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ABSTRACT 

 

 

 

 
The steady mixed convection flow in a lid-driven cavity was simulated. The cavity was 

filled with a Newtonian fluid, both vertical walls are adiabatic, while the horizontal 

walls were either fixed cold and uniformly/oscillatory heated. Firstly, the effect of 

internal heat generation or absorption on the fluid flow and heat transfer behaviours 

was studied. The moving upper wall was uniformly heated while the bottom wall  

was kept cold. The effect of magnetic field on fluid flow and heat transfer was 

analysed in the second problem.    An inclined magnetic field was considered in     

the third problem. In the fourth problem, the flow inside an inclined cavity was 

simulated, where the top wall was subjected to an heated oscillating temperature. 

Finally, the mixed convection within an inclined cavity with the presence of an inclined 

magnetic field was studied. The dimensionless governing equations were formulated 

by using appropriate reference variables. These equations were solved using the  

finite volume method. The convection-diffusion terms were discretized using the 

power law scheme while the pressure and velocity components were coupled using the 

SIMPLE algorithms. The resultant matrices were then solved iteratively using the Tri- 

Diagonal Matrix Algorithm coded in FORTRAN90. The present solutions obtained 

were then compared with those of previous studies and a good agreement was found. 

The numerical results were presented in the forms of isotherm and streamline.  It  

was found that the heat transfer rate in an inclined cavity increased mildly for both 

forced convection dominated and mixed convection dominated regimes. However, 

for natural convection dominated regime, the heat transfer rate decreased when the 

inclination angle was 30◦ and increased when the inclination angles reached 60◦. 

The presence of external forces would affect the local heat transfer and fluid flow 

behaviours significantly. 
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ABSTRAK 

 

 

 

 
Aliran perolakan campuran mantap dalam rongga dengan penutup yang bergerak 

telah disimulasikan. Rongga tersebut dipenuhi dengan cecair Newtonian, kedua-dua 

dinding menegak tertebat, sementara suhu dinding melintang kekal sejuk dan samada 

dipanas secara seragam/berayun. Pertamanya, kesan penjanaan atau serapan haba 

dalaman terhadap aliran bendalir dan tingkah laku pemindahan haba telah dikaji. 

Dinding atas yang bergerak dipanaskan secara seragam sementara dinding bawah kekal 

sejuk. Kesan medan magnet pada aliran bendalir dan pemindahan haba dikaji pada 

masalah kedua. Medan magnet condong telah dipertimbangkan dalam masalah yang 

ketiga. Di dalam masalah ke empat, aliran bendalir di dalam rongga condong telah 

disimulasi, di mana dinding atas tertakluk kepada profil suhu panas berayun. Akhir 

sekali, aliran perolakan campuran di dalam rongga condong dengan kehadiran medan 

magnet condong telah dikaji. Persamaan menakluk tak bermatra telah dirumuskan 

dengan menggunakan pembolehubah rujukan yang sesuai. Persamaan tersebut 

diselesaikan dengan menggunakan kaedah isipadu terhingga. Sebutan perolakan- 

resapan didiskritkan menggunakan skema hukum kuasa sementara komponen tekanan 

dan halaju digabungkan menggunakan algoritma SIMPLE. Matriks yang dihasilkan 

telah diselesaikan secara tertelar dengan menggunakan Algoritma Matrik Tiga Penjuru 

dan dikodkan dalam FORTRAN90. Penyelesaian yang diperoleh telah dibandingkan 

dengan kajian terdahulu dan mendapat keputusan yang baik. Keputusan berangka 

dibentangkan dalam bentuk isoterma dan garis arus. Didapati kadar pemindahan  

haba meningkat sedikit untuk kedua-dua rantau perolakan paksa dan rantau perolakan 

campuran apabila rongga dicondongkan. Walau bagaimanapun, bagi rantau perolakan 

tabii, kadar pemindahan haba menurun untuk sudut kecondongan 30◦ dan meningkat 

pada kecondongan 60◦. Kehadiran daya luar memberi kesan yang sangat ketara kepada 

pemindahan haba tempatan dan aliran bendalir. 
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CHAPTER 1 

 

 

 
 

INTRODUCTION 
 

 

 

 

 

 

 

1.1 Research background 

 

In this research, the mixed convection heat transfer (consisting of natural and forced 

convection) in a lid-driven cavity filled with Newtonian fluid was studied.  The  

upper lid of the cavity was subjected to uniform or sinusoidal heating or cooling and 

meanwhile move at an uniform speed in the positive x direction. The effects of heat 

generation, magnetic field, inclination angle and sinusoidal heating method on the flow 

field were investigated. 

In the next section, the topic on heat transfer is introduced, focusing on 

natural and forced convections. In the current study, the dimensionless non-linear 

partial differential equations subjected to the given boundary conditions were solved 

numerically. The effects of heat generation, magnetic field and inclination angle on 

fluid temperature, stream function and heat transfer coefficient were studied. 

 
1.2 Introduction to heat transfer 

 

Fakheri (2014) stated that the demand of energy is ascending due to the increasing 

world population. The availabilities of goods and services offered nowadays are 

directly related to humans’ ability in harnessing energy. Fakheri (2014) explained 

that nowadays the need for mechanical energy is increasing. In present years, energy 
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related studies have been extensively carried out in designing applications in industries 

such as gas turbine, heat exchanger and cooling of electrical components. Heat transfer 

is a mechanism by which energy can be transferred across the boundaries of a system. 

It is one of the most common phenomena in nature. 

Long (1999) defined that heat transfer flow occurs due to temperature gradient. 

