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ABSTRACT

A two part study was undertaken to explain the performance
of cyclones operated in circulating fluidized bed combustion

(CFBC) systems.

In the first part, collection efficiency tests were
_performed on a one-ninth scale'polyacrylic cyclone model of
~the industrial scale cyclone at the 22 MWe CFBC facility at
Chatham, New Brunswick. Emphasis was placed on scale-up
considerations, loading effects, inlet geometry effects, and
flow visualization trials. Experiments were performed at room
temperature with inlet velocities ﬁetwéen 3.7 and 5.5 m/s,
solids loading between .0.05 and 7.5 mass solids/maés air
with two different solids systems. There was disappointing
agreement between the results from the Chatham unit, scaled
according to Stokes Number scaiing, and the findings obtained
from the cold model unit. There was a minimum in the particle
collection efficiency for particles of diameter 2.5 to 3.0 um,
apparently associated with agglomeratipn effects in the
cyclone. Particle collection efficiency was found to increase
with increased particle loading for the conditions studied.l
Changes in the inlet geometry gave inconclusive results. The
expefimental results were limited by problems associated with

.feeding and recycling the fines solids system used.
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In the second part radial gas concentration profiles of a
secondary cyclone serving the UBC pilot scale Circulating
Fluidized Bed Combustor. were performed at temperatures of about
870 oC., Concentrations of 02, CO2, NOx, CHs, CO and SOz were
measured. An increase in [CO], and to a lesser extent [CO:1,
was measured near the cyclone wall. There appeared to be little

radial variation in the concentration of other species.

Further work is required to allow the cold model to
operate continuously, with particles which can be fed more
Vfreely, and to obtain radial gas concentration profiles within

the primary cyclone of the UBC CFBC system.
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INTRODUCTION

Cyclonic separators, generally simply called cyclones,
have been used in gas cleaning operations for well over a
century largely because they offer good particle collection
efficiencies under extreme and varying conditions and are
simple to design, fabricate, and operate. A good overview of
various designs, applications can be found in reference 33."
Although they have been replaced by more efficient devices in
many pollution control applications, cyclones have been the
subject of renewed interest for high température solids-gas
separation in combined power cycles and within Circulating
'Fluidized Bed Combustor (CFBC) applications. It was because of
particle collection efficiency problems encountered in one such
application (1), the Chatham Circulating Fluidized Béd
Demonstration Project, a 22 MWe CFBC electric generation
facility in New Brunswick, that the present study was
under taken.

In spite of the simplicity of cyclonic separators, it is
still not possible to predict from fundamental principles
particle collection efficiencies for all geometries and
operating conditions. A great deal of work has béen done to
develop equations and models to predict cyclone performance for
certain standard geometries ( Eg. Stairmand and Lappel designs)
under conditions of low solids loading and low temperature.
However, little work has béen done to validate these equations
and models for extreme conditions of temperature and particle

loading. Also, little work has been done to verify the models



for cyclones of large industrial scale. Thus there is a need to
establish scaling criteria to predict the operation of high
temperature, high loading, large cyclones from the<operation of
lab scale models.

This thesis is dividea into two pa;ts. Part A déals with
collectién efficiency tests and considerations of scale-up.
Part B considers measured combustipn gas concentration profiles
within a high temperature cyclone serving a pilot scale CFBC
system and was intended to provide data for further research in

the CFB field. The objectives of the two parts are as follows:

éart I. Colleétion efficiency and scale-up studies.
Firstiy, to examine scale-up considerations by
compaping the performanCe bf a cold model cyclone to a
large industrial high temperature cyclone. Secondly, to
demonstrate the effect of solids loading on solids capture
efficiency by means of laboratory experiments on a cold
model cyclone. Thirdly to examine the effect of inlet
modifications on capture efficiency. Lastly to perform

visualization of particle flows within a cyclone.

Part II. Gas concentration profiles within a secondary
cyclone of a CFBC.
To measure and report combustion gas
concentration profiles within a secondary cyclone of a

pilot scale CFBC facility.



For'each of parts A and B, a discussion of previous
related work and theory is followed by a brief description of
. the apbaratus and experimental procedure. Experimental findings

are then presented and discussed and conclusions are drawn.



PART 1

COLLECTION EFFICIENCY TESTS



1.1 BACKGROUND AND THEORY
1.1.1 Introduction

Cyclones are examples of inertial separating devices. The
particle collection efficiency, that is the mass ratio-of
particlgs caught to those fed within a given size range(6), is
often expressed by a collection or grade efficiency curve.
Ideally the designer can predict cyclone performance, and thus
the collection efficiency curve for a}l sizes of paiticles from
first principles, or lacking that, from accurate empirical
relationships. Unfortﬂnately this is not always possible, as
the gas aﬂd particle behaviour is not well enough undersfood to
predict particle trajectories under all circumstances. Nor is
it always possible to rely on empirical relationships, as they
are design-specific and offe; good accuracy only when standard
designs are considered. See reference 6 for a comparison of |
published déta and empirical relationships. Thus there is a
need for cold modeling and for valid scaling criteria (13). The
work described in this thesis is of benefit for the
consideration of large, high temperature and non-standard

cyclones with'tangential inlets.



1.1.2 DIMENSIONAL ANALYSIS AND PHYSICAL SIMILARITY.

Applying the principles of.dimensional analysis io the
problem of cyclone particle collection performance requires a
qomplete list of the physical quantities controlling the fate
of particles within a cyclone. These parameters can be divided
into four groups: (i) those describing the cyclone itself; (ii)
the operating parameters, (iii) properties of the particles |
being separated, and (iv) properties of the gas which carries

the solids. Table 1.1 lists the most important varigbles.



Table-l.l List of important parameters

Cyclone dimensions:

Body diameter D L.AD:....
Inlet depth a

Inlet width b o

Outlet diameter Do

Outlef length Lo

Cylinder length Ley b
Overall height Ho

Bottom diameter Dy

Operating parameters:

Inlet velocity . Vi
Gas split ratio ‘Q°
Loading Ratio  Lp
Relative Ac /A
acceleration

Ho

(centrifugal/gravitational)
oA
- Particulate characteristics:

Particle diameter dp

Particle density Fr

Shape factor ®

Gas characteristics:
Gas density P

Gas viscosity f@¢
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The seventeen variables listed above do not provide a
complete list, as other variables may be important. For egample
surface roughness may plaj a role and the smooth polyacrylic -

surface of the scale model is not similar to the refractory
lining of the high temperature Chatham cyclone. This is
neglected. If, however, the dimensional analysis is limited to
one geometric configuration or cyclone design, only one of the
first eight need be considered since geometric similarity
applies between the cold model and the Chatham cyclone being
modeled. With ten individual variables and thnee fundamental
.dimensions.(mass, lengtn; time); there are seven independent
dimensionless groups requiring separate consideration. The
analysis can be simplified further if one assumes that the
.split ratio, i.e. the fraction of gas leaving by way of the
underflow,Ais negligible and that there is similarity of shape
factor for the solids systems considered. In addition if the
reiative acceleration is large in both cases ( i.e. As/Ag > 10)
this factor can be neglected as well. With these
simpliii;ations, four dimensionless groups are required.

The most éommsnlindependeni groupings of the remaining

variables listed above are:

Flow Reynolds number' ; Nrer = Pe DVi /ug (1-1)
Density ratio - Np = pp/Ps (1-2)
Stokes number Nst = dp?Vyipp/(Dug) (1-3)
Loading ratio Lp = mass solids flow

mass gas flow (1-4)



.In addition to maintaining geometric similarity it is
desirable to have kinematic and dynamic similarity. Kinematic
similarity is similarity in motion, which implies that the
paths that representative particles follow are geometrically
similar and are travelled in a consistent, scaled period of
time (20). Thus particle accelerations must also be similar
(20). Dynamic similarity involves similarity of forces. In
order that the two systems under comparison be dynamically
simflar, the ﬁagnitude of forces at each point must also be
similar (20). It is commonly impossible to satisfy all
requirements simultaneously. Thus ones of lesser importance are
often sacrificed in order to assure similarity of 6thers. In
cyclones operating at high flow Reynolds numbers (i.e. high
iqlet velbciﬁies), centrifugal, as opposed -to gr;vitatidnal,
dre thought to dominate the motion of smaller particles. in
situations where the viscous and inertial forces are most
significant the flow Reynolds number may be used to compare
experimental ébservations,'provided the conditions of geometric.
similarify are met (20). However, it would be incorrect to
assume that, after the onset of turbulent flow in cyclones,
collection'efficiency is independent of Reynolds number. In
fact the contrary was found, i.e. collection efficiency is
found to vary with the helical turbulent intensity (34,. Thus
the Stokes number, combined with geometric and Reynolds number

similarity, may be used in the scaling process.



1.1.3 FLUID - PARTICLE SEPARATION CYCLONIC SEPARATORS

Before reviewing previous works on the subject of scale up
of cyclone performaﬁce, it is useful to develop an equation
describing particle capture, in order to demonstréte the
relevance of the key parameters. This simplistic description
makes some questionable assumptions and is only intended to
introduce the effects of various parameters on collection
efficiency. -

Consider the fate of a particle of diameter dc21t that-is
caught with 50% efficiency in a cyclone of diameter D with an
tangentiallentrance way having wid?h b and height a. We makg

the following assumptions (5):

1. Particles move independently of one another.

2. The drag on the particle can be .described by
Stokes law regime expression.

. 3. Buoyancy and gravity effects are negligible.

4, The tangential velocity of the particle is
constant and equal to the inlet velocity.

5. Secondary effects such as re-entrainment from the
walls, eddy currents, etc. are negligible. |

6. Laminar flow conditions.

7. Relaxation time is négligible.

8. Particles separate at constant velocity

9. Once at the wall particles hgve negligible chance

of reentrainment.



10. Particles must reach the wall by moving across a
gas stream, which retains its shape after entering
the cyclbge.

Upon entering a cyclone particles are acted on by a

centrifugal force equal.to Fe = mVi2/R where:

m = particle mass
Vi= tangential particle velocity

R = radial coordinate of the particle.

Fe nmdorit3ppViZ/6R centrifugal force (1-5)
This force acqelerates the particle towards the wall. Qpposing

this motion is the drag force:
Fp = (Cp Ap Pe Vo?)/2 (1-6)

where Vp is the particle's radial velocity component. The drag
coefficient can be obtained by neglecting inertial terms in the
Navier - Stokes equation for a rigid sphere in an unbounded

fluid (5) i.e.
Co = drag coefficient = 24/Nrep = 24p¢/(pe Vo decett) (1-7) °
In this simplified explanation, the particle must travel a

radial distance b during a residence time defined by the time

needed to travel a circular path of distance DN in order to be
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collected. If not it will enter a zone near the bottom of.the

cyclone where the radial gas velocity-is much higher than in-

the separation zone ( See Figure 2.3 ). The particle motion is
thus:

S

s, ——

.~ -~ TWON >

Substituting for Cp, Ap = Mdert1t?2 /4, the drag forcé is seen to

be:
Fp = 3pgderitVib/DN Stokes law resistance (1-8)
where:

b = entrance width

N = Number of revolutions

Equating expressions 1-5 and 1-8 allows prediction of

particle cut diameter as follows:

Fe = Fp (1-8a)
Meri¢3ppVi?/6R = 3ugder1¢Vib/DN (1-8b)
derit? = 18pgbR/(Mpy DNV; ) (1-8c)

letting R = D/2 - b/2 such that b = D - 2R

deri1t? = 18ug R(D - 2R)/(MppDNVy) (1-84d)
derie? = 18p R(1 = 2R/D)/(xpsNVi) . (1-8e)
or '

‘dcrit = 3[ 2pzR (1 - 2R/D )]0.5 (1-9)

[ mps Vi N _ ]

AN



This equation has generally the right form as cyclone

experiments have shown (6) that collection efficiency improves

with @

1. Incréasing particle density.
2. Increasing cyclone vortex speed (i.e. Vi)

3. Decreasing cyclone diameter.

However as one would expect, such simplified descriptions
have limitations and do not describe performance for all
conditions. The effect that each parameter has been found to
have on collection efficiency will now be considered. Particle
loading is considered separately in sectibn 1.1.4.

Inlet velocity
Collection efficiency has been found experimentally to

increase with gas inlet velocity in several studies



(7,8,9). Increasing inlet velocity increases taﬁgential
velocity thereby improving separation. These improvements are
not without limit, however, as secondary effects such és
particle re-entrainment and eddy currents work to offset
collection efficienpy ai higher Vi. The length of the gas
vortex which exists below the vortex finder is a function of
inlet velocity and cyclone geoﬁetry . The vortex end is
experimentally defined as the position where the vortex core
seeks the wall (16). Increasing Vi lengthens the vortex until
the end interferes with the wall causing re-entrainment of the
particles already caught, thus causing a reduction in
collection efficiency. The observed peak in curves of
efficiency vs Vi have been successfully delayed with the
addition of an inverted cbné, located axially above the solids
exit (14, 15); The inverted cone is thought to anchor the
vortex end and prevent it from reentraining particles at the

wall. See drawing on Table 1.1 for an example of this cone.

