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Abstract

A numerical analysis was executed using the Ansys program (ANSYS Fluent 2021 R2) to examine combined convection
throughout a trapezoidal enclosure including a rotating cylinder as a source of heat. In this work, two different fluids were
used. water and a hybrid nanofluid comprising water and Water — Cu — AL:Os. Along with the angled walls being
insulated, the top and lower walls remain cold and stationary. Validation and comparison of the current study with earlier
published studies have disclosed a substantial degree of agreement, with a mean relative disparity of about 1.9%. The
results include a total of four internal cylinder places (center, right, top, and bottom), four tilted angles (0°, 45°, 90°, and
180°), and three different Richardson numbers (0.01, 1, and 10). The radius ratios are (0.20, 0.25). It is shown that the
ideal location exhibiting the highest average Nusselt value throughout each angle (¢ = 0°, 45° and 90°) is at the bottom
(0, —0.12). The greatest rate of Heat transmission happens when the angle is (¢ = 180°) and the location is at the top
(0, 0.12).
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1. INTRODUCTION

In cavities, combined convection heat transmission may occur once the inner cylinder is moving actively.
Researchers have placed a lot of emphasis on cavities with a moving cylinder because of its critical significance
in industrial applications, where they have assessed the impact of diverse geometries, boundary conditions,
and optimization techniques on heat transmission. Solar energy, thermal energy storage devices, and nuclear
reactors are examples of industrial uses for this technology [1-4]. To improve heat transfer, mixed convection
within cavities with one or more moving cylinders has been investigated using various techniques. Effective
strategies include employing porous media [5—14], nanofluids, and hybrid nanofluids [15-29] to increase the
base fluid's thermal conductivity. In addition, other techniques such as introducing multiple cylinders with
different arrangements and orientations or applying a magnetic field inside the enclosure, along with many
other optimization methods, have been proposed [30-44]. This work uses Ansys Fluent 2022 R1 software to
do computational simulations of combined convection inside an angled trapezoidal recess, loaded by a hybrid
nanofluid (H,O — Cu — Al,O3) and containing a moving inner cylinder. The temperature of this cylinder,
which serves as a heat source, is kept constant at Ty,.. On the other hand, the sloped surfaces are insulated
with adiabatic techniques, and the stationary top and bottom are both cooled to the same temperature T.. It
is important to note that the cavity's walls are fully permanent. Several Richardson numbers were examined
in this research: Ri = 0.01, 1, 10. Four locations for the inner cylinder (center, bottom, top, and right) and
two radius ratio values (0.20 and 0.25) were also selected. Furthermore, four volume ratios of the hybrid
nanoparticles (¢p = 0\%, 4%, 6%, and 8%) and four distinct tilt angles (0°, 45°, 90°, and 180°) were examined.
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2. The theoretical structure

2.1. Geometry Design and Assumptions

Using a 2D, stable, laminar combined convective flow, the thermal transmission inside a trapezoidal
enclosure is numerically analyzed. It is presumed that the fluid medium behaves Newtonianly and is
incompressible. By connecting the temperature and flow fields, the density change brought on by temperature
variations is described using Boussinesq approximations. Internal heat production and the dissipative effects
caused by viscosity are not included in this approach. The physical domain of the trapezoidal cavity system
under study is schematically represented in Figure 1. The enclosure's sloped surfaces are separated by adiabatic
techniques, and its two cold parallel surfaces are maintained at a steady temperature T. in a stationary
condition. At a temperature T, the revolving inner cylinder undergoes isothermal heating. To analyze the
impact of the two radius ratios, this study analyzes two distinct inner cylinder radius (r,) values. A counterflow
is created when the shear flow from the internal cylinder motion is opposed by the free convection flow based
on the temperature gradient in the enclosure due to the cavity's angle of inclination ¢ with respect to the x-
axis.

Figure 1. Basic Geometry.

2.2, Mathematical Equations and Formulation
The mass, momentum, and energy conservation equations in their dimensionless version are [45]:
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Table 1. It delineates the boundary conditions in a dimensionless format. The sign 'n' denotes the
perpendicular alignment to the inclined surfaces.

