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Abstract This paper reports the effect of partial open on natural convection of CNT–water-
based nanofluid in a square cavity with the presence of magnetic field. The impact of partial
open can be analyzed by three different cases such as left, middle, and right opening positions
of the top adiabatic wall. The governed unsteady non-dimensional PDE equations are solved
by SIMPLE algorithm with finite volume method. From the obtained computational results,
the flow and temperature fields are visualized through streamlines and isothermal contours
and the heat transfer rate is scrutinized via average Nusselt number. In addition, the increasing
rate of heat transfer rate with solid volume fraction are analyzed by slop of linear regression
method. It is found that the effect of partial open on the heat transfer rate is insignificant with
the position of open.

1 Primary studies

The study of nanofluid is one of the ongoing research topic in the recent years because
it offer the possibility of enhancing the heat transfer efficiency. Therefore, the analysis of
heat transfer using nanofluid pays a very good attention among the researches due to its
variety of applications which includes cooling of electronic components, electricity gener-
ation, computer chips, heat exchangers, solar collector, and so on. There are many authors
attempts to prove the addition of nanoparticles such as Cu, Al2O3, CuO, TiO2, carbon nan-
otubes (CNTs) into the base fluid water sufficiently increases the heat transfer rate in a closed
medium: Khanafer et al. [1] numerically analyzed the influence of nanofluid on buoyancy-
driven flow in a two dimensional square enclosure using finite volume method. Heat transfer
performance of CuO–water nanofluid was analyzed by Haq et al. [2] in a rhombus cavity
having internal heat obstacle. The authors [3] numerically analyzed the thermal characteris-
tic of (CNT) water nanofluid in a triangular cavity with cylindrical heat source using finite
element method. Recently [4] has examined the influence of solid volume fraction on natural
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convective flow of CNT–water nanofluid in a right angled trapezoidal enclosure and found
that the CNT–water nanofluid produces an augmented heat transfer rate and this because of
the extremely better thermal conductive performance of carbon nanotubes. On the other hand,
some of the authors used the new aspects of nanofluids such as suspension of nanoencapsu-
lated phase-change material (NEPCMs) [5–8] and the Cu-Al2O3 water hybrid nanofluid [9]
in a fluid flow problems and found that the presence of NEPCM or the hybrid nanoparticles
sufficiently improves the heat transfer performances of considered physical systems.

In heat transfer theory, the application of magnetohydrodynamics (MHD) principle is
an important method to control the behavior of flow field and heat transfer performances.
Magnetohydrodynamics is the branch of continuum mechanics which deals the motion of an
electrically conducting fluid in the presence of magnetic field, and thus the study of magnetic
field plays a very important role in several engineering field and industries (peaker cooling,
medical, space technology, medical, nuclear reactors coolers, electronic components’ cool-
ing, agricultural and petroleum engineering, geophysics and plasma physics, [10]). With the
above the practical application, a series of paper has been published in order to understand
the influence of magnetic field on a fluid flow problems. Ghasemi et al. [11] studied the
impact of magnetic field on natural convection flow of Al2O3–water nanofluid, and their
results shows that the heat transfer rate will increase or decrease with nanoparticle concen-
tration depending on the magnetic parameter such as Hartmann number. The influence of
magnetic filed was studied by Soomro et al. [12] in the mixed convection flow of inclined
stretching surface using water based carbon nanotubes. Three-dimensional investigation is
carried out by Al-Rashed et al. [13] on natural convective flow of CNT–water nanofluid in a
confined cavity with the presence of magnetic field. Belhaj and Ben-Beya [14] performed a
numerical simulation of CNT–water nanofluid on natural convection with uniform magnetic
field. Recently, Hamid et al. [15] has examined the effect of magnetic field on the CNT–water
nanofluid flow in a rectangular fin-shaped cavity having inner cylindrical obstacle heat source
using finite element numerical method.

