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ABSTRACT

The spouted bed technique was developed for handling
solids which were too coarse to fluidize well. In its early
stages, it was primarily used for drying wheat. It was later
found that spouting has potential application in high
temperature operations such as coal combustion and
gasification., However, literature review will show that
there are very few reports on the hydrodynamics of spouted
beds at high temperature and/or pressure. Most existing
correlations or expressions are based upon experiments done
at room conditions; they have not been tested with data from

higher temperatures.

The goal of this study was to obtain experimental data
at high‘temperatures, to examine the wvalidity of existing
equations and to modify the latter where appropriate.
Spouting of sand particles (Ottawa sand) with preheated air,
ranging from 20 to 420 °C, was conducted in a 156 mm
stainless steel half-column, equipped with a glass panel.
The transparent surface allowed one to measure spout
diameter, fountain height, annulus height and other
important parameters which otherwise are difficult to obtain
in a full stainless steel column. In addition to air, helium
and methane, at room conditions, were also used as spouting
gases. With these twc gases, it became possible to

investigate the effect of changing gas density at constant
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gas viscosity and the effect of changing gas viscosity at

constant gas density.

The main experimental measurements were of minimum
spouting velocities, spout diameters, maximum spoutable
heights and bed pressure drops. For selected runs,
additional measurements, such as of flow regime maps,
particle circulation rates, radial and longitudinal pressure
profiles, fountain heights and annular fluid velocities,

were also obtained.

In general, it was found that the range of stable
spouting decreased with decreasing gas density and
increasing gas viscosity, hence with 1increasing air
temperature. Some of the existing equations were found to be
inadequate. The Mathur and Gishler (1955) equation was
unsatisfactory when tested against the experimental values
of Upg. The expression of Epstein and Levine (1978) gave
good prediction of the overall bed pressure drop for room
conditions but overestimated the effect of temperature. The
McNab (1972) equation for estimating spout diameter worked
reasonably well for air spouting at room temperature but it
underpredicted at higher temperatures. These equations were

empirically modified to fit the new data obtained.
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1. INTRODUCTION

Many industrial processes require good contacting
between fluid and solids to achieve optimum performance.
Fluidization has been considered as one of the better
techniques for this purpose. However, its application has
been limited to relatively fine particulate solids in the
case of gas-solid systems. For coarser materials, typically
those with particle diameter greater than 1 mm, | gas
fluidization often gives rise to the formation of large
bubbles and a tendency towards slugging which is
undesirable. It was this limitation which 1led to the
discovery and development of the spouted bed technique
(Mathur and Gishler, 1955). The flow mechanisms of spouting
are quite different from those of fluidization. However, the
spouted bed technique appears to provide the same result for

coarse particles as fluidization does for fine materials.

Figure 1.1 shows schematically a typical spouted bed in
a cylindrical column with a conical base. The bed can be
characterized by two distinct =zones, the spout and the
annulus. Under normal conditions of spouting, a fluid,
usually a gas, enters vertically through an orifice opening
at the bottom of the column. The resulting jet causes a
stream of particles to move upwards rapidly through a
central core. This diluted core 1is called the spout. The

particles in the spout, after reaching to a height above the
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Figure 1.1 Schematic diagram of a spouted bed



bed surface, fall back as a fountain onto the surrounding
packed bed, or the annulus, where they are transported
downwards by gravity and, to some extent, radially inwards
as a loosely packed bed. These particles are re-entrained
into the spout through the spout wall over the entire bed
height. The fluid from the spout seeps through these annular
solids as it travels upwards. This systematic movement of
the fluid and solids 1leads to effective contact between

them,

Spouted beds exhibit some advantages (Bridgwater, 1982;
Lim et al., 1984) over conventional fluidized beds. They
have been used for various physical and chemical processes.
Recently, high temperature spouting has attracted some
attention because of its potential in the -energy field.
Successful operations include carbonization of caking coal
(Barton et al., 1968, 1969; Ratcliffe and Rigby, 1969),

gasification, pyrolysis and combustion of caking coal

(Foong, et al., 1980, 1981; Jarallah and Watkinson, 1985;
Lim et al., 1984) and combustion of low heating value fuels
and wastes (Arbib et al., 1981; Arbib and Levy, 1982;
Khoshnoodi and Weinberg, 1978). While the spouted bed

technigue has shown some future in these applications, there

are still some questions to be answered.

One area which 1is still poorly understood 1is the

hydrodynamic behaviour of spouted beds at high temperature.



A review of the published literature will indicate that most
hydrodynamic information on gas spouting 1is for ambient
conditions. The effect of temperature (as well as pressure)
.has not been well established. One other area of uncertainty

is the heat transfer.

Although the effect of pressure and heat transfer are
also important, the main concern of this work will be the
effect of temperature. The primary objectives are to collect
hydrodynamic data at high temperature and to test them
against existing equations and correlations. It is important
to point out here that many correlations have been obtained
under ambient conditions and limited ranges of the relevant
variables. Perhaps, by including the results from this work,
more applicable equations can be developed from existing

ones.

The dependent hydrodynamic parameters of interest are:
regime maps, minimum spouting velocity, maximum spoutable
bed height, spout shape and diameter, overall bed pressure
drop, fountain height, fluid and particle velocities in the

annulus, longitudinal and radial pressure profiles.



2. LITERATURE REVIEW

Gas spouting at ambient conditions has been well
studied in most aspects. Many equations are available for
predicting hydrodynamic parameters at room conditions.
Mathur and Epstein (1974) and later Epstein and Grace (1984)

have outlined some of these equations.

Information on high temperature spouting is somewhat
scarce; there are only a few published articles. The
emphasis of these articles has been mainly on performance
characteristics, reaction kinetics (Ray and Sarkar, 1976;
Ingle and Sarkar, 1976) and flow regimes (Khoe et al.,
1983). The hydrodynamics have not been studied. Equations
originally developed for room conditions are often used for
high temperatures, with the assumption that these equations
will give reasonable predictions if one uses values of gas
physical properties appropriate to the actual operating

conditions,

Since no equations have yet been proposed specifically
for gas spouting at high temperature, the present review 1is
confined to existing equations developed at room conditions,
particularly the ones which contain gas properties as

variables.



2.1 SPOUTABILITY OF PARTICLES

Applications of spouting have been 1limited to coarse
particles (dp > 1 mm). However, spouting of finer particles
has also been reported. Chandnani (1984) gave a review of
these published articles. He also conducted experiments in a
152-mm diameter, transparent conical-cylindrical half-column
with particles ranging in size from 90 to 1000 um and in
density from 900  to 8900 kg/m3. His findings lead to the
conclusion that fine particles (dp < 1 mm) can be spouted
steadily if the fluid inlet diameter (orifice diameter) does
not exceed 25.4 times the particle diameter. Observations by
Mathur and Gishler (1955) and Ghosh (1965) also support his
claim. Moreover, he has found that particle density has a
negligible effect on spoutability. These results are all
based on experiments with air at room temperature and

atmospheric pressure.

2.2 MINIMUM SPOUTING VELOCITY

Figure 2.1 shows a typical pressure drop versus
superficial velocity curve for spouting of coarse particles.
The minimum (superficial) spouting velocity Uns is
represented by point B. This is obtained by first increasing
the fluid flowrate until point C 1is reached. At this
instant, the entire bed becomes mobile and steady spouting

sets in., However, this point is bed-history dependent and is
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Figure 2.1 Typical pressure drop versus velocity curve
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not exactly reproducible. From point C, flowrate is
decreased slowly till point B, at which further decrease of
flowrate will cause the spout to collapse and the bed
pressure to increase suddenly, as 1illustrated in this
figure. For coarse particle spouting, it has been found that
at this latter point (i.e., point B), the velocity is
reproducible and hence taken as the minimum spouting

velocity.

A number of correlations have been proposed for
predicting this quantity, Upg (Mathur and Epstein, 1974).
The most widely used one seems to be the empirical equation
of Mathur and Gishler (1955), which was derived from data

for both gas- and liquid-spouted beds with diameters up to

11/3 _

o [dp}[Dl} JZgH(pp pg) .

ms .
Dcl {Dc Pf

0.6 m.

The form of the above equation was developed using
dimensional analysis; the value of the coefficient = 1

empirically.

A somewhat similar expression with a different value of
the coefficient was derived by Ghosh (1965). The derivation
was based on a momentum exchange between the entering fluid

and the entrained particles.

2n[dnl [D: ] [2gH(pn—p¢)
U = |—|-Bl|Z2 p "t 2.2
ms

3k|Dc| [De Pf




Grbavcic et al. (1976), based on their flow model,

derived the following correlation for Upg:

Ums

where ag is defined as the ratio of the area of the spout to
that of the bed. Since ag is much smaller than 1 in most

cases, Equation 2.3 can be further simplified to

H13
UmS=Umf1— T - — 2.4
Hm

2.3 MAXIMUM SPOUTABLE BED HEIGHT

The maximum spoutable bed height, H is the maximum

m’
height at which steady or stable spouting can be obﬁained.
Mathur and Epstein (1974) suggested three distinct possible
mechanisms for spout termination when the bed height exceeds
Hp. They are:

1. Fluidization of Annular Solids

2. Choking of the Spout

3. Growth of Instability at the Spout-Annulus Interface

Most correlations for predicting H, are based on the first

mechanism or simply on empiricism.

The maximum value of the minimum spouting velocity is
denoted Uy, 1i.e., the minimum spouting velocity at the

maximum spoutable height. Grbavcic et al. reported that Uy
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was very similar to Upe. Although these quantities are
approximately equal, there is some disagreement regarding

the exact relationship between Uy and Uys. In general,

Un
— =b =1.0 to 1.5 2.5
Unf
Using the Mathur and Gishler equation, U, can be determined
from:
dp] [P3 1/3 2gHy (pp=pf)
Um= —_— J— 2.1a
DcJ [Pe P
Ungr ON the other hand, can be estimated from the Ergun

(1952) equation, using the empirical approximations of Wen

and Yu (1966):

1 epf
_— =1 2.6a
¢25mf3
1
3 = 14 2.6b
bemst

Substituting Equations 2.6a and 2.6b into Equation A.5

(Appendix A.1) yields the following:

Repr = ———— = 33.7[y1+35.9X10 ¢ar - 1] 2.7

Combining Equations 2.5, 2.1a and 2.7, eliminating U, and

Upf, the net result is

D.2] [D.]2/3[568b2
Hp = {—] [—} { ][1/1+35.9X10‘5Ar - 112 a7

dp Di Ar
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McNab and Bridgwater (1977) further assumed that b was
constant. Equation A.7 gave the best fit to existing
experimental data by taking b = 1.11, that is, Equation A.7

became

D.271[p.12/37700
Hy = {JLJ lfﬂ k——}[¢q+35.9x10"Ar - 112 2.8

dp Di Ar

This model, together with the experimental data available,
were plotted as shown 1in Figure 2.2. One key feature of
Equation 2.8 1is that it predicts a critical value of dp
below which Hp increases with d, and above which Hy

decreases with dp. This critical value is given by (see

Appendix A.3)

u2 ]1/3

(d )Crit = 60.6[
P 9(pp=rf) o

Littman et al. (1979) developed the following

correlation for spherical particles:

HpDj 0.00500
= 0.218 + —8 — ; A > 0.02 2.9
D2 A

where A is defined by

- pgUnsU

Unpf is calculated from Equation A.5 and Uy is estimated from

the following:

Ar = 18Re, + 2.7Re, '-687 . Re. < 1000 2.11a
t t t
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Figure 2.2 Comparison between experimental data and

predictions by Equation 2.8 (McNab and

Bridgwater, 1977). The solid line

indicates the best fit. The other two

lines show the 95% confidence limits.
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Rey = 1.745Ar0-3 ; Rey > 1000 2.11b
and
Retu
Ut = 2.11C

The parameter, A is a measure of the ratio of the 1inertial
force of the jet entering the bed to the spouting pressure
drop. For non-spherical particles, Morgan and Littman (1982)
suggested the following expressions:

nDi 5.13%10-%  2.54X10°5

0.218 + +
2 2
De Ag B,

for A¢ > 0.014 2.12a

for 0.010 < A¢ < 0.014 2.12b

Equations 2.12a and 2.12b apply for particles larger than
(dp)erit @s given by Equation A.14. Ay, like A, is defined
by Equation 2.10. However, when calculating Ui and Upg¢, the
shape factor ¢ has to be taken into consideration. Up¢ can
again be estimated from Equation A.5 by wusing the
appropriate values of ¢ and epg. Uy for a spherical particle
is first calculated using Equations 2.11a, 2.11b and 2.11c.

The effect of ¢ on Uy is given by
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Uy (¢<1) 3 5

—_— = 5¢° - 7.57¢° + 4.09¢ - 0.516 2.13
Ut (9=1)

Thus U; for a non-spherical particle is obtained. Morgan and

Littman reported that their expressions for H; represented

existing data reasonably well, with an average deviation of

24.2%.

Morgan and Littman also pointed out that (dp)crit might
depend on ¢ and epf but still they used the value given by
Equation A.14, which was slightly inconsistent with their
expressions. To be more precise, their critical value should
be defined by explicitly including the effect of ¢ and eqf
(i.e., Equation A.16 1in Appendix A.4), rather than by
implicitly using the Wen and Yu approximations, Egquations

2.6a and 2.6b (which are incorporated in Equation A.14).

2.4 AVERAGE SPOUT DIAMETER

There are many equations available for estimating the
longitudinal average value of spout diameter, Dg (Mathur and
Epstein, 1974; Littman, 1982). Bridgwater and Mathur (1972)
proposed a simplified theoretical model which was derived

from a force balance analysis. Their derived equation was

32fpp0 %
ﬂzw(Dc—Ds)Ds4

- 1 2.14

Based on a number of approximations, Equation 2.14 was
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reduced to a more manageable form:

[GO.SDCO.75:|
D, = 0.384 2.15
S

pb0f25

where all variables were expressed in SI units of m, kg and
s. This equation 1is primarily restricted to air spouting.
McNab and Bridgwater (1974) later pointed out that the model

of Bridgwater and Mathur was oversimplified.

McNab (1972) applied statistical analysis to existing

data and came up with the following expression:

G0.49DC0. 68i|

Dg = 2.0
T

where all variables were again expressed 1in SI units. The
coefficient, "2.0" should be replaced by "0.037" if British

units are used instead.

Comparison of the above equation with that of
Bridgwater and Mathur shows that the same variables have
been included and that the dependence on each variable is of
the same order of magnitude; the main difference is in the
value of the fitting coefficient. 1In view of the
simplifications introduced by Mathur and Bridgwater, the
discrepancy between the two equations can be considered

acceptable.
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Littman et al. (1977) developed the following
expression from a theory of flow in the annulus which wused

the vector form of the Ergun equation as its field equation:

HmDs*

D_* -0.384
D}

- 0.345[ 5

2_ 2
(D “-Dg*“) c

Combining the above equation with Equation 2.9, Littman et
al. (1979) came up with an analytical expression in the form

of

Dg* ’2.10exp(—0.018/A)+1.0}
D; I 3.10

-

D D. ]2
0.862 + 0.219|—| - 0.0053|— 2.18

Di Di

The guantity, Dg* 1is the spout diameter at the maximum
spoutable bed height, under the minimum spouting condition.
It is used as the reference value for other bed conditions.
Littman (1982) also reported that under the minimum spouting

condition

D.(U_.) H
s _ms’ =0.35L—}-+0.65 2.19
DS* Hm

and assuming the square root velocity relation of Equations

2.15 and 2.16, Eguation 2.19 can be rewritten as

Dg (U) U [ [ H} }
= |—]0.35|—| + 0.65 2.20

Dg* Uns Hp

This procedure for estimating average spout diameter is
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restricted to A > 0.02 and to spherical particles. Littman
(1982) reported good agreement between experimental and
calculated values. He also noted that for spouting of fine
particles (0.275 to 0.995 mm) 1in water i.e., low A values,
Eguation 2.18 held but Equations 2.19 and 2.20 did not.
Under the minimum spouting condition, Equation 2.19 was then

to be replaced by

D.(U_.) H
S ms . o.72[—} + 0.28 2.21

D* Hp

2.5 FLUID AND PARTICLE VELOCITY IN THE ANNULUS

Mamuro and Hattori (1968) derived an expression for
estimating the longitudinal annular fluid velocity. It was
based on a force balance on a differential height dz of the
annulus, with the following assumptions and  boundary
conditions:

1. Darcy's law applies
2. z=0,0,;=020
3. 2 = Hp, Uy = UaHm = Unf

They came up with

3

U yA

-—a=1—{1-—] 2.22
Ups H

m

Equation 2.22 tends to overpredict U, because Ups 2 UaHm' If

Upf 1s replaced by the measured value of UaHm' the equation

is found to work better.
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An alternate equation for predicting longitudinal flow

distribution is that of Lefroy and Davidson (1969)

U nz

a = Sin[—‘“} 2.23
U 2H

aH

Unlike the theoretical approach by Mamuro and Hattori, this

equation was based on empirical findings. Epstein et al.

(1978) recommended that Equation 2.23 should be modified to

_Ua TZ 1/n
= sin|— 2.24

Uzn 2Hp

m

where n is a flow regime index which varies from wunity

(Darcy's law) to a maximum value of 2 (inviscid flow).

Solid <circulation rates for <coarse particles were
measured by Lim (1975). He reported that the particle
velocity in the annulus was not constant at any fixed bed
level; it was highest near the spout-annulus interface and
decreased to a minimum at the bed wall. The solid
circulation rate was found to increase 1linearly with bed

level, except in the conical section of the column,

2.6 LONGITUDINAL PRESSURE PROFILE AND OVERALL BED PRESSURE

DROP

The pressure gradient in the annulus of a spouted bed

may be obtained from the Ergun (1952) equation,



—%g = K Uy + K,U,2 2.25

Combining this expression with that of Mamuro and Hattori,

it was shown (Epstein and Levine, 1978) that

P-P 1
L. [2(-2){1.5(h2 - x2)
‘Apf h(25-1)

- (h3 - x3) + 0.25(h% - x%)3

3{3(h3 - x3) - 4.5(h% - x%)

+

+ 3(h° - x%) - (n® - x5)

+ 0.143(h7 - x7)}] 2.26
where
h = H/Hp 2.27a
x = z/Hp 2.27b
3K,
g = 2 + —m— 2.27c
2K2Umf

and K, and K, are given in Appendix A (Equations A2.a and
A.2b). The total bed pressure drop is thus determined by

putting x = 0, i.e.,

-AP.  2-(4/8)
. (1.5h - h2 + 0.25h3)
-APe  2-(1/p)

+ (3h2 - 4.5hn3 + 3nt

28-1

- h% + 0.143h6) 2.28
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At the maximum spoutable height, h = 1, this expression can

be further reduced to

= 2.29%a

[-APS] 1.5(p-2)+1.929
max 28-1

-Apf

= 0.75 when B = =(Darcy’s Regime) 2.29b
= 0.64 when 8 = 2(Inviscid Regime) 2.29%
or more generally
- AP,
0.75 > |— > 0.64 2.30
~APf imax

A simpler empirical equation was proposed by Lefroy and

Davidson (1969)

P-P Tz
i = CcOoS|— 2.31
-APg 2H
or
AP 7 Tz
s"
%g - sin|— 2.32
“ 2H 2H

Assuming incipient fluidization at z = H = H, Equation 2.32

can be reduced to

(APs)max”

cr
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= 0.637 2.34

atwn
I

APf max

This constant ratio is in good agreement with the inviscid
value of the previous model but differs from the Darcy Law

value.

McNab and Bridgwater (1977) suggested a somewhat
different correlation for estimating the overall spouted bed

pressure drop:
AP AP H|7
_S5| - |=2 — 2.35
APf APf max H

D _0.6
y = 0.1[—‘:} 2.36

The main feature of this expression is the inclusion of Dj

where

and D, explicitly as variables, which the previous two
models do not have except implicitly through Hp. The value
of (APg/APg)pax may be determined from the empirical

equation of Pallai and Nemeth (1969)

AP D
{—S} = 0.8 - 0.01[—9} 2.37
APf I max D;

or it can be taken as one of the two limiting cases in the

first model (Equation 2.30).
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2.7 RADIAL PRESSURE PROFILE

The fluid pressure in the annulus generally does not
vary radially at any given bed levels, except in the conical
section where the pressure decreases towards the column wall
(Mathur and Epstein, 1974; Littman et al., 1985). The vector
Ergun equation has been applied to predict the fluid flow in
the annulus by Rovero et al, (1983) and Littman et al.
(1985). The radial pressure profiles generated from these

two models are consistent with the reported observations.

2.8 FOUNTAIN HEIGHT

Grace and Mathur (1978) proposed the following

expression for estimating the height of the fountain, Hg:

2

PV H

hy - 681-46[_13_5_] 2.38
2g(pp—pf)

2.9 REGIME MAP

A regime map or phase diagram gives a graphical
description of how a potential spouted bed system behaves
under the influence of 1increasing fluid flowrate and bed
height. Typically, a complete regime map consists of the
following regions:

1. Static (or Fixed) Bed
2. Coherent (or Stable) Spouting

3. Progressively Incoherent Spouting



23

4, Bubbling
5. Slugging
However, it is possible to have a regime map containing less
than five regions. Figures 2.3 and 2.4 are examples of the

the two (Chandnani 1984).
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3. APPARATUS, BED MATERIALS AND EXPERIMENTAL METHODS

3.1 CHOICE AND DESCRIPTION OF EQUIPMENT

A 156-mm inside diameter half column was built. The
conical section at the bottom had an included angle of 60°.
The main reason for using a half-column 1is that it allows
visual observation, which 1is particularly important for
measuring spout diameter and particle circulation rate. The
validity of using half columns in spouted bed studies has
been questioned and was investigated by Whiting and Geldart
(1979) and Geldart et al. (1981). They reported that
hydrodynamic data (such as Upg, Hp and Vp(R.)) obtained in a
half column were similar to those in a full column. Rovero
et al., (1985), however, have shown that the frictional
effect caused by the flat wall cannot be overlooked when
measuring the particle velocities. In the case of spout
shapes, Lim (1975) has indicated that the flat wall iﬁ a

half column has a negligible effect.

Due to the high temperature of the present experiments,
the bed was constructed of 316 stainless steel. The vertical
lengths of the conical and cylindrical sections were 89 and
1067 mm, respectively (Figure 3.1). The half column was
furnished with a total of six measuring ports. The first one
was in the conical section and was 38 mm above the orifice.

This port was primarily wused for measuring pressure. The

26
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Figure 3,1 Details of the half spouted bed
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others were all in the cylindrical section with wvertical
separations of 152 mm. The position of the 1lowest one in
this section was 165 mm above the orifice. These ports were
all used for securing thermocouples. In addition to these
five measuring ports, the cylindrical section was equipped
with a solids discharge 1line which was 216 mm above the
orifice. The bed, as described, was not long enough for
handling bed heights close to 1 m. However, in some cold
runs, Hp, was found to exceed ! m, making this column
unsuitable in these cases. For this reason, another
cylindrical section of 610 mm in length was constructed and
added to the existing section, resulting in a total column
height of 1.77 m. The fluid inlet section was a 26.64 mm 1ID
half pipe with a straight vertical 1length of 355 mm, as

shown in Figure 3.1.

Three orifice plates of different sizes were also made.
Their openings were 12.7, 19.05 and 26.64 mm, respectively.
An orifice collar on each plate extended 3 mm into the bed.
For the 12.7 and 19.05 mm plates, the bottom face was
machined so that the flow would converge smoothly. With this
type of fluid inlet, the spouting action was more stable
than for a simple orifice. A small indentation at the bottom
of all three orifices plates allowed the insertion of wire
screens which prevented particles from £falling into the
inlet pipe during shut-off. The key features of the orifice

plates are shown in Figure 3.2.



L |76.2|41.0|26 6_4| 3.2
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Figure 3.2 Details of the orifice plates
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The front panel of the bed was made of 6 mm 'Georgian
polished wire-glass'. This type of glass could not in itself
withstand the high temperatures required 1in this study.
However, the wire 1inside the glass tended to hold the
cracked pieces together. Any leaks were patched up wusing
muffler cement (supplied by Holt Lloyd Limited of Canada).
Although the cement reduced some of the visibility of the
glass, frontal observation was still quite adequate. Quartz
glasses were not used because they were expensive. Tempered
glasses were tried, but they failed at high temperature
(about 400 °C) and shattered into many pieces. The top of
the column was located directly under an exhaust hood, which
reduced the possibility of a high pressure buildup in the
bed.

To reduce mechanical stress due to the different
thermal expansion of glass and steel, the glass panel was
assembled using a screw and plate device as indicated 1in
Figure 3.3. The gasket material between the glass and the
steel sheet flange was a compressible high temperature
insulating material (970-J paper supplied by Plibrico
Limited of Canada). This material worked well; however, it

had to be replaced after each dismantling.
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Figure 3.3 Isometric view of the half

spouted bed
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3.2 METHOD OF HEATING

Heating was provided by cylindrical electric heaters
which were mounted on the outside of 2-inch Schedule-40 316
Stainless Steel pipes (heating sections). To enhance heat
transfer, the heating sections were packed with ceramic
rings. Three heating sections were used. Each heating unit
had a power rating of 4.0 kW maximum and was controlled
individually by monitoring the temperature in the gap
between the outside wall of the pipe and the inside wall of
the heater. Glass fibre insulation was used to blanket the
piping and the back of the spouted bed to reduce heat 1loss
to the surroundings. The front flat surface of the spouting
column was used for observations and measurements, and it
was therefore covered only during the heating up period.
This heating set-up was capable of maintaining operating bed
temperatures up to 420 °C. It was arbitrarily chosen to run

at four temperature levels: 20, 170, 300 and 420 °C.

