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Hybrid nanofluid, an extension of nanofluid, is the hybridization of dissimilar type of nanoparticles dispersed
into the base fluid. Engineers, manufacturers and developers are fascinated to imply hybrid nanofluid in various
applications such as, biomedical, electronic generators, heat pipes, refrigerations, transformer cooling and heat
exchangers due to its unique speciality in terms of thermophysical properties, heat transfer performance and
stability. The present study deals on heat transfer in an unsteady magnetohydrodynamic hybrid nanoliquid
composed of (i) silver and gold and (ii) aluminium oxide and copper oxide nanoparticles considering base fluid as
ethylyne glycol, flow over a Riga plate. The impact of viscous dissipation, non-linear convection, magnetic field
and convective boundary condition are also integrated in this study. The nonlinear and coupled partial differential
equations, which describe the flow system, are nondimensionalized keeping in same form. Solution of
nondimensionalized PDEs is reaped by exercising spectral quasilinearization method. The substantiation of
convergence and accuracy is also presented. Obtained solutions are presented in terms of graphs and tables to
survey the flow and temperature behaviours. It is found that fluid velocity is smaller in the hybrid nanofluid
containing silver and gold nanoparticles whereas an improved heat transfer rate is seen for hybrid nanoliquid
containing aluminium oxide and copper oxide nanoparticles. This study may be helpful in various scientific and
industrial applications concerning boundary layer separation and heat transfer.

Key words: Jeffrey hybrid nanofluid, Riga plate, non-linear convection, convective conditions, spectral quasi-
linearization method

1. Introduction

Nanofluid plays a highly significant role in contemporary research and has several uses in the
processing of phenomena related to heat distribution. When compared to conventional fluids, systems using
nanofluid as a working fluid can offer superior heat dispersion and thermal performance. Following the
promising experiment by Choi et al. [1], the concept of nanofluid finds widespread use in engineering and
biological research, as well as in all branches of nanotechnology. Alrabaiah et al. [2] examined the properties
of nanofluids and their applications, focussing on different nanoparticles in base fluids. A statistical analysis
of experimental based mathematical models for thermal conductivity of nanofluid, establishing a correlation
to predict thermal conductivity, was carried out by Molana ef al. [3]. A conceptual analysis on obstacles to the
nanofluid mechanism and their cutting-edge applications in contemporary science and commerce was
presented by Alagumalai et al. [4]. Arif et al. [5] studied a flow of nanofluid with discontinuous boundary
temperature employing molybdenum disulphide and graphene nanoparticles in engine oil. Ali et al. [6]
investigated the heat transfer characteristics of nanofluid combining molybdenum disulphide nanoparticles in
polyethylene glycol base fluid, integrating the impact of radiation, porosity and chemical reaction near a
vertical plate. Igbal ef al. [7] analysed heat transmission in buoyancy driven nanoliquid flow at a stretchable
surface considering Joule heating and constant/prescribed wall temperature. Senthilvadivu et al. [8] considered
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radiation and viscous dissipation on heat transfer analysis of Darcy-Forchheimer flow of Casson nanofluid
containing single walled and multi-walled carbon nanotubes at a Riga plate. Ganga et al. [9] explored the
behaviour of axisymmetric nanofluid flow over a nonlinearly stretched sheet influenced by a magnetic field
by taking into account factors like Brownian motion, thermophoresis, as well as the Dufour and Soret effects.
Mesbah et al. [10] assessed entropy in free convection MHD flow of a micropolar nanofluid over a vertical,
moving, and permeable plate by considering the effects of viscous dissipation. Medisetty ef al. [11] analysed
the oscillatory MHD flow in a horizontal porous channel containing two immiscible nanofluids by considering
factors like velocity and thermal slip, thermal radiation, Joule heating, and dissipation effects. The research

uses aluminium oxide (A1203) and copper (Cu) nanoparticles suspended in water as the base fluid and

employs the Maxwell-Garnett model to assess thermal conductivity. Samad Khan et al. [12] elaborated hybrid
nanofluid flow near a Riga plate embedded in a variable porous space. Single- and multi-walled carbon
nanotubes and water are used to prepare the considered hybrid nanofluids. Bilal ef al. [13] scrutinised effects
of thermophoresis, variable thermal conductivity, and Brownian diffusion on flow and heat transfer of unsteady
Micropolar nanofluid stretched flow across a vertically oriented magnetized surface.

A hybrid nanofluid is described as the dispersion of two or more different nanocomposites in a single
base fluid. Numerous practical scenarios involving hybrid nanofluid revealed excellent thermal conductivity.
However, a sophisticated cooling technique with outstanding thermal performance is still necessary in the
fields of thermal and modern science. Because of this, scientists have found that hybrid nanoliquid performance
is superior to that of ordinary fluids/nanofluids. In order to achieve high thermal efficiency in various systems,
hybrid nanofluid is now a better option for scientists/ researchers. A brief literature survey concerning flow
and heat transfer of hybrid nanofluid under different conditions and configurations are summarised in Tab.1.

Table 1. Studies involving hybrid nanofluids in various geometries.

Authors Base fluid Nanoparticles Geometry and effects

Tlili et al. [14] Methanol

El-Zahar et al. [15] Water
Alarabi et al. [16] Water
Mahdy et al. [17] Water

El-Zahar et al. [18] Water
Hossam et al [19] if;ﬁ?e
Zhang et al. [20] Kerosene

Lone ef al. [21] Water
Rekha ef al. [22] Water

Aluminium alloys
AA7072, AAT075

Alumina and Copper

Alumina and Copper

Alumina and Copper

Silver and Titanium

Silver and Sodium
Alginate

Tantalum and Nickel

Alumina and silver

Aluminium alloys
AA7072 and
AAT075

stretched plane of variable thickness, slip effects

horizontal circular cylinder, convective boundary
conditions, non-linear radiation phenomenon

stretching and shrinking cylinder, heterogeneous—
homogeneous chemical reactions, magnetic field
and joule heating

vertical rotating permeable plate in a porous
medium, internal heat generation, magnetic field
and thermal radiation.

impulsively rotating sphere, mixed convection,
magnetic field, stagnation point flow.
non-isothermal wedge in a porous medium,
radiation, velocity slip and mixed convection
porous elastic surface, viscous dissipation and
induced magnetic field effect

vertical flat surface, effects of suction and
injection, mixed convection, viscous dissipation,
thermal radiation, and joule heating were
incorporated

cone, wedge, and plate
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Table 1 cont. Studies involving hybrid nanofluids in various geometries.

Authors Base fluid Nanoparticles Geometry and effects

Copper and Aluminium

Verma et al. [23] Pure water between two rigid non-parallel plane walls

Oxide
Jaafar et al. [24] Water CLREE agc)ldlzlumlmum nonlinearly stretching and shrinking surface
Ullah et al. [25] Water Copper and Alumina  stretching surface in porous medium
Silver (A4g) and ‘ ‘
Rao and Deka [26] Water . (Al 0 ) stretching sheet of porous medium
umina U3
non-parallel plate embedded in permeable
Vs emslii e[ Pl s Cogppor et Giold stretchable convergent and divergent channels
e el 28] