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The current research aims to study how changing the endwall shape of the inner cylinder affects the appearance
of Ekman cells and the onset of Taylor vortices. A two-dimensional numerical method simulates the flow between
two concentric cylinders, with the inner cylinder rotating while the outer cylinder and the upper and lower endwalls
remain at rest. The method of solving the Navier-Stokes equations for incompressible viscous flows is provided by
the Ansys Fluent software, which is based on the finite volumes method. The geometric parameters, such as the
radius ratio () and the height ratio (I'), are fixed at n = 0.9 and I' = 9.85, respectively. The working fluid is an
aqueous solution (u = 48 mPa.s, p = 1050 kg/m?). The study focuses on modeling four configurations (A, B, C, and
D): configuration (A) includes two flat plate endwalls, configuration (B) features a hemispherical upper endwall and
a flat lower plate endwall, configuration (C) consists of a flat upper endwall and a hemispherical lower endwall, and
configuration (D) comprises two hemispherical endwalls. The obtained results indicate that the appearance of Ekman
cells and the transition to Taylor vortex flow are specifically delayed for configuration (D). Additionally, the friction
coefficient is affected by the modification of the endwalls. Indeed, configuration (D) contributes to a reduction of the
skin friction coefficient by approximately 43% at the appearance of Ekman cells, and by 20% near the appearance of
Taylor vortices compared to configuration (A).
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1. Introduction

The flow between two concentric rotating cylinders, called Taylor-Couette flow, is important and has
many industrial applications. We report studies aimed at developing the properties of gas-lubricated bearings
that can be used in precision rotating machines [1]. The presence of the endwall strongly influences the
structure of the flow. Many research works focus on the effect of cylinder endwalls. The transition from
Couette flow to Taylor vortex flow is accompanied by the appearance of a cell near each endwall created by
the movement of the flow. Bouabdallah [2] studied experimentally various flow regimes during laminar-
turbulent transition using the polarization technique. The endwall cells are generally referred to Ekman
vortices [3, 4]. Several studies have focused on axial endwall, either connected to the non-rotating endwall or
as an external cylinder, and their effect on flow stability. Primarily, the non-rotating endwall disrupts the
axisymmetric structure near the endwall at the inception of Ekman cells, as shown in refs. [5-9]. Sobolik et
al. [10] analyzed the influence of endwall on the appearance of Ekman cells and showed that they appear at
rotation rates lower than the critical rotation rate in an infinite system for the appearance of Taylor vortices.
The same authors, in 2011, investigated experimentally the shear rate at the wall and its axial and azimuthal
components near the transition to the Taylor vortices [11]. Their results indicate that understanding the
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components and distribution of wall shear rates helps design a device based on Taylor-Couette flow. Czarny
et al. [12] studied the interaction between Ekman cells and Taylor vortices near the transition from Couette
flow to Taylor vortex flow using a spectral numerical simulation technique. They found that endwall
boundary conditions significantly change the radial velocity, influencing the bifurcation diagram near the
middle of the annulus. Avila et al. [13] modeled numerically centrifugation, where endwalls resulted in
primary instability in Taylor-Vortex flow. They proposed a benchmark solution for various approaches to
endwall effects on Taylor-Couette flow stability, among industrial CFD solvers [14]. Daimallah et al. [15,
16] applied a visualization technique to observe the flow structure and vortex shape as functions of the
critical Taylor number, the aspect ratio I' of the flow, and the particle concentration in Taylor-Dean flow.
Adnane et al. [17] examined experimentally the effect of inclination angle on different flow regimes
occurring in a partially filled space between two coaxial cylinders. They found that varying filling ratios and
tilt angles of Taylor-Couette flow system significantly affect the flow profiles. Numerical investigation
explores hydrodynamic stability in viscous flow between a periodically varying inner cylinder and a fixed
outer cylinder using Fluent software was analyzed by Oualli et al. [18]. Simulations highlight early flow
transition under radial pulsatile motion on the inner cylinder, revealing a significant decrease in the critical
Taylor number, signaling early turbulence onset. This finding has practical implications for enhancing
transport phenomena in industrial applications such as reactors and heat exchangers.

Recently, Dandelia et al. [19] interested in the optimal control of instability growth in Taylor-
Couette flow. Their results indicate a reduction in the growth rate and the typical energy perturbation growth
by about 72%.