U 14 ()
Top surface 0 0 0
Bottom surface 0 0 0
Left and right surfaces: |0 0 a0
o
Inner cylinder surface | *r 0 1

2.3. The fluid medium's physical and thermal properties
Computationally efficient equations for equivalent thermal properties were developed and demonstrated in
[46-48]:

Prnf = (1 = Pcu = Pano03)Pr T PcuPcu + Pan05P 105 (7)
(PBIng = (1 = @cu — 9a,05)(PB)r + Pcu(pB)cu + Pa,05(PB) 04 ®)
(PCpling = (1 — @cu — Pa,05)(PCp)r + Pcu(PCp)cu + Pa,05(PCp)a,04 ©)

@ k +¢ uk u _
et _ Al203 Ale(p?, CuCuy o f+2(¢ A1203 kAlzogkau) 2(pk£ (10)
i ¢A1203kA12(jp3+‘pCukCu+2k @ a1203 %a103 +(pCukCu)+(pkf
1
Hu =u (11)
hnf f (1—¢)25

Table 2. Properties of H>0O, Cu, Al>O3, and H>O-Cu-Al;O3 hybrid nanofluid in terms of thermal and physical
[12].

Material Cp Jkg.K)  p (kgm®) k (W/m. K) B (VK) U(Pa. s)
H20 4179 997.1 0.613 21x10-° 0.001003
Cu 385 8933 441 1.67x 10-°

Al203 765 3970 40 0.85x 10~

H20 -Cu- ARO3 3399 1218 1.1239 3.7x 10~ 0.001110767
(Pcu = 2% , Pazoz =

2%)
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H20 -Cu- AIRO3 2854 1438 1.2586 3.1x 10 0.001235468
(Pcu = 3%, Paizoz =

3%)

H20 -Cu- AIRO3 2454 1657 1.4053 2.6x 10— 0.001380684
(®Pcu = 4%, Pazoz =

4%)

24. Grid Generation

The energy, momentum, and continuity equations for complicated geometries may be solved in two
dimensions through the use of computational meshes. Structured and unstructured meshes are the two
primary categories into which volumetric meshes fall. These mathematical formulas are converted into a
curved coordinate system that is connected to the surface in structured meshes. Structured meshes are only a
good choice for simple forms, though, because their creation necessitates a lot of work and frequent changes
to the model design. Because of its extreme inefficiency when dealing with complicated geometries, this
technique was not included in our study. On the other hand, unstructured meshes are used in this study
since they are more suited for complicated geometries. Figure 2 illustrates the usage of a non-uniform,
triangular, unstructured partition mesh.

2.5. Mesh Independence

To find the ideal number of mesh elements and their surface sizes for this specific shape, a mesh
independence test was conducted. A Reynolds number of 100, a radius ratio of 0.25, and element sizes
ranging from 1 to 0.8, 0.6, 0.4, and 0.3 were all included in the study. The mesh was unstructured, triangular,
and non-uniform. The average Nusselt number's variation with element size is seen in Figure 3. The Nusselt
number gave convergent findings at element size 0.3. As a result, a mesh with 43,660 pieces was chosen for
this investigation as it provides a suitable balance between computing efficiency and accurate.

Figure 2. Mesh Generation
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Figure 3. Convergence of the mean Nusselt numbers and element size.

