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ABSTRACT
This paper presents a numerical study of a complex fluid flow past a circular cylinder. The fluid is a thixotropic viscoplastic material.
Thixotropy is a time-dependent rheological property associated with the material’s microstructure, which can be broken and/or built up
during a flowing process. It is modeled using a structural parameter representing the structural state, which can vary from being completely
broken to fully structured. Effects of the thixotropic parameters controlling the rate of the structural breakdown and recovery processes on
the flow characteristics are investigated. Either the Herschel–Bulkley model or the Bingham model is employed together with Papanastasiou’s
regularization scheme. A review on the determination of the regularization parameter is carried out; a new approach to this is thus proposed.
Various flow aspects such as the unyielded/rigid zones, the structural evolution, and the vortex structures are analyzed. Results show that at
Re = 150 and Bn ≤ 5, the flow is nonstationary with periodic vortex shedding. The structural state is found to correlate well with the vortex
structures. A full structural recovery can happen either within or beyond the yield boundary, or even beyond the computational domain.
Moreover, the drag coefficient is reported and discussed.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5125731., s

I. INTRODUCTION

Non-Newtonian fluids are frequently encountered in natural
processes, e.g., mud and lava flows, and industrial activities such
as manufacturing of food and pharmacological products, modu-
lation of minerals, ceramics, and processing of concrete, printing
inks, paints, and polymers.1–12 These materials can exhibit com-
plex rheological behaviors such as yield stress and/or thixotropy.13

Thixotropy is a time-dependent property associated with the mate-
rials’ microstructure that can be broken and recovered during a
flowing process. The breakdown phenomenon reduces the materi-
als’ viscosity, making them more fluid, while the recovery one makes
them more solid. These phenomena are indeed the result of spatial
rearrangement of particles constituted within the materials under
shear. Good reviews about this can be found in the work of Barnes,14

Mewis and Wagner,15 and Chanson et al.16 Despite having numer-
ous important applications and flow behaviors, such materials are
not fully understood. Indeed, a thixotropic flow is a complex process,
which can involve structural change and variable yield stress and

viscosity. Taking into account all these characteristics in a numerical
study is a challenge.

Few works on nonthixotropic flow past an obstacle have been
carried out. Among them, Zisis and Mitsoulis17 studied numerically
a creeping Bingham flow over a cylinder between two parallel plates.
Results of hydrodynamic forces were found to increase greatly with
increasing Bingham number (Bn) and decreasing gap-to-cylinder’s
diameter ratio. De Besses18 studied a creeping viscoplastic flow over
a cylinder in an infinite medium. The effect of the Oldroyd number
(Od), shear-thinning, and wall boundary condition, i.e., slip or no-
slip, on shapes and dimensions of unyielded/rigid zones was studied.
Note that an unyielded zone can be defined as within which the
shear stress is less than or equal to the yield stress. Two rigid zones
were found to attach to the cylinder at stagnation points. This was
in line with what was reported numerically by Tokpavi et al.19 for a
very slow flow of Bingham fluid over an unconfined cylinder. How-
ever, in an experimental work with viscoplastic fluid carried out by
Tokpavi et al.,20 a recirculation zone was instead found at the stag-
nation point upstream of the cylinder. More recently, at a higher
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Reynolds number (Re), Mossaz et al.21,22 carried out numerical stud-
ies on Herschel–Bulkley (HB) liquids past a cylinder at Re ≤ 45.
Many aspects of the flow field were analyzed at several values of Re
and Od. These works were then validated by their own experimental
data obtained with polymer gels, a Herschel–Bulkley type of liquid.23

For thixotropic materials, Moore24 proposed a first-order
kinetic equation for a structural parameter, λ, representing the
microstructure’s status of dense cohesive sediment. Derksen25 uti-
lized this model to study thixotropic liquids in a mixing tank.
Recently, Syrakos et al.26 utilized it to study a thixotropic Bingham
flow over a cylinder at Re = 45. The influence of the rate of break-
down and/or recovery process on the microstructure’s evolution and
flow morphology was investigated. However note that the flow was
well in a stationary regime.

