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Abstract: Improving the efficiency of transport of coal water slurries (CWSs) and determining
pipe wear both necessitate accurate predictions of flow characteristics in pipelines with complex
geometries. At the bends of the channels, the flow is significantly influenced by the bend curvature,
flow rate, and the rheological properties of the slurries that are viscoplastic. Herein, we numerically
simulated the flow of CWS in curved channels with different curvature ratios, at different flow
rates, and using different rheological models, respectively. The results showed that, due to the yield
stress on the cross-stream slices, the velocity profiles showed an unyielded plug. The plug deflects
outwards in most circumstances, except at the bend core in the highly curved channel, and, at the
same time, at the lower conveying rate, which is due to the fact that the larger inner-wall-pointed
pressure gradient has to be balanced by large velocities at the inner bend and, hence, the centrifugal
effects are weakened at the lower conveying rate. Interestingly, the larger curvature, together with a
higher conveying rate, induces a kidney-shaped velocity field at the bend exit, with two separated
up and down velocity maximum zones, due to the larger wall shear stresses at the top and bottom
than occur in the other cases. The bend brings in a secondary flow consisting of the following: an
inward transverse flow at the bend entrance; two Dean swirls in symmetry in the vertical direction at
the slices of the bend core and bend exit; and decayed swirls near the outlet. As the curvature ratio
increases, the location of the strongest swirls switches from the bend core to the bend exit, since the
flow in the highly curved channel requires a longer distance to fully develop the vortices. Decrease in
the yield stress and decrease in the consistency index induce a shrinkage of the plug and enhance the
streamwise flow and, thus, decrease the cross-stream secondary flow, especially in the channel with
the larger curvature.

Keywords: coal water slurry; transport; channel bend; yield stress; secondary flow

1. Introduction

The flow in channel bends has been of interest over the last decades, and most prob-
lems are due to turbulent water. The influence of geometrical parameters of the channel
(e.g., bend curvature ratio, and the height/width ratio for the rectangular-shaped channel),
the flow rate on the cross-stream flow structures, which are like a pair of counter-rotating
swirls, and the velocity distributions have been systematically quantified [1–5]. As the
flow is turbulent, different turbulence models employed in the numerical simulations give
different flow structures, particularly for sharply bent channels, in which only simula-
tions using large eddy and higher order Reynolds stress (RANS) models can obtain the
counter-rotating swirls at the outer bend [6,7].

The flow of non-Newtonian fluids in channel bends is less well understood, although
many industrial fluids are non-Newtonian, such as cement, waxy crude oil and coal
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water slurries (CWSs), the latter being studied in this article. For these fluids, at usual
moderate flow rates, the turbulence can be neglected due to their large viscosities, but their
complex rheological properties, like shear thinning and the yield stress, should play a role.
CWS, which is a newly raised green resource that is an alternative to conventional natural
resources, like oil and raw coal, has a shear dependent viscosity and a yield stress at high
solid concentrations [8–12]. Fluids with a yield stress are not sheared and behave as a soft
solid when the imposed shear stress τ is smaller than a threshold yield stress τy, whereas
they turn to fluids when τ > τy [13]. In most recipes, polymers are added to CWS to
improve the slurries’ stability and prevent particle settling [14,15]. The particles mediated
by these entangled polymers form a whole-body three-dimensional network that gives
a yield stress [16,17]. The polymers also induce another non-Newtonian factor-elasticity,
which can be, however, approximately ignored since the amounts of polymers in CWS are
strictly limited to maintain the slurries’ lower viscosity and good fluidity.

