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ABSTRACT: In this work, we study numerically the natural convection of NanoFluids (NF) in an inclined 

flat bottom flask; it is one of the laboratory flasks used in organic chemistry synthesis. The main reason 

for this study is to enhance the thermal properties of the reaction medium inside the flat bottom flask and 

to ameliorate the rate of chemical reactions using nanofluids. The flat bottom wall is maintained  

at a constant high-temperature Th. While the top, left and right walls of the cavity are maintained  

at a low-temperature TL. The NF comprises Cu and Al2O3 NanoParticles (NP) suspended in pure water. 

The governing equations are solved numerically using the finite-volume approach and formulated using 

the Boussinesq approximation. In this simulation we examined the effects of the NP volume fraction (φ) 

from 0% to 5%, the Rayleigh number from 103 to 106, the various inclination angles of enclosure 

(γ=0°,5°,10°, 15°) and the NF type (Cu and Al2O3) on the flow streamlines, isotherm distribution, and 

Nusselt number. The obtained results show that the addition of Cu and Al2O3 NP increases the mean 

Nusselt number which enhances the heat transfer in the flat bottom flask and causes significant changes 

in the flow pattern. In addition, the mean Nusselt number is increased with increasing the Rayleigh number 

and the volume fraction, and the best results have been obtained from the Cu nanofluid. Also, as the inclination 

angle increases the mean Nusselt number decreases, and the highest value of the Nusselt number was obtained 

for a vertical enclosure (γ=0°). The obtained streamlines are mostly symmetric and their values 

 are generally increased by increasing the Rayleigh number and volume fractions of NPs. Besides,  

the obtained isotherms generally follow the geometry of the flat bottom flask. 
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INTRODUCTION 

The use of heat transfer fluids has great importance  

in the petrochemical and chemical industries, especially, 

their applications in heating and cooling systems. The 

natural convection heat transfer in partially heated cavities 

is an important phenomenon in many practical and 

industrial applications, such as industrial cooling installations 

or large-scale heat exchangers (used in chemical 

processing plants). In general, laboratory flasks used  

in organic chemistry synthesis and analytical chemistry 

have an extensive range of applications such as heating, 

boiling, and evaporation. The study of the natural 

convection heat transfer of nanofluids in this type of flask 

is original and has not been conducted previously. So,  

the difference between this study and other published papers 

is the geometry of the cavity, which is new and interesting. 

For most chemical reactions, the reaction rate increases  

by increasing temperature. So, it is always useful to work 

at optimum temperature. As well as, the use of the catalysts 

increases the reaction rate. Generally, Cu and Al2O3 are used 

as catalysts for certain chemical reactions. So adding Cu 

and Al2O3 particles in the reaction medium and increasing 

the temperature will increase the reaction rate. The use of 

nanoparticles enhances the thermal properties for heat 

transfer and heat storage of the reaction medium inside  

the flat bottom flask, and also enhances the rate of chemical reactions 

(the thermal activation of chemical reactions). 

During the last two decades, nanofluids are becoming a new 

pivotal component of heat transfer liquid and are envisioned 

to describe a fluid in which nanometer-sized particles  

are suspended in conventional heat transfer basic fluid [1-4]. 

They have been developed, used, and studied extensively  

by many researchers [5-8]. Aminossadati and Ghasemi [9] 

studied the natural convection heat transfer in an enclosure 

filled with NF. Their results showed that higher cooling 

performance can be achieved by adding NPs into pure water. 

By drawing on a two-dimensional numerical simulation  

of the natural convection of NF in a vertical rectangular 

enclosure, Khanafer et al. [10] found that the heat transfer 

across the enclosure increases with the volumetric fraction  

of the copper NPs in water at any given Grash of number. 

Hwang et al. [11] studied free convection using a rectangular 

cavity heated from below (Bénard convection) with NF. Also, 

Hatami et al. [12] investigated the natural convection heat transfer 

of nanofluids in a circular-wavy cavity and demonstrate that  

the shape of the wavy wall has a significant effect on heat transfer. 

Recently, hybrid nanofluids are a new class of fluids 

that demonstrate excellent heat transfer performance 

compared to conventional fluids [13-16]. Chamkha et al. [17] 

studied the MHD convection of an Al2O3–Cu/Water 

hybrid nanofluid in an inclined porous cavity with Internal 

Heat generation/absorption. The impact of volume 

fraction, Rayleigh number, heat generation, and heat 

source length and location on magneto-free convective 

with entropy has been analyzed. The results indicated that 

the high volume fraction diminishes the thermal performance. 