In all the aforementioned studies, the fluid motion is generated by buoyancy force owing to
the temperature difference of closed surfaces. However, in some of the applications like, crys-
tal growth, welding, liquid melding, the fluid motion is generated by the open free surface, and
this type of convection is called as a Marangoni convection or thermocapillary flow. Hence,
the study of Marangoni convection heat transfer plays a significant role in many thermal
management systems. There are many studies [16–18] deals the Marangoni convection heat
transfer in open cavities. Zhuang and Zhu [19] studied the combined buoyancy–Marangoni
convection of nanofluid in a cubic porous cavity. Their results shows that the effect of surface
tension is insignificant on the heat and mass transfer for high value of thermal Rayleigh
number. On the other hand, Biwas and Manna [20] analyzed numerically the marangoni
convection in a lid driven cavity with magnetic field and their results shows that the magnetic
field strongly affects the effect of marangoni convection. Very recently, Sanchez et al. [21] has
experimently analyzed the influence of thermocapillary convection on the melting of phase
change materials. However, a few research questions certainly raised after the completion of
above literature survey such as

• Does the partial open have sizable impact on the fluid flow and thermal behavior?
• Does the heat transfer rate depends on the position of partial open?
• Is the selected nanofluid increase the heat transfer rate of the system?
• Is the magnetic field can able to control the fluid flow as well as the heat transfer perfor-

mances?
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Fig. 1 Physical configuration of the problem

Table 1 Thermophysical properties of fluid and CNT nanoparticles Soufien [14]

Physical properties Fluid phase (water) CNT nanoparticles

cp (J/kg K) 4179 650

k (W/m K) 0.613 3500

ρ (kg/m3) 997.1 1350

β (1/K) 21 × 10−5 4 × 10−5

σ (1/�m) 0.05 5 × 106

(a) (b) (c)

Fig. 2 Opening position a left, b middle, c right

• In how much rate the heat transfer increased or decreased with the nanoparticles concen-
tration?

A survey of the existing literature as well as the above set of research questions may serve
as a background for the present work. Sequel to the aforementioned studies, the present work
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Table 2 Grid independent study on the average Nusselt number at Ha = 50, Ra = 104 and φ = 0.02

Grid size Nu

Left open Middle open Right open

41 × 41 7.401195 7.401150 7.401187

61 × 61 7.960889 7.960845 7.960911

81 × 81 8.355509 8.355473 8.355579

101 × 101 8.660627 8.660602 8.660761

121 × 121 8.909277 8.909275 8.909486

141 × 141 9.119184 9.119185 9.119475

161 × 161 9.301235 9.301275 9.301644

181 × 181 9.321175 9.321175 9.321276

aims to answer the above set of research questions. Therefore, the problem deals the natural
convection heat transfer of CNT–water nanofluid in a partially open cavity with the presence
of magnetic field. As per the authors knowledge, this particular type of problem is not yet
reported, and therefore the present study reports the same via the following sections.

2 Problem formulation

Figure 1 shows physical design of the current examination. The highly thermal conducting
CNT–water nanofluid-filled square cavity was considered. The physical properties of base
fluid water and CNT nanoparticles are listed in Table 1. The cavity is isothermally heated
from the bottom wall and cooled by vertical walls with the temperatures of Th and Tc. The top
surface of the cavity is opened at three distinct positions such as left, middle and right with the
length of L/2, while the rest of the surface is insulated (Fig. 2). The imposed magnetic field
B0 acts parallel to the X axis, while the induced magnetic field is assumed to be negligible.
Thermal equilibrium assumption is employed between the fluid and nanoparticles. Under
these assumption the non-dimensional equations for CNT nanofluid are:
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where the non-dimensional parameters are:
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(a) (b)

Fig. 3 Comparison of isotherms and streamlines between a Rudraiah et al. [16] and b present results at Gr =
2 × 104, Ma = 1000 and Ha = 0

Ra = gβf L3(Th − Tc)

νfαf
, Pr = νf

αf
, Ha = B0L

√
σf

ρfνf
.

The initial and boundary conditions are:

τ = 0 : U = V = 0, θ = 0, 0 ≤ X ≤ 1, 0 ≤ Y ≤ 1,

τ > 0 : U = V = 0, θ = 0, X = 0, 1 0 ≤ Y ≤ 1,

U = V = 0, θ = 1, 0 ≤ X ≤ 1, Y = 0,

V = 0,
∂θ

∂Y
= 0

∂U

∂Y
= −Ma Pr

∂θ

∂X

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

on the open

U = V = 0,
∂θ

∂Y
= 0.

