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Abstract Natural convection of Al2O3-water nanofluid in a square cavity with an isothermally heated square blockage and partially
heated on the bottom wall is investigated numerically. The effect of uniform magnetic field and heat generation/absorption is also
studied. The governing equations are discretized by the finite volume method using power law scheme and solved by semi-implicit
method for pressure-linked equation algorithm. The study was first validated with published works and satisfactory agreement was
obtained. The effect of thermophysical parameters such as Rayleigh number, Hartmann number, heat generation/absorption and
solid volume fraction of nanoparticles on the flow and temperature fields is demonstrated. The results are presented graphically in
the form of isotherms, streamlines, velocity and Nusselt number.

List of symbols

B Blockage ratio
B0 Magnetic field strength
cp Specific heat (J kg−1 K−1)

g Acceleration due to gravity, m s−2

H Height of the cavity, m
Ha Hartmann number
k Heat conductivity (W m−1 K−1)

Nuavg Average Nusselt number
Nuloc Local Nusselt number
p Pressure (kg m−1 s−2)

P Dimensionless pressure
Pr Prandtl number
q Heat generation or absorption, (W m−3 K−1)

Q Dimensionless heat generation or absorption
Ra Rayleigh number
t Dimensional time (s)
T Dimensional temperature (K)
u,v Velocity components (m s−1)

U,V Dimensionless velocity components
x,y Dimensional coordinates (m)
X,Y Dimensionless coordinates

Greek letters

α Thermal diffusivity (m2 s−1)

β Thermal expansion coefficient (K−1)

μ Dynamic viscosity (kg m−1 s−1)
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ν Kinematic viscosity (m2 s−1)

θ Dimensionless temperature
ρ Density (kg m−3)

τ Dimensionless time
ϕ Volume fraction of the nanoparticles
ε Dimensionless heat source length
Φ General transport variable

Subscripts

c Cold wall
h Hot wall
s Nanoparticles
f Fluid
nf Nanofluid
E,W,N,S Control volume nodes

1 Introduction

Free convection, the convective motion driven by buoyancy forces inside cavity owing to its safety, simplicity, quietness and low
cost has attracted many researchers due to its direct applications in several fields. These includes electronic equipment cooling [1],
chemical reactors, solar collectors and buildings [2,3], heat exchangers and many others. The classical heat transfer problem known
as Rayleigh–Benard convection takes place when the free convection of fluid is heated from below and is one of the most commonly
studied phenomena due to its natural occurring accessibility. Considering its importance, natural convection of conventional heat
transfer fluid such as water in a bottom heated square cavity has been extensively studied in the past by many authors [4–11]. These
conventional fluids exhibits low thermal conductivity which has a primary limitation in enhancing the performance and compactness
inside the cavity. To overcome this drawback, fluids with advanced heat transfer properties, known as nanofluids [12], were used.
Nanofluids, the mixture of nanoparticles in base fluids, abnormally increased the thermal conductivity relative to that of base fluid
thereby substantially enhancing the heat transfer inside the cavity [13–23]. A detailed computational analysis of different aspects
of nanofluids is found in the literature survey of [24].

The study of magnetohydrodynamics fluid flow and heat transfer inside cavity is considered to be a particular topic of interest by
many researchers. The parameters of magnetic field served to alter the convective thermo-fluid properties and is often considered
as an effective technique in improving the thermal performance of various systems. For example, in engineering industries such as
in material manufacturing, the presence of external magnetic field is used to control the flow and heat transfer inside cavities as the
convection currents are suppressed by Lorentz force which is produced by the magnetic field. A detailed survey on natural convective
heat transfer of nanofluid filled cavities with the presence of magnetic field are summarized in the work of [25–27]. Pirmohammadi
and Ghassemi [28] analyzed the magnetic effect on natural convection heat transfer in a square cavity heated from below. They noted
that for the increasing value of Hartmann number, the convective heat transfer reduces at a particular inclination angle. Ghasemi et
al. [29] in their study concluded that depending on the values of Rayleigh and Hartmann number, the performance heat transfer can
be enhanced or deteriorated for the increasing values of solid volume fraction of nanoparticles in a nanofluid filled square cavity.
Numerical simulation of natural convection in a rectangular cavity under different directions of uniform magnetic field was carried
out by Yu et al. [30]. Sheikholeslami and Bandpy [31] in their study of natural convection of ferrofluid in a square cavity heated from
below noted that Nusselt number has a direct relationship with Rayleigh number and heat source length and an inverse relationship
with the size of nanoparticles in the presence of external magnetic field. They also found that the strength and inclination angle of the
magnetic field are considered as the strong factors in determining the convective heat transfer inside the cavity. Mahmoudi and his
coworkers [32] studied the natural convection flow of Al2O3-water nanofluid filled square cavity subjected to magnetic field. Their
results showed that the heat transfer rate decreases with the increase in Hartmann number and increases with increase in Rayleigh
number. Hussam et al. [33] found that at higher Rayleigh numbers, the convective flow dominates and the Nusselt number becomes
independent with that of Hartmann number.

