds used horizontal,
51 mm (2 inch) O.D. heat exchanger tubes on a triangular pitch. A
shallow [0.61 m (2 ft) static depth] bed was used and found

satisfactory for combustion of coarsely crushed coal, 6.35 mm

(1/4 in). Bed temperature control required about 2 m2 of tube
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Bed height 0.61 m (2.0 ft)

Fluidizing velocity 0,91 to 1.83 m/s (3 to 6 ft/sec)

Heat exchanger 1.6.cm (0. 625.in. ) O.D. tubing on 3.2 ¢m (1.25 in. ) triangular pitch
Distributor Steel cone, 0. 125 in. drilled holes fitted with 90 degree elbows welded

in place to give air flows both axial and parallel to cone.

Figure 6. Schematic diagram of fluidized bed combustor built by Morgantown Energy Research
Center.
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surface per square meter of bed cross-section. Most of the heat
exchanger tubing was above the slumped bed level. The objectives
were to determine if the heat exchanger could adequately control bed
temperatures, and, for the cold model, to see if the bed would expand
to fill the heat exchanger and to see if bubbling would be moderated
by the presence of the tubing. Results indicate that beds will expand
to fill a heat exchanger and heat transfer to pressurized water
yielded a heat transfer coefficient of 227 W/mZK (40 Btu/hr, ft, 20 F).
Total heat flux was found to be proportional to fluidizing velocity and
to bed mass. Also noted was that internals in the splash zone (near

the upper surface of the bed) will significantly reduce pressure

fluctuations due to bubbling.

Ruth (6), of Exxon Research and Engineering Company, reported,
in June 1975, his work ina 11.4 cm. (4.5 in.)I. D. refractory lined
steel pipe combustor. Operating conditions were 1033-1253°K (1400-
1800°F), 510-910 kPa (74-132 PSI), 0.91-1.8 m/sec (3-6ft/sec), and
0.3-1.5 m (1-5 m) expanded bed height. A high L./D ratio and closely
spaced heat exchanger tubing was found to cause severe hot spots and
poor temperature distribution in the bed. Vertical coils were found to
substantially eliminate this problem. Desulfurization of combustion
gases was consistantly achieved in the 85-95 percent range, meeting
Environmental Protection Agency (EPA) standards for new coal

fired plants. Emissions on NOX increased with increased excess air and were
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higher with horizontal tubes than with vertical ones. A potential
advantage, of fluidized bed systems over conventional combustors,
was found in the retention of hazardous trace elements, released
during combustion, in the solid constituent. Combustion of the coal
was on the order of 93-98 percent complete, increasing with percent
excess air. Finally, Ruth measured hzat transfer coefficients, for

2, °F).

vertical coils, of 400-450 W/xn2 °c (70-80 Btu/hr - ft
Westinghouse Research Laboratories (10), reported on a design
project completed in 1971, The project was to evaluate the
neffectiveness and economics of fluidized bed combustion boilers in
pollution abatement and steam/power generation." The report
compared designs of 300 and 600 megawatt pressurized plants.
Based on data available at the time of the report, capital cost of a
once-through limestone system may be reduced by 20 percent and
the effective increase in fuel costs for pollution control may be
reduced 30 to 50 percent, below wet scrubbing systems. A 10 to 30
MW development plant was recommended as the next size for com-
mercial fluidized bed combustion development.
Boiler design specifications, for a pressurized utility steam/
power generation plant, call for maximum shop fabrication of four
fluidized bed modules for the overall combustor. Each module

serves a separate purpose; one for evaporation, two for superheat

and one for reheat. The modules, shown schematically in Figure 7
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Figure 7. Schematic diagram of one module of a pressurized, fluidized bed, commercial power
plant designed by Westinghouse Research.
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are assembled on location. Primary combustor dimensions are
about 1.5 by 2.1 m (5 ft x 7 ft) with a bed depth of 3.7 m (12 ft).

Heat transfer surface is provided by 3.8 to 5 cm (1-1/2 to 2 in)
diameter horizontal, water-cooled tubes. The system is designed to
operate with both steam and gas turbine power generators. Four
complete modules, as shown in Figure 7, would comprise the
boilers of either a 320 or 635 MW plant (depending upon module size).
More recent research, completed in September of 1973, was a
study sponsored by the U.S. Department of Interior (7) and performed
by the British Coal Utilization Research Association Ltd (BCURA).

This effort involved the modification of BCURA's existing pressurized

combustor to enable operation at higher temperatures. Figure 3 shows
the combustor which was basically refitted with better refractory and
heat exchangers. Operating conditions included a pressure of about
483 kPa (70 psig), fluidizing velocity of 0.76 m/s (2.5 fps), 17 percent
excess air, temperatures of 1172°K and 1228°K (1650°F and 1750°F),
and calcium to sulfur, Ca/S ratio of about 2. Results obtained in-
cluded combustion efficiencies in excess of 99 percent (without recir-
culation), sulfur emissions from coal of 3% sulfur content of 45. 4
gm/1. 1(106)J (0.1 lbm/IO6 Btu), signficant deposition of turbine

blade specimens only at 950° K (1250° F), and minimal

corrosion of heat exchanger tube specimens. Heat transfer
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coefficients in the 400 W/mZK (70 Btu/ft , hr, OF) range were

measured.
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III. EXPERIMENTAL PROGRAM

Objectives

The objective of the experimental program was to qualitatively
evaluate the effect of various immersed tube heat exchanger designs
on the quality of fluidization in a two-dimensional fluidized bed.

The study included evaluation of:

1. Triangular and rectangular pitched arrays of various

spacings.

2. Varied distances between the distributor plate and the

base of the tube arrays.
3. Tubes both totally immersed in the bed and extending into

the freeboard.

4. The effect of fluidizing velocity on fluidization quality.

Description of Equipment

Design criteria for the two-dimensional fluidized bed experi-

mental system were as follows:

1. A two-dimensional fluidized bed must be constructed to
accommodate a sufficiently large number of commercial
size tubing to give meaningful results.

2. Tube arrays must be easily interchangeable.
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3. Distributor plates must be easily interchangeable.

4. Distributor plate upper surface should be visible.

5. Means of easily loading and unloading solids should be
provided.

6. The fluidized bed column front should permit visual obser-
vation and photographic recording of the fluidization
phenomena without abrasive degradation of the inner
surface.

7. A means of continuously monitoring and varying the
fluidizing velocity must be provided.

8. Entrained solids recovery should be provided.

9. System pressure and temperature measurements should be
provided for.

A schematic diagram of the fluidized bed system used is shown

in Figure 8. Discussion of individual components follows.

It should be noted that for the system component descriptions
which follow, dimensions of materials used are in engineering units
and pertinent fluidized bed dimensions and operating conditions are
in SI units. For example, 1/2 plywood was used rather than
0.0127 m. Much of the data was taken in engineering units cor-
responding to the instrumentation used. Unit conversions were made

to SI units for use in the calculations.
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Fluidized Bed Column

The fluidized bed column consisted of several component
parts integrated into a single unit, as shown in Figure 9. As shown
in Figure 10, air enters the rear of the air plenum, via the laminar
flow element and a 21" diameter fitting, below the distributor plate.
Flowing up through the drilled distributor plate the air enters the
tube array test section and limestone bed. Above the bed/array
region, in Figure 9, is the solids disengaging zone, a region pro-
vided to permit the heavier solids to disengage from the rising gas
stream and fall back to the bed surface. At the top of the column are
air exhaust ports which lead to the inertial separator. Column
dimensions, excluding the air plenum, are 0.51 m (1.67 ft) wide by
0.05 m (0.17 ft) deep by 2.1 m (6.9 ft) high. The bottom 0.76 m
(2.5 ft) is the array test section. Column construction is of cut
2 x 4 sides and a 3/4" plywood back. The front is 1/2/ acrylic held
in place with clamps made of 1-1/21 x 1-1/21 x 1/4n steel angle.

A 1/21 recess was provided for the array test panels to slide into
via the base of the column. This ensured a constant cross-sectional
area over the entire column height. Pressure taps and temperature
measuring points were provided in the air plenum below the dis-
tributor plate and at several locations in the column itself. A 1n

diameter plastic pipe was inserted into one side of the column
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through which bed material could be loaded. At the base of the
column, just above the distributor plate, a flexible hose was
installed to provide a means of unloading the bed material. By
simply removing the cap, while the bed was being fluidized, the
solid material would pour out. All interior surfaces of the column,
except the acrylic front were painted flat black.

The air distributor plate was fabricated from two 1/8'" mild
steel plates, each drilled with the desired number of 3/16' diameter
holes. These were welded together é.t the edges with ]copper screen
of approximately 44 mesh sandwiched between. Percent open area,
for the plate, was about four percent (4%). Rubber O-Ring material
was attached to both sides of the distributor plate to seal against air
leaks from either the column or the inlet plenum side of the plate.
The distributor plate was designed to give optimum performance at
superficial velocities from 1.83 to 2.44 m/s (6 to 8 ft/sec) as well
as acceptable performance at lower and higher velocities, and is
shown in Figures 11A and 11B.

Holding the distributor plate in place was the inlet air plenum,
a 0.1 x0.6] x0.25 meter (4.0 x 24 x 10 inch) box, made of 3/16"
steel, into which the air was piped. Air entered via a 2'' opening
located at the rear center of the plenum and spread out below the

distributor plate. The percent open area in the distributor plate

as well as the location of the air inlet to the plenum provided a



Figure 11A. Photograph of plan view of the distributor plate showing
the hole pattern used. The screen is visible in the
holes.

3/16" drilled holes 102 only
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Copper wire screen
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Figure 11B. Schematic drawing of distributor plate construction,
with wire screen sandwiched between.



33

uniform distribution of air above the distributor.

Array Test Panels

Heat exchanger test panels were constructed of 1/2 x 20 x 24
inch plywood panels with short sections of 1-7/8 in. O. D. polyvinyl
chloride (PVC) pipe glued into the plywood in the desired pattern,
an example of which is seen in Figure 12. The completed test panels,
when placed in the column test section, presented the observer with
‘an end view of the horizontal tube array. A six-inch wide plywood
spacer was used to vary the vertical location of the array within the
0.76 m (2.5 ft) high test section. The panels could be inverted to
provide more flexibility in the positioning of the arrays.

Both triangular and rectangular pitched arrays were studied.
Tube spacing was varied from 1/2 to 1 and to 1-1/2 tube diameters,
both horizontally and vertically. Thus there were nine spacing com-
binations for each of the basic patterns, for a total of eighteen

different test panels.

Entrained Solids Collection

Inertial separation of entrained solids from the fluidized bed
column was achieved with a high efficiency cyclone, seen in Figure
13. A 2-1/2v pipe served to convey the gas-solid mixture to the

cyclone. Bypass air also entered the cyclone. This served to



34

Figure 12. Photograph showing construction of the array test
panels. Plastic pipe sections are glued into a sheet
of 1/2 in. plywood in the desired pattern.



Figure 13.

Photograph showing the high efficiency cyclone and
its associated piping. The flow control manifold and
valves are seen above the cyclone.

35



36
provide some noise attenuation for the by-pass air, rather than
venting it directly to the atmosphere. Solids were collected at the
outlet of the cyclone and the clean air exhausted via a cloth fiber bag
filter to the atmosphere. The cyclone effectively collected solids
larger than approximately 25 microns and the bag filter system

collected particles larger than about 5 to 10 microns.

Air Compressor and Controls

Air was supplied from a positive displacement blower and its
associated piping as shown in Figure 14. The blower had the
following operating specifications:

1. 5 x 6 inch Roots-type lobes manufactured by Sutorbilt.

2. 1750 rpm.

3. Rated at 280 cfm at 3.5 psig with 7.0 psig design limit.
The blower was driven by a 15 hp., induction motor running at 3500
rpm. Vibrational isolation of the system was achieved by mounting
the motor-blower unit on a six inch thick, steel reinforced concrete
pad with one inch thick hard rubber pads between the unit and the
concrete and between the concrete and the floor. Accoustical sup-
pression of machinery noise was accomplished by constructing a
sand-filled cinder-block wall around the unit and lining it with glass
fiber insulation and 'taccoustical! tile, as seen in Figure 15.

Plywood sheets on either side of 2 x 4 frames formed two lids which
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Figure 14.

Figure 15.

Photograph of the roots type positive displacement com-
pressor, on the left, and its electric drive motor. The
compressor exhaust line can be seen in the lower left

of the picture.

Photograph showing the glass fiber insulation and
""accoustical" tile used to supress the machinery noise
of the compressor.
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were filled with sand and placed on top of the walls. Four inch thick
foam rubber gaskets sealed leaks between side walls and the lids.
The inner side of the covers were lined with accoustical tile.

Figure 16 shows the construction.

o L

Figure 16. Photograph showing the cinder-block enclosure built
around the compressor. Also shown are the plywood
and 2 x 4 lids prior to being filled with sand.

Flow control was achieved with the use of a three-valve
manifold. Two 2 inch valves connected the inlet and outlet halves
of the manifold. The third 2 inch valve connected the inlet half to
the by-pass line. A 6.5 psig pressure relief valve was installed

ahead of the manifold to protect the system.
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Air Flow Measurement

Volumetric air flow rate to the fluidized bed was measured
with a Laminar Flow Element manufactured by Meriam, Model
50MC2-4F rated at 400 cubic feet per minute (cfm) at 8 in. HZO
and shown in Figure 17. The operating manual for the device included
tables of correction factors for deviations from both standard tem-
perature and local atmospheric pressure. Differential pressures
across the laminar flow element are measured in inches of water.
A chart is provided with volumetric flow rate in cubic feet per
minute plotted against inches of water. The graph of these values
is linear throughout the range of the device, and is reproduced in

Appendix D.
i I

Figure 17. Photograph showing the Meriam Laminar Flow Element.
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Pressure and Temperature Measurements

Several pressure and temperature measuring points were
provided in the system as shown in Figure 8. A mercury mano-
meter, with a scale graduated for equivalent inches of water, was
used to measure differential pressure across both the distributor
plate and the fluidized bed. A water manometer measured dif-
ferential pressures across the laminar flow element. Temperature
measurements were provided for with copper-constantan thermo-
couples installed in the system. Except for the air temperature at
the laminar flow element, temperature measurements for this work
were unnecessary and were provided for primarily for future work,
A United Systems Corporation Thermocouple Thermometer,

Model 590TF, type T, with digital display in degrees fahrenheit was
used to provide the air temperature at the inlet to the laminar flow

element (orifice).

Solids for Bed Material

Several samples of limestone and dolomite were obtained in
various sizes from Kaiser Refractories and Pfizer Minerals,
Pigments, and Metals Division. These were each sieved, using
Tyler sieves shaken by hand, to determine their approximate size

distribution and then fluidized without internals in the bed. Number
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twenty (20) dolomite, with a mean size of 569 um (28 mesh), was
selected, partially based upon compressor capacity considerations,
for further use. Table 1 shows the six grades examined, along with
their sieve sizes and weight fraction.

Comparison of these calcium samples with Geldart's (2)
powder classification criteria places them in Group D, withthe possible
exception of the sample with the finest mean size. The primary
characteristics of Group D solids are that they are large and dense,
bubbles tend to rise very much slower than the intersticial fluidizing
gas, and gas by-passing through the bubbles.

For the second portion of the experimental program, which
involved changing the array location relative to the distributor plate
ag will be discussed below, number 9 mesh limestone with a mean
particle size of 1379 um (12 mesh) was also used to provide an
indication of the effect of particle size on fluidization,

All solids were sieved periodically throughout the experiment
to keep track of the extent of size degradation. Portions of the
elutriated fines were remixed, as necessary, with the unentrained
solids in an effort to maintain constant size distribution as close

as realistically possible.



Table 1. Table showing the weight fraction of each particle size for each of the six samples studied.

Particle Size Range

Material -6730 -4760 -3360 -2380 -1680 -1410 -1190 -841 -595 -297
Description pm +6730 | +4760 | +3360 | +2380 | +1680 | +1410 | +1190 | +841 +595 +297
Tyler -3 -4 -6 -8 -10 -12 -14 -20 -28 -48
Screen +3 +4 +6 +8 +10 +12 +14 +20 +28 +48
Roofing grade (3)
dolomite 0,073 0. 408 0.315 0, 157 0. 026 0.021 ——-- ---- J—— _—— —
Crude dolomite
#6 dolowhite(1) Weight ---- ——-- 0. 007 0. 636 0.312 0.019 0.019 0. 007 -——-- ——-- ——
#20 dolowhite Fraction -=-= -—=- -—=- -——== -—-- --=- 0.014 0. 403 0. 458 0.111 0.014
Calcium grit #1 ---- 0.176 0.703 0. 110 0. 011 — ——-- ---- —- - ——--
Calcium grit #9 - -—-- -——-- 0.222 0.343 0. 162 0.121 0. 121 0. 030 ——— ———-
Marblewhite (2)
-16+40 -—-- - -—-- ——-- -—-- R 0. 053 0. 487 0.342 0,118 ——

(1) Dolowhite is a Kaiser Refractories brand name

(2) Mar blewhite is a Pfizer M, P & M Division brand name

(3) Blank spaces at fine end of each row include quantities too small to be significant,

(4%
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Design Problems and Solutions

Several design problems were encountered during the course
of this project which the author would like to pass on for the benefit

of others.

Plate Glass versus Acrylic

Knowing that limestone/dolomite are abrasive and that a clear
front of the column was desired for photographic purposes, plate
glass was used for its abrasion resistant qualities. It was also felt
that if properly restrained, the glass could withstand the pressure
loads on it from the fluid bed. No technical assistance about the
subject was available locally., The two problems were experienced.
First, it was difficult to clamp the glass in place with sufficiently
even pressure that it would not crack while being installed or while
the bed was in operation. A sheet of half inch thick acrylic plastic
was then placed outside the glass to support the glass uniformly as
seen in Figure 18. However, it was apparent that the glass was
entirely too fragile. Half inch acrylic was then installed by itself
and has served well. The inner surface of the acrylic did not abrate
to the point of having to be replaced, during a total estimated

operating time of 15 hours. The primary concern was to be able to

photograph through it.
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Figure 18, Schematic drawing showing the 1/4 in. plate glass being held in place and supported by
1/2 in, acrylic plastic. Clamps were placed along the edges of the column with a flat
surface against the plastic and adjusting screws at the rear on the 3/4 in. plywood back.
(Use of the plate glass was discontinued in favor of the acrylic plastic by itself. )
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Distributor Plate Design

Originally, the distributor plate was to be sandwiched between
the front and rear of the column and held in place by the air inlet
plenum. This would permit the upper surface of the distributor
plate to be visible and photographed. Difficulty was encountered in
sealing the air inlet plenum, with this arrangement. Gas by-passing
was discovered to have taken place at the front and rear edges of the
original distributor plate. A major design change was then made.
The final distributor plate was held in place by the air plenum but
sealed at its upper and lower surface rather than around its edges,
as with the first design. The upper surface of the distributor was

no longer visible but the arrangement was much more workable.

Tube Array Panels

Since many different tube arrangements were planned for study,
it was decided to make them all in advance and change them by
sliding them in and out of the bottom of the column. To make each
tube easily visible from the front of the column corks were used in
the ends of the plastic pipe sections which formed the arrays.
Springs (with a spring constant of 1 lbf/in or 0.181 kg/cm) were used
to hold the corks against the acrylic front; shown schematically in

Figure 19. It was found that the springs were too weak and had to be
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stretched to increase the force on the corks. The bed material had a
tendency to get behind the corks and bind them against the inner
walls of the tubes rather than permitting them to ''float't against

the acrylic front. When this occurred bed material was then able

to work its way between the corks and acrylic front, degrading

somewhat the view of the fluidization.,

/*‘* 1/2" plywood panel

Plastic pipe /
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Back of column
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Figure 19. Schematic diagram showing the use of springs to hold the corks (used to make the ends
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Solids Hold Up Behind the Panels

Though the tube array panels were fastened to the back of the
column, approximately two to three kilograms (2-3 kgm) or about
one pound of bed material always became held up behind the panel
at the beginning of each run. While this did not present a particular
problem, it was necessary to readjust the bed height to the desired

level.

Experimental Procedure

As mentioned in the section on bed materials, the first step
for this investigation was to select one grade of limestone from the
six samples available to be used for the balance of the study. This
was accomplished by fluidizing each sieved sample using a 0.45 m
(1.48 ft) nslumped depth' bed with no internals. The bed material

which fluidized easiest, that is at the lowest superficial velocity,
and which yielded the most stable fluidizing conditions over the

widest range of velocities was chosen for further use.

The Program

In order to systematically evaluate each of the eighteen test
panels, to assess their effect on the quality of fluidization, the

following experimental program was followed:
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1. To establish a basis for comparison, the bed was fluidized
with no internals, at several velocities. Since gross slugging was
the dominant mode of fluidization observed during trial runs, it was
decided that fluidizing the bed with the tube arrays as close to the
distributor plate as possible would most graphically demonstrate the
effect of internals on the quality of fluidization. Thus the tube arrays
were initially placed 2.5 cm (1.0 in) above the distributor plate.

2. Dolomite, with a mean size of 569 pm (28 mesh), was
loaded into the column so that the free surface of the bed was 45 cm
(17.7 in) above the distributor plate; which also placed it approxi-
mately even with the top row of the arrays.

