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0  INTRODUCTION

Natural convection in enclosed cavities can be found 
in many engineering applications, such as those 
found in nuclear reactor cooling, energy transfer in 
buildings, and electronic equipment cooling. The goal 
of this study is to investigate the effect of adding Al2O3 
nanoparticles on the flow and heat characteristics 
of the low-pressure slip gaseous airflow in a square 
cavity in which the hot wall is attached to two fins. 
Moreover, the effect of the Knudsen number (Kn), 
the Rayleigh number (Ra) and volume fraction of 
the nanoparticles on these characteristics will be 
addressed and discussed thoroughly.

A low-pressure flow is classified based on (Kn). 
Referring to Schaaf and Chambre [1]; Cercignani and 
Lampis [2], four different flow regimes are identified: 
continuum regime, slip regime, transitional regime, 
and free molecular regime. For slip flows, both slip 
velocity and temperature jump boundary conditions 
are applied at the surfaces. 

Due to the importance of natural convection in 
cavities, extensive studies have been conducted, both 
experimentally and numerically. For instance, Bilgen 
[3] studied the natural convection heat transfer in 
differentially heated cavities numerically. In his study, 
streamlines and isotherms are produced, and effects 
of the Rayleigh number and the relative conductivity 
ratio on the flow characteristics is carried out. The 
results show that the Nusselt number increases as the 
Rayleigh number increases and the Nusselt number 
decreases as the relative conductivity ratio increases. 
Alkhalidi et al. [4] investigated the buoyancy-driven 
heat transfer in rarefied gas inside a conjugate 
cavity. The governing equations along with the slip 
flow and temperature jump boundary conditions are 
solved using a finite-volume technique. Simulations 
are carried out for different conductivity ratios, 
Rayleigh numbers, and cavity tilt angles. Moreover, 
a correlation among the Nusselt number and those 
parameters is proposed. In their study, Benseghir and 
Rahal [5] carried out a numerical simulation of heat 
transfer in a square cavity with two fins attached to 
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Highlights
• This research aims to study numerically laminar steady natural convection flow in a cavity in which two solid fins are attached 

to the hot side wall.
• The cavity was filled with air-Al2O3 nanofluid.
• The effects of the Knudsen number, the Rayleigh number and the volume fraction of the nanoparticles were investigated.
• It was found that the heat transfer rate is enhanced by increasing the volume fraction of the nanoparticles, increasing the 

Rayleigh number and decreasing the Knudsen number.
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the hot wall. A parametric study is presented for 
the Rayleigh number equalling 105 and different 
dimensionless positions of the fin. They determined 
that there is an optimum position of the fins to achieve 
the maximum heat transfer. In their work, Al-Kouz et 
al. [6] numerically investigated low-pressure flow and 
heat transfer characteristics in an inclined enclosed 
cavity in which the hot wall is attached to two fins, 
the effects of the Knudsen number, the Rayleigh 
number, porosity of the fins, location of the fins, 
length of the fins, tilt angle and the conductivity ratio 
are presented. In addition, a correlation of the Nusselt 
number among these parameters is proposed. In the 
reviewed work conducted by Öztop et al. [7], two- 
and three-dimensional numerical investigations along 
with experimental techniques are used to investigate 
the effects of the type and location of the heat source 
on the flow and heat characteristics of the flow inside 
enclosed cavities. Furthermore, the effects of different 
boundary conditions and different configurations 
on the flow and heat characteristics inside enclosed 
cavities are identified and reported. 

Enhancement of heat transfer by utilizing 
nanofluid has attracted great attention and motivated 
the investigation of such flows in recent decades. This 
is mainly due to their relevance to many engineering 
applications, such as those found in automotive 
cooling industry. Due to the increasing need for 
ultrahigh performance cooling systems, nanofluids 
have been recently investigated as next-generation 
coolants for car radiators as stated by Bigdeli et al. [8]. 
Furthermore, nanofluids can be found in the electronic 
cooling industry and many others.