In problems concerning the transport of CWS, the whole flow field and the mechanical
details in the complex pipeline, with multiple straight and bend sections, should be predic-
tive. The flow in straight channels has analytical solutions, but the flow in curved parts can
only be known through experiments or finite-element numerical simulations. Nonetheless,
such studies have rarely been reported until now. Li et al. employed the lattice Boltzmann
method to compute the laminar flow of shear thinning and shear thickening fluids with a
yield stress in a 90◦ bent channel, with the variables of the yield stress, power-law index,
and the channel curvature ratio [18]. They found that the larger curvature or power-law
index induced a narrower unyielded plug and a more asymmetric shape. Drop in pressure
increased as the yield stress, power-law index, or the channel curvature increased. At the
bend, the cross-stream secondary flow was characterized by Dean vortices, that consist
of two counter-rotating swirls, the intensity of which decreased as the yield stress or the
power-law index increased. Wang et al. used Fluent software to simulate a Herschel-
Bulkley fluid flowing in a curved channel [19]. They mainly evaluated the offset ratio of
the maximum velocity position (OROMVP), since it is closely related to damage to the
channel wall. They concluded that the channel diameter influenced the OROMVP more
significantly than the flow rate. As the flow rate increased, the OROMVP increased and
then decreased, providing guidance to the industries that the conveying rate of the slurries
should avoid that critical value at which the channel damage is maximized.

If elasticity is taken into account, the problems become more complicated. Some
experiments observed new vortices in microfluidic devices if linear polymers are added to
water [20–25] because the polymer chains are stretched in fluid. The size of the vortices
increases as the Weissenberg number increases [24], which is called instability. These
microfluidic devices include microchannel bends, like cross-slots, channel expansions or
contractions [23,25–28]. However, some researchers argue that elasticity is not the only
necessary key to instability, as shear-thinning is also important [29,30]. Actually, apart
from the rheological properties of the solutions, the ratio of the height to width of the
microchannels also influences the flow behavior, e.g., the ways of transition from steady
flow to unsteady flow [27]. Surfactant solutions are another group of viscoelastic fluids.
The molecules turn to wormlike micelle structures when saline is added, which also
results in entangled chain structures that give elasticity. Hwang et al. [31] experimentally
studied the flow of surfactant solutions in bent microchannels by varying the topological
microstructures of the wormlike micelles controlled by the concentration ratio of the saline
to the surfactant. They found that solution with a high saline concentration shows a
yield stress, due to the branched structure of wormlike micelles, and its flow transition
landmarks occur at different Weissenberg numbers, compared to solution with a low
saline concentration. As the entangled chain structures in surfactant solutions undergo
different breakage and reconstitution, compared with the solutions of linear polymers like
polyethylene oxide (PEO), the flow behavior in channel bends also deviates.

In this paper, we numerically simulated the flow of coal water slurries in channel
bends with two variables: one is the channel curvature ratio, and the other is the conveying
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rate. With elasticity neglected, only the viscoplastic effects were considered to affect the
flow. The simulation results contain rich information about the energy cost in the transport,
the damage to the channel, and the fundamental fluid mechanics, which are represented
by pressure drop, wall shear stress distributions, and secondary flow characteristics, re-
spectively, and are, therefore, proposed to directly provide comprehensive suggestions to
industries about the geometrical design of pipelines and appropriate conveying rates.

2. Simulation Setup

The numerical simulations were performed using Ansys Fluent software [32]. Fig-
ure 1 shows the structured meshes with elements of the two bent channels with different
curvature radii Rc, which were calculated from the central axial line of the channels.
Rc = 0.0825 m for the 90◦ bent channel (Figure 2a), and Rc = 0.0574 m for the 45◦ bent
channel. For both channels, the diameter of the cross-section D was 55 mm, and the straight
arms connected by the curved bend in the middle were 0.5 m long. Each mesh contained
approximately 1.7 million nodes. In order to check the influence of the meshing grids on the
results, we performed simulations using meshes with dense and sparse nodes, respectively.
We discovered that for the 90◦ channel, two meshes with 800,000 and 1.7 million nodes pro-
duced nearly identical results, with a 5% difference in maximum velocity. However, for the
45◦ channel, the simulation using the mesh containing 1.7 million nodes gave apparently
different secondary flows from the simulation with the sparse mesh. We tested further and
found that the results made little difference when the mesh was denser than 1.7 million
nodes. Therefore, we used the meshes of 1.7 million nodes for both channels. The boundary
conditions of the simulations were a uniform velocity V assigned at the inlet, a fixed zero
pressure at the outlet, and no-slip imposed on the channel wall. The rheological properties
of the CWS are described by the Herschel-Bulkley (HB) model suggested by [33]:{

