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ABSTRACT

The objective of this work is to experimentally investigate the near-wall turbu-

lent flow-fields characteristic of cyclone separators in order to determine the

influence of wall-originating turbulence on the separation of fine particles.

In particular, seven turbulence suppression concepts will be evaluated with

reference to a well-established baseline condition. Concepts which appear
attractive will be studied and characterized in more detail.

The work accomplished to date is principally the design, construction, and qual-

ification of two of the facilities that will be used to study the various con-

cepts of turbulence suppression. The qualification of the primary facility, the

Cyclonic Wind Tunnel (CWT), has required the development and adaptation of laser
Doppler velocimetry (LDV) to perform simultaneous two-dimensional turbulence

measurements in a highly swirling flow. To date, extensive LDV messurements

have been made of the mean and fluctuating components of the radial and tan-

gential velocity and the Reynolds stress, all as a function of axial (or long-

itudinal) position, radius, and CWT inlet velocity. These data have been

obtained using three different particles: fine-droplet oil (sub-micrometer

size), fine-size AC test dust (5 um nominal size), and coarse-size pollen (20 um

nominal size). Significant differences it. the radial velocity for each of these

particle systems have been observed, although the radial profiles of the various
turbulence parameters are similar to one another.

The initial experiments of the first turbulence suppression concept have begun.

This concept consists of a rotating, transparent insert whose internal dimen-

sions are identical to the replaced test section of the CWT. Turbulence

suppression da_.a with the three aerosols identified above are being taken as a

function of rotation rate up to a maximum of 1,000 rpm.

A companion facility to the CWT is the Curvilinear Boundary Layer (CBL)

apparatus. The purpose of the CBL is to provide a thick, visually-observable

near-wall flow region under dynamically similar conditions to the CWT to that a

physical understanding of the turbulence suppression process can be obtained.
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The physical scales of the CWT and CBL are nearly identical, but the CBL uses

water as the flow medium. To date, the design, construction, and qualification

of the CBL have been accomplished. The data taken in this facility are almost

exclusively based on visual recording: 35 mm still photographs, videotape, and

high-speed 16 mm/cine. These data have shown two clearly distinguishable

particle families: those that are moving quiescently along the wall in a

helically-axial direction, and those which appear to have rapid, irregular

motions in the general direction away from the wall. lt is thought that addi-

tional study will reveal that the source of such irregular motions away from the
wall is a Gortler vortex structure.

1.O INTRODUCTION

Background

The need for hot-gas cleanup is well These qualities of cyclones are

established. In order to make use of balanced by two negative aspects. The

the abundant coal reserves in the U.S. first one is the most significant.

in direct-cycle applications, hot The separation efficiency of cyclones

effluent gas will need to be cleaned is known to decrease with decreasing

of virtually all particulate matter, particle size, especially when

especially those particles larger than attempting to collect particles
about 5 pm in diameter. This is smaller than about I0 to 15 _m.

necessary in order to assure a reason- Unfortunately, this degradation in

able life for the work conversion efficiency is near, but not quite at,

device (usually considered to be a the threshold particle size that

turbine). The magnitude of this erodes turbine surfaces as particles
cleanir_ requirement remains to be smaller than about 5 um are usually
established because trade-offs exist

considered to be relatively benign.

between pazameters such as turbine Cyclones of conventional design would

performance and ruggedness, particle permit far too many particles in the

concentration and turbine life, and range of 5 to 20 vm to enter the

turbine crs_s and hot-gas collector turbine to allow reasonable operating

costs, lifetimes. A second negative aspect

of cyclones is that of high pressure

The attractiveness of cyclone-type drop. Depending on the design

separators for this application is conditions, the collection system
equally wel" established. Cyclones pressure drop can be 5 to I0 in. of
offer the following advantages: water gage (or even larger), a value

which is considered to be high in

o They are readily adaptable to comparison to that for devices such as

hot-gas conditions, electrostatic precipitator,. For the
o They can be made in a range of envisioned application, which involves

capacities (although the cleanup of a pressurized system (which

efficiency is known to decrease will operate at several thousand

with larger sizes), inches of w_ter pressure), this factor

o _ey are slmp_e, robust, and, is perceived to be of lesser

hence, reliable, representing the significance.
most convenient means of

achieving the desired collection. Thus, the opportunity exists to mak,

o As a more or less direct an important contribution to the

consequence of the above, they development of direct cycle systems
are the lowest cost means of

using coal derived effluent: namely,

particle collection, the development of improved cyclonic
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systems for which the particle col- different turbulence suppression

lection efficiency drop-off level techniques have been proposed for

coincides with the particle erosion study. Four of them are wall-based

deterioration threshold of approxi- tec_hniques: a rotating wall, a porous
wall, a fuzzy wall, and a grooved

mately 5 _m diameter, wall. The remaining three techniques

Research Objective are field-based phenomena: the use of
an axial electrostatic field, an

