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A B S T R A C T

The present paper aims at studying the particle trajectories and sedimentation inside Taylor-Couette buoyancy-
driven flows. The dynamical and thermal features of Taylor–Couette-flows inside a three-dimensional differ-
entially heated cavity are investigated for Reynolds numbers Re ranging from 67.3 to 392.7 and Grashof
numbers Gr between 764.4 ≤ Gr≤ 3822.1. The results indicate a strong interaction between natural convection
and the base Taylor-Couette flow due to rotation for a weak radial temperature gradient. A spectral analysis
allows to identify different flow regimes. For discrete particle simulations, the Lagrangian Particle Tracking
method is used to follow the particle trajectories inside the Taylor-Couette apparatus. Water droplets are con-
sidered as solid spherical particles with different diameters (10 ≤ Dp ≤ 35 μm). The time analysis of suspended
and deposited particles along different walls shows that the rotation of the inner-cylinder coupled to the natural
convection influences significantly the time and location of the particle deposition.

1. Introduction

A viscous fluid confined in an annular space of two rotating coaxial
cylinders is called Taylor–Couette flow. The Taylor-Couette configura-
tion is characterized by height-to-gap aspect ratio Γ = H/(ro − ri) and
the radius-ratio η = ri/rO. For ideal case, the height-to-gap aspect ratio
tends to infinity (Γ → ∞) and the radius ratio is equal to unity (η = 1).
However, for rotating machinery, such as rotating compressors, turbo-
machines, electrical motors, rotating heat exchangers, the height of the
cylinders is finite inducing thus end-wall effects on the flow structure.
As an example, Lalaoua and Naït Bouda [1] recently performed a nu-
merical investigation on the onset of axisymmetric and wavy Taylor-
Couette flows between three combinations of cylinders and spher-
ocylinders, which modify the end-cap conditions of the classical Taylor-
Couette configuration. Their results showed that the transition from one
regime to another is delayed compared to the base case between con-
centric cylinders.

Similarly, imposing a radial temperature gradient between the two
cylinders engenders an axial flow due to natural convection. Since
many decades, several studies were performed experimentally [2–4],
theoretically [5,6] and numerically [7,8]. These studies were carried
out to understand the stability and flow structures for combined Taylor-
Couette and natural convection flow. Apart from being a canonical flow

to understand the route to turbulence, Taylor-Couette flows are also
relevant in many industrial applications: chemical vapor deposition
techniques, crystal growth, cooling of rotating electrical motors, reactor
fuel rods and rotating tube heat exchangers [9], among other examples.

By heating the rotating inner cylinder and keeping the outer cy-
linder stationary (RHISCO), the buoyancy effects modify significantly
the Taylor vortices which are altered inside the annular space [7]. The
same flow behavior was detected experimentally by Lepiller et al. [4]
on the stability of Taylor-Couette flow subjected to a weak radial
temperature gradient. They found that the radial temperature gradient
destabilizes the Taylor-Couette flow leading to a pattern of moving
helical vortices only near the bottom below the threshold of the Taylor
vortices. The size of the pattern increases as the rotation frequency of
the cylinder raises. However, Sorour and Coney [3] showed experi-
mentally that the stability curve is independent of fluid properties, but
varies versus the annular radius-ratio, Taylor number and temperature
difference. In a tall Taylor-Couette apparatus (Γ = 80 and η = 0.8), the
formation of instabilities was investigated numerically by Viazzo and
Poncet [10]. Seven instability regimes were highlighted by DNS cal-
culations as spiral rolls being regular (SPI), modulated (MSPI), wavy
(WSPI) or with defects (SPI + D), Taylor vortex flow (TVF) or wavy
vortex flow (WVF) or a combination of both (SPI + WVF), confirming
the experimental results of Guillerm [11]. In a recent work, Lopez et al.
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[8] explain how the boundary conditions of end-walls may be used to
describe the dynamics of RHISCO experiments. Using linear stability
analysis and direct numerical simulations, they determined a criterion
to determine if the laminar heat transfer is conductive or convective by
nature. Also, they confirmed that flow instabilities are driven by the
interaction of thermal buoyancy and cylinder rotation mechanisms.

In many practical applications such as in dynamic filtration pro-
cesses, the fluid may drive particles with different sizes and shapes. The
particle deposition along the walls generates sedimentation which will
cause a decrease of the thermal and mechanical efficiencies. A com-
prehensive review of annular centrifugal contactors was developed by
Vendantam and Joshi [12] for single and multiphase flow patterns and
different drop and bubble size distributions. For rotating filters,
Wereley and Lueptow [13] attested that for particles having a higher
density than the base fluid, the particle paths deviate significantly from
the fluid streamlines due to the interaction between the centrifugal
force and the drag force. By a combined experimental and numerical
approach, Nemri et al., [16] showed that the mixing axial dispersion of
particles is enhanced when the Reynolds number increases. The mixing
behavior depends also strongly on the flow regime, mainly for the wavy
flow regimes (WVF and MWVF) where a multiplicity of stable wavy
states can be reached.

