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Understanding mixed convection in engineering applications such as heat exchangers, 
electronics cooling devices, and solar energy collectors have urged researchers to 
investigate this phenomenon deeper. This study investigates the fluid flow and heat 
transfer pattern in a two-dimensional (2D) rectangular cavity with sinusoidal heating 
on the moving top lid numerically. The bottom wall is kept cool while the vertical walls 
are insulated. The effect of Hartmann number, 𝐻𝑎 on the thermal characteristics and 
fluid flow are analyzed for Richardson number, 𝑅𝑖 = 1 which indicate mixed 
convection dominated regime. The governing equations are solved numerically using 
a SIMPLE algorithm with the finite volume method. The numerical results are displayed 
in streamlines and isotherms plots. The value of the Nusselt number indicating the heat 
transfer rate is also discussed. It is found that 𝐻𝑎 has a significant effect on the heat 
transfer process and fluid flow. It can be seen clearly when the value of 𝐻𝑎 = 30, the 
rate of heat transfer dropped significantly on the cold wall. Generally, the heat transfer 
rate decreases with the increase of 𝐻𝑎. 
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1. Introduction 
 

The research on finding the optimum methods to improve the heat transfer and fluid flow process 
that reduce the energy lost in a thermal energy system is still ongoing. Researchers and engineers 
are still trying to evaluate the performance and efficiency of such systems to reduce the cost and 
increase their effectiveness in such systems. Solar system [1, 2], thermal exchangers, refrigerator, 
storage technologies [3] and coolants in a nuclear reactor are some examples of mixed convection 
applications. Mixed convection studies have been done through review papers [4, 5] or deep 
investigation [6, 7] using various approach. Researchers [8, 9] investigated mixed convection studies 
through numerical approach and [10] through experiment while [11, 12] through both approaches.  
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One of the earlier studies on mixed convection in a driven cavity was done by Iwatsu et al., [13]. 
It was found that the fluid at the centre and bottom part of the cavity remains stagnant for a higher 
Richardson number. Then, Khanafer and Chamka [14] investigated the problem of mixed convection 
in a lid-driven cavity filled with fluid and porous medium. They found that Darcy and Richardson 
number plays a significant role in convective flow. The importance of using an insulated block inside 
a cavity to improve the heat transfer process was studied by Biswas et al., [15]. In contrast, Widodo et 
al., [16] studied the effects of magnetohydrodynamic in mixed convection nanofluid flow at a lower 
stagnation point on a sliced sphere. Next, mixed convection flow that past a circular cylinder that is 
placed horizontally was studied by Sharidan et al., [17]. Earlier, Eiyad and Chamka [18] had studied 
mixed convection flow in a lid-driven cavity with a wavy wall. They found that the average Nusselt 
number was enhanced or reduced depending on the waviness of the cavity and the Richardson 
number. Recently, Batool et al., [19] discussed on a numerical investigation of heat and mass transfer 
in micropolar nanofluids flowing through a lid-driven cavity. The findings of the study indicate that 
the average Nusselt number and Sherwood number decrease with increasing Hartmann number, 
aspect ratio, and nanoparticle volume fraction.  

The effect of a magnetic field in a lid-driven square cavity filled with a porous medium was 
investigated by Nayak et al., [20]. MHD mixed convection in a lid-driven rectangular cavity containing 
a heat-conducting circular block has been examined by Rahman et al., [21] using the FVM method. 
They found that the Reynolds number and the Prandtl number would change the streamline and the 
isotherm. In the presence of a magnetic field, the laminar mixed convection in a lid-driven square 
cavity heated by a corner heater has also been explored by Oztop et al., [22]. Alnaqi et al., [23] 
investigated the effect of a magnetic field on the convective heat transfer and entropy generation in 
an inclined square cavity with a heat-conducting fin and thermal radiation. Meanwhile, Maneengam 
et al., [24] investigated the entropy generation and buoyancy and Lorents forces in a cavity that is 
filled with porous medium and different shape of obstacles. It is found that the shape of obstacles 
plays a significant impact to the heat and mass transfer rate. MHD flows along a tiny needle and over 
a stretching sheet were also observed [25, 26].  