2.6. The Computational Method

Numerous aspects of the computation strategy are impacted by the solution approaches. ANSYS Fluent 2022
R1 software was used in this work to resolve the mathematical equations in accordance with the given
boundary conditions. Mesh creation is the first step in the procedure, after which the program uses the
SIMPLE algorithm to solve the mathematical problems one after the other. Furthermore, momentum,
pressure, turbulent kinetic energy, and turbulence dissipation rate in the upwind direction were all subjected
to a second-order spatial discretization. The local Nu of the spinning cylinder is provided in this study using
the SIMPLE approach, which is frequently utilized for resolving the Navier-Stokes equations:

_ g 7 3.13
Nuave A fO kf aX |X—O dY ( )

The average Nusselt number (Nu) for the heated cylindrical rotating surface is represented by:

1 L
Nuawe =7 | Nux dx (3.12)
0

3. Code Validation

By contrasting the current simulation method with the flow and heat transmission findings disclosed by
Khanafer et al. [49], the correctness of the method was confirmed. A comparative analysis of the average
Nusselt number values collected in the two experiments is presented in Table 3. A square container with a
chilly upper surface advancing towards the positive x direction and a hot, stationary lower wall was the subject
of this study's examination of mixed convective air flow. A circular spinning inner cylinder with RR = 0.2 is
within the container. To validate the results, four values of the Richardson number were selected, and air was
utilized as the medium with a Prandtl number of 0.7. The comparison revealed that, with a 1.9% relative
difference, the mean Nusselt numbers from the two simulations were quite similar.
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Table 3. Validation of average Nusselt number values for the present project against the study of Khanafer et
al. [49].

Ri N uprem’ous[26] N Ucurrent differenc e
0.01 4.28 4.37 2.1%
1 4.40 4.51 2.5%
5 4.77 4.85 1.6%
10 4.99 5.06 1.4%
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Figure 4. Streamlines maps for the current simulation approach (left) and the study of Khanafer
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et al. [49] (right).
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Figure 5. Isotherm maps for the current simulation methodology (left) and the study of Khanafer et
al. [49] (right).

Ri=10

4. RESULTS AND DISCUSSION
4.1 Streamline Maps and Isotherm Maps
The implications concerning the Richardson numbers affect the flow with isothermal lines within an
enclosure with a rotating cylinder and an 8% hybrid nanoparticle volume fraction at several degrees of
inclination (p=0°, 45°, 90°, and 180°) are shown in Figure 6. The behavior of flow lines and isothermal
lines is greatly influenced by volume fractions, degrees of inclination, and Richardson numbers. The
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Richardson number, Ri=Gr/Re?, indicates how significant free convection is in comparison to forced
convection.

Figure 6 demonstrates that a Richardson number of 0.01 exerts negligible influence on the streamline profile
at all degrees of enclosure inclination due to the overwhelming effect of the main flow. The visibility of
vortices may be diminished owing to the prevalence of forced convection. The vortices may seem to intensify
as Ri exceeds 1 and 10 due to the augmented Impacts of the second flow resulting from vigorous free
convection. The fluid generally flows in a similar orientation to the spinning cylinder. Upon contact with
the nearest wall, the fluid's velocity is altered to the opposing orientation, forming a vortex or rotational
movements.

When the Richardson number is 0.01, the substantial flow generated by the cylinder's rotating movement
causes the principal flow patterns to occupy the entire hollow. The shear influences induced by the cylinder's
motion are evident at all incline angles. Thus, the isotherms exhibited inadequate growth inside the thermo-
hydrodynamic boundary layers. As a result, the temperature fluctuations inside the confined area are
negligible. When the Richardson number escalates, the temperature gets higher, causing the isotherms to
migrate out of the hot cylinder toward the cooler sides. As the Richardson number increases, the thermal
plume intensifies. The direction is predominantly influenced by the fluid type (with or without a hybrid
nanoparticle), the Richardson number, and the tilt. An increase in the Richardson number to the 1 signifies
the occurrence of mixed convection. In this instance, two currents exist: the supportive current and the
adversarial one. As the primary flow path coincides considering the orientation of the buoyancy force
(downwards), the flow is classified as supporting. Whenever the orientation of the inertial force (primary
stream) is ascendant, the stream is classified as opposed. Also, the flow pattern contributes to the present
investigation.