Moreover, the Couette apparatus is used to classify particles and
measure many important particle properties such as particle density,
fractal dimension, aerosol mass distributions, and dynamic shape fac-
tors [15]. In fact, the centrifugal particle mass analyzer (CPMA) clas-
sifies particles by their mass-to-charge ratio and uses a stable system of
forces to improve the transfer function of the classifier compared to the
aerosol particle mass (APM) analyzer [16].

Therefore, for Taylor-Couette regime, inertial effects generate a
significant amount of particle loss and it is inconvenient to use CMPA in
the Taylor vortex regime [15]. To improve the design and achieve a
more accurate classification, it is an important to understand the par-
ticle trajectories inside the Taylor-Couette apparatus.

For light non-spherical and heavy spherical particles, the experi-
mental results of Qiao et al. [17] showed that the particle trajectories

inside the Taylor-Couette device are strongly dependent on the particle
density and Reynolds number.

For experimental set-up design, S. P. Bhattacharya [18] has warned
that apparent emittance of a non-isothermal particulate deposit could
be significantly different from the isothermal emittance if there is a
substantial temperature gradient across it and the deposit is composed
of transparent material or coarse particles.

Most recently, experimental investigation Majji et al. [19] has been
performed to study the particles behaviors (Dp = 350 mm) inside
Taylor-Couette device (η = 0.877, Γ = 20.5) for different flow regimes
(CCF, TVF, WVF). Experimental visualization permitted to explain the
mechanism of particles migrations for different Taylor-Couette flow
regimes. However, the thermal effects on the flow structure and particle
behavior were not considered so far.

The first part of this paper aims at studying the combined effects of
rotation and natural convection on the dynamic and thermal structures
for a Taylor-Couette flow arrangement with a low aspect ratio com-
pared to the former works of [10,11]. Different Reynolds numbers are
considered covering two flow regimes: circular Couette flow (CCF) and
Taylor vortex flow (TVF). The different flow regimes produced by
buoyancy-driven effects are identified through a power spectral density
analysis of the azimuthal velocity. The second objective is to investigate
the particle behaviors and their deposition time along the different
walls for buoyancy-driven Taylor-Couette flows. For that, 105 particles
of different diameters (35, 25, 15 and 10 μm) are injected at random
positions inside the annular space once the steady-state flow is reached.
The particles are followed by Lagrangian particle tracking method and
particle time depositions are described for several Reynolds and Gra-
shof numbers. To the best of the authors knowledge, it has never been
considered so far in the literature.

2. Numerical methodology

2.1. Geometrical modeling

One considers the air flow between two coaxial cylinders (Fig. 1),

Nomenclature

Latin symbols

C Particle concentration
CD Drag coefficient
d Gap size (m)
DP Particle diameter (m)
fi Rotation frequency of inner cylinder
FD Drag force (N)
g Acceleration due to gravity (m. s−2)
Gr Grashof number
H Height of the two cylinders (m)
P Pressure (Pa)
Pr Prandtl number
(r,θ,z) Cylindrical coordinates (m or rad)
Re Reynolds number
ReC Critical Reynolds number
Rer Relative Reynolds number
ri Inner cylinder radius (m)
ro Outer cylinder radius (m)
t Time (s)
T Temperature (K)
T0 Average temperature (K)
T∗ Dimensionless temperature
Vr Radial velocity (m. s−1)
Vθ Azimuthal velocity (m. s−1)

Vz Axial velocity (m. s−1)
Vr

∗ Dimensionless radial velocity
Vθ

∗ Dimensionless azimuthal velocity
Vz

∗ Dimensionless radial velocity
u Vector Velocity (m. s−1)
Uts Terminal velocity (m. s−1)

Greek symbols

α Thermal diffusivity (m2. s−1)
β Thermal expansion (K−1)
Γ Height-to-gap aspect ratio
η radius-ratio
μ Dynamic viscosity (Pa. s)
ν Kinematic viscosity (m2. s−1)
ω Rotational velocity (rad. s−1)
ρ Density (kg. m−3)

Notation

CCF Circular Couette Flow
TVF Taylor vortex flow
WVF Wavy vortex flow
(.)i Inner cylinder
(.)o Outer cylinder
(.)P Particles
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disposed along the vertical z-axis. The radii of the inner and outer cy-
linders are fixed to ri = 45.72 mm and ro = 62.85 mm, respectively and
their height is fixed to H = 400 mm. The gap size is then
d = ro − ri = 17.13 mm. The Taylor-Couette cavity can be defined
considering the radius-ratio η = ri/ro = 0.727 and the length-to-gap
aspect ratio Γ = H/(ro − ri) = 23.35. This is to be compared to the
recent simulations of Viazzo and Poncet [10] for η = 0.8 and Γ = 80.