The purpose of this work is to explore unstable characteristics
of a thixotropic Bingham flow at Re = 150. The flow could be non-
stationary with vortex shedding behind the cylinder. Structural evo-
lution under the effect of the vortex shedding will be investigated. In
addition, important flow aspects such as the unyielded/rigid zones,
the vortex structures, and the hydrodynamic forces acting on the
cylinder at various Bn and thixotropic parameters will be analyzed.
Moreover, as Papanastasiou’s regularization scheme is employed
together with either the Herschel–Bulkley model or the Bingham
model, a new approach to the determination of the regularization
parameter will be proposed.

The following part of the paper is organized as follows: Sec-
tion II provides the theory background with governing equations;
in Sec. III, a review on the determination of the regularization
parameter is given, and a new approach to this is then presented;
results are presented in Sec. IV; and concluding remarks are made in
Sec. V.

II. THEORY BACKGROUND
A. Governing equations

A fluid flow is governed by a continuity equation and a momen-
tum equation, respectively, as follows:

∇ ⋅ u = 0, (1)

ρ(
∂u
∂t

+ u ⋅ ∇u) = ρf +∇ ⋅ σ. (2)

Here, u is the velocity vector, ρ is the fluid density, f is the body force
vector, t is the time, and σ is the total stress tensor defined as σ = −pI
+ τ with p being the pressure, I being the unit tensor, and τ being
the deviatoric stress tensor. For a Newtonian fluid, τ = 2 μγ̇ with
μ being the viscosity, which is constant. However, for a viscoplastic
fluid, it can be determined using the Herschel–Bulkley (HB) model
as follows:27

⎧⎪⎪
⎨
⎪⎪⎩

τ = (Kγ̇n−1 + τ0
γ̇ )γ̇ if τ > τ0

γ̇ = 0 if τ ≤ τ0 ,
(3)

where K is the consistency, n is the power index, τ0 is the yield
stress, and γ̇ and γ̇ are the strain rate tensor and its magnitude,
respectively.

This model is discontinuous at τ = τ0. To tackle this, Papanas-
tasiou’s regularization scheme is utilized, as follows:28

τ = (Kγ̇n−1 +
τ0[1 − exp (−mγ̇)]

γ̇
)γ̇ (4)

with m being the regularization parameter; its determination will be
discussed in detail later.

B. Modeling of thixotropy
A first-order structural kinetic equation is utilized, as follows:24

∂λ
∂t

+ u ⋅ ∇λ = α(1 − λ) − βλγ̇ , (5)

in which the first term on the RHS represents the recovery process,
while the second represents the breakdown one; correspondingly, α
and β are, respectively, the recovery and breakdown parameters, i.e.,
thixotropic parameters. λ is the dimensionless structural parameter,
which ranges from 0 (totally unstructured) to 1 (fully structured).
It is good to note that α is in s−1, and β is dimensionless. The ratio
β/α could represent structure recovery time. A dimensionless num-
ber of (β/α)/tc = β/αtc with tc being a flow characteristic time could
therefore be useful in characterizing thixotropic flows. This num-
ber represents a ratio between the structure recovery time and flow
response time. When it is large, the structure could take more time
to recover, and vice versa. However, effects of this number are not
investigated in the current paper.

The yield stress is assumed to change with λ as29

τ0 = λτy (6)

with τy being the maximum yield stress, i.e., when the material is
fully structured. For a nonthixotropic fluid, τ0 = τy.

The flow of a yield stress fluid can be characterized by Reynolds
and Oldroyd numbers as follows:

Re =
ρu2−n
∞ Dn

K
, (7)

Od =
τyDn

Ku∞n . (8)

Here, u∞ is the far-field velocity, and D is the cylinder’s diame-
ter. When n = 1, the fluid becomes a Bingham one, which is then
characterized by a Bingham number, Bn, as

Bn =
τyD
Ku∞

. (9)

It is noted that Od and Bn are computed with τy regardless of
whether the fluid is thixotropic or not.

III. NUMERICAL METHODOLOGY
This is a two-dimensional problem as the cylinder is long and

Re is still small, i.e., Re = 150. A circular domain with a diameter D∞
that D∞/D = 200 is adopted. A structured mesh is generated in the
domain; it is fine near the cylinder and coarse far away. An example
of the computational domain and mesh is shown in Fig. 1.