3. The bed was fluidized, with each test array, from the
maximum superficial velocity of either 3.05 m/s (10 ft/sec) or
2.75 m/s (9 ft/sec), depending on the local atmospheric pressure
and compressor temperature, down to 0.61 m/s (2 ft/sec) or the
minimum fluidization velocity which ever came first, in four
increments. In any event, the minimum fluidization velocity was
always identified at the end of each velocity series. Starting with
the maximum velocity first minimized the rising temperature
effect on the fluidizing air, due to compression, and more impor-
tantly due to the rising temperature of the compressor equipment

itself.
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4. At each velocity the following parameters were measured:

a. Pressure drop across the distributor plate.

b. Maximum pressure drop across the bed.

c. Minimum pressure drop across the bed.

d. Average pressure drop across the bed.

e. The gage pressure at the compressor outlet,

f.  The change in slumped bed depth at the end of each
velocity increment,

5. At each velocity, notes were made on the various qualities
of fluidization observed. These notes were based upon criteria
established ahead of time and which will be discussed later.

6. Bed depth was returned to the desired slumped level, after
each velocity increment.

7. Several photographs as well as high speed (54 frames per
sec) motion picture films were taken, at each velocity, for a per-
manent record as well as to permit critical evaluation of the
fluidization phenomena observed.

8. In order to achieve the desired superficial velocity as
quickly as possible, primarily due to the rapidly rising temperatures
being experienced, a table was made in advance which automatically
corrected the volumetric flow rate, based on the orifice pressure
drop, for temperature and atmospheric pressure and converted it

into velocity in meters per second. These tables were prepared for
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a wide range of atmospheric pressures which could be expected.
These calculations used the temperature and pre ssure correction
factors provided in the operating manual for the Meriam Laminar
Flow Element used. A copy of the calibration curve for this device
is in Appendix D.

No attempt was made, during this phase of the experimental
work, to make value judgments on each tube array tested. Rather,
the effort was to identify the various qualities of fluidization which
might be indicative of a particular tube arrangement; based upon
operation in a two-dimensional fluidized bed.

However, as the second portion of the experimental program
called for observing the fluidization process with the arrays placed
further from the distributor plate and with two different bed depths,
it was decided that, due to time constraints, two tube array patterns
would be selected fromthe eighteen for this portion of the study.
One each of the triangular and square pitch arrangements was
chosen by a method to be described later.

The two-dimensional studies consisted of:

1. With the same bed depth of 45 cm the tube arrays were
located in the column with the tubes 15 cm (6 in.) and 25 cm (10 in.)
above the distributor plate. This permitted observations of the

effect of having the tubes extend into the freeboard above the bed.
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2. The bed depth was set at both 45 cm and 23 cm (17.7 in.
and 9 in.) with the tubes in each of the two positions in the bed
mentioned above. Thus further evaluation of the effect of tube
location relative to bed depth was possible.

3. One coarser grade of limestone was also fluidized under
the above bed and array conditions. The coarser grade, chosen
primarily because of limited compressor capacity, was mesh
number nine (9) and had a mean size, as stated earlier, of 1379 pm
(12 mesh).

A total of thirty-six (36) runs were accomplished from eighteen

(18) test panels, each at five superficial velocities.

Fluidization Quality Characteristics

There are several characteristic traits of fluidized beds which
when considered together form an overall quality for the fluidization
being considered. Some of these are percolating, bubbling, slugging,
and channeling. It is easy to ask, for example, "How much slugging
is taking place or how severe is it? 1. So, following that thinking,
three levels or degrees were assigned,admittedly arbitrarily, to
each of several quality traits. With these as a basis, value
judgments were possible when considering the effect of each tube

array on the quality of fluidization.
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In general slugging is an undesirable trait and trial runs

showed that it was possible to distinguish between levels of severity
by observing frequency, size, and regularity. While it would be
nice to have a uniformly fluidized bed or a homogeneous one, some
bubbling is acceptable if not unavoidable. 'Size of bubbles on the
average, growth rate, and frequency are definable qualities. On
the basis of the above examples the following list of characteristics
of interest was established to fascilitate the subjective evaluation
of each of the heat exchanger tube arrangements tested:

Fixed Bed

Fl - Solids movement in over 75% of the bed.

F2 - Solids movement in over 50% of the bed.

F3 - More than 50% of the bed is unfluidized.

Bubbling

Bl - Small uniform bubbles, uniformly distributed
in the bed with slow growth.

B2 - Medium sized bubbles experiencing moderate
growth.

B3 - Large bubbles with rapid growth and more

randomly located in the bed.

Sluggin

S1 - Bubble growth causing intermittent slugging,
with noticeable column movement. %

sk
The reader is reminded here that the column height was 200 cm

(6.5 ft.) while the slumped bed depth was 45 cm (1.5 ft.). This
provided a considerable disengaging zone.
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S2 - Regular slugging with moderate solids carryover
into the freeboard.
S3 - Severe slugging with large bubbles and extensive

solids carryover into the freeboard.

Gas Channeling

CGl - Gas establishes a path of least resistance up the
column and maintains it for a definite period
of time. Gas rises in the form of bubbles.

CG2 - Gas stream definitely established which bypass
much of the heat exchanger bundle. Gas stream
is fed intermittently by near by bubbles.

CG3 - High gas velocities in established channels causing
extensive gas bypassing. Solids are thrown
well up into the freeboard.

Elutriation and Entrainment

El - Few solids in the freeboard, most all of which
fall back to the bed.

E2 - Moderate amounts of solids in the freeboard, up
to 50% of the freeboard height.
E3 - Significant amounts of solids carried into the

upper half of the freeboard, indicating signi-
ficant loss of solids from the bed.

Data Collected

The raw data collected during the tests included the items
shown in Figure 20 on pages 54 and 55.

Items numbered (1) through (26) in Figure 20 were transferred
to data punch cards and input to a computer program for basic
reduction., All of the raw data are included in Appendix A and

tabulated with the array number as the primary variable. The
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No. Symbol Description
1. DATE Date of the particular run; monthday year.
2. TUBE ARRAY(1) Alpha numeric identifier indicating hori-
zontal and vertical spacing and pitch
arrangement.
3. ARRAY LOC. Distance of first row of tubes above
distributor plate, cm & in.
4, DPM Mean partical size of solids, pm & in.
5. Uo Gas superficial velocity, m/s & ft/sec.
6. PATM Atmospheric pressure during run, kPa
& in Hg.
7. PORF Pressure drop across the orifice
(laminar flow element), kPa & in H,O0.
8. TORF Temperature of air entering the orifice,
K& F.
9. DPD Pressure drop across the distributor
plate, kPa & in H,O.
10. DPBAV Average pressure drop across the bed,
kPa & in H,O.
11. DPBMX Maximum pressure drop across the bed,
kPa & in H,O0.
(1) Tube array identifiers are composed as follows:
A 1-1/2 tube diameters horizontal spacing between tubes.
B : 1 tube diameter horizontal spacing between tubes.
C 1/2 tube diameter horizontal spacing between tubes.
1 1-1/2 tube diameters vertical spacing between tubes.
2 1 tube diameter vertical spacing between tubes.
3 1/2 tube diameter vertical spacing between tubes.
S Square pitch arrangement.
T Triangular pitch arrangement.
Example: A2-S = 1-1/2 tube diameters horizontal spacing,
1 tube diameter vertical spacing, and
square pitch.
C3-T = 1/2 tube diameter horizontal spacing,

1/2 tube diameter vertical spacing, and
triangular pitch,

EMPT No internals used at all.



55

No. Symbol Description

12. DPBMN(2) Minimum pressure drop across the bed,

kPa & in HZO'

13. PS Total system pressure at the outlet of

the compressor, kPa & PSIG.

14. LI Slumped bed height (initial), cm & in.

15. LF Slumped bed height (final), cm & in.

16, LE(3) Expanded bed height, cm & in.

17. Hl1 Location in the bed, above the distributor

plate, cm & in. '

18. H2 Location in the bed, above the distributor

plate, cm & in. '

19, H3 Location in the bed, above the distributor

plate, cm & in. ‘

20. bB1 Bubble diameter at height H1, cm & in.

21, DB2 Bubble diameter at height H2, cm & in.

22. DB3 Bubble diameter at height H3, cm & in.

23. DTIME Duration of run at the particular condi-

tions, sec & min.

24. UMF Minimum fluidizing velocity, m/s &

ft/sec.

25, QUAL(4) Alpha numeric quality of fluidization

identifiers within array.

26. QUAL Alpha numeric quality of fluidization

identifiers above array.

(2) As the pressure drops across the bed were measured with an
undamped manometer, it was possible at times to record
negative pressures during extremely unstable operating con-
ditions. These negative excursions are felt to be caused by
a large mass of solids moving past the upper pressure tap
with a large bubble or void below. This situation causes a
lower pressure at the bottom of the column thah at the top;
with the reverse normally being the case.

(3) Values for the expanded bed height are best estimates of the
average expanded bed height. If the operating conditions are
such that there was no defineable bed height then a ND will be
used to signify No data.

(4) These are code identifiers which correspond to the various

qualities of fluidization observed and which are discussed in
the text.

Figure 20. List of the values included in the raw data collected for

each array and operating condition.



56
superficial velocity was varied incrementally for each array. The
first two-thirds of the raw data section consists of the data for each
of the initial nineteen tube arrays (including the blank one). The
last third of the section involves just two different arrays but also
two bed depths, two different solid sizes, and two different array
locations above the distributor plate. Each portion of the raw data
has two sections, the first in the International System of Units (SI)
and the second in English Units. The raw data was manipulated by
the computer to achieve necessary unit conversions and to achieve
the desired output format. It should be reiterated here that, for
convenience, the raw data was collected in both SI and English units

as appropriate to the instrumentation used.
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IV. RESULTS

The stated intent of this work was to qualitatively assess the
fluidization characteristics of various heat exchanger tube arrange-
ments and locations within the bed, with the underlying desire to
aid the design engineer in making practical decisions relative to
particular, specified operating conditions. Listed below are many
of the parameters which may independently or collectively affect
overall fluidization quality:

1. The presents or absence of objects immersed in the

bed area.

2. Immersed heat exchanger tube arrangement (rectangular

or triangular).

3. Immersed heat exchanger tube spacing (horizontal and

vertical).

4. Immersed heat exchanger array location relative to the

distributor plate.

5. Superficial Gas Velocity.

6. Mean size of the bed material.

7. Bubbling (though it is itself dependent on the other variables).

8. Quantity of bed material used.

9. Size of heat exchanger tubes.

10. Shape of heat exchanger tubes.
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11. The presents or absence of finned surfaces on heat
exchanger tubes.
12, Heat exchanger tube orientation (vertical or horizontal).
13. Baffles above the bed for supression of solids carryover.
14, Distributor plate design.
While each of these parameters may affect fluidization, in the
interest of a specific, well defined research project, only the first
eight were considered for this work. Each area is discussed in some
detail as to its effect on the quality of fluidization. The discussion
is primarily subjective in nature, based upon visual observations
made during the experimental work. Additionally, tube errosion
is discussed with respect to tube array location relative to the

distributor plate.

The Presence of Internals

A fluidized bed with no internals is one which has no objects
or structures rigidly attached to the interior of the reaction vessel,
which are within or extend into the bed region (typically at the
bottom of the vessel) while the bed is in its fluidized state. The
bed region is that volume of the bed which contains the majority of
the mass of bed material with fairly well defined upper surface.
For the purposes of this discussion it is not intended to include

that region immediately above the bed, in the freeboard, where
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baffles are typically located to minimize solids carryover. A
fluidized bed with no internals may be subjected to considerable
gross bubbling and/or slugging behavior. Whether a bed has a
tendency to slug or not depends greatly upon the size of the bed,
its aspect ratio and upon the density or specific gravity of the bed
material used.

Two different sizes of limestone/dolomite were used for this
study. With a specific gravity range of 2.5 to 2.9 the calcium groups
are particularly susceptible to rapid, large bubble growth and
slugging, such as is shown in Figures 21A and 21B. With both
sizes, as the fluidizing velocity was increased, the bubbles became
larger faster and bed instability (reflected in pressure drop fluc-
tuations) more pronounced. The smaller the particle size the
greater the tendency for large bubbles at lower velocities. For
the smaller solids, bubbles were on the order of from 25-30%
larger at lower velocities, to 25-50% larger at higher velocities, at
the same level in the bed. Again, these were subjective judgments
based upon visual observations, but do include the results of

photographic examination.

Tube Arrangement

Tube arrangement variations for this study are either

triangular or rectangular, and the discussion is aimed at relating
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Figure 21A. Photograph showing rapid bubble growth with dolomite
of mean size 569 pm (28 Tyler mesh) at 2.44 m/s
(8 ft/sec) superficial velocity.

Figure 21B. Photograph showing a very large bubble starting very
near the distributor plate. Limestone of mean size

1379 pm (12 Tyler mesh) is being fluidized at 2.44 m/s
(8 ft/sec).
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the effect of this simple variation to fluidization quality.

Channeling or gas by-passing through the array and bed
material was predominant in rectangular arrangements. Good
examples of channeling can be seen in Figures 22 and 23. Channeling
may be experienced in triangular arrangements too, though to a
lesser extent, as shown in Figure 24. In this case the gas by-
passing was observed to be in a diagonal direction, rather than
vertically. Visual observations suggested that rectangular arrange-
ments permit the solids to have longer residence times on top of
the tubes. While generally all tubes have a pile of solids on top of
them, regardless of arrangement, this characteristic seems to be
enhanced by the rectangular pa.,tte rn. The quantity and duration of
residence on the tubes appears to depend upon both fluidizing
velocity and the height of the particular tube above the distributor
plate. Solids collecting on top of the tubes, to the point of forming
a discernable layer across a horizontal row of tubes is shown in
Figure 25.

Gas-solids mixing appeared to be negatively affected by
channeling in rectangular arrangements when compared to triangular
ones. The degree and quality of mixing on a scale of poor to
excellent, is admittedly subjective and difficult to keep in perspective.
It was attempted to visually assess the mixing and make judgments.

concerning the extent to which solids moved about or circulated (how



Figure 22, Photograph showing channeling or gas by-passing
in a rectangular array. The 569 pm (28 Tyler mesh)
solids are being fluidized at 2.44 m/s (8 ft/sec).

Figure 23. Photograph showing both vertical channeling and
relatively large bubbles. The 1379 pm (12 Tyler
mesh) solids are being fluidized at 1. 83 m/s
(6 ft/sec).
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Figure 24, Photograph showing diagonal channeling or gas by- Figure 25. Photograph showing the solids forming layers above
passing in a triangular array. The 569 . m (28 Tyler rows of tubes due to the combination of the tubes
mesh) solids are being fluidized at 1.22 m/s (4 ft/sec). being too close together and the rising gasstream
holding them up. The 569 Mm (28 Tyler mesh) o~

solids are being fluidized at 2,44 m/s (8 ft/sec). w
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far, how fast, and how randomly) and what the estimated average
bed voidage was. Channeling or by-passing was considered to be
an undesirable trait and was considered in the evaluation of mixing
quality. Triangular arrangements force the gas to follow a more
irregular path through the array, as shown in Figure 26. Because
of this flow pattern, solids tend to have shorter residence times on
top of the tubes, better gas-solids mixing, and solids circulation
throughout the array is more uniform. A triangular arrangement
also tends to limit bubble size to a greater extent than a rectangular
array, due to the great probablity of the bubble encountering a
tube and being influenced by it.

The average pressure drop across the bed tends to be about
the same for both arrangements but the extremes of the fluctuations
are greater with the triangular arrays, as can be seen by examina-

tion of the raw data in Appendix A.

Tube Spacing

Tube spacing refers to the horizontal and vertical separations
between the tubes. As shown schematically in Figure 27, the
spacing refers to the distance between parallel tangents of adjacent

tubes. The spacings were varied, independently, in the horizontal



65

ARRAY no.B2-

Figure 26. Photograph showing how a triangular tube arrangement
forces the fluidizing gas to follow an irregular path
through the bed, yielding a more uniform gas-solids
mixture.
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and vertical directions, from 1-1/2 to 1 to 1/2 tube diameters.
Tube diameter, chosen to be representative of commercial size

heat exchangers, was 4.76 cm (1.875 in.) O.D.

Vertical spacing

L
Horizontal
spacing

Figure 27. Schematic diagram depicting the meaning of the terms horizontal and vertical spacing

as used in this work.

Horizontal spacing appears visually to have a greater affect

on fluidization than vertical spacing. Observations indicate that the
design of fluid bed heat exchangers should avoid close spacing.
When too close together horizontally, the tubes form a barrier to
vertical solids movement. Solids are naturally carried upward

through the array. Figure 28 shows that if the tubes are too close
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Photograph showing the effect that close tube spacing
with a high gas velocity has on the bed material. The
solids are carried up above the array and due to the tube

spacing and rising gas velocity can not get back down
into the array.

Figure 29.

Photograph showing that too wide a spacing
may permit gas bubbles to grow larger than
desired.
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together, the barrier they form coupled with the rising gas stream
will cause the solids to be held up above the tubes. Too wide a
spacing may tend to permit bubbles to grow more than might be
desired, as seen in Figure 29.

Vertical spacing, when balanced with horizontal spacing, will
promote good gas-solids mixing and solids circulation. The proper
balance must be one which will achieve the desired goal for the
reaction vessel, for given operating conditions which include
superficial velocity and solids size. Wide vertical spacing
increases the unencumbered path length of the rising gas, thereby
reducing gas-solids mixing and solids circulation, particularly if
the horizontal spacing is also wide. In rectangular arrays, if the
vertical spacing is too close, there will be less tendency for the gas
to move laterally between adjacent vertical tubes. This could
result in a relatively static group of solids between vertical tubes.
Observations indicate that, in general, wide horizontal spacing and
narrow vertical spacing will probably yield the most overall stability
in a fluidized bed of limestone. It is strongly suggested, however,
that all parameters be considered in the design for the specific
operating conditions.

The ideas discussed above are particularly applicable to
rectangular tube arrangements. In both rectangular and triangular

tube arrangements, if the spacing, both horizontally and vertically,
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was either too wide or too narrow the observed fluidization qualities
were generally less than desirable, vis-a-vis bed stability or the
minimization of pressure fluctuations. At high ﬂuidizing velocities
wide spacing, in both directions, typically results in large bubbles
and instabilities. Wide spacing at low velocities results in poor
solids circulation, that is, the solids appear to stay in one general
region in the bed, moving only short distances as rising bubbles or

gas displace them,

Array Location

During the second portion of the experimental work the
verticle distance between the tube arrays and the distributor plate
was varied. Results were compared to those of the first portion
of the work. The first portion was conducted with the array
starting 2.5 cm (1.0 in.) above the distributor plate. For the
second portion of the work the arrays were placed 15 and 25 cm
(6 and 10 in.) above the distributor. The distances mentioned above
were taken as the closest point between the bottom row of tubes
and the distributor plate.

Bed stability was strongly influenced by array location
relative to the distributor plate. Bed stability is manifested
primarily in quantified pressure drop fluctuations and qualitatively

in the degree of gross or irregular fluidization. If a stable,
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uniformly fluidized or uniformly bubbling bed is the desired mode
of operation, then the array should be located as close to the dis-
tributor plate as possible. The different sizes of bubbles, with an
array at different heights above the distributor plate, can be seen
in Figures 30A and 30B.

Considerable difficulty was experienced in achieving fluidiza-
tion of the larger solids with the arrays close to the distributor
plate. With the triangular pitch array (identified by C2-T) located
15 cm (6 in.) above the distributor, the 1379 um (12 mesh) mean
size solids would not fluidize. This of course, reflects limits in
the capacity of the compressor. Considerable difficulty was also
experienced in fluidizing these same solids with the rectangular
pitch array (B2-S) located 2.5 cm (1.0 in.) above the distributor.
Thus, the tubes, when close to the distributor plate, appear to have
a vbinding" effect upon the solids; not allowing room for movement
or expansion of the bulk of bed material. Some authors have
indicated that a wide size distribution of solids is necessary in order
that the small fractions will '"lubricate the larger ones and aid their
movement. This writer feels that the "lubrication’ of large solids
by small ones should be somewhat discounted. The reasoning is
that wide size distributions were used in this work and difficulty
was still encountered in fluidizing in the presents of tightly packed

tubes. The conclusion is that the tubes themselves must have



A. Array is 15 cm (6 in. ) above the distributor plate. B. Array is 25 cm (10 in. ) above the distributor plate.

Figure 30, Photographs showing the effect of array location relative to the distributor plate on bubble size. Both photographs show 1379 pm (12
Tyler mesh) solids being fluidized in the same array at 2.75 m/s (9 ft/sec).

Ll
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an effect on the movement of solids. The explanations of observed
phenomena reported to date, seen by this writer, have virtually all
been with respect to freely bubbling beds, and it is this author's
opinion that those explanations are not necessarily applicable to
fluid beds with immersed tubes.