τ = τy + k
.
γ

n, |τ| > τy.
γ = 0, |τ| < τy

(1)

where τy is the yield stress that must be exceeded to obtain a non-zero shear rate, k
is the consistency index, and n is the power-law index, which is smaller than one for
shear thinning fluids. In the simulations, to avoid numerical instabilities induced by the
piece-wise format of the HB equation, we applied the modified HB equation proposed by
Papanastasiou [34] and wrote the viscosity using the following equation:

µapp =
τy

|
.

γ|

(
1− e−m|

.
γ|
)
+ k|

.
γ|

n−1
(2)

where m is a large-value regularization parameter to approximately model an infinite
viscosity for |τ| < τy. Referring to the rheological tests of CWS in [8], we chose τy = 7.3 Pa,
k = 2.3 Pa·sn, n = 0.9 and m = 1000 that were carefully adjusted, since the larger values
could also cause numerical instabilities. In Fluent, we wrote Equation (2) into the setting of
the viscosity through a User Defined Function (UDF). We set two conveying flow rates in

the simulations: 2.85 cm3/s and 4.75 cm3/s, yielding Reynolds numbers Re =
2ρ( D

2 )
n

V2−n

k
as defined by [35], which were approximately 41 and 71, respectively, which meant that
the flow was laminar and the turbulence could be neglected. Here, ρ = 1250 kg/m3 was
the density of CWS. From the formula of the Reynolds number, the change of either D
or V resulted in the change of Re. Therefore, in this article, we only studied the effect of
V through setting the different inlet velocities. We propose that increase of V has similar
effects to increase of D.
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Figure 1. Structured meshes of the two channels with different curvature ratios: (a) Mesh of 90◦

channel; (b) Mesh of 45◦ channel.
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trance, bend core, bend exit, and the channel outlet, respectively. (b) The pressure distribution along 
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with arrows are the streamlines. 
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3.1. Small Curvature  

The inlet–outlet pressure drop (Figure 2b,d), the vorticity distribution, and the 
streamlines (Figure 2c,e) at two conveying rates in the 90° channel are shown in Figure 2. 
The vorticity here was only the magnitude projected in the direction perpendicular to the 

Figure 2. (a) Looking down at the 90◦ channel from an angle, the velocity, vorticity, and projected
streamlines were plotted on the slices. The slices were located near the channel inlet, the bend
entrance, bend core, bend exit, and the channel outlet, respectively. (b) The pressure distribution
along the channel at the flow rate of 2.85 cm3/s. (c) The colors represent the velocity cross vorticity
magnitude, which is the magnitude of the vorticity in the direction perpendicular to the velocity
vectors at the same flow rate as (b), and the lines with arrows are the streamlines. The distribution is
in the middle-height plane of the channel. (d) The pressure distribution along the channel at the flow
rate of 4.75 cm3/s. (e) The velocity cross vorticity magnitude at the same flow rate as (d), and the
lines with arrows are the streamlines.