The inner cylinder rotates counterclockwise at a fixed rotation rate
denoted ωi and is maintained at a temperature Tri. The outer-cylinder is
stationary and maintained at Tro < Tri. It is noteworthy that the sign of
the radial temperature gradients has no significant influence on the
stability of Taylor-Couette flows as reported experimentally by
Guillerm [11] and confirmed numerically by Viazzo and Poncet [10].
The end-walls are considered adiabatic and stationary (Fig. 1). The
different test cases are summarized in Table 1. The flow is controlled by
the Reynolds and Grashof numbers (Table 1). The Reynolds number Rei
is defined as the ratio of centrifugal force to viscous force (Rei = ωi d ri/
ν), while the Grashof number Gr represents the ratio of buoyancy force
to the viscous force (Gr = gβΔTd3/ν2). The air properties (Pr = 0.7) are
considered at the average temperature T0 = (Ti + To)/2.

For a fixed outer cylinder, as the rotational speed of the inner cy-
linder increases, the laminar flow becomes unstable compared to ax-
isymmetric perturbations inducing Taylor vortices in the flow field. The
origin of this primary bifurcation is due to the centrifugal instability,
which appears above a certain critical value of the Reynolds number
Rec. The critical Reynolds number depends on the radius ratio of the
cylinders η and the angular velocity of the two cylinders [20,21]. The
primary bifurcation appears under the form of Taylor vortices for a
critical Reynolds number close to Rec ≈ 82.9 for a radius ratio
η = 0.727 (DiPrima and Swinney, 1981). In this paper, one considers
0.81 ≤ Re /ReC ≤ 4.47, crossing circular Couette flow (CCF) to Taylor
vortex flow (TVF) (Table 1), after DiPrima and Swinney [22] and An-
dereck et al. [23].

2.2. Governing equations

The Taylor-Couette cavity confined between two rotating cylinders
with a weak radial thermal gradient is filled with an incompressible and
Newtonian fluid. The fluid flow and heat transfer are governed by the
conservation equations of mass, momentum and energy in their un-
steady forms. The equations are written in cylindrical coordinates (r, θ,
z):

Mass conservation equation:

∇ =u. 0 (1)

Momentum conservation equations:

⎛
⎝

∂
∂

+ ∇ ⎞
⎠

= −∇ + ∇ +u u. u u gρ
t

P μ ρ0
2

(2)

Energy conservation equation:

∂
∂

+ ∇ = − ∇u.T
t

T α T2
(3)

The flow is supposed to be 3D unsteady. The Boussinesq approx-
imation is applied for the buoyancy term in the momentum equations
(Eq. (2)), but otherwise the fluid properties are assumed to be constant.
Under the Boussinesq approximation, the fluid density is equal to the
reference density ρ0 in all equations except for the buoyancy term in the
momentum equation where the density is evaluated as:

= − −ρ ρ β T T(1 ( ))0 0 (4)

where T0 is the average temperature which is the arithmetic mean
between the hot and cold wall temperatures. Note that the Boussinesq
approximation remains valid for small temperature differences, typi-
cally ΔT < 20 for air [24] as it is the case here (see Table 1). Tem-
perature levels are also sufficiently low to prevent from any evapora-
tion effects.

2.3. Numerical modeling

The 3D conservative equations are solved in their unsteady form
using the software ANSYS Fluent 14.5 based on the finite volume
method [25]. The SIMPLE algorithm [26] is applied to overcome the
pressure–velocity coupling. A QUICK scheme is used for the spatial
discretization of all terms together with a second order implicit scheme
for the temporal integration. The gradients are computed according to
the Green-Gauss Cell-Based method.

Collocated meshes for the velocity components are used to prevent
the development of numerical instabilities throughout the pressure
field. A three-dimensional structural non-uniform grid arrangement has
been considered (Fig. 2) and different grid sizes have already been
tested previously [27]. The selected mesh is composed of
(20 × 100 × 300 nodes) along the (r, θ, z) directions respectively and
guarantees to provide mesh independent solutions for all Reynolds and
Grashof numbers considered here. As shown in Fig. 2, the grid is refined
close to the walls. In all cases, the time step is chosen so that the
Courant number is always lower than 1.

Note that one first imposes a radial temperature gradient between
the two cylinders without rotation. After the steady state solution is
attained, the inner cylinder is gradually rotated with different angular
velocities.

2.4. Validation of the flow solver

For laminar Taylor-Couette flows without radial temperature gra-
dient between the two cylinders, the base flow is a laminar circular
Couette flow far from the upper and lower disks and the velocity vector
reduces to u(0,Vθ(r),0) for Γ → ∞. For a weak radial temperature
gradient between two stationary cylinders, a radial stratification of the
density induces a baroclinic flow characterized by a large convection
cell within the gap. Far from the disks, an axial upward flow is induced
along the inner hot wall and by conservation of mass, fluid moves

Fig. 1. Schematic of the Taylor-Couette flow arrangement.

