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Abstract - This paper presents a numerical investigation of flow
characteristics of yield stress fluid over a confined cylinder at
Re=50-100. Sediment suspension with kaolinite mass concentration
from c=15-28.5% are targeted. To describe the yield stress effect, the
Bingham-Papanastasiou model is utilized. Various flow features of
the yield stress fluid, i.e., formation of solid-like regions, streamlines,
vorticity distribution, and drag force are reported and analyzed. In
detail, the suspension flow is found to be steady within the condition
range studied. With a very large kaolinite fraction (i.e., c=28.5%),
the flow is in a creeping mode without downstream circulation
developed. Moreover, solid-like regions are found to be greatly
affected by the Reynolds number and yield stress effect. Additionally,
the flow behaviors confined in a channel are significantly different
from those produced by the unconfined one (infinite blockage).
Furthermore, the drag coefficient is found to strongly depend on
Reynolds number and kaolinite fraction.
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1. Introduction

Yield stress is one of the most important features of non-
Newtonian fluid; with this characteristic, the material only
flows once the applied shear stress outreaches a threshold
value (i.e., yield stress), if not, they perform as a solid block.
Typical examples of the yield stress liquid range from
natural fluids such as mud, lava, or clay suspensions [1-3] to
engineering ones such as fresh concrete, printing inks, oil,
and polymer [4-7]. The hydrodynamic behaviors of such
fluids are different from the Newtonian ones and have been
not fully investigated yet.

Confined flows over a bluff body are frequently
encountered in engineering applications, e.g., underwater
installation, biostructure, and heat exchanger design. For
Newtonian fluids, this problem is well investigated. For
example, Chakraborty et al. [8], Sahin and Owens [9], and
Singha and Singhamahapatra [10] studied wall proximity
effects on the confined flow at Re<280. It was found that
the blockage ratio strongly affected the flow field
behaviors, i.e., downstream circulation, vortex distribution
and separation angle, and the hydrodynamic forces acting
on the cylinder. For non-Newtonian fluids, the available
works are mainly on the unconfined flow. For instance,
Tokpavi et al. [11, 12] investigated a creeping flow of yield
stress fluid using simulations and Particle Image
Velocimetry (PI1V) measurement technique. The fluid was
at high Oldroyd numbers, Od=zD"/Kug" with 7, the yield
stress, D the characteristic length, K the plastic viscosity, uo
the velocity and n the power-law index, indicating the
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predominance of plastic effects over viscous ones. It was
interesting to observe that solid-like zones were developed
in high-viscosity regions. The size and shape of these zones
were relevant to Od; in detail, the higher Od, the larger rigid
zones were detected on the cylinder’s surface and/or
scattered in the flow field pattern. At non-zero Re, Mossaz
et al. [13, 14] conducted massive numerical studies on
viscoplastic fluids at Re<100. Flow morphologies and
hydrodynamic forces were reported and analyzed in detail.
Furthermore, the viscoplastic characteristics were seen to
stabilize the flow; specifically, since Od was also high, the
flow remained in a stationary laminar regime at relatively
high Re.

The work on the confined flow of non-Newtonian
fluid is very few. Bharti and Chhabra [15] investigated a
power-law fluid in a steady regime with a blockage ratio
of 1.1<p<4. Results for drag and pressure forces were
found to be dependent on Re, power index, and p.
Especially, the confining channel walls were determined
to stabilize the flow with n<1 (shear-thickening liquid) or
destabilize it with n>1 (shear-thinning liquid). This was
in line with Bijjam and Dhiman [16], who numerically
studied the time-dependent behaviors of power-law fluid
at Re=50-150 and p=4. Zisis and Mitsoulis [17] and
Mitsoulis [18] conducted simulations for a viscoplastic
fluid, which was of Bingham type, over a confined
cylinder at wide conditions of Bn and £. It was reported
that the size, shape, and location of unyielded/yielded
zones, and the drag acting on the cylinder strongly
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depended on Bn and p. Experimental study on the
confined non-Newtonian fluid flows is, however, not
available to our best knowledge.

It is noteworthy that the available work for the
confined yield stress fluid flow was only in a creeping
mode (Re~0) where the inertia was negligible. In this
work, the interest is in a more industrially applicable
range of Re, i.e., Re=50-100. The cylindrical geometry is
considered for the bluff body. Non-Newtonian yield
stress effect is described with using properties of
sediment suspension.

2. Theory background
2.1. Governing Equations

Continuity and momentum equations for a flow in a
steady regime are expressed as follows,

V-u=0, @
pu-Vu=pf+Vv.o. @)

Here, u and fare the velocity and body force vectors,

respectively; p is the fluid density. The total stress tensor is
o=—pl+z @)

with p being the pressure, | the unit tensor, T =2pythe

deviatoric stress tensor, and y the deformation rate tensor.