Figure 6 shows the primary vortex spreads around the cylinder at a Richardson number of 1 when the slope
is 90°. This suggests that the maximum flow function is weaker, considering the state of the dominant forceful
convection with a 0.01 Richardson number. As the main flow increases, the vortex strength rises (by
enhancing the velocity produced by the movable wall and decreasing Ri to 0.01), regardless of incorporating
hybrid nanoparticles integrated with the initial liquid. The vortex divides to form two potent portions in
conditions of predominant free convection (Richardson number equals 10). Consequently, vigorous free
convection flows.

At a slope degree of about 45°, the configuration of the streamlines nearly mimics that of a 90° inclined slope.
The principal vortex bifurcates to form two diminished segments with a Richardson number of 1.
Nevertheless, the vortex retains its potency while the Richardson number equals 10, attributable to the
preeminent influence of natural convection. At a Richardson number equal to 0.01, the vortex exhibits a
greater intensity compared with a Richardson number equal to 1; however, it has diminished intensity
compared to a Richardson number equal to 10. Integrating hybrid nanoparticles into an initial fluid with a
substantial volume percent, with a Richardson number equal to 10, produces significant and minor vortices.
The streamlines inside a hollow, involving a bottom-spinning cylinder having a radius ratio value of 0.2 and
A tilt of 180°, are apparent. The major vortex is often still focused around the cylinder with a Richardson
number equal to 0.01, owing to heightened shearing operation during this region caused by predominant
forced convection. The vortex enlarges and expands via integrating a hybrid nanoparticle with a volumetric
fraction equal to 8 percent, owing to the substantial impact of the primary stream generated by the cylinder's
motion. As the Richardson number approaches 1, the main vortex will remain localized around the cylinder;
however, it will progressively fragment into vortices of differing densities owing to the interplay between
forced flow and natural thermal processes. The behaviour in enclosed enclosures contrasts with the behaviour
in open conduits, while the primary flow is diminished to the benefit of the second flow. A couple of

4281


http://www.theaspd.com/ijes.php

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 22s, 2025
https://www.theaspd.com/ijes.php

significant vortices can be seen on either side inside the enclosure. In comparison to different Richardson
numbers, that is anticipated to exhibit a heightened rate of transmission of heat.

With a Richardson number equal to 10, the influences of natural convection supersede forced convection.
Buoyancy amplifies primary flow, reinforcing convection when the Richardson number gets higher.
Consequently, the isothermal lines get more pronounced towards the cool surface. The evolution of the
thermo-hydrodynamic boundary layer will transpire alongside the thermally contrasting surfaces. Moreover,
the maximum temperature diminishes, leading to an elevated thermal transmission rate. Furthermore, in
the surrounding area of the high-temperature cylinder surface, it is evident that the isotherm generates more
pronounced temperature gradients. The isotherms encircle the heated cylinder, although their intensity
diminishes near the cylinder owing to the prevailing influence of free convection. In this scenario, the
isotherms shift away from the heated surface towards the cooler walls, where increased heat transfer occurs,
facilitated by the free convection that disperses heat from the cylinder. The thermal column or steep
temperature gradient will be less intense than in instances of predominant forced convection, yet a subtler
thermal gradient may manifest, extending further from the cylinder. Elevating the volume percentage of
hybrid nanoparticles over 10% is often anticipated to diminish the thermal diffusivity of the liquid and
adversely influence the flow dynamics and thermal transfer within the hollow.
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Figure 6. Optimise, streamline, and isotherm maps inside an enclosure, including a spinning
cylinder on the base location with RR = 0.2 and ¢ = 0.08.

4.2 The Mean Nusselt Number

Figure 7 depicts the average Nusselt number as an indication of the volumetric percent of hybrid
nanoparticles across several Richardson numbers and enclosure angles of tilt (¢=0°, 45°, 90°, and 180°). An
elevation in the Richardson number has been seen to correlate with an increase in the mean Nusselt number
across all volume fractions. For Ri=10 and hybrid nanoparticle concentration percentages of ¢ =0, 0.04,
and 0.06, the mean Nusselt numbers at ¢ = 90° exceed those at other inclined angles. Furthermore, in
comparison to other inclination angles, the angle ¢ = 90° has the highest average Nusselt number for ¢ =
0.08. The findings suggest that an augmentation in the volumetric percent of hybrid nanoparticles improves
the rate of heat (the mean Nusselt number) owing to the enhanced thermal conductivity of the working fluid.
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Figure 7. The average Nusselt number around the internal cylinder for various hybrid nanoparticle volume
fractions and slopes of tilt.