Table 1
Values of the operating parameters.

radius-ratio η = ri/ro 0.727
aspect ratio Γ = H/(ro − ri) 23.25
Rotation rate ω of the inner cylinder (rad/s) 1.256 2.093 5.233 7.327
Inner Reynolds number Rei 67.3 112.2 280.5 392.7

Temperature gradient ΔT = Tri − Tro (K) 1 2 5
Grashof number Gr 764.4 1528.9 3822.1
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downwards close to the outer cold wall. The axial velocity component
Vz(r) depends only on the radial position r. The radial velocity Vr(r)
becomes significant in the vicinity of the endcap stationary disks. When
both effects coexist (Ω ≠ 0, ΔT ≠ 0),the two base flows are super-
imposed and consequently there is an rivalry between the centrifugal
force in the radial direction and the gravity force/buoyancy in the axial
direction.

For low rotation rates of the inner cylinder and a weak temperature
gradient, the analytical solutions for the dimensionless axial Vz

∗ and
azimuthal velocity Vθ

∗ components and temperature T∗are written as
follows (see in [10] for example):

=
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ΔT
ln[(1 ) / )

ln( )
i

(6)

To validate the flow solver for the laminar circular Couette flow
(CCF) with a radial temperature gradient, the azimuthal Vθ(r) and axial
Vz(r) velocity components and temperature profiles T(r) obtained by the
model are compared to the analytical solutions (Eqs. (5a), (5b) and (6))
in Fig. 3. For Rei = 56 and Gr = 1425.3, the present results are in
perfect agreement with the analytical solutions for CCF with a radial
temperature gradient. The temperature and azimuthal velocity profiles
exhibit a weak curvature due to the high value of the radius ratio
η = 0.727. A weak asymmetry is observed for the axial velocity com-
ponent induced by the curvature of the system and inflexion points may
be observed. This profile may become unstable to infinitesimal per-
turbations after the Rayleigh criterion, leading to different modes of
instability.

3. Buoyancy-driven instabilities

3.1. Flow structure without buoyancy effects

The flow configuration without buoyancy effects, which means that
the fluid density is constant, the computed contours of temperature and
velocity vectors are represented in Fig. 4 for different Reynolds num-
bers and a given Grashof number Gr = 1528.9. The dynamic and

Fig. 2. 3D view and 2D view in a (r,ϴ) plane of the structured mesh grid.

Fig. 3. Validation of the present numerical solver against the analytical solution
for radial distributions of the dimensionless azimuthal Vθ

∗ and axial Vz
∗ velocity

components and the temperature T∗ for Rei = 56 and Gr = 1425.3 at mid-
height.
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thermal structures show clearly that the flow covers different flow re-
gimes: circular Couette flow (Rei = 67.3) and vortex Taylor flow
(Rei = 112.2, 280.5 and 392.7). For circular Couette flows, the flow is
characterized only by vortices close to the end walls of toroidal shape
named Eckman vortices (Fig. 4a). These first vortices are generated by
the presence of the end walls and are not detected for infinite cylinders
(Γ → ∞). In the middle of the annular space, the flow remains parallel
to the cylinders without vortical structures. Similarly, isotherms con-
tours are parallel revealing that the flow occurs without thermal stra-
tification and heat transfer is purely a conductive process.

When the angular velocity of the inner cylinder is increased above a
certain critical value (Re/ReC > 1), the circular Couette flow becomes
unstable to the centrifugal instability leading to the onset of a sec-
ondary steady state. It is characterized by axisymmetric and time-in-
dependent toroidal vortices, identified as Taylor vortex flow
(Fig. 4b–d). As shown on Fig. 4, the flow is described by a regular
cellular vortex structure in which 24 (~ Γ) counter-clockwise ring
vortices are observed. Two adjacent vortices are separated by regular
thermal plumes going from the rotor to the stator. Coughlin and Marcus
[28] indicated that such flow is dominated by an outflow jet, which is
driven directly by the centrifugal force, and which tends to eject the
fluid from the rotating inner cylinder. By increasing Reynolds number,
the radial force becomes more dominant and drives the plumes towards
the outer-cylinder (Fig. 4c,d).

In the present cases, the average length of the rings is about l= 3.34
cm generating 12 pairs of vortices along the vertical direction. For fi-
nite-size cylinders, the rings close to the end-walls are more important
than that in the center of the cavity due to the end-wall effects. The
same results were observed experimentally by Koschmieder [29] for
cylinders of height H = 84.9 cm and Γ = 49.56. He found an average
length of l1 = 3.46 cm for a comparable radius ratio η1 = 0.727.

