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The purpose of this study is to investigate the impact of thermal relaxation time on 
the mixed convection flow of non-Newtonian micropolar fluid over a continuously 
stretching sheet of variable thickness in the presence of transverse magnetic field. 
An innovative and modified form of Fourier’s law, namely, Cattaneo-Christov heat 
flux is employed in the energy equation to study the characteristics of thermal re-
laxation time. The governing equations are transformed into ODE, using similar-
ity transformations. Fourth order Runge-Kutta numerical method is used to solve 
these equations. The effects of relevant parameters such as a micro-rotation pa-
rameter, magnetic parameter, thermal relaxation parameter, Prandtl number, sur-
face thickness parameter, and mixed convection parameter, on the physical quan-
tities are graphically presented. Results illustrate that fluid temperature enhances 
with the rise of thermal relaxation parameter, but it reduces with an increase in 
micro-rotation parameter. The skin friction decreases with a rise in micro-rotation 
and micro-element parameters. However, variation in the rate of heat transfer is 
quite significant for small values of thermal relaxation parameter.
Key words: micropolar fluid, Cattaneo-Christov heat flux, slendering sheet, 

thermal relaxation time

Introduction

The concept of micropolar theory in fluid mechanics was first introduced by Eringen 
[1]. This theory belongs to a class of fluids whose particles can rotate around the center of 
the volume element. The flow motion of these fluids requires a spin vector and micro-inertia 
tensor in addition the velocity vector. Hassanien and Gorla [2] studied micropolar fluid heat 
transfer over a stretching sheet. The effect of thermal radiation on micropolar fluids is con-
sidered by Ishak [3]. The effect of Newtonian heating on micropolar fluid with and without 
thermal radiation is studied by Hussanan et al. [4, 5]. Khan and Rashad [6] examined the 
chemical reaction effect on the micropolar fluid with heat and mass transfer stagnation-point 
flow over a stretching surface. Free convection effects in micropolar fluid-flow in the presence 
of heat source examined by Mishra et al. [7]. On the other hand, convection flow problems of 
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non-Newtonian fluid under magnetic field have got much attention because of its wide appli-
cations in petro-chemical industry, MHD generators, blood flow measurements and geophysics 
as well as power generation system. Ashraf and Batool [8] investigated micropolar fluid-flow 
and heat transfer over a stretchable disk under magnetic field. The influence of magnetic flied 
on micropolar ferrofluid-flow caused by stretching sheet is provided by Khan et al. [9]. Exact 
solutions of MHD micropolar fluid with heat transfer for both stretching and shrinking sheet 
cases was obtained by Khan et al. [10]. Hashemi et al. [11] computed the numerical solutions 
of micropolar nanofluid-flow inside a radiative porous medium buoyancy and magnetic field 
effects. Several researchers including [12-16] have investigated micropolar fluid-flow over a 
stretching/shrinking sheet with or without magnetic field.

All these studies are limited to the flow over stretching sheet or surface with the con-
stant thickness [17-20]. However, in many manufacturing processes, the thickness of surface 
may or may not be constant. Historically, this idea was first presented by Lee [21]. Wang [22] 
investigated mixed convection over a heated tip vertical needle for both aiding and opposing 
flows situation. Ahmad et al. [23] also studied the same problem along thin vertical needles 
with variable heat flux. Fang et al. [24] discussed viscous flow over a stretching sheet with vari-
able thickness. Subhashini et al. [25] extended the problem of Fang et al. [24] by adding ther-
mal diffusive effect. Abdel-Wahed et al. [26] investigated the impact of hydromagnetic-flow 
and heat transfer characteristic over variable thickness surface using nanofluid. Acharya et al. 
[27] examined the flow of water-based nanofluid over a thin stretching sheet, and Kumar et al. 
[28] analysed radiative heat transfer Williamson nanofluid-flow over a Riga plate with variable 
thickness. Prasad et al. [29] considered the magnetic field effects on nanofluid over a thin elastic 
sheet with variable thickness. Very recently, Liu and Liu [30] investigated the 2-D laminar flow 
of fractional Maxwell fluid over variable thickness stretching sheet.

