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In this work, flow characteristics of a non-Newtonian fluid exhibiting
yield stress property over a rotating unconfined two-dimensional (2D)
cylinder under a wide range of rotational speed («=0-10) are studied
using the Computational Fluid Dynamics (CFD) approach. The fluid
considered is clay suspension with a kaolinite mass concentration of
15wt%. To describe complex rheological behaviors, the Herschel-
Bulkley model is utilized. Various flow aspects at Reynolds number
(Re) of Re=50-500, i.e., streamlines, development of solid-like and
flowing regions, and hydrodynamic forces are reported and analyzed.
Results show that the near-field rigid zones only form with a<I.
Moreover, the flowing region becomes smaller at Re=50 but tends to
enlarge at Re=100 and 500 with the increasing a. Furthermore, the
estimated forces acting on the cylinder are found to be greatly
dependent on both Re and o.
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TU KHOA

Luu chit phi Newton

Ung suat téi han

Phuong phap CFD

Dung dich sét kaolin

M®& hinh Herschel-Bulkley

Trong nghién ciru nay, dic tinh dong chay luu chat phi Newton véi
tinh chat ung suét téi han qua tru tron xoay véi nhiéu toc do xoay
khéc nhau (¢=0-10) dugc khao sat bang phuong phap thity dong luc
hoc tinh toan (CFD). Luu chit dugc khao sat 1a dung dich sét véi
nong d6 khéi lugng cua sét kaolin 12 15wt%. Mo hinh hai ¢6 nhot
Herschel-Bulkley (HB) duoc sir dung dé mé ta cac dic tinh Iuu bién
cua Iuu chét. Céac két qua khéac nhau cua dong chay nhu dwong dong,
su phat trién cac vang rin va ving chay, cac luc thay dong hoc tai
Re=50-500, duoc b4o céo va phan tich chi tiét. Két qua cho thay cac
ving ran truong gan chi hinh thanh khi a<I. Thém vao do, kich
thuéc ving chay (ving luu chét téi han) tré nén nho hon véi Re=50
nhung lai 16n hon véi Re=100 va 500 khi toc d6 xoay cua tru ting.
Hon nita, c4c lyc (lyc ddy, lec nang, va luc moment) tac dong Ién tru
dugc xac dinh bj anh huong rat I6n bai sb Re va toc do xoay cua try.
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1. Introduction

Despite the fact that non-Newtonian (fluid) materials are frequently found in nature (e.g., lava,
debris flows, and melting permafrost ice [1]-[3]) and many engineering flows (e.g., polymer,
fresh concrete, or crude oil [4]-[6]), their hydrodynamic behaviors are still poorly understood.
The deformation of these materials does not obey Newton’s law of viscosity, i.e. their viscosity
can be significantly varied during the flowing process due to rheologically complex properties
such as shear-dependence and yield stress. For those possessing the latter, their flowing occurs
only when the applied shear stress is greater than the yield stress of the materials; otherwise, they
are considered solid. With this, solid-like regions, in which the fluid was unyielded, can be
formed far-field covering sheared zone (i.e., far-field unyielded zone) and scatteredly built in the
flow field pattern (i.e., moving rigid zone) and/or attach to obstacles’ surface (i.e., static rigid
zone). It is obvious that the flow characteristics of such fluid are very different and much
complex compared to those of a Newtonian one. As can be seen in Fig. 1, the yield stress effect
seems to stabilize the flow and leads to the development of rigid zones.

As a classical problem of fluid mechanics, the flow over a stationary cylinder has been well
studied for the Newtonian liquids. For the non-Newtonian ones, Tokpavi et al. investigated the
creeping flow of viscoplastic Bingham [7] and Herschel-Bulkley [8] fluids at very high Oldroyd
(Od) numbers. Results showed that yield stress characteristics had a strong impact on the
formation of unyielded zones and the acting forces on the cylinder. Moreover, at higher Re,
Mossaz et al. [9] numerically and experimentally characterized the flow morphology of Carbopol
gel exhibiting both shear-thinning and yield stress properties. Various aspects, i.e., flow field
pattern, formation of rigid zones, and characteristic lengths of circulation wake, were revealed.
Recently, Syrakos et al. [10] carried out simulations to study the microstructural evolution
mechanism of a thixotropic fluid flow over a cylinder. Thixotropic effects were then observed to
considerably affect the hydrodynamic behaviors of a yield stress liquid.

The works on complex fluids over a rotating cylinder are much fewer; additionally, a
numerical approach was mainly employed. Townsend [11] and then Panda and Chhabra [12]
found that the flow behaviors, and drag and lift coefficients were strongly dependent on such
rheological characteristics as viscoelasticity or shear-thinning and dimensionless rotational rate «.
Additionally, Thakur et al. [13] performed a rigorous numerical study on a Bingham fluid with
a=0-6, Re=0.1-40 and Bn=0-1000. Various results for flow streamlines and unyielded/yielded
zones were reported in detail.

It is noted that the fluid used in most of the aforementioned works was artificial. Our work is
aiming at investigating complex behaviors of real yield stress fluid, i.e., kaolin clay suspension,
and the influences of rotational motion on the flow of this rheological liquid. It is good to
mention that this setting has numerous practical applications such as in fluids mixing, coating or
oil drilling processes.

