@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Rubab K, Mustafa M (2016) Cattaneo-
Christov Heat Flux Model for MHD Three-
Dimensional Flow of Maxwell Fluid over a Stretching
Sheet. PLoS ONE 11(4): €0153481. doi:10.1371/
journal.pone.0153481

Editor: Miguel A. F. Sanjuan, Universidad Rey Juan
Carlos, SPAIN

Received: November 9, 2015
Accepted: March 30, 2016
Published: April 19, 2016

Copyright: © 2016 Rubab, Mustafa. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: The authors have no support or funding to
report.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Cattaneo-Christov Heat Flux Model for MHD
Three-Dimensional Flow of Maxwell Fluid
over a Stretching Sheet

Khansa Rubab, M. Mustafa*

School of Natural Sciences (SNS), National University of Sciences and Technology (NUST), Islamabad
44000, Pakistan

* meraj_mm@hotmail.com

Abstract

This letter investigates the MHD three-dimensional flow of upper-convected Maxwell (UCM)
fluid over a bi-directional stretching surface by considering the Cattaneo-Christov heat flux
model. This model has tendency to capture the characteristics of thermal relaxation time.
The governing partial differential equations even after employing the boundary layer
approximations are non linear. Accurate analytic solutions for velocity and temperature dis-
tributions are computed through well-known homotopy analysis method (HAM). It is noticed
that velocity decreases and temperature rises when stronger magnetic field strength is
accounted. Penetration depth of temperature is a decreasing function of thermal relaxation
time. The analysis for classical Fourier heat conduction law can be obtained as a special
case of the present work. To our knowledge, the Cattaneo-Christov heat flux model law for
three-dimensional viscoelastic flow problem is just introduced here.

Introduction

The phenomenon of heat transfer has widespread industrial and biomedical applications such
as cooling of electronic devices, nuclear reactor cooling, power generation, heat conduction in
tissues and many others. The heat flux model proposed by Fourier [1] has been the most suc-
cessful model for understanding heat transfer mechanism in diverse situations. One of the limi-
tations of this model is that it often leads to a parabolic energy equation which indicates that
initial disturbance is instantly experienced by the medium under consideration. This physically
unrealistic feature is referred in the literature as “Paradox of heat conduction”. In order to over-
come this enigma, various researchers have proposed alterations in the Fourier’s heat conduc-
tion law. Cattaneo [2] modified this law through the inclusion of thermal relaxation time
which is defined as the time required establishing heat conduction once the temperature gradi-
ent is imposed. Christov [3] further modified the Cattaneo model by replacing the ordinary
derivative with the Oldroyd’s upper-convected derivative. He also presented the energy equa-
tion for arbitrary velocity and temperature fields. Straughan [4] applied Cattaneo-Christov
model to study thermal convection in horizontal layer of incompressible Newtonian fluid
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under the influence of gravity. Ciarletta and Straughan [5] proved the uniqueness and stability
of the solutions for the Cattaneo-Christov equations. Tibullo and Zampoli [6] investigated the
uniqueness of solutions for an incompressible flow problem by using Cattaneo-Christov
model. Han et al. [7] considered the two-dimensional flow and heat transfer of viscoelastic
fluid over a stretching sheet using the Cattaneo-Christov heat flux model. In this study the ana-
Iytic solutions were achieved by homotopy analysis method (HAM). Mustafa [8] developed
both numerical and homotopy solutions for rotating flow of Maxwell fluid through Cattaneo-
Christov theory. Later, Khan et al. [9] presented numerical approximations for viscoelastic
flow over an exponentially stretching surface with the consideration of Cattaneo-Christov
model. In a recent paper Hayat et al. [10] discussed the impact of Cattaneo-Christov heat con-
duction on the flow problem involving oldroyd-B fluid.