3.2. Buoyancy effects on the Taylor-Couette flow structures

One considers now that the density is a function of the fluid tem-
perature. The gravitational force is then added to the balance forces in

the momentum equations. For the flow confined between differentially
heated cylinders, the temperature gradient produces a radial stratifi-
cation of density. The coupling between the buoyancy and Archimedes
forces induces a upward flow close to the hot wall and downward flow
near the cold wall, engendering then a large convection cell within the
annular space. By increasing the Reynolds or Grashof numbers, the flow
can get more complex. Contours of temperature and velocity vectors are
represented in Fig. 5 for different Reynolds and Grashof numbers. For
low Reynolds numbers Rei = 67.3, the buoyancy effect is explicitly
visible and the circular Couette flow is destabilized by natural con-
vection. The additional vertical velocity initiated by the radial tem-
perature gradient along the heated cylinders drives the Ekman vortex
close to the top disk. The isotherms confirm the dominating character of
the free convective heat transfer.

At a given Grashof number, if one increases the inner Reynolds
number, the effects of buoyancy decrease relatively but somewhat re-
main observable. For Gr = 3822.1 as an example, the convection cell
obtained at Rei = 67.3 gets destabilized at Rei = 112.2 with the ap-
pearance of irregular Taylor vortices. At Rei = 280.5, they get more
organized with a given axial wave number. Increasing further the
Reynolds number up to Rei = 392.7, the axial wave number slightly
decreases. In the same way, at a given Reynolds number Rei = 112.2,
Fig. 5 confirms that the Taylor vortices are driven by buoyant force
close to the heated cylinders, consequently they cause a totally unstable
and time-dependent vortex flow. The flow becomes increasingly com-
plex by increasing the radial thermal gradient between the two cylin-
ders with a more intense and larger vortex at the corner between the
inner cylinder and the upper end-cap disk.

Fig. 6 displays the isosurfaces of the radial velocity used to highlight
the coherent vortices appearing within the flow. It is noteworthy that
the accounting for the buoyancy effects significantly affects the pat-
terns, changing from regular Taylor vortices to the onset of regular
spirals (SPI) (Fig. 6b), which appear only on the upper half of the
cavity. This axial asymmetry has already been reported experimentally
by Andereck et al. [23] then Lepiller et al. [4] and Guillerm [11] for
η = 0.8 and Γ = 114. Increasing further the Grashof number leads to

Fig. 4. Temperature and velocity vectors contours for different
Reynolds numbers: (a) Rei = 67.3, (b) Rei = 112.2, (c) Rei = 280.5
and (d) Rei = 392.7. Results obtained for constant density and
Gr = 1528.9. Blue color: Tmin and Vmin on the stator; Red color: Tmax

and Vmax on the rotor. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)
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the wavy spiral (WSPI) regime confirming the former DNS results of
Viazzo and Poncet [10] for Γ = 80 (Fig. 6c). However note that the
critical Reynolds and Grashof numbers for the transition between the
SPI and WSPI regimes are different to that obtained by Viazzo and
Poncet [10] due to the different aspect ratios. The regimes shown in
Fig. 6 are obtained for a Taylor number Ta = Rei (d/ri)1/2 = 68.7 and
Rayleigh numbers Ra = Gr×Pr ranging between 535.1 and 2675.5. For
this range of parameters, Viazzo and Poncet, [10] reported only a wavy

vortex flow in agreement with the experimental results of [11]. Finally,
for Gr = 3822.1 (Fig. 6d), one gets a complex flow regime, which
combines irregular wavy spirals and a Taylor vortex flow. It can be seen
as the onset of the SPI + WVF regime.

For the highest Reynolds numbers considered here, the centrifugal
force reduces the buoyancy effects but the vortices remain still time-
dependent. In order to fully characterize these flow regimes, a spectral
analysis of the time series is required.

Fig. 5. Temperature contours and velocity vectors for different Reynolds and Grashof numbers. Results obtained for variable density ρ= f(T). For sake of clarity, only
the top part of the cavity is shown here.

Fig. 6. Isosurfaces of the radial velocity for Rei = 112.2 and: (a)
Gr = 764.4 (constant density), (b) Gr = 764.4 (variable density), (c)
Gr = 1528.9 (constant density) and (d) Gr = 3822.1 (constant den-
sity). Blue: isovalue Vr = −0.004 m/s, red: isovalue Vr = 0.005 m/s.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3.3. Spectral analysis of the tangential velocity temporal series

A power spectral density (PSD) is performed here to analyze the
Taylor-Couette regimes previously shown in Fig. 6. For Rei = 112.2, the
temporal series of the azimuthal velocity are plotted for different Gra-
shof numbers with their Fourier transform (Fig. 7).

For Gr = 764.4, the flow is characterized by the coexistence of
spiral patterns and Taylor vortices (Fig. 6b). The power spectrum de-
duced from the temporal series of the azimuthal velocity indicates that
the flow occurs with a fundamental frequency (f/fi = 0.342) and three
harmonics (2f, 3f, 4f) (Fig. 7b). According to the experimental results of
Andereck et al. [23], the signal corresponds to the spiral vortices.

