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Introduction 
Studies on mixed convective flow in a cavity 
on magnetohydrodynamics (MHD) have 
been carried out for decades due to its wide 
applications in industry. There are some 
examples of studies on MHD mixed convective 
flow in different types of cavities such as lid-
driven cavity (Alsabery et al., 2020; Ali et al., 
2022), wavy-walled cavity (Chowdhury & 
Alim, 2023), and square cavity (Hossen et al., 
2019; Rashidi et al., 2021; Alhussain, 2022).

It has been proven that the efficiency of heat 
transmission may be increased using nanofluid 
in place of traditional fluids (Hafeez et al., 
2021). Nanofluid has been widely employed 
in several fields, including cooling, fuel, 

electronics, and healthcare (Ali et al., 2021; 
Grzesik, 2021). There are two widely used 
methods for the nanofluid model, which are 
Buongiorno (2006) and Tiwari and Das (2007). 
The main focal points of Buongiorno’s model 
are the effects of thermophoresis and Brownian 
motion. In contrast, Tiwari and Das model 
highlights the solid volume portion of nanofluid 
(Selimefendigil & Chamkha, 2019).

In this paper, we are interested in studying 
power-law Buongiorno’s nanofluid in a lid-driven 
cavity. Power-law fluid is a non-Newtonian fluid 
that follows the power-law model (Bognár et 
al., 2012). The power-law model is a standard 
rheological model to typically quantify shear 
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thinning of fluids. The fluids will change into 
Newtonian fluids when n = 1 (Zhang, 2021). In 
Thohura et al. (2021), the researchers conducted 
a numerical simulation of mixed convective 
non-Newtonian fluid flow inside a skewed cavity 
with a moving lid. They concluded that the rate 
of heat transfer in the present case is sensitive to 
the skew-angle as well as power-law index and 
the maximum heat transfer occurs in the case 
of dilatant (shear-thickening) fluid. Inclined 
walls have been a topic of research in the past 
few decades. Ismael et al. (2015) demonstrated 
that the inclination angle of the side walls may 
significantly influence the Nusselt number 
when the Richardson number is relatively low 
(Ri ≤ 1). Additionally, the relationship between 
the Nusselt and Richardson numbers is varied, 
depending on the direction of the lid’s motion 
(Ismael et al., 2015). Other studies showed 
that the nanofluid strategy in such cavity has a 
noticeable augmentation of heat transfer (Nouari 
et al., 2021; Keya et al., 2022; Owhaib & Al-
Kouz, 2022).

Nominal energy is required to initiate a 
chemical reaction. Thanks to this energy, the 
temperature of nuclear reactors may be lowered 
and thermal oil can also be recovered. However, 
as it considers the mass transfer problem, there 
is relatively little literature on the impact of 
chemical reactions in cavities. In Reddy et al. 
(2021), the authors studied the free convection 
MHD flow through a porous medium over an 
exponentially stretching surface and found 
that larger values of the Schmidt number 
and the chemical reaction parameter serve to 
diminish the nanoparticle concentration. Other 
researchers studied the mixed convection in 
MHD second-grade nanofluid flow through a 
porous medium containing nanoparticles and 
gyrotactic microorganisms, they found that 
for the constructive (or generation) chemical 
reaction, the mass transfer displays an increasing 
behaviour (Khan, 2019). In addition, Ahmad et 
al. (2021) studied the mixed convection flow, 
coupled with exothermic catalytic chemical 
reaction along a curved surface, and found 
the velocity profile becoming increasingly 
more significant when n equals to 1 due to the 

uniformly heated surface temperature profile 
and evenly distributed mass concentration.