Particle density

As stated above the centrifugal force is proportional to
particle mass and hencé to particlé density. Theoretically
collection efficiency is proportional to pp°-5. However,
experimentally this is not confirmed (10).

Gas Viscosity and Density.



Particle motion is resisted by the viscous drag. For low
particle Reynolds numbers, ( 10-3 < pgdpVp/ue < 0.; ) ( where
Vp = particle velocity relative to the gas), viscous effects
dominate and Stokes law can be used to predict individual
particle behaviour in a gas. ‘This is of particular importance

‘in the discussion of scaling the performance of large cyclones
at high temperature by small cold models. Particles separated
in hot cyclones do so at lower particle Reynolds numbers

(considering similar size, density and velocity) than those in

cold models because of increased gas viscosity and reduced gas

density.

1.1.4. PREVIOUS CYCLONE SCALING WORK

One of the first works on the subject of scaling cyclone
performahce waé presented by Stairmand (2) in 1951. The
following method for predicting performance of geometrically
similar cyclones operating under varying conditions was
proposed. To find the size of the dust caught with the same

efficiency as the test dust, multiply the test dust size by:

density of the test dust (1-10)
density of the new dust

test flow (1-11)
new flow

test viscosity

diameter of the new model (1-13)
diameter of the test model

J/ viscosity ‘ (1-12)
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These relations combined from the Stokes number Ns¢ and imply
that collection efficiency is a function of Ns;t only for a
.giveﬁhgeometry. Stairmand was careful to limit this scaling
procedure to density differences within the ranges 1000 - 4000
kg/m3. For cyclone diameter, the method is not recommended
"without some experimental confirmation". Indeed mention is
made of less than expected performance with cycfones‘of
diameter greater than 1.22 m diameter.(i)

Other attempts have been made to correlate capture
efficiency.with dimensiqnless groupé and thus provide a scaling
basié. Parker et al. (11) performed experiments on a 50 mm
diameter cyclone at a relatively low inlet velocities ( 5 m/s)
at temperatures up to 700 °C, ahd pressures up to.25 atm. Data
were plotted on a log log plot of dpa vs (NQt)(NnE)°;5, the

terms were defined as follows:

dpa = dp(C'pp)®-% (g/cmd3)0-3  (1-14)

Nst = C'dpe? pp Vi/(SueDy)  (1-15)

NrRe = pe D Vi/ ug (1-16)
where B ;'C' = Cﬁnningham correction factor

'pp = particle density g/cmd

Da = 2ab/(a+b) (1-17)

Note that the particle*diameter‘in the Stokes number dpso
refers to the mass median diameter 6f the feed aerosol used in
. his study and that Dy is the hydraulic diameter of the cyclone

inlet . For the small cyclones under consideration the



resultant plot was nearly linear. See Figure 1.1a. Also noted
in this study was a minimum collection efficiency phenomenon,
occurring generally between 2 and 4 microns. This was
attributed to the breaking up of agglomerated particles during
sample preparation for particle analysis.

B& examining the perfofmance of two 1.2 m dia. "Stairmand
high efficiency" cyclones used in series within a pressurized
fluidized bed combustor, Wheeidon et al.( 12) were able to plot
grade efficiency curves for‘Both the primary and secondary
cyclones. The tests were done undqr conditions of high loading
( 50 g/m3), temperatures of 640 to 910 °C and pressﬁres §f 6
and 12 bar. The authors compared their d;ta, obtained in a
relatively large cyclone, to the Stairmand data (2) obtained in
small ( 31.5 mm dia.) cyclones. The comparison of Stokes

numbers for particles caught with 50% efficiency is:

FBC primary Nst50 4 to 10 x 10-5

8.6 to 19.6 x 10-3

FBC secondary Nstsg

9.4 x 10-5

Stairmand Nstso

The author attfibuted the deviations to particle loading
effects and concluded that standard expressions are sufficient
to describe cyclone performance under elevated pressures and
temperatures. Also observed in this study was a "fish hook"
shaped collection efficiency curves which shows improved
collec{ion for smaller particles. (See Figure 1.1b). This
effect was attributed to particle agglomeration within the

cyclones of smaller particles on to much larger ones. Analysis
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procedures of the particles caused some disassociation gnd
suggested higher colleciion efficiencies for the fines. This
effect was also noted by Parker et al.

In an attempt to explain performance from a wide variety
of cyclone designs operated under industrial conditions ( 160 <
D < 1600 mm, 20 < temperature < 950 °C ) Abrahamson and Allen
(21) plotted capture efficiency vs a dimensionless particle

diameter, S9-3, defined as :

§0.5 = [Vep/Veg]0-5 (1-18)
where '
Vep = Radial particle véiocity
Vrg =

Radial gas velocity

These last two quantities are evaluated at a radial position R
= Do /2 jﬁst below the vortex finder. (See Figure 1.2&)

Veg is assumed to be constant over ah imaginary cylinder, of
radius Rx, extending from the lip of the vortex fin&er to a
point on the cone having a diameter equal to that of the‘vortex
finder. Vep is calculated for the experimental data using the
Abraham drag coefficient expfession (16) which accounts for non
- Stokesian fluid-particle behavior up to a particle Reynolds

number of 6000 and gives Vyp without repetitive calculations.
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FIGURE 1.2 a. Gas and particle flow across imaginary cylinder,
(21) _ '



The procedure followed was:

1. Calculate Ga:

| Ga = [Pcszdpspp]/(Rxpgz) ' ' (1-19)

where Ux = tangential gas velocity at Rx, assumed to be

constant and equal to the inlet velocity.

2. Calculate Nrerp (Reynolds number for radial particle
motion):

Nrerp = 20.5[(Ga®-5/9.61 + 1)0.5 — 1]2 (1-20)
3. Calculate Vrg from Nrgrop .

Particles which have an equal chahce of being caught or lost:(
i.e. dpso ) should on average move towards the gas exit as
often.as to the wall and thus the ratio V;,/Vrz should have a
value equal to one. The blot shows better ;greement at the
dpso position than at other points along the grade efficiency
curve ( see Figure 1.2 #«b), a factor the authors attribute to
differences in cyclone geometry which give different particle
re-entrainment characteristics. The analysis is said to be
limited to low concentrations éf dust ( less than 10 g/m3), and

to return flow designs with rectangular slot entries.

1.1.5.Loading effects on cyclone collection efficiency
Improved particle collection efficiency for cyclones
operating at high dust loadings has been noted by several
workers. (2,3,6,7,11,13,). Perhaps the most comprehensive
description of this effect is detailed in an efficiency vs.

loading plot published by the American Petroleum Institute
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(AP1)(17), reproduced in Figure 1.3 (1%8). A clear increase in
capture efficiency with loading is ndted. The influence of
loading is seen to be greafer for cyclones operated at lower "
zero load Eo" efficiencies than for those with very efficient
Eo. This effect is attfibuted to a scrubbing effect of large
particles on finer particulate and has been accounted for in
several ways. An excellent discussion of the mechanisms
considered to be responsible is given by Mothes and L8ffler
(24). They point out that in spite of the observed reduction in
particulate tangential velocity ( and thus separating force )
collection efficiency increases with increasing loading. The&
attribute the effeét to agglomeration mechanisms. Figure 1.4
plots. the expected coliection efficiency for small particles (1
to 4 pym) as separated by larger particles ( 15 um ).

Briefly the "sérubbing effect" is a pr&cess wherebs
smaller particles are forced towards the wall because of the
motion of larger particles which are separating out af a higher
yelocitiesi Either through direct impact with the larger
particle (#nd fhe formgtion of a larger separating mass) or by
entrainment in the flow field behind the lgrger particle, the
smaller particle moves toward the cyclone wall with an

‘increased velocity.
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FIGURE 1.4 Predicted separation efficiency of fine

particles swept out of the gas by large particles due to
agglomeratiaon (24).

Tal(x) = predicted colection efficiency
T = cyclone radius,

Ko = restitution coefficient.

ra = vortex finder radius

be = inlet width

Ne = inlet depth

Ve = inlet velocity

Xo = mass median particle diameter
Pe = particle density

=] = s0lids loading g/m™=
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- An empirical expression proposed by Ogawa (22) for the
effect of dust loading in conventional cyclones has the form

(modified to give efficiency in %):

efficiency(%) = 100 - bi[exp(-ki Co)]100 (1-21)
where

b1 = 0.032 dimensionless

ki = -.0157 dimensionless

Co = dust loading ( g/md3)

for a 90 mm diameter'cyclone operated with flyash with between
14 and 16 m/s. The negative value for ki accounts for a
decrease in efficiency as Co increases noted in experimehtal
data of this author, contrary to the effect noted by other
workefs. For cyclones with an axial inlet geometry, collection

efficiency was found to increase with loading.

Another empirical relationship was proposed by the API(17)

in 1955 of the form:

efficiency = 100- ( 100- eo)[co/ca]0-2 (1-22)

] t

Here the subscript 'o' refers to low loading conditions
arbitrarily taken as 1 gr/ft3 ( 2.3 g/m3). Another correlation

from the API (18) was of the form:

P(E) = P(E;) + A log L (1-23)



A
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where A is the slope of the nearly linear curves relating P(e)

and L and was empirically fitted by a polynomial as follows:

A =0.67 - 2.11*E, + 5.63%Eo2 - 4.00%E,? (1-24a)

and L the dust loading in expressed grains/ft3. P(e) and P(E,)
are the probabilities associated with the collection
efficiencies at high and low loading respectively, i.e. the
fraction passing the cyclone at a given loading. These
probabilities can be approximated by the

log of [(1-x)/x] as:

(Catch probability) [t - pass probability]

= [1 - P(x)] (1-24b)
= [ 1 - log[(1-x)/x] ] (1-24c¢)
such that
[ 1 - log[(1-E)/E] ] =
[ 1 - log[(1-Eo)/Eo] ] + Alog( L ) (1-24d)
log[(1-E)/E] = logl[(1-Eo)/Eoc] - log LA (1-24e)
= log[(1-Eo)/EoLA] o (1-247¢)
[(1-E)/E] = [(1-Eo)/EoLA] - (1-24g)
[1/E - 1] = [(1-Eo)/EoLA] (1-24h)
E = EoLA/[EoLA + 1 - Eo] (1-241i)
such that

In(1-E) = In[(1-Eo)/(1 + Eo[LA-1])] (1-25a)
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Mansin and Koch(23) developed a correlation that
accounted for the change in efficiency by modifying the
effective viscosity of the gas as:

Ngapp = Mgll + 0.09logL + .02(logL)2]. (1-25b)

(note log base 10 in equatiog 1-25b)_

The model took the form:
In[(1-E) (14Eo [LA - 11§ ] = R

-2.3SFACTOR[Nst (n+1)A1 G/ (LFAC2Dc2)](0.41/(n+1)) (1-26)

where:
E = collection efficiency
Eo = low loading efficiency as determined by:
In(1 - E) = 2[[Nsr(n+1)/(A1/2De2)G]}(0-5/(n+1)) (1-27)
L = L loading gr/f3 _
SFACTOR = [(Vi/Va)/2.5]9-41 for Vi/Vs < 2.5
SFACTOR = [(Vi/Vs)/Z.S]'°~31 otherwise
Vs = particle saltation velocity
Nast = Stokes number
Ay = Inlet area
G = cyclone configuration parameter.
LFAC = 1 + 0.09logioL + .02( logio)?
D¢ = Cyclone diameter
n = Vortex exponent

This is actually the Leith and Licht (12) model with

modifications for particle saltation and loading effects.
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Figure 1.5 compares the Leith and Licht equation with and

without these modifications.



Legend

o Ernst

« Knowiton
..o Ogawa

- Parker

s Exxon

° Cud

o
e

Predicted

0.014

- 0.01 0.1 1
Fraction passing - data

a.) Leith/Licht model without corrections.
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Figure 1.5 Leith and Licht correlations with and without loading
and saltation corrections. Conditions: D = 0.05 and
0.91 m, temperatures between 20 and 850 °C, inlet
velocities between 1.8 and 46 m/s, dust loadings from

0.43 and 4450 g/m?. (23)
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1.1.6. Summary

When describing fluid particle separation processes in
cyclones it has been found necessary to include other
parameters besides the Stokes number. Particle loading and
secondar& effects such as particle re-entrainment play an
important role and should be taken into consideration. An
increase in collection efficiency with increased pafticle

loading has been reported by several workers.
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1.2 Apparatus and Experimental Procedure

1.2.1 Introduction

Severél experimental arrangements were tested in the
course of the experimental program before the set-up was
finalized. Results from these preliminary "shake down"
experiments are not reported in the body of this thesis but do
appear in Figure Al of the appendix and are discussed in
section 1.3.1. What followé is a description of the equipment,
particulate solids used, and the procedure for data acquisition

and analysis.