Also, the addition of nanoparticles for several Rayleigh 

numbers causes the thermal performance to be declined.  

The inclination angle has a significant impact on the flow 

and temperature fields and the heat transfer performance 

at high Rayleigh numbers. Saury et al. [18] investigate 

experimentally the effect of the angle of inclination on the 

natural convection unsteadiness occurring in an air-filled 

cavity having two opposite walls respectively heated and 

cooled at a constant and uniform temperature. Alinia et al. [19] 

performed and analyzed numerically a mixed convection 

flow of SiO2–water NF in an inclined enclosed square 

cavity using a two-phase mixture model to evaluate  

the influence of control parameters on the heat transfer 

characteristics of NF. 

Geometrical patterns of the cavity can be useful in 

improving heat transfer performance. The problem of natural 

convection in a cavity with wavy walls has several engineering 

applications such as solar collectors, heat exchanger design, 

electric machinery, and so forth. Tang et al. [20] proposed  

a new 2D quarter-circular enclosure with two sinusoidal 

wavy walls and two straight walls. As well, the natural 

convection heat transfer in the investigated cavities 

containing various types of nanofluids was studied and  

the effect of the external wavy wall shape was studied  

by a combined Finite Volume Method (FVM) and Response 

Surface Method (RSM) method. 

Ching-Chang et al. [21] performed a numerical 

investigation into the natural convection heat transfer 

characteristics within an enclosed cavity filled with 

nanofluid. The left and right walls of the studied cavity 

have a complex-wavy geometry and are maintained  

at high and low temperatures, respectively. Meanwhile,  

the upper and lower walls of the cavity are both flat and 

insulated. The nanofluid comprises Al2O3 nanoparticles 

suspended in pure water. Also, Ching-Chang et al. [22] 

performed a numerical investigation into the natural  
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convection heat transfer characteristics and entropy 

generation of water-based nanofluids in an enclosure 

bounded by wavy vertical walls and flat upper and lower 

surfaces. Recently, Ching-Chang et al. [23] studied the use 

of the headline technique to estimate the natural 

convection heat transfer characteristics in an inclined 

wavy-wall cavity filled with Al2O3-water nanofluid.   

Salhi et al. [24] carried out a numerical investigation 

of the natural convection heat transfer performance of  

a wavy-wall enclosed cavity filled with Ag or TiO2–water 

NFs. They reported that the effect of inclination angle and 

type of temperature is more pronounced at higher Rayleigh 

numbers. Moreover, it was shown that the heat transfer 

performance can be optimized by tuning the wavy-surface 

geometry parameters. 

Kashani et al. [25] studied numerically the effects of 

density inversion of water as well as different wavy 

patterns on entropy generation and natural convection heat 

transfer in a two-dimensional cavity filled with the 

nanoparticle-water mixture. Sakanova et al. [26] examined 

the 3D heat transfer of wavy MCHS and compared it with 

a rectangular MicroChannel Heat Sink (MCHS). The 

effect of water and NFs as a coolant in both types of MCHS 

was discussed. Also, the influence of the wave amplitude, 

wavelength, flow rate, and volume concentration of three 

types of NFs on the heat transfer, pressure drop, friction 

factor, and thermal resistance are discussed and compared 

with rectangular MCHS. The influences of solar radiation 

on the two-dimensional stagnation-point flow of nanofluid 

over a stretching sheet have been investigated by  

Ghasemi et al. [27]. 

The use of flat bottom flask has gained importance  

in organic synthesis due to several advantages such as 

operational simplicity, low cost, and ease of isolation after 

completion of the reaction. The study of natural convection 

heat transfer in flasks used in organic chemistry synthesis 

has great importance in the study of chemical reaction 

processes and mechanisms. 

In our work we studied numerically the natural 

convection of NF in an inclined flat bottom flask; it is one 

of the laboratory flasks used in organic chemistry synthesis. 

The flat bottom wall is maintained at a constant high-

temperature Th. The top left and right walls of the cavity 

are maintained at a low-temperature TL. The NF comprises 

Cu and Al2O3 NPs suspended in pure water. The governing 

equations are solved numerically using the finite-volume 

approach and formulated using the commercial software 

package called Fluent 6.3.26 developed by ANSYS, Inc. 