Akbari et al. [9] studied forced the turbulent 
convection of Al2O3-water and Cu-water inside 
horizontal tubes. They showed that dispersing 
the nanosolid particles in the flow improves 
thermophysical and thus enhances heat transfer. 
However, some penalties are paid due to the increase 
in pressure drop. Balandin et al. [10] reported that 
by adding graphene to the base fluid, the resulting 
thermal conductivity will enhance heat transfer.

Experimental and numerical works have revealed 
many different types of nanoparticles that have been 
used to enhance the heat transfer; these include but 
are not limited to metals and oxide metals. In this 
research, we will consider adding Al2O3 to the base 
fluid (low-pressure air) in a square cavity in which the 
hot wall is attached to two fins.

The type and concentration of the nanoparticles 
affect the thermal behaviour of the resulting 
nanofluid. Many research studies, both numerical and 
experimental have tackled this issue such as Akbari 

et al. [9], Balandin et al. [10], Kalteh et al. [11], and 
Hussein et al. [12].

Excellent reviews of the heat transfer 
characteristics of nanofluid in forced and free 
convection flows can be found in the studies of Wang 
and Mujumdar [13], Yu et al. [14], Sarkar et al. [15], 
Saidur et al. [16], Suresh et al. [17] and Hussien et al. 
[12].

A state-of-the-art review of the viscosity of 
nanofluid is given in Murshed and Estellé [18], in 
which different models available in the literature 
along with their application range are reported. Also, 
effects of temperature and the concentration of the 
nanoparticles on the heat transfer characteristics have 
been identified and explicitly reviewed.

Dispersing Al2O3 in the base fluid is a common 
practice in many thermal applications. Adding these 
particles will enhance the thermal conductivity of the 
resulting fluid.

Labib et al. [19] computationally investigated 
the effect of base fluid on convective heat transfer 
utilizing Al2O3 nanoparticles. Their results show 
that ethylene-glycol-base fluid will give better heat 
transfer enhancement than that of water.

Experimental investigation of convective heat 
transfer of Al2O3 water nanofluid in circular tubes has 
been studied by Heris et al. [20], Nusselt numbers of 
nanofluids were obtained for different nanoparticle 
concentrations as well as for different Reynold and 
Peclet numbers. Experimental results show that 
mixing the base fluid with nanoparticles is superior 
to the single base fluid as far as the heat transfer 
enhancement is concerned. In the work presented by 
Moghadassi et al. [21], CFD modelling of a horizontal 
circular tube was utilized to study the effect of 
nanofluids on laminar forced convective heat transfer. 
In their study, water-based Al2O3 and Al2O3-Cu hybrid 
nanofluids were considered. The results show that the 
hybrid nanofluid resulted in a higher convective heat 
transfer coefficient. Experimental results illustrated 
by Noie et al. [22] show that suspended nanoparticles 
(Al2O3) in water nanofluid enhanced the heat transfer 
in a two-phase closed thermosyphon; different volume 
fractions were taken into consideration. In their work, 
results show that the efficiency of the two-phase 
closed thermosyphon increases up to (14.7 %) when 
adding Al2O3 nanoparticles to the base fluid.

Salman et al. [23] solved numerically laminar 
convective heat transfer in a two-dimensional 
microtube with constant heat flux. They considered 
different types of nanofluids with different 
nanoparticle sizes and different volume fractions. 
They found that the Nusselt number increases 
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with the volume fraction and decreases with the 
nanoparticle size. Moreover, the Nusselt number 
increases with the Reynolds Number. Williams et al. 
[24] investigated the turbulent convective heat transfer 
and pressure loss of aluminium water nanofluid in 
horizontal tubes; different particle concentrations 
were considered. They compared their results with 
the available traditional single-phase correlations 
for fully developed flow; no abnormal heat transfer 
enhancement was observed in the study. Steady 
laminar mixed convection flow in a lid-driven 
square cavity filled with Al2O3 water nanofluid 
was investigated computationally by Taamneh and 
Bataineh [25]. Different volume fractions of the 
nanoparticles as well as different Richardson numbers 
were considered. Simulation results show that adding 
nanoparticles to the base fluid will increase the heat 
transfer rate. In addition, increasing the Richardson 
number increases the average Nusselt number.