The present study aims to numerically investigate how the shape of end walls affects the formation
of Ekman cells and Taylor vortices. Four geometries are considered: (A) plate endwalls, (B) hemispherical
upper endwall and lower plate endwall, (C) upper plate endwall and hemispherical lower endwall, and (D)
hemispherical upper and lower endwalls. Additionally, the study analyzes the skin friction coefficient near
the onset of Ekman cells and Taylor vortices.

2. Mathematical formulation
2.1. Physical model
Figure 1 depicts the four geometries studied: (A) plate endwall, (B) hemispherical upper-endwall,

(C) hemispherical upper-endwall and hemispherical lower, and (D) hemispherical lower and upper-endwall.
The working fluid, an aqueous solution, has a dynamic viscosity of nw=48 mPas and a density of

p=1050 kg /m® at a temperature of 7 = 22°C . The radius ratio is N =0.9, and the aspect ratiois I'=9.85 .
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Fig.1. Different geometries of the studied flow system.
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2.2. Governing equations

The governing equations of the flow are the continuity and the momentum equations which are
presented as follow,

- Continuity equation
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and Re is Reynolds number given by,
Re= PR d ) (2.3)

n

Taylor number is defined as,

Ta=Re /i (2.4)
R]

- Boundary conditions
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3. Computational method

The flow between two coaxial cylinders was simulated using the CFD software Ansys Fluent 14.0,
employing the finite volume method [20]. The momentum equation was solved using the SIMPLE method, and

the pressure correction equation was interpolated using the third-order QUICK scheme with body force
weighted.
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The physical model and meshes were created using GAMBIT 2.3.16. Due to the axisymmetric nature
of flow between concentric rotating cylinders, the geometry was modeled in two dimensions. Several tests

were conducted to determine the optimal grid resolution, as illustrated in Fig.2. A structured grid consisting
of 28 cells in the radial direction and 224 cells in the axial direction was selected.

0.0075

error < 0.6%

__e— @

0.0070 —

0.0065

friction coefficient,Cf

0.0060

0.0055

0.0050

T T T T T
3000 4000 5000 6000 7000 8000
Nodes number

Fig.2. Evolution of the critical Taylor number versus grid cells number.
3.1. Validation model
The numerical model employed in this study was validated against experimental data provided by

Sobolik ef al. [10]. Their study measured the azimuthal velocity gradient distribution at a fixed cylindrical
wall. Our results exhibit good agreement with those reported by Sobolik et al. [10], as depicted in Fig.3.
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Fig.3. Distribution of azimuthal velocity gradient near the fixed cylindrical wall.

4. Results and discussion

In the Taylor-Couette flow system, where the inner cylinder rotates within a fixed outer cylinder,
various flow regimes emerge. The structure of the flow is significantly influenced by the characteristics of
the endwalls. At very low Taylor numbers, small cells are observed near the upper and lower endwalls.
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4.1. Effect of endwall shapes on the streamline contours development

For configuration (A), two Ekman cells appear on the upper and lower plate endwalls (see Fig.4
(A)). In configurations (B-D) with hemispherical endwalls, two partly hemispherical vortices are observed,
with a smaller cell near the Ekman cells and a larger cell at the equator (see Fig.4 (B-D)). In these cases, the
appearance of Ekman cells is delayed by approximately 44% compared to the base case in Fig.4 (A), as the
Taylor number increases from Ta=30 to Tac=43.5 (see Fig.4 (A-D)). Beyond this threshold, Taylor
vortices develop, characterized by a secondary periodic axial wave movement along the stationary axial
direction of the basic flow. It is evident that changing the endwall shape from a plate to a hemispherical form
significantly influences flow structures, resulting notable variation in Ekman cell configurations.

(A) Ta=30.3 (B) Ta=36.8 (D) Ta=43.5

Fig.4. (A-D). Development of stream function contours at the onset of Ekman cells.

(A) Tac=44.5

(B) Tac=47.6

(C) Tac=48.3 53.7
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Fig.5. (A-D). Development of stream function contours at the onset of Taylor vortices.

