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ABSTRACT
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This research aims to analyze numerically the effect of internal heat generation or
absorption in a two-dimensional (2D) horizontal cavity to the fluid flow and heat
transfer process. The vertical walls are well insulated. Meanwhile, the top and bottom
walls are kept at 𝑇ℎ and 𝑇𝑐 respectively, where 𝑇ℎ > 𝑇𝑐 . The top wall is moving at a
constant speed from left to right. The finite volume method and SIMPLE are employed
to discretized the governing equations. Next, the algebraic equations are solved
iteratively using the tri-diagonal matrix algorithm (TDMA). The influences of heat
generation or absorption parameters are investigated in terms of the flow, heat
transfer, and Nusselt number. The numerical results are plotted in the form if
streamlines and isotherms. It is found that the presence of heat generation or
absorption have a significant effect on the fluid flow and heat transfer process in the
horizontal cavity.

Received 23 July 2020
Received in revised form 15 September 2020
Accepted 22 September 2020
Available online 29 September 2020

Keywords:
Finite volume method; heat absorption;
heat generation; horizontal cavity; liddriven

Copyright © 2020 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction
Mixed convection has the combined effect of a comparable amount of shear stress in the cavity
and buoyancy forces. Many applications in engineering fields such as ventilation of rooms, cooling of
electronics, paper production, wire drawing, glass fiber production, nuclear reactors, and the
boundary layer control in the field of aerodynamics [1-5]. Various researches had been done on
convective flow with different configurations and boundary conditions [6-12]. Begum et al., [13]
studied the thermal and flow field of the mixed convection flow in a rectangular porous cavity that is
filled with nanofluid subjected to the impact of an inclined uniform magnetic field with sinusoidal
heating on the vertical walls. It was found that Hartmann number and the orientation of the magnetic
field have an adverse impact on convection and hence it leads to the reduction of heat transfer rate.
Another work of mixed convective heat flow was investigated by Mehmood [14] on two entrapped
trapezoidal cavities filled with ferrofluid. The cavities were placed under the influence of the
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magnetic field. From the analysis, the concentration of solid ferro particles, Darcy, Grashof, and
Hartman numbers have a significant effect on the patterns of energy and fluid flow.
Mixed convection in a square cavity filled with nanofluid is examined numerically by
Muthtamilselvan et.al., [15]. The study was considering the effect of internal heat generation on fluid
flow and heat transfer. It was found that the fluid flow and heat transfer in the cavity was strongly
affected by the Richardson number. Sivasankaran et al., [16] investigated mixed convection flow and
heat transfer in a square cavity with corner heating and internal heat generation or absorption. It
was observed that at forced convection dominated regime, the heat transfer rate is improved when
the vertical length of the heater is higher than the horizontal length. Whereas [17] explored unsteady
laminar convection in a porous cavity filled with nanofluid with the presence of internal heat
generation. The system has been modeled by Darcy-Brinkman-Forchheimer equations and was
solved by using the SIMPLE algorithm. The obtained results revealed that at the presence of strong
internal heat generation, the utilization of nanofluid is insignificant. A problem of mixed convection
in a double-sided lid-driven cavity with the presence of volumetric heat generation or absorption was
solved by Hussain et al., [18]. The results indicate that the highest heat transfer is when the maximum
value of heat absorption is applied. The mixed convection problem with the presence of heat
generation with different configurations was done by some studies [19-22]. It is observed that heat
generation and absorption play significant effect on the fluid flow and heat transfer in a cavity.
From the review of the above literature, mixed convection in square geometry and internal heat
generation has captivated the interest of researchers and its wide application has enclosed the
extensive variety in engineering fields. Although a significant number of studies have been reported,
to the authors’ best knowledge, numerical simulation on mixed convection of Newtonian fluid
(water) in rectangular cavity including internal heat generation or absorption has not been analyzed.
Henceforth this paper illustrates the effect of internal heat generation or absorption on the flow and
heat transfer from a rectangular cavity with the aspect ratio (height/ width) of five were identified.
Then these effects were analyzed physically. The effects of internal heat generation or absorption
−6 ≤ Δ ≤ 6 which have Prandtl number Pr = 7.0 are presented in the form of streamlines,
isotherms, and Nusselt number.
2. Methodology
2.1 Mathematical Formulation
Figure 1 shows the schematic of the system under consideration. Water filled rectangular lid𝐿
driven cavity of width L and height H. The aspect ratio of the cavity is defined as 𝐴𝑅 = 𝐻 . The water
used is considered Newtonian fluid, incompressible and the flow is assumed to be steady, laminar
and the density variation is approximated by the Boussinesq model. The upper wall is moving left to
right at a uniform speed 𝑈𝑥 and kept at a constant hot temperature 𝑇ℎ while the bottom wall is kept
at a constant cold temperature 𝑇𝑐 . The vertical walls are assumed to be adiabatic. The effects of
internal heat generation or absorption ranges from -6 to 6 for Richardson number, Ri = 1.0 are
analyzed.
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Fig. 1. Geometry of the cavity and boundary conditions