We examined the effects of the NP volume fraction (φ) 

from 0% to 5%, the Rayleigh number from 103 to 106, the 

various inclination angles of enclosure (γ=0°,5°,10°, 15°), 

and the NF type (Cu and Al2O3) on the flow streamlines, 

isotherm distribution, and average Nusselt number. 

 

THEORETICAL SECTION 

Mathematical Formulation 

 Fig. 1 illustrates the flat bottom flask cavity considered 

in the present study. As shown, the left and right walls have 

straight and circular surfaces, while the top and bottom 

walls are straight. In addition, the cavity has a height H = 6 cm, 

diameters D = 4 cm, d1= 1 cm and d2 = 2 cm, and flask 

neck L = 2.5 cm. The gravitational force is assumed to act 

in the negative y-direction.  

The mathematical equations describing the physical 

model are based on the following assumptions: (I) the 

thermophysical properties are constant except for the density 

in the buoyancy force (Boussinesq’s hypothesis), (II) the base 

fluid and NPs are in a thermal equilibrium state, (III) the NPs 

have a uniform size and shape and are well dispersed within 

the base fluid, (IV) the NF in the cavity is Newtonian, 

incompressible, and laminar, (V) the radiation heat transfer 

between the sides of the cavity is negligible when compared 

with the other mode of heat transfer, and (VI) the process  

is not dependent on the time (steady state) and the nanofluid 

flow is stationary and two-dimensional. 

In addition, the related mathematical formulations and 

numerical solution procedures are described below. 

Vorticity [20]: 
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Kinematic [20, 24]: 
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(a) 

 
(b) 

 

Fig. 1: Schematic illustration of flat bottom flask enclosed 

cavity (a) and numerical grid (b). 
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The effective density of the NF is given as [6]: 

 n f f s
1              (6) 

The heat capacitance of the NF is expressed as [10]: 
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The effective thermal conductivity of the NF is approximated 

by the Maxwell–Garnetts model [6]: 
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The effective viscosity of a fluid containing a dilute 

suspension of small rigid spherical particles is given by 

Brinkman [28] as: 
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The radial and tangential velocities are given by  

the following relations respectively [20, 24]: 
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The following dimensionless groups are introduced 

[20, 24]: 
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Where: 
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The dimensionless boundary conditions are written as: 
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The dimensionless radial and tangential velocities are [20, 24]: 
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Where the dimensionless numbers are [20, 24]:  
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The Nusselt number can be expressed as: 

f
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The heat transfer coefficient is expressed as: 
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The thermal conductivity is expressed as: 
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Substituting Eqs (21), (20), and (8) into Eq. (19), and 

using the dimensionless quantities, the Nusselt number  

can be rewritten as: 

n f

f

k
N u

k X

   
   

 

                  (22) 

The average Nusselt number along the hot wall surface 

can be obtained as: 

 

1

m

0

N u N u Y d Y                    (22) 

Where 

l: is the length of the hot wall. 

On the left and right walls: 

 = 0  ,   = 0 

On the top wall: 

 = 0  ,   = 0 

On the bottom wall: 

 = 1  ,   = 0 

 

Grid testing and cod validation 

Based on ANSYS Fluent, the 2D conjugate heat 

transfer problem is numerically solved by a finite-volume 

approach using SIMPLE algorithm [29]. The algebraic 

system resulting from numerical discretization is solved 

by TDMA (Tridiagonal Matrix Algorithm) applied  

in a line going through all volumes in the computational 

domain. A non-uniform grid in x and y directions is used 

for all computations.  

To test and assess the grid independence of the solution 

scheme, numerical experiments are performed as shown 

 in Table 1. This study shows that an unequally spaced grid 

mesh of 80×120 is adequate to describe the flow, and heat 

transfer processes correctly. Also, the time running at Ra = 105 

is 1284 second–mode coding in a computer with RAM 2.00 

GB & CPU core(TM) i3 2.27 (4CPUs) GHz characteristics. 

In order to substantiate the accuracy of the present 

computational code, the results of natural convection 

obtained from the present code are compared with the results 

of natural convection in a differentially heated square 

cavity (Fig. 2) [10, 19]. As seen in Fig. 2 the comparison 

of the present results for the Nusselt number showed 

excellent agreement with the two studies. 

 

RESULTS AND DISCUSSIONS  

In this research, heat transfer characteristics inside  

an inclined cavity filled with NF have been studied.  

