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A B S T R A C T   

Heat transfer in Carreau–Yasuda fluid with mixed convection, effect of Cattaneo–Christov model of heat flux past 
a vertical flat plate has been studied in this paper. Using appropriate transformations, governing PDEs are 
reduced to higher order non-linear non-dimensional ODEs and subsequently these are solved using “bvp4c” 
package of MATLAB. The Carreau–Yasuda fluid is used to explore the behaviour of fluids having shear-thinning 
and shear-thickening characters for several values of the parameter called power law exponent involved in the 
fluid model. The effects of different physical parameters, such as Weissenberg number(We), thermal relaxation 
parameter(α), Carreau–Yasuda fluid parameter(d), mixed convection parameter(λ) and Prandtl number(Pr) on 
velocity and temperature has been investigated and depicted through graphs. Results reveals that for lower value 
of Pr velocity of fluid enhances with higher value of λ and reverse effect is witnessed for larger Pr. Also, velocity 
rises for shear-thinning fluid(STNF) and decreases for shear-thickening fluid(STKF) with We and d. Temperature 
exhibits growing behaviour for Cattaneo–Christov model of heat flux near the plate in comparison with Fourier’s 
model, whereas velocity exhibits growing behaviour with α. For larger We, temperature in Carreau–Yasuda 
model upsurges for STKF and falls for STNF. The surface drag-force displays higher values for both STNF and 
STKF with growth in λ. The cooling rate rises/declines with We for STNFs/STKFs.   

1. Introduction 

Heat transfer is one of the significant phenomena of nature through 
which exchange of thermal energy occurs by dissipating the heat be
tween two systems. It is an important concept which has huge applica
bility in our everyday lives. The vast subject of heat transfer includes 
many captivating and critical areas, like steam generators, condensers, 
and many other heat exchanging equipment in power plants, solar en
ergy conversion for space heating, etc. The scope of heat transfer in 
industrial applications ranges from simpler steady designs to the 
advanced one and new-fangled complex operations which produce 
numerous functions during the production or manufacturing processes. 
Apart from this, many other industries are using this characteristic in 
heating and cooling tanks, air-cooled exchangers, nuclear reactor cool
ing, heat transport in tissue, condenser, condensing boiler and many 

more due to possibility of huge transformation power. Fluids are one of 
the good carriers of heat, as a result, the influence of the fluid’s rheo
logical properties on concurrent diffusion of heat movement is very 
deep. Several investigations on concurrent heat transmission are 
addressed in this work. Since most of the fluids being used in the in
dustries are of polymer in nature, the heat transport in fluid with shear- 
dependant viscosity is essential. For instance, Rehman et al. [1] statis
tically examined the heat transport in a fluid filled in a channel having 
grooves containing two circular cylinders heated differentially. Also, 
Awais et al. [2] statistically investigated heat transmission in Prandtl 
melting fluid over a cylinder. Abbas et al. [3] investigated impacts of an 
inclined magnetic field and the distribution of nanoparticles across 
nonlinearly moving surface. Khan et al. [4] explored magnetic field’s 
role in energy transport in a fluid on the upper area of paraboloid of 
revolution. Some other similar works is also available in the literature 
[5,6]. While Hayat et al. [7]. discussed 3D heat transmission in a flow 
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with variable fluid properties on exponentially stretching surface. Sajid 
et al. [8] inspected flow and heat transmission of a Reiner–Philippoff 
fluid with nonlinear radiation along an expandable membrane. Sajid 
et al. [9] also reported impacts of viscous dissipation and non-linear 
radiation in MHD Carreau fluid flow. The implications of Joule heat
ing, Soret, Dufour, and permeability on the electro-osmotic flow (EOF) 
with peristaltic motion of an ionic fluid are discussed by Yasmin et al. 
[10]. Some recent and important advancements in the field of heat 
transfer were illustrated by Sajid et al. [11] and Salman et al. [12]. 