In many industrial and engineering applications, the presence of obstacles in the form of fins, partitions and blocks is found to be
inevitable in studying natural convection as they are treated an important constraints in controlling the thermal transport and fluid
flow within the cavity. Various researches has done with the above said obstacles in recent years. Natural convection in a cavity
heated from below with a high conductive thin fin was studied by different authors [34–38]. Alhazmy [39] carried the numerical
investigation on using inclined partitions to reduce natural convection inside the cavities of hollow brick. The effect of corrugated
diathermal partition on natural convection in a square cavity was studied by Chordiya and Sharma [40]. Obstacles in the form of
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square blocks are studied with different types by many authors such as single adiabatic [41,42], staggered arrangement [43], twin
adiabatic [44], solid square [45] and wavy heated [46].

Natural convection characteristics of nanofluids induced by internal heating has important applications in solar to thermal energy
conversion, geophysics, electrochemical systems, nuclear reactors [47], etc. Also, to control and improve convective heat transfer
inside thermal systems, the technique of modifying the system with internal heat generation or absorption is considered as an
effective phenomena by many researchers. Teamah and El-Maghlany [48] numerically studied the natural convection heat transfer
in a square cavity utilizing different nanofluids with internal heat generation/absorption. They observed that to increase the heat
transfer, the solid volume fraction of nanoparticles must be increased for the small heat absorption coefficient at constant Hartmann
and Rayleigh numbers. The effect of internal heat generation on laminar natural convection flow of copper-water nanofluid in an
inclined porous cavity was reported by Rajaratinam and Nithyadevi [49]. Their reports revealed that the utilization of nanofluids is
insignificant at the presence of strong internal heat generation. Rashad and his coworkers [50] in their study on natural convection of
hybrid nanofluids in a triangular cavity with internal heat generation noted that by increasing the internal heat generation decreased
the convective mode of heat transfer inside the cavity. In the recent past, there has been significant attention given to understand the
augmentation of heat generation/absorption by natural convection flow of nanofluids using various geometrical shapes [51–53].

On the basis of above literature survey, there has been significant effort taken by researchers in enhancing heat transfer inside
closed cavity by influence of nanofluids, partial heating, magnetic field and heat generation or absorption. Even its importance in
many engineering applications is apparent as outlined above, there has been no studies carried on natural convection in nanofluid
filled cavity having heated square blockage inside with combined effects of uniform magnetic field and heat generation/absorption.
The objective of the present study deals with the analysis of natural convection flow of alumina-water nanofluid in a partially heated
bottom wall of the square cavity with isothermal square blockage inside with the impact of vertical magnetic field. The problem is
focused to understand the fluid flow and heat transfer characteristics and will be elaborated with different plots.