Malleswaran et al., [27] and Oztop et al., [28] examined the flow and heat transfer rate impacts 
of different heating locations in the presence of a magnetic field in a lid-driven cavity. They found 
that the position of the heat source and the addition of a magnetic field significantly affect the heat 
transfer rate and fluid flow characteristics. MHD mixed convection in a lid-driven cavity filled with a 
nanofluid was investigated by Elshehabey and Ahmed [29]. Using Buongiorno's nanofluid model, they 
investigated a sinusoidal temperature distribution on both vertical walls. Nawafleh et al., [30] 
examined heat transfer by mixed convection in a lid-driven hollow filled with nanofluids. They 
considered fluctuating temperature boundary conditions along the sidewalls, as well as sinusoidal 
temperature distribution. The numerical results revealed that decreasing the Richardson number 
increases the average Nusselt number. Furthermore, the presence of nanoparticles in pure water 
improves the transfer of heat. 

In summary, the studies on mixed convection in a lid-driven cavity with sinusoidal heating 
provided insight into a variety of topics, including varied cavity geometries, nanofluid-filled cavities, 
porous cavities, and the impacts of magnetic fields. These researches findings provide important 
insights into the heat transfer and fluid flow behaviour in such systems as per the reviewed studies 
and considering the previously mentioned industrial uses.  

Aside from the earlier investigations, no research has been conducted on a lid-driven, water-filled 
cavity with a magnetic field and sinusoidal heating on top of the cavity wall. Consequently, this work 
investigates the influence of magnetic field on mixed convection heat transfer in a lid-driven cavity 
heated sinusoidally on the top lid. Furthermore, it becomes essential to investigate the magnetic 
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field's impact to gain a comprehensive grasp of the fluid flow pattern. Here, the numerical results for 
streamlines, isotherms, and the average Nusselt number are graphically illustrated. This research has 
numerous applications, including fluid heating and cooling in concentrated solar collectors, electronic 
and electrical machines, food industries, and many others. 
 
2. Methodology  
2.1 Mathematical Modelling 

 
The schematic view of the problem under consideration is shown in Figure 1. The horizontal lid-

driven cavity is filled with water. The length is denoted as L and the height as H.  The aspect ratio is 

defined as 𝐴𝑅 = 𝐿
𝐻⁄ = 2. The upper wall is moving in a positive way constantly with velocity 𝑢 =

𝑈0. It is heated sinusoidally 𝑇 = 𝑇𝑐 + (𝑇ℎ − 𝑇𝑐) sin 𝜋 (
𝑥
𝐻⁄ ) while the bottom wall is kept at a 

constant cold temperature, 𝑇𝑐 where 𝑇ℎ > 𝑇𝑐. The vertical walls are perfectly insulated. The fluid and 
flow are considered non-compressible, Newtonian, laminar, steady, and 2-dimensional (2D). Density 
variation is approximately by the Boussinesq equation. Magnetic field strength 𝐵 is imposed in the 
𝑥 − direction onto the fluid. Other magnetic fields that present due to the motion of electrically 
conducting fluid are neglected to reduce the calculation complexity.  

 

 
Fig. 1. Physical model of convection in a rectangular cavity together with the coordinate system 

 
Based on the assumptions, the mathematical modelling of the problem can be written in the 

dimensional form as below [31]: 
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Where 𝑢 and 𝑣 is the velocity that acts in the 𝑥 and 𝑦 − direction of the Cartesian coordinate, 
respectively. The parameters 𝑝, is fluid pressure, 𝜌 is density and 𝜈 is the kinematic viscosity, 
respectively. The notations 𝛽 is fluid thermal expansion coefficient, 𝑔 is gravity, 𝑇 is temperature, 
and 𝜎 is the electrical conductivity, respectively. The magnetic induction coefficient is denoted as 𝐵. 

The thermal diffusivity, 𝛼 = 𝑘
𝜌𝑐⁄  where 𝑘 is the thermal conductivity while 𝑐 is the heat capacity. 

The boundary conditions are: 
 

top wall: 𝑢 = 𝑈0, 𝑣 = 0, 𝑇 = (𝑇ℎ − 𝑇𝑐) sin
𝜋𝑥

𝐻
+ 𝑇𝑐, 

vertical walls: 𝑢 = 𝑣 = 0, 𝜕𝑇 𝜕𝑥⁄ = 0, 

bottom wall: 𝑢 = 𝑣 = 0, 𝑇 = 𝑇𝑐. 