This temperature different is the driving force that causes heat to flow. The first and 

second law of thermodynamics are the physical laws that govern the process of work 

and heat exchange. The first law, or the conservation law of energy, states that energy 

can neither be created nor destroyed; but can be converted from one form to another 

(Çengel, 1998). The second law of thermodynamics explains the fact of occurrence of 

heat transfer due to temperature difference in order to reach thermal equilibrium. There 

are three modes of heat transfer: radiation, conduction and convection. Radiation is 

not considered in the current study. 

 
1.2.1 Conduction 

 

Kreith & Bohn (2001) interpreted conduction as the transmission of heat through 

molecular interaction. Heat can be conducted through gases, liquids and solids. Energy 

flows from the direction of higher concentration to the lower concentration. In general, 

conduction is the primary mode of heat transfer in fluids that has zero bulk velocity. 

Therefore, in the case of solid body, conduction is the only transfer mode. 

The kinetic energy of gas molecule is associated with temperature. Gas 

molecules have higher velocities in higher temperature region. Collisions and 

exchanges of momentum and energy are due to the random motion of gas molecules. 

Hence, molecules of higher temperature transfer some of their energies to those of 

lower temperature via collisions. 

The heat conduction mechanism is independent on the media.  The process   

is more complex when the molecules are closely packed as the molecular force can 

influence the random motion of the molecules. 
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1.2.2 Convection 

 

Convective heat transfer or simply known as convection is the study of heat transport 

due to the combined effects of conduction and fluid motion. It is the mode of energy 

transfer between a solid surface and an adjacent fluid. The fluid motion intensifies the 

heat transfer as it brings the hotter and cooler fluids into contact, thus, inducing higher 

heat conduction rate within the fluid. 

In fact, higher fluid velocity, would result into higher heat transfer rate (Çengel, 

1998). Bejan (2013) described that convective heat transfer is a field at the interface 

of heat transfer field and fluid mechanics field. Therefore, fluid mechanics plays an 

important role in the analysis of convection problems. It is defined in the field of fluid 

mechanics that fluid are referred to liquid or gases. There are three types of convection 

that is discussed briefly in this study i.e. natural convection, forced convection and, 

mixed convection. 

 
1.2.2.1 Natural convection 

 

Natural convection is a mechanism that the fluid motion occurs naturally in the 

existence of temperature difference. The fluids move away from the high temperature 

areas towards the areas with lower temperature. This occurs because the hot fluid 

becomes less dense after gaining energy from touching with the high temperature 

surface. When there exist temperature difference between the fluid and the surface, 

then there exist density difference between the fluid as well. 

This will then produce a buoyant force in the direction normal to the surface 

toward the fluid (Chapman, 1987). The warmer fluid floats up, subtituted by the cooler 

fluid. However, if the fluid were not acted upon by extenal forces such as gravity, then 

the buoyancy forces would not be present. Natural convection influences heat transfer 

strongly from pipes, transmission lines and, various electronic devices. Transferring 

heat from electrical baseboard heaters or steam radiators to room air and dissipating 

heat from the coil of a refrigeration system to the surrounding air is also important. 
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1.2.2.2 Forced convection 

 

Forced convection is a mechanism that the fluid motion is induced by the application 

of external mechanical means such as pump or fan (Jaluria, 1980). Relative motion 

such as that between a moving surface in a stationary fluid is another example of 

external mechanical mean to cause forced convection in the fluid motion. Contrast to 

the external force, the buoyancy effect due to density variation of the fluid is negligible. 

Consider the cooling of a hot sausage with a fan. The heat will be transferred 

from the sausage to the surrounding cold air and the process can be accelerated by 

using higher fan speed. This cooling principle is applied in electronics packaging. 

 
1.2.2.3 Mixed convection 

 

Oosthuizen & Naylor (1999) stated that mixed convection (or combined convection) 

consists of both natural and forced convections. Whereby both flow velocity and 

buoyancy are equally significant. Fakheri (2014) argued that mixed convection is 

important even if the fluid velocity is low where the effect of buoyancy is more 

dominant. 

If natural convection heat transfer analyses is ignored, the error involved is 

negligible at high speed flow but it is considerable at low velocities flow (Çengel, 

1998). Forced convection heat transfer could be stimulated or suppressed by natural 

convection depending on the relative directions of buoyancy-induced and the forced 

convection motions: 

1. Assisting flow: The buoyant flow motion is in the same direction as the forced 

fluid motion. Thus, natural convection assists forced convection and intensifies 

the overall heat transfer. 

2. Opposing flow: The direction of the buoyant flow is opposite to that of the forced 

fluid flow. Thus, natural convection resists forced convection and reduces the 

overall heat transfer. 
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3. Transverse flow: The buoyant flow motion is perpendicular to the forced fluid 

motion. Transverse flow intensifies fluid mixing and heat transfer process. 

A convection problem may also be classified according to its characteristics, such as 

external/internal flow, compressible/incompressible flow, laminar/turbulent flow, and 

viscous/inviscid flow and steady/unsteady flow. The problem can also be studied in 

various geometries such as flat plate, cylinder, square and rectangular in the situation of 

vertically/horizontally placed, or angularly inclined. Note that the above classifications 

are not dependent of the convection type. This means that there are a lot of profiles 

problem researchers could considered. 

Several dimensionless parameters have been used to describe the convective 

heat transfer: 

1. Grashof number 

Grashof number is the ratio of fluid buoyancy force to fluid viscous force. 

2. Prandtl number 

Prandtl number is defined as the ratio of fluid momentum diffusivity to fluid 

thermal diffusivity. 

3. Reynolds number 

Reynolds number is the ratio of inertia force to viscous force. 