Whenever there is a relatively thick layer of solids (on the
aorder of several centimeters) where there are no tubes present
there is a tendency for bubbles to grow large, and given enough
room they will slug, as seen in Figure 31. When the tube array is
far from the distributor plate rapid bubble growth takes place below
the array. Gross bubbling below the array produces a more pro-
nounced differential pressure fluctuation across the bed than when
the array is close to the distributor. With:the upper row of tubes
in an array is close to the distributor plate there was a greater
tendency for solids to be carried higher into the freeboard and
become entrained, than with the upper row farther from the dis-
tributor. In other words the upper rows of tubes, if properly
located relative to the slumped bed surface, may effectively act as

baffles and suppress solids entrainment during fluidization.

Superficial Gas Velocity

Fluidizing velocity refers to the superficial velocity of the

inlet air to the fluid bed column. Based on the volumetric flow rate



Figure 31.
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Photograph showing slugging above the array due to a
thick layer of solids being above the tubes where the
bubbles can not be broken up by the tubes.
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into the column, it reflects the cross-sectional area of the bed
region, corrected for the inlet air temperature and the atmospheric
pressure during a particular run. There was no attempt, during
this experimental work, to quantify or account for the higher than
superficial gas velocities generated by the existence of heat
exchanger tubes in the gas stream.

Gas by-passing is the main effect seen when high (in excess of
3 or 4 times Umf) fluidizing velocities are used. Examination of a
plot of pressure drop across the bed versus superficial gas velocity,
Figure 32, shows a generally stable bed with relatively small
pressure fluctuations. But, when a photograph of the bed at the
same conditions, Figure 33, is examined one sees gas by-passing,
generally not a desirable characteristic. Correspondingly, lower
velocities (less than about 3 times Um_f) show characteristics which
can be associated with rapid bubble growth and/or non-uniform
bubbling, as seen in Figures 29 and 34. This results in large
pressure drop fluctuations across the bed.

Bed expansion increases with superficial velocity, which,
because of the reduced bulk density, promotes gas-solids mixing
and solids circulation within the array. One must keep in mind that
as the velocity approaches the solid's terminal velocity, the solids
will have a tendency to enter the freeboard region above the array,

leaving a leaner phase within the array, and possibly lower heat
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Figure 32. Graphic representation of bed differential pressure versus superficial velocity of 569 pm

(28 Tyler mesh) solids in a 45 cm (17.7 in. ) deep bed with array C2-T 15 cm (6 in. )
above the distributor plate.
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Photograph showing 569 p.m (28 Tyler mesh) solids
being fluidized, in array C2-T while it is 15 cm
(6 in. ) above the distributor plate, at 2.75 m/s

(9 ft/sec). Note that considerable gas by-passing
is taking place.

Figure 34.

Photograph showing 569 um (28 Tyler mesh)
solids being fluidized at 1.22 m/s (2 ft/sec).
Small bubbles and non-uniform bubbling were
typical with low fluidizing velocities.

9L
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transfer and/or chemical reaction rates.

Size of Bed Material

The mean size of the bed material is obtained from the weight
fractions of bed material sieved in each increment of the Tyler
screens used. The equation used to obtain the mean size can be
found in Appendix C and is taken from the work of Geldart (3).

Ease of fluidization and terminal velocity are two factors
which must be taken into account when selecting the size of solids
to be used. The density or specific gravity of the solids will effect
both of these characteristics. The fluidizing velocity should be
well below the terminal velocity of the solids, particularly if a
wide size distribution is used. Size of solids must also be consid-
ered relative to the available compressor capacity. In general,
small solids will fluidize easier than large solids. Further, as the
mean size is decreased the minimum fluidizing velocity will
typically decrease.

A bed of small particles will expand more than one of a larger
particle size (on the order of 15% for 569 pm solids versus 10% for
the 1379 pm solids at the minimum fluidizing velocity in a bed 45 cm
deep with no internals). If the gas velocity is too high solids will
have a tendency to climb up into or above the tube array, possibly

leaving a lean or dispersed phase region below. This may inhibit
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the desired heat transfer or chemical reaction. There is also some
tendency for 'solids to be held up in an array if they are too large for
the tube spacing. Both of these. phenomena are shown respectively
in Figure 35.

Typically bed stability, as reflected by pressure drop
fluctuations, is improved as solid mean size is increased. This
effect is most prominant in triangular pitch array but is also
characteristic of rectangular arrays. Larger sizes also improve
fluidization quality, in that channeling is less likely to occur.

One important aspect of the size of bed material is attrition.
With the abrasive action taking place in a fluidized bed, it is assumed
that there will be a significant change in particle size with time.

The 569 pm (28 mesh) mean size dolomite used for the main portion
of this work, underwent an approximately twelve percent (12%)
decrease in mean size in the course of five (5) hours of operation.
The size analysis were only approximate since the solids were
sieved by hand., The important point to be made is that one should

expect solids attrition and loss of bed material from the reactor.

Bubbling

It is apparently desirable to minimize bubbling, as much as
passible. A homogeneously (non-bubbling) or a uniformly bubbling

fluidized bed will exhibit those desirable traits of a continuum,
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Figure 35. Photograph showing that too close of a horizontal tube
spacing and too large of a solids size may cause the
solids to become held up above the array. A dilute

phase below the array and poor solids circulation will
result.
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(i.e., uniform gas-solids mixture and flat temperature profile)
which promote complete combustion and/or chemical reactions. It
therefore falls to the design engineer to achieve as much homogeniety
in fluidization as is both economically and physically practical. To
accomplish this, the designer should be aware of the character of
the solids he intends to use.

The literature (3) and the experience of this writer indicate
that large high density solids tend to bubble incipiently very near
minimum fluidization. That is, the minimum bubbling velocity is
virtually the same as the minimum fluidization velocity. Depending
upon how one defines minimum fluidization with internals, minimum
bubbling velocity may be reached first. For this work, the minimum
fluidization velocity was determined by establishing a well fluidized
state in the bed and then decreasing the gas flow rate until the
pressure drop across the bed ceased to fluctuate. Qualitatively, at
this point bubbles were relatively small throughout the bed.
Portions of the bed may not have appeared to be fluidized, and
there were virtually no gross displacements of solids in the bed.

It was difficult to tell if bubbling was occurring or if the bed was
fluidized since the 5 cm (2 in.) depth of the bed was sufficient to
allow small bubbles or solids movement to be obscurred in its

interior.
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The arrays seemed to promote bubble formation as though
the rising gases were drawn to the bottom of the tubes. Bubbles
would form under one tube, split around the tube and disappear into
the emulsion phase, only to reappear suddenly under the next tube up
in the array. The primary exception to this is when channeling
occurred. In that case the fast rising gas stream drew the bubbles
from beneath the tubes and generally carried them to the top of the
array, not allowing them to form distinguishable bubbles. As the
characteristic shape of the bubbles was governed directly by their
proximity to a tube. The most prominant appearance was that of a
bubble wrapped around the bottom of a tube. Bubble diameter, for
those adjacent to tubes, was recorded as the overall width of the
bubble and included the spreading effect of the tube as seen in
Figure 36. As stated earlier bubbles grew larger between tubes
when the tube spacing was wide than when it was narrow. This
resulted in greater pressure drop fluctuations across the bed.
Visual observations and examination of the motion picture films
suggested (though it was often difficult to tell without advancing the
film frame by frame) that apparent bubble growth was predominantly
by coalescence rather than by simple bubble expansion. Bubbles
did exhibit growth by expansion but one might say that growth by
coalescence was several times faster than by simple expansion.

Many small (1 to 3 cm or 0.4 to 1.2 in.) bubbles were typically
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Rise paths of split
bubbles

, Approximate bubble diameter for
this work

Probable line of bubble split

Figure 36. Schematic drawing showing the dimensions used in this work for bubble diameter. Also
shown schematically is the typical bubble location and form relative to the tubes and
the usual method of splitting.
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generated at the distributor plate and within 5 to 10 cm or 2 to 4 in.,
up the column, there were only a few bubbles visible.

This subject of bubbling would not be complete without a dis-
cussion of the so called negative pressure gradient occasionally
measured during the course of this work. Pressure gradients were
recorded as negative values when the mercury manometer indicated
that a higher pressure was occurring at the top of the bed than at
the baottom. The mercury manometer, being an undamped device,
was not especially sensitive. Consequently, during periods of gross
instabilities in the bed, these indications of a negative gradient
were not considered noteworthy. However, one must ask the
question, "What is physically taking place in the bed when the
negative pressure gradient is observed?''. The inertia inherent
in an undamped mercury manometer was considered first. For
some of the smaller (-1 kPa or -4 in HZO) readings inertia is indeed
a valid explanation for the negative gradients observed. However,
some of the readings were felt to be too large (-5 kPa or -20 in HZO)
to be explainable entirely by inertia. When slugging occurred, large
masses of bed material were liftedupby large, rising bubbles
and then abruptly dropped, as the pressure in the bubble overcame
the forces of it. When, in the two-dimensional bed used in this

work, the mass of solids was large enough it quickly closed off the

path through which some of the air in the bubble had escaped, and
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settled as the same continuous solid mass it had been before it was
lifted by the bubble, trapping some of the gas from the bubble

below it. What remained was essentially a void below which there
was another rising mass of solids. The gas in the void, it can easily
be reasoned, experienced a sudden compression as the two masses
of bed material, above and below the void, come together. Further,
if that void happened to be adjacent to the upper pressure tap, when
it was compressed, the pressure seen by that tap could easily have
been greater than that seen by the lower pressure tap. Hence, an
instantaneous negative pressure gradient was observed. Now, what
are the implications of this, other than a very unstable bed? It
seems logical that the existence of a negative pressure gradient
would suggest that the solids in the emulsion phase are being forced
or driven downward by this pressure, rather than simply settling

as a bubble passes by. This would indicate a more rapid turnover
rate of solids and a more rapid or complete gas-solids mixing than

might otherwise be predicted.

Quantity of Bed Material

Two significant observations were made concerning bed depth.
First, when the slumped bed depth is sufficient for solids to build
up a significant layer (several centimeters) on top of the array, then

rapid bubble growth and slugging could occur. When this happened
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the bed pressure fluctuations were greater and overall fluidization
less uniform. Second, when the slumped bed depth was shallow,
particularly for the smaller (569 pm or 28 Tyler mesh) solids, a
lean or dilute phase type fluidization was observed at higher

velocities.

Tube Errosion

Indications of potential problems of errosion of heat exchanger
tubing were noted during the experimental work. Briefly stated,
evidence of errosion was noted on the bottom of the tubes, par-
ticularly those closest to the distributor plate. Each tube array was
painted flat black to contrast with the white limestone used in the
study. Examination of each tube array, after its use, revealed that
the paint was worn off the bottom of the tubes, (see Figures 37 and
38) and that the tube surfaces had been abrated. The amount of paint
worn (the white areas in the photographs) from each tube might be
taken as a relative indication of where tube errosion will be most
prevelent in an array. Thiswas particularlytrue for those tubes
closest to the distributor plate, especially when the array was placed
immediately above it. These observations are not intended to be
conclusive. Rather they are made simply to make the reader aware
that tube errosion is a valid consideration in the design of heat

exchanger equipment for fluidized beds.



86

it

Figure 37. Photograph showing areas where black paint has been worn off of white tube material,
suggesting areas where tube errosion might be of concern.

Top of bed

Distributor plate

Errosion zone

Figure 38. Schematic drawing showing the bottom portion of a tube which might be most
susceptible to surface errosion.
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V. CONCLUSIONS AND DISCUSSION OF ERRORS

Conclusions

Certain qualities of fluidization can be associated with different
immersed heat exchanger tube arrangements. The following general
conclusions may be drawn from qualitative evaluation of the data
obtained during this work:

l. For rectangular pitch tube arrays, the channeling
tendency, which increases with increased horizontal
spacing and decreases with increased vertical spacing,
results in:

a. Greater gas by-passing.

b. An apparently more stable fluidization.

c. Less gas-solids mixing.

d. Greater solids retention on top of the tubes.

e. Less uniform solids circulation.

Optimum superficial velocities appear to be in the range

of 1.83 to 2.44 m/s (b to 7 ft/sec) or 3 to 4 times U ¢
for solids in the 569 pm (28 mesh) to 1379 pm (12 mesh)
size range.

2. Triangular arrangements limit direction, unencumbered

gas by-passing, but by-passing may occur in the form of

either diagonal or pseudo-sinusoidal channeling up the array.
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In both triangular and rectangular arrangements, too

tight of a tube packing will result in the solids climbing

up through the array, sitting on top, and leaving a virtual

void within and/or below the array; the results of which

are:

The

Unstable fluidization, with large pressure drop
fluctuations.

Possibly, increased loss of solids from the reactor.
Poor heat transfer or chemical reaction conditions.

size of the solids used as bed material will also affect

fluidization quality, as follows:

a.

Larger solids are more stable, with smaller dif-
ferential pressure fluctuations.

Larger solids require a larger compressor capacity
to fluidize them.

Wider horizontal spacing may be necessary for larger
solids than for smaller ones. This, as discussed
earlier, is so that the tubes do not act as a barrier to
vertical solids movement, either up or down.

Larger solids will not become entrained as readily
as smaller ones and so will stay within the array/bed
region longer and with greater bulk density. This

promotes gas-solids mixing and solids circulation.
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High fluidizing velocities are associated with gas by-
passing, solids elutriation or entrainment and deceptively
stable fluidization. Low velocities, on the other hand, are
associated with irregular bubbling, unstable fluidization,
and possibly poor solids circulation. Again, superficial
velocities of approximately 1.83 to 2.44 m/s (6 to 8 ft/

sec) or 3 to 4 times U ., appeared to be the range which

mf
optimized all of the desirable traits, for the sizes of
solids studied (569 pm and 1379 um or 28 and 12 mesh).
The quantity of bed material used should be limited, so
that while the bed is fluidized, there are no solids above
the heat exchanger array. The lack of tubes in a solids
mass above the array permits rapid bubble growth and
associated instabilities to occur. Also, solids above the
array are not available for direct heat transfer with the
tubes.

The location of a tube array, relative to the distributor
plate, had a noticeable effect upon bed stability. Greater
bed stability or smaller fluctuations in the differential
pressure across the bed is experienced when the array

is closer to the distributor plate. Rapid bubble growth

and irregular fluidization were consistently noted below

the arrays which were farther from the distributor. While
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these large, non-uniform bubbles were generally
effectively broken up and the instabilities apparently
(by visual observation) damped out once they entered an
array, the overall or net effect was that the fluidization

was less uniform or stable than with the array close to

the distributor.

Discussion of Errors

Several sources of error, which affected the sensitivity of
both the quantitative-as well as qualitative data collected, are
identifiable; and are discussed below:
1. During normal operation of the bed the temperature of
the fluidizing air was continually rising. Because of this
there was only a relatively short time available during
‘which maximum superficial velocities could be maintained.
This necessitated working rapidly to establish a desired air
flow rate and make pressure drop readings. The velocities
were established quickly by measuring the differential
pressure in a water manometer to within only about 0, 32
cm (1/8 in.). Then the differential pressures across the
bed were measured using an undamped mercury manometer
with each graduation equivalent to 2.54 ¢m (1.0 in.) of

water. Air temperature was monitored during the
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pressure readings to ensure that the velocity was close
to the desired value. It is felt that the fluidizing velocities,
during these readings, were within about 5-10% of the
desired value.
2. The photographic record and the subjective, qualitative
observations were made after the bed had been fluidized
for two to three minutes and it is estimated that the
fluidizing velocities may only have been within about
10-20% of the desired value, at the higher velocities, and
about 5-10% at the lower velocities. Qualitatively, these
differences had little apparent effect on the visual
appearance of the fluidized bed.
The time related variations of temperature and velocity of
the fluidizing gas are suggested schematically in Figure 39.

This work and the data collected were intended for use in the
preliminary design of a fluidized bed. While an effort was made to
be as precise and careful as possible, the results are intended to be

qualitative rather than definitive,



92

Compressor turned on

T emperature

Velocity
l
|
1
i

I

| .

| Pressure readings started here |
|

Photographs and visual observations
made here

time, t

Figure 39. Graph depicting the time variations in fluidizing air temperature and superficial

velocity which were experienced during each run,
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VI. SUMMARY AND RECOMMENDA TIONS

Summary of Work in a Two-Dimensional,
Cold Phase Fluidized Bed

Several studies have been reported in the literature which
demonstrate the feasibility of operating fluidized bed combustors with
immersed heat exchangers for commercial steam power generation
from the direct combustion of coal. But, little can be found, in the
literature to date, which suggests that specific criteria have been
or can be established for the design of immersed heat exchangers
in fluidized beds.

Experimental equipment was designed and constructed to
evaluate some of the parameters which should be considered in the
design of internals for fluid beds. Tube arrangement (triangular or
rectangular), tube spacing, (horizontally and vertically), tube array
location within the fluid bed region relative to the distributor plate;
and mean size of the bed material used were considerd as to their
effect on the quality of fluidization. Gas velocities were varied

icall
typically from Um to 4 Um

f £

The conclusions reached show the importance of tube spacing

on the movement of solids. They also show that tube arrangement

effects gas by-passing and solids circulation. Superficial gas
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velocity and quantity of solids influence bed stability and fluidization

quality.

Recommendations

As a result of the need tor more, specific design knowledge
concerning fluidized bed coal combustors, it is recommended
that this research work be continued in the following specific areas:

1. Expand the scope of this work to three-dimensional
fluidized bed units.

2. Investigate the effect of larger solids on the design
decisions of internals. If the excess air requirements of
fluidized bed combustion plants results in fluidizing
velocities in excess of about 2. 44 m/s (8 ft/sec), then
larger solids than those studied here will probably be
necessary in order that they do not become entrained and
lost from the bed at intolerable rates. For those large
solids, in the range of 6 mm (0.25 in.), this writer has
seen no research published dealing specifically with the
optimization of tube arrangement, spacing, and array
location.

3. Investigate the possibility of a negative pressure gradient
in an unstable or non-uniformly fluidized bed, and its

effect on the direction and relative magnitude of intersticial
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gas flow. This will improve the knowledge and under-
standing of gas-solids mixing and expected chemical
reaction rates.

Investigate the qualities of fluidization in narrower
increments of superficial velocity than those used in this
work to increase the body of knowledge of bubble behavior,
including coalescence in the vicinity of tubes.

Investigate those interesting regimes or modes of fluidiza-
tion identified in this work, such as in (3) and (4) above,

in a more severly two-dimentional fluid bed than the one
used in this work. The suggestion is for a bed width to
depth ratio of at least 20:1 or possibly 30:1, rather than
the 10:1 from this work; and to retain the tube size, which
is representative of commercial boilers. While this will
severely increase the '"wall effect! on the quality of
fluidization, it will also permit the study of distinct,
individual bubbles as they rise above the distributor plate
and interact with the tubes.

Given the assumption that a fluidized bed should experience
good gas-solids mixing, good solids circulation, minimum
tube errosion, and easy start-up and if one were to use

solids of the same size range and density as those in this
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work then the following operating conditions are
recommended:

a. Moderate tube spacing both horizontally and vertically.
1. Horizontal spacing should be wide rather than
narrow (1-1/2 vice 1/2 tube diameters).

2. Vertical spacing should be close rather than wide

(1/2 to 1 vice 1-1/2 tube diameters).

b. Triangular pitch arrangements are recommended over

rectangular ones to promote solids circulation and
minimize gas by-passing.
c. Greater overall bed stability and fluidizing quality can

be expected with the tube array close to the distributor
plate (2.5 cm or 1.0 in. vice 25 cm or 10 in.).
d. A superficial gas velocity in the range of 1. 83 to 2. 44

m/s (6 to 8 ft/sec) can be expected to optimize overall

fluidization quality, particularly with respect to irregular
bubbling instabilities and gas by-passing.
It must be pointed out here that this research was
conducted in a cold two-dimensional bed. The influence
of "wall effects! from the two-dimensional model were
not specifically studied. Also, if a bed is to be operated
in a2 hot mode then the gas temperature and density effects
must be considered as they will affect fluidization more

significantly than in this work.
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Finally, this writer is aware that pilot or demonstration
scale fluid bed combustors have been operated with the
tube array some distance (on the order of 0.7 m or -

2 ft.) above the distributor plate. This has apparently
been done to provide a convenient location for coal
injection nozzles (i.e., below the tube array). Based
upon the data collected and observations made during
this work, this writer feels that the effects of array
location on bed stability and overall fluidization quality

ought to be included in the design decisions.
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Raw Data
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Listed below are the units with each line in the Raw Data listings

which follow.

The units presented are first for the International

System of Units (SI) followed by the conventional English or Engineering

An explanation of the symbol meanings is found in Figure 20 on

pages 54 and 55.

Symbol

Date

Tube Array

~

Array Loc.