Classical Fourier’s model for thermal conduction heat transfer is being well known for 
researchers and has been used for a long time, as cited previously. The equation stated for the 
heat conduction describes a parabolic equation. However, one of the most significant drawbacks 
for parabolic energy equation is that it may not be accurate for specific situations and hence it 
contradicts with the principle of causality. Maxwell was the first who provided the alteration of 
the Fourier’s model by considering thermal relaxation time between temperature gradient and 
heat flux. Cattaneo [31] modified Fourier’s model by adding a thermal relaxation fixed time term 
to represent the thermal inertia. This model is recognized Maxwell-Cattaneo’s model in the pub-
lished data. Christov [32] modified the Maxwell-Cattaneo’s model to preserve the material invari-
ant formulation. He replaced the ordinary derivative with the Oldroyd upper-convected derivative 
in Maxwell-Cattaneo’s model. The addition of thermal relaxation time causes heat transportation 
via propagation of thermal waves with finite speed. After the development of this new model, 
which is known Cattaneo-Christov heat flux model, several attempts have been made in this di-
rection. Tibullo and Zampoli [33] proved the uniqueness of the solution for an incompressible 
fluid by using Cattaneo-Christov heat flux model. Mustafa [34] discussed the rotating flow of 
Cattaneo-Christov heat flux model for viscoelastic fluid bounded by a stretching surface. Rubab 
and Mustafa [35] proposed Maxwell fluid model based on this heat flux and studied MHD flow 
over a stretching surface. Cattaneo-Christov heat flux considered by Reddy [36] for micropolar 
fluid-flow over a non-linear convective stretching surface with viscous dissipation. Khan et al. 
[37] gave generalized results for Maxwell fluid-flow caused by oscillatory surface along using 
Cattaneo-Christov theory of heat diffusion. Recently, recognizing the interface effect between 
carbon nanotubes and engine oil, Kundu et al. [38] developed a theoretical model for Maxwell 
nanofluid along stretching sheet based on Cattaneo-Christov heat flux.
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Inspired by aforementioned survey, the aim of this study is to investigate the impact 
of thermal relaxation time on the mixed convection flow of non-Newtonian micropolar fluid 
over a continuously stretching sheet with variable thickness using Cattaneo-Christov heat flux 
model. Solutions of the formulated governing equations are obtained numerically by using 
fourth order Runge-Kutta method, which has been used in solving of many non-linear transport 
problems of the fluid dynamics.

Mathematical model

Consider 2-D flow of an incompressible micropolar fluid over an impermeable vari-
able thickness stretching sheet. The x-axis is aligned with the stretching sheet and the y-axis is 
normal to the sheet. The sheet is stretched with Uw(x) = U0(x + b)m along x-axis and its thickness 
varies as y = A(x + b)(1–m)/2, where b is a parameter related to a sheet, U0 is the reference ve-
locity, constant A being small so that the sheet 
is sufficiently thin, and m is the velocity pow-
er index. Thickness of the sheet depends on m 
due to the acceleration or deceleration of the 
sheet. The fluid is electrically conducted and 
the magnetic field is applied perpendicular to 
the sheet. Figure 1 shows a sketch of momen-
tum and temperature boundary-layers in co-or-
dinate system. The oriented anticlockwise ro-
tation of particles is driven by a large velocity 
gradient within the boundary-layer and away 
from the boundary-layer are considered at rest. 
To explore the heat transfer analysis, Catta-
neo-Christov heat flux model is found instead 
of Fourier’s law. Under previous assumptions, 
the governing equations of the problem are giv-
en:

( )d
dt
ρ ρ= ∇ V (1)

( ) ( ) ( ) ( ) ( )d 2
d

p
t

ρ µ κ µ κ κ ρ  = −∇ + + ∇ ∇ − + ∇ ∇× + ∇× + × + 
 

V V V N J B g (2)