3. Results and Discussion
3.1. Small Curvature

The inlet–outlet pressure drop (Figure 2b,d), the vorticity distribution, and the stream-
lines (Figure 2c,e) at two conveying rates in the 90◦ channel are shown in Figure 2. The
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vorticity here was only the magnitude projected in the direction perpendicular to the veloc-
ity vectors, and the vorticity distributions shown in the graphs were in the middle-height
plane of the channel. First, as expected, the drop in pressure increased as the flow rate
increased. For both rates, at the beginning of the bend, the transverse pressure gradient
pointed to the inner wall, pushed the flow inwards and resulted in large vorticity there.
Behind the bend, the centrifugal force became strong and the large vorticity was located at
the outer wall. Close to the outlet, the fluid reattached to the inner wall where the vorticity
values eventually recovered. We also noted that there was a line with the minimum vortic-
ity going through the channel. At the lower flow rate, the line underwent a small deflection
at the bend. At the higher rate, the line apparently deflected towards the outer wall, due to
the stronger centrifugal force. For both rates, on approaching the outlet, the line tended to
return to the center. The streamlines gave us some information about the fluid velocity, e.g.,
the dense streamlines always indicated higher velocity, which occurred at the outer wall
just at the exit of the bend.

To assess the damage to the channel wall in the slurry transport, the distributions of
the wall shear stress of the two cases were plotted from different viewing angles in Figure 3.
Overall, both the maximum and the minimum wall shear stresses, in the case at the higher
conveying rate, were larger than the values at the lower conveying rate. We also observed
that the strongest wall shear was always located at two positions: one was at the inner wall
at the beginning of the bend, and the other at the outer wall at the exit of the bend. At the
higher conveying rate, the weakest wall shear was located at the opposite sides of the walls,
where the strongest shear stress was located. In contrast, it was only located at the outer
wall at the beginning of the bend at the lower conveying rate. From this, we concluded that
the bend broke the flow symmetry to a greater degree at the exit of the bend than at the
entrance of the bend.
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Figure 3. (a) Top view of the distribution of the wall shear stress in the 90◦ channel at the flow rate
of 2.85 cm3/s. (b) The distribution viewed from the outer bend in the same case as (a). (c) The
distribution viewed from the inner bend in the same case as (a). (d) Top view of the distribution of
the wall shear stress in the 90◦ channel at the flow rate of 4.75 cm3/s. (e) The distribution viewed
from the outer bend in the same case as (d). (f) The distribution viewed from the inner bend in the
same case as (d).
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Figure 4 shows the distributions of the velocity magnitude and on-node velocity
vectors on the five slices, as indicated in Figure 2a. We arranged for there to be two slices
located near the inlet/outlet while the other three were located at the entrance/exit and
the middle core of the bend, respectively. We speculated that the flow on the slice near the
inlet was least affected by the bend, and the flow on the slice near the outlet depended
on the decay of the twisted flow induced by the bend. The slices at the entrance and the
exit of the bend showed the flow that had just started and the flow that had finished being
twisted by the bend, and the slice at the core of the bend showed the flow that was most
twisted. The studied slices were distributed in a similar way in the 45◦ channel. Under this
arrangement, it was convenient to compare the flow characteristics under different flow
conditions and in different types of channels, especially when studying the deflection of
the flow that had to be compared at the same locations relative to the bend. On the slice
closest to the inlet, the velocity profile showed a central plug with zero derivatives inside,
representing an unyielded fluid zone, where the values of shear stress were smaller than
the threshold-yield stress. This is the most essential difference between yield stress fluids
and Newtonian fluids with constant viscosity. Recall that, apart from the yield stress, the
shear thinning also flattens the velocity profile. The plug-flow velocity profile of HB fluid
in a circular channel obeys:

U =


( n

n+1
)( 2τw

kD

)(
D
2 − Rp

) 1+n
n , r < Rp( n

n+1
)( 2τw

kD

)(
D
2 − Rp

) 1+n
n

[
1−

(
r−Rp
D
2 −Rp

) 1+n
n
]