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

0 ≤ X ≤ 1, Y = 1.
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Table 3 Validation average Nusselt number for present against Ghasemi et al. (2011) at Ra = 105

Ha φ Nu |ψ | max

Ghasemi et al. (2011) Present Ghasemi et al. (2011) Present

0 0.0 4.738 4.754 11.053 11.003

0.02 4.820 4.833 11.313 11.264

0.04 4.896 4.909 11.561 11.512

15 0.0 4.143 4.162 8.484 8.456

0.02 4.179 4.198 8.615 8.585

0.04 4.211 4.230 8.734 8.704

30 0.0 3.150 3.171 5.710 5.696

0.02 3.138 3.159 5.682 5.668

0.04 3.124 3.145 5.642 5.629

45 0.0 2.369 2.392 3.825 3.816

0.02 2.342 2.365 3.729 3.721

0.04 2.317 2.339 3.629 3.620

The thermophysical properties of selected nanofluid are calculated through the subsequent
expressions

(ρ)nf = ρp + ρf (1 − φ), (5)

(ρcp)nf = (ρcp)pφ + (ρcp)f (1 − φ), (6)

(ρβ)nf = (ρβ)pφ + (ρβ)f (1 − φ), (7)

μnf = μf (1 − φ)−2.5, (8)

knf = kf

[
kp + 2kf − 2φ

(
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)
kp + 2kf + φ

(
kf − kp

)
]

, (9)
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−
(
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)

φ
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3 Numerical scheme, grid independence study, and code validation

The unsteady governing PDE (1)–(4) are numerically solved using SIMPLE algorithm
reported by Patankar [22] such that the discretization based on the finite volume method.
The main advantage of using SIMPLE algorithm is to overcome the simultaneous occur-
rence of pressure and velocity in the same equation. The following convergence criteria [16]
is assumed to obtained a converged solution.



∣∣∣�n+1
i, j − �n

i, j

∣∣∣


∣∣∣�n+1
i, j

∣∣∣ < 10−5, (11)

In the above equation � represents θ,U or V .
To assure the effectiveness of grid size, grid independence study performed on the average

Nusselt number for distinct mesh sizes starting from 41×41 to 181×181. Table 2 summarizes
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Fig. 4 Transient state of streamlines for different opening positions with fixed Ra = 104, Ha = 50 and φ =
0.02

Fig. 5 Transient state of isotherms for different opening positions with fixed Ra = 104, Ha = 50 and φ = 0.02
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Fig. 6 Steady-state streamlines for different Hartmann number with fixed Ra = 104 and φ = 0.02

the grid study on the average Nusselt number for Ra = 104, Ha = 50, Ma = 100 and φ = 0.02.
We have seen from the table that for increasing the mesh size from 161 × 161 to 181 × 181
the increasing rate heat transfer with mesh size is considerably very low, and also the error
percentage approximately equal to 0.21 for all opening positions. Hence by time consumption
the mesh size 161 × 161 is fastened for all calculations of this numerical study.

To validate the accuracy of the current in house numerical code, comparison test has been
conducted between present and previous published works. Initially, the surface tension effect
has been compared through flow and temperature distributions against the work of Rudraiah
et al. [16] and found that both the results are exactly matches in qualitative nature (Fig. 3).
Next, the heat transfer rate is compared via average Nusselt number with the work of Ghasemi
et al. [11], in order to validate the influence of magnetic field and nanoparticle concentration
and is shown in Table 3. From the table, we can say that the results obtained from present
and previous works are almost quantitatively equal.
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Fig. 7 Steady-state isotherms for different Hartmann number with fixed Ra = 104 and φ = 0.02

4 Results and discussion

The computational results of natural convection heat transfer for CNT–water nanofluid in
a partially open cavity is discussed in this section. The results are displayed for different
pertinent parameters such as Hartmann number (0 ≤ Ha ≤ 100), Rayleigh number (102 ≤
Ra ≤ 106), solid volume fraction (0.0 ≤ φ ≤ 0.04) and three different distinct opening
position. In order to analyze the effect of partial open, the Marangoni number is fixed at 100
for all calculations of present study.