Computation is carried out using ANSYS Fluent. It is a finite
volume-based computational fluid dynamics package, which allows
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FIG. 1. Domain and mesh consisting of 92 000 elements.

TABLE I. Cd with different mesh resolutions.

Re = 45, Bn = 0 Re = 150, Bn = 0 Re = 45, Bn = 0.5

Mesh Cd Time (h) Cd Time (h) Cd Time (h)

19 000 1.4370 5 1.3114 8 1.8493 12
42 000 1.4357 6 1.3053 14 1.8503 17.5
55 300 1.4355 7.5 1.3047 15.5 1.8506 20

subroutines, i.e., User-Defined Function (UDF), to be added on. In
this work, two UDFs are developed to take into account Eqs. (4) and
(5). It is noteworthy that λ is treated as a scalar and solved via a trans-
port equation available in Fluent. As the structural state does not
diffuse, a negligibly small value is prescribed to the diffusion coef-
ficient. Other settings include the transient laminar flow, SIMPLE
algorithm for solving the governing equations, and second-order
spatial discretization schemes for variables’ approximation.

A. Mesh convergence study
Mesh convergence is tested with Newtonian and Bingham flu-

ids. First, a drag coefficient Cd = 2Fd/ρu∞2D with Fd being the
drag force acting on the cylinder is evaluated. Information about
the meshes, results of Cd, and computational time are presented in

Table I. It appears that the mesh consisting of 42k elements is the
optimal one for the force prediction. It is to be mentioned that for
a Newtonian fluid (Bn = 0), at Re = 45, Cd = 1.44 according to Clift
et al.,30 and at Re = 150, Henderson31 reported a value of 1.33 and
He32 reported a value of 1.261. The predicted Cd in this work agrees
well with these results.

However, as it is important to accurately determine the bound-
ary between yielded and unyielded zones, i.e., yield boundary, line
or surface, in a yield stress flow, a finer mesh would probably be
required. The unyielded zones are defined as within which τ ≤ τ0.33

Four meshes consisting of 63k, 78k, 92k, and 108k elements are
then tested with a Bingham fluid at Re = 20 and Bn = 0.2. The
results of the yield boundary are shown in Fig. 2. It is observed that
an unyielded zone is stuck to the cylinder’s rear; its size is almost
identical with all the meshes. However, the yield boundary separat-
ing the inner yielded and the outer far-field unyielded zone shows
some deviations, and the one consisting of 92k elements is cho-
sen as an insignificant change is observed with the finer mesh. This
mesh is utilized for all the simulations presented in the rest of this
paper.

B. Regularization parameter
The regularization parameter m in Eq. (4) determines how the

modeling fluid is close to an ideal Herschel–Bulkley (HB) one of
Eq. (3); when m → ∞, the fluid is an ideal HB one. It has com-
monly been chosen based on the convergence of the drag coeffi-
cient,17,21,34–36 the yield lines,19,26,37–40 or both.41–43 Tokpavi et al.19

chose m = 1000 as from this value, no further influence on the yield
surfaces was observed. Similarly, Mossaz et al.21 suggested m = 106

as the unyielded zones in a flow over a cylinder at Re = 20 and
Bn = 0.2 did not change any further. Burgos et al.37 chose m based on
the convergence of the yield lines and flow rate in a duct with square
cross section. Recently, Syrakos et al.26 compared the yield lines and
Cd between m = 1000 and m = 10 000. It was found that the yield
lines near the cylinder were almost the same except their smooth-
ness, that is, those with the former were smoother than those with
the latter. Thus, m = 1000 was adopted.

The nonsmoothness problem, i.e., zigzag yield lines, occurred
with high values of m has also been reported in other stud-
ies.17,19,37,44,45 This could be attributed to the coarse mesh employed.
The most commonly chosen value of m was 1000.17,19,26,35,44 How-
ever, it could be as small as m = 0.3 as in the work of Jeong40 and as
great as m = 107 as in the work of Patel et al.39

FIG. 2. Yield boundary with different meshes: Bingham fluid
at Re = 20 and Bn = 0.2.
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TABLE II. Computed values of m for gel 1 and gel 2 with data for τ0, K, and n being
from the work of Mossaz et al.23

