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SUMMARY

A novel non-invasive gas-solid flow measuring technique is

being developed and tested for studying the hydrodynamics inside

the riser of a Circulating Fluidized Bed (CFB). First of the two

aims of the overall program, namely, design, development and

testing of the the technique to characterize the particle and gas

velocities in two-phase flows was accomplished in the past year.

The second objective, that of making detailed measurements of gas

and solid phases in the rises of a cold CFB model to investigate

the phenomena of clusters and streamers for different bed operating

parameters will be accomplished in the remaining phases of the

program.

The "fringe-mode" laser Doppler anemometry concept has been

modified and extended by using particles coated with a fluorescent

dye and introducing a narrow band pass filter in the receiving

optics. The technique permits optical discrimination between the

scattered light (laser wavelength from undyed particles) and the

fluorescence emlssion (longer wavelength). Results from extensive

testing of various dye-solvent combinations, counter processor

settings, signal-to noise optimization and subsequent flow

measurements in the test section have shown that the technique can

effectively discriminate between two classes of particles --the

smaller seed particles for the gas phase data and the larger bed

particles. Use of a two-watt Argon-Ion laser assisted in the non-
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intrusive probing of the gas-solid flow and in enhancing the

signal-to-noise ratio. An uncertainty analysis of LDA measure-

ments is presented. Design of the cold flow CFB model, presently

under fabrication, is outlined in this report. The Plexiglas CFB

model will be employed for the riser core-annular flow studies

using the fluorescence-emission based laser-Doppler anemometry.

The results from this study will present a unique detailed

description of the complex gas-solid behavior in the CFB riser.

ii
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CHAPTER 1

INTRODUCTION

There is increasing interest in operating fluidized beds at

high gas velocities where gas-solids contacting may be much

improved. In the form of a circulating fluidized bed, it has been

recogniz<_d as a key to efficient gas-solid processing. The several

advantages offered by CFB's over the conventional fluidized bed

systems such as uniform bed temperature, reduced aggregation and

agglomeration have resulted in a recent vote of confidence by the

U.S. utility companies.

To date, the understanding of the CFB's and fundamental

research into the underlying phenomena of high-velocity fluid beds

and systematic compilation of design data is at best sketchy and

even the most rudimentary model and correlation which would permit

design are lacking. There are three different flow regimes:

bubbling, turbulent, and fast fluidization. In the bubbling

regime, gas crosses a horizontal section through a fluidized bed by

the following mechanisms:

(i) translation of bubble voids, often called visible

bubble flow;

(ii) flow through the bubbles relative to them, often

called the through flow component;

(iii) interstitial flow relative to the particles in the

dense phase;

(iv) net flux of interstital voids moving with

particles.



Lanneau (1960) was the first to recognize the transition from

bubbling to turbulent fluidization and the potential advantages of

operating in the turbulent regime. What Kehoe and Davidson (1971)

saw as the velocity of the gas flowing through narrow beds of fine

powders was a breakdown of the slugging regime into a state of

continuous coalescence - virtually a channelling state with

"tongues" of fluid darting in zigzag fashion through the bed.

Kehoe and Davidson (1971) coined the word "turbulent" to describe

this state. They reported that this transition to the turbulent

fluidization occurred at a velocity equal to three times the

terminal velocity of particles belonging to the smallest cut. The

transition from bubbling to turbulent fluidization is gradual and

spans a range of gas velocities. Clusters also exist in this

stage.

The transpor t velocity may be regarded as the boundary which

divides vertical gas-solid flow into two groups of states. Below

it lie the bubbling and the turbulent fluid beds. The bed in

general experiences no net flow and remains at the bottom of the

holding vessel. Above, lie the transport regimes which encompass

a wide range of states from dilute-phase flow to the fast bed

condition. This occurs at twenty times the terminal velocity.

The fast bed condition is marked by relatively high solid

concentrations, aggregation of the particles in clusters and

strands which break apart and reform in rapid succession, extensive

backmixing of solid, and slip velocities of the individual

particles. A way to create the dense suspension is to circulate

the very solid emerging from the top of the reactor to its bottom.



Currently, the published work in circulating fluidized beds

falls short of answering the questions on the intimately

interacting gas-solid flow fields and their influence on each other

at a localized level in the riser• Therefore, there is little

information available to design engineers for use in optimizing

fuels, improving reaction rates of increasing combustion

efficiencies0 The object of the study of the air-solid two-phase

flow is to clarify the flow mechanism resulting from interaction

between gaseous and solid phases in the riser.

To study the hydrodynamics and cluster formations in a

circulating fluidized bed riser, a non-invasive gas-solid flow

measuring technique has been developed. This technique utilizes a

Laser Doppler Anemometer (LDA) system and is based upon the

fluorescence-emission from doped particles which allow

differentiation between particle size and obtain velocity

measurements. This report presents results from the investigation

of using fluorescence-emission based LDA technique for gas-solid

• so_ _!ows inflow measurements Detailed m,_a_urements of gas and "'

the riser of a cold CFB will be taken at different operating

parameters to study the phenomena of clusters and streamers.

This report outl_nes the tasks accomplished ii, the first year

of the project. _ detailed literature review in Chapter 2 is

followed by a chapter on the experimental equipment, procedures and

various analyses of the techniques adopted for the project.

Chapter 4 describes the design of the components of a CFB (a

transport cold model) which is currently being fabricated to study

the flows in the riser.



CHAPTER 2

LITERATURE REVIEW

A review of the published literature has revealed several

works on the flow behavior in circulating fluidized beds.

Presented here are only the recent investigations into the

hydrodynamics of CFB's and the cluster phenomena in the risers.

2.1 Circulating Fluidized Bed Hydr__odynamics

Yoshioka et al. (1987) found that the velocity of the

fluidized particles could be determined by measuring the deflection

of a spring plate inserted into the bed. The bubbles were detected

with the aid of a light transmitting probe° The probe detected

bubbles by the intensity of the light being transmitted between the

two elements of the probe. Yoshioka developed profiles of the

velocity ratio of the fluidized particles, of the bubble fraction,

and of the ratio of tracer concentration. He found that the

bubbles moved upward away from the center of the bed whereas the

particles move upward along the center of the bed but downward near

the wall with a circulatory motion.

Drahos et al. (1988) identified three basic flow regimes when

the gas velocity was decreased at the given solid feed rate,

namely: uniform dilute flow_ with particles flowing upwards in a

uniform dispersion; dense flow, characterized by the presence of

c_ouds of particles and voids free of solids; and bubbling dense

bed, with the accumulation of solids in the bottom part of the

column, forming there a dense bed with the distinct upper surface

4



!evel. These regimes were found by introducing pressure

fluctuations.

Berruti and Kalogeraki_ {1989) developed a mathematical model

capable of predicting the two-phase flow characteristics and

required only the experimental average voidage profile along the

riser and the net solids circulation rate. The model has been

tested in different regimes, and the model predictions compared

well with experimental results.

Rhodes and Geldart (1989) formulated pressure losses in the.,

riser, primary cyclone, solids control valve, and slow bed. Their

model enabled axial density profiles to be predicted. The terms of

entrainment from bubbling beds and choking in pneumatic conveying

were the basis for this mathematical model.

Kato et al. (1989) measured the axial particle holdup and the

axial pressure drop in a fast fluidized bed. They concluded that

the superficial circulation rate of particles, tube diameter.

particle Reynolds mlmber, and axial distance from distributor

affected the particle holdup. An empirical equation for the

location of the inflection point between the dense and dilute

region of particles and an empirical e_lation for particle holdup

in a fast fluidized bed were obtained.

Biswas et al. (19.87) checked the validity of published choking

correlations. By controlling and measuring gas and solid flowrates

independently, it was shown that it was possible to delineate the

limiting operating flowrates for the fast-fluid bed regime and to

obtain a quantitative flow regime defining the limits of fast

fluidization. The transition gas velocity was defined as the upper
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critical gas velocity. For a given solid flux, the upper critical

gas velocity represents the highest gas velocity for operation in

the fast fluidization mode. The Yousfi and Gau (1974) correlation

underpredicts the upper critical velocity by between 15 and 25%,

depending on the magnitude of the solid gas flux. The transition

from lean-phase convPying to fast fluidization was found to be

analogous to the so-called choking transition in pneumatic

conveying.

Carey (1987) goes over the early work of Richardson and Zaki

(1954) which gave a relation between concentration and t_e settling

velocity of suspended spherical particles. He also derived

equations to define the n term in the Richardson and Zaki equation.

Dry (1986) developed an experimental technique to examine

radial gas concentration profiles. Solids were found to appear to

congregate on the outside of the lift pipe - fast bed bend. He

found the distance above the grid the gas-only radial profile is

fairly flat. He also found that at gas velocities between 2 m/s

and 4 m/s, the core/annulus distribution is maintained, but at 6

m/s the lean core migrates across the tube to the outer wall.

Also, Dry (1987) found that at higher velocities, the course

particles tend to concentrate along the wall region. The course

particles were observed to move from the top of the bed toward the

bottom.

Horio et al. (1989) developed scaling laws for circulating

fluidized beds. His theory was based on the clustering annular

flow model. Experiments were performed using two geometrically

similar CFB cold models. Similarity was assumed since the voidage

6
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distributions and the annular flow structures were similar and so
L

were the cluster voidages, i

Salem and Gibbs (1987) investigated the feasibi]ity of a

circulating system, where the driving force for transporting

particles is provided by jet pumps. The jets would enable and even

distribution of the circulating solids and could also be used to

provide a multi-location feeding and withdrawal system. The jets

could also be computer controlled to compensate for changes. Salem

and Gibbs found that large particles were easier to circulate with

jets.

