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ABSTRACT ARTICLE HISTORY

The goal of this research is to investigate fractional Maxwell hybrid nanofluids utilizing partial Received 11 July 2023
differential equations in terms of Caputo time fractional derivatives. Specifically, the effect of Revised 30 October 2023
Newtonian heating on the thermal performance of a fractional Maxwell hybrid nanofluid moving ~ Accepted 15 November 2023

over a permeable cone in the presence of thermal radiation and heat generation is considered. KEYWORDS

The Crank-Nicolson method and L1 algorithmt of Caputo derivative are used to find numerical Nanofluid; Maxwell fluid
solutions to the considered nonlinear problem. The effects of significant flow factors on fluid model; fractional derivative;
properties are examined and illustrated in various graphs. According to the results, the thermal finite difference method

performance of the fluid raised by 0.4%, 6.1%, and 3.1% on adding 4% volume fraction of Fe3Oy4,
Cu, and Cu — Fe30g4, respectively, in the base fluid.

Nomenclature Greek letters
Roman letters o fractional order
W v) velocity components (ms—") BT volumetric thermal expansion (KN
C1 — C5 nanofluid constants At t|rT1e S,teP o
C Skin friction AX grid size in x direction
Cp specific heat capacity (Jkg~'K~") Ay grid stzeiny direction
o . Y A relaxation time (s)
g gravitational acceleration (ms™<) . . 1
Gr Grashof number u dynamic viscosity (kgm™'s™")
. . . . 2 —1

K non-dimensional porosity parameter v (l;lnerT\atllt(: wssc;sny (m?s™)
k thermal conductivity (Wm~'K~") L Iensle (I gmd ) ity (Sm-1)
ko permiability of porous medium (m?) o electrical conductivi y' .m oya
ke absorption parameter op Stefan Boltzman coefficient (Wm™<K™%)
L reference length (m) 10 nanoparticles volume fraction
Nuy Nusselt number
Q non-dimensional heat generation/absorp Subscripts/Superscripts

tion parameter
Qo heat generation/absorption  parameter  * non-dimensional

Um=3K s 1) f base fluid
qw heat flux at the surface of the cone (Wm~2) hnf hybrid nanofluid
r radius of the cone i grid point in x direction
Rd non-dimensional thermal radiation J grid point in y direction
Ri Richardson number k time level
T temperature (K) nf nanofluid
t time (s) p nanoparticles
Pr Prandtl number
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1. Introduction

Viscoelastic fluids are essential in every aspect of our
lives. The Maxwell model is a classical model used to
describe the viscoelastic behavior of materials, such
as polymers and fluids, by combining a spring and
a dashpot in series. The spring represents the elas-
tic behavior of the material, while the dashpot repre-
sents the viscous behavior. In the Maxwell model, the
spring and dashpot are both assumed to be character-
ized by a single relaxation time. Several studies have
examined the behavior of Maxwell fluid in various con-
texts; just a few will be described here. The procedure
of flooding the leftover oil in the dead end with vis-
coelastic fluid was studied by [1]. In this work, the con-
ventional momentum equation is solved by using the
fractional-order Maxwell. Additionally, the flow control
equation for fractional-order viscoelastic fluids is given a
semi-analytical solution. The findings demonstrate that
velocity fractional-order derivative considerably influ-
ences the properties of polymer solutions and the fluid
elasticity can significantly boost the effectiveness of oil
repellency. Hanif [2,3] applied the Friedrich shear stress
and Cattaneo heat flow model to the traditional upper
convected Maxwell fluid model to account for nonlin-
ear convection effects. The governing equations of the
fractional Maxwell fluid are then solved under steady-
state conditions, and the results are presented graphi-
cally and described in detail. According to the results of
the study, the skin friction increases with an increase in
the velocity relaxation time parameter, but the opposite
effect is observed for the velocity fractional derivative
parameter. This suggests that the fractional derivative
parameter has a more significant effect on the flow
behavior than the relaxation time parameter in this par-
ticular system. Ramesh et al. [4] three-dimensional flow
of Maxwell nanofluid in a porous region limited by a
bidirectional stretched sheet with non-linear thermal
radiation and a heat source/sink. Convective conditions
are established for temperature and nanoparticle con-
centration. It is mentioned that Brownian motion plays
an important influence on temperature and heat trans-
mission rate, and when the Deborah number increases,
the concentration of nanoparticles and temperature
drop. Ramesh and Gireesha [5] studied Maxwell fluid
over a stretching sheet with convective boundary con-
ditions in the presence of heat generation/absorption.
Wang et al. [6] studied a generalized Maxwell fluid
model of helical flow between two irrational coaxial
circular cylinders. Cui et al. [7] investigated the petro-
physical model for a field seismic survey. It was dis-
covered that there are considerable differences in the
characteristics of wave field propagation between reg-
ular wave equations and elastic wave equations in
porous. The obtained results are useful to other related
fields, such as seismic exploration of dense oil reser-
voirs, and micro seismic simulation in cracked reservoirs
filled with fracturing fluid. Parvin et al. [8] presented a