Newtonian fluid Yield stress fluid

Figure 1. Comparison in (a) flow field pattern and (b) vorticity distribution between Newtonian (water)
and non-Newtonian (kaolinite-water mixture) fluids at Re=100. Shaded areas represent solid-like regions
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2. Methodology
2.1. Governing equations

Mass and momentum conservation equations are as follows,
V.-u=0, 1
pu-Vu=pf+V.o. )
Here, uand f are the velocity and body force vectors, respectively; p is the fluid density; and
a=-pl+z is the total stress tensor with p being the pressure, 1 the unit tensor, T=2uy the

deviatoric stress tensor, and y the deformation rate tensor.

2.2. Modeling of yield stress behaviors
To express yield stress characteristics, the well-known bi-viscosity Herschel-Bulkley (HB)

model is employed as:
T .
=| K +—‘°J y if 7>7,
{ 7 )= S 3)
7=0 if 7<1,
with 7 the intensity of extra-stress; 7 the yield stress; K the plastic viscosity; and y the strain
rate tensor’s magnitude. In Ansys Fluent, the HB model is modified as:

[K5]

p=K+2 if 7> 7,
¥
10(2—7/) ' (4)
p=— 1 +K[1+lj if 5 <7,
2 2

Here, y, is the deformation rate at the yield point of 7=1. It is noteworthy that the fluids used
in our work for Newtonian and non-Newtonian solutions are, respectively, water and kaolinite-
water mixture with the kaolinite mass fraction of 15wt%. Rheological properties of the latter, i.e.,
the yield stress of 7,=0.8 Pa, the apparent viscosity of 1.18, and the critical shear rate of y, =0.01
1/s, can be referred to Lin et al. [14] Moreover, the unyielded (solid-like) regions are defined by
7 <7,as in [15].

2.3. Non-dimensional numbers

The flow is characterized by Reynolds number (Re) as:
pu,D
Re=—"—, 5
K (5)
with uo the far-field velocity and D the cylinder’s diameter. Non-dimensional rotational speed
is defined as:
2U0 ’ ( )

with w the angular speed.
2.4. Computational implementation

A two-dimensional (2D) circular domain with the diameter of Dyq = 200D is created (see Fig.
2). For boundary conditions, inlet velocity uo and outlet pressure p=0 is, respectively, applied for
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the front half and rear half of the domain. Moreover, the (rotational) moving condition is used for
the cylinder’s wall; note that counter-clockwise is chosen as the positive direction.
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A structured mesh with high near-field refinement is generated for calculations (see Fig. 2). In
order to determine a suitable resolution, a mesh convergence study is carried out. Figure 3 shows
a comparison in yield boundary, which separates far-field unyielded (solid) and yielded (fluid)
one, among three grid resolutions including M1 (35000 elements), M2 (42000 elements), and M3
(55300 elements). As can be seen, the yield line is almost converged with M2. Furthermore, it is
observed that three meshes provide identical results for drag coefficient (C4=16.41) but M3 costs
significantly more computational time. Mesh resolution M2 is obviously the most optimal and
therefore employed for all simulations.

A Finite Volume Method (FVM)-based commercial package named Ansys Fluent is
employed to solve the problem. Moreover, second-order schemes are used for spatial
discretization.
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Figure 3. Mesh convergence study: variation in yield

boundary with various mesh resolution with a=1 at
Re=100

Figure 4. Cq as a function of Re: Our results for
a Newtonian fluid vs. Park et al.’s [16]

Figure 5. Results for (a) flow streamlines and (b) vorticity field of a Newtonian liquid at Re=60
For validation purposes, results of Newtonian fluid flows produced by our numerical strategy

are compared with available data in the literature. As can be seen in Fig. 4, our results for drag
force have a perfect agreement with those of Park et al. [16]. Furthermore, it is good to be noticed
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that our simulated flow morphology at Re=60 also matches well with experimental results in [17]
(see Fig. 5). Specifically, both works indicate that the flow at this Re is in a non-stationary
regime with vortex manifesting downstream.

3. Results and Discussion
3.1. Flow morphology

In this part, simulated results for the flow field of kaolinite suspension 15wt%, a typical yield
stress liquid, under a wide range of rotational speed (0<a<10) are presented. Reynolds number is
varied in Re=50-500

(¢) Yield boundary

Figure 6. Flow streamlines and solid-like regions (shaded) of a yield stress fluid (Kaolinite suspension
15wt%) with (a) a=0, (b) a=1, (c) a=5 and (d) a=10 at Re=50. Variations in yield boundary with various
a are also presented (€)

Figure 6 illustrates results for flow morphology at Re=50 with various rotational rates. When
a=0, it is seen that the yield stress flow is still in a creeping regime without any downstream
recirculation wakes or vortex shedding meanwhile at this Re, the Newtonian fluid flow begins to
enter an unsteady mode as claimed in [18]. This can be attributed to the appearance of solid-like
regions impeding the fluid flowing. Indeed, when the cylinder is stationary, there exist two near-
field static rigid zones at stagnation points and two moving ones at its upper and lower parts. This
finding is in line with Tokpavi et al. [7], [8] for the very slow yield stress fluid within which the
viscoplastic effect is predominant. The moving rigid zones still exist when a=1; however, with
high a, e.g., a=5 or 10, no near-field rigid but only a large far-field unyielded zone is formed.
Furthermore, the flowing region (inside the yield boundary) is surprisingly found to narrow with
the increasing «, resulting in the reduction of material mixing efficiency at the near-field of the
cylinder (see Fig. 6e).