4. Hartmann number 

Hartmann number is the ratio of electromagnetic force to viscous force. 

5. Nusselt number 

Nusselt number is the ratio of heat transferred from the surface to heat conducted 

away by the fluid. 

These parameters will be described further in Section 3.6.1. 

 
 

1.3 Problem statement 

 

Designs of drying technologies, solar collectors, heat ex-changers and nuclear reactor 

as well as estimation of heat loss of electronic packages in a closed cavity, require in-

depth knowledge of mixed convection flow. In addition, the boundary condition of 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

 

 

 

 

 

REFERENCES 

 

 

 

Aghaei, A., Khorasanizadeh, H., Sheikhzadeh, G., & Abbaszadeh, M. (2016). 

Numerical study of magnetic field on mixed convection and entropy 

generation of nanofluid in a trapezoidal enclosure. Journal of Magnetism and 

Magnetic Materials, 406, 133–145. 

Ahmed, S., Mansour, M., & Mahdy, A. (2013). MHD mixed convection in an 

inclined lid-driven cavity with opposing thermal buoyancy force: Effect of 

non-uniform heating on both side walls. Nuclear Engineering and Design, 

265, 938–948. 

Al-Kalbani, K., Rahman, M., Alam, M., Al-Salti, N., & Eltayeb, I. (2018).  

Buoyancy induced heat transfer flow inside a tilted square enclosure filled 

with nanofluids in the presence of oriented magnetic field. Heat Transfer 

Engineering, 39(6), 511–525. 

Al-Najem, N., Khanafer, K.,  &  El-Rafaee,  M.  (1998).  Numerical  study  of 

laminar natural convection in tilted enclosure with transverse magnetic field. 

International Journal of Numerical Methods for Heat and Fluid Flow, 8(6), 

651–672. 

Al-Rashed, A., Kolsi, L., Kalidasan, K., Maatki, C., Borjini, M., Aichouni, M., & 

Kanna, P. (2017). Effect of magnetic field inclination on magneto-convective 

induced irreversibilities in a CNT-water nanofluid filled cubic cavity. Frontiers 

in Heat and Mass Transfer, 8(31), 1–10. 

Al-Salem, K., Oztop, H., Pop, I., & Varol, Y. (2012). Effects of moving lid direction 

in MHD mixed convection in a linearly heated cavity. International Journal 

of Heat and Mass Transfer, 55, 1103–1112. 

Alam, M., Alim, M., & Mollah, M. (2017). Mixed magneto convection in a lid driven 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

195 
 

 

square enclosure with a sinusoidal vertical wall and Joule heating. Procedia 

Engineering, 194, 463–470. 

Alinia, M., Ganji, D., & Gorji-Bandpy, M. (2011). Numerical study of mixed 

convection in an inclined two sided lid driven cavity filled with nanofluid using 

two-phase mixture model. International Communications in Heat and Mass 

Transfer, 38(10), 1428–1435. 

Alsabery, A., Chamkha, A., Saleh, H., & Hashim, I. (2016). Heatline visualization  

of conjugate natural convection in a square cavity filled with nanofluid with 

sinusoidal temperature variations on both horizontal walls. International 

Journal of Heat and Mass Transfer, 100, 835–850. 

Alsabery, A., Chamkha, A., Saleh, H., Hashim, I., & Chanane, B. (2017).  Effects   

of finite wall thickness and sinusoidal heating on convection in nanofluid- 

saturated local thermal non-equilibrium porous cavity. Physica A: Statistical 

Mechanics and its Applications, 470, 20–38. 

Armaghani, T., Esmaeili, H., Mohammadpoor, Y., & Pop, I. (2018). MHD mixed 

convection flow and heat transfer in an open C-shaped enclosure using water- 

copper oxide nanofluid. Heat and Mass Transfer, 54(6), 1791–1801. 

Ates, A., Altun, O., & Kilicman, A. (2017). On a comparison of numerical solution 

methods for general transport equation on cylindrical coordinates. Applied 

Mathematics and Information Sciences, 11(2), 433–439. 

Aydin, O., & Yang, W. (2000). Natural convection in enclosures with localized heating 

from below and symmetrical cooling from sides. International Journal of 

Numerical Methods for Heat and Fluid Flow, 10, 518–529. 

Basak, T., Roy, S., Kumar, P., & Pop, I. (2009a). Analysis of mixed convection flows 

within a square cavity with linearly heated side wall(s). International Journal 

of Heat and Mass Transfer, 52(9-10), 2224–2242. 

Basak, T., Roy, S., Kumar, P., & Pop, I. (2009b). Analysis of mixed convection flows 

within a square cavity with uniform and non-uniform heating of bottom wall. 

International Journal of Thermal Sciences, 48(5), 891–912. 

Begum, A., Nithyadevi, N., Oztop, H., & Al-Salem, K. (2017). Numerical simulation 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

196 
 

 

of MHD mixed convection in a nanofluid filled non-Darcy porous enclosure. 

International Journal of Mechanical Sciences, 130, 154–166. 

Bejan, A. (2013). Convection Heat Transfer. 4. John Wiley and Sons, Inc. 

Bilgen, E., & Yedder, R. (2007). Natural convection in enclosure with heating and 

cooling by sinusoidal temperature profiles on one side. International Journal 

of Heat and Mass Transfer, 50, 139–150. 

Bondareva, N., Sheremet, M., & Pop, I. (2015). Magnetic field effect on the unsteady 

natural convection in a right-angle trapezoidal cavity filled with a nanofluid. 

International Journal of Numerical Methods for Heat and Fluid Flow, 25(8), 

1924–1946. 