Fox et al. (1989) studied the circulation of particles between

two fluidized beds for an open-loop circulation. They developed

equations to calculate the driving and resisting forces. The

authors found that the most efficient way to control the

circulation rate of solids was by varying the valve of the vertical

resisting force in the downflowing compartment. This adjusts the

state of de-fluidizatlon.

Knowlton et al. (1986) discussed the design of lockhoppers

which trunsfer solids from a high-pressure vessel to atmospheric

pressure. They found that a restricted pipe discharge system can

lower capital cost, giving continuous discharge of solids, and

result in a much lower valve maintenance cost. Additionally_ the

gas requirements were found to be less.

Mountzaris and Jackson (1986) investigated the effects of

aeration in standpipes. Their model was based on differential

continuity and momentum balances for a system which consisted of a

mass flow hopper, a vertical aerated standpipe and a flow

7
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restricting device at its lower end. The authors developed

equations for the design of each of the above components. With one

aerahlon point, they obtained and discussed twelve flow regimes.

Shingles and Silverman (1986) studied the pressure profile in

a stand pipe. Their results showed that the gas compression effect

going down the standpipe of the reactor is limited. Sufficient

entrapped aeration from the hopper entered the top of the

standpipes to enable a fluidized dense-flow regime to exist over

the entire length cf the standpipe.

Extensive reviews of circulating fluidized bed r_search are

presented by Yerushalmi et ai. (1979). They concluded that the

transition from bubbling to tucbulent fluidization is represented

by the fluctuations of dynamic pressure at any point acros_ the bed

and the pressure drop across the bed. This transition is

characterized by velocities _ and Uk. _ is the velocity at the

peak pressure fluctuations and _ is the velocity at which pressure

fluctuations level off marking the turbulent regime. Both

velocities increase with particle size and density.

The turbulent regime has two interacting phases, dense phase

and lean phase, which result in the bed having properties of both

individual particles and clusters. Dense phase consists of closely

packed clusters and streamers of particles with downward motion.

Lean phase is characterized by individual particles and small

clusters with upward motion. Yerushalmi et al. (1978) also

concl[_ded that the fast bed condition is characterized by high

solid concentration, large cluster formations, backmixing of

solids, and slip velocities greater than freefall velocities of

8
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individual particles by an order of magnitude.

Bader et al. (1989) conducted tests in the _iser of a CFB with

FCC catalyst to determine the degree of gas/solid contacting the

fa_t fluid_zed bed regime using an intrusive sampling probe and

helium tracer technique. They concluded that the solid

distribution in the riser is of a core-annulus flow type which high

velocity dilute phase core is surrounde_ by slower, denser solid

annulus. The solids flux profile in the riser was determined to be

parabolic. The solids flux core was 3 to 5 times the average
z

solids flux and the wall flux flows downward 6 to 8 times the

average flux in the riser. The radial particle velocity

distribution in the riser was found to also be parabolic through

the use of a pitot tube. The application of a pitot %:ube for this

purpose is open to question. It was also concluded that there was

substantial backmixing of solids in the riser.
|

A quantitative discussion and comparison was done by Neale et

al. (1972) exploring possible solutions to the problem of creeping

flow relative to an isolated pel_eable sphere. They suggested the

most satisfactory solution is based upon a generalized Brinkman's

extension of Darcy's Law. It was concluded that internal

permeation within a high porosity permeable particle usually cannot

be neglected.

Jackson's (1963) linear stability analysis of dense beds of

solid particles operating near minimum fluidization was extended by

Grace and Tuot (1979) to apply to more dilute systems. They

postulate the origins of particle clusters which occur due to the

instability of uniform dispersions of particles in a gas.



Guilin et al. (1984) studied the characteristics of gas mixing

a fast fluidized bed which was 8 m high, 115 mm inside diameter,

and had a i00 mm inside diameter downcomer. The bed material was

spherical silica-gel particles with a diameter of 0.22 mm. They

concluded that the bed could be divided into two region_; the

variable voidage _one (4 m from the bottom) and the constant

voidage zone. The constant voidage zone is characterized by a

constant pressure drop and a uniform axial average voidage. It was

revealed that the axial mixing could be neglected.

Yerushalmi et al. (1978) studied the extent of gas backmixing

in a catalyst fluidized bed at gas velocities spanning the

bubbling, turbulent, and fast bed regimes. The regimes were

characterized with high backmixing in bubbling, dimini&hing

backmixing in the turbulent regime, and plug flow in the fast
]

regime.

Lean phase properties were explained with equations for

cluster size and terminal velocity by Subbarao (1986). Slack

(1963) studied the sedimentation of clusters composed of a few

particles in a viscous medium.

The effects of hydrodynamic aggregate size, shape, and

porosity have upon settling velocity was analyzed by Hamdullhpur et

al. (1989)_ The slip velocity ratio (U./Up) was found to increase

as more particles were incorporated within the aggregate.

Hydrodynamic aggregates undergo internal circulation since there

are no forces holding particles in position. The forces holding

the aggregate together are small and therefore making deformation

and disruption easy. They concluded that the relative motion



between the aggregate and the fluid results in the fluid passing

through of around the aggregate; however, this does not affect the

drag coefficient except at high porosities (> 0.85).

Sutherland and Tan (1970) applied Stoke's solution for flow

around a solid sphere to creeping flow outside a permeable sphere

and applied Darcy's Law to describe the internal flow. This was in

an attempt to obtain limits on permeability for any s_ze aggregate

beyond which internal flows may be neglected.

The concept of continuity wave and cluster formation was used

to derive a relationship for choking in vertical pneumatic flow by

Yang (1983). These relationships were used by Yang (1984) to

develop mechanistic models to predict the transitions between the

different regimes of fluidization for fine particles. The

continuity wave equation was used to predict the transition between

bubbling and turbulent regimes. The transition between dilute

phase and fast fluidization regimes was approximated using the

choking correlations (Yang, 1984).

The computation of bed-solid circulation rates and patterns

induced by a central jet and slug motion was performed by

Kececioglu (1989). The experiment measured profiles of tracer

particles concentrated inside a fluidized bed.

2.2 velocity Measurement Techniques in Tw( _hase Flows

Yianneskis (1987) and Gautam et al. (1987) have reviewed

recent developments in optical and unobtrusive techniques based on

laser Doppler anemometry that permit the measurement of the

velocities and/or of the sizes of particles.

Durst (1982) reported on some techniques in laser Doppler

II



anemometry with emphasis on combined systems which permit

simultaneous measurements of particle velocities, size

distributions and concentrations° The blocking of the incident and

the scattered light by the suspensions in two-phase flows along

with the complexities involved in separating the information from

the two-phase remains a major research area.

Several researcher have used LDA in two-phase flows for making

velocity, concentration and particle size measurements (Durst and

Zare, 1975; Durst and Umhauer, 1975; Birchenough and Mason, 1976;

Yule et al., 1977). Levy and Lockwood (1983_, Modaress et al.

(1982) and ¥ianneskis and Whitelaw (1984) measured both the gas and

the solid phase velocities. Figure 2.1 shows a typical output

signal from the photomultiplier tube and Ip and Ip' are the pedestal

amplitudes of the dispersed and the continuous phases,

respectively. Discrimination between the light scattered by large

particles (mainly from the solid phase) and from the small

particles (mainly from the gas phase) was accomplished by setting

a variable threshold level on the photomultiplier output. However,

they did not account for the trajectory ambiguity which originates

from the inherent non-uniformity of illumination in optical

measuring volume (Farmer, 1972). Durst and Umhauer (1975)

attempted to by-pass this problem by employing a second optical

system, designed for particle sizing, which was focused around the

same measuring volume. Lee and Srinivasan (1978) suppressed the

ambiguity due to non-uniform distribution of incident light inside

the measuring volume by electronically isolating the effective

measuring volume to the central core portion of the original

12
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Figure 2.1 Typical Signals from (a) Solid Phase Particle
and (b) from a Seeding Panicle
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measuring volume. Lee and Durst (1982) employed a _.echnique

reported by Durst (1975) to carry Out local velocity measurements

in particulate two-phase flows. By combining the use of automatic

filterbanks with amplitude discriminators and photodiodes, they

were able to minimize the trajectory ambiguity and record signals

from the two-phases. Maeda et al. (1980) separated the signals by

taking the wave number into account in addition to the pedestal

amplitude, and measured and gas-solid two-phase flow in a vertical

pipe. Tsuji and Morikawa (1982) employed and amplitude validation

circuit and set threshold values for the pedestal and Doppler

components of the Doppler signal by which simultaneous measurements

of the gas and solid phases could be made. Modaress and Tan (1983)

employed a two color LDA with two overlapping measuring volumes of

different diameters. The Doppler signals from the smaller volume

yielded the velocity inf_)rmation of the gas phase and the

discrimination between the two-phases was effected on the basis of

the pedestal amplitudes of the signals from the larger volume. The

velocity of the particles was obtained by reducing the

photomultiplier sensitivity. Stevenson et al. (1975,1977)

investigated the concept of laser-induced fluorescence coupled with

an LDV system for particle size and discrimination in aerosol

droplets and velocity measurements. Their "fringe mode"

fluorescence velocimetry concept was investigated by adding

fluorescent dyes to various solvents. The scope traces of the

fluorescence signals showed that the quantum yield and the

attainable dye concentration are strongly dependent on the solvent.

Particle fluorescence was induced with 0.01 molar solutlon of

14



Rhodamine 6-G in ethanol (Stevenson et al., 1975) and Rhodamine 6-G

in a 50-50 volumetric mixture of benzyl alcohol and ethylene glycol

(1977). They suggested that further studies were required to

determine the optimum dye-solvent combinations that will permit

high dye concentrations to be attained without reducing the quantum

yield.