For Gr = 1528.9, the flow becomes unstable with a spiral vortex
regime along the cylinders (Fig. 6c). However, the signal begins to be
disturbed and the frequency spectrum indicates that the frequencies are
independent (without any harmonic). The flow reaches a transition
regime. As seen in Fig. 7b, the three frequencies in the power spectrum
indicate that the spiral flow is modulated by a low frequency (f/
fi = 0.324).

For Gr = 3822.1, the vortices are completely destroyed by natural
convection producing a more chaotic flow (Fig. 6d). This flow becomes
progressively complex when temperature gradient is increased. The
signal and Fourier transform of the azimuthal velocity signal confirm
the chaotic character of the flow by the presence of disordered struc-
tures around the modulation frequency (f/fi = 1.048) (Fig. 7c). Nemri
et al. [14] designated this turbulent flow as a weakly turbulent regime,
knowing that for a fully turbulent flow, the power spectrum would have
no dominant frequency.

However, as the Reynolds number increases from Rei = 280.5 to
Rei = 392.7, the Taylor-Couette flow reaches a spiral flow regime (f/
fi = 0.217) without attaining the turbulent flow for the temperature
gradients considered in this paper (Fig. 8).

4. Particle deposition

4.1. Lagrangian particle tracking

In this section, one investigates the particle trajectories of water
droplets driven by the buoyancy driven Taylor-Couette flow inside a
differentially heated cavity. The particle trajectories are calculated by a
Lagrangian approach, where the particles are treated as a discrete phase

made of spherical particles dispersed in a continuous phase. The par-
ticle volume loading is usually assumed to be negligible, so that the
particles have no feedback effect on the air flow and particle-particle
interactions are neglected. Recent experimental results by Majji et al.
[19] indicate that different Taylor-Couette flow regimes (CCF, TVF,
WVF) are not significantly affected by particle diameters of
Dp = 350 μm. Also, the one-way coupling is considered for fluid-par-
ticle interactions, which means that the fluid drives the particle phase
via drag and gravitational forces. For the particle diameters considered
in this work, Brownian diffusion [30] and lift force [31] are neglected.

The trajectory is calculated by integrating the following equation for
the particles:

= − + −du
dt

F u u g ρ ρ ρ( ) ( )/P
D P P p (7)

where u is the fluid velocity, up is the particle velocity, ρp the particle
density and FD is the drag force, which can be expressed per unit mass
as:

=F
μ

ρ D
C

18 Re
24D

P P
D

r
2 (8)

with Dp the particle diameter, μ the fluid dynamic viscosity and Rer the
relative Reynolds number defined as:

=
−ρ D u u

μ
Re

| |
r

P P P

(9)

The drag coefficient CD is given by:

= + +C a a a
Re ReD

r r
1

2 3
2 (10)

where a1, a2 and a3 are constants that apply to smooth spherical par-
ticles over several ranges of Reynolds numbers [25,32]. The virtual
mass and pressure gradient forces are not significant since the density of
water droplets exceeds considerably the air density: ρp ≫ ρ. Also, the
recent work of Dehbi et al. [33] indicates that the thermophoretic force
has only a very weak influence on the deposition rates and deposition
patterns for particles larger than 1 μm. Finally, the lift force may be also
neglected, as a first approximation, as it is magnitude is generally one
or two orders of magnitude lower than the drag force for shear flows
over a wide range of particulate Reynolds number as shown by Lataste
et al. [34]. The lift force may become significant for turbulent shear

Fig. 7. Time series and power spectrum of the azimuthal velocity for Rei = 112.2, variable density and: (a) Gr = 764.4, (b) Gr = 1528.9, (c) Gr = 3822.1.
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flows but it is out of the scope of the present work.
For Lagrangian particle tracking, four different diameters (Dp = 10,

15, 25 and 35 μm) were considered and the water droplets injected at
random positions inside the annular space for different Reynolds and
Grashof numbers. Each injection is composed of Np = 105 point-wise
solid spheres having a diameter dp and thermophysical properties of
water (ρP = 1000 kg/m3, λP = 4182 W/(m. K)). The injection velocity
of the particles is set to zero and particle boundary conditions at the

walls are considered as trap conditions.
At equilibrium, the Stokes drag force balances gravity force, so [35]:

= =F m g πμU d3D p TS p (11)

where UTS is the terminal velocity given by:

= =U τ g C
ρ d

μ
g

18TS P c
P P

2

(12)

where τp is the relaxation time, which depends on the particle and fluid
properties. This parameter is important for the integration time because
it characterizes the response time to particle acceleration. Cc is the
Cunningham correction factor for submicron particles, for particle
diameters considered in this paper, Cc = 1 [36]. Table 2 gives the
terminal velocity according to the particle diameter and the corre-
sponding time deposition along the height of H = 0.4 m for a quiescent
atmosphere.