, r > Rp

(3)

where τw is the wall shear stress and Rp =
Dτy
2τw

is the radius of the unyielded plug. We
used the width of the plug in Figure 4a to estimate the wall shear stress τw and found
it agreed with the values at the same slice position shown in Figure 3a. The velocity
values on the nodes in the sheared zones were also approximately equal to the predictive
results according to Equation (3), even though in the simulations we used Papanastasiou’s
modified HB model to displace the discontinuous viscosity. In contrast, on the rest of
the four slices, even on the one closest to the outlet, a cross-stream secondary flow was
observed as the velocity vector arrows twisted. This suggested that the sheared region
expanded or the unyielded region shrank. It was also seen that the lateral position of the
plug was close to the inner wall at the bend entrance and then deflected to the outer wall
at the bend core and bend exit, and, finally, returned to the axial center at the outlet. The
switching of the plug deflection was associated with the cross-stream secondary flow that
is discussed in detail below.

Secondary flows in curved channels with a circular cross section, commonly character-
ized by a pair of counter-rotating swirls, have been observed in both laminar [18,19] and
turbulent fluids [1–5]. In the present study, the cross-stream Dean vortexes were character-
ized by the velocity vectors in Figure 4, together with the vorticity and the streamlines on
the slices in Figure 5. At the band entrance (Figure 5a), the Dean vortex had not formed,
but we observed a transverse flow pointed to the inner wall, where it had larger velocity
values that were balanced by the greater pressure gradient pointed inwards (Figure 2b),
according to the Bernoulli law. As a comparison, because of the stronger local curvature on
the slice located at the bend core (Figure 5b), the centrifugal force increased there, resulting
in an outward flow at the channel’s center. However, the pressure gradient still pointed to
the inner wall, so there must have been some inward flow that occurred near the edge of
the channel, which resulted in the two counter-rotating swirls in symmetry with a central
horizontal line. At the exit of the bend (Figure 5c), the tendency of the outward flow was
more obvious. The two swirls also migrated outwards and they departed farther in the
vertical direction, with the smaller cores of the swirls and sparser streamlines meaning
a reduction in the strength of the recirculation flow. On the slice closest to the outlet
(Figure 5d), the vortex flow became much weaker and the two rotating swirls separated
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further so that they touched the top and bottom of the channel. The transverse flow in most
areas still pointed to the outer wall, but its strength became smaller since the streamlines
were much less dense.
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Figures 6 and 7 display the velocity magnitude, the streamlines, and the vorticity
on the five slices at the higher conveying rate. At the inlet (Figure 6a), the width of the
unyielded plug narrowed, compared with the one at the lower rate (Figure 4a), and was
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the same as the rest of the four slices. At the bend core and the bend exit, the offset of both
the velocity and the vorticity was greater than that at the lower conveying rate. Particularly
at the bend exit, the vortices of a stronger strength migrated outwards further, but with
a different shape and orientation of the two rotating swirls, whose heads at the outer
wall side closed up, which brought in a more compressed flow and a slenderer plug. At
the outlet, comparing Figures 5d and 7d, at the higher conveying rate, the Dean vortices
decayed to a less degree, and this implied that it required a longer straight channel to the
outlet to eliminate the secondary flow.
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3.2. Large Curvature

In the channel with a larger curvature, the 45◦ bent channel, the drop in pressure,
vorticity, and the streamlines are shown in Figure 8. As expected, the inlet–outlet drop in
pressure increased as the curvature increased, since the vortex flow was stronger at the
bend and, hence, the energy loss was proportional to the squared vorticity [18] was larger.
The local maximum vorticity occurred at two positions at the lower conveying rate: one
was at the inner wall at the beginning of the bend, and the other at the outer wall at the
bend exit, and the latter extended less towards the outlet, compared with the 90◦ channel.
Particularly at the higher conveying rate, the region of the latter’s maximum vorticity was
apparently longer than that of the former one. We also noted that at both conveying rates,
the streamlines behind the 45◦ bend were more concentrated (Figure 8c,e) than those in the
90◦ channel, which represented a more compressed flow induced by the larger curvature.