Patrose and Caram (1982) made measurements of particle

velocities in a transparent two-dimensional bed. The transit
timing type optical consisted of five fibers located inside a

z

hypodermic needle which in turn, was introduced into the bed from

the top. They used and LDA system also to make particle velocity

measurements. They observed good agreement between the two

techniques leading them to conclude that their probe could be used
3

for particle velocity measurements in fluidized beds. All of these

measurements were made at the distribution grid orifices and they

have mapped the particle flow field for bed heights of 43.2 mm and

184 mm. However, they did not measure the fluid velocities.

Johnston et al. (1975) used an LDA in a fixed bed of

transparent spheres to measure the local velocity of liquid whose

refractive index matched liquid-solid fluidized bed flow system and

made detailed LDA measurements of particle velocity in its

interior. But, the refractive index matching requirement limits

the use of this technique to a few liquid-solid systems. They did

not make any fluid velocity measurements inside the bubbles.

Durrett et al. (1985) designed a corrective lens for use with an

LDV system. The lens negates many of the aberrations caused by the

cylindrical wall when LDV measurements are made off the plane of



symmetry. Durrett et al. (1988) experimentally mapped the flow i

field of an axi-symmetric sudden expansion air flow using an LDV

with a correction lens system. The implementation of the

correction lens eliminated the optical aberrations thus allowing

measurement of the axial and radial velocity components. The mean

velocities, turbulence intensities, turbulent kinetic energy, and

Reynolds stresses weze measured and/or derived.

Lai and Faeth (1987) describe a combined LDA and LIF system to

simultaneously measure gas velocities and concentrations at a

point. Turbulent mixing between two streams and turbulent

transport from surfaces can be studied using this system. The

extremely expensive LDA/LIF system has good spatial resolution and

frequency response, operated in particle-containing environments

and near surfaces, and performs acceptably at high turbulence

intensities.

Lourenco et al. (1986) presented a new technique for two-

dimensional flow visualization and measurement of instantaneous

velocity and vorticity fields. The Particle Image Displacement

Velocimetry (PIDV) involves taking multiple photographs of an

illuminated plane (created with a ruby or a NdYg laser or a

continuous wave laser with shutter device) while the seeded

particles pass through. A moving pattern is created by the light

scattered form the seeded plane. The relative information is then

obtained from an analysis of the photograph, lt is well suited for

the study of unsteady or complex flowfields.

A laser velocimeter based on a combination of a crossed beam

laser velocimeter (LDV) and laser-induced fluorescence is proposed

]6
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by Keefer (1987). The system, laser fluorescence velocimeter

(LFV), utilizes the temporal and spatial characteristics of the

fluorescence induced by a crossed-beam interference region to

determine flow velocity. The advantages of the system are:

applications to both strong and weak accelerated flows, no

particles are required, discrimination against undesirable particle

scattering and backgrotlnd radiation due to the spectral shift of

fluorescence, and the continuous LF%" signal has its own advantages

in signal processing.

LDA based diagnostics have been employed by some investigators

to measure the elutriation rates in the freeboard region where the

particle loading is low, thus producing less interference. Levy

and Lockwood (1983) used an LDA to measure gas-phase velocities

above a bed in which 400 to 1000 micron sand was fluidized. They

used a rectangular channel 0.6 m x 0.3 m x 2.4 m (height) witll 19

mm thick float glass to enable clear passage to the laser beams.

Kale and Eaton (1985) used a single component LDA to make gas

phase velocity measurements in the freeboard region. Using a

fluidized bed with a 150 mm square cross section and a variable-

angle diffuser in the freeboard region, they showed that a particle

loading of as low as 2% by weight signlficantly alters the

freeboard fluid mechanics.

The literature review shows several pioneering works on the

hydrodynamics of circulating fluidized beds but experimental

studies have been performed only under limited conditions.

Specifically, there is no detailed experimental data available on

the flow field inside the riser in circulating fluidized beds. The
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gas-solid flow structure is of paramount importance in reactor

modelling. The absence of experimental data is due partly to the

lack of appropriate experimental techniques. Therefore, a test

facility was constructed and a non-intrusive technique was

developed for measuring the velocity of fluid and particles flowing

through the riser. Details of the experimental apparatus and the

procedure_ adopted are given in the following chapter.

18



CHAPTER 3

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The research program involves two major aspects. First, is the

modification of the conventional Laser Doppler anemometry technique

by employing the laser-induced fluorescence emission phenomena in

order to effectively probe polydisperse gas-solid flows. The

second aspect is to apply this technique to study the gas-solid

flow structure and clusters in the riser of a circulating fluidized

bed. This chapter describes the equipment and instrumentation

designed and built to achieve the above goals. A description of

the experimental procedures adopted to-date is given in the second

half of this chapter.

3.1 Experimental Equipment

The equipment and the instrumentation used in this research

program are described _.n the following order:

i) Horizontal Test Section

ii) Laser Doppler Anemometer

iii) Flow Seeding

iv) Data Acquisition System

!

3.1.1 Horizo a__st SectiQ_

The 13 ft. horizontal section consists of two pieces of 5

ft. long clear, cast acrylic tubing and a clear Pyrex glass section

4 ft. long (see Figure 3.1.)0 Both the acrylic and glass sections

have an outer diameter of 2 in. and an inner diameter of 1.95 in.

The sections of tubing are fastened together using a rubber

Iq%
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coupling which provides an airtight seal at the joint. The test

section is made of clear Pyrex because, unlike Plexiglas, it is

resistant to scratches and surface marring caused by the abrasive

seeding particles thus providing unrestricted optical access to the

internal pipe flow. The condition of transparency is necessary

when using the LDA system to ensure reliable measurements.

The lightweight supports for the tubing are 8 in. lengths of

angle iron welded to a stand (see Figure 3.2). The stand is bolted

to a wooden support which is in turn clamped to the table. The

tubing rests on the supports and is secured with ring clamps.

There are two supports for each section of tubing (6 in all) to

ensure stability. The set up has been aligned and leveled.

Particles exit the glass section and are fed to the pre-filter and

HEPA filter via flexible driver hose 3 in. in diameter. The HEPA

tilter is a Flanders double nipple HEPA filter (part

007-4-03-02-IU-N2N2) capable of handling 35 cfm with an efficiency

of 99.9% of 0.3 _m particles. The pre-filter (Flanders # BFDL2) is

constructed of a polyester media and is supported by a lightweight

frame.

Downstream from the filters is the 2 Hp Baldor centrifugal air

blower (Model VM3155) connected with flexible dryer hose 4 in. in

diameter. The flow rate through the system can be controlled using

a Reliance AC motor controller connected to the blower. The

flowrate is checked against readings from a pitot-static tube

installed in the system. The exhaust from the blower flows to a

hood through flexible dryer hose 3 in. in diameter. This hose does

not collapse under maximum suction of the blower and is sufficient

_x
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for use throughout the setup.

3.1.2 Laser Doppler Anemomete[

Pointwise measurements of the gas-solid flow are being ma_e

using an Argon-Ion (514.5nm) gased laser Doppler anemometer (LDA).

The objectives of this program demand the use of a non-intrusive

fluorescence-emission based LDA technique. The unique advantages

offered by LDA's over other fluid flow instrumentation are listed

below:

a. The measurement is non-invasive in nature hence it retains all

the flow field characteristics.

b. No calibration is required. It has a linear response to fluid

velocity.

c. Measures the desired component of velocity directly in any

complex flow field. The quantity measured by the LDA is the

projection of the velocity vector on the measuring direction

defined by the optical system.

d. A very high dynamic range--can measure velocities ranging from

microns/sec to hypersonic speeds.

e. In addition the high spatial and temporal resolution,

combined acousto-optical and electronic shifting allows

measurement of reversing flows(flows which change direction).

The only requirements for LDA application are (i) the fluid

must be reasonably transparent to the laser light and that there

must be a clear optical access through a window to the measuring

point, and (ii) presence of seed particles (light scattering

23



sources) in the field.

The performance of the LDA is described by some important

parameters. They relate the calibration constant, the dimensions

of the measuring volume and the number and separation of

interference fringe lines in the measuring volume to input

parameters such as laser wavelength, beam waist parameters, LDA

beam separation, beam expansion and measuring distance. The

important parameters are:

Doppler Frequency fd" -A--sin

Fringe Spacing 6f= k

2sin_

4lA

Diameter of Focused Laser Beam _-

Measuring Volume Dimensions _"_

A

Calibration Factor C - __ini_}



where:

A ...... Laser wavelength

E ...... Beam expansion factor

d ...... Diameter of laser beam waist before expansion

d ..... Diameter of focused laser beam

D ...... Beam separation before expansion

0 ...... Beam intersection angle

f ...... Focal length of optics

....... Velocity component in measuring direction

A block diagram of the system with and without frequency

shift is shown in Figure 3.3. Currently, no frequency shift is

being employed. The light source is a 2 watt LEXELArgon-Ion laser

emitting a single line at 514.5 nm. The laser can emit only a

single laser line as a result of the insertion of a second cavity,

etalon, in the laser cavity. This adds to the stability of the

laser and reduces the noise. The system is configured in a dual

beam forward-scatter mode. A DANTEC type 55x190a Counter Processor

is being used and the future tasks in this year's work plan will

involve use of DANTEC type 55ni0 Frequency Shifter along with a

Bragg Cell (acousto-optic cell) will be used. The system is

interfaced with a dedicated PDP-II laboratory computer which is

used for acquiring and analyzing the data. A ray diagram of the

optical set-up is shown in Figure 3.4.



