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Abstract
Numerical simulation of mixed convection heat transfer in a lid-driven triangular cavity filled with power law nanofluid

and with an opening was performed under the effect of an inclined magnetic field. The left vertical wall of the cavity moves

in ? y-direction, and the bottom wall of the cavity is partially heated. Galerkin weighted residual finite element method

was used to solve the governing equations. Influence of Richardson number, Hartmann number, inclination angle, opening

ratio and nanoparticle volume fraction on the fluid flow and heat transfer is examined for various power law indices. It was

observed that average heat transfer deteriorates as the value of Richardson number and Hartmann number enhances. At the

lowest value of Richardson number, the discrepancy between the average heat transfer corresponding to different power

law indices is higher. The inclination angle of the magnetic field where the minimum of the average Nusselt number is seen

depends on the fluid type. Average heat transfer number is the highest for the highest value of the opening ratio. The

average Nusselt number enhances with solid particle volume fraction, and there are slight variations in the reduction in the

average Nusselt number when base fluid and nanofluid are considered for various power law indices.
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List of symbols
B0 Magnetic field strength

Gr Grashof number

h Local heat transfer coefficient (W m�2 K�1)

Ha Hartmann number

k Thermal conductivity (W m�1 K�1)

H Length of the enclosure (m)

h Length of the heater (m)

m Consistency coefficient

n Power law index

Nux Local Nusselt number

Num Average Nusselt number

p Pressure (Pa)

Pr Prandtl number

Re Reynolds number

Ri Richardson number

T Temperature (K)

u, v x–y velocity components (m s�1)

x, y Cartesian coordinates (m)

Greek letters
a Thermal diffusivity (m2 s�1)

b Expansion coefficient (K�1)

c Inclination angle (�)
m Kinematic viscosity (m2 s�1)

h Non-dimensional temperature

q Density of the fluid (kg m�3)

r Electrical conductivity (S m�1)

Subscripts
c Cold

h Hot

m Average
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Introduction

Mixed convection in triangular cavities may be encoun-

tered in various engineering applications ranging from

microelectronic cooling to solar power. The shear-driven

flow due to the presence of a moving lid and its interaction

with natural convection along with other factors compli-

cates the analysis. In heat transfer applications, the heating

or cooling may be partial [1–4].

In purification of molten metals, coolers of nuclear

reactors, microelectronic devices and many other applica-

tions, magnetic field effects on the convection play an

important role. In many heat transfer applications, an

external magnetic field can be used to control the fluid flow

and heat transfer characteristics [5–13]. Conjugate effect of

Joule heating and magnetic force for a lid-driven cavity

was numerically studied by [14] with finite element

method. [15] performed a numerical study of mixed con-

vection with a in a top-sided lid-driven cavity heated by a

corner heater under the effect of magnetic field. They

observed that magnetic field plays an important role to

control the convection. [16] performed a stability analysis

of ferromagnetic fluid for a fluid layer heated from below

and subjected to a uniform vertical magnetic field. Metallic

or non-metallic nanoparticles were added to the heat

transfer fluid such as water or ethylene glycol to improve

heat transfer characteristics with little pressure drop as

compared to base fluids [4, 17–29]. There are many factors

that have effects on the thermal performance improvements

when nanoparticles are added to the base fluid such as

shape, size and type of the nanoparticles [30–33]. Due to

the higher thermal conductivity of the nanoaparticles, even

a small amount of particle inclusion to the base fluid results

in higher values of heat transfer enhancement with little

pressure drop penalty. Use of nanoparticles with magnetic

field effect has two effects. Firstly, due to the thermal

conductivity enhancement, effective fluid heat transfer

performance enhances, but on the other hand, due to the

electrical conductivity enhancement, the suppression of

fluid motion and convection is enhanced with increasing

nanoparticles volume fraction. Magneto-hydrodynamic

applications with nanofluids offer a good possibility to

control the convection, and in the literature many studies

related to MHD nanofluid application can be found[34–47].

Convective heat transfer in an open cavities is of

importance for various engineering applications such as

passive cooling and heating, electronic cooling building

design and many others [48]. There are various studies for

convective heat transfer in open cavities with different

geometrical configurations and with different thermal

boundary conditions which depends on the application.

