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ABSTRACT
In this study, mixed convection in a cavity that has a fluid and superposed
porous medium with an adiabatic rotating cylinder is numerically
investigated. The bottom horizontal wall is heated and the top horizontal
wall is cooled while the remaining walls are assumed to be adiabatic. An
adiabatic rotating cylinder is inserted inside the cavity. The governing
equations are solved by the Galerkin weighted residual finite element
method. The effects of Rayleigh number (between 103 and 106), angular
rotational speed of the cylinder (between 0 and 6,000), Darcy number
(between 10� 5 and 10� 2), cylinder sizes (between R¼ 0.1 and R¼ 0.3) and
three different vertical locations of the cylinder on the fluid flow and heat
transfers characteristics are numerically investigated. It is observed that the
cylinder size has a profound effect on the local and averaged heat transfer.
The local and averaged heat transfers generally increase and the convection
is more effective in the upper half of the cavity as the Rayleigh number and
Darcy number enhance. The averaged heat transfers increases with the
cylinder size until Ra¼ 105. The averaged heat transfer increases almost
linearly with the angular rotational velocity of the cylinder and the increase
rate becomes higher as the cylinder size increases. The local and averaged
heat transfers enhances/deteriorate as the cylinder approaches the upper/
lower wall of the cavity.
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1. Introduction

The convection inside enclosures was investigated in this paper because of its wide environmental and
industrial applications. Various studies have been surveyed in Ref. [1]. However, many studies are still
being updated due to the needful demands of modern technologies such as of cooling of the electronic
components, solar collectors, and underground storage. Hence, improving the thermal performance
of these enclosures has been the vehicle of many researches. Convection inside enclosures can be
obstructed by inserting adiabatic bodies [2, 3], or it can be enhanced/controlled by inserting iso-
thermal or heat generating bodies [4–6]. More than one inserted cylinder, square, or circular is also
studied [7]. Vented cavity with an inner heated square cylinder is investigated [8] as well. Including
the shear effect arising from the lid-driven cavity with inserted bodies [9–13] can lead to alternative
options of the aspect of controlling the thermal performance.

The natural convection within an enclosure can be further developed to mixed convection by
rotating the inner cylinder in either direction. It is found that this passive mechanism highly enriches
the aspects of heat transfer and fluid motion. The early study of such configuration may refer to Lewis
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[14], then be followed by Ghaddar and Thieli [15], Fu and Cheng [16], Hellou and Coutanceau [17],
and Kimura et al. [18] for circular cylinder, and Yang and Farouk [19] for square cylinder. After
development of computer processors, the problem had been precisely studied with wider range of
pertinent parameters. Hills [20] studied the two-roll mill composed of two disjoint, independently
rotating circular cylinders in a rectangular box. Costa and Raimundo [21] used heatlines to visualize
the heat transfer process in a differentially heated square enclosure with a conductive rotating
cylinder. Hussain and Hussain [22] included the effect of the vertical position of a rotating cylinder.
Roslan et al. [23] studied the effect of a rotating cylinder on heat transfer in a nanofluid-filled square
enclosure. Lia and Lin [24] investigated the heated rotating cylinder in a square cavity using an
immersed-boundary method. Chatterjee et al. [25] conducted a numerical simulation for hydromag-
netic mixed convection transport in a square cavity subjected to an externally applied magnetic field
and filled with electrically conducting fluid in the presence of thermally conductive rotating cylinder.
Cavities of different shapes with an inner isothermal rotating cylinder were studied by Shih and
Cheng [26]. Their results revealed that the triangular cavity had the greatest ability to dissipate
thermal energy while the circular cavity had the worst performance.

All the aforementioned works above deal with clear cavity; however, cavity partly filled with a fluid
and partly filled with a porous medium has found its area in the study of natural convection heat
transfer and/or thermosolutal convection in cavity. This cavity has vast industrial and environmental
applications such as fibrous thermal insulation, solidification, fuel cell, cooling of nuclear fuel debris,
solar collectors, and many other applications. Such cavities may be partitioned horizontally [27–30]
or vertically [31–34]. However, Chamkha and Ismael [34] had reviewed most important works
regarding partially layered cavities.