Although there are many research studies that deal 
with the heat transfer characteristics, there is a lack of 
studies that consider the heat transfer characteristics 
of low-pressure gaseous nanofluids. In this paper, 
further insight on adding nanoparticles to the low-
pressure gaseous flow and heat transfer characteristics 
in the square cavity of length L in which two solid fins 
are attached to the hot wall is provided. In the present 
study, 0 ≤ ϕ ≤ 0.2, 0 ≤ Kn ≤ 0.1  to cover both continuum 
and slip flow regimes. 103 ≤ Ra ≤106 to study the 
effect of both conduction dominant versus convection 
dominant modes of heat transfer. LF/L is set to 0.5 m; 
HF takes the value of 0.25 to 0.75. A finite volume 
numerical computational fluid dynamics (CFD) 
solution utilizing the Boussinesq approximation is 
used to obtain the solution for such flows. The Prandtl 
number (Pr) is taken to be constant and is equal to 
0.7. The Knudsen number was varied by controlling 
the pressure inside the cavity. The effects of Kn, Ra, 
and the nanoparticles’ volume fraction on the flow and 
heat transfer characteristics are investigated.

1  MATHEMATICAL FORMULATION

1.1  Governing Equations

In this study, two-dimensional laminar and steady-
state natural convection flow is investigated. The 
Boussinesq approximation is utilized to account for 
the buoyancy force, and all other fluid properties are 
considered constant. Fig. 1 represents flow in the 
geometry under investigation, which is a square cavity 
of length L in which two fins are attached to the hot 

wall. In this study, continuum and slip flow regimes 
are considered.

Fig. 1.  The geometry used for the computational domain

Adding nanoparticles to the base fluid will 
change the thermophysical properties of the resulting 
nanofluid. It is assumed that the suspension of the 
nanoparticles is homogeneous with well-dispersed 
nanoparticles (i.e. no particle aggregation). Following 
Hussien et al. [12] and Cardellini et al. [26], the 
properties of the nanofluid can be calculated based on 
the following equations:

Viscosity:
We adapted the Brinkman model [27] for viscosity 

since the range of the volume fraction of the nanosolid 
particles investigated is below 0.2. It is also important 
to mention here that we had examined the results from 
another viscosity model, of Hatschek [28] for ϕ = 0.2 
and the difference between the Brinkman model and 
Hatcheck model is less than 1% for ϕ = 0.2.

The Brinkman model for viscosity is as follows:

 µ
µ
ϕnf
f=

−( )
.

.1 2 5
 (1)

Density:

 ρ ϕ ρ ϕρnf f s= − +( ) .1  (2)

Heat capacitance:

 Cp Cp Cpnf f s= − +( )( ) ( ) .1 ϕ ϕ  (3)
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Thermal conductivity:
Following the Maxwell-Garnett (MG) [29] model 

and based on the assumption that the suspension is 
homogeneous with well-dispersed nanoparticles, then:
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Table 1 summarizes the thermophysical properties 
used to obtain the resulting properties of the Al2O3-air 
nanofluid.

Table 1.  Thermophysical properties for air and Al2O3

Physical properties Air Al2O3

Cp [J/(kg K)] 1006.43 765

ρ [kg/m3] 1 3970

k [W/m2K] 0.025 40

β [1/K] 0.00333 0.0000085

α [m2/s] 0.000019 0.00001317

To calculate the resulting properties of the 
nanofluid, user-defined functions (UDFs) were used 
in Fluent 18. The governing equations that describe 
the problem under investigation are summarized 
below:

Continuity:
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y- momentum:

ρ ρ µnf nf nfu v
x
v v
y

P
y

g v
x

v
y

∂
∂
+

∂
∂









 = −

∂
∂

− +
∂
∂

+
∂
∂











2

2

2

2
.  (8)

Energy:
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The boundary conditions applied for the slip flow 
regime are the temperature jump and slip velocity 

at the hot and cold walls of the cavity; reported 
by Karniadakis et al. [30], Lockerby et al. [31] and 
Kandlikar et al. [32] as follows:
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where σv and σT represent the momentum and thermal 
accommodation coefficients.