Multiple non-Newtonian rheological constrictive schemes have been 
proposed based on several properties of polymer fluids showing non- 
Newtonian behaviour having several usages in industries. Many rheo
logical models, like Carreau liquid [13], Williamson [14], and Car
reau–Yasuda [15] models are models with shear rate-dependant 
viscosity based models. If the shear rate is either low or high, power-law 
model is unable to forecast viscosity of fluid. Nonetheless, Carreau
–Yasuda model is used by scientists and has been extensively used to 
investigate the influence of shear-thinning character on heat and mass 
transmission. However, few more relevant works can be explored. The 
influences of Joule heating and convective boundary conditions on 
Carreau nanofluid flow across an inclined expanded cylinder with an 
imposed magnetic field was studied by Khan et al. [16] and underlying 

Nomenclature 

Cfx skin-friction coefficient 
cp specific heat capacity (JKg− 1K− 1) 
D1 first Rivlin–Ericksen tensor 
d Carreau–Yasuda fluid parameter 
f dimensionless stream function 
Grx Grasoph number 
Nux local Nusselt number 
n power-law exponent 
Pr Prandtl number 
q heat flux (Wm− 2) 
qw surface heat flux (Wm− 2) 
Rex local Reynolds number 
T temperature (K) 
Tw variable temperature of stationary flat plate (K) 
T∞ fixed free-stream temperature (K) 
T0 a constant 
u, v velocity components (ms− 1) 
U∞ free-stream velocity (ms− 1) 

We local Weissenberg number 
x, y Cartesian coordinates (m) 

Greek symbols 
α thermal relaxation parameter 
Γ time constant 
η a variable 
θ dimensionless temperature 
κ thermal conductivity (Wm− 1K− 1) 
λ buoyancy or mixed convection parameter 
λ1 relaxation of the heat flux 
μ viscosity (Kgm− 1s− 1) 
μ0 viscosity with zero shear-rate (Kgm− 1s− 1) 
μ∞ viscosity with infinite shear-rate (Kgm− 1s− 1) 
ρ density (Kgm− 3) 
τ extra stress tensor (Nm− 2) 
τw wall shear stress (Nm− 2) 
υ kinematic viscosity (m2s− 1) 
ψ stream function  

Fig. 1. The physical model of the flow with detailed geometrical structure.  

Fig. 2. Comparison of velocity profile for forced convection case and for n =
1(Newtonian fluid) with the result by Granger[54]. 
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equations were solved using numerical approach. The finding of the 
investigation indicate an inverse relation for shear-thickening fluid 
(STKF) velocity with higher Weissenberg number, whereas 
shear-thinning fluid(STNF) velocity is enhanced when substantially 
large Weissenberg number is assumed. Iqbal et al. [17] compared 
shear-thickening, Newtonian, and shear-thinning fluids by using 
different values of material parameters to study Sisko fluid flow that 
exhibits peristaltic mechanism in an asymmetric channel with sinusoidal 
wave propagating down its walls. Khan et al. [18] further examined 
unsteady Carreau nanofluid flow with heat and mass transfer caused by 
contracting/expanding cylinder with convective heat transfer condition 
and temperature-dependant conductivity considering thermophoresis 
and Brownian motion. Khan et al. [19] also employed the bvp4c 
approach to establish the solution of flow model of Carreau–Yasuda 
liquid having thermal energy and solutal diffusion involving viscous 
dissipation on a heated plate. Later, Khan et al. [20]. assessed the im
pacts of the chemical reaction, viscous dissipation, and heat source on 
the transfer of heat and species mass over a hot surface, and then they 
explored the outcomes of flow, temperature fields, and solutal spread 
versus various parameters. Waqas et al. [21] explored a system of PDEs 
describing the rheology of Carreau–Yasuda with bio-convection, partial 
slip, thermal radiation and chemical reaction over expanding surface. 
Khan et al. [22] investigated flow characteristics related to 2D Car
reau–Yasuda flow with contributions of Dufour and Soret effects over a 
hot surface. Recently, second-grade nanofluid flow and its thermal 
characters were analysed by Shah et al. [23]. 