2 Mathematical formulation

Figure 1 illustrates the physical geometry of Rayleigh–Benard problem along with the coordinate system. The unsteady state natural
convection with an electrically conducting Al2O3-water nanofluid is considered in a two-dimensional square cavity of height H . An
isothermally heated square blockage B of height H/4 is positioned at the center of the cavity. The top and partially heated bottom
wall of the cavity are maintained with temperatures Tc and Th, respectively, and the sides of the cavity are kept adiabatic. The fluid
generates heat with an uniform volumetric heat generation rate ‘q’ inside the cavity. It is considered that the nanofluid is Newtonian
and the flow is laminar. It is also assumed that the base fluid and the Al2O3 nanoparticles are in thermal equilibrium and the slipping
effect between them is neglected. The acceleration due to gravity acts vertically downward and the velocity components (u, v) are
chosen along the Cartesian coordinates (x, y). The thermophysical properties of the nanofluid are kept constant as shown in Table 1
expect for the density variation and it is approximated using the Boussinesq approximation. A magnetic field of uniform strength

Fig. 1 Schematic of the physical
model

Table 1 Thermophysical properties of water and alumina

Physical properties ρ cp k σ β

H2O 997.1 4179 0.613 0.05 21 × 10−5

Al2O3 3970 765 40 1 × 10−10 0.85 × 10−5
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B0 is applied in the same direction parallel to gravity to permeate the fluid. Further, the magnetic Reynolds number is assumed to
be so small such that the induced magnetic field is negligible when compared to the applied magnetic field.

With the above consideration, the unsteady governing equations for conservation of mass, momentum and energy are written in
dimensional form as [54,55]:

∂u
∂x + ∂v

∂y = 0 (1)

∂u
∂t + u ∂u

∂x + v ∂u
∂y = − 1

ρnf

∂p
∂x + μnf

ρnf

(
∂2u
∂x2 + ∂2u

∂y2

)
− σnf B2

0
ρnf

u (2)

∂v
∂t + u ∂v

∂x + v ∂v
∂y = − 1

ρnf

∂p
∂y + μnf

ρnf

(
∂2v
∂x2 + ∂2v

∂y2

)
+ (ρβ)nf

ρnf
g(T − Tc) (3)

∂T
∂t + u ∂T

∂x + v ∂T
∂y = αnf

(
∂2T
∂x2 + ∂2T

∂y2

)
+ q

(ρcp)nf
(T − Tc) (4)

where ρnf denotes the effective density, βnf denotes the thermal expansion coefficient, σnf denotes the electrical conductivity and
αnf denotes the thermal diffusivity of the nanofluid and are defined as below:

ρnf = (1 − ϕ)ρf + ϕρs

(ρβ)nf = (1 − ϕ)(ρβ)f + ϕ(ρβ)s

σnf = σf

[
1 +

3
(

σs
σf

− 1
)

ϕ
(

σs
σf

+ 2
)

−
(

σs
σf

− 1
)

ϕ

]

αnf = knf

(ρcp)nf

where ϕ is the solid volume fraction of the nanoparticles. The heat capacitance (ρcp)nf of the nanofluid is expressed as

(ρcp)nf = (1 − ϕ)(ρcp)f + ϕ(ρcp)s

Moreover, the thermal conductivity knf and the dynamic viscosity μnf of the nanofluid can be determined using the Maxwell [56]
and Brinkman [57] models, respectively, and are given by:

knf

kf
= ks + 2kf − 2ϕ(kf − ks)

ks + 2kf + ϕ(kf − ks)

μnf = μ f

(1 − ϕ)2.5

The appropriate initial and boundary conditions in the dimensional form are given as:
t = 0: u = 0, v = 0, T = 0 t > 0:

– At left and right walls: u = 0, v = 0, ∂T
∂x = 0

– At the top wall: u = 0, v = 0, T = Tc

– At the bottom wall: u = 0, v = 0, On active part: T = Th, On remaining part: ∂T
∂y = 0

– At blockage: u = 0, v = 0, T = Th+Tc
2

The non-dimensional variables and parameters are introduced reported in the literature [29,48–50]:

X = x

H
, Y = y

H
, U = uH

αf
, V = vH

α f
,

P = pH2

ρnfα
2
f

, τ = tαf

H2 , θ = T − Tc

Th − Tc
, Pr = νf

αf
,

Ra = gβf (Th − Tc)H3

νfαf
, Ha = B0H

√
σf

μf
, Q = qH2

αnf (ρcp)nf

where Pr, Ra and Ha are, respectively, the Prandtl, Rayleigh and Hartmann numbers.
After substituting the above variables, the non-dimensional form of Eqs. (1)–(4) can be written as follows:

∂U
∂X + ∂V

∂Y = 0 (5)

