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ABSTRACT

Many industrial applications involve fluidization systems in which it is possible to distinguish solid
particles acting as a separate phase. The fluid—particle drag forces are well known and have been widely
described in the literature to account for the momentum transfer between the phases whereas the study
of particle—particle interaction still has several challenges especially for dense flow regimes. In this
work, a novel method for the measurement of the particle—particle drag force was developed, using a
cantilever beam with four strain gauges. For validation purposes, fluid—particle drag was investigated,
the measurement device was evaluated considering two systems, in the first case, a spherical object was
exposed to an air flow in a vertical tube where different velocities were used and for the second one,
the forces resulting from impinging jet flows on the sphere were considered. The results show good
agreement with the theoretical values. The results show good agreement with the theoretical values.
The average magnitude of drag force upon a larger spherical object immersed on a flow of small
particles was measured under different streams conditions, for different impinging height, size, and
density of the particles.
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1 INTRODUCTION

Fluidized bed processes are utilized in a variety of industrial applications due to their high
heat and mass transfer rates between the fluid and solid phase. For many decades, significant
effort has been dedicated to increasing the understanding of the multiphase flow in these
fluid—particle systems to improve on the design and scale-up of fluidized beds. The advances
in computational performance have increased the popularity of numerical modelling in
studies of fluidized beds, but due to the complexity of the fluid—particle and particle—particle
interactions, active research is ongoing in this area.

Two approaches can be utilized in simulations of fluid—particle flows, an Eulerian—
Lagrangian formulation, which treats the particles as a discrete phase and the fluid as a
continuous phase, or an Eulerian—Eulerian approach, where both phases are considered
continuous. Both approaches have their advantages and disadvantages, namely the Eulerian—
Lagrangian approach can be computationally more expensive when the number of particles
increases, though this can be somewhat remedied with grouping methods such as multiphase
particle-in-cell method. For many large scale fluidized beds, the Eulerian—Eulerian approach
is still more practical.

The description of particle as a continuous phase is based on the Kinetic Theory of
Granular Flows [1], [2], which makes simplifications and models all the particle level
phenomena, such as the particle collisions. For high solids concentrations, the collisional and
frictional interactions between the particles increases and their effect is significant on the
system behaviour, and in these conditions, the Eulerian models may fail to correctly predict
the particle interactions [3]. As the Eulerian approach cannot consider momentum transfer
and movements of individual particles, the momentum transfer is modelled as a drag force
similarly to fluid—solid momentum transfer.

Literature presents several studies for fluid—particle drag force but for particle—particle
drag force only a few studies can be found [4], [5]. These models are developed for or assume
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that all the particles are monosized spheres, and in the Eulerian approach the particle are
distributed uniformly inside every computational cell. Both assumptions may affect the
model results, especially when the size ratio between the particles is large.

Measuring the collisional force between two individual particles is possible but when the
number of particles and collisions increase, is not any more feasible. In the present study,
collisional forces from falling particles are measured using a force sensor based on strain
gauges. The aim of the method is to be able to measure the net momentum transfer from the
collisions, i.e. the drag force from the particle phase, in real process conditions, for example
inside fluidized beds, to enable particle—particle drag force model development. Strain gauge
systems have been previously used for direct measurement of forces and moments [6], [7].
The measurement method, sensor layout and calibration are explained in the next section.
The validation measurements of fluid—particle drag force and experimental results of particle
forces generated by a cloud of particles colliding with a large sphere are presented and
discussed in Section 3. Finally, the concluding remarks and application perspective of the
developed force measurement system are presented in Section 4.

2 FORCE SENSOR DEVELOPMENT AND CALIBRATION

When strain gauges pairs are arranged in a Wheatstone bridge circuit, the electric resistance
of them can be affected by external forces and the output voltage reading is directly related
to those applied forces. Four strain gauges (Kyowa KFG-1b-120-c1) were mounted on a
rectangular steel beam (SAE 1074, 3 mm x 0.5 mm) to measure bending moment applied to
the beam, and a spherical plastic particle of 40 mm diameter (table tennis ball) was attached
to the tip of the steel beam. The elasticity modulus of the used steel was 2.10-10° N/m?. The
other end of the beam was fixed with a rigid support. A full Wheatstone bridge was used to
increase the sensitivity and signal to noise ratio of the measurement signal. The sensor was
connected to an analog data acquisition board and data were recorded at a frequency of
200 Hz using LabVIEW and processed with a low-pass filter. The sensor was calibrated with
a set of known weights in order to correlate the voltage signal of the sensor to known
gravitational forces. A schematic of the measurement system and the calibration curve are
presented in Fig. 1.
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Figure 1: Measurement system. (a) Schematic representation; and (b) Calibration chart.
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3 VALIDATION METHODS, MEASUREMENTS AND RESULTS
For validation purposes, the sensor was initially tested with a confined flow inside a tube and
later effects of an impinging jet were studied. Finally, the sensor used to measure force from
particle flows with different conditions; with varying impact height, size and density of the
particles.