2D-double diffusive layer flow model of Maxwell fluid
in the presence of a magnetic field. Ferras et al. [9]
presented an interesting work by using distributed-
order derivatives to develop a generalized viscoelastic
model. In the paper referenced by [10], the authors used
the Helmholtz eigenvalue problem and Laplace trans-
forms to analytically solve the linear momentum and
Poisson-Boltzmann equations in tandem in a triangu-
lar region to study the unsteady electroosmotic flow
of generalized Maxwell fluid. The momentum equation
using the fractional Maxwell model is formulated to
evaluate unsteady stagnation-point flow based on the
properties of pressure in the boundary layer by Bai
et al. [11]. The newly designed finite difference scheme
and L1 algorithm are used to solve the nonlinear frac-
tional differential equations, and the convergence of
the system is confirmed by creating a numerical exam-
ple. Maxwell fluid performs the fastest slip transport
under the isothermal condition, this was discussed by
Anwar et al. [12]. They considered Caputo-Fabrizio and
Atangana-Baleanu fractional derivatives to describe slip
flow, shear stress, and heat transfer processes. To pre-
dict solutions of the momentum and heat equations in
primary coordinates, the Laplace transformation is first
applied to dimensionless fractional models and then
Stehfest’s numerical approach is used. Furthermore, the
Laplace inversion algorithms developed by Durbin and
Zakian serve to validate the computed solutions for the
velocity and energy fields. Moosavi et al. [13] used the
Maxwell fractional model to analyze viscoelastic non-
Newtonian fluid natural convection heat flow on a ver-
tical forward-facing step.

There are numerous industrial and engineering pro-
cesses where the heat transfer phenomenon occurs.
According to this framework, the most active topic
of research in the scientific community is to increase
the thermal performance of a system. In this con-
text, nanofluids play a significant role and are used
by engineers and scientists in different circumstances.
For instance, Nimmy et al. [14] studied convection-
radiation heat transfer of a partially wetted dovetail
extended surface. Hanif and Shafie [15,16] investigated
fractional Maxwell nanofluid flow over a horizontal
surface and found that the nanoparticle volume frac-
tion and conjugate parameter play in important role
in enhancing the thermal efficiency of a system. The
thermal performance of a constant hydromagnetic flow
of TigAlsV — H,0 nanofluid within two arbitrarily elec-
trically conducting walls enclosing a Darcy-Brinkman
porous medium under the effects of energy dissipation
is explored by Singh et al. [17]. In the context of the Riga
wedge, the flow of a mono nanofluid (SiO,/Kerosene
oil) and hybrid nanofluid (TiO, + SiO,/Kerosene oil) is
investigated by [18]. A heat transfer fractional Maxwell
fluid along convective derivative oblique stagnation-
point flow towards an oscillating tensile plate was
observed by Bai et al. [19]. It is found that pressure