The research objective of this project acoustic field, and a stranded field.

is to I) investigate and characterize The first phase of the experimental
plan involves the screeuing of ali

near-wall turbulence in cyclone sep-
arators and 2) determine its influence seven turbulence suppression techni-

on the separation efficiency of fine ques to determine which concepts are
the most effective at reducing the

particles for both baseline and tur-

bulence suppression conditions, turbulence level in the near-wall re-
gion and also enhancing the particle

This objective will be accomplished by separation potential of the cyclonic
flow field. Of these, three or four

the use of three experimental rigs: a will be chosen for more detailed stud-
cyclonic wind tunnel facility (CWT), a

curvilinear boundary layer facility ies to determine how the lower turbu-

(CBL), and a baseline cyclone facility fence levels in the near-wall region

(BCF), as illustrated in Figure i. affect the particle separation poten-
tials of 5 to I0 vm particles for aThis report describes the design and

qualification of the CWT and CBL. range o_: cyclone operating conditions.

2. I EXPERIMENTAL FACILITIES

2.0 THE CYCLONE WIND TUNNEL AND INSTRUMENTATION

FACILITY (CWT) 2.1.1 Desizn of the CWT

The purpose of the CWT is to provide a
The mirror-image CWT desi., consistswind tunnel that can be used as a test
of five major components: a quieting

bed for cyclonic flows much like con- chamber, a contraction inlet, a scrollventional wind tunnels have been used

for rectilinear flows. The benchmark piece, the mirror-image test sections,
and the exit boundary control device.

operation of this facility has been

documented in a report entitled These components are illustrated in

Qualification Test Plan Results for Figure 2. a

the Cyclonic Wind Tunnel Facility b_k_--_-_
.. OUIETING '(Paul, Razgaitis_ Bo;arski, Jordan c.,u,,,

1985). _//)
The CWT is intended to be an analog

computer representing the key features
COWT.,CT,ON_ f

study. The focus of the research is

on the energetic turbulence structures

lieved to be the cause of limited col- _"_

lection efficiencies for particles

below approximately 20 urn. The

purpose of these studies is to examine _ _ //_,,_.._._ u,,,o_',u,a,

if such turbulence structures can De _ ) _....._ , ,,L,O,T,S,,,C,,ON
suppressed to a degree that will cause _._._-\ ,.LE,,C_OLL

a _ignificant change in the behavior ,,,,,,c,,o,

of 5 to I0 um particles. Seven

Figure 2. Cyclonic Wind Tunnel (C_'T),
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The quieting chamber on the cyclonic to 1 is in line with other wind tun-

wind tunnel has been designed in nels designed to have a low turbulence

accordance with the specifications inlet (Pankhurst and Holder 1953).
used for conventional rectilinear wind The contraction inlet is attached to

tunnels (Baals and Corliss 1981; and the scroll piece.

Pope 1947). Its purpose is to elimi-

nate any bulk swirl in the flow field The purpose of the scroll piece is to

induced by turns in the upstream duct convert the rectilinear flow field

work_ and to produce a flow field with into a vortical flow field. Design

homogeneous turbulence. Bulk swirl is specifications for conventional

eliminated by forcing the flow through cyclone separator inlets have been

straighteners consisting of a honey- used as a basis for the scroll inlet

comb pattern of 16 mm tubes, each design. Conventional cyclones typi-

20 diameters long. Homogeneous turbu- tally have tangential inlets which are

fence is produced by placing a fine one-fourth of the cyclone diameter
mesh stainless steel screen (30 mesh wide and one-half the cyclone diameter

spacing with an open area equal to in axial length (Leith and Mehta

37 percent of the cross-sectional 1973). The only difference in the CWT
inlet is that it has been made twicearea) at the outlet of the flow

straighteners, as long to accommodate the two mirror-
image test sections. The rationale

for the mirroring has been to avoidNext, the flow enters a sudden con,
the formation of end-wall boundarytraction inlet section. A rubber

coupling placed between the quieting layers in the scroll piece and their
chamber and the contraction inlet attendant disruption of the flow

serves to isolate vibratioL_s in the field.