(5) 

 
Then, the dimensionless variables are introduced [32]: 
 

𝑋 =
𝑥
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3
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(6) 
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𝜈

𝛼
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𝑝
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𝜈
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, 

 
where 𝜃 is temperature, 𝑃 is pressure, 𝐺𝑟 is Grashof number, 𝑅𝑒 is Reynold number, 𝑃𝑟 is Prandtl 
number and 𝐻𝑎2 is Hartmann number, respectively. The governing equations Eq. (1) – (5) with 
boundary conditions in Eq. (6) are transformed into a dimensionless form using the Eq. (6). The 
resulting governing equations in the dimensionless form are: 
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(10) 

 

with dimensionless boundary conditions as follows: 
 
top wall: 𝑈 = 𝑈0, 𝑉 = 0, 𝜃 = sin 𝜋 𝑋, 

vertical walls: 𝑈 = 𝑉 = 0, 𝜕𝜃 𝜕𝑋⁄ = 0, 

bottom wall: 𝑈 = 𝑉 = 0, 𝜃 = 0. 

(11) 

                           

2.2 Numerical Approach 
 

The dimensionless Eq. (7) – (11) are solved using the finite volume method (FVM) [26]. The 
resulting algebraic equations are solved iteratively by the semi-implicit method for pressure linked 
equation (SIMPLE) algorithm and tridiagonal matrix algorithm (TDMA). The iterations for calculating 
𝑈, 𝑉, and 𝜃 continues until the convergence criteria in Eq. (12) is fulfilled. This study uses a staggered 
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grid system to store the velocity components halfway between the scalar storage locations. A non-
uniform mesh system captures the rapid changes of all variables involved, especially near the walls. 
 

𝜀 =
∑ |𝜁𝑖,𝑗

𝑘+1 − 𝜁𝑖,𝑗
𝑘 |𝑖,𝑗

∑ |𝜁𝑖,𝑗
𝑘+1|𝑖,𝑗

≤ 10−7, (12) 

 
where 𝜀 is the tolerance, 𝑖 and 𝑗 are the grid points in 𝑥 and 𝑦 − direction, respectively while 𝜁 is any 
of the computed variables and 𝑘 is the iteration number. To investigate the heat transfer rate, the 
Nusselt number is calculated in the following manner: 
 

𝑁𝑢 =
1

𝐿
𝐻⁄
∫ −(

𝜕𝜃

𝜕𝑌
)
𝑌=0,1

𝑑𝑋
𝐻

0

. 
(13) 

 
2.3 Grid Independence Test 
 

A numerical experiment was performed on different grid resolutions to check the independency 
of the solution. The procedure is adapted into the FORTRAN90 programming language. Several grid 
size distributions ranging from 50 to 120 grid sizes for the horizontal axis were run on Asus, AMD 
Ryzen 5 CPU @ 2.10 GHz. The size of the vertical axis is half the size of the horizontal axis. The Nusselt 
number along the top wall were compared as in Figure 2. The calculation was done for 𝑅𝑖 = 1.0, 
𝐻𝑎 = 30, 𝑃𝑟 = 7.0 and fixed 𝐺𝑟 value that is 104. The grid size of 110 × 55 was chosen as the grid 
for this study because it is sufficiently accurate. Next, the validation process was done against the 
previous research of Iwatsu et al., [13] and Khanafer and Chamka [14] as shown in Table 1. The 
present study also performed another numerical validation with Al-Salem et al., [33] as in Figure 3. It 
is found that all the results of comparison on streamlines, isotherms and vertical velocity profiles are 
in good agreement. However, a slight difference in the analysis outcomes is observed due to the grid 
resolution and discretization schemes used in numerical simulations, which can affect the accuracy 
and convergence of the results. 
 

 
Fig. 2. Average Nusselt number on top lid and the grid size for 𝑅𝑖 = 1.0 and 𝐻𝑎 = 30 
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Table 1 
Comparisons of minimum and maximum values of velocities at the mid-sections of the cavity 
between the present study and previous works 

 Velocities Present study Iwatsu et al., [13] Khanafer and Chamka 
[14] 

𝑹𝒆 = 𝟏𝟎𝟎 𝑈𝑚𝑖𝑛 -0.2049 -0.2122 -0.2037 
𝑈𝑚𝑎𝑥 1.0000 1.000 1.000 
𝑉𝑚𝑖𝑛 -0.2328 -0.2506 -0.2448 
𝑉𝑚𝑎𝑥 0.1673 0.1765 0.1699 