τ0 (Pa) K (Pa sn) n m (s)

Gel 1 1.88 1.46 0.42 41 212
Gel 2 0.99 1.24 0.42 38 683

It is obvious that the regularization parameter has a clear effect
on the location and dimension of the unyielded zones and the drag
force acting on the cylinder. In all the aforementioned works, except
Jeong,40 the fluid was artificial, and the critical shear rate, γ̇c, at the
yield point, i.e., when τ = τ0, was not taken into account. Yet the
rigid zones should be defined by γ̇ ≤ γ̇c, equivalent to τ ≤ τ0. For
an ideal Bingham fluid, γ̇c = 0, and for a real one, γ̇c is finite and
greater than zero. Indeed, Lin et al.46 reported γ̇c ≈ 0.01 s−1 for kaoli-
nite suspensions of 15, 20, and 28.5 wt. % at pH ≈ 5. In addition,
Mossaz et al.23 reported γ̇c ≈ 0.0001 s−1 for polymer gels. There-
fore, m needs to be chosen so that both τ0 and γ̇c can be correctly
incorporated.

We recommend another approach to the selection of the regu-
larization parameter, that is, m is computed from the critical shear
rate and the yield stress according to Eq. (4). The computed values
of m for the polymer gels, namely, gel 1 (0.076 wt. % of polymer at
pH ≈ 6.8) and gel 2 (0.067 wt. % of polymer at pH ≈ 6.8) of Mossaz
et al.,23 are presented in Table II. Figure 3 demonstrates the match-
ing of the modeling curves with different values of m to the rheologi-
cal data of gel 1. It is evident that at high shear rates, i.e., γ̇ > 0.01 s−1,
the modeling curves fit the experimental data very well. However, a
considerable mismatch is observed at low shear rates. In such a situ-
ation, an unyielded zone may not be the same with a rigid zone. The
former is defined by τ ≤ τc, while the latter is defined by γ̇ ≤ γ̇c. This
is illustrated in Fig. 4. As can be seen, zone (1) is rigid and unyielded;
and zone (2), i.e., between the solid and dashed lines, is either

FIG. 3. Rheological curves with different values of m vs experimental data.23

FIG. 4. Unyielded and rigid zones with small (a) and great (b) values of m.

nonrigid and unyielded [Fig. 4(a)] or rigid and yielded [Fig. 4(b)].
With the computed m, the unyielded and rigid zones become iden-
tical, and their size should be between the solid and dashed lines. In
such a case, the modeling curve passes the point (γ̇c, τc) in the γ̇–τ
diagram.

Figure 5 shows the rigid zones with several values of m in a
flow of gel 1 at Re = 24 and Od = 0.38. Note that one rigid zone is
stuck to the cylinder and another one is in the far field, outside the

FIG. 5. Rigid zones defined by γ̇ ≤ γ̇c with different values of m. gel 1, Re = 24
and Od = 0.38.

TABLE III. Drag coefficient and computational time with different values of m; gel 1 at
Re = 24 and Od = 0.38.

m Cd Time (h)

1 000 2.1915 1.5
41 212 2.1961 2.5
100 000 2.1962 5
1 000 000 2.1940 9

AIP Advances 9, 115002 (2019); doi: 10.1063/1.5125731 9, 115002-4
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FIG. 6. Streamline patterns at Re = 22, Od = 0.25 (a) and Re = 33, Od = 0.22 (b).
The dark area in (a) is a rigid zone.

lines enveloping a large nonrigid area around the cylinder. As can
be seen, compared to the case with m = 41 212, the rigid zones are
smaller with m = 1000 (underestimation) and larger with m = 106

(overestimation). The difference is more pronounced with the far-
field zone than with the near-field one. It is less significant when m
is great. Indeed, the difference between m = 105 and m = 41 212 is
negligible, and even with m = 106, only the far field yield boundary
shows some deviations.

Furthermore, results of Cd are provided in Table III. It is found
that Cd with m = 41 212 and m = 105 is almost the same and some-
what different from that with the other values of m. This is reason-
able as the drag force is dictated by the near field. Nevertheless, the
computational time is very much different between different values
of m; the greater the m, the greater the time.