blower duct work from the rest of the

wind tunnel. The purpose of the sud- The mirror-image test tubes form the
body of the cyclonic wind tunnel andden contraction inlet section is to

produce an extremely flat velocity act to direct the swirling flow field

profile at the inlet to the scroll along their axes. Each test section

piece, and to further suppress any has an inside diameter of 0.292 meters

inhomogeneities that might exist in and a length from the centerline of
the flow field. Two one-dimensional scroll inlet to the exit plane of the

contractions, placed in series, allow test sections of 1.22 m. Au even

a smooth transition from the aI x bI split of the flow is assured because

area of the quieting chamber to the the test sections are exact mirror-

a2 x b2 area of the scroll inlet. The images of each other with respect to
first one-dimensional contraction sec- the cpnterline of the scroll inlet.

tion operates only on the "b" coordi- For this reason, data need only be

nate, changing the cross sectional taken in one of the test sections.
area from 406 mm z 406 mm to 406 mm x

305 mm. The second one-dimensional At the exit plane of each test

contraction operates only on the "a" section, a flat disk plate has been

coordinate; changing the cross section used as a boundary exit control device
as shown in Figure 3. An adjustablearea from 406 mm x 305 mm to 76 mm x

305 mm. Brea_ _wn-_mensional con-- gap exists between the flat disk plate
and the exit plane of the test sec-tractions into two separate one-
tion. The swirling flow inside thedimensional contractions is a common

technique used to simplify the overall CWT must exit radially outward through
this gap. The gap tends to stabilizeconstruction (Lee 1984). Each one-

dimensional contraction has a cosine and preserve the vortical flow field

shape to allow a smooth transition of inside the CWT. lt also has the added
the flow field to the new flow area. advantage of allowing easy access for

The overall contraction ratio of 7 backscatter LDV measurements through
the end of the CWT.

i
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Exit Boundary Condition

Control Device. Figure 4. The Aerodynamic Particle Size
Distribution Obtained For

Atomized Mineral 0il Droplets
2.1.2 The Aerosol System Used As Tracer Particles.

The aerosol system consists of the
equipment necessary to generate and show that they have a number average

inject seed particles of known size diameter of 0.85 _m (see Figure 4).

into the cyclonic wind tunnel (CWT). The size and density of these parti-

These particles are then tracked cles are such that they should follow

inside the CWT test sections using a the turbulent fluctuations of the CWT

laser Doppler velocimeter (LDV) to flow field (Maxwell and Seasholtz

determine their behavior in cyclonic 1977). The trac%r particles are used
flow field, with the LDV system to map the turbu-

lent flow field inside the CWT test

Three types of seed particles have section. The tracer particles are

been chosen for the qualification injected into the CWT flow well up,

tests--they will be referred to as stream of the quieting chamber in

tracers, fine particles and coarse order to insure a nearly uniform con-

particles. Size distributions for the centration inside the CW_f.

tracer particles have been measured

using an aerodynamic particle sizer The ideal choices for the fine and

(TSl, Inc. Model APS-33). This coarse particles would be monodisperse

instrument measures the aerodynamic size distributions with number mean

particle diameter, defined as "the sizes of approximately 5 and 20 urn.

diameter of a sphere with density The coarse particles (20 _m) are

I g/ml and with settling velocity expected to be easily separated in a

equal to the particle in question" cyclonic flow field regardless of the
(Sem 1984). In addition, size dis- turbulence levels at the wall. How-
tributions for the fine and coarse ever, the fine particles (5 _m) are

particles have been obtained through expected to be responsive to the rut-

the analysis of micrographs (1000X bulence fluctuations of the flow field

magnification) of the particles taken and experience significant particle

with a scanning electron microscope, re-entrainment in the near-wall
These data have been used to charac- region. Turbulence suppression is

terize the different types of seed expected to significantly improve the

particles, particle separation potential of the
cyclonic flow field by reducing the

