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A B S T R A C T

Due to wide applications of nanofluids to designs of thermal engineering systems, the free convection partici-
pated by nanofluids inside rectangular enclosures has been intensively investigated. Generally, rightward-tra-
veling heat transfer across a rectangular enclosure is enhanced when a pure base fluid is replaced with a na-
nofluid. Amid numerous dedicated literature studies of such a phenomenon, a somewhat anomalous behavior for
at least four types of nanofluids has been unreported. Here we have numerically discovered this behavior in
terms of averaged Nusselt number versus the nanoparticle volume fraction parameterized in enclosure-geometry
Aspect ratio and Rayleigh number. At AR ≥ 2.5 and Ra = 104, a regime, in which the average Nusselt number
may enhance or diminish as the nanoparticle volume fraction increases, has unexpectedly emerged.
Furthermore, as the aspect ratio increases, the average Nusselt number features mildly zigzag performances at
large Rayleigh numbers. Being validated with simulation results, mechanisms that govern the emergence of such
phenomena are also identified. Our study may benefit future investigations that desire to understand heat-
transfer mechanisms of nanofluids and to optimize heat-transfer characteristics for various thermal systems.

1. Introduction

Natural convection heat transfer in enclosures has been investigated
for a wide variety of technological applications, such as solar collectors,
home ventilation, fire prevention, reactor insulation, power plant
among others. Different subjects of free convection heat transfer in
rectangular cavities have been investigated thoroughly [1–5]. In gen-
eral, conventional heat transfer fluids, such as water, ethylene glycol,
and engine oil, render unsatisfactory cooling effects due to the limita-
tion of their thermal-conductivity values in comparison with those of
liquid metals. However, even though liquid metals thermally conduct
well, they also cost highly. Nanofluids, first studied by Choi [6], ap-
pears as an appropriate candidate,satisfying both criteria of the thermal
conductivity and the cost [7]. Therefore, several investigators reported
that up to 20% heat transfer enhancement could be achieved simply
using low volume fractions of nanoparticles (e.g. 1 % ~ 5%) [8–10],
prompting further research interests.

In parallel, the understanding of flow behaviors within enclosures is
recently regarded as one of fundamental concerns, and hence problems
has been ensued extensively [11–16]. Khanafer et al. [17] conducted
numerical studies on free convection inside nanofluid right wall, hot

left wall and insulated horizontal walls. Their results as well as similar
ones obtained by Jou and Tseng [18] showed that, for the entire range
of Rayleigh number (Ra) considered, the rate of heat transfer increased
with an increase in nanoparticle volume fractions. Influences due to
uncertainties in the effective dynamic viscosity and the thermal con-
ductivity of alumina-water nanofluids on free convection heat transfer
in a differentially heated square cavity were investigated by Ho et al.
[19]. The obtained results demonstrated that the heat transfer across
the cavity could be enhanced with respect to the base fluid and the
dynamic viscosity formulation. Oztop and Abu-nada [20] carried out
numerical studies on free convection of nanofluids within partially
heated rectangular cavities, which consisted of a cold vertical wall, a
localized heater on the other vertical wall, and insulated horizontal
walls. Effects of Rayleigh number, aspect ratio of cavities, size and lo-
cation of the heater and different types of water-based nanofluids were
considered. It was found that the average Nusselt number increased
with an increase in the volume fraction of nanoparticles and heights of
heaters. Free convection heat transfer of water-based nanofluids in an
inclined square cavity was studied numerically by Ogut [21]. In their
work, average heat transfer rates increased significantly as particle
volume fractions and Rayleigh numbers increased. Sheikhzadeh et al.
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[22] conducted a numerical simulation to study free convection of Cu-
water nanofluid inside a square cavity with partially thermally active
sidewalls, and found that maximum average Nusselt number (Nu) for
high Ra occurred when hot and cold parts were located in the bottom
and middle region of vertical walls, respectively. Analyzing free con-
vection of nanofluid in a differentially heated square cavity using a
single-phase thermal dispersion model, Kumar et al. [23] inferred that
the average Nu increased with the solid volume fraction. Saidi et al.
[24] investigated Cu-water nanofluid inside L-shaped enclosures, and
reported an augmentation in heat transfer with an increment percen-
tage of the suspended nanoparticles at any given Grashof number (Gr)
or Rayleigh number (Ra). However, contradictory experimental find-
ings were reported by Putra et al. [25] using Al2O3 and CuO water
nanofluids. These investigators found that the heat transfer coefficient
was lower than that for a pure fluid. Santra et al. [26] studied free
convection of Cu-water nanofluid in a differentially heated square
cavity with the assumption of Ostwaldede Waele non-Newtonian nan-
fluid behaviors. They found that rates of heat transfer decreased when
nanoparticle volume fractions increased for a particular Ra. In numer-
ical studies examining free convection of Al2O3-water nanofluid in a
differentially heated cavity with consideration of slip mechanism in
nanofluids, Lin and Violi [27] found enhanced or mitigated heat
transfer effects due to the presence of nanoparticles. Sheikhzadeh et al.
[28] numerically investigated the problem of free convection of the
TiO2-water nanofluid in rectangular cavities differentially heated on
adjacent walls. They found that, by increasing in the volume fraction of
nanoparticles, the mean Nu of the hot wall increased for shallow cav-
ities while the reverse trend occurred for tall cavities. Free convection
of the Al2O3-water and the CuO-water nanofluids in a square cavity
using nanoparticles volume fraction and temperature-dependent visc-
osity and thermal conductivity relationships [29,30] was numerically
studied Abu-nada et al. [31], who compared the aforementioned model
with Brinkman model [32] for the dynamic viscosity and did the
aforementioned model with Maxwell model [33] for the thermal con-
ductivity. They concluded that, at high Ra, the heat transfer rate was
sensitive to the viscosity model while thermal conductivity model did
not influence on heat transfer rate. Moreover, another experimental
work in natural convection conducted by Wen and Ding [34] high-
lighted deterioration in heat transfer by the addition of nanoparticles.
Numerous works investigating the square enclosure (AR = 1) show

