Dynamics of Phases in a Standpipe

S.L. Soo! and C. Zhu?

A standpipe, in combination with a cyclone and venturi, can replace storage bins for research
and testing in gas-solid flow and pneumatic transport in a recycling pipe flow system with
minimum investment of solids or size of test sample and for unlimited test durations.
Satisfactory operation of such a system, however, depends on minimal leakage flow up the
standpipe. The favorable pressure gradient in the particle phase due to gravity and phase-
interactions may overcome the effect of pressure of the return air stream which is higher than
that at the top of the standpipe. The meaning of pressure of the particle phase due to static
head and kinetics of motion is discussed. Design criteria are demonstrated through basic

relations and by experimental results.

INTRODUCTION

For continuous testing of pipe flow of a
dense suspension, a test loop with a cyclone-
standpipe-tee configuration, Figure 1, for the
separation and reintroduction of particles has
been used [1]. The basic design takes advantage
of the nature of a standpipe [2,3] (both consist
of the career research of L.S. Leung). This
51mm (2 in) diameter pipe flow loop, with an
investment of 10 kg of solid particles for contin-
uous testing, replaces a bin-system with 2 one-
ton bins for 30 minutes test duration at a mass
flow ratio of solid to air of up to 12 at an air
velocity of 20 m/s, or 2 ton/hr solid flow rate.
Satisfactory operation of the cyclone-standpipe
system depends on a negligible leakage flow up
the standpipe. Depending on the magnitude of
interacting parameters, the down flow of solids
may induce a downward flow of air. However,
a large rate of solid feed and large pipe line
flow velocity may lead to upward flow of air in

the standpipe and instability of solid feed with
bubble formation.

BASIC RELATIONS

The standpipe with its ball valve is shown in
Figure 2, together with the notations for the
pressures along its height. P,; is the pressure
above the bed of solid particles, P,, is that
at the inlet of the ball valve and P,; is that
at its outlet. P, includes the hydrostatic
head of the solid bed. What constitutes the
pressure of the solid phase has been a topic
of interest [4,5]. In the transition from a
packed bed to fluidization in a standpipe, the
momentum equation of a phase k can be repre-
sented as [6]:

aypr(OUki [ 0t) + appr Ui (0Uy: ) 8z;)
= —(0P;/0x;) + (8/dx;)(7i; + 7.7)

+ arprfi + arp Fr (U — Uyy), (1)
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Figure 1. 51 mm diameter test log
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nearly fully developed motion, the momen-
tum equation of the particle phase becomes
(p corresponds to k, g to ! in Equation 1):

(p...l)

(dP,/dz) = (d/dr)r i, (dWy/ dr)
+(8/0, ) (appp < Uptty >)

+ apppg + apppFps (W — Wo),
(2)
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\
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Figure 2. Schematic of standpipe and notations of air pressure distribution.
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where the axial coordinate z, conjugate average
velocity W, and gravitational acceleration g all
point downward as positive; r is the radial coor-
dinate; u,, is the viscosity of particle phase due
to particle-particle interaction [6]; < u,u, > in
this case is the mean squared random velocity in
the radial direction constituting the Reynolds
stress with particle cloud density a,p,; F,; is
the relaxation time constant due to fluid parti-
cle interaction. Fy; is given by [7, or see 6]:

Fop = [T5a,1/2(1 — @,)? ppa?]
+[1.75p; | W, — Wy | /2(1 ~ @) ppa)
= [Av+ A2 | W, — Wy ||/ epp, (3)

