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Abgtract. The purpose of thiswork is to improve the characterization of the different conveying
regimes for vertical pneumatic transport with a spouted bed feeder using the pressure gradient
diagrams. The range of experimental data investigated were expanded by carrying out
measurements of pressure gradients, mean voidages, and solid flow rates for two transport tube
diameters (81.4 and 104.8 mm) and different particle diameters (from 0.41 to 1.70 mm). Two
different transport regimes have been observed: a dilute and a dense phase flow. The validity of
one-dimensional modd to predict the pressure gradient on dilute and dense phase flow regimes was
analyzed by comparing the predictions with experimental values. The results showed that the one-
dimensional model isnot sengitive to the changesin flow regimes detected in the pressure diagrams.
Finally, a comparison of the specific power consumption at different operational conditions is
presented.  Although the estimated values of specific power consumption were high, it was not
detected a reduction in these valuesfor dense phase conditions.
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1. INTRODUCTION

Since the 19" century pneumatic conveying technology has been successfully employed in the
industry for the transport of a large variety of particulate materials. Despite its versatility and
flexibility for solids transport, the higher power consumption ill represents a limiting aspect of
pneumatic conveying systems. The efforts to reduce the power consumption led to the dense phase
conveying systems, which operate a rather low gas velocities.

On dense phase conveying different flow structures may be reached depending not only on the
fluid velocity but adso on factors such asthe particle and transport tube characteristics.  These sub-
regimes include the dugging flow, fast fluidized bed, non-dugging flow, plug flow and so on, and
can cover awide range of conditions (Marcuset d., 1990). The characteristics of each regime have
been extensively described in literature (for adetailed review see Setija et a., 1985 or Leung, 1989).
Since their descriptions are based essentially in qualitative observations, there is no universaly
accepted definition for the dense phase conveying.  Besides, in comparison with the dilute phase,
there are relatively few experimenta data reported in literature. The lack of a clear definition and



the redricted number of experimenta data makes the analysis of this type of flow regime much
more complex than the one of the dilute phase conveying

A investigation about flow regime transtions in a pneumeatic bed with a spouted bed feeder has
been carried out by Silva et d. (1997). These authors measured the pressure gradient for different
gas velocities and observed a change in the behavior of pressure gradient vs. air velocity curves
obtained. They have also reported thet, on dilute-phase flow, the pressure gradient decreases asthe
air velocity is decreased until reaching a minimum value. Beyond this minimum, further reduction
of the air velocity led to increase the pressure gradient and the intensity of pressure drop oscillation.

For congant solid flow rates, the relationship between pressure gradient and gas velocity is a
criterion for identifying a change of flow regimes (Rizk, 1985). The minimum point of pressure
gradient is consdered to be the boundary between dense and dilute-phase conveying (Joseph and
Klinzing, 1983; Marcus et al., 1990). The increase of pressure gradient when the air flow rates are
reduced below the minimum point indicates that the pressure drop due to the solids hold-up
predominates, instead of the wall friction forces which govern in a dilute flow. So the minimum air
flow rate a which solids can be conveyed in the dilute phase regime is set by the air velocity at the
minimum pressure drop in the Sate diagram, which will be referred to as the minimum velocity.

Silvaet d. (1997) have demongtrated that these pressure gradient Sate diagrams can be gpplied
for pneumatic transport with the spouted bed feeder, in spite of solid flow rates are dependent on air
flow rates. By keeping the distance z, as a condant parameter ingtead of the solid flow rate, the
pressure gradient versus air flow rae curves are smilar to those obtained using a classical feeding
device. Silva et d. 91997) have dso verified that the criterion suggesed by Rizk (1985) for
identifying the air velocity at minimum pressure gradient conditions predicts well the experimenta
data obtained in the system with a spouted bed feeder. So they concluded that this criterion can be
applied for identifying the minimum air velocity, assuming the existence of the dense phase flow a
air velocity smaller than the minimum one.

However, in sysems with annular feeders such as the spouted bed, experimental data on
vertical dense phase conveying are scarce. Some data have been reported by Garic et al. (1995) and
by Silvaet d. (1997), but these cover a narrow range of operational conditions.