𝑹𝒆 = 𝟒𝟎𝟎 𝑈𝑚𝑖𝑛 -0.3023 -0.3197 -0.3099 
𝑈𝑚𝑎𝑥 1.000 1.0000 1.0000 
𝑉𝑚𝑖𝑛 -0.4219 -0.4459 -0.4363 
𝑉𝑚𝑎𝑥 0.2802 0.2955 0.2866 

 
 Streamlines Isotherms 

Al-Salem et al., 
[33] 

 

 

Present study 

 

 

Fig. 3. Comparison of the present study with Al-Salem et al., [33] 
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3. Results  
 

Mixed convection heat transfer and fluid flow for a lid-driven horizontal cavity with the presence 
of a magnetic field while the top lid was heated sinusoidally. The bottom wall is kept constant at a 
cold temperature. Both the vertical walls are kept insulated. In the present study, the fluid chosen is 
water with 𝑃𝑟 = 7.0. The controlling parameters is Ha. The Reynolds and Grashof number are kept 
constant at 100 and 10 000, respectively. This study focuses on 𝑅𝑖 = 1.0, which mixed convection as 
the dominant convection that happened in the cavity. The values for 𝐻𝑎 are 0, 10, 30 and 60. The 
numerical results are presented in the form of streamlines which show the path of a particle moving. 
And isotherms which show the variation of temperature. 

The streamlines for different values of 𝐻𝑎 are shown in Figure 4. When 𝐻𝑎 = 0, a primary 
clockwise rotating eddy at the right side of the cavity. Rotating means the fluid flows towards the 
bottom wall and returns to the top wall. This flow indicated the shear effect is dominant due to the 
movement of the top wall from left to right in constant velocity. Thus, it pushed the fluid down, and 
the temperature difference of the fluid also existed and pushed back the fluid upward. 

As the magnetic field strength values increased to 10, the recirculating eddy tended to move 
towards the top lid, and the eddy grew smaller. When the magnetic field strength increases to 30, 
two recirculating eddies exist. The primary eddy was recirculating in a clockwise direction and 
situated near the top wall, while the secondary eddy flowed in a counter-clockwise direction near 
the bottom wall. The primary eddy exists due to the movement of the moving lid on top, and the 
secondary recirculating eddy exists due to the temperature difference between the top and bottom 
wall. At this stage, the magnetic field effect started to become significant. 

As the magnetic field strength increased to 𝐻𝑎 = 60, the primary eddy became smaller, and the 
secondary eddy grew bigger. The magnetic field effect has become significant at this stage. The fluid 
in the cavity flows in two main directions due to the shear effect and temperature difference. Note 
that the secondary eddy has become more extensive, which indicates that the flow strength has 
become weaker as the Ha increases. 

Figure 4 depicts the development of the flow pattern inside the cavity as the magnetic field 
strength (Ha) increases. It illustrates the effect of the magnetic field on the rotation and magnitude 
of the recirculating eddies, as well as the varying strengths of the flow components due to shear and 
temperature differences. 
 

 

𝐻𝑎 = 0 
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𝐻𝑎 = 10 

 

𝐻𝑎 = 30 

 

𝐻𝑎 = 60 

Fig. 4. Variation of streamlines for vary 𝐻𝑎 
 

Figure 5 shows the variation of isotherms with different values of 𝐻𝑎. When no magnetic field 
strength is imposed on the cavity, the isotherms illustrate a steep temperature gradient near the top 
wall and along the right side of the bottom wall. This is due to the shear force and the sinusoidal 
heating of the top lid that nominated the flow. The temperature of the bottom fluid is hotter as the 
hot fluid is pushed towards the bottom cavity. 
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As the magnetic field strength increased, the steep temperature gradient gradually decreased. 
The temperature profile was mixed with hot and cold fluid due to the sinusoidal heating, especially 
at the centre of the cavity. When 𝐻𝑎 = 30, the isotherms were stratified horizontally near the right 
wall and at the centre of the cavity. The temperature profile was divided into two sections, hot and 
cold fluid. This indicated that the magnetic field significantly affects the temperature profile, where 
the temperature distribution seems more relaxed. This is due to the reduction of convection. 
Conduction seems to emerge at this stage, where the heat transfer and fluid flow are slower.  