1.2.2 Model Cyclone Apparatus
Figure 1.6 shows a schematic of the apparatus used for the
majority of tests performed in Part I of this thesis project.

The apparatus was comprised of four separate systems:

1. Blower, piping, orifice flow metering system
2. Solids feed system
3. Polyacrylic cyclone

4, Filter system.

Each is described below.

For all experiments, compressed air was provided by a
positive displacement Rootest&pe blower, powered by a 37 kW (
50 hp) diesel ehgine. The air flow could be varied over a wide

range ( 0 - 1100 scfm or 0 - 0.52 m3/s) by controlling the
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engine speed and a bypass damper. The bypass damper was shut
for all experiments to ensure constant flow. The flow vs.
blower speed curves are shown in Figure 1.7.

A 150 mm (nominal) dia. plastic pipe connected the blower
to the feed hopper while in between, located after more than 4
m of straight pipe run, was the flow measurement orifice plate.
This brass plate, designed and installed according to ASME
standards ( 28 ), had a 101.5 mm (4 in.) i.d. orifice. The
orifice pressure drop was measured by means of a water
manometer, and because the reading was usually unstable, due to
fluctuations in pressure in the simulated reactor top, the best
accuracy attainable was +\- 5 mm. The absolute pressure at the
orifice plate was observed to fluctuate with solids loading and
was in the neighborhood of 30 to 60 cm (12 to 24 inches) water
column pressure. The flow vs. orifice plate pressure drop
curve appears in Appendix I ( Figure A2 ).

Solids to be fed to the system were contained in a 3.05 m
tall by 0.36 m square hopper equipped with a manually operated
0.254 m dia. (aperture opening) cone valve (see Figure 1.8.).
Located at the bottom of the hopper was a 0.36 m square
windbox, constructed with a 30% free area distributor plate and
lined with a 3 mm thick layer of commercial grade bleached
kraft paper (softwood) to ensure even distribution of air..
Additional fluidization air was provided by a 6 mm diameter
pipe entering opposite to the solids valve. Fluidization air
flow rates were measured by means of a rotameter. During the

runs the hopper was pressurized, ( by means of a 32 mm dia.
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pipe connected upstream of the orifice plate), to a pressure
slightly above that of the transport air to allow steadier and
more rapid solids feeding. The hopper was supportéd by three
load cells ( 1000 kg capacity each, 9 mV output at rated
capacity) which allowed mass flow rate io be determined for the
duration of the experimental runs. Hopper mass information was
logggd on an XT computer at 1 s intervais. Error is estimated
to be +/- 1 kg, largely due to friction between the hopper and
the pneumatic transport pipe. A flexible connection was used
at this junction to minimize this friction. The air transport
vpipe turned twice between the solids input point and the
cyclone, once through 45°, then again through 90°.

In order to model the Chatham cyclone more effectively the
polyacrylic cyclone was preceded by a polyacrylic entrance
-section, and a steel enclosure geometrically'similar to the top
of a circulating fluidized bed riser'section. This included a
slanting riser ceiling piece, inclined at 10¢ towards the
cyclone as shown in Figure 1.9. A 50 mm wide rubber strip
sealed this reactor top to the cyclone entrance way and was
installed taut, fhereby mjnimizing flow interference.

The polyacrylic entrance-section was built as a scale
model of ihe original configuration of the entrgnce—way. It was
445 mm high by 140 mm ﬁide at the entrance poiht to the
cyclone; Within the eﬁtrahce—Way were installed wooden inserts,
designed to model proposedAgeometric changes being considered
for the Chatham cycione. Details of the entrance geometries

studied are given in Figure 1.10.
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The model cycléne itself was a one-ninth (0.11) scale
replica of the Chatham CFBC cyclone existing at Chatham New
Brunswick. The model cyclone was constructed from 6 mm thick
clear polyacrylic and dimensions were held to a tolerance of
.+/— 3mm. The scale was decided upon by assuming that the
cyclone Stokes number was roughly similar i.e.

Nst usc = NsrT CHATH;I
Operating conditions are presented in the results section, in
Table 1.4.

It can Be immediately noficed that the Chatham cyclone
design chosen is non-standard. Compared to standardvdesigns it
is squat, having a hefght/diameter‘ratio of Ho/D = 2.8, while
standard designs | have Hoe/D = 3.7 to 4.0. In addition the
vortex finder or gas exit duct does not extend below the floor
of the entrance way; which raises the possibility of gas short
circuiting the separation zone. Extending the vortex finder
below the entrance floor by D/10 is not uncommon in standard
designs (5). Also peculiar to this design is the inclusion of
an annular zone, concentric with the cyclone itself but
positioned above the entrance ceiling but beiow the cyclone
ceiling. It’is believed that this squat design was chosen to
meet dimensional requirements, but it unclear why the
concentric annular region near the top was included.

The model prqvided for two types of vortex finders, the
first being made of steel with provision for an additional
section, while the second made of polyacrylic, could be

retracted from the cyclone body, theréby simulating other
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configurations. Gas exited the cyclone to a short 300 mm dia.
steel duct which then turned 90°, traversed approximately 600
mm and finally turned down 90° to a bag filter.

For runs Bl to B10, performed under high loading
cqnditions it was necessary tq use a large sock shaped bag
filter to handle the higher solids flows. This bag filter-had
the dimensions of 0.78 m dia. by 4 m long and was made of 100%
cotton, 452 g/m? weight. The bag filter was securely attached
to the exit duct, thus preventing solids losses. For subsequent
runs, performed under low loading runs, a high efficiency (99 %
collection efficiency for 5 micron diameter particlés, 4 m?
cloth area) ventilation bag filter was uéed because if offered
higher collection efficiency and could handle the 1ower’solids
loadings.

A 1.7 m long, 100 mm dia. flexible hose connected the
solids exit of the cyclone to a storage hopper. The hopper was
located below and +to the side of the cyclone, thus reducing
the possibility of solids re-entrainment from the hopper back
" to the cyclone, a problém experienced by Stairmand (2). The
solids hopper itself rested on a load scale, allowing for
measurement of the solids caught. The scale was calibrated to
+/- 10 grams, and values were logged on an XT computer at 1 s
intervals. The data logging program appears in Figure A3 of the
Appendix.

In an effort to simulate the high loading conditions in
the cyélonevat Chatham a solids recycle system was designed and

built. Figure A4 in the appendix shows a schematic of the
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system. Briefly the setup envisioned recycling separately, in
two similar systems, the solids caught‘and those passing the
polyacrylic model cyélone. Not only were the systems to recycle
the solids, they were also intendgd to measure the solids flow
to provide loading and collection efficiency data. Each solids
recycle system included a fluidized seal equipped with dual
distributor pléies, and a solid flow measurement vessel
equipped with a porous measurement swing plate, cone valve for
solids flow control, and a distributor plate to distribute
fluidization air.

The solids measurement vessel was intended to measufe
solids flow by means of a porous swing plate positioned within
tﬁe measurement vessel (first proposed by Turner(40)). This
pbrous'paper.lined, 30 % free area punched hole plate could be
manually rotated to block solids falling within the meaéurement
vessel. Once the plate was rotated closed, the falling solids
were to collect on the lined plate and be measured. Measurement
was to be performed by observing the pressure differential
"across the plate and deposited solids and thus infer a solids
flow rate. The pressure differential was to arise due to the
upward.flow of fluidizing air originating from the distributor
plate located at the bottom of the measurement vessel, below
the solids exit.

While the larger solids recycle system was to receive
solids directly from the polyacrylic cyclone model, the second
smaller recycle system was to handle fines that passed the

model. These fines were to be caught with a multiclone,
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containiné 120 small plastic cyclones, each 50 mm in diameter.
These high efficiency Stairmand type cyclones were to separate
the fines from gas stream, and deposif them in a stéel hopper
with sides inclined at 45°., From there the fines were to have
fallen into the fluid seal, continued into the fines
measurement vessel and finally recycled back into the feed
stream. The cleaned gas stream continued on to a bag filter,
positioned just downstream of the multiclone. Fines flow
measurement was to occur in a similar fashion as in the large

recycle system.

Upon commissioning it was found that this system did not
work for two reasons. Firstly the multiclone was unable to
capture all of the fines and let an unacceptable amount of
solids pass, overloading the filter. Attempts to increase the
mulficlone efficiency by increasing the inlet velocity to each
small cyclone were unsuccessful. Secondly it was found that the
solids caught by the multiclone were so cohesive that they
remained in the multiclone hopper. Other elements of the system
such as the fluidized seals and the porous measurement'swiné'
plates remain untested.

While it was considered possible to rectify these problems
with another multiclone design and different solids system, it
was not considered to be a practical means to achieve the
objectives of this Study, given the resources (i.e. time

constraint) at hand.
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1.2.3 Particulate solids

Fluid cracking catalyst fines, obtained from tertiary
cycloﬁes serving a fluid catalytic cracking unit at the Chevron
Canada Ltd. oil refinery were used in the experiments reported
in this thesis. The equivalent volume sphere diameter, as
determined using an Elzone particle analysis instrument, was
approximately 22 um. The size distribution of the feed material
appears in Figure 1.11. A photograph of the test dust appears
in Figure 1.12. The bulkldensity was determined with the solids
in a'loése form and was found‘to be 770 kg/md. Assumiﬂg a
voidage .of 0.5 the particle density was estimated to be 1540
kg/m3 .

1.2.4 Data acquisition and analysis
Each test of the cold model cycloné was performed

according to the following procedure:

1. As an initialization procedure, the system was
cleaned out by rapping each compénent part while
scouring the system with air. The mass of the feed
hopper, catch hopper( with 1id connection off), and
filter bag were next recorded. The wet and dry bulb
temperafure were then noted. (See Appendix Figure A8
for temperatures) The plastic cyclone was wrapped
with aluminum foil to reduce electrostatic effects,
and the feed hoppef pressurization iine was then

connected.
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With the fluidization air turned on to the wind box,
the feed hopper was charged by scooping solids from a
barrel and feeding, by means of a funnel, through the

50 mm dia. feed port at the top of the hopper.
The receiving storage hopper was sealed.

The blower was connected and started. Then the air

flow was adjusted via. engine speed.

The data logging program was started on the XT

computer.

The fluidization air was increased until solids were
seen to be bubbling and circulatihg within the
hopper. (fluidizing air flow was approximately 100

lpm)

The solids feed valve was rapidly opened and the
hopper rapped as solids were rapidly fed. Figure 1.8

shows the valve arrangement.

The solids valve was quickly shut after the desired

amount of solids had been fed.
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9. With the blower still running, the system ( pipes,
model cyclone, exit pipes ) was violently rapped to

dislodge solids adhering to inner surfaces.

10. The blower was - stopped, and the filter bag mass,
receiving hopper mass, and feed hopper mass were
recorded. Solids samples were taken from the filter
bag and receiving hopper for analysis of their
particle size distributions.

Deviations or unusual occurrences from the-abOQe procedure
are reported in Table 1.3.

In order to derive thé collectjon efficiency curves needgd
for this study, both the particle size distribution and masse;
of the feed, catch and loss particles needed to be obtained. As
previously mentioned, the total catch and feed masses were
determined from the load cells and load scale. The mass of
particulate passing to the model cyclone was measured by
determining the difference in the filter mass before and after
each run.

An Elzone particle analysis instrument (model 286XY),
interfaced with an AT computer, was used to characterize the
particle size distribution. The instrument was calibrated prior
to analysis with particles of mean diameter of 5 uym and 20 pm,
to correspond approximately té the expected mean sizes of the
cyclone loss and catch respectively. ASTM standard C690 -71 T

for particle size distribﬁtion analysis by electronic counting



was followed. A Leitz Tas Plus Image Analysis System was used
to confirm the particle size distributions.

The particle collection efficiency curve for each run was
obtained by comparing the mass caught to that fed for each

channel ( i.e. for each size interval ) as follows:

Et = (Cer )/(C +L )fy (1-28)
where E; = cpllection efficiency for channel i.
C = total mass caught
L = total mass lost ( via. filter bag measu;ement)
ci = fraction by mass fof channel i of catch.
f1 = fraction by mass by chahnel of feed

1.2.5 Error Sensitivity

As in any experimental program; the error expected in
measurements must be significantly less than the observed
quantities in order for the results to be meaningful. The
experiments described iﬁ this thesis were set(up with this in
mind. For example, in order that there be sufficient resolution
between experiments, the solids chosen had to be fine eﬁough to

allow a significant amount to pass the cyclone.



As well, the manner in which the efficiency was calculated
was important. Given the feed, catch, and passing masses from a
particular test, there are four ways to calculate the primary

dependent variable collection efficiency. They are:

a.) E = (catch mass) (1-29)

(feed mass)

b.) E = (catch mass) (1-30)

(catch mass + loss mass)

c.) E = (feed mass - loss mass) (1-31)

(feed mass)

d.) E (feed mass - loss mass) (1-32)

(catch mass + loss mass)

In Figure 1.13 a comparison is made of the collection
efficiency errors resulting from hypothetical experimental
errors for equations 1-29 to 1-32. The graphs were prepared
while considering the case with a gross collection efficiency
of 95%. From these graphs it can be seen that equations 1-30
and 1-31 are less susceptible to experimental error than 1-29
or 1-32.