In the rest of this paper, besides the computed values for gel 1
and gel 2, we adopt a value of m = 40 000 for other liquids, which
can be artificial, yet assumed not to incur any significant deviation
in the prediction of Cd and the unyielded/yielded zones. The terms
of unyielded and rigid zones are thus used interchangeably.

IV. RESULTS AND DISCUSSION
A. Validation

To validate the numerical approach employed here, simulations
of a nonthixotropic HB flow at Re = 22, Od = 0.25 and Re = 33,
Re = 0.22 are realized. The fluid is the same as gel 2. Results for
the streamline patterns are presented in Fig. 6. As can be observed,
the flow is stationary and laminar in both cases. In the former, it
has a static rigid zone attached to the cylinder at the downstream
stagnation point, while in the latter, there exists instead a recircula-
tion bubble. These results agree well with the experimental findings

FIG. 7. Snapshots of the thixotropic flow at Re = 45, Bn
= 0.5. Left: the unyielded zones; right: distribution of λ.
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FIG. 8. Near-field unyielded zones (L) and distribution of λ
(R) of the thixotropic flow at Re = 45, Bn = 0.5, α = 0.05 and
β = 0.01 (a) and 0.1 (b). Streamlines are also displayed.

reported in the work of Mossaz et al.23 although the numerical static
zone is somewhat smaller than the experimental one. This can be
attributed to the fact that a clear boundary separating a complete
rigid zone from the moving fluid could be difficult to be detected
using a Particle Image Velocimetry (PIV) technique.

In addition, simulations of thixotropic Bingham liquids at
Re = 45, Bn = 0.5 are realized and presented to compare with exis-
tent results.26 Figure 7 shows snapshots of the thixotropic flow with
α = 0.05 and β = 0.05 [Eq. (5)]. At the beginning, the fluid is fully

structured; when it starts to move past the cylinder, or the cylin-
der moves against it, only the part in the region near the cylinder
is broken. Over the time, more fluid is broken, and some of the
broken ones, especially on the cylinder’s lateral sides, are further
broken. The broken fluid is then carried downstream; it would be
recovered and return to its fully structured state. Rigid zones are
formed and developed in time. The flow is found to attain equilib-
rium after t ≈ 0.281 25t∞ with t∞ = D∞/u∞ = 200D/u∞, leading to
a dimensionless time of t⋆ = tu∞/D ≈ 56.25.

FIG. 9. Snapshots of the thixotropic flow at Re = 150, Bn = 1. Left column: streamline pattern and unyielded zones (dark colored), center column: distribution of structural
parameter λ, and right column: vorticity contours.
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FIG. 10. Superposition of λ and vorticity contours. Thixotropic flow at Re = 150 and
Bn = 1.

The flow morphology at equilibrium would depend on the rel-
ative rate of the recovery and breakdown processes, which depend,
respectively, on α and β. Figure 8 shows the effect of varying β on
the flow morphology. As can be seen, with greater β, the fluid is less
structured. It is hence less viscous, and as a result, the recirculation
bubble is larger, and rigid zones reduce in size and/or disappear.

The results shown in Figs. 7 and 8 agree well with those per-
formed by Syrakos et al.26 It is noticed, however, that the discontinu-
ity problem in the distribution of the structural parameter reported
therein is not encountered here. This can be attributed to the high
resolution of the mesh employed here.

B. Thixotropic Bingham flow at Re = 150 and Bn = 1
The flow morphology of a thixotropic Bingham fluid at

Re = 150, Bn = 1 is investigated in this part. It is assumed that
α = 0.05 and β = 0.05. Figure 9 shows snapshots of the flow at several
time points.

Similar to the case of Re = 45 and Bn = 0.5 presented above, the
fluid is fully structured at the beginning. It is broken once there is

a relative motion between the fluid and the cylinder. Over the time,
more fluid is broken, and some of the broken ones can be further
broken while moving downstream. The recovery process takes place
in parallel with the breakdown one. However, it becomes important
in the wake after some time, which can be noted by the difference
in λ between Figs. 9(c) and 9(d). As moving downstream, the same
fluid can be broken and recovered alternately when crossing regions
of different strain rates.