encourages Maxwell fluid velocity. Kaleem et al. [20]
considered Maxwell hybrid nanofluid flow over an infi-
nite vertical surface using the Caputo time fractional
model. The impact of velocity slip and radiative heat
on the thin-film flow of time-dependent hydrodynamic
Oldroyd-B and Maxwell nanofluids is investigated by
Minnam Reddy et al. [21]. The flow of fluid embedded
in porous media with engine oil as the base fluid and
nanoparticles of molybdenum disulfide (MoS;) and zinc
oxide (ZnO) is presented by Sagheer et al. [22]. With the
help of the MATLAB bvp4c method, the rebuilt mathe-
matical modelis simulated using the local non-similarity
technique up to the second level of truncation. Vijatha
and Reddy [23] studied Maxwell hybrid nanofluid on
a cylinder in the presence of non-linear thermal radia-
tion and Cattaneo-Christov heat flux. Ramesh et al. [24]
has shown how thermophoretic particle deposition and
heat generation/absorption affect the laminar flow of a
Casson hybrid-type nanofluid via a nonlinear stretched
surface. Khan et al. [25] presented a role of partial slip
and temperature-dependent viscosity in the bioconvec-
tion assessment of Maxwell nanofluid confined by a
stretched. The major impacts of Friedrich shear stress,
Cattaneo heat flux, and hybrid nanoparticles on the
heat transfer and flow properties of Maxwell hybrid
nanofluid is investigated by Hanif and Shafie [26] in
the presence of magnetic field and Ohmic heating. The
numerical solutions for the fractional Maxwell model
are successfully provided using an implicit finite differ-
ence technique with the Caputo fractional derivative.
Madhukesh et al. [27] investigated the heat transfer in
MHD Casson-Maxwell nanofluid between two porous
disks with Cattaneo—Christov. Ramesh et al. [28] inves-
tigated the chemical reaction and activation energy
effects in Maxwell nanofluid flow.

Motivated by the above discussion, this research
is designed to evaluate the thermal performance of
Maxwell hybrid nanofluid in the presence of Newto-
nian heating. Prior research has not yet investigated the
flow of a Maxwell hybrid nanofluid past a permeable
cone. To bridge this research gap, this study article ana-
lyzes the flow of Maxwell hybrid nanofluid under the
effects of heat radiation, heat generation/absorption,
and Newtonian heating. Moreover, a fractional model
might describe the complicated properties of viscoelas-
tic material simply and elegantly. For instance, the
exponential relaxation module of traditional ordinary
models cannot accurately describe the algebraic degra-
dation that many materials experience throughout
the relaxation process. Therefore, a fractional Maxwell
model has been suggested. A finite difference method,
namely, the Crank-Nicolson method is explored to get
the linear discrete forms of non-dimensional systems.
After that, the numerical solutions are obtained by
implementing the Thomas algorithm in MATLAB soft-
ware. The obtained numerical results are presented via
graphs and tables.
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2. Mathematical formulation

The detailed mathematical modeling of the Maxwell
hybrid nanofluid with time-fractional derivative is the
emphasis of this section.

2.1. Stress tensor

The extra stress tensor t for Maxwell fluid is described
mathematically as

(r+k“8f‘r) =uT, (M

where T represents shear stress, A is time relaxation,
u is the viscosity of the fluid. The well-known Caputo
derivative 9f is defined as

o

rf(t) = 8—f(l‘)

ot
1 t o"
- t— nfozf1_f d ,
r(n—a)/o =) g (D) AT
n—1<a<n neN. (2)

The Gamma function I'(+) is
rE) = [ ¢ledr, vEeC N 20 O
R

2.2. Hybrid nanofiluid properties

Let us add two distinct nanoparticles ps, p, of volume
fraction gp, and gy, , respectively, in a water-based fluid.
Then the thermal physical properties of the resultant
fluid, i.e. hybrid nanofluid are modified as [30-32]

Ohnf = (1 — @p,) Pnf + ©p, Opas

Pnf = (1 - (ﬂp1)/0f + Pp1 Ppyr
Mnf fhpf = f
) N C I Col

(0BT = (1 — ©p ) (PBT)nf + ©p, (0BT pys
(BT = (1 — @p ) (BT + 0p, (0BT p1,
(0Cp)hnt = (1 — @p) (PCp)nf + ©p, (0Cp)p,s

Mhnf =

(Pcp)nf =~ (Pp1)(,0Cp)f + ¢p, (PCp)p1:
@ _ (kpz + 2kns) + Z(sz (kpz — Kknf)
kot (Kpy + 2knf) — @p, (Kp, — Knf)
Iﬂ _ (kp1 + 2ks) + 2¢p1 (kp1 — k)

kf (kp1 + 2k1f) — ¥p, (kp1 - kf) '

2.3. Problem description

In this study, we consider that an incompressible
Maxwell hybrid nanofluid (o = constant) is moving
along a vertical cone. Two distinct nanoparticles,
namely, Fe304 and Cu are suspended in the base fluid,
therir properties are given in Table 1. The surface of
the cone is taken as the x-axis and the y-axis is consid-
ered normal to the cone, see Figure 1. Moreover, the
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Table 1. Thermo-physical properties of water nanoparticles [29,30].

