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ABSTRACT: Determination of the flow-around drag force acting on an internal
when particles downwardly flow around the internal is important for the safety of
internals in the downward particle flow channel. In this study, the flow behaviors of
particles downwardly flowing around different obstacles were investigated and a
semiempirical drag force model was proposed based on the characteristics of the
flow patterns. The proposed model was validated and key coefficients were
correlated using the experimental data. The results indicate that there were three
featured flow zones when particles downwardly flowed around an obstacle: the
flow stagnant zone (disappear for triangular/conical obstacle), the slip-shear flow
zone, and the flow separation zone. The stagnant zone angle and the flow
separation angle were proposed to depict transition points of three flow zones when particles flowed around a cylindrical/spherical
obstacle, and the two angles were found independent of the flow condition. A drag force model as per the flow patterns was
proposed. The model decomposed the drag force into the compression force, the shear force, and the confinement force. The
expressions of the compression stress, the shear stress, the effective area, and the confinement force were given. The mathematical
form of the proposed model was validated and key coefficients in this model were also correlated using the experimental data. The
average error of the drag force model was ±7.6% while the maximum error was within ±15%.

1. INTRODUCTION
Dense downward particle flow is a common particle flow state
and is widely applied in various particle transport equipment or
chemical reactors (circulating fluidized bed,1 silos,2 moving
bed heat exchanger,3 chemical looping combustion reactor,4

etc.). In a downward particle flow channel, it is common to
arrange internals to adjust the flow state5 or to serve as heat
exchange tubes.6 Also, the installed intrusive measurement
equipment7 can be viewed as another kind of internal. The
drag forces acting on the arranged internals when particles flow
around it may result in vibration, material fatigue, or even
failure of the whole internal.8 Therefore, it is worth
investigating the force acting on internals in downward particle
flow channels for optimizing the strength and structure design
of immersed internals.

Many researchers have studied the flow-around drag force
acting on an obstacle when dense particles flow around it, and
it was found that the drag force and its prediction model are
different under different flow-around processes. R. Albert9

investigated the drag force acting on a vertical cylinder rod in a
rotating bucket filled with grains and obtained an empirical
force model corresponding with particle density, insert depth,
and diameter of the rod. Liu et al.10 studied the drag force
acting on a horizontal cylinder rod when it moved in a granular
bed. The drag force was not correlated with apparent
parameters but was calculated by the integral of particle stress
based on the flow-around flow field and quoted theoretical
stress model. Brzinski III et al.11 arranged a rotating horizontal

rod in a fluidized bed and measured the drag force. The results
indicated that the model of drag force in a fluidized bed has to
add a parameter depicting the degree of fluidization (the ratio
of superficial gas velocity to minimum fluidization velocity was
adopted for their work) and thus a different drag force model
was proposed. Besides the flow-around process of a rod
moving in a packed/fluidized bed, granular matter downwardly
flowing around a cylinder,12 particles flowing around a sphere
in a horizontal tube,13 and a sphere dropping down into a
packed/fluidized bed14,15 were studied and different models
were proposed. There were also studies trying to establish a
uniform drag force model applied for all kinds of flow-around
processes, but the prediction accuracy decreased dramatically.
Faug16 reviewed a great number of drag force data and found
that there is a maximum error of two orders of magnitude if a
unified drag force model was applied to them. Considering that
the unified model remains an unsolved problem, and the drag
force model for the form of particles downwardly flowing
around an obstacle is still lacking, it is necessary to investigate
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this drag force acting on internal obstacles in dense particle
flows and develop its prediction model.

To develop a drag force model, the method of first
observing/simulating flow-around behaviors and then detect-
ing flow characteristics to derive models was adopted by many
studies. Jiang et al.17 experimentally studied the flow
characteristics of the process of granular flows impacting a
wall-like obstacle and quantitatively determined the size of the
flow dead zone. Through the force analysis on the dead zone
and wall-like obstacle, the expression of the impact force was
derived and a semiempirical model was further proposed with
some parameter fittings. Clark18 applied photoelastic tomog-
raphy technology to investigate the flow field of the process of
a sphere falling into a packed bed and to obtain the local
granular response on the front end of the falling sphere. With
the knowledge of quantitative flow information, a multi-
plicative stochastic term was supplemented into the former
empirical drag force model. Roth et al.19 simulated the process
of a cylindrical rod vertically intruding a packed bed and found
the particle flow behavior transitioned from inertial to quasi-
static behavior. With a better understanding of this physical
process, the microscopic interpretation and calculation method
of the empirical term in the original model could be provided.
In the aforementioned studies, the drag force models were
developed based on the observation of the flow-around
behaviors, providing clear physical essence.