When different temperatures exist, heat transfer occurs between 

bodies or between several sections of a body. This behaviour has 
numerous mechanical and technological implications, such as energy 
production, cooling electronic equipment, cooling nuclear reactors, 
electricity generation, and many more [24–26]. Initially, in 1882, 
Fourier [27] introduced the idea of classical conduction law and since its 
appearance, this law has served as a foundation for the study of heat 
transmission mechanisms. The Fourier law for heat conduction reveals a 
parabolic equation of energy which implies an initial disruption. It is 
indeed referred to as heat conduction paradox [28] in the literature. In 
1948, Cattaneo revised the traditional Fourier law of conduction, by 
introducing a parameter relaxation time, which allows heat transport 
processes to be sensitive to thermal wave propagation [29,30]. 
Following Fourier and Cattaneo, Christov modified the rule further by 
changing Oldroyd’s upper convicted derivative to maintain frame in 
various generalizations. As a result, the newly developed model is 
identified as the Cattaneo–Christov model for heat flux, and it can pre
dict the heat transfer characteristics more accurately. Mehmood et al. 
[31] investigated the Cattaneo–Christov heat flux in a two-dimensional 
asymmetric channel with non-Newtonian peristaltic flow and identified 
its non-Newtonian characteristics. On flow due to stretching, Han et al. 
[32] compared Fourier and Cattaneo–Christov models for heat flux in 
flow of Maxwell fluid. Hayat et al. [33]. scrutinized 
homogeneous-heterogeneous reactions and Cattaneo–Christov model 
for heat flux in a flow near a stagnation-point. El Harfouf et al. [34] 
reported homotopy perturbation solution squeezing MHD nanofluid 
flow with Cattaneo–Christov heat flux model. Rasool and Wakif [35] 
determined influence of Cattaneo–Christov model of heat flux on 

Fig. 3. Effect of λ on f ′

(η) when (a) Pr = 1 and (a) Pr = 0.2.  Fig. 4. Effect of λ on θ(η) when (a) Pr = 1 and (a) Pr = 0.2.  
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second-grade nanofluid flow over Riga plate. Recently, Abbas et al. [36] 
discussed the couple stress fluid flow with Cattaneo–Christov model for 
heat flux. 

Mixed convection is generated with joint effort of both forced and 
free convections. Considerable cases of mixed-convection which are 
referred to as internal mass forces, in which flow is governed by a few 

external sources of force. It occurs in a fluid distribution with varying 
densities in the gravitational field. Mixed convection is observed in 
many technical gadgets, but in much smaller scales. The heating/cooling 
of channel walls, as well as the constrained velocities of fluid flow which 
are hallmarks of laminar flow, are common examples of mixed con
vection. The critical uses of this in industries involve things and 

Fig. 5. Effect of n on f ′

(η).  

Fig. 6. Effect ofn on θ(η).  

Fig. 7. Effect of We on f ′

(η).  
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processes such as electrical gadgets, cooling using electric fans, photo
voltaic systems subjected to wind currents, heat transmission in low- 
velocity situation, flow in ocean and atmosphere, and many more. 
Mixed convection and its various aspects have been specified by several 
studies [37–39] in the literature. Gebhart and Pera [40] investigated the 
natural convection flow created by joint buoyancy effects of 

temperature and species along vertical surface. Hussain et al. [41] 
studied impacts of coupled heat and mass transmission on free convec
tion on vertical plate. Roy and Hossain [42] explained in their research 
that free convection on fixed vertical plate had the combined influences 
of sinusoidal variations in wall concentration and temperature. Hayat 
et al. [43] investigated the peristaltic transport of an incompressible 

Fig. 8. Effect of We on θ(η).  

Fig. 9. Effect of d on f ′

(η).  