3.3 GAS FLOW AND INSTRUMENTATION

A schematic diagram of the apparatus is shown in Figure
3.4. Spouting air from the main air line flowed through
either one of the rotameters (the smaller one was primarily
used for low flowrate). From the rotameter, air went into
the heating wunit where it was raised to the desired

temperature. This preheated air then entered the spouted bed
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through the orifice. The spent air discharged into the
exhaust hood where it was diluted with colder air from the
adjacent surroundings. The mixed air, which was much cooler
than the original discharge, was finally vented to the

atmosphere.

Temperatures were measured and monitored with
Chromel-Alumel‘ (i.e., Type K) thermocouples at nine
locations. Three of these thermocouples were positioned as
described in Section 3.2 and the temperatures were indicated
on the temperature controllers. The remaining thermocouples
were all connected to a digital display through a selecting
switch. One of them was located just after the heating unit.
The others were mounted at the back of the cylindrical
section of the half column, with the tips extended about 10
mm from the curved inner wall surface. These thermocouples
measured the annular temperature along the bed in regqular
interval of 152 mm. The average of these values was taken as
the overall bed temperature. Table 3.1 shows some typical
temperature variations with bed 1levels together with other
relevant information. These data were obtained while the
experimental equipment was being debugged. During these
trial runs, an additional thermocouple was inserted in the
conical section (see Figure 3.1) in order to yield more
complete temperature profiles. (During actual runs, this
thermocouple in the conical section was replaced by a

pressure port.) Preliminary measurements had also indicated



Table 3.1 Typical temperature profiles. Sand, Pp = ZGOO'kg/ms. up = 1.25 mm
) At steady state
Bed Desired Controllers Air Temp. Time :
Ht. Temp. Setting from Req‘d Temperature profiles (°C)
heeater . :
(mm} (°cy) (°c) (®c) (hr) .z = 38 165 317 468 €21 773 mm
680 170 300 - 280 | 1.00 168 168 170 171 170 152
830 - :300 500 - 470 . 2.25 302 298 302 304 302 258
830 420 700 660 4.50 423 415 423 425 382

GE
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that the radial temperature gradients in the annulus were
insignificant. These observations were consistent with those

reported by Zhao (1986).

The absolute pressure inside the rotameter was required
when calculating the gas flowrate (Appendix C). This was
achieved by measuring the gauge pressures before and after
the rotameters using a mercury manometer. The average of the
two manometer readings was assumed to be the gauge pressure
inside the rotameter, ffom which the corresponding absolute
pressure was determined. Two other pressure ports were
positioned near the orifice; one was 38 mm above the orifice
(i.e., in the conical section) whereas the other one was 25
mm below the orifice. The gauge pressures at these two
locations were again measured with a manometer. These
readings were used to determined the overall pressure drop
across the bed and thus the absolute pressure in the bed as
described in Sections 3.7.2 and 3.7.3. The mercury manometer
had an uncertainty of # 4 mm of Hg. For smaller readings
which required better precision, an o0il manometer was used
instead. This o0il had a specific gravity of 1.75 and the
uncertainty of this oil manometer was eguivalent to * 0.6 mm

of Hg.
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3.4 BED MATERIAL

Only one type of @particle was used in this study. It
was Ottawa sand, suplied by Indusmin Limited of Montreal.
This sand was mainly silica (>99%) with traces of Fe,0;,
Al,0; and CaO. The sand, as received, had a wide size range.
Before it was used, it was first screened to narrow down the
size distributions. Three sizes (small, medium and large) of
sand were employed. The mean particle diameter of each size
fraction was determined from sieve analysis as

1
dpj ) Z(xi/dpi) 3
where x; 1is the weight fraction of particles within an

average adjacent screen aperture size of d Several

pi-
measurements were taken for each size before and after the
given experiments. The average value of dp was then wused,

i.e.,

dp = (dej)/M 3.2

Table 3.2 summarizes such measurements. Apparently, there
was only a small reduction in size during runs, thus
justifying the use of Equation 3.2. The size distribution of

each measurement is given in Appendix B.

The density of sand particles was determined by 1liquid

displacement. Sand particles were first coated with a water



Table 3.2 Particle diameter

Sample #

Size Average Overall
1 2 3 4 value average
Before 1.043 0.905 0.931 0.985 0.966
S 0.945 mm
after* 0.946 0.8798 0.910 0.960 0.924
Before  1.281 .1.300 1.232 1,255 1.267
M ' _ N 1.250 mm
After* 1.210 1.270 1.195 1.254 1.232°
Before 1.725 1.731 1.667 1.682 1.701
L 1.665 mm
’ After* 1.672 1.647 1.514 1.678 1.628

kverage duration

6 - 8 hours

8¢
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seal (Thompson's seal). A known weight of the coated
particles was placed inside a 100 ml volumetric flask. The
flask was then filled with water to the 100 ml mark. The
additional weight measured was the weight of the water
added, from which the corresponding volume of water was
determined. The difference between the volume of water and
100 ml was the volume of the sand particles, from which the
density could be calculated. Several measurements were made
and the average particle density was found to be 2.60 grn/cm3

with an uncertainty of less than 1%.

The "random loose" bulk density was determined wusing
the procedure of Oman and Watson (1944). A graduated
cylinder was partially filled with a known weight of
particles. With the top end covered, the <cylinder was
inverted and returned quickly to the original upright
position. The volume was then noted and the bulk density was
thus determined. Such tests were repeated several times to
produce an average value. The annulus of a spouted bed was
considered to be a loosely packed bed and hence its bulk
density pp was assumed to be that obtained as just
described. The voidage 1in the annulus could then be

determined as

€ = 1 - pb/pp 3.3

Table 3.3 summarizes the physical properties of the sand



Table 3.3 Physical‘properties of sand particles used

dp Pp Pp €q 6

(mm) (kg/ms) (kg/ma) (deg)
0.9845 2600 1300 0.50 34.0
1.250 2600 1300 0.50 34.0
1.665 2600 1300 0.50 34.0

* estimated from Equation 2.7

€ estimated from Equations 2.11 and 2.13

e Temp Umf* Uto
(deg) °c) (m/s) (m/s)
63.5 20 0.51 2.16
170 0.48 2.38

300 0.43 2.49

420 0.40 2.59

63.5 20 0.70 2.73
170 0.71 3.04

300 0.67 3.21

420 0.63 3.35
63.5 20 0.92 3.45 -
170 0.99 3.86

300 0.98 4.09

420 0.97 4.30

0b
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particles used in this study.

3.5 FLOWRATE MEASUREMENTS

Gas flowrates were measured by rotameters which were
calibrated against a dry gas meter (model AL 425 by Canadian
Meter Co. Ltd.). Pressure taps were located before and after
the rotameters as described in Section 3.3. These pressure
taps were connected to an assembly of two U-tube manometers,
containing a blue o0il (specific gravity = 1.75) and mercury
(specific gravity = 13.6), respectively. These two
manometers were also used for pressure measurements of the
bed. The readings from the manometer allowed the conversion
of a measured flowrate to a corresponding value at a
standard condition of 20 °C and 1 atmosphere. The whole
procedure and the resulting calibration curves are presented

in Appendix C.1.

3.6 PROGRAM OF STUDY

In this study, there were three main independent
variables, namely particle diameter, orifice opening and bed
temperature. Table 3.4 gives the conditions of all the
performed runs, while Table 3.5 1lists the dependent

variables actually measured in each run.



Table 3.4 Operating conditions

Run Spouting dp D; Temp.
# gas (mm) (mm) (°c)
1 Air 0.945 19.05 20
2 Air 0.945 19,05 170
3 Air 0.945 19.05 300
4 Air 0.945 19.05 420
5 Air 1.250 19.05 20
6 Air 1.250 19.05 170
7 Air 1.250 19.05 300
8 Air 1.250 19.05 420
9 - .Air 1.665 19.05 20

10 Air 1.665 19.05 170

1 Air 1.665 19.05 300

12 Air ' 1.665 19.05 420

13 Air 0.945 26.64 20

14 Air 0.945 26.64 170

15 Air 0.945 26.64 300

16 Air 0.945 26.64 420

17 Air 1.250 26.64 20

18 Air 1.250 26.64 170

19 Air 1.250 . 26.64 300

20 Air 1.250 26.64 420

21 Air 1.665 26.64 20

22 Air 1.665 26.64 170

23 Air 1.665 26.64 300

24 Air 1.665 26.64 420

25 Air 0.945 12,70 20

26 Air 0,945 12,70 170

27 Air - 0,945 12,70 300

28 Air 0.945 12,70 420

29 . Alr 1.250 12,70 20

30 Air 1.250 12,70 170

31 Air 1.250 12,70 300

32 Air 1.250 12.70 420

.33 Air 1.665 12,70 20

34 - Alr 1.665 12.70 170

35 Air 1.665 12,70 300

36 Air 1.665 12,70 420

37 Methane 1.250 19,05 20

38 Helium ° 1

. 250 19,05 20
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‘Table 3.5 Dependent variables measured
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For each run, if stable air spouting existed, the
maximum spoutable bed height, the corresponding minimum
spouting velocity and the overall bed pressure drop were
measured. For this same bed_ height, the spout diameter was
measured at U = 1.10 Upg. Data were also collected at two
other bed heights (0.50 Hy and 0.75 H approximately).
Spouting gases other than air were also used (Runs # 37 and
# 38), namely helium and methane. Runs # 5, # 6, # 7 and # 8
were repeated to ensure reproducibility of experimental

data. It will be shown in later chapters that Upg, -AP H

S’ m

and Dg are generally quite reproducible. Furthermore, for
the repeated runs, additional measurements were made, namely
of longitudinal and radial pressure profiles in the annulus,
fluid and particle velocities in the annulus, regime maps
and fountain heights. The actual experimental conditions in
all the runs are listed in Appendix D, while the ranges of

variables are summarized in Table 3.6.

3.7 METHODS OF MEASUREMENT

In the beginning of a typical hot run, the electric
heaters were switched on with the temperature controllers
all set at 500 °C. The heating sections and the ceramic
packing inside them were pre-heated for about 20 minutes
before air was turned on. The controllers were then set to
the appropriate levels (see Table 3.1). Sands: were poured

slowly into the column from the open top. Bed heights could



Table 3.6 Ranges of variables studied

(pg = 2600 kg/m3, D,

d, (mm)

D; (mm)

H (m)

Pf (kg/m3)

g (10-%kg/m-s)

= 156 mm)

0.945 — 1.665
12.70 — 26.64
0.168 — 1.380
0.168 — 1.259

1.09 — 3.20

45



46

be increased by adding more sands or decreased by opening
the valve on the solids discharge line. The air flowrate was
adjusted accordingly to maintain a steady spouting
condition. When the bed reached the desired temperature
within *# 5 °C, measurements were then taken as described in
the next sub-sections. When all measurements were completed,
the heaters were turned off and the valve was opened again
to discharge the hot sand particles into a stainless steel
bucket. The sands were drained mostly by gravity to the
horizontal level of the discharge outlet. Further drainage
was caused by maintaining a high air flowrate which
subsequently yielded a high spout fountain. Some of the
particles from the fountain fell through the discharge 1line
into the receiving bucket. With this method, the column
could be emptied in about 45 minutes. Air flow was kept on
for an additional 90 minutes to <cool off the whole

apparatus.

3.7.1 MAXIMUM SPOUTABLE HEIGHT

H, was determined by increasing the bed height wuntil
stable spouting could not be obtained for any gas flowrate.
The corresponding loosely-packed bed height was then taken

as Hm.
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3.7.2 OVERALL BED PRESSURE DROP

A pressure tap was located about 25 mm below the
orifice. According to Mathur and Epstein (1974), the
pressure drop due to the bed should be determined as

follows:

_ap. = /pu2 - p.2 2 _
apg = /Pg? - Pg? + Pamy? - Paru 3.4

where Pgp is the measured absolute upstream pressure for the
bed and Pg is the corresponding value at the same flowrate
for an empty column. It was found experimentally that -APg
was reproducible when there were no screens under the
orifice. When screens were in place, =-APg could not be
duplicated. It was later discovered that the ceramic packing
in the heating section broke ﬁp into small pieces .and
randomly blocked the openings on the bottom side of the
screens. Moreover, the top side of the screens was partially

plugged by the sand particles in the bed. The combined

effect of the two caused uncertainty in the measurements.

The screens had to be in place to prevent sand
particles from entering 1into the inlet section during gas
shut-off. To solve this problem, an alternate pressure tap
was located 38 mm above the orifice, at which the
measurement was independent of the screen conditions. A
calibration curve was obtained by correlating =-APg under

no-screen conditions with the measured manometer value at
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the pressure tap above the orifice. This curve, together
with all the relevant data are presented in Appendix C.3.

The overall bed pressure drops were then calculated from

-APg = [0.171 + 0.976(-AP_)] cm Hg 3.5

where -AP, was the measured pressure drop above the orifice.

3.7.3 MINIMUM SPOUTING VELOCITY

The minimum spouting velocity was measured by observing
the bed through the transparent front panel. The gas
flowrate was first increased to a value above the minimum
spouting condition and then decreased slowly until spouting
ceased. The gas flowrate at which the fountain just
collapsed was taken as the minimum spouting flowrate. This
test was repeated at least twice to ensure reproducibility.
The volumetric gas flowrate entering the half bed was
calculated using Equation C.14 in Appendix C, assuming the

absolute bed pressure was taken as
PS = pATM + ("APS)/2 3.6
The superficial gas velocity was subsequently determined by

dividing the volumetric flowrate by the cross-sectional area

of the bed, i.e., wDC2/8 for a half column.
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3.7.4 SPOUT DIAMETER AND SPOUT SHAPE

The spout diameter was measured by holding a ruler
horizontally against the transparent front face of the
column., Measurements were made at several bed 1levels to
yield a full spout shape. The area-averaged spout diameter

was calculated as follows:

1 H, 1/2
Dg = {——f {Ds(z)}zdz:l- 3.7

H, 0

where Ds(z) was the measured spout diameter at bed level, z.
The numerical integration was done with "QINT4P", a routine

described by Nicol (1982).

3.7.5 FLUID AND PARTICLE VELOCITIES IN THE ANNULUS

Before measuring the £fluid velocity and pressure
profiles (Section 3.7.6) in the annulus, the extension
column was removed and replaced with a flanged cover (Figure
3.5). The fluid velocity was determined by means of a static
pressure probe (Figure 3.6a) which consisted of two
stainless steel tubes of 3.1 and 6.4 mm O0.D., respectively.
The smaller tube was placed 1inside the larger one, forming
the main body. The bottom ends of the tubes were properly
closed off with silver solder. Two sets of four holes (of

0.8 mm diameter) were also drilled. One set was located on
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Figure 3.5 Details of the flanged cover

(A1l dimensions in mm)
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Figure 3.6 Details of the static pressure probes

(A1l dimensions in mm)
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the small tube at the bottom part of the probe whereas the
other set was on the outer shell with vertical separation of
18 mm between the two sets (of holes). Using a ASwagelok®
fitting, the probe was secured through port T2 in the
flanged cover to restrict any lateral movement. The nut on
the connector was only tightened slightly and could be
loosened when adjusting the vertical position of the probe

during measurements.

Static pressure gradients were measured at several bed
levels. The small pressure drops were detected with a
micromanometer (Model MM-3, made by Flow Corp. of Cambridge,
Mass.) filled with butanol. These readings were converted to
fluid wvelocities via a calibration curve. With the
assumption that the annulus 1in a spouted bed behaves as a
loosely packed bed of solids, the calibration was done in a
loose bed of the same material. To ensure uniform (radial)
distribution of fluid flow, the bed was set at a height well
above the maximum spoutable bed height, Hj. Flowrates and
pressure drops were recorded and a calibration of pressure
drop versus superficial fluid velocity was thus obtained

(see Appendix C.4).

The downward velocities of annular particles were
determined at the flat wall of the half column by measuring
with a stop watch the time taken for a tracer particle to

move a small vertical distance of 4 cm., At any given bed
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level, z, particle downward velocities were measured at five
radial positions as 1illustrated in Fiqure 3.7. At each
radial position, three measurements were taken on each side
of the spout, resulting in a total of six readings, from
which an average value was determined for this location. The
volumetric solids flow in a full column annulus at this
level was then given by
R

Galz) = § I

! Vp(r)(1-ea)(27r)]dr 3.8

s
where Vp(r) was the measured downward particle velocity at
radial distance, r. The radial-averaged particle velocity
was determined from the following equation:

R

[ “lvp(r)(27r)ldr

Re
f “(2nr)dr
Rg

3.7.6 RADIAL AND LONGITUDINAL PRESSURE PROFILES

Another pressure probe (Figure 3.6b) was constructed.
The main body consisted of two stainless tubes of 3.1 and
9.5 mm OD, respectively. The inner tube was sealed off at
the bottom end and bent at an angle of 90°. A short piece of
stainless steel tube of 3.1 mm OD was silver soldered
perpendicularly onto a hole drilled on the outer shell,

making a vertical separation of 3 cm with the bent section.
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Vr5=RC

Ly = Rs + 0.75(RC—RS)

L3 = Rg + O.SO(RC—RS)

S
—r, = RS + 0.25(RC_RS)
——————’o—-[‘lst
/] ——e
<K r
/]
/ 1
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= A |
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1
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‘Figure 3.7 Radial position for particle velocity

measurements
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Holes of 0.8 mm were drilled on these two pieces. This probe
could be used to measure the differential pressure drops.
For the pressure profile studies, only the outlet
corresponding to the bottom tip was connected to a
manometer. This probe was inserted through port T3 of the
top cover (Figure 3.5) in the same manner as described 1in
Section 3.7.5. At any fixed bed level, z, the bed pressures
were measured at five different radial positions in the
annulus by rotating the probe. The average of these five
measurements was taken as the average longitudinél value at

the given level.
3.7.7 REGIME MAP

A regime map is a plot of bed height versus fluid
flowrate for a given fluid-solid system. A typical regime
map includes five regions. These are fixed bed, steady
spouting, progressively incoherent spouting, bubbling and
slugging. For bed heights ranging from zero to about 1.20
Hp, all the transitional points were located by varying the
fluid flowrates. To be consistent with the method of
measuring Upg, all the transitional points were found with
decreasing élow. At any given bed height, the fluid flowrate
was first increased gradually during which the regime
transformation was noted by means of visual observations.
The flowrate was then decreased slowly and the transitional

points were thus determined. This procedure of decreasing



56

flow was found to yield reproducible results.

3.7.8 FOUNTAIN HEIGHT

The fountain height 1is the distance from the annulus
bed surface to the fountain top. It was measured directly

against the front wall.

3.8 ERROR CALCULATION

When comparing experimental values with predicted

values, the following definitions are used:

o _ CAL - EXP .

6dev——-E—X$——-X 100—6 3.10

RMS % ERROR = /[Z(% dev)2]/M 3,11

AVE ERR = [Z(% dev)]l/M 3.12
where

EXP = experimental value

CAL

predicted value

M = number of data points



4, STABILITY OF SPOUTING

4,1 STABILITY

4.1.1 EFFECT OF TEMPERATURE ON SPOUTABILITY

Table 4.1 shows the spoutability of Ottawa sand under

different combinations of 4 D; and Tg. The results

p’
obtained at room temperature are in excellent agreement with
the criterion proposed by Chandnani (1984), that is, stable
spouting will occur only if Di/dp < 25.4. This criterion
does not predict any effect with bed temperature. In fact,
it was derived from experiments carried out at room
conditions with "only" air as spouting medium. However, it
can be seen from Table 4.1 that the bed temperature does
have some significant effect on the spoutability. For
instance, stable spouting at Di/dp = 20.2 is obtainable at
room temperature but not at 300 °C or higher. However, Table
4.1 also shows that stable spouting is achievable at Di/dp =
21.3 at all four temperature levels, which 1is slightly
inconsistent with the observations 1in the previous case.
These two values of Di/dp are so similar that the
discrepancy may be due to the uncertainty 1in dp. Another
possible explanation is that the ratio, Di/dp, may not be

sufficient to determine spoutability, especially for

non-spherical particles.
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Table 4.1 Spoutability of sand particles at different conditions

D;/dp Dc/Dj D./d,  Stable Spouting Possible ?

dp D;

(nm)  (mm) - 20 170 300 £20°C
.665 12.70 7.6 12.3 . 93  YES  YES YES YES
.250  12.70 10.2 12.3 124 YES YES YES YES
.665 19.05 11.4 B.2 93 YES ‘YES YES TES
.945 12.70  13.¢4  12.3 165  ¥YES  ¥YES  YES  TES
.250  19.05 15,2 8.2 124 YES YES YES YES
.665 26.64 16.0 5.8 93 YES YES YES YES
.945  19.05 20.2 8.2 165 YES YES NO NO
.250  26.64 21.3 5.8 124 TES YES YES YES
.945  26.64 28.2 5.8 165 NO No  NO NO

86
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Based on the results obtained at Di/dp = 20.2, the
criterion proposed by Chandnani is not completely
satisfactory at higher temperatures, at least for
non-spherical particles. Modification by including the
effect of bed temperature is necessary. Since both gas
density and viscosity change with temperature, it may be
more appropriate to use these two variables instead of

temperature to develop a criterion of the form

f(Di, dp, &, Pf ) < A 4.1
where N is some critical value or parameter. In this study,
however, there were not sufficient data to derive such a

criterion.

4.1.2 EFFECT OF TEMPERATURE ON SPOUTING CHARACTERISTICS

The obvious effect of 1increasing temperature 1is the
decrease in Hp (Sections 4.2 and 4.3). When operating at bed
heights well below Hp, increasing the bed temperature has no
observable effect on the bed behaviour. However, as bed
heights increased, the spout characteristics changed
significantly with increasing temperature.

At room temperature, when H = H fluidization was

ml
observed at the top surface of the annulus. This was
indicated by the upward particle entrainment at the annulus

surface and the slightly higher voidage at the upper part of
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the annulus. In addition, the spout diameter was found to
expand at the bed surface and the resulting fountain height
was relatively low (compared to the fountain height of a
shallower bed at similar U/Upg condition). Further increase
in bed heights produced more annulus fluidization and also
caused the spouting jet to submerge below the bed surface,
discharging periodically as bubbles. Stable spouting

subsequently became unachievable.

As the bed temperature increased, the spouting
characteristics for bed heights near Hp were quite different
from those observed at room conditions. For the high
temperature cases (i.e., Tg = 420 °C), the spout-annulus
interface near the bed surface was found to be slightly
unstable. The interface followed a rippling motion. As bed
heights approached Hp, the intensity of this instability
increased which 1led to the tendency towards pulsing and
choking in the spout. Just above Hp, the amplitude of these
ripples became greater than the spout radius, resulting in a
pinch point and the formation of a bubble. This regime
transformation was obviously different from that at cold
conditions. Though the spout and fountain shapes were
similar to those at room temperature, fluidization in the

annulus was not observed at all.
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4.2 REGIME MAPS

Figure 4.1 shows the physical appearance of four
different flow regimes in a typical spouted bed. Stable
spouting can be characterized by two main features, a steady
fountain with little fluctuation and a stable spout-annulus
interface (Figure 4.1a). When rippling movement starts to
appear at the spout-annulus interface near the bed surface,
causing the fountain shape to get distorted énd the fountain
height to oscillate, the bed becomes 1less stable and this
phenomenon 1is described as "progressively incoherent
spouting” (Figure 4.1b). Bubbling sets in when the spouting
jet cannot ©penetrate through the bed. Bubbles then form
below the bed surface and discharge periodically (Figure
4.1c). If these bubbles grow to the size similar to that of
the column diameter before they reach the bed surface,

slugging will then occur (Figure 4.1d).

In the present study, regime maps for a fixed particle
and a fixed orifice diameter (dp = 1.25 mm, D; = 19.05 mm)
are presented at four different air temperatures in Figures
4.2, 4.3, 4.4 and 4.5, respectively. The effect of
temperature was clearly demonstrated by the reduction of Hj
with increasing temperature. Moreover, at higher
temperatures, all other regime boundaries generally shift

downwards, resulting in smaller regime areas for "Steady

Spouting". Presumably, if the temperature were increased to



Figure 4.1 Pictures of different regimes.
(a) steady spouting

(b) progressively incoherent spouting

(c) bubbling

(d) slugging.
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still higher levels (i.e., > 420 °C), the region of "Steady
Spouting"” would eventually decrease to nil and the
corresponding regime map would be similar to that of Figure

2.4 in Chapter 2.

4,3 MAXIMUM SPOUTABLE BED HEIGHT

4,3.1 EFFECT OF ORIFICE DIAMETER

Figure 4.6 illustrates the effect of orifice diameter
on Hy at four different temperature levels. Increasing Dj
produces lower values of Hp, provided that other operating
parameters are fixed. This observed trend of Hp is

consistent with that of Equation 2.8,

4.3.2 EFFECT OF PARTICLE DIAMETER

According to Equation 2.8, H goes through a maximum at

u2 1/3
(dp)crit = 60.6[ ] A.14
9(pp-pg)pg
which was obtained by differentiating Equation 2.8 with
respect to dp, after substituting Ar from Equation A.4a, and
then setting de/d(dp) to zero. For air spouting of sand
particles at atmospheric pressure, the critical values of dp
were calculated to be 1.3, 1.8, 2.3 and 2.6 mm at 20, 170,
300 and 420 °C, respectively. Hp increases with increasing

dp below the critical value and decreases with increasing dp
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Figure 4.6 Effect of orifice diameter on maximum spoutable

bed height for different temperatures
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above it. The qualitative effect of 1increasing 4d as

p
predicted by Equations 2.8 and A.14 was observed at 170, 300
and 420 °C but not consistently at room temperature (Figure
4.7). Equations 2.8 and A.14 are based on the approximation
cf Wen and Yu, 1ie., Equations 2.6a and 2.6b. The
corresponding values of ¢ and epf are 0.6689 and 0.4744

respectively. The more general form of Equation A.14,

without the Wen-Yu approximation, is

(dp)crlt = 29.52 —————3——3— A.16
€mf" 9@ g(Pp‘Pf)Pf

The above equation clearly indicates that (dp)crit decreases
with increasing ¢. The effect of epf is, however, less
obvious. If Equation A.16 is differentiated with respect to
emf it can  be shown  that for 0 < €mfg < 1,
d(dplerit/dens < 0, implying that(dp)erjy decreases with
increasing increasing epg over this range. Experimentally e,
was found to be 0.5 but ¢, on the other hand, was not
measured. If epr is assumed equal to e; and ¢ equal to or
greater than 0.6689 (which seems reasonable for sand), the
resulting (dp)crit would be smaller than the previously
estimated values. This could partly explain the discrepancy
at room temperature reported earlier. For instance, the
combined effect of ¢ and eps may lower the (dp)crit to a
value between 0.945 and 1.25 mm at room temperature and yet

greater than 1.665 mm for temperatures of 170 °C and higher.