heat transfer enhancement monotonously growth with concentration of
nanofluids. In recent years, numerous comprehensive reviews [35–38]
reported heat transfer characteristics of nanofluids under different
conditions. Numerous researchers [20,24,31,39,40] showed that the
aspect ratio may exert a great impact on heat transfer enhancement.
However, even though a great number of investigations were dedicated
to nanofluids heat transfer in rectangular enclosure, the systematic re-
lation between Nusselt number and aspect ratio on nanofluids remains
lacking. The present study attempts to join these investigators' labor-
ious and remarkable efforts with its emphasis on the average-Nusselt-
number (Nu) optimization in terms of three critical parameters, namely,
Rayleigh number (Ra), aspect ratio (AR = L/H), and the volume frac-
tion of nanoparticles (ϕ) for four different materials (Ag, Cu, Al2O3,
TiO2). In particular, we have (1) discovered two opposing heat transfer
phenomena and zigzag heat transfer phenomena, as well as (2) ex-
plained mechanisms that govern these phenomena.

2. Modeling

2.1. Problem definition

As shown in the system schematic (Fig. 1), the nanofluid, composed
of water and solid spherical nanoparticles, recirculates in the enclosure
with height H and width L, subject to boundary conditions prescribed as
constant Th and Tc maintained for two vertical sides and insulation for
top and bottom sides. A few idealizations have been made:

a) particles are manufactured unifyingly in sizes and shapes
(sphere);

b) the base fluid, namely water, and solid spherical nanoparticles
are mixed so thoroughly that the mixture can be treated as a pure
substance;

c) the behavior of flow is Newtonian;
d) knf and μnf are prescribed by pre-determined functions of ϕ, kf,

ks, and μf [32,33].
Our focus lies on flow characteristics affected by four parameters:

nanoparticles, volume fraction of nanofluids, aspect ratio, and Rayleigh
number which are partly determined by properties listed in Table 1.

Nomenclature

ΔT difference temperature between hot wall and cold wall
=Th − Tc

AR aspect ratio =L/H
cp specific heat capacity with pressure kept constant J/

(kg ⋅ K)
g gravitational acceleration (m/s2)
H height of the rectangular enclosure (m)
h local heat transfer coefficient (W/(m2K))
k thermal conductivity (W/(m ⋅ K))
L length of the rectangular enclosure (m)
Nu average Nusselt number =hH/k
p pressure (Pa)
Pr Prandtl number =νf/αf
Qcd integrated conductive flow (W/m)
Qcv integrated convective flow (W/m)
QT integrated total energy flow (W/m)
Ra Rayleigh number =gβfH3ΔT/(νfαf)
T temperature (K)
u x-direction velocity (m/s)
v y-direction velocity (m/s)
vmax maximum velocity in y direction (m/s)