( ) ( ) ( ) ( )0 0
d 2
d

j
t

ρ ε ϕ γ γ κ κ  = + + ∇ ∇ − ∇× ∇× + ∇ − 
 

N N N V N (3)

An incompressible flow is considered in present problem, eq. (1) becomes:

= 0∇V (4)

Using the vector identity and mass conservation, eqs. (2) and (3) are simplified:

( ) ( ) ( )2p
t

ρ µ κ κ ρ∂ + ∇ = −∇ + + ∇ + ∇× × + ∂ 

V V V V N + J B g (5)

( ) ( )ρ γ κ κ∂ + ∇ = ∇ + ∇× − ∂ 
V N N V N (6)
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One of the body force term corresponding to MHD flow, which is defined by Sharma 
et al. [39]:

2
0Bσ× = −J B V (7)

The velocity, micro-rotation and gravitational fields are defined in present problem:

( , ,0), (0,0, ), and ( ,0,0)u v N g= = =V N g (8)

In view of aforementioned eqs. (7) and (8), eqs. (5) and (6) in case of steady flow:

( )
2

2
0 2 gu u p N uu v B u

x y x y y
ρ κ σ µ κ ρ
 ∂ ∂ ∂ ∂ ∂

+ = − + − + + + ∂ ∂ ∂ ∂ ∂ 
(9)

2

0 2 2N N N uj u v N
x y yy

ρ γ κ
   ∂ ∂ ∂ ∂

+ = − +   ∂ ∂ ∂∂   
(10)

According to Ahmed and Dutta [40] and under Boussinesq approximation, the afore-
mentioned equations take the form:

( )
2 2
0

2 g T
Bu u N uu v u T T

x y y y
σκ κν β

ρ ρ ρ ∞
 ∂ ∂ ∂ ∂

+ = − + + + − ∂ ∂ ∂ ∂ 
(11)

2
0

2 2N N N uu v N
x y j yy

γ
κ

ρ
 ∂ ∂ ∂ ∂

+ = − + ∂ ∂ ∂∂  
(12)

Following [32, 41], the energy equation corresponding to Cattaneo-Christov heat flux 
model:

2 2 2
2 2

0 2 2

2

0 2

2

p

T T T T Tu v u v uv
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u T v T v T u T k Tu v u v
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(13)

The boundary conditions:

( ) ( )
1
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In order to simplify the aforementioned equation, we introduce the following similar-

ity variables [24, 36]:
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Moreover, in order to compute the similar solutions, we made the following:
 – The applied magnetic field is of the form B(x) = B0(x + b)(m–1)/2, where B0 is the strength of 

the magnetic field [42].
 – The stretching sheet temperature is Tw(x) = T∞ + T0 (x + b)(1–n)/2, where T∞ and T0 represent 

ambient and reference temperature, respectively, with n = 3 – 4m in order to facilitate the 
similarity transformation. 

Using eq. (16), eqs. (11)-(13) can be written:

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2 22 21 0
1 1

mK f f f f Kh M f
m m

η η η η η η λθ η     ′′′ ′′ ′ ′ ′+ + − + − − =     + +   
(17)

( ) ( ) ( ) ( ) ( ) ( ) ( )3 1 21 2 0
2 1 1
K mh f h f h K h f

m m
η η η η η η η−     ′′ ′ ′ ′′ + + − − + =       + +     

(18)

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )23 1Pr Pr 0
2 2

m mf f f fφ η η φ η γ η η φ η η φ η − +    ′′ ′ ′ ′ ′′+ + − =        
(19)

The transformed boundary conditions in eqs. (14) and (15):

( ) ( ) ( ) ( ) ( )1 , 1, , 1
1

mf f h f
m

α α α α δ α φ α−  ′ ′′= = = − = + 
(20)

( ) ( ) ( )0, 0, 0f h φ′ ∞ → ∞ → ∞ → (21)