We examined in this simulation the effects of the volume 

fraction (φ) of NP from 0% to 5%, the Rayleigh number 

from 103 to 106, the various inclination angles of enclosure 

(γ=0°,5°,10°, 15°) and the type of NF (Cu and Al2O3)  

on the flow streamlines, the isotherm distribution and  

the mean Nusselt number. The working NFs in the enclosure 

is chosen as Cu–water and Al2O3–water mixtures. The 

thermophysical properties of the base fluid (water) and 

NPs (Cu and Al2O3) are given in Table 2.  
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Table 1: Values of the stream function for different uniform grids. 

Ra= 103 

Grid size 4060 6090 80120 100150 

max 0.0345 0.0206 0.0276 0.0273 

 

Table 2: Thermophysical properties of fluid and NPs. 

Physical properties Fluid phase (water) Cu Al2O3 

Cp (J/kgK) 4179 385 765 

ρ (kg/m3) 997.1 8933 3970 

k (W/mK) 0.613 400 40 

α × 107 (m2.s-1) 1.47 1163.1 131.7 

β × 105 (1/K) 21 1.67 0.85 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Nusselt number and comparison with other published 

Works. 

 

Figs. 3 and 4 show the streamlines and isotherms 

contours, respectively. Fig. 3 demonstrates that the 

streamlines are mostly symmetric. It is observed that  

by increasing the Rayleigh number, the stream function 

values generally increase, at low Ra numbers (Ra = 103 

and 104) the value of the stream function is lowest and two 

secondary vortexes formed, contrariwise at high Ra 

numbers (Ra = 105 and 106) the vortexes stretched in the 

horizontal and vertical directions and their strength 

increases. Furthermore, we noted that the thickness  

of the thermal boundary layer next to the heated wall is 

sensitive to the presence of NPs and their volume fraction. 

The appearance of these two vortexes is due to the strong 

vorticity of the nanofluid particles near these regions. 

The isotherms follow the geometry of the flat bottom 

flask (Fig. 4). This result is to be expected since under low 

Rayleigh number conditions, a weak circulation structure 

formed, and thus minimal convection heat transfer occurs. 

However, under high Rayleigh number conditions (Ra = 106), 

the strength of the circulation structure within the cavity 

increases, and the heat transfer within the cavity is dominated 

by convection rather than conduction. In addition, it  

can be seen that the isothermal lines are concentrated near  

the bottom region of the hot wall and the left and right 

regions of the cold circular walls, which justifies the 

experiment made by Rayleigh-Bénard. Consequently, 

large temperature gradients are formed in the bottom 

region of the hot wall. 

Figs. 5 and 6 represent the flow and thermal fields  

in terms of streamlines and isotherms contours, respectively, 

based on the four inclination angle of the cavity 

(γ=0°,5°,10°, 15°) for two types of NFs (Cu and Al2O3) 

with various volume fractions of NPs (φ =0.025, 0.05),  

at Ra = 105. The solid lines represent the results associated 

with the pure water (φ = 0), the dashed lines show the 

results pertaining to the Cu NPs and the dot-dashed lines 

show the Al2O3 NPs. Fig. 5 demonstrates that the streamlines 

are mostly symmetric. It is observed that increasing 

 the inclination angle of the cavity, the value of the stream 

function generally decreases. By increasing volume 

fractions of NPs and therefore increasing the flow strength, 

streamlines become denser near the vertical wavy walls. 

At φ = 0.05, the form of vortexes is stretched in vertical 

and horizontal directions and are, for Cu, superior to 

Al2O3. Also, it is apparent from Fig. 6 that the isothermal 

lines are concentrated near the bottom region of the cavity 

and in the left and right regions of the cold circular walls.  
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Ra |𝜓max| (a) |𝜓max| (b) 

 

 
 

103 

 

 
|𝜓max|fp =0.0276102 

|𝜓max|Al2O3 =0.0307163 

|𝜓max|Cu =0.0368197 

 

 

 
|𝜓max|fp =0.0276102 

|𝜓max|Al2O3 =0.0380972 

|𝜓max|Cu =0.0425888 

 

 

 

 
104 

 

 

|𝜓max|fp =0.0445104 

|𝜓max|Al2O3 =0.0466515 

|𝜓max|Cu =0.0485373 

 

 

 

|𝜓max|fp =0.0445104 

|𝜓max|Al2O3 =0.0492429 

|𝜓max|Cu =0.0543827 

 