Numerous research have used the solid 
triangular block inside a lid-driven cavity. For 
example, influence of location of the heated 
triangular block along the vertical centreline 
of cavity was examined on mixed convection 
characteristics (Gangawane et al., 2018). They 
found that the highest heat transfer rates can be 
achieved if the position of the block is at the 
centre. In Kumar et al. (2021), the researchers 
explored non-Newtonian power-law fluids in the 
mixed convection phenomenon inside a tall lid-
driven cavity, with top and bottom lids moving 
in opposite directions. They found that with a 
rise in the cavity’s aspect ratio, the flow pattern 
becomes more dispersed inside the cavity. Heat 
transfer enhancement is observed at a lower 
aspect ratio. Location of the obstacle inside 
the cavity plays significant role as well in the 
problem of heat transfer. As shown by Ismael et 
al. (2018), positioning the solid body near the 
mid-height of the left wall results in maximum 
convective heat transfer, whereas placing 
it at the centre of the cavity leads to minimal 
heat transfer. Furthermore, it is observed that 
the Nusselt and Sherwood numbers exhibited 
opposing trends depending on the location of 
the solid body. 

A square cavity with a triangular obstacle 
in the centre can be utilised in heat exchangers 
to enhance heat transfer by disrupting fluid flow, 
thereby increasing turbulence and promoting 
improved thermal mixing (Temiloluwa et 
al., 2022). Similarly, these configurations are 
valuable in the study of natural convection and 
heat retention, providing insights for optimising 
thermal insulation systems in electronics, fuel 
cells, military equipment, medicine, nuclear 
reactors, spacecraft and ships. 

The aforementioned papers have inspired 
this study’s authors to conduct the present 
work, that is the investigation of heat generation 
and chemical reaction in mixed convective of 
Buongiorno’s nanofluid for triangular block in a 
lid-driven cavity. We use an automated solution 
technique, FEniCS to solve the problem (Logg 
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et al., 2011; Alnæs et al., 2015; Desai, 2022). 
The problem is performed with controlling 
parameters, which are the power-law index (n), 
magnetic effect (M), chemical reaction (K), and 
heat generation/absorption (Q). The velocity, 
temperature, and concentration profiles are also 
analysed. 

Mathematical Formulation 
The laminar mixed-convective flow of power-
law nanofluid in a lid-driven cavity containing 
inner solid triangular block incorporating 
Buongiorno’s nanofluid model is investigated. 
The effects of MHD, heat generation/absorption, 
and chemical reaction are considered throughout 
this study. This study is governed by dimensional 
equations (1) to (4) as follows:

where ū = (ū, v̄) is the nanofluid velocity, ρf is 
the density of the nanofluid, p is the pressure,  K 
is flow consistency index, εij = (∇ū + ∇ūT) is the 
strain rate tensor, n is the power-law index (it is 
called shear-thinning n < 1, shear-thickening n > 
1 and Newtonian fluid n = 1), σ is the electrical 
conductivity of the nanofluid, B0 is the magnetic 
field strength, C̄ is the nanofluid concentration,  
T̄ is the nanofluid temperature, ρp is the density 
of the nanoparticles, β is the volumetric thermal 
expansion coefficient, g = (0, gy) is gravity 
acceleration applied to the flow, 

 
 with k  

is thermal conductivity of nanofluid, and  cf  is the 
heat capacitance of the base fluid,  with  
cp is the heat capacitance of the nanoparticles,  
DB is the Brownian diffusion coefficient, DT is 
the thermophoretic diffusion coefficient, Q0 
is the dimensional heat generation/absorption 
coefficient, and K0 is the reaction rate. 

After that, equations (1) to (4) are reduced 
into non-dimensional forms in equations (6) to 
(9) using dimensionless parameters in equation 
(5) (Buongiorno, 2006; Kefayati, 2017):

where U is the velocity of the top wall, L is the 
characteristic length, Th and T0 are nanofluid 
temperature with Th > T0, and Ch and C0 are 

nanofluid concentration with Ch > C0. The 
dimensionless governing equations can be 
written as follows:
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where Re is Reynolds number, Pr is Prandtl 
number, Ri is Richardson number, Le is Lewis 
number, Nb is Brownian diffusion parameter, 
Nt is thermophoresis parameter, Nr is buoyancy 
parameter, M is magnetic parameter, K is 
chemical reaction parameter, and Q is heat 
generation/absorption parameter.