The error in each variable depends on solids caught up in
the system, attrition or agglomeration (if any) and

measurement error. The efficiency of the bag filter influences
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loss measurement error. As previously stated the scale

accuracies were:

feed scale +/- 1 kg
catch scale +/- 0.01 kg

loss scale. +/- 0.001 kg

The measurements suffered from the problem of solids
lédging in the systém. The feed measurement was particularly
susceptible to error. This is because the solids fed to the
system had more oppoftunity to be caught up in the piping and
entrance way, thus reducing the actual amount reaching the
cyclone chamber itself. The catch mass measurement fared much
better as the passage to the storage hopper could be easily
cleared of any material that was retained. Measurement of
solids not captured by the cyclone was hindered not so much ﬁy
the scale accuracy, but rather by the inevitable loss of
particles due to filter inefficiency. This rendered the loss
particle size distribution inaccurate and unreliable. A mass
balance, pérformed on a per channel basis failed to close for
particle smaller than 15 pm dia as is shown in Figure A7 Thus.
collection efficiency calculations were based on the catch and

feed particle size distributions as per equation 1-28.

1.2.6 Chatham cyclone data
Figure 1.14 shows a schematic of the Chatham CFB Boiler,

a complete description of the installation can be found in



- 54 -

BAGHOUSE |

coarse limestone
and coal

fine limestone
or
recycled ash

to ash silo

Figure 1.14 Schematic of Chatham CFB Boiler(32)
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reference 1. Briefly the Chatham CFB boiler consists of a 23.8
m high fluidized bed furnace which discharges solids and
combustion gases to a 5.6 m diameter cyclone. Solids are
separated from the combustion gases in the cyclone and are
returned to the bottbh of the furnace. A portion of these
solids pass through the Fluid Bed Heat Exchanger (FBHEi.

The catch sample analyzed in this thesis was taken from
the FBHE. A photograph of the Chatham cyclone fines appears in
Figure 1.15. The loss particle size distribution was
established by analyzing particulate samples from tbe bag house
'with the Elzone particle analyzer. The cafch sample/was sieved
( ASTM Standard Test Method for Sieve-or Screen Anélysis qf
Fine and Coarse Aggregates: C-136-76 ) to give a rough particle
size distribution. The fines (i.e. material passing a #70 mesh -
screen) were analyzed further with the Elzone particle |
analyzer. Equation 1-30 was used to calculate gross collection
efficiency data.

Solids flux in the reactor was measured at several levels
(32) and found to be of the order of 20 kg/m2s. This is said to
be similar to values, as yet unpublished, found by isokinetic
sampling trials performed by others in the cyclone inlet (35).
The solids loading, calculated assuming 1600 m3 /s gas flow at
STP, and a reactor riser area of 16 m? was estimated to be 10
kg solids/ kg gas.

The runs typically lasted for weeks. Thus it is assumed

that steddy state conditions prevailed. It is assumed that the
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Figure 1.15 Photograph of fines from Chatham fluid bed heat
exchanger, sampled on April 17, 1990.



size distributions did not significantly change during
transport from the cyclone to the point of sampling or during
transport from New Brunswick to Vancouver. This assumptipn
could not be verified because.at the time of writing it was
not possible to obtain samples directly from the base of the
cyclone itself. Data concerning the operation conditions or
other entraﬁce configurations will be available pending
completion of work at the University of New Brunswick (35). All
samples were taken on April 17, 1990, during which time the

- cyclone had entrance configuration C3 (see Figure 1.10). The .

operating conditions are summarized in Table 1.2,
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TABLE 1.2

CHATHAM OPERATING CONDITIONS FOR APRIL 17, 1990

COMMENTS REFERENCE

TEMPERATURE 850 C TOP OF FURNACE (32)
GAS FLOW 1600 m3 /min. STP (32)
GAS VISCOSITY 0.000018 kg/ms (36)
GAS PRESSURE 37.5 cm H20 @ CYCLONE ENTRANCE (32)
PRESSURE DROP 12.25 cm H20 (32)
SOLIDS FLUX 20 kg/m?s (see note above) (32)
GROSS COLLECTION

EFFICIENCY 99.2 % (1)

While the method for the cyclone efficiency calculafion is
not ?tated,‘it is believed that'the catch mass flow\is
calculated from ;n ene;gy'balaﬁ;e across the fluid’bed heat
exchanger and thus is not yery accurate.

The bulk particle density for Chatham solids was measured
.to be 1600 kg/m3 and assuming a voidage of 0.4 the particle

density was calculated to be 2650 kg/m3.
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1.3. RESULTS INTRODUCTION

Part I of this study examines the collection efficiencies
of two geometrically similar cyclones operating at different
temperatures, with different solids, and with different inlet
velocities. It also examines the performance of the smaller
cyclone under different inlet vélocities and with various inlet
geometries. This variation in inlet geometries was performed
in order to provide some initial guidance on similar proposed
changes in the Chatham cyclone. Significant attempts were made
to match the loading conditions of the Chatham unit:Lut thié
was not completely possible. Problems associated with feeding
solids, collection of the fines not captured by the cyclone,
and solids analysis limited the accuracy of the results.

The polyacrylic cyélone was sized so as to not exceed the
capacity of the mobile blower while maintaining a cyclone inlet
velocity between 5’gnd 10 m/s, and yet be as large as possible.
Less considération was paid to the required solids loading
which proved to be very difficult to meet. Initial efforts
focused on a system capable of recycling all the solids ( both
thése caught by the cyclone and those lost, see Figure A4 in
the appendix ). These attempts were. thwarted by the inability
of a '"homebuilt' multiclone, consisting of 120 gyclones, each
of 50 mm diaméter, to capture ﬁli the fines. The particles
caught by thé multiclones was so- cohesive that it failed to
fall out of the multiclone catch hopper, ‘adhering instead to
the hopper walls, which were inclined at 45°, without

aggressive rapping. The failure to achieve complete recycle
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meant that the solids could only be fed through once, as a
short batch operation. Typically each run involved feeding for
a period of only a few minutes. Figure 1.16 plots catch hopper
mass vs time for run B4, giving an indication of the variation
in the feed rate. Typically there was little variation in the
feed rate.

The particles were chosen as a compromise under a set of
conflicting requirements. It had to be fine enough to allow
significant losses ( and thus experimental resolution between
different conditions ) and yet not so fine that the fraction
pas;ing could not be handled. The first three runs were
performed with FCC solids with a mean'diameter-of 60 microns
and resulted in 99% and 98.3% capture efficiencies
fespéctively,'too high forvthe resolution required. Subsequent
runs used FCC solids with a mean diameter of 22 microns and
resulted in acceptable lower efficiencies. Unfortunately, these
fines were more cohesive, and proved to be‘more difficult to
feed and analyze.

Experimental results are summarized in Table 1.3.
Experiments Bl to B3 were shakedown runs using the larger
solids ( 60 ﬁicron mean ). Runs B4 to Bl1 attempted'to achieve
high solids loading rates, while the remaining experiments
focused on solids lbading effgcts and the influence of inlet
modifications on collection efficiency.

Pfeliminary "shakedown" tests, performedlbefére run B1,
used solids with mean particle Aiameters of 11 nm and 50 um, at

inlet velocities between 3.6 and 5.6 m/s. Inlet geometry
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RUN 1] DATE PURPOSE CONFIGURATION | SOLIDS  |LOADING FLON INLET HASSES EFF. [COMMENTS
gsee Figure |AVERAGE |[(MASS SOLIDS) VELOCITY| K

g kg
.10) DIAMETER. |(MASS AIR) | w3/s /s | CAUGHT| LOSS | %
81 | 15/5/90 | SHAKE DoWN | C3, HIGH V.F.|60 UN FCC 60 3.67 n‘a n/a n‘a FEED PROBLEMS

3.61

B? 22/5/90 | SHAKE DOWN | C3, NIGH V.F.{60 UM FCC .63 : 3.61 19.6 0.80 91BAD MASS BALANCE
B3 23/5/90 | SHAKE DONN | C3, HIGH V.F.]60 Ul FCC A . 1.01 50| 0.84| 98}feed mass caught in pipes
B4 24/5/90 | scaling €3, HIGH V.F.|22 UN FCC 7 ] B 1,61 83f{ 1.96] 98imass balance closes 1oA2.1%

BS 24/5/90 | scaling Cl, WIGH V.F.] 22 UM FCC n/a| n/a] [leed problems

nfa
B6 20/6/90 | scaling €3, HIGH V,F.|22 UM PCC 5.04 85.151 3.69 96 |GOOD RUN

1 0.19

0.6 0.19

KN 0.19

1.2 0.19

n/a 0.19

1.9 0.26
B1 20/5/90 | scaling Cl, HIGH V.F.|22 UN FCC n/a 0.26 1. S5.04 n/a n/a| n/a] Cleed probleas
Bs 02/1/90 | scaling C3, HIGH V.F.|22 UN FCC 1.11 0.28 5.50 1 100.78] 1.13] 99{GOOD RUN
BY 10/1/90 | scaling €3, HIGH V.F.]22 UK FCC 1.49 0.26 S0 .50 LW 981GOOD RUN
BIO | 10/7/90 | scaling C3, HIGH V.F.]22 UM PCC 5.38 0.19 3.67 1 126,00 0.61] 995/solids valve stuck open
BIL | 12/7/90 { scaling C3, HIGH Y.F.J22 UM RCC n/a 0.26 5.04 /s n/a| nfa] [leed problems
BI12 | 18/1/90 | LOADING €3, HIGH V.F.|22 UM FCC 0.23 0.26 5.0 | 3.9481 00,3607 91]GOOD RUN
Bl 18/1/90 | LOADING ~ | C), HIGH V.P.|22 UM FCC 0.12 0.26 5,00 ] 1.96821 0.29721 87]G0O0D RUN
BI4 | 18/1/90 | LOADING 3, RIGH V.F.]22 UN FCC 0.13 | 0.2 5.04 | 4.3350 10,4936 90]GOOD RUN
BLS 18/7/90 | LOADING C3, HIGH V.F.|22 UM FCC 0.15 0.6 ] 5.04 2.8652 0,35 891GOOD RUN
BI& | 18/1/90 | LOADING €3, RIGH V.F.}22 UM FCC 0.4 0.26 1 5.04] 3.636)0.4035( 90}GOOD RUN
BIT7 18/1/90 | LOADING €3, HIGH V.F.]22 UM FCC 0.8 0.26 1 5,04 4.834710.4975 91}GOOD RUN
B18 | 18/1/90 | LOADING C3, WIGH V.F.[22 UN FCC 1.30 0.26 5.0 1 9.513]0.43391 96|GOOD RUN
B19 | 18/1/90 | LOADING C3, HIGH V.F.[22 UM FCC 0.048 0.6 S.04 ] 2.73581 0,507 84]GOOD RUN
B20 | 18/1/90 | LOADING C3, HIGH V.P.|22 UM FCC 0.66 0.26 5.04 | -2.8205 ] 0.2171| 93|GoOD RUN
Btl | 4/8/90 | GEOM. CHNG.] C2, HiGH V.F.[12 UM PCC 0.6 0. .58 14,5038 10,7607 95/GOOD RUN
B22 | 4/8/%0 | GEON. CHNG.] C2, HIGH V.F.|22 UM FCC 0.26 0.24 §.58 | 8.6637]0.7046] 92]GOOD RUN
B23 | 4/8/90 | GEOM. CHNG.| C%, WIGH V.F.|22 UN FCC 0.15 0. §.58 | 7.4569 ] 0.6722| 92jGoOD RUN
B24 | 4/8/90 | GEOM. CHNG.| €3, RIGH V.F.}22 UM FCC 0.23 0. §.58 | 7.1836 | 0.4793| 94|GOOD RUN
B2S | 4/8/90 | GEOM. CHNG.| C3, WIGH V.F.[22 UN FCC 0.2} 0. (.58 | 7.5607| 0,603 93|GOOD RUN
B26 | 4/8/90 | GROM. CHNG.| CI, HIGH V.F.|22 UM PCC 0.20 0. 5.40 ] 6.8837¢ 0.35( 95|GOOD RUN
B2T | 4/8/90 | GROM. CHNG.| CI, HIGH V.P.|22 UM FCC{ 0.0 0. S.40 | 5.5855 | 0,204 95/GoOD RUN
B28 | 4/8/90 | GEOM. CHNG.| CI, HIGH V.P.|22 UM PCC 0.U 0.U S.40 1 4.3072]0.2865| 94]GOOD RUN
B2 | 4/8/90 | GEOM. CHNG.| C3, LOW V.P. |22 UM FCC 0.36 o §.58 1 6.0028 10,2812 96{GOOD RUN
B30 §/8/90 | GEOM. CHNG.| C3, LON V.F. |22 UM FCC 0.4 0.4 £.58 | 5.6125 | 0.304 §51G00D RUN
Bil §/8/90 | GEOM. CHNG.| C3, LOW V.F. |22 UM FCC 0.11 0.U (.58 1 2.83681 0,229 93{GOOD RUN
B32 | 20/08/90| GEOM. CHNG.| €3, LON V.F. {22 UM FCC 0.11 0.U 4,58 | 6.2787]0.3061 951G0OD RUN
B33 | 29/08/00] GEOM. CHNG.| Ci, KiGH V.F.|[22 UM PCC 0.11 0.2 3.80 1 31021 0.3403 1 93|COOD RUN
B34 | 29/08/90| GROM. CHNG.| CI, HIGH V.F.|22 UM FCC 0.086 .U 3.80 ] 4.2827 [ 0.3315 | 93{GOOD RUN
B35 | 19/08/90| GEOM. CHNG.] C3, HIGH V.F.|22 UM FCC 0.087 o.u (.58 | 3.9035)0,5507| 88}GOOD RUN

TABLE 1.3 EXPERIMENTAL RESULTS

_Zg—
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configurations C1 and C3 were used with vortex finder length
as a variable. Particle loading rates were below 0.05 kg
solids/kg air. Collection efficiencies were found to vary
between 41 and 96 ¥. A summary of this test appears in Figure
Al of the Appendix.