2.2. Fluids and Rheological Model

In this work, the yield stress fluid is sediment
suspension with kaolinite mass fraction varying from
c=15-28.5%. Mixture properties of kaolinite clay were
reported in Lin et al. [19]. It is noticed that the higher the
kaolinite fraction, the larger the yield stress of the
suspension, and then the greater yield stress/viscoplastic
effects.

The Bingham model is utilized to express the yield
stress behavior of the fluid investigated as follows,

T .
T= K+—f’))} if 7>7,
- [ 7 )= . (4)

y=0 if <7,

Here, zis the intensity of extra-stress and y the strain

rate tensor’s magnitude. It is noted that the estimation
approach for K can be referred to [20]. Reynolds (Re) and
Bingham (Bn) are two non-dimensional numbers desribing
the flow condition, as follows,

pu,D

Re=2"— 5

v ®)

Bn =20 ©)
Ku,

The former determines the inertial effect meanwhile the
latter characterizes the viscoplastic one of the fluid flow.
Herewith, uo being the incoming velocity and D the
cylinder’s diameter.

3. Computational approach
3.1. Regularization scheme
It is noted that the discontinuity in Bingham model can

result in  numerical errors; to tackle this, the
Papanastasiou’s regularization is employed as [21]:
r,(1-e™ .
z:[m—o( | )]7, @
= ¥ L

With m the regularization parameter. When m is very
large, i.e., m —oo, the curve of Eq. (7) approaches the bi-
viscosity one of Eq. (4).

3.2. Computational Domain

The problem geometry is presented in Figure 1. In
detail, a two-dimensional (2D) cylinder is placed inside a
channel. The channel height is H, and its downstream
length is of L,=7.5H. To better predict the flow field
behaviors over a confined cylinder, it is necessary to ensure
that the entrance length L, is sufficient for the full flow
development. To do this, simulations with the straight
channel flow (without the cylinder) are performed to
determine the position where it reaches fully developed.

Top wall

Inlet B P L, -

Cylindm Outlet

Bottom wall

Figure 1. Problem geometry
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Figure 2. Fully-developed velocity profiles with various
kaolinite fraction at Ren=400

Results for the fully-developed profiles at Rey = 400
are shown in Figure 2 (Ren=puoH/K). Different from the
parabolic curve of a Newtonian fluid, due to the small shear
rate at the channel core, a plateau perpendicular to the
channel’s horizontal centerline is formed in yield stress
fluid profiles. This zone, which is called a plug region, is
larger with the increasing kaolinite mass fraction.
Importantly, our results have very good agreement with the
analytical solution of Bird et al. [22], possibly showing
reliable findings for the full-development position.

The position for the full flow development is
considered as the one the velocity reaches 99% of the
steady value [23]. With this, our results for the entrance-
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length at Re,=400 are s/H=18, 9.8, 3.4, and 0.6 for,
respectively, Newtonian fluid, kaolinite 15%, 20%, and
28.5%. As can be observed, the higher kaolinite fraction,
the greater distance that the flow requires to be fully
developed. We then select the upstream length of L;=12.5H
ensuring the full development of yield stress fluid flow at
the largest Re investigated in this work (i.e., Re=100
corresponding Rey=400).

For the boundary conditions, we apply a constant
velocity (uo) at the inlet, the atmosphere pressure at the
outlet, and the no-slip stationary condition for the top wall,
bottom wall, and the cylinder’s surface.

3.3. Computational Mesh

A structured finite volume mesh with a high resolution
near the cylinder and channel walls is created (see
Figure 3).

Figure 3. Near-field structured mesh
Table 1. Mesh sensitivity study for drag coefficient at re=100

Newtonian Kaolinite 20%
Mesh Running Time Running Time
Cyq . Cq .
(min.) (min.)
42K 2.89 16 2.92 33
62K 2.87 20 291 43
85K 2.87 25 291 68
e

13

62K
SEsreEs 85K

~ (= S

Figure 4. Mesh sensitivity study for yield surface of kaolinite
20% at Re=100
A mesh sensitivity study is conducted both
quantitatively and qualitatively. Table 1 shows the
variation in Cq with different mesh resolutions. As can be
seen, with the resolution larger than 62k elements, the drag
coefficient is unchanged for both Newtonian and yield
stress fluids. Furthermore, Figure 4 shows the influences of
mesh refinement on the yield surfaces defined as z=to. The

yield lines tend to converge with 62k mesh elements. This
mesh resolution is considered the most optimal (see the
computational cost in Table 1) and hence employed for our
simulations.