In this work, to obtain an insightful understanding of the
particle flow behaviors, stained particle image velocimetry
(SPIV) technology proposed by our previous work20 was
applied to particle flows downwardly flowing around an
obstacle. An equation calculating the drag force was derived as
per the measured flow characteristics and was correlated using
the experimental data of the drag force acting on different
internal obstacles at different particle flow velocities. After the
correlation and parameter fitting, a semiempirical model of the
downwardly flowing-around drag force of particle flows
suitable for a wide range of particle velocities and obstacles
was proposed.

2. EXPERIMENTAL APPROACH
2.1. Experimental Equipment for Drag Force Meas-

urements. Experiments were conducted to study the
behaviors of dense particle flow passing around an obstacle.
The flow characteristics were investigated in a quasi-two-
dimensional experimental system using the SPIV technology
proposed in our previous work. Detailed information about
this technology and the experiment system can be found in ref
20 To further investigate the drag force, another three-
dimensional experimental system was established and is
schematically shown in Figure 1. The measurement section
of the rig was a vertical cylindrical flow channel with an inner
diameter D0 of 60 mm. A silo was connected to the top of this
measurement section to feed the particles. A loop seal as a
pneumatic valve was connected at the bottom of the
measurement section. The fluidization air, provided by an air
compressor, was distributed using the loop seal to fluidize the
particles and control the outflow apparent mass flux, ṁ. The
outlet particles were collected by a bucket placed on an
electronic scale. The real-time accumulated particle mass was
recorded by the electronic scale, and thereby the real-time
particle mass flux was obtained by deriving the accumulated
particle mass with respect to time. With the knowledge of the
bulk density of flow material, the apparent flow velocity was
further calculated by the quotient of mass flux and bulk
density. In the experiments, the humidity was not especially
controlled, but the laboratory was kept dry and the relative
humidity of the laboratory was kept at 10−20%.

The drag force was measured by the hanging method. The
targeting obstacle was hung in the center of the cross section
by a hanging line connected to a force sensor arranged above
the silo. The force sensor recorded the drag force acting on the
obstacle (the vertical component of all of the force, and the
horizontal component was neglected since it was offset) in
real-time and the sampling frequency was 10 Hz. To eliminate
the influence of the hanging line, the line was a steel wire rope
with a diameter of 0.6 mm, and a blank test was done first to

Figure 1. Schematic diagram of the system of the drag force measurement.
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eliminate the error caused by the drag force on the hanging
line. For each working condition, the measurement time was at
least 10 s and the average force of the steady section was
considered as the drag force under this flow velocity.
Meanwhile, two pressure measuring points were arranged at
50 mm above and below the targeting obstacle, respectively,
and the pressure drop between the two measuring points was
measured by a pressure transducer.

The flow material was a mixture of transparent glass beads
and red-stained glass beads, and the latter served as the tracer
for the measurement of flow behavior. The real density of the
glass beads ρp was 2504 kg/m3, and the bulk density of the
mixture ρb was 1454 kg/m3. The particle size distribution is
shown in Figure 2, and the average diameter of the particles
(d50) was 143.2 μm.

2.2. Data Processing Method. The method of evaluating
the measured data (including the flow velocity, drag force, and
pressure drop) was introduced in this section. Concerning the
flow velocity, since outflow particles were collected and the
curve of collected mass versus time (shown in Figure 3a)
showed a linear relationship, the flow velocity in a certain
working condition was viewed as stable and was calculated by
the ratio of apparent mass flux of bulk density, expressed as eq
1

=v m

b (1)