Runs B4 and B10 were chosen for comparison in the scaling
study because of particle analysis and data logging problems
(i.e. program failed to record data ) in the other runs.
Specifically it was found that the particle ggﬁch distribution
was greater than the particle feed distriﬁution far'Sarticle‘
diameters less than 15 microns. It is thought that the feed
sample, which was taken before run B4, was finer than that
actually fed in subsequent runs. This is attributed to the
practice of recyéling spent solids ffom onelrun to the |
subsequent run. This was necessary as all the available solids
had to be fed in each run in order to achieve the desired
loading levels. Unfortunately feed samples were not taken for
each run as it was assumed that collection efficiency could be
calculated from the catch and loss distributions alone. Note
that fresh, unrecycled feed solids were used in runs B4 and

B10.
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1.3.1 Scaling Considerations

Catch particle size distributions for runs B4 and B10
'appear in Figure 1.17a and Figure 1.17b respectively. Figure
1.17c shows the collection efficiency curve for run B4 as
determined from particle size distributions obtained with the
Elzone particle analysié instrument( model 286 XY) Andvthe
collection efficiency curve for run B10 as determined by thé
Tas Plus Image analyzer ( model LSI -11 ). The first method
reports the equivalent volume sphere diameter, while the
second leads to an equivalent projected-area circie diameter
(37). Figure A5 of the appendix details the particle size
information.

Note that in Figure 1.17c¢c thé mass¢fof particles greater
than 20 pm in diameter have been combined into one channel with
mean diameter of 31 uym. A similar adjustment was made to the
run B10 collection efficiency curve with particles larger than
15 um diameter being combined into one channel of 31 um mean
diameter. This grouping of the higher end channels was
performed because of the erratic nature of the collection
efficiency curve above 20 microns. It can be seen froﬁ Figure
1.17c that the cyclone was 50% efficient for papticles of 10 nm
diameter. A similar berformance is noted in the efficiency
curve for run B10 which shows a dpse of 10 um. This is
surprisingly efficient performance for a 0.61 m diameter, non-
standard design cyclone operating with an inlet velocity of

only 3.6 m/s.
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There is a minimum in the collection efficjenc& at about
2.5 pm-diameter in the run B10 efficiency curve, with a small
increase in efficiency for smaller particles. There are three
probable reasons for this. The first is that because of the
cohesive nature of the solids, significant amounts of fines may
have adhered to larger particles in the catch. Duriﬁg analysis
these fines agglomerated with larger particles may have broke
free and been counted as individual particles. This would have
increased the mass fraction of_fines reported in the catch.

The second possible reason arises from the problems of
dispersing the dust in the feed gas stream. Particles fed to
the cyclone came from‘thé solids feed hopper and were
maintained in a bubbling fluidized bed. It is possible that the
smaller particles started out in an agglomerated state, were
fed into the gas stream in this state and finally separated as
large agglomerates. It may be necessary to provide a means of
dispearsing the particulate while in the féed stream in_order
that the fines couid be truly dispersed.

The third possible reason for the surprisingly high
measured fines collection effiéiency is that the fines may have
been swept out of the gas stream by other larger particles.
This effect has Been reported by others (12, 24).

Mothes and L8ffler (24) discuss in detail the phenomenon
of improved collection efficiency for small particles separated
in cyclones with high particle concentrations. They state that
particle separation mechgnisms other than separation in the

vortex must have a major effect on particle separation and
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develop a model to describe this effect. Briefly the
calculation of fine particle collection due to agglomeration

involves three steps:

1. The initial deposition efficiency of fine particles
on larger particles settling towapds the wall is

calculated.

2. The gas volume cleaned by the larger particles

traveling towards the wall is determined.

.3. The decrease in fine particle concentration caused by
the cleaning effects of the larger particles is

estimated.

The model predicted that the separation efficiency of
small particles in cyclones is a function of scrubbing particle
size, small particle size, dust concentration, flow conditions
and material properties. Aé an example they considered the case
of 15 pm diémeter particles scrubbing out particles sized below
6 nym diameter. The results are presented in Figure 1.4 and show
a peak in the collection efficiency curves for particles sized
between 2 to 3 pm diameter. A similar effect is noted in Figure
1.17¢ and occurs in the 'same range of particle diameters.

Considering fhe Chatham cyclone size distribution in
Figure 1.18(a) the loss distribution was clearly separated from

the catch particle size distribution with little overlap.
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Comparison of the two distributions resultea in a typical
collection efficiency curve with a dpso value of 41 microns as
can be seen in Figure 1;18(b). This is in the range reported in
reference 1, that being 30 to 45 microns.

Performance comparison

The collection efficiency curves for run B4 and the
Chatham cyclone are plotted in Figure 1.19,

In order to verify Stokes scaling, as interpreted by
Stairmand, the performance of the Chatham cyclone was shifted
to see if the performance would be close to the performance of
the UBC cyclone. That is:

. Nat of shifted dpso = Nst of Chatham dpso

dpsonew2pPpuscViuc = dpsoold?PpcHATHAMVICHATHAM
Dusc pusc DCHATHAM JHCHATHAM

dpsonew? = dpsocolalpocuaTHamMVicuaTuauDusc Musc
PruBCViUBCDCHATHAM MCHATHANM

Table 1.4 states the assumed scaling conditions. While the
curves are brought closer together, a significant discfepancy
is still seen. It is clear that the cold model with Stokes law

scaling predicts too optimistically the performance of the

Chatham cyclone.
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TABLE 1.4. CYCLONE OPERATING CONDITIONS

Chatham UBC (Run B4)
CYCLONE DIAMETER 5.6 0.61 m
TEMPERATURE 850 21 : oC
GAS DENSITY 0.326 1.20 kg /m3
GAS VISCOSITY ) 0.000045 0.000018 kg/m/s
PARTICLE DENSITY 2650. 1540. kg /m3
AIR FLOW (@STP) 1600 11.2 m3 /min.
INLET VELOCITY 20.4 3.66 m/s
STOKES NUMBER 0.020 0.0029 -
REYNOLDS NUMBER 830 000 149 000 -
LOADING RATIO 8.8 1.4 keg/ke

Note that the Stokes Number is defined as:
Nstso0 = dpso?ppVi/(18 p D)
and the Flow Reynolds number is defined as:

Nre = PgV] D/).l

In Figure 1.20'experimenta1 data are plotted ggainst the
particle size dependent dimensionless number §9.%5 proposed by
Abrahamson and Allen (21) to‘correlate efficiency data fr6m
large, high temperature cyclones to those operating at room
temperature. This approach was first discussed in section
1.1.4. Data from the Chatham cyclone appears to closely follow
the trend shown in Figure 1.2b with the dpseo value falling
close to 1. However data from Run B4 are less comparable,
indicating a much greater collection efficiency than would be
expected.

The Parker et al... study compared small cyclones
operating at extreme temperatures and found that the efficiency

data could be plotted against (Nag)(Nsr)0-3, A plot of the UBC
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UBC and Chatham data plotted according
to Abrahamson and Allen correlations.
a.) UBC data (run B4 conditions).
b.) Chatham data. _
See Table 1.4 for operating conditions.
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and Chatham data on the same graph appears in Figure 1.21. Both

the UBC and Chatham data fall above the small cyclone Parker et

al. data. This was also found to be the case for other largér
cyclones coﬁpared in their study. The authors suggest that

cyclone diameter must play an important role (11).

The major discrepancy between the UBC and Chatﬁam
collection efficiency curves, and the fact that the model's
performance was much superior to other cold models compared in
the Abrahamson study leads one to suspect the experimental
data. It is suspected that,in the UBC tests, partic[es
separated in an agglomerated form, separating as large masses
rather than independent entities. Sample preparation, which
required sonicating the sample.in alliquid media, may ﬁell have
resulted in disassociation of particles which were then counted
individually. Indeed a certain degree of agglomeration is
evident in the photographs of the test dust.

A means of determining the level of agglomeration within
the cyclone would be needed to confirm this. Particle
agglomeration may have been influenced by two factors.

1. Electrostatic.forces, induced by the motion of the
particles in the polyacrylic cyclone, may have caused
partiéles to agglomerate. Repeating the experiments in a
steel cyclone or with the addition of an anti-static
compound may reduce these effects.

2. Pobr dispersion of particles being fed to the cyclone may
have resulted in the particles entering the cyclone in an

agglomerated state. Changing the experimental apparatus to
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include a section where particles are smashed against a
baffle or disassociated by sonic action may resolve this

_problem;
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1.3.2 Loading effect

Runs B9 and B12 through B20 were performed for the
particle loading study and the results are plotted in Figure
1.22 and the data is presented in Tabel 1.5. A clear increase
in collection efficiency is noted as particle loading is

increased.

Table 1.5 Particle Loading Data

run # loading collection
effficiency
MASS SOLIDS '

MASS AIR %
B12 0.235 - 91
 B13 0.124 87
B14 ~ 0.134 90
. B15 0.147 89
B16 0.437 90
B17 0.376 -1
B18 . 1.303 96
B19 . 0.049 84
B20 0.658 93

B9 7.49 | 98

These réults are consistant with that reported in other
works (18) in two ways in that efficiency increases with
loading and no limit or maximum is found. Attempts to increase
the loading to levels greater than 7.5 kg solids/ kg air were
not successful due to solids feeding limitations.

The loading effect is commonly attributed to the action of
particle-particle collisions and agglomeration mechanisms which
allow the solids to settle out in large clusters and strands

rather than individual particles (23,24). Confirmation of this
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theory is not possible from  -this experimental work, but it may
_be possible to verify this if a method of measuring
agglomeration levels 1in the separation zone as a function of

inlet loading can be found.

Unfortunately it was not possible to achieve the very low
loadings ( 1 gr/ft3, 2.3 g/m3 ) reported in the API sfudy (see
Figure 1.3) because of probléms with the large solids feeding
cone valve. An improved experiment would include a means of
feeding sélids on the 1 to 10 gr/ft? (2.3 to 23 g/m3) range. A
smaller cone valve, one.tenth the.size of the 0.25-m'diameteh

valve would likely suffice.
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1.3.3 Inlet Modifications

Table 1.6 summarizes the experiments devoted to inlet
modifications. In order to compare the collection efficiencies
for the different inlet configurations the efficiencies listed
here have been modified to account for loading effects. The

modification procedure was as follows:

All runs are compared on a basis of the loading found
in run B24 i.e. 0.232 (mass solids/ mass air). This
run was chosen because its loading value fell in the
middle of all the other loadings encountered in the

inlet modification tests.

A best fit line was drawn through the loading data
found in section 1.3.2 and the equation of this line

established as:

E( L ) = (0.0301)In(L) + 0.9097

where

E( L ) = collection efficiency at loading L
. L = Loading (mass s&lids/mass air)

Taking the derivative one obtains:

dE( L ) = _0.0301
. L
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Corrected efficiency values (Ecorr.) were obtained by

according to:

Ecorr. = Eexper. + 0.0301(Lexper. - Ln24)/Lexper.
where

Eoxper. = efficiency determined at other loading
Lexper. = loading in test

During the run the inlet geometry and vortex finder length
were.altered, resulting'in different inlet velocities and
particle paths within the cyclone. The runs have been placed in
order of increasing inlet velocity, with the fiﬁal three runs
differing from the rest in that the vortex finder was elongated
212 mm in this situation. The data is plotted in Figure 1.25.
| Inlet geometry details are shown in Figure 1.10 and
briefly described below. |
Configuration Cl. The base case situation with no inlet inserts

or vortex finder changes have been made.