The tracer particles consist of effect of turbulent re-entrainment

mineral oil droplets (specific gravity mechanisms. The 5 and 20 _m particles

of 0.97) generated using a six-jet will serve as a gauge to determine how

atomizer (man,_factured by TSl, Inc., much improvement may be achieved as a

Model 9306). Aerodynamic particle function of particle size.

size measurements on these particles
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irregularly shaped silica particles

For the coarse particles (20 _m), (specific gravity of approximatelyshort ragweed pollen obtained from
Greet Laboratories (North Carolina) 2.6), which have been cut down to a

has been found to be ideal Figure 5 5 um size using a Majac centrifuge.
' Figure 6 shows a micrograph (1000X

shows a micrograph (1000X magnifica-

tion) of a dispersed sample of the magnification) of a dispersed sample

short ragweed pollen. Size measure- of the AC test dust. Although the

ments taken from the photograph show sample contains a large number of par-

that the particles are nearly spheri- ticles less than 2 um in size, these

cal in shape with an arithmetic mean smaller particles can be optically
size of 20.3 um and a standard devia- discriminated from the large particles

using the LDV system (this is
tion of 0.5 Urn. The specific gravity

of the pollen is approximately 1.4 explained later in the text). Thus,

(McCrone and Delly 1973). in analyzing the photographs only
those particles greater than 2 um in
size were counted. The AC test dust

Pollen particles in the 5 um size
had an arithmetic mean diameter, based

range could not be found. In order to
on the best fit to the projected

meet the requirement of obtaining diameter of an equivalent sphere, of
large quantities (ca. i Kg) of fine 4 8 _m and a standard deviation of
particles at an affordable cost, the

2.6 Urn. However, the nonspherical
feasibility of using several types of

shape of the par=icles is expected tomechanically derived powders was
considerably increase their drag coef-

examined. After spending considerable
ficients when compared to spherical

time evaluating _alternatives such as

metal oxide powders, glass micro- particles.

spheres, and sprays, it was decided to
Since the 5 and 20 um particles areuse a cut fraction of AC test dust

available from a division of General large enough to experience a signifi-

Motors. The AC test dust consists of cant separation potential in the
cyclonic flow field, a lance injector

has been used to insure high concen-

trations of particles near the LDV

measurement volume. The lance injec-

tor consists of a long, I0 mm diameter

tube running along the central axis of

Figure 5. Short Ragweed Pollen Dis-

persed By Sibata Feeder and Figure 6. AC Test Dust Fraction Dis-

Collected On Filter (1000X persed By Sibata Feeder _nd

Magnification SEM). Collected On Filter (1000X
Magnification, SEM)
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the CWT. A Sibata microfeeder is used

to disperse the powders into the lance ----, -_'_=.=-.-_
' ' I IDmm_,-,'-omx---'----, / _i_A_Jl_

injector The discharge end of the . .------i =_-,- g i" li_lilli ll_ irlll_ I _ /llll, llill
,llnl ii I 1_. / lili_ I '

lance injector is positioned Upstream _Y.".._-II I _.'©{- fi_=l
of where LDV measurements are to be :,-:,_; ',, . J _.. , _.

taken, Particles injected along the :,,- I[
centerline spiral toward the wall due
to the large centrifugal force field

inside the CWT. The particle response Figure 7. Schematic Diagram of Laser

times of the 5 and 20 _m particles are Doppler Velocimeter Showing

on the order of 0.I and 1.0 ms, The Arrangment Of The
respectively. These particles d,_ not Components.
"remember" how they were injected once

they travel beyond a short distance
needed for two channel operation. Thefrom the C_? centerline. Therefore,
blue light is used to measure the tan-by restricting our LDV measurements to

the near-wall region the location of gential velocity while the green light

the lance injector should not affect is used to measure the radial velocity

the precision of the results, of the flow field. Both the blue and
green beam channels employ frequency

2.1.3 Laser Doppler Velocimetry shifting of I0 MHz and 5 MHz, respec-
System tively, to determine the direction of

fluid motion.