∂U
∂τ

+U ∂U
∂X + V ∂U

∂Y = − ∂P
∂X + μnf

ρnfαf

(
∂2U
∂X2 + ∂2U

∂Y 2

)
− σnf

σf

ρf
ρnf

Ha2PrU (6)

∂V
∂τ

+U ∂V
∂X + V ∂V

∂Y = − ∂P
∂Y + μnf

ρnfαf

(
∂2V
∂X2 + ∂2V

∂Y 2

)
+ (ρβ)nf

ρnfβf
RaPrθ (7)

∂θ
∂τ

+U ∂θ
∂X + V ∂θ

∂Y = αnf
αf

(
∂2θ
∂X2 + ∂2θ

∂Y 2

)
+ αnf

αf
Qθ (8)
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The dimensionless form of boundary conditions are

– At left and right walls: U = 0, V = 0, ∂θ
∂X = 0

– At the top wall: U = 0, V = 0, θ = 0
– At the bottom wall: U = 0, V = 0, On active part: θ = 1, On remaining part: ∂θ

∂Y = 0
– At blockage: U = 0, V = 0, θ = 0.5

The heat transfer coefficient in terms of local Nusselt number Nuloc is given by

Nuloc = −
(
knf

kf

)
∂θ

∂Y

∣∣∣∣
Y=0

The average Nusselt number is obtained by integrating the local Nusselt number and is written as

Nuavg =
∫ (1+ε)

2

(1−ε)
2

Nuloc dX

where ε is the dimensionless length of the heat source.

3 Numerical methodology

The dimensionless Eqs. (5)–(8) together with the boundary conditions are numerically solved by considering the finite volume
method (FVM). In this method, the dimensionless equations are integrated over the finite number of control volumes to yield the
discretized equations. A staggered grid refinement is chosen to store the scalar variables (P , θ ) at the main nodal points and the vector
quantities (U , V ) at the cell faces of the control volumes. The computational code is written with power law scheme and central
differencing scheme, respectively, to approximate the convective and diffusive terms that appeared in the equations. The SIMPLE
(Semi-Implicit Method for Pressure-Linked Equation) algorithm of Patankar [58] is taken to solve the coupling of continuity and
pressure velocity equations. The generalized form of equations that appeared after final finite volume discretization is of the form:

aPΦP = aEΦE + aWΦW + aNΦN + aSΦS + a0Φ0 + SourceΦ

where Φ represents the general transport property (U, V, T ). aE, aW, aN and aS are neighboring coefficients with

aP = aE + aW + aN + aS + a0

The resulting system of algebraic equations are solved using the Thomas algorithm with flux continuity condition in X direction
satisfied during sweep in Y direction and vice versa. The method is repeated continuously and the steady state solution is established
by considering the following convergence norm:

∣∣∣∣
Φn+1(i, j) − Φn(i, j)

Φn+1(i, j)

∣∣∣∣ ≤ 10−5

Here, n is order of iteration and (i, j) indicates the space co-ordinates. Throughout the study, an uniform grid system of 120 × 120
is used in order to reduce the complexity in the computational domain.

To check the performance of present solver, comparison are made for streamlines and isotherms with the results of [48] and
[59]. Figures 2 and 3 show that the present code is in good agreement with the existing results. The accuracy of the present code
is further validated with the results for the average Nusselt number with the work of [29] and is presented in Table 2. It is clearly
shown from the table that the present numerical code produced matchable results with the previous one. The validation of above
tests gives confidence on the numerical outcome of the present study to be discussed in the upcoming section.

4 Results and discussion

The effects of Al2O3-water nanofluid on the natural convection heat transfer and fluid flow characteristics as well as uniform heat
generation/absorption are investigated in a square cavity with heated isothermal blockage inside in the presence of magnetic field.
Computations are performed with different Rayleigh number (103–106), Hartmann number (0–100), heat generation or absorption
coefficient (– 10 to 10) and solid volume fraction (0.0–0.09) to understand the flow patterns and heat transfer performance. The
entire study is carried out with a constant Prandtl number 6.2 for alumina-water nanofluid. The blockage ratio B and heat source
length ε are fixed at 0.25 and 0.5, respectively. The results are presented in the form of streamlines, isotherms and mid height velocity
profiles. In the streamlines and isotherms contours, solid line is used to represent nanofluid (ϕ = 0.05) and dotted line is used for
base fluid (ϕ = 0.0). In addition, the results of local and average Nusselt number together with Nusselt number ratios at various
conditions are presented and discussed.
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Fig. 2 Comparison of present
results for streamlines with work
of Teamah and El-Maghlany [48]
for different Ra and Q at fixed
ϕ = 0.03 and Ha = 30