3.4. Validation

Our computational approach is validated in this part. It
is noted that the calculations are carried out with the Finite
Volume Method (FVM) (in Ansys Fluent v14.5) and
second-order discretization schemes. The variables are set
converged at 1078,

The solid-like regions produced by a Bingham fluid at
which it is unyielded (i.e., =<to) are presented in Figure 5.
Despite the fact that we use a real material (i.e., kaolinite
clay suspension), our results agree very well with those
provided by an artificial fluid in Zisis and Mitsoulis [17].
Indeed, both observe that there are two types of the solid-
like zone in the flow field pattern: one is moving with the
flow (the so-called moving rigid zone) and one attaches to
the obstacle (the so-called static rigid zone). Additionally,
these zones are larger and tend to merge with others when
the Bny increases (Bny=toH/Kuo).

" wall
™ s wall
(a) Bny=3.41 v

B ..

Figure 5. Formation of solid-like regions (blue) at Re=0

4. Results and Discussion

In this section, both far-field and near-field flow field
patterns, and hydrodynamic forces of kaolinite suspensions
0-28.5% are discussed and analyzed in this section.

4.1. Far-field flow morphology

Results for the far-field flow morphology are shown in
Figure 6. As can be seen, the far-field solid-like regions,
which are of moving type, are formed in the channel core.
These zones are observed to reduce in size as Re increases
and/or kaolinite mass fraction decreases. It is worth noting
that the effect of the kaolinite concentration on the size is
more pronounced than that of Re (within the range
investigated here). Specifically, the far-field rigid regions
obtained by kaolinite 28.5% at Re=50 occupy almost the
whole channel thickness (see Figure 6c), and those of 15%
at Re = 100 are significantly thinner (see Figure 6a). It is
also noticed that the shape of the solid-like region in the
upstream shows the process of stabilizing after some
distance from the inlet. This distance is found to be longer
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for smaller kaolinite concentrations and/or at greater Re,
e.g, longest for kaolinite 15% at Re=100 and shortest for
kaolinite 28.5% at Re=50.

(a) Kao. 15% |
[ —— _l
A —— - ——

|Ml_fo- il

(b) Kao. 20%

Figure 6. Formation of far-field unyielded zones (blue) and
yielded zones (white) at Re = 50-100

Furthermore, as the solid-like zones get smaller, the
flowing region, in which the fluid material is yielded,
becomes greater. For instance, at Re=100, the flowing
region produced by kaolinite 15% stretches to a distance of
approximately 8D downstream whereas it is less than 1D
with kaolinite 28.5% at Re=50.

4.2. Near-field flow pattern

In this part, near-field flow behaviors of kaolinite
suspensions 0-28.5% over a confined cylinder are
discussed and analyzed. Additionally, a comparison to the
unconfined flow is provided to examine the effects of the
channel wall proximity.

Re =100

Re=50

Re=175

(d)

Figure 7. Flow structures of a Newtonian fluid (a), kaolinite
suspension 15% (b), 20% (c) and 28.5% in a confined channel
at Re=50-100

Simulation results for the flow streamlines and rigid
zones are illustrated in Figure 7. It is evident that the flow
structures of the yield stress fluid are greatly dependent on
the kaolinite mass fraction (i.e., viscoplastic effect) and
Reynolds number (i.e., inertial effect). For a Newtonian
liquid, the flow is steady at Re=50 but exhibits non-
stationary vortices downstream at Re=75 and 100; this
agrees well with [10]. The suspension flows are, however,
stationary in all the cases of kaolinite mass fraction studied
in this work. With high concentration, e.g., c=28.5%, the
flow is even in a creeping without any circulation bubbles
formed downstream. This steady retention is attributable to

the appearance of rigid zones, reducing the flowability and
thus decreasing the inertial effect. These zones are
observed to be further to the cylinder when Re increases
and/or the kaolinite concentration decreases. Especially,
with ¢>20%, the downstream solid-like zone created by the
fluid flow adheres to and becomes an extending part of the
cylinder; as Re increases, this zone is found to get larger.
Furthermore, another static rigid zone can exist upstream
when the kaolinite fraction is large (e.g., c=28.5%).

Re =50 Re=175 Re =100
@ © o> o=y
o O 6 aQ
| O= o D
o © o ®>

Figure 8. Vorticity distribution of a Newtonian fluid (a),
kaolinite suspension 15% (b), 20% (c) and 28.5% in a confined
channel at Re = 50-100

w

Figure 9. Comparison in flow structures of kaolinite 15%
between unconfined and confined cases at Re=100

(a) Rigid zones .| (a) Flow circulation

""" Unconfined —— Confined

Figure 10. Comparison in the rigid zones and
downstream bubble of kaolinite 15% between unconfined and
confined cases at Re=75

Results for the vorticity contours of kaolinite 0-28.5%
are presented in Figure 8. Two vortex structures are found
on the lateral sides of the cylinder, emanating from the
cylinder’s surface. With the yield stress fluid, and for all
the Re investigated, these structures are symmetrical with
respect to the horizontal centerline. Moreover, they are
stable, and longer for less viscous fluid. This agrees with
the steady laminar regime of suspension flows in Figure 7.
With the Newtonian fluid, these vortex structures are even
longer they can interact with each other, alternately



150

Son Thanh Nguyen, Anh-Ngoc Tran Ho, Cuong Mai Bui

separating from the cylinder’s surface, thus resulting in the
unsteady wake downstream at Re=75 and 100.