Concerning the drag force and the pressure drop, the
measured data of a typical working condition (particles flowing
around a sphere with the diameter of 20 mm under an
apparent flow velocity of 0.17 m/s, as shown in Figure 3b) was
taken as an example to shown their evaluation methods. In this
working condition, the force signal took about 3 s to reach the
steady state and then decreased gradually at the end of one
test. The decrease in the measured force was attributed to the
change in the fluidization state. As particles flow out, the
material height level kept decreasing and the sealing effect
decreased. The fluidization state changed a lot as the particles
above the measurement section became less. Therefore, the
average values of the steady section on the curves of force F1
and pressure drop Δp were selected as the measured steady-
state F1 and Δp results processed in this study (shown in
Figure 3b). The curve of the measured force in the blank test
was also shown in Figure 3b and a similar data processing
method was applied to obtain its mean value F0. The drag force
Fd for this working condition was thereby calculated using eq 2

=F F Fd 1 0 (2)

2.3. Experimental Equipment for Shear Stress
Measurements. Particle shear stress is a key parameter in
the drag force model (a detailed explanation is given in Section
3.2) and a measurement system for the particle shear stress was
established. This test rig (schematically shown in Figure 4a)
was a typical Couette rheometer widely applied in the
measurement of particle shear stress,21,22 and particles used
in the shear stress measurements were the same as those in
Section 2.1 to ensure the consistency of results. This Couette
rheometer consisted of a fixed outer cylinder with the inner
diameter of 140 mm, an inner rotating cylinder with the outer
diameter of 110 mm, and an air distributor at the bottom. The
outer cylinder was made of quartz glass to reduce the
electrostatic effect between particles and walls. The inner
cylinder was made of steel. The inner cylinder was connected
to an electric motor through a shaft mounted on its axis and
was controlled to rotate at selected speeds. The shaft was also
installed with a precalibrated torque sensor (range: 0−1 N·m;

Figure 2. Size distribution of the flow material.

Figure 3. Data acquisition of the experimental system. (a) Real-time collected particle mass versus time under conditions of particles flowing
around a sphere with the diameter of 20 mm at three different flow velocities (0.12, 0.17, 0.26 m/s). (b) Measured signals of force and pressure
drop in a typical working condition: particles flowing around a sphere with the diameter of 20 mm under an apparent flow velocity of 0.17 m/s.
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measurement error: 0.1% of the full scale) to measure the
applied torque. To avoid particles slipping at the wall of the
rotating inner cylinder, the inner cylinder was lined with a thin
layer of adhesive tape with particles (same as flow material)
glued to the side in contact with the flowing particles. In the
experiment, particles were initially packed in the apparatus and
the fluidization air was then supplied in the bottom to fluidize
it at different fluidization states. The air was provided by an air
compressor and the air flux was controlled by a mass flow
controller. An air distributor (a perforated plate with an
opening ratio of 1.1%) was arranged at the bottom of the
apparatus to evenly distribute the fluidization air. During the
experiment, after the fluidization state became steady, the
electric motor drove the inner cylinder to rotate at a specific
speed, and the torque T produced by particle shear was
measured by the torque sensor. The shear rate γ̇ at a certain
rotation speed ω (rpm) was calculated by eq 3

=
R

R R

2
60 1

2 1 (3)

where R1 and R2 are the outer and inner radii of the inner and
outer cylinders, respectively. The particle shear stress τ on the
inner cylinder was calculated by eq 4

= T
R H2 1

2 (4)

where H is the particle packing height. In each test, the
measuring time was kept for at least 60 s, and the average value
of torque was adopted as the measured data. Before the
particle shear test, the experiment system was tested with a
Newtonian liquid with known viscosity (glycerol, 99% purity,
and viscosity 1.5 Pa·s) to verify the validity of the experimental
system. In this validation experiment, the air distributor at the
bottom was substituted by a plate of the same size to prevent
the glycerol from flowing out. The validation experiment was
done with two different heights of liquid level and the results

Figure 4. Measurement system for particle shear stress. (a) Schematic diagram of the experimental system of the particle shear stress measurement.
(b) Validation of the measurement system: dashed line: theoretical values of glycerol 99% (μ = 1.5 Pa·s); teal box solid: experiment points, the
height of liquid level H = 45 mm; and yellow circle solid: experiment points, the height of liquid level H = 75 mm.

Figure 5. Flow characteristics of dense particle flow-around process shown by long exposure pictures (te = 0.1 s). (a) Slip-shear flow zone and flow
separation zone. The side length of the equilateral triangular column: 17 mm, v = 0.08 m/s. (b) Flow stagnant zone, slip-shear flow zone, and flow
separation zone. Diameter of the cylindrical obstacle: 20 mm, v = 0.15 m/s. (c) Diameter of the cylindrical obstacle: 20 mm, v = 0.05 m/s. (d)
Diameter of the cylindrical obstacle: 5 mm, v = 0.10 m/s.
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(shown in Figure 4b) indicated a good agreement with the
theoretical values which proved the data validity.