When 𝐻𝑎 = 60, the isotherms were almost horizontally stratified, especially near the bottom 
wall. This indicates that conduction happened at the bottom of the cavity. The fluid is hot at the 
bottom wall and in some regions at the top wall. This is due to sinusoidal heating at the top wall while 
conduction happens at the bottom of the cavity. 
 The significant occurrences in Figure 5 illustrate the impact of the magnetic field on the 
temperature distribution, the transition between convection and conduction, and the stratification 
of hot and cold fluid regions within the lid-driven cavity. 
 

 

𝐻𝑎 = 0 

 

𝐻𝑎 = 10 
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𝐻𝑎 = 30 

 

𝐻𝑎 = 60 

Fig. 5. Variation of isotherms for vary 𝐻𝑎 
 

The variation of the Nusselt number for the top and bottom walls with various 𝐻𝑎 can be seen in 
Figure 6. The Nusselt number for the bottom wall decreased as the 𝐻𝑎 value increased. This shows 
that magnetic field presence has affected the heat transfer process near the bottom wall significantly. 
However, the opposite pattern of the Nusselt number for the top wall can be seen compared to the 
bottom wall. As the Ha values increased, the Nusselt number also increased. But, a slight decrement 
of the Nusselt number value is found when 𝐻𝑎 = 10. This is due to the sinusoidal heating effect on 
the heat transfer process. This opposite situation happened because, in the presence of a magnetic 
field, fluid motion is influenced by the Lorentz force, which is a force exerted on a charged particle in 
motion within a magnetic field. Higher heat transfer rates can come from the top lid because 
turbulence flow can break up the thermal barrier layer close to the heated surface and encourage 
heat transfer from the surface to the bulk fluid. 
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Fig. 6. Variation of Nusselt number for vary 𝐻𝑎 

 
4. Conclusions 
 

The present paper investigated the mixed convection phenomenon in a lid-driven horizontal 
cavity filled with water subjected to sinusoidal heating on the top wall while moving in the positive 
direction and influenced by a magnetic field. The governing equations were solved using the finite 
volume method, implemented in the FORTRAN90 programming language. The numerical results, 
depicted as streamlines and isotherms, revealed the significant impact of the magnetic field on the 
fluid flow and heat transfer process within the cavity. Mainly, the study focused on the Nusselt 
number as an indicator of heat transfer rate. Here are the main findings of the study: 

 
i. The magnetic field significantly influences the fluid flow and heat transfer process in the 

lid-driven horizontal cavity. 
ii. An increase in the Hartmann number (Ha) results in a decrease in the Nusselt number at 

the bottom wall, indicating suppressed heat transfer near the bottom wall due to the 
magnetic field effect. 

iii. However, the heat transfer rate increases at the top wall due to the presence of forced 
convection and turbulence flow, which disrupts the thermal barrier and promotes 
enhanced heat transfer. 

iv. The periodic nature of the sinusoidal heating contributed to variations in the temperature 
distribution and consequently influenced the heat transfer characteristics. 

 
Overall, this study provides valuable insights into the intricate relationship between mixed 

convection, magnetic field, and sinusoidal heating in a lid-driven horizontal cavity filled with water. 
The findings contribute to a better understanding of heat transfer phenomena in similar systems, 
offering opportunities for optimizing heat transfer processes in various engineering applications. 
Further investigations could explore the effects of different magnetic field strengths and frequencies 
of sinusoidal heating and consider additional geometries and boundary conditions to gain deeper 
insights into the underlying mechanisms and optimize heat transfer performance in lid-driven 
cavities. 
 
 
 
 
 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

0 10 30 60

N
u

ss
e

lt
 N

u
m

b
e

r

Hartmann Number

Top wall

Bottom wall



CFD Letters 

Volume 16, Issue 2 (2024) 42-54 

53 
 

Acknowledgement 
This research was supported by Ministry of Higher Education (MOHE) through Fundamental Research 
Grant Scheme (FRGS/1/2020/STG06/UTHM/03/6) and partially sponsored by Universiti Tun Hussein 
Onn Malaysia. 
 
