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Due to its engineering uses in recent years, natural convection within cavities has been 

studied to enhance heat transfer in various package shapes by infusing the base fluid with 

nanoparticles. In this paper, we examined natural convection in a square cavity with an 

inclined roof of Ag–water nanofluid and internal bodies (circular and elliptical cylinders) 

at the enclosure's center. The (top, bottom, and circular cylinder) walls are assumed to be 

adiabatic, whereas the (ellipse cylinders and left sidewall) are warmed and the right 

sidewall is maintained cool. The COMSOL program is based on the "Galerkin finite 

element approach" in terms of numerical computations. The "Rayleigh number" (Ra) (103–

106) is utilized, as is the solid volume fraction (0.05), the angle of inclination (-45°, -30°,

0°, 30°, 45°), "the inner circular cylinder radius considered as (R=0.15)" and "the radius of 

the inner ellipse cylinder as (Rx=0.2 & Ry=0.15). At a high "Rayleigh number", the stream

function has the lowest value when the caustic angle is tilted to (-30°). While it comes in

second place, the angle of inclination (0°) gets the highest value. While at a low "Rayleigh

number", there is no effect of the angle of the stream function. There was also a

convergence in Nusselt numbers at any angle at the hot left wall, at 30° and 45°, and in the

hot ellipse, at 60° and 90°, so we looked at them all.

Keywords: 

nanofluid, natural convection, circular and 

ellipse cylinders, inclined square enclosure 

1. INTRODUCTION

Because of the numerous applications such as solar energy 

collection, natural convection inside enclosures has been and 

continues to be an important subject of study [1-3]. 

The study of heat convection inside the cavity has advanced 

in recent years [4]. Some researchers have resorted to 

enhancing heat transfer in enclosures when adding 

nanoparticles to the basic fluid [5]. 

The effect of the different parameters in a four-sided cavity 

occupied with nanofluid was examined by various researchers. 

Ho et al. [6] explained the influence of thermal conductivity 

on heat transfer. The free convection [7-9] is influenced by the 

inclination of the cavity. Sheikholeslami and Ellahi [10] 

deliberated a cubical enclosure heated, the outcomes revealed 

a "Nusselt number" that raises as (Ra) and volume fraction 

rises. Sheremet et al. [11] studied the generation of entropy 

using nanofluid. Emami et al. studied the impact of the cavity's 

inclination angle [12]. A few researchers have studied the use 

of more than one cylinder inside the cavity. 

Studies have taken another way to entry mixed convection 

limits by moving one or more of the walls of the enclosures to 

enhance heat transfer with different parameters [13-17]. Other 

studies examined mixed convection in another way, using an 

inner cylinder that rotates in both directions [18-23]. Mixed 

convection was studied using a rotating circular cylinder by 

Abdulsahib and Al-Farhany [24]. Cylinder rotation is more 

pronounced when using the lower Rayleigh numbers. 

Several studies have been conducted on the lid-driven 

cavity and cylinder rotation within it for their significant 

influence on mixed convection [25-30]. 

From the literature review above, the previous studies are 

summarized to clarify the position of the current study: 

Enhancing heat transfer in enclosures when adding 

nanoparticles to the basic fluid, the free convection is 

influenced by the inclination of the cavity, studies on the use 

of more than one cylinder inside the cavity, and studies on the 

lid-driven cavity and cylinder rotation and their influence on 

mixed convection. 

From previous studies, it is clear that internal bodies inside 

an inclined cavity have not been studied for their effect on heat 

transfer [31, 32]. So, the present study looked at the impact of 

internal bodies (circular and elliptical cylinders) at the 

enclosure's center on natural convection inside inclined 

cavities with nanofluids by using different parameters like 

Rayleigh number, the angle of inclination, and solid volume 

fraction and studying its effect on streamline, isotherm lines, 

and Nusselt number. Figure 1 shows the flowchart of this 

research paper from the introduction with the research 

objective, methodology, boundary conditions of the enclosure, 
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validation of the program, results and discussion, and 

conclusion. 

 

 
 

Figure 1. Flowchart for present work 

 

 

2. METHODOLOGY 

 

Figure 2 shows a 2-D natural convection study in an 

inclined enclosure with a side length (L) and internal bodies 

(circular and ellipse cylinders). On the left side of the 

enclosure, the inner circular radius of cylinder is (R=0.15) and 

the inner ellipse cylinder radius is (Rx=0.2 & Ry=0.15). The 

container is filled with nanofluid. Water is used in the 

preparation of nanofluid, and nanoparticles are added (Ag). 

Table 1 depicts thermophysical characteristics of a substance 

(water and Ag nanoparticles). The vertical left sidewall and 

elliptical cylinders are fixed at a constant temperature (Th), 

whereas the vertical right sidewall is maintained at a cool 

temperature (T) (Tc). Thermal isolation is provided by the 

horizontal walls and the round cylinder. The circular and 

ellipse cylinders are in the middle of an inclined cavity with 

several different angles (-45°, -30°, 0°, 30°, 45°). In this study, 

the effect of the above states on the isotherm's lines, stream 

function, and the local and average Nu is studied. 