Based on the assumptions, continuity, momentum, and energy in two-dimensional dimensionless
equations can be written as follows:
𝜕𝑈

𝜕𝑉

+ 𝜕𝑌 = 0,
𝜕𝑋

(1)

𝜕𝑈

𝜕𝑈

𝜕𝑃

1

𝜕2 𝑈

𝜕2 𝑈

𝜕𝑉

𝜕𝑉

𝜕𝑃

1

𝜕2 𝑉

𝜕2 𝑉

𝜕𝜃

𝜕𝜃

1

𝑈 𝜕𝑋 + 𝑉 𝜕𝑌 = − 𝜕𝑋 + Re (𝜕𝑋 2 + 𝜕𝑌 2 ),

(2)
𝐺𝑟

𝑈 𝜕𝑋 + 𝑉 𝜕𝑌 = − 𝜕𝑌 + Re (𝜕𝑋 2 + 𝜕𝑌 2 ) + Re2 𝜃,
𝜕2 𝜃

𝜕2 𝜃

(3)

Δ

𝑈 𝜕𝑋 + 𝑉 𝜕𝑌 = + RePr (𝜕𝑋 2 + 𝜕𝑌 2 ) + RePr 𝜃,

(4)

subject to boundary conditions:
top wall
∶ 𝑈 = 1, 𝑉 = 0, 𝜃 = 1,
bottom wall
∶ 𝑈 = 𝑉 = 0, 𝜃 = 0,
𝜕𝜃
left and right walls: 𝑈 = 𝑉 = 0,
= 0.
𝜕

(5)

In the Eqs. (1)-(5), 𝑈 and 𝑉 are the 𝑋 and 𝑌 component velocity respectively, 𝜃 is the
temperature, Re is the Reynolds number, Pr is the Prandtl number, Gr is the Grashof number, 𝑃 is
Gr
the pressure and Δ is the internal heat generation or absorption coefficient. Ri = Re2 is the
Richardson number. In the present analysis, the dimensionless variables used are:
𝑥
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𝑣
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,

(6)
𝑄𝐻 2

𝑝

, 𝑃 = 𝜌𝑈 2 , Δ = 𝛼𝜌𝐶 ,
𝑝

𝑥

where 𝑢 and 𝑣 are the dimensional velocity components along the 𝑥 and 𝑦 − axes respectively, 𝐻 is
𝑘
the height, 𝜈 is the kinematic viscosity, 𝛼 = 𝜌𝐶 is the thermal diffusivity with 𝑘 as thermal
𝑝

conductivity and 𝐶 as the heat capacity, 𝜌 is the density, 𝛽 is the coefficient of the thermal expansion,
𝑔 is the gravity, 𝑝 is the pressure and 𝑇 is the temperature such that subscript ℎ and 𝑐 indicate the
𝜕Ψ
hot and cold respectively. The stream function is calculated from the definition 𝑈 = 𝜕𝑌 and 𝑉 =
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𝜕Ψ

− 𝜕𝑋 . The local Nusselt number along the hot wall and average Nusselt number can be written as
𝜕𝜃

𝑁𝑢𝑥 = − (𝜕𝑌)

1

𝑌=1

𝐴𝑅

and 𝑁𝑢𝑎𝑣𝑔 = 𝐴𝑅 ∫0 𝑁𝑢𝑥 𝑑𝑋, respectively.

2.2 Numerical Approach
The dimensionless Eqs. (1)-(4) along with the corresponding boundary conditions (5) are
discretized by the finite volume method [23]. The computational domain is discretized into an
unstructured, cell-centered with staggered grid system by the power-law scheme on the convection
and diffusion terms. Then, the pressure and velocities components are coupled utilizing the SemiImplicit Method for Pressure-Linked Equations (SIMPLE) algorithm. The Tri-Diagonal Matrix
Algorithm (TDMA) is used to solve the resulting discretized equations iteratively.
The procedure is adapted into the FORTRAN90 programming language and when the
convergence criterion

𝑛
𝑟+1
𝑟
∑𝑚
𝑗−1 ∑𝑖=1|𝜂𝑖,𝑗 −𝜂𝑖,𝑗 |
𝑛
𝑟+1
∑𝑚
𝑗−1 ∑𝑖=1|𝜂𝑖,𝑗 |

≤ 10−7 is achieved, the iterative procedure is terminated,

where 𝑚 and 𝑛 are the number of grid points in 𝑋 and 𝑌 − directions respectively. 𝜂 is any computed
variables while 𝑟 is the iteration number.
To obtain a grid-independent solution, a grid sensitivity analysis is performed. Several mesh
distributions ranging from 40 to 150 grid sizes for the horizontal axis were tested. Note that the grid
1
size for the vertical axis is times the grid size on the horizontal axis. Average Nusselt number values
5
for each grid size are shown as in Figure 2. It is shown that a mesh of 100 for the horizontal axis is
adequate for a grid-independent solution.