Hence, the above critical literature survey has guided the aim of the present work to consider the
enhancement of natural convection in a horizontally partitioned square cavity by inserting a rotating
circular cylinder. The cavity is composed of a porous layer that occupies its lower half and the
remainder is a regular fluid layer. The cylinder is considered adiabatic and rotating about an axis
which is varied vertically such that the rotating cylinder is in contact with both layers. The vertical
walls of the cavity are isothermally insulated. The horizontal lower wall is isothermally heated while

Nomenclature

Cp specific heat at constant pressure (J kg� 1 K� 1)
Da Darcy number, K/L2

g gravitational acceleration (m s� 2)
Gr Grashof number, Gr ¼ gbf ðTh � TcÞL3=n2

f
L side length of the enclosure (m)
h Local heat transfer coefficient(Wm� 2K� 1)
k Thermal conductivity (Wm� 1 K� 1)
K Permeability of the porous medium (m2)
Nu Nusselt number, Nu¼ hL/kf
p, P pressure (N/m2), dimensionless pressure
Pr Prandtl number, Pr¼ νf/αf
r radius of the inner cylinder (m)
R Dimensionless radius of the inner cylinder

R¼ r/L
Ra Rayleigh number, gβf(Th � Tc)L3/νfαf
Re Reynolds number, Re¼ωr L/νf
Ri Richardson number, Ri¼Gr/Re2

T temperature (K)
u, v Velocity components (ms� 1)
U, V Dimensionless velocities components, V¼ vL/αf,

U¼ uL/αf

x, y Dimensional coordinates (m)
X, Y Dimensionless coordinates, X¼ x/H, Y¼ y/H

Greek symbols
α thermal diffusivity (m2 s� 1)
β rhermal expansion coefficient (K� 1)
ε porosity of the porous layer
ν Kinematic viscosity (m2s� 1)
θ Dimensionless temperature, θ¼ (T–Tc) / (Th–Tc)
Ψ dimensionless stream function
ω rotational speed of the inner cylinder (rad s� 1)
Ω dimensionless rotational speed of the inner cylin-

der, Ω¼ωL2/αf
ρ Density (kgm� 3)
μ Dynamic viscosity (N.sm� 2)

Subscripts
c cold
f fluid
h hot
o cavity center, standard conditions
p porous
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the horizontal upper wall is isothermally cooled. It is thought that the mixed convection arising from
the present geometry will enrich the aspects of partitioned-porous layer cavities.

2. Mathematical formulation

Figure 1 shows the problem under consideration schematically. An ordinary fluid confined in a
square cavity, with side length L, which contains a solid adiabatic rotating circular cylinder with
radius r and angular speed ω. The cavity is partially divided into two layers, a fluid saturated porous
layer occupying its lower half and a pure fluid occupying the remainder of the cavity. The axis of
cylinder rotation (xo, yo) is varied vertically (xo¼ L/2) such that the cylinder is always in contact with
both layers. The vertical walls are thermally insulated (adiabatic). The top wall is kept isothermally at
low temperature Tc, while the bottom wall is kept isothermally at higher temperature Th. All outer
boundaries are impermeable except the interface between the porous and fluid layers is permeable.
The pores within the porous layer are assumed to be uniform and undeformable and in thermal
equilibrium with fluid saturated it. Incompressible and laminar flow with ignored energy dissipation
and radiation of surfaces are assumed. Fluid properties are assumed to be constant with temperature
except the density where it obeys Boussinesq approximation. The dimensionless form of the
governing equations is the following:

qUf ;p

qX
þ
qVf ;p

qY
¼ 0 ð1Þ

Figure 1. Schematic diagram of the physical model with (a) boundary conditions and (b) grid distribution.
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Uf ;p
qUf ;p

qX
þ Vf ;p

qUf ;p

qY
¼ � e2

qPf ;p

qX
þ ePr

q2Uf ;p

qX2 þ
q2Uf ;p

qY2

 !

� de2
Pr
Da

Uf ;p ð2Þ

Uf ;p
qVf ;p

qX
þ Vf ;p

qVf ;p

qY
¼ � e2

qPf ;p

qY
þ ePr

q2Vf ;p

qX2 þ
q2Vf ;p

qY2

 !

� de2
Pr
Da

Vf ;p þ e2RaPrh ð3Þ

Uf ;p
qhf ;p

qX
þ Vf ;p

qhf ;p

qY
¼

aeff

af

q2hf ;p

qX2 þ
q2hf ;p

qY2

 !