 

Table 1. Thermophysical characteristics of pure water and 

nanoparticles [33] 

 
Substance Water Ag 

 (kg/m3) 997.1 10,500 

Cp(J/kg.K) 4179 235 

K (W/m.K) 0.613 429 

β [1/T] 2.1*10-4 5.4*10-5 

 
 

Figure 2. The problem's illustrative geometry 

 

In this investigation, the following dimensional governing 

equations are considered [34, 35]: 

Continuity equation: 
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Energy equation: 
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The properties  of nanofluid are calculated from the 

considered papers [34, 35]. 
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The following local "Nusselt numbers (NuL)" are employed 

alongside the vertical hot-wall on the enclosure's left side, as 

shown in papers 34 and 35, respectively:  

 

nf

L

f

K T
Nu

K X

  
= −      

(11) 

 

 

3. BOUNDARY CONDITIONS OF THE ENCLOSURE  

 

The enclosure's boundary conditions are summarized as 

follows: 

• The left and right walls of the cavity are: 

 

1, 0nf nf = =
 

 

• The upper and lower walls of the cavity are: 

 

0, 0nf nfY Y   =   =
 

 

• At the surface, cylinders: 

 

1nf r  =
 

 

• All wall velocities are equal to zero. 

 

 

4. SOLUTION PROCEDURE AND VALIDATION 

 

In the present paragraph, we illustrate the numerical results, 

which are based upon the powerful software, COMSOL, in 

terms of streamlines and angular velocities, with “Ra" and 

"Re," The accuracy of the project has been confirmed when 

compared with the results of Yoo [36] as shown in the figures. 

Where the comparison was made at Ra=106, Re=20, and 

Pr=0.7. In Figure 3, the streamline was compared, and the 

results were identical. In Figure 4, the comparison was made 

with angular velocities, and the results were also identical. 

Therefore, the current code was used to find the results in this 

research paper. 

 

 
 

Figure 3. Compare the streamlines of the current model to 

the results of Yoo [36] at (Ra=106, Re=20, and Pr=0.7) 

 
 

Figure 4. Distribution comparison of the angular velocities 

as a function of “Ra” between the considered model and the 

results of Yoo [36] at when Re=20 with air fluid 

 

 

5. RESULTS 

 

In the current work, the following parameters were used: 

"Rayleigh number" (Ra)" (103 up to 106) are used, the "solid 

volume fraction" (ϕ=0.05), inclination angle of (-45°, -30°, 0°, 

30°, 45°), and the radius of the inner circular as (R=0.15) and 

the inner ellipse cylinder radius as (Rx=0.2 & Ry=0.15). 

 

 
 

Figure 5. Effect of cavity angle with adiabatic cylinder and 

heated elliptical on the stream function (left columns) and 

isotherm patterns (right columns) for (Ra=106, ϕ=0.05) 

 

The current study aims to show the impact of the cavity's 

inclination angle on heat convection in the presence of internal 

bodies, cylinders, and an ellipse. Figure 5 illustrates the effect 

of the inclination angle (-30°, 0°, 30°) on the streamline and 

the isotherm lines at (Ra=106, =0.05). The left column shows 

the stream function. Noticed that the development of vortices 

on the right side of the ellipse. This is due to the ellipse's 

thermal impact. The fluid fracture is subjected to two effects, 
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the first is the effect of the cold wall and the second is the effect 

of the heat from the (ellipse). The lowest value of the stream 

function when the caustic angle is tilted to (-30°) is (45). The 

reason here is the tilt of the angle, which is an obstacle to the 

movement of the fluid, so the effect of the cold wall is greater. 

The second place is the angle of inclination (0°), where it rises 

to (75), but at the angle of (30°) it gets the highest value of the 

stream action up to (65), and here the angle of inclination is 

important to simplify fluid movement and increase the effect 

of the hot wall and ellipse. 

The right column represents the influence of heat transfer 

on the isotherm lines. It is worth observing that the heat 

transfer distribution within cavity is greatest at the hot left wall 

and the hot ellipse, whereas the heat transfer effect is almost 

non-existent behind the thermally insulated cylinder in front 

of the heat transfer from the left hot wall. Conclude from the 

figures that the distribution of heat transfer is best at an angle 

of inclination of 30°. 

 

 
 

Figure 6. Effect of cavity angle with heated cylinder and 

adiabatic elliptical on the stream function (left columns) and 

isotherm patterns (right columns) for (Ra=103, ϕ=0.05) 

 

In Figure 6, different angles of inclination (-45°, 0°, 45°), 

and at a low "Rayleigh number" (103) were studied to find out 

the influence of the inclination angle in the presence of a hot 

inner body on heat transfer. It is found that the stream function 

values of the do not change clearly when changing the angle 

of inclination, but the difference is in the size of the vortices 

in addition to the change in their positions when changing 

from one angle to another, which indicates the impact of the 

inclination angle on the fluid movement mechanism, but with 

a low Rayleigh, the effect of the cold wall is higher and helps 

in that The presence of a thermally isolated cylinder From this, 

it can be said that the angle of inclination has no effect on the 

value of the stream function, so it has no effect. It only changes 

the shape and size of the vortices. 