References  
[1] Phu, Nguyen Minh, and Nguyen Thanh Luan. "A review of energy and exergy analyses of a roughened solar air 

heater." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 77, no. 2 (2021): 160-
175.https://doi.org/10.37934/arfmts.77.2.160175  

[2] Minh, Ha Nguyen, and Luan Nguyen Thanh. "The Effective and Exergy Efficiency of Multi-Pass Solar Air Collector 
with Longitudinal Fins: Analysis and Optimization." Journal of Advanced Research in Fluid Mechanics and Thermal 
Sciences 102, no. 2 (2023): 42-65. https://doi.org/10.37934/arfmts.102.2.4265 

[3] Chen, Haisheng, Thang Ngoc Cong, Wei Yang, Chunqing Tan, Yongliang Li, and Yulong Ding. "Progress in electrical 
energy storage system: A critical review." Progress in natural science 19, no. 3 (2009): 291-312. 
https://doi.org/10.1016/j.pnsc.2008.07.014 

[4] Hameer, Sameer, and Johannes L. van Niekerk. "A review of large‐scale electrical energy storage." International 
Journal of Energy Research 39, no. 9 (2015): 1179-1195. https://doi.org/10.1002/er.3294 

[5]  Izadi, Sina, Taher Armaghani, Ramin Ghasemiasl, Ali J. Chamkha, and Maysam Molana. "A comprehensive review 
on mixed convection of nanofluids in various shapes of enclosures." Powder Technology 343 (2019): 880-907. 
https://doi.org/10.1016/j.powtec.2018.11.006 

[6] Chai, Lei, Liang Wang, Jia Liu, Liang Yang, Haisheng Chen, and Chunqing Tan. "Performance study of a packed bed 
in a closed loop thermal energy storage system." Energy 77 (2014): 871-879. 
https://doi.org/10.1016/j.energy.2014.09.073 

[7] Gupta, Hemant Kumar, Ghanshyam Das Agrawal, and Jyotirmay Mathur. "Investigations for effect of Al2O3–H2O 
nanofluid flow rate on the efficiency of direct absorption solar collector." Case Studies in Thermal Engineering 5 
(2015): 70-78. https://doi.org/10.1016/j.csite.2015.01.002 

[8] Japar, Wan Mohd Arif Aziz, Nor Azwadi Che Sidik, R. Saidur, Natrah Kamaruzaman, Yutaka Asako, Siti Nurul Akmal 
Yusof, and Mohd Nizam Lani. "Hybrid Microchannel Heat Sink with Sustainable Cooling Solutions: Numerical Model 
Validation." CFD Letters 14, no. 4 (2022): 91-117. https://doi.org/10.37934/cfdl.14.4.91117 

[9] Isa, N. Mat, A. F. Ab Rahman, and A. Sadikin. "Numerical Simulation of Splitting Devices in Horizontal 
Pipeline." Journal of Advanced Research in Applied Mechanics 5, no. 1 (2015): 8-14. 

[10] Ashraf, Muhammad Junaid, Hafiz Muhammad Ali, Hazrat Usman, and Adeel Arshad. "Experimental passive 
electronics cooling: parametric investigation of pin-fin geometries and efficient phase change materials." 
International Journal of Heat and Mass Transfer 115 (2017): 251-263. 
https://doi.org/10.1016/j.ijheatmasstransfer.2017.07.114 

[11]  Oo, Ye Min, Makatar Wae-hayee, and Chayut Nuntadusit. "Experimental and Numerical Study on the Effect of 
Teardrop Dimple/Protrusion Spacing on Flow Structure and Heat Transfer Characteristics." Journal of Advanced 
Research in Experimental Fluid Mechanics and Heat Transfer 2, no. 1 (2020): 17-32. 

[12] Ali, Hossam Mohamed, and Ashraf Ali Elhamaimi. "An experimental and numerical investigation for characteristics 
of submerged hydraulic jump over corrugated beds." Port-Said Engineering Research Journal 24, no. 1 (2020): 1-11. 

[13] Iwatsu, Reima, Jae Min Hyun, and Kunio Kuwahara. "Mixed convection in a driven cavity with a stable vertical 
temperature gradient." International Journal of Heat and Mass Transfer 36, no. 6 (1993): 1601-1608. 
https://doi.org/10.1016/S0017-9310(05)80069-9 

[14] Khanafer, Khalil M., and Ali J. Chamkha. "Mixed convection flow in a lid-driven enclosure filled with a fluid-saturated 
porous medium." International Journal of Heat and Mass Transfer 42, no. 13 (1999): 2465-2481. 
https://doi.org/10.1016/S0017-9310(98)00227-0 

[15] Biswas, Nirmalendu, Nirmal K. Manna, and Pallab Sinha Mahapatra. 2016. “Enhanced Thermal Energy Transport 
Using Adiabatic Block inside Lid-Driven Cavity.” International Journal of Heat and Mass Transfer 100 (September): 
407–27. https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.074 