DPM

Uuo
P(ATM)
P(ORF)
T(ORF)
DPO
DPB(AV)
DPB(MX)
DPB(MN)
PS

LI

microns (um)

m/s

kilo-Pascals (kPa)
kPa

°K

kPa

kPa

kPa

kPa

kPa

cm

ENGLISH

inches (in.)
ft/sec
in Hg

in HZO

in
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Symbol SI ENGLISH
LF cm in

LE cm in

HI cm in

H2 cm in

H3 cm, in
DBHI cm in
DBH2 cm in
DBHS3 cm in
DTIME seconds minutes
UMF m/s ft/sec
QUAL -- -
QUAL -- -

NA=NOT APPLICABLE ND=NO DATA



Se To UNITS ENGLISH UNITS

DATE 1 26 76 2 15 76 1 24 76 1 24 76 1 24 76 1 24 76 b 1 26 76 2 15 76 1 24 76 1 24 76 1 24 76 1 24 76
TUBE ARRAY FMPT EMPT EMPT EMPTY EMPT EMPT * EMPT EMPT £EMPT EMPT EMPT EMPT
ARRAY LOC NA NA NA NA NA NA * NA NA NA NA NA NA

oPM 569.00 569.00 569.00 569.00 569.00 569.00 * 022 «022 «022 «022 «022 .022
uo 3.05 2475 204 1.83 1.22 «61 * 10.01 9.02 3.01 6.00 4.00 2.00
P{AT™) 101.96 100.75 101.956 101.96 101.96 101.96 * 30.11 29.75 30.11 30.11 30.11 30.11
PIORF) «A80 «78 «68 «56 «35 «19 * 3.20 3.13 2.75 2425 1.40 75
T(ORF) X05.37 324.82 319.26 319.26 316.48 316.418 b 90.00 125.00 115.600 115.00 110.00 110.00
opPo 9.96 12.95 5.98 Lo.bB 2.49 1.00 * 40.00 52.00 24.00 18.00 10.00 4.00
OPR (AV) 2.49 9.96 6.97 .97 5.98 Se48 * 10.00 40.900 23.00 28.00 24,00 22.00
DPV (MX) 12.45 14.94 14.94 16.93 10.71 6.97 b 50.00 60.00 60.00 68.00 43.00 28.00
oPB(4N) =249 F.48 9.96 -1.49 1.00 4.9% * -10.00 22.00 40.00 =6.00 4.00 20.00
o3 38.61 38.61 37.23 31.03 26.20 23,4l * S«60 5.60 5.40 4.50 3.80 3.40
LI 37.00 45,00 47.00 45.00 43.00 42.00 hd 14.57 17.72 13.50 17.72 16.93 16.54
LF 35.00 43.00 45.00 43.00 %2.00 42.00 * 13.78 16.93 17.72 16.93 16.54 16.54
LE 79.00 54.00 63.00 62.00 60.C0 53.00 * 27.56 21.26 24 .80 21 23.62 20.87
H1 20.00 20.00 30.00 «0.00 40.00 30.00 * 7.87 7.87 11.81 15.75 15.75 11.81
H2 NO NO ND NO ND S0. * ND ND ND NOD ND 19.6
H3 ND ND ND NO ND ND * NOD ND ND ND ND NOD

n8HL 28.00 25.00 25.00 25.00 2%.00 7.00 * 11.02 9. 84 9. 84 9.34 9.84 2.76
0RH2 ND ND NOD ND NO 20. ¥ ND NO NO NO ND 7.8
0RH3 ND NO ND ND ND N0 b ND ND ND ND ND ND
DTIME 691.01 1R0.N0 350.00 30C.00 240.00 3€0.00 * 10.00 3.00 5.00 S.00 4,00 6.00
UMF «50 «50 «50 «50 <%0 «50 * 1.64 1ehts 1.64 1.64 1.64 1.64
Quat S3 =2 S3 E2 S3 2 S22 F2 S1 s2 33 S1 * S3 E3 S3 =2 S3 E2 S2 £2 S1 Ss2 B3 si
nuat 1 * E1l

101



DATE
TUSE ARRAY
ARPAY LNC
pps

ue
P(ATH)
P (noF)
T(ner)Y
pen
LLEYEY
DPV(MX)Y
DPB (MN)
ps

LI

LF

LE

M1

M2

HZ

nAKy
NRH2
neps
NTIME
yme
AuAL
auaL

ST

N1

ND

ND
3n0,00

o lh
T 0GR
cz

Se

2 03 76
AL-S

2.5

T63.00

2elels

100.51

«68

314420

5,48
3.93
5.98
1.39

28,27

%.50

41,00

NO
ic.
25,
50,
ND
ND
NN

300.0n0

ol ly

R2 CG?
CG2

=2

Te UNITS

20

3 76

a1 -S

2,8

569,10

1.°3

100.51

c
[

313.15

3.9%8
4 LR
Foel8
2.99

2482
45 .00
42.00

70.
3n.
2%,
50
10.
uD

N1al

360,00

R2rL6G

~r

b
251

2 03 76
At =S
25
563,00
1.22
19C.51
« 35
316.48
1.9
SL4R
9,96
3.49
2137
45,00
4s, 00
657,
11.
25,
508

o

17.
20.
4%0.00
b
2 s1
NA

2 0% 75
At -S
2.5
569.00
N
107.51
.17
319.26
o510
5499
]
L.,0n
2C.R8
45,00
45,00
9.
in.
25,
5.
3.
2.
12,
65ANLON
Jhl
B2-21
NA

2
At

0
¥}

ND
NI
ND

33
£z

nz 7¢
=S
<38
«022
10.71
29,58
2.25
5,16
us,.g¢
12.00
20.1C
10.41¢C
L
17.72
12.78

X.93
.34
19,38

.00
1484

ch3

2 03 75
A1-S
«38
022
8.21
29.F3
2,7%
10£.3¢C
2% .00
164,01
24,010
8.00
%10
1.77
16.1%
ND
3.93
9.84
19,43
NN
MO
ND

FHNGLISH

2 03 7¢
LR R
«3J8
022
A.00
23.48
2425
104.C0
1740
1¢,0°C
25.00
12,00
3.50
17.72
15,54
27455
11.831
.84
19.68
2,93
ND
ND
54370
1ol
B2C52%1
CG1

'INT

Ied

:53

1

e
NA

TS

13 76

=S

«91
022
4.00

?3.k8
1,49
10.00
5.00
224,00
40.00
14,00
3.1C
17.72
17.72
26437
3.93
9.54
19,68
1.95
3.93
7.87

2 03 76
AL-5
«9A
«0722
?.00
29.68
<70
115.0°0
2400
2L,0°0
26,00
20.00
2,00
17.72
17.72
19,58
3.93
3. 8¢4
19,62
1.18
7415
L,72
11.20
leub
32-21
MA

201



Se I. UMITS EMGLISH OUNITS

DAYE 2 13 7+ 2 M3 7¢ 2 0% 74 ? 03 76 2 03 76 » 2 03 79, 2 n3 7a 2 N3 76 2 3T 76
TURE APRRAY A2=5 A2-S 42-5 A2=-% A=< * A2-S A2=-S AZ2-S LES A
ARPRAY LOC 2.5 2¢5 2.5 2.5 2.5 * «3R <98 <98 .Q8
nem £69.00 563,070 559,00 563.100 S6£7,10 * 022 « 022 «322 322
un 3.0% 2.0 1,772 1.22 1 * 10.01 A.N01 5e20 Le30
PLATY) 109,51 100.51 1ar,51 100.61 109.51 * 29,59 29.£9 ?23.68 29.6R8
PANQF} «835 «75 A0 27 72 * 3.40 7.30 240 1.50
T (ORF} 215.97 X22.0L 330.37 33r .37 TINLR7 * 1na,3fn 120.09 135,00 132,00
opn 14,90 .96 CL.98 1.92 3.9% * 5C.0C 4g.0n 23407 3.C0
ne2(AY) 3.9% Lol Lol L.98 4.919 * 1f.0C 18.00 13.9C 2r.00
nev (ux) 5.9% 7.97 549R Teu7 ha07 * 24.0¢C 22.00 24450 30.C0
NP3 (MN) 2,47 2.4Q 3.49 2.49 3.99 A 1C.3¢C 15.33 14,70 12.60
PS 33,61 25.46 31.03 26420 23.00 * 5430 5420 450 3.%0
Ly 45,00 45,010 4D.00 3R.CC 32,00 * 17.72 17.72 1575 14096
LF 3h.01 4n.09 2,00 32,00 33,00 * 14,17 1575 14,92 14,96
LE MDD 75, 70, 55. NS * N 29.52 27.5¢ 21.66
H1 it. 1iC. 5. 5. Se * 293 J.23 1.98 1.956
H2 25, 25, 2%, 25. 25. * 2.8¢% 9,34 9.3 9, %4
H3 c0. 50. 5C. &1, &0, * 19,593 13.H4% 13.52 19.77
DRHY ND N 5e 3. 3. * MO N 1.96 1.18
NRH2 NT NN 10. 2, Se * N7 ND 3,97 3.15
NAKHZ N0 MO 12. 12, ic. * N1 M0 be72 L, 72
DTIME 423.00 6C.90 240.00 303.00 R60.00 * 7.00 hel) “e19 500
UMF U5 % 45 <45 5 . 1,48 1e43 1.28 1.48
QuaL 3T 6562 23 °6t 7?7 rG1 22 Cr1 az=-1 51 . R3 G2 43 "G1 a2 NGt 52 CGe
ouaL ne? ©61 £51 St NA MA * ch? nGt ChHt S1 MA

€01



Se To UNTTS SNGLISH 9NITS

NATE 20376 2037 21376 2037 20376 % 2037 287 76 203 76 203 7F 2 02 76
TUBE ARRAY  83-S A3-5 AZ-S A3-5 A3-S *  Azes a3=5 a3-3 A3-5 83-5
APPAY LOC 2.5 2.5 7.5 2.5 2.5 . .38 .98 .98 .93 .38
npPw 559,90 £69.00 569.00 569,00 ®ga.00  * WN2? .022 L0022 .22 122
ue 3.08 2,44 1.83 1.22 61 ® 10,31 a,n1 £.00 LY 2.00
PLaAT™) 100.64 10C.64 100,64 19C. 564 100.66  * 29,72 29.72 20,72 29,72 29,72
PIORF) Y .68 .53 .35 .20 o+ .40 7,75 2.13 1,060 Y
T(NRF) 113,79 I1h. 4R 354,82 326,49 127.06  * 10E,90 110.00 125.7¢ 123,00 129,00
pen 1r .96 5.9 2.99 1.25 1.07 * 46,00 284073 12,60 .00 L, 30
DPR(AV) 3.9 4,98 4.98 S.48 5.95 * 1e.0¢0 20.00 20,130 22.00 26,00
APV (MX ) 5.98 3,96 7.97 7.97 7.47 24,00 4N.11 32.00 32.00 30,10
DPR (YN ?.49 -1.09 2.49 2.99 Loug ow 1£.00 -4.00 10,50 12.00 18.5¢
PS 35,85 35,16 24,13 21.37 20,68 % 5,20 T8 3.50 3.10 3.00
LT 45.00 45.00 41.00 %1.00 41.00 * 17.72 17.72 15,16 110 16.14
LF 75,00 61.30 41.00 41,00 4t.00 o+ 17,79 16,14 15.14 16,14 16,184
LE 5N, 7e. 50. 53, sg, * 10,58 27.55 ?23.62 20.%5 19.58
H1 10. 5. 5. 5. 5. - 3.33 1.95 1.96 1.96 1.9€
H2 25. 25, 2. 25. 25 . . 9,34 9.8% a,aq 9, AL a,84
H3 en, 50. 50 59, 50. . 19.5a 19.5% 19,48 19.¢8 19.58
DRH1 Mo z, 3. 1. 3. *« N 1.13 1.18 1.13 1.1%
DPH? ) 3. 8. 7. 1n, N 3.15 3.15 2.75 3.93
pAM3 MD 25, 1C. 19, 15, +  ND 9.34 3.933 3,93 €, a0
NTIMS 130.00 360,00 350,00 480,90 420.09 % 1.90 6,90 £.00 3,60 7.00
UME .53 .50 .50 .50 B0 e 1.5t 1.64 1.6 1.64 1.50
QUAL 32 053 13 nR2 az n61 32-1 51 B2-1 £"1 * 32 rG3 a3 562 32 ~G1 37-1 £G61  37-1 ~061
QuAL £G2 r52 St S1 -S? S1 L T cH2 1 S1 -s? 1

vo1



DATE 2 06 75
TURE ARRAY  B1-S
ARRAY LOG 2.5

DPM 563.00
uo 3.05
PLAT™) 101. 66
P (ORF) .85
T (ORF) 314.26
0PN 15,94
DPRIAV) 19.63
DPY (MX) 29.92
0P8 (MN) 18.93
ps “1.37
LI 42409
LF 35,00
LE 57.

H1 5.

H2 25.

H3 50,
pBH1 ND
DRH2 ND
oRH3 MD
DYIME 350,00
UMF <99
Quat 37 €63
ouaL c63

S.

2 06 76
81-S
2.5
569.00
244
101.566
«72
322.04
11.4%
18.93
20.92
17.93
3hob7
46,30
43.00
71.
Se
25.
50.
ND
ND
ND
420,990
.3n
33 CGR
€63 S2

I. UNTTS

2 06 76 2 DA 76
R1-S 31-S
2.5 2.5
569.00 56%. 00
1.83 1.22
101 .66 101.66
<50 35
305.37 327.59
£.93 2.49
4.98 S48
£.97 RelB
249 3.49
27.58 24.13
43.00 43.00
43.00 43.00
65. 53.
5. Se
2%, 25.
50. 50.
3. Se
®, 8.
20. 10.
620.70 480,00
<90 90
22 061 22
93 s? n2 s1

2 Db 7%
31-S
2.5
569.00
.91
101.F6
2R
230.37
1.99
5.48
heltB
Ho.48
2344
43.00
43.00
50.
5.
25.
53.
3.
3.
in.
3EN.00
.90

11-82
NA

2 N6 7%
R1-S
.38
.022
10.01
30.02
3.40
176.00
S0
78.30
34.00
76.00
Ae.OP
16.56
14.17
22.404
1.986
3.9%4
19.58
ND
ND
NO
Fefl
2.3%
33 €63
CG?

n N

-
L]

[%2 I )

«39
.022
3.01

30.02
?.88
1202.00
46.30
76.00
84.00
72.00
5.00
17.32
15.93
27.55
1.95
9.34
19.03

ENSLISH UNITS

2
A1

g6 76 2
-3 31
.99
.022
£.00
36.02
2.00
90.90 1
24.00
23.00
28.00
13.00
4.00
15.933
16,93
25.59
1.96
9,34
19.58
1.18
3.1%
7.37
7.00
2.95
5G1 22
S2 2

06 7n

=S

«98
.22
4.00

30.02
1.40
3t.0¢C
10.90
22.00
26.00
14.00
3.53
15.93
16.93
20.86
1.96
9.34
19.68
1.96
3.15
3.93
%.00
2.95

S1

2.99
30.02
1.13
13%.00
2.00
22.3¢C
26,00
18.00
340
16.93
16.93
19.58
1.96
Q.84
19.68
1.1#
3.15
3493
f. 00
2.95
31-932
MA

S0T



DATE
TURE ARRAY
ARRAY LNC
op™

un

P (ATM)
P(ORF}
TY{NRF)
opn
opPRLaAV)
BPV (MX)
OPRIMN)
ps

LI

LF

LE

H1

H2

H3

nexi
NBH?2
DRH3
DYINE
UMF
QuAL
QUAL

2 97 76
82=S
2.5
569.00
3.05
101.39
+81
30%.15
17.93
3.98
5.98
2449
33.10
45,00
39,00
3
5.
25.
50.
MNh
ND
ND
540.00
51
33 nG2
CG3

Se

2 07 76
82=-S
2.5
569.010
2ol
101.39
.72
336.37
11.95
4.98
6.97
2.99
29.65
45.0¢0
43.00
7o,
5.
25,
50.
Se
10.
15,
3€0.00
.81

32 €G?
33 CG3

T. UNTTS

2 07 76
82-S
25
569.00
1.83
101.39
53
333.15
6.97
Se48
6.97
3.49
2he20
43.00
43.00
65.
5.
25.
50.
be
%.
in.
440.00
81
R2 CG1
32-33

2 07 76
32-S
2.5
569,00
1.22
101.39
«37
33%.15
3.49
.48
65.97
3.98
2344
43.00
43.00
S5,
Se
25.
sf.
2
Se
10.
480,00
.81

n2 c61
NA

2 07 76
R2=-S
2.5
569,00
"1
101.39
25
33IN.37
1.9
S.L8%
6.97
3.94
22.06
43.00
43.00
58.
Se
?5.
SN
2

L
Ge
6560.00

«R1

R2-23

NA

9.1

2456
A3 CG3
CG3

2 07 76
82-s

.94
.022
.01
29.94
2.88
135.00
43.00
20.00
28,00
12.00
4e30
17.72
16.9%3
27.55
1.95
9.8¢4
19.68
1.96
3.93
5.90
500
2.66

82 €G2
R3 CG3

FNGLTSH

2 97 76
82-S

.38
.022
5.00
29.94
2.13
1642.00
22,00
22.00
22,100
14.00
3.80
15.93
15.92
25.59
1.96
9.3¢4
19.678
1.57
3.15
3.93
3.00
2.66

B2 261

B2-23

UNT

2

TS

07 76

B2-S

.93
.n22
4.00

29.94
1.510

140.C0

R2
MNA

16.00
22.00
23%.00
16.C00
3.40
16.93
16.93
22.04
1.96
9.84
19.68
«78
1.96
3.93
8.60
2.656
CG1

901



Se Io UNITS FNGLTSH UNMTTS

NATE 2 07 76 2 07 76 2 07 76 2 D7 76 2 07 76 he 2 N7 76 2 07 79 2 €7 7o 2 07 76 2 07 7k
TURE ARRAY 83-S B3-S 33-5 83-S B3-S he 83-S B3-S B3-S A3-S R3-C
ARPAY LOC 2.5 2.5 245 2.5 2.5 he « 3R .93 .98 .98 98
oPM 569.09 569.00 569.00 569.00 569.00 he .022 «022 . 022 .22 3122
uo 3.05 2.44 1.83 1.22 .81 . 10.01 8.01 5.00 4.00 2.6F
PLATM) 101.39 101.39 101.39 101.39 101.39 . 29.34 29.9% 29.94 29.94 29.94
PL{ORF) .30 78 53 «37 22 he 3.20 3.13 2.13 1.50 « 30
T(ORF) 316.48 334.26 325.37 334.26 333.71 he 110.00 142.90 126.00 142.00 141.00
oPD 20.9? 16.93 B.48 2.98 1.49 . 4.00 6R.020 25400 16.00 6.00
PR (Av) 3.98 3.94% L.98 4,98 4.99% he 16.00 16.00 20.00 27.00 20.00
oPV (MX) 5.93 7.47 747 b.l48 6.48 . 264,190 3C.079 30.CG ?6.00 26.0N
DPB (MN) 1.49 50 2.49 3.98 ?.99 . 6.00 2.00 17.00 16.00 12.00
pPS 35.16 33.19 28.96 23. 44 21.37 . 5.10 4.80 Le.2€ 3.40 3.10
LI 45.00 43.00 &5.00 40.00 40.08 he 17.72 16.93 17.72 15.75 15.75
LF 40.00 40.00 43.00 40.00 40.00 * 15.75 15.75 15.83 15.75 1%.75
LE 55. 65, 57. 55,4 50 he 21.55 25.59 22 . 4h 21.€5 19.68
H1 Se 5e S5e 5 Se * 1.9% 1.956 1.96 1.36 1.96
HZ, 25, 25. ?25. 25, 25. he 9.84 9.8% 9.4 9.8¢4 9.34
H3 S0 50. 50. 50. 50. he 19.68 19.69 19.68 19.68 19.68
nNRH1 ND ND 3. Se 3. he ND ND 1.18 1.96 1.18
neHz ND NO Se 9. B. . ND ND 1.9¢ 3.15 3.15
131 K1 ND ND Se 18. 10. . ND ND 1.36 3.93 3.93
DTIME 130.930 180.00 240.00 300.00 300.00 . 2.30 3.00 4400 5.00 5.00
UMF .81 31 .31 .81 81 he 2.6 2.65 2efh 2.66 2.00
QUAL 33 €G3 82-3 ©63 132 CG2-3 G2 R?2-1 CG1 he 33 CG3 R2-3 €3 B2 £GP?=3 CG? 32-1 Gy
QuaL CG? E1 CG3 E? CG3 £3 B2 NA he CG3 c1t CG3 F2 CG3 £ a2 NA

LOT



NATE
TURE ARoAY
ARRAY LOT
npm

ue
P(ATM)
P(NRF)
T(ORF)
nen

nPB (av)
NPV (MX)
oPa (MN)
PS

LT

LF

LE

H1

H2

H3

NPH1
nNPH2
NRHZ
DTT ™M=
UMF
QuUAL
QuatL

2 03 75
C1-S
2.5
569.090
3.5
100.71
.73
319,71
747
3.93
5.98
1,49
37,23
45.179
43,00
62

[
.

25,
S0
11.
1G.
15.
300,00
50
13 C63
CG3E£3S1

Se

2 0% 76
C1-%
2.5
569,00
2elsls
100.71
77
30.37
1546
3.98%
Fe.3R
1.99
33.1°0
45.9"
4%.0f
70,
Se
25.
50.
Se
7.
1%,
420.00
«573
3T NG3
R3CG352

UNITS

2 08 76
C1-S
2.5
569,00
1.83
190.71
.53
233.15
5.u8
4,98
7,067
2.u9
26 .29
45,00
45,00
70,

n

n)
ot
.