To facilitate the numerical computations, we define f(η) = F(η – α) = F(ζ),
  h(η) = H(η – α) = H(ζ), and ϕ(η) = θ(η – α) = θ(ζ) so that the aforementioned eqs. (17)-(29) 

become:
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where K is the micro-rotation parameter, M – the magnetic parameter, γ – the thermal relax-
ation parameter, Pr – the Prandtl number, α – the surface thickness parameter, λ – the mixed 
convection parameter, and Grx – the Grashof number. The corresponding boundary conditions 
are presented:

( ) ( ) ( ) ( ) ( )10 , 0 1, 0 , 0 1
1

mF F H F
m

α δ η θ−  ′ ′′= = = − = + 
(25)

( ) ( ) ( )0, 0, 0F H θ′ ∞ → ∞ → ∞ → (26)

Further, the outer shape of the sheet depends on shape parameter m. The case m < 1 
represents the surface with increasing thickness. The case m > 1 represents a decrease in the 
surface thickness and m = 1 is used for the flat surface problem. Also, this parameter controls 
the motion such as m < 1 describes deceleration motion, m > 1 for acceleration motion and  
m = 0 for linear with constant velocity. Skin friction coefficients and local Nusselt number:

( )
( )

1
2

2

1
m

fx
w y A x b

uC N
yu

µ κ κ
ρ −

= +

 ∂
= + + ∂ 

(27)

( )
( ) ( )

1
2

Nu
m

x
w y A x b

x b T
T T y −

∞ = +

− + ∂
=

− ∂ (28)

and using similarity variables (16) takes:

( )1/2 1Re 1 1 (0)
2x fx

mC K Fδ+ ′′= + −   (29)

1/2 1Re Nu (0)
2x x

m θ− + ′= − (30)

where

  
( ) 10Re m

x
U

x b
ν

+= +

is the local Reynolds number.

Runge-Kutta-Fehlberg method

Equations (22)-(24) with boundary conditions (25) and (26) are solved numerically 
using fourth-fifth order Runge-Kutta-Fehlberg method. This method is more accurate and ro-
bust and has been used in several published papers. The MAPLE 18 has been used in this study. 
To enable convergence for all values of governing parameters, the coefficients of the term F″,  
H″, θ ″ are replaced with (101 – 100λ1) and continuation = λ1 is used in the solve command. Us-
ing this modification, MAPLE gives the correct asymptotic values, and the solution converges 
quickly. The asymptotic boundary conditions given by eq. (26) were replaced by using a value 
of 8 for the similarity variable ζmax:

( ) ( ) ( )max 8, 8 0, 8 0, 8 0F Hζ θ′= → → → (31)

The optimal value of ζmax = 8 ensures that numerical solutions approach the asymptotic 
values correctly. This is a crucial point that is previous ignored in most of papers. 
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Results and discussion

The effects of governing parameters such as the micro-rotation parameter, magnetic 
parameter, thermal relaxation parameter, Prandtl number, surface thickness parameter, mixed 
convection parameter, micro-element parameter, and shape parameter or motion parameter 
on velocity, micro-rotation, temperature fields, skin friction and Nusselt number are plot-
ted. Figures 2(a) and 2(b) describe the effects of micro-rotation parameter and mixed con-
vection parameter together with variation in shape parameter and surface thickness param-
eter on velocity field in the presence of magnetic field M ≠ 0. The application of transverse 
magnetic field always results in a resistive type force also called Lorentz force. This type of 
resistive force tends to resist the fluid-flow and thus reducing the fluid motion. However, it 
is found that with increasing values of micro-rotation parameter and shape parameter, ve-
locity increases as shown in fig. 2(a). It means that micro-rotation parameter has much in-
fluence on the fluid velocity for the case of weak concentration δ = 0. It is also seen that 
results are similar in both flat surface (m = 1) as well a decrease in the surface thickness  
(m > 1) cases but change in flat surface problem is slightly smaller when compared with de-
creasing surface thickness. 