X dimensionless x-coordinate =x/H
x x coordinate (m)
y y coordinate (m)

Greek symbols

α thermal diffusivity (m2/s)
β thermal expansion coefficient (1/K)
μ viscosity (kg/(m ⋅ s))
ν kinematic viscosity (m2/s)
ϕ nanoparticle volume fraction
ρ density (kg/m3)
θ dimensionless temperature =(T − Tc)/ΔT

Subscript

c cold
f fluid
h hot
l local
nf nanofluid
s solid
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2.2. Mathematical model

Partial differential equations governing steady-state mass con-
servation, momentum transports, and energy transport can be written
as
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where effective properties for the nanofluid, ρnf and αnf, are defined as

= − −ρ ρ β T T(1 ( )),nf nfc nf c (5)

= − +ρ ϕ ρ ϕρ(1 ) ,nfc f s (6)

and

=α k ρC/( ) .nf nf p nf (7)

The thermal expansion coefficient of the nanofluid is determined by

= − +β ϕ β ϕβ(1 ) .nf f s (8)

Here additional effective properties required for the analysis include
the heat capacitance of the nanofluid given as [42].

= − +ρC ϕ ρC ϕ ρC( ) (1 )( ) ( ) ,p nf p f p s (9)

The Brinkman correlation [32].

=
−

μ
μ

ϕ(1 )nf
f

2.5 (10)

can be used to calculate the effective dynamic viscosity of the nano-
fluid.

The nanofluid thermal conductivity can be calculated according to
Maxwell equation [33] as

=
+ − −
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where ks and kf are the thermal conductivity of dispersed nanoparticles
and pure water, respectively.

The Rayleigh number for problems involving nanofluids is defined
as

=Ra
gβ H ΔT

ν α
.f

f f

3

(12)

The average Nusselt number is determined by:

∫=Nu
H
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where the local Nusselt number can be expressed as

=Nu hH
k
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Heat transfer coefficient are calculated from the following equation,
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By substituting Eq. (15) into Eq. (14), the local Nusselt number can
be written as

= − ∂
∂

Nu
k
k

θ
X

on the vertical walls, .l
nf

f (16)

Governing equations. (1–4) along with Eqs. (5–11) are used for si-
mulations, whereas Eqs. (12–16) are adopted for post-processing pur-
poses.

3. Numerical method and validation

The commercial package (COMSOL) [46] is used to solve Eqs. (1–4).
The algorithm in COMSOL is based on the Galerkin finite element
method. Detail narratives of the Galerkin finite element method can be
found in Refs. [47–49], because our attention is focused on analyses of
thermal physics.

For the model validation, numerical results are compared with the
literature data, and satisfactory agreement has been achieved (Table 2)

Fig. 1. System schematic. Nanofluids recirculate in the enclosure with height H
and width L, subject to boundary conditions prescribed as constant Th and Tc
maintained for two vertical sides and insulation for top and bottom sides. The
gravitational force is aligned negatively in the y direction.

Table 1
Thermophysical properties of water, Ag, Cu, Al2O3 and TiO2 at 20∘C [20,41].

Physical properties Fluid phase Ag Cu Al2O3 TiO2

cp(J/kg ⋅ K) 4179 235 385 765 686.2
ρ(kg/m3) 997.1 10500 8933 3970 4250
k(W/m ⋅ K) 0.613 429 401 40 8.95
β × 105(1/K) 21 1.89 1.67 0.85 0.9
α × 107(m2/s) 1.47 1738.6 1163.1 131.7 30.7

Table 2
Comparison of the average Nusselt number in an air filled rectangular enclosure
at AR = 1 [17,31,43–45].

Ra = 103 Ra = 104 Ra = 105 Ra = 106

Khanafer et al. [17] 1.118 2.245 4.522 8.826
Abu-Nada et al. [31] 1.120 2.244 4.644 8.862
De Vahl Davis and Jones [43] 1.118 2.243 4.52 8.799
Barakos and Mistoulis [44] 1.114 2.245 4.51 8.806
Fusegi et al. [45] 1.105 2.23 4.646 9.012
Present work 1.122 2.261 4.553 8.885
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[17,31,43–45].

4. Results and discussion

In the present study, we emphasize on effects of ϕ, Ra, AR, and
material types on the heat transfer rate.