One defines also the particle concentration, which represents the
ratio of the total number of injected particles Np by the suspended
particles inside the annular space at a given time t NP, (time) as follows:

Fig. 8. Time series and power spectrum of the azimuthal velocity for Rei = 392.7, variable density and: (a) Gr = 764.4, (b) Gr = 1528.9, (c) Gr = 3822.1.

Table 2
Terminal velocity for different particle diameters.

Dp (μm) Terminal settling velocity
UTS (m/s)

Time deposition t (s) for quiescent
atmosphere and H = 0.4 m

35 3.55 × 10−2 11.27
25 1.81 × 10−2 22.06
15 6.56 × 10−3 70
10 2.93 × 10−3 136.48

Fig. 9. Temporal evolutions of the suspended particle concentration for
Rei = 112.2, Gr = 1528.9 and different particle diameters (ρ = constant).

Fig. 10. Temporal evolutions of the suspended particle concentration for dif-
ferent Reynolds numbers. Dp = 10 μm and Gr = 1528.9 (ρ = constant).
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4.2. Influence of the particle diameter

In the case of a rotating flow without natural convection effects, the
main physical parameters that characterize the particle trajectory inside
the annular space are the rotation speed of the inner cylinder and the
particle diameter. For the present configuration, the time evolution of
suspended particle concentration is represented in Fig. 9 for different
particle diameters and for a Reynolds number Rei = 112.2. The parti-
cles of larger diameter (Dp = 35 μm) drop rapidly by gravity. Almost all
the particles disappear completely between the two cylinders at
t = 14.85 s. For smaller particles, the concentration decreases until
reaching an asymptotic value: C(25μm) = 0.1, C(15μm) = 0.3 and
C(10μm) = 0.3. Likewise, Fig. 9 indicates that the drag force becomes
gradually predominant over the gravity force for smaller particles,
thereby generating a better particle suspension. For heavier particles
(Dp = 350 μm) not considered here, experimental visualizations by
Majji et al. [19] showed that the particles have sufficient time to reach
their equilibrium locations inside CCF and TVF flow regimes which are
invariant in the azimuthal direction. In contrast, the WVF is char-
acterized by azimuthal waviness in each vortex which induces the axial
oscillations. The particles remain thus mixed in the annular region
without attaining an equilibrium location [19].

Fig. 11. Histograms of the particle deposition concentration along the bottom wall and stator for four Reynolds numbers Rei: (a) Dp = 10 μm and (b) Dp = 15 μm.
Results obtained for Gr = 1528.9 after t = 300 s. Note that the concentration is equal to 0 along the top wall.

Fig. 12. Temporal evolutions of the suspended particle concentration for dif-
ferent Grashof numbers Gr with and without natural convection effects for
Dp = 10 μm and Rei = 112.2.
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Fig. 13. Histograms of the particle deposition concentration along the bottom wall and stator for different Grashof numbers Gr. Results obtained for Dp = 10 μm,
Rei = 392.7 after t = 300 s.

Fig. 14. Snapshots of particle locations at different times and for different particle diameters: (a–d) density is constant and (e–l): ρ = f(T). Results obtained for
Gr = 1528.9. The particles are colored by their temperature.
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4.3. Influence of the inner Reynolds number

The influence of the Reynolds number on the particle deposition is
displayed in Fig. 10 for a particle diameter Dp = 10 μm and different
Reynolds numbers: Rei = 67.3 (CCF) and Rei = 112.2, 280.5 and 392.7
(TVF). For Couette flow, the particles fall down linearly versus time and
disappear at t = 84 s. However, the presences of Ekman vortices close
to the end-walls influence similarly the particle deposition. In fact, in a
quiescent atmosphere with height H = 0.4 m, the deposition time of all
particles (Dp = 10 m) inside the cavity is achieved at t = 136 s. At
Rei = 67.3, the particle deposition is even faster, which represents a
peculiar behavior compared to what is obtained for the other Reynolds
numbers. In fact, the Ekman vortices located to the end-cap disks
generate a local acceleration responsible for this short deposition time.
At higher Reynolds numbers, the rotation of the inner cylinder creates
the main tangential flow and the presence of Taylor vortices accentuate
the residence time of the particles, which remain in suspension as being
trapped by the vortices. So by increasing the Reynolds number, the
deposition time increases. The suspended particle concentration tends
towards an asymptotic value: C(Rei=112.2) = 0.49, C(Rei=280.5) = 0.79
and C(Rei=392.7) = 0.88 for Dp = 10 μm.