3. RESULTS AND DISCUSSION
3.1. Flow Characteristics and Flow Fields. Using the

SPIV technology proposed by our previous work,20 the flow
behaviors of particles downwardly flowing around different
obstacles were investigated in this section. Figure 5 shows the
flow characteristics of particles flowing around an equilateral
triangular column or a cylindrical obstacle at different flow
velocities. Videos of the particle motion can be also found in
the Supporting Material. For a triangular obstacle (shown in
Figure 5a), there are two obvious flow zones. Along the
sidewall, particles slide along it, forming the slip-shear flow
zone. The flow separation occurs below the bottom of the
triangular obstacle, forming the flow separation zone on the
downstream side. This phenomenon is analogous to that in the
continuous fluid flowing around the triangular column (e.g., ref
23). The process of particles flowing around the cylindrical
obstacle (shown in Figure 5b) is similar, but a flow stagnant
zone forms on the upstream side of the cylindrical obstacle.
This flow stagnant zone is also found in other similar particle
flows (e.g., ref 24). Although the obstacle, size, and flow
velocities are quite different in the present study, the key
features of the particle flow behavior are similar and these
distinctive zones are also exhibited in Figure 5c,d.

Quantitative depiction of the flow characteristics of the
particles flowing around a triangular obstacle is relatively easy
because the slip-shear flow zone only exists on the side surfaces
and the flow separation zone only exists on the bottom surface.
The transition points of the two flow zones are the two vertices
at the bottom line of the triangle. However, to quantitatively
describe the flow characteristics of cylindrical obstacles, it is
needed to determine the transition points of three flow zones.
The center angle of the end point of the flow stagnant zone is
defined as the stagnant zone angle, θ1, and that of the start
point of the flow separation zone is defined as the flow
separation angle, θ2. These two angles can quantitatively depict
the position of three flow zones and are defined using the
distribution curve of the ratio of the particle tangential velocity
vpt on the cylinder surface to apparent bulk velocity v (shown

in Figure 6a). In Figure 6a, the particle velocity was measured
by the proposed SPIV technology. When the center angle θ is
small which corresponds with the flow stagnant zone, the
dimensionless velocity vpt/v keeps zero. The end of the
stagnant zone can thus be defined as the turning point of the
velocity curve and the value of θ1 keeps approximately the
same as 50° for different cylinder diameters and different flow
velocities. The measured value of the stagnant zone angle is
also equal to that in the static packing test (shown in Figure
6b), which indicates that the stagnant zone angle is a
parameter related to particle properties rather than a flow
parameter. This finding is the same as those in other studies
(e.g., ref 25) on particles flowing around cylinder obstacles. On
the velocity curve shown in Figure 6a, the measured points
disappear at a certain center angle, which is defined as the flow
separation angle. It was found that the flow separation angle θ2
can be viewed as independent of flow conditions and cylinder
diameters and keeps the same at ∼130°. This finding that the
flow separation angle is just related to particle property is also
adopted in other granular research.26

3.2. Theoretical Model for the Drag Force. With the
knowledge of flow patterns and some quantitative flow
parameters of particles flowing around an obstacle, the
theoretical model for the drag force is then proposed. Particles
flowing around conical and spherical obstacles were inves-
tigated and the force analysis based on flow patterns was
conducted (shown in Figure 7). It is worth noticing that even
though flow behaviors discussed in Section 3.1 were obtained
in a quasi-2D experiment system, the particle flow in a 3D flow
channel can be viewed to have same flow behaviors as that in a
2D flow channel.27 Therefore, the key flow behavior
parameters, e.g., stagnant zone angle and flow separation
angle, of particles flowing around conical obstacles and
spherical obstacles in this 3D setup are viewed as the same
as those of the triangular column and the cylindrical obstacle
discussed in Section 2.