P o Br Cp k

Materials kgm—3 Sm~! K- J(kgk) ™! W(mK)~!

Pure water 997.1 0.05 21 x 1073 4179 0.613

Fe304 5200 2.5 x 10 13 x 1072 670 6

Cu 8933 5.96 x 107 1.67 x 107> 385 401
viscous dissipation effects are supposed to be insignif- u=0 v=0 T=Tx t>0x=0,Vy,
icant and no pressure gradient is applied. Bearing the 9T
above assumptions in mind, the boundary layer and U = Uy, 3y —hsT, t>0,x>0,y=0,
Boussenisq approximations yield us to [33] y

u=20, T=Tx t>0, VX, y— 0. (8)

a d
i (ru) + 5 (rv) =0, (5)

8u+u8u+v8u
Phof\ ot T %% TV ay

877xy MK hnf
=— "y
8y ko

+ 9(pBT)pn (T — Teo) COS B, (6)

oT T aT
(0Cp) ot i tvs,

°T 9
= Khnf o — =+ Qo(T — Too), %
oy~ oy

where ko, g,Gr, Qo, phnfs hnfs (BT hnfr (PCp)hnf,  and
kpns are permeability of porous medium, gravita-
tional acceleration, radiative heat flux, heat gener-
ation/absorption, density, dynamic viscosity, thermal
expansion, heat capacitance, and thermal conductiv-
ity of hybrid nanofluid, respectively. The imposed initial
boundary conditions [34]

u=0, v=0,

T=Tx t<0Vxby,

Figure 1. Graphical representation.

It is simple to anticipate that Equation (1) provides us

ou

1+ A% =u—. 9
(T+2%97) vy = 1 oy 9)
Evaluating shear stress t,, from Equations (6) and (9)

leads us to

au ou au
14+ 299%) | — — —
o (14 t)(8t+u8x+vay>
3%u Mhnf
= Mhnfa_)/Z —_ ko (1 -+ )»“8?‘) u

+g(pBr)mnf (1 +2%8¢) (T — T)cos B, (10)

Let us define the Rosseland approximation of the radia-
tive heat flux g,:
40, OT#
=2, "

ar ks 0y (1)
here o, and k, denote the Stefan-Boltzmann coeffi-
cient and absorption coefficient, respectively. The Tay-
lor expansion of T# about T is

TAaTd 4T3 (T—Too) +--- . (12)




Using approximation (12) in Equation (11) and differen-

1t

tiating w.r.t “y” leads us to

g _ 160, T3, 82T
ay 3kp 8y

(13)

The energy Equation (7) with thermal radiation (13) is
given as

oT T  aT
(PCo) s i Ty

160, T2\ 82T
=1k .S
(”"f+ 3k )8y2

2.4. Non-dimensional problem

+Q (T —-Tw). (14)

To completely comprehend the mechanics of flow, we
require a non-dimensional version of our suggested
model. Therefore, we will introduce a set of non-
dimensional parameters [35]:

.

X u r uyt

X =1 y—y< VZ) r=-, tt=-"
Vf

u*:i, v*:v(“"vvf)%, T"‘:T_TOo
Uy L
Uy

A*:%. (15)

Finally, we arrived at

S+ v=o (16)
ax U dy vI=5

ou u ou
Cr (14 2%9¢ — —
(1+ )<8t+uax+v8y>

u G
=C

8y2 Tk
+ C3Ricos B (1 + A%08) T, (17)

aT aT T c + Rd 3T
o= +u +vm > T L ar. (s
at ax ay

Pr  9y?