ð4Þ

where ε is the porosity of the porous medium (ε¼ 0.398), α is the thermal diffusivity, and U, V are the
dimensionless velocity components in X, Y Cartesian coordinates, respectively. The above system can
be written for fluid domain (subscript f) and for porous domain (subscript p) according to the
following:

e ¼
1 for fluid layer
e for porous layer

�

; d ¼
0 for fluid layer
1 for porous layer

�

; aeff ¼
af for fluid layer
aeff for porous layer

�

;

aeff ¼
keff

qCpð Þf
; keff ¼ 1 � eð Þks þ ekf

where ks is the thermal conductivity of solid matrix forming the porous layer (¼ 0.845W/m.K), kf
is the thermal conductivity of fluid (water), kf¼ 0.631W/m.K, and (ρCp)f is the heat capacity of
water.

The nondimensional quantities are the following:

X ¼
x
L
; Y ¼

y
L
; U ¼

uL
af
; V ¼

vL
af
; h ¼

T � Tc

Th � Tcð Þ
; P ¼

pþ qof gy
� �

L2

qfa
2
f

R ¼
r
L
; Xo;Yoð Þ ¼

xo
L
;
yo
L

� �

Pr ¼ nf
af

is the Prandtl number, Da ¼ K
L2 is the Darcy number, Ra ¼ gbf Th� Tcð ÞL3

nf af
is the Rayleigh

number, and Gr ¼ Ra
Pr ¼ g bf Th � Tcð Þ L3=n2

f is the Grashof number and X ¼ xL2
af

is the non-
dimensional angular rotational speed of the cylinder. Richardson number is important to be imposed
in mixed convection study Ri ¼ Gr

Re2 and Reynolds number is defined as Re ¼ x r L
nf

, hence,
Ri ¼ Ra=Pr

x r L=nfð Þ
2 ¼

RaPr
X2R2

2.1 Boundary conditions

1. On the left and right walls, qh
qX ¼ 0; U ¼ V ¼ 0.

2. On the bottom wall, θ¼ 1, U¼V¼ 0.
3. On the top wall, θ¼ 0, U¼V¼ 0.
4. Along the fluid-porous interface (continuity condition),

i.
qhf

qn|{z}
within the fluid layer

¼
keff
kf

qhp

qn|{z}
within the porous layer

; hf ¼ hp

ii. Uf ¼ Up; Vf ¼ Vp; lf
qU
qY þ

qV
qX

� �

f¼ leff
qU
qY þ

qV
qX

� �

p
The dynamic viscosities of both layers are assumed to be the same (μeff¼ μf). The agreement of this
assumption was proved experimentally by Neale and Nader [35] and adopted by Sheremet and
Trifonova [36].
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5. On the solid surface of the rotating cylinder,

i. U ¼ Uo Y� Yoð Þ

R ¼ X Y � Yoð Þ and V ¼ Uo Xo� Xð Þ

R ¼ X Xo � Xð Þ.

ii.
qhf

qn|{z}
within the fluid layer

¼ 0 and
qhp

qn|{z}
within the porous layer

¼ 0

where (Xo, Yo), and R are the cylinder position and its radius, respectively, Ω is the dimensionless
rotational speed of the cylinder, and n is a vector normal to the cylinder. Once the dimensionless
velocities (U and V) and the dimensionless temperature θ found, the interested quantities of the local
Nux and average Num Nusselt numbers along the bottom hot wall can be calculated:

Nux ¼ �
qhp

qY Y¼0
ð5Þ

Num ¼
Z 1

0
NuXdX ð6Þ

Streamline contours are a comprehensive appliance to describe the flow fields within the cavity. They
are calculated via the equation:

q2Wf ;p

qX2 þ
q2Wf ;p

qY2 ¼
qUf ;p

qY
�
qVf ;p

qX

� �

ð7Þ

The boundary conditions for this equation are as the following: Ψf,p¼ 0 on the four cavity walls. on
the cylinder surface, the boundary condition can be set as qWf ;p

qY ¼ Uf ;p ¼ X Y � Yoð Þ, qWf ;p
qX ¼

� Vf ;p ¼ � X Xo � Xð Þ.