In the room temperature case, experimental results suggest a
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Figure 4.7 Effect of particle diameter on maximum spoutable

bed height for different temperatures
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decrease of H This trend could be

m With increasing dp.

interpreted here as: H, increased with dp to a maximum at

(dp)crit beyond which H, decreased with increasing d The

p.
dashed line in Figure 4.7 illustrates this interpretation.
In the higher temperature cases, Hp simply increased with dp
because dj < (dp)crit' This concept of (dp)crit also helps
to explain why the effect of temperature appears to be

greater for smaller particles as shown in Figure 4.8.

4.3.3 EFFECT OF TEMPERATURE

The effect of temperature on H was examined by

m
differentiating Equation 2.8 with respect to Ar while other
variables, such as D., D;j and dp were kept constant. It was
found that de/dAr > 0 for all values of Ar. This implies
that Hp increases with Ar. For gas spouting, with increasing
temperature, gas density decreases while viscosity
incrgases, which results in a lower value of Ar and
therefore a smaller value of Hp. This trend was supported
gualitatively by the experimental results as shown in
Figures 4.6, 4.7, 4.8 and 4.9. Equation 2.8 plus two other
correlations are also included 1in the latter figure for
direct comparison. Equation 2.9 (Littman et al., 1979)
predicts increasing H, with 1increasing temperature, which
contradicts the experimental observations. It is important

to point out here that under normal circumstances, Equations

2.12a and 2.12b (Morgan and Littman, 1982) should be used
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instead of Equation 2.9 because the latter is restricted to
sphefical particles only. Unfortunately, Equations 2.12a and
2.12b could not be applied since values of Ay were outside
the required ranges, while A was within the range of
applicability of Equation 2.9. The third correlation in
Figure 4.9 is that of Malek and Lu (1965), rendered fully

dimensionless:

0.7 0.4 1.2 2

Hp, De 5D, Y 1

— = 336|— o — - 4.2
D¢ dp D; P ¢

The shape factor, ¢, in Equation 4.2 was arbitrarily taken
as 0.6689, to be consistent with that implicitly in Equation
2.8. Although Equation 4.2 is entirely empirical, it manages

to predict the <correct trend of H, with increasing

temperature.

4.3.4 EFFECT OF FLUID DENSITY AND VISCOSITY

Table 4.2 shows how Hy varies with py and u. At 20 °C,
helium and air have similar u but different pg. By comparing

the two experimental values of H the effect of pf at

m’
constant u can be examined. Hp is higher for air spouting,
implying that H increases with increasing pg. On the other
hand, the effect of u at constant pgy can be seen from the
remaining columns 1in Table 4.2. It 1is clear that Hy
increased with decreasing u. In other words, spouting will
be more favorable if the spouting gas is more dense and less

viscous. The effects of gas density and viscosity on
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Table 4.2 Effects of u and p; on Hy. D, = 156 mm,

"Di = 19,05 mm and dp = 1.25 mm

| S_poU_tipg gas | He . Air Air Air CH,
TS (‘°c) | 20 20 | 17.0 300 20
ps (kg/m3) - 0.170 1.259  0.815 0.624 0.707
u (10-5kg/m-si '-:1.94' - 1.80 2.35 2.85 1.09

Hy (m) - 0.533  1.067 0.648 0.546  1.380
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Hp are consistent with the observed trend of H with

m

temperature as reported in Section 4.3.3.

4,3.5 CORRELATION OF EXPERIMENTAL DATA

Table 4.3 1lists all the experimental values of Hp
versus the calculated values by Equation 2.8 (McNab and
Bridgwater, 1977). The graphical comparison is shown in
Figure 4.10 with the solid line (ie., b = 1.11f representing
Equation 2.8. Although there is some scatter, it is not any
worse, in fact is considerably better, than that of Figure
2.2, However, the experimental data of this study suggest a
"b" value higher than t.11. Appling a least sgquares fit to
the present data yielded b = 1.23. The resulting equation is

shown in Figure 4.10 as a dashed line.

4.4 MECHANISMS OF SPOUT TERMINATION AT MAXIMUM SPOUTABLE BED

HEIGHT

Chandnani and Epstein (1986) suggested a procedure for
estimating Hy if the mechanism for spout termination were
due to choking. The spout was compared to a standpipe in
which a fluid carried solids upwards. Choking occurred when
the fluid velocity was reduced below a critical value, U,..

This critical velocity could be estimated from (Leung, 1980)

2gDg (e 4+ 7-1) /(U.-UL)2 = 0.00874p¢0-77 4.3



Table 4.3 Maximum spoutable bed height., experimental versus predictions. Sand, Py T 2600 kg/mai DC = . 156 mm

Expt. Preaed.

Run Temp dp Di Ps v . Ho Hmﬁ %

¥ (°c) (mm) (mm) (kg/m*>) (kg/ms) (m) (m) dev
1-1 20 0.845 19.05 - 1.248 1.80E-05 - 1.168 0.B&6 ~25.85
2-1 170 0.84%5 18.05 0.802 2.35E-05 0.418 0.485 . 15.85
5-1 20 1.250 18.05 1.258 1.80E-05 1.087 0.840 -11.88
e-1 170 1.2580 18.05 0.815 . 2.35E-05 '0.648 0.616 -4.91
7-1 300 1.250 19.05 0.624 2.8B5E~05 0.546 0.420 -23.08
8-1 420 1.250 19.05 0.514 3.20E-05 0.413 0.313 -24_10
9-1 20 1.665 18.05 1.244 1.80E~05 1.010 0.806 -10.258
10-1 170 1.665 18.05 '0.824 2.35E~05 0.800 0.682 . =14 .81
11~-1 300 1.665 18.05 0.629 2.8B5E-05 '0.721 0.516 ~28.49
12-14 420 1.665 19.05 ©.515 3.20E-05 0.629 0.411 -34.64
17-1 20 1.250 26 .64 i.282 1.80E-05 1.026 0.750 ~-26.86
18~1 170 1.250 26.64 0.816 2.35E-05 0.705 0.493 -30.07
19-14 300 1.250 26.64 0.823 2.8B5E-05 0.418 0.336 -19.91
20-1 420 1.250 26.64 0.511 3.20E-05 0.343 0.250 -27.23
21-1 20 1.665 26.64 1.254 -4.BOE-0O5 0.878 0.727 -25.64
22-1 170 1.665 26.64 0.822 2.35E-05 0.638 0.545 -35.02
23-1 300 1.665 26 .64 0.631 2.85E-05 0.678 0.413 ~-38. 19
24-1 420 1.665 26.64 0.517 3.20E-05 0.540 0.328 -38.98
25-1 20 0.845 12.70 1.276 1.80E-05 1.372 1.148 -16.29
26-1 170 0.845 12.70 0.814 2.35E-05 0.724 0.643 -11.25%
27-1 300 0.845 12.70 0.622 2.8B5E-05 0.635 ©.386 -37.67
28-1 420 0.845 12.70 0.511 3.20E-05 0.486 0.278 -42.83
29-1 20 1.250 12.70 1.261 1.80E~-05 1.276 1.233 -3.39
30-1 170 1.250 12.70 0.818" 2.38E-05 0.781 0.808 3.58
31-1 300 1.250 12.70 0.628 2.85E~-05 0.654 0.553 -15.38
32-1 420 1.250 12.70 0.515 3.20E-05 0.533 0.411% -22.83
33~1 20 1.66€5 12.70 1.24% 1.80E~-05 1.028 1.188 15.46
34-1 170 1.665 12.70 0.820 2.38E-05 0.832 0.891 7.14
35-1 300 1.665 12.70 0.630 2.85E-05 0.743 0.676 -8.00
36-1 420 1.665 12.70 0.518 3.20E-05 0.654 0.541 -17.26
37-1 20 1.250 19.08 0.707 1.08E~-05 1.380 1.079 -21.80
38-1 170 1.250 19.05% 0.170 1.84E-05 0.533 0.280 -45.57

e by Equation 2.8

LL
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Figure 4,10 Comparison between experimental data and

Equation 2.8
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in which e., the voidage at choking, could be calculated

from the following equation (Smith, 1978):

2p U, 2
[ P :|(NeCN—1)2[-t—j| 4.4
Pp~Pf gDg

where N is the Richardson-Zaki index. If choking of spout

(1—<-:c)_2

occurred at Hpy, then UsHm and DsHm would be equal to U. and
Dy, respectively. Knowing UsHm' UaHm and DsHm' the minimum
spouting superficial velocity, Up, could be determined and

thus also Hp via Equation 2.1a.

The accuracy of this method depends very strongly on
the value of DsHm and whether choking indeed occurs at Hp.
Experimentally, D

was found to be larger at z = H, than at

S m

lower levels. On the other hand, choking if it existed,
generally occurred below the bed surface. Thus using the
value of Dg at z = Hp is somewhat inappropriate. This
uncertainty of DsHm makes it difficult to apply the above
method directly to estimate H; for cases where choking has
been observed. However, an attempt was made to compare some
experimental values of UsHm with the corresponding
calculated values of U.. DsHm was arbitrarily taken as the
average spout diameter (defined in Equation 3.7). These
results are listed in Table 4.4. Fluidization of annular
solids appears to be the spouting termination mechanism at
room temperatures but it becomes less dominant at higher
temperatures as indicated by the increasing difference

between UaHm and Uy,f (Figure 4.11). In addition, Figure



Table 4.4 Comparison between Uc and US

W ‘Sand, db-= 1.25 mm, DC = 156 mm

Run TEMP . Di ) Ums » DsHm N € A Uc UsHm _Umf UaHm
# (°c) ~ (mm) (m/s) (m) ) (m/s) (m/s)  {m/s) (m/s)
5-1 20 18.05 1.100 0.0342 2.5744 0.8383 7.60 8.00 0.702 0.70
6-1 170 18.05 1.008 0.0308 - 2.8201 0.9501 7.74 8.76 0.705 Q.69
7-1 300 18.05 . 0.831 0.0286 2.9365 0.8558 7.95 8.44 0.6566 0.65
B-1 420 1 18.0% 0.8B71 0.0283 3.0163 - 0.9589 8.09 9.64 0.634 0.57
17-1 20 26.64 1.108 0.0344 2.5749 0.9351 ' 7.64 9.03 0.702 0.70
18-1 170 26.64 1.048 0.0334 2.8199 0.8480 8.04 8.47 0.705 -0.68
19-1 300 26.64 0.848 0.0300 2.9371 0.9556 8.01 8.€8 0.666 0.65
20-1 420 26.64 0.847 0.0288 3.0174 0.8597 8.16 10.61 0.634 0.57
28-1 20 12.70 1.153 0.0331 2.5737 0.9364 7.47 10.72 0.701 0.70
30-1 170 12.70 0.858 0.0285 2.8195 0.8513 7.56 8.16 0.705 0.69
31-1 300 12.70 0.847 0.0292 2.9353 0.9561 7.89 6.26 0.665 0.65
0.0280 3.0159 0.98602 8.04 7.72 0.633 0.57

32-1 1420 12.70 0.801

08
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Figure 4.11 Effect of temperature on Ung and U,y

Sand, dp = 1,25 mm, D, = 156 mm
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4.12a shows that UsHm approaches U, at high temperatures and
eventually becomes smaller than U.. This means that as
temperatures increases, the choking of the spout begins to
overtake annular fluidization as the controlling £factor.
These results are consistent with experimental observations
(Section 4.1.2). Figures 4.12b and 4.12c, however, do not
show the same conclusion. In these two cases, UsHm was found

to be greater than U even at high temperatures. The

c
inconsistency is probably due to»the fact that UsHm is very
sensitive to the value of DsHm' A small change in DsHm can
cause significant variation in UsHm' Additional discrepancy
may also be attributed to the inexactness of Equations 4.3
and 4.4. An alternate way to interpret the results is to
examine the ratios of Di/dp. These values are 10.2, 15.2 and
21.3, respectively, in Figures 4.12a, 4.12b and 4.12c. It
appears that the choking of the spout at high temperatures
only occurs at a low value of Di/dp as shown in Figure
4,12a. At higher ratios, spout termination (at high

temperatures) may be due to the growth of instability at the

spout-annulus interface.

This procedure of Chandnani and Epstein (1986) requires
accurate values of DsHm in order to yield reasonable
estimates of Hp for cases where choking is the termination
mechanism. Unless there is a way of accurately determining
DsHm without conducting an actual experiment, it is not very

useful for design purposes.
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Sand, dp = 1,25 mm, D, = 156 mm, D; = 26.64 mm



5. MINIMUM SPOUTING VELOCITY AND OVERALL BED PRESSURE DROP

5.1 MINIMUM SPOUTING VELOCITY

Minimum spouting velocities were measured using the
method described in Section 3.7.3. Upg appeared to be more
difficult to obtain at high temperatures. The main reason
was that even a small adjustment of the flowmeter could
amount to a significant change in the volumetric flowrate
for a higher temperature condition because of the smaller
fluid density. Thus, when measuring the air flowrates at
higher temperatures, the smaller flowmeter (see Figure 3.4)
was employed to yield a better precision. Tables 5.1a, 5.1b,
5.1c and 5.1d list all the experimental conditions and the

corresponding results for Upg.

5.1.1 EFFECT OF PARTICLE AND ORIFICE DIAMETERS

The effects of dp and D; on U

5.1 and 5.2, respectively. At room conditions, for any given

ms are shown in Figures
bed heights, the values of Upg are higher for bigger
particles and larger orifice openings. The same trends also
occur at high temperatures (420 °C). These observations are

gualitatively consistent with Equation 2.1.
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. Run

-h b .
\IQ!D(D!?L'HUIU‘-n—-»-A
N aa WRN ca W A WN 2

d
P

(mm)

.845
.845
.845
.250
.250
.250
.665
.665
.665
.250

.250
.665
.665
.665
.845
.845
.945
.250
.250
.250
.665
.665
.665
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250
.250

. 250

Table 5.12 Minimum spouting velocity, experimental versus prediction (Ts = 20 'C).
Sand, Dc = 156 mm and P = 2600 kg/m3

‘D, 'Hm H > Uns™ Uns by €Eq. 2.1 Uns PY Eq. 5.2
(mm) (m) (m) (kg/m®)  (m/s) (m/s) % dev  (m/s) % dev
19.05 1.168 1.168 1.246 0.830 0.658 -20.6 0.832 0.2
12.05 1.168B 0.BBS 1.233 0.685 0.578 -15.6 0.738 7.8
19.05 1.168 0.578 1.220 0.643 0.46€9 -27.1 0.612 ~-a4.7
18.05 1.087 1.087 1.258 1.100 0.828 -24.6 1.065 -3.1
18.05 1.087 0.803 1.238 0.876 0.726 -17.1 0.843 7.8
18.05 1.067 0.518 1.222 0.782 . 0.586 -25.0 0.778 -0.4
18.05 1.010 1.010 1.244 1.314 1.081 -17.7 1.404 6.9
19.05 1.010 0.730 1.231 1.122 0.824 -17.7 1.220 8.7
18.05 1.010 0.502 1.218 0.860 0.770 -18.8 1.035 7.8
26.64 1.026 1.026 1.252 1.108 0.812 -17.7 1.129 1.9
26.64 1.026 0.832 1.241 0.857 0.825 -13.8 1.031 7.8
26.64 1.026 0.521 1.224 0.851 0.658 -22.7 0.841 -1.1
26.64 0.878 0.978 1.254 1.497 1.185 - -20.9 1.488 -0.6
26.64 0.978 0.832 1.242 1.300 1.088 -15.6 1.388 6.8
26.64 0.878 0.558 1,223 1.138 0©.9207 -20.3 1.168 2.7
12.70 1.372 1.372 1.276 0.806 0.617 -32.0 0.811 -10.5
12.70 1.372 1.118 1.252 0.7€3 0.562 -26.3 0.74% -2.3
12.70 1.372 0.727 1.228 ©.€20 0.457 -26.2 0.618 -0.3
12.70 1.276 1.276 1.2861 1.153 0.782 -31.4 1.054 -8.6
12.70 1.276 0.84¢ 1.242 ©.874 0.687 -29.5 - 0.827 -4.9
12.70 1.276 0.635 1.226 0.B34 0.566 -32.1 0.779 -6.5
12.70 1.028 1.028 1.245 1.383 ©.953 -31.1 1.294 -6.4
12.70 1.028 0.762 1.230 1.185 0.825 -30.4 1.136 -4.1
12.70 1.028 0.833 1.216 1.026 0.€84 -32.3 0.873 -5.1
19.05 1.073 1.073 1.258 1.045 0.832 -20.4 1.068 2.2
19.05 1.073 1.010 1.254 O.898 0.808 -18.0 1.041 a.3
19.05 1.073 0.813 1.238 0.873 0.730 -16.4 0.948 8.6
18.05 1.073 0.897 1.227 0.831 0.628 . ~24.4 0.828 -0.2
18.05 1.073 0.444 1.217 0.750 0.544 -27.5 0.728 -2.9
19.05 1.073 0.27¢ 1.208 0.670 0.433 -35.4 0.594 -11.3
18.05 1.380 - 1.380 0.707 1.537 1.258 -18.1 1.394 -8.3
18.05 1.380 1.067 0.695 -1.454 1.116 -23.2 1.250 -14.0
19.05 1.380 0.705 0.683 1.168 0.€15 -21.7 1.045 -10.6
19.05 1.380 0.254 0.870 0.8e55 0.555 -35.1 0.668 -21.9
19.05 0.533 0.533 0.170 1.362 1.586 17.2 1.342 -1.5
19.05 0.533 0.403 0.1869 1.178 1.392 18.2 1.187 0.8
18.05 0.533 0.273 0.168 1.043 1.148 10.1 1.000 -4.2

PO PO PO PTG TN ¢ K © J ¢ JPF SOV IR SRRl QU SpF Rp Qg g T S e Xe Ne ]

. 250

* experimental value

L8



" " Yable 5.1b Minimum spouting velocity, experimental versus prediction (TS = 170 'C)‘

Sand, D_. = 156 mm and rp = 2600 kg/m:-a

c
Run . dp D1 He H PE Ums' Ums'by Egq. 2.1 Um$ by Eg. 5.2
p (mm) (mm) (m) (m) (kg/m3)  (m/s) (m/s) % dev (m/s) % dev
2-1 0.9845 19.05 0.418 0.419 0.802 -0.576 0.492 -14.5 0.594 3.2
2-2 0.845 18.05 0.418 0.282 0.798 . 0.548 0.412 -24.8 0.507 -7.5
2-3 0.945 18.05 0.418 0.203 0.787 0.415 0.344 -47. 1 0.432 4.1
6-1 1.250 18.05 0.648 . 0.648 0.815 1.008 0.803 -20.4 0.860 -4.9
6-2 1.250 - 18.05 0.648 0.451 - 0.806 0.868 0.674 -22.4 0.819 -5.6
6-3 1.250 18.0% - 0.648 0.292 0.801 0.731 0.544 -25.6 0.677 -7.4
40-1 1.665 19.05 0.800 0.800 0.824 1.263 1.182 -6.4 . 1.4185 12.0
10-2 1.665 18.08 0.800 0.587 0.814 1.1857 1.027 -11.2 1.247 7.7
10-3 1.665 19.05 0.800 0.400 0.808% 1.034 0.846 -18.2 1.047 1.2
18-1 1.250 = 26.64 0.70% 0.705 0.816 1.048 0.936 -10.6 1.073 2.4
18-2 1.250 26.64 0.705 0.568 0.809 0.951 0.844 -11.2 0.877 2.B
18-3 1.250 26.64 0.705 0.356 0.802 0.824 0.671 -18.5 0.796 -3.4
22-1 1.665 26.64 0.838 0.838 0.822 1.567 1.355 ~-13.5 1.557 -0.86
22-2 1.665 26.64 0.838 0.625 .0.813 1.319 1.177 -10.8 1.371 " 4.0
22-3 1.665 26.64 0.838 0.422 0.805 1.177 0.972 -17.4 1.155 -1.8
26-1 0.945 12.70  0.724 0.724 0.814 0.600 0.561 -6.5 0.680 14.9
26-2 0.845 12.70 0.724 0.549 0.807 0.532 0.491 -7.8 0.611 14.9
26-3 0.545 12.70 0.724 0.356 0.801 0.452 0.396 -12.3 0.505 11.8
30-1 1.250 "12.70 0.781 0.781 0.818 0.959 0.769 -18.8 0.852 -0.7
'30-2 1.250 - 12.70 0.78% 0.565 0.808 . 0.797 0.658 -17.4 0.827 3.8
30-3 1.250 12.70 0.781 0.387 0.801 0.674 0.547 -18.8 0.701 a.1
34-1 1.665 12.70 0.832 0.832 0.820 1.569 1.056 -32.7 1.318 -16.0
34-2 1.665 12.70 0.832 0.619 0.810 1.305 0.916 -29.8 1.160 -11.1
34-3 1.665 12.70 0.832 0.406 0.802 1.056 0.746 -29.3 0.965 -B.6
6-4 1.250 19.05 0.648 0.648 0.813 0.978 0.804 -17.8 0.960 -1.8
6-5 1.250 19.05 0.648 0.464 0.806 0.860 0.683 -20.6 0.830 -2.8%
6-6 1.250 19.0% 0.648 0.267 0.799 0.689 0.520 -24.5 0.651 -5.6

* experimental value
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Table 5.1c M1nimum spouting velocity, experimental versus prediction (Ts = 2300 "C)

Sand, D_ = 156 mmend , = 2600 ko/m°

Run - qp Dy He : H P Uns™ Unms PY Eg. 2.1 Upe DY EQ. 5.2
# “(mm) (mm) (m) (m) (kg/m>) (m/s) (m/s) Y% dev (m/s)" % . dev
-1 1.250 19.05 0.546 0.5486 0.624 0.831 0.843 ~9.5 0.256 2.6
-2 1.250 18.05 0.546 0.413 0.621 0.875 0.734 ~-16.1 0.845 -3.4
-3 . 1.250 19.05 0.54¢6 0.278 0.618 0.773 0.606 -21.7 0.712 -B.0O

11~1 1.665 19.05 0.721 0.721 0.629 1.348 1.284 -4.7 1.452 7.8

11-2 ) 1.665 19.05 0.721 0.521" 0.624 1.158 1.086 ‘ -5.4 1.260 B.7

"41-3 1.665 - 19.05 0.721 0.359 0.620 0.991 - 0.812 -7.9 1.070 8.0

19-1 . 1.250 26.€4 0.419 0.419 0.623 0.848 . 0.826 - =-12.8 0.916 -3.5

19-2 1.250 26.64 0.418 0.324 0.620 0.896 - 0.728 -18.7 0.818 -8.7

19-3  1.250 26.64 0.418 0.218 0.617 0.782 0.600 -23.3 O.6BB -12.0

23-1 1.665 '26.64 0.679 0.679 0.631 1.528B 1.392 -8.8 1.523 -0.3
23-2 1.665 26.64 0.679 0.508 0.625 1.307 1.208 ~7.4 1.342 2.7
23-3 1.665 26.64 0.679 0.343 0.620 1.166 0.988 ~14 .4 1.130 -3.1
27-1 - 0.945 12.70 0.635 0.635 0.622 0.581 0.801 3.5 0.698 20.4
27-2  0.945 12.70 0.635 0.476 0.620 0.495 0.521 5.3 0.616 24.5
27-3 0.845 12.70 0.635 0.311 0.618 0.451 0.422 -6.4 0.511 3.2
31-1 1.250 12.70 0.654 0.654 0.629 0.847 0.803 -5.3 0.845 11.5
31-2 1.250 12.70 0.654 0.495 0.623 0.736 0.702 -4.7 0.837 13.7
31-3  1.250 12.70 0.654 0.311 0.618 0.580 0.558 ~-3.B ©.683 17.6
35-1 1.665 12.70 0.743 0.743 0.630 1.403 1.138 -18.8 1.346 -4.1
35-2 1.665 12.70 0.743 0.543 0.625 1.178 0.877 -17.1 1.173 . =0.5
-3 1.665 12.70° 0.743 0.365 0.619 1.010 0.805 -20.3 0.886 -2.4
-4 1.250 19.05 0.546 0.546 0.626 0.882 0.8B41 -5.6 0.8e55 ) 7.1
-5 1.250 19.05 0.546 0.413 0.622 0.852 0.734 -13.8 0.845 -0.8
-6 1.250 - 19.05 0.546 0.311 0.618 0.787 0.6238 ~-18.8 0.746 ~-5.2
-7 1.250 18.05 0.546 0.267 0.618 0.740 0.5882 -20.0 0.687 - -5.8

he experimehta! value

68



Run

Tapble 5.1d  Minimum spouting velocity, experimental versus prediction (TS = 420 'C).
Sand, D. = 156 mm and ,, = 2600 kg/m>

dp ’ i 01 Hm H PE Um5~ Ums by Eq. 2.1 Ums by Eqg. 5.2

(mm) (mm) (m) (m) (kp/m®)  (m/s) (m/s) % dev (m/s) % dev
1.250 - 18.05 0.413 0.413 0.514 0.871 0.807 -7.3 0.888 2.1
1.250 19.05 0.443 0.267 0.511 0.B13 0.651 -18.9 0.734 -9.7
1.250 19.05 - 0.443 0.206 - 0.510 0.670 0.573 -14.4 0.655 -2.1
1.665 19.05 0.628 ©.628 0.515 1.311 1.326 1.1 1.443 10.0
1.665 . 18.05 0.628 0.457 0.512 1.235 1.134 -8.2 1.254 1.5
1.665 19.05 0.628 0.305 0.510 "1.001 0.928 -7.3 1.049 4.8
1.250 26.64 0.343 0.343 "0.511 0.847 0.826 -12.8 0.88B4 -6.6
1.250 26.64 0.343 0.241 0.510 0.8B43 0.693 -17.8 '0.756 -10.3
1.250 26.64 - 0.343 0.168 0.508 . 0.685 0.578 -16.7 0.645 -7.2
1.665 - 26.64. 0.540 0.540 0.517 1.473 1.371 -7.0 1.450 -1.6
1.665 26.64 0.540 0.406 0.513 1.322 1.194 -8.7 ~1.282 -3.1
1.665 26.64 0.540 0.254 0.511 1.147 -0.846 -17.5 1.042 -8.2
-0.845 12.70 0.486 0.486 0.511 0.573 0.580 1.2 0.655 14.3
0.945 12.70 0.486 0.362 0.510 0.516 0.501 -3.0 0.575 11.3
0.845 12.70 0.486 0.228 0.508 0.419 0.388 ~-4.8B 0.488 12.0
1.250 12.70 0.533 0.533 0.515 0.801 0.801 -0.0 0.811 13.7
1.250 12.70 0.533 0.400 0.513 0.707 0.685 -1.7 0.802 13.5
1.250 12.70 0.533 0.232 0.510 0.558 0.531 -5.1 0.631 12.8
1.665 12.70 0.654 0.654 0.518 1.321 1.176 -10.8 1.339 1.4
1.665 12.70 0.654 0.486 0.515 1.131 1.018 -10.0 1.176 4.0
1.665 .42.70 0.654 0.311 0.511 0.952 0.818 -14.0 0.867 1.6
1.250 18.05 0.413 0.413 0.514 0.860 0.807 -6.1 0.888 3.4
1.250 18.05 0.413 0.270 0.511 0.801 0.655 -18.2 . 0.738 -7.8

* experimental value
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5.1.2 EFFECT OF TEMPERATURE

Figure 5.3 illustrates the effect of bed temperatures
on Upg for a fixed particle size and orifice diameter.
Though there is some overlapping among the data points, this
figure generally indicates that for a given bed height, Upg
increases with increésing temperature as predicted by

Equation 2.1. Supporting evidence 1is also given in Figures

5.1 and 5.2.