[49] performed a numerical study of natural convection in a

square cavity with opening and discrete heat sources by

using finite difference–control volume method. The Nus-

selt number was found to enhance with Rayleigh number,

heater size and the number of heaters. [50] numerically

investigated the natural convection of micropolar fluids-

filled open cavity. They examined the effects of aperture

ratio and the opening’s location. The effects of slots in an

open cavity with uniform heat flux inside the wall facing

the opening was numerically studied by [51]. It was

observed that the Nusselt number enhances with opening

ratio and Rayleigh number.

In a wide range of industries and applications such as in

bubble columns, fermentation, process industries, plastic

foam processing and many others, the flow of non-New-

tonian fluid plays an important role. Natural convection

inside a square cavity filled with a non-Newtonian power

law fluid was numerically studied by [52] with finite dif-

ference Lattice Boltzmann method. It was observed that the

influence of the power law fluid index on Nusselt number

decreases with increasing the magnetic field effect. In

another study, [53] performed a numerical study of non-

Newtonian blood flow in a lid-driven cavity with magnetic

field effect and it was observed that the effect of the

magnetic field on the flow enhances when the power law

fluid index decreases. [54] numerically performed an

analysis of non-Newtonian power law fluid flow in a

double-sided lid-driven cavity with lattice Boltzmann

method.

Combining all the above given partial literature survey

and to the best of authors knowledge, mixed convection in

a lid-driven power law nanofluid-filled triangular cavity

with opening and under the influence of an inclined mag-

netic field has never been reported in the literature although

its importance in many engineering fields is apparent as

mentioned above. This type of situation may be encoun-

tered in various engineering applications where fluid flow

of non-Newtonian fluid is of interest along with the heat

transfer characteristics in an open triangular cavity with

magnetic field effect or MHD, nanofluid and opening can

be used to control the convection inside the cavity.

Mathematical formulation

A schematic description of the physical domain along with

the boundary conditions is demonstrated in Fig. 1. A tri-

angular cavity filled with non-Newtonian power law fluid

with an opening is considered. The bottom wall of the

cavity is partially heated (with heater size of h), and the

inclined side of the triangular cavity is cooled. An opening

with size of l is added on the inclined side of the triangular

enclosure. Other walls of the cavity are assumed to be

adiabatic. The heated and cooled parts are isothermal with
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constants temperatures of Th and Tc. The cavity is under the

effect of a uniform inclined magnetic field of B ¼ Bxiþ
Byj which makes an angle of c with the horizontal axis. The
Prandtl number of the fluid is 10. The influences of Joule

heating, displacement currents and the induced magnetic

field are assumed to be negligible. The gravity acts in the

negative y-direction, and the buoyancy force in the

momentum equation is approximated by using the

Boussinesq approximation. The Tiwari and Das nanofluid

model [17] was utilized in the present study.

Mass, momentum and energy conservation equations of

for two-dimensional Cartesian coordinate system can be

written as [53]:
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The shear stress tensor for a power law non-Newtonian

fluid model can be given as [53]:

sij ¼ m 2
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where m is the consistency coefficient and n denotes the

power law fluid index.

Prandtl number (Pr ¼ cpm

k
u0
H

� �n�1Þ, Grashof number

(Gr ¼ gbðTh � TcÞH3 q
m

u0
H

� �ð1�nÞ
h i2

), Hartmann number

(Ha ¼ B0
Hnþ1r
mun

0
�1

� �1=2
) and the Richardson number

(Ri ¼ Gr
Re2

) are the relevant non-dimensional physical num-

bers. Reynolds number is defined based on the height of the

cavity and velocity of the left vertical wall,

(Re ¼ qHnðu0Þ2�n

m
).

Boundary conditions

The appropriate form of the dimensional boundary condi-

tions for the triangular cavity with an opening can be stated

as:

– For the heated part of the bottom wall,

u ¼ v ¼ 0; T ¼ Th.

– For the unheated part of the bottom wall,

u ¼ v ¼ 0; oT
oy

¼ 0.

– On the left vertical wall , u ¼ 0; v ¼ v0;
oT
ox

¼ 0.

– On the cooled parts of the inclined side wall,

u ¼ v ¼ 0; T ¼ Tc.

Part of the inclined side wall is open which has a length of

l, and opening ratio is given as OR = l / L.

Boundary condition at the opening was adopted from

[49] such as:

ou

ox
¼ � ov

oy
;

ov

ox
¼ 0; Tin ¼ Tc;

oT

ox

� �
out

¼ 0 ð6Þ

In another study, extended computational domain strat-

egy was used [55].

