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Abstract
The present paper executes the natural convection flow and heat transfer inside a prismatic enclosure with nonuniform temperature distribution maintained at the bottom wall. The water-Al2O3 nanofluid is used as the heat
transfer medium through the enclosure. Finite Element Method of Galerkin’s weighted residual scheme is used
to solve the transport equations with appropriate boundary conditions. Computations are done for various
Rayleigh number Ra (103 to 106) for nanofluid as well as for the base fluid. Isotherms, streamlines and heat
lines, local and average heat transfer are presented graphically. Results show that nanofluid gives the higher
transfer rate than that of the base fluid for all the considered Ra values.
Keywords: Natural convection; finite element method; heatline, nanofluid; prismatic enclosure; non isothermal
wall.

1. Introduction
Natural convection in enclosures finds its applications in geophysics, geothermal reservoirs, insulation of
building, heat exchanger design, building structure etc. that motivates many researchers to perform numerical
simulation to investigate the flow pattern, temperature distribution, and heat flow. The low thermal conductivity
of conventional heat transfer fluids, commonly water, has restricted designers. Fluids containing nanosized solid
particles offer a possible solution to conquest this problem. Most of the available literature on this topic
concerns regular geometries such as rectangular or square enclosures, while actual applications demand the
consideration of irregular shapes. Literature reviews on natural convection inside triangular, trapezoidal and
rhombic enclosures are available in [1-5].
The heat recovery system or true path of convective heat transfer can be visualized by ‘heatline’ method.
Heatlines represent heatflux lines which represent the trajectory of heat flow in the system and they are normal
to the isotherms for conductive heat transfer. Kimura and Bejan [6] and Bejan [7] first introduced the concept of
heatline. Various applications using heatlines were studied in [8-14]. Dalal and Das [15] have used heatline
method for the visualization of flow in a complicated cavity. Recently, Yaseen [16] has studied and analyzed
numerically the steady natural convection flow in a prismatic enclosure with strip heater on bottom wall.
Recently Ahmed et.al [17] performed numerical analysis for natural convection flows within prismatic
enclosures based on heatline approach.
Heat transfer in cavities filled with nanofluid is the research interest of many researchers. Parvin et al. [18]
studied the natural convection heat transfer in an enclosure with a heated body filled with nanofluid. Nasrin and
Parvin [19] investigated numerically the buoyancy-driven flow and heat transfer in a trapezoidal cavity filled
with water–Cu nanofluid. In their work, a correlation is developed graphically for the average Nusselt number
as a function of the Prandtl number as well as the cavity aspect ratio. Abu- Nada and Chamkha [20] performed a
numerical study of natural convection heat transfer in a differentially heated enclosure filled with CuO-EGWater nanofluid. Heat Transfer and Entropy Generation in an Odd-shaped Cavity filled with Nanofluid is
analyzed by Parvin and Chamkha [21]. It must be noticed that, adding nanoparticles into the base fluid does not
always increase its thermal conductivity [22]. Parvin et al. [23] numerically investigated the natural convection
heat transfer from a heated cylinder contained in a square enclosure filled with water–Cu nanofluid. Their
results indicated that heat transfer augmentation is possible using highly viscous nanofluid.

The above literature contains many investigations into the heat transfer performance of natural convection of
nanofluid in regular shaped cavities. However, a comprehensive analysis on heat flow during natural convection
cooling by nanofluid in irregular enclosure with the heatline approach is yet to appear in the literature.
Accordingly, the present study performs a numerical investigation into the natural convection heat flow within a
prism shaped cavity containing nanofluid with non isothermal bottom wall. The study focuses specifically on
the effects of the free convective parameter on the streamlines, isotherm distribution, heatlines and average
Nusselt number for nanofluid as well as water.

2. Governing Equations
The physical domain is shown in Fig. 1. Under the Boussinesq approximation, the governing equations for
steady two dimensional laminar incompressible flows in dimensionless form are:
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Fig.1: Schematic diagram of the physical system
The boundary conditions can be summarized by the following equations:
 At the bottom wall: U  0, V  0,   sin  L 
For the side walls: U  0, V  0,   0
X
 For the inclined walls: U  0, V  0,   0
The relationships between streamfunction  and velocity components U, V for two-dimensional flows are
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The no-slip condition is valid at all boundaries as there is no cross-flow. Hence   0 is used for boundaries.
The heat flow within the enclosure is displayed using the heatfunction Π obtained from conductive heat fluxes
    as well as convective heat fluxes (Uθ, Vθ). The heatfunction satisfies the steady energy balance
,
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3. Numerical Method
The numerical procedure used in this study is based on the Galerkin weighted residual method of finite
element. The solution domain is discretized into finite element meshes, which are composed of non- uniform
triangular elements. Then the nonlinear governing partial differential equations are transferred into a system of
integral equations by applying Galerkin weighted residual method. The integration involved in each term of
these equations is performed by using Gauss’s quadrature method. The nonlinear algebraic equations so
obtained are modified by imposition of boundary conditions. These modified nonlinear equations are transferred
into linear algebraic equations by using Newton’s method. Finally, these linear equations are solved by using
Triangular Factorization method. The convergence criterion set to be  n 1  n  104 , where n is the number
of iteration and  is a function U, V and θ.