See Figure 1.9 for dimensions.

Configuration C2. The inlet floor has been raised 50 mm above
the original floor and the‘ceiliﬂé lowered
30 mm for a short section near the reactor.
The rear wall has been straightened out

reducing the inlet width to 110 mm from

150mm.
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Configuration C3. As per configuration C2 but with the inlet

width enlarged to 135 mm.

Configuration C4. As per configuration C3 but with the vortex

"finder lowered 212 mm.



- 80 -

TABLE 1.6 Inlet Modification Tests

RUN CONFIGURATION COLLECTION
‘ EFFICIENCY
B26 cl 96
B27 cl 96
B28 . cl . . 94
B33 cl » 94
B34 ' cl 97
B24 c3 - 94
B25 Yoed 93
B35 " e3 92
B21 c2 : 94
B22 c2 92
B23 , c2 93
B29 ¢33 & low vortex finder: 94
B30 .c3 & low vortex finder 94
B31 c3 & low vortex finder 96
B32 A c3 & low vortex finder 96

It woula‘be expected that collection efficiency would
increase as the entrance inlet area was decreased, that is as
the configuration was changed from Ci1 to C3 to C2. However,
this was not evident in the data and the base case with the
lowest inlet velocity performed better than either C2 or C3.
Configuration C3 coupled with a lower vortex finder offered
better collection effibiency than C2 or C3, alone but still not
significantly different than the base case.

For the same geometric configuration it was not possible
to reproduce the same collection efficiency as is seen in
Figure 1.25. Only in runs B26, B27, B28 and B33, for
configuration Cl, were similar collection efficiencies noted.

This variation is attributed to differences in the experimental
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Figure 1.23 Comparison of collection efficiencies for
different inlet configurations. See Table 1.3 for
conditions. ( solids loading corrected ).

18



conditions between these runs, specifically the variations in
the loading rate.

While it seems clear that collection efficiency is greater
than 90% for all runs, it is not possible, based on the data
collected to date, to declare a "winner" among those tried.
These puzzling results suggest that a different experimental
approach is necessary. An improved exberimental program would
result in a steadier feed rate, perhaps by way of a mechanical
feeder as it was difficult to repeat loading‘levels with the
present solids valve feeding arhangement; As well, a solids
system less prone to agglomeration would allow effiéiency
curves, which span a full range of efficiencies, to be
determined. Examination of these improved efficiency curves may

offer better answers.
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1.3.4 Flow visualization

Separate runs of the cyclone apparatus were performed for
the purpose of flow visualization..Collection efficiency waé
not evaluated during these runs. Tﬁese runs were performed at
low loading in order that flows in the interior could be

observed.

During the trials the following observations were made for

all geometries:

Recirculation zone below roof: It could be

seen that a distinct annular region exists,
concentric with the cyclone itself but
situated above the roof of the entrance

and below the roof of the cyclone.
Suspended solids either enter this zone or
fall from it to the separation region
below. Any solids that found their way into
this zone are eventually reentrained in the
incoﬁing flow, but spend considerable time

in the region.

Reentrainment into incoming flow: Solids

that manage to reach the outer wall must
drop below the bottom of the entrance if
they are not to be reentrained again by the

incoming flow. The Stokes number scaling



approach is unlikely to apply to particle-
particle and particle-wall interactions.
Their effect may cause performance to‘be
somewhat unrepresentative of performance in
the full scale cyclone. It can be argued
that those particles whose misfortune it
was to reentrained must then be separated
once again with particles in the incoming
flow, and thus may be representative of

matters at Chatham.

For the base case, where no inlet inserts were used, a
recirculation zone coul& be seen positioned in the enfrancg.way
near the.top of the model combustor. This recirculation was not
evident with the inserts in place as in Configuration c2 or C3.
There was no great visibie difference in the particle paths for
the.existing and modified vortex finder-configuration. This
ma& be due to the difficulty in seeing flow patterns in the
dilute region close to the vortéx finder. More advanced
techniqdes for flow visualization (e.g.. laser Doppler
techniques) would be required to study this in detail. The
video tape sent to Energy, Mineé, and Resources shows the .

observations discussed above.
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1.4 Conclusions and Recommendations.

The main features of part 1 of this study are as follows:

1.

"A one-ninth scale polyacrylic model of the non-

standard design industrial cyclone operated at the 22
MWe CFBC facility at Chatham, New Brunswick has been
constructed and operated at room temperature.

Particle collection performance has been tested under

‘various solids loadings and inlet geometries.

A solids recycle system, utilizing a multiclone to
capture fines and a recycle system to provide
continuous operation was built, but did nét work wéll
because of solids capture problems and the cohesive
natqre of the fine solids. As a result: all of the
results presented are for a batch system.

At inlet velocities varied between 3.7 and 5.5 m/s,
solids loadings between 0.05 and 7.5 (kg solids/kg
air), for FCC solids having a mean diameter of 22 um,
cyclone collection efficiencies remained above 90%.
There was disappointing agreement between the results
from the Chatham unit, scaled according to Stokes
Number scaling, and the findings obtained from the
cold model unit.

The grade efficiency'cdrve showed a minimum
efficiency for fine particles, 2.5 to 3.0 ym in
diameter. This is likely due to Agglomeration effects

as a mass balance performed on a per channel (i.e.
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size interval) basis did not close for particles
smaller than 15 um diameter.

6. Increasing particle loading led to an increase in
collection efficiency.

7. Inconclusive results were found when the inlet
configuration was changed while using 22 um mean
particle diameter FCC solids.

8. Flow visualization trials were performed with the
polyacrylic cyclone. Reentrainment into the incoming
flow of captured solids skipping along the wall was
observed. A videotape of these observation was
prepared and sent to Energy, Mines.and Resources in

Ottawa.

It is recommended that, in ofder to verify the scale-up
criteria, the experiments be repeated with a different solids
system less prone to agglomeration. Successful collection
efficiency studies have been performgd using flyash at lower
loadings.(ll, 12) suggesting that flyash migﬁt be a suitable

material.



PART 11

HOT CYCLONE TESTS



2.1 INTRODUCTION

Circulating Fluidized Bed Combustors (CFBC) rely on
inertial separation devices to separate combustion gases
from entrained solid particies and to return those solids to
the reactor. Cyclones are usually chosen to perform this
high temperature, high‘loading and sometimes high pressure
separation because they dffer reasonably good particle
_collection efficiency and are easy to design, operate and
maintain. When used in such circumstances, some combustion
inevitably occurs within the cyclone.

In order to better understand the combustion précesse&
within the cyclone, radial combustion gas concentration
profiles were measured within a secondary cyclone- serving a
pilot scale CFBC system operated at the ﬁﬁiversity of
British Columbia. The profiiés presented in this thesis were
all obtained with Highvale coal, a low sulphur coal from
- Alberta as a fuel. For details of properties of the coal
see See Figure A6 of the appendix. Iﬁ this section a brief
reviéw of gas and solids flows within a cyclone is given,
followed by a description of the apparatus and a
presentation of the measured combustion gas combustion
profiles. The profiles are then discussed and conclusions

presented.

2.2 Theory
Combustion processes occurring within cyclones are

dependent on the nature of the solids, the composition of



the gas as well as the oberation mode of the combustion
system. Gas and solids flow patterns within cyclones are
functions of several variables including cyclone dimensions
and geometry, gas flow rates, and particle loading. When
used in a -CFBC system, the solids are a combination of
unreacted fuel particles, inert solids (Eg. sand and ash)
and sorbent material (if a sorbent is used). The combustion
gas composition depends on fuel type, combustor
configuration, mode of operation, operating temperature and
other parameters. In order to understand the gas
concentration profiles, it is firét necessary to briéfly
describe the gas and solids flow patterns within a reverse
return cyclone and to present the overall combustion

equations which characterize CFBC systems.

Flow patterns

Gas and solids flow patterns within a'cycione are
intimately related. Solids flow patterns have been observed
in a cold model by the author (see section 1.3.4) and
documented by several other workers (2, 25). The radial,
tangential, and axial components of the solids velocity vary
with position and solids loading (15). Predictionsrdf low
loading particle mean trajectories appear in Figure 2.1 (25;
‘and show the predicted axial and radial position of

particles of various sizes.
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Figure 2.1 Predicted particle trajectories in a vertical plane
within a Stairmand type cyclone. Low loading
conditions. (25)

a. Mean particle trajectories for particles
of diameter 1 to 10 microns.

b. Mean particle trajectories, 3 micron.

c. Random particle trajectory of 2 microns
particle in turbulent flow.



In Figure 2.2 the axial gas velocity is seen to be a
function of radius, witﬁ downward motion occurring in the
outer regions, while within the core the flow reverses and
travels up with increased velocity towards the vortex
finder. The tangential velocity has been found to increase
with decreasing radius, reaching a maximum in the central
core region beléw the vortex finder. Increased particulate
loading has been found to reduce the tangential component of
gas velocity (24). Figure 2.3 shows the combined radial and

axial veloéity vector field.

Particle trajectories

Particle motion within thése.complex flow patterns
depends on gas and particle characteristics, and on solids
loading (15). As solids loading increases, particle-particle
collisions become more frequent, forming larger clusters and
‘strands which assist pgrticle collection. Once the particles
have reached the‘wall they may be re-entraiﬁed should some
disturbance occur, forcing the solids back>into the gas
flow. Disturbances such as large bouncing particles, .
iﬂterior wall surface imperfections and interference of the
gas vortex with the cyclone wall have been discussed by
various authors (2,24). At the wall a dense layer of solids
forms, with particles travelling around and down the cyclone
body, eventually‘concentrating into a distinctive dense
strand which "snakes" its way down to the solids éxit at the

base.



’_9‘2_

.
i1

\

Axial velocity profile

Radial velocity profile \

Figure 2.2 Predicted radial and axial gas flow patterns in a
Stairmand type cyclone. Low loading conditions (25).



44.-0-" 4'
s o0 0 qy .
a.‘l-‘ .
.0.0.“ '
-ob‘l“ 1Y}

. h

...0_5.{1 ﬁ'
”1\\\\~“- 4.
Ltt,

""||q'.‘l’-

,,,.......xlIIII(
_,,,,......:zl!frtl
L,,,,,......mnh
L,,.,......:xt!lrtt
F,.........ullf“x
,,,......-.mmx1
coornttttltn
coennntttlly
..n:l!!lfilx

1

P
-

—  e—s e

nt
“'111v'

| RRRRR

ﬁylfnv-

fovees

‘Alllftlttlx
.uu!l“hl

krvgoe-- .

.u‘ul”“zr

'[ll'v-onillllttttﬁr

llt'c-..ttll‘tlrll,
ettt

TERRAN

\qol . o of
\\\ollloo.

Figure 2.3 Predicted combined axial and radial .
velocity vector diagram in a Stairmand type
cyclone. Low loading conditions(25)



- 94 -~

Summaronf combustion equations.

While it is not within the scope or intent of this
thesis to discuss heterogeneous combustion mechanisms for
coal combustion within a CFBC, it is useful to describe the-
primary reactions affecting the gases ﬁeasured within the
cyclone. The gases COz,.CO, CHs, SO2, and NOx are all
formed during coal combustion. CO2 is primarily formed by
the two reactions (26):

| C* + 02 -> CO2
CO + 1/2 02 => COz .
CcO cén be formed as follows:
| C* + CO2 -> 2CO

C + H20 -> CO + H:

COoz -> CO + 1/2 O2
C* represents the burning char.

CHs can be formed_from:

C* + 2 H2 -> CHu4,
or released as volatiles are evolved.
SOz can be considered to forﬁ via:

S + 02 -> SOz .
while NOx is formed by reactions of the type

1/2 N2 + x/2 02 -> NOx .

At temperatures of interest in FBC processes} it is fuel
nitrogen, rather than nitrogen present in the air, which is

predominantly responsible for NOx formation (38).



Because most combustion within the CFBC system occurs
before the secondary cyclone, much of each gas measured
originates before the cyclone. A lesser amount is formed

"within the cyclone contributing to the measured values.

2.3 Apparatus and Data Acquisition

The apparatus used in this high temperature'sfgdy is
the pilot scale fluidized bed combustor at the University of
British Columbia in its modified configuration (30). A
schematic is shown in'Figure 2.4. In brief, the set-up
includes a refractory lined reactor (152mm square in:cross-
section by 7.3m tall), ; primary and.secondpry cyclone with
provision for solids recirculation via an L-valve and jet
educator respectively, hoppers for feeding the fuel and
sorbent, and primary and secondary air injection. The system
is well instrumented. Comprehensive descriptions can be
found elsewhere (27, 29). The secondary cyclone was chosen
over the primary cyclone for these experiments because of
the probe plugging problems associated with gas sampling in
regions of high solids density (e.g.. at the cyclone wall).
The insulated stainless steel secondary cyclone is situated
after the primary cyclone and thus receives the reactor flue
gases and particles not captured in the primary cyclone. A
scale drawing of the secondary cycloné appears in Figure
2.5. This 0.2 m i.d. cyclone was modified to allow the
insertion of a gas sampling probe through the wall at

several levels. The probe itself was connected via cooling
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Calorimetric section : .