Cai, Z. (1990). On the finite volume element method. Numerische Mathematik, 58(1), 

713–735. 

Çengel, Y. (1998). Heat Transfer: A Practical Approach. McGraw-Hill, Inc. 

Chamka, A. (2002). Hydromagnetic combined convection flow in a vertical lid-driven 

cavity with internal heat generation or absorption. Numerical Heat Transfer, 

Part A, 41(5), 529–546. 

Chamkha, A., & Camile, I. (2000). Effects of heat generation or absorption and the 

thermophoresis on hydromagnetic flow with heat and mass transfer over a flat 

plate. International Journal of Heat and Mass Transfer, 43, 432–438. 

Chapman, A. (1987). Fundamentals of Heat Transfer. Macmillan City. 

Chen, Z., Xu, Y., & Zhang, Y. (2015). A construction of higher-order finite volume 

methods. Mathematics of Computation, 84, 599–628. 

Cheng,  T.,  &  Liu,   W.   (2010).   Effect  of  temperature  gradient  orientation  on 

the characteristics of mixed convection flow in a lid-driven square cavity. 

Computers and Fluids, 39(6), 965–978. 

Cheng, T., & Liu, W. (2014). Effect of cavity inclination on mixed convection heat 

transfer in lid-driven cavity flows. Computer and Fluids, 100, 108–122. 

Chinnakotla, R., Angirasa, D., & Mahajan, L. (1996). Parametric study of buoyancy 

induced flow and heat transfer from L shaped corners with asymmetrically 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

197 
 

 

heated surfaces. International Journal of Heat and Mass Transfer, 39, 851– 

865. 

Chung, M. (2015). Hydrodynamics of flow over a transversely oscillating circular 

cylinder beneath a free surface. Journal of Fluids and Structures, 54, 27–73. 

Chung, M. (2019). An adaptive cartesian cut-cell method for conjugate heat transfer on 

arbitrarily moving fluid-solid interfaces. Computers and Fluids, 178, 56–72. 

Clain, S., Machado, G., Nòbrega, J., & Pereira, R. (2013). A sixth-order finite volume 

method for multidomain convection-diffusion problems with discontinuous 

coefficients. Computer Methods in Applied Mechanics and Engineering, 267, 

43–64. 

Coudiere, Y., & Manzini, G. (2010). The discrete duality finite volume method for 

convection-diffusion problems. SIAM Journal on Numerical Analysis, 47(6), 

4163–4192. 

Desentis, J., Trevino, C., Cajas, J., Salcedo, E., & Suastegui, L. (2015). Numerical 

study on buoyancy and inclination effects on transient laminar opposing mixed 

convection in rectangular channels with symmetric and discrete heating. 

International Journal of Heat and Mass Transfer, 84, 766–785. 

Ducasse, D., & Sibanda, P. (2013). On mixed convection in a cavity with sinusoidally 

heated moving lid and uniformly heated and cooled side walls. Boundary 

Value Problem, 2013(83), 1–21. 

Ewing, R., Lin, T., & Lin, Y. (2002). On the accuracy of the finite volume element 

method based on piecewise linear polynomials. SIAM Journal on Numerical 

Analysis, 36(6), 1865–1888. 

Fakheri, A. (2014). Intermediate Heat Transfer. CRC Press. 

Feistauer, M., Slavik, J., & Stupka, P. (1999). On the convergence of a combined finite 

volume-finite element method for nonlinear convection-diffusion problems. 

Explicit schemes. Numerical Methods for Partial Differential Equations, 

15(2), 215–235. 

Ferdousi, A., & Alim, M. (2000). Natural convection flow from a porous vertical 

plate in presence of heat generation. International University Journal Science 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

198 
 

 

Technology, 5(1), 78–80. 

Gangawane, K., Oztop, H., & Hamdeh, N. (2018). Mixed convection characteristic in 

a lid-driven cavity containing heated triangular block: Effect of location and 

size of block. International Journal of Heat and Mass Transfer, 124, 860–875. 

Gao, F., & Yuan, Y. (2006). The upwind finite volume element method based on 

straight triangular prism partition for nonlinear convection-diffusion problem. 

Applied Mathematics and Computation, 181(2), 1229–1242. 

Ghaffarpasand, O. (2016). Numerical study of MHD natural convection inside a 

sinusoidally heated lid-driven cavity filled with Fe3O4-water nanofluid in the 

presence of Joule heating. Applied Mathematical Modelling, 40(21-22), 9165– 

9182. 

Ghasemi, B., & Aminossadati, S. (2011). Magnetic field effect on natural convection 

in a nanofluid-filled square enclosure. International Journal of Thermal 

Sciences, 50, 1748–1756. 

Gibanov, N., Sheremet, M., Oztop, H., & Hamdeh, N. (2017). Effect of uniform 

inclined magnetic field on mixed convection in a lid-driven cavity having a 

horizontal porous layer saturated with a ferrofluid. International Journal of 

Heat and Mass Transfer, 114, 1086–1097. 

Hady, F., Mohamed, R., & Mahdy, A. (2006). MHD free convection flow along a 

vertical wavy surface with heat generation or absorption effect. International 

Communications in Heat and Mass Transfer, 33, 1253–1263. 

Harlow, F., & Welch, J. (1965). Numerical calculation of time-dependent viscous 

incompressible flow of fluid with free surfaces. Physics of Fluids, 8(12), 2182– 

2189. 

Hashim,  Hamid,  A.,  &  Khan,  M. (2018). Unsteady mixed convective flow of 

Williamson nanofluid with heat transfer in the presence of variable thermal 

conductivity and magnetic field. Journal of Molecular Liquids, 260, 436–446. 