2 08 76
C1-S
2.%
56%. 90
1.22
100.71
«36
331,08
?.49
5.98
Bole?
3.98
2344
L5.00
L5,00
f9.
Se
25.
53
3.
3.
13.
420.190
510

32-91
33 S1 71

? 02 74
r1-5
2.5
569,010
o651
100.71
.19
337,27
1.00
feb?
fat 9
5,98
20,68
45.n9
5%,01

b,
8.
420.N0

<50

r1 F1
N2

2 na 76
c1-S

«937
. 022
10.71
')q.?l‘
3.13
114.10
30.°C
16400
24,70
A0
540
17.72
15.7%
2L, 40
1,2+
Q,83L
19,58
.32
2.22
5,31
S.0N
1.54

83 €63
CG3F 33

FHSLISH UMITS

2 1% 76
G1-S
«98
022
5.10
23,74
2,13
143.3C
2?2470
2%.0C
33.00
1%.0¢
3.0
17.72
17.72
27.55
1.4

3. 84

2 18 74
C1-5
«98
022
4,00
29,74
1.45
137,98
1.0
24,00
Tip o0
16.718
340
17,72
17.72
26,77
1.96
a, Ry
19,689
1.1
215

3.63

2 08 75

rf1-S
«38
322

24,00

9,48
19,48

80T



NATE
TURE ARRAY
AP AY LOC
np»

yo
PLAT)
P{NREY
T{ORF)
0en

PR (AY)
OPV (uX)
DPR{MN)
oS

LI

LF

LF

H1

H?

HZ

RELD
nRH2
DRHJ
NTIM=

1 43
auaL
QUAL

2 1’ 78
n2=s
2%
569,090
3.0%
1n0.71
21
310,93
14.94
To49
4,92
1.99
37.23
650N
Ld.30
AR,

25,

291,90
1.2”
1205351

562 =2

S

2 bR 76
52=-S

2.5

5¢2,017
2.4
10C.71
.75
332,04
17,48
3,37
T.a7
1.49
31.72
45,00
L 00
7n,
5.
?5.,
an,
5.
8,
3I00.00
1.22
22 €G3
n2rn3e?

T. UNTTS

2 08 7/
c2-S
2.5
569,00
1.83
100,71
«56
337,04
4,98
S8
.27
3.98
25,51
4S5 .00
+5.00
70.
5
25,
50

3.

N W

I50.00
1.22
31-2 £G4
23 £1 <t

2

c
2

D)
2.c
5
562,00
1.22
10G6.71
37
33u.26
249
S.98
.38
Sel8
2n,A0
45,00
4400

6%,

[3

2

31
a3

Se

I6C. 00
1.2?
F1

= 2 B R e S < |

o D2 O O O O o

mr.no
4C.C0
14,79
20,10
R,IC
Ceul
17.72
165,7¢%
2?52
1,13¢
Q, "1
19,518
1434
2.1°
.33
5,10
4410
a2rG3351

CGt ©3

TMSLISH UMITS

2

c?

ea
)

76

2 1% 76

C2=S

ra
e
~N
-
fon
(=1

]

= T e T o |

601



Se T+ UNTTS ENGLISH UMITS

naTE 2108 76 208 76 208 76 2 aa g « 20076 20876 208 76 2 1% 76
TURE APRAY  C3-S 62-5 C3-5 c3-c *  ri-c €3-S C3-5 c3-5
ARRAY LAC 2.5 2.5 2.5 2. . .38 .99 Lan .93
ppu 569,00 569,00 569.00 569,00 noos .27 022 L0722 022
vo 3.05 2.0t 1,83 1,22 D 10,51 8,01 2,00 4400
P(ATY) 100.71 100.71 100.71 190,71 D 20,74 29,74 29,74 29,74
P LORE) .78 .72 .53 .35 g = 3.13 2,98 2.13 1.40
T (0RF) 399,26 319.2¢ 319,26 327 .0 e 97,90 117,00 115,30 129,00
oen 21,42 16,66 £.97 2,40 0 = .00 65411 e, o 14,00
DPR (AY) 2,49 3.98 hotrd 4. 9R N 10,13 16,29 12,20 20,00
noY (4X) 3,92 5.98 .98 4.38 e 1R.00 24,00 231.c0 29,00
NPR (IN) 1.40 1.7a 1,98 b.9n n s 610 a,00 17,00 23,00
s 42,04 35.35 26,20 22,06 noox fa1s 5.20 3.8¢ 3,20
LI 45.0° 45,00 43.00 €5, 0N noow 17,72 17,72 12,93 17,72
LF 39,00 43,00 ©3.00 45,90 noox 1c,35 14493 16,03 17.7>
LF 55, En. 60. 55, . 21.5° 23,62 23,42 21,65
H1 5. 5. 5, 5, . 1,96 1,04 1.06 1.96
H2 2c. »5, 25, 2c. * a.84 3.3% 3. 34 9. 94
H3 cg. 51, 50, 50, . 19.5% 19,73 19,%2 19,63
nAH1 5, Mn 5. 1. . 1,96 an 1,96 1.13
nau? 5. N 7. 5. . 1,36 pn 2,75 1,05
LLITE e, ND 15, 7. . 1.96 NN 5490 5,78
nTTME 240,01 240,51 24C.00 36m, 90 ¢ x Gonn e L fonn
ymE 1.27 1,22 1.22 1.22 S bt word e L.ra
nuAL 33 763 a3 rG3 33-2 £G2  37-1 F1i » a3 063 23 263 122 rR2 A2y Fy
auAL £G3 =3 £2-3 52 32 = 22 *  ro3 o3 £p-3 52 A2 T2 15

o

(=]

(=]

QD 3 D

011



NATE
TURE ARRAY
ARCAY LA
npw
uo
PLATY)
PARF)

- Troan)
neo
nPRIAY)
DRV (M%)
0P8 (M)
PS
LY
LF
LF
H1
H2
H3
DARH1
DRH 2
new3
DTI MT
LIMF
QUAL
QuaL

2 11 75
Al-T
2.5
569,00
3,35
171,83
75
210.93
19.473
GolkR
TesT?
2,47
39.99
43.00
23,30

12.
200.00
ol
32-3 062
32 Cr2=3%

Se

2 11 76
Al1-T
2.5
567,30
24l
101.R83
75
333.15
13.95
4,98
9.3%
«510
33.10
LZ2.070
TR,00

in,
20J.00
L3
12 rG2-2
€C62-3 £2

I. UNITS

2 11 76
Al-T
245
569,70
1.83
191.83
<56
332.04
£.319
Sel
16.93
-%.98
28.96
43.00
41.99
70,
Se
?5.
50,
3.
3.
1€,
3I10.00
o1
r61-CG2
661 F2S1

2 1

Al-
2.5

1 76
T

568,00

1.22

101.83

« 0

330.37

?.929
.38
Q.96
?.99

23 .44
45,00
L5, 00

RO,
Se
25,
LI
3.
5

19.

300,00

ol

32-81 St
S1-52

21

AL-
2.5

1 76
.

569,00

F1

101.493

.19

337.37

1.10
6,68
7.67

an

21.37

4
L

£S.

25,
50.

’.

b
i,

5.00
Y.C0

Lag.tn

o1

31-8>

N&

2 11 75
Al-T
«38
.022
10.01
30.07
2.0
190.00
Thogt
18.00
30.C0
1c.00
£.230
1/.33
14.3¢€

1.3¢
.34
10,53
1.35
.32
be?72
G.0N
1,3¢
32-% G2

B2 €CG2¢%3

2 11 76
AL-T
<93
.022
2.01
3C.07
3.00
140,990
5609
23.00
40.00
?.00
bet?1
15.54
14.96
23 .62
1.35
9.4
13.63
1.18
2.75
3.93
500
1.35
32 €G2-3

€re2-3 =2

FNGLISH

2 11 76
AL-T
.98
.022
e
36.07
2425
135,60
24%e0C
22.(C
6%, 00
-15.6°7
4.20
15,93
1he1%
27.5%
1.96
Q.34
13,868
1,18
3.1
S5eA(
3400
1.39
C61-CG
CGt £2<1

UNITS

211 76
AL-T
.98
.022
LkoGOC
30.07
1.38
135.09
12.30
244,00
40.00
12.C0
o0
17.72
17,72
23,02
1.96
.94
13,68
1.18
1.96
3.33
5.00
1.35
2-21 3t

51-S2

2 11 7¢
a1-7
.98
.22
2.00
3C.07
.75
135,00
4. 00
2h4 30
30,30
24,00
3,10
17,72
17.72
21.6%
1.96
a,3y
19.5%
.78
1.77
2,02
4,20
1.3¢
21-22

MA

111



naTe
TURE ARRQAY
AeRAY L0
npm

U

P(ATY)
PNRF)
T(NOF)Y
nen

NPa (AY)
NPV IMX)
OPR (uN)
og

LI

LF

LF

H1

H2

H3

nany

N8H2

DAHZ
NTIME

ME

QuaL

auaL

2 12 75
A2-1
2.5
£69,00
3.05
191,45
.35
316,49
13.95
2,93
747
1.99
41,37
45,00
42,91
ec,

EO

2%,
50,
M
v D
ND
359,10
e40
33
13 €615

-

D>

2 1?2 7%
A?-T
2,8
560,30
PJlt
101 .46
72
230,37
euf
Zoun
9.ar
1.30
R/ g
L5,.,00
L300
75
5

2%,

12.
420,90
e
33-R22
" Ce1E2

I. UNITS

212 76
AP -7
2.5
S69.0N
1.9%
101.46
«56
332.15
Se48
5.938
16.066
7?49
20,65
42,00
43.00
Bb% .
25.
50.
2.
5.
8.
Tar.n0
40
32-31
13 £1 S?

2 12 7f 2 12 748
AZ2-T 42 -7
2.5 2.5
569,00 £69,00
1.22 of1
101,48 101.LA
3 22
333.15 31%X5,03
?e4Q 1.L9
HeLR fhe.Q7
10,96 8,07
2elt 9y L,03
25451 2340
43,30 LT.00
+3.00 u3,00
65, 53,
5 S
25, 25,
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2 %
Se 4,
L Fe
33c.0n Ian,.rn
bt N
11-3> 91

22-33 51 ©3 St

2
A2

1
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nz

12 74
-7

3 e
[aS JEEVV)
[AVIENRS -}

1e0.r1
29,9¢
2,40
10.930
56,90
16,90
T,
Banr
£ann
17.72
16454
2,50
1.3A
3.9¢

16,54

A0 G
1.31

cos R

32

3

-2
56172

TNGLISH

2
A2

12 76

-7

UNT

2
A?

1

TS

12 76
-7
«93
022
Lo ¢
29.96
1.89
40.C?
10.00
?he B3
R AN
10.50
3.70
1£.,93
16.93
22,59
1.3/
Y.y
19,68
«78
1.26

34185

23,06
A, 00
20,70

3.4l
1,02
1F,93

22,93
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DATE 2 12 7?8 2 12 7¢ 2 12 78 2 12 76 2 12 7k . 212 7+ 2 12 74 2 12 76 2 12 76 2 12 7¢
TUSE AR2AY p7~7 A3-T A3-T A3~T A3~T * A3-T A3-T A3-T 43-7 AZ-T
APCAY LNC ?e5 2.5 2.% 2.5 2.5 * « IR .38 .8 « 38 37
neM 563,07 569.80 69,00 £63.0C cea,rn * 22 022 122 .22 <122
ue ?.7% Palb 1.23 1.22 oF1 . .72 TR § R.C" 400 2,00
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p(nPE) 75 72 «59 4L 22 . 2,00 2.28 24328 1.57 « 38
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nen 2032 21.92 1C.956 hol® 1.99 * 94,30 3%.10 whel 12,C82 R.OC
DFRIAV) Le48 4,93 5.98 £.97 £e97 - 13.710 21420 2LeTH 28,00 28,00
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DPR (UNY 239 1.0°0 2.49 ?.90 Foli B he 172.30 L. 10.0% 12.00 26401
S 42,75 L?2.,75 33.19 20,45 22,05 * 20 fe2N 43¢0 L,2C 3.20
LI 45,07 5.0 45 .00 45.00 5,03 . 17.77 17,72 17.72 17.72 17.72
LF 41.02 L2.0" 45.10 4t .10 45,72 * 1,14 1654 17.72 17.72 17,77
LF Fr. 7N, aE, €2, Ga, * 72,52 27.55 25450 Lol 22427
H1 LS 5 5e S T * 1.35 1435 1.3¢ 1.9 135
H2 2%, 2% ?S. 2S. 2% * A4 e 40 SRl .24 Go e
H3 St. 5N, 50, 53 SN, * 13.28 13,58 1%.78 13,72 19,4°¢
DPH1Y . S 2. 3. 2. * 1.3% 196 let® 1.18 73
nAape 10, 10, Se Se b, * 7.33 1.03 1.9% 1.9¢ 1.7
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NTI™M= Lan,pn 30C.n0 300.00 360400 xgn,no . 2,00 5407 Se L el 5400
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nuaL 33 0/R2-3%  22-3 €G3 1?2 d2-32 1 * 52 £G2-%r R?2-3 757 32 42=71 kB!

NUAL 33 Ch272 22 F3 S?2 73 r1 St 32 S1 21-87 b 3T °G282 23 T2 €2 3T T o851 12 Ty R1=11
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nATE

TUu3E ARRAY
APPAY LNC

npwm

ue
P(AT™Y
P(NRF)
T{nEC)
oen

NPR AV
nev M)
DPR(MN)
PS

17

LF

LF

Hi

H2

H3

NRH1
DAH2
DRH3
NTIME
UMF
QUAL
QUAL

2 12 75
a1-r
2.5
569,20
2.7%
191.0%

>r-
.

313.71
17,43
belg
9.3k
-0.5"7
3Q,939
45 .07
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75,

302,090
«4H

33 CGHZ2S1
CG3 €352

S

212 7F
31-7
2.5

569.00 .

2.4l
171,08
7e
I%e,92
fheals
L
9,9
-0.50C
38,51
45,37
43.09
7N
5.
25,
S0,
5.
in.
12.
300.2"
B

a3 c62
Fr-r2 51

UNTTS

2 12 76
31-7
2.5
569.90
1.°3
101,08
56
241,48
Q.66
5.98
10.956
-1.00
32.10
45.2C
45,00

25,

12.
3gt.00
b

P3-32
n62 S2-3

? 12 75
81-T
245
569.06C
1.22
101,98
U
3uC27
.28
fReaQ7
3.97
L LR
27.58
L5,00

LS, e
60. K

19.
3C0.990
)

S1

2 12 76
-7
2e5
£69.01%
«E1
101.n8
«22
232,71
1,49
6.97
T b?
S, LR
23 bk
Ls,0n
45,019
57.
=

25,

:0.

ENGLTSH UNTITS

2 12 7¢
B1-T

33.0C
2u,00
La,CC
-4e.{C

Le30
17,72
17.72

27.5%

212 76
31-7T
«98
22
LoD
29,45
1.75
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16.00
28,00
3640
13.0¢
4o01
17,72
17.72
23,62
1.95
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19,F8
1.8
1496
3.2

S

1.

n

@

1

1

2 12 7%
31-7
e
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340
17.72
17.72
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T(OPC)
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DPV LX)
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Le

H1

H2

H3

[AlioB
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oBH3
NTIME
UMF
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QUAL

2 13 7%
R2-7
2.5
£69,100
2.7%
190,85
.75
393,15
17,45
2,90
5.99
1,69
37,27
45,00
40,09

in,
15,
?40.07
sl
33 NG1
33 €3 St

Se

2 12 75
37-7
2.5
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2.ty
100,85
« 72
327.59
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boet4
Te47
1.992
I4es7
45.00
L3.00
n,
Se
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50.

7.
1n,
300.0°

2

.
P
"

13
Ry 71 S2

I. UNITS

2 13 76
32 -7
2.5
569,70
1.83
100.85%
)
333.15
L.aR
5.9%
9.96
3.0QR
27.58
45.00
45.00
70,
Se
25,
S0,
3.
Se
7.
300.00

13.
30c.00
b

31-92
2«23 <S1

2 13 76
32-7
2.5
563,010
F1
107.25
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3370
1.7
6,07
Tels 7
Fel 3
22.75
L5.00
4S.CH

~N
= 1 |
.

N N

n

5.
300.09
wun
R
A1 A

213 76
R2-7

<38
.22
9.92
?9,7¢&
3.00
as,.ae
S4.00
1F.20
24400
R.OC
Se4”
17.72
10,75
?5.,50
1.36
9.34
19.5%
1.4
2,37
f.310
L.ne
1.31

33 061
33 £3 St

2 13 75
32-1

022
.01
?9.73
?2.88
133,010
403,09
18,00
33400
8,07
.00
17.72
17,973
31.49
1434/
Q.8
19.53
1.183
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3.97%

THGLISH

2 13 76
32-7
.94
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5.00
23,78
2420
147,00
27 .40¢C
4. 0C
La.aeC
15,7C
4. 30
17.72
17.7
27.8¢
1,9¢F

UNITS

213 76
R2-T
«C22
Lo.0N
29.78
1.A"
153,29
10.°0
25. 00
43.C0
14,090
3.50
17.72
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25.53
1,94
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19,68
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1.495
$.73
a8
1.%1

ny{a37

17-33 31
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ay
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T{NRF)
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DPV (Mx)
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PS
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3
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H2

H3
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DeH2
neH3
nYIME
UMF
auaL
auaL

2 14 75
A3.T
2.5
&63,0n
2,75
171.1°?
.75
304,15
3,95
4,93
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2,41
317,23
45,21
Lr, 20

7C.

1%,
230.0Nn
bt
]T
33 06273

Se

2 14 78
A=
2.5
569,01
2.6t
101.12
.72
333,15
9.46
.98
9.95
n
W47
LE.00
62,070

240,00
«F1

33 €61
33F3-2S1

T. UNITS

2 14 75
13-7
2.5
569,00
1.23
101.12
56
333.15
tL,.93
FoltB
7.07
2.49
29.65
45.00
u5.C00

.
2/0.00
51

22
13 S1=S2

2 14 76
33-T
2.5
569.00
1.22
101.12
« 37
32L.22
2.99
EolR
8.96
3,90
?he89
L5,.,70
45,00
6,

?S.
50.
2.

5.
4/N, 00
.61
31-82
R3 S1

2 14 76
13-T
2.5
56Q,0Q0
€1
101.12
.19
331.48
1.C0
R,Q7
7.L7
Folsn
5413
45,00
45.,n¢0

IpN.00
F1
R1 1

NA

¥

33
33 ©G2-3

£

2 1% 76 2
B83-T 23
«93

022

3.71
29,35

2438
140.00 1
ZR,CD
23.450

40,00

2 9

n
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De
17.72
16454
27.5%

1.15

CSETA
13,53

1.1%

1.25

2,153

4430

2.09
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33£3-251 a3

NGLTISH

14" 78
- T
.98
.022
.00
29436
2425
40.0¢C
20.70
22.03¢C
32.0¢0
17.C0
4.30
17.72
17.72
25,37
1,9F
J.34
19,58
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[

a

« 3F

-
o}

UNITS

2 14 76
EXE R
<08
022
4.71
23488
1.50
125,30
12.09
?2h,30
43.06
16.00
3.90
17.72
17.72
23.62
1,96
.84
19,¢3
« 73
1.1%8
1,95
2.00
2.00
11-132

27 S

? 16 76
23-T7
«38
<072
2.0
23,86
o 75
137.00
4,00
22,87
2.0
26,080
T,ET
17.72
17.72
20447
1,98
ERRI

19,F8

1.12
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21 F1
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DPM
uo
P{aATv)Y
PIOR™)Y
T (NRF)Y
npn

PR LAV)
0PV IMX)
NPR (MN)

L)
LI
LF
LE
H1
He
HZ
08H1
neHe
ORH3
NTI NS
UMF
QuaL
QUAL

2 14 75
C1=-7
2.5
569,00
?.75
101,12
75
222404
3.95
4,99
Toel?
2.99
35.15
45,20
43.20

70

L20.00
o1

33 CG1
33 £62¢®

Se

2 1L 76
C1=-7
2.5
569,10
2ol
101.12
«78
BUS IR
9,46
4.38
7.97
2.49
67.57
L5.10
42,78
70.
5.
?25.
57
T,

5.
IR0.00
i
83-2 C61
rfG1 £1S2

I. UNITS

2 14 76
c1-7
2.5
563,00
1.423
101.12
.59
47,00
6.L%
5.48
3,95
510
30. 34
45.09

2.
Se
8.
200.00
40
33-2 Cn1
32 C61S1

o o

2 14 74
c1-7
2.5

569,00
1.22
101.12
o4l
Juu.?6
?.939
fo4R
3.97
3. u0
25.51
4wl 20

44,00

2 14 76
Ci-7T

<38
«N22
q.,n?
23.86
3.0¢0

120.00

Ln.00o
2C.0C
30,90
12.3°¢C
G110
17.72
1£.933
27.55%5
1.3F
9,24
13.58
1.3%
1.9+
1.3/
7.70
1.21

83 NGy
33 CG2-2

2 14 75
Ci1-7

.38
«N22
fe71

29.36
3.13

155.30

33.°0

CGL Fis

ENGLISH

1.%1

33-2 "Gt
33 £6151

UNITS

2 14 76
C1-7

«38
022
be GO

28,35
1.75

1530.0¢8

12.00
26,00
36,00
14,00
3.70
17.3?
17.32
25,53
1.96
9, R4
19,73
.73
1.96
1.9%
5,00
1.31

12-11
SRR
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LI

LF
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H1

H2

H3
nBH1
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UMF
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2 14 78
c2-7
2.5
£69,00
2.75
101.17
.75
316.49
14.94%
4o AR
hea,Q7
2.99
T6. 54
45,00
42,00

70,

L20.70
45
33 "6
33 €61

Se

2 14 76
ro2-v
2.5
569,010
2.lts
10t.12
o 72
326.448
6.27
5.48
5,98
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?8.96
L7.00
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Se
2c,
51,
3.
5.