The analysis of magnetohydrodynamic (MHD) in viscous or non-newtonian flow is impor-
tant in MHD generators, plasma studies, thermal therapy for cancer treatment, contrast
enhancement in magnetic resonance imaging (MRI), nuclear reactors, geothermal energy
extraction and many others. More precisely, MHD flow caused by the deformation of the walls
of vessel containing the fluid has special value in modern metallurgical and metal working pro-
cesses. Several recent attempts have been put forward in this direction in which Zheng et al. [11]
studied the velocity slip and temperature jump conditions for MHD flow and heat transfer due
to shrinking surface. Gul et al. [12] used Adomian Decomposition Method (ADM) to investi-
gate the thin film flow of third grade fluid under the influence of magnetic field. In another
paper, Gul et al. [13] analytically explored the heat transfer characteristic for unsteady MHD
thin film flow of second grade fluid using two different approaches. Unsteady MHD thin film
flow of Oldroyd-B fluid was discussed by Gul et al. [14]. Mixed convection flow of nanofluid
under the influence of magnetic force was numerically explored by Dhanai et al. [15]. Mabood
etal. [16] describe the influence of magnetic field on the nanofluid flow driven by a non-linearly
stretching surface. Second order slip effects on the boundary layer flow of nanofluid adjacent to
stretching/shrinking sheet were discussed by Abdul Hakeem et al. [17]. Rashidi et al. [18]
numerically explored the magnetic field effects on mixed convection flow of nanofluid in a verti-
cal channel having sinusoidal walls. Hayat et al. [19] analytically investigates the peristaltic
transport of in inclined channel under inclined magnetic field effects. In another paper Hayat
etal. [20] discussed the MHD peristaltic motion of nanofluid in complaint wall channel.

Present work is undertaken to study the heat transfer in MHD three-dimensional flow of
upper-convected Maxwell fluid by using Cattaneo-Christov heat flux model. Maxwell fluid is
one of the popular viscoelastic models that can address the influence of fluid relaxation time.
The boundary layer flows of Maxwell fluid have received remarkable attention in the past.
Some interesting flow problems involving Maxwell fluid can be found in refs. [21-30]. The
equations are formulated and then solved for convergence of series solution by homotopic
approach. Liao [31] proposed the homotopy analysis method (HAM) which is based on homo-
topy, a fundamental concept of topology and differential geometry. This method is considered
to be better than other approximate analytical methods due to various reasons. For instance,
perturbation techniques require the existence of perturbation quantity in the problem. How-
ever most of the non-linear problems in science and engineering do not contain such quanti-
ties. This serious restriction makes the perturbation methods valid only for weakly non-linear
problems. Unlike non-perturbation approaches namely homotopy perturbation method
(HPM), Adomian Decomposition method and §-expansion method, HAM provides flexibility
to choose proper base functions in order to get better approximation of the solutions. Moreover
HAM provides a convenient way to control the convergence of series solutions in the form of
an auxiliary parameter i [32]. Graphs are sketched to see the influence of important parame-
ters on the velocity and temperature fields.
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Problem formulation

Consider the flow of upper-convected Maxwell fluid induced by an elastic sheet stretching in
two lateral directions. The sheet is coincident with the plane z = 0, whereas the fluid occupies
the region z > 0. The electric field is absent while induced magnetic field is neglected due to the
consideration of small magnetic Reynolds number. The velocities of the stretching sheet along
the x— and y— directions are u,,(x) = ax and v,,(y) = by respectively. The sheet is kept at con-
stant temperature T,,, whereas T, is the ambient value of the temperature such that T, > T..

Considering the velocity vector V =

[u(x, y, 2), v(x, y, 2), w(x, y, z)] and the temperature T (see

Fig 1). The boundary layer equations for three-dimensional flow and heat transfer of Maxwell

fluid can be expressed as below:

%_'_@_i_a_w =0
ox Oy 0z
u%+v%+w% V@—/l uQ@—i—VQ@—‘rWZ@—‘rQuV Ou
Ox Oy 0z 0z? 0x? 0y? 0z O0x0y
+2vwﬂ+2uwﬁ —U—Bg u+ A w%
dydz Ox0z p " oz)’
@_A'_ @4_ @ v@_) 2@4_ 2@4’_ 2@_1_ O
Yox T "oy T "oz oz “\"ax TV o a2 T gy
v v oB; ov
+2vwayaz + 2uw8x82> - (V + ilw&)’
c uﬂ+vg+ g = -V
P\ " ox Ay Yor) T @

(1)

(4)

where u, v and w are the velocity components along the x—, y— and z— directions respectively, v
is the kinematic viscosity, c, is the specific heat, o is the electrical conductivity, p is the fluid
density, T is the fluid temperature, A, is the fluid relaxation time and q is the heat flux which

P!