Through the force analysis, the drag forces on these
obstacles can be decomposed into the compression force Fp,
shear force Fs from particles (rolling friction force was
considered as part of the shear force), and confinement force
Fc from the lateral wall of the flow channel. It was proposed by

Figure 6. Determination of stagnant zone angle and flow separation angle. (a) Variation curve of particle tangential velocity to apparent velocity on
the cylinder surface. Maroon box solid: obstacle: 20 mm cylinder, v = 0.03 m/s; teal circle solid: obstacle: 20 mm cylinder, v = 0.11 m/s; green
triangle up solid: obstacle: 10 mm cylinder, v = 0.10 m/s; and yellow diamond solid: obstacle: 5 mm cylinder, v = 0.10 m/s. (b) Picture of the static
packing of the flow material.
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the literature28 that when the ratio of the characteristic size of
obstacle D to the size of the flow channel D0, D/D0, is larger
than 0.2, the confinement of the walls on the obstacle cannot
be neglected. The experiments in the literature28 were carried
out using similar particles to our research, so this conclusion
was adopted in this work and the confinement force from the
lateral wall was taken into consideration. These three
components were analyzed respectively and their models
were proposed.

The drag force Fp and Fs from particles can be expressed as
the integrals of the compression stress p and shear stress τ on
the effective area of the obstacle, respectively. It is worth
noting that the area corresponding with the cavity at the
bottom of the obstacle caused by the flow separation is not
considered as the effective contact surface because there is no
particle contact and only gas phase force exists. The drag force
of the pure gas phase flowing around an obstacle (obtained
through the theoretical calculation29) is approximately five
orders of magnitude lower than that of particles flowing around
the same obstacle (obtained through the measurement of the
drag force in the following sections), so it is reasonable to
neglect the force on the separation cavity. For a conical
obstacle, the effective contact area is the side surfaces. For a
spherical obstacle, the flow stagnant zone can be viewed as part
of the obstacle, so the effective contact area is the side surfaces
of the stagnant zone and part of the side surface of the sphere
(surface corresponding with the center angle of θ1−θ2).

Through the theoretical analysis above, the drag force from
particles can be expressed by eq 5

+ = +F F p S( cos sin )d
S

p s
e (5)

where Se is the effective stressed area, p the compression stress,
τ the shear stress, and θ the base angle for conical obstacles
and the center angle for spherical obstacles. Concerning the
compression stress p, it is viewed as proportional to ρv2 in
granular,30 fluidized bed11 or fluid flow.31 Our model followed
this assumption and the compression stress is expressed by eq
6

=p v2 (6)

where α is an empirical coefficient and is assumed to be the
same on the whole effective contact surface. Concerning the
shear stress τ, it was directly measured by the shear stress
experiment system mentioned in Section 2.3. With this
apparatus, particles were controlled under different fluidization
states and the particle shear stresses were measured with the
particle packing height of 52 mm. The range of shear rates in
this experiment was 11.3−39.6 1/s, and it covered the range of
particle shear rates measured in Section 3.1 (17.2−39.0 1/s),
which proved the applicability of this experiment. The results
(shown in Figure 8a) indicated that the particle shear stress
does not change with the change of the shear rate but changes
with the change of the fluidization state. This phenomenon was
similar to the findings in the literature (e.g., ref 32, 33).
Meanwhile, the measured values of particle shear stresses
(200−600 Pa) were similar to those measured in the
literature33 (100−300 Pa, the difference in measured values
was due to the difference in particles), which proved our
measurement results. The parameter of fluidization number f n
is defined to quantitatively represent the fluidization state. The
fluidization number f n is expressed by the ratio of gas−solid
slip velocity uslip to the minimum fluidization velocity umf, as
shown by eq 7

=f
u

un
slip

mf (7)

When the fluidization number is equal to 0, it represents the
state of the packed bed; when it is equal to 1, it represents the

Figure 7. Flow patterns of particles flowing around conical and
spherical obstacles and the decomposition of the drag force. (a)
Vertical section of the process of particles flowing around a conical
obstacle and (b) vertical section of the process of particles flowing
around a spherical obstacle.