7.

420.10
<35
A2-P3

nr S1

I.

UNITS

2 1L 76

430.60
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22-1 061
33 S1

2 14 7%
G?2-7
2.
569,00
1.22
101.12
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2.92
F.3R
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5

% .98
2b.12
47,00
47.00

62,
5.
25,
£n
2e
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Se
3oL 0N

.95
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L= SN == v R B~ )

[ === % B = - B s B |
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2 14 7¢
n2=-T
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022
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237
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6L 00
20,30
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12.0¢C
5.30
17.72
1h.50
27.5%
1.9%
a,a4
19,52
1.356
1.34%
1.356
7.010
1,49

27 G2

33 061

2 14 76
n2-v
.29
.022
2,01
29.86
2.83
123,01
28,00
22.00
26,09
12,09
4.20
19,50
12.59
28,34
1.95
9,34
19,64
1.18
1,95
2.75
7.00
3.12
32-43

33 51

ENGLISH UNITS

2 14 76
cz2-7
.98
«022
5.00
29.86
2.8
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2540C
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24,00
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18.50
13.5¢C
27.55%

1,96

.15
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3.12
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33 31

2 14 76
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4,00
23,86
1.75
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12.C0
24,28
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3.50
18,59
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1.95
Je 34
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«79
1,27
1.96
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3,12

R
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(=]

D D

[
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LF

LF
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H2?

H3
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DTIME
umE
QUAL
QUAL

2 14 75
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2.5
£67.0"
2.75
101.1?
«79
313.26
17.9%
bobt
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3.9%8
37.23
45,99
42,130
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Se

25.

ol
3*=-2 €61
3T £3C6G2

Se

2 1% 76
C3-T
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569.00
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101.12
72
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2.99
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hte
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25,
50.
e
Se
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300.00
40
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B3 E2 S1

UNITS

2 14 76
C3-T

569.10

1.33

101.12

<56

333.15

7,97
5.48
£.48
2.69

28.96
45.00
43.00

300.00

Ll

32-133
13 =2 S2

2 14 76

C3-7

2.5

569,00
1.22

101.12

b1

33,71
.49
5.98
Fol R
.08
2LoR2
45.00
45,00

69.

5.

25,

50.

?e

b

6.

3on,0n

4t

31
B3 S2

2 14 76
£3-T

2.5

569,00
«F1
101.12
22
338.71
1.L9
[
GJlR
BJlLR
22.0h
45,09
45,90
58,
Se
25.
5P,
L,
5e
363.00
Ju

R1 F1
32

33%-2

2 14 75
C3=-7

«38
022
9.32

29,86
13

11%.,3¢

72.30
1R.3C
20.06
16,90
Sedl
17.72
154
?27.55
136
9,34
19,58
1.18
1.36
3.33
Lol

1.3%

PGS
B2 F3062

130.09

34,30
20.00
37.90
12.20
450
17.72
15.3%
2362
1.96
Feql
13,48
1.18
1.85
2.75
Se17
1.71

32-133
22 s1

ENGLISH

2 14 76
C3-T

13.0¢C
a2
17.72
1R.3%
25.50
1,94
.74
13,58
1.18
1.57
2+3F

1.31

32.13

2 32

UNTTS

2 14 76

C3-7
)
«02?
boeDN
?3. R4
1./3
150.76
14430
44,00
26,00
4.00
3.60
17,72
17.72
23.¢62
1.%6
.84
19.43
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2438
GelD
1.7%1

3
33 S2

611
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TURE AR2AY
ARPAY tOC
news

ue
P{AT™)
PInoOF)
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nen
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DPV (M4X)
AP (4N)
o

LI

LF

LF

H1

H2

H3

neHq
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pAH3
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LIS
nuaL
nuaL

2 16 75
FMPT
Ma
13273,.,00
2,78
103.75
«R7
333.16
15,94
3.92
Seled
1.92
37.272
27,089
27,07
Le,

[~
.

2%
“C.

=l

1%,
N
2n%.0"N

.91

vl
‘A

Z
™

Se

?2 1A 76
FMPT
NA
1379,9"
2ells
100.7%
7R
RS IS
10.u4F
2,9R
.97
1.49
31.0%
27.3%
27.00
L.

4
e

15,
30.
3.
13.
20,
183,17
<91

S2=S7*
A

T. UNITS

2 16 76
eMoT
NA
1379.C0
1.R3
100,75
«5Q
341,48
ReQ7
3.49
4,93
1.99
2,20
27.80
27.70
2.5

(=3

15,
30,

7
1.
18C.10

<2
A

? 16 76
EMPT
NA
1379, n0
1.22
170,78
P
62,59
7. 0Q
7,49
3.98
?.9a
20,58
27.0¢
27,00
34,

e

15.

2 16 75
FMpPT
M
1379,00
.91
107,75
2
339,71
2,a8
2,4Q
3.9
3,49
17,71
27.00
27,60
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1
a1 F1

NA
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v
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z
=

ENGLTISH UMITS

2 15 7¢ 2 16 76

cMPT £MPT
N A Na
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5.10 4e0C1
?3.75 22,75
2,728 1.23
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22,0¢C 12.°0
1se20 14,00
23400 15.00
9.00 12.00
3.2C el
17.F3 154h3
12.A3 13.,3
1327 11.601
1.0/ 1.946
el 5693
11.81 11.71
1.1° o7 R
2,75 24 3F
Se0C 4072
3400 3.77
P10 230
o4 T3
A A

2 1R 7¢
TupY
A
RLLTA
2,30
23,75
1,13
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16,77
1,00
1u,0r
1o 7D
2,30
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10,57
11,51
1,74

.90

31 Pt

A
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ARPAY LI
npM
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P{NRF)
T(ORF)
nep

PR (AV)
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PR {UNY
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LF

LF

H1

H?

HZ
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NeH3
NYIMS
UME
QUAL
nuaL

2 16 76
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MA
1273.041
2,75
100.7%
4

338,71

13.45
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13.92
-hHhe23
19,99
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46407
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5.

25,
57,
S

12.
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120,08
a1
S3 F?

NA&

o
D

2 16 76
IMPT
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1379,0¢
2440
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« A1
346,76
13,45
SR
14.96
-4%.38
35435
L6.0C
66470
Al
Se
2

50,
7.
30,
!‘Q.
18€.00
« 31
<3
NA

Te UNITS

2 16 7%
EMOT
MA
1379.10
1,83
100.75
h2
34426
747
Aol
1R.6%
“2.49
29,65
4o 00
4E. 0D

2 18 74
E4PT
NA
1379,00
1.22
100.75
ol
6L ,2F
3,40
5 .3R
9,386
2.79
26,13
bhe NC
4h.0C
55.
5.

~N
1]
.

B3]
S
.

W
.

|y
bl

2 16 75
FMPT
N
1779.00
.91
100,75
2
4,26
1,09
5,48
[
EabiB
22.06
GELTD
LELND

2 16 74
EMDT
NA

LETA

9.27

S* 2
NA

2 16 76
FMPT
NA
.T5%
L
29,75
3.25
157,03
54490
25430
ACLD
-720.83
5,720
19,11
13.11
23462
1.95
2,34

Q

o

13,

2

J1

1.

~ w o~
g

N A

FNMGLISH

2 16 7¢
FMET
N4

UNITS

216 7%
EmpT
NA

121



DATFE
TUBE ARRAY
ARPAY LOC
Opw

ue
P{ATYY
PLORF)
T(ORF)
opPn
OFR{AV)
NPV (4X)
AP’ {MN)
PS

LI

LF

LE

H1

H2

H3
DRH1
aRp?
DAH3
DTIM=
UMF
QuaL
QUAL

2 16 75
c2-r
1=,
549,00
2,75
100,84
.78
309,25
14,9y
1.69
1,49
1.49
33,110
22,00
13,49
MD

[
~ e

25,
50.
ND
NN
ND
300,00
«GN
32

31 =3

Se

2 16 7%
C2-7
15.
£RJ.00
2ol
100,889
«7?
24,22
11.46
2449
2.49
2.49
28,36
23.00
21.00
MO
5.
25,
50,
ND
N
ND
20r.00
58
13 ret

NA

I. UMITS

2 16 76
ce=7
15,
569.00
1.%3
10G.R8
.59
33%.93
.98
2.93
?.99
2993
24413
23.00
23.00
45,
5.
25,
4C.

3.

Se
A

42C .00
56
32 st
NA

2 16 74
c2-7
15.
56S.00
1.22
10C.75
ol
335,93
2. 4Q
2,98
3.98
3,98
22.0¢
23.9C
23.00C
42.
Se
7?5
L,
2.
5.
S
3en. 00
o5 0
a2 St
MA

2 17 76

N2=T

1

5
56¢.09

19¢.°3
22
335.032
1.0°7
3.49
3.98%
2, L9
18,62
23.00
23.09

2
c?

MO

ND
NO

NPT

a3
31

16 7¢
-7
5.30
N2z
9.0?
29,79
3.13
a7,96
650,00
£a20
5,00
6400
4.80
Q,JF

740

1.73¢

9,84

10,517

5.0

1eRls

F3

2 16 75
c2=-7

N1
1.96
9.8y

18,68

l]n

N?‘}

NA

ENGLISH UNITS

2
c?2

1

CF

A A

16 76 2
-T c2
5.90

«022

B.00
293,79

228
L5.,NC 1
24470
12.C¢C
12.0¢C
12.70

2.50

J.156

A. N6

17.71

[
1e)
™

£

O

1%,

e
.

O - 0~

N »®» &

N

o 1€

~N
.
[
(=]

150

16 75
-T
.90
«022
L, 00
23,75
1.63
45.C 8
14,00
15,700
1lo.0C
16.70
3.20
3.06
a,np
16,63
1.9¢
9,34
15,74
1.13
1.736
1.9/
felG

1.64

221



DATE
TUBE ARRAY
ARRAY LOC
oPH

uo
P(ATM™)
P(ORF)
TIORF)
oepo

oPR (AV)
nev Mx)
OPB(MN)
L

LI

LF

LE

H1

H2

H3

08H1
D8H2
naxH3
OTIME
UMF
QUAL
QUAL

2 16 75
c2-1
15.
563,00
2,75
100.88
*RG
335.93
14.94
2.49
2.99
2.49
37.92
45,00
39.400
ao.
5.
25.
50.
ND
NO
NO
240.00
43
83
€3 S3

Se

2 16 76
cz-71
15.
569,00
2kt
100.88
77
332.04
13.45
3.49
3.98
2.99
365,42
45,00
43.00
85,
Se
25.
50.
ND
ND
ND
?60.00
48

B3
£3 S1-S3

I. UNITS

2 16 76
c2-T
15.
569,00
1.83
100.78
«59
338,71
6.97
4.98
5.48
bo4B
282.69
45.00
45.00
30.
5.
25.
50.
3.
S5e
LY
300.00
48
R2
B3 E1 S1

2 56 76
cz2-1
15.

569,00
1.22
100.88
b1
344,26
2.99
5.98
7.97
3.49
24.82
45,00
45,00
70.
5.
25.
50.
5.
8.
5.
360.00
N
82-81 S1
B2-83 S1

2 16 76
c2-7
15.
562.00
«f1
100.38
22
338.71
1.00
6.97
Teb7
6.48
22.06
45.00
45.00
69,
Se
25.
50
7.
5
7.
360.00
o8
Bl S1
NA

2 16 76
ce-1
5.90
«022
9.02
29,79
3.38
145.00
60.00
10.00
12.00

10,00

5.50
17.72
15.35
35.43

1.936

9.84
19.58

2
c2

1

ND
ND
ND

E3

16 76
-T
5.90
«022
8.01
29.79
3.190
38.00
S54.00
14.00
16.00
12.00
53.00
17.72
16.93
33.46
1.96
9.84
19.68

S1-53

1=
4

2
c2

1

32
83

NGLISH

16 76
-7
5.90
.022
6.00
29.79
2.38
50.00
28.00
20.00
22.00
18.00
41,00
17.72
17.72
31,49
1.96
9,84
19,58
1.18
1.96
3.15
5,00
1.57

£1 sS4

UNITS

2 56 76
G2-T
5.90
«022
4.00
29.79
1.63
160.00
12.00
24.00
32.00
14.00
3.60
17.72
17.72
27.55
1.96
9.3¢4
19.68
1.96
3.15
1.96
6.00
1.57

32-81 St
32-83 S1

2 16 76
c2-7
5.90
022
2.00
29.79
.38
150.00C
4.00
28.00
30.00
26.00
3.20
17.72
17.72
23.62
1.98%
9.84
13.6R
2.75
1.96
2.75
6.00
1.57
31 S1
NA

€21



OAYE
TUBE ARRAY
ARRAY LOC
oPM

uo
PLATM™Y
PLORF)
T (ORF)
oPn
DPR(AY)
oPV (X))
DPB (MN)
PS

LI

LF

LF

H1

H2

H3
DBH1
D8H2
BBH3
DTIME
UMF
QuUAL
QUAL

2 16 76
c2-7
15.
1379.00
2.75
100.88
«78
330.93
12.95
2.99
2.99
2.99
31.03
23.00
22.00
“8.
Se
30.
40.
3.
9.
7.
360.00
1.00
32-9%
NA

S.

2 16 76
c2-71
15.
1379.00
2.44
100.38
.81
338.71
11.46
2.99
2.99
2.99
296.48
23.00
23.00
60.
S5
30.
50.
Se
T
I
300.00
1.00

Na

I. UNITS

2 16 76
C2-T
15.
1379.00
1.83
100.88
«62
347.04
5.98
2.99
3.49
2.99
26420
23.00
23.00
41,
5e
20.
L1\
Se
Be
Se
240.00
1.00
71-132
NA

2 16 76
c2-7
15.
1379.00
1.22
100.88
«37
330.37
2.99
3.49
3.49
299
20.58
23.00
23.00
31.
Se
20.
30.
8.
Se
Se
180.00
1.00
11 F1
NA

SO 2 0 90 0 0 o o 0 o0 o o

2
c2

1

a2
NA

16 786
-7
5.30
«054
9.92
?29.79
3.13
3€.00
52.00
12.00
12.00
12.00
4.50
9.06
8.66
18.%9
1.96
11.31
15.74
1.18
3.54
2.75
6.00
3.28
-B3

2
c2

1

B2
NA

15 76
-7
5.90
.054
8.01
29.79
3.25
50.00
“6.00
12.00
12.00
12.00
43.00
9,06
9.06
23.62
1.96
11.81
19.6%
1.96
2.75
2.75
5.00
3. 28

ENGLISH UNI

2 16 76 2
c2-1 c2
5.90
« 054
6.00
29,79
2.50
165.00 1
24.00
12.00
14.00
12.00
3.80
9.36"
9.06
15.14
1.96
7.87
15.74
1.96
2,386
1.96
he 0O
3.28
31-32 31
NA NA

TS

16 76
-T
5.90
«N54
4.00
29.79
1.50
35.00
12.00
14.00
14.00
12.00
3.00
9.06
9.06
12.20
1.96
7.87
11.81
3.15
1.96
1.96
3.00
3.28
F1

a0 0 0O 0 0 0 o ™" o oo

¥t



Se I. UNITS ENGLISH UNITS

DATE 2 16 76 2 16 76 2 16 76 2 16 76 2 16 76 * 2 16 76 2 16 75 2 16 76 2 16 76 2 16 76
TUBE ARRAY c2-7 c2-71 c2-T1 c2-1 c2-T1 * ca2-71 c2-71 c2-r c2-1 c2-7
ARRAY LOC 25. 25. 25. 25. 25. * 9.84 9.84 9.84 9.84 9.864
oPH™ 569.00 569.00 569,00 569.00 569.00 * 022 « 022 «022 022 «022
uo : 29.79 2.44 1.83 1.22 .61 * A7.74 8.01 6.00 4.00 2.00
PLATY) ) 10.60 100.38 100.88 10%.88 100.88 * 3.13 29.79 29.79 29,79 29.79
P{ORF) 32.38 78 «56 o b1 «20 * 130.00 3.13 2425 1.63 «80
T{ORF) 286,49 333.15 335.93 344426 341,48 * 56,00 140.00 145,00 160.00 155.00
opPn 3.93 11.95 5.98 2.99 1.49 * 16.00 48%.00 24400 12.00 6.00
oPR(AV) LY. ) 3.49 5.98 6.48 6497 * 18.00 14,00 24,00 26.00 28,00
0PV (MX) 443 4,48 7.97 9.96 .47 * 18.00 13.00 32.00 40.00 364,00
DPR (MN) 2499 3.49 2.49 2.99 4.48 * 12.00 14,00 10.00 12.00 18,00
PS 37.23 35.16 27.58 24,82 23,44 * S5.40 5.10 4.00 3.60 3.40
LI 45,00 45,00 45.00 45.00 45.00 * 17.72 17.72 17.72 . 17.72 17.72
LF 40.00 42.00 45.00 45.00 45,00 * 15.75 16.54 17.72 . 17.72 17.72
LE 9o, 30, 80, 70. 62, * 25443 35.43 31.49 27.55 24,40
H1 Se Se 5. 5. Se * 1.36 1.96 1.96 1.96 1.96
H2 25, 25, 30. 33. 30. * 9.84 9.84 11.31 11.81 11.81
H3 50. 50, 50, 50. 50 * 19.58 19.58 19.68 19.68 19.68
DBH1 10. 8. 7e 19. 7. * 3.93 3.15 2.75 3.93 2.75
DBH2 ND ND Se 7. Be * ND NO 1.96 2.75 1.95
DRH3 NO NN 7. 6 Se * ND ND 2475 2436 1.96
DTIME 360,00 249,08 240,00 360,00 300.00 * €.00 4.00 4.00 6,00 5.00
UmrF 40 40 40 40 LY * 1.31 1.31 1.31 1.31 1.31
QuaL 33 33 33-32 32 R1-82 St * 83 83 R3-n2 82 31-82 St
auaL 33 ©3 S1 83 f£2 S2 22 51 NA NA * B3 £3 St B3 f2 S2 82 St NA NA

21



DATE
TUBE ARRAY
ARRAY LOC
nPm

uo

P L(ATHY
PLORS)
T {ORF)
apn

DPR (AV)
0PV (uX)
oPR(MN)
PS

LI

LF

LE

H1

H2

H3

s2.1.D1
DRAHZ2
NBH3
DYIMT
UMF
QuUAL
QUAL

3

m

2 16 76
c2-1
25.
569,01
2.75
101.57
.75
310.9%
12.95
2.99
2.99
2.99
32,61
23.00
23.00
ND
5.
30.
50.
Mn
NO
ND
180.00
Jun
3 st
2

Se

2 16 76
c2-7T
25,
569.00
2elttls
101.52
72
327.59
8.97
2.99
3.49
2.99
30.34%
23.00
23.00
0.
Se
3C.
S0,

12.

7.

NO
240,00
48
23 351
£1

I. UNITS

2 1

c2-

25,

6 76
T

563,00

1.%3

101.52

«59

335.93

6.97
3.49
b.0u3
2.99

27.58
23.00
?3.00

60,
10.
30.
50.
10.
He

8e

240,00

Ly

R3-32 S?

2 16 76
c2~7
25.
569.00
1.22
101.52
Rl
338.71
2.99
holh8
L.98
3.98
23. 44
23.00
23. 00
2.
10.
30.
40.
15.
8.
Se
240,00
UL
B2 S2
N8

2 16 76
c2=-7
25.
569.00
«€1
101,52
«20
335.93
1.00
3.98
LAY
3.49
20.68
23.00
23.080
26,
10.
?5.
30.
Se
Be
5
240,90
L]
21 St
Na

216 76
c2-7
9.34
«022
9.02
29.98
3.090
100.00
52.00
12.00
12.00
12.00
4.70
9.06
9.06
NO
1.36
11.81
139.58
ND
ND
ND
3.00
1.57
83 St
E2

2 16 76
c2-7
9.34
«022
3.01
29.98
2.88
13¢.00
36.00
12.090
14.00
12.090
bola0
9.06
9.06
27.55
1.96
11.81
19.68
b,72
2.75
ND
4.00
1.57
A3 <1
F1

ENGLISH UNITS

2 16 76
cz2-71
9,804
.022
6.00
29.98
2.38
145,00
28.00
14.90
15.00
12.00
4.00
9.06
3.06
23.62
3.93
11.81
19.68
3.33
2,36
3.15
beOO
1.57
83-82 <2

2
ce

1

a2
NA

16 76
-7

9,94
$022
4,00
29.98
1.63
50,00
12.00
18,00
20.00
16.00
3.40
9,06
9.06
16453
3.93
11.81
15.74
5.90
3,15
1.96
4.00
1.57
s2

2 16 7¢

c2~-7
9. 84
022
2.00
23%.98
«80
145,00
4.00
16.00
18.00
14.00
3.00
9.06
9.06
14.17
3.93
9.84
11.91
1.96
3.1%
1.96
4.00
1.57

31 S1

NA

921



DATE
TUBE ARRAY
ARRAY LOC
oPM

uo
PLATM)
PIORF)
T(ORF)
oen
oPB(AV)
DPV (MX)
oPB(MN)
Ps

LY

LF

LF

H1

H?