Table 1. Grid independence test results for the cylinder size of R¼ 0.2 (Ra¼ 106, Ω¼ 2,500, Da¼ 10� 3).
Grid name # Elements (R¼ 0.2) Num (R¼ 0.2)

G1 662 2.952
G2 2,648 2.757
G3 10,592 2.739
G4 42,368 2.738

Figure 2. Code verification: Local Nusselt number distribution computed in Ref. [13] and computed with the present code for
various Richardson numbers.
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3. Solution methodology and code validation

Eqs. (1)–(4) along with the boundary conditions are solved by using the finite element formulation
which is obtained by establishing the weak form of the governing equations with the Galerkin
procedure. Nonoverlapping regions constructed from the computational domain within each of
the flow variables are approximated by using the interpolation functions. Lagrange finite elements
of different orders are used to discretize the velocity components, pressure, and temperature within
the computational domain. When the relative error for each of the variables satisfy the following
convergence criteria:

j
Cnþ1 � Cn

Cnþ1 j � 10� 6 ð8Þ

Table 2. Comparison results of averaged Nusselt number at the top wall of the lid-driven cavity.
Re¼ 400 Ref. [37] Present

Gr¼ 100 3.84 3.81
Gr¼ 104 3.62 3.63
Gr¼ 106 1.22 1.26

Figure 3. Flow patterns for various Rayleigh numbers and cylinder sizes (Ω¼ 2, 500, Da¼ 10� 4).
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the convergence of the solution is assumed. Grid independence study was performed to obtain an
appropriate grid distribution with accurate results and minimal computational time. The averaged
Nusselt number results for various grid sizes are shown in Table 1 for cylinder size of R¼ 0.2
(Ra¼ 106, Ω¼ 2,500, Da¼ 10� 3). Grid type G3 with 10,592 number of elements was chosen in the
subsequent computations for cylinder size of R¼ 0.2. The grid distribution of the computational
domain is depicted in Figure 1b. The present code is validated against the numerical results of
[13] and [37]. Figure 2 shows the comparison results of local Nusselt number distributions for a
lid-driven cavity for various Richardson numbers computed in [13]. Table 2 presents the comparison
results of averaged Nusselt number at the top wall of the lid-driven cavity. The results shown in
Figure 2 and Table 2 provide sufficient confidence for the present code.

4. Results and discussion

Numerical simulation results are demonstrated in terms of streamlines, isotherms, and Nusselt num-
ber distribution plots for various values of the Rayleigh numbers (between 103 and 106), angular rota-
tional speed of the cylinder (between 0 and 6,000), Darcy number (between 10� 5 and 10� 2), cylinder
sizes (between R¼ 0.1 and R¼ 0.3), and three vertical locations of the cylinder.

Figure 4. Thermal patterns for various Rayleigh numbers and cylinder sizes (Ω¼ 2, 500, Da¼ 10� 4).
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The effects of varying the Rayleigh number on the streamlines and the isotherms are demonstrated
in Figures 3 and 4 for various cylinder sizes (Ω¼ 2,500, Da¼ 10� 4). The cylinder rotates in the
counterclockwise direction. At Ra¼ 103, a recirculating flow pattern is seen above the cylinder for
cylinder size R¼ 0.1. Further increment of the cylinder size causes less space for fluid motion of

Figure 5. Local Nusselt number distribution along the hot wall for different Rayleigh numbers and cylinder sizes (Ω¼ 2, 500,
Da¼ 10� 4).
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Figure 6. Averaged Nusselt number along the hot wall for different Rayleigh numbers and cylinder sizes (Ω¼ 100, Da¼ 10� 4).