Fig. 3 Comparison of present
results for a isotherms and b
streamlines with work of
Mahapatra et al. [59] for different
Ra at fixed B = 0.25

Figures 4 and 5 represent the influence of different Rayleigh and Hartmann number on the streamlines and isotherms contours at
fixed Q = 1 for nanofluid and water. At Ra = 103, the flow patterns are formed with two primary and secondary cells at the left and
right corners of the cavity for Ha = 0. The low buoyancy force generates weak flow rates inside the cavity. When increasing Ha =
25, the effect of Lorentz force as noted in Eq. (6) retards the flow circulation and changes the flow patterns such that anticlockwise
and clockwise rotating eddies at the left and right corners of the cavity, respectively, merged into single anticlockwise and clockwise
rotating cells at the respective corners with an embryo shaped eddies at the bottom corners of heated blockage inside the cavity. A
further increase in Ha decreases the strength of flow inside the cavity. On the other hand, the isotherms are observed to be parallel to
the horizontal walls of the cavity and the conduction mode of heat transfer is dominant for all Ha at Ra = 103. When Ra is increased
to 104, streamlines emerged as a single clockwise rotating eddies around the heated blockage inside the cavity in the absence
of magnetic field. The isotherms are strong at heated bottom wall and approaches toward the left walls of the cavity indicating
conduction–convection mode of heat transfer. When Ha is further increased, an increment in Lorentz force weakens circulation
strength, isotherms aligns to parallel lines such that heat transfer changed to conduction mode.

At Ra = 105, high buoyant force developed dominating high flow circulation of anticlockwise rotating cells and low flow
circulation of clockwise rotating cells inside the cavity. The thermal contours becomes crowded at the top and bottom corners of
the cavity and are mutually distributed at the remaining regions of the cavity and indicated convection dominant heat transfer mode.
When Ha is increased to 25, the magnetic effect and the presence of heated blockage inside altered the flow circulation such that
clockwise rotating eddies are formed around the heated blockage inside the cavity for ϕ = 0.05. A similar change in isotherms
patterns is also observed at Ha = 25. A different pattern of streamlines is observed at Ra = 105 for base fluid. This drop in flow
patterns is due to combined effect caused due to blockage, magnetic field and the absence of nanoparticles. When Ha increases
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Table 2 Validation of the average Nusselt number for Pr = 6.2, ϕ = 0.02 and Ra = 105

Ha

0 15 30 45 60

Ghasemi et al. [29] 4.820 4.179 3.138 2.342 1.831

Present 4.8667 4.2015 3.1658 2.3487 1.8763

Fig. 4 Streamlines for different
Ra and Ha at fixed Q = 1 for
Al2O3-water nanofluid (solid line)
and pure water (dotted line)

further, the flow rates further decrease, and patterns of streamlines change such that counter rotating and clockwise rotating cells
are formed at the right and left of the heated blockage inside the cavity. The isotherms become almost parallel to the horizontal
boundaries of the cavity representing conduction heat transfer mode. At Ra = 106, strength of flow for streamlines increases due to
stronger buoyancy effect. The pattern of streamlines is formed with multicellular flow structure such that the anticlockwise rotating
eddies covering the major portions inside the cavity, while the clockwise rotating eddies with vertical oval-shaped vortex appeared
at the right walls of the cavity. When the Hartmann number is increased to Ha = 25 and Ha = 50, the opposing Lorentz force weakens
the strong buoyancy such that the oval shaped vortex inside the clockwise rotating cells gets merged inside the cavity. When Ha is
increased to 100, the flow rates gets weakened further and streamlines patterns gets reversed as observed to Ha = 50. The convection
mode is pronounced for all Ha at Ra = 106.