Hermeline, F. (2000). A finite volume method for the approximation of diffusion oper- 

ators on distorted meshes. Journal of Computational Physics, 160(2), 481– 

499. 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

199 
 

 

Hossain, M., Hafiz, M., & Rees, D. (2005). Buoyancy and thermocapillary driven 

convection flow of an electrically conduction fluid in an enclosure with heat 

generation. International Journal of Thermal Sciences, 44(7), 676–684. 

Hossain, M., & Rees, D. (2005). Natural convection flow of water near its density 

maximum in a rectangular enclosure having isothermal walls with heat 

generation. Heat Mass Transfer, 41(4), 367–374. 

Ishak, A. (2011). MHD boundary layer flow due to an exponentially stretching sheet 

with radiation effect. Sains Malaysiana, 40(4), 391–395. 

Ismael, M., Mansour, M., Chamka, A., & Rashad, A. (2016).  Mixed convection in   

a nanofluid filled-cavity with partial slip subjected to constant heat flux and 

inclined magnetic field. Journal of Magnetism and Magnetic Materials, 416, 

25–36. 

Iwatsu, R., Hyun, J., & Kuwahara, K. (1993). Mixed convection in a driven cavity 

with a stable vertical temperature gradient. International Journal of Heat and 

Mass Transfer, 36, 1601–1608. 

Izadi, S., Armaghani, T., Ghasemiasl, R., Chamka, A., & Molana, M. (2018). A 

comprehensive review on mixed convection of nanofluids in various shapes of 

enclosures. Powder Technology, 343, 880–907. 

Jaluria, Y. (1980). Natural convection. Pergamon Press. 

Javed, T., & Siddiqui, M. (2018). Effect of MHD on heat transfer through ferrofluid 

inside a square cavity containing obstacle/heat source. International Journal 

of Thermal Sciences, 125, 419–427. 

Job, V., & Gunakala, S. (2017). Mixed convection nanofluid flows through a grooved 

channel with internal heat generating solid cylinders in the presence of an 

applied magnetic field. International Journal of Heat and Mass Transfer, 107, 

133–145. 

Job, V., & Gunakala, S. (2018). Unsteady hydromagnetic mixed convection nanofluid 

flows through an L-shaped channel with a porous inner layer and heat- 

generating components. International Journal of Heat and Mass Transfer, 

120, 970–986. 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

200 
 

 

Kandaswamy, P., Nithyadevi, N., & Ng, C. (2008). Natural convection in enclosures 

with partially thermally active side walls containing internal heat sources. 

Physics of Fluids, 20, 097104–097113. 

Kandaswamy, P., & Sivasankaran, S. (2006). Natural convection in an inclined 

enclosure with internal heat generation. In Proceedings of the National 

Academy of Sciences, India - Section A 76A(II). 

Kandaswamy, P., Sivasankaran, S., & Nithyadevi, N. (2007). Buoyancy-driven 

convection of water near its density maximum with partially active vertical 

walls. International Journal of Heat and Mass Transfer, 50(5-6), 942–948. 

Karimipour, A., Ghasemi, B., & Nezhad, A. (2008). Mixed convection in inclined 

driven cavity with hot moving lid. In 16th Annual (International) Conference 

on Mechanical Engineering-ISME2008. 

Kashyap, D., & Dass, A. (2018). Two-phase Lattice Boltzmann simulation of natural 

convection in a Cu-water nanofluid-filled porous cavity: Effects of thermal 

boundary conditions on heat transfer and entropy generation. Advanced 

Powder Technology, 29(11), 2707–2724. 

Kays, W., & Crawford, M. (1993). Convective Heat and Mass Transfer. New York: 

McGraw Hill. 

Kefayati,  G. (2013).   Lattice Boltzmann simulation of MHD natural convection in   

a nanofluid-filled cavity with sinusoidal temperature distribution. Powder 

Technology, 243, 171–183. 

Kefayati, G., Gorji-Bandpy, M., Sajjadi, H., & Ganji, D. (2012). Lattice Boltzman 

simulation of mhd mixed convection in a lid-driven square cavity the linearly 

heated wall. Scientia Iranica B, 19(4), 1053–1065. 

Khanafer, K., & Chamka, A. (1999). Mixed convection flow in a lid-driven enclosure 

filled with a fluid-saturated porous medium. Heat and Mass Transfer, 42, 

2465–2481. 

Khandelwal,  M.,  Bera,  P.,  &  Chakrabarti,  A.  (2012).   Influence  of  periodicity 

of sinusoidal bottom boundary condition on natural convection in porous 

enclosure. International Journal of Heat and Mass Transfer, 55, 2889–2900. 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

201 
 

 

Kimura, S., & Bejan, A. (1985). Natural convection in a differentially heated corner 

region. Physical Fluids, 28, 2980. 

Koopaee, M., & Jelodari, I. (2014). Numerical investigation of magnetic field 

inclination angle on transient natural convection in an enclosure filled with 

nanofluid. Engineering Computations, 31, 1342–1360. 

Kreith, F., & Bohn, M. (2001). Principles of Heat Transfer. PWS Publishing Company. 

Lakhal, E., Hasnaoui, M., Vasseur, P., & Bilgen, E. (1995). Natural convection in a 

square enclosure heated periodically from part of the bottom wall. Numerical 

Heat Transfer, Part A, 27, 319–333. 

Li, R., Chen, Z., & Wu, W. (2000). Generalized Difference Methods for Differential 

Equations: Numerical Analysis of Finite Volume Methods. Marcel Dekker. 

Long, C. (1999). Essential Heat Transfer. Pearson Education Limited. 