A
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Y
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////
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Fig 1. Geometry of the problem.

doi:10.1371/journal.pone.0153481.g001

»u,.(x) = ax
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satisfies the following relationship [3].

q+ 7 {% +V.Vq—qVV + (V.V)q] = —kVT, (5)

in which A, is the thermal relaxation time and k is the thermal conductivity of the fluid. Follow-
ing Christov [3], we eliminate q from Eqs (4) and (5) to obtain the following:

ug+vg+wg — Laz_T_/L u2ﬂ+v2&+w2&+2uvﬁ+

ox Oy 9z pc, 022 | Ox? dy? 022 Oxdy
2vwﬂ+2uwﬁ+ u%—i—v%—i—w% ﬂ—|—(u (6)

0yoz 0x0z Ox Oy 0z ) Ox

O Ov v OT (0w 0w ow\or
Ox Oy 0z" Oy Ox dy 0z ) Oz

Boundary conditions for the present problem are:

u=u,(x)=ax, v=v,(y)=by, w=0, T=T, at z=0,

(7)
u—0, v—0, T—T,_as z— oo.
Considering the following similarity transformations
a

n= \gz, u=axf'(n), v=ayg ), w=—Vavlf(n)+g),

T (8)
0=——7=.

TW - TOO

Eq (1) is identically satisfied and Eqs (2), (3), (4) and (5) take the following forms:
JHOPB+ D+ =7+ B2 +)f ' = (f +8)’f"] = M*f' =0, 9)

¢+ (MB+1)(f+g)g" — >+ B2(f +9)gs" — (f +8)°g"] — M*¢ =0, (10)

SO R0 [+ + (0] =0, (1)

(12)
f'(00) =0, g(o0) =0, 0(cc) =0,

where A = b/a is the ratio of the stretching rate along the y— direction to the stretching rate
along the x— direction, f = A; a is the non-dimensional fluid relaxation time, y = A, a is the
non-dimensional relaxation time for heat flux and Pr is the Prandtl number. It can be noticed
that when A = 0, the two-dimensional case is jumped. Further A = 1 corresponds to the case of
axisymmetric flow.

Analytic solutions by homotopy analysis method

In this section, we deal with series solutions by homotopy analysis method (HAM) [31] for
non-linear coupled egs (9), (10) and (11) with boundary conditions Eq (12). In order to
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proceed, we choose initial approximations for functions fo, go and 8, as follows:
it =1—=e" g =41 —e"), 0)(n) =e. (13)
The auxiliary linear operators £, £, and L, are selected as

L(n)=f"~f, L) =g"-g, Lyn) =0 -0. (14)

Now consider the non-linear operators NV, N/, and \V,, as below:

N[ rp). g0rp)) = f’fg;;f’t(@f gj;m) OB+ 1) 0r:p) + 80 )

afggpw(wm <p>>afg;f’>afggp> (15)

(For:p) +g<w»2M> e dip)

on? an
Ngtusp)foip) = TSP (BUDY L agip 1) G:p) + 00
< D), ylo 08n:p) 21:p)
((f( P+ g EEDEERL i)
—(fw;p) gl py ZELD) g 0D
N Fep80rp) = 10 gy giae) P (e
it L) B ID) )y 1

stop) L2 )>-

The auxiliary linear operators in Eq (14) satisfy the following:
L(C +Ce'+Ce") =0, L(C,+Ce"+Ce) =0, Ly(Ce"+Cee") =0, (18)
in which C;(i = 1-8) are constants.