Inthiswork we areinterested in improving the characterization of the different conveying flow
regimes observed in vertical pneumatic transport systems with a spouted bed feeder using the
pressure gradient diagrams. The range of experimenta datainvestigated is expanded by carrying out
measurements of pressure gradients, mean voidages, and solid flow rates for two transport tube
diameters and different particle diameters. The vaidity of one-dimensional model to predict the
pressure gradient on dilute and dense phase flow is then analyzed by comparing the predicted data
with experimental values. Finaly, a comparison of specific power consumption a different
operationa conditions is presented.

2. EXPERIMENTAL METHODOLOGY
2.1 Experimental apparatus

The pneumatic conveyor with the spouted bed type feeder is shown in Figure 1. Spherical
glass particles with p,=2503 kg/m® and mean diameters, dp varying from 0.41 to 1.70 mm, were
trangported in galvanized iron pipes, 4.0 m long, and with two different internal diameters, D=81.4
and 104.8 mm. Air to the system was supplied by a 20 HP fan and its volumetric flow rate was
measured by means of an orifice plate flow meter. After being pneumatically transported (1 in Fig.
1), the particles returned through a sandpipe (3) with diameter equal to 104.8 mm. A reduction
nozzle (6) was placed a the air inlet, aiming at reducing both the gas flow rates deviated through the
standpipe and the length of the acceleration region on the transport pipe (Silva et al., 1996). The
solids flow rates were measured by diverting the flow and collecting the solids in the sample



collector (5). The gatic pressures aong the pipe were measured a seven points by pressure taps (2)
connected to U-type manometers. While in operation, the sandpipe was kept filled with solids and
the gas flow ratesthrough it were esimated from the Forchheimer equation, with the pressure drop
measured between two points of the pipe. The gasflow ratesin the transport pipe are then obtained
from the mass balance which considered the difference between the air supplied by the fan and the
air deviated through the standpipe, which in most cases can be neglected. The distance between the
air inlet and the bottom end of the transport tube (z) is a parameter for controlling the solid flow
rates and can be changed by a set of flanges of different thickness placed in the transport tube.
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Figure 1 - Experimental apparatus, (1) transport tube, (2) pressure taps, (3) recycle tube, (4)
pneumatic trap valves, (5) solids sampler; (6) reduction nozzle; (7) bottom reservoir in
the spouted bed feeder.

The mean voidages (&) a the transport pipe were measured by means of two pneumatically
operated traps (4) which closed off a 2.05 m long section of the pipe. The solids accumulated on the
bottom trap were collected by a suction pump and subsequently weighted, providing the average
voidage. The accuracy of voidage measurements was esimated using a daistical quality control
procedure (Montgomery, 1991) as being £0.15%. The length of the acceerdion region was
obtained from experimenta data, by plotting the pressure versus axial distance of transport tube and
taking the linear portion of these curves. For al the conditions investigated, this length was found to
be lessthan 2.1 m, and the bottom dip valve was placed above such adistance. A glass section was
placed at the top end of the trangport tube for visual observation of the flow. The air velocity was



initially fixed at a maximum value, and the fluid dynamic measurements were carried out. After
thet, the air velocity was sowly decreased and the experimenta procedure repeated, until ceasing
the solids transport.

In al experiments, the transport pipe was grounded in order to diminate electrogatic effects.
The investigated range of experimenta conditions and measurement accuracy are shownin Table 1.

Table 1. Range of operational conditions

Range of variation ~ Accuracy(%o)

D (mm) 81.4and 104.8

d, (mm) 0.41-1.70 -

ws (kg/s) 0.057-0.155 25

W, (kg/s) 0.207-0.623 6.0
-dp/dz (Pa/m) 148.5-607.44 7.0

2.2 Theoretical M ethodology

Fluid dynamics of gas-solid conveying is usually described by the continuity and momentum
equations evaluated for each individual phase, according to the classical two-fluid model proposed
by Nakamura and Capes (1973). Depending on the particular flow characteristics, some
congderations can be made to smplify this model and congtitutive relationships can be obtained
empirically from experimental data  The smplified model adopted in this work is described as
follows. For acomprehensive review and discussion on the fluid dynamic modeling of vertical two
phase flow, we can mention the works from Arastoopour and Gidaspow (1979) and Littman et a.
(1993).