where p is the viscosity of the fluid; a is the
radius of the particles; the second term on
the RHS accounts for the inertia effect. We
note that in Equation 2, the first term on the
r.h.s. is small in packed bed flow, the rest of
the terms correspond to what is referred to
as the particle pressure in [4] and [5]. This
random velocity in a fluidized bed of 1mm
glass particles measured by [8] was nearly 10%
of the superficial gas velocity, giving a rate of
momentum transfer at the wall of less than
10 Pa. Even with the increased random velocity
and decrease in concentration of particles at the
increased elevation, there is insufficient change
in Reynolds stress in the form of collision on
the wall strain gauge by random motion of
particles to give the pressure drop measured
by [4]. Since the average velocity W, =
0 in a packed and fluidized bed, and W;
is upward and negative (particles are lifted
by the gas when fluidization occurs), reduc-
ing the gravity effect, the wall strain gauge
of [4] sensed the combined effects in Equa-
tion 2. Therefore, the particle pressure was not
just due to collision of particles on the wall
The measured particle pressure therefore does
not change the basic relations of multiphase
flow.

FLOW OF PHASES

Relations concerning the flow of phases in the
standpipe are outlined next.
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Figure 3. Ball valve.

Li et al. [9] suggested that the mass flow
of non-cohesive particles through a valve can
be modeled as the flow of solids through an
orifice where the Bernoulli relation holds. The
particle mass flow in the standpipe can be
expressed as:

PopmUpm = m”p;Up
= C'd(A,,/A)(2pposzPOp)1/2

where C; is an orifice discharge coefficient; A,
is the area of valve opening which can be varied
to give different flow rates of particles; A is the
cross-sectional area of the standpipe; a,, is the
volume fraction of solids in the standpipe; AP,,
is the pressure drop across the valve; p, is the
material density of particles; p,,, is the mean
particle cloud density in pipe flow and U,,, is
its mean velocity; m* is the mass flow ratio
of particles to fluid measured by the rate of
increase of the particle level in the standpipe [1];
ps is density of air of mean velocity U, in the
pipe. The ball valve is shown schematically in
Figure 3. The figure shows the relation A4,/A
and angle 6 for the adjustment.

When o, > 0.2, [2] proposed an estimation
of the particle phase pressure gradient due
to gravity in the standpipe with height z, of
solids as:

de/dZ = apppg = AI)ps/zba (5)
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where AP, is the static particle

drop over the standpipe (or hy

of particles above the valve).

phase pressure
drostatic head
Outside the

standpipe, and the ball valve, Py < P, hence,

AP,, = AP,,.

(6)

The above equations give the particle volume

fraction as:

a, = m*Uopf/CD(AO/A)pp(2gzb)1/2, (7

where Cp, is nearly 0.04, calibrated at low solid
flow when the volume fraction of solids in the
standpipe is nearly that of a packed bed.

For relative motion of phases at low
speeds, the inertia forces are negligible. Thus

the averaged momentum equati

on of the fluid

phase in the standpipe can be expressed in the

form [6]:

(1 = ap)py Fyp(W, — W) — dFy/dz

+ (1 —ap)psg =0,

with negligible contribution of

(8)
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Equations 3, 8, and 9 comb
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W, is given by the last term in Equation 4
and Wy is now given by the quadratic relation
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Table 1. Static pressure (Pa) distributions for
100 pm particles in 51 mm test loop.

m*,Up

3,10 | 6,10 | 9,10 (12,10 3,15 [ 6,15 | 3,8

Station

1 3658 | 5741|7558 | 8386 | 6150 (9996 | 2696

2 2773 (3927|4753 | 6136 | 5121|7375 | 2182
8 847 | 906 11082 1413 | 16161860 | 593
in Equation 10 as:
Wf = Wp
— (A1/242){1 — [1 - 4(C A/ A"},

(11)

and a negative value of W; means an upward
leakage flow. Note that Equation 9 reduces to:

(12)

at low velocities. The superficial fluid velocity
is now:

Wy =W, - (C/4),

Wie = Wi(1 - ). (13)

The above shows that when the column of
solid particles in the standpipe is tall enough
(large 2), the air velocity in it could be down
ward with the solid even at high flow rate of
solids. High level of 2, to give large mass flow
ratio, however, demands large blower power in
the system in Figure 1.