1 Cover and Retarder
2 Support
3 Beamsplitter Neutral
4 Beam Displacer
5 Backscatter Section
6 Lens Mou_ting Ring
7 Front Lens Achromatic (600 mm)
8 PM Optics
9 Interference Filter 514.5 nm

I 0 PM Section
11 Mounting Bench

Figure 3.3 Schematicof One-ComponentLDA System
WithoutFrequency Shift
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3.1.3 Laser-Induced FluoresceDce Emission _ased LDA

Conventional LDA systems are generally operated in the

fringe mode as shown in Figure 3.5. Two coherent, monochromatic

equal-intensity Gaussian beams intersect at their waists and form

a standing electromagnetic wave distribution in the intersection

zone, the measuring volume, which may be visualized as a set of

planar fringes perpendicular to the plane of the two beams and

parallel to their bisector. The generation of Doppler signals is

explained by the time-varying intensity of the light scattered by

a particle passing through the fringe pattern. The modulation

frequency under the Gaussian envelope is the Doppler frequency as

given above.

The detection process is basically incoherent, since the

intensity fluctuation is the measured quantity. This allows for

modification of the conventional LDA in which the standing

electromagnetic field induces a time-varying fluorescent emission

from particles treated with a dye. The wavelength difference

between the incident beams and the detected fluorescent emission

resulting from the use of fluorescence emission based LDA system.

Fluorescent emission, being spatially isotropic and unpolarized

eliminates any reduction in signal modulation due to light of

unequal amplitude and polarization interfering at the photo-tube

(Durst et al., 1973). Thus large aperture receiving optics will be

very effective especially when large input beam angles are used.

The fluorescence emission based LDA permits discrimination between

different sized particles as well as between phases in multiphase

flows.
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3.1.4 Flow Seeding

Investigations of the permissible size of a single seeding

particle have been carried out by Melling and Whitelaw (1973). In

this investigationv titanium oxide powder was used as seeding

material for gas phase measurements. However, the titanium dioxide

particles are not spherical enough to impart a high scattered light

intensity which is necessary to obtain the best LDA signal.

Titanium dioxide particles aisoperformed poorly in the fluorescent

dying procedure. The adsorption of the dye solution proved to be

somewhat less than expected.

The behavior of dilute concentrations of particles in a

turbulent fluidhas been investigated (Tchen, 1947) by considering

the equation of motion, the Basset-Boussinesq-Oseen equation, for

a spherical particle in a fluid:

dup du, 1 . , [du, _ du,]

(3.1.1)
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where, the origin and meaning of individual terms of the equation

is described in detail elsewhere (Hinze, 1959; Hjelmfelt and

Mockros, 1966).

Equation 3.1.1 may be divided by the particle mass and

rewritten as:

du_ v (u'f - up) + 3 duf
d---t = 36 d_ (2pp/pf + 1) (2pp/pr + 1) d--t +

t

+ d_(2pp/p, + 1) t

(3.1.2)

Neglecting the history and added mass terms in addition to the

pressure gradient effect gives:

dup = 36v (u'f- up) (3.1.3)
d_( 2pplp, + 1)

Particle relaxation time is defined as:

Tw. d_(2pplp, + 1) (3.1.4)36_
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Substituting Equation 3.1.4 in Equation 3.1.3 gives:

dup . 1

Equation 3.1.= indicates that the system behaves as a first

order system with a relaxation time, Tp. The amplitude response of

such a system is given by:

1

i1 "(Tj (3.1.6)

i

Applying Equation 3.1.6 to seed particles (typically less than

2 microns) yields a frequency response of 430 Hz at an amplitude

ratio (_/A_) = 99% and a response of 6030 Hz at an amplitude ratio

50%.

Fine powders and glass beads mixed with larger beads in

fluidized bed feeders have been successfully used by several

investigators (Jurewicz et al., 1975; Durst et al., 1982; Kale and

Eaton, 1985; Gautam, 1989) and have not had problems with smaller

particles agglomerating on the glass beads such as to remove all of

them from the flow.

The seeding material is provided by a fluidized bed feeder (See

Figure 3.6) consisting of a cylindrical tube0 43 cm long and 3.5 cm

in diameter with a cone shaped distributor for uniform supply of

compressed air. To enhance uniform fluidization 1 mm to 1.5 mm
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glass beads were introduced in the vessel. The vessel walls were

periodically tapped to prevent particles from clinging to it. The

seeding material is injected through rubber tubing to a nozzle.

The nozzle is mounted in the center of the acrylic tubing at the

beginning of the horizontal section using a vertical stand and

clamp.

3.1.5 Data Acquisition System

The data acquisition system for this investigation is

controlled by PDP.-11 microcomputer manufactured by Digital

Electronics Corporation. The DANTEC type 55x190a LDA Counter

Processor is interfaced to the computer. The schematic of the

entire data acquisition system for velocity measurements is shown

in Figure 3.7.

Software was developed in FORTRAN and PDP-II MACRO Assembly

Language to sequentially start the data acquisition via the LDA

system and reduce the data. The software develope_ for this

purpose is user friendly and provides complete automation. PDPoll

micro is able to accept data at a maximum rate of i0 Khz while the

LDA Counter Processor is able to give data at a rate of up to 1

Mhz. In the absence of a Direct Memory Access (DMA) link, data

recording at a rate fast enough so as not to affect the operation

of the experiment is not possible. During the bed operation, the

data is stored in arrays in the memory and processed at the end of

each run. At the end of each run, the raw data (on velocity and

sample interval time) is analyzed and stored on the 20 MB hard

disk. The post-test data from the PFP-II computer is uploaded to
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the mainframe computer systems for further reduction and analysis.

The data is plotted using SAS and the downloaded to a Macintosh

computer to obtain a hard copy of the graph. The custom built

interface unit (Gautam, 1989) services the test facility during the

flow field measurements with the LDA. The logic diagram is shown

in Fig. 3.8.

3.2 Experimental Proced_re_

A description of the experimental procedures adopted is given

in this section. The major tasks have been divided as follows:

i) LDA signals

ii) uncertainty in LDA measurements

iii) optimization of the dye strength

iv) particle dying procedure, and

v) calibration technique.

3.2.1 LDA Velocity Measurements

The utility of LDA in measurement of single phase flows has

been demonstrated beyond question. However, the use of LDA in

gas-solid multiphase flows is still in a developmental stage. New

instrumentation such as the Phase Doppler Particle Analyzer and the

transit-time type of devices from INSITEC are now on the market but

they are severely limited in their capabilities and yet very

expensive. For monodispersed and lightly loaded flows, the light

scattered from seed particles small enough to follow ccmplex fluid

motions, including turbulence, is converted into velocity

information. For flows with higher particulate loading or with
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polydispersed flows, other LDA techniques using amplitude and

frequency discrimination are required to distinguish between fluid

and particle velocity fields. However, these techniques have

severe limitations of their own (Gautam et al., 1987). The

velocity measurements were carried out using the LDA in the forward

scatter mode. The receiving optics were placed at an angle of 30

degrees off of the central axis of the transmitting optics to avoid

the light reflected from the glass faces from entering the

receiving optics and with consequent improvement in the

signal-to-noise ratio. All of the axial component measurements

were made along the horizontal plane at three radial locations.

However, passage of the laser beams through the media of different

indices of refraction, air-glass-air, resulted in spatial

displacement of 'the measuring volume. This displacement of the

measuring volume was calculated and the necessary corrections were

made. Lee and Srinivasan (1978) and Gautam (1989) employed

amplitude discrimination to distinguish between gas phase and

particle phase velocity information. The laser-induced

fluorescence emission based LDA technique in combination with

amplitude discrimination will yield velocity information in a

multisolid flow. Seed particles or any one particular group of

solids coated with a fluorescent dye, such as the Rhodamine 6-G

(Stevenson et al., 1977) scatter light at wavelengths in the range

520 nm-660 nm (see Figure 3.9). Weak scattered light at 514.5 nm

wavelength is also present. However, by using a narrow band pass

filter with a central wavelength, as dictated by the spectrum in

Figure 3.9, of 560 nm, scattered light (the strong scatter from

38



Figure 3.9 Absorptionand Emission $1_tra of Rhodnminc 6(3
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undyed particles and the weak scattered light from the coated

particles) at 514.5 nm wavelength is prevented from entering the

photomultiplier tube. Small q,,antities of coated 2 micron diameter

seed particles in the flow field provide velocity information on

the gas phase. This technique in tandem with amplitude

discrimination eliminates the problem of trajectory ambiguity

which, as stated earlier, results due to inherent non-uniform

illumination in the measuring volume. By coating the larger sized

bed material (glass beads of 300 micron mean diameter) information

on the particulate velocity flow field will be obtained.

Preliminary testing of this technique has been conducted in a

horizontal co-current gas-solid pipe flow first using single mean

sized particles (2 microns mean diameter and later 300 microns mean

diameter) and second with particle groups of varied sizes (2

microns, 300 microns and 500 microns mean diameter) will be mixed

together in the flow with the 300 microns diameter particles

coated with the dye.

In the absence of DMA link, data recording is slow; hence, an

alternate software based system of storing the incoming data had to

be employed given the limitations of the PDP-II such as data

acceptance and storage. The incoming data is reduced and stored in

arrays while velocity and sample interval time data are stored on

the hard disk.