5.1.3 DATA CORRELATION

Experimental values of Up, were compared with the
values calculated by Eguation 2.1. For air spouting at room
temperature, Equation 2.1 underpredicted Upg by about 30%
for the smallest orifice diameter (Table 5.1a). The
deviation decreased to around 20% for the largest D;. This
equation appeared to work better with increasing temperature
(Tables 5.1b, 5.1c and 5.1d4). Equation 2.1 reportedly gives
good predictions of Upg at room conditions but not in the
present case. One possible explanation may be the inadequate

knowledge of how to specify dp for use in Equation 2.1 in

the case of non-spherical particles.

Using Equation 2.1 as a base, assuming Pp >> Pf while

dpr De

examined. Figure 5.4 illustrates a typical example. For this

and D; are fixed, the effect of H/pg on Upo can be
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96

plot, a least squares fit produced a slope of 0.33. The
slopes for other conditions were also calculated (Table
5.2). Although the experimental data did not always fit
well, there was a clear indication that the slope (based on
this work) was less than 0.50 (i.e., the value in Egquation
2.1). Manurung (1964) has reported similar findings. He
noted that Equation 2.1 overestimates the effect of bed

height on Upg.

The effects of dp and D; were not investigated
individually because H/pf was not fixed. However, it was
possible to fit the experimental data to the following

expression:

dp]?Di " pp-pg]? |
Uns = K[—-—E:| [—i} (2gH)w|:—p—§:| 5.1
D¢ Dc Pt

where K, 0o, 7, w and ¢ were found by applying the 1least
squares method to experimental data. In this case, H and
(pp=pg)/pg were treated as two separate variables. The best
fit resulted when K, o, 71, w and ¢ were equal to 8.452,
1.038, 0.2213, 0.4437 and 0.2688 respectively. Based on
these results, the effects of dp, D;, H and (pp-pf)/pf on
Upg have not been adequately described by Equation 2.1.
Moreover, the values of w and ¢ are quite different from
each other, indicating that H and (pp-pf)/pf should not be

grouped as one single parameter. The calculated values of

Upg from this curve-fit model are tabulated alongside those
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Table 5,2 Slopes of Upg versus‘(H/pf) plot at different

conditions, Sand, Pp = 2600‘kg/m3 and
D, = 156 mm
dp | Di ‘ Slope of 1n(Upg)
(mm) (mm) versus 1n(H/p¢)
0.945 12.70 0.54
0.945 ' 19.05 0.48
1.250 12.70 0.44 .
1.250 19.05 0.33 **
1.250  26.64 0.38
1.665 12.70 0.35
1.665 19,05 0.33
1.665 26.64 0.37

k% gee Fiqure 5.4
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by Equation 2.1 in Tables 5.1a, 5.1b, 5.1c and 5.1d.

More curve fittings were done by forcing some of the
coefficients in Equation 5.1 to egual those in Equation 2.1.
The results are summarized in Table 5.3, with the best fit
identified as 1. First of all, there 1is some theoretical
justification to assume w = 0.5 (Ghosh, 1965). The resulting
expression (curve-fit II) is dimensionally consistent. Based
on the values in the first two curve-fits, o 1is not very
different from wunity and it 1is therefore set to 1.0 in
addition to making w = 0.5 1in curve-fit 1III. Finally,
results from III suggest that it is reasonable to take 7 as
1/3. With w = 0.5, 0 = 1.0 and 7 = 1/3, a least squares fit
produces IV. Equation 2.1 is also included in this table for
comparison. The second, third and fourth curve-fits are
barely worse than the first one but Equation 2.1 is clearly
inferior. If one assumes that Equation 2.1 correctly
D

predicts the quantitative effects of 4 ;j and Hon U

P’ ms

curve-fit IV will be recommended over the other three.

5.2 OVERALL BED PRESSURE DROP

Tables 5.4a, 5.4b, 5.4c and 5.4d summarize all the
experimental conditions and the corresponding values of
-~APg. These experimental values of -APy were obtained wusing
the method outlined in Section 3.7.2. When measuring Upg, it

was noticed that -APg; did not change significantly with



Table 5.3 Comparison between various versions of Equation 5.1

Curve-Fit K 6 T ) E
1 8.452 © 1.038 0.2213 0.4437 0.2688
11 5.694 1.008 0.2854 0.5000* 0.3004
111 6.208 1.000* 0.3343 0.5000* 0.2979.
v 6.665 1.000* ©.3333* 0.5000* 0.2890
Eq. 2.1 1.000 1.000 0.3333 0.5000 0.5000

EXP = experimantal value

CAL = calculated value

* Exponent fixed at this value

AVE RMS )
“ERR % L(EXP-CAL)
(%) ERR
1.04 8.31 " 0.610
0.78 8.48 0.686
0.65 8.44 0.749
0.71 8.45 0.751

-15.14 18.31 3.823
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Table 5.4a2 Dverall pressure drop. exper imental data and prediction 5-,, fquation 2.28 -(Ts' = 20 'C).A

sand. D_ = 156 mm and ,, = 2600 kg/m>
Run H H/Hm dp Di -APS -Apse %

# (m) (mm) (cm) (kN/m2) . (kN/mz) - .dev
1-1 1.168 1.000 0.945 1.805 7.80 10.64 36 .45
1-2 0.888 0.761 0.845 1.905 5.67 7.10 25.21
1-3 0.578 0.485% 0.945 1.805 3.44 3.44 -0.12 . -
5-14 1.087 1.000 1.250 1.805 - 10.01 9.51 ~-4.88
5-2 0.803 0.753 1.250 1.805 6.49 5.16 ~-4.98
5-3 0.518 - 0.4B5 1.250 1.805 3.82 2.86 . -25.28
9-1 1.010 1.000 1.665 1.805 7.46 . B.81 18.20
9-2 0.730 0.723 1.665 1.805 5.27 5.28 0.08
9-3 0.502 0.487 1.665 1.805 3.11 2.686 -14.40

17-1 1.026 1.000 1.250 2.664 8.86 9. 14 3.21-
17-2 0.832 0.811 1.250 2.664 6.95 €6.68 -3.86
17-3 0.521 0.508 1.250 2.664 3.60 2.98 -17 .11
21-1 0.878 1.000 1.865 2.664 9.24 8.53 -7.68
21-2 0.832 0.851 1.665 2.664 " 7.24 6.67 -7.88
21-3 0.559 0.572 1.665 2.664 3.97 3.36 -15.36
25-1 1.372 1.000 0.845 1.270 12.98 12.49 -3.82
25-2 1.118 0.81%5 0.945 1.270 B.SO 9.26 4.05
25-3 0.727 0.530  0.845 1.270 5.03 4.56 -8.46
29-1 1.276 1.000 1.250 1.270 10.43 11.37 B.98
29-2 0.946 0.741 1.250 1.270 7.20 7.18 -0. 11
29-3 0.635 0.488 1.250 1.270 4.52 3.58 -20.88
33-1 1.029 1.000 1.665 1.270 7.75% B.98 15.789
33-2 0.762 0.741 1.665 1.270 5.20 5.60 7.64
33-3 0.533 0.518 1.665 1.270 2.78 2.84 5.71
5-4 1.073 1.000 1.250 1.805 9.97 8.56 -4.06
5-5 1.010 0.841 ©1.250 1.805% 9.24 B.76 -5.23

5-6 0.813 0.758 1.250 1.80% 6.52 6.27 -3.89
5-7 0.597 0.556 1.250 1.805 4.61 2.68 -18. .21
5-8 0.444 0.414 1.250 1.805 2.85 2.12  -28.05
5-9 0.279 0.260 1.250 1.805 1.57 0.84 -46.27

37-1 1.380 1.000 1.250 1.905 12.77 12.12 -5.13
37-2 1.067 0.773 1.250 1.805 B.S0 g.15 -B.48
37-3 0.705 0.511 1.250 1.805 5.37 2.80 -27.35
37-4 0.254 0.184 1.250 1.90% 1.29 0.48 -62.51
38-1 0.533 1.000 1.250 1.805% 4.14 4.99 20.4

38-2 0.403 - 0.756 1.250 1.905 2.8% 3.34 13. 41
38-3 0.273 0.512 1.250 1.805 1.72 5.78 3.e3

* experimental value 6 caliculated value

001



Table 5.4b Dveral) pressure. grop,

Sand. D_ = 156 mm and ,_ = 2600 kg/m°

.d

Run H H/Hm o
¥ (m) (mm)
2-1 0.418 1.000 0.845
2-2 0.282 0.687 0.845
2-3 0.203 0.484 0.945%
6-1 0.648 1.000 1.250
6-2 0.451 0.€96 1.250
6-3 0.282 0.451 1.250
10-1 0.800 1.000 . 1.665
10-2 0.5987 0.7486 1.665
10-3 0.400 0.500 1.665
18- 0.705 1.000 1.250
18-2 0.568 0.806 1.250
18-3 0.356 0.505 1.250
22~ 0.838 1.000 1.66S
22-2 0.625 0.746 1.665
22-3 0.422 0.504 1.665
26~1 0.724 1.000 0.945
26~2 0.548 0.758 0.945
26-3 0.356 0.492 0.845
30-1 0.781 1.000 1.250
30-2 0.565 0.723 1.250
30-3 0.387 0.4596 1.250
34-1 0.832 1.000 1.665
34-2 0.619 0.744 1.6€65
34-3 0.406 0.488 1.665
6-4 0.648 1.000 1.250
6-5 0.464 0.716 1.250
6-6 0.267 0.412 1.250

experimental

value

experimente)l data and prediction by

Equation 2.28 (7

D, ) -Aps- -aP & %
{cm) (kN/m?) (kN/m?) dev
1.905 T2.12 3.80 - B4 .16
1.805 ©1.43 2.29 60.57
1.805 0.89 1.25 40.78
1.905 5.41 5.91 .21
1.805 3.26 3.43 4 .98
1.905 1.88 1.62 -13.78
1.805 7.77 7.14 ~8.13
4.905 5.27 4.57 ~43.33
1.805 2.88 2.27 -24.08
2.664 5.67 6.43 13.47
2.664 4,086 4.69 15.72
2.664 2.12 2.16 2.14
2.664 7.33 7.48 2.05
2.664 5.06 4.78 -5.47
'2.664 2.85 2.41 -18.25
1.270 5.33 €.73 26.30
1.270 3.59 4.51 25.75
1.270 1.87 2.22 18.95%
1.270 €.18 7.143 15.30
1.270 3.97 4.38 10.67
1.270 2.01 2.32 14.97
1.270 6.82 7.43 8.82
1.270 4.35 4.73 8.66
1.270 2.23 2.26 1.46
1.905 5.12 5.914 15.58
1.905 3.25 3.59 10.47
1.805 1.42 1.37 -2.06

e calculated Value

S

170 "C).

(0t



Teble 5.4c Dverall pressure drop. = experimental data .and prediction by Eguation 2.28 (Ts = 300 °

Sand, D, = 156 mm and p, = 2600 kg/ma'

Run H H/Hm dp v D, 'Aps', -4P @ %
# (m) -(mm) (cm) (kN/mz) (kN/m?) dev
T-1 0.546 1.000 1.250 1.805 3.58 5.06 41.03
7-2 0.413 0.756 1.250 1.805 : 2.68 3.37 25.82
7-3 0.278 0.511 1.250 1.805 1.55 1.78 i4.81
11-1 0.721 1.000 1.665 1.905 . 5.22 . €.55 25.41
14-2 0.5271 . 0.723 1.665 1.805 3.65 4.02 : 8.87
11-3 ©.358 0.498 1.665 1.805 - 2.32 . 2.13 -8.34
19-1 0.418 1.000 1.250 2.664 3.20 3.88 21.17
18-2 0.324 0.773 1.250 2.664 2.14 2.68B 24 .87
19-3 0.218 0.523 1.250 2.664 1.3 1.42 8.28
23-1 0.678 1.000 1.665 2.664 5.84 6.16 5.586
23-2 ©.508 0.748 -1.665 2.664 3.93 4.00 1.78
23-3 '0.343 0.505 1.665 - 2.664 2.06 ' 2.06 -0.05
27-1 0.8635 1.000 0.845 1.270 2.989 5.97 28.50
27-2 ©.476 " 0.750 0.845 1.270 2.13 3.85 85.22
27-3 0.311 0.490 0.945 1.270 1.44 1.88 37.86
31-1 ©.654 1.000 ©1.250 1.270 5.07 6.06 18.38
31-2 0.495 0.757 1.250 1.270 ‘'3.28 T 4.04 23.17
31-3 0.311 -0.476 1.250 1.270 . 1.45 1.88 29.22
35-1 0.743 1.000 1.665 - 1.270 5.33 €.75 26.56
35~2 0.543 0.731 1.665 1.270 3.80 o 4.21 10.91
35-3 0.365 0.491 1.665 1.270 2.01% 2.14 6.68
7-4  0.546 1.000 1.250 1.9805 - 4.18 5.086 20.83
7-5 0.413 0.756 1.250 1.908 ©2.80 3.37 20.21
7-6.  0.311 0.570 1.250 1.905 1.84 2.14 15.86
7-7 0.267 .0.489 1.250 1.905 1.51 1.64 8.78

* experimental value e calculated value

2ol



Table 5.4d Overall pressure drop. experimental data =and prediction by Equation 2.28 (TS = 420 °.C).

Sand. D_ = 156 'mm and rp = 2600 kg/ma»
B - * - o,
Run H H/H 9 D, ' 11 sP e %
# - (m). (mm) ~ (cm) (kN/m?) (kN/m?) dev
B-1 0.413 1.000 1.250 1.805 S 2.73 3.86 - 41.48
8-2 0.287 0.646 1.250 1.808 1.42 2.02 42.62
B-3 0.206 0.488 1.280 1.805 1.04 1.32 27.05
12-1 0.629° 1.000 1.665 1.805 2.98 : 5.78 83.66
12-2 0.457 0.727 1.665 1.805 1.84 3.60 85.78
12-3 0.305 . 0.485 1.665 1.805 1.04 1.82 74.68
- 20-1 0.343 1.000 1.250 2.664 1.38 3.21 133.00
20-2 0.241 0.703 1.250 2.664 1.25 1.82 53.48
20-3 0. 168 0.490 .1.250 2.664 0.87 1.06 22.37
24-1 0.540 1.000 1.665 2.664 4.01 4.96 23.€0
24-2 0.406 0.752 1.665 2.664 2.35 -3.26 38.46
24-3 0.254 0.470 1.665 2.664 1.44 1.48 2.71
28-1 0.486 1.000 0.945 1.270 1.67 4.58 174.8S
28-2 0.362 0.745 0©.9845 1.270 1.23 3.02 144 .53
28-3 0.229 0.471% 0.845 1.270 0.85 1.45 70.59
32-1 0.533 1.000 1.250 1.270 . 2.98 4.98 66.49
32-2 ©.400 0.750 1.250 - 1.270 2.31 3.29 42.51
32-3 0.232 0.435 1.250 1.270 0.99 1.34 36.18
36-1 0.654 1.000 - 1.665 1.270 4.90 6.01 22.43
36-2 ©.48B6 0.743 1.665 1.270 3.08 3.88 25.96
36-3 0.311 0.47¢6 1.665 1.270 1.50 1.83 21.86
8-4 0.413 1.000 1.250 1.905 2.82 3.86 36.78
8~-5 0.270 0.654 1.250 1.905 1.983 2.06 34.65
‘_experimenta1 value ¢ calculated value

€01
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flowrates if U/Ums > 1. Therefore, -APg was arbitrarily

taken as the value measured at U = 1.05 Uns *

5.2.1 EFFECT OF ORIFICE AND PARTICLE DIAMETERS

The effects of D; and dp on -APg are illustrated in
Figures 5.5 and 5.6, respectively. The results indicate that
-APg, does not depend strongly on either D; or dp. In
addition, the data points in these two figures tend to

suggest that -APg is also independent of bed temperature.

5.2.2 EFFECT OF TEMPERATURE

The results of -AP, versus H obtained at different
temperatures and with different spouting gases are shown in
Figure 5.7. All the data points appear to 1lie on the same
curve. This means that the bed temperature and gas
properties have only negligible effects and -APg mainly

depends on H.

5.2.3 DATA CORRELATION

The experimental values of -AP, were compared with the
calculated values by Equation 2.28 (see Tables 5.4a, 5.4b,
5.4c and 5.4d). -AP¢ in Equation 2.28 was estimated from
(pp-pf)g(1—ea)H. At room temperature, predicted values of

-APg were generally in good agreement with experimental
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values. As temperature increased, however, Equation 2.28
overestimated -APg, particularly for the smallest orifice.
This equation also predicts that -APg/-AP¢ increases
slightly with temperature at fixed H/H, (Figure 5.8) but
this does not agree with the experimental data. In fact, it
was found that at a fixed bed height, the measured value of
-APg at 420 °C was simjlar to that at room temperature (see
Figure 5.7) but the values of H/H, for these two cases were
quite different because of the higher Hy in the latter case.
Equation 2.28 was therefore not suitable for predicting -APg
at high temperature. Figure 5.9 shows how Equation 2.28

compares with experimental results.

Equation 2.28 was derived with the following
assumptions:
1. UaHm = Ups and
2. -dp/dz = (pp-pf)(1—ea)g at Hp
If the annular solids are not completely fluidized at Hp,
these assumptions would not apply and some modifications
would be required. Table 5.5 1illustrates how UaHm and
(-dP/dz)Hm varied as temperature changed. The values of Uay
were determined by extrapolation of experimental data (see
Chapter 7). (-dP/dz)Hm, on the other hand, was determined
from the calibration curve of (-AP) versus U,. The pressure
drop at UaHm was divided by the vertical distance between

the two measuring points of the static pressure probe

(Figure 3.6a) to yield the pressure gradient. There is
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Table 5.5 Comparison between experimental and predicted values of.

U, and -dP/dz at z = H = Hp

D; = 19.05 mm and dp = 1.25 mm
- Run | Temp Hp | UaHm@ Umf*
i (°C) (m)  (m/s) (m/s)
5-4 20 1.073 0.70 0.70
6-4 170 D.648 0.69 0.71
7-4 300 0.546 0.65 0.67
8-4 420 0.413 0.57 0.63

@>e3perimental value
* calculated value by Eguation 2.7

** calculated value by {(p~psl){i-e)
: , p Pf a’l

(kN/m3)

11.741
11.380
9.730

8.397

—(dp/dZ)mf**
(kN/m3)

12.753
12.753
12.753

12,753

(11l
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strong evidence that with increasing temperature, assumtions
1 and 2 would fail. If Upf were replaced by UaHm' g would
change but its effect would be small, as shown in Figure
5.8. Using an experimental rather than a calculated value of
-AP¢ would show some slight improvement for results at high
temperature but at the same time might create larger
deviations for those at room conditions. Hence this kind of

modification is still unsatisfactory.

Experimental results indicated that the effect of
temperature on spouted bed pressure drop was not
significant. The distribution of data points as shown in
Figures 5.7 and 5.9 could be well described by the simpler

expression of Manurung (1964),

-APg = ppgH/[1+(t/H)] 5.2

where

e
1]

0.81(tang)'+5 Dcdp] 078
(D)

and 6 is the angle of internal friction. If ¢ is taken as
0.66889 (to be consistent with the Wen and Yu
approximations), the two extreme values of t which bracket
all the conditions of the present experiments are 1.1578 and
0.2343 respectively. Putting these constants into Equation

5.2 produced the curves shown in Figure 5.10. Almost all the
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A Air ot 300 deg C o ’
"0 Air ot 420 deg C o g
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~
-
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Figure 5.10 Overall bed pressure drop versus bed height

The two lines represent Equation 5.2
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data points were well within these two boundaries. Equation

5.2 can be rearranged to yield the following expression

-AP t
H=[ SHH_} 5.4
Pb9 H

Using the specific value of t which applies to each run,

all the experimental data are replotted as
[(-aPg)/(ppg) 1[1+(t/H)] versus H in Figure 5.11. Equation
5.4 is represented by the 45° straight line through the
origin., Apparently, the fit is poor. The reason for this
could be the arbitrary definition of t given by Equation

5.3, an empirical correlation which may be limited in scope.

Although the Manurung eguations did not compare  well
with the present data on an absolute basis, they did show
some consistency with the experimental observations, that
is, the effects of temperature and fluid properties on -APg

were correctly indicated as insignificant.



m)

K

1(-8Pg) /(ppg) 11+ (t/H) ]
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18 |- Air at 20 deg C

Air at 170 deg C
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. | ,
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Figure 5.11 Comparison between experimental results and
prediction by Equations 5.3 and 5.4

The prediction is indicated by the 45° line.



6. SPOUT SHAPE, SPOUT DIAMETER AND FOUNTAIN HEIGHT

6.1 SPOUT SHAPE AND DIAMETER

In this work, two general types of spout shapes were
observed (Figure 6.1). In both cases, the spout diameter
expanded in the conical region and then converged slightly.
Above the conical region, the spout diameter remained
constént for type (b) whereas for type (a), the spout
diameter was primarily constant but diverged near the bed
surface. The bed temperature had a negligible effect on the
spout shape. The only significant factor affecting the spout
shape appeared to be the dimensionless bed height, namely
H/Hy (Figure 6.2). Type (a) was found at bed heights close
to Hp. As bed heights became 1lower, the spout shape

approached type (b).

The average spout diameter was determined using
Equation 3.7. Tables 6.1a, 6.1b, 6.1c and 6.1d summarize all
the experimental conditions and the corresponding results
while the experimental values of spout diameter versus bed

level are given in Appendix D.

The variation of the average spout diameter (Dg) with
bed height and bed temperature is shown in Figure 6.3. At a
given temperature, Dg increased with increasing bed height.