The flow and thermal fields are represented by streamlines contours and isothermal lines in Figs. 6 and 7 for different Rayleigh
numbers and heat generation or absorption parameters for the cavity filled with 5% of alumina-water nanofluid and base fluid. It
is clearly seen from the figures that for the heat absorption (Q < 0), zero heat generation (Q = 0) and heat generation (Q > 0)

cases, the behavior of flow remains the same for the respective cases unless in the flow rates and elongation of the vortices in the
primary and secondary cells which is caused by the variation in the heat absorption/generation parameters. For the case of heat
sink condition (Q = −10,−5), heat sink generates aiding effect due to strong temperature gradient near cavity walls. The flow
field exhibits formation of symmetrical pair of anticlockwise and clockwise rotating cells along the left and right vertical walls,
respectively, for low Ra of 103 and 104. The thermal lines becomes crowded along the partially active bottom wall and mutually
distributed around the remaining regions resembling predominant conduction–convection regime. At Ra = 105, the increase in
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Fig. 5 Isotherms for different Ra
and Ha at fixed Q = 1 for
Al2O3-water nanofluid (solid line)
and pure water (dotted line)

buoyancy force enlarges the primary cell and occupies the major portion thereby diminishing the size of secondary cell and shrinks
it toward the left walls of the cavity. The higher buoyancy effect at Ra = 106 augments the domination of secondary cell at the left
regions of the cavity and destroys the primary cell and pushes it toward the right regions of the cavity for (Q < 0). The strength
of convection currents increments for Ra = 105 and Ra = 106 and thermal boundary layers represents convective mode of heat
transfer for heat sink.

In the absence of heat generation (Q = 0), the flow is characterized by the formation of dual vortices inside the primary and
secondary cells and represents conduction dominant heat transfer mode for Ra = 103 and Ra = 104. At Ra = 105, volume fraction
of nanoparticles in base fluid behaves oppositely with pure water. For nanofluid, streamlines are formed with single clockwise
rotating cells around the heated blockage inside the cavity. For water, streamlines are developed with multicellular flow structure
inside the cavity. This addition of nanoparticles acting with Lorentz force created this drop that is also shown in Figs. 4 and 5
for Ra = 105 at Ha = 25 and Q = 1. The isotherms strictly denotes the convective mode of heat transfer at (Q = 0). For heat
generation (Q = 5, 10), weak temperature gradient creates opposed effect for heat generation condition. Streamlines formed with
clockwise and anticlockwise rotating eddies appears along the left and right regions of the cavity, respectively, for the low Ra and
for Ra = 105, the feature of flow conveys to a single anticlockwise rotating eddies around the heated blockage inside the cavity. The
higher buoyancy effect at Ra = 106 augments the domination of secondary cell and destroys the size of primary cell and pushes it
toward the right regions of the cavity for all Q. The increase in Q amounts the thermal field to form a strong temperature gradient
at the active bottom wall and at Ra = 105 and Ra = 106, convective dominant heat transfer mode is witnessed for Q > 0.

The mid height horizontal and vertical profiles of velocity for different Rayleigh number and Q at fixed Ha = 25 and ϕ = 0.05 is
shown in Fig. 8. Figure 6 shows that the flow behavior remains the same for heat absorption, zero heat generation and heat generation
cases for Ra = 104 and Ra = 105. Hence, the velocity profile increases above the mid plane and decreases below the mid plane
for Q ≤ 0, whereas for Q > 0, the velocity profile decreases below the mid plane and increases above the mid plane of the cavity.
Since heat generation produced high flow rates for streamlines at Ra = 104 and Ra = 105 as shown in Fig. 6, the peak velocity is
observed at Q = 10 in both X component U velocity and Y component V velocity profiles. At Ra = 106, U velocity along the Y
direction is maximum at the bottom right and minimum at the top left regions of the cavity and V velocity along the X direction is
maximum at the top right and minimum at the bottom left regions of the cavity for all values of Q.