Fig. 10. Effect of d on θ(η).  
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micropolar fluid in an asymmetric channel with heat source/sink and 
convective boundary conditions and reported solution expressions for 
stream function, longitudinal velocity, temperature, and pressure 
gradient. Laminar flow on flat plate with a slip was inspected by Martin 
and Boyd [44]. The effect of slip on mixed convection on vertical plate 
was explored by Bhattacharyya et al. [45]. Cao and Baker [46] reported 

local non-similar solutions for mixed convection on an isothermal ver
tical plate taking into account thermal jump and velocity slip. Harris 
et al. [47] investigated stagnation point flow with mixed convection on 
vertical surface inside slip-prone porous material. According to Hayat 
et al. [48] and their discussion of power-law fluid peristaltic flow in an 
asymmetric channel with convective conditions at the channel walls, a 

Fig. 11. Effect of Pr on f ′

(η).  

Fig. 12. Effect of Pr on θ(η).  

Fig. 13. Effect of α on f ′

(η).  
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rise in Biot numbers combined with a power-law fluid parameter pro
duces a fluid temperature decline. 

Motivated by non-Newtonian flow behaviour and non-Fourier Cat
taneo–Christov model for heat flux and their applications, a mixed 
convection of Carreau–Yasuda fluid on a flat stationary vertical plate 
with Cattaneo–Christov heat transfer model is investigated here. The 
objective of the undertaken investigation is to explore the effect of 
Cattaneo–Christov model for heat flux in mixed convective flow of 
Carreau–Yasuda fluid and its heat transfer characteristics to confirm the 
necessary novelty of the analysis. This investigation may provide an 
inspiration for future related investigations and their experiments. PDEs 
those governed the system are converted into ODEs and the solutions are 
derived using the well-known MATLAB “bvp4c” tool with findings being 
validated by comparison with previously published work. Additionally, 
the key consequences depended on governing parameters are described 
in graphical and tabular modes. Through this study following research 
questions have been tried to be addressed:  

(a) Is there any difference between the effects of Cattaneo–Christov 
model of heat flux on shear-thinning and shear-thickening fluids ?  

(b) What are impacts of buoyancy force on flows two types of fluids 
in presence Cattaneo–Christov model for heat flux ?  

(c) How do the Carreau–Yasuda fluid material parameters affect the 
heat transfer characteristics for the case of Cattaneo–Christov 
model ? 

The process of getting answers of the above research queries is 
initiated by the “Mathematical formation” section next. In the Section 3, 
solutions are obtained and 4th Section is devoted for analysis of results. 
Lastly, Section 5 states the main findings of the study in the form of 
concluding remarks. 

2. Mathematical formulation 

In mathematical notation, the extra stress tensor for Carreau–Yasuda 
non-Newtonian fluid is represented as [19]: 

τ =
[
μ∞ +(μ0 − μ∞)

{
1 + (Γγ)d

}n− 1
d
]
D1 (1) 

Here n, d and Γ represent power-law exponent, Carreau–Yasuda 

Fig. 14. Effect of α on θ(η).  

Fig. 15. Influences of We and α on skin-friction coefficient.  
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fluid parameter and time constant, whereas μ0, μ∞ indicate viscosities 
with zero and infinite shear-rates, respectively. 

Here γ is represented as: 

γ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2tr
(
D1

2)
√

, (2)  

where D1 is referred to as [49]: 

D1 =
1
2
[
grad V − (grad V)T] (3)  

with tr, grad and D1 highlight trace, gradient and first Rivlin–Ericksen 
tensor. 

Assuming μ∞/μ0 very small, Eq. (1) reduce to 

τ = μ0

[
1 + (Γγ)d

]n− 1
d D1. (4) 

The case of Newtonian fluid is maintained for n = 1. There are also 
two distinct instances, namely, n < 1 for shear-thinning fluid(STNF) and 
n > 1 for shear-thickening fluid(STKF). 