On the other hand, at - a fixed bed height, the trend of Dg
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(a)

Figure 6,1 Observed spout shapes

(b)
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Figure 6.2 Effect of bed height and bed temperature
on spout shape. Sand, dp = 1.25 mm,
D; = 12.70 mm, U/Upg = 1.10. | |
(a) H = Hy, (b) H=0.75 Hy and (c) H = 0.50 Hp
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Table 6.1a Average spout diameters and corresponding experimental conditions (bed temperature = 20 °c)

. , . . T

Run H/H U/ G 9% D, f v D8 Dge % D_¥ %

# (kg/mzs) {(mm) (mm) (kﬂ/ma) (kg/ms) (cm) (cm) dev (cm) dev
-1-a 1.000 1.075 1.112 0.845 ©18.05 1.246 1.80E-05 3.179 3.144 -1.10 2.978 -6.34
-2-a 0.761 1.085 0.825 0.945 19.05 1.234 '1.80E-05 2.876 2.873 -0. 11 2.757 ~-4.14
~-3-a 0.495 1.124 ©.B82 0.945 19.05 -1.220 1.80E-05 2.834 2.806 -0.97 2.709 -4.40
-i-a 1.000 1.085 1.499 1.250 19.05 1.256 1.80E-05 3.416 3.639 6.54 3.381 -1.02
-2-a 0.753 1.1214 1.217 1.250 19.05 1.239 1.80E+05 . 3.062 3.286 7.32 3.101 1.28
-3-a 0.485 1.110 1.062 1.250 19.05 1.223 1.80E-05 2.917 3.074 5.38 2.934 0.59
-1i-a 1.000 1.053 1.721 1.665 12.05 1.244 1.B0OE-05 3.694 3.894 5.42 3.600 -2.56
-2-a 0.723 1.044 1.439 1.665 19.05 1.228 1.80E-05 3.444 3.567 3.58 3.342 -2.95
-3-a 0.497 1.123 1.312 1.665 19.05 1.217 1.80E-05 3.284 3.409 3.82 3.220 -1.84
-1-a 1.000 1.026 1.424 1.250 26 .64 1.252 1.80E-05 3.443 3.548 3.08 3.310 -3.87
-2-a 0.811 1.119 1.328 1.250 26.64 1.240 1.80E-05 3.272 3.430 4.82 - 3.220 -1.59
-3-a 0.508 1.122 1.166 - 1.250 26 .64 1.221 1.80E-05 3.042 3.218 5.78 3.057 Q.49
-{-a 1.000 1.011 1.900 1.665 26 .64 1.261 1.80E-05 3.848 4.088 5.27 3.749 -3.46
-2-a 0.850 1.108 1.792 1.665 - 26.64 1.242 1.80E-05 3.719 3.872 6.80 3.665 -1.46
-3-a 0.572 1.148 ‘1.586 1.665 26.64 1.224 1.80E-05 3.418 3.753 9.80 3.501 2.42
-i-a 1.000 1.028 1.188 0.945 12.70 1.275 - 1.80E+05 3.033 3.247 7.07 3.044 0.37
-2-a 0.815 1.110 1.060 0.945 12.70 1.252 1.80E-05 2.857 3.071 7.49 2.912 1.94
25-3-a 0.530 1.124 0.857 0.945 12.70. 1.228 1.80E-05 2.623 2.767 5.50 2.670 1.80
29-1-a 1.000 1.047 1.523 1.250 12.70 1.261 1.80E-05 3.308 '3.668 10.88 3.401 2.80
29-2-a 0.741 1.081 1.308 1.250 12.70 1.242 1.80E-05 3.094 3.404 10.03 3.197 3.34
29-3-a 0.498 1.124 1.148 1.250 12.70 1.226 1.80E-05 2.843 3.1985 12.37 3.034 6.72
33-1-a 1.000 1.045 1.799 1.665 12.70 1.245 1.80E-05 3.577 3.980 11.26 3.669 2.56
-2-a Q.741 1.108 1.616 1.665 12.70 1.230 1.80E-05 3.311 3.776 14 .04 3.514 6.13
-3-a 0.518 1.110 1..385 1.665 12.70 1.216 1.80E-05 3.115 3.501 12.39 3.297 5.86
-6-a O.758 1.075 1.163 1.250 19.05 1.238 1.80E-05 2.974 3.214: 8.06 3.042 2.27
-6-b 0.758 1.128 1.220 1.250 19.05 1.238 1.80E-05 3.081 3.290 6.44 3.105 Q.46
-6-C 0.758 1.190 1.286 1.250 19.05 1.237 1.80E-05 3.124 3.376 8.07 3.178 1.72
-9-a 0.260 1.058 0.857 1.250 19.05 1.209 1.80E-05 2.876 2.767 -3.78 2.683 -6.72
-8-b 0.260 1.118 0.8905 1.250 18.05 - 1.208 1.80E-05 2.930 2.842 -3.00 2.747 -6.26
-8-c 0.260 1.179 0.955 1.250 19.05 1.2089 1.80E-05 3.006 2.918 -2.93 2.811 -6.47

cont inued
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& experimental vailue

© calculated value by Equation 2.16 (McNab eguation)

# calculated value by Equation 6.5

Run  H/H_ /U G g D, ot v DB Dee Y

4 ( kg/m3s) (mm) (mm) (kg/ma) (kg/ms) (em) (cm) dev
37-1-a 1.000 1.064 1.157 1.250 19.05 0.707 1.08E-05 3.646 3.2086 -12.08
37-2-2 ©0.773 1.075 1.086 1.250 19 .05 0.698% 1.08E-05 3.368 3.108 -7.73
"37-3-a 0.511 1.093 0.872 1.250 19.05 0.683 1.09E-05 3.142 2.791 -11.18B
37-4-a -0. 184 1.075 0.616 1.250 18.05 0.8670 1.08E-05 2.497 2.354 -5.73
~ 37-4-b - 0.184 1.117 0.639 1.250 19.05 0.670 1.09E-05 2.547 2.396 -5.91
37-4-c 0.184 1.170 0.670 1.250 18.05 0.669 {.08E-05 2.642 2.453 -7.186
38-1-a 1.000 1.128 0.261 1.250 19.05 0.170 1.84E-05 2.732 1.545 -43.43
38-2-a 0.756 1.068 0.212 1.250 18.05 0. 169 - {.84E-05 2.585. 1.3986 -46 .01
38-2-b 0.756 1.112 0.221 1.250 19.05 0. 169 {.84E-05 2.628 1.424 -45.82
38-2-c 0.756 1.174 0.238 1.250 18.05 0. 1689 {.94E-05 2.663 1.462 -45. 114
38-3-2 0.512 1.050 - 0. 184 1.250 19.05 0. 168 1.84E-05 2.457 1.302 -47.00
38-3-b 0.512 1.098% 0.182 1.250 18.05 0.168 1.84E~-05 2.58% 1.330 -aB.77
38-3-c 0.512 1.178 . 0.206 1.250 18.05 0. 168 1.94E-05 2.641 1.376 -47 .BS

[SESEANSENNCURLINSI SN UNARNA

Ds’ e
{(cm) dev
.2B8 -9.BO
.215 ~4 .54
.838 -£.48
.541 1.77
.582 "1.36
.836 -0.21.
.B15 3.02
.576 -0.33
.623 -0.22
.684 0.78
. 427 -1.22
472 -4.73
.548 -3.

021



Table 6.1b Average spout diameters and corresponding experimental conditions (bed temberature = 170 °C)

WWWWWWONNNNDNN = b bt
DODODNANNNHEEDOOONONANMNNOIOIROOONTNANNLN

Vd », . .,

Run H/Hm u/um5 G dp D, f v D8 950 . A D ¥ %

# (kg/mzs) (mm) (mm) (kg/mg) (kg/ms) (cm) . (em) dev (em)” dev
~-1-a 1.000° 1.101 0.508 0.945 19.05 0.802 2.35E-05 2.928 2.142 -26.86 2.482 -15.22
-2-a 0.6987 1.104 0.483 0.945 19.05 0.799 2.35E-05 2.489 2.08¢8 -16.39 2.431 -2.71
-3-a 0.484 1.089 0.363 0.945 19.05 0.797 2.35E-05 2.470 1.816 ~26.46 2.150 -12.96
-i-a 1.000 1.089 0.886 . 1.250 19.05 0.815 2.35€E-05 3.094 2.828 -8.589 3.160 2.13
-2-a 0.696 1.114 0.779 1.250 19.05 0.806 2.35E-05 3.001 2.641 ~-12.00 2.983 -0.59
-3-a 0.451 1.100 0.644 1.250 19.05 0.801 2.3%E-05 2.836 2.406 ~15.17 2.752 -2.96
-i-a 1.000 1.071 1.114 1.665 19.05 0.823 2.35E-05 3.49¢6 3.147 -9.99 3.463 -0.94
-2-a 0.746 1.115 1.050 1.665 19.05 0.814 2.35E-05 3.289 3.057 -7.06 3.386 2.94
-3-a 0.500 1.082 0.809 1.665 19.05 0.805 2.35E-05B 3.225 2.848 ~11.68 3.191 -1.06
-1-a 1.000 1.098 0.939 1.250 26 .64 0.816 2.35E-05 3.337 2.884 -13.28 3.224 -3.40
-2-a 0.806 1.134 0.873 1.250 26.64 0.809 2.35E-05 3.161 2.782 -11.66 3.131 . -0.95
-3-a 0.505 1.1147 0.737 1.250 26.64 0.802 2.35E-05 3.054 . 2.570 -15.85 2.917 -4.50
-1-a 1.000 1.050 1.352 1.665 26 .64 0.822 2.35E-05 3.536 3.460 -2.1% 3.767 6.54
-2-a 0.746 1.123 1.204 1.665 26 .64 0.813 2.35E-05 3.398 3.269 ~3.83 3.594 5.74
-3-a 0.504 1.131 1.0714 1.665 26 .64 0.805 2.35E-05 3.300 3.087 -6.47 3.426 3.81
-1-a 1.000 1.108 0.541 0.945 12.70 0.814 2.35E-05 2.632 2.209 -16.08 2.540 -3.48
-2-a 0.758 1.102 0.473 0.945% 12.70 ©.807 2.35E-05 2.402 2.068 -13.90 2.403 0.02
-3-a 0.492 1.091 0.395 0.945 12.70 0.801 2.35E-05 2.2984 1.8983 -17.47 2.227 -2.93
-1-a 1.000 1.086 0.851 1.250 12.70 0.818 2.35E-05 2.952 2.758 -6.58 3.087 4.57
-2-a 0.723 1.0998 0.709 1.250 - 12.70 0.808 - 2.35E-05 2.748 2.522 ~8.23 2.861 4,11
-3-a 0.496 1.104 0.586 1.25%0 12.70 0.801 2.35E-05 2.676 2.316 -13.49 2.661 ~0.55%
-1-a 1.000 1.052 1.353 1.665 12.70 0.820 2.35E-05 3.456 3.461 0.15 3.771 9.12
-2-a 0.744 1.088 1.152 1.665 12.70 0.811 2.35E-05 3.302 3.188 -3.12 3.528 6.85
-3-a 0.488 1.083 0.926 1.665 12.70 0.802 2.35E-05 3.141 2.874 -8.49 3.220 2.51
-5-a 0.716 1.0789 0.748 1.250 19.05 0.806 2.35E-05 2.978 2.589 -13.07 2.931 -1.57
-5-b 0.716 1.162 0.806 1.250 19.05 0.806 2.35E-05 3.048 2.685 -11.90 3.028 -0.67
-5-C 0.716 1.208 0.837 1.250 19.05 0.806 2.35E-05 3.175 ©2.735 -13.85 3.078 -3.07
-6-a 0.412 1.039 0.572 1.250 19.05 0.799 2.35E-05 2.781 2.270 -18.38 2.616 -5.93
-6-b 0.412 1.122 0.618 1.250 19.05 0.799 2.35E-05 2.838 2.358 -16.93 2.705° -4.68
-6-C 0.412 1.180 0.650 1.250 19.05 0.788 2 2.890 2.417 -16.38 2.765 -4.32

.35E-05

& experimental value
® calculated value by Equation 2.16 {(McNab eguation)

# calculated value by Equation 6.5
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Table &.1ic Average spout dismeters and corresponding experimentas) conditions (bed temperature

Run H/H

u/u

G

m ms P

# (kﬁ/mza) (mm)
7-1-8 1.000° 1.1085 0.643 1.250
7-2-8 0.756 1.1143 0.605 1.250
7-3-a 0.510 1.1086 0.528 1.250
11-1-a 1.000 1.064 0.802 1.665
11-2-2 0.723 1.179 0.855 1.665
11-3-a 0.498 1.126 0.683 1.665
i8~-1-a 1.000 1.083 0.646 . 1.250
19-2-2a 0.773 1.090 0.605 1.250
19-3-2 0.523 1.106 0.534 1.250
23-1-a 1.000 1.080 1.042 1.665
23-2~-a 0.748 1.113 0.910 1.665
23-3~a 0.505 1.124 0.813 . 1.665
27-1-a 1.000 1.046 0.378 0.945
27-2-2 0.750 1.083 0.332 0.945
27-3-2 0.480 1.100 0.306 0.945
31-1-a 1.000 1.105 0.589 1.250
31-2-a 0.757 1.086 0.503 - 1.250
31-3-a 0.476 1.103 0.395 1.250
35-1-8 1.000 T 1.071% 0.948 1.665
35-2-2 0.730 1.117 0.822 1.665
35-3-8 0.491 1.104 0.690 1.665
7-5-2 0.756 1.055 0.559 1.250
7-5-b 0.756 1.112 0.589 1.250
7-5-¢ 0.756 1.160 0.614 1.250
7-7-8 0.489 1.048 0.479 1.250
7-7-b 0.489 1,111 0.508 1.250
7-7-c¢ 0.488% 1.162 0.531 1.250

& experimental value

¢ calculated value by Equation 2.16 (McNab equation)

¢ calculated value by Equation 6.5

200 °C)

D, £t " D8 Do % D ¥ %

(mm) (kg/m) (kg/ms) (cm) {cm) dev {cm) dev
19.05 0.625 2.BSE-05 2.955 2.404 -1B.65 3.029 2.50
19.05 0.621 - 2.85E-05 2.810 2.333 -16.97 2.955 5.18
19.05 0.618 2 .B5E-05 2.803 2.185 -22.06 2.792 -0.38
18.05 0.629 2.B5E-05 3.438 2.837 -17.47 3.501 1.84
18.05 0.626 2.8B5E-05 -3.260 2.764 -15.21 3.426 5.08
18.05 0.620 2.B5E-05 3.058 ° 2.434 -18.45 3.136 2.55
26.64 0.623 2.85E-05 3.000 2.408 -19.869 3.038 1.26
26.64 0.620 2.85E-0D5 2.946 2.333 -20.80 2.857 0.37
26.64 0.617 2.8B5E-05 2.828 2.185 -22.42 2.805 -0.85
26.64 0.631 2.BSE-05 3.500 3.045 -12.99 3.724 6.39
26.64 0.625 2.85E-~05 3.275 2.850 -12.88 3.521 7.51
26.64 0.620. 2.85E-05 3.238 2.697 -16.72 3.361 3.79
12.70 0.622 2.85E-05 .2.488 - 1.853 -24.92 2.409 -2.37
12.70 0.620 2.85E-05 " 2.278 1.7389 -23.67 2.280 0.0B
12.70 0.618 2.B5E-05 2.031 1.671 -47.74. 2.203 8.45
12.70 0.628 2.85E-05 2.916 2.303 -21.03 2.811 -0.18
12.70 0.623 2.BSE-QS 2.686 .2.131 -20.€5 2.726 1.48
12.70 0.618 2.85E-05 2.596 1.893 -27.07 2.460 -5.23
12.70 0.631 2.B5E-05 3.3985 2.807 -14.36 © 3.574 5.28
12.70 0.624 2.B5E-05 3.251 2.7114 -16.80 3:371 3.68
12.70 0.619 2.85E-05 2.898 - 2.488B -14 .13 3.132 8.06
19.05 0.622 2.85E-05 2.831 2.244 -20.72 2.B55 0.83
19.05 0.622 2.85E-05 2.874 2.303 -19.88 2.820 1.60
19.05 0.622 2.B5E-05 2.977 2.350 -21.06 2.873 -0.13
19.05 0.618 2.8S5E-05 2.757 2.08B1 -24.52 2.675% -2.98
19.05 0.618 2.85E-05 2.805 2.142 -22.€5 2.744 ~-2.18
19.05 0.618 2.85E-05% 2.8B48 2.188 -23.15 2:797 -41.80
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Table 6.1d Average spout diameters and corresponding.experimental conditions (bed temperature

Run H/Hm u/ums G dp
# ( kg/m?s) (mm)
8-~1-a 1.000 1.101 0.493 1.250
8~2-a 0.646 1.105 0.458 1.250
8-3-a 0.498 1.100 0.375 1.250
12-1-a 1.000 1.103 0.744 1.665
12-2-a 0.727 1.127 0.713 1.665
12-3-a 0.485 1.120 0.571 1.665
20~1-a 1.000 1.027 0.497 1.250
20-~2-a 0.703 1.106 0.476 1.250
20~3-a 0.480 1.114 0.394. 1.250
24-1-a 1.000 1.124 0.857 1.665
24~2-a 0.752 1.124 0.762 1.665
24-3-a 0.470 1.142 0.652 1.665
28~1-a 1.000 1.101 0.323 0.845
28-2-a 0.745 1.077 0.284 0.945
28~3-a 0.471 1.126 0.240 0.945
32-1-a 1.000 1.085 0.452 1.250
32~-2-a 0.750 1.103 0.400 1.250
32-3-a 0.435 1.104 0.315 1.250
36-1-a 1.000 1.086 0.746 1.665
36-2-a 0.743 1.108 0.645 1.665
36-3-a 0.476 1.108 0.539 1.665
8-5-a 0.654 1.041 0.426 1.250
8-5-b 0.654 1.094 0.448 1.250
8-5-¢ 0.654 1.194 0.488 1.250
& experimental value

420 °C)

D, i v D& Do %
(mim) (kg/m) (kg/ms) (cm) (cm) dev
18.05 0.514 3.20E-05 2.834 2.110 -25.53
19.05 0.511 3.20E-05 2.796 2.036 -27.19
18.05 0.510 3.20E-05 2.616 1.846 -28.45
19.05 0.515 3.20E-05 3.514 2.582 -26.52
19.05 0.512 3.20E-05 3.233 2.529 -21.78
19.05 0.510 3.20E-05% 2.957 2.268 -23.30
26 .64 0.511 3.20E-05 2.87¢6 2.119 ~26.33
26 .64 0.510 3.20E-05 2.811 2.074 -26.20
26.64 0.509 3.20E-05 2.740 1.891 -30.99
26.64 0.517 3.20E-05 3.448 2.767 -49.77
26.64 0.513 3.20E-05 3.386 2.612 -22 .85
26 .64 0.511 3.20E-05 3.053 2.420 -20.73
12.70 0.510 3.20E-05 2.478 -4.715 -30.77
12.70 0.509 3.20E-05 2.059 1.611 -21.77
12.70 0.508 3.20E-05 1.9414 1.483 -23.59
12.70 0.515 3.20E-05 2.796 2.023 -27 .66
12.70 0.513 3.20E-05 2.591 1.805 -26.48
12.70 0.510 3.20E-05 2.562 1.695 -33.86
12.70 0.518 3.20E-05 3.312 2.585 -21.94
12.70 0.515 3.20E-05 3.212 2.407 -25.05
12.70 Q.51 3.20E-05 2.880 2.205 -23.45
18.05 0.511 3.20E-05 2.714 1.965 -27.61
18.05 0.511 3.20E-05 2.8089 2.014 -28.31
19.05 0.511 3.20E-05 2.908 2.100 ~-27.79

@ calculated value by Equation 2.16 (McNab equation)

# calculated value by Equation 6.5

05# yA
(cm) dev
2.805 2.50
2.818 0.80
2.586 -1.15
3.470 -1.26
3.412 5.54
3.103 . 4.92
2.920 1.52
2.867 2.00
2.643 -3.53
3.68% 6.85
3.510 3.66
3.284 7.57
2.422 -2.24
2.292 11.33
2,132 9.86
2.796 =-0.00
2.655% 2.46
2.388 -6.42
3.466 4.66

. 3.262 1.55

3.024 5.01
2.731 0.63
2.791 -0.63
2.897 -0.39

A
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Figure 6.3 Effect of bed height and bed temperature on Dg.
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Sand, dp = 1.25 mm, Dj = 12.70 mm, U/Upg = 1.10.
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with Tg was somewhat inconclusive based on this figure. The
effect of the bed temperature is best illustrated in Figure
6.4. At a constant bed height (i.e., H = 27 ¢cm) and a
constant value of U/Ugg, Dg was observed to decrease only
slightly with increasing bed temperature. Thus the effect of
the bed temperature was not significant. Figure 6.4 also
shows the trend of Dg with the bed temperature as predicted
by McNab's correlation, Eqguation 2.16. It clearly
demonstrates that this equation is not suitable for

estimating Dg at high bed temperature.

In general, McNab's correlation worked fairly well for
air spouting at room conditions (see Table 6.1a). As
temperature increased, however,. it underpredicted the
average diameter (Tables 6.1b, 6.1c and 6.1d). It can be
seen from Table 6.1a that the McNab equation was also
unsatisfactory for Run # 38 in which helium gas was the
spouting medium. The method of Littman (1982) was not

applicable because it was restricted to spherical particles.

Based on the theoretical model of Bridgwater and Mathur
(1972), an alternate equation was developed. Starting with

their model,

32fp£Qc2
12y (D, ~Dg)Dg*

= 1 2.14

the following assumptions were made:
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Figure 6.4 Effect of bed temperature on Dg. Sand,

dp = 1.25 mm, D; = 19.05 mm, U/Upg = 1.10
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1. f = kyReg® = k,[4Qgps/umDgl?
2. Qg = k;Q = 0.25k,7D.2G/pg
3. ¢ = kapbg

4. (D.-Dg) = k,Dg

Equation 2.14 then becomes

[ G2+aDC3+2a ]
k

ua(pbpfg)Ds4+a

=1 6.1

where

32k, (4/7)%(k,n/4)2%a
k = 6.2
7T2(k3ku)

Equation 6.1 can be reduced to
Ds4pfpbg - GDc2 @ .3
G%p. 3 uDg

In the above expression, k, a and both groups are

dimensionless. Applying a least squares fit to all the
experimental data yielded k = 438.8 and a = =-0.4708.

Equation 6.1 can also be rewritten as

Gg2+ap 3+2a171/(4+a)
u*(pppsg)

The equation of Bridgwater and Mathur (Equation 2.15) can be
recovered with the following conditions:

1. k, =0.08; a=0

2. k; = 0.5

3. k; = 0.5
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4. kg = 1.0

5. g = 9.81 m/s?

6. pg = 1.20 kg/m3

Substituting k = 438.8 and a = -0.4708 into Equation 6.4

gives

GO.4333p _0.5832,0.1334

D. = 5.606 6.5
S
(Pbpfg)0'2834 _

As seen in Figure 6.4, Equation 2.16 overpredicts the effect
of temperature on the average spout diameter whereas
Equation 6.5 provides better agreement. Table 6.2 summarizes
the average deviations between the experimental values and
the calculated values by these two equations for different
fluid conditions. The deficiency of Equation 2.16 is clearly
demonstrated . Equation 6.5, on the other hand, shows
excellent agreement with the experimental results in each of
the six conditions. Figures 6.5a and 6.5b illustrate the
overall applicability of Equation 6.5 as compared to
Equation 2.16. This proposed expression (i.e., Equation 6.5)
appears to work better than McNab's. It is also
dimensionally consistent, which is another advantage over
the McNab expression. D. and pj, were not varied in this
study. Hence Equation 6.5 has not been tested for the

effects of these two parameters.



Table 6.2 Comparison between experimental and calculated Values of D¢

Spoufing Temp : McNab Eguation Egquation 6.5
gas (°c)  AVERAGE  RMS AVERAGE RMS

| ERROR % ~ ERROR . )

(%) ERROR (%) "ERROR

Air 20 5.6 7.3 ~0.4 3.7
Air 170 -12.2 13.6 -0.8 5.3
Air 300 -18.5 19.9 1.B 3.9
Air 420 . -25.8  26.0 2.3 4.7
Methane 20 -8.3 8.7 . -3.0 5.2
Helium 20 -16.3 46.3 -0.9 2.6

621



Dg (Experimental) , cm

130

- l l
- O Air at 20 deg C
&  Air at 170 deg C
4 - o Air at 300 deg C —]
.V Air at 420 deg C .
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Figure 6.5a Comparison between experimental average spout

diameter and predictidn by Equation 2.16
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2

3

Dg (Calculated) , cm

Figure 6.5b Comparison between experimental average spout

diameter and prediction by Equation 6.5
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6.2 FOUNTAIN HEIGHT

At steady spouting, all observed fountain shapes were
basically parabolic. Fountain heights increased with U/Ugg
but decreased with increasing bed height (Table 6.3 and
Figure 6.6). Chandnani (1984) reported similar findings for
fine particle spouting. The data reported by Grace and
Mathur (1978) indicate the same trend with increasing U/Upg
but the effect of the bed height 1is not completely clear.
However, in most cases, fountain heights were indeed smaller
for higher bed heights. The effect of U/Upg and bed height
on spout particle velocity (Figures 6.7 and 6.8) has been
reported by Lim (1975). Figure 6.7 illustrates that Vgy
increases with U/Upg, which explains the effect of U/Upg on
Hp in Figure 6.6, via Equation 2.38. Figure 6.8, on the
other hand, does not clearly.indicate any effect of bed
height on Vgy, and hence provides no obvious explanation for

the effect of H in Figure 6.6.

The fluid velocity in the spout at the bed surface,
Ugy, was estimated from measured values of Uzy and Dgy
(Table 6.4). For smaller bed heights, Ugy was found to be
higher than for larger bed heights. With the assumption that
higher Ugy produces higher Vgy and since Hp 1is directly
proportional to Vst as 1indicated in Eguation 2.38, higher
fountain heights will be expected from higher Ugy. These

results are consistent with those shown in Figure 6.6



Table 6.3 Experimental values of fountain height

Run

Com
L1
mo;
i
now

Temp

(¢c)

20
- 20
20

20
20
20

170
170
170
170
170
170

300
300
300

300
300
300

420
420
420

] v
(m)

0'8‘3
0.813
0.813

0.279
0.279
0.279

0.464
0.464
0.464

0.267
0.267
0.267

0.413
0.413
0.413

0.267

0.267
0.267

0.270

0,270

0.270

U/Ups

1.076
1.128
1.190

1.058
1.118

1.179

1.079
1.162
1.208

1.039

1,122
1.180

1.055

S 1a112

1.160

1.049
1.1 1
1.162

1,041
1.094
1.191

(cm)

13.74

21.54
26.88

]7.88
24.02
28.64

12.22
16.93
22.86

16.18
21.45
25.29

10.24
15.98
20.58

14,34
19.02
23.80

10.00
13.08
17.88
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Hp in cm Hgp in cm

HF in cm
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Figure 6.6 Effect of bed height and U/Uyg on fountain

height. Sand, dj = 1.25 mm, D; = 19.05 mm
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Figure 6.7 Effect of spouting velocity and particle
diameter on spout particle velocity.
Glass beads, D, = 152 mm, H/D. =3.0,

D;/D; = 0.125 (Lim, 1975)
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Figure 6.8 Effect of bed height on spout particle velocity.