Here Ri,Re, Gr, K, Pr,Rd,Q, and C; — C4 are Richardson
number, Reynolds number, Grashof number, porosity
parameter, Prandtl number, radiation parameter, heat
generation/absorption parameter, and nanofluid con-
stants, respectively, defined as:

14+ 2% ) u
< (

1 L G
_ZL, R,':_rl Rezu_""LI
K uwko Re? Vf
Tool3 G 160,T>
Gr — 9pr ;o P (n P)f, Ob
Vi ke 3kpks
QoL
Q = #I C] = Ml CZ = Mhnf!
(0Cp) ¢ uw of I
_ (pIBT)hnf — ('Ocp)hnf CS — khnf (19)
(oBr)f (pCp)f ' k¢

subject to initial boundary conditions:

u=0, v=0 T=0t<0,Vxy,
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u=0, v=0 T=0t>0x=0,Vy,
T

u=1, —=—y(1+4+7),t>0,x>0,y=0,
ay

u=0, T=01t>0Vx,y— oo (20)

2.5. Physical quantities
Itis significant to discuss some important physical quan-
tities like skin friction and Nusselt number [32]

Tw Xqw

_—, = . 21
pfuZ, ki Ty — Teo)

Cr =

T = thnf(38)y=0 and G = —knnr(§))y=0. For a
Maxwell fluid, the 1, define by the following relation-
ship:
o e ou
(1+ A%07) Tw = hnf . (22)
8y y=0

Equation (15) helps us to obtained the non-dimensional
form of Equation (21)

(1+2%9%) CRe'/?

9 aT
—C, < ”) . NugRe /2 = —C5x< )
8)/ y=0 ay

3. Numerical analysis

(23)

Assume the numerical solutions (u,},vj) at (x;, yj, te)
with time step At and mesh size (Ax, Ay) such that

Te = kAt, k=0,1,...,N
Xi=IiAx, i=1,2,...,R (24)
y]:.lAyr j: 1,2,,5

The L1 algorithm of the Caputo derivative is:
%v At
e 2M(2—a)

k+1 +U,/ + Z mek+1 m Z mek m 25)
m=1
Note: bm = (Gm — dm—1), am = M+ 1)1"¢ —m'—=,
Let us define a set of constants
At™¢
Rl =A——, =Ci(1+R), By=CRy,
T2 1(1T+Ry) 2 1R
C> C>
B3=—0+Ry), Bs=—Rq,
3= % (14+Ry) 4 =R
Bs =C3cos B(1+R1), Bs=_CscospRy. (26)
Utilizing the approximation (25), constants (26) and the
Crank-Nicolson method in Equations (18)-(16) lead us

to:

k+1 k41 k—H k+1
Ij1_ul 1j1+u — Ui 1/+u

ul*],jf'l + u, u/71,j
4AX

ij—1
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S kK _ ok k41

k+1
Al V.. —+ v — v, u:: —_

P Jj—1 Jj—1 J+1

if ij i if 0. (27) Vk- Ij+

K
J Uijm1 T Ui — U

2Ay " 4Ay

u ! =l =l -l
B —+ u;;

k
J—1:|

k
A u —Uu..
At i 2Ax +By | > b {—"’ o
m=1

0.6

047 o =0.1,0.3,0.5,0.9

01

Y

Figure 2. Velocity profile for@« when A = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.
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Figure 3. Velocity profile for A when @ = 0.5, = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.
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k—1 k—m k—m
ut; AL uy;, M=yt
k—m "ij i—1j k—m 7] i—1y
+ul S ke T i1
i 2AX 21 meij 2Ax
m=
uk+1—m _ uk+1—m
ykem dig ij=1 um —
L — 1 1=
’ Yy

0.9
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0.7

0.6

K =0.1,0.2,0.3,0.5
04r

0.1r
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Figure 4. Velocity profile for K when @ = 0.5, = 0.9,¢ = 0.01,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.
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Figure 5. Velocity profile for Ri when &« = 0.5, = 0.9,¢ = 0.01,K = 0.5,Rd = 0.3,Q = 0.1,and y = 0.9.
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k+1 k41 | k41 K K K _
c Uit — 20 upty Ui — 20+ U k=1 P Tilj'+1+Tikj
=0 +meu‘. + Bs———
2Ay2? ij 2
m=1
k+1 | ok k
Uj tUj  Ba k1 P k=1
+ Byt = | D b Bs -
J k+1—m k—m
2 2 | D + | T Y bl | (28)
m=1 m=1
0.7 T T T T T T T T
0.6 i
0.5 N
0.4 i
&~