To characterize heat transport, Cattaneo–Christov model for heat 
flow is introduced and which is precribed as [50]: 

q + λ1

[
∂q
∂t

+V.∇q − q.∇V+(∇.V)q
]

= − κ∇T, (5)  

where λ1 is relaxation of the heat flux, q is heat flux, κ is thermal con
ductivity. When λ1 = 0, Eq. (5) reduces to Fourier’s law. By taking into 
account the incompressibility of fluid, Eq. (5) may be adapted to [50] 

Fig. 16. Influences of We and α on Nusselt number.  

Fig. 17. Influence of We and d on skin-friction coefficient.  
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q + λ1

(
∂q
∂t

+V.∇q − q.∇V
)

= − κ∇T. (6) 

Except density in buoyancy term of momentum conservation equa
tion, all fluid parameters are considered to be constant. The following 
are the basic equations for mass, momentum, and energy conservations, 
taking the boundary layer and Boussinesq approximations [50,51]: 

∂u
∂x

+
∂v
∂y

= 0, (7)  

u
∂u
∂x

+ v
∂u
∂y

= υ ∂2u
∂y2 + Γdυ

(
n − 1

d

)

(d + 1)
∂2u
∂y2

(
∂u
∂y

)d

+ gBT(T − T∞), (8)  

u
∂T
∂x

+ v
∂T
∂y

+ λ1

⎛

⎜
⎜
⎜
⎝

u
∂u
∂x

∂T
∂x

+ v
∂v
∂y

∂T
∂y

+ u
∂v
∂x

∂T
∂y

+ v
∂u
∂y

∂T
∂x

+2uv
∂2T
∂x∂y

+ u2∂2T
∂x2 + v2∂2T

∂y2

⎞

⎟
⎟
⎟
⎠

=
κ

ρcp

∂2T
∂y2 .

(9) 

Note that u, v indicates velocity components in x, y Cartesian co
ordinates. T is temperature, ρ is density, υ is kinematic viscosity, μ is 
viscosity and cp is specific heat capacity. 

Boundary conditions for velocity component and temperature are 
given by 

u = 0, v = 0 at y = 0; u→U∞ as y→∞, (10) 

Fig. 18. Influence of We and d on Nusselt number.  

Fig. 19. Influences of λ and d on skin-friction coefficient.  
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T = Tw, at y = 0; T→T∞ as y→∞, (11)  

where U∞ is free-stream velocity, Tw = T∞ + T0 /x is variable tempera
ture of stationary flat plate with T0 being a constant representing rate of 
temperature rise along the surface and T∞ describes fixed free-stream 
temperature. The physical model of the flow with detailed geometrical 
structure is plotted in Fig. 1. 

The following transformations are now implemented as [45]: 

ψ =
̅̅̅̅̅̅̅̅̅̅̅̅
U∞υx

√
f (η), T = T∞ + (Tw − T∞)θ(η), (12)  

where ψ being stream function is defined as: u =
∂ψ
∂y and v = −

∂ψ
∂x with η 

being a non-dimensional variable. Here f and θ are dimensionless stream 
function and temperature, respectively. 

Through implementation of Eq. (12) we have 

f ′′′
[

1+
(

n − 1
d

)

(d + 1)f ′′
d (

Wed)
]

+
1
2

ff ′′ + λθ = 0, (13)  

1
Pr

θ′′ +
1
2

f θ
′

+ f ′θ − α
{

3
4

ff ′ θ
′

+
1
2
f ′ 2ηθ

′

+
1
2

ff ′′θ+ f ′ 2θ +
1
4
f 2θ′′

}

= 0 (14)  

with 

f (0) = 0, f ’(0) = 0, f ’(∞) = 1,

θ(0) = 1, θ(∞) = 0,

}

(15)  

where We =
(

Γ2U∞
3

υx

)1/2 
is local Weissenberg number, λ = Grx

Re2
x 
is buoyancy 

or mixed convection parameter, Rex = U∞x
υ is local Reynolds number, Grx 

=
gBT(Tw − T∞)x3

υ2 is Grasoph number, α =
λ1U2

∞
υRex 

is thermal relaxation 
parameter and Pr = υ

α =
υρcp

κ is Prandtl number. 
The skin-friction coefficient Cfx and local Nusselt number Nux are 