The Nu values in enclosures with four types of nanofluids para-
meterized by Ra and ϕ at AR= 1.5 are presented in Fig. 2. For the same
nanofluid, and in the entire range of Ra values, Nu increases mono-
tonically with increasing ϕ. For the same nanofluid, at a fixed ϕ, Nu
increases as Ra increases, as expected. On the other hand, the trend for
AR < 1.5 looks quite similar with that of AR = 1.5 exhibited in these
four sub-figures, as confirmed by that of AR = 1 in Ref. [20].

For comparison, Nu values in enclosures with four types of nano-
fluids parameterized by Ra and ϕ at AR = 4 are presented in Fig. 3. For
the same nanofluid, as well as at Ra = 103, 105, and 106, Nu increases
monotonically with increasing ϕ. At this juncture, we wish to present
the case Ra = 104 (AR = 4 and four different nanofluids), in which Nu
results exhibit interesting behaviors, constituting the crux of the present
analysis. For Ag and Cu, Nu conspicuously increases as ϕ increases, a
mild peak emerges at ϕ = 0.16, and then gradually decreases. For
Al2O3 and TiO2, Nu decreases monotonically as ϕ increases, and these
two curves coincide almost indistinguishably. Therefore, these four
curves display two distinct behaviors, namely, increasing monotonicity
and decreasing monotonicity.

To describe mechanisms of these two distinct behaviors below, we
choose Ag and TiO2 nanofluid flows at Ra= 104. As shown in Fig. 4, the
vertical velocity (Fig. 4(a), 4(c), and 4(e)) and the temperature
(Fig. 4(b), 4(d), and 4(f)) of nanofluid flows at the mid-height position
(y = H/2) versus x/H parameterized in concentration (ϕ) at Ra = 104

are presented. Because velocity curves in Figs. 4(a), 4(c), and 4(e) ag-
gregate as ϕ increases, variations of the velocity can be hardly

recognized. To overcome this difficulty, we show the maximum value of
the vertical velocity (vmax) versus ϕ in inset figures in Figs. 4(a), 4(c),
and 4(e), which clearly show the variation of velocity.

As shown in the inset of Fig. 4(a), for TiO2 nanofluids at AR = 1.5,
in the range of small ϕ values, vmax first increases as ϕ increases. It
peaks at ϕ = 0.08, and then reversely decreases as ϕ continues to in-
crease. The trend in Fig. 4(a) shows that the convective strength of the
nanofluid increases first and then decreases as ϕ continues to increase.
It can be seen from Fig. 4(b) that the distortion of the temperature field
is weakened and the temperature curve becomes straighter as ϕ in-
creases, implying that the heat conduction continuously increases as ϕ
increases. As illustrated from Figs. 4(a) and 4(b) above, for TiO2 na-
nofluids at AR = 1.5, during ϕ < 0.08, both the heat convection and
the heat conduction are enhanced as ϕ increases, resulting in overall
heat transfer increasing. However, during ϕ ≥ 0.08, the heat conduc-
tion enhances and the convection oppositely weakens as ϕ increases,
but the enhancement of the heat conduction overwhelms the weak-
ening of the heat convection, leading to the persisting heating trend of
overall heat transfer.

As shown in the inset of Fig. 4(c), for TiO2 nanofluids at AR = 4,
vmax monotonously decreases as ϕ increases, suggesting that the flow
convection weakens as ϕ increases. On the other hand, it can be seen
from Fig. 4(d) that the temperature curve becomes straighter as ϕ in-
creases, implying that the heat conduction enhances as ϕ increases. The
trend of temperature curve variation resembles that in the case at
AR = 1.5. As illustrated from Figs. 4(c) and 4(d) above, for TiO2 na-
nofluids at AR = 4, the convection subsides and the heat conduction
strengthens as ϕ increases. However, the weakening of the convection
overwhelms the enhancement of the heat conduction, resulting in the
deterioration of the overall heat transfer.