The transient state of streamlines are displayed in Fig. 4 for Ra = 104, Ha = 50 and
φ = 0.02. The top, middle and bottom rows represents the results of left, middle and right
opening positions respectively and this arrangement is followed up to Fig. 9. At very beginning
time (t = 50s), the fluid is heated by the bottom wall and moves toward the cold walls so that
forms a symmetric cells at the corners of bottom wall. As time evolves, the symmetric cells
increase in size and get strengthened due to the buoyancy force. When time increases 500s,
the effect of surface tension gets started due to the presence marangoni effect (Ma = 100)
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Fig. 8 Steady-state streamlines for different Rayleigh number with fixed Ha = 50 and φ = 0.02

and strengthened gradually as time increases. Finally, the streamlines reach steady-state
solutions for all opening positions at time is equal to 1500s. The corresponding transient
state of isotherms is displayed in Fig. 5. At t = 50s, the isotherms are parallel to the active
bottom wall which shows the dominant conduction mode. As time increases, the thermal
lines distributed in the whole cavity and finally reaches the steady state. In addition, the heat
transfer mode is changed to convection as time increases and the effect of surface tension
does not pay any influences on the isotherms contours.

Figure 6 displays the streamlines for different Hartmann number (Ha)with fixed Ra = 104

and φ = 0.02. For the absence of magnetic field (Ha = 0), the dominant buoyancy force
offers a double-circulating cell consisting of anticlockwise and clockwise in a cavity such
that clustered streamlines are found near the opening positions owing to the thermocapillary
effect (Ma = 100). By increasing the value of Ha, the clockwise streamlines appeared
near the bottom right corner moves toward the opening positions and thereby experienced a
clustered streamlines at the neighborhood of every opening positions at Ha = 100. However,
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Fig. 9 Steady-state isotherms for different Rayleigh number with fixed Ha = 50 and φ = 0.02

the opposite behavior was observed for right open, and this shows that the surface tension
effect becomes more strengthened as Ha increased.

The corresponding isotherms for different Hartmann number are displayed in Fig. 7. When
Ha = 0, the isotherms having low magnitude are parallel to the vertical walls, whereas the
isotherms having high magnitude are parallel to hot wall such that the isotherms at the center
are distorted toward the top wall owing to the dominant buoyancy force. For increasing value
of Ha, the isotherms becomes symmetric about X = 0.5 for all opening positions. Also, one
can note that for high value of Hartmann numbers all the opening positions have the similar
structures.

The flow fields of different Rayleigh number is displayed in Fig. 8 with fixed Ha =
50 and φ = 0.02. At Ra = 102, the clockwise streamlines are clustered at the opening
positions, whereas the remaining portions are stagnant due to the predominant conduction.
The above statement is derived from left and right opening position; however, in right open,
the anticlockwise streamlines are more crowded at the opening place. As Ra is increases to
104, the clockwise cell (anticlockwise) getS strengthened and the influence of surface tension
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Fig. 10 Vertical velocity profiles for different Hartmann number and opening positions about Y = 0.5 with
Ra = 104 and φ = 0.02

becomes reduced at the left and middle (right) opening positions owing to the augmentation
of buoyancy force. When Ra = 106, the overwhelmed buoyancy force causes the symmetric
streamlines about X = 0.5 for all opening positions, which shows that the surface tension
effect is insignificant when the value of Ra is relatively high. In addition, the flow rates
increase continuously as the value of Ra increases because of the augmented buoyancy force.

The influence of Rayleigh number on the temperature field is shown in Fig. 9. At Ra = 102,
curved isotherms are created about the bottom wall and are symmetric about X = 0.5, and
this shows the predominant conduction mode. As Ra increases, the curved isotherms are
moved toward the cold walls and thereby forms a thermal boundary layer at the vicinity of
hot wall. This shows that the heat transfer is changed from conduction mode to convection
mode as the value of Ra is increased. It can also be seen that the effect opening positions is
insignificant for all Rayleigh number.

The magnetic field effect on the vertical velocity profiles about the mid-plane (Y = 0.5)

for three different distinct opening position is displayed in Fig. 10 with fixed Ra = 104 and
φ = 0.02. With the absence of magnetic field (Ha = 0), the influence of buoyancy fore and
the velocity boundary conditions on the surface changes the magnitude of vertical velocity
component at the middle portion of the cavity (Y = 0.5) and reach the maximum velocity at
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Fig. 11 Horizontal velocity profiles for different Hartmann number and opening positions about X = 0.5 with
Ra = 104 and φ = 0.02

the cavity center for all positions. However, the minimum velocities found near the vicinity
of the left vertical wall for left and middle opening positions, and near the right wall for right
opening position.

The corresponding horizontal velocity (U ) profiles about the mid height (X = 0.5)

is shown in Fig. 11. The horizontal velocity greatly changes close to the top and bottom
horizontal walls for Ha = 0 and this mainly because of due dominant buoyancy force. With
the presence of magnetic field (Ha = 50, 100), the horizontal velocity at X = 0.5 is zero
except near the top wall owing to the surface tension effect (Ma = 100).

Figure 12 depicts the vertical velocity profiles about the mid-plane (Y = 0.5) for various
Rayleigh number and opening position at Ha = 50 and φ = 0.02. When values of Rayleigh
numbers (Ra = 102&104) is low, the fluids are stagnant at the mid position (Y = 0.5) which
is clearly seen from the flat velocity lines and for Ra = 106 the velocity lines are symmetric
about X = 0.5 for all opening positions. Also, the maximum and minimum velocities are
attained at the core of cavity and near the vertical walls respectively.

The mid-high horizontal velocity (U ) profiles for different Rayleigh number is shown in
Fig. 13. Since the wall is partially open, the magnitude of the horizontal velocity are significant
near the neighborhood of opening position and are zero in the remaining places. The above
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Fig. 12 Vertical velocity profiles for different Rayleigh number and opening positions about Y = 0.5 with Ha
= 50 and φ = 0.02

explanation is derived for the conduction dominated region (Ra = 102, 104). In convection
dominated region (Ra = 106), the horizontal velocity magnitude reaches maximum near
the bottom wall for left open, while in the middle and right opening positions maximum
horizontal velocities are found near the top wall.

Figure 14 represents temperature profiles at the midpoint (a)Y = 0.5 and (b)X = 0.5 of
middle opening position for different Rayleigh number with fixed Ha = 50 and φ = 0.02.
From the figure, it can be seen that the magnitude of the temperature about Y = 0.5 is
increases with increasing magnitude of Ra and also the temperature profiles are symmetric
about X = 0.5 which is expected (see Fig. 9). In case of the temperature profiles about
X = 0.5, the augmentation of Ra increases the temperature of nanofluid at X = 0.5. For all
Ra, the temperature is very low near the top wall and gradually increases in magnitude, and
finally reached hot wall temperature toward the bottom wall.

Figure 15 depicts the time history of average Nusselt number versus time at different
Rayleigh number and Hartman number for middle open. At initial time, the average Nusselt
number is high and slowly decreases in magnitude as time evolves and finally reached the
steady state. Also, it can be seen from the figure that the time requirement to reach the
converged solution is decreases with increase of both Hartmann number and Rayleigh number.
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Fig. 13 Horizontal velocity profiles for different Rayleigh number and opening positions about X = 0.5 with
Ha = 50 and φ = 0.02

The influence of solid volume fraction on the heat transfer is measured through average
Nusselt number for three different opening positions. The main purpose of using nanofluid
is to get an increased heat transfer rate than the usual fluids. However, we want to know, in
how much rate the heat transfer is increased with the addition of nanoparticles concentration
up to 0.04. Then only we conclude that the effectiveness of nanofluid in the present configu-
ration setup. For this reason, the increasing rate of heat transfer rate (Slp) with nanoparticle
concentration φ for different non-dimensional parameters is measured by the method of slop
of linear regression suggested by [23]. Table 4 shows that the variation of average Nusselt
number for various Hartmann number with solid volume fraction. From the table„ we can
see that the average Nusselt number increases with increase in solid volume fraction but
reduces with Hartmann number for all opening positions. In the absence of magnetic field
(Ha = 0), the Nu increases with φ at the rate of 23.049 for left open, whereas (Slp) with φ