H3
0BH1
08H?2
NBH3
ODYIME
UNF
QUAL
QuUAL

[— I~ T — R - N = T — R — N — R B T — I — ]

Se

2 16 76
c2-T
25,
1379.00
2eb4
101.52
-1
347.04
13.95
3.49
4.98
2.99
37.23
45.00
«3.00
80.
5
30.
50.
LY
ND
ND
360.00
.91
33 S1
A3 st

I. UNITS

2 1

7 76

C2-7

25,

1373.00

1.83

100.64

31

«57
6.48
8.47
L.%8
5.98
2.99

30.3%
45.00
45.00

L1
i0.
40,
60.
15.
7e

7e

360.00

32-

«91
83

23 st

2 17 76
c2-7

25.

1379.00

1.22

100.64

«37

330.37

2.99
5.98
bel48
5.48

24,13
45.00
45.00

60.
10.
30.
50.
7.
Se
be

360,900

«91

B1-932

NA

2 17 76

c2-

25.

T

1379.00

91

100.64

«28

330.37

1.99
5.98
5.98
5.98

22.75
45.00
45,00

51.
10.
30.
50.
2
3.
Se

360,00

91

21 F1

NA

O O 2 0 0 O 60 0 0 O o o

2 16 76
c2-7
9.84
« 054
8.01
29.98
3.38
165.00
56.00
14,00
20.00
12.00
S.40
17.72
16.93
31.49
1.96
11.81
19.68
3.15
ND
ND
6.00
2.99
B3 S1
83 sS1

ENGLISH UNITS

2 17 76
c2-7
9. 84
«054
6.00
29.72
2.30
110.00
34.00
18.00
24,00
12.00
4,40

17.72:

17.72
33.07
3.93
15.74
23.62
5.90
2.75
2475
6.00
2.99
82-83
83 St

2 17 76
c2-7
9.84
«054
4,00
29.72
1.50
135.00
12.00
24.00
26.00
22.00
3.50
17.72
17.72
23.62
3.93
11.81
19.68
2.75
1.96
1.57
6.00
2.99
B81-82
NA

2
c2

1

31
NA

17 76
-7
9,84
«054
2.99
29.72
1.13
35.00
8.00
24.00
244,00
24,00
3.30
17.72
17.72
20.07
3.93
11.81
19.68
«78
1.18
1.96
6.00
2.99
F1

L2t



DAYF
TURE ARPRAY
ARRAY (LOC
DPM™

ue
PL{ATY)
PIORF)
T(DRF)
nePn
DPR(AVY
0PV tMX)
OPR (MN)
PS

LI

LF

LE

H1

H2

HZ
0PHl
0PH2
DBH3
OTIME
UMrF
QUAL
QuaL

2 17 75
c2-t
25,
1379.60
2.75
100,64
.73
319.26
11.45
2,99
2.99
2.99
35,85
23,00
23.09
50,
10,
30.

50
[}

5e
MO
240400
.94
33-72
£1

Se

2 17 76
C?2-7
?5.
1379.00
2.lls
100.60
31
338.71
11.46
*.t9
.98
2.49
37,78
27,00
23.00
51
10.
30.
4.
10.
Se
7.
180.00
<98

33-n2 g1
NA

I. UNITS

217 76
c2-1
25.
1379.20
1.83
100.654
<59
341,48
5.98
3.49
4,94
2,99
27.58
23.00
23.00
45,
10.
30.
40,
12.
Se
4.
24C .00
.23
12 St
MA

2 17 7¢
cz2-v
2%.
1379.00
1.22
100.64
b1
340,37
2.99
3.49
3.98
3.49
22.75%
23.900
23.00
35.
10.
25.
50.
R

ND

ND
140.00
«9R

R1 A2
NA

Q0 0O 0 o 0 o o o0 0 e o

217 76
cz-71
9.34
«054
9.02
29,72
3.13
115.00
46,00
12.90
12.00
12.08
5.20
9.06
9.06
19.568
3.93
11.8%1
19.58
3.15
1.36
ND
4.00
3.22
B3-B2
E1l

2 17 75 2 17 76
c2-v c2-71
9.84 9.84
<054 <054
R.01 5.00
29,72 29.72
3.25 2.38
150.00 155,00
46.00 24400
14.00 14,00
16.90 20.9¢
10.00 12.60
4490 4400
9.06 2,06
9.06 9.06
23.52 17.71
.93 3.93
11.81 11.81
15.74 15.74
3.93 4.72
1.95 1.96
2.75 1.57
3.00 “.00
3.22 3.22
83-32 St B2 =1
NA NA

ENGLISH UNITS

2
c?

1

ND
NO

81
Ng

17 76
-7
9.84
« 054
L.00
29.72
1.63
53.00
12.00
14.00
16.00
14.00
3.30
9.06
9.06
13.78
3.93
9.84
19.68
3.15

3.00
3.22
32

0o 0O o o O o 9O o o o o o

821



DATE
TURE APRPRAY
ARPAY Lor
oPM™

uo
P{ATH)
P(NRF)
TIORF)Y
ner

oPB (AV)
DPV (MX)
NPRIMN)
PS

LI

LF

LE

H1

He

H3

NARH1
nNRH2
nRHy3
DTTME
HMF
nuaL
nuUaL

2 17 75
c2-7
25,
1379.00
2.75
100.64
78
333.71
13.45
2.39
3.49
?2.49
35.85
31.07
29.010
65
10.
5.
0.
15,
7.
M
360.019
.9a7
32
£

Se

2 17 76
ce=-7
7?5,
1379.010
2.bb
100.64
.78
Jub.?26
10,95
3.40
hets8
2.99
31.03
30.00
30.30
55,
10,
“0.
50.
17,
5.
N7
1RO, 00
<97
13-82 S1
N &

I. UNITS

2 17 76
ce-1
2%.
1379.00
1.%3
100.64
59
345,37
SelB
3.93
4.98
2.99
27.58
30.00
30.00
50.
ic.
3e.
4=,

2up.00
<97
32-31
NA

21

c2-

25.

7 76
T

1379.00

1.22

100.64

S

344,26

2.9
3.98
L.k
3.69

22.M6
30.80
30,00

4n.
15.
30.
50.
1.
Se

ND

300.08

.97

31-An2

NAa

QO 29 90 0O 9 0o 939 o0 o0 o0 o o

217 7¢
c2-7
9.84
<054
9.n2
29,72
T.13
150.00
564,00
12.10
14,00
10.00
5.20
11.81
11.42
25.59
.33
13.78
19.58
.30
?.75
ND
6.00
3.1%2

2
c?2

1

ND

83-82 S1

NA

17 76
-7
9.84
L\ 054
8.01
29.72
3.13
60.00
44,90
14.00
18.00
12.00
4.50
11.81
11.81
21.65
3.93
15.74
19.63
3.93
1.96

3.00
3.18

ENGLISH UNITS

2 17 76
ce-71
9.84
054
6.00
29.72
2.38
162.00
22.00
16.00
20.00
12.00
4.00
11.81
11.581
19.68
3.93
11.31
17.71
2.75
1.986
1.57
4.30
3.18
B2-31
NA&

2 17 76
ce-71
9.84
- 054
4.00
29.72
1.63
160.00
18.00
16.00
18.00
14.00
3.20
11.81
11.81
15. 74
5490
11.81
19.68
3.93
1.96
MD
5.00
3.18
/1-32
NA

O O 0 O 0O 0 a9 0 0o 0 O o

621



DATE
TUBE ARRAY
ARRAY LOC
opPM

uo
PLATM)
P{ORF)
T (ORF)
opPn
OPB(AV)
DPV (MX)
DPB (MNY
PS

LY

LF

LE

H1

H2

H3

neH1
DBH2
DBH3
DTIME
UMF
QuaL
Quat

2 17 76
B2-S
15.
1379.08
2.75
109.64
o783
319.25
8.97
4.948
5.98
3.9%
33.11
43.00
43.00
72,
10.
25.
50.
Se
7.
7.
360,00
31
B2 £G2
32-33

Se

217 76

B2~

15,

S

1379,00

2ol

100.6%

«78

3u1.48

6.97
S.48
6.97
3.9%

30.3%
43.00
43,00

65,
190.
25.
50.
ND
Se
e

3ne.00

.81

R2 £G2-1

NA

I. UNITS

21

7 76

82-S

15.

1379.00

1.83

100,64

«59

341.48

beb3
Se&8
598
4.98

26.20
43.00
43.00

S8,
10.
30.
50.
10.
Se

Se

240.00

32-1
NA

<81
CG1

2 17 76
82-S
15.
1379,100
1.22
100.64
1
361,48
2.49
bols8
8.97
4.98
24,13
43.00
43.00
60,
10.
30.
50.
L
S.
5.
240,00
.81
B1-2 061
NA

2 17 76
82-5
15,
1379.00

o1
100.66
.28
361,48
1.49
548
5.48
5.4R
22.06
43,00
63.00
50.
10.
25,
59.
3.
5.
3o
300.00
a1
81 F1
NA

217 76
82-5S
5.30
«054
9.02
29,72
3.13
115.00
36.00
20,00
24,00
16.00
4.80
16.33
16.33
2B.34
3.93
9.84
19.58
1.96
2.75
2.75
6400
2.66
82 CG2
B2-83

2
B2

1

ND

B2 CGe-1

NA

17 76
-S
5.90
«054
3.01
29.72
3.13
55.00
28.00
22.00
28.00
16.00
bol40
16.93
16.93
25.59
3.93
9.84
19.63

1.96
1.57
5.00
2.66

ENGLISH UNITS

2

17 76

82-s

1

82-1 CG1

NA

5.90
« 054
6.00
29.72
2.38
55.00
18.00
22.00
24,00
20.00
3.80

16,93

16.93
22.83
3.93
11.81
19.68
3.93
1.96
1.96
4.00
2466

2

17 76

82-3

1

21-2 CG1

NA

5.990
« 054
4.00
29,72
1.63
55.00
10,00
26.00
36.00
20.00
3.50
16.93
16,93
23.62
3.93
11.81
19.68
3.15
1.96
1.96
4.00
2.66

2

17 76

32-5

1

31
NA

5.90
«054
2466
29.72
1.13
55.00
€.00
22.00
22.00
22,00
3.20
16.93
16.93
19.68
3.93
9.84
19.68
1.18
1.96
1.18
5.00
2466
1

oet



DATF
TURE ARRAY
ARRAY LOC
nem

ue
PLATY)
P(ORF)
T(NRF)
open

0PR (AV)
PV (MX)
0P8 (4N)
PS

LI

LF

LE

H1

H?

HZ

NRH1
ORH2
nau3
NYIME
Umr
nuaAL
QuaL

2 17 75
az2-s
15.
1379.00
2.75
110.54
8’7
333.71
9.95
?.99
2.33
24493
23.10
23.019
23.00
60,
10.
xn,
50.
MDD
7.
ND
2u0.00
.91
17 762

1

2

32
15
13

1

2

50
10
25
sn
B
Se
NP

?

83~
MA

Se

17 76
=S
o
79.00
2obls
00ehL
81
47,04
7.97
2.99
3.98
2.49
31.33
23.70
23.00

l‘U‘Un
«931
? nG?

I. UNITS

2 20 76
32-S

€ o

1379.00
1.%3
100.h4
45
305.37
l.98
349
Lot 8
2.49
2344
23.00
23.00
40 .
10.
254
50
Se
4o
3.
240400
«91
R1-2 £G1
MA

2 20 76
R2-S
15.
1379. 00
1.22
100.64
«21
305.37
1.99
2.99
3.40
2.99
2C.H8
23.1n¢0
23.00
33.
10.
25.
50.
2
b
ND
240400
<91
31
NA

? 20 76
B2-S
15.
1379.C0
<31
102.40
25
322.04
2.99
2.99
2.99
2.99
13.99
23.080
23.00
23,
11.
5.
50.
?e
3.
NO
300.00
«91
P1 F1
NA

217 76
32-S
5.30
54
9.02
29.72
2.50
150.00
40.00
12.00
12.00
10.00
4.30
9.96
9.06
23452
3.93
11.51
19.58
ND

ND
4.00
2439
83 CG3
£l

2 17 75
B2~-S
5.90
<054
3.01
29.72
3.25
165.00
32.00
12.00
16.040
10.00
4.50
9.06
9.06
19,68
3.93
J.84
19.68
3.15
1.956
ND
4.00
?.99

R3-2 CG2

NA

FNGLISH UNITS

2 20 76
82-5

5490
« 054
.00
29.72
1.80
90.0¢C
16.00
14.00
13.00
10.00
3.40
9.06
9.96
15.74
3.93
9.84
19.68
1.95
1.57
1.18
4ef0
2.99

81-2 CG1

NA

2 20 76
A2-S

5.90
<056
4.00
29.72
1.25
90.00
3.00
12.00
14.00
12.00
3.00
9.06
9.06
12.99
3.93
9.84
19.68
.78
1.57

ND
4.00
2499

31

NA

2 20 76

82-S
5490
054
2.99
30.24
1.00
120.00
12.00
12.00
12.00
12.00
2.30
9.06
9.06
11.41
3.93
9. 84
19.68
«78
1.18

NO

5.00
2.99

a1 F1

NA

1¢1



DATE
TUBE ARRAY
ARPAY LOC
L

uo
PLAT™)
P(CRF)
T (ORF)
opPD
PR (AV)
PV (MX)
PR (MN)
PS

LI

LF

LE

H1

H2

H3

DBH1
nBH2
DAH3
NTY ™
UMF
nUAL
QUAL

2 20 7%
R2-S
15,
569,00
2,75
102,40
.78
322,06
3,97
2.99
3,49
2,69
32,110
45400
42,00
BE.
10.
25,
50,
ND
ND
ND
130,00
X
33 06351
33 E30G®

Se

2 20 76
32-S
15.
563,00
2.4b
102.640
«75
335.93
Gel8
2.98
b.48
3.49
3034
43.00
t0.00
80.
10.
25,
50,
N0
ND
NN
180.00
41
23 £G3

€62 E?2

T. UNITS

2 20 76
B2-S
15.
562,00
1.83
112.40
«60
338.71
4.98
4,98
5.98
b.48
29.65
45,00
45.00
RO,
10.
2%
5C.
Se
T
%
300.00
ol
?3-2 CG2
rG2 151

2 20 7¢
B2-S
15.
569.00
1.22
102.40
«39
335.93
1.99
64,97
9.96
G048
25,51
45.00
45,00
70,
10.
25.
S50
Se
7
19,
300.00
81
32-131
32 1

2 20 76
22-5
15.
569.00
€1
102.40
«19
335.93
1.89
2449
3.98
1.99
24,13
45.09
45.00
Y-
10.
25,
S0,
3.
Se
7.
240,00
41

81-82
NA

2 20 76
82-S
5.30
«022
9.02
30.2%
3.13
120,00
36.00
12.00
14,00
10.00
4.80
17.72
16.54
33.85
3.93
9.84
19.568
NO
ND
ND
3400
1.35
B3 CG3St
B3 £3263

2 20 76
82-S
5.90
022
8.01
30.24

3.00 .

145.00
26,00
16.00
18.00
14.00

4.0
16.93
15.75
31.49

3.93

9.44
19.58

ND
ND
NO
3.00
1.35
83 CG3
CG3 E2

ENGLISH UNITS

2 20 76
82-S
5.90
<022
5.00
30. 24
2440
150.80
20.00
20.00
24,00
13,00
4.30

17.72 .

17.72
31,49
3.93
9.84
13.68
1.96
2.75
3.15
5.00
1.35
83-2 ©£62
CG2 E1St

220 76
82-S
5.90
«022
4,00
30.24
1.55
145,00
8,00
28.00
40.00
18.00
3.70
17.72
17.72
27.55
3.93
9.84
19.68
1.96
2.75
3.93
5.00
1.35
A2-81
32 S1

2
a2z

1

B1
NA

20 76
-S
5.90
«022
2.00
30.26
«75
45.00
4,00
10.00
16.00
8.00
3.50
17.72
17.72
24,40
3.93
9,84
19.68
1.18
1.96
2.75
4,00
1.35
-82

2¢1



DATFE
TURE ARRAY
ARRAY LOC
nem

ue

PATY)
P(ORF)
TLORF)
oPD
0PB(AV)
DPV (MX)
DPB(YN)
eS

LY

LF

LE

H1

H2

H3

1 UE

DBH2

DRH3
nYIMS

UMF

quat

Quat

2 20 76
82-s
15.
563,00
275
112,40
.78
322.04
8.97
2.49
2.493
2.49
30.34
23.09
23.00
7C.
10.
25,
5C.
MO
ND
ND
21,90
L3
3% 4563
C63 <2

Se

2 20 76
32-S
15,
569.00
2,44
102.40
72
342,04
5493
2.99
3.49
2.99
?27.5%
23.00
23.00
A2
19,
2?5
50,
5e
8.
ND
320.910
o1
33-2 CG2
CG2 €1

I. UNITS

2 20 76
B32-S
15,
569.00
1.83
102 .40
60
Je1.48
Lol
2.49
L.uB
2.99
26420
23.00
23.00
S0.
1C.
2%.
S0
3.
Se
5e
130.00
S|
12-1 £G2
NA

2 20 7+
32-S
15.
569,00
1.22
102.40
42
344.726
1.99
3.98
4.98
2.99
23.44
23.00
23.00
39,
10.
25,
50.
5.
8.
ND
300.00
Lt

32-31 S1
NA

2 20 76
22-S
15.
563,00
LS|
102.40
22
338.71
1.00
3.08
4olt8
2.59
20.6R
23.00
23.00
33.
ic.
25.
50.
7.
S
ND
240.00
41

P1-R2
NA

2?0 76
32-5S
5.30
.022
9.02
30.24
T.13
120.00
3r.00
10.00
10.00
10.00
Loue
9.06
9.0h
27.55
3.93
9.84
19.58
ND
M0
ND
7.00
1.35
83 CG3
CG3 &2

2 20 76
B2-S
5.90
.022
8.01
30.24
2.90
156.00
24,00
12.00
14.00
12.00
4.00
3.06
9.06
24,40
3.93
9.84
19.6%
1.96
3.15
ND
5.00
1.35
83-2 (G2
CG2 €1

ENGLISH UNITS

2 20 76 2 20 76
B2-S B2-S
5.90 5.90
.022 .022
£.00 4.00
30.24 30.24%
2.40 1.70
155.00 160.00
18.00 8.00
14.00 16.00
1%.00 2e.00
12.00 12.00
3.38 3.40
9.06 - 9.06
9.06 9.06
19.68 15.35
3.93 3.93
9.84 9.84
19.68 19.68
1.18 1.96
1.9¢ 3.15
1.96 ND
3.00 5.00
1.35 1.35
R2-1 nG? A2-81 S1
NA NA

2

20 76

82-S

1

ND

31
NA

5.90
.022
1.35
30.24
.88
50.70
4.00
16.00
18.00
12.00
3.00
9.06
9.06
12.99
3.93
9.84
19.68
247%
1.95

4.00
1.35
~-82

£€eT



DATE
TUBE ARRAY
ARRAY LO0O0
DPwm

uo
PLATM)
P IORF)
T(ORF)
PN
pePR(aAyY)
DPV (MX)
nes (MNy
PSs

LI

LF

LE

H1

H2

H3
naq
NAH2
0PH3
OTIME
Umr
QuUaL
NUAL

2 23 76
R2-5
25,
1379,00

2,75
102,40
.75
316443
7,47
4.93
7.97
1.99
33.10
45400
43,00
R0,
1=,
4o,
60,
26,
R,
1¢c,
«30,00
.91
a3 c63s1
33 ©62

Se

2 20 7¢
32-S
25,
1379.00
2404
102.40
75
325,71
7.47
bo48B
9.96
2
32..41
45,00
45.00
a5,
in,.
40,
60.
20.
1¢.
Se
L210.09
«91
33 CG2s2
€62 S2

I.