Fluid velocity data is obtained from light scattered by the

seed particles. Amplitude discrimination is being employed in

addition to the fluorescence-emlssion to discriminate signals

originating from larger particles and the seeding material. Hence,



th_ large particles selected had a mean diamet_ greater that 300

micron rendering signal discrimination tractable. The threshold

settings on the counter processor are set to discard signals from
L

larger particles, i.e. signals with a larger pedestal or the larger

d.c. component. The threshold settings were determined prior to

running the experiments. Larger particles passing through the

measuring volume scatter more light and produce a larger intensity

response from the PM tube (called the pedestal) than the smaller

particles. Thus, when the threshold level of the signal is set

above that for the smaller particle signal only small or large

particle signals are processed, and the velocity of the two phases

could be separated. The difficulty encountered with this approach

lies in the inability to accurately distinguish between the signals

from small particles passing through the center of the measuring

volume and the signals of large particles crossing near the edges

of the measuring volume. Since laser beams have Gaussian light

intensities both signals may have similar pedestals. This

inability to separate large and small particle signals is referred

to as trajectory ambiguity.

In this phase of the research program only the axial components

of the velocity vector were measured at five cross-sectional planes

in the glass test section. Measurements in each cross-sectional

plane were made along the centerline. Measurements very close to

the wall will also be attempted. In the past, with conventional
=

LDA's measurements close to the wall were quite difficult because

of a low signal-to-noise ratio due to scattering from the walls.

Typically, one thousand data points were required at each

_
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location to obtain statistically accurate velocity information.

The standard derivation and ninety-five percent confidence

interval, based on Student-t distribution, was calculated.

Velocity bias was eliminated using the incremental times and

weighing each sample. The mean velocity and turbulent intensity at

each data location was determined.

3,2.2 uncertainties in LDA Measurements

The procedure outlined by Kline and McClintock (1953) has

been used to calculate the uncertainty of a given parameter in the

current study. The uncertainty interval of a measurement is

generally stated at specified odds; typically, odds of 20 to 1

(corresponding to 95% level of confidence) are used.

The uncertainty of a measured quantity is expressed as:

R ± u= (20 to 1)

where, R is the mean value of the variable and um the uncertainty

interval.

Consider a variable, N which is a function of n independent

variables,

N = f(u,,u2, u3 ,....._ )

Then the uncertainty in N is given by:



In a dual beam fringe mode LDA system the particle velocity is

given by the following relation:

ii = 8,.fd

where,

[_ = Particle velocity

8, = Fringe spacing

fD = Doppler frequency

The fringe spacing is a function of the laser light wavelength

and the beam intersection angle:

T
6f-

2sin (u)

where,

k = Laser wavelength (514.5 nm)

-- Half of the intersection angle(0)

For small value of @, sin0 = tane = a/F, where 2a is the beam

spacing at beam splitter and F is the focal length of transmitting

lens :

k'F
sf-
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using uncertainty estimates (Kline and McClintock, 1953) :

[ IX F

6(8r)= _ _a1 6F I + a_2 6a I

A (6F)2 + 6a

k 2a°dfr

" 2--a + '_

where,

2a6f
F=-- X-
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The uncertainty is a function of 6F/F and 8a/a only. By

allowing the beams to hit a distant screen, the relative magnitudes

of these uncertainties can be reduced. Here, 8F/F is denoted by

8F'/F' and 8a/a by 6a'/a', where 2a' is the beam separation at a

plane distance F' from the measuring volume. The corresponding

uncertainties were 6F'= 0_2 cm and 8a'= 0.i cm thus, yielding

8(8,)/8f = 0.50% as the uncertainty in the calibration constant,

the fringe spacing, 6,.

However, data show that scatter in the measurements is larger

than the uncertainty calculated above. The observed wlriations are

dominated by statistical uncertainties in the measurementprocess.

3.2.3 _Yg__qptimizatioD

The fluorescent dye consists of Rhodamine 6-G in a solution

of 50-50% by volume of ethylene glycol and benzyl alcohol. Several

solution strengths were tested for the optimum LDA signal.

Solutions with molar concentrations ranging from 0.0200 M to 0.0292

M (approximately I0 - 14 g. of Rhodamine 6-G per liter of solution)

were prepared. The solutions were then tested to select the dye

strengths that provided the best signals.

Strands of 38 gage (i00 microns) Nichrome wire were immersed

in solution for a period of 24 hours in an attempt to attain a

fluorescent coating. When removed from the solution, they were

allowed to dry for approximately 1.5 hours. When removed from the

solution, the wires had an oxidized film and did not retain the

fluorescent coating of the dye. Signal quality was 'very poor from

the dyed wire. Human hairs proved to be better suited to the



dying procedure and were substituted for the wires.

Once the hairs were dyed, each was attached to a calibration

wheel and tested with the LDA system. The calibration wheel

consists of a Plexiglas disc attached to a variable DC motor. The

speed of the wheel is verified using a strobe. A hair is attached

to the outer edge of the wheel so that it passes through the

measuring volume once per revolution of the wheel; thereby

simulating a particle crossing the fringes. The speed of the wheel

was measured using both the LDA and a strobe. The results from

both were in good agreement. Those solutions providing the best

signals were chosen for the particle dying procedure.

3.2.4 _article Dying p_ocedure

In the particle dy_ng procedure, the optimum dye solution was

prepared as mentioned previously. Particles of titanium dioxide

were mixed with the solution. The mixture was then agitated for

several hours using a wrist-action shaker. Several methods of

removal of the dyed particles from solution were employed.

First, the unseparated mixture was heated in a drying oven in

an attempt to drive off the excess moisture. After the particles

were in the oven an appropriate amount of time, they were placed in

a desiccator to prevent the further absorption of moisture from the

air. The time necessary for the evaporation of the excess dye took

as long as four days. This process was too slow and the particles

emerged from the oven caked together.

The second method attempted to separate the dyed particles

from the excess solution before placing it in the drying oven.
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This was done by filtration, centrifuging, and decanting. The

particles formed a "colloid-like" suspension which did not filter

well. This process was also slow and messy and proved to be

inefficient due to the small amount of particles retrieved from the

solution.

The third method increased the amount of particles mixed per

milliliter of dye solution. Since less dye was used, the excess

was small and the time needed for drying decreased to one day.

This method was the most effective and is used in all further dying

procedures.

Because titanium dioxide particles emerged from the oven caked

together, running them through a grinder and then through a

ultrasonic separator was required to ensure the retention of the 2

micron sizing. Also, the absorption of the fluorescent dye by the

titanium dioxide was poor. The particles did not retain the

fluorescent orange color of the dye. Instead, they were purple

when removed from the drying oven. Due to these problems and that

of particle sphericity mentioned earlier, glass shot was

_ubstituted. The fluorescent dye solution coated the glass shot

well and retained its orange color. The glass shot did not dry in

"cakes" and retained its size and shape.

3.2.5 C@!ibration Techni_

A series of calibration tests were conducted in the horizontal

test section using 2 micron undyed titanium dioxide as the seeding

particle. The velocity measurements were taken at several

different flowrates and at several positions _ long the center axis
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using tlle LDA with the PM optics in forward scatter mode. The data

taken by the Lh " was then compared to the velocity calculated from

the pressure differential measured using a pitot tube upstream from

the LDA apparatus. These results were in good agreement.

The calibration wheel, as mentioned earlier, was then used to

test the dyed and undyed glass shot and the 560 nm narrow bandwidth

filter. The first test used 500 micron undyed glass shot attached

to the Plexiglas disc on the calibration wheel so that the

particles passed through the measuring volume with each revolution

of the disc° The PM optics were placed in backscatter mode and no

optical filter was used. Velocity measurements were taken and

compared to those calculated from rpm measured by the strobe. The

data was in good agreement with the calculated values.

Next, 500 micron glass shot coated with the fluorescent dye

was placed on the calibration wheel. Data was taken and was in

good agreement with the calculated values. The 560 nm bandwidth

filter was then placed on the PM optics. Data was taken and was in

good agreement with the calculated values.

The undyed glass shot was again placed on the calibration

wheel and the 560 nm optical filter was placed on the PM optics.

Because the glass shot was undyed, the 560 nm filter prevented the

514.4 nm scattered light from passing. Data was only able to be

taken when the gain, PM tube voltage, and threshold settings were

extremely high. And then, the measured velocities did not

correspond to the calculated values using the strobe. When the

gain and threshold settings were kept at levels used with the dyed

particles, no data was able to be taken.
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Tests were conducted to measure the instrumentation's

sensitivity to gain, PM tube voltage, and threshold by varying only

one quantity at time. Tolerance levels for signal to noise ratio

were established. The range of gain necessary to obtain a good

signal and accurate velocity measurements was found.

Velocity measurements were then taken in the horizontal test

section using 300 micron shot. Velocity measurements were taken

undyed glass shot and the 514.4 nm optical filter was placed on the

PM optics which operated in forward scatter mode. Measurements

were taken at three different flowrates and at five different

locations along the center axis. The velocity measurements were

comparable to calculated values using the measured pressure

differential upstream.

The 560 nm optical filter was then added to the PM optics and

300 micron glass shot coated with the fluorescent dye was used.

Velocity measurements were taken at the same three flowrates and at

the same five positions along the center axis. The velocity

measurements were in good agreement with those taken with the

undyed glass shot and the 514.4 nm optical filter.
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CHAPTER 4

CFB EXPERIMENTAL FACILITY

A Circulating Fluidized Bed (CFB) experimental set-up has been

designed (see Figure 4.1) to provide maximum versatility in

investigating particle cluster formation in the CFB riser using

LDA, optic fiber probes, and other probes. The cold-flow CFB model

currenly under fabrication is 6 m high and constructed mainly out

Plexiglas. Two stage cyclones are employed to capture the

particles exhausted from the riser. The baghouse connected to the

outlet of the secondary cyclone prevents fines from being exhausted

to the atmosphere. The riser is made of Plexiglas tube with an

inside diameter of 200 mm, wall thickness of 8 mm, and consists of

6 jointed sections in order to enhance the versatility of the

experimental set-up.