The corresponding Knudsen number is defined as 
follows:

 Kn
L

=
λ ,  (13)

where λ is the mean free path, and L is the length of 
the square cavity.

Thermal boundary conditions are imposed at x = 0 
and L such that:

At  (x = 0, y),     T = Th , (14)

At  (x = L, y),     T = Tc ,, (15)

where Th is the hot surface temperature, and Tc is the 
cold surface temperature, the fins’ temperature is set 
to Th.

The local heat flux is calculated as follows:

 ′′ = −
∂
∂

q k T
nF F ,  (16)
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∂
∂
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∂
∂

q k T
n

q k T
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Heat transfer from the hot to the cold wall is 
calculated by integrating the local heat flux along the 
wall of the hot wall and the fins as follows:

        Q q dA q dA q dAh h
A

F F
A

c c
Ah F c

= ′′ + ′′ = ′′∑ ∫ ∫ ∫( ) .  (18)

Then, the average heat transfer coefficient along 
the wall of the hot surface and the fin or along the wall 
of the cold surface is calculated by combining Eqs. 
(16) to (18).
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From Eq. (19), the average Nusselt number can 
be calculated as follows based on the unit length of 
the cavity:

 Nu hL
k

h
knf nf

= = .  (20)

2  NUMERICAL SOLUTION  

In this study, a finite volume analysis is used to 
serve as a method of solution for the problem under 
investigation. Initially, a mesh of 40×40 elements is 
tested. The SIMPLE algorithm, reported by Versteeg 
and Malalasekera [33] and Patankar and Spalding 
[34], is used. In addition, the PRESTO algorithm is 
utilized to calculate the pressure field. To differentiate 
the convective terms, a hybrid second order accuracy 
scheme of central and upwind difference is used. All 
momentum and thermal accommodation coefficients 
are assumed to be unified for all simulations. It is worth 
mentioning here that the effect of the momentum and 
thermal accommodation coefficients on the Nusselt 
number has been examined; it was found that the 
Nusselt number is insensitive to these coefficients in 
comparison to the rest of the parameters considered in 
this study. Table 2 illustrates the effects of momentum 
and thermal accommodation coefficients on the 
Nusselt number for the case in which Ra = 106, ϕ = 0.02 
and Kn = 0.05, the table shows that these coefficients 
have almost negligible effects on the Nusselt number. 
The solution is considered to be converged when the 
maximum of the normalized absolute residual across 
all nodes is less than 10–6. 

Table 2.  Effects of the momentum and thermal accommodation 
coefficients on the Nusselt number for the case in which Ra = 106, 
ϕ = 0.02 and Kn = 0.05

σv σT Nu

0 0 1.9582
0.05 0.05 1.9586

1 1 1.9588

3  GRID INDEPENDENCE

The grid that was used in all simulations is illustrated 
in Fig. 2. It consists of a two-dimensional mesh. As a 
starting mesh, the grid step sizes are increasing in the 
x and y directions with expansion factors of 1.06 and 
1.15, respectively; these values were chosen in order 
to capture the gradients’ near solid-fluid interface. 
Then the mesh was adapted in which velocity 

gradients near the solid surfaces are calculated. More 
cells were added to reduce the gradients below a 
certain value. It was observed that any further change 
in these parameters would not affect the results. A grid 
sensitivity analysis test is carried out by monitoring 
the average Nusselt number at the cold wall, and 
solutions were obtained for different numbers of grid 
nodes. It was obvious that adding more cells beyond a 
certain value will not change the value of the average 
Nusselt number at the cold surface of the square 
cavity.

Fig. 2.  Adaptive grid system technique used in the simulations

Fig. 3 demonstrates that the solution is mesh-
independent for a grid of 100×100 nodes. This grid 
size is used for all simulations conducted in this 
research.