 
 

 

105 

 
 

|𝜓max|fp =0.0625494 

|𝜓max|Al2O3 =0.0660967 

|𝜓max|Cu =0.0681231 

 

 
 

|𝜓max|fp =0.0625494 

|𝜓max|Al2O3 =0.0682778 

|𝜓max|Cu =0.0721819 

 

 

 
 

106 

 

 
|𝜓max|fp =0.0742593 

|𝜓max|Al2O3 =0.0758892 

|𝜓max|Cu =0.0784219 

 

 

 
|𝜓max|fp =0.0742593 

|𝜓max|Al2O3 =0.0797695 

|𝜓max|Cu =0.0821135 

 

 

Fig. 3: Streamlines contours for various values of Rayleigh number, with (a) φ = 0.025, (b) φ = 0.05. For both the pure fluid 

(—) and NFs [(Cu (----) and Al2O3 ( -.-.-)]. 
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 (a) (b) 

 

 

 

 

 

Ra=103 

 
 

 

 

 

 

 

Ra=104 

  

 

 

 

 

Ra=105 
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Fig. 4: Isotherms contours for various values of Rayleigh number, with (a) φ = 0.025, (b) φ = 0.05. For both the pure fluid (—) 

and NFs [(Cu (----) and Al2O3 ( -.-.-)]. 
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Fig. 5: Streamlines at various inclination angles and various volume fractions of NPs: (a) φ = 0.025, (b) φ = 0.05. For both the 

pure fluid (—) and NFs [(Cu (----) and Al2O3 ( -.-.-) and Ra = 105. 
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Consequently, large temperature gradients are formed  

in the bottom region of the hot wall. Since the buoyancy 

effect becomes more intense as the volume fraction  

of NPs increases and the type of NF changes, the strength 

of the circulation structure within the cavity increases. 

 As well, the increase of the volume fraction increases  

the values of the thermophysical properties of the nanofluids, 

in particular the thermal conductivity. This improves  

the heat transfer and consequently the isotherms are moved 

to the walls having low temperatures. The effect of the 

inclination angle on the isotherm lines is shown  

in Fig. 6. We can see that by decreasing the inclination 

angle, the natural convection effect is remarkable.  

As a result, the deviation of isotherms reduces and  

the isotherms become more stratified [19]. Therefore,  

it can be inferred that the heat transfer in the cavity  

is dominated by the conduction effect. This result is  

to be expected because, under the condition of a large 

inclination angle, a weak circulation structure is formed, 

so minimal convective heat transfer occurs [24]. Fig. 5 

illustrates streamlines at various inclination angles for both 

the pure fluid and NFs. The streamlined distributions  

at initial inclination angle (γ=0°), show that there exist 

two large cells form separately, in the left and right 

regions of the cavity. Moreover, in the top corner of the 

cavity at γ=5°, there exists a relatively small cell. From 

γ=10°, the cavity is mainly occupied by a single large cell 

in the center of the cavity and a small cell in the left wavy 

wall. Also, the recirculation is anticlockwise and some 

perturbations are seen in streamlines which are characteristics 

of a cavity flow problem [19]. The numerical results indicate 

that good heat transfer was obtained for a vertical enclosure 

(γ=0°) and volume fractions of 0.05 where a good form  

of flow structure was observed. 

Fig. 7 shows a diagram of the mean Nusselt number 

versus Rayleigh number for two different types of NFs  

(Cu and Al2O3) at an inclination angle (γ = 0°). As it is clear 

 in this diagram, under this condition increasing Rayleigh 

number causes the mean Nusselt number and total heat 

transfer inside the cavity to increase. In addition, the type 

of NFs increases the mean Nusselt number and heat transfer 

inside the cavity. The maximum value of the mean Nusselt 

number was noted at Rayleigh 106 and for copper NPs.  

Fig. 8 presents the variation of the mean Nusselt number 

with volume fraction using different NPs. The results are presented 

for Rayleigh number of 105 and inclination angle (γ = 0°). 

The figure shows that the heat transfer increases with 

increasing the volume fraction for all NFs. It can be seen, 

that the lowest heat transfer was obtained for pure fluid  

due to the domination of the conduction mode of heat 

transfer because water has the lowest value of thermal 

conductivity compared to Cu and Al2O3. However, we 

observed a remarkable difference in the values of Al2O3 

and Cu. As the volume fraction of NPs increases,  

the difference for the mean Nusselt number becomes larger 

especially at higher Rayleigh numbers due to increasing 

the domination of the heat transfer convection mode.  