FIGURE 2.4 CFBC Schematic ?(21)
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and filtration stages to a gas sampling train. Figure 2.6

shows a schematic of this apparatus.

The gas sampling train leads to five analyzers for the

measurement of COz, CO, CH4, SO2, NOx, and O2 gases. A brief

summary of key features of these instruments is presented in

Table 2.1. A more detailed review is found in reference 34.

GAS

02

Cc02

Cco

CH4

S02

NOX

Each

TABLE 2.1: DESCRIPTION OF ANALYTICAL INSTRUMENTS

MAKE/ RANGE OPERATION  RESPONSE

MODEL (ACCURACY)  PRINCIPAL | time
(% full scale) '

HORIBA PMA 200 0 - 25 % PARAMAGNETIC 20s

OXYGEN ANALYZER ( 1% ) TYPE

FUJI 732 0 - 20 % NDIR ‘5 s
iy |

FUJI 732 0 - 1000 PPM NDIR 5 s
( 1% ) :

FUJI 730 0-0.5 % NDIR 5 s

(1% )

- HORIBA 0-1000 PPM NDIR 5 s

PIR 2000 ( 1% ) : :

MONITOR LABS 0-500 PPM CHEMILUMINESCENCE 3 min

INC. MODEL 8840 ( 1% )

of these instruments was calibrated using standard

gases prior to each run.

The procedure followed to obtain data was as follows:
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1. With the pilot plant operating as
nearly as possible under steady state
conditions and gas analyzers prepared
according to manufacturers'
instructions, calibrated, the sample
probe was inserted to the desired radial

position and gas sampling commenced.

2. After a period of 4 minutes the gas
transport lines were assumed to be
purged and the gas-analyzers reading

steady state values.

3. Gas concentration values were

recorded.

4. A flue gas [02] measurement was
obtained from a‘separate.gas meter
operating on a separate sampling line
connected downstream of the cyclone. The
sampled gas stream was filtéred and

cooled.
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5. The sample probe'and filter were
purged with compressed air, then moved
to the next radial position.AA random
order was followed in probe positioning

in order to avoid systematic variations.

2.4 Results and Discussion »

The CFBC operating conditions under which the ga;
concentration profiles were obtained are outlined in Table
‘2;2 for each of the five runs where data were obtained.
T;ble 2.2 UBC CFBC operating conditions

RUN # RUN AIR RATIO RUN SUPERFICIAL

TEMPERATURE 2nd/prim. VELOCITY IN RISER
(c) (M/5)

17 870 1 6

18 870 . 1 6

5 886 2 6

6 870 2 6

10 870 0.5 7

The secondary air ports,>as shown in Figure 2;4, supplied
between 50 to 100 ¥ of the primary flow and were located 0.9

m above the primary air distributor. The riser velocity is
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the superficial velocity in the upper part of the column
above the secondary air ports.

The gas concentration profiles for runs 17, 18, 5, 6,
and 10 appear in Figures 2.7, 2.8, 2.9, 2.10, and 2.11,
respectively. For each gas the actual measured concentration
is plotted against the non-dimensional radius r/R, where R
refers to the cylinder or core radius at that level.

For all of the measurements it was possible to
maintain sufficient sample gas flow to allow.easy
measurement, with the exception of readings taken right at
the wall. For these measurements gas flow was possible for
10 minutes at.most before blockage occurred, necessitating
probe and filter burging. This is understandable since a
denser‘region of solids exists at the wall than in the
inferior of the cyclone. While it waS'posSible to obtain
measurements in tﬁe vicinity of the wall the values may be
affected by excéssive solids in the probe and fiiter
portions of the sampling system itself. Char caught in the
probe-could continue to burn, thereby increasing the CO and
CO2 values while, reducing the measured O2 values. This
effect is assﬁmed to be negligible, hoﬁever, as the gases
anq particulate were quickl& cooled after extraction in the
cooling section of the probe and thus were much less
-reactive. Typically the solids caught by the secondary
cyclone had a mean diameter between 40 to 58 um (29).-

Trends for the various components measured were as follows:
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NOx ¢

No radial trénd for NOx is apparent from the
traverses performed in the five experiments; Values in the
200 to 225 ppm range were typical, with the exception of the
traverse performed at port # 8 near the bottom of the
cyclone. The discrepancy at this level is attributed to
difficulties in maintaining flow at this port due to

blocking by particles.

SO::

Values between .0 and 140 ppm [SO2] were observed within
the cyclone, but with n6 evidence of a clear trend. In
Figure 2.10 the lowest SO2 concentrations were often
observed near the wall, pfobably because of the denser
solids region existing near the wall. While no serbents were
added during the runs, there may be sorption by calcium or

other elements in the ash accounting for thg reduced values.

CHg @

During most tests the gas analyses were unable to
detect measurable [CHs4]. Only in runs 10 and 18 there were
detectable values, these being of the order of 0.002 to

0.004 percent. No radial trend is evident.

COz @
Values between 16.1 and 19.3 percent were measured

- within the cyclone and a slight radial trend is observed in
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three of the traverses. Combusting char particles in the
denser solids region near the wall are likely responsible

for the observed small increase near the wall.

CO:

As with the [CO2], [CO] tends to be somewhat greater at
the wall than in the interior in five of -the radial
traverses. Four traverses show a doubling of the [CO], again
indicating some char combusfion inside the secondary

cyclone.

O2 ¢
No clear trends in the [ O2 ] were seen in the profiles

indicating that the extent of combustion occurring within
the cyclone is rather small, at least for this fuel.
Comparing the gas residence times of the cyclone and the
riser it is clear that thelcylone volume is less than that
-of the riser, approximately 60 % of the riser volume. As
well because there is a greater chance for gas short
circuiting in thefcyclone'than in the reactor the reduced
extent qf combustion is not sufprising.

| Gas sampling for each run lasted 1less than three
hours and during that time the combustor was maintained as
closely as possible at ;teady state conditions. The primary
indication of steady operation~was the flue gas O2
concentration which was held between 3.5 and 6 percent for

all readings, and 3.5 to 4.5 percent for more than 90% of
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the time. Due to the natﬁre of the experiments some scatter
in the measured values was inevitable and clouded any subtle
trends that may have existed. As well, the flow in a cyclone
is very well mixed and any regional combustion activity
would be difficult to detect. For example if combustion was
preferred at a given radius, one would only expect to find
increased combustion products concentrations if the flow was
sufficientl& segregated. This is not fypically the case in
cyclones as the flow is more turbulent and well mixed than
segregated. An imbrovéd-experiment-would see continuous
monitoring at several radial points simultaneously (rather
than sequentially), with the focus being placed on the

region near the wall.

2.5 Conclusions and Recommendations

The main features of part II of this work are as

follows:

1. Radial gas concentration profiles within a
secondary cyclone serving a high temperafure
Circulating Fluidized Bed Combustor operating with
a low sulphur coal as fuel have been measured and
presented.

2. Radial gradients in the gas concentration profile

were negligible for [NOx], [SO2], [CH4}, and [O2].
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3. Near the wall [CO] levels increased, as did [CO2],

suggesting increased char combustion in this zone.

It is recommended that attempts be made to determine
similar radial gas concentration profiles in the primary
cyclone of 'the UBC pilot scale CFB combustor. This would
require a probe capable of sampling gases in the much denser
solids regions of the primary cyclone. It is also
recommended that simultaneous monitoring at several radial
points be performed as opposed to a sequential sampling.
This wquld reduce the uncertainty imposed on the radial
profiles due to the time varying nature of thé species
concentration within tﬁe gas flow (i.e. non-steady statg
operation). Profiles should be attained with a less reactive
coal (e.g. anthracite) and a high sulphur coal (e.g. Minto
). Cyclone reactions may play'a more important role for

these fuels.
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NOMENCLATURE
Inlet depth ( m )
Coefficient ( - )
Centrifugal acceleration ( m/s?)

Gravitational acceleration ( m/s?)

. Inlet area (- m?2 )

Particle Area (m?)
Inlet width (m)
Inlet width ( m )

Coefficient ( m )

-'Fraction by mass for channel i of catch. ( - )

Solids loading (g/m3)

" Zero l;ad " dust concentration

( grains/ft3, g/md3 )

Dust éoncentration ( grains/ft3 )

Total mass caught ( kg )

Cunningham correétion factor ( - )

Dust concentration ( grains/ft3, g/m3 )
Drag coefficient ( - ) / |
Cri}icgl particle diameter ( m )

Parficfe’diameter'( um )

~Aerodyn§mic diameter (g /cm3 )0.8

Feed aerosol mass medial diameter ( cm )
Particle diameter caught with 50% efficiency
(microns)

Body diameter ( m )
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Bottom diameter ( m )
Cyclone diameter ( m )
Hydraulic diameter of cyclone inlet ( m )
Outlet diameter ( m ) “
Imaginary cylinder diameter (m)
Zero load collection efficiency ( % )
Collection efficiency ( % )
Loading corrected collection efficiency ( % )
Experimental collection efficiency ( % )

Collection efficiency for channel i. ( % )

'Colgection efficiency at low loading ( % )

Feed m&gs for channel i ( kg )

Centrifugal force ( N_)

Particle drag force ( N )

Cyclone configuration parameter. ( - )
Galileo number ( -)

Inlet depth ( ﬁ )

"Overall height ( m )

Coefficient ( - )
Restitution coefficient ( - )

Fraction by mass for channel i of loss. ( kg )

Experiméntal_solids loading ( kg/kg solids/air )

Particle loading in run B24 ( kg/kg solids/air )
Cylinder length (m)

Total ﬁass passihg cyclone ( kg )

Outlet length ( m )

Particle loading ratio ( kg/kg solids/air )
Apparent gas viscosity coefficient ( - )

Particle mass ( ke )
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n Vortex exponent ( - )

N o Particle path revolutions ( - )

NRot Flow Reynolds number ( - )

NrRep Particle Reynolds number ( - )

Nrerp Radial particle Reynolds number (' - )

Nst Stokes number ( - )

Nstso Stokes number for cut diameter ( - )

P(e) \ Pfobabilit& associated with high loading E ( - )
P(Eo) Probability associated with low loading E ( - )
Q "Gas-flow ( m3/s ) |
Qe Gas split ratio ( - )

ra ' cyclone radius ( m )

r{ Vortex finder radius ( m )

R Radial co-ordinate (m)

Rx Radius of imaginary cylinder ( m )

S0.35 : Dimensionless éarticle diameter"( m )
SFACTOR Saltation factor ( - ) |

Ta (x) Predicted collection efficiency ( - )

V; [ Inlet Vb}qcity ( m/é )

V1‘ . Inlet velocity ( m/s )'

Ve - .Radial'ﬁarticle’ve}ocity component ( m/s )
Vep . Radial pafficle_velocity ( m/s )

Veeg Radial gas velocity ( m/s )

Vip Tangentia]*particlé velocity ( m/s )

Vs Particle saltation velocity ( m/s )



-115-

Greek symbols

p Gas density ( kg/md)

Pr - Particle densify ( kg/m3)

#c Mass median particle diameter ( m )
x Shape factor ( - )

ug Gas viscosity . ( kg/ms)

" Ugapp Effective gas viscosity ( kg/ms )
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PRELIMINARY TESTS

PART 1

l...,_

CONDITIONS

SOLIDS: 11 um mean dia. flyash.
Inlet velocity: 4.45 m/s

Configuration: Cl1 ( base case )
variable vortex finder

length.
V.F. posltfon LADGLAH collection
(FULLY ADLUSTABLE V.F) 2f ficlency
018 Lo loag 50.0
.39 0.54 73.9
]
0.81 .74 9a.2
PART 11
CONDITIONS

SOLIDS: S0 um mean dia. flyash.

Inlet velocity: 5.4 m/s

Configuration: 1. €3 without extended
vortex finder.

2. variable vortex
finder length.

V.F. posltioni L/DJL/H collection
efficiency

EXISTING  l0.31 |0.28 41 %

PROFGSED 0.63{0.57 47 %

FIGURE A1 Shake down test summary. All runs performed
' before run Bl.



M~3/s

13

12

11

10

ORFICE FLOW

4 8 12 16 20 24

PRESSURE DROP (em water manometer)

FIGURE A2 Orifice flow curve. M®/s vs pressure drop.

28
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Figure A3 Data logging program serving UBC model cyclone
apparatus.