Cfx =
τw

ρU2
∞

and Nux =
xqw

κ(Tw − T∞)
(16)  

where qw signifies surface heat flux and τw denotes wall shear stress for 
Carreau–Yasuda fluid and those are 

τw =

[

μ
(

1 +

(
n − 1

d

)

Γd
(

∂u
∂y

)d
)

∂u
∂y

]

y=0

, (17)  

qw = − κ
[

∂T
∂y

]

y=0
, (18) 

Following forms of skin-friction and Nusselt number are obtained by 
employing transformations (12): 

CfxRe1/2
x =

[

f ′′(0)+
(
(n − 1)

d

)

Wed{f ′′(0)}df ′′(0)
]

, (19)  

NuxRe− 1/2
x = − θ

′

(0). (20)  

3. Solution method 

The MATLAB function “bvp4c” is used to derive the solution of Eqs. 
(13) and (14) with (15). Shampine et al. [52] provided the required 
information on this numerical approach. To follow the approach of the 
aforementioned method, the first step to solve above equations is to 
transform those into a set of 1st order ordinary differential equations 
(ODEs) as presented below: 

y’
1 = y2, y’

2 = y3,

y’
3 =

− λy4 −
1
2
y1y3

[

1 +

(
n − 1

d

)

(d + 1)y4
d(Wed)

],

⎫
⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎭

(21)  

y’
4 = y5,

y’
5 =

Prα
[

1
2
y2y2ηy5 +

3
4
y1y2y5 +

1
2
y1y3y4 + y2y2y4

]

−
1
2

Pry1y5 − Pry2y4

[
1 −

α
4

Pry1y1

]

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(22)  

with y1(0) = 0, y2(0) = 0 and y4(0) = 1, (23)  

where f (η) = y1(η) and θ(η) = y4(η). (24) 

Fig. 20. Influences of λ and d on Nusselt number.  
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The “bvp4c” is a finite-difference algorithm that executes 3-stage 
Lobatoo IIIa collocation formula [53]. Across the integration interval, 
the collocation polynomial consistently produces a C1-continuous solu
tion with fourth-order precision. The error control in the approach is 
based on residual error, with a level of tolerance of around 10− 5. Here, 
infinity condition, η→∞ is approximated to a suitable finite value, say 
η∞(= 10). Later, for integration of (21)-(24) the appropriate guesses of 
unspecified initial conditions are supposed to achieve continuous solu
tions demonstrating the asymptotic convergence to the boundary con
ditions y2(η∞) = 1 and y4(η∞) = 0 with aforesaid tolerance 10− 5. 

3. Results and discussion 

Computational solutions by aforesaid numerical scheme, “bvp4c” to 
explore the impacts of various physical parameters involved in the 
reduced Cattaneo–Christov mixed convection model for Carreau–Ya
suda fluid flow have been achieved. To ensure precision level of the 
applied numerical scheme, the derived result for velocity profile of 
forced convection case with n = 1(Newtonian fluid) has been compared 
with the result of Granger [54] in Fig. 2 and those are found to be in 
decent agreement, i.e., the results further obtained may be regarded as 
accurate. 