Dilute phase modeling. The two-fluid one-dimensional model has been solved for the non-
accderating region, where equations are smplified because there are no velocity and voidage
gradients. The fluid properties are considered congant and estimated under aimospheric pressure
and a the temperature measured for each experiment. The continuity equations for the gas and
particle phase are:

EpP,U=G; 1)

(1-€)p,v=G, )
where ¢ is the mixture mean voidage, p, and pr are the particle and gas densities, u and v are the
interditial fluid and particle velocities.

The individual phase momentum balances, assuming congant fluid properties and the wall
friction, are:

e Lheep, g+ fu-i(u-v)-F, ©

P —Blu-v(u-v)-
(1-6)F T E(1-e)p, g~ Bl v(u-v)~F, @

where (-dp/d2) is the pressure gradient, g is the gravitational acceleration, [ is the effective drag



coefficient and Fr and F, are the gas-wall and particle-wall friction forces, given by the following
relationships:.

F.=2f ep,u’/D (5)
F,=2f (1-£)p,v*/ D (6)

where D is the trangport tube diameter, and f; and f, are the gaswadl and particle-wall friction
coefficients.

The gas-wall friction coefficient, f;, was determined using the equation proposed by Colebrook
(Bird & al., 1960), with the mean relative roughness obtained experimentally and equal to 2.3x10°
for the 81.4 mm tube and to 1.33x10° for the 104.8 mm tube. The equation proposed by Yang
(1978) with modified parameters was used to estimate the particle-wall friction coefficient, f,:

-1.467

_ (1-¢)H1-¢)
f ,=0.0004 = E(u_v utg (7

where u is the particle terminal velocity. The modified parameters were adjusted by Silva (1997)
from experimenta dataobtained for the transport of glass spheresin the pneumatic bed with spouted
bed feeder. Equation (7) is valid for paticle diameters varying from 0.24 to 2.85 mm and tube
diametersfrom 81.4 to 148.00 mm.

In the non-accelerating region of dilute pneumatic transport the drag coefficient, Cy, can be
related to the effective drag coefficient, 3, using the following equation (Littman et d., 1993):

_ 3(1_£)pr(1

8
24, (8)

Several empirical equations are available in the literature for predicting Cy in gas-solids
suspensions (Lee, 1987; Grbavcic, 1991). In this work we employed the equation from Turton and
Levenspiel (1989) for the gandard drag curve. At high mixture voidage, the use of gandard drag
curve is well-accepted and has been adopted by authors such as Arasopoour and Gidaspow (1979).

Oncethe relations for predicting the solid-wall friction factor and the drag coefficient have been
provided, the modd is reduced to a st of four nonlinear algebraic equations, which must be solved
using an iterative method to yield the variables u,v, € and -(dp/dz). In this work, the solution was
obtained using the BROY DN subroutine described in Raman (1985). The diameter of the transport
tube, physical properties of the solid and gas phases, gas and solid flow rates, as well as initial
values of the variables u,v, € and -(dp/d2) wereinserted in the computational program.

Dense phase modeling. Preliminary investigations on the pneumatic tube with spouted bed
feeder indicated dense phase flow patterns with characteristics of non-dugging flow. Although the
definitions of this type of flow regime change from one author to another, Marcus e da. (1990)
describe this flow as being characterized by extreme turbulence, particles travelling in clusters and
strands which break up continuously and extensive backmixing of solids.  Little information is
available in literature for predicting the pressure drop in the non-dugging dense phase mode.
Yerushdmi and Cankurt (1979) have suggested thet the friction loss could be neglected on the
momentum balances. Then the tota pressure drop for the gas-solid mixture can be estimated
congdering only the solids hold-up:
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A correlation for estimating the voidage is suggested by Y erushalmi and Cankurt (1979). They
observe, however, that it needs further validation and do not recommend it for genera use.