3.1 Grid Independent Test
An extensive mesh testing procedure is conducted to guarantee a grid-independent solution for Ra = 105 and Pr
= 6.2, χ = 0 in a prismatic enclosure. Five different non-uniform grid systems with the following number of
elements within the resolution field: 454, 926, 1504, 2270 and 9948 are examined. The numerical scheme is
carried out for highly precise key in the average Nusselt (Nu) number to understand the grid fineness as shown
in Fig. 2. The scale of the average Nusselt numbers for 2270 elements shows a little difference with the results
obtained for the other elements. Hence, considering the non-uniform grid system of 2270 elements is preferred
for the computation.

Fig. 2 Grid independent test

4. Result and Discussion
The numerical computation has been carried out through the finite element method to analyze natural
convection within a nanofluid filled prismatic enclosure based on heatline concept. Results of isotherms,
streamlines and heatlines for various values of Rayleigh number Ra (= 103 to 106) with Prandtl number Pr =
6.2 for both nanofluid and base fluid in the prismatic enclosure are displayed. The Al2O3 nanoparticle volume
fraction χ is chosen as 5%. In addition, the values of local and average Nusselt number at the bottom have
been calculated for the mentioned parameter.

4.1 Effect on Isotherms
3

The influence of Rayleigh number Ra on isotherms for the present configuration has been demonstrated in Fig.
3(a). The pattern of isotherms is smooth for low Ra and is symmetric to the central vertical line for all the
considered values of Ra. At higher Rayleigh number, a thermal plume rises from the middle of the bottom wall
because of sinusoidal boundary temperature. The isothermal lines for pure water are more distorted than that of
nanofluid.

4.2 Effect on Streamlines

(c) Heatlines

(b) Streamlines

(a) Isotherms

Streamlines corresponding to different Rayleigh number Ra are shown in Fig. 3(b). It is seen from the figure
that the trend of streamlines are similar for all cases. There are two symmetric circulation cells formed inside the
enclosure. With the increasing value of the Ra, the streamlines are less dense near the central vertical line. It is
noteworthy to mention that the central cores of the circulatory cells increase in size for higher values of Ra
indicate the greater strength of the flow. Higher flow intensity is seen for the base fluid in comparison to the
nanofluid.

Ra = 106
Ra = 103
Ra = 104
Ra = 105
Fig. 3. Effect of Rayleigh number Ra on (a) isothems (b) streamlines and (c) heatlines for base fluid
( solid colored lines) and nanodluid ( dashed black lines)

4.3 Effect on Heatlines
The heatlines are constructed based on the thermal boundary conditions. As seen from the Fig. 3(c), the
heatlines are similar to streamlines at the core signifying convective heat flow and a large amount of heat flow
occurs from the middle portion of the bottom wall as seen from dense heatlines. The two heat circulations in the
system are observed and a very intense heat flow occurs across the middle of the cavity represented by dense
heatline for large Rayleigh number. It is interesting to observe that heat transport in a large regime at the core is
due to strong natural convection. The large regime of convection is due to the large amount of heat transport
from the bottom wall associated with large intensity of circulations. At Ra = 103, heat transfer occur mainly by
conduction where, heatlines are perpendicular to the isotherms. Laminar patterns of heatlines are slightly
disturbed for Ra = 106.

4.4 Local and Average Nusselt number
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Fig. 4(a)-(c) shows the distribution of the local and average Nusselt number of the bottom wall versus the
Rayleigh number Ra for nanofluid and water. Fig 4(a) and 4(b) present the local heat transfer rate for base fluid
and nanofluid respectively. General observation is that the Nusselt number increases sharply for dominant
natural convection region (Ra > 104) for both the fluids. Similar trend of local and average heat transfer rate is
seen for both the fluid where as nanofluid shows the higher heat transfer rate. That is adding nanoparticles
increases the thermal conductivity which leads to enhanced heat transfer.

Fig. 4. Effect of Rayleigh number Ra on (a) local Nusselt number for base fluid (b) local Nusselt
number for nanofluid and (c) average Nusselt number

5. Conclusion
The current investigation performed a physical as well as computational insight due to heatflow for natural
convection within a prismatic enclosure filled with nanofluid. The major conclusions are the following:
 Isotherms, streamlines and heatlines are found to be smooth and the heatlines are seen normal to the
isotherm during the lower convection regime.
 For higher Rayleigh number, heat transfer and flow strength increases and heatlines take the flow
pattern.
 for nanofluid, heat transfer becomes higher than that of base fluid.
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Nomenclature
Cp
specific heat [Jkg−1 K−1]
-2

U, V

dimensionless velocity components

g
k
L
Nu

acceleration due to gravity [ms ]
thermal conductivity [Wm-1K-1]
length of the base and height [m]
Nusselt number

x, y
X, Y

distance along x- and y- coordinates
dimensionless distance along x- and y- coordinates
Greek symbols

α

p
P
Pr
Ra

dimensional pressure [Pa]
dimensionless pressure
Prandtl number
Rayleigh number

ν

thermal diffusivity [ms−2]
kinematic viscosity of the fluid[m2s-1]
dimensionless temperature
nanoparticle volume fraction

T
u, v

temperature [K]
velocity components [ms-1]

ψ
Π


χ
ρ

density [kgm−3]
Stream function
heatfunction
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