for the middle and right opening positions are 23.52953 and 23.17725, respectively. From
this calculation, we conclude that the middle open has the slightly higher increasing rate of
Nu with φ than the other opens. Also, in the presence of magnetic field (Ha = 50, 100)

increasing rate of heat transfer rate with φ is approximately same for all opening positions.
In addition, one can note from the table that the increase in Nu with φ is sufficiently large for
the high presence of magnetic field compared to Ha = 50 and Ha = 0. Most importantly, all
the opening positions almost produce an equal heat transfer rate which means that the heat
transfer rate of partial open does not depend on the position.
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(a)

(b)

Fig. 14 a Vertical and b horizontal mid-height temperature profiles of middle open for different Rayleigh
number with Ha = 50 and φ = 0.02

The variation of average Nusselt number Nu for various Rayleigh number and solid volume
fraction is shown in Table 5. The Nu increases with increases of both Rayleigh number and
nanoparticles concentration φ. The increasing rate of heat transfer rate with φ is decreases
with increases of Rayleigh number. Fox any fixed value of Ra, all the three opening produces
almost equal heat transfer rate. In this table„ we can also found that the conducted dominated
region (Ra = 102) generated the highest rate of increasing heat transfer with φ.
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(a) (b)

Fig. 15 Time history of average Nusselt number versus time a different Hartmann number with Ra = 104, b
different Rayleigh number with Ha = 50 for middle open at φ = 0.04

Table 4 Variation of average Nusselt number for different Hartmann number and solid volume fraction at Ra
= 105

Ha φ Nu

Left open Middle open Right open

0 0 9.576210 9.585903 9.605070

0.02 10.02777 10.04898 10.03974

0.04 10.49457 10527090 10.49216

Slp 23.049 23.52953 23.17725

50 0 8.765779 8.765801 8.766171

0.02 9.301235 9.301275 9.301644

0.04 9.859138 9.859184 9.859545

Slp 27.3398 27.33458 27.3207

100 0 8.762894 8.763054 8.763226

0.02 9.299006 9.299151 9.299331

0.04 9.857547 9.857698 9.857884

Slp 27.36633 27.3661 27.36645

5 Conclusion

In this work, the effect of three different opening positions were analyzed on the problem of
natural convection of CNT–water nanofluid in a cavity with the presence of magnetic field.
From the above results and discussion, we conclude the following results:

• The flow field strongly depends on the presence of partial open as well as the position of
partial open such as left, middle, or right open.

• The influence of non-dimensional parameters such as Rayleigh number and Hartman
number plays a significant role on the flow and thermal fields.
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Table 5 Variation of average Nusselt number for different Rayleigh number and solid volume fraction at Ha
= 50

Ra φ Nu

Left open Middle open Right open

102 0 8.762292 8.762151 8.762229

0.02 9.298480 9.298305 9.298376

0.04 9.856947 9.856811 9.856909

Slp 27.36638 27.3665 27.367

104 0 8.765779 8.765801 8.766171

0.02 9.301235 9.301275 9.301644

0.04 9.859138 9.859184 9.859545

Slp 27.33398 27.33458 27.33435

106 0 14.972670 14.96967 14.97627

0.02 15.424430 15.42158 15.42825

0.04 15.871110 15.86825 15.87484

Slp 22.461 22.4645 22.45925

• The effect of partial open on the temperature field is significant only in the absence of
magnetic field, whereas in the presence of magnetic field, all the opening positions yields
same isotherms structures.

• The increase in Ha increases the surface tension effect and suppress the convection mode,
while the heat transfer rate decreases with increase of magnetic field strength.

• The increase in Ra increases the convection mode as well as the heat transfer rate due to
the augmentation of buoyancy force.

• The addition of CNT nanoparticles into the base fluid water increases the heat transfer
rate for all parameter and three different distinct position.

• The increasing rate of heat transfer rate with φ is maximum in the conduction dominated
region, i.e., Ra = 102 or Ha = 100.

• For any fixed value of Ra or Ha, the increasing rate in Nu with φ is almost same for all
opening position which conveys that the heat transfer rate on the partial open does not
depend on the position (left, middle or right) of open.
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