Mahalakshmi, T., Nithyadevi, N., Oztop, H., & Abu-Hamdeh, N. (2018). MHD 

mixed convective heat transfer in a lid-driven enclosure filled with Ag-water 

nanofluid with center heater. International Journal of Mechanical Sciences, 

142-143, 407–419. 

Malik, S., & Nayak, A. (2017). MHD convection and entropy generation of nanofluid 

in a porous enclosure with sinusoidal heating. International Journal of Heat 

and Mass Transfer, 111, 329–345. 

Malleswaran, A., Sivasankaran, S.,  &  Bhuvaneswari,  M.  (2013).  Effect  of 

heating location and size on MHD mixed convection in a lid-driven cavity. 

International Journal of Numerical Methods for Heat and Fluid Flow, 23, 

867–881. 

Mansour, M., Chamka, A., Mohamed, R., Abd El-Aziz, M., & Ahmed, S. (2015). 

MHD natural convection in an inclined cavity filled with a fluid saturated 

porous medium with heat source in the solid phase. Nonlinear Analysis: 

Modelling and Control, 15, 55–70. 

Manzini, G., & Russo, A. (2008). A finite volume method for advection-diffusion 

problems in convection-dominated regimes. Computer Methods in Applied 

Mechanics and Engineering, 197(13–16), 1242–1261. 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

202 
 

 

Mejri, I., Mahmoudi, A., Abbassi, M., & Omri, A. (2014). MHD natural convection in 

a nanofluid-filled enclosure with non-uniform heat on both side walls. Fluid 

Dynamic and Material Processing, 10, 83–114. 

Mekroussi, S., Nehari, D., Bouzit, M., & Chemioul, N. (2013). Analysis of mixed 

convection in an inclined lid-driven cavity with a wavy wall. Journal of 

Mechanical Science and Technology, 27(7), 2181–2190. 

Mliki, B., Abbassi, M., Omri, A., & Zeghmati, B. (2016). Effects of nanoparticles 

Brownian motion in a linearly/sinusoidally heated cavity with MHD natural 

convection in the presence of uniform heat generation/absorption. Powder 

Technology, 295, 69–83. 

Moallemi, M., & Jang, K. (1992). Prandtl number effects on laminar mixed convection 

heat transfer in a lid-driven cavity. International Journal of Heat and Mass 

Transfer, 35, 1881–1892. 

Mondal, S., & Sibanda, P. (2015). Unsteady double diffusive convection in an 

inclined rectangular lid-driven enclosure with different magnetic field angles 

and non-uniform boundary conditions. International Journal of Heat and 

Mass Transfer, 90, 900–910. 

Mondal, S., & Sibanda, P. (2016). An unsteady double diffusive natural convection  

in an inclined rectangular enclosure with different angles of magnetic field. 

International Journal of Computational Methods, 13(4), 1641015. 

Muthtamilselvan, M., & Doh, D. (2014a). Magnetic field effects on mixed convection 

in a square cavity filled with nanofluids. Journal of Mechanical Science and 

Technology, 28(1), 137–143. 

Muthtamilselvan, M., & Doh, D. (2014b). Mixed convection of heat generating 

nanofluid in a lid-driven cavity with uniform and non-uniform heating of 

bottom wall. Applied Mathematical Modelling, 38, 3164–3174. 

Nasrin, R., Alim, M., & Chamka, A. (2014). Modeling of mixed convective heat 

transfer utilizing nanofluid in a double lid-driven chamber with internal heat 

generation. International Journal of Numerical Methods for Heat and Fluid 

Flow, 24(1), 36–57. 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

203 
 

 

Nasrin, R., & Parvin, S. (2011). Hydromagnetic effect on mixed convection in a lid-

driven cavity with sinusoidal corrugated bottom surface. International 

Communications in Heat and Mass Transfer, 38, 781–789. 

Nemati, H., Farhadi, M., Sedighi, K., Ashorynejad, H., & Fattahi, E. (2012). Magnetic 

field effects on natural convection flow of nanofluid in a rectangular cavity 

using the Lattice Boltzmann model. Scientia Iranica B, 19(2), 303–310. 

Nield, D., & Bejan, A. (1999). Convection in porous media. Springer. 

Nithyadevi, N., Begum, A., Oztop, H., & Abu-Hamdeh, N. (2017). Mixed convection 

analysis in heat transfer enhancement of a nanofluid filled porous enclosure 

with various wall speed ratios. International Journal of Heat and Mass 

Transfer, 113, 716–729. 

Nithyadevi, N., Kandaswamy, P., & Sivasankaran, S. (2006).  Natural convection in  

a square cavity with partially active vertical walls: Time periodic boundary 

condition. Mathematical Problems in Engineering, 2006(2006), 1. 

Obayedullah, M., & Chowdhury, M. (2013). MHD natural convection in a rectangular 

cavity having internal energy sources with non-uniformly heated bottom wall. 

Procedia Engineering, 56, 76–81. 

Oliver, Y. (2011). Comparison of finite difference method and finite volume method 

and the development of an educational tool for the fixed-bed gas absorption 

problem. Final report, National University of Singapore. 

Oosthuizen, P., & Naylor, D. (1999). An Introduction to Convective Heat Transfer 

Analysis. McGraw-Hil, Inc. 

Oztop, H., Al-Salem, K., & Pop, I. (2011). MHD mixed convection in a lid-driven 

cavity with corner heater. International Journal of Heat and Mass Transfer, 

54, 3494–3504. 

Oztop, H., & Dagtekin, I. (2004). Mixed convection in two-sided lid-driven 

differentially heated square cavity. International Journal of Heat and Fluid 

Flow, 47, 1761–1769. 