Rd =0,0.1,0.2,0.3
0.3

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Figure 6. Temperature profile for Rd when @ = 0.5,A = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Q = 0.1,and y = 0.9.
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Figure 7. Temperature profile for Qwhen o = 0.5, = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,and y = 0.9.



k1 _ Tk k+1 _ k1 o Tk _ Tk
Ca |:Ti,j —Tjj L T =T+ T =T,

At i 2AX
k-1 k-+1 K k
ok Tt = Tijmr + T = Tija
i
4Ay
_ Cs + Rd
T pr
k+1 k1 | kel k ko Tk
T = 2T + 10 + Ty — 215+ T3
2Ay2?
T LTk
+Q24 Y > L (29)

The limits of the rectangular domain are Xmax = 1
and Ymax = 5, where ymax refers to y — oo. The time
level At and mesh sizes (Ax, Ay) along (x,y) direc-
tion are considered as At = 0.001, Ax = 0.05, and
Ay = 0.05.

4. Results and discussion

In this research, Maxwell hybrid nanofluid flow over
a cone enclosed in a porous media is investigated.
In addition, the effects of thermal radiation, heat
generation/absorption, and Newtonian boundary con-
ditions are considered. The velocity, temperature, Nus-
selt number, and skin friction have been analyzed
for the range of governing parameters: 0.1 <« <
09,01 <A <0901<K<050<Rd<030<Q<
1,and 0.1 < y < 0.9. The Nusselt number and skin fric-
tion of fluid flow over a cone with no slip velocity
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Table 2. Comparison of nusselt number (NuyRe~'/2) and skin
friction (CrRe'/?) with previously published work when @p,r =
A=1/K=Rd=Q=0andRi=1.

NuyRe=1/2 CrRe'/2
Pr Sambath [36] Present Sambath [36] Present
0.01 0.0797 0.0797 1.3356 1.3557
0.1 0.2115 0.2111 1.0911 1.0943
1 0.5125 0.5126 0.7688 0.7680
10 1.0356 1.0343 0.4856 0.4859

and constant wall temperature are calculated and com-
pared with those reported by [36]. It is revealed that the
results are in great agreement, see Table 2.

In Figures 2-5, show the subjectivity of the frac-
tional parameter, relaxation time parameter, porosity
parameter, and Richardson number on the velocity
profile, respectively. It is discovered that the velocity
increases for the increasing values of « in Figure 2.
While in the case of relaxation time velocity decreases
with the higher values of relaxation time parameter
A, see Figure 3. It was expected physically because
the relaxation time corresponds to an increase in fluid
viscoelasticity, a decrease in the velocity. It has been
noted that the velocity increases for the increasing
values of K, shown in Figure 4. In general, the per-
meability of the porous media or porosity indicates
a medium'’s ability to enable fluid to pass through it,
and increasing the porosity parameter allows the fluid
to move swiftly, resulting in increased velocity. The
effects of Richardson number Ri on the velocity profile
is drawn in Figure 5. This figure shows that the velocity

07 T T T
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0.8 1 1.2 1.4 1.6

Y

Figure 8. Temperature profile for y whena = 0.5,1. = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,and Q = 0.1.
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of the fluid increases against Ri. The Richardson num-
ber quantifies the influence of buoyancy in contrast to
the inertia of the external force. For higher values of Ri,
there is a favorable pressure gradient due to buoyancy
forces, which causes the flow to accelerate. Figures 6-8
show the fluctuations in the temperature of Maxwell
hybrid nanofluid caused by active governing parame-
ters. The temperature profile for various values of radi-
ation parameter Rd is plotted in Figure 6. The pattern
of this graph illustrates how the temperature profile
of the fluid increases with increasing assumptions of
the radiation parameter Rd. Generally, increasing values
of the radiation parameter promote radiative transmis-
sion of heat, which improves radiative flux; as a result,
the temperature profile steadily rises as the value of