D, = 152 mm, Dj/D. = 0.125, U/Upg = 1.1 (Lim, 1975)
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Figure 6,9 Effect of bed temperature on fountain he’ight.

Ssand, dp = 1,25 mm, Dj = 19,05 mm
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All the observed fountains were general quite stable
regardless of bed temperatures but they started to fluctuate
up and down as U/Upg increased. At an approximately fixed
bed height, the fountain height decreased with 1increasing
bed temperature (Figure 6.9 and Table 6.3). This can be
explained 1in terms of momentum transfer. At a lower
temperature, the higher mass flow rate of gas at a given
velocity causes higher spout particle velocities which
produce higher fountain heights as predicted by Equationr
2.38.



Table 6.4 UsH at selected_ conditions
Run H U/Ums HF DsH v
#

{m) {cm) (m) (m/s)
5-6-b 0.813 1.128 21.54 . 038, .885
5-9-b 0.278 1.118 24 .02 .028 .749
6-5-b 0.464 1.162 16.83 .038 ees
6-6-b 0.287 1.122 21.45 .028 .773
7-5-b 0.413 1.112 15.98 .033 .847
7-7-b 0.267 1.111 18.02 . 029 822

* determined from experimental data

¢

U

sH

s [UDC

2

- 2 2
UaH(Dc , DsH o/

sH

UaH * UsH e
(m/s) (m/s)
0.687 5.68
0.560 6.00
0.675 6.11
0.551 7.41
0.839% 7.49
0.528 B.9%9

6EIL



7. PRESSURE PROFILES AND FLUID AND PARTICLE VELOCITIES IN

THE ANNULUS

7.1 RADIAL PRESSURE PROFILES

Radial pressure profiles in the annulus were measured
as described in Section 3.7.6. The results are listed in
Table 7.1 and plotted in Figures 7.1a, 7.1b, 7.1c and 7.1d.
The radial pressure profiles above the conical section for
all four runs were essentially flat but for Run # 5-6-b,
there were some slight decreases near the column wall. This
can be explained in terms of the wall effect, that is, the
volume adjacent to the wall has a higher voidage than the
rest of the annulus, thus provides an easier passage for gas
flow and subsequently produces the observed drops towards
the column wall as shown in Figure 7.ta. For the other three
runs (i.e., Runs 4 6-5-b, # 7-5-b and # 8-5-b) in which the
bed heights were much lower than that of Run # 5-6-b (see
Table 7.1), there was no decrease in pressure at the wall.
This means that the wall effect becomes less significant for
lower bed heights. In general, the results indicate constant
radial pressure in the annulus for any given bed levels
above the conical region. This is in good agreement with the
previously reported results (Mathur and Epstein, 1974). 1In
addition, the bed temperature had no observable effect on

the shape of the pressure profiles.
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Table 7.1 Experimental values of annular pressure. dp =1.25 mm, D, = 18.05 mm

‘Run Temp - H Ha U/Ums F ‘ P2~PH in diff. rad. posit. (kN/mz) Mean
¥ (°c) (m)  (m) (m) r=3.8 5.2 6.4 7.3 7.7 em  (kN/m2)
5-6-b 20 .0.813 0.840 - 1.128 0.70 1.67 1.63 1.63 1.60 1.4B 1.60
0.50 3.84 3.80 3.76 3.76 3.73 3.78

0.30 5.6 5.68 5.69 5.74 $.66 5.68

0.10 6.18 €.18 6.18B 6.18 6.10 €6.16

0.05 6.49 6.45 €.47

0.00 6.52

€-5-b 170 0.464 0.480. 1.162 0.40 0.867 0.67 0.67 0.65 0.€5 0.66
. : 0.30 1.714 1.67 1.69 1.68 1.68 1.67

- 0.15 2.80 2.76 2.76 2.77 2.77 2.77

0.05 3.21 3.24 3.23

0.00 3.25

7-5-b - 300 0.413 0.430 1.112 0.35 D.69 0.69 0.68 0.68 0.87 0.68
0.25 1.52 1.82  1.52  1.52 1.51 1.52

0.15 2.20 2.20 2.20 2.17 2.17 2.19

0.05 2.68 2.68 2.68

0.00 2.77

B-5-b 420 0.270 0.285 1.094 0.25 0.18 0.19 0.18 0.19 0.18 0.19
0.20 0.57 ©0.57 0.57 0.55 0.56 0.56

D.15 0.81 0.B1 0.80 0.80° 0.80 0.80

- 0.10 1.11 1.08 1.08 1.07 1.05 1.08

0.05 1.37 1.37 1..37

0.00 1.52

A
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Figure'7.la Radial pressure profiles in the cylindrical
section (Tg = 20 °C)

Re = column radius; Rg = average spout radius
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Figure 7.1b Radial pressure profiles in the cylindrical
section (Tg = 170 °cC)

Re = column radius; Rs = average spout radius
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Figure 7.lc Radial pressure profilés in the cylindricai‘
section (Tg = 300 °C)

R, = column radius; Rg = average spout radius
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Figure 7.1d Radial pressure profiles in the cylindrical
section (Tg = 420 °C)

"R, = column radius; Rg = average spout radius
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7.2 LONGITUDINAL PRESSURE PROFILES

Dividing Equation 2.26 by Equation 2.28 yields an
expression which describes the longitudinal  pressure

profiles in the annulus, ie.,

P-Py (28-4)f(x)+3g(x)
o - 7.1
-APg (28-4)f(h)+3g(h)
where
f(x) = 1.5x% - x3 + 0.25%% 7.2a
g(x) = 3x3 - 4.5x% + 3x5 - x6 + 0.143%7 7.2b

The variation of (P-Py)/(-APg) with 2z depends on two
parameters, namely h (i.e., H/Hy,) and p. These parameters
are, in turn, related to the particle and fluid properties.
Equation 2.31, on the other hand, 1is independent of these
two parameters. Figures 7.2a, 7.2b, 7.2c and 7.2d show the
difference between these two expressions under four chosen
conditions (Runs # 5-6-b, # 6-5-b, # 7-5-b and # 8-5-b),
together with the experimental results. 1In each case,
Equations 7.1 and 2.31 produce almost 1identical profiles
with very small deviation. Both equations work well at room
temperature (Figure 7.2a) but overpredict at higher

temperatures (Figures 7.2b, 7.2c and 7.2d).
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Figure 7.2a Longitudinal pressure profiles, experimental

versus predicted (Tg = 20 °C)
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Figure 7.2b Longitudinal pressure profiles, experimental

versus predicted (Tq = 170 °C)
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Equation 2.31 does not predict any effect with bed
temperature and yields the same profile for all four
experimental conditions. For Equation 7.1, the effect of bed
temperature is expressed through g (and partially through Hy
implicitly). The (individual) effect of f can be seen from
Figures 7.2a and 7.2c, wusing the Lefroy-Davidson line as
reference. With H/H, fixed, higher 8 yields lower
(P-Py)/(-APg) for any given values of z/H. Since § increases
with increasing bed temperature, therefore Equation 7.1
predicts that if H/Hp is fixed, a higher bed temperature
will produce lower (P-Py)/(-APg). The experimental results
(from Runs # 5-6-b and # 7-5-b) show a similar qualitative
trend, that is, (P-Py)/(-APg) decreases with increasing bed
temperature. However, Equation 7.1 1is still somevhat
unsatisfactory because quantitatively its predicted values
do not <compare well with experimental values at higher
temperatures. Improvement of Equation 7.1 can be made by
replacing Upyf of Equation 2.27c with the measured value of
UaHm' As indicated in Table 7.2 of the next sub-section, at

at

room temperature, UaHm was approximately equal to Ug¢s

higher temperatures, it was slightly smaller and the
difference increased with temperature. Hence using UaHm
instead of Up¢ in Equation 2.27c generally produces higher
values of f and hence lower values of (P-Py)/(-APg) by
Equation 7.1. However, (P-Py)/(-APg) is not very sensitive
to B, as shown 1in Figures 7.2a and 7.2c. Hence this

improvement was too small to account for the measured
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differences observed at high temperatures.

7.3 LONGITUDINAL FLUID VELOCITY

Section 3.7.5 described how the fluid velocities in the
annulus (U,) were determined. All measurements of U, were
made at a fixed radial position and the data are presented
in Figure 7.3. There is no obvious trend regarding the
effect of bed temperature and it is also clear that all data
points do not fall on the same curve. In order to interpret
the data on U, and compare them with existing equations, it
is important to determine UaHm' which was not measured
experimentally. However, Lim (1975) has shown that under any
fixed conditions of D., D;j, U/Upg, bed material and spouting
fluid, U, at any given z is independent of bed height. 1In
addition, U, rises rapidly with 2z and levels off to a
constant value. These two unique features make it possible
to extrapolate to UaHm from data obtained at bed heights
below Hp. Table 7.2 lists the experimental results of U,
versus z together with the values of UaHm obtained by
extrapolation. These final results are then plotted in
Figure 7.4 where they are compared to Equation 2.22 with
UaHm replacing Ugf (Mamuro and Hattori, 1968), Equation 2.23
(Lefroy and Davidson, 1969) and Equation 2.24 with n = 2
(modified L-D). Equation 2.23 consistently underpredicted
whereas the modified version, Equation 2.24, showed better

agreement. Equation 2.22 did not work perfectly either, but
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Table 7.2

Run

5-6-b

€-5-b

7-5-b

19.05 mm

Experimenta) values of annular filuid velocity. g = ~1.25 mm, U‘ =

Temp H Im C\cam z cm. cha caﬁ
°c) (m) (m) (m) (m/s). (m/s) (m/s)
20 0.813 0.840 1.128 0.70 0.6742 0.7000 0.7000

, 0.50 0.6427

0.40 0.6180

0.30 0.5771

0.20 0.5171

0.15 0.4880

0.10 0.2928

0.05 0.1177
170 0.464 0.480 1.162 0.45 0.6726 0.6800 0.7100

0.40 0.8340

0.30 0.5674

0.20 0.5002

0.15 0.4302

0.10 0.3160

0.05 0. 1445
300 0.413 0.430 1.112 0.35 0.5¢e52 0.6500 0.68700

; 0.30 0.5479

0.25 0.4984

0.20 0.4103

0.15 0.2821

0.10 0.2160

0.05 0.1558
420 0.270 0.285% 1.094 0.25 0.5384 0.5700 0.6300

0.20 0.5084

0.15 0.2363

0.10 0.2616

0.05 0.2284

2]
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Figure 7.4 Longitudinal annular fluid velocity distribution
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it was not any worse than Equation 2.24. Similar scatter has

been noted by Epstein et al., 1978.

7.4 LONGITUDINAL PARTICLE VELOCITY

Rovero et al. (1986) have pointed out that the flat
wall in a half column causes particles to slow down due to
friction. This effect becomes very dominant at the corner
between the flat and round walls. The particle velocity
measured at the flat wall of a half column is therefore
lower than that at the same radial position in a full
column. Hence, the procedure described 1in Section 3.7.5
would not give very accurate results. However, for purposes
of comparison and qgqualitative analysis, this method 1is

probably adequate.

Table 7.3 lists all the measured results and Figure 7.5
shows a set of typical results. The ©particle velocity
generally increased with bed 1level but decreased with
increasing radius. The only exception was near the fluid
inlet (i.e., in the conical section) where the velocity next
to the spout wall was somewhat higher than that at the upper
bed levels. This phenomenon is the result of reducing
cross-sectional area in the cone.

The effect of bed temperature on V_ is shown in Figures

p
7.6a, 7.6b and 7.6c which compare the particle velocities at



Table 7.3 Experimenta) values.of particle velocity, o

<]

= 1.25 mm, D, = 19.05 mm

Run Temp . H Hg U/Upe .z Vp(rr) .Vp(r:) Vp(ra) : Vp(r.) .Vp(rr) Vp'
# (°c) (m) . (m) (m) (em/s) (em/s) - (em/s) {cm/s) (ecm/s) (cm/s)
5-6-a- 20 0.813 0.8B40 1.128 0.80 4.989 4.776. 4.598 4.328 3.002 4.315
0.70 4.040 3.8B3° 3.578 3.436 2.222 3.414
0.60 3.1985 2.788 2.304 1.858 1.199 2.128
0.50 2.532 2.448 2.103 1.844 0.742 1.828
©.40 1.778 1.720 1.481 1.114 0.28B8% 1.213
0.30 1.62¢€ 1.338 1.034 0.750 0.180 0.872
0.20 1.064 1.053 0.668 0.2B7 0.068 0.512
0.10 1.704 1. 166 0. 142 0.0 0.0 0.341
0.05 3.717 1.211 0.0 0.0 0.0 0.815
6-5-b - 170 0.464 0.4B0 1.162 0.45 2.597 2.513 1.871 1.467 0.857 1.700
0.40 '{1.878 1.584 1.428 1.188 0.360 1.230
0.30 1.855 1.331 1.011 0.811 0. 182 0.893
0.20 1.236 0.886 0.696 0.370 0.117 0.521
0. 10 2.120. 2.044 0.558 0.100 0.0 0.667
0.08 4.211: 0.612 0.0 0.0 0.0 0.551
7-5-b 300 0.413 0.430 1.112 0.40 2.143 1.668 1.486 1.325 0.405 1.323
0.30 1.617 1.182 0.848 0.830 0.180 0.857
0.20 1.345 0.765 0.557 0.363 0.080 0.468
0.10 2.661 1.073 0.213 0.0 0.0 0.351
0.05 4.878 0.797 0.0 0.0 0.0 0.656
g-5-b &20 0.270 0.285 1.084 0.25 3.315 1.288 0.841 ©.384 0.108 0.682
0.20 1.880 1.188 0.765 0.325 0.0€8 0.582
0.15 1.928 1.088 0.424 0.238 0.0 0.457
0.10 2.525 2.176 0.270 0.0 0.0 0.613
0.05 4,115 ©.838 0.0 0.0 0.0 0.610

» Definec by Equation 3.9

LS
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Vp in cm/s

r in cm

Figure 7.5 Particle velocity in the annulus (Run # 7-5-b)
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the same bed 1levels but for different béd heights and
temperatures. Other parameters, such as dp, D;, D, and U/Ums
were fixed. There were no significant differences in the
particle velocities under these conditions, indicating that
for any given bed level, Vp(r) was independent of bed height
and temperature. With this assumption, the radial-averaged
particle velocity for all four runs was determined using
Equation 3.9 and the final results are plofted on a single
graph (Figure 7.7). Although there was some scatter, most of
the points seemed to lie on one curve. This average particle
velocity, Vp generally increased with bed level, except in
the conical section, where it decreased with increasing bed

level.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS

1. Experimental values of Uy, were compared to the
Mathur and Gishler equation (i.e., Equation 2.1), which
worked reasonably well at high temperature conditions but
consistently underpredicted at room temperature, with
deviations up to 30%. Applying statistical analysis to all
the data from this work produced exponents which are
somewhat different from those of the Mathur-Gishler
equation, but the magnitude of corresponding exponents were
roughly of the same order. Although the Mathur and Gishler
equation was found to be unsatisfactory over the entire
range of temperatures, it did manage to predict correctly

the qualitative variation of Upg with each variable.

2. The eguation of Epstein and Levine (i.e., Equation
2.28) gave good prediction of bed pressure drop for room
conditions but it overestimated the effect of temperature.
It is important to noté that this expression is based on the
assumption of annular fluidization at Hp. Experimental
results, however, 1indicated that the spout termination
mechanism at high temperature might be due to choking of the
spout or instability of the spout-annulus interface, rather
than fluidization of ‘the "entire" annulus surface. This

would explain the discrepancy.

164
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3. The spout diameter data for air at room conditions
were in good agreement with those calculated by the McNab
equation (i.e., Equation 2.16). The same equation was,
however, found to be unreliable for air spouting at higher
temperatures and for helium at room temperature; it failed
to include fluid viscosity as a variable and also appeared
to overestimate the effect of fluid density. A
semi-empirical expression has been developed, by including
both density and viscosity as parameters, and it seems to

work much better than the McNab equation.

4. Experimental values of H, were compared to the McNab
and Bridgwater expression (i.e., Equation 2.8). Although it
consistently gives 1low estimates of Hp, it correctly
predicts the observed trend. For air spouting, H, decreased
with increasing temperature, indicating that steady spouting
became more difficult. All other established equations for
H, which fail to include the effect of temperature or
predict the opposite trend of Hy with temperature will not

be applicable for design purposes at high temperatures.

5. H increased with increasing pg but decreased with
increasing u (see Table 4.2). This 1is consistent with the

observed effect of temperature on Hg.

6. The longitudinal fluid velocity in the annulus was

reasonably well described by the Mamuro and Hattori equation
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(i.e., Equation 2.22) and the modified Lefroy and Davidson
equation (i.e., Equation 2.24 with n = 2), provided that Upgf
was replaced by UaHm° This is significant since UaHm becomes
smaller than Upgf as the temperature increases. This
observation further suggested that at high temperature,

annular fluidization might not be the spout terminating

mechanism.,

7. The longitudinal pressure profiles in the annulus
could be represented by the Lefroy and Davidson eqQuation
(i.e., Equation 2.31). The more complicated expression of
Epstein and Levine (i.e., Equation 7.1) worked well also,

but did not produce better prediction.

8. The temperature did not have any significant effect
on the particle <circulation rate in the annulus. The
radial-average particle velocity was found to increase with
bed level, except at the conical section, where the

cross—sectional area was smaller.

8.2 RECOMMENDATIONS

1. One particular area of interest is the effect of
viscosity and density on the spoutability of particles.
Based on the results for Hp, these two variables cannot be
ignored. Future study in this area should also include D;

and dp since they too have been found to be important
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factors.

2. The effect of pressure on the hydrodynamics is also
important. In addition, by operating the spouted bed wunder
selected conditions of pressure and temperature, it becomes
feasible to investigate the individual effect of wviscosity
under the condition of constant density. This is possible
because the gas viscosity increases with temperature but is
not very sensitive to change in pressure, whereas the
density can be kept roughly constant by fixing the ratio of

P/T.

3. Data from a fully cylindrical column should be

obtained for comparison.



NOTATION

ag Ag/Ac

A prmet/[(Pp_Pf)gDi]

Ar dp3(pp-pf)pfg/u2

A. Column cross-sectional area (m?)

Ag Spout cross-sectional area (m2)

b Unm/Ung

dp Average particle diameter (m)

dpi Mean diameter of adjacent screen apertures (m)

dpj Reciprocal mean diameter from sieve |
analysis (m)

D, Column diameter (m)

D; Orifice diameter (m)

Dg(z) Spout diameter at z (m)

Dg Area-averaged spout diameter (m)

Dg* Dg at H = Hp and U = Upg (m)

Dgy Dg at z = H (m)

Dg, Ds at z = Hp ’ (m)

f Friction factor

g Acceleration due to gravity (m/s2)

G psU (kg/m2s)

Gz Volumetric flowrate of solids (m3/s)

h H/Hp,

H Loosely packed bed height (m)

Hy Annulus height (m)

Hp Fountain height (m)

Hp, Maximum spoutable bed height (m)
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k
k1r

K, o,

Constant in Egquation 6.1

k,, ks and k,

Constants in Equation 6.2

7, w and ¢

Parameters in Equation 5.1
Coefficient in Ergun equation
Coefficient in Ergun eguation
Number of particle size measurements or
of data points

Flow regime index

Richardson-Zaki index

Pressure

Atmospheric pressure

Absolute pressure measured upstream
with the solids in the bed

Absolute pressure measured upstream
without the solids in the bed
Absolute pressure at z = H

Absolute pressure in the bed
Absolute pressure in the bed at z
Pressure drop across the bed
Pressure drop measured above the orifice
Minimum fluidization pressure drop
Minimum spouting pressure drop
Volumetric flowrate in the spout
Total volumetric flowrate of fluid

Radial distance from the spout axis
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(kg/m3s)
(kg/m%)



z, 2

Pb

Umfpfdp/u

Utpfdp/u

Column radius

Spout radius

Defined in Equation 5.2

Average bed temperature

Superficial fluid velocity

Superficial annulus fluid velocity at z

H

Ua at z

U, at z Hpy
Choking velocity

U at H = Hp

ms
Superficial minimum fluidization velocity
Superficial minimum spouting velocity
Superficial fluid velocity in the spout

U. at z = H

s
Ug at z = Hp
Terminal velocity of a particle

Annular particle velocity at r (downward)
Radial-averaged annular particle velocity
Particle velocity in the spout at z = H
z/Hp

Weight fraction of particles having an
aperture mean diameter of dpi

Vertical distance from the fluid inlet

Index in Equation 6.1

Bulk solids density

170

(m)
(m)
(m)
(°C, °K)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(cm/s)
(cm/s)
(cm/s)

(m)

(kg/m3)
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Fluid density (kg/m3)
True particle density (kg/m3)
Annulus voidage

Voidage at choking

Voidage at minimum fluidization

Shape factor of the particles = sphericity

2 + (3K,/2K,Up¢)

Net downwards force per unit volume

exerted by the solids (kg/m2s2)
Fluigd viscosity (kg/m-s)
Parameters in Equation 2.2

Spoutability parameter

Angle of internal friction (%)
Angle of repose (%)

Defined by Equation 2.36
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APPENDIX A - MAXIMUM SPCGUTABLE BED HEIGHT

A.1 DERIVATION OF Hg

At the minimum fluidization condition, the Ergun (1955)

equation becomes:

dap
(-2 mt = (pp_"’f)“"‘?mf)g = KqUpg * K2Umf2 A
where

150u(1-epg)?

K, = > 3 A.2a
1.75p¢(1-€epng)

K, = f 3mf A.2b

¢dp€mf

Multiplying Equation A.1 by

3
pgdp ¢€mf3

1.75u2 (1=ep¢)
it can be shown that

1-€

Repsl + 85.71[ Remf] - 0.57leps3¢Ar = 0 A.3

where

a3 (py-pe)ang
Ar = P P A.4a

u?

PeUnedp
mf = “7:"’ A.4b

Re
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Equation A.3 can be solved to yield

P£Upgd 1-emt]
Reps = ——~%——E = 42.86[ ¢m
3 -
emf
[ 1+311x10-‘[?——9——73 ¢3Ar - 1} A.5
1-e€
mf/

An expression for Hp is obtained by combining Equations 2.5,

2.1a and A.5 to eliminate Uy and Up¢:

- 918627 [1-c_ ]2
. D.2] [D.]2/3[918b2] [1-epe
" | d D; Ar ¢

p L

r T e g3 2
_ mf 3
1+311X10 "¢ | ———— | ¢°Ar - 1 A.6
_(1_‘3mf)2

This expression is reduced by substituting ¢ and epf with
0.6689 and 0.4744, respectively:

D, 2] [D.]2/3[568b2
H = |—||— [V1+35.9%10 SAr - 112 A.7

m
dp D; Ar

A.,2 EFFECT OF TEMPERATURE ON Hp

When temperature increases, fluid density decreases
while viscosity increases, which results in a lower value of
Ar if dp is fixed. Hence, the effect of temperature can be

related to the effect of Ar. Equation A.7 is rewritten as

Hp = C,[/1/Ar+35.9%10°¢ - /1/ar]? A.8

and
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aH
—2 = ¢,[/T1/Ar+35.9%10-¢ - J/1/Ar]
dAr

i 1
- A.9
[JAr3 JAr3+35.9X10‘5Ar4

> 0 for Ar > 0

implying that Hp increases with Ar and thus decreases with

increasing temperature.

A.3 CRITICAL PARTICLE DIAMETER

Substituting Equation A.4a into Eguation A.7, the

result can be rewritten as

.10

I
3
]
jol}
@]
w v
.
+
(@]
w
[N
o)
w
I
—
N
>

and
dHp, [ 1 '}
— - —5
ddp ‘ dp |
1 dp4 -4 -C,] 2
- 3 5+ > + __3 A.11
2 |1+C5dp° [8p° dp”] dp,

(dp)crit is found by setting d(Hm)/d(dp) equal to zero. The

_solution is then
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(dp)erit> = 8/Cs A.12

It can be shown from Equations A.4a and A.7 that

(pp=Pg)gp
C, = 35.9x1o—6[ p 7t 7t A.13
42
Therefore
u2 1/3
(dplerit = 60.6{ } A.14
(op=pglaps

A.4 EFFECT OF ¢ AND epr ON (dp)orit

If Equation A.6 1is used instead of Equation A.7 when

deriving (dp)crit' C; of Equation A.11 will be defined by

3 (pe-pe)
€ Pa=PE)GP
C,y = 311x10-5{——EEL——}¢3{—31—£———£] A.15

(1‘€mf)2 l-l2

and

(1-eqg)2]1/3 42 1/3
(dp)crlt = 29.52 ——35—— A.16
) €mf ¢ g(Pp_pf)pf

which clearly shows how (d varies with ¢. The effect

p)crit
of ey r can be illustrated by differentiating (dp)crit with
respect to epr. In fact, it is easier to differentiate

(dp)crit3' First, Equation A.16 is rewritten as
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and
3 - - -
d(dp)crit _ C 3 _ 4 N 1
T 3 2
depg emf4 mf €mf
= ‘Ca[(emf—1)(emf“3)]/emf4 A.18
< 0 for 0 < epf < 1

which means that (dp)crit3 and hence (dp)crit decreases with

increasing €mf -
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Table B. 1 Particlie size distributions

Size Range

LA R 3 3 SMALL L2 2 2

Ak kB MEDIUM L2 2 2

.00
.68
.41
.18
.00
0.841
0.585

- s N

LA R LARGE e rw

.38
.00
.68
.41
.18
.00
0.841

I SR N

(mm).