Fig. 3.  Grid independence test

4 CODE VERIFICATION

To verify the numerical code, the results of the 
current code are compared with the results obtained 
by De Vahl Davis and Jones [35], De Vahl Davis [36] 
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and Sarkar et al. [37] for the case of gaseous airflow 
inside a square cavity with no fins attached to the 
hot wall. Table 3 shows a comparison between the 
mean Nusselt number at the cold surface obtained by 
the current code and that obtained by [34] to [36] at 
Ra = 104, 105 and 106. Comparisons show excellent 
agreement with an error of less than 1 %. In addition, 
Fig. 4 shows results from the current code compared 
to the results obtained by Taamneh and Bataineh [25] 
at ϕ = 0.01 and different Richardson numbers (Ri) for 
the case of mixed convection heat transfer in a square-
lid-driven cavity filled with water/Al2O3 nanofluid. 
The figure illustrates that there is a maximum error of 
3 %.

Table 3.  Comparison between results obtained from present study 
and those obtained by [34] to [36]

Ra 104 105 106

[35], [36] 2.243 4.519 8.800
[37] 2.24 4.51 8.82

Present study 2.241 4.52 8.83

Fig. 4.  Comparison between results obtained from the current 
code to results obtained by Taamneh and Bataineh [25]

5  RESULTS AND DISCUSSION

Fig. 5 shows the velocity stream function contours 
inside the square cavities with a fin position of  
HF = 0.25 to 0.75 and fin lengths of 0.5 m for the 
cases with Knudsen number values of zero, 0.01, 
0.05 and 0.1 to cover the continuum and slip flow 
regimes. Moreover, two different values of the 
nanoparticles volume fraction of ϕ = 0.01 and 0.2 are 
also considered. The streamlines are plotted for cases 
where Ra = 105. By inspecting the streamlines, it is 
obvious from the graphs that a large clockwise rotating 
cell is formed. By increasing the Knudsen number by 
the same volume fraction, less circulation is observed 
inside the cavity in the regions between the two fins, 

between the upper fin and the upper wall, and between 
the lower fin and the lower wall. This decrease in 
circulation and distortion of the streamlines will affect 
the heat transfer characteristics as will be shown later.  
The hot fluid near the hot wall (left wall) is rising and 
replacing the cold fluid near the cold wall (right wall) 
that is falling. For the cases of ϕ = 0.2 and different 
Knudsen numbers, it is clear that more changes to 
the flow are observed (more recirculating regions) in 
comparison to ϕ = 0.01. Greater recirculation in the 
flow and distorted streamlines will lead to better heat 
transfer enhancement. 

Fig. 5.  Streamlines, Kn = 0, 0.01, 0.05, 0.1 at two different 
nanoparticle volume fractions (ϕ =0.01 and 0.2)

Fig. 6 shows the isothermal contours inside the 
square cavities for the same cases and parameter values 
considered in Fig. 4. By observing the contours for the 
case of ϕ = 0.01 and different Knudsen numbers. It is 
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found that for the case of higher Knudsen numbers, 
mostly the area near the fins are affected while the rest 
of the cavity is almost unaffected; for the case of the 
Knudsen number equalling zero, more area inside the 
cavity is affected and more distortion of the contours 
occurred. For the case of ϕ = 0.2, remarkable distortion 
and recirculation in the flow are happening compared 
to the cases of ϕ = 0.01. It is also obvious that by 
increasing the Knudsen number, less distortion, 
mixing and recirculation of the flow are happening. 
This will affect the heat transfer characteristics.

Fig. 6.  Isotherms, Kn = 0, 0.01, 0.05, 0.1 at two different 
nanoparticle volume fractions (ϕ = 0.01 and 0.2)

Fig. 7 illustrates the variation in the vertical 
velocity Vy along the horizontal centreline of the 
cavity with the length of the cavity (L), in which the 
Knudsen number takes the value of 0.05 and different 
values of Rayleigh numbers. The graph shows that as 
that Rayleigh number increases the vertical velocity 
near the walls will increase; this will enhance the 
heat transfer. It is worth mentioning here that in the 
region away from the walls; the vertical velocity is 

almost constant, which means that the dominant mode 
of heat transfer in this region is conduction, while at 
the walls it is convection. For low values of Rayleigh 
number, the figure indicates that there is no variation 
of the vertical velocity, and the dominant mode of heat 
transfer is condution.