Following the basic idea of HAM [31], we express the zeroth-order deformation problems
for Eqs (9)-(11) are listed as

(1= )&, [f (rip) = £i(m)| = PN, [ (). 20 )] (19)
(1= p)L,[g 1) — g,(n)] = PAN. [ (1:p). 2 (nip). (20)
(1= )L, [00n:p) — 0,(m)] = PN, [F (13 p), & nsp), 0 i) (1)
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The boundary-conditions are

; of (n:p) of (n;p)

f(’/hp) = 07 - a. _17 —a. _Oa
n=0 a'/l n=0 (917 n—00

R g (n; p 0g(n; p)

gmp)| = 0, =1, =5 =0, (22)
n=0 (911 n=0 (911 7—00

Omp)| = 1, 00;p)| =0,
n=0 n—00

where p € [0, 1] is an embedding parameter and £ is the non-zero convergence control param-
eter. When p =0 and p = 1 we have:

F:0) =f,(n),  gm:0) =g (), 0(n;0) = 0,(n),

! ! (23)
f 1) =fm), gm1)=gm), 0@m;1)=~0(n).
Now expanding f (17; p), § (7; p) and 0 (; p) in Taylor’s series about p = 0.
Forp) =0+ 3 e (24)
E0rp) = g(m) + > gulmp" (25)
00np) = 0,0) + > 0,(p", 26)
Jop| = o PRy THD
gp)| = o %’;p) = %’;1’) 0, (27)
0mp)| = 1, O0mp)| =0
where
R AR L R e

The auxiliary parameter i can be chosen in such a way that the series Eqs (24)-(26) converges
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at p = 1. Substituting p = 1 in Eqs (24)-(26), we obtain

70 =0+ S, 0, 28)

The problems at mth-order satisfy the following:

L[f,, (1) = Lfs ()] = RR, (1), (31)
L,18(1) = %81 (m)] = RERE (), (32)
L£4[0,,(n) = %0, (n)] = hR (), (33)
where
fu(0) = £,(0) = ,,(0) = ¢,(0) = 0,,(0) =0, (34)
fu(o0) = g,,(00) = 0,,(c0) = 0.
Here
R = L2+ OB+ D)3 1+ o Y — foof]1 4 B2
(A gm—l—k)ZfZ—lﬁ// - (fm—l—kZﬁc—l +gm—1—ngk—l+ (35)
Qfmflkagkfl)ﬂN] - szr:sz
R (1) = g+ (B DS st 80 8]~ o] 4B 12
(F1i +gm—1—k)ZgI,c—lglN - (fm—l—kZﬁc—l + gm—l—ngk—l + 21k (36)

k

E \Skfl)glm] - MQg:n—l’

1=0
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m—1 m—1

1., y
R, (n) = Pr 0,1 + Z[(fm—l—k + &u1-)bh] — VZ[Q(fm—l—k + &n1-k)
=0 k=0
k k k
Z(fk/—l + 8 )0+ (foii E :}k—l t &1k E St + 201k (37)
=0 1=0 =0

k

ng—l) 01,

1=0
0, ifm<1

Xm = . :

1, ifm>1

Eqs (31)-(34) are linear and can be solved exactly by using computational software MATHE-
MATICA for different values of m. When =y =0.25, Pr=1, M=XA=0.5and A =-0.8, the
solutions containing first four terms are as under:

1
fln) = ——————— e (603525 — 5921786¢" + 13057328914e™ — 7 (2091179 + 2045250

19353600000
1) + 14€*(29205533 + 53244001) + 35e* (—34260887 + 346377600 + 49207501?)

+210e7 (13036859 — 19327940 + 7533000¢?) + 3¢5 (—4994953069 + 3521387310y
—1243100250 + 1913625001°)).

e721(—0.00145444¢*" + 0.0289861¢*" + ¢*7(0.733927 — 0.2174691) + **1(—0.211133
+0.0152893n) + €*"(—1.32775 + 0.929162n — 0.0400452n%) + €*(1.51166 — 1.43126n
+0.3111335%) + €™ (—1.30892 + 0.8552n — 0.200826n> + 0.01483157%)).

0(n) = e 2¥(—0.0488963¢>" + 0.595323¢™" + €2(6.32871 — 2.328867) + €2 (—2.76871+

0.33542n7) + €2 (—7.85534 + 5.18209n — 0.405422?) + €*(5.70957 — 4.48284n
+ -+ 0.8288832)e2™ (—2.68653 + 1.1697n — 0.208538% + 0.01279431%)).