Figure 8. Measurement of particle shear stress. (a) Relationship between the shear stress and the shear rate under different fluidization numbers.
(b) Correlation of averaged shear stress and the fluidization number.
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minimum fluidization state. In the shear stress measurement
system, the gas−solid slip velocity is the apparent gas velocity
through the bed, which can be calculated by the ratio of the gas
mass flux to the flow area. The minimum fluidization velocity
umf can be determined by an empirical equation,34 as expressed
by eq 8

= +
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where C1 = 33.7, C2 = 0.0408, dp is the diameter of flow
materials which is adopted as the average diameter d50, ρp the
particle density, μg and ρg the viscosity and density of gas
phase, and g the gravitational acceleration. The particle shear
stress was correlated with the fluidization number and this
showed a nearly linear relationship between them when the
fluidization number is less than 1 (shown in Figure 8b).
Therefore, an empirical correlation was proposed to represent
particle shear stress as eq 9

= +f f458 642(0 1)n n (9)

where the unit of shear stress τ is Pa. It is worth especially
noting that eq 9 was applicable only when 0 ≤ f n ≤ 1, since
when the fluidization number is greater than 1, the particles
enter the bubbling fluidization state and it needs another
formula to depict.35 The range of the fluidization number (0−
1) also covered that in experimental scenarios (0.38−0.59).

Through this empirical formula (eq 9), the shear stress τ in
eq 5 can be calculated. It is worth noting that the calculation
method of gas−solid slip velocity uslip in the 3D flow channel
mentioned in Section 2.1 is different because of a more
complex flow environment. In such a flow channel, the slip
velocity needs to be calculated by the pressure drop Δp as
indicated by eqs 10 and 11
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where eq 10 is the Ergun equation,36L is the distance between
two pressure measuring points (0.1 m in this experiment
system), ε the voidage, and εmf and εp are the voidages in
minimum fluidization state and packing state. In eq 11, the
voidage in the minimum fluidization state37 was calculated by
an empirical correlation as eq 12
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where Φp is the sphericity viewed as 1 for this flow material.
Combined with eqs 7, 8, and 10−12, the fluidization number
in a 3D flow channel as demonstrated in Figure 1 can also be
calculated.

Through the determination of two stresses (eqs 6 and 9),
the drag force from particles can be expressed as eqs 13 and 14

=F v Ap
2

p (13)

=F a bf A( )ns t (14)

where Ap and At are integral compression and shear areas,
respectively, and they can be expressed by eqs 15 and 16
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where θ is the base angle of the cone and D is the diameter of
the bottom surface of the conical obstacle or the diameter of
the spherical obstacle. The detailed derivation process of eqs
15 and 16 can be found in the Supporting Material. Combined
with eqs 5−16, the components of the drag force from
particles, i.e., Fp and Fs, were determined.

Constrained by the experiment condition, the ratio of the
characteristic size of the flow-around obstacle to the size of the

Figure 9. Determination of the relationship between the drag force and the flow velocity. (a) Relationship between the drag force and the flow
velocity for a certain obstacle (a cone with the apex angle of 90° and the bottom diameter of 30 mm). (b) Relationship between the drag force and
the flow velocity correlated by three groups of data with different size ratios (0.25, 0.37, 0.50, obtained from different obstacles).
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flow channel D/D0 sometimes cannot fulfill the requirement of
being less than 0.2, and the confinement force from lateral
walls Fc needs to be considered. However, there is no reported
model for the calculation of the confinement force.
Considering that the size ratio D/D0 will have a positive
influence on the confinement force, it was assumed to be a
linear relationship as indicated by eq 17

=F D
D

Fc
0

c0
(17)

where D is the characteristic length of the obstacle which
represents the bottom diameter for the conical obstacle and
diameter for the spherical or semispherical obstacle, D0 is the
inner diameter of the flow channel, and Fc0 is the empirical
coefficient. Through the analysis above, the drag force Fd can
be calculated by eq 18

= + +

= + + +

F F F F
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d p s c

2
p t

0
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(18)

3.3. Validation of the Proposed Drag Force Model.
The force model proposed in the last section correlates the
drag force with the flow velocity as a square relation and with
the size ratio D/D0 as a linear relation, this mathematical form
needs proof before the parameter fitting. The relationship
between the drag force and the flow velocity was first
investigated. Taking a specific obstacle as an example (a
cone with the apex angle of 90° and the bottom diameter of 30
mm), the relationship between the drag force and the flow
velocity is shown in Figure 9. The square relation (nearly Fd =
a1 + a1v2) in Figure 9a preliminarily proves the form of the
drag force model. It is worth noting that the uncertainty of the
fluidization number increased as the flow velocity increased,
since the uncertainty of the pressure drop Δp increased as the
flow velocity increased. However, the increasing fluctuation of
the pressure drop with the increasing flow velocity is intrinsic
for a dense downward particle flow.38 Thus, the fluctuation of
the fluidization number shown in Figure 9a was unavoidable.
The fluctuation of the drag force σFdd