The velocity behavior remains the same in fig. 2(b), i. e. with increasing mixed con-
vection parameter for different values of surface thickness parameter, velocity increases. An in-
crease in mixed convection parameter means a decrease in local Reynolds number and increas-
es the Grashof number. Physically, it is true because the role of Grashof number in heat transfer 
flow is to increase the strength of the flow. Here Gr > 0 represents to the cooling problem. 
Further, cooling problem is of great importance and encountered in engineering applications, 
such as in the cooling of electronic components and nuclear reactors. The effects of the same 
parameters on temperature as in fig. 2 are investigated in figs. 3(a) and 3(b). However, in both 
of these figures, the temperature has an opposite behavior. More exactly, with increasing values 
of micro-rotation parameter and shape parameter, temperature decreases as shown in fig. 3(a). 
The variation in temperature as shown in fig. 3(b) is identical with that of velocity as shown in 
fig. 2(a), i. e. increases temperature for large values of mixed convection parameter and surface 
thickness parameter. Increasing the mixed convection parameter means flow is dominated by 
free convection and more heat transfer are carried out of the surface, thus decreasing the thick-
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ness of the thermal boundary-layers. The results for micro-rotation velocity are plotted in fig. 
4(a) and 4(b) for different values of micro-rotation parameter  and mixed convection parame-
ter. From fig. 4(a), it is found that micro-rotation velocity shows an oscillatory behavior, i. e. 
initially increases with increasing of micro-rotation parameter and shape parameter until ζ ≈ 9, 
and after that the behavior of micro-rotation velocity is reversed, for increasing micro-rotation 
parameter  and shape parameter, micro-rotation velocity decreases. Finally, for large ζ, velocity 
decays to zero. Figure 4(b) indicates that variation in micro-rotation velocity is negligible for 
different values of mixed convection parameter. It is also noticed that sufficient increase is ob-
served in micro-rotation velocity for increasing micro-element parameter, which relates to the 
micro-gyration vector and shear stress. Here δ = 0 considers the situation when micro-elements 
at the surface are unable to rotate and show weak concentrations, and δ = 0.5 corresponds to the 
vanishing of antisymmetric part of the stress tensor.
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The physical quantities of our interest in this problem are skin friction and heat trans-
fer rate also called Nusselt number. The significances of several physical parameters on skin 
friction are highlighted in figs. 5(a) and 5(b). In fig. 5(a) skin friction is plotted against mag-
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netic parameter, for micro-rotation parameter and two different values of shape parameter. The 
skin friction shows an oscillatory behavior. More exactly, for larger values of micro-rotation 
parameter, skin friction decreases first and then increases. In fig. 5(b), it is shown that with in-
creasing values of a micro-element parameter, skin friction decreases, however, the variation in 
skin friction is very minor for two different values of thermal relaxation parameter. Graphical 
results for Nusselt number are shown in figs. 6(a) and 6(b). In fig. 6(a), Nusselt number is plot-
ted against magnetic parameter for micro-rotation parameter, and shape parameter. It is clear 
that rate of heat transfer increases with increasing values of micro-rotation parameter and shape 
parameter. An identical behavior is noted as in fig. 6(b), for increasing values of micro-element  
and thermal relaxation parameter. However, the variation in rate of heat transfer is quite large 
for thermal relaxation parameter.
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Conclusion

Cattaneo-Christov heat flux is applied to investigate the characteristics of thermal 
relaxation time on the mixed convection flow of non-Newtonian micropolar fluid over a 

Figure 5. Variation of dimensionless skin friction with several governing parameters
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continuously stretching sheet with variable thickness. The results are plotted for micro-ro-
tation parameter, magnetic parameter, thermal relaxation parameter, Prandtl number, sur-
face thickness parameter, mixed convection parameter, micro-element parameter and shape 
parameter. It is demonstrated that the dimensionless temperature of the fluid enhances with 
rising of thermal relaxation parameter but reduces with the rise of micro-rotation parame-
ter. Variation in the rate of heat transfer is more effective for small values of thermal relax-
ation parameter. The results show that magnetic parameter can be controlled the direction 
and strength of flow. Hence, on the basis of present results it can be concluded that with 
increment and decrement of different parameters, the temperature for the Cattaneo-Chris-
tov heat flux can be improved.