Under normal operating conditions the fluidizing velocity in

the CFB varies from 8 m/s to a maximum of 12 m/s. Design air

flowrate is 0.25 _/s. Circulation of particles varies from 50

kg/m2s to 200 kg/m=s. At maximum fluidizing velocity, the

entrainment capacity of air is 138 kg/m', and the mean voidage at

outlet of riser is 0.94.

In order to observe the quality of fluidization and the flow

patterns, the riser is made of Plexiglas. Transparent bed wall

provides clear access for observing and videotaping gas bubbles,

particle clusters, etc., and help in the adjustment of parameters

controlling _he flow patterns and fluidization.

The CFB experimental set-up was designed as a cold-flow model;
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however, studies at temperatures above ambient can be performed.

The fluidizing air can be heated with electrical heaters up to i00

degrees Celsius. This will be very helpful in studying the

formation of clusters as a function of temperature.

Design details of each component of the cold-flow CFB system

are given below:

4ol Design of the Dis_;ibutor

Published literaturehas presented ample evidence showing that

the quality of fluidization is strongly influenced by the type of

gas distributor used. For few air inlet openings the bed density

fluctuates appreciably at all flow rates, though more severely at

higher flow rates. For more air inlet openings the fluctuation in

bed density is negligible at low air flow rate. Bed density is

more uniform throughout. Since the mean diameters of particle is

50 pm, the orifice of the distributor must be small enough to

maintain the particle. Considering the distributor size, the

pressure drop and fluidizing velocity, a sintered stainless steel

porous plate manufactured by MOTT POROUS MEDIA will be used as the

distributor. The distributor plate flow characteristics are shown

in Figure 4.2. At the operating condition the pressure drop across

the distributor is 4.2 KPa.

4.2 Design of the Riser

4.2.1 The Diameter of the Rise_E

Most of the previous investigations (van Zoonen, 1962; Hartage

et al. 1986) with a few exceptions (Bader, Findlay, and Knowlton,
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1989) employed a small diameter riser (50 mm to 100 mm).

Experimental results obtained from both the large and the small

diameter test units have shown that the flow in the riser of

circulating fluidized beds is of a core-annulus type.

The solid and gas interaction between the core and the annulus

is an important consideration in the evaluation of risers since the

amount of interaction affects the solid and gas residence times.

Therefore, tests should be conducted in a unit with suitable size

riser in order to determine the mass flux and particle velocity

distributions as a function of riser radius and also axial riser

position.

The results of experiments conducted by Bader, Findlay, and

Knowlton (1989) have shown that the radial solids flux profile in

the riser is parabolic. At a location 9.1 m above the solids entry

point, the net mass flux rate decreased with riser radial position

to a value of zero at about 25 mm from the wall, and the particle

velocity profile is also similar to the mass flux profile. Voidage

profile is smoother than both the mass flux and particle Velocity

profiles. Taking the wall effects and particle-particle

interaction into consideration, a riser with a diameter of 200 mm

was selected which 2 times the width of the particle flux region.

4.2.2 e_i_ht of the Riser

Bader, Findlay, and Knowlton (1989) have shown thatF the mass

flux and voidage profiles at positions of 9.1 and 4.0 m are nearly

the same except for the quantity of mass flux and voidage. So, the

height of the riser was selected as 4.5 m and divided into 6
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sections. From bottom to top, the various sections are 700 mm, 800

mm, 800 mm, 800 mm, 800 mm. and 600 mm, respectively in length.

4.3 pesi_n of the Cyclones

Circulating fluidized beds are characterized by particle

circulation. The circulation of particles depends mainly on the

fluidizing velocity and the quantity of particles captured from

exhausted gas. If the particles captured from the exhaust gas are

much smaller than those in the exhaust gas then a stable

circulation cannot be maintained. Hence, provisions are made to

improve the collection of exhausted particles using a multistage

cyclone, baghouse, electrical filters and so on. Considering the

actual situation, two stage cyclones are inserted in the

experimental set-up and the design details are given below:

4.3.1 Dimensions _q_he Cyclones

Two similar cyclones are employed in the test unit in order to

capture the particles exhausted from the riser as shown in Figure

4.3. The outside diameters of both the cyclones are 300 mm.

Diameter of the outlet is 150 mm. Height of the primary cyclone is

600 mm and that of the secondary cyclone is 400 mm. Other

dimensions of both of the cyclones are as follows:

Primary Cyclone Secondary Cyclone

D = 300 mm, A = 1200 mm D = 300 mm, A = 1200 mm

B = 600 mm, C = 600 mm B = 600 mm, C = 600 mm

E = 75 mm, F = 188 mm E = 75 mm, F = 188 mm

L = 75 mm, K = 150 mm L = 75 mm, K = 150 mm
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M = 150 mm, N = 38 mm M = 150 mm, N = 38 mm

The inlet velocity of both cyclones is 18.8 m/s and the outlet

velocity of both is 11.9 m/s.

4.3.2 9alculatio_ of Pressure Drop.

The air flowrate is 2.5 m'/s and the inlet velocity V_ of the

cyclone is 18.8 m/s. The number of cyclone inlet heads p0:

Po = k_KL/M _ = 16.0 x 150 x 75/1502

=8.0

here ko is a constant, for the following conditions, ko = 16.0

L/D = 1/12 - 1/4
K/D = 1/4 - 1/2
M/D = i/4 - 1/2

The velocity head (in H20) :

h_ = 0.05 x pv 2 = 0.05 x 1.2 x 18.82 = 21.2 mm _0

The total pressure drop across cyclone:

p = po x _ = 8.0 x 21.2 _ H20 = 169.6 n H_

The minim_ particle size:

[ 9_D Ja = [ 9 x 1.2 x 10-s x 0.3 = 7 6 xi0"_.Dpu= _c(P'_ 3.14 X 5 X 18.8 (2000-1.2)

Here V_ is the inlet velocity, _ is the viscosity, N is the number
of turns, N=5
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The cut size:

Ii:9 _ D . x 1.2 x 0.3 x i0 -5 - 5.2 _m
Dm " 2 ff N V=(p,-p,) x 3 14 x 5 18.8 (2000-1.2)

The separation efficiencies are:

3 _m i0 _m 15 _m 20 _m

efficiency 22% 80% 90.5% 99.5%

4.4 Design of the Hopper

A schematic of the particle hopper employed in the experiment

unit is shown in Figure 4.4. Since the maximum mass flux rate is

25 kg/s in the test unit, there should be enough room to store the

circulating particles in the loop to maintain a stable circulation.

Considering the particle circulation to be stable and the time

required for each complete circulation in the CFB to be 5 seconds,

the quantity of particles passing a given section in the stand

pipe, W, is 125 kg per circulation. The hopper was designed to

store at least twice this amount. The volume of the hopper0 V is

V = 2W/p. = 2 x 125 / 2500 = 0.i m', at least assuming the density

of particles, p,, is 2500 kg/_.

4.5 Desiqn Qf the D-Valve

Several types of non-mechanical valves are in use today to

transfer the particles from the standpipe to the riser. Notable

amongst them are L-valves and U-valves. Importance of a well

designed L-valve cannot be overstressed. Depending on the particle

characteristics, two types of flows can exist in the non-mechanical

valves, namely aerated flow and stick-slip flow. If stick-slip
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flow exists, it is necessary to determine whether there exists a

positive pressure difference (pressure at the top is lower than the

pressure at the bottom).

From the operating conditions and the particles employed in

the test, it is apparent that a stick-slip flow exists in this

test. The ideal seal height (where there is a net zero gas flow

rate) and the height (where the solids in the leg flow continuously

downward) are determined. In the experimental unit, an L-valve is

employed and its dimensions are shown in Figure 4.5.
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A - 75 mm. B - .'500mm, C ,..'500 mm

Figure 4.5 Schematic of the L-Valve



CHAPTER 5

RESULTS AND DISCUSSION

This chapter presents and discusses the results of the dye

optimization and calibration procedures as given in Chapter 3. All

velocity measurements have corresponding velocity histogram plots.

Each plot represents the final velocity distribution of I000 points

of raw data taken at one horizontal location at a set flowrate and

manipulated using the statistical programs listed in the Appendix.

5.1 Dye Optimization

The fluorescent dye, consisting of Rhodamine 6-G in a solution

of ethylene glycol and benzyl alcohol (50-50% by volume), was

prepared in molar concentrations ranging from 0. 0200 M to 0. 0292 M

(approximately 10-14 g of Rhodamine 6-G per liter of solution).

The dyes were then tested to select the dye strengths that provide

the best signals following the procedure described in Sections

3._.3 and 3.2.4.

The dyes were tested with human hairs which had been coated

with the solution and placed on the calibration wheel. The gain,

PM tube voltage, threshold, and high and low pass filters were

manipulated to obtain the best signal. This was done using undyed

hairs first and the green 514.5 nm filter on the receiving optics.

Once the levels were set, they remained constant throughout the

experiment.
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The results showed little differentiation between the dye

molarity but rather varied according to the amount of dye on the

hairs. This proved to be especially apparent in later tests where

the particles were dyed showing that in addition to dye strength

the amount of dye absorbed by the particles/hairs is equally

important. The 0.02 M solution was found to yield the best signals

and was therefore used for dying particles.

5.2 _a_ibration

Several calibration tests were performed to check the LDA

output following the procedure in Section 3.2.5. These tests were

performed using undyed titanium dioxide, undyed glass shot, and

dyed glass shot in combination with the green and orange filters.

Three techniques were used to calibrate the instrumentation.