H
g

h

open

L

lpower law
fluid

adiabatic

adiabatic

H

T =T c

hT =T 

T =T c

u 0

Fig. 1 Schematic diagram of the physical model with boundary

conditions

Table 1 Thermophysical properties of water and alumina

nanoparticles

Property Water Al2O3

/kg m-3 997.1 3970

/J kg-1 K-1 4179 765

/W m-1 K-3 0.6 25

/K-1
2:1� 10�4 0:85� 10�5
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Local Nusselt number along the partly heated part of the

bottom wall is calculated as:

Nux ¼ � oh
on

� �
n¼0

; ð7Þ

where h represents the non-dimensional temperature and n

denotes the coordinate direction normal to the surface. The

average Nusselt number is calculated after integrating the

local Nusselt number as:

Num ¼ 1

h

Z h

0

Nuxdx; ð8Þ

for length h of the heater.

Nanofluids thermophysical relations

The effective density, specific heat capacity and thermal

expansion coefficient of the nanofluid are given by the

following formulas:

qnf ¼ð1� /Þqbf þ /qp; ð9Þ

ðqcpÞnf ¼ð1� /ÞðqcpÞbf þ /ðqcpÞp: ð10Þ

ðqbÞnf ¼ð1� /ÞðqbÞbf þ /ðqbÞp; ð11Þ

where the subscripts bf, nf and p denote the base fluid,

nanofluid and solid particle, respectively.

Thermal conductivity of the nanofluid is defined with

Maxwell–Garnetts (MG) model as [56]:

knf ¼ kf
ðkp þ 2kfÞ � 2/ðkf � kpÞ
ðkp þ 2kfÞ þ /ðkf � kpÞ

� 	
: ð12Þ

The effective viscosity of the nanofluid is given by the

following relation [57].

lnf ¼ lfð1� /Þ�0:25 ð13Þ

For the electrical conductivity of the nanofluid, the

Maxwell’s model which was developed for calculating the

electrical conductivity for random suspension of spherical

particles [56] was utilized:

rnf ¼ rf 1þ 3ðf � 1Þ/
ðf þ 2Þ � ðf � 1Þ/

� �
; ð14Þ

where f ¼ rp
rf
is the conductivity ratio of the two phases.

Table 1 shows the thermophysical properties of base

fluid nanoparticle

Solution methodology and code validation

The governing equations along with the boundary condi-

tions were solved by using the Galerkin weighted residual

finite element method. Each of the flow variables is

approximated by using the interpolation functions in the

Fig. 2 Code verification with the results of [58] and [59]. Comparison of streamlines and isotherms. a Results of [58]. b Results of [59]. c Ha=

25, Ra = 7 �103. d Ha = 100, Ra= 7 �105. e Ha = 25, Ra = 7�103. f Ha = 100, Ra = 7 �105
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non-overlapping regions which are constructed in the

computational domain. Lagrange finite elements of differ-

ent orders are utilized to approximate the flow variables

within the domains such as:

H ¼
XN
k¼1

HkWkðx; yÞ ð15Þ

where H denotes a field variable.

Approximations were then substituted into the govern-

ing equations which result in residuals for each of the

conservation equation. In the Galerkin weighted residual

finite element technique, elements shape functions denoted

by /k and the weight functions are identical and the non-

linear residual equations at the nodes of internal element

domain can be constructed. The convergence of the solu-

tion is obtained when the relative error for each of the

variables denoted by H satisfies the following convergence

criteria:

Hnþ1 �Hn

Hnþ1










� 10�5: ð16Þ

To ensure the grid independence of the solution and to

get an optimal grid distribution with accurate results and

minimal computational time, numerical experiments with

various grid sizes were performed. The code is validated

against the existing results of [58] and [59] which include

the magnetic field effects. Comparison results of stream-

lines and isotherms for (Ra ¼ 7� 103; Ha ¼ 25) and

(Ra ¼ 7� 105; Ha ¼ 100) are shown in Fig. 2.

Results and discussion

In a power law fluid-filled lid-driven triangular cavity with

a partial opening, mixed convective heat transfer is

examined. The numerical simulation is performed for dif-

ferent values of the Richardson numbers (between 0.1 and

100), Hartmann number (between 0 and 40), inclination

angle of the magnetic field (between 0 and 90), opening

ratio (between 0 and 0.6) and power law index (between

0.6 and 1.4). The Prandtl number of the fluid is taken as 10.