[16] Widodo, Basuki, Adhi Surya Nugraha, Dieky Adzkiya, and Mohd Zuki Salleh. "Magnetohydrodynamic Effects in 
Mixed Convection Copper-Water Nano Fluid Flow at Lower Stagnation Point on a Sliced Sphere." CFD Letters 13, no. 
12 (2021): 21-31. https://doi.org/10.37934/cfdl.13.12.2131 

[17]  Shafie, Sharidan, Rahimah Mahat, and Fatihhi Januddi. "Numerical Solutions of Mixed Convection Flow Past a 
Horizontal Circular Cylinder with Viscous Dissipation in Viscoelastic Nanofluid." Journal of Advanced Research in 
Micro and Nano Engineering 1, no. 1 (2020): 24-37. 

https://doi.org/10.37934/arfmts.77.2.160175
https://doi.org/10.37934/arfmts.102.2.4265
https://doi.org/10.1016/j.pnsc.2008.07.014
https://doi.org/10.1002/er.3294
https://doi.org/10.1016/j.powtec.2018.11.006
https://doi.org/10.1016/j.energy.2014.09.073
https://doi.org/10.1016/j.csite.2015.01.002
https://doi.org/10.37934/cfdl.14.4.91117
https://doi.org/10.1016/j.ijheatmasstransfer.2017.07.114
https://doi.org/10.1016/S0017-9310(05)80069-9
https://doi.org/10.1016/S0017-9310(98)00227-0
https://doi.org/10.1016/j.ijheatmasstransfer.2016.04.074
https://doi.org/10.37934/cfdl.13.12.2131


CFD Letters 

Volume 16, Issue 2 (2024) 42-54 

54 
 

[18] Abu-Nada, Eiyad, and Ali J. Chamkha. "Mixed convection flow of a nanofluid in a lid-driven cavity with a wavy 
wall." International Communications in Heat and Mass Transfer 57 (2014): 36-47. 
https://doi.org/10.1016/j.icheatmasstransfer.2014.07.013. 

[19] Batool, Saima, Ghulam Rasool, Nawa Alshammari, Ilyas Khan, Hajra Kaneez, and Nawaf Hamadneh. "Numerical 
analysis of heat and mass transfer in micropolar nanofluids flow through lid driven cavity: Finite volume 
approach." Case Studies in Thermal Engineering 37 (2022): 102233. https://doi.org/10.1016/j.csite.2022.102233. 

[20] Nayak, Ameeya Kumar, P. K. Jena, and PA Lakshmi Narayana. "Flow simulation and mixed convection in a lid-driven 
square cavity with saturated porous media." Journal of Porous Media 17, no. 6 (2014). 
https://doi.org/10.1615/JPorMedia.v17.i6.50 

[21] Rahman, M. M., M. M. Billah, M. A. H. Mamun, Rahman Saidur, and M. Hasanuzzaman. "Reynolds and Prandtl 
numbers effects on MHD mixed convection in a lid-driven cavity along with joule heating and a centered heat 
conducting circular block." International Journal of Mechanical and Materials Engineering 5, no. 2 (2010): 163-170. 

[22] Oztop, Hakan F., Khaled Al-Salem, and Ioan Pop. "MHD mixed convection in a lid-driven cavity with corner 
heater." International Journal of Heat and Mass Transfer 54, no. 15-16 (2011): 3494-3504. 
https://doi.org/10.1016/j.ijheatmasstransfer.2011.03.036 

[23] Alnaqi, Abdulwahab A., Saeed Aghakhani, Ahmad Hajatzadeh Pordanjani, Reza Bakhtiari, Amin Asadi, and Minh-
Duc Tran. "Effects of magnetic field on the convective heat transfer rate and entropy generation of a nanofluid in 
an inclined square cavity equipped with a conductor fin: considering the radiation effect." International Journal of 
Heat and Mass Transfer 133 (2019): 256-267. https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.110 

[24] Apichit Maneengam, Houssem Laidoudi, Abderrahmane Aissa, Ghulam Rasool, Kamel Guedri, Wajaree Weera, Obai 
Younis, and Belgacem Bouallegue. 2022. “Entropy Generation in 2D Lid-Driven Porous Container with the Presence 
of Obstacles of Different Shapes and under the Influences of Buoyancy and Lorentz Forces” 12 (13): 2206–6. 
https://doi.org/10.3390/nano12132206. 