The distributions of the wall shear stress at the two conveying rates are shown in
Figure 9. In comparison to the 90◦ channel, the maximum wall shear, adjacent to the outer
wall at the bend exit, extended less towards the outlet, and this corresponded to the more
locally distributed vorticity at this place, as discussed above. Nevertheless, it extended
more in the transverse direction so that it fused with the other maximum wall shear near the
inner wall at the bend entrance (Figure 8a,d). This resulted in the large wall shear located
at the top and bottom of the channel and brought in a kidney-shaped cross-stream velocity
field different from the controversial plug flow, which is demonstrated in the following.
Similar to the case in the 90◦ channel and at the higher conveying rate, the minimum wall
shear was always located on the opposite sides relevant to the maximum ones. It was also
observed that the maximum wall shear in this channel was larger than the value in the 90◦

channel, and the minimum wall shear was smaller to balance, indicating that the strongly
curved channel broke the flow symmetry to a greater extent.
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Figure 8. (a) Looking down at the 45◦ channel from an angle, the velocity, vorticity, and projected
streamlines were plotted on the slices (Figures 9–12). The slices were located near the channel inlet,
the bend entrance, bend core, bend exit, and the channel outlet, respectively. (b) The pressure
distribution along the channel at the flow rate of 2.85 cm3/s. (c) The colors represent the velocity
cross vorticity magnitude, which is the magnitude of the vorticity in the direction perpendicular to
the velocity vectors at the same flow rate as (b), and the lines with arrows are the streamlines. The
distribution is in the middle-height plane of the channel. (d) The pressure distribution along the
channel at the flow rate of 4.75 cm3/s. (e) The velocity cross vorticity magnitude at the same flow
rate as (d), and the lines with arrows are the streamlines.
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Figure 9. (a) Top view of the distribution of the magnitude of the wall shear stress on the 45◦ channel
at the conveying rate of 2.85 cm3/s. (b) The distribution viewed from the outer bend in the same
case as (a). (c) The distribution viewed from the inner bend in the same case as (a). (d) Top view
of the distribution of the magnitude of the wall shear stress on the 45◦ channel at the conveying
rate of 4.75 cm3/s. (e) The distribution viewed from the outer bend in the same case as (d). (f) The
distribution viewed from the outer bend in the same case as (d).
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Figures 10 and 11 demonstrate the characteristics of the cross-stream flow at the lower
conveying rate. We observed that at the same flow rate, the plug in the 45◦ channel showed
a more visible deflection in the transverse direction. The plug deformed more severely
to form an asymmetric shape. For example, the cross section at the bend exit showed
a more vertically elongated velocity maximum zone, which corresponded to the larger
wall shear stresses at the top and bottom (Figure 9a). Notably, the most distinct feature
was the apparent inward migration of the velocity plug and the vortices on the bend
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core slice (Figures 10c and 11b), which were different from those on the bend exit slice.
Actually, in the 90◦ channel, the plug at the bend core slice (Figure 4c) was also located
farther from the outer wall, compared to the bend exit (Figure 4d). To understand this, at
the bend core of both channels, the pressure gradient pointed inwards was always larger
than that at the bend exit slice, which was particularly true at the lower conveying rate
(Figures 2b,d and 8b,d). Due to the pressure, the fluid velocity was greater on the inner
wall. In the 45◦ channel, the pressure gradient at the bend core was larger as the curvature
increased. This resulted in a more obvious inward migration of the plug and the vortices.
Importantly, this large pressure gradient weakened the centrifugal motion of the fluid so
that the central outward flow velocity was smaller and the strength of the Dean vortex
flow was much smaller. As a comparison, at the bend exit, the centrifugal force dominated
over the pressure gradient and aroused a stronger vortex flow. Herein, the most significant
difference from the 90◦ channel was that the strength of the vortex flow was weaker at
the bend core than at the bend exit. We speculated that this was partially because of the
pressure discussed above and also because the highly curved channel induced a stronger
inward flow at the bend entrance and, therefore, required a longer distance to reach the
fully developed Dean vortex flow.