Also, the same physical interpretation for heat transfer lines, 

where the values of the steps and their order are the same when 

moving from one angle of inclination to another. 

When comparing Figure 5 with Figure 6, it is noticed in 

general, regardless of the inclination angle, that the value of 

the streamline in Figure 5 is greater, in addition to the 

temperature distribution being more widespread, and the 

reason is the Rayleigh number 106 for Figure 5, while Figure 

6 is studied at Rayleigh number 105. Different angles were also 

used in the two figures. When comparing, it is noted that the 

best case that can be obtained, which is the angle of 30° in 

Figure 5, where the value of the stream line reaches 65, as can 

be seen on the right side of the cavity, and the distribution of 

temperatures inside the cavities is more widespread. 

 

 
 

Figure 7. Variation in the averaged "Nusselt number" on the 

cavity hot wall for various cavity angle using an adiabatic 

cylinder and a heated ellipse (ϕ=0.05) 

 

Then the "Nusselt number" is an important guide of the heat 

transfer rate, we illustrate its inclination angle at low and high 

Ra along the hot wall and the elliptical cylinder as shown in 

Figures 7-8, respectively. It can be seen that, as in Figure 7, 

when the enclosure rotates in the negative direction and 

increases from 0° to 30° to 45°, there is a clear reduction in the 

average Nusselt number. This rise is becoming more 

noticeable as the rate of the "Rayleigh number" increases. 

However, there will be more enhancement in the "Nusselt 

number" as the angle of inclination increases from 0° to 30°. 

Additionally, the influence of the angle of inclination is 

negligible when it increases more than 45 degrees. When the 

angle of inclination is specifically increased in the positive 

direction by 30 degrees, the position of the cavity will be 

helpful to the movement of the fluid, as it will be freer. It is 

also noted that when the angle of inclination is increased to 45 

degrees, there is no noticeable change in the value of the 

Nusselt number due to the small difference between the two 

angles, so the same physical effect will be had at any value of 

the Rayleigh number. 

The highest value of the "Nusselt number" for the hot left 

wall is shown in Figure 8 at any "Rayleigh number" at an angle 

of between 30° and 45°, where the rotation of the cavity in a 

counter-clockwise direction gives a better situation for the 

fluid movement inside the cavity. As for the "Nusselt number," 

the ellipse, noticed a convergence in numbers, and the reason 

is that the ellipse is an internal body, so it has an angle of (0°), 

which gives the "Nusselt number" a higher approximate value. 

Additionally, as the Ra number will increases, the "Nusselt 

number" increases as well, which is a result of the increasing 

temperature, which increases the buoyancy force, resulting in 

increased heat transfer within the cavity. 
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Figure 8. Variation of the averaged "Nusselt number" on a 

heated elliptical wall for various values of the cavity angle 

using an adiabatic cylinder and a heated elliptical at (ϕ=0.05) 

 

 

6. CONCLUSIONS 

 

(1) Noticed the appearance of vortices on the right side of 

the ellipse. The reason is the effect of the heat of the ellipse on 

the fluid fracture. The first is the effect of the cold wall, and 

the second is the consequence of the heat from the ellipse. 

(2) At the high "Rayleigh number," the lowest value of the 

stream function is when the caustic angle is tilted to (-30°). Its 

value is (45), while it comes in second place, the angle of 

inclination (0°), where it rises to (75), but at the angle of (30°) 

it gets the highest value of the stream function up to (65). 

(3) For small values of Ra, the inclination angle has no 

effect on the stream function, and thus has no effect. Its effect 

is confined to modifying the shape and size of vortices only at 

the lowest of the Ra values. 

(4) The highest Nu values for the hot left wall at any value 

of Ra at an angle of (30° and 45°) and as for the "Nusselt 

number" in the hot ellipse, noticed that convergence in Nusselt 

numbers at any angle. 

(5) The limitations and future research direction as an 

extension of the current research: The effect of two thermal 

cylinders in different forms on heat transfer can be studied. A 

different nanofluid can also be used. Porous materials can be 

used with water or nanofluid. 
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NOMENCLATURE 

 

Symbol  Description  

Cp Air heat capacity 

g Gravity acceleration 

k Thermal conductivity 

L Length of enclosure 

Nu Nusselt number as average value 
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NuL Nusselt number as local value 

Pr Prandtl number 

R Cylinder radius 

Ra Rayleigh Number 

T Temperature 

U Velocity component in X-direction 

V Velocity component in Y-direction 

X Dimensionaless X-coordinates 

Y Dimensionaless Y-coordinates 

 

Greek symbols 

 

 Kinematic viscosity 

 Stream function as absolute value 

φ Solid volume fraction 

 Dimensionless Temperature 

 Density 

µ Dynamic viscosity 

α Thermal diffusivity 

β Thermal expansion coefficient 

 

Subscripts 

 

c Cold 

f Fluid (pure water) 

h Hot 

nf Nanofluid 

np Nanoparticle 
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