3. RESULTS

Typical curves of pressure gradient versusair flow ratesare shownin Fig. 2.
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Figure 2 - Pressure gradients versus superficial air velocities for the pneumatic transport tubes with
spouted bed feeder; D1=81.4 mm and D2=104.8 mm.

Daa showed in Fig. 2 have been obtained by reducing the air flow rate from the maximum
value provided by the blower to the minimum one required to maintain the transport of particles.
For both tube diameters, the pressure gradient measured a condant 7, initially decreases with
increasing the air velocity, until reaching a region in which these curves change their behavior and
the pressure gradient garts increasing with the increase of air velocity. 1t was observed during the
experiments tha for the highest air flow rate no oscillations were detected in the water manometers
connected to the tube. However, asthe air rate was reduced, the oscillations started to increase, and
reached values of about £1.0 cm at the smallest air velocity. These observations clearly indicate an
ateration on flow characterigtics, and the air velocity a the minimum point is assumed as being a
transition between the two different flow regimes. The value of the arr velocity a this minimum
point on each one curve has been calculated by adjusting linear equations to the points located on
the left 9de and to those located on the right dde of the minimum pressure gradient. The
intersection between these two lines defines the air velocity at thistransition. So data Situated on the
left ade of this intersection are in the dense phase flow while datalocated on the right Sde arein the
dilute flow. A reduction of pressure gradient is expected when the tube diameter is increased
because the gas and solid flow rates decrease.

Analyzing the curves obtained for the 81.4 mm diameter tube we see that the minimum air
velocity is reduced when the particle diameter is reduced (from 13.0 my/s for the 1.70 mm particles
to 12.1 nV/s for the 1.00 mm particles and to 9.0 nv/s for the 0.41 mm particles). It is also observed
that the effect of particle diameter on the pressure gradient depends on the flow regime. In the dense



phase region, the pressure gradient increases with particle diameter. Thisis expected because higher
air velocities are required to transport larger particles. But the dependency of pressure gradient on
the particle diameter changes when we anadyze the dilute phase region. For particles of 1.00 and
1.70 mm diameters, the pressure gradient shows no dependency on the particle diameter while the
pressure gradient values measured for the 0.41 mm particle are higher than the ones measured for
larger paticles. We observe that particles of 1.00 and 1.70 mm belong to group D on the diagram
proposed by Geldart (1973), while the 0.41 mm particles belong to group B. The characteritics of
solids to be conveyed affect the way these particles behave when are fluidized, and in this case the
solid characteristics may affect aso the solids feeding a thetube entrance. Notethat the feeder used
hereisaparticular type of fluidized bed and the dependency between solid and air flow rates may be
affected by the particle diameter. We believe that the differences in particle characteristics may be a
possible reason for the change in curves behavior, but a better underganding about these
mechanisms gill requires further investigation..

Experimenta values of mean voidage are shown in Fig. 3 as a function of solid to gas mass
ratio (Wy/wt ). In this figure, the flow regime has been identified following the criterion previoudy
described.
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Figure 3 — Experimenta mean voidage as a function of the solid to gas mass flow ratio for
pneumatic transport tubes with a spouted bed feeder; D1=81.4 mm and D2=104.8 mm;
dil.=dilute phase flow; den.=dense phase flow.

As observed in dense phase flow conditions mog of the mean voidage values varied from
0.975 to 0.990 while in dilute phase conditions these values were adways greater than 0.990. From
these results we conclude that the mean voidage cannot be used as a criterion for identifying the
flow regimes since the vaues of solids hold-up in dense phase flow are not too different from those
conddered as typical of the dilute flow (Leung, 1989; Mok & d., 1989). Changes in flow
characterigtics detected in the pressure diagrams do not cause sharp variation in the voidage and the
transition between the flow regimes seems to occur in adiffuseway. The voidage for the 0.41 mm
particles could not be measured because the pneumatic traps did not operate well for such small
particles.

The two phases one dimensional model described in section 2.2 was solved to predict the
pressure gradient. Since this modd is valid for high voidage conditions, it has been applied initially
for al experimenta data, including those related to dilute and dense flow regimes. The amwasto
verify if this mode is sengitive to the changes in flow characteristics detected in the pressure



diagrams. Deviations between the predicted and measured values of pressure gradient are showed
inFig. 4.
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Figure 4 — Deviations between predicted and experimenta pressure gradients versus the particle to
gas massratio, D1=81.4 mm and D2=104.8 mm.