As the inertia effect is relatively great at Re = 150, the newly
formed recirculation bubble is dragged away, or stretched out, and
becomes asymmetrical. Two recirculation zones within it eventually
separate from each other and move downstream. The flow is then
unsteady with periodic vortex shedding. The whole transition pro-
cess takes place within t ≈ 0.75t∞, or t⋆ ≈ 150, after which the flow
morphology is seen not to change any further although it is nonsta-
tionary. This time is considerably greater than that for the stationary
flow, i.e., t⋆ = 56.25 at Re = 45 and Bn = 0.5.

Owing the vortex shedding in the wake, the fluid is less struc-
tured, especially within the vortex structures, as evident in Fig. 10.
Strong correlation between the vortex structures and the distribu-
tion of λ is obtained. Full structural recovery is found to take place
in the far field unyielded zone after the fluid has experienced a con-
siderably long traveling time. Moreover, it is good to note that, no
static and few moving (outside the wake) rigid zones are seen in the
flow field.

C. Effect of the thixotropic parameters
In this part, the effect of the recovery and breakdown parame-

ters on the flow morphology is analyzed. The flow is still at Re = 150
and Bn = 1, and with α = 0.05 and β = 0.05, it is called a base case.
From here, either α or β is varied.

FIG. 11. Effect of α; β = 0.05, Re = 150, and Bn = 1. Left column: streamline pattern and unyielded zones, center column: distribution of structural parameter λ, and right
column: vorticity contours.
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FIG. 12. Effect of β; α = 0.05, Re = 150, and Bn = 1. Left column: streamline pattern and unyielded zones, center column: distribution of structural parameter λ, and right
column: vorticity contours.

Simulations with α = 0.05, 0.1, 0.5, and 1 are performed. Results
for the streamline pattern, the structural state, and the vorticity con-
tours at equilibrium are presented in Fig. 11. As can be seen, with
greater values of α, the fluid is more structured, and as viscoplas-
tic effects become more important, the vortex shedding behind the
cylinder attenuates faster. In addition, full recovery takes place at
a shorter distance from the cylinder, even within the far-field yield
boundary with α = 1. More unyielded zones appear near and/or on
the cylinder, starting from α = 0.1. Note that in an extreme case
where α → ∞, the entire fluid domain would be fully structured,
which is equivalent to a nonthixotropic Bingham one.

Likewise, the effect of β is demonstrated in Fig. 12. It is obvi-
ous that β has an opposite effect with α. Specifically, the fluid is less
structured and the vortices shed to a longer distance with greater
values of β. With β = 0.5, a large part of the fluid in the wake is
almost completely broken, making it resembling a Newtonian one.
It is noteworthy that the flow is always nonstationary, even with the
extreme cases of α or β.

The yield boundary and the position where a full recovery of
the fluid structure happens are found to depend on the thixotropic
parameters. The former can be represented by L1, while the latter
can be represented by L2, i.e., the so-called characteristic lengths.
Detailed information about them including the way they are deter-
mined is presented in Table IV. It is noticed that L1 decreases
with the increase in α; this is also the case for L2, however, with
a considerably faster manner. With α = 0.05 and β = 0.05, L2/D
> 99.5 implies that the full recovery does not happen within the
computational domain. Compared to this base case, with greater
β, the fluid is even less structured when it leaves the domain
and hence requires more time to recover to its fully structured
state.

D. Effect of Bingham number
As plastic effects may play an important role in the flow mor-

phology of the thixotropic fluid, simulations at Bn = 0.5, 1, 3,

and 5 are carried out here. Other parameters include Re = 150,
α = 0.05, and β = 0.05. Results for the distribution of λ and the
vorticity contours both are shown in Fig. 13.

It is observed that, within this range of Bn, the flow is nonsta-
tionary with periodic vortex shedding behind the cylinder. As Bn
increases, i.e., the plastic effects become stronger, unyielded zones
appear and/or grow. Evidently, static rigid zones are formed on the
cylinder’s surface at Bn = 3 and 5; within them, the fluid is fully
recovered at equilibrium. Moreover, at high Bn, the vortex struc-
tures are considerably stretched out, narrowing the wake, and atten-
uate after a short distance behind the cylinder. Strong correlation
between the structural state and the vortex structures is obtained at
all Bn realized.