Flow configuration in lid-driven cavity 
is shown in Figure 1. The upper wall is 
moving with condition of high temperature 
and concentration. Meanwhile, other walls are 
stationary with no slip condition. Vertical walls 
are adiabatic and bottom wall is having low 
temperature and concentration. The triangular 
block is considered a non-conducting block. 

with corresponding dimensionless parameters defined in Kefayati (2017) in equation (10):

Figure 1: Flow configuration with Ω = [0, 1] x [0, 1] 
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where u is horizontal velocity, v is vertical 
velocity, φ is fluid concentration, θ is fluid 
temperature,  is normal derivative with n is 
the unit outward normal of the surface of the 
block,  x is horizontal axis, and y is vertical axis. 

In order to solve the problem, the FEniCS 
automated solution technique with finite element 

method is used. Weak formulation is constructed 
by multiplying equation (6) to (9) with test 
functions and integrating the equations over the 
domain Ω as presented in equations (12) to (15). 
The platform Jupyter Notebook is used to write 
and execute the Python code. The results of 
velocity, temperature, and concentration profiles 
are plotted using matplotlib.

The dimensionless governing equations (6) to (9) are subjected to initial and boundary 
conditions in equation 11.

(11)

Results and Discussion
Numerical result has been validated in the case 
of Newtonian fluid (n = 1, Nr = Nb = Nt = 0) 
without the effects of a magnetic field, heat 
generation/absorption, and chemical reaction  
(M = Q = K = 0) (Iwatsu et al., 1993). The 
average Nusselt number (Nu) in this study is 
found to be in good agreement with the previous 
paper, as shown in Table 1.

Next, grid independence test is executed for 
mesh 64 x 64, 128 x 128, and 256 x 256 and 
compared with Iwatsu et al. (1993) with fixed 
parameters Re = 400, Pr = 0.71, Gr = 100. As 
a result, mesh 128 x 128 grid size is chosen to 
execute all the results in this study as it shows 
good agreement (Table 2). 
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The problem is performed with controlling 
parameters, which are power-law indexes  (n = 
0.6, 0.8, 1.0, 1.2,  and 1.4), magnetic effects  (M 
= 0, 1, 2, 3, and 4), chemical reactions (K = -1, 
-0.5, 0, 0.5, and 1), heat generation/absorption 
(Q = -1, -0.5, 0, 0.5, and 1), and fixed parameters 
(Pr = 1, Ri = 1, Re = 100, D = 0.2, Nb = Nt = Nr 
= 0.1, and Le = 5).

Figures 2 (a) to (c) show the effects of 
power-law index on v-velocity, temperature, 
and concentration profiles throughout the x 
axis at y = 0.6 and M = Q = K =1. Three types 
of nanofluid are discussed, namely shear-
thinning (n = 0.6  and 0.8), Newtonian (n = 
1), and shear-thickening  (n = 1.2 and 1.4) 
nanofluid. Negative sign of magnitude velocity 
shows opposite direction of vertical velocity 
as in Figure 2 (a). It presents that increasing n 
enhances the magnitude of nanofluid velocity. It 
is noticed in Figure 3 (a) that the red region near 
the top-moving wall has thickened, showing 
high fluid velocity as the nanofluid becomes 

the shear-thickening type (n = 1.4). Enhancing 
fluid velocity helps both heat and mass transfer, 
represented by the red region. Both hot and 
highly concentrated fluid will increase at the 
upper right side of cavity as indicated in Figures 
3 (b) and (c). It may be seen in Figures 2 (b) 
and (c) that both temperature and concentration 
are rising. Table 3 reveals a consistent increase 
in both Nu and Sherwood number (Sh) as n 
increases from 0.6 to 1.4 (from shear-thinning 
to shear-thickening type). Nu, representing heat 
transfer efficiency, also rises from 0.5796 at  n 
= 0.6 to 0.9869 at  n = 1.4, indicating enhanced 
thermal performance with higher power-law 
index. Similarly, Sh, reflecting mass transfer 
efficiency, rises from 4.1277 to 6.1272 across 
the same range, suggesting improved mass 
transfer rates. This trend implies that fluids with 
higher power-law indices (shear-thickening 
nanofluid) will exhibit better heat and mass 
transfer characteristics, likely due to changes 
in flow and transport properties associated with 
non-Newtonian behaviour.