Oztop, H., Oztop, M., & Varol, Y. (2009). Numerical simulation of 

magnetohydrodynamic buoyancy-induced flow in a non-isothermally heated 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

204 
 

 

square enclosure. Communications in Nonlinear Science and Numerical 

Simulation, 14, 770–778. 

Oztop, H., Sakhrieh, A., Abu-Nada, E., & Al-Salem, K. (2017). Mixed convection  

of MHD flow in nanofluid filled and partially heated wavy walled lid-driven 

enclosure. International Communications in Heat and Mass Transfer, 86, 42– 

51. 

Patankar, S. (1980). Numerical Heat Transfer and Fluid Flow. Hemisphere Publishing 

Corporation. 

Patankar, S., &  Spalding,  D.  (1972).  A  calculation  procedure  for  heat,  mass  

and momentum transfer in three-dimensional parabolic flows. International 

Journal Heat and Mass Transfer, 15, 1787–1806. 

Pirmohammadi, M., Ghasemi, M., & Sheikhzadeh, G. A. (2009). Effect of a magnetic 

field on buoyancy-driven convection in differentially heated square cavity. 

IEEE Transactions on Magnetics, 45, 407–411. 

Prasad, A., & Koseff, J. (1996). Combined forced and natural convection heat transfer 

in a deep lid-driven cavity flow. International Journal of Heat and Fluid Flow, 

17(5), 460–467. 

Press, W., Teukolsky, S., Vetterling, W., & Flannery, B. (2007). Numerical Recipes. 

Cambridge University Press, New York. 

Rahman, M., Alim, M., & Sarker, M. (2010). Numerical study on the conjugate 

effect of Joule heating and magnato-hydrodynamics mixed convection in an 

obstructed lid-driven square cavity. International Communications in Heat 

and Mass Transfer, 37, 524–534. 

Rahmannezhad, J., Ramezani, A., & Kalteh, M. (2013). Numerical investigation of 

magnetic field effects on mixed convection flow in a nanofluid-filled lid driven 

cavity. International Journal of Engineering, 26, 1213–1224. 

Rajarathinam, M., & Nithyadevi, N. (2017). Heat transfer enhancement of Cu-water 

nanofluid in an inclined porous cavity with internal heat generation. Thermal 

Science and Engineering Progress, 4, 35–44. 

Rashidi, M., Nasiri, M., Khezerloo, M., & Laraqi, N. (2016). Numerical investigation 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

205 
 

 

of magnetic field effect on mixed convection heat transfer of nanofluid in a 

channel with sinusoidal walls. Journal of Magnetism and Magnetic Materials, 

401, 159–168. 

Rudraiah, N., Barron, R., Venkatachalappa, M., & Subbaraya, C. (1995).  Effect of   

a magnetic field on free convection in a rectangular enclosure. International 

Journal of Engineering Science, 33, 1075–1084. 

Saeid, N., & Yaacob, Y. (2006). Natural convection in a square cavity with spacial side 

wall temperature variation. Numerical Heat Transfer, Part A, 49, 683–697. 

Saha, L., Uddin, K., & Taher, M. (2015). Effect of internal heat generation or 

absorption on MHD mixed convection flow in a lid driven cavity. American 

Journal of Applied Mathematics, 3, 20–29. 

Saha, S., Hasan, M., Saha, G., & Islam, M. (2010). Effect of inclination angle on 

mixed convection in a lid-driven square enclosure with internal heat generation 

or absorption. In International Conference on Mechanical, Industry and 

Engineering. 

Salimipour, E. (2019). A numerical study on the fluid flow and heat transfer from a 

horizontal circular cylinder under mixed convection. International Journal of 

Heat and Mass Transfer, 131, 365–374. 

Selimefendigil, F., & Chamkha, A. (2018). Magnetohydrodynamics mixed convection 

in a power law nanofluid-filled triangular cavity with an opening using Tiwari 

and Das nanofluid model. Journal of Thermal Analysis and Calorimetry, 2018, 

1–18. 

Selimefendigil, F., & Oztop, H. (2016). Mixed convection of nanofluid filled cavity 

with oscillating lid under the influence of an inclined magnetic field. Journal 

of the Taiwan Institute of Chemical Engineers, 63, 202–215. 

Selimefendigil, F., & Oztop, H. (2018). Modeling and optimization of MHD 

mixed convection in a lid-driven trapezoidal cavity filled with alumina-water 

nanofluid: Effects of electrical conductivity models. International Journal of 

Mechanical Sciences, 136, 264–278. 

Sharif, M. (2007). Laminar mixed convection in shallow inclined driven cavities with 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

206 
 

 

hot moving lid on top and cooled from bottom. Applied Thermal Engineering, 

27(5–6), 1036–1042. 

Sheikholeslami, M., Ashorynejad, H., Domairry, D., & Hashim, I. (2012). 

Investigation of the laminar viscous flow in a semi-porous channel in the 

presence of uniform magnetic field using optimal homotopy asymptotic 

method. Sains Malaysiana, 41(10), 1281–1285. 

Sheikholeslami, M., & Ellahi, R. (2015). Three dimensional mesoscopic simulation of 

magnetic field effect on natural convection of nanofluid. International Journal 

of Heat and Mass Transfer, 89, 799–808. 

Sheikhzadeh, G., Sebdani, S., Mahmoodi, M., Safaeizadeh, E., & Hashemi, S. (2013). 

Effect of a magnetic field on mixed convection of a nanofluid in a square 

cavity. Journal of Magnetics, 18(3), 321–325. 