Fig. 7.  Variation of the vertical velocity (Vy) with the length of the 
cavity (L) for different Rayleigh numbers, Kn = 0.05

In Fig. 8, the temperature distributions T along the 
horizontal centreline of the cavity are plotted against 
the length of the cavity (L) for different Rayleigh 
numbers at a fixed value of the Knudsen number of 
0.05. The graph shows that as the Rayleigh number 
increases, the convection heat transfer becomes the 
dominant mode of heat transfer, this is very clear from 
the variation of the temperature at the wall boundaries 
for higher Rayleigh numbers. For the cases of lower 
values of Rayleigh numbers, the conduction mode of 
heat transfer dominates.

Fig. 8.  Variation of the temperature (T) with the length of the cavity 
(L) for different Rayleigh numbers, Kn = 0.05

Vertical velocity (Vy) variations along the 
centreline of the cavity at constant Rayleigh number 
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of 106 and different Knudsen numbers that cover the 
continuum and slip regimes are plotted in Fig. 9. The 
graph shows that as the Knudsen number increases 
then the slip velocity at the boundaries will increase; 
this will result in less heat transfer and, consequently, 
a lower Nusselt number.

Fig. 9.  Variation of the vertical velocity (Vy) with the length of the 
cavity (L) for different Knudsen numbers, Ra = 105

Fig. 10 demonstrates the temperature variations 
along the centreline of the cavity at Ra = 106 and 
different values of Knudsen numbers that cover the 
continuum and slip flow regimes. The graph shows 
that as the Knudsen number increases, the temperature 
jump at the hot wall increases.

Fig. 10.  Variation of the temperature (T) with the length of the 
cavity (L) for different Knudsen numbers, Ra = 105

Variations of the Nusselt number with Rayleigh 
number at different volume fractions and Kn = 0.1 are 
plotted in Fig. 11. The graph shows that the Nusselt 
number increases as the Rayleigh number increases 
for all values of the volume fractions considered in 
this study. Moreover, the graph shows that the Nusselt 
number increases as the volume fraction increases for 
the same value of the Rayleigh number. The graph 

also shows that when the Rayleigh number is below 
104, the dominant mode of heat transfer is conduction. 
In addition, when 104 < Ra < 105 then there is a 
combination of conduction and convection modes of 
heat transfer happening inside the cavity while for 
the range where Ra is greater than 105, the dominant 
mode of heat transfer is mainly convection.

Fig. 11. Variation of Nusselt number (Nu) with the Rayleigh 
number (Ra) at different ϕ, Kn = 0.1

In Fig. 12, variations of the Nusselt number 
with the solid nanoparticles volume fraction (ϕ) for 
different values of the Knudsen number and Ra = 106 
are plotted. The graph shows that as ϕ increases 
the Nusselt number increases for all values of the 
Knudsen number. For instance, and at Kn = 0.05, the 
graph shows that there is a percentage increase of 
53 % in the Nusselt number for the case when ϕ = 0.2 
compared to ϕ = 0.01. Moreover, the graph shows that 
as the Knudsen number increases the Nusselt number 
decreases. This can be justified due to the rarefaction 
effects. 