(¢) Yield boundary

Figure 7. Flow streamlines and solid-like regions (shaded) of a yield stress fluid (kaolinite suspension
15wt%) with (a) a=0, (b) a=0, (c) o=0 and (d) a=10 at Re=100. Variations in yield boundary with various
o are also presented (e)
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Results for flow morphology at Re=100 with different values of « are presented in Fig. 7.
Compared to the case of Re=50, the distribution of near-field solid-like regions is relatively
similar though they differ in shape and size. In detail, static and moving rigid zones are,
respectively, detected with =0 and a<1. However, the yield boundary at Re=100 is observed to
slightly enlarge as o increases; this finding is opposite to the results at Re=50 (see Fig. 7e).

(a) (b)

“— =~ Re=100
—~—-Re=300

Re =500

Figure 8. Variation in yield boundary with various o at Re=100 (a) and at various Re with a=5 (b)

The effect of the rotational speed on the size of the yield boundary seems to be much more
pronounced at Re=500. As can be seen in Fig. 8a, the yielded region gets drastically greater as «
increases. Moreover, the influences of the inertial effect described by Reynolds numbers on the
formation of the yielded region are also investigated. Figure 8b shows the results for the yield
boundary at Re ranged from 50 to 500. It is evident that the higher Re, the considerably greater the
flowing zones are formed, leading to the incredible improvement of the materials mixing process.

3.2. Hydrodynamic forces

Results for drag, lift and torque forces are reported are report in this part. The drag, lift and
moment coefficients are, respectively, defined as:

F
Cy = d__
d 2pu02D ()
F
Cy= —
‘ 2pu02D ®)
M
™ 05U 2AL’ ©

Here, Fq, Fi, and M stand for the drag force, lift force, and moment about the z-axis,
respectively. Moreover, A and L are, in turn, the reference area and the length of the cylinder.

Figure 9 reveals results for Cq with various values of rotational speed at Re=50, 100 and 500.
As can be observed, an increase in Re results in a sharp increase in estimated Cq at the same «;
nevertheless, the deviation is seen to be reduced when a increases. For instance, when the
cylinder does not move, Cqy provided at Re=50 is 40 times greater than that of Re=500 meanwhile
the difference is only of 7.4 times with a=10. Moreover, each case of Re studied shows a
different correlation between Cy and «. For instance, at Re=50, Cq gets smaller with the
increasing o. This is, however, not the case for Re=100 and 500; in detail, at Re=100, Cq4
decreases to the minimum value at C4=11.14 at ¢=5 and then increases as « rises to 10. It is even
more complicated with Re=500 in which an up-and-down Cg-a curve is seen; experimental works
should be required to confirm the phenomena and find out the mechanism for this. Furthermore,
results for lift and moment coefficients with different « are presented in Fig. 10. Generally, the
larger rotational speed, the greater magnitudes of C, and Cr, are found.
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Figure 9. Cq as a function of rotational rate a
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Figure 10. (a) Ci and (b) Cw as a function of rotional rate a
4. Conclusion

An investigation on a real yield stress fluid flow over a rotating cylinder is carried out using a
numerical approach. In detail, various hydrodynamic behaviors of clay suspension with 15wt%
kaolinite were studied at Re ranged in Re=50-500 and with the rotational rate of a=0-10.

At Re=50, when the rotational movement was not applied, the viscoplastic fluid flow was
revealed to be still creeping; this was very different from a Newtonian one whose regime was non-
stationary with the appearance of downstream von-Karman streets. Moreover, the near-field solid-
like regions, which were supposed to block the flowability, were observed to be formed when o <I.
Furthermore, when o became higher, the flowing zone was seen to be smaller at this Re.

At Re=100, the solid-like regions were found to be placed in similar positions with Re=50 but
had significant changes in their shape and size. More interestingly, opposite to the case of Re=50,
there existed a considerable enlargement in the yielded region for Re=100 and 500. Additionally,
the increase in Re could also result in the dramatic expansion of this region, thereby significantly
improving the fluids mixing.

In addition, the drag coefficient C4 was found to strongly depend on both Re and «. In detail,
as Re increased, Cq considerably decreased. Moreover, Cq reduced with the increasing a at
Re=50; however, the Cq4-a correlation became complex at Re=100 and 500, more studies should
be performed to discover the mechanism of these cases. Furthermore, in general, when a got
higher, the magnitudes of C, and Cy, were noted to be generally greater.

In the future, three-dimensional (3D) simulations would be conducted. Moreover, we also
plan to investigate the yield stress behaviors in a transition and/or turbulent flow regimes.
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