- 1.19

1.
0.
o.
0.

O OO w4 = &

2
1
1
1
1.
0.
0.

00

B4t
585
354

.68
.41
.18
.00
.841
.58%
.354

.00
.68
.41
.18

00
841
595

BEFORE EXPERIMENTS

weight friction for sample #

1 2 < 4
0.0058 0.0030 0.0044 0.0083
0.5170 0.3857 0.4287 0.573%
0.38€3 0.3686 0.3920 0.3258
0.0806 0.2092 0.1605 0.0844
0.0001 0.0235 0.0145 0.0010
0.0021 0.001% 0.0024 0.0062
0.2280  0.2684 0.1986 0.1836
0.5246 0.5257 0.4905 0.5438
0.2276 0.1820 0.2538 0.2326
0.0136 0.00980 0.0256 0.0178
0.0040 0.0031% 0.0207 - 0.0125
0.0002 0.0003 0.0075 0.0034
0.1270 0.1213 ©0.1038 0.1144
0.5126 0.5288 0.5078 0.4877
0.3147 0.3064 0.3046 0.3005
0.0307 0.0315 0.0450 0.0649
0.0087 0.0072 0.0147 0.0227
0.0027 0.0026 0.0056 0.0056
0.0037 0.0023 0.0186 0.0043

AFTER EXPERIMENTS
Weight friction for sample #

(oo NoloNo)

1 2 3 a
.0054 0.0035 0.0032 0.0037
.4830 ©0.3370 0.3888 0.5190
.3553 °© 0.4018 0.3913 0.3445
.1448 0.2139 0.1872 0.1256
.0115 0.0438 0.0185 0.0071

10.0024 0.0030 0.0018 0.0111
0.1556 0.2142 0. 1308 0.1898
0.4928 0.5387 0.5018 0.5114
0.2855 0.2180 0.2881 0.2485
0.0336 0.0153 0.0436 0.0258
0.0214 0.0076 0.0237 0.0114
0.0086 0.0032 0.0103 0.0020
0.1052 0.101¢ 0.0838 0.1077
0.4600 0.4768 0.3870 0.5348
0.3412 0.2140 0.3132 D.2380
0.0674  0.0€5¢ 0.1048 0.¢0585
0.0158 0.0201 C.0429 0.0243
0.0054 0.078S 0.0183 2.0086
0.0050 0.0153 0.01298 0.0101

g4 XIANdddav

SNOTLNE18LS1A 4218 F1J148Vd



APPENDIX C ~ CALIBRATION CURVES

C.1 FLOWMETER CALIBRATION FOR GASES

For a rotameter, the governing equation is

G = CpA ngF(pF-pf)Pf]1/2
P agl1-(a,/8,)2]

where

Vg = volume of the float

pp = density of the float (usually >> pg)

pg = density of the gas

A, = cross—-sectional area of the tube

A, = area of annulus between the float and tube
Ap = maximum cross-sectional area of the float
Cp = drag coefficient

G = mass flowrate of gas

The coefficient Cp depends on the shape of the float
and the Reynolds number for the flow through the annular
space of area A,. If the float is kept at a fixed wvertical

position, Cp can be assumed constant. Equation C.1 then

becomes
G = B1fo C.2
Figure C.1 1illustrates the schematic set-up for the

rotameter calibration. If the ideal gas law is assumed, and

182



| P = [P,+P,]/2

ATMOSPHERE

/

GAS METER

Py Vv Ty

Pg -
TR
. ROTAMETER
VR
i
VALVE
Figure C.1

E—

Schematic set-up for rotameter

Py = [P3+P,]/2

calibration

€81
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and

Pm

R

where pg = fluid density in rotameter. Combining Equations

C.2 and C.4 yields

PMm
By = Vm|—|VPRr C.5
Pr
A standard condition of P = 1 atm and T = 20 °C was chosen.

Substituting Equation C.5 into Equation C.2 gives

Py
Ggrp = [VM[_—JVPRJVDSTD C.6
Pr
and
v GgTp v [PM] PR c.
STD ~ = - .
PSTD PrINPsTD
For ideal gas
P Pp
R . c.8

Pstp  PsTD

Substituting this relation into Equation C.7 gives

p
M
Verp - VM[___] c.s

VPRrPgrp
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where

Py = absolute pressure of the gas meter
Pp = absolute pressure of the rotameter
PSTD = 1 atm
Vy = measured volumetric flowrate (gas meter)
Vgrp = corresponding volumetric flowrate
for 1 atm and 20 °C
Using Equation C.9, two calibration curves were produced

(Figures C.2 and C.3).

C.2 FLOWRATE IN THE SPOUTED BED

Figure C.4 is a simplified flow diagram of the

experimental apparatus. Applying the ideal gas law,

From the rotameter reading, Vgpp was determined from
the calibration curves (i.e., Figures C.2 and C.3). This
value is not equal to the actual volumetric flowrate (Vg)
through the rotameter. However, it has been shown that for a

gas rotameter that

VR=B1/VDR C.11

Therefore



_30 , T i —— 'l. [ [ t
Temperature = 20 deg C

 Pressure = 1 gtm.

8
]

Air flow rate (ft2/min)
2
]

V = 0.4800 + 0.2945 X R

{ L b i [ i f -

0 20 40 60 80
Rotameter reading

Figure C.2 Calibration curve (large rotameter)
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Temperoture = 20 deg C

- Pressure = 1 atm.

N
|

oL )
™

Air flow rate (ft3/mi_h)

. V = 0.2692 + 0.0212 X R _

| ] | | | ‘ |
0 50 100 .. 150 200 250
Rotameter reading |

L8

Figure C.3 Calibration curve (small rotameter)



=  EXHAUST

Ps
A SPOUTED BED
PR T
ROTAMETER Tﬁ
Vg
VR
VALVE

Figure C.4 Sim-pl'ifiedv flow diagram of the apparatus
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VR PSTD

VsTp PR

PSTD Psrp
VR = Vstp|—— = VsTD|—— C.13
PR Pp

Substituting Equation C.13 into Equation C.10 gives

and

Pgrp|PRTs Tg{VPgTpPR
Ve = 2Pl 22 oy = C.14
S STD STD
Py |PgT Trl Pg

where
Vg = volumetric flowrate through the spouted bed
Vgpp = volumetric flowrate taken from
the calibration curve(s)
_pSTD = 1 atm
Pp = absoclute pressure of the rotameter
Pg = absolute pressure of the spouted bed
Tgr = temperature of the rotameter(°K)
Tg = temperature of the spouted bed(°K5
The same calibration curves (i.e., Figures C.2 and C.3)
could be used for different gases by making appropriate

corrections, i.e., replacing pgpp/pRr in Equation C.12 by

[MSTDPSTD]//{MRPR]
Tgrp TR

in which M and Mgpp are molecular weights. Note that for

the same gas at the same temperature, the above ratio would
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be reduced to (PSTD/PR).

C.3 CALIBRATION CURVE FOR -AP, VERSUS -AP,

Data and the resulting curve are shown in Table C.1 and

Figure C.5.

C.4 CALIBRATION FOR THE STATIC PRESSURE PROBE

The calibration data of pressure drop versus U, were

fitted to a second order polynomial, i.e.,

-AP = d,U, + d,U,° C.15
with Uy in m/s and -AP in inches of butanol. The results are

summarized in Table C.2.



Table C.1 Calibration data of (-APg) versus (;APa)

Table C.2 Fitting parameters of Equation C.15

' Run

(_APS) (_Apa)
(cm of Hg) (cm of Hg)
0.64 0.49
1.24 1.10
2.22 2.08
3.17 3.06
3.97 3.90
4.96 4,91

dp

= 1.25 mm, py = 2600 kg/m3

and air at atmospheric pressure.

Temp

( C)

20
170
300

420

d,

.99232
05510
.05856

.08820

d.

.71996
.60319 .
.42582

.39660
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(cm of Hg)

—hPg

0 1 2
—-AP,  (cm
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- .FiQure»C.S APy versus —APg
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f_APPENDIX D - EXPERIMENTAL CONDITIONS

Ottawa Sand, Pp = 2600 kg/m3
Gas Temp dp Dj H H/Hm U/Ums
(°c) (mm) - (mm) (m)
AIR 20 0.945 19.05 1.168 1.000 1.000
AIR 20 0.945 19.05 1.168 1.000 1.075
AIR 20 0.945 19.05 1.168 0.761 1.000
AIR 20 0.945 19.05 1.168 0.761  1.095
AIR 20 0.945 19.05 1.168 0.495 1.000
AIR .20 0.945 19.05 1.168 0.495 1.124
AIR 170 0.945 19.05 0.419 1.000 1.000
AIR 170 0.945 19.05 0.419 1.000 1.101
- AIR 170 0.945 19.05 0.419 0.697 1.000
- AIR 170 0.945 19.05 0.419 0.697 1.104
- AIR 170 0.945 19.05 0.419 0.484 1.000
- “AIR 170 0.945 19.05 0.419 0.484 1.099
- AIR 20 1.250 19.05 1.067 1.000 1.000
- AIR 20 1.250 19.05 1.067 1.000 1.085
- AIR 20 1.250 19.05 1.067 0.753 1.000
- AIR 20 - 1.250 19.05 1.067 0.753 1.121
- AIR 20 1.250 19.05 1.067 0.485 1.000
- AIR 20 1.250 19,05 1.067 0.485 1.110
- AIR 170 . 1.250 19.05 0.648 1.000 1.000
- AIR 170 ~ 1.250 19.05 0.648 1.000 1.089
- AIR 170 1.250 19.05 0.648 0.696 1.000
- AIR 170~ 1,250 19.05 0.648 0.6396 1.114
- AIR 170 1.250 19.05 0.648 0.451 1.000
AIR 170 1.250 19.05 0.648 0.451 1.100
‘AIR 300 1.250 19.05 0.546 1.000 1.000
AIR 300 1.250 19.05 0.546 1.000 1.105
AIR 300 1.250 19.05 0.546 0.756 1.000
AIR 300 1.250 19.05 0.546 0.756 1.113
AIR 300 1.250 19.05 0.546 0.510 1.000
AIR 300 1.250 19.05 0.546 0.510 1.106
AIR 420 1.250 19.05 0.413 1.000 1.000
AIR = 420 1,250 19.05 0.413 1.000 1.101
- AIR 420 1.250 19.05 0.413 0.646 1.000
- AIR 420 1,250 19,05 0.413 0.646 1.105
AIR 420 1,250 - 19.05 0.413 0.499 1.000
AIR 420 1.250 19.05 0.413 0.499 1.100
CONTINUED
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Run Gas ~Temp dp. Dj H . H/H, U/Ums
# : (°c) (mm) (mm) (m)
9-1 AIR - 20 1.665 19.05 1.010 1.000 1.000
9-1-a AIR 20 1,665 19,05 1.010 1.000 1.053
9-2 AIR 20 1.665 19.05 1.010 0.723 1.000 .
9-2-a AIR 20 1.665 19.05 1.010 0.723 1.044
9-3 AIR 20 1,665 19.05 1.010 0.497 1..000
9-3-a AIR 20 1.665 19.05 1.010 0.497 1.123
10-1 AIR’ 170 1.665 19.05 0.800 1.000 1.000
10-1-a AIR 170 1.665 19,05 0.800 1.000 1.071
10-2 AIR 170 1.665 - 19,05 0.800 0.746 1.000
10-2-a AIR 170 1.665 19.05 0.800 0.746 1.115
10-3 AIR 170 1.665 19.05 0.800 0.500 1.000
10-3-a AIR 170 1.665 19.05 0.800 0.500 1.092
11-1 AIR 300 1.665 19.05 0.721 1,000 1.000
li-1-a AIR 300 1.665 19.05 0.721 1.000 1.064
11-2 AIR 4 300 1.665 19.05 0.721 0.723 1.000
11-2-a AIR 300 1.665 19.05 0.721 0.723 1.179
11-3 AIR 300 +.665 19.05 0.721 0.498  1.000
11-3-a AIR - 300 1.665 19.05 0.721 0.498 1.126
12-1 _ AIR 420 1.665 19.05 0.629 1.000 1.000
12-1-a  AIR 420 1.665 19.05 0.629 1.000 1.103
12-2 AIR 420 1.665 19.05 0.629 0.727 1.000
12-2-a AIR 420 1.665 19.05 0.629 0.727 1.127
12-3 AIR 420 1.665 19,05 0.629 0.485 1.000
12-3-a " AIR 420 1,665 19.05 0.629 0.485 1.120
17-1 AIR 20 1.250 26.64 1.026 1.000 1.000
17-1-a AIR 20 1.250 26.64 1.026 1.000 1.026
17-2 - AIR 20 1.250 26.64 1.026 0.811 1.000
17-2-a - AIR 20 1,250 26.64. 1.026 0.811 1.119
17-3 AIR - 20 1.250 26.64 1.026 0.508 1.000
1'7-3+a AIR ' 20 1.250 26.64 1.026 0.508. 1.122
-18-1 AIR 170 1.250 26.64 0.705 1.000 1.000
. 18-1-a AIR 170 1.250 26.64 0.705 1,000 1,098
18-2 _ AIR 170 1.250 26.64 0.705 0.806 1.000
18-2-a - AIR 170 1.250 26.64 0.705 0.806 1.134
18-3 AIR 170 1,250 26.64 0.705 0.505 1.000
1.250 26.64 0.705 0.505 1.117

18~3-a AIR 170

CONTINUED
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CONTINUED

_Run Gas Temp dp Dy H H/Hm U/Ums
# (°C) (mm) (mm) (m)

19-1 AIR 300 1.250 26.64 0.419 1.000 1.000
19-1-a - AIR 300 1.250 26.64 0.419 1.000 1.093
19-2 - AIR 300 1.250 26.64 0.419 0.773 1.000
19-2-a ‘AIR 300 1.250 26,64 0.419 0.773 1.090
18-3 AIR 300 1.250 26.64 0.419 0.523 1.000
19-3-a AIR 300 1.250 26.64 0.419 0.523 1.106
20-1 AIR 420 1.250 26.64 0.343 1.000 1.000
20-1-a AIR 420 1.250 26.64 0.343 1.000 1.027
20-2 ' AIR 420 1.250 26.64 0.343 0.703 1.000
20-2-a AIR 420 1.250 26.64 0.343 0.703 1.106
20-3 _ AIR 420 - 1.250 26.64 0.343 0.490 1.000
20-3-a - AIR 420 - 1.250 26.64 0.343 0.490 1.114
21-1 -AIR 20 1.665 26.64 0.978  1.000 1.000
21-1-a AIR 20 1.665 26.64 0.978 1.000 1.011
21-2 AIR 20 1.665 26.64 0.978 0.850 1.000
21-2-a- AIR 20 1.665 26.64 0.978 . 0.850 1.109
21-3 - AIR 20 1.665 26.64 0.978 0.572 1.000
21-3-a AIR 20 1.665 26.64 0.978 0.572 1.148
- 22-1 AIR 170 1.665 26,64 0.838 1,000 1.000
22-1-a AIR 170 1.665 26.64 0.838 1.000 1.050
1 22-2 AIR 170 1,665 26.64 0.838 0.746 1.000
22-2-a AIR 170 1.665 26,64 0.838 0.746 1.123
22-3 AIR 170 1.665 26.64 0.838 0.504 1.000
22-3-a AIR 170 1.665 26,64 0.838 0.504 1.131
23-1 AIR 300 1.665 26.64 0.679 1.000 1.000
23-1i-a AIR 300 1.665 26.64 0.679 - 1.000 1.080
23-2 AIR 300 1.665 26.64 0.679 0.748 1.000
23-2-a AIR 300 1.665 26.64 0.679 0.748 1.113
23-3 AIR 300 1.665 26.64 0.679 0.505 1.000
23-3-a AIR . 300 1.665 26.64 0.679 0.505 1.124
24-1 AIR 420 1.665 26.64 0.540 1.000 1.000
24-1-a AIR 420 1.665 26.64 0.540 1.000 1.124
24-2 AIR 420 1.665 26.64 0.540 0.752 1.000
24-2-a AIR 420 1.665 26.64 0.540 0.752 1.124
24-3 AIR 420 1.665 26.64 0.540 0.470 1.000
24-3-a AIR 420 1.665 26.64 0.540 0.470 1.112
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“Run Gas Temp dy Dy H H/H,  U/0,
# ‘ (°c) (mm) (mm) (m)

25-1 AIR 20 0.945 12.70 1.372 1.000 1.000
25-1-a AIR 20 0.945 12,70 1.372 1.000 1.029
25-2 . AIR 20 0.945 12.70 1.372 0.815 1.000
25-2-a AIR 20 0.945 ° 12.70 1.372 0.815 1,110
26-3 AIR .20 0.945 12.70 1.372 0.530 1.000
25-3-a AIR 20  0.945 12.70 1.372 0.530 1.124
26-1 AIR 170  0.945 12,70 0.724 1.000° 1.000
26-1-a AIR 170 0,945 12.70 0.724 1.000 1.108
26-2 AIR 170 0.945 12,70 . 0.724 0.758 1.000
26-2-a AIR 170 0.945 12.70 0.724 0.758 1.102
26-3 AIR 170  0.945 12.70 0.724 0.492 1.000
26-3-a AIR 170 0.945 12,70 0.724 0.492 1.091
27-1 © 'AIR 300 0.945 12.70 0.635 1.000 1.000
27-1-a AIR 300 0.945 12.70 0.635 1.000 1.046
27-2 AIR 300 0.945 12.70 0.635 0.750 1.000
27-2-a AIR 300 0.945 12.70 0.635 0.750 1.083
27-3 . AIR 300 0.945 12.70 0.635 0.490 1.000
27-3-a AIR 300 0.945 12.70 0.635 0.490 1.100
28-1 AIR - 420 0.945 12.70 0.486 1.000 1.000
28-1-a AIR 420 0.945 12,70 0.486 1.000 1.101
28-2 AIR 420 0.945 12.70 0.486 0.745 1.000
28-2-a AIR 420 0.945 12.70 0.486 0.745 1.077
- 28-3. AIR 420 0.945 12.70 0.486 0.471 1.000
28-3-a AIR 420 0,945 12.70 0.486 0.471 1.126
29-1 AIR 20 1.250 12,70 1.276 1.000 1.000
29-1-a AIR 20 1,250 12,70 1.276 1.000 1.047
29-2 AIR 20 1.250 12.70 1.276 0.741 1.000
29-2-a AIR 20 1.250 12,70 1.276 0.741 1.081
29-3 AIR 20 1,250 12.70 1.276 0.498 1.000
29-3-a AIR 20 1.250 12.70 1.276 0.498 1,124
30-1 ~AIR 170 1.250 12.70 0.781 1.000 1.000
30-1-a AIR 170 1.250 12.70 0.781 1.000 1.086
30-2 AIR 170 1,250 12.70 0.78% - 0.723 1.000
30-2-a AIR 170 1.250 12.70 0.781 0.723 1.098
30-3 AIR 170 1.250 12.70 0.781 0.496 1.000
30-3-a AIR 170 1.250 12.70 0.781 0.496 1.104

CONTINUED
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Gas Temp dp_ i H H/Hm U/l_Jms
# (°c) (mm) (mm) (m)

311 AIR 300 1.250 12.70 0.654 1.000 1.000
3i-1-a AIR 300 1.250 12,70 0.654 1,000 1.105
31-2 “AIR 300 1.250 12,70 0.654 0,757 1.000
31-2-a AIR 300 1.250 12,70 0.6514 0.757 1.096
31-3 AIR 300 1.250 12.70 0.654 0.476 1.000
31-3-a AIR 300 1.250 12.70 0.654 0.476 1.103
32-1 AIR 420 1.250 12.70 0.533 1.000 1.000
32-1-a AIR 420 1.250 12.70 0.533 1.000 1.095
32-2 AIR 420 1.250 12.70 0.533 0.750 1,000
32-2-a AIR 420 1.250 12.70 0.533 0.750 1.103
32-3 AIR 420 1.250 12.70 0.533 0.435 1.000
32-3-a AIR 420 1.250 12.70 0.533 0.435 1.104
33-1 AIR 20 1.665 12.70 1.029 1.000 1.000
33-1-a AIR - 20 1.665 12.70 1.029 1.000 1.045
33-2 AIR 20 1.665 12.70 1.029 0.741 1.000
33-2-a AIR 20 1.665 12.70 1.029 0.741 1,108
33-3 AIR 20 1.665 12.70 1.029 0.518 1.000
33-3-a AIR 20 1.665 . 12.70 1.029 0.518 1.110
34— AIR 170 1.665 12.70 0.832 1.000 1.000
34-1-a AIR 170 1.665 12.70 0.832 1.000 1.052
2 34-2 AIR 170 1.665 12.70 0.832 0.744 1.000
34-2-a AIR 170 ~ 1.665 12.70 0.832 0.744 1.088
34-3 AIR 170 1.665 12.70 0.832 0.488 1.000
34-3-a AIR 170 1.665 12.70 0.832 0.488 1.093
35-1 ' AIR 300 1.665 12.70 0.743 . 1,000 1.000
' 35-1-a AIR 300 1.665 12.70 - 0.743 1.000 1.071
35-2 AIR 300 1.665 12.70 0.743 0.730 1.000
35-2-a AIR 300 1.665 12.70 0.743 0.730 1.117
35-3 AIR 300 1.665 12.70 0.743 0.491 1.000
35-3-a . AIR 300 1.665 12.70 0.743 0.491 1.104
36-1 AIR 420 1.665 12.70 0.654 1.000 1.000
Je-1-a AIR 420 1.665 12.70 0.654 1.000 1.086
36-2 AIR 420 1.665 12.70 0.654 0.743 1.000
36-2-a AIR 420 1.665 12.70 0.654 0.743 1.108
36-3 AIR 420 1.665 12.70 0.654 0.476 1.000
36-3-a AIR 420 1.665 12.70 0.654 0.476 1.108

CONTINUED
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CONTINUED

Run Gas Temp dp D; H H/H, U/Uns
i (°c) (mm) (mm) (m)

37-1 METHANE 20 1.250 19.056 1.380 1,000 1,000
37-1-a METHANE 20 1.250 19.05 1.380 1.000 1.064
37-2 . .METHANE 20 1.250 19.05 - 1.380 0.773 1.000
37-2-a METHANE 20 1.250 19,05 1.380 0.773 1.075
‘37-3 METHANE 20 1,250 19.05 1.380 0.5 1.000
37-3-a METHANE 20 1.250 19,05 1.380 0.5 1.093
37-4 . METHANE 20 . 1,250 19.05 1.380 0.184 1.000
37-4-a METHANE 20 1.250 19.05 1.380 0.184 1.075
37~-4-b METHANE 20 1.250 19.05 1.380 0.184 1.117
37-4-c METHANE 20 1.250 19.05 1.380 0.184 1,170
38-1 - HELIUM 20 1.250 19.05. 0.533 1.000 1.000
38-1-a HELIUM 20 1.250 19.05 0.533 1.000 1.129
38-2 - HELIUM 20 1.250 19,05 0.533 0.756 1.000
38-2-a HELIUM 20 1.250 19.08 0.533 0.756 1.068
386-2-b HELIUM 20 1.250 19.05 0.533 0.756 1.112
38~2-c HELIUM 20 1.250 19.05 0.533 0.756 1.174
38-3 HELIUM 20 1.250 19.05 0.533 0.512 1.000
38~3-a HELIUOM 20 1.250 19.05 0.533 0.512 1.050
38-3-b HELIUM 20 1.250 19.05 0.533 0.512 1.095
- 38-3-c HELIUM 20 1.250 19,05 0.533 0.512 1.178
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Run . Gas Temp d

p Di H H/Hm U/Ums
# (°c) (mm) (mm) (m)

5-4 AIR - 20 1.250 19.05 1.073 1.000 1.000
5-5 AIR 20 1.250 19,05 1.073 0.%41 1.000

- B5-6 AIR 20 1.250 19.05 1.073 0.758 1.000
b-6-a AIR 20 1.250 19.05 1.073 0.758 1.075
5-6-b AIR 20 1.250 19,05 1.073 0.758 1.128
5-6-c AIR 20 1.250 19.05 1.073 0.758 1.190
5-7 AIR 20 1.250 19,05 1.073 0.556  1.000
" 5-8 . AIR . 20 1.250 19.05 1.073 0.414 1.000
5-9 - AIR 20 1.250 19.05 1.073 0.260 1,000
5-8-a - AIR 20 1.250 19.05 1.073 0.260 1.058
5-9-b AIR 20 1.250 19.05 1.073 0.260 1.118
5-9-¢ AIR 20 - 1.250 19.05 1.073 0.260 1.179
6—4 - AIR 170 1.665 19.05 0.648 1.000 1.000
6-5 AIR 170 1.250 19.05 0.648 0.716 1.000
6-5-a AIR 170 1.250 19.05 0.648 0.716 1.079
6-5-b AIR 170 1.250 19,05 0.648 0.716 1.162
6-5-c AIR 170 1.250 19.05 0.648 0.716 1.208
6-6 . AIR 170 1.250 19.056 0.648 0.412 1.000
6-6-a AIR 170 1.250 19,05 0.648 0.412 1.039
6-6-b AIR 170 1.250 19.05 0.648 0.412 1.122
6-6-c AIR 170 1.250 19,05 0.648° 0.412 1.180
7-4 AIR 300  1.250 19.05 0.546 1.000 1.000