3.1 Aerodynamic drag acting on a sphere

A stationary object immersed in a fluid flow experiences a drag force from the flow, which
varies with fluid velocity and properties as well as the object characteristics, such as shape
and size. For this study, the sensor was immersed in an upward airflow in ambient conditions
inside a tube with 11 cm in diameter and flow velocities up to 5 m/s. The force measured by
the sensor consisted of the drag force exerted on the beam and the ball, and to separate these,
the force measurements were conducted without the ball and subtracted from all the collected
data. The drag force can be written as:

1
FD =ECDAPV2, (1)

where Cp is the drag coefficient, A the cross sectional area to the flow, pand V are the density
and velocity of the fluid, respectively. The drag coefficient equations for a sphere are
presented as an empirical relations to the Reynolds number of a particle, given as:

Vs—Vr|d
Re, = M’ 2)
i

where px is the density of the surrounding fluid, vs is the velocity of the solid, which in this
case is equal to zero since the sensor is fixed, s is the superficial velocity of the fluid, dp is
the particle diameter and s is the dynamic viscosity of the fluid. In the calculation, the air
was considered as an ideal gas.

The measured forces are compared with theoretical drag forces calculated with three
correlations for the drag coefficient:

o C(liftetal. [8]:
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e Schiller and Neumann [8]:
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e C(lift and Gauvin [9], [10]:
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The results of the measured and theoretical drag forces are presented in Fig. 2. The Mean
Square Error varies from 12.67% to 28.5% between the three evaluated cases. The initial
calibration can affect the values and to reduce the inaccuracy of the measurement, a
frequently calibration of the system is made during the samples time between experiments.
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Figure 2: Drag force on a sphere immersed in an air flow.

3.2 Jet impingement on a sphere

To expand the measurements to another type of momentum transfer, impingement tests were
performed with a water jet. A syringe with a nozzle diameter of 3.98 mm was used to produce
a controlled water jet, with a weighted object pressing the piston with a constant force.
Compared to particles, it is more straightforward to determine the momentum impacting the
sensor, as the jet is continuous and the determination of the velocity is simpler. Normal tap
water was used as the working fluid with a temperature of 20°C, viscosity of 0.001 Pa s and
density of 998.2 kg/m?. Each test was repeated 5 times for three different distances between
the nozzle and the impingement surface, the data were processed according the description
formulated in Section 2. The impingement test setup is described in Fig. 3.

As the distance in height between the nozzle and the surface of the sphere increases, the
larger the forces obtained as the gravitational acceleration affects the jet. The force can also
be controlled by changing the weight of the pressing object. The velocity of the water jet
before the impact is calculated to estimate the force over the surface, which is expressed as:

F =ma = pq,v;, (6)

WIT Transactions on Engineering Sciences, Vol 123, © 2019 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Computational and Experimental Methods in Multiphase and Complex Flow X 15

Figure 3: Water impinging jet.

where m is mass, a acceleration, p density of water, q, is volumetric flow rate and v; is
velocity before the impact. Considering the water as an incompresible fluid, the volumetric
flow rate remains constant throughout the syringe and the nozzle:

Gy = ud; = v4,, O]

where U represents the velocity of the piston, v is the velocity at the nozzle, A, and A; are the
sectional area of syringe cylinder and the nozzle, respectively. The velocity of the piston was
determined with a Phantom Miro M310 High Speed Camera with a frame rate of 100 fps.
The information of the location of the piston over time was processed in MatLab using
component analysis of the binary images. The velocity of the jet at the nozzle was then
computed with eqn (7). The effect of gravity on the stream was acknowledged in computation
of the velocity before the impact with the equations of motion:

v, =V + gt, ®)
h=vt+1/2 gt?, 9

in which the distance between the nozzle and the surface of the sphere is h and g is the
gravitational acceleraton.

To illustrate the experimental measures and the theoretical calculated trend, an example
of results for an inpinging height of 1.5 cm are shown in Fig. 4, in which is visible that
velocity and the force of the jet increase during the press, with both the theoretical and
measured forces presenting the same slope but the theoretical values are on average 16%
larger than the force measured by the sensor.