The flow fields at the higher conveying rate are shown in Figures 12 and 13. At the
bend core, the plug deflected outwards slightly due to the smaller pressure gradient pointed
to the inner wall compared with the one at the lower conveying rate. Most strikingly, at
this flow rate, the velocity field at the bend exit slice showed a kidney-shape, with upper
and lower maxima and middle reduced values. A similar, but not obvious, kidney-shaped
velocity field was also observed at the bend exit in the 90◦ channel at the same conveying
rate (Figure 6d). This was a signature of the disappearance of the plug flow and was caused
by the local large wall shear stresses at the top and bottom. Combined with the streamlines
and the vorticity (Figure 8e), the flow reached the largest asymmetry and it was most
compressed at this position.
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3.3. Rheology Effects

In order to study the rheological effects on the flow, we also simulated the flow of
CWS with a different set of parameters of the HB model: τy = 3 Pa, k = 1.7 Pa·sn, n = 0.9
and m = 1000. These parameters referred to the rheology measurements of the CWS made
using a different recipe, in which the ratio of the fraction of coarse particles to fine particles,
and the solid concentration, change [36,37]. We discovered that the rheological effects could
be deduced from a single flow rate. Therefore, in this section, we only show the results at
the lower conveying rate of 2.85 cm3/s in both the 90◦ and 45◦ channels.

The drop in pressure and the streamlines on the middle-height plane did not show an
obvious difference, and they are not displayed repeatedly here. However, in this case, the
minimum wall shear stress also appeared on the inner wall side at the bend exit (Figure 14),
meaning that the flow was more asymmetric when the viscosity decreased as the yield
stress and k both decreased.

Energies 2022, 15, x FOR PEER REVIEW 15 of 20 
 

 

3.3. Rheology Effects 
In order to study the rheological effects on the flow, we also simulated the flow of 

CWS with a different set of parameters of the HB model: 𝜏௬ = 3 Pa, 𝑘 = 1.7 Pa ∙ s௡, 𝑛 =0.9 and 𝑚 =1000. These parameters referred to the rheology measurements of the CWS 
made using a different recipe, in which the ratio of the fraction of coarse particles to fine 
particles, and the solid concentration, change [36,37]. We discovered that the rheological 
effects could be deduced from a single flow rate. Therefore, in this section, we only show 
the results at the lower conveying rate of 2.85 cm3/s in both the 90° and 45° channels.  

The drop in pressure and the streamlines on the middle-height plane did not show 
an obvious difference, and they are not displayed repeatedly here. However, in this case, 
the minimum wall shear stress also appeared on the inner wall side at the bend exit (Fig-
ure 14), meaning that the flow was more asymmetric when the viscosity decreased as the 
yield stress and 𝑘 both decreased. 

 
Figure 14. The distribution of the wall shear stress viewed from the inner bend in the 90° channel at 
the flow rate of 2.85 cm3/s, calculated using the new rheological model. 

Figure 15 shows the distributions of the velocity magnitude and the on-node vectors 
on the five slices in the 90° channel, calculated using the new rheological model. Com-
pared with the former result, the most obvious differences were the narrowed unyielded 
plug and the greater deflection of the plug due to the reduced yield stress. These caused 
more sheared flow in the streamwise direction and, thus, less rotational flow on the cross-
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Figure 14. The distribution of the wall shear stress viewed from the inner bend in the 90◦ channel at
the flow rate of 2.85 cm3/s, calculated using the new rheological model.