Table 1: Comparison of average Nusselt number (Nu) between this study and a previous paper

Gr Re Iwatsu et al. (1993) Present

102
100 1.94 2.0316
400 3.84 4.0698

104
100 1.34 1.3946
400 3.62 3.8231

106
100 1.02 1.0206
400 1.22 1.1854

Table 2: Comparison of minimum and maximum velocity results at the cavity midsection 

Iwatsu et al. (1993) Mesh 64 x 64 Mesh  128 x 128 Mesh 256 x 256
Umin -0.31979227 -0.31240046 -0.32049163 -0.32455064
Umax 1.00000000 1.00000000 1.00000000 1.00000000
Vmin -0.44589245 -0.43347341 -0.44355232 -0.44875806
Vmax 0.29554427 0.28733576 0.29548602 0.29958231
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Figure 2: Variation of power-law index (n) on (a) velocity, (b) temperature, and  
(c) concentration profiles at y = 0.6 

Figure 3: Variation of power-law index (n) on (a) velocity, (b) temperature, and (c) concentration profiles 
in the cavity

Table 3: Comparison of Nusselt number and Sherwood number for  0.6 ≤ n ≤ 1.4

n Nusselt Number (Nu) Sherwood Number  (Sh)

0.6 0.5795863 4.1277337

0.8 0.6443176 4.5981556

1.0 0.7290070 5.1133394

1.2 0.8404221 5.6295587

1.4 0.9869515 6.1272283
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The influence of magnetic parameter  (M) 
on the vertical v-velocity, temperature, and 
concentration profiles throughout the x-axis at y 
= 0.6 with Q = K = 1 and n = 0.8 is presented 
in Figures 4 (a) to (c). Figure 4 (a) shows that 
adding the value M may decrease the magnitude 
of velocity as the Lorentz force slows down the 
fluid motion. Referring to Figure 5 (a), when M 
= 0, high velocity is represented by the green 
region at the moving top wall. However, fluid 
velocity will show a declining pattern when M 
= 4. In addition, temperature and concentration 
profiles will also deteriorate at y = 0.6 as seen in 
Figures 4 (b) and (c). 

Since the velocity has slowed down, both 
profiles have declined at the upper right of the 
cavity as indicated in the red regions of Figures 
5 (b) and (c). Table 4 reveals that as M increases 
from 0 to 4, the Nu decreases from 0.6832 to 
0.5940, indicating a reduction in heat transfer 
efficiency. Simultaneously, Sh also decreases 
from 4.6301 to 4.3641, reflecting a decline in 
mass transfer efficiency. This trend suggests that 
increasing M introduces a damping effect on the 
fluid flow, likely due to the Lorentz force, which 
suppresses convective heat and mass transfer 
mechanisms. Consequently, both thermal and 
concentration gradients are less effectively 
maintained at higher M values.

Figure 4: Variation of magnetic parameter (M) on (a) velocity, (b) temperature, and (c) concentration profiles 
at y = 0.6
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Table 4: Comparison of Nusselt number and Sherwood number for 0 ≤ M ≤ 4 

M Nusselt Number (Nu) Sherwood Number (Sh)
0 0.6832195 4.6300810
1 0.6443176 4.5981556
2 0.6229701 4.5316974
3 0.6067881 4.4481203
4 0.5940255 4.3641372

Figure 5: Variation of magnetic parameter (M) on (a) velocity, (b) temperature, and (c) concentration profiles 
in the cavity