A comparision between experimental and theoretical forces excerted by the water jet for
different heights is presented in Fig. 5.
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Figure 4: Experimental and theoretical forces at 1.5 cm impinging height.
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Figure 5: Experimental and theoretical forces of the impinging jet.

As seen from the results, there are clear differences between the theoretical, maximum
force and the force measured with the sensor. The discrepancies between the theoretical and
the experimental values increase with the height, reaching a 37.6% difference for the higher
level. This is expected, as the momentum transfer from the jet to the sensor is limited.
Initially, the jet hits the curved surface of the sensor, and due to the curvature, part of the
momentum is redirected. After the initial impact, there remains a layer of water on top of the
sensor and the incoming jet hits this layer, transferring parts of its momentum on the water
layer rather than the sensor. Thus, the presented results should not be directly compared to
the theoretical values, but rather they indicate the behaviour to be expected from the
measurements. In this light, the obtained results are logical and reasonable.

3.3 Particle stream on a sphere

The sensor was used to measure the forces exerted on the sphere by a stream of falling
particles with different properties. Unlike with the water jet, the momentum impacting the
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sensor could not be determined as, unfortunately for the current research, the particle
velocities or concentrations at the impact could not be measured. The effect of the falling
height, the size and density of the particles were studied. The falling height relates to the
impact velocity of the particles, as they are accelerated more by gravity with larger height. A
total of 3 repetitions were done for each configuration, in order to have statistical
representative values. The output signal was processed according to the description in Section
2. A constant mass of 300 g of particles was used for all the cases. The particles were fed
through a funnel with a nozzle diameter of 3 cm and mesh grids of 2, 1 and 0.5 mm were
placed at the nozzle of the funnel, sizes large enough to avoid the obstruction of the mesh, to
distribute the particles. The list of materials used in the experiments are summarize in
Table 1. A schematic visualization of the setup is shown in Fig. 6.

Table 1: Material properties description.

. Material density | Particle diameter | Falling height
Material
(kg/m?) (um) (cm)
700-1000 2.2,4.2,6.2
Glass beads 2500 500-560 2.2
180-250 2.2
Zirconium oxide 4135 180-250 2.2
Iron beads 7645 180-250 2.2
...:.
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Figure 6: Schematic view of the particle—particle force measurement system.

As an example, the force measured using glass particles 500-560 pm released from a
height of 2.2 cm from the surface is shown in Fig. 7, in which a relatively constant force can
be observed.

The average forces for the different cases are presented in Fig. 8. The largest glass
particles were used for testing the effect of different heights (impact velocities). As the
distance from the surface increases, the impact velocities increase and higher forces are
observed, as seen in Fig 8(a). The impact force is also a function of density of the particles,
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Figure 7: Force from glass beads 500-560 um from height of 2.2 cm.
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Figure 8:  Measured impact forces with (a) Different heights for glass beads 700—1000 pm;
(b) Different material densities; and (c¢) Different particle sizes.

WIT Transactions on Engineering Sciences, Vol 123, © 2019 WIT Press
www.witpress.com, |SSN 1743-3533 (on-line)



Computational and Experimental Methods in Multiphase and Complex Flow X 19

and this was tested with glass beads, zirconium oxide and iron beads sieved to have the same
particle size range. As the density of the particles increases, the resulting forces are larger as
shown in Fig. 8(b). Similar analysis can be made for particles of different size, higher forces
should be observed with larger particle size. This was investigated with glass bead particles
of different size, with results presented in Fig. 8(c). While the forces for the small and middle
size particles shown an ascendant trend, the measured forces for the large particles present a
sudden drop. Unfortunately the particle velocities and concentrations could not be measured
in this study, to confirm the reason for this behaviour. Most likely this is related with the
particle distribution system, it is not feasible to have the same number of particle hitting the
sensor with different materials, thus there were less particles large size impacting the sensor
at a given time compared to the smaller particles. Additionally, a fixed mass of particles was
used, which reduces the number of the larger particles compared to the smaller particles.

4 CONCLUSION

A force sensor using strain gages was developed in order to investigate momentum transfer
from the particle phase in the fluidized beds. The sensor was tested in air flow to measure the
gas—solid drag force on a single ball. In addition, momentum transfer to the ball was
measured from a water jet and falling particle stream. These initial measurement results were
reasonable which shows the reliability of the sensor and the measurement method. In future,
the study will be continued by determining the velocities and concentration of particles before
the impact with the object to better link the particle properties and flow conditions with the
momentum transfer. Also, the setup will be used to measure particle collisional forces inside
a laboratory scale fluidized bed reactor.
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