Figure 15 shows the distributions of the velocity magnitude and the on-node vectors
on the five slices in the 90◦ channel, calculated using the new rheological model. Compared
with the former result, the most obvious differences were the narrowed unyielded plug
and the greater deflection of the plug due to the reduced yield stress. These caused more
sheared flow in the streamwise direction and, thus, less rotational flow on the cross-stream
slices, which was represented by the decrease of the vorticity values and less dense rotating
streamlines projected on the slices shown in Figure 16, especially on the slice at the core of
the bend. On the slice near the outlet, the swirls decayed less because the lower viscosity
sustained the Dean vortices.
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Figure 17 shows the velocity magnitude and vectors in the 45◦ channel simulated
using the new rheological model. Again, the area of the plug shrank and the deflection
was greater. The most interesting phenomenon was the greatly diminished strength of the
swirls (Figure 18), particularly on the slice at the exit of the bend, which was much more
obvious than that in the 90◦ channel. This meant that the larger curvature weakened the
cross-stream flow to a greater degree when the viscosity of the fluid decreased.
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4. Conclusions

Existing knowledge of the flow of simple Newtonian fluids in bent channels does
not apply to the class of shear-thinning plastic fluids, and is a challenge in industries. In
this work, we numerically simulated the flow of coal water slurries with a yield stress in
two bent circular channels with different curvature radii. We embedded the rheological
model of the CWS in the simulations. The results showed that the cross-stream secondary
flows were very different depending on the channel geometry and the conveying rate. We
summarize the most important results as follows:

• As the channel curvature increases, the inlet-to-outlet pressure drop increases as the
energy loss is proportional to the squared vorticity. The wall shear stress reaches its
maximum at two locations: one is at the inner wall at the bend entrance, and the
other one is at the outer wall at the bend exit. The smallest wall shear occurs on
the opposite walls from the greatest stresses. In the strongly curved channel, the
maximum wall shear extends less in the streamwise direction but concentrates in the
cross-stream direction, such that the top and bottom shear stress are large, which induces
a kidney-shaped velocity field with upper and lower maximum velocity regions.

• Due to the yield stress, the flow obeys the velocity profile of HB fluids in the straight
channel parts, with an unyielded plug in the central region of the channel. The
plug starts to deflect inwards at the bend entrance but deflects outwards at the bend
core, and it is closest to the outer wall at the bend exit where the flow field is most
asymmetric compared to slices at other channel positions. Farther from the bend, the
plug position recovers to the axial central line.

• The Dean-vortex flow does not form on the slice of the bend entrance, but an inward
transverse flow can be observed. On the planes of the bend core and the bend exit,
two swirls distribute in symmetry with the horizontal central line. In most cases,
the vortices migrate towards the outer wall with the velocities at the center of the
channel pointed outwards due to centrifugal force. However, in the strongly curved
channel and at the lower conveying rate, the vortices, as well as the plug at the bend
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core, conversely migrate towards the inner wall, which is attributed to the larger
inner-wall-pointed pressure gradient than in the other circumstances and, therefore,
there are weakened centrifugal effects. The strongest Dean-vortex flow occurs at the
bend core in the less curved channel, whereas it occurs at the bend exit in the highly
curved channel. It requires a longer distance to develop the vortex flow, partially
because the large curvature induces a greater pressure gradient pointed to the inner
wall at the bend core and, therefore, weakens the centrifugal effects, and partially
because it also induces a stronger flow towards the inner wall at the bend entrance.

• The rheology affects the flow in this way: the decrease of the yield stress and k induces
the decrease of the viscosity, which results in a narrowed plug and greater deflection.
The streamwise flow is enhanced but the cross-stream secondary flow declines, as
represented by the weakened strength of the swirls, especially in the channel with a
larger curvature.

• In terms of giving advice to the industry about the appropriate curvature ratios and
the conveying rate, the results in this article suggest avoiding large curvature ratios
because of the large pressure drop and, thus, the expensive pumping energy cost
and the large wall shear stresses that greatly damage the channel. The choice of the
conveying rate has to take into account both the transport efficiency and the cost of
pumping or damage to the channel.
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