Finally, a correlation for the Nusselt number 
among all the parameters taken into consideration in 
this study in the slip flow regime and ϕ ≠ 0 is proposed 
in the following equation with R2 = 0.87:

 Nu Ra Kn= −0 2196 0 0829 0 511 0 104. . . .ϕ . (21)

It should be noted that the range of Rayleigh 
numbers used in the simulation is the reason for the 
weak dependency of Nusselt numbers on Rayleigh 
numbers. Rayleigh number range is from the 
conduction dominant heat transfer all the way to 
the transitional regime between the conduction and 
convection heat transfer.
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Fig. 12.  Variation of Nusselt number (Nu) with the volume fraction 
(ϕ) at different Kn

Based on Eq. (21), one can plot many master 
curves to show the effects of the investigated 
parameters on the Nusselt number. For instance, Fig. 
13 shows one master curve in which Ra is fixed to 
106, and the Knudsen number and the nanoparticles 
volume fraction were varied. Many other similar 
curves can also be generated.

Fig. 13. Variation of Nusselt number (Nu) with the volume fraction 
(ϕ) at different Kn for the case where Ra = 106 and based  

on Eq. (21)

6  CONCLUSIONS

A steady, two-dimensional analysis of low-pressure 
gaseous laminar nanofluid flow inside a square 
cavity in which the hot surface is attached to two 
solid fins is carried out. This type of flow serves 
in many engineering applications such as those in 
nuclear reactors and electronic equipment cooling. 
Rarefaction, Rayleigh numbers, and the volume 
fraction of the nanoparticles effects on both flow and 

heat characteristics of such flows are investigated. 
Results show that as the Knudsen number increases, 
the slip velocity and the temperature jump at the 
boundaries will increase and the average Nusselt 
number decreases. Moreover, it is found that as the 
Rayleigh number increases, the Nusselt number 
increases. In addition, it is found for the investigated 
range of the nanoparticles volume fraction that as this 
fraction increases then the average Nusselt number 
increases. Finally, a correlation among the Nusselt 
number and the parameters investigated in this study 
is proposed.

7  NOMENCLATURE

Ac Cold wall area, [m2]
Ah Hot wall area, [m2]
AF Fin area, [m2]
AT Area of the fin and the hot wall AT = Ah + AF , [m2]
Cp Specific heat, [J kg-1 K-1]
g Gravity acceleration in the x direction, [m·s-2]
Gr Grashof number, [-]
h1 Fin 1 Position, [m]
h2 Fin 2 Position, [m]
h Convection heat transfer coefficient, [W m-2 K-1]
k Thermal conductivity, [W m-1 K-1]
Kn Knudsen number, [-]
kf Fluid thermal conductivity, [W m-1 K-1]
knf Nanofluid thermal conductivity, [W m-1 K-1]
ks Nano particles thermal conductivity, [W m-1 K-1]
L Length of the square cavity, [m]
LF Fin length, [m]
Nu Nusselt number, [-]
P Pressure, [Pa]
Q Heat transfer, [W]
′′qc  Local heat flux at the wall of the cold surface, 

[W·m-2]
′′qh  Local heat flux at the wall of the hot surface, 

[W·m-2]
′′qF  Local heat flux at the fin, [W·m-2]

R Universal gas constant, [J·mol-1·K-1]
Ra Rayleigh number, [-]
Re Reynolds number, [-]
Ri Richardson number (Gr/Re2)
T Temperature, [°C]
Tc Temperature of the first cell from the wall, [°C]
Ti Hot surface temperature, [°C]
To Cold surface temperature, [°C]
u Velocity in x-direction, [m·s-1]
uc Tangential velocity of the first cell from the wall, 

[m·s-1]
v Velocity in y-direction, [m·s-1]
x, y Cartesian coordinates, [m]
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Greek symbols
α Thermal diffusivity [m2·s-1]
β Thermal expansion coefficient, [K-1]
γ Specific weight, [N·m-3]
λ Molecular mean free path, [m]
μ Dynamic viscosity, [kg m-1 s-1]
ν Kinematic viscosity, [m2·s-1]
ϕ Nano particles volume fraction, [%]
Ρ Density of air, given by ideal gas equation
 (P/RT), [kg·m-3]
σT Thermal accommodation coefficient
σv Momentum accommodation coefficient

Subscripts
eff Effective
f Fluid
F Fin
g Gas flow
i Hot wall
n Normal
nf Nanofluid
o Cold wall
r Ratio
w wall
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