Ali measurements of the turbulent flow

field inside the cyclonic wind tunnel The LDV system has been set up to

have been performed using a laser operate in a backscatter mode so that

Doppler velocimeter (LDV). The LDV only one optical window is needed to

measures the Doppler frequency of obtain velocity measurements. A 3.75X

light scattered from seed particles in beam expander with a 152 mm diameter
the flow field to determine the lens has been employed to greatly

velocity of the particle. This nonin- enhance the signal-to-noise ratio of

trusive measurement technique is par- the system. Scattered light from the

ticularly well-suited for measuring LDV measurement volume is collected

the radial velocity component of the through the same focusing lens used to

cyclonic flow field and for tracking transmit the beams, thereby eliminat-

the individual particle motions inside ing the need to align the receiving

the CWT. Insertion probes, such as optics. A dichroic color separator in
the receiving optics train permitshot wire •anemometers or pitot probes,

are incapable of adequately performing discrimination between the scattered
either one of the above functions, light coming from the green and blue

Therefore, the LDV is the key tool beams.
needed to ensure the success of this

research program. Each photomultiplier tube/amplifier
system has a frequency response of

200 F[Hz. The output signal of theFigure 7 shows the complete three

beam, two color LDV system (manufac- photomultiplier tubes is analyzed.

tured by TSl, Inc.) that has been used using counter processors--one for the

to obtain the simu_=aneous point-wise blue beam data and the other for the

measurements of tangential and radial green beam data. For the data

velocities inside the cyclonic wind reported here, the Doppler signals

tunnel. The LDV system uses a 2 watt were validated by the counter proces-

argon ion laser (Coherent Model CR-2) sots using the most-stringent cri-
operating with ali lines, and dichroic teria, 16 cycles per burst, with a

filter separation to obtain the blue comparison ratio (a measure of the

(488 mn) and green (514.5 rim) beams consistency of the time interval
between cycles) of less than



I percent. The output of the counter interaction behavior inside the CWT

processors is fed to a multichannel without any turbulence suppression

interface. Data will only be accepted inserts. These baseline conditions

from the two counter processors if the will be the standard used to judge the

output signals reach the interface effectiveness of each turbulence sup-
within a coincidence window of I0 Us. pression concept. This section sum-

This insures the Doppler bursts marizes the important findings of the

recorded in both channels were pro- qualification test plan and defines

duced by the same particle traversing the set of baseline conditions.

the measurement volume. An analog-to-

digital converter is then used to Mapping studies of the CWT flow field

transmit the data to an Apple II have shown that the turbulence para-

microcomputer, meters of interest remain nearly con-
stant in the axial segment bounded by

The microcomputer collects the data 2.12 < z*< 3.87, where z* is the axial

from approximately 2000 individual distance from the mid-plane of the

particles traversing the measurement scroll inlet divided by the inside _
volume before proceeding with the sta- diameter of the CWT. For our previous

tistical analysis. At each measure- studies on the interactions of fine

ment point, the mean tangential and coarse particles with the cyclonic

velocity <UO) , the tangential tur- flow field, we have chosen the test
bulence intensity U6, the mean radial section to be at an axial distance of

velocity <Ur_ , the radial turbulenc e z* = 3.66 from the mid-plane of the

intensity Ur, and the Reynolds stress scroll inlet. At this location, LDV

component rUO are calculated, measurements were taken in the near-

These data may be stored on a floppy wall region, i.e., 0.48< r*< 0.95.

disk and/or a hard copy printed. Tracer particles consisting of mineral

The optical components of the LDV oil droplets ( <Dp> " 0.85 Urn,
= 1 52 vm, 0 " 0..97 g/ml) have

system have been mounted on an optics p •
table that has the capability of b en used to map the flow field para-

traversing in the r-z (horizontal) meters. For the particle interaction

plane. The axial position, z, is studies, we have chosen AC test dust

adjusted by rolling the table on a ( <D ! = 4 8 vm, Op = 2.6 Urn,rail mount to the desired location. A 0 _ 6 g/ml), hereafter re._rred=o to

programmable controller connected to a as the fine particles_ and short rag-

motor is used to drive the wee? pollen ( _D_ = 20 _m, c
opticsstepper table to any radial position = 0 5 _m, 0" g/ml), hereafter

within the cyclonic wind tunnel. The referred to as the coarse particles.