In addition, proximal channel walls are found to have
considerable influences on the flow structures of a yield
stress fluid flow. It is noted that the case of unconfined flow
represents a very large blockage ratio (f=). Similar to
findings for a Newtonian liquid, the wall proximity is also
observed to stabilize the vyield stress fluid flow. For
example, the unconfined suspension flow of kaolinite 15%
can transform to the non-stationary regime rather than still
remaining in the stationary one for the confined case at
Re=100 (see Figure 9).

Moreover, the blockage also significantly affects the
formation of rigid zones and circulation bubbles (in a
steady flow regime). For instance, at Re=75, the confined
flow of kaolinite 15% produces less solid-like zones (i.e.,
no upper and lower moving rigid zones); the ones existing
are considerably smaller and further to the cylinder than
those created by the unconfined flow (see Figure 10a).
Regarding to the circulation bubbles, their size increases
for the confined case (see Figure 10Db).

4.3. Hydrodynamic forces

In this part, results for drag force acting on the cylinder
with different Re and kaolinite mass fractions are reported
and analyzed. The drag coefficient is expressed as:

2F
2
PU"A
Here, Fq is drag force, A is the reference area.
16
—&- - Kao. 15%, confined
Yl -G - Kao. 20%, confined
12 Y - A-- Kao. 28.5%, confined
S~ - 8- Kao. 15%, unconfined
= S ~
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Re

Figure 11. Variation in Cq with different values of Re

The drag strongly depends on Re and the yield stress
(i.e., kaolinite concentrations) (see Figure 11). The effect
of the latter is seen to be more obvious than the former.
For the range of kaolinite fraction studied in this work,
the larger Re, the smaller the drag coefficient acting
on the cylinder. Moreover, when the kaolinite fraction
is increased, Cq is dramatically increased. Indeed, at
Re=50, the drag coefficient obtained by the suspension
flow of kaolinite 28.5% is ~3.9 times larger than that of
kaolinite 15%.

Furthermore, an approximation function for the drag
coefficient exerted by a yield stress fluid flow for the
blockage ratio of = 4 can be proposed as follows:

3

Cy =73.9(Rep, gen) * ©)
with
puD
Rey ., = , (10
Pom (z,/8)(D/u)+K(3m, +1)/(4m,) (10)
K(8u/D)

. 7,+K(8u/ D)’ a
Derivations for Repgen can be referred to [24]. The
curve the approximation function (Eq. (9)) is illustrated in
Figure 12. It is good to observe that our results for a
Newtonian fluid at Repgn=50, 75, and 100 have perfect
match with those found by Biijam and Dhiman [16].

16
e ® Present work

12 & & A Bijjam and Dhiman
- \

.
O 8 r ‘e

C ..

4 f 5
r .‘l\‘“an-e-_ﬂ

0-IIIIlllIIIIIII||III||III|I!II
0 20 40 60 80 100 120

Rep

Figure 12. Cq as the function of Rep,gen

,gen

5. Concluding remarks

In this work, hydrodynamic behaviors of the yield
stress fluid over a cylinder confined in a channel were
numerically investigated. The blockage ratio was p=4.
The fluid was a water-sediment mixture with the kaolinite
mass fraction varying from 15-28.5%. Reynolds number
ranged from Re=50-100. The rheological modeling was
carried out with Bingham and Papanastasious’
regularization approaches.

The suspension flow was in a stationary regime in all
the cases conducted; it was even seen to be in a creeping
mode without circulation bubbles formed behind the
cylinder with a high kaolinite fraction (i.e., ¢=28.5%).
Moreover, the far-field solid-like zone was detected in the
channel core; they were found to be larger, thereby
narrowing the flowing zone, with the decreasing Re and/or
increasing yield stress effect. The near-field solid-like
zones were found around and/or on the cylinder; their
formation was greatly dependent on the yield stress
characteristics. Additionally, the confined flow was
observed to provide different morphology, i.e., streamline
pattern, vorticity distribution, and rigid regions, compared
to the unconfined one.

The drag coefficient was varied with Re and yield stress
effect. As Re decreased and/or kaolinite fraction increased,
the drag significantly increased. A drag estimation function
for the blockage ratio of =4 was also proposed.
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