4.3 Friction Losses

Figure 8 illustrates the losses in pressure, reflecting the loss of friction as an indicator of the volumetric percent
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of hybrid nanoparticles across several Richardson numbers and enclosure tilt of (¢ =0°, 45°,90°, 180°). The
pressure drops experience a little increase for Ri values of 0.01 and 1, but a substantial escalation occurs for
a Ri value of 10 as the volume% % of hybrid nanoparticles grows. This results from the heightened viscosity
caused by the incorporation of hybrid nanoparticles, which causes elevated shear stress as well as loss of
friction. The pressure loss escalates based on the Richardson number for ¢ =0°, 45°, 90°, and 180°, as seen
in the figure. The pressure drops figures for Ri = 0.01 and 1 are virtually indistinguishable in these cases.
They exemplify the most effective cases of surmounting high-pressure variations.
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Figure 8. The losses in pressure within the enclosure for various hybrid nanoparticles fractions of
volume and slope angles.

S. CONCLUSIONS

1. The rate of transferring heat increases alongside an increase in the Richardson number, attributed
to the enhancement from free convection currents.

2. As the volume percent of hybrid nanoparticles increases, the heat transmission mechanism is typically
enhanced.

3. At inclined angles of 45° and 90°, the increase in streamlines is much larger at Ri=1 and Ri=10
compared to when the Richardson number is 0.01.

4. A Richardson number equals 10 across each angle of inclination, and the hybrid nanoparticle volume

percent yields the greatest value of maximum stream function.
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5. In closed enclosures, lowering the main flow to the detriment of the second one results in behaviors
that are different from those seen in an open conduit.

6. As Ri increases from 0.01 to 1, the thermal plume seems to revolve in a clockwise direction around
the heating circular cylinder.

7. With a Richardson number equal to 10 with hybrid nanoparticles volumetric percents of 0%, 4%,
6%, and 8%, the mean Nusselt number for an inclined angle of 90° is higher than those for the other degrees
of inclination.

8. At Ri=10, the pressure losses appeared to rise according to the Richardson numbers at inclined angles
of 0°,45°,90°, and 180°.

Abbreviations:
AlLO; = Aluminum Oxide
HO = Water
Cu =Copper
CFD = Computational Fluid Dynamics
3T, -T)

Gr = Grashof Number (95L ¢ )
f P2
h = Convective Heat Transfer Coefficient
(W/m?K)
Cy = Specific Heat (//kg. K)
k = Thermal Conductivity (W/m. K)
g = Gravitational Acceleration (m/s?)
Nu = Nusselt Number
Pr

= Prandtl Number ()
af
Re =Reynolds Number (Vo L)
Pf
Ri = Richardson Number (<€)
Re2
RR =Radius Ratio
u = Velocity in x-axis (m/s)
U = Non-Dimensional Velocity in x-axis
U, = Lid Velocity (m/s)
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% = Velocity in y-axis (m/s)

|4 = Non-Dimensional Velocity in y-axis
T = Temperature (K)

I = Dimensionless Temperature

P = Dimensionless Pressure

X,y = Space Coordinates

X, Y = Dimensional Space Coordinates

Greek Symbols:

a = Thermal Diffusivity (k/pCy)

p = Density (kg/m?)

p = Coefficient of Thermal Expansion (CTE)
(I/k)

U = Absolute Viscosity (Pa. s)

v = Kinematical Viscosity (m?s)

0] = Volume Percentage of Nanoparticles
1) = Angle of Inclination (°)

w = Angular speed

Q = Dimensionless angular speed
Subscripts:

f = Base Fluid

hnf = Hybrid Nanofluid

T. = Cold Temperature

Th = Hot Temperature
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