VELOCITIES OF PHASES

The static pressure distributions in the 51 mm
diameter test loop were measured by a series of
U-tube manometers at points along the loop,
as shown in Figure 1. The pressure sensors 1, 2
and 8 were used to estimate the leakage flow
through the standpipe. These static pressures
for 100 pm and 450 pm glass particles with
particle mass flow ratios m* of 3, 6, 9 and 12 at
U, of 10, 15, and 8 m/s were tabulated in Ta-
bles 1 and 2. These data were used to estimate
the leakage flow through the standpipe, using
the relations in the above section. The results
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Table 2. Static pressure (Pa) distributions for
450 pm particles in 51 mm test loop.
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Table 4. Leakage flows in standpipe for 450 pm
particles (W; < 0 means upward flow of air).

m*,Uo
3,10 | 6,10 { 9,10 | 12,10 3,15 | 6,15 | 3,8
Station

1 3820|6282 | 8364 | 9888 | 6826 | 10498 | 3797

m*,Uo |3,10(6,10(9,10|12,10|3,15| 6,15 | 3,8

Psz — Py,
296349966627 | 7968 | 5250| 8352 | 3000
P,

2 3195 | 5075 | 6536 | 7850 | 6025 | 8969 | 3268

W, m/s |0.026/0.058/0.092] 0.128 [0.043] 0.096 | 0.021

8 913 | 11571420 1554 {1960 | 2355 | 881

W, m/s [0.009/0.015| 0 |-0.084/0.009{-0.038/-0.008

under various test conditions were tabulated in
Tables 3 and 4. In each case the superficial air
velocity is given by (1 — a,) W5 .

The results indicated that within the range
of the experiments, the induced or entrained
air flows in the standpipe were small, although
there were cases of leakage air flow upward in
the standpipe at certain combinations of m*,
U,, 2z, and particle size. The upward leakage
(W; < 0in Table 4) tends to occur at large solid
flow rate, U,, and reduced z;, leading to surging
of the solid level, appearance of fluidization
bubbles, and a tendency toward the breakdown
of continuous feeding of solid particles into the
test loop. Stability of the solid flow was also
affected by the build-up of static electricity;
the latter affects bubble formation [10] in the
course of fluidization at large m* and is affected
by the humidity of the air stream and the
running time. For instance, at m* = 12 and
U, = 10 and low humidity of air, when air

Table 3. Leakage flows in standpipe for 100 pm
particles.

m*,U, |3,106,10]9,10(12,10| 3,15|6,15| 3,8

Pgs — Py,
2688 1428315495 | 6387 4607|7538 | 2067
P,

Ao /A 0.11|0.2410.420.70|0.17]0.44|0.10

ap 0.6010.5510.5010.44|0.58 |0.48[0.53

Zp, M 1.501.45}1.30|1.05|1.50|1.30 | 1.50

W,, m/s {0.024/0.052|0.086{0.123(0.039|0.092/0.019

W;, m/s |0.023]0.050{0.082|0.1140.038]0.086/0.018

bubbles appeared in the standpipe, the volume
fraction of particles may lower to 0.25 and the
interstitial air velocity may reach 0.135 m/s
in an upward flow. An arc appeared in the
standpipe and the solid level became unstable.
Tables 3 and 4 were cases where humidity
in the air was maintained above 40%. For
details of instrumentation and measurements,
refer to [11, 12].

CONCLUSIONS

A standpipe is an important component in the
processing and feeding of solid particles. While
a large feed rate at small bed height into a
flowing stream will lead to instability of solid
flow, a tall standpipe for the test loop will call
for a large blower power. For a given standpipe,
instability of downward flow of solids is not only
affected by the flow parameters, but also by the
electrostatic charges on particles depending on
the humidity of the air stream. For the present
test loop system, stability of feed also depends
on the pressure drop in the pipe loop.

The present experimental results have il-
lustrated the significance of proper identifica-
tion of what constitutes pressures of phases.
Treating volume fraction of a phase as pro-
portional to its partial pressure is limited to a
dilute suspension.
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