Power index of n ¼ 1 denotes a Newtonian fluid behavior,

whereas pseudoplastic and dilatant fluids are characterized

by power indices of n\1 and n[ 1. The partial heater

along the bottom wall is located in the mid of the wall with

a heater size of h ¼ 0:6H. The left vertical of the triangular

cavity moves in ? y-direction.

Fig. 3 Influence of Richardson

number and power law indices

on the streamline distributions

for fixed values of (OR = 0.2,

Ha = 15, c ¼ 45�, / ¼ 0:02). a
n ¼ 0:6; Ri ¼ 0:1. b
n ¼ 0:6; Ri ¼ 10. c
n ¼ 0:6; Ri ¼ 100. d
n ¼ 1; Ri ¼ 0:1. e
n ¼ 1; Ri ¼ 10. f
n ¼ 1; Ri ¼ 100. g
n ¼ 1:4; Ri ¼ 0:1. h
n ¼ 1:4; Ri ¼ 10. i
n ¼ 1:4; Ri ¼ 10
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Effects of Richardson number

Figures 3 and 4 show the streamline and isotherm distri-

butions within the cavity for various values of Richardson

number and power law indices at fixed values of (OR = 0.2,

Ha = 15, c ¼ 45�). As the value of Richardson number

enhances, the effects of natural convection compared to

forced convection due to the moving lid increases. For the

lower value of the Richardson number, the number of

vortices within the cavity is three. As the value of Ri is

gradually increased, the vortex near the right bottom corner

disappears. The center of the main vortex moves toward

bottom right, and the influence region of the main vortex

increases as Ri is increased from 0.1 to 100 which is due to

the increased effect of natural convection. As the value of

the power law changes, there are slightly changes in the

flow topology for the same Ri value. The influence region

of the main vortex enhances, and the corner vortices

slightly change in size and shape with power law index.

Temperature gradients are steeper in the left and right ends

of the heater. As the value of Ri increases, isotherms are

more clustered in the right part of the heater and heat

transfer is less effective for the left part. This is due to the

decreasing effect of flow motion within the cavity due to

the moving lid with increasing values of Richardson

number. For dilatant fluid n[ 1, local heat transfer is less

effective in the vicinity of the mid of the heater and the

trend is opposite for pseudoplastic fluid at Ri = 0.1.

Local Nusselt number reduces for the larger portion of

the heater with increasing values of Ri numbers as shown

in Fig. 5a–c. Toward the right end of the heater, increment

of the Ri value brings about enhancement in the local heat

transfer for all power indices. Average Nusselt number is a

decreasing function of the Richardson number and gener-

ally enhances with power law index. Moreover, the rate of

heat transfer deterioration with respect to a change in the Ri

value is higher for dilatant fluid n[ 1 and the discrepancy

between the average Nusselt number for various power law

indices is higher for lower values of Richardson number.

Average Nusselt number reduces by about 48.26 and

13:64% for dilatant fluid and pseudoplastic fluid at Ri =

100 when compared to case at Richardson number of 0.1.

Effects of magnetic field parameters

The effects of varying Hartmann number on the flow and

thermal patterns within the triangular enclosure are

demonstrated in Figs. 6 and 7 for various power law

indices when other parameters are fixed to (Ri = 5, OR =

0.2, c ¼ 45�). In the absence of the magnetic field, the

cavity is filled with a single recirculating cell for all power

law indices. When magnetic field is imposed and its

Fig. 4 Isotherm distributions for

various Richardson numbers

and power law indices (OR =

0.2, Ha = 15, c ¼ 45�,
/ ¼ 0:02). a n ¼ 0:6; Ri ¼ 0:1.
b n ¼ 0:6; Ri ¼ 10. c
n ¼ 0:6; Ri ¼ 100. d
n ¼ 1; Ri ¼ 0:1. e
n ¼ 1; Ri ¼ 10. f
n ¼ 1; Ri ¼ 100. g
n ¼ 1:4; Ri ¼ 0:1. h
n ¼ 1:4; Ri ¼ 10. i
n ¼ 1:4; Ri ¼ 10

424 F. Selimefendigil, A. J. Chamkha

123



0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

x/H

N
u x

Ri = 0.1, 10, 100

0 0.1 0.2 0.3 0.4 0.5 0.6
2
4
6
8

10
12
14
16
18
20
22

x/H

N
u x

Ri = 0.1, 10, 100

0 0.1 0.2 0.3 0.4 0.5 0.6
0

5

10

15

20

25

x/H

N
u x

Ri = 0.1, 10, 100

10−1 100 101 102
5

6

7

8

9

10

11

Ri

N
u m

n = 0.6
n = 1
n = 1.4

(a)