Nomenclature

B0  – magnetic field intensity
Cp  – heat capacity at constant
F – dimensionless stream function
g  – acceleration due to gravity 
J  – current density
j  – micro-inertia density
K  – micro-rotation parameter
k  – thermal conductivity
M  – magnetic parameter
m  – shape parameter
N  – angular velocity
Pr  – Prandtl number
T  – temperature of the fluid 
Tw  – wall temperature
T∞  – ambient temperature 

Greek symbols

α  – surface thickness parameter
βT  – volumetric coefficient of thermal expansion
γ  – thermal relaxation parameter
γ0  – spin-gradient viscosity
δ  – micro-element parameter
ε, φ – spin gradient viscosity coefficients
θ  – dimensionless temperature
κ  – vortex viscosity
λ  – mixed convection parameter
λ0  – thermal relaxation time
n  – kinematic viscosity
ρ  – fluid density 
σ  – electric conductivity

Acknowledgment 

This research is supported by China Postdoctoral Science Foundation (2018M643156) 
and the National Natural Science Foundation (11571240). 

References
[1] Eringen, A. C., Theory of Micropolar Fluids, Journal of Applied Mathematics and Mechanics, 16 (1966), 

pp. 1-18
[2] Hassanien, I. A., Gorla, R. S. R., Heat Transfer to a Micropolar Fluid from a Non-Isothermal Stretching 

Sheet with Suction and Blowing, Acta Mechanica, 84 (1990), Mar., pp. 191-199
[3] Ishak, A., Thermal Boundary-Layer Flow over a Stretching Sheet in a Micropolar Fluid with Radiation 

effect, Meccanica, 45 (2010), Oct., pp. 367-373
[4] Hussanan, A., et al., Heat and Mass Transfer in a Micropolar Fluid with Newtonian Heating: An Exact 

Analysis, Neural Computing and Applications, 29 (2018), Aug., pp. 59-67
[5] Hussanan, A., et al. Unsteady Free Convection Flow of a Micropolar Fluid with Newtonian Heating: 

Closed form solution, Thermal Science, 21 (2017), 6, pp. 2313-2326
[6] Khan, W. A., Rashad, A. M., Combined Effects of Radiation and Chemical Reaction on Heat and Mass 

Transfer by MHD Stagnation-Point Flow of a Micropolar Fluid Towards a Stretching Surface, Journal of 
the Nigerian Mathematical Society, 36 (2017), 1, pp. 219-238

[7] Mishra, S. R., et al., Free Convective Micropolar Fluid-Flow and Heat Transfer over a Shrinking Sheet 
with Heat Source, Case Studies in Thermal Engineering, 11 (2018), Mar., pp. 113-119

[8] Ashraf, M., Batool, K., The MHD Flow and Heat Transfer of a Micropolar Fluid over a Stretchable Disk, 
Journal of Theoretical and Applied Mechanics, 51 (2013), 1, pp. 25-38

[9] Khan, W. A., et al., The MHD Fluid-Flow and Heat Transfer of Micropolar Ferrofluids over a Stretching 
sheet, Journal of Nanofluids, 5 (2016), 4, pp. 567-573



Hussanan, A., et al.: Micropolar Mixed Convective Flow with Cattaneo-Christov ... 
THERMAL SCIENCE: Year 2020, Vol. 24, No. 2B, pp. 1345-1356 1355

[10] Khan, Z. H., et al., Dual Solutions of MHD Boundary-Layer Flow of a Micropolar Fluid with Weak 
Concentration over a Stretching/Shrinking Sheet, Communications in Theoretical Physics, 67 (2017), 4, 
pp. 449

[11] Hashemi, H., et al., The MHD Natural-Convection of a Micropolar Nanofluid-Flowing Inside a Radiative 
Porous Medium under LTNE Condition with an Elliptical Heat Source, Journal of Molecular Liquids, 271 
(2018), Dec., pp. 914-925