Figure 7. Streamlines for various angular rotational velocities of the cylinder and cylinder sizes (Ra¼ 2.5� 104, Da¼ 10� 3).
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the hot rising fluid toward the top wall and more flow due to cylinder rotation interacts with the hot
rising fluid. The recirculation zone above the cylinder breaks into two parts for size of R¼ 0.3. As the
value of the Rayleigh number increases from Ra¼ 104 to Ra¼ 105, there is negligible change in the
flow topology for cylinder sizes of R¼ 0.2 and R¼ 0.3. The flow velocity increases with Ra number
and the shape and influence region of the recirculating zones above the cylinder change at Ra¼ 106.
This effect is more pronounced for the upper half of the cavity for cylinder size of R¼ 0.1. Thermal
patterns are also affected by the variation of the Rayleigh number and cylinder size. Steep temperate
gradients are seen with larger influence area along the right half portion of the hot bottom wall for
cylinder size of R¼ 0.1 at Ra¼ 106 whereas isotherms are less clustered adjacent to the left bottom
corner of the cavity. The conduction dominated heat transfer mode is apparent in the lower half
of the cavity (porous medium) for Ra¼ 103 and Ra¼ 105, as the isotherms are parallel to the hori-
zontal wall for cylinder size of R¼ 0.1. Convection is more effective above the cylinder in the upper
half of the cavity as the Rayleigh number enhances as can be seen from the plume like structure of the
thermal patterns. Local and averaged Nusselt number plots are demonstrated in Figures 5 and 6 for
various values of Rayleigh numbers and cylinder sizes. The local and averaged heat transfers generally
enhance with increasing values of Rayleigh numbers, but deterioration of the local heat transfer is
seen along the left (right) part of the bottom wall for cylinder size of R¼ 0.1 (R¼ 0.3) and toward
both ends of the bottom wall for size of (R¼ 0.2). The averaged Nusselt number along the bottom

Figure 8. Isotherms for various angular rotational velocities of the cylinder and cylinder sizes (Ra¼ 2.5� 104, Da¼ 10� 3).
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wall slightly increases from Ra¼ 103 to Ra¼ 5� 105 for cylinder sizes of R¼ 0.1 and R¼ 0.3, respect-
ively. The rate of increase of the averaged heat transfer is higher from Ra¼ 105 to Ra¼ 106 for R¼ 0.1
compared to other cylinder sizes. The averaged heat transfer increases with cylinder size until
Ra¼ 105 due to the decreased space between the hot bottom wall and the rotating cylinder.

Figure 9. Local Nusselt number distribution along the bottom wall for various angular rotational velocities of the cylinder and
cylinder sizes (Ra¼ 2.5� 104, Da¼ 10� 3).
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The influence of varying angular rotational velocity of the cylinder (Ω) on the streamlines
and isotherms are respectively, demonstrated in Figures 7 and 8 for various cylinder sizes
(Ra¼ 2.5� 104, Da¼ 10� 3). The case Ω¼ 0 corresponds to a stationary cylinder which is shown
in Figures 7a, d, g. For cylinder size of R¼ 0.1, two main recirculating zones are seen in the right
half and left half of the cavity. The flow is symmetric with respect to the vertical axis passing
through the center of the circular cylinder. As the size of the cylinder increases, the vortices
break into two parts (Figures 7d, g) and are distorted in shape due to the decreased gap between
the walls of the cavity and cylinder surface. When the cylinder rotates in the counterclockwise
direction, the center of the upper vortex moves toward left and break down of the symmetry is

Figure 10. Averaged Nusselt number variation along the bottom wall for different angular rotational velocities of the cylinder and
cylinder sizes (Ra¼ 2.5� 104, Da¼ 10� 3).

Figure 11. Flow and thermal patterns for various Darcy numbers and cylinder sizes (Ra¼ 2.5� 104, Ω¼ 2000).
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seen due to cylinder motion for cylinder size of R¼ 0.1. For cylinder sizes of R¼ 0.2 and R¼ 0.3,
two vortex centers are seen in the upper half of the cavity and the flow is accelerated in the
vicinity of the cylinder. Isotherms become less clustered along the bottom wall as the cylinder
size increases for the motionless cylinder configurations (Figures 8a, d, g) which is due to the
blockage of the hot rising fluid from the bottom wall. As the cylinder rotates, steep temperature
gradient along the bottom wall is seen and this effect is more pronounced for the cylinder size of
R¼ 0.3. As the angular rotational speed and the size of the cylinder increase, isotherms become
more clustered toward the left part along the bottom wall since cylinder rotation has a positive
impact for the hot rising fluid from the bottom wall. The local and averaged heat transfer plots
are shown, respectively, in Figures 9 and 10 for different angular rotational velocities of the cyl-
inder and various cylinder sizes. The rotation of the cylinder acts in a way to increase the local
heat transfer for the large portion of the bottom wall. The heat transfer deteriorates for the right
part of the bottom wall as the angular rotational speed of the cylinder increases and this is more
effective for the cylinder size of R¼ 0.1. The averaged Nusselt number enhances as the angular
speed of the cylinder increases. The increase rate of the averaged heat transfer becomes higher

Figure 12. Local and averaged Nusselt number distribution along the bottom wall for different Darcy numbers (a) and cylinder
sizes (b) (Ra¼ 2.5� 104, Ω¼ 2,000).
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with cylinder size. Averaged heat transfer enhancements of 88.11% and 666.49% are obtained
for Ω¼ 6, 000 compared to motionless cylinder case at Ω¼ 0 for cylinder sizes of R¼ 0.1 and
R¼ 0.3.