First, the undyed 2 micron titanium dioxide was used as :_he seeding

particle in the horizontal test and the green filter was placed on

the PM tube receiving optics. The second employed the use of the

calibration wheel with the dyed and undyed glass shot and the two

filters. The third was performed in the horizontal test section

using undyed titanium dioxide and dyed and undyed glass shot and

the two filters.

5.2.1 Calibrat_o_qD_Using the Undyed Tita/nium Dioxide in the

gori2;ontal Test s_ction

A series of calibration tests were conducted in the horizontal

test section using undyed 2 micron titanium dioxide as the seeding

particle and the 514.5 nm green optical filter on the PM tube
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receiving optics as described in Section 3.2.5. Velocity

measurements were taken at three different speeds of the blower

yielding a calculated velocity of 9.69 m/s, 13.41 m/s, and 15.66

center axis at: 10 cm, 12.5 cm, 15 cm, 17.5 cm, and 19.5 cm from

the coupling. Velocity histograms of the final data set (after

statistical averaging) are given in Graphs: 5.1 - 5.15.

The data presented in these graphs is a result of statistical

averaging and rejection of spruious "noisy" data. Mean, rms, and

standard deviation values of the velocity data were calculated

using standard statistical methods. Velocity histograms were re-

plotted after the tails were deleted and new mean and standard

deviation values were calculated. The highly restrictive criteria

used for eliminating the noisy data involved retaining the data

with +/- 2 standard deviations of the mean velocities. This

resulted in a fairly high percentage of the data being rejected.

However, future data reduction will retain values within 2.56

standard deviations of the mean velocities. For the data presented

in the graphs, velocity bias corrections were not applied to the

calculated statistical averages° An inspection of the histograms

of statistically reduced data provided more insight into the nature

and aim of this study_ In test runs where the histograms did not

follow the required distribution, the run could be rejected

completely.

5.2.2 Using Calibration Wheel

In the first test, no optical filter was placed on the

calibration wheel. The undyed 500 micron glass shot was attached
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to the wheel and velocity measurements were taken_ The data from

the LDA had a final (after running through statistical averaging

programs) velocity average of 4.304 m/s. The velocity calculated

from the strobe at 1580 rpm is 4.63 m/s (see Graph 5.16). Next,

dyed 500 micron glass shot was placed on the wheel and velocity

measurements were taken. The data from the LDA had a final

velocity average of 4.496 m/s and that calculated from the strobe

was again 4.63 m/s (see Graph 5.17).

Next, the 560 nm orange filter was placed on the receiving

optics. Dyed (0.02 M) 500 micron glass shot was attached to the

calibration wheel and two sets of data were taken. The final

velocity average obtained was 5.135 m/s and 4.594 m/s with a

velocity calculated from the strobe to be 4.63 m/s (see Graph 5.18

and 5.19). The dyed glass shot was removed from the wheel and

replaced with undyed 500 micron glass shot. With the gain,

threshold, PM tube voltage, and high and low pass filter settings

the same as for the dyed particles with the filter, the data rate

was zero, that is, no data could be acquired. This result was as

expected. This leads to the conclusion that when dyed and undyed

particles are present together in a flow stream, a narrow bandpass

filter in the optical train will permit discrimination between the

two types of particles and yield velocity information form the

fluorescent particles.

5.2.3 Sensitivity Tests

Tests were conducted with the dyed particles on the

calibration wheel and the narrow bandpass optical filter (orange

.
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filter, centered at 560 nm) on the PM tube receiving optics. The

instrumentation's sensitivity to gain, PM tube voltage, and

threshold were tested. Each variable was tested while the others

were held constant.

The output was relatively insensitive to small changes in

threshold. The signal and the velocity measurements remained

consistent throughout the test. The output was highly sensitive to

small changes in the PM tube voltage. Small changes in voltage

were undiscernible on the voltmeter reading but resulted in large

variations in the velocity measurement. The gain showed some

sensitivity to large changes but after a reaching a certain level

the velocity measurements were consistent for small changes in

gain.

5.2.4 Calibration using Dyed/Undyed Particles in the Hori_on_al

Test Section

A series of calibration tests were conducted in the horizontal

test section using undyed and dyed 300 micron glass shot as the

seeding particle and the 514.5 nm green optical filter and the 560

nm orange optical filter on the PM tube receiving optics as

described in Section 3.2.5. Velocity measurements were taken at

three different speeds of the blower yielding a calculated velocity

of 8.57 m/s, 13.41 m/s, and 15.66 m/s. Measurements were taken at

five different locations along the center axis at: i0 cm, 12.5 cm,

15 cm, 17.5 cm, and 19.5 cm from the coupling.

The first data set was taken with undyed 300 micron glass shot

and the 514.5 nm green optical filter on the PM tube receiving
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optics. Velocity measurements were taken at the three blower

speeds and five axial location mentioned above. Velocity

histograms of the final data set (after statistical averaging) are

given in Graphs: 5.20 - 5.35. The second data set was taken with

dyed 300 micron glass shot and the 560 nm orange optical filter on,

the PM tube receiving optics. Considerable volume of data acquired

towards the end of the year is currently being processed. It will

be included in the upcoming monthly reports.

The adopted technique permitted optical discrimination between

the scattered light and fluorescence emission. The Laser Doppler

Anemometer used in this effort was configured in the differential

Doppler or fringe mode. This utilizes the scattered light when a

particle passes through the point of intersection of the Gaussian

beams. The scattered intensity varies with time and the modulation

frequency under the gaussian envelope is given by

2 U_ 0

fd = --_ sin_

The detection process, being essentially incoherent permitted the

introduction of fluorescent particles in the flow such that the

standing electromagnetic field, in the intersection region, could

induce a time varying fluorescent emission (Stevenson et al.,

1975). Hence, by using a narrow band pass filter in the receiving

optics, signals from the two classes of particles (dyed and undyed)

were effectively discriminated.

_= 6(7(,



The optical filter allowed the fluorescence emission to reach

the PM tube and blocked out the scattered light. Fluorescence

emission eliminates the dependence of the signal modulator on the

aperture geometry of the PM receiving optics primarily because

fluorescence is spatially isotropic and unpolarized (Stevenson et

al. ', 1975).

Althovgh the signal amplitude from fluorescent particles was

considerably less than the scattered light signals (without the

optical filter), a careful adjustment of the gain and PM tube

voltage yielded fairly satisfactory velocity data. The signal to

noise ratio from the fluorescence emission was not comparable to

the scattered light signals; however, the subsequent statistical

data reduction eliminated the noise.

Use of an optical filter to allow the passage of only the

longer fluorescence emission along with the use of a powerful laser

(a 2.0 W Ar-ion laser with .8 W in the 515.5 nm line was employed)

will permit non-intrusive probing of the core-annulus flow in a CFB

riser. Given the difference in the characteristics of fluorescence

emission and scattered light, measurements closer to the riser wall

are highly possible. Reflected light would not permit measurements

near the wall.
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This FORTRAN program calculates the velocity from the data
brought in from the counter processor using an assembly language
subroutine.

C TEST PROGRAM: LDA COUNTER PROCESSOR TO COMPUTER

DIMENSION LDADAT(1000) ,LDATIM(1000}
THETA-7.25

PII=4.0* ATAN(I. 0)
RDCRV- 180. O/PII
WRITE (7,150)

150 FORMAT (IX, 21HINPUT FREQUENCY SHIFT)
ACCEPT*, F
WRITE (7,200)

200 FORMAT (1X,32HINPUT NUMBER OF SAMPLES REQUIRED}
_CCEPT*, N
CALL LDAFQ(N,LDADAT(1) ,LDATIM(I} )
WRITE (7, I001)

1 O 0 1
FORMAT ( 3X, 1HI, 3X, 9HLDADAT (I) , 5X, 4HFREQ, 11X, 3HVEL, 12X, 5HOMEGA,

& ,10X, 4HTIME)
WRITE (7,300)

300 FORMAT(/)
VELSUM- 0.O
DO 10 I- 1, N
DM= FIX)AT (LDADAT (I ).AND. = 55 }
IDX- (LDADAT(I} .AND. 3840}/256
I>=DM*2. *_IDX
FI>-14.96*D-F

VEL=FD. (514.5E-S) / (Z. *SI. (TSta/(=. *RDCV)))
ONEGA= VEL*60. / (6.83E-2"2. *PII)
TM-FLOAT(LDATIM(I) .AND.255)
ITX- (LDATIM(1) .AND. 3840)/256
T=TM*2. **ITX *I.E-7
VELSUM= VEL + VELSUM

WRITE(7,1000} I,LDADAT(I}, FD,VEL, OMEGA,T
WRITE (9,2000} I, FD,VEL

c WRITE(9,1000) I,LDADAT(I) ,FD,VEL,OMEA,T
I0 CONTINUE

VE- VELS/N
WRITE(7, I050) VELAVE

1000 FORMAT(IX, I4,2X, 17,4X, E12 o4,3X, El2.4,3Xu E12.4,3X, E12.4 )
1050 FORMAT(lX,18HAVERAGE VELOCITY -,3X,E12.4)
2000 FORMAT (IX, I3,4X, E12.4,4X, E12.4 )

STOP
END
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This assembly language (pDP-11 MAC) subroutine brings in data
from the counter processor.