(b)

(c)

(d)

Fig. 5 Local and average

Nusselt number distribution

along the hot wall for various

Richardson numbers and power

law indices (OR = 0.2, Ha = 15,

c ¼ 45�, / ¼ 0:02). a Local

Nusselt number, n = 0.6.

b Local Nusselt number, n = 1.

c Local Nusselt number, n = 1.4.

d Average Nusselt number
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strength is increased, corner vortices are formed and their

sizes increase as the power law index enhances. Therefore,

the vortex near the left vertical wall squeezes and decreases

in size as the value of Ha increases. Temperature gradients

become less steeper along the heater (except for the left

part of the heater) and especially in the mid-part of the hot

wall as the value of the Hartmann number enhances. Iso-

therms show the effects of reduced convection with

increasing magnetic field strength within the triangular

cavity.

Local heat transfer reduces, especially for the larger

portion of the heater with increasing Hartmann number

values as shown in Fig. 8a–c for all power law indices, and

this is more pronounced for pseudoplastic fluid. Average

Nusselt number is a decreasing function of Hartmann

number, and heat transfer rate is higher for the fluid with a

higher power law index in the presence of magnetic field.

When there is no magnetic field, average Nusselt number is

highest for pseudoplastic fluid which is due to the effect of

increasing discrepancy between local Nusselt number in

the left end of the hot wall for different Hartmann numbers

when the fluid is Newtonian and dilatant. Reduction in the

heat transfer rates is 39.92, 32.52 and 23.34% for the

pseudoplastic, Newtonian and dilatant fluids, respectively,

at the highest value of Hartmann number when compared

to the case without magnetic field at Ha = 0.

Streamline and isotherm distributions within the cavity

are shown in Figs. 9 and 10 for various power law indices

(Ri = 5, OR = 0.2, Ha = 15) and for different magnetic field

inclination angles. For inclination angle of c ¼ 45�, vor-
tices are formed near the right corner which is more pro-

nounced for Newtonian fluid (n ¼ 1). For vertically aligned

magnetic field, c ¼ 90�, the main vortex is elongated in the

right corner direction and additional weak vortices are

formed for Newtonian and dilatant fluids. For the hori-

zontal and vertically aligned magnetic fields, additional

contributions to the y- and x-momentum equations are

added due to the Lorentz force resulting from the magnetic

Fig. 6 Streamline distributions

for various Hartmann numbers

and power law indices (OR =

0.2, Ri = 5, c ¼ 45�, / ¼ 0:02).
a n ¼ 0:6; Ha ¼ 0. b
n ¼ 0:6; Ha ¼ 10. c
n ¼ 0:6; Ha ¼ 40. d
n ¼ 1; Ha ¼ 0. e
n ¼ 1; Ha ¼ 10. f
n ¼ 1; Ha ¼ 40. g
n ¼ 1:4; Ha ¼ 0. h
n ¼ 1:4; Ha ¼ 10. i
n ¼ 1:4; Ha ¼ 40
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field. Temperature gradients become steeper toward the

right and left ends of the hot partial wall with an increment

in the inclination angle, but heat transfer is less effective in

the vicinity of the mid-part of the hot wall, especially for

the pseudoplastic fluid. Local Nusselt number enhances

with magnetic inclination angle toward the left end of the

heater as shown in Fig. 11a–c. As the power law index is

increased, heat transfer enhancement locations with mag-

netic field become larger which are 0.09H, 0.18H and

0.24H for pseudoplastic, Newtonian and dilatant fluids,

respectively. Average Nusselt number first decreases and

then increases as the value of c enhances. The magnetic

inclination angle where the minimum of the average Nus-

selt number is attained depends on the fluid type and it is

c ¼ 60� for pseudoplastic and Newtonian fluid and it is

c ¼ 45� for the dilatant fluid.