Convergence of homotopy series solutions

Note that the series solutions given in Eqs (28)-(30) contain an auxiliary parameters i which
has an important role in controlling the convergence of homotopic solutions. To select an
appropriate value of i, we have plotted the so-called i— curves for f/(0), ¢’ (0) and €' (0) in Fig
2. Here the valid range of h lies where the h— curves are parallel to A— axis. From Fig 2, we
expect that series solutions for f, g and 6 would converge in the range —1.5 < h < -0.4. Table 1
is plotted to see the convergence rate of the solutions. We observe that tenth-order approxima-
tions are sufficient for convergent solutions at 2 = —0.8.

Results and Discussion

This section focuses on the physical interpretation of the behaviour of the embedded parame-
ters on the solutions. For this purpose, we display graphical results in Figs 3-12. Table 2
includes the numerical values of wall temperature gradient & (0) for different value of 3, y and
M. The entries of this table are obtained at suitable choice of A. It is observed that € (0) has
direct relationship with the thermal relaxation time. However it is a decreasing function of the
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—04p— : : : : ‘
B=y=0251=M=05Pr=1 P
] 1
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S /, T === = = = = -
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~15 ~1.0 ~05 0.0
h

Fig 2. i— curves for the functions f(n), g(n) and 6(n).

doi:10.1371/journal.pone.0153481.9g002

Table 1. Convergence of HAM solutions for different orders of approximations when =y =0.25,

Pr=1,M=A=0.5and h =-0.8.

Order of approximations f'(0) g’(0) 6(0)
5 -1.31282 -0.57423 -0.71696
10 -1.31296 -0.57435 -0.71497
15 -1.31296 -0.57435 -0.71492
20 -1.31296 -0.57435 -0.71491
25 -1.31296 -0.57435 -0.71491
30 -1.31296 -0.57435 -0.71491
35 -1.31296 -0.57435 -0.71491
40 -1.31296 -0.57435 -0.71491
doi:10.1371/journal.pone.0153481.t001
1.0p -
Pr=1, M=1= 0.5,y=0.25.
0.8} 4
0.6F ]
=
= 04f ]
£=0,0.3,0.6,0.9
0.2F 4
OO -\ 1 1 TR TR L
0 1 2 3 4 5
n
Fig 3. Effect of 8 on f(n).
doi:10.1371/journal.pone.0153481.g003
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05¢ ]
Pr=1,M=1=05,y=0.25.

0.4} ]
0.3 ]

=
02k ]

8=0,03,006,09

0.1} ]
0'0- L 1 n L L ]
0 1 2 3 4 5

Fig 4. Effect of B on g'(n).
doi:10.1371/journal.pone.0153481.9g004

fluid relaxation time . The presence of magnetic field also causes diminution in the magnitude
of heat transfer rate from the surface.

The behavior of non-dimensional relaxation time 3 on both the x— and y— components of
velocity can be observed from Figs 3 and 4 respectively. The velocity profiles are tilted towards
the wall when f is increased indicating that velocity and boundary layer thickness are decreas-
ing function of .

Physically, bigger § indicates stronger viscous force which restricts the fluid motion and
consequently the velocity decreases. Figs 5 and 6 show the impact of stretching rates ratio A on
the velocity fields f and ¢ respectively. Bigger values of A indicates larger rate of stretching
along the y— direction compared to x— direction. Therefore, with an increase in A, the velocity
in the y— direction increases and velocity in the original x— direction decreases simultaneously.

In Figs 7 and 8, the velocity distributions are presented for different value of Hartman num-
ber M. Velocities in both x— and y— directions decrease upon increasing the M. This decrease
in the velocity is due to resistance offered by the Lorentz force acting in the normal direction.

1.0p -
Pr=1,M=0.5, g=y=0.25.
0.8} ]
0.61 ]
S
[
0.4t T
A=0,025,05,0.75
021 ]
OO ll L L -
0 1 2 3 4

Fig 5. Effect of A on f(n).
doi:10.1371/journal.pone.0153481.g005
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1.0pr - ——
Pr=1,M=05, B=y=0.25.

0.6

g'm

0.4
A=0,0.25,05,0.75,1

o
NS}
T

Fig 6. Effect of A on g'(n).
doi:10.1371/journal.pone.0153481.9g006

From Fig 9, we observe that the resistance associated with Lorentz force supports the penetra-
tion depth of temperature.