REM PROGRAM FOR INSTANTANEOUS SAMPLING OF LOAD CELLS
OPEN ®cyco.OUT" FOR OUTPUT AS #2
OPEN “COM1:96004N,8,1,03,D5" FOR RANDOM AS #l
INPUT “run nucber?®, n$
PRINT #2, “run nuaber = *, n$
hi = 0

rna

TINES = "00:00:00"

ta$ = TIMES

ceconds = VAL(MID${ta$, . 2} # 3600 + VALIMID$(ia%, &, 2}) ¥ &0 ¢ VALINIDZ(is%, 7, 2i}
IF (seconds - hh) = 1 THEN 20 '

0 ~3 N oy

2¢  PRINT “legging data'
hh = seconds
PRINT #1, "2"; :
INPUT &1, b$ '
PRINT #1, ®3"¢
INPUT &1y 8
PRINT £2, VAL(WID$(bS, 3, 6)), VQL(HIDS(cﬁ, 3y 6))
PRINT VALIMIDS(b$, 3, &)}, VAL(HIDS$(cS, 3, &)}
6070 §

36 FND



PLEXIGLAS MODEL

CYCLONE N

MULTICLONE

—b TO BAGHOUSE

FLUIDIZED
SEAL

et

prd

. PLATE YALVE -

s

PLATE VALVE
- .

AN

LARGE | | _ SMALL
MEASUREMENT . ‘ MEASUREMENT
VESSEL VESSEL
' .
' A
WIND —
BDX‘ : : FROM BLOWER
-« » - _ .

Figure A4

Schematic of attempted recycle system schematic
showing a high solids loading feed and
measurement vessels, multiclone and bag filter
arrangements.
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Figure A6 UBC CFBC solid fuel analysis for run B17 (29).

Proximate and Ultimate Analyses of Solid Fuel

Highvale
Coal

Proximate Analyses (as received)
Volatile Matter | - 30.5
Fixed Carbon 42.1
Ash 12.2
Moisture ' . . 15.2
Ultimate Analyses (dry basis) -
Carbon 62.4
Hydrogen 3.6
Nitrogen . 0.8
Sulphur o 0.2
Oxygen (by difference) 18.7
Ash ' 14.3
Higher Heating Value (MJ/kg) 24.0
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Fi/CCi+Li)
4

By =19 15 20 25 30 235 4@ 45
prarticle diameter £ L)

Figure AT Mass balance, as performed on a per channel basis
for run B10. Image analysis particle size
distributions. Fines loss (below 15 microns)
attributed to filter inefficiency.
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Figure A8 Temperature data for Part I experiments.

RUN # Dry bulb temperature Wet bulb temperature
oC °oC
Bi1 12 - 10
B2 15 . i1
B3 12 8
B4 11 7
BS 11 7
B6 16 12
B7 16 12
B8 : 16 12
B9 19 15
B10 19 . 15
B11 22 . 18
B12 18 15
B13 .18 | <15
B14 18 15
B15 18 15
B16 , 18 15
B17 18 : : 15
B18 , 18 15
B19° 18 ) 15
B20 ' 18 15
B21 22 , 19
B22 22 : 19
B23 22 : 19
B24 22 19
B25 22 19
B26 22 19
B27 22 ’ 19
B28 22 19
B29 22 ’ 19
B30 : .22 | ) 19
B31 ' 22 19
B32 15 11
B33 ' 15 11
B34 : 15 11

B35 15 - 11
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FIGURE A9 COLLECTION BFFICIENCY DATA

BON B4 ' RON B1O
size  efficiency size efficiency
microns S microns
1.1 0 0.74 11}
1.9 ] : .03 10
8.11 35 .1 i1
.32 k) 5.2 31
8.53 39 6.68 31
8.75 35 §.16 {1
8.38 32 9.85 54
9.2 7] .13 ]}
9.45 40 12.62 62
9.69 48 4.1 10
9.4 49 15.5% :
10.2 54 to 100
10.4§ 54 46.76
10.73 65
11,01 02
11.29 68
11.58 1
11,88 15
12.19 80
12,5 18
12,82 86
13.16 38
13.49 R 1
13.84 90
14.2 92
14,57 1]
14.94 85
15.53 83
15.72 86
16.13 99
16.54 99
16.97 99
11.41 100
17.86 (1]
18.32 98
18.79 100
19,28 99
19,77 - 100
20,28 98
20.81

o
86.4



CHATHAM COLLECTION EFFICIENCY DATA

DATA
site
MICRONS

12.50

13.15
28.91
1.1
30.49
.8
32.08
3L
33,16
34,63
33.91
3.4
37,38
38,35
13,33
40.35
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FIGURE A9 DATA SUMMARY POR PARTS [ AND [{ (CONTINOED)

L0SS
FRACTION

0.00E+00

98-03
{E-04

6B-04

18-04

SE-04
0B-04

08-03

3E-02

1E-02

‘.oog'os

CATCH
FRACTION

0.00E+00
0.008+00

0.00E+00

0.008+00
0.00B+00
0.008+00
6.00E+00
0.008+00
0.008+00
0.008+00
0.008+00
0.008+00
5.558-06
0.008+00
5.178-06
0.00E+00
6.218-06

. 0.00E+00

0.00E+00
“0.00E+00
0.00E+00
6.888-06
0.008+00
0.00E+00
0.00E+00
0.008+00
7.99E-06
0.00E+00
0.00E+00
0.008+06
0.00E+00
3, 108-06
0.00B+00
0.008400
0.00R+00
9,998-06
1.278-06
0.008+00
0.00E+00
1.098-05
0.008+00
1.468-06
.0.008+00
0.008+00
1.57B-06
0.008+00
1.638-08

6.938-05
6.378-05

EFF[g[ENCY

e ® 6 % @ o ® ® ° ® o ® @ & - ® & © e & =

PP UITD OO I Pl CO It G NP D ~J et D I D DO D O O OO D OO O DD O OO OO OO OO
C ol CHLI ;e DD OO0 W I O I D IO O I O OO O OO RO OO OO OO DO OO OO OO OO OO DOD

11,1318

CHATEAM COLLECTION EFFICIENCY DATA
LOSS CATCH

DATA
site FRACTION FRACTION
WICRONS
41,39 3.108-03 8.50B-05
43.46 3.19E-03 L.14B-04
43.55 2.218-03 1.07E-Dd4
(4,68 2.138-03 1.12B-04
45.83 1.62B-03 9.92E-0)
47,01 1.85E-03 -0.768-05
48.23 0.58E-04 1.31E-04
4947 9,738-04 2. 014E-04
50,13 1.41B-03 2,20E-04
§2.05 (.028-03 2.95B-04
33,40 A 2E-04 3.GTE-04
34,78 6.508-04 4.128-04
36.19 1.33-03 S5.108-04
3T.64 1.148-03 6.55E-04
38.13 1.178-03 8.23R-04
00.65 7.168-04 9,928-04
62,22 9.868-04 1.288-03
63.82 1.008-03 1.63E-03
63.47 1.04B-03 2.128-03
67.16 2.33E-03 2.82E-03
68.89 5.438-04 3.39E-03
10,67 1.68E-03 ¢.53E-03
1249 1.148-03 6.18R-03
36 0,008+00 7,788-03
16.28 1.51R-03 9.23E-03
18.25 1.558-03 1.07E-02
80.26 1.80E-03 1.27B-02
82,34 6.538-04 1,30E-02
84.46 1.66B-03 1.57R-02
86.64 2,.408-03 1.678-02
88.87 1.05B-03 1.68E-02
.17 1.08R-03 1.93E-0%
93,52 0.00E+00 1.33B-02
§5.93 2.278-03 1.908-00
98.41 1.56B-03 1.T6E-02
100.95 0.008+00 1.538-02
103.55 0.008+00 1.50E-02
106.22 0.008+60 2.06E-02
108.95 0,00B+00 2.52B-02
111,77 0.00E+00 3.108-02
114,66 0.00E+00 3.128-02
117,62 0.00B+00 3.61E-02
120.65 0.00E+00 4.43B-02
123,76 0.008+00 4.97E-02
126.96 0.00B+00 5.09E-02
133.59 0,00B+00 4.66B-02
13110‘ °.°°!+00 ‘.16!'02
140,57 0.00B+00 5.638-02
144,20 0.008+00 6.14E-02
147.92 0.00B+00 6.24B-02
1§1.T¢ 0,008+00 6.36E-02
185,65 0.008+00 4.27B-02
159.67 0.008+00 3.388-02
163.79 0.00B+00 17.40B-03
168.0f 0.00E+00 8.33E-03

RFF[glENCY

49.40
62.84
60.67
69.80
68.17
13.40

- 90487
100.00
98,72
98,78
100.00
100.00
100.00
100.00
100.00
100.00
100,00
100.00
100.00
100.00
100,90
100,00
100.00
100.00
100.00
100,00
100.00
100.00
100.00
© 100.00



GAS CONCENTRATION DATA FOR RUN 17
READING e/t

0.33
0.50
0.67
0.83
1.00
0.50
0.83
0.33
.67
10 1.00
it 0.50
12 0.83
13 1.00

€L GO =3 T LN B &b TD

02

Cod e P S S B S S G B e &rD P DR

GAS CONCENTRATION DATA FOR RUN 18

reading # /1

Figure A9 Data sd

Note:

€I LI e QD BB s
——— S D

Radial Gas Consgntration profiles RON § PORT 2

r/R

O OO OO OO OO
e o ® & & o
DLNODES - DO DDLU 200 O

Radial Gas Concentration profiles, Run § Port 4

02

B LD i G B e R

‘Ol
4.1

e o e

i e e i i S s oD CD D B
-
0 P D D D e LD O O D D

13 02
0.4 {1
0.6 4.5
6.3 4.1
0.9 4.4
0.9 4
1.0 4.3

Co

co2
3
20
19
19

20

i
1}

§02
ppa

DD DD

o 02
35 18.4 50
0 18.4 118
1) 8.4 113
19 18.5 114
10 18.5 112
n 13.4 104
1] 13.4 101
2 18.3 90
14 18.4 112
13 18.6 120
i - 18,5 118
3 18.3 40
U 18,5 101
1] 18.3 111
50 18.5 W0

(02
17.8

18
18.1
17.8
18.1
17.8

All gas concentration data in
and CO:.

for O2,

CHs ,

eeoeeoeoeeeeeuz

(o)
—

OO DD IO

Ch4

0.002
0.002
0.002

OO COCOOOOOOOOOO

mmary for Parts I and II.

ppm

NOX
PP
109
AL
18]
AL
109
AV
US
L]
1S
s
e
e
103

NOX
ppR
l&
01
201
07

01
190

1)1
198
195

190
130
185
180
180
18§
100
100
200
189
01
205

NoX
01
204
202
201
00
200

except values
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Radial Gas Concentration profiles, Run § Port 5.

1/t 02 0 co? §02 CH4 ¥oX
0.1 §.1 u 1.1 40 0 120
0.0 4.8 25 17.9 48 0 195
0.1 4§ 1 1.8 1 0 101
0.3 i 19 17.9 87 0 02
0.5 LS 18 13.1 89 0 203
0.7 4.0 11 181 . %0 0 203
0.8 4.5 19 18.1 90 0 4L
1.0 47 20 18.1 13 ] 205

GAS CONCENTRATION DATA RUN 3, PORT §
t/t 02 co 02 502 CH4 NoX

0.3 .58 315,176 18.78 9.00 0.00 195.59
0.50 3.01 3.8 18,3 - 0.00 0.00 206.16
0.67 .38 .35 3.0 0.00 0.00 01.18
0.43 4.2% 43.82 20.01 0.00 0.00 206.76
1.00 181! §3.65 20.9¢ 0.00 0.00 101,18
0.50 .12 134.12 "3 0.09 0.00 190.00

GAS CONCENTRATION DATA RUN §, PORT 8

f /2 02 o co? 502 CHd NoX
1 0.46 (.8 30 1.1 90 ] 170
2 0.67 3 U 11, 96 ] 202
3 0.83 {3 u 17.8 88 0 203
{ 1.00 4.6 Y 17.3 14/ 0 145

BUN # 6 RADIAL GAS CONCENTRATION DATA
t/ 02 co co? §02 CH4 NoX

1.00 410 63.00 11.30 0.00 0.00 175.00 .
0.83 4.20 39,00 17.00 .00 0.00 125,00
0.67 4.20 3200 16.90 0.00 0.00 120.00
0.33 440 31.00 17.20 0.00 0.00 225,00
0.17 5.0 18,00 16.40 0.00 0.00 130.00
0.00 4.00 10.00 17.60 0.00 0.00 230,00
.00 .80 43.00 18.40 0.00 0.00 130,00
1.00 NA 18.00 18.40 0.00 0.00 120,00

GAS CONCENTRATION DATA FOR RUN ¢
RUN # 7] 3 02 co co? 0 Chd

! 1.00 .6 u 16.8 i 0.004
6 0.29 1 16.4 120 0.003
§ 0.50 .6 18 16.9 14 0.003
10 0.78 3.5 16 16.1 13§ 0.003
12 0.13 3l 1 16.4 8 . 0.00
14 1.00 3.3 13 17.8 140 0.003
16 .28 LU 16 1.3 (1] 0.003

Figure A9 Data summary for Parts I and II.
Note: All gas concentration data in ppm except values
for O2, CH4, and COz.