Fig. 2. Average Nusselt number for different grid sizes

In order to verify the developed in-house computational code written in FORTRAN90
programming language, three comparisons were made with previously published numerical results.
Figure 3 shows the comparison of streamlines and isotherm trajectories with the work of Saha [24]
for Δ = 3.0, Pr = 0.7 and Ri = 1.0. It is observed that the result between the present code and the
existing results is in good agreement. Furthermore, the accuracy of the present results is examined
by comparing the horizontal and vertical velocities at the mid-section of the cavity with the work of
Khanafer et al., [22] and Iwatsu et al., [25]. Table 1 shows the velocities values for three numerical
results. The table clearly shows that the present numerical method produces reasonably accepted
results.
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3. Results
In this study, numerical analysis on mixed convection in a rectangular lid-driven cavity has been
performed to investigate the effects of internal heat generation or absorption to the fluid flow and
heat transfer. The upper wall is moving from left to right at a constant speed 𝑈𝑥 and kept at a hot
temperature 𝑇ℎ Th while the bottom wall is kept at a cold temperature 𝑇𝑐 such that 𝑇ℎ > 𝑇𝑐 . The
vertical walls are assumed to be adiabatic. The effects of internal heat generation or absorption
ranges from -6 to 6 for Ri = 1.0 were analyzed. Water is taken as a working fluid with Pr = 7.0. The
Reynold number is fixed at 408.21, following the work of Sharif [26]. The cavity aspect ratio AR is
taken as five. The dimensionless equations are discretized by using the finite volume method and the
SIMPLE algorithm. The set of resulting equations are then solved by a line-by-line procedure of the
tri-diagonal matrix algorithm (TDMA). The numerical results are discussed in terms of streamlines
and isotherms plots and average Nusselt numbers which measure the rate of heat transfer.
Present study

Isotherms

Streamlines

Saha [24]

Fig. 3. Comparison of streamlines and isotherms
Table 1
Comparisons of the maximum and minimum values of the horizontal and vertical velocities at the
mid-section of the cavity between the present solution and those reported previously [22, 25]
Khanafer et al., [22]
Umin -0.3099
Umax 1.0000
Vmin -0.4363
Vmax 0.2866
Re = 100.0
Umin -0.2037
Umax 1.0000
Vmin -0.2448
Vmax 0.1699

Re = 400.0
Iwatsu et al., [25]
-0.3197
1.0000
-0.4459
0.2955

Present
-0.3023
1.0000
-0.4219
0.2802

-0.2122
1.0000
-0.2506
0.1765

-0.2049
1.0000
-0.2328
0.1673
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Figure 4 and Figure 5 show the variation of streamlines for different values of internal heat
generation or absorption. When Δ = 0, the feature of the streamlines is similar to that of a
conventional lid-driven rectangular cavity. It is characterized by a primary recirculating clockwise cell
near the right wall of the cavity and exists another primary recirculating anti-clockwise cell at the
bottom wall. The recirculating clockwise flow is due to the impact of the shear driven flow by the lid
to the right wall and is forced to move downward. Meanwhile, the anti-clockwise recirculating cell at
the lower part of the cavity is the result of the buoyancy force. From these figures, it can be seen that
the velocity field inside the rectangular cavity remains more or less undistinguishable for all values
of Δ. The internal heat generation or absorption has an insignificant impact on the development of
the flow field inside the cavity.

Δ=6

Δ=4

Δ=2

Δ=0

Fig. 4. Streamlines for different value of internal heat generation
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Δ = −2

Δ = −4

Δ = −6

Fig. 5. Streamlines for different value of internal heat absorption

In contrast, the temperature field inside the cavity is found to experience some changes as a result
of internal heat generation or absorption. This can be seen in Figures 6 and 7. In the absence of
internal heat generation, the isothermal lines are clustered and the maximum temperature occurs
near the hot top wall. An increase in Δ cause the appearance of parallel lines near the hot wall
decrease gradually and move towards the bottom cold wall. Besides, it can be viewed that the
temperature gradient decreases constantly as an increase in the value of Δ, this means that the
heating effect of the hot wall is getting diminished slowly. The opposite effect can be seen in the case
of internal heat absorption Δ < 0. The high temperature region moves closer to the hot top wall
causing higher heat transfer rates.
The variations of the average Nusselt number is depicted in Figure 8. For the case of internal heat
generation, the heat transfer decreases while the opposite pattern can be observed for the case of
internal heat absorption.
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Δ=6

Δ=4

Δ=2

Δ=0

Fig. 6. Isotherms for different internal heat generation
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Δ = −2

Δ = −4

Δ = −6

Fig. 7. Isotherms for different internal heat absorption

Fig. 8. Average Nusselt number for internal heat generation or
absorption value

4. Conclusions
A numerical study has been carried out to examine the effect of internal heat generation or
absorption on mixed convection in a rectangular lid-driven cavity. The top wall is moved at a constant
speed in its own plane and kept at hot temperature while the bottom wall is not moving and kept at
cold temperature. The vertical walls are adiabatic. The Pr and Re values are fixed to 7.0 and 408.21,
respectively. The obtained results are presented in terms of streamlines and isotherms plots and
9
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average Nusselt number. The results of the numerical analysis show that heat transfer increases in
the case of internal heat absorption and vice versa for the case of internal heat generation.
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