The effect of Q and Ha on the local Nusselt number at the bottom hot wall of the cavity is shown in Fig. 9 at fixed ϕ = 0.05 and
Ra = 105. In the absence of magnetic field, the local Nusselt number gradually decreases along the left end and increases toward
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Fig. 6 Streamlines for different
Ra and Q at fixed Ha = 25 for
Al2O3-water nanofluid (solid line)
and pure water (dotted line)

the right end of partially heated bottom wall for Q = −10. But for all other values of Q, the maximum heat transfer is observed at
the left end of heated bottom wall. When Ha is increased to 25, the Lorentz force retards the flow of heat transfer and the highest
heat transfer rate is observed along the ends of heated bottom wall for heat sink. When Ha is further increased, the heat transfer rate
is further controlled and maximum and minimum heat transfer rate are noticed for the case of heat absorption (Q = −10) and heat
generation (Q = 10), respectively.

Figure 10 indicates the local Nusselt number for different Ha and Q at fixed ϕ = 0.05 and Ra = 106. In the absence and presence
of magnetic field, local heat transfer rate is not significantly affected for heat absorption and no heat generation cases due to the
effect of strong buoyancy force. But for heat generation case, the effect of magnetic field strongly retards convective flow inside the
cavity and thus local Nusselt number is significantly restricted at Q = 10.

The variation of average Nusselt number at different Ha and Q at fixed Rayleigh numbers and nanoparticle volume fractions is
shown in Fig. 11a and b. For all Q, the average heat transfer rate is found to be a decreasing function for the increasing value of Ha
in both Ra = 105 and Ra = 106. Since heat sink acts as aiding force, the maximum value of Nuavg is observed for (Q = −10) and
the minimum value of Nuavg is noticed in high heat generation (Q = 10) for all Ha.

Figure 12a and b represents the effect of heat generation or absorption coefficient and solid volume fraction on the average
Nusselt number at fixed Rayleigh and Hartmann numbers. For Ra = 105, Fig. 12a shows that at Q = 10, the effect of high heat
generation weakens the convective flow, and hence the addition of nanoparticles slightly decreases the average heat transfer rate.
However, for other values of Q, the increase in solid volume fraction tends to increase the average Nusselt number. At Ra = 106,
high buoyancy force generating strong convective flow supports the energy stored in nanoparticles to enhance the heat transfer rate
for all values of Q. The average Nusselt number is found to be high at heat sink (Q = −10), whereas the average Nusselt number
is found to be low at high heat generation (Q = 10) for all values of ϕ.
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Fig. 7 Isotherms for different Ra
and Q at fixed Ha = 25 for
Al2O3-water nanofluid (solid line)
and pure water (dotted line)

The effect of both Rayleigh and Hartmann numbers on average Nusselt number at fixed Q = 1 and ϕ = 0.05 is shown in Fig. 13.
The average heat transfer rate increases for the increasing values of constant Ra for all values of Ha. When increasing the effect of
magnetic field, the average Nusselt number decreases for all Rayleigh numbers except at Ha = 25 and Ra = 104, an increase in the
average heat transfer is noticed due to increase in buoyancy force and addition of solid volume fraction of nanoparticles. For more
clarification to the effect of Ha and Ra on the Nusselt number, the ratio between Nusselt number at nanofluid and Nusselt number
at base fluid, Nusselt number ratio (Nuavg/Nu(ϕ=0)) is shown in Fig. 13b. The Nusselt number ratio greater than unity indicates
that the addition of nanoparticles enhanced the heat transfer rate and less than unity indicates that addition of nanoparticles has no
significant effect on heat transfer rate. The Nusselt number ratio is found to be greater than unity for all values of Ra and Ha except
at two points, i.e., for Ra = 104 at Ha = 25 and Ra = 105 at Ha = 50 which means that at this two points, nanoparticle addition does
not enhanced the average heat transfer rate.

Figure 14 presents the average Nusselt number ratio for different Q and ϕ at fixed Ra at Ha = 25 and Ha = 50. It is evident from
Fig. 14a at Ha = 25, the increase in solid volume fraction of nanoparticles retarded the effect of magnetic field and increased the
heat transfer at heat absorption, no heat generation and heat generation at Q = 5. But at high heat generation, the addition of solid
volume fraction has converse effect thereby decreased the heat transfer rate. At Ha = 50, the increased Lorentz force vanished the
effect on addition of solid volume fraction and caused small increase in heat transfer rate for heat absorption but for Q ≥ 0, the heat
transfer ratio is less than one that indicating decrease in rate of heat transfer with the increasing values of ϕ.