was mainly caused by the
fluctuation of the fluidization number σf dn

. The relation between
these two values of fluctuations in Figure 10 showed a strong
dependence which proved this supposition. To give further
proof of the formula, fix the size ratio (D/D0), and address the
influence of the velocity on the difference between the drag
force and shear force (Fd − Fs), three groups of data with three

different size ratios (D/D0 = 0.25, 0.37, and 0.50, respectively)
were applied to make the validation. To intuitively represent
the relationship between the drag force and the flow velocity,
the force model eq 18 is transformed into eq 19

= · +
F F
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D

F
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( )d s

p

2

0

c0

p (19)

where the term (Fd − Fs)/Ap is taken as the dependent variable
and the term ρv2 is taken as the independent variable. The
curve shown in Figure 9b indicates a linear relationship
between (Fd − Fs)/Ap and ρv2, proving the square relation
between the drag force and flow velocity. The value of the
correlated slope (equal to Section 3.3) is thereby assigned to
the variable α.

The relationship between the drag force and size ratio was
further studied. Since the velocity term in eq 18 is proved, the
drag force model can be transformed to better display the
influence of the size ratio, as shown by eq 20

= = +F F F F F v A f A( 458 642)nc d p s d
2

p t

(20)

where the term (Fd − Fp − Fs) was taken as the dependent
variable and the size ratio D/D0 was taken as the independent
variable. All of the experimental data (detailed working
conditions will be mentioned in the following text) were
applied to correlate eq 20 and the results (shown in Figure 11)
indicated a linear relationship, which proves the form of eq 20.

Figure 10. Relation between the pressure fluctuation and the fluctuation of the fluidization number.

Figure 11. Relationship between the confinement force and the size
ratio correlated by experiment data.
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There exist some deviations in this correlation because the
conical obstacles have different heights, but the diameter of the
bottom surface was selected as the characteristic length which
did not represent the height information. This may partially
explain the deviations between the experiments and the model
prediction, in particular for the data around D/D0 = 0.3−0.5.
Finding a better characteristic length will be a future study.

With the proof of the mathematical form, data of particles
flowing around different obstacles under different velocities
were applied to fit the model. Three kinds of obstacles were
applied: five conical obstacles with apex angles ranging from 40
to 90° and bottom diameters from 15 to 30 mm, two spherical
obstacles with diameters of 20 and 25 mm, and a semispherical
sphere (spherical surface upward) with the diameter of 20 mm.
The apparent flow velocities range from 0.08 to 0.29 m/s. The
fitted parameters of the force model were given by eq 21

=
=

l
moo
nooF

3.3
2.04Nc0 (21)

The experimentally measured drag force on obstacles and the
theoretical force calculated by the drag force model (eq 18)
with fitted parameters (eq 21) were compared, as shown in
Figure 12. The comparison indicates a maximum error of <

±15% and an average error of ±7.6%, which is a rather good
agreement for particle flow studies. The errors of measured
forces were mainly derived from the fluctuation of the
fluidization number which was unavoidable.

4. CONCLUSIONS
In this paper, the flow behaviors of particles downwardly
flowing around a certain obstacle were studied and a
semiempirical drag force model as per the observed flow
characteristics was proposed and validated using the experi-
ment results. The concluding remarks are as follows:

(1) Three featured flow zones, i.e., the flow stagnant zone,
the slip-shear flow zone, and the flow separation zone,
were identified in the process of dense particles flowing
around a triangular obstacle with only the latter two flow
zones or a cylindrical obstacle with all flow zones.

(2) The stagnant zone angle and the flow separation angle
were independent of flow conditions. The stagnant zone
angle was ∼50° and the flow separation angle was ∼130°
for the tested glass beads.

(3) The drag force was assumed to consist of the
compression force, the shear force from particles, and
the confinement force from the lateral wall of the flow
channel.

(4) The proposed drag force model was correlated with the
experimental data; the maximum calculation error is
within ±15% and the average error is ±7.6%.
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