UNTTS

2 20 76
B2-S
25
1379.00
1.83
102.40
«59
34k 426
Lol8
5.98
9.L6
2.49
28,27
45.00
45.00
75.
20.
4G,
60,
12.
Se
7
300.30
«31

32 £G6151
NA

2 20 76
82-S
25.
1379.90
1.22
102.40
ol
344 .26
6.97
6.4 8
6.97
4.98
26,13
45.00
45,00
58,
19,
40.
50,
3.
7.
1.
310,00
«31

31 S1
NA

2 208 76
82-S
25,
1379.00
.91
102.410
28
341.48
1.25
5.99
. 5.98
5.9%
22.75
45.00
45,00
50.
29.
30.
S0
2
3.
Se
600,00
« 91

81 F1
NA

2 20 76
82-S
9.84
« 054
9.02
30.24
3.00
110.80
30.00
20.08
X2.00
8.00
4.30
17.72
1€.93
I1.49
£.30
15.74
23.62
7.87
3.15
3.33
8.90
2.939
B3 CG3S1
B3 G2

2 20 7%
82-S
.84
« 054
8.01
30.24
3.00
158.00
30.00
13.00
40.00
0
be70
17.72
17.72
33.46
3.93
15.74
23.62
7.87
3.93
1.96
7.00
2.93
B3 CG2S2
CG2 s2

ENGLISH UNITS

2
32

1

B2 CG61S1

NA

20 76
~-S
9.84
« 054
6.60
30,24
2.38
60.080
18.00
24.00
38,00
10.00
4.10

17 .72 -

17.72
29,52
7.87
15.74
23.62
bo72
1.986
2.75
5.00
2.99

2
82

1

81
NA

20 76

-S

9.84
-054
4.00
30.24
1.63
50.00
28,00
26400
28,00
20.00
3.50
17.72
17.72
22.83
3.93
15.74
19.68
1.18
2475
3.93
5.08
2.99
S1

2
B2

1

31
NA

20 76
=S
9.84L
«054
2.99
30.24
1.13
55,00
5.00
24.00
24,00
24.00
3.30
17.72
17.72
19.68
7.87
11.81
19.68
78
1.18
1.96
10,00
2.99
F1

vel



DATE
TUBE ARRAY
ARRAY LOC
oPM

uo
PLAT™)
PIORF)
T{DRF)
opPn
opPs{aAV)
aPVv IMX)
DPR{MN)
PS

LI

LF

LE

H1

H2

H3
NRHY
nBH2
DBH3
DTIME
UMF
QUAL
NUAL

2 20 76
B2-S
2%.
1379.090
2475
192.40
« 84
235.93
8.97
3.49
3.938
2499
31.03
23.00
23.00
55,
20.
40,
€0,
15.
8.
ND
240,00
1.90
33 NG3S1
NA

S

2 20 76
32-S
25,
1379.00
2.lb
102.40
.30
1 .48
6.97
T.49
4.98
1.99
28.96
23.00
23.00
50,
20,
40,
50.
12,
6.
ND
260,00
1.00

32-83 St
NA

I.

UNITS

2 20 76
82=5
2%,
1379.00
1.83
102.40
«59
347 .04
3.98
3.98
4.98
2.49
26420
23.00
23.00
45.
20.
40.
50.
12.
Se
NO
180.00
1.00

32-81 St
NA

2 20 76
B2-S

25,

1379.00

1.22

102.40

L3

344,26

1.99
3.49
3.98
2.99

22.06
23. 00
23.00

35.
11.
20.
30.
2.
8.
S5e

240.70

1.00

31 S1
NA

Q0 9 0O O 0o 0 0O 0o a9 O o o

2
82

1

ND

83 £G63S1

NA

20 76
=S
9.84
«05%
3.02
30.24
3.38
45.00
36.00
14.00
16.00
12.00
4.50
9.06
9.06
21.55
7.87
15.74
19.58
5.30
3.15

4.00
3.28

2 20 76
82-S
9.84
« 054
8.01
30.24
3.20
155.00
28.00
14.00
20.00
3.00
4.20
9.06
9.06
19,68
7.87
15.74
19.68
4,72
2.36
ND
4.00
3.28
82-83 St
NA

ENGLISH UNI

2 20 76 2
82-5 B2
9.84
. 054
6.00
30.24
2.38
165,00 i
16.00
16.00
20,00
10.00
3.80
9.06 .
9.06
17.71
7487
15,74
19.68
4.72
1.96
ND
3.00
3.28
B2-31 S1 A1
NA NA

TS

20 76

=S

9.84
«05%6
4,00
30.24
1.63
60.00
8.00
14,00
16.00
12.00
3.20
9.06
9.06
13.78
3.93
7.87
11.81
«78
3.15
1.96
4.00
3.28
St

[— T — T — N — N — T — TR ~ T — T — T~ N — R —

sel



DAYE
TUBE ARRAY
ARPAY LOCC
DPM™

uo
PLAT™)
P (ORF)
T (ORF)
DPD
DPB(AV)
0PV (MX)
oPB (MN)
PS

LY

LF

LE

H1

H2

H3
0mH1
naNy 2
NARH3
DTIME
Umr
nuat
GuUAL

2 20 76
B2-S
5.
569,00
2.75
102,40
8%
338,71
7ou7
2,49
2449
2.99
33.10
45,00
43,00
90,
18,
L
50,
ND
ND
ND
140,00
2
33 CG2
33 £3063

S

2 20 7+
B2-S
25.
569.00
2.44
102.40
.78
61,48
7.47
3.9%8
44938
290
22.41
45,00
45,00
88
10.
40,
50,
10.
2,
3.
240.00
4?2

83 €G3S?2
€G3 E3S?2

I. UNITS

220 76
82-S
25,
563.00
1.83
102.40
+59
341,68
2.99
S.48
9.96
0
26420
45.00
45,00
80.
20.
0.
70,
10,
7.
2.
240.090
2
82-3 CG2
83 E1C61

2 20 76 2 20 76
82-S 32-S
25. 25.
569,00 5639.00
1.22 «Ff1
102.40 102.40
41 «19
335.937500255+37
1.99 1.49
6.4L8 6497
9.96 8.97
2.49 5.48
o 0
45.080 45,00
45.00 45.00
75. £3e
20. 20.
4n. 40.
60. 60.
8. 5.
6. Se
Se Se
240.00 300,00
42 42
82 CG1S1 R”1 S1i
S1 NA

2
82

1

NO
ND
ND

33

83 E3C63

20 76
=S
9.84
.22
9.02
024
3.38
50.,00
30.00
14,00
10.40¢0
12.080
Lo80
17.72
16.33
35.43
3.93
9.84
19,58

3.00
1.38
CG3

2 20 76
B2-S
9.84
«022
8.01
30.24
J.13
155,00
30.00
16.00
28.00
12.00
4.70
17.72
17.72
34 .64
3.93
15.74
23.62
3.93
3.15
3.15
4o.00
1.38
B3 CG6G3S52
CG3 E3S2

ENGLISH UNITS

2 20 76
82-S
9.84
.022
6«00
30.24
2438
155.900
12.00
22.00
40.00
0
3.30

17.72°

17.72
31.49
7.87
15.74
27.55
3.93
2.75
3.15
4Le00
1.38

B2-3 CG2
B3 £1C61

2 20 76 2 20 76

82-S 82-S
9.84 9.84
«022 «022
4.00 2.00
30.24 30.24
1.63 75
145.00 500000.0*
8.00 6.00
26.00 28,00
40.00 36.00
10.00 22.00
0 e
17.72 17.72
17.72 17.72
29.52 24,80
7.87 7.87
15.74 15.74
23.62 23.62
3.15 1.96
2.36 1.96
1.96 1.96
4.00 S.00
1.38 1.38

82 CG1sS1 81 S1

S1

NA

9¢T1
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TURE ARRAY
ARPAY L0Of
pPM

ue
PATY)
P (ORF)
TI0RF)
nePo
DPRIAV)
PV (X))
nea (uN)
PS

LI

LF

LE

H1

H2

H3

naHy
NAH2
NRH3
DYTME
UMF
QuatL
QuaL

2 20 75
g2-s
2c.
569,00
2.75
101,75
.75
310.9%
8,97
2.49
2.99
2.49
30. 34
?3.0n
23,00
70.
10,
2s.
50,
ND
ND
ND
240,00
.57
33 £6351

063 £2

Se

2 20 76
A2=-3
?5.
569,00
2ebl
101.76
72
327.59
Hel8
3.49
6ot 8
«50
27.58
2%.00
23.00
50
2n.
40.
51
12.
2,
ND
2un.C4
50
33 r53S9
=1

I. UNITS

220 76
B82-S

25,

569.00

1.83

101.76

«59

335.93

3.98
3.98
65497
1.99

26.20
23.00
23.00

50.
20,
40,
60.
15.
LN

NO

300.00

«50

23 n62s?

NA

2 20 76

B2 -

25.

S

569.00

10

1.22
1.76
«40

337. 04

1.99
Gelt8
6.48
3.49

22.06
23.00
23. 00

43.
10.
25.
4o.
S.

17.
R.

300,00

«50

32-3t1 sS1

NA

2 20 76
82=-S
25.
569.00
«61
101.76
«20
335.27
1.00
3.98
Gels 3
3.9%
20.68
23.00
23.00
35.
Se
20.
30.
2.
LI
Se
248.00

]

n1
MA

22076 2
82-S 82
9.84
.022
9,02
30.05
3.00
190.00 1
36.00
10.00
12.00
10.00
4o
.06
9.36
27455
3.93
.84
19.58
ND
ND
ND ND
4.00
1.64
R3 €G3S1 a3
CG3 E3 £1

ENGLISH UNITS

20 76 4
=S 82
9.84
.022
8.01
30.05
2.88
30.00 1
26.00
14,00
26.00
2.00
4L.00
9.06
9.056
23.62
787
15.74
19.68
4.72
3.15
NO
4.00
1.64
CG35%1 83
NA

20 76

=S

9.84
«022
6.00
30.05
2.38
45.00
16.00
16.00
28.00
8.00
3.80
9.06
9.06
19.68
7.87
15.74
23.62
590
3.15

5.00
1.64

£G2s2

2 20 76
32-S
9.84
«022
4.00
30.05
1.60
147.00
8.00
18.00
26.00
14,00
3.20
9.06
9.06
16,92
3.93
9.84
15.74
1.96
6.69
3.15
5.00
1.64
32-81 S1
NA

2 20 76
82-S

9. 84
«022
2.00
30.05
«80
144400
4,00
16.00
18.00
16.00
3.00
9.056
9.06
13.78
1.96
7.87
11.91
«78
3.15
1.96
4.00
1.64

21

NA

LeT



OATE
TURE ARRAY
ARRAY LOC
oPM

uo
P(AT™)
PINRF)
T(ORF)
oPD

nea (Av)
PV (MX)
NP2 (MN)
ps

LT

LF

LF

H1

H?

H3

neH1
nAH2
NPRH3
NTIMS
UmMF
nuyagL
auatL

= -] 20 <o =] =)

=2 92 9 O 9

Se

3 04 76
A?=5S
2.5
1379.90
2.44
101.63
72
32?2.04
5.9%
4.98
5«48
3.98
264290
45,00
45.00
63
10.
25,
50.
3.
Se
5
140.98
.91
12 €61
Na

I.

UNITS

3 04 76
82 =S
2.5
1379.00
1.83
101.63
«59
335.93
3.49
4,98
5.98
bel B
23 .44
L5.00
45,00
55
i6.
25
S0
3.
5e
Se
130.00
.91

31-2 Cnrt
NA

3 04 76
B2 =S
2.5
1379, 00
1.22
101.53
LS
338,15
6.97
4.98
5.48
4,48
24482
45.00
45.00
50.
10.
25.
50.
2
3.
5.
30C.00
.91
32-01
NA

3 0t 76
a2-S
2.5
1379.00
.91
101.€3
«2%
¥35.93
3.49
L.413
4.98
G 48
21.37
43,00
43.01
43.
10,
25,
49,
3.
2.
Se
240,040
.91
31 F1
NA

[T — D — B —~ T — B — T — Y — Y-~ S — R — B -]

3
82

1

B2
NA

ENGLISH UNITS

04 76 3 04 76
=S B2-3
«98 .98
. 054 « 054
8.01 65.00
30.01 30.01
2.88 2.38
20.00 145.00
24.00 14.00
20.00 20.00
22.00 24,00
16.00 18.00
3.80 J.40
17.72 17.72
17.72 17.72
24430 21.65
3.93 3.93
9.84 9. 84
19,68 19.68
1.18 1.18
1.96 1.96
1.96 1.96
3.00 3.00
2.99 2499
CG1 B1-2 CG1
NA

3 04 76
82-S
.98
« 054
4.00
30.01
1.63
149.00
28.00
20.00
22.00
18.00
3.60
17.72
17.72
19.68
3.93
9.84
19.68
.78
1.18
1.96
5.00
2.99
B2-81
NA

3 04 76

82-S
.98
« 054
2.99
30.901
1.13
145.00
14.00
18.00
20.00
18.00
3.10
16.33
16.93
16.92
3.93
9.84
15.74
1.18
1.18
1.96
4.00
2.99

31 Fi

NA

8¢l
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APPENDIX B

Unit Conversions

Unit conversions, necessary in the manipulation of the raw
data into the desired form are provided below for the convenience

of the reader.

Length
a. (inches) x (2.54 c—e_rvﬂ:l—m—eters) = centimeters = 10-2 meters
inch
meters _
b, (feet) x (0. 3048 foot ) = meters
c, (inches) x (2.54 x 104—:‘%% = micrometers, pm
in

Pressure
a (inches of H,0) x 2490&— = kilo-pascals, kP
. 2 ) x (o, o HZO) = -pas s, a
kPa .
b. (PSI) x (6. 8948-1-331- = kilo-pascals, kPa

c. (inches of Hg) x (3.3864 .kPa ) = kilo-pascals, kPa
in Hg
Temperature
a. (F) + 459.67 - Kelvin, K

1.8
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Heat Transfer Coefficient

a. (Btu—) x (5.675L/_Btu—)=

hr- ft2. OF m2.°K  hr-ft2. OF mZ2. °K



APPENDIX C

Sample Calculations
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The following information and calculations are typical,

though not all inclusive, of those necessary in the initial design

phase of a fluidized bed system, and follow the development found

in Kunii and Levenspiel (4).

It should be noted that the values used

here are representative only, and are strongly particle size

dependent.
Solids
Name
Commercial Chemical
LIMESTONE CALCIUM
CARBONATE
(CALCITE)
DOLOMITE MAGNESIUM
CARBONATE
Voidage, € nf The

e =1 .)buk
mf y solid

assume: T

thus: p

Molecular Formula Specific Bulk
Formula Weight Gravity Density
bm/gmole Ib /ftT

m

CaCO3 100. 09 2.711 95

CaCO3MgCO3 184, 42 2.872 100

fraction of voids per unit volume of bed.

100 F
3 100
62.1 lbm/ft and Youlk = 32.1

= 1.61
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Sphericity, ¢s: The ratio of the surface area of a sphere to that
of a particle of equal volume.

¢s = 0.75 (from graphed data in Kunii and Levenspiel)

Mean Particle Diameter, d The mean specific particle
V' size is approximated by the
following equation (3).

—

sV

I%

[e N

where: x = weight fraction of a particle size.

[o R
!

= particle size, as sieved.

[o R
|

= particle diameter of a sphere having the same

sV .
surface area as a particle of dP.

For the data, in Table 1, for 20 mesh dolomite;

dSV =581.57 pm (0.0229 in. x 28 mesh.)

Minimum Fluidization Velocity, Umf:

for: Reynolds Number, R.ep < 20

and: T =100 F = 311 K



and: For the known Voidage and Sphericity.

- 2 3
d -
5 :(¢s b (P pg) . (e )
mf 150 v 1 - € mnf
where: ¢s = gphericity, dimensionless
€ = void fraction
mf
dp = particle diameter, cm.
Pq = density of solids, gm/cm3.
pg = density of gas (air), gm/cm3.
. . 2
g = acceleration due to gravity, cm/s .
v = viscosity, gm/cm-* s.

((0.7:5) (0. 0841 cm))zx 2.871 gm/cm3)

U =
mf 150 (1.905 x 104 gm/cm-* s)
2 (0 439!3
x (980.66 cm/s”) x I - 0.439
U = 0.591 m/s (1.94 ft/sec.)

mf

Reynolds Number Check:

de
Re =_P g mf
P B

143

(0. 0841 cm) (1.137 x 1072 gm/cm3) (59.12 cm/s)

P (1.905 x 10* gm/cm- s)
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Re = 29.68 20

144

Since the calculated value is approximately equal to the
suggested value of 20, compared to that of 1000 for the
alternative equation for U _,

- mf
the valid one to use.

this calculation is considered

System Pressures

A. Pressure drop across the bed at minimum fluidization

velocity is calculated from the following equation:

APb'rBAPb =me(1-e

£
)(p_-p,.)
mf mf s ggc

where: L = bed height at minimum fluidization.

mf

(980. 66 cm/s>

AP, =(50 cm) (1-0.439) (2.871 gm/cm3)
b 2
(1 gm-cm/dyne- s.)

(0.1 Pa/dyne)
2

cm

A Pb = 7897.41 Pa (1.145 PSI)
mf

B. Pressure drop across the distributor plate, according
to Kunii and Levenspiel, should be at least one-tenth that across

the bed. (A P_>0.1 APb"); but notlessthan35 cm H_O 0f3431.1 pa.

d 2

This is to insure a sufficient distribution of fluidizing gas to
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uniformly fluidize the entire bed.

Thus the lower design limit is: Pd = 3431.1 Pa (0.497 PSJI).

Design of the Distributor Plate

The primary decision required in the design of the distributor
plate was the number of heoles which were necessary to achieve the
desired fluidization quality. This decision necessarily included the
effect of sandwiching a copper wire screen, of approximately 44
mesh, between two mild steel plates, in which the holes were
drilled. The screen was used to prevent solids from falling through
the holes into the air inlet plenum below.

For this design, an optimum fluidizing velocity range of
1.83 to 2.44 m/s (6 to 8 ft/sec) was chosen, on which to base
the calculations. The overall velocity range was 0.61 to 3.05 m/s
(2 to 10 ft/sec). The assumptions made for the design were:

1. Operating temperature of T=328 K (130 F).

2. Pressure drop across the distributor plate was

A P, =3.735 kPa (15.0 in H,0).

3. Hole diameter in the distributor plate dOr = 0.4763 cm

(0.1875 in.).
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4. Number of drilled holes was based upon 64 without a
wire screen.,

5. Orifice coefficient of 0.61.

The procedure followed that presented in Kunii and Levenspiel
(4) and resulted in a plate with 102 holes drilled in it, which
allowed for the 60% reduction in open area contributed by the wire

screen, and an effective open area for the plate of 4. 4%.



APPENDIX D

Table of size distribution of used solids.

Weight fractions of cyclone effluent

Tyler Weight fractions after 4. 0 hours use of 569 pm (28 mesh) solids
Screen Mean starting size After 5.0 hours After 10.0 hours
Number 569 pm (28 mesh) 1379 pm (9 mesh) cumulative cumulative
6 -- 0 -- --
10 0 0.3726 - --
12 0 0.1263 - --
14 0.0130 0.1178 0 0
20 0.1967 0.2034 0.0833 0.0325
28 0.5389 0.1199 0.1389 0.2175
48 0.2435 0.0471 0.444 0.4708
>60 0.0077 0.0129 0.3333 0.2792
0.9998 1.0000 1.0000 1.0000
Final
mean size d =499.6 pm = 940.0 pm d =316.3 pm d =321.9 pm
sv sV sV sV
& 32 mesh ~ 18 mesh x 46 mesh ~ 46 mesh

Ly.1
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APPENDIX E

List of Tyler Sieve Sizes and Equivalents

Aperature

Mesh pm in.

3 6370 0.265

4 4760 0.187

6 3360 0.132
8 2380 0.0937
10 1680 0.0661
12 1410 0. 0555
14 1190 0.0469
20 841 0.0331
28 595 0.0234
48 297 0.0117

60 250 0.0098
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APPENDIX F

Orifice (Laminar Flow Element) Calibration Curve

Calibration curve reproduction for Meriam Laminar Flow Element
Model 50 MC2-4F, Serial No. G-58821T

400 -
el
o
S 300 A
o~
(oM
o
(=]
[\
[
[en]
l\
s 200
=
[
3)
;
o]
o
5 100
g i
0 T T 1B |
0 1 2 3 4 5 6

Differential pressure, in HZO
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APPENDIX G

Books and Journals Related to
Fluidization Engineering

Fluidization. ed. by Davidson, J. F. and D. Harrison. Academic
Press. 1971,

Fluidization and Fluid-Particle Systems, Chemical Engineering
Progress Symposium Series, no. 141, Vol. 70, 1974,

Fluidization: Fundamental Studies, Solid-Fluid Reactions, and

Applications, Chemical Engineering Progress Symposium
Series, no. 116, Vol. 67, 1971.

Fluidization Fundamentals and Applications, Chemical Engineering
Progress Symposium Series, no. 105, Vol. 66, 1970.

Fluidized Bed Fundamentals and Applications, Chemical Engineering
Progress Symposium Series, no. 128, Vol. 69, 1973.

Fundamental Processes in Fluidized Beds, Chemical Engineering
Progress Symposium Series, no. 101, Vol. 66, 1970.

Geldart, D. The Effect of Particle Size and Size Distribution on
the Behavior of Gas Fluidized Beds. Powder Technology
6:201-215, 1972.

Leva, Max. Fluidization. New York, McGraw-Hill, 1959. 327 p.

Proceedings of Second International Conference on Fluidized Bed
Combustion, Hueston Woods Lodge, College Corner, Ohio,
1970. U.S. Environmental Protection Agency, Office of Air
Programs. Publication no. AP-109.

Zabrodsky, S.S. Hydrodynamics and Heat Transfer in Fluidized
Beds. Originall published in Russian by Fitmatgiz,
Moscow-Leningrad, 1963. 379 p. Translated by Scripta
Technica, Inc., Copyright 1966 by the Massachusetts
Institute of Technology.

Zenza, F. and D. F. Othmer. Fluidization and Fluid-Particle
Systems, New York, Reinhold, 1960. 513 p.