As shown in the inset of Fig. 4(e), for Ag nanofluids at AR = 4, in
the range of large ϕ values, vmax increases as ϕ increases. It reaches the

Fig. 2. Average Nusselt number (Nu) versus concentration (ϕ) of Ag, Cu, Al2O3, and TiO2 nanofluids for ϕ = 0.0 ~ 0.20 and various Rayleigh number (Ra) at
AR = 1.5.
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maximum at ϕ = 0.16, and then reversely decreases as ϕ continues to
increase. The trend of vmax curve means that the convective strength of
the system increases first and then decreases with the increase of ϕ. It
can be seen from Fig. 4(f) that the temperature distribution line be-
comes straighter as ϕ increases, which is similar to that of TiO2 in
Fig. 4(d). Nevertheless, the temperature distribution of Ag shows in-
conspicuously when it is compared with the case of TiO2. As illustrated
from Fig. 4(e) and 4(f) above, for Ag nanofluids at AR = 4, during
ϕ < 0.16, both the thermal convection and the thermal conduction are
enhanced as ϕ increases, resulting in overall heat transfer increasing.
During ϕ ≥ 0.16, the convection reversely weakens and the heat con-
duction strengthens as ϕ increases, but the weakening of heat convec-
tion surpasses the enhancement of heat conduction, leading to the fact
that the overall heat transfer diminishes.

Variation trends of Cu nanofluids and Al2O3 nanofluids respectively
resemble those of Ag nanofluids and TiO2 nanofluids, and their de-
scriptions are omitted here. As mentioned above, we have qualitatively
described these heat transfer mechanisms of nanofluids at Ra = 104 in
terms of velocity and temperature distributions of the nanofluids.

In order to further quantitatively explain the anomalous heat
transfer behavior exhibited by nanofluids at AR = 4 and Ra = 104, we
introduce and define accumulative conductive energy and convective
energy as

∫= ⎛
⎝

− ∂
∂

⎞
⎠ =

Q k T
x

dycd
H

nf
x L

0
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both of two are post-processed at x = L/2. Because of the insulation on
bottom and top walls, overall thermal energy must travel rightward.

According to the law of energy conservation over the half-enclosure
control volume, we obtain the total energy as
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According to the definition of QT, this quantity is mathematically
proportional to Nu.

As shown in Fig. 5, we present the energy variation of these four
types of nanofluids versus ϕ at Ra= 104 and AR= 4. For Cu, Ag, Al2O3,
and TiO2 nanofluids, all of the thermal conductive energy (Qcd)
monotonously increases as ϕ increases. However, for Cu nanofluids and
Ag nanofluids, the dominant convective energy (Qcv) first increases as ϕ
increases. It maximizes at ϕ = 0.16, and then decreases as ϕ continues
to increase. In the range of ϕ < 0.16, Qcv and Qcd increase with the
increase of ϕ, leading to the increase of total energy QT. By contrast, in
the range of ϕ ≥ 0.16, the dominant Qcv begins to decreases as ϕ in-
creases, causing QT mildly declines. For Al2O3 and TiO2 nanofluids, Qcv

gradually decreases with the increase of ϕ, which is contrary to Qcd.
Because Qcv dominates, QT monotonously decreases as ϕ increases.
Consequently, Nu exhibits an anomalous decreasing heat transfer
characteristic.

To investigate the mechanisms governing the effect of different Ra
on nanofluids, we present three heat-transfer quantities (QT, Qcd, Qcv)
versus at Ra= 103, 104, 105, and 106 for TiO2 nanofluids and AR= 4 in
Fig. 6. At Ra = 103, Qcd dominates Qcv, with the former monotonically
increasing as ϕ increases. Even though Qcv monotonously decreases as ϕ
increases, but the variation of Qcv is less than Qcd. As a result, QT

monotonically increases as ϕ increases. At Ra = 104, results has been
mentioned in Fig. 5, and will be omitted here. At Ra = 105 and 106,

Fig. 3. Average Nusselt number (Nu) versus concentration (ϕ) of Ag, Cu, Al2O3, and TiO2 nanofluids for ϕ = 0.0 ~ 0.20 and various Rayleigh number (Ra) at AR = 4.
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because of the insignificance of Qcd value, and Qcv dominance increases
as ϕ increases, leading to the fact that QT monotonically increases as ϕ
increases.

As mentioned in Fig. 2 and Fig. 3, the heat transfer shows different
characteristics at different aspect ratio (AR). Herein, for the purpose of
understanding effects of AR on the heat transfer characteristics, Nu
values in enclosures for TiO2 nanofluids parameterized by AR and ϕ at
different Ra are presented in Fig. 7. At Ra = 103, Nu monotonically
decreases as AR increases. In the entire range of 0 < ϕ≤ 0.2, at a fixed
AR, Nu monotonically increases as ϕ increases. At Ra = 104, Nu also
shows a monotonous decrease as AR increases. In addition, the critical
AR value intersects at AR ≈ 2.5, namely in the range of AR < 2.5, at a
fixed AR, Nu monotonically increases as ϕ increases, whereas in the
range of AR ≥ 2.5, Nu exhibits decreasing as ϕ increases.