In Fig 10, the temperature profiles are presented for different Prandtl numbers. Here y = 0
indicates the corresponding results for the classical Fourier law. Prandtl number has inverse
relationship with thermal diffusivity. Therefore an increase in Pr reduces conduction and
hence causes a reduction in the penetration depth of temperature. The results are qualitatively
similar in both Fourier and Cattaneo-Christov heat flux models.

The effects of non-dimensional relaxation time y on temperature distribution can be ana-
lyzed from Fig 11. Temperature 8 decreases and profiles smoothly descend to zero at shorter
distance from the sheet when y is incremented. This indicates that there will be thinner thermal
boundary layer when relaxation time for heat flux is larger. Here the profiles become steeper in
the vicinity of the boundary as y increases which is an indication of the growth in wall slope of
temperature 6.

1.0r .
Pr=1,1=0.5,6=y=0.25.

0.8} ]
0.6} ]

=
= o04f ]

M=03,0.6,009,12

02f ]
O.O- L L L \-
0 1 2 3 4

Fig 7. Effect of M on f(n).
doi:10.1371/journal.pone.0153481.g007
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g'm

0.5

0.4

0.3

0.2F

0.1

0.0k

Fig 8. Effect of M on g'(n).
doi:10.1371/journal.pone.0153481.g008

Conclusions

Pr=1,1=05,3=y=025.

M=023,0.6,09,1.2

I -

The impact of stretching rates ratio on the temperature distribution can be analyzed
through Fig 12. Although we do not include the results for entrainment velocity here but our
computations indicate that entrainment velocity f{oo) + g(c0) is an increasing function of A.
Due to this reason, an increase in A enhances the intensity of the cold fluid at the ambient
towards the hot stretching surface. Consequently the fluid temperature drops within the
boundary layer, when A is increased.

Cattaneo-Christov heat flux model is employed to study the MHD three-dimensional visco-
elastic flow above a bi-directional stretching surface. The problems are first modeled and then
solved via HAM for different values of the parameters. The main results of this work are listed

below:

6(n)

1.0

0.8

0.6

0.4

0.2

0.0k . ..

Pr=1,1=05,3=y=025.

M=0.3,0.6,09,1.2

Fig 9. Effect of M on 6(n).

doi:10.1371/journal.pone.0153481.g009
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1.0

B=0251=05M=1

0.6

6(n)

0.4f

0.2

0.0

Fig 10. Effect of Pr and y on 6(n).
doi:10.1371/journal.pone.0153481.g010

o The velocity and boundary layer thickness are decreasing functions of the fluid relaxation
time A;.

« The velocity gradients f'(0) and g’ (0) are found to increase upon increasing the fluid relaxa-
tion time A;.

» Hartman number M supports the thickness of thermal boundary layer.

« Temperature and thermal boundary layer have inverse relationship with relaxation time for
heat flux A,.

« The vertical component of velocity at far field boundary increases when stretching rates ratio
A is increased.

1.0

Pr=1,M=21=05,5=0.25.

0.8} ]

0.6} ]
S

© 04} ]

y=0,02,0.4, 0.6

02f ]

0.0f J — \ ]

0 ] 2 3 4 5

n

Fig 11. Effect of y on 6(n).
doi:10.1371/journal.pone.0153481.g011
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1.0

0.8

0.6

607

0.4

0.2

0.0

Fig 12. Effect of A on 6(n).
doi:10.1371/journal.pone.0153481.9g012

1=0.1,03,0.7,1

Pr=1,M=05,=y=0.25.

Table 2. Values of wall temperature gradient & (0) for different value of B, y, M when /1 = -0.8 Pr=1 and

A=0.5.

B
0
0.2
0.4
0.6
0.25

doi:10.1371/journal.pone.0153481.t002

0.25

0.2

0.4

0.6
0.25

0.5

6(0)
-0.75689
-0.72298
-0.69171
-0.66313
-0.67657
-0.70680
-0.74072
-0.77877
-0.74203
-0.71491
-0.64859

o The behavior of fluid relaxation time A, is qualitatively similar in both Fourier and Cattaneo-

Christov heat flux models.

o The present model reduces to the case of Newtonian fluid by choosing 8 = 0.
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