- 1-5 AIR 300 1.250 19.05 0.546 0.756 1.000
7-5-a AIR 300 1.250 19.05 0.546 0.756 1.055
7-5-b AIR 300 1.250 19.05 0.546 ~ 0.756 1.112
. 7-5-c AIR 300 1.250 19.05 0.546 0.756 1.160
- 7-6 AIR 300 1.250 19.05 0.546 0.570 1.000
7-7 AIR 300 1.250 19.05 0.546 0.489 1.000
7-7-a AIR 300 1.250 19.05 0.546 . 0.489 1.049
7-7-b AIR 300 1.250 19.05 0.546 0.489 T.111
7-7-c AIR 300 1.250 18.05 0.546 0.489 1.162
8-4 " AIR 420 1.250 19.05 0.413 1.000 1.000
8-5 AIR 420 . 1.250 19.05 0.413 0.654 1.000
8-5-a AIR 420 1.250 19.05 0.413 0.654 1.041
8-5-b AIR 420 1.250 19.05 0.413 0.654 1.094
8-5-c AIR 420 1.250 19.05 0.413 0.654¢ 1.191



APPENDIX E - VARIATIONS OF SPOUT DIAMETERS WITH BED LEVEL

Run # 1-1-a Run # 2-1-a Run # 5-1-a Run # 6-1-a

z(cm) DOsl(cm) z(cm) Ds(cm) z(cm) Ds(cm) z(cm) DOs(cm)
[0} 1.9 0 1.9 0 1.9 (o] 1.9
5 3.2 1 2.6 ) 3.1 S 3.0
10 3.6 10 3.0 10 3.4 10 2.4
15 3.0 19 2.8 1S 3.2 15 3.2
20 3.0 20 2.9 20 3.0 20 3.0
30 2.9 30 3.1 30 3.0 30 3.0
40 2.9 40 3.3 40 3.0 40 3.0
50 2.9 43 3.9 S50 3.1 S0 3.0
60 2.9 : 60 3.3 60 3.3
70 3.1 70 3.5 66 4.2
80 3.1 80 3.7
90 3.2 Run # 2-2-a 80 3.9
100 . 3.5 100 4.1
110 3.7 . ‘ 108 4.5 Run # 6-2-a
121 4.0 z(cm) ODs(cm)

z(cm) Ds(cm)

1.9 Run # 5-2-a
Run # t1-2-a . 8 2.8
: 10 2.8 [o} 1.9
15 2.6 z(cm) Ds(cm) 5 3.0
z(cm) Os(cm) 20 2.4 10 3.4
25 2.4 15 3.2
_ 30 2.8 o] 1.9 20 2.7
0 1.9 . 8 3.0 30 2.7
S 2.9 10 3.4 40 3.1
10 3.5 15 3.0 49 3.8
15 3.2 Run # 2-3-a _ ‘20 3.1
20 3.0 3o 3.0
30 2.7 40 3.0
40 2.7 z(cm) Ds(cm) 50 3.0 Run # 6-3-a
50 2.7 60 3.1
60 2.7 70 3.2
70 2.8 0 1.9 80 3.3 z(cm) Ds(cm)
80 2.9 2.5 2.4 82 3.6
at 3.6 5 2.7
7.5 2.9 o] 1.9
10 2.7 5 2.8
: 12.5 2.6 Run # §-1-a 10 3.2
-l 15 2.4 . 15 3.0
Run # 1-3-a 17.5 2.1 20 2.7
. 20 2.1 z(cm) Ds(cm) 25 2.7
z(cm) Ds(cm) . 22 2.3 30 2.8
o} 1.9
[o] 1.9 s 2.9
) 2.7 10 3.3
10 3.2 15 3.1
15 3.0 20 2.8
20 2.8 30 2.8
30 2.7 40 2.9
40 2.7 SO 3.2
50 . 2.9 52 3.4
80 3.3

200
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Run # 7-1-a : Run # 8-1-a Run # 8-1-a Run # 10-1t1-a

z(cm) Ds(cm) z(cm) Ds(cm) - z(cm) ODs(cm) z{cm) Os(cm)

0 1.9 o} 1.9 0 1.9 (o} 1.9

5 2.8 5 2.8 5 3.3 5 3.3

10 3.3 1Q 3.3 10 3.9 10 3.8

is 3.0 i8 2.8 18 3.7 15 3.6

20 2.8 20 2.8 20 3.3 20 3.4

30 2.8 25 2.8 30 3.4 30 3.3

40 2.9 30 2.8 40 3.5 40 3.3

50 3.3 35 2.8 50 3.9 S0 3.3

55 3.7 40 2.8 60 3.6 60 3.6

’ ' 42 3.3 7Q 3.7 70 3.8

80 3.8 80 4.0

: a0 4.0 83 4.3
Run # 7-2-a : 110 4.2
Run # B8-2-a 115 4.2

z(cm) Os(cm) . Run # 10-2-a

" z(cm) Os(cm)

Run # 9-2-a

o 1.9 z{cm) Ds(cm)
5 2.8 Q 1.8
10 3.2 s 2.1 z(cm) Ds(cm)
18 2.8 10 3.2 (o] 1.9
20 2.8 15 2.8 5 3.2
30 2.8 20 2.8 o] 1.9 10 3.8
40 2.8 25 2.8 5 3.3 15 3.4
44 3.2 29 2.8 10 3.8 20 3.2
15 3.2 30 3.2
20 3.2 40 3.2
) 30 3.3 50 3.3
Run # 7-3-a Run # B-3-a a0 3.4 62 3.7
. . 50 3.5
: , . 60 3.6
z(cm) Os(cm) z(cm) ODs(cm) 72 4.2
Run # 10-3-a
(o] 1.9 [»] 1.9
'8 2.8 5 2.6 Run # 9-3-a z(cm) Os(cm)
10 3.2 10 3.1
19 2.8 18 2.5
20 2.8 20 2.9 z(cm) DOs(cm) o 1.9
25 2.7 22 2.9 5 3.0
29.5 2.9 10 3.7
(o] 1.9 1S 3.3
5 3.3 20 3.2
10 3.8 30 3.2
t5 3.5 4 3.5
20 3.2
30 3.2
40 3.2
45 3.2
S1 3.8
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Run # 1t-1-a Run # 12-t-a Run # 17-1-a Run # 18-1-a
z{cm) Ds(cm) z{(cm) Ds(cm) z(cm) Ds(cm) z{cm) Os(cm)
0 1.9 ) 1.9 4] 2.7 0 2.7
1 3.3 ] 3.0 5 3.4 5 3.4
10 3.8 10 3.6 10 3.8 10 3.7
15 3.5 18 - 3.3 15 3.6 15 3.4
20 3.3 20 3.2 20 3.2 20 2.9
30 3.3 30 3.9 30 3.1 30 3.0
40 3.3 40 3.6 40 3.2 a0 3.
1e] 3.4 50 3.8 §0 3.2 S0 3.1
60 3.5 67 4.2 60 3.2 60 3.3
76 4.1 . 70 3.2 70 4.2
80 3.4 75 4.6
90 3.6
Run # 12-2-a 100 3.8
Run # 1t-2-a 110 4.2
. 115 4.6 Run # 18-2-a

z{cm) Ds(cm)
z(cm) Ds(cm) (em)
i z(cm Ds(cm)

: 0 1.9 Run # {7-2-a
(o] 1.9 5 3.0
S 3.2 10 " a.4 o} 2.7
10 3.8 15 3.3 z(cm) Os(cm) 5 3.2
15 3.4 20 3.2 10 3.6
20 3.2 30 3.2 - 15 3.4
30 3.2 40 3.4 (o} 2.7 20 2.8
40 3.2 47 3.7 5 3.4 [o} 2.8
50 3.3 : 10 3.8 a0 2.9
55 . 3.8 1§ 3.5 50 3.4
20 3.1 58 4.3
Run # 12-3-a teJe] 3.1
o ' 40 3.1
Run # 11-3-a : : 50 3.1
» z{cm) Ds(cm) 60 3.2 Qun # 18-3-a
’ : : ‘ 70 3.3
z(cm) Os(cm) 80 3.5
- : -0 1.9 87 3.8 z(cm) DOslcm)
8 3.0
o 1.9 10 3.2
8 3.1 15 3.0 0. 2.7
10 3.8 20 2.9 Run # 17-3-a 5 1.0
19 3.1 25 2.9 - 10 3.4
20 3.0 3 3.2 ) 1S 3.0
30 3.0 z(cm) Os(cm) 20 2.4
35 3.2. . 25 1.6
30 3.1
o 2.7 40 3.7
5 3.2
10 3.4
s 3.2
20 2.8
30 2.8
40 3.0
50 3.2
53.5 3.4
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Run # 19-1-a Run # 20-1-a Run # 21-1-a Run # 22-1-a
z{cm) Ds(cm) z{cm) 0Os(cm) z{(cm) Os(cm) z{cm) Ds(cm)
[oF 2.7 (o} 2.7 o 2.7 0 2.7
5 3.0 s 2.9 5 3.7 5 3.4
10 3.4 10 3.3 10 3.9 10 3.8
15 3.1 18 2.9 18 3.7 15 3.6
20 2.8 20 2.7 20 3.4 20 3.4
30 2.9 25 2.7 30 3.5 30 3.4
40 3.2 30 2.7 40 3.6 40 - 3.4
43 3.7 35.5 3.3 50 3.86. 50 3.5
60 3.9 60 3.5
70 3.9 70 3.5
_ ' : 80 4.0 80 3.7
Run # 19-2-a " Run # 20-2-a - 90 4.0 92 4.2

100 4.1

110 4.4

z{(cm) Ds{cm) z(em) Ds(cm) 117 4.7

Run # 22-2-a

o 2.7 0 2.7
5 3.0 2.5 2.7 Run # 21-2-a o 2z(cm) Os(cm)
10 3.2 § 2.8
15 3.0 7.8 3.0
20 2.6 10 3.2 z{cm) Ds(cm) o 2.7
25 2.7 12.8 3.0 5 3.4
30 3.2 18 2.8 10 3.8
32.5 3.4 17.6 2.6 o 2.7 15 3.6
20 2.6 5 3.9 20 3.3
22.5 2.6 10 3.8 30 3.3
: 25 2.9 15 3.a 40 3.3
Run # 18-3-~a . : . 20 3.3 S0 3.4
30 3.4 60 3.5
: 40 3.4 65 3.7
z(cm) Dslcm) Run # 20-3-a 50 3.7
’ 60 3.8
‘ 70 4.0
0 2.7 z(cm) Ds(cm) 80 4.3 Run # 22-1-a
2.5 2.8 : 88 4.8
S 3.0
7.5 3.1 o 2.7 z(cm) Ds{cm)
10 3.2 2.5 2.7
12.5 2.8 S 2.8 Run # 21-3-a
15 2.7 7.5 3.1 0 2.7
17.5 2.6 10 2.8 5 3.2
20 2.5 12.5 2.6 z(cm) Os(cm) ' 10 3.7
22 2.6 15 2.6 15 3.8
18 2.9 20 3.2
o] 2.7 30 3.2
S, 3.4 40 3.3
10 3.7 43.5 3.6
15 3.9
20 3.2
30 3.3
40 3.4
50 3.6
57 J.8
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_Run # 23-1-a Run # 24-1-a Run # 25-1-a Run # 26-1-a
z(cm) Os(cm) z(cm) Ds(cm) * z(cm). Ds(cm) z(cm) Os{(cm)
0 2.7 o 2.7 [0} 1.3 0 1.3
5 3.4 5 3.2 5 3.0 5 2.5
10 3.8 10 3.6 10 3.2 10 2.7
18 3.6 15 3.4 20 3.1 20 2.4
20 3.3 . 20 3.3 30 2.7 30 2.5
30 3.4 30 3.4 40 2.7 40 2.6
40 3.4 40 3.5 50 2.7 50 2.6
S0 3.4 50 3.6 60 2.8 60 2.6
60 3.6 58 4. 70 2.8 70 3.2
74 4.0 80 2.8 74.95 3.6

90 2.9

: 100 3.0

Run # 24-2-a 110 3.1
Run # 23-2-a 120 3.2 Run # 26-2-a

) 130 3.3

z(cm) Ds(cm) . 140 3.5
z(cm) Ds(cm) 150 3.7 z{cm) DOs(cm)

' ’ ’ 1885 4.1

¢} 2.7

o 2.7 5 3.1 0 1.3
5 3.3 10 3.6 5 2.5
10 3.8 A8 3.4 Run # 25-2-a 10 2.6
18 3.5 20 3.2 15 2.4
20 3.1 28 3.3 20 2.4
30 3.2 30 3.4 .z(cm) Os(cm) 30 2.4
40 3.1 35 3.6 40 2.4
50 3.5 40 3.8 50 2.4
53 3.9 42 4.0 o 1.3 55.5 2.4

’ S 2.6

10 3.1

. . 20 2.9
Run # 23-3-a Run # 24-3-a 30 2.8 Run # 26-3-a

40 2.7

: _ 50 2.7
z(cm) Ds(cm) z(cm) Ds(cm) 60 2.7 z(cm) Ds(cm)

70 2.7

: ; 80 2.8
o) 2.7 o 2.7 20 2.9 0 1.3
5 3.1 5 3.0 100 3. 5 2 3
10 3.5 10 3.4 110 3.2 10 2.4
15 3.3 12.5 3.3 116 3.8 15 2.3
20 3.2 15 3.2 20 2.3
25 3.2 17.5 2.8 25 2.3
3q 3.2 20 2.9 30 2.3
as 3.7 23 2.9 Run # 25-3-a 3s 2.3

26 3.4

z(cm) Ds(cm)

P

(=]
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Run # 27-1—5 Run # 28-t-a Run # 29-1-a Run # A0-1-a

z(cm) Ds(cm) z{cm) Os(cm) z(cm) Os(cm) z(cm) Ds(cm)

0 1.3 0 1.3 o 1.2 o -
5 2.4 5 2.3 5 3.0 5 2.7
10 2.6 10 . 2.8 10 3.4 10 34
15 2.4 15 2.3 20 29 15 3
20 2.3 20 2.2 10 3.0 20 2.6
30 2.4 25 2.3 40 3.0 30 2.7
40 2.5 30 2.3 50 3. 10 2.8
S0 2.8 35 2.3 60 3.1 50 2.8
60 2.7 40 2.3 70 3.1 60 2.9
- 65 3.3 45 3.1 80 3.2 70 33
50.8 3.8 a0 3.3 80 3.8
100 3.5 82 4.0
110 3.7
Run # 27-2-a 120 3.9
Run # 28-2-a 134 4.1
. . Run # 30-2-a
z2{cm) Os(cm) .
' z(cm) Ds(cm)
Run # 29-2-~a z(cm) Ds(cm)
o 1.3
5 2.4 (o} 1.3
10 2.5 5 2.2 z(cm) DOs(em) o 1.3
15 2.3 10 2.4 5 2.6
20 2.2 15 2.0 10 3.2
25 2.2 20 2.0 o] 1.3 15 2.9
ao 2.2 25 2.0 5 2.6 20 ‘2.6
35 2.3 30 2.0 10 3.2 30 2.6
40 2.3 37 2.0 15 3.0 30 2.6
49 2.4 20 2.9 50 2.9
30 2.9 59 3.4
40 2.9
) Run # 28-3-a 50 2.9
Run # 27-3-a . 60 3.0
' : 70 3.2 Run # 30-3-a
z{cm) Os(cm) 80 3.4
z(cm).- Ds(cm) : 90 3.6
' ' 99 3.9 z(cm) Ds(cm)
o] 1.3
0o 1.3 2.5 1.6
- 8 2.1 s 2.2 0 1.3
10 2.3 7.5 2.4 Run # 29-3-a 5 2.6
15 2.0 10 2.1 : 10 3.2
20 2.0 12.5. 1.9 5 2.8
25 2.0 15 1.8 z(cm) Ds(cm) 20 2.5
30. 2.0 20 1.9 25 2.5
21.5 2.1 23.5 1.9 30 2.5
o 1.3 as 2.8
5 2.6 10 3.
10 3.2
15 3.0
20 2.8
30 2.8
40 2.8
50 2.9
60 3.0
66 3.2
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Run # 31-1-a Run # 32-1-a Run # 33-1-a Run # 34-1-a
z(cm) Dsl(cm) z(cm) Os(cm) z(cm) Ds(cm) z(cm) Os(cm)
Q 1.3 0 1.3 (o] 1.3 (o} 1.3
51 2.6 51 2.6 S 3.8 S 3.7
10 3.3 10 - 3.3 10 4.0 10 4.0
15 3.1 15 2.8 15 3.7 15 3.7
20 2.7 20 2.7 20 3.2 20 3.2
30 2.7 30 2.7 30 3.2 30 3.2
40 2.7 40 2.8 40 3.3 40 3.2
30 2.9 50 3.0 50 3.3 S0 3.2
60 3.3 S5 3.4 60 3.3 60 3.3
69 3.7 . 70 3.5 70 3.5
80 3.7 80 3.8
) 80 3.9 91 4.2

Run # 32-2-a 100 4.1

Run # 31-2-a . 110 4.3
z(cm} Ds(cm) ' Run # 34-2-a

z(cmi Ds(cm)

Run # 33-2-a

0 1.3 z(cm) Ds(cm)
Q 1.3 S 2.6
8 2.6 10 3.2 z{cm) Ds(cm)
10 3.2 15 2.7 (o] 1.3
15 2.8 20 2.5 5 3.7
20 2.6 31 2.5 (o] 1.3 10 4.0
25 2.6 30 2.9 s 3.6 15 3.4
30 2.6 as 2.5 10 4.0 20 3.1
40 2.7 40.5 2.6 15 3.6 30 2.8
51 2.8 20 3.2 40 3.0
30 3.0 50 3.3
‘ 40 3.0 60 3.7
Run # 32-3~a S0 3.1 66 4.0
Run # J31-3-a 60 3.3
S o 70 3.5
z(cm) Ds(cm) 80 4.0
z{cm) Ds(cm) Run # 34-3-a
(o] 1.3
[e) 1.3 5 2.6 Run # 33-3-a z(cm) Ds(cm)
5 2.6 10 3.1
10 3.1 15 2.8
15 2.7 20 2.4 z{cm) Os(cm) 0 1.3
20 2.5 23 2.4 5 3.4
25 2.5 10 3.9
30 2.5 O 1.3 15. 3.4
3t 2.5 5 3.4 20 2.7
i0 3.9 25 2.7
15 3.3 30 2.7
20 2.9 as 3.1
30 2.9 41 3.8
40 3.0
50 3.3
53 3.8
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Run # 35-1-a Run # 36-1-a

z(cm) ODs(cm) z(cm) Os(cm)
0 1.3 0 1.3
5 3.6 S 3.1
10 3.8 10 3.7
15 3.7 15 3.2
20 3.4 20 3.2
30 3.2 30 3.2
40 3.2 40 3.3
50 3.2 80 3.4
60 3.4 60 3.5
70 3.6 [Y:} 3.9
77 4.0

Run # 36-2-a
Run # 35-2-a

z(em) Ds(cm)
z(cm) Ds(cm)

0 1.3
(o] 1.3 8 3.1
8 3.1 10 3.5
10 3.8 18 3.2
1S 3.2 20 3.2
20 3.2 30 3.2
30 3.2 40 3.2
40 3.3 45 3.4
S0 3.4 50 3.8
88 3.7

Run # 36-3-a
Run # 35-3-a ‘

z(cm) Os(cm)

z(cm) Ds(cm)

o 1.3
0 1.3 5 3.0
5 0 3.2 10 3.2
10 3.4 15 3.0
15 2.8 20 2.7
20 2.8 25 2.8
25 2.8 34 3.0
30 2.8

37 2.8
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Run # 37-1-a Run # 37-4-a Run # 38-1-a Run # 38-3-a
z(cm) Os(cm) z(cm) Os(cm) z(cm) Ds(cm) z(cm) Os(cm)
0 1.9 0 1.9 (o] 1.9 0 1.9
10 3.8 5 2.9 S 3.2 5 2.8
20 3.3 10 2.7 10 2.8 10 2.6
30 3.2 15 2.4 15 2.6 15 2.3
40 3.2 20 2.3 20 2.6 20 2.3
80 3.2 28.5 2.2 3o 2.6 28.5 2.3
80 3.4 . 40 2.6
100 4.0 o] 2.9
120 4.2 54.5 3.2
140 4.8 Run # 37-4-b : Run # 38-3-b
z(cm) Ds(cm) . Run # 38-2-a z(cm) Ds(cm)
Run # 37-2-a :
, : o 1.9 ~z(cm) Ds(cm) 0 1.9
z(cm) Ds(cm) S 2.9 ' 5 2.9
10 2.7 10 2.9
15 2.5 ) 1.9 15 2.5
0 1.9 20 2.4 -] 2.9 20 2.4
10 - 3.8 28.5 2.3 10 2.7 28.5 2.4
20 3.2 15 2.5
30 3.1 20 2.5
50 3.2 . 3o 2.5
60 3.1 Run # 37-4-¢c . 41 2.7 Run # 38-3-c
90 3.6
110 4.8
z(ecm) Ds(cm) ) z{cm) Ds(cm)
. Run # 38-2-b
Run # 37-3-a o 1.9 : (o) 1.9
5 3.0 z(cm) Ds(cm) s 2.9
10 2.8 10 2.9
z(cm) DOs{(cm) 15 2.6 1S 2.5
20 2.5 o 1.9 20 2.5
28.5 2.4 5 2.9 28.5 2.5
fo) 1.9 10 2.7
10 3.5 15 2.5
20 2.9 20 2.5
30 2.9 30 2.6
10 3.0 41 2.8
50 3:0
60 3.3
65 3.5
71 4.0 pun # 3aB-2-c

z{cm) Os{cm)

(o} 1.9
5] 2.9
10 2.7
15 2.6
20 2.6
30 2.6
41 2.9
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Run # 5-6-a Run # 5-9-a Run # 6-5-a . Run # 6-6-a
z(cm). Ds(cm) z(cm) Os(cm) z(cm) Ds(cm) z(cm) Os(cm)
o 1.9 0 1.9 (o] 1.9 o} 1.9
S 3.0 5 2.7 ] 3.0 ) 2.8
10 3.3 10 3.8 o] 3.5 10 3.2
15 2.8 18 3.1 15 3.2 1S 2.8
20 2.9 20 . 2.7 20 2.6 20 2.7
30 2.9 25 2.7 30 2.6 25 2.7
40 2.9 28.5 2.9 40 3.2 28.5 2.7
&0 3.0 ; 48 3.6
G0 3.0
70 3.1 .
80 3.3 Run # 5-9-b Run # 6-6-b
81.5 3.9

Run # 6-5-h

z{cm) Ds(cm) : z(cm) Ds{cm)
z{cm) Ds(cm)
RuUn # 5-Gfb

0 1.9 0o 1.9
S 2.8 (o} 1.9 5 2.8
z(cm) Ds(cm) " 10 3.5 5 3.0 10 3.3
. : 15 3.1 10 3.5 15 2.9
20 2.8 i5 3.2 20 2.1
o t.8 25 2.8 20 2.7 25 2.8
S 3.0 28.5 2.9 30 2.7 28.5 2.8
10. 3.5 40 3.3
s 3.1 .48 3.8
20 3.1 .
30 3.0 Run # 5-8-c . Run # 6-6-¢C
40 3.0
S0 3.0 Run # 6-5-cC
60 3.1 z{cm) Ds(cm) ‘ : ' z{cm) Os{(cm)
70 3.3 :
80 3.5 z(cm) Ds(cm)
81.8 -3.8 Q 1.9 Qo 1.9
8 2.9 < 2.8
10 3.6 (o] 1.9 10 3.4
15 3.1 S 3.1 15 3.0
Run # 8~6-¢ 20 2.9 10 3.6 20 2.8
25 2.8 18 3.2 25 2.8
28.5 3.0 20 2.8 28.5 2.8
z(cm) Ds(cm) . : 30 2.8
40 3.5
48 4ot
Q 1.9
9 3.0
to 3.5
18 3.2
20 3.1
30 3.0
40 3.0
50 3.0
[1¢) 3.1
70 3.3
80 3.7
81.5 3.9
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Run # 7-5-a Run # 7-7-a Run ¥ 8-5-2
z(cm) Os(cm) z(cm) Ds(cm) z(cm) Ds(cm)
o] 1.9 0 1.9 0 1.9
] 2.8 5 2.7 5 2.5
10 3.2 10 3.3 10 3.3
15 2.7 18 2.7 15 2.7
20 2.7 20 2.7 20 2.7
25 2.7 25 2.7 25 2.7
30 2.9 28.5 2.7 28.5 2.7
35 2.9
43 3.2
Run # 7-7-b Run # 8-5-b
Run # 7-5-b .o
z(cm) Os(cm) . z(cm) Ds(cm)
z{cm) Ds(cm)
a 1.9 [e} 1.9
8 2.8 5 2.6
0 1.9 10 3.3 10 3.4
5 2.8 15 - 2.7 19 2.8
10 3.2 20 2.7 20 2.8
15 2.8 25 2.8 25 2.8
20 2.8 28.5 2.9 28.5 2.8
25 2.8
30 2.9
35. 2.9 ’
43 3.3 Run # 7-7-¢ Run # B-5-C
z(cm) Ds(cm) z(cm) Ds{cm)
Run # 7-5-c ’
o] 1.9 0 1.9
z{cm) Ds(cm) 8 2.8 5] 2.7
10 3.4 10 3.9
1S 2.7 15 2.9
Q 1.9 20 2.7 20 2.9
- 2.8 25 2.9 25 2.9
10 3.2 28.5 3.1 28.5 3.0
IS 3.1
30 2.9
25 2.9
30 3.0
35 ‘3.0
43 3.5