DRVIN - 167774
DRVOUT - 167772
ZERO " 0
CLDRF - 40
GOVAL " 34
GOVAL1 " 74
GOVALO 1 " 35

; GOVAL03 " 37

LDAFQ: : HOV #ZERO, @#DRVOUT
MOV #CLDRF, @#DRVOUT ; CLEAR DATA READY FLOP
MOV #ZERO, @#DRVOUT

MOV (RS) +,R0 ; GET NUMBER OF ARGUMENTS IN
; RO

MOV @(RS)+,R1 ; GET COUNT,N , IN R1
MOV (RS)+,R2 ; GET ADR OF THE FIRST ELEMENT

; OF ARRAY

; INTO R2

MOV (R5} ,R3 ; GET ADR OF FIRST ELEMENT OF
; 2ND ARRAY

MOV #GOVAL,@#DRVOUT ; ARM LDA COUNTER, SET Sl AND
; SO, AND
; MUX ADR TO ZERO

; VALIDATION ROUTINE

15 : MOV @#DRVIN, R4 ; GET LDA DATA INTO R3 • BRANCH
BMI I$ ; BACK IF BIT 15 IS SET
MOV R4, (R2}+ ; STORE LDA DATA BY R2 AND

; INCItD(ENT

; IF GOVAL01 IS DESABLE, TIME
; INTERVAL
; WON' T BE SOTRE

MOV #GOVAL01,@#DRVOUT ; SET MUX TO 01 (TIME
; INTvAL)

;MOV #GOVAL03 ,@#DRVOUT ; SET MUX TO 03 (NUMBER OF
; FRINGES}

NOV @#DRVIN, (R3) + ; STORE TIME INTERVAL OR
; NUMBER OF
; FRINGES IN R3

HOV #GOVALI,@#DRVOL?T ; TOGGLE BIT 5 TO CLEAR THE
; DATA

MOV #GOVAL, @#DRVO_FP ; READY FLOP
DEC R1 ; DECREMENT THE NUMBER OF

; SAMPLES

!'!2



BNE I$ ; BRANCH BACK IF MORE DATA

MOV #ZERO,@#DRVOt?f ; DISARM LDA COUNTER AND CLEAR
; ALL
; O_PUT sits

RTS PC

.END
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This FORTRAN program calculates the statistically reduces the
raw data by eliminating ali data above or below +/- two standard
devlatlons from the mean. Data is run through the elimination

loops three times.

C PROGRAM TO ELIMINATE DATA NOT WITHIN THE RANGE OF 2 STANDARD
DEVIATIONS
C THIS PROGRAM WILL RUN THROUGH THIS CALC. TWICE AND STORE DATA IN

FILE\
C TKELLY. DAT
023456789

DIMENSION NO(1000) ,FD(1000), FREQ(IO00) ,VEL(1000) ,VELI (I000)
C ASSIGN THE OLD DATA FILE

TYPE *, 'ENTER THE OUTPUT FILE NAME (OLD DATA FILE}'
READ(7,100)RESEAR
OPEN (UNIT_9, NAME=RESEAR, TYPE:' OLD' )

C ASSIGN THE NEW DATA FILE
I00 FORMAT (AI0)

TYPE *, 'ENTER THE INPUT FILE NAME (NEW DATA FILE)'
READ(7, I00) OUTPUT
OPEN (UNIT:8 ,NAME=OUTPUT, TYPE:' NEW' }

C ENTER THE NUMBER OF DATA POINTS

WRITE(7, *) 'ENTER NUMBER OF DATA POINTS'
READ(?,*)N
VELSUM-0 o0

SQMN-O. 0
C READ DATA FROM FILE AND SU)( VEIE_ITY

DO 10 I'I,N
READ(9, I000} NO(I}, FD(I) ,VEL(I)

VELSUM-V.( I )+vEIaUX
10 CONTINUE
C CALCULATE MEAN VELOCITY

AVG-V'm_UMI n_AT (S)
WRITE(7, II) AVG

11 FORMAT (1X, 'AVG.VEL. I IS', 1X, El2 .4)
C TAKE DIFFERENCE OF VEL(I) AND MEAN0 SQUARE DIFFERENCE, SUM RESULT

DO 20 I:I.N
SQMN-( (VEL(1)-AVG)*.2)

20 CONTINUE
C C_TE STANDARD DEVIATION

STDDEV_ (SQMNI (FLOAT(N) -I) ) **0.5
WRITE (7,21 } STDDEV

21 FORMAT (1X, 'ST .DEV. 1 IS ',E12 .4 )
C CALCULATE LIMITS OF +/- 2*STANDARD DEVIATION

HIGH=AVG+2 *STDDEV
S LOW=AVG- 2 *STDDEV

WRITE(?,22) HIGH
WRITE (7,24 } SIEM

22 FORMAT(1X,'HIGH. I IS • E12 4)
'LOW.I IS ' E12 4)24 FORMAT (IX, , .

J-0
VELSUM_O. 0

C ELIMINATE DATA ABOVE AND BELOW AVR +/- 2*STDDEV, STORE REST IN
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NEW ARRAY
DO 30 I'I,N

IF (VEL(I) .LR. HIGH .AND. _L(I) .GE.SLOW) GO TO 25
GO TO 30

25 J-J+1
FR_ (J)-n) (I)
VEL_ (J)-V_ (I)

_uM-v_l (J) +VELSmt
C WRITE($,I000) J: FREQ(I), VELI(I)
3O CONTINUE
C CALCULAT_ NEW MEAN

AVG-_UM / _OAT(J)
WRITE(7,42) 3
WRITE(7,41) AVG

41 FORMAT(IX,'AVG.VEL.2 IS ',E12.4}
'N 2 IS ' I3)42 FORMAT (1X, • '

s_e_-o, o

C CAI_TE NEW sTANDARD DEVIATION
DO 50 JmI,L
SQMNm ({VELI (J) -AVG} **2 )+SQMN

50 CONTINUE
STDDEV" (SQMN/(FLOAT (L}-I) )**0.5
WRITE(7,51) STDDEV

51 FOR)U_T(IX,'STD.DEV.2 IS ',E12.4)
C CAI_TE NEW LIMITS

HIGHmAVG+2* STDDEV
_fRITE (7,52) HIGH

52 FORMAT(IX, _HIGH.2 IS ',E12.4)
SLOW-AVG- 2 *STDDEV
WRITE{7,53) SLOW

53 FORMAT(IX, SLOW'2 IS ',E12.4)
K'0
VELSUM'O •0

C ELIMINATE DATA OUTSIDE LIMITS AND STORE REST IN NEW DATA FILE
DO 60 J-1,L

IF (VELI(J} .LE. HIGH .AND. _/ELI(J) .GE. SLOW) GO TO 55
GO TO 60

55 K'K _1
mUTE(S,X000) K, nU_(J), VEL_(J)

VELSm(=V_I (J) +VELSm4
60 CONTINOE

WRITE(7,64) X
AVG.-VELS_3(/FLOAT (K)
WRITE(7,63) AVG

64 FORMAT(IX,'N.3 IS ',13)
65 FORHAT(IX, 'THE FINAL AVERAGE IS ' ,E12.4)
I000 FORMAT (IX, I3,4X, El2 •4,4X, E12" 4)

CLOSE (UNIT"S)
C_S_ (m_IT-9)
_;TOP
END

r
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This FORTRAN progran sorts the statlstlcally reduced data in
ascending order, counts the frequency of occurance of the veloclty
data and prepares the data for use in the SAS program to produce
velocity histograms.

023456789
DIMENSION N(1000), F(1000), V(1000),VI(1000),T(1000)
LOGICAL DONE, FXHI
WRITE (5, I0)

10 FORMAT(IX,'ENTER THE NAME OF THE FILE TO BE SORTED')
READ(5,12) RESEAR

12 FORT (AI0)
OPEN (UNIT_I5, FILE=RESEAR, STATUS'' OLD °)
WRITE (5, 15)

15 FORMAT(IX,'ENTER THE NAME OF THE NEW rILE")
READ(5,16) SFILE

16 FORMAT (AI0)
OPEN (UNIT_I4, FXLE=SFZLE, STATUS=' NEW' )
WRITE (5, 18)

18 FORMAT(IX,'ENTER THE Eu_BER OF DATA POINTS')
READ(5,*)K
DO30I'l, K

READ(X5,*) N(I), F(I), V(I)
30 CONTINUE

PAIRS-K-I
DONE- oFALSE.

35 IF (.NOT. DONE} THEN
DONE- oTRUE.
DO 40 I-1, PAIRS

Xr (V(I) .GT. V(X + 1)) THEN
T_ - v(I)
v(z) -v(x + 1)
v(I + 1} - TEI(P
DONE=. FALSE.

END IF
C WRITE(5,39} I, V(X)
C39 FORMAT ( 1X, I3,4X, E12.4 )
40 CONTINUE

PAIRS=PAIRS-X
GO TO 35

END IF
L-0
J'0
DO 50 I-1,K

LsL+I

xr (v(z).Nz.v(z.1))

WeZTE(5,gS) a, V(X), L, X
WRITE (14 , 95) J, V(I), L, 1
L-0

95 FORMAT (1X, X3,4X, E12.4,4X, I3,4x, IX)
EHD IF

50 CONTINUE
END
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This program produces the velocity histograms of the
statistically reduced data using SAS on the VAX system.

FILENAME DATA 'DISK04 :KEL. DAT' ;

DATA;

INFILE KEL;

INPUT N V F AS;

PROC GPLOT

PLOT F*V=A/VAXIS=0 TO 25 by 5.0 HAXIS=0.0 to 15.0 BY 0.5 OVERLAY;

SYMBOL1 I=NEEDLE V=STAR;

TITLE1 H=I F=NONE 'VELOCITY HISTOGRAMS';

TITLE 2 H=I F=NONE 'AXIAL CENTERLINE VFLOCI'Iq,;

TITLE3 H=I F=NONE 'PARTICLE SIZE- 500 _icrons';

TITLE4 H-I F=NONE 'PIPE DIAMETER - 2.5 _a';

LABEL F='FREQUENCY, ;

LABEL V_, VELOCITY' ;

GOPTIONS BAUD-2400;

RUN;
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