Apple II microcomputer keeps track of The fine (5 um) and coarse (20 um)

the position of the optics table, and particles will allow us to obtain a

prints this information along with the set of baseline test conditions as a

rest of the LDV output data. In this function of particle size. In later

manner, rapid data taking is possible tests involving turbulence suppres-
sion, it is expected that the separa-once the LDV system is aligned inside

the CWT. tion potential of the fine particles
will be significantly enhanced by

2.2 THE BASELIi_ uOL_u_u_S turbulence suppression; whereas the
coarse particles should only be

The qualification test plan for the slightly affected since they already

cyclonic wind tunnel (CWT) facility have high separation potentials.
has been used to establish a set of

baseline conditions (Paul et al 1985). As the particles pass through the

The baseline conditions define the measurement volume of the LDV, their

turbulence parameters and particle tangential and radial velocities and
turbulence intensities are measured
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fines slightly greater than thealong with the corresponding Reynolds
tracers, again because of the velocitystress component. Figure 8 shows the

normalized mean tangential velocity lag effect, but this phenomenon is

profiles, (<Ue>/U O) :or the tracer balanced by the Coriolis force that
particles, the fine particles, and the still tends to retard the tangential

coarse particles. These data have motion. The net effect is that the

been normalized using the scroll inlet mean tangential velocities for 0.75 <

velocity, UO, calculated from the r* < 0.95 are nearly identical for
measured total CWT flow rate, The the tracers and the other particles in

lines drawn on the graphs are the best this region.

fits to the tracer particle data., The

data for the fine and coarse particles Figure 9 shows the normalized tangen-

show that these particles have tial turbulence intensities, (U_'/Uo),

slightly lower mean tangential veloci- for the tracer particles and the sam-
ties for r* = (r/R) values less than ples of fine and coarse particles.

0.75. The reason for this is probably The oolid lines drawn on the graphs

due to the velocity lag effect experi- are the best curve fits to the tracer

enced by the particles as they drift particle data. The small discrepan-

radially outward along a velocity cies between the particles and the
gradient, and also due to the Coriolis tracers may again be caused by a lag

force which _acts to retard tangential effect experienced by the larger par-
ticles as they drift radially outwardmotion of particles with significant

radial drift velocities. For r* = through regions of turbulence inten-

(r/R) values greater than 0.75, the sity gradients.

negative velocity gradient is expected

to give tangential velocities for the

| ! v , ""I'
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__m_ Figure 9. The Tangential Turbulence

Intensity Profiles For Partl-
I Figure 8,, The Mean Tangential Velocity cules With Diameters Of:

Profiles For Particles _ith 00.85 _m;_ 5.0 urn; And

Diameters of: C)0.85 _m; [[]20 vm. (The Solid Line

_5.0 _m; And [[]20 _m. (The Represents The Best Curve
Solid Line Represents The Fit To The Tracer Particle

Best Curve Fit To The Tracer Data.)
Particle Data.)



Figure II shows the normalized patti-
Figure i0 shows the normalized mean

>J 0> I 0>files for the fine d coarse par-

for the tracer particles and the fine titles. The particle drift velocities
and coarse particles. In this figure, increase with the scroll inlet

positive radial velocities are caused velocity. Th_:s is expected because

by particles moving toward the wall, increases in the scroll inlet velocity
and, conversely, negative radlal velo-

translate directly into increases in

cities are caused by particles moving the tangential velocity profile (see

away from the wall. The tracerpar- Figure 8) and hence the centrifugal

ticles are small enough that they do force. The fine particles experience
not experience a significant cen-

a particle drift Velocity which is r
trlfugal force and therefore should much lower than that of the coarse

follow the flow field. On the other particles due primarily to the
hand, the fine and coarse particles differences in size.
have densities and sizes which are

large enough to cause these particles Figure 12 shows the normalized radial

to experience a significant centrlfu- turbulence intensity (U_/U O) profiles
gal force. This effect shows up for for the tracer_ fine and coarse par-
these particles as a shift toward the ticles. The solid lines drawn on the
positive direction of the radial

graphs are the best curve fits to the
velocity profile. The difference

tracer particle data. Radial turbu-

between the measured radial velocity lence intensity profiles for the par-

of the partlcles and that of the ticles show slightly lower values than
tracers is defined as the particle the tracer data. This effect can be

drift velocity, _Up>. attributed, in part, to the longer
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Figure iI. The Mean Particle Drift

Figure I0. The Mean Radial Velocity Velocity Profiles For Parti-
Profiles For Particles With cules With Daimeters Of:

Diameters Of: O 0.85 um; ¢__¢_t<.n E320Andpm; Urn.