[25] Souayeh, Basma, M. Gnaneswara Reddy, P. Sreenivasulu, T. M. I. M. Poornima, Mohammad Rahimi-Gorji, and 
Ibrahim M. Alarifi. "Comparative analysis on non-linear radiative heat transfer on MHD Casson nanofluid past a thin 
needle." Journal of Molecular Liquids 284 (2019): 163-174. https://doi.org/10.1016/j.molliq.2019.03.151 

[26] Alarifi, Ibrahim M., Ahmed G. Abokhalil, M. Osman, Liaquat Ali Lund, Mossaad Ben Ayed, Hafedh Belmabrouk, and 
Iskander Tlili. "MHD flow and heat transfer over vertical stretching sheet with heat sink or source 
effect." Symmetry 11, no. 3 (2019): 297. https://doi.org/10.3390/sym11030297 

[27] Malleswaran, A., S. Sivasankaran, and M. Bhuvaneswari. "Effect of heating location and size on MHD mixed 
convection in a lid‐driven cavity." International Journal of Numerical Methods for Heat & Fluid Flow (2013). 
https://doi.org/10.1108/HFF-04-2011-0082 

[28] Oztop, Hakan F., Khaled Al-Salem, and Ioan Pop. "MHD mixed convection in a lid-driven cavity with corner 
heater." International Journal of Heat and Mass Transfer 54, no. 15-16 (2011): 3494-3504. 
https://doi.org/10.1016/j.ijheatmasstransfer.2011.03.036 

[29] Elshehabey, Hillal M., and Sameh E. Ahmed. "MHD mixed convection in a lid-driven cavity filled by a nanofluid with 
sinusoidal temperature distribution on the both vertical walls using Buongiorno’s nanofluid model." International 
Journal of Heat and Mass Transfer 88 (2015): 181-202. https://doi.org/10.1016/j.ijheatmasstransfer.2015.04.039 

[30] Nawafleh, Audai S., Yazan Taamneh, and Khaled Bataineh. "Combined convection heat transfer in a lid driven cavity 
filled with nanofluids." Heat Transfer 52, no. 1 (2023): 526-547. https://doi.org/10.1002/htj.22705 

[31] Sivasankaran, S., A. Malleswaran, Jinho Lee, and Pon Sundar. "Hydro-magnetic combined convection in a lid-driven 
cavity with sinusoidal boundary conditions on both sidewalls." International Journal of Heat and Mass Transfer 54, 
no. 1-3 (2011): 512-525. https://doi.org/10.1016/j.ijheatmasstransfer.2010.09.018 

[32] Muthtamilselvan, M., and Deog-Hee Doh. "Magnetic field effect on mixed convection in a lid-driven square cavity 
filled with nanofluids." Journal of Mechanical Science and Technology 28 (2014): 137-143. 
https://doi.org/10.1007/s12206-013-0953-6. 

[33] Al-Salem, Khaled, Hakan F. Öztop, Ioan Pop, and Yasin Varol. "Effects of moving lid direction on MHD mixed 
convection in a linearly heated cavity." International Journal of Heat and Mass Transfer 55, no. 4 (2012): 1103-1112. 
https://doi.org/10.1016/j.ijheatmasstransfer.2011.09.062 

 

https://doi.org/10.1016/j.icheatmasstransfer.2014.07.013
https://doi.org/10.1016/j.csite.2022.102233
https://doi.org/10.1615/JPorMedia.v17.i6.50
https://doi.org/10.1016/j.ijheatmasstransfer.2011.03.036
https://doi.org/10.1016/j.ijheatmasstransfer.2018.12.110
https://doi.org/10.3390/nano12132206
https://doi.org/10.1016/j.molliq.2019.03.151
https://doi.org/10.3390/sym11030297
https://doi.org/10.1108/HFF-04-2011-0082
https://doi.org/10.1016/j.ijheatmasstransfer.2011.03.036
https://doi.org/10.1016/j.ijheatmasstransfer.2015.04.039
https://doi.org/10.1002/htj.22705
https://doi.org/10.1016/j.ijheatmasstransfer.2010.09.018
https://doi.org/10.1007/s12206-013-0953-6
https://doi.org/10.1016/j.ijheatmasstransfer.2011.09.062