Role of opening ratio

Effects of varying opening ratio on the streamline and

isotherm distributions are demonstrated in Figs. 12 and 13

for different power law indices. OR = 0 corresponds to a

closed inclined wall configuration. The presence of the

opening affects the occurrence and size of the corner vor-

tices. When the value of the OR is increased, the corner

vortices first appear and then become weaker. The location

where steep thermal gradients are seen changes as the value

of the opening ratio changes. Toward the left end of the

heater, a closed configuration (OR = 0) gives the best heat

transfer performance. The clustering of the isotherms are

less toward the mid of the heater, especially for a fluid with

a higher power law index, and it then becomes flatten as the

value of the OR enhances. The presence of the opening acts

in a way to enhance the local heat transfer, especially

toward the right end which is closer to the opening as

shown in Fig. 14a–c. Average Nusselt number first

decreases and then increases as the value of the opening

ratio enhances. The value of the opening ratio for which the

average Nusselt number attains its minimum value depends

on the power law index. At the highest value of the opening

ratio average heat transfer is the highest. Average Nusselt

number increases by about 24.35, 22.43 and 14.78% at the

highest value of the opening ratio when compared to closed

wall for pseudoplastic, Newtonian fluid and dilatant fluids.

Effects of nanoparticle volume fraction

In the presence of magnetic field, addition of the

nanoparticles to the base fluid results in thermal and elec-

trical conductivity enhancements. When the electrical

conductivity of the nanofluid rises, magnetic field strength

enhancement results in more dampening of the fluid

Fig. 7 Isotherm distributions for

various Hartmann numbers and

power law indices (OR = 0.2, Ri

= 5, c ¼ 45�, / ¼ 0:02). a
n ¼ 0:6; Ha ¼ 0. b
n ¼ 0:6; Ha ¼ 10. c
n ¼ 0:6; Ha ¼ 40. d
n ¼ 1; Ha ¼ 0. e
n ¼ 1; Ha ¼ 10. f
n ¼ 1; Ha ¼ 40. g
n ¼ 1:4; Ha ¼ 0. h
n ¼ 1:4; Ha ¼ 10. i
n ¼ 1:4; Ha ¼ 40
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Fig. 8 Influence of Hartmann

number on the local and average

Nusselt number distribution

along the hot wall for various

power law indices (Ri = 5, OR =

0.2, c ¼ 45�, / ¼ 0:02). a Local
Nusselt number, n = 0.6.

b Local Nusselt number, n = 1.

c Local Nusselt number, n = 1.4.

d Average Nusselt number
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Fig. 9 Effects of varying

magnetic inclination angle on

the streamline distributions for

various power law indices (Ri =

5, OR = 0.2, Ha = 15,

/ ¼ 0:02). a n ¼ 0:6; c ¼ 0�. b
n ¼ 0:6; c ¼ 45�. c
n ¼ 0:6; c ¼ 90�. d
n ¼ 1; c ¼ 0�. e
n ¼ 1; c ¼ 45�. f
n ¼ 1; c ¼ 90�. g
n ¼ 1:4; c ¼ 0�. h
n ¼ 1:4; c ¼ 45�. i
n ¼ 1:4; c ¼ 90�

Fig. 10 Effects of varying

magnetic inclination angle on

the isotherm distributions for

various power law indices (Ri =

5, OR = 0.2, Ha = 15,

/ ¼ 0:02). a n ¼ 0:6; c ¼ 0�. b
n ¼ 0:6; c ¼ 45�. c
n ¼ 0:6; c ¼ 90�. d
n ¼ 1; c ¼ 0�. e
n ¼ 1; c ¼ 45�. f
n ¼ 1; c ¼ 90�. g
n ¼ 1:4; c ¼ 0�. h
n ¼ 1:4; c ¼ 45�. i
n ¼ 1:4; c ¼ 90�
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Fig. 11 Local and average

Nusselt number distribution

along the hot wall for different

power law indices (Ri = 5, OR =

0.2, Ha = 15, / ¼ 0:02).
a Local Nusselt number, n =

0.6. b Local Nusselt number,

n = 1. c Local Nusselt number,

n = 1.4. d Average Nusselt

number
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motion, but on the other hand thermal conductivity