Some selected fixed values of physical parameters are involved, 
when those are not varying state in the computation and these fixed 
values are λ = 0.02, Pr = 0.2/1, We = 0.3, d = 0.7, α = 0.03, n =
0.7 and 1.3. However, for demonstrating influence of aforesaid pa
rameters on specific physical property of the flow problem, these pa
rameters are taken to be varied. The impact of various factors is 
described in this article for two types of values of power-law exponent n, 
namely, n < 1 (STNFs) and n > 1 (STKFs). In particular, the values n =
0.7 and 1.3 have been taken into account for this study. Fig. 3 depicts 
the relationship between velocity and λ, which demonstrates that when λ 
increases, velocity increases for both STNF and STKF, i.e., it rises for 
aiding flows (λ > 0) and drops for opposing flows (λ < 0) for lower value 
of Prandtl number. The justification behind this findings is that for 
positive λ, a favourable pressure gradient is generated, which acceler
ates the motion, whereas for negative λ, the reverse case prevails. It is 
noteworthy that the buoyancy effect is significantly greater for opposing 
flows (λ < 0) than for aiding flows (λ > 0). The pattern of velocity var
iations reduces to a completely reverse type for higher Pr values. Fig. 4 
depicts the temperature θ(η) for different thermal buoyancy parameter. 
For both STNF and STKF, temperature increases with λ for aiding flow 
and displays a contrary tendency for opposing flow on the plate for any 
values of Pr. Also, it is showing opposite patterns near and away from 
the plate and therefore the thickness of thermal boundary layer(TBL) 
decreases. Furthermore, in forced convection, temperature of fluid is 
higher in the aiding flow and lower in the opposing flow. The tensor of 
Carreau–Yasuda model which contains the exponent parameter n, and 
its impact on the Carreau–Yasuda fluid flow is investigated (see Fig. 5) 
and it captures the diminishing phenomena of motion in fluid particles 
and it is signifies by n. The numerical value of n will determine the type 
of fluid, which are STNF (n < 1), Newtonian fluid (n = 1), and STKF (n 
> 1). When n rises to suitably large values, the thickness associated with 
the boundary layer diminishes. Fig. 6 depicts influence of exponent 
parameter n on θ(η). When the value of n increases, the temperature rises 
near the plate and shows opposing tendencies as it moves away from the 
plate. Fig. 7 indicates the impact of Weissenberg number(We) on f ′

(η). 
Velocity of a STNF increases with We, while raising the value of Weis
senberg number(We) results in a decline in viscosity for STKF. Physi
cally, an increase in We causes higher viscosity, which reduces velocity 
for STKF. The current approach constructs the Weissenberg number by 
taking the rheology of the Carreau–Yasuda fluid into account, and We is 
defined as a ratio of elastic and viscous forces. Increased relaxation time 
produces resistance in fluid flow, which is resulting in lower velocity 
with increased We for STKF and contrary nature is witnessed for STNF. 

Also, the effect of changing dynamic viscosity as a function of shear-rate 
is identified by the change of We. The temperature variation with We is 
depicted in Fig. 8, which demonstrates that the temperature has a 
growing trend when (We) increases for STKF and reduces for STNF near 
the plate, but it exhibits reverse behaviour when moving away from the 
plate. Fig. 9 demonstrates the change in velocity as a function of d. 
During the flow, resisting force is generated for large values of d. So, in 
STKF, the velocity of fluid particles decreases as d increases and MBL is a 
diminishing function of d. Whereas, contrasting pattern exhibits in 
shear-thinning fluid. Fig. 10 illustrates the influence of d on θ(η). In this 
scenario, raising values of d causes the rise of temperature near the plate 
for STNF, while temperature falls near the plate for STKF. Furthermore, 
moving away from the plate, the results exhibit opposite behaviour for 
both type of fluids (STNF and STKF). For mixed convection, Prandtl 
number Pr has influences on velocity field as well as temperature dis
tribution. Fig. 11 depicts the effect of Pr on f ′

(η), with increasing Pr 
values for both instances, i.e., for STNF and STKF, velocity exhibits 
increasing trend. Fig. 12 illustrates impact of Pr on temperature, which 
shows a significant reduction in temperature with Pr for STNF(n < 1) 
and STKF(n > 1) near the plate, which is indisputable because a higher 
Prandtl number correlates to low thermal diffusivity. Momentum 
diffusivity to thermal diffusivity ratio is expressed by the Pr. So, Pr can 
be employed to increase rate of cooling in a conducting flow. Influence 
of thermal relaxation parameters α on f ′

(η) is shown in Fig. 13. The 
velocity for STNF/STKF increases with value of α. Fig. 14 depicts in
fluence of α on θ(η). When value of α grows, the temperature for STNF/ 
STKF near the plate increases. Furthermore, for both STNF and STKF, 
lower fluid temperature away from the plate is witnessed with greater 
values of α. The physical argument behind the outcome may be stated as 
with increasing the α, particles of fluid material require longer time to 
transmit energy to their nearby particles and consequently, increasing 
the value of the α produces a drop in temperature. 