From Fig.5 (A-D), we observe a transition from spherical Couette flow to Taylor-vortex flow in the
hemisphere. This transition is accompanied by a pinch (o-vortex flow) adjacent to the Ekman cells, and a
large vortex occupies the annular space of the hemisphere part. Furthermore, the circulation in the closed
pinch streamlines always has the same sign as that in the large basic vortex, because it is not separated from
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the large basic vortex by an inlet or outlet boundary. When the Taylor number exceeds Tac (Ta > Tac), the

base vortex in the flow develops a pinch. Changes in the shape of the endwalls, from flat plate endwalls to
hemispherical endwalls, are observed to have a significant effect on the flow structures, causing substantial
changes in the shape of vortices. Therefore, as the endwall shape changes from flat plate to hemispherical,
the circular shape of Taylor vortices near the endwall changes to elliptical form.

4.2. The effect of endwall shapes on the contours development of axial velocity

Figure 6 (A-D) displays the evolution of axial velocity contours versus Taylor number for different
configurations. Starting from a low Taylor number and the appearance of Ekman cells, we observe the
development of axial velocity contours near the endwalls. In configurations with upper or lower
hemispherical endwalls and at the equator, we observe the development of two cells: a small one close to the
Ekman cell and a large cell (see Fig.6 (B-D)).

(A) Ta=30.3 (B) Ta=36.8 (C) Ta=39.3 (D) Ta=43.5
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Fig.6.(A-D). Development of axial velocity contours at the onset of Ekman cells.

(A) Tac=44.5 (B) Tac=47.6 (C) Tac=48.3 (D) Tac=53.7
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Fig.7.(A-D). Development of axial velocity contours at the onset of Taylor vortices.
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As we increase the Taylor number from Ta =30 up to Tac =44, as shown in Fig.6(A), changing the
shape of the endwall from a flat plate to a hemispherical endwall strongly affects the flow structures, causing
substantial changes in the shape of Ekman cells near the endwall. Continuing to increase the Taylor number leads
to the appearance of Taylor vortices occupying the entire annular space, characterized by the onset of the first
instability.

From Fig.7 (A-D), we observe the development of two cells in the annular space of the hemisphere.
One large cell circulates counterclockwise around the main vortex in the upper hemisphere, and the other cell
is adjacent to the top of the cylindrical part. Based on these results, we conclude that varying the endwall
shape from a flat plate to a hemispherical significantly affects the shape of the vortices.

4.3. Effect of endwall shapes on the evolution of skin friction coefficient
In the following section, we present and analyze the variation of the skin friction coefficient on the

wall of the external cylinder as Ekman cells and Taylor vortices begin to appear. The formula used to
calculate the coefficient of friction is given by Eq.(4.1).

Cr=—. (4.1)
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Fig.8.(A-D). Evolution of the skin friction coefficient upon the appearance of Ekman cells.
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Figure 8(A-D) illustrates the evolution of the skin friction coefficient on the external cylinder wall
during the formation of Ekman cells.

From Fig.8 (A-D), the skin friction coefficient values are significantly higher near the outer cylinder wall.
We observe a reduction of approximately 2/% in the skin friction coefficient for the hemispherical upper endwall
configuration compared to the nominal case (see Fig.8(B)). In the case of both upper and lower hemispherical
configurations, at the onset of Ekman cells, the skin friction decreases by about 43% as shown in Fig.8(D).

Fig.9 (A-D) illustrates the development of the skin friction coefficient on the outer cylinder wall at
the onset of vortices. It shows a reduction of the skin friction coefficient by around 20% compared to the
nominal case near the transition from Couette flow to Taylor vortices.
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Fig.9(A-D). Evolution of the skin friction coefficient at the onset of Taylor vortices.
5. Conclusions

This numerical investigation focuses on the effect of the endwall shape on fluid flow confined between
two concentric cylinders. The study aims to enhance the stability of Taylor-Couette flow by modifying the
endwall shape from a flat plate to a hemispherical configuration. We specifically investigate the critical
thresholds for the onset of Ekman cells and Taylor vortices. The evolution of the Taylor number for various
configurations and its impact on flow behavior within the annular space between the cylinders are simulated
and discussed.

The results indicate that changes in the endwall shape strongly influence the shape of axial velocity
contours near the endwall. Specifically, for configurations with lower and upper hemisphere endwalls,
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stability is improved by approximately 20% compared to the nominal case. The modification from a flat
plate to a hemispherical endwall significantly affects flow structures, leading to substantial changes in the

shapes of Ekman cells and Taylor vortices.

For the upper and lower hemispherical configurations, the skin friction coefficient is reduced by
approximately 43% at the onset of Ekman cells and by about 20% at the appearance of Taylor vortices

compared to

the nominal case with a flat plate endwall.
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