enhances which causes convective heat transfer improve-

ment. Interaction of these two effects for a non-Newtonian

fluid model is analyzed in the current study. Effects of

nanoparticle volume fraction on the distribution of average

Nusselt number for different Hartmann number and mag-

netic field inclination angles are demonstrated via Tables 2

and 3 for various power law indices. The average Nusselt

number increases with solid particle volume fraction. In the

absence of magnetic field, average heat transfer enhances

Fig. 12 Streamline distributions

for various opening ratios and

power law indices, (Ri = 1, Ha =

15, c ¼ 45�, / ¼ 0:02). a
n ¼ 0:6; OR ¼ 0. b
n ¼ 0:6; OR ¼ 0:2. c
n ¼ 0:6; OR ¼ 0:4. d
n ¼ 0:6; OR ¼ 0:6. e
n ¼ 1; OR ¼ 0. f
n ¼ 1; OR ¼ 0:2. g
n ¼ 1; OR ¼ 0:4. h
n ¼ 1; OR ¼ 0:6. i
n ¼ 1:4; OR ¼ 0. j
n ¼ 1:4; OR ¼ 0:2. k
n ¼ 1:4; OR ¼ 0:4. l
n ¼ 1:4; OR ¼ 0:6

Fig. 13 Isotherm distributions

for various opening ratios and

power law indices, (Ri = 1, Ha =

15, c ¼ 45�, / ¼ 0:02). a
n ¼ 0:6; OR ¼ 0. b
n ¼ 0:6; OR ¼ 0:2. c
n ¼ 0:6; OR ¼ 0:4. d
n ¼ 0:6; OR ¼ 0:6. e
n ¼ 1; OR ¼ 0. f
n ¼ 1; OR ¼ 0:2. g
n ¼ 1; OR ¼ 0:4. h
n ¼ 1; OR ¼ 0:6. i
n ¼ 1:4; OR ¼ 0. j
n ¼ 1:4; OR ¼ 0:2. k
n ¼ 1:4; OR ¼ 0:4. l
n ¼ 1:4; OR ¼ 0:6
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Fig. 14 Influence of opening

ratio on the local and average

Nusselt number for various

power law indices (Ri = 1, Ha =

15, c ¼ 45�, / ¼ 0:02). a Local

Nusselt number, n = 0.6.

b Local Nusselt number, n = 1.

c Local Nusselt number, n = 1.4.

d Average Nusselt number
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by about 34.85, 31.71 and 30.93% for power law indices of

n = 0.6, n = 1 and n = 1.4, respectively. For the highest

value of magnetic field strength at Hartmann number of Ha

= 40, the amount of average heat transfer enhancements are

23.30, 27.54 and 27.01% for n = 0.6, n = 1 and n = 1.4.

Less than 5% differences are both for the case with mag-

netic filed and for the case in the absence of magnetic field

when different fluid models are used. It is also observed

that there are slight variations in the reduction in the

average Nusselt number when base fluid and nanofluid with

the highest particle volume fractions are considered for

various power law indices. The reduction in the heat

transfer is 56.05 and 41.10% when Hartmann number is

increased from Ha = 0 to Ha = 40 for base fluid (/ ¼ 0) for

n = 0.6 and n = 1.4, but on the other hand the reduction

amounts are 59.80 and 40.3% for nanofluid (/ ¼ 0:04) for

n = 0.6 and n = 1.4. As it is seen from Table 3, there are

variations in the average Nusselt number for various

magnetic inclination angles when solid nanoparticle vol-

ume fractions change in the base fluid considering various

fluid behavior models.

Correlation in terms of power law index
and Hartmann number

A correlation in the polynomial form for the calculation of

the average Nusselt number along the hot wall was

obtained which is given by the following equation,

Nuðn;HaÞ¼ p00þp10�nþp01�Haþp20�n2

þp11�n�Haþp02�Ha2þp30�n3

þp21�n2 �Haþp12�n�Ha2

þp03�Ha3þp31�n3 �Haþp22�n2 �Ha2

þp13�n�Ha3þp04�Ha4:
ð17Þ

The correlation is third order for power index (n) and

fourth order for Hartmann number (Ha). Table 4 represents

the polynomial fit coefficients for various magnetic incli-

nation angles. As the magnetic inclination angle is

increased to 45� and 75�, the effects of power law index

become effective since the polynomial coefficients p10 and

p20 increase significantly for these angles. This correlation

is helpful to see the interaction of the magnetic field and

power law index. Table 5 shows the goodness of the fit

values for the average Nusselt number along the hot wall

for various magnetic inclination angles, Ri = 1. Root mean

Table 2 Effects of solid nanoparticle volume fraction the variation of

average Nusselt number for different Hartmann numbers and power

law indices (Ri = 1, OR = 0.2, c ¼ 45�)

n = 0.6 n = 1 n = 1.4

Ha = 0

/ ¼ 0:00 8.045 8.653 8.980

/ ¼ 0:01 8.661 9.2818 9.618

/ ¼ 0:02 9.336 9.959 10.300

/ ¼ 0:03 10.068 10.660 11.013

/ ¼ 0:04 10.849 11.397 11.758

Ha = 10

/ ¼ 0:00 5.039 5.764 6.532

/ ¼ 0:01 5.362 6.132 6.969

/ ¼ 0:02 5.695 6.514 7.426

/ ¼ 0:03 6.037 6.911 7.905

/ ¼ 0:04 6.394 7.326 8.407

Ha = 20

/ ¼ 0:00 4.457 5.232 5.829

/ ¼ 0:01 4.752 5.569 6.198

/ ¼ 0:02 5.063 5.918 6.585

/ ¼ 0:03 5.388 6.281 6.988

/ ¼ 0:04 5.729 6.660 7.408

Ha = 40

/ ¼ 0:00 3.535 4.639 5.289

/ ¼ 0:01 3.727 4.939 5.621

/ ¼ 0:02 3.928 5.252 5.971

/ ¼ 0:03 4.139 5.578 6.337

/ ¼ 0:04 4.359 5.917 6.718

Table 3 Effects of solid nanoparticle volume fraction the variation of

average Nusselt number for different magnetic inclination angles and

power law indices (Ri = 1, OR = 0.2, Ha = 10)

n = 0.6 n = 1 n = 1.4

c ¼ 0�

/ ¼ 0:00 5.847 7.422 8.411

/ ¼ 0:01 6.278 7.964 9.017

/ ¼ 0:02 6.734 8.534 9.663

/ ¼ 0:03 7.211 9.136 10.338

/ ¼ 0:04 7.710 9.759 11.044

c ¼ 45�

/ ¼ 0:00 5.039 5.764 6.530

/ ¼ 0:01 5.362 6.132 6.969

/ ¼ 0:02 5.695 6.514 7.426

/ ¼ 0:03 6.037 6.911 7.905

/ ¼ 0:04 6.394 7.326 8.407

c ¼ 90�

/ ¼ 0:00 5.424 6.285 7.368

/ ¼ 0:01 5.858 6.742 7.917

/ ¼ 0:02 6.351 7.230 8.494

/ ¼ 0:03 6.901 7.747 9.088

/ ¼ 0:04 7.499 8.296 9.697
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squared error (RMSE) and coefficient of determination (R-

square) are defined as:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

Yi � Ŷi
� �2

vuut

R� square ¼ 1�
PN

i¼1 Yi � Ŷi
� �2

PN
i¼1 Yi � �Yið Þ2

ð18Þ

where Ŷi, �Yi and N denote the predicted output, average

value and number of samples, respectively.

Conclusions

Numerical simulation of mixed convection in a power law

fluid-filled triangular enclosure with an opening is per-

formed under the influence of an inclined magnetic field. It

was observed that for lower values of the Richardson

number, where heat transfer is effective, the discrepancy

between the average heat transfer between different power

law indices is higher. At the highest value of Richardson

number (Ri = 100), average heat transfer deteriorates by

about 48.26 and 13:64% for dilatant and pseudoplastic fluid

when compared to values at Richardson number of 1.

Average heat transfer decreases with Hartmann number

and in the presence of magnetic field heat transfer rate is

higher for dilatant fluid, whereas in the absence of the

magnetic filed a pseudoplastic fluid gives the highest value

of average heat transfer. Average Nusselt numbers deteri-

orate by about 39.92, 32.52 and 23.34% for the pseudo-

plastic, Newtonian and dilatant fluids at the highest value

of Hartmann number when compared to the case without

magnetic field. Heat transfer first deteriorates and then

enhances when the magnetic field inclination angle

increases. The inclination angle of the magnetic field where

the minimum of the average heat transfer is observed

depends on the fluid type. As the value of the opening ratio

increases, heat transfer first decreases and then increases.

Average Nusselt number is the highest for the highest value

of the opening ratio. The amount of average heat transfer

enhancements are in the range of 27 and 30% in the

absence and presence of magnetic field when nanofluid at

the highest particle volume fraction is compared with that

of base fluid. Slight variations in the reduction in the

average heat transfer are observed when base fluid and

nanofluid with the highest particle volume fractions are

considered for various power law indices. A correlation for

the Nusselt number along the hot wall of the cavity in terms

of Hartmann number and power law index was provided.
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