Moreover, the yield boundary is considerably smaller (the part
in the downstream) at higher Bn, e.g., L1/D = 85 at Bn = 0.5, and
L1/D = 10 at Bn = 5. However, the recovery process seems not to
differ much at different Bn; indeed, at Bn = 5, L2/D = 98 which is
still large.

TABLE IV. Characteristic lengths at Re = 150 and Bn = 1.

α β L1/D L2/D

0.05 0.05 50 >99.5
0.1 0.05 48 81
1 0.05 43 15
0.05 0.1 58 >99.5
0.05 0.5 85 >99.5
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FIG. 13. Distribution of λ and vorticity contours at Re = 150 and various values of
Bn.

E. Hydrodynamic force
Results for the drag coefficient Cd at Re = 150 and Bn = 1 with

varying thixotropic parameters are presented in Fig. 14. Results at
Re = 45 and Bn = 0.5 are also shown therein.

FIG. 14. Drag coefficient vs either α (β = 0.05 and constant) or β (α = 0.05 and
constant).

FIG. 15. Drag coefficient at different Bn, Re = 150.

For the case of stationary flow, i.e., Re = 45 and Bn = 0.5, Cd
is found to increase with the increase in α. This can be attributed
to the fact that the fluid is more structured and viscous with
greater α. On the contrary, with greater β, the fluid is easier to
be broken and hence less structured, resulting in smaller Cd. The
trends of Cd agree well with those reported in the work of Syrakos
et al.26

However, these trends are found to be totally reversed at
Re = 150 and Bn = 1, that is, Cd is greater when the fluid is less struc-
tured. Note that the flow is nonstationary with vortex shedding. The
reason for this could probably be that the vortices depart from the
cylinder to the downstream with less constraint in a less structured
fluid. This can then create a lower pressure at the rear of the cylinder;
Cd is therefore greater.

Moreover, Fig. 15 presents Cd of a thixotropic fluid and an
equivalent nonthixotropic one as a function of Bn. The two fluids
are at Re = 150 and the same Bn. It is obvious that, for both flu-
ids, Cd increases with the increase in Bn. In addition, the thixotropic
fluid gives a smaller Cd than the nonthixotropic one at high Bn, i.e.,
Bn = 3 or above. However, at low Bn, i.e., Bn = 2 or lower, Cd of the
former is found to be slightly greater than that of the latter. This is
in line with what has been discussed for the case of Re = 150 and
Bn = 1, that is, less structured fluid gives greater Cd. It is noted
that the nonthixotropic fluid can be considered to be always fully
structured.

To elucidate possible mechanisms that govern the change in Cd
with respect to α, β, and Bn including a reverse at Bn between 2 and
3 in Fig. 15, more research may be required.

V. CONCLUDING REMARKS AND RECOMMENDATION
A numerical study of a thixotropic flow past a circular cylinder

has been carried out in this work. It was started by a review on the
Papanastasiou’s regularization parameter, m; the difference between
unyielded and rigid zones was discussed. A new approach to the
determination of m was then proposed. Subsequently, the numerical
model employed was validated using both experimental results for
nonthixotropic fluids23 and numerical results for thixotropic ones
in a stationary regime.26
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Effects of the thixotropic parameters and Bn on various aspects
of the flow were then analyzed. The ranges of parameters investi-
gated were α = 0.05–1, β = 0.05–0.5, Bn ≤ 5, and Re = 150. Within
these ranges, the flow was found to be unsteady with periodic vor-
tex shedding behind the cylinder. The vortex structures attenuated
faster with the increase in α, the decrease in β, and the increase in
Bn. Moreover, evolution of the fluid microstructure from the start of
the flow until it reaches an equilibrium state was analyzed. The fluid
was found to be fully recovered at some distance behind the cylin-
der; depending on α, β, and Bn, it could be either within or beyond
the yield boundary, or even beyond the computational domain.
Interestingly, strong correlation between the structural state, i.e., the
distribution of λ, and the vortex structures was obtained.

Finally, the drag coefficient Cd was reported. It was affected by
the thixotropic parameters and Bn, however, in a different fashion
between a stationary flow at Re = 45 and Bn = 0.5 and a nonsta-
tionary one at Re = 150 and Bn = 1. More research on this could be
required.
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