Similarly, the rotation velocity of the inner cylinder has another
very important effect on the driven particles, acting mainly on the
particle deposition on the walls. The concept concerns the sedimenta-
tion process on different walls, which is an interesting industrial ap-
plication subject for dynamic filtration process among other example.
Fig. 11 shows the concentration of deposited particles on the different
walls inside the Taylor-Couette apparatus at t = 300 s. For a flow close
to the critical Reynolds number (Rei = 67.3 and 112.2), the dropped
particles are totally accumulated on the bottom wall for both values of
the particle diameter, Dp = 10 μm and 15 μm (Fig. 11a,b). However, by
increasing the Reynolds number up to Rei = 280.5 and 392.7, other
particles are driven by the centrifugal force to deposit on the stator. The
wall deposition rate becomes more important along the stator by in-
creasing Rei. One can also note by comparing Fig. 11a,b that the cen-
trifugal force is predominant on smaller (so lighter) particles resulting a
greater accumulation of particles on the stator than on the bottom wall
(29% for the bottom wall and 71% for the stator). For the Reynolds
numbers considered in this work, there are no particles deposition on
the rotor and the top wall.

4.4. Influence of the Grashof number

The influence of natural convection on the particle deposition is
now investigated for a particle diameter equal to Dp = 10 mm by
considering that the fluid density is a function of temperature. The
corresponding suspended particle concentrations are presented in
Fig. 12 for different Grashof numbers and Rei = 112.2. The time evo-
lutions profiles are compared to the case where the density is constant.
Fig. 12 indicates that natural convection plays a very significant role in
the deposition process of suspended particles inside the annular space.
Moving from a Taylor Vortex flow to a spiral flow, natural convection
not only accelerates the particle deposition between the cylinders, but
generates a quasi-total deposition by increasing the radial temperature
gradient. All the concentration profiles reach asymptotic values such
that, after t = 300 s, C(ρ=cste) = 0.49, C(Gr=764.4) = 0.24,
C(Gr=1528.9) = 0.08, C(Gr=3822.1) = 0.

Natural convection has the same effect on the particle sedimenta-
tion along the stator and bottom walls. In Fig. 13, the histograms of the
accumulated particles along the walls obviously show that the particles
tend to deposit completely on the bottom wall when the radial tem-
perature gradient increases.

It appears that the coupled Taylor-Couette/buoyancy-driven flow
drags more particles at bottom of apparatus. The gravitational force
effect becomes significant for higher temperature gradients.

For constant density and buoyancy-driven flow, the instantaneous

snapshots of particle locations at different times and for four particle
diameters are illustrated in Fig. 14. It can be seen that particle de-
position is more completed and accelerated for coarse particles. How-
ever, for fluid flow with constant density, the smaller particles (DP = 15
and 10 μm) are confined inside Taylor vortices as shown in Fig. 14.
Nevertheless, the formation of instabilities, due to the coupling between
an azimuthal flow induced by rotation and an axial flow due to con-
vection caused by the radial temperature gradient, will drive the par-
ticles into spiral vortices. Also, the trajectories of the particles highlight
the inclined vortices compared to the cylinder axis and the buoyancy-
driven flow induces significant effects on the sedimentation and the
displacement of particles inside the Taylor-Couette apparatus.

5. Conclusion

In this paper, one considered the air flow between two cylinders
differentially heated with rotating inner cylinder. The fluid density
depends on temperature according to the Boussinesq approximation.
The density variation close to the heated cylinders generates a strong
coupling between the base Taylor-Couette flow and the natural con-
vection inside the annular space. The flow regimes considered are
Couette and Taylor Vortex flow regimes (CCF - TVF) for different
Reynolds (67.3 ≤ Rei ≤ 392.7) and Grashof (764.4 ≤ Gr ≤ 3822.13)
numbers. The main results can be summarized as follows:

- The radial temperature gradient between the stator and the rotor
destabilizes the Taylor vortex flow structures (TVF) and the Taylor
vortices get driven by buoyancy force along the heated cylinders.

- An unsteady flow is highlighted until a complex flow regime is
achieved for important radial temperature gradients and low
Reynolds numbers.

- The natural convective flow decreases in intensity at high rotation
rates; however, the flow remains unsteady and characterized by
spiral vortices.

In order to study the particle behaviors inside the differentially
heated Taylor-Couette cavity, water droplets of various diameters have
been injected at different locations. The particle tracking indicates that:

- For high rotation velocities of the rotor, the centrifugal force drives
more particles to sediment along the stator than on the bottom wall.

- The drag force becomes more significant when the natural convec-
tion is predominant, which tends to maintain more suspended par-
ticles inside the annular space.

- At a given Reynolds number, the deposited particles are driven to
sediment more along the bottom walls when a radial temperature
gradient is imposed compared to the case without radial tempera-
ture gradient or with constant density.

The conclusions drawn here could be extended to any solid particles
having similar diameter and density.

Future work includes the extension of the present solid-liquid sus-
pension model to account for a two-way coupling. Even if the particle
distribution is diluted at early stages, particles tend to concentrate in
specific flow regions and may become more densely distributed locally
at specific times. A full two-phase solver would be then necessary to
better simulate the particle deposition.
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