_5.0 pm; And _20 _m. Positive Values Signify Move-

Positive Values Signify ment Toward The CWT Wall.
Movement Toward The

CWT Wall.
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Figure 12. The Radial Turbulence Figure 13. The Percentage Of Parti-

Intensity Profiles For cles Movin_ Toward The CWT
Particles With Diameters Wall As A Function, Of

Of: 00.85 ro; _ 5 m; Particle Size, Scroll In-
And D20 m. (The Solid let Velocity, And Radial

Line Represents The Best Position _5 _m and
Curve Fit To The Tracer D20 _m Particles).

Particle Data.)

response times of the particles, but The optimum particle size range of an
the differences are insignificant. LDV system is a complex function of

the LDV fringe spacing, the light

For a monodisperse aerosol with a fast scattering characteristics of the seed

response time, such as the coarse particles, and the electronic signal

particles (o p " 0.5 _m), one would processing. For our LDV system, the
expect nearly identical radial turbu- optimum particle size has been esti-
lence intensities when compared to the mated to be somewhere between 4 and

tracers, as was observed. However, 6 _m. Our LDV system will preferen-

for a polydisperse aerosol with a fast tially measure the velocities of par-

response time, such as the fine par- titles in this size range even though

ticles (op - 2.6 _m) one would particles of other sizes may be
expect a b_oadening of the redial tur- present. This probably explains w_y

bulence intensity due to variations i_ we did not see a broadening of radial

the part_1_ a_f_ _,_1_cities with turbulence intensity profiles for the

particle size. This effect was mini- fine particles.

mized with the fine particles because

the laser Doppler velocimeter opti- Figure 13 shows the percentsge of par-

cally discriminates between particle _.icles moving toward the CWT wall as a
sizes outside of its optimum range, function of particle size, scroll
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_rn Uo"31.9m/s "
inlet velocity, and radial position. _i° / "

0.4_ _ -- _ _J-inlet velocity increases and hence the o.2 _ o l-

magnitude of the centrifugal force _ o.! f
field increases, the percentage of -o.. _ = [_D -

particles moving toward the wall _xlv IIOF- Uo-24.2 m/s I-
increases as would be expected. For _' o.s_ I-

5 _m particles, only one complete pro- _ o.6[ l-

file was obtained at U0 = 15 0 m/s _ 04 O I"

• o.2 _-
before one of our counter processors o.o

-0.2
failed. (The unit has been shipped xI_3_ I

back to the factory for repair and .the _ _i.2- uo-,s.o.w, o' j
0 e - II

remaining two profiles will be mea- _"'_ ' ,z mo.6-

sured upon its return.) Nonetheless, 8 0.4_ m m =)

the 5 _m particles show significantly _ I_

wall. This is a direct result of the

5 _m particles having drift velocities 0.4o.s0.6o.7os o.91.o
that are less than the rms radial tur- a_uS.(rn_

bulence levels inside the CWT. Figure 14. The Reynolds Stress Component
Profiles Tor Particle's With

Consequently, if the radial turbulence Diametcrs Of: 00.85 um;

level can be suppressed, then the per- _5.0 _m: AND [[]20 _m.

cen_age of 5 um particles moving (The Soild Line Represents

toward the wall can be improved. The Best Curve Fit To The

These data will provide the standard Tracer' Particle Data.)

for judging the performance of various
being investigated to statisticallyturbulence suppression concepts.
discriminate against points that are

Lastly, Figure 14 shows the normalized more than three standa:d deviations

Reynolds stress component profiles for from the mean of either the radial or

the tracer, fine, and coarse patti- tangential velocity components. This
cles. The solid lines drawn on these should eliminate the large errors

associated with the measurement of thegraphs correspond to the best curve

fits to the tracer particles. Reynolds stress component.

Although there is a large scatter in

the experimental data, the Reynolds The above data define the set of base-

stress component shows a peak value line conditions for the turbulence

near the wall. Large positive values parameters and particle interaction
behavior in the cyclonic wind tunnel.of the Reynolds stress component cor-

respond to the production of turbu- Ali of the experimental results
lence. Positive values of the involving turbulence suppression

Reynolds stress component for the inserts will be interpreted relative
to these baseline conditions. The

fines correspond to a positive corre-
lation between the radial drift next phase of the program involves

velocities of the particles toward the testing the seven different turbulence

wall and the tangential velocity, suppression concepts.