The highest heat transfer is recorded when using Cu NP for  

φ = 0.075 and Ra = 105. 

The change of mean Nusselt numbers versus different 

inclination angles is presented in Fig. 9 for a given 

Rayleigh number and volume fraction of NPs. Generally 

for all the types of NFs, as the inclination angle increases 

the mean Nusselt number decreases. For the horizontal 

cavity (γ= 0°), the mean Nusselt number has the highest 

value in comparison with other angles. This may be due to 

a single primary vortex throughout the cavity for the 

inclined cavities (from 10°). When the flat bottom wall  

of the cavity is horizontal or nearly horizontal, the presence 

of secondary vortices increases the Nusselt number.  

In conclusion, the highest heat transfer is recorded when 

using Cu NF for Ra=105, γ= 0°, and φ = 0.05. 

 

CONCLUSIONS 

The current study demonstrates the effects of the 

volume fraction (φ) of nanoparticles, the Rayleigh number, 

the various inclination angles of enclosure and the 

nanofluid type on the flow streamlines, the isotherm 

distribution, and the mean Nusselt number. Taken 

together, the main findings were:  

1- The stream functions and Nusselt number increase 

by increasing Rayleigh number. In addition, it can be seen 

that heat transfer increases by increasing the Rayleigh 

number for a particular volume fraction. 

2- Larger heat flow circulation cell occurs at the lowest 

inclination angles and the best heat transfer was obtained 

for a vertical enclosure (γ=0°).  

3- The performance of Cu and Al2O3 nanofluids  

has been investigated, and they show better heating 

implementation as compared to pure water.  

4- The presence of Cu and Al2O3 nanoparticles results 

from an increase in Nusselt number.  
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Fig. 6: Isotherms at various inclination angles and various volume fractions of NPs: (a) φ = 0.025, (b) φ = 0.05. For both the pure fluid (—) 

and NFs [(Cu (----) and Al2O3 ( -.-.-)] and Ra = 105. 
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Fig. 7: Variation of mean Nusselt number with Rayleigh 

number as a function of NPs types. For both the pure fluid  

(φ = 0) and NFs (φ = 0.025) and at inclination angle γ = 0°. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8: Variation of mean Nusselt number with volume fraction 

of Cu and Al2O3 NPs. For Ra=105 and γ = 0°. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9: Variation of mean Nusselt number with inclination 

angle as function of water, Cu and Al2O3 NPs. At Ra=105 and 

φ = 0.05. 

5- For high Rayleigh numbers the difference in heat 

transfer increases by increasing the volume fraction value 

of nanoparticles.  

6- The Cu–water nanofluid exhibits the best performance 

by providing the highest heat transfer.  

 

Nomenclatures 

Cp       Specific heat, J/kg.K 

g               Gravitational acceleration, m/s2 

T               Temperature, K 

u, v        Components of velocity, m/s 

U, V                         Dimensionless components of velocity 

x, y              Cartesian coordinates, m 

X, Y          Dimensionless coordinates 

H         Height of cavity, m 

H          Heat transfer coefficient, W/(m2.K) 

qw              Heat flux, W/m2 

L                           Height of the neck of the flask, m 

D               Diameter of the flask, m 

d1         Diameter of the neck of the flask, m 

d2      Diameter of the bottom of the flask, m 

l               length of the hot wall, m 

k                   Thermal conductivity, W/mK 

Nu               Nusselt number 

Pr          Prandtl number, Pr = f / f 

Ra            Rayleigh number, Ra = g.f.T.H3 / f / f  

f                  Fluid 

s                Solide 

nf or NF         Nanofluids 

eff            Effective 

NP                  Nanoparticles 

Cu                   Copper nanoparticles 

Al2O3    Alumina nanoparticles 

MCHS                Microchannel heat sink 

TDMA                  Tridiagonal Matrix Algorithm 

 

Greek symbols 

            Thermal diffusivity, m2/s 

            Kinematic viscosity, m2/s 

          Dynamic viscosity, N.s.m-2 

                Density, kg/m3 

            Thermal expansion coefficient, K-1 

                Dimensionless vorticity 

                  Dimensionless stream function 

                       Dimensionless temperature 
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      Nanoparticle volume fraction 

              Inclination angle 
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