Streamlines and isotherms for various Darcy numbers are depicted in Figure 11 for fixed values of
Ra¼ 2.5� 105, R¼ 0.2, Ω¼ 2, 000. As the value of the Darcy number increases, the strength of the
convection increases and the cavity is filled with a single recirculation zone, and a small vortex in the
top right corner is seen. The increase in the convection due to an increase in permeability is also evi-
dent from the isotherms and Nusselt number plots (Figures 11–12). Isotherms become more clustered
along the bottom wall toward the left end, and local and averaged enhancements of the heat transfer
are observed as the value of the Darcy number increases. The discrepancy between the averaged heat
transfer corresponding to different cylinder sizes increases as the value of Darcy number enhances.
Averaged heat transfer enhancements of 109.11% and 163.01% are achieved for Da¼ 10� 2 compared
to Da=10� 5 using cylinder sizes of R¼ 0.1 and R¼ 0.3, respectively, due to the increased permeability
of the porous medium.

Flow and thermal patterns for various vertical locations of the cylinder are demonstrated in
Figure 13 for cylinder size of R¼ 0.2 and for fixed values of Ra¼ 105, Ω¼ 2,500, Da¼ 10� 4.
As the cylinder approaches to the bottom wall (p1), multicellular structure and a small recirculat-
ing vortex are seen within the cavity (Figure 13a). As the cylinder approaches to the upper wall of
the cavity (p3), the flow is accelerated above the cylinder and fluid motion of the hot rising fluid
toward the upper wall is less affected by the presence of the cylinder. Steep temperature gradients
along the bottom wall are seen for vertical location p3 and isotherms are less clustered for vertical
location p1 compared to location p2 where the cylinder is placed in the mid of the cavity. The
local enhancement of the Nusselt number is observed as the cylinder approaches to the upper wall
as shown in Figure 14 for three different vertical locations of the cylinder. Averaged heat transfer
enhancement (deterioration) of 92.38% (70.05%) are obtained for location p3 (p1) compared to
vertical location p2.

Figure 13. Flow and thermal patterns for various vertical locations of the cylinder at size of R¼ 0.2, (Ra¼ 105, Ω¼ 2, 500,
Da¼ 10� 4).

672 A. J. CHAMKHA ET AL.



5. Conclusions

Numerical simulation of mixed convection in a cavity having upper half fluid and lower half porous
medium with an adiabatic rotating cylinder was performed. Some important conclusions can be
drawn from the numerical simulation results as follows:
. The local and averaged Nusselt number generally increase as the value of the Rayleigh number

increases, but deterioration of the local heat transfer is seen along the left part of the bottom
wall for cylinder size of R¼ 0.1 and toward both ends of the bottom wall for size of R¼ 0.2.
The averaged Nusselt number increases with cylinder size until Ra¼ 105.

. The rotation of the cylinder acts in a way to increase the local Nusselt number for the large
portion of the bottom wall. The averaged heat transfer increases almost linearly with the angu-
lar rotational speed of the cylinder. The increase rate of the averaged Nusselt number becomes
higher as the cylinder size increases.

. The local and averaged heat transfer are enhanced and the discrepancy between the averaged
heat transfer corresponding to different cylinder sizes increases as the value of the Darcy num-
ber increases. Averaged Nusselt number enhancements of 109.11% and 163.01% are obtained
for Da¼ 10� 2 compared to Da¼ 10� 5 using cylinder sizes of R¼ 0.1 and R¼ 0.3.

. Local heat transfer enhances (deteriorates) as the cylinder approaches to the upper (lower) wall.
Averaged Nusselt number enhancement of 92.38% is achieved for location p3 compared to
vertical location p2.

The study can be extended to include the effects of different boundary conditions, conductive
cylinder and unsteady flow effects which are not considered in this study.
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