At Ra = 105 and a fixed ϕ, in the range of small aspect ratio values,

Nu first decreases as AR increases. It arrives at the minimum, and then
reversely increases as AR continues to increase. Reaching its local peak,
it begins to decrease gradually, resembling a mildly zigzag trajectory,
which was also discovered in pure-water results, reported in our pre-
vious work [50]. These local minima of zigzag trajectories are asso-
ciated with the competition between thermal conduction and thermal
convection, whereas local maxima of zigzag trajectories occur when the
thermal convection dominates the overall thermal conduction (the
thermal convection decreases as AR increases). On the other hand, in
the range of AR < 4.7, zigzag heat transfer curves shift upward and
rightward as ϕ increases. When AR approximately approaches 4.7,
curves for and ϕ = 0.2 intersect. In other words, in the range of
AR < 4.7, at a fixed aspect ratio, Nu monotonically increases as ϕ
increases. Beyond the intersection (AR ≥ 4.7), at a fixed aspect ratio,
the trend that Nu decreases as ϕ increases will occur.

(a) (b)

(c) (d)

(e) (f)

Fig. 4. Vertical velocity (v) and temperature (T) of nanofluid flows at the mid-height position (y = H/2) versus x/H parameterized in concentration (ϕ) at Ra = 104.
(a)(c)(e) v − x/H. (b)(d)(f) T − x/H.
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Fig. 5. Three heat-transfer quantities (QT, Qcd, Qcv) of four types nanofluid flows versus concentration (ϕ) at Ra = 104.

Fig. 6. Three heat-transfer quantities (QT, Qcd, Qcv) of TiO2 nanofluid flows versus concentration (ϕ) at Ra = 103, 104, 105, and 106.
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Fig. 7. Average Nusselt number (Nu) versus aspect ratio (AR) in enclosures with the TiO2 nanofluid parameterized by concentration (ϕ) are presented at
Ra = 103 ~ 106.

Fig. 8. Average Nusselt number (Nu) versus aspect ratio (AR) in enclosures with the Ag nanofluid parameterized by concentration (ϕ) are presented at
Ra = 103 ~ 106.
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At Ra = 106, at a fixed ϕ, the variation of zigzag pattern appears
more conspicuous than that of Ra = 105 does. The difference lies in
that, at a fixed aspect ratio, the intersection phenomenon will no longer
take place, and Numonotonically increases as ϕ increases. As illustrated
from Fig. 7 at Ra = 105 and 106 above, the zigzag pattern of the local
maximum positions and the local minimum positions can be applied to
designs pertaining to either maximal insulation or maximal cooling.

Finally for the purpose of comparisons, Nu values in enclosures for
Ag nanofluids parameterized by AR and ϕ at different Ra are presented
in Fig. 8. At Ra = 103 ~ 106, heat transfer characteristics of Ag na-
nofluids look similar to those of TiO2 nanofluids. However, for Ag na-
nofluids at Ra = 104 the critical AR value rightward intersects at
AR ≈ 5.3, namely, at a fixed AR, when AR < 5.3, Nu increases as ϕ
increases. For AR ≥ 5.3, the trend that Nu decrease as ϕ increases will
occur. For Ag nanofluids at Ra = 105, the critical AR value shifts
rightward and the intersection vanishes in the range of 0 < AR ≤ 8.

5. Conclusion

The present study offers our finding, in which the heat transfer of
the circulating nanofluid flow within rectangular enclosures may in-
crease or decrease as the nanoparticle volume concentration increases.
The vertical velocity distribution and the temperature distribution at
the mid-height of the enclosure are used to qualitatively estimate these
mechanisms. Subsequently, we utilize three heat-transfer quantities
(QT, Qcd, Qcv) to quantitatively describe governing mechanisms.
Furthermore, the critical aspect ratio of these two opposite phenomena
is presented. It is also discovered that Nusselt number exhibits a mildly
zigzag pattern when aspect ratio varies at large Rayleigh numbers. Our
investigation may shed light on various thermal-engineering-system
designs that aim at either enhancing or attenuating the heat transfer.
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