The profiles of v-velocity, temperature, 
and concentration for various values of heat 
generation/absorption parameter with M = K = 1 
and n = 0.8 are demonstrated in Figures 6 (a) to  
(c). When Q > 0, it characterises heat generation 
whereas when Q < 0, it signifies heat absorption. 
Figures 6 (a) and 6 (c) display less significant 
change on velocity and concentration profiles 
with different values of Q. As heat is generated 
as Q rises, thus, it leads to enhancement of the 
fluid temperature as shown in Figure 6 (b). In 
addition, the region of hot fluid growths at the 
upper-right cavity, represented by the red region 

in Figure 7 (b). The data in Table 5 indicates that 
as Q increases from -1 to 1, the Nu decreases 
monotonically from 1.4317 to 0.6443, showing a 
reduced rate of heat transfer at the surface due to 
diminishing temperature gradients. Conversely, 
Sh increases consistently from 3.5635 to 4.5982, 
suggesting an enhanced mass transfer rate at 
the lid as Q increases. This inverse relationship 
between Nu and Sh implies a trade-off between 
thermal and mass transfer dynamics, likely 
influenced by changes in fluid properties or 
boundary layer behaviour under varying heat 
generation/absorption conditions.

Figure 6: Variation of heat generation/absorption parameter (Q) on (a) velocity, (b) temperature, and  
(c) concentration profiles at y = 0.6 
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Figures 8 (a) to (c) present the effect of 
chemical reaction (K) on the vertical v-velocity, 
temperature, and concentration profiles with 
M = Q = 1 and n = 0.8. It is called destructive 
reaction if K > 0 and generative reaction if K 
< 0. Figures 8 (a) and (b) show no significant 
change as K varies for both velocity and 
temperature profiles. However, concentration 
profile shows declining trend as K inclines. As 

K > 0, the process of breaking chemical bond 
makes the fluid concentration to drop. Different 
behaviour happens at K < 0, where the process 
of making new chemical bonds increases the 
fluid concentration as shown in Figure 9. Highly 
concentrated fluid represented by the red region 
is detected at the upper side of the cavity, where 
K = -1. The analysis in Table 6 reveals that as  
K increases, Nu will decrease almost linearly, 

Table 5: Comparison of Nusselt number and Sherwood number for -1 ≤ Q ≤ 1 

Q Nusselt Number (Nu) Sherwood Number (Sh)
-1 1.4316931 3.5634598

-0.5 1.2513337 3.7938124
0 1.0607734 4.0415138

0.5 0.8588705 4.3087814
1 0.6443176 4.5981556

Figure 7: Variation of heat generation/absorption parameter (Q) on (a) velocity, (b) temperature, and 
(c) concentration profiles in the cavity
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indicating a slight reduction in heat transfer 
efficiency. Conversely, Sh increases significantly 
in a nonlinear trend, suggesting an improvement 
in mass transfer efficiency with higher reaction 
rates. For negative values of K, Sh is lower, 

likely due to inhibited reaction rates while Nu 
is slightly higher, indicating improved thermal 
transport. The positive values of Sh but reduced 
values of Nu reflects a trade-off between heat 
and mass transfer influenced by K.

Figure 8: Variation of chemical reaction parameter (K) on (a) velocity, (b) temperature, and  
(c) concentration profiles at y = 0.6 

Figure 9: Variation of chemical reaction parameter (K) on (a) velocity, (b) temperature, and 
(c) concentration profiles in the cavity
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Conclusions
MHD mixed convective flow of power-law 
nanofluid in a lid-driven cavity containing solid 
triangular block with heat generation/absorption 
and chemical reaction effects is studied. The 
dimensionless governing equations (6) to (9) 
with boundary conditions (11) are solved using 
FEniCS. This automated solution technique 
offers simple way to solve PDEs directly in 
vector form. The results show that: 

•	 Increasing power-law index enhances 
all profiles while increasing magnetic 
parameter reduces them.

•	 The temperature profile exhibits an 
increasing trend due to the influence of the 
heat generation parameter.

•	 An increase in the chemical reaction rate 
has caused a decline in the concentration 
profile.
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