The variation of different Q and Ra at fixed Ha = 25 and ϕ = 0.05 on the average Nusselt number is presented in Fig. 15.
Figure 15a shows that for small values of Ra, heat generation produced small heat transfer from nanofluid that leads to reversed heat
transfer(negative Nusselt number) from the partially heated bottom hot wall. As Q increases, the average heat transfer rate decreases

123

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



Eur. Phys. J. Plus         (2022) 137:400 Page 11 of 15   400 

Fig. 8 Mid height horizontal and
vertical velocity profile for
different Q and Ra at fixed Ha =
25 and ϕ = 0.05

for all values of Ra. On the other hand, for constant Rayleigh number, the heat absorption coefficient produced the maximum heat
transfer rate. To concentrate more on the effect of Q and Ra on the average Nusselt number, Fig. 15b is plotted. It is noted that in
the absence of heat generation, the Nusselt number ratio equals to unity for all Ra. For the higher values of Ra, heat generation or
absorption tends to converge to the Nusselt number ratio value at Q = 0 but for the small values of Ra, significant deviation on
Nusselt number ratio is noticed between all values of Q.

5 Conclusion

In this article, natural convection of alumina-water nanofluid in a partially bottom heated cavity with isothermal blockage inside
and uniform heat generation/absorption are numerically investigated using a pressure-based finite volume method. The results
demonstrated effects of Ra, Ha, Q and solid volume fraction of nanoparticles on heat transfer characteristics and fluid flow regimes.
The main results drawn from the study is expressed as follows:

– The fluid flow and temperature fields are significantly affected due to magnetic field and blockage ratio at Ra = 105 and Ha = 25
by the addition of nanoparticles in base fluid for the values of Q at 0 and 1. For all other parameters, the addition of nanoparticles
does not influence much the flow and temperature fields.

– For high values of Ha, the effect of magnetic field strongly retarded flow of heat transfer inside the cavity for heat generation at
Ra = 105 and higher heat generation at Ra = 106.

– High heat absorption produced maximum heat transfer rate and high heat generation corresponded to minimum heat transfer
rate for all Hartmann numbers at high Ra of 105 and 106.

– At Ra = 105, the increasing values of ϕ increased the average Nusselt number for Q ≤ 5 but at Q = 10, high heat generation
weakened the convective flow and decreased the average Nusselt number. The high buoyancy effect at Ra = 106 increased
the average heat transfer rate for rising values of ϕ for all Q. Hence, to enhance the heat transfer, ϕ must be increased with
(Q = −10) for constant Ha and Ra.
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Fig. 9 Local Nusselt number for
different Q and different Ha at
fixed Ra = 105 and ϕ = 0.05

Fig. 10 Local Nusselt number for
different Q and different Ha at
fixed Ra = 106 and ϕ = 0.05
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Fig. 11 Average Nusselt number
for different Q and different Ha at
fixed a Ra = 105, b Ra = 106 and
ϕ = 0.05

Fig. 12 Average Nusselt number
for different Q and different ϕ at
fixed a Ra = 105, b Ra = 106 and
Ha = 25

Fig. 13 Average Nusselt number
for different Ra and different Ha at
fixed a Q = 1 and b ϕ = 0.05

Fig. 14 Average Nusselt number
ratio for different Q and different
ϕ at fixed a Ha = 25, b Ha = 50
and Ra = 105
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Fig. 15 Average Nusselt number
for different Ra and different Q at
fixed Ha = 25 and ϕ = 0.05

– For small values of Ra, heat generation produced small heat transfer and resulted in reverse heat transfer(negative Nusselt
number) from the partially heated bottom wall. For high values of Ra, Q converged to Nusselt number ratio value at Q = 0 but
for small values of Ra, significant deviation for Nusselt number ratio is noticed for all Q.

– The average Nusselt number increases for the increasing values of constant Ra for all Ha at fixed Q = 1. The Nusselt number
ratio is less the unity for Ra = 104 at Ha = 25 and Ra = 105 at Ha = 50 indicating the addition of nanoparticles does not
enhanced heat transfer.
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