Fig. 15 depicts effects of α and We for two values of n on skin-friction 
related to wall drag force. When We (= 0.1, 0.3, 0.5) rises, skin-friction 
increases for STKF and reduces for STNF. Also, for increasing thermal 
relaxation parameter α, surface drag increases for both STNF and STKF. 
The effects of α on the local Nusselt number, i.e., surface cooling rate for 
various values of Weissenberg number We are displayed in Fig. 16. On 
increasing thermal relaxation parameter α, the heat transfer rate de
clines for both STNF and STKF. Nusselt number growths for STNFs and 
reduces for STKFs as value of We increases. It is also worthnoting that 
skin-friction and Nusselt number results are prominent for STNFs than 
those are for STKFs. Fig. 17 demonstrates the effects of d on skin-friction 
via We and n. It displays that on increasing d the skin-friction rises for 
STNF, while it falls for STKF. For several values of Weissenberg number 
(We), Fig. 18 represents effect of Carraeu-Yasuda parameter d on local 
Nusselt number. With rising values of We, the Nusselt number for STNF 
increases, while it decreases for STKF. Also, heat transfer rate increases 
for STKF and shows opposite trends for STNF, as the value of d grows. 
The effects of λ and d on skin-friction coefficient are displayed in Fig. 19. 
Skin-friction increases for both STNF and STKF with λ. Fig. 20 portrays 
effects of λ and n on Nusselt number with d. When value of λ rises, the 
cooling rates for both STNF and STKF reduce. 

4. Conclusions 

Present study aims to examine the Cattaneo–Christov model for heat 
flux on non-Newtonian Carreau–Yasuda fluid mixed convective flow 
across a vertical flat plate. To solve the final transformed ODEs, the 
MATLAB package “bvp4c” is employed. The key outcomes of investi
gation can be summarized as follows: 

• When the Weissenberg number is large, temperature of Carreau
–Yasuda model rises for STKF and decreases for STNF. 
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• As Weissenberg number, We and Carreau–Yasuda parameter, d rise, 
velocity rises for STNF and falls for STKF.  

• Temperature shows growing behaviour of Cattaneo–Christov model 
for heat flux near the plate in comparison with Fourier’s law. Also, 
velocity displays growing behaviour.  

• For large values of power-law exponent n, velocity exhibits a 
decreasing trend and temperature shows opposite nature. 

• The velocity upsurges, while temperature drops with mixed con
vection parameter.  

• Higher Prandtl number causes increment of velocity and decrement 
of temperature near the plate, but has the reverse effect far away 
from it.  

• For STNFs, the local Nusselt number rises with We, whereas for 
STKFs, the contrary trend is observed, Whereas We has the opposite 
influence on skin-friction coefficient.  

• The skin-friction increases for both STNF and STKF with growing 
values of λ. 

At last, it can be concluded that this investigation has explored the 
variations in thermal boundary layer for Cattaneo–Christov model of 
heat flux on Carreau–Yasuda fluid convection across a vertical flat plate. 
Also, this study has revealed the various control points of involved pa
rameters which help in achieving high cooling rate and hence it makes it 
highly relevant from application viewpoints. 

The time dependant flow case of this problem should be considered 
as future research. Also, if the flow medium is changed to a porous 
medium then the new problem may give a better alternative for a rapid 
heat transfer process and so the same problem in presence porous me
dium will be very interesting to be explored. 
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