It can be observed in Fig. 4 that mog of the deviations are in arange of +40%, with arandomly
digtribution. Deviations values do not decrease in the dense flow conditions, as would be expected.
The limitations of one-dimensional mode for predicting the pressure gradient and mean voidage in
the dilute flow have dready been discussed in previous works (Ferreira et d., 1996). Probably a
better adjustment between predicted and experimental values of (-dp/dz) would be obtained if the
experimenta data obtained were used to esimate the solid-wall friction coefficient and the drag
force. Note that these parameters are normally used to adjust the modd to experimental data The
empirical equations used to determine these two parameter have been obtained by Silva (1997) in
the same equipment, but for a narrower range of experimenta conditions. The adjustment might
improve if a larger number of experimental data were conddered.  However, this is not our
objective at the moment. The point to be focused is that the one dimensional modd is not sensitive
to the changes of flow regimes observed in the pneumatic tubes with spouted bed feeder. If suitable
empirical equations were provided for the solid-wall friction and the drag force, the modd should
predict better the pressure gradient for al the range of air velocity used in the pressure diagrams.

Equation (9) could not predict well the pressure gradient in the dense phase flow. A possible
reason is that the correlation used to estimate the voidage vaues (the one proposed by Y erushami
and Cankurt, 1979) is not suitable for particles used here. Even when Eq. (9) has been solved using
experimenta voidage values, the pressure gradient deviations were up to +80%. So we conclude
that the smplifying assumptions used to derive Eg. (9) are not vaid for the conditions used here.

A comparison among the specific power consumption obtained a different particle to gas mass
ratios can be seen in Fig. 5. The specific energy consumption for each experimenta condition was
estimated from the equation suggested by Mills (1990).

It can be observed that the solid to mass gas ratios vary from values close to 2 (for the .00 mm
particles in the 104.8 mm transport tube) to 11 (for the 0.41 mm particles in the 81.4 mm transport
tube). The values of specific power consumption obtained are high, but compatible with data
reported in the literature for smilar ranges of solid to gas mass ratios (Taylor, 1998).



The results show that, in the range of solid to gas mass ratios investigated, there is no reduction
in the specific power consumption for dense flow conditions in the pneumatic tubes with spouted
bed feeder solid feeding system.
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Figure 5 — Specific power consumption versus particle to gas mass ratio, D1=81.4 mm and
D2=104.8 mm.

4. CONCLUSIONS

Experimenta data obtained in thiswork allow the following conclusions:

- the pneumatic tube with spouted bed feeder may be operated in two different flow regimes, the
change between flow regimes isindicated by the change in the behavior of pressure gradient versus air
velocity curves. At high air velocities the pressure gradient decreases when the air velocity is reduced
but & a certain air velocity the pressure gradient dart to increase with decreasing air velocity. The
trangtion point is given by the air velocity a the minimum pressure drop, which is dependent on the
particle and transport tube diameters;

- the curves of pressure gradient versus air flow rate are quditatively similar for al the particle
diameters investigated, but the dependency of these curves on the paticle diameter is different for
each flow regime. In dense phase region the pressure gradient for a given air velocity increases with
increasing particle diameters, but in dilute region the grestest pressure gradient was obtained for the
smalles paticle. Data obtained until now do not alow a clear underganding of this behavior and
further invegtigation about the influence of particle characterigtics on the pressure gradient and on
feeder performanceis fill needed;

- for the conditions investigated the comparison between the measured pressure gradient and the
edimated values using the two-fluid one dimensional modd in the dilute flow showsthet the modd is
not sengtive to changes in flow regimes detected in the pressure diagrams,

- the modified one-dimensiona momentum equation suggested by Yerushdmi and Cankurt
(1979) does not predict well the pressure gradient in the dense phase flow, even if the experimenta
voidage vauesare used in the model;

- the pneumatic bed with gpouted bed feeder provides high specific power consumption, and no
reduction in this values were detected for dense phase flow conditions.
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