This would be expected to occur for

the fine or coarse particles since the
3.0 THE CURVILINEAR BOUNDARY LAYER

centrifugal force on the particle is a

function of the tangential velocity. FACILITY (CBL)

However, the large scatter in the

experimental data makes interpretation The Curvilinear Boundary Layer

difficult. Presently, a method is Facility (CBL) located at The Ohio
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State University is another part of The second area studied was a quanti-

the Low Turbulence/High Efficiency tative analysis of the region near the
wall. This focused on correl=ting the

Cyclone Separator Project. The put- free-stream velocity of the wall re-
pose of this facility is to produce a

boundary layer similar to those found gion region with inlet flow rate and

in cyclonic flows. Study of the small axial position. Velocities werecalculated as a small ensemble
scale motions in this boundary layer

averages for the free-stream,
should provide insight into the

vertical, and tangential velocities.
limited efficiency found in cyclone

separators at particle sizes below The third effort examined the small
20 l_m. The final result of this work

scale motions in the wall region for

will be a comparison of unmodified CBL the unmodified flow. Qualitative

!_peration with operation employing observations were made of flow very
several turbulence suppression near the wall at different axial

techniques, locations and inlet flow rates. Small

scale motions were observed at all
The main focus of work on the CBL so

conditions studied. These motions
far has been on qualifying the facil-

were exhibited by particles traveling
ity to establish unmodified flow

very close to the wall. Typically, a
characteristics. Three areas were

targeted for study to determine the particle following a path concentric
to the wall got caught up in a sinu-

baseline flow patterns.
soidal motion with an amplitude of

The first area studied was the overall approximately 3 mm. This motion usu-
ally continued for several centi-

gross flow patterns of the entire CBL, meters, after which the particle
utilizing video techniques. Figure 15

shows a schematic diagram of the two returned to the faster moving flow.

distinctive regions which were With the baseline operating charac-

observed: I) a chaotic core region teristics established, future work

with a distinct downward flow, and will focus on the study of turbulence

2) a wall region that showed strong suppression techniques aimed at reduc-

upwards motion in the expected manner, ing the small scale motions in the

wall region.

_Q

I T_ 4.0 THE BASELINE CYCLONE FACIL: TY
" (BCF)

Wolt Iq4_Hw_ .s ¢
RomcJ _ 1

I The and apparatus thatthird final

(----_ will be used in this program is a
=_--_ full-size cyclone separator. The

((_.-=uu _ cyclone will be operated using re-

:_-c.JI dispersed fly-ash in both baseline andvarious turbulence suppression modes.

_._,._. The purpose of these studies will be

_,_,_ I_,, to demonstrate the effects of turbu-

_e_e

'" lence suppression in an actual cyclone
at a 3-foot diameter scale.

The outcome of these data will then be

Figure 15. Schematic Diagram Of The used in a systems integration study to
Flow Patterns Inside The assess the practicality and system

Curvilinear Boundary Layer implications of the leading turbulence
Facility. suppression candidates.
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5.0 SUMMARY AND CONCLUSIONS R Radius of curvature of the

cyclonic wind tunnel

The cyclonic wind tunnel facility has
U Velocity

been shown to generate a turbulent

flow field that is representative of y Coordinate direction

the near wall region of cyclone z Coordinate direction
separators.

Greek
A set of baseline conditions have been

obtained using this facility. These p Density

measurements will provide the basis o Standard deviation
for judging the performance of seven

different turbulence suppression con-
Subscripts

cepts. If the turbulence suppression

concepts are effective, the lower D Par=icle drift velocity

turbulence levels and reduced bursting
p Particle

rates should cause a decrease in par-
ticle reentrainment near the wall. r Radial component

This will show up in our measurements

as an increase in the mean particle y y component

drift velocities toward the wall, and z z component

also as a higher fraction of particles 8 Tangential component
moving toward the wall. The turbu-

lence suppression concepts that show 0 Scroll inlet

the most promise will then be tested
1,2 Section numbers

in an actual cyclone to determine the

net increase in particle collection Superscripts
efficiency as a function of particle

size. / Fluctuating component

The curvilinear boundary layer * Normalized with respect to the

facility has been used to provide flow radius of curvature of the
visualization studies of the coherent cyclonic wind tunnel

structures present in the turbuleht

boundary layer of cyclonic flows. Other Symbols

The phase of work involving the base- _ > Average of quantity enclosed

line cyclone facility has not yet

begun.
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