Sheremet, M., Oztop, H., & Pop, I. (2016). MHD natural convection in an inclined 

wavy cavity with corner heater filled with a nanofluid. Journal of Magnetism 

and Magnetic Materials, 416, 37–47. 

Sivakumar, V., Sivasankaran, S., & Prakash, P. (2012). Numerical study of mixed 

convection in a lid-driven cavity with partial heating/cooling and internal heat 

generation. Heat Transfer Research, 43(5), 461–482. 

Sivasankaran, S., Ananthan, S., Bhuvaneswari, M., & Hakeem, A. (2017). Double- 

diffusive mixed convection in a lid-driven cavity with non-uniform heating on 

sidewalls. Sadhana - Academy Proceedings in Engineering Sciences, 42(11), 

1929–1941. 

Sivasankaran, S., Malleswaran, A.,  Lee,  J.,  &  Sundar,  P.  (2011).  Hydro- 

magnetic combined convection in a lid-driven cavity with sinusoidal boundary 

conditions on both sidewalls. International Journal of Heat and Mass 

Transfer, 54, 512–525. 

Sivasankaran, S., & Pan, K. (2012). Numerical simulation on mixed convection in a 

porous lid-driven cavity with nonuniform heating on both side walls. Journal 

Numerical Heat Transfer, Part A: Application, 61(2), 101–121. 

Sivasankaran, S., Sivakumar, V., & Hussein, A. (2013). Numerical study on mixed 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

207 
 

 

convection in an inclined lid-driven cavity with discrete heating. International 

Communication of Heat and Mass Transfer, 46, 112–125. 

Sivasankaran, S., Sivakumar, V., Hussein, A., & Prakash, P. (2014). Mixed convection 

in a lid-driven two-dimensional square cavity with corner heating and internal 

heat generation. Numerical Heat Transfer, Part A, 65, 269–286. 

Sivasankaran, S., Sivakumar, V., & Prakash, P. (2010). Numerical study on mixed 

convection in a lid-driven cavity with non-uniform heating on both sidewalls. 

International Journal of Heat and Mass Transfer, 53(19–20), 4304–4315. 

Tan, J. (2019). An upwind finite volume method for convection-diffusion equations on 

rectangular mesh. Chaos, Solitons and Fractals, 118, 159–165. 

Thomas, L. (1949). Elliptic Problems in Linear Differential Equations over a Network. 

Watson Science Computer Lab Report, Columbia University, New York. 

Torrance, K., Davis, R., Eike, K., Gill, P., Gutman, D., Hsui, A., Lyons, S., & Zien, 

H. (1972). Cavity flows driven by buoyancy and shear. Journal of Fluid 

Mechanics, 51, 221–231. 

Turkoglu, E., & Yucel, N. (1995). Effect of heater and cooler locations on natural 

convection in square cavity. Numerical Heat Transfer, Part A, 27, 351–358. 

Udhayakumar, S., Rejeesh, A., Sekhar, T., & Sivakumar, R. (2016). Numerical 

investigation of magnetohydrodynamic mixed convection over an isothermal 

circular cylinder in presence of an aligned magnetic field. International 

Journal of Heat and Mass Transfer, 95, 379–392. 

Vajravelu, K. (1979). Natural convection at a heated semi infinite vertical plate with 

internal heat generation. Acta Mechanica, 34, 153–159. 

Vajravelu,  K.,  & Hadjinicolaou,  A. (1993).   Heat transfer in a viscous fluid over    

a stretching sheet with viscous dissipation and internal heat generation. 

International Communications in Heat and Mass Transfer, 20, 417–430. 

Valencia, A., & Frederick, R. (1989). Heat transfer in square cavities with partially 

active vertical walls. International Journal of Heat and Mass Transfer, 32(8), 

1567–1574. 

Varol, Y., Oztop, H., & Pop, I. (2008). Numerical analysis of natural convection for a 



PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH

208 
 

 

porous rectangular enclosure with sinusoidally varying temperature profile on 

the bottom wall. International Communications in Heat and Mass Transfer, 

35, 56–64. 

Versteeg, H., & Malalasekera, M. (2007). An Introduction to Computational Fluid 

Dynamics The Finite Volume Method. Pearson Education Limited. 

Wang, X., & Li, Y. (2019). Superconvergence of quadrtic finite volume method on 

triangular meshes. Journal of Computational and Applied Mathematics, 348, 

181–199. 

Wu, F., Zhou, W., & Ma, X. (2015). Natural convection in a porous rectangular 

enclosure with sinusoidal temperature distributions on both side walls using 

a thermal non-equilibrium model. International Journal of Heat and Mass 

Transfer, 85, 756–771. 

Xu, M. (2018). A modified finite volume method for convection-diffusion-reaction 

problems. International Journal of Heat and Mass Transfer, 117, 658–668. 

Yu, Q., Xu, H., & Liao, S. (2018). Analysis of mixed convection flow in an inclined 

lid-driven enclosure with Buongiornos nanofluid model. International Journal 

of Heat and Mass Transfer, 126(Part B), 221–236. 

Zhang, T., & Guo, Q. (2018). The finite difference/finite volume method for solving 

the fractional diffusion equation. Journal of Computational Physics, 375, 120– 

134. 

Zhang, T., & Li, Z. (2019). A finite volume method for Stokes problems on 

quadrilateral meshes. Computers and Mathematics with Applications, 77(4), 

1091–1106. 

Zhou, W., Yan, Y., Xie, Y., & Liu, B. (2017). Three dimensional Lattice Boltzmann 

simulation for mixed convection of nanofluids in the presence of magnetic 

field. International Communications in Heat and Mass Transfer, 80, 1–9. 