Rd increases. Figure 7 shows that the temperature of
the fluid increases for increasing values of heat gener-
ation parameter Q. This is because the heat generation
term is a source of thermal energy, and the temperature
of the fluid is directly related to the amount of ther-
mal energy present in the system. In Figure 8 temper-
ature profile is drawn for the conjugate heat parameter.
The temperature of the fluid is related to the conju-
gate heat parameter. Specifically, as the value of the
conjugate heat parameter increases, the temperature
of the fluid also increases. This is because the con-
jugate heat parameter represents the efficiency with
which the fluid can dissipate thermal energy. When this
parameter is high, the fluid can more effectively convert
mechanical energy into thermal energy, which raises

0.7

0.6

0.5

0.4

0.3

0.2r

0.1r

Ri =0.1,1.0,5.0,10.0

Y

Figure 9. Temperature profile for Riwhen o« = 0.5,A = 0.9, ¢ = 0.01,K = 0.5,Rd = 0.3,Q = 0.1,and y = 0.9.
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Figure 10. Skin friction for « when A = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.
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Figure 11. Skin friction for A when o = 0.5,¢ = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.
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Figure 12. Skin friction for K wheno = 0.5,A = 0.9,¢ = 0.01,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.

the temperature of the fluid. The decreasing temper-
ature profile against Richardson number is illustrated
in Figure 9. Temperature distributions approach a lin-
ear decrease from the wall to the free stream with low
Richardson numbers, which correlate to weak buoy-
ant forces (low Grashof numbers). The profiles indicate
monotonic deterioration at larger Ri values.

The numerical results for the skin friction of differ-
ent nanofluids are deputed in Figures 10-12. The results
show that the fractional parameter has a positive cor-
relation with skin friction, see Figure 10. A remarkable
change in skin friction due to the relaxation time param-
eteris noted in Figure 11, that when it increases the skin
friction decreases. In Figure 12, an identical behavior is
observed for increasing values of the porosity param-
eter. The behavior of the Nusselt number for different
nanofluids is studied in Figures 13-16. Increasing val-
ues of nanoparticle concentration increase the Nusselt
number as shown in Figure 13. It was predicted, because
nanoparticles have a propensity to enhance the thermal
conductivity of weak convectional fluids, and therefore
the Nusselt number or heat transfer rate of a system.

However, this trend is reversed for increasing values of
radiation and heat generation parameters as shown in
Figures 14 and 15. The reduced convective heat trans-
mission is owing to the increased radiative heat transfer.
The Nusselt number decreases because it measures the
proportion of convective to conductive heat transfer.
Onthe other hand, the conjugate parameter y increases
the heat transfer efficiency, see Figure 16. It is obvious
because the Nusselt number is directly proportional to
the temperature gradient at the wall which is in direct
correlation with the conjugate heat parameter. For this
reason, the Nusselt number grows when y increases.

5. Conclusions

The boundary layer flow of a fractional Maxwell hybrid
nanofluid with Newtonian heating is examined in the
presence of a porous medium. The Crank-Nicolson
technique and the L1 algorithm are utilized to gener-
ate numerical solutions for the suggested problem. The
impacts of pertinent flow parameters on fluid velocity,
heat transfer, wall shear stress, and Nusselt number are
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Figure 13. Nusselt number for ¢ when o = 0.5, A = 0.9,K = 0.5,Ri = 0.1,Rd = 0.3,Q = 0.1,and y = 0.9.
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Figure 14. Nusselt number for Rd when @ = 0.5,» = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Q = 0.1,and y = 0.9.
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Figure 16. Nusselt number for y wheno = 0.5,A = 0.9,¢ = 0.01,K = 0.5,Ri = 0.1,Rd = 0.3,and Q = 0.1.

studied in a variety of illustrations. The major outcomes
of the research are listed below:

e The thermal conductivity boosts as the ¢ increases
and raises the heat transfer of the fluid by 3.1% at 4%
vol. of Cu — Fe304 nanoparticles.

e The fluid motion slows down when A rises, indicating
that the viscoelasticity rises, and the fluid motion and
wall shear stress both decrease.

e The temperature profiles indicate monotonic deteri-
oration at larger Ri values.

e The results demonstrated that raising the Rd leads
the thermal boundary layer to thicken and lower the
Nusselt number.
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