[12] Qasim, M., et al., Heat Transfer in a Micropolar Fluid over a Stretching Sheet with Newtonian Heating, 
Plos One, 8 (2013), 4, pp. e59393

[13] Turkyilmazoglu, M., Flow of a Micropolar Fluid Due to a Porous Stretching Sheet and Heat Transfer, 
International Journal of Non-Linear Mechanics, 83 (2016), July, pp. 59-64

[14] Kocić, M. M., et al., Heat Transfer in Micropolar Fluid-Flow under the Influence of Magnetic Field, Ther-
mal Science, 20 (2016), Suppl. 5, pp. S1391-S1404

[15] Waqas, H., et al., The MHD Forced Convective Flow of Micropolar Fluids Past a Moving Boundary 
Surface with Prescribed Heat Flux and Radiation, British Journal of Mathematics and Computer Science, 
21 (2017), 1, pp. 1-14

[16] Hussanan, A., et al., Microstructure and Inertial Characteristics of a Magnetite Ferrofluid over a Stretch-
ing/Shrinking Sheet Using Effective Thermal Conductivity Model, Journal of Molecular Liquids, 255 
(2018), Apr., pp. 64-75

[17] Khan S. U., et al., Soret and Dufour Effects on Hydromagnetic-Flow of Eyring-Powell Fluid over Oscil-
latory Stretching Surface with Heat Generation/Absorption and Chemical Reaction, Thermal Science, 22 
(2018), 1B, pp. 533-543

[18] Khan S. U., et al., Numerical Computations on Flow and Heat Transfer of Casson Fluid Due to Oscillatory 
Moving Surface, Thermal Science, 23 (2019), 6A, pp. 3365-3377

[19] Qasim M., et al., Second Law Analysis of Unsteady MHD Viscous Flow over a Horizontal Stretching 
Sheet Heated Non-Uniformly in the Presence of Ohmic heating: Utilization of Gear-Generalized Differ-
ential Quadrature Method, Entropy, 21 (2019), 3, 240

[20] Hussanan, A., et al., The MHD Flow and Heat Transfer in a Casson Fluid over a Non-Linearly Stretching 
Sheet with Newtonian Heating, Heat Transfer Research, 49 (2018), 12, pp. 1185-1198

[21] Lee, L. L., Boundary-Tayer over a thin Needle, Physics of Fluids, 10 (1967),  pp. 822-828
[22] Wang, C. Y., Mixed Convection on a Vertical Needle with Heated tip, Physics of Fluids, 2 (1990),  

4, pp. 622-625
[23] Ahmad, S., et al., Mixed Convection Boundary-Layer Flow Along Vertical Moving Thin Needles with 

Variable Heat Flux, Heat and Mass Transfer, 44 (2008), 4, pp. 473-479
[24] Fang, T., et al., Boundary-Layer Flow over a Stretching Sheet with Variable Thickness, Applied Mathe-

matics and Computation, 218 (2012), 13, pp. 7241-7252
[25] Subhashini, S. V., et al., Dual Solutions in a Thermal Diffusive Flow over a Stretching Sheet with Variable 

Thickness, International Communications in Heat and Mass Transfer, 48 (2013), Nov., pp. 61-66
[26] Abdel-Wahed, M. S., et al., Flow and Heat Transfer over a Moving Surface with Non-Vinear Velocity 

and Variable Thickness in a Nanofluids in the Presence of Brownian Motion, Applied Mathematics and 
Computation, 254 (2015), Mar., pp. 49-62

[27] Acharya, N., et al., Ramification of Variable Thickness on MHD TiO2 and Ag Nanofluid-Flow over a 
Slendering Stretching Sheet Using NDM, The European Physical Journal Plus, 131 (2016), 303

[28] Kumar, R., et al., Radiative Heat Transfer Study for Flow of Non-Newtonian Nanofluid Past a Riga Plate 
with Variable Thickness, Journal of Molecular Liquids, 248 (2017), Dec., pp. 143-152

[29] Prasad, K. V., et al., The MHD Flow and Heat Transfer in a Nanofluid over a Slender Elastic Sheet with 
Variable Thickness, Results in Physics, 7 (2017), Apr., pp. 1462-1474

[30] Liu, L., Liu, F., Boundary-Layer Flow of Fractional Maxwell Fluid over a Stretching Sheet with Variable 
Thickness, Applied Mathematics Letters, 79 (2018), May, pp. 92-99

[31] Cattaneo, C., Sulla Conduzione del calore, Atti Semin. Mat. Fis. Univ (in Italiano), Modena Reggio Emil-
ia, 3 (1948), pp. 83-101

[32] Christov, C. I., On Frame Indifferent Formulation of the Maxwell-Cattaneo Model of Finite-Speed Heat 
Conduction, Mechanics Research Communications, 36 (2009), 4, pp. 481-486

[33] Tibullo, V., Zampoli, V., A Uniqueness Result for the Cattaneo-Christov Heat Conduction Model Applied 
to Incompressible Fluids, Mechanics Research Communications, 38 (2011), 1, pp. 77-99

[34] Mustafa, M., Cattaneo-Christov Heat Flux Model for Rotating Flow and Heat Transfer of Upper Convect-
ed Maxwell Fluid, AIP Advances, 5 (2015), 4, 047109



Hussanan, A., et al.: Micropolar Mixed Convective Flow with Cattaneo-Christov ... 
1356 THERMAL SCIENCE: Year 2020, Vol. 24, No. 2B pp. 1345-1356

[35] Rubab, K., Mustafa, M., Cattaneo-Christov Heat Flux Model for MHD Three-Dimensional Flow of Max-
well Fluid over a Stretching Sheet, Plos One, 11 (2016), Apr., p. e0153481

[36] Reddy, M. G., Influence of Lorentz Force, Cattaneo-Christov Heat Flux and Viscous Dissipation on the 
Flow of Micropolar Fluid Past a Non-Linear Convective Stretching Vertical Surface, Non-Linear Engi-
neering, 6 (2017), 4, pp. 317-326

[37] Khan S. U., et al., Some Generalized Results for Maxwell Fluid-Flow over Porous Oscillatory Surface 
with Modified Fourier and Fick’s Theories, Journal of the Brazilian Society of Mechanical Sciences and 
Engineering, 40 (2018), 1-12, p. 474

[38] Kundu, P. R., et al., Framing the Cattaneo-Christov Heat Flux Phenomena on CNT-Based Maxwell 
Nanofluid Along Stretching Sheet with Multiple Slips, Arabian Journal for Science and Engineering, 43 
(2018), Aug., pp. 1177-1188

[39] Sharma, S., et al., Magnetic Field Effect on Flow Parameters of Blood Along with Magnetic Particles in a 
Cylindrical Tube, Journal of Magnetism and Magnetic Materials, 377 (2015), Mar., pp. 395-401

[40] Ahmed, N., Dutta, M., Transient Mass Transfer Flow Past an Impulsively Started Infinite Vertical Plate 
with Ramped Plate Velocity and Ramped Temperature, International Journal of the Physical Sciences, 8 
(2013), 7, pp. 254-263 

[41] Atlas, M., et al., Entropy Generation and Unsteady Casson Fluid Flow Squeezing between two Parallel 
Plates Subject to  Cattaneo-Christov Heat Mass Flux, The European Phisical Journal Plus, 134 (2019), 
Jan., pp. 1-17

[42] Afridi, M., et al., Entropy Generation Minimization in MHD Boundary Layer Flow over a Slendering 
Stretching Sheet in the Presence of Frictional and Joule heating, Journal of the Korean Physical Society, 
73 (2018), Nov., pp. 1-7

Paper submitted: December 20, 2018
Paper revised: April 7, 2019
Paper accepted: April 11, 2019

© 2020 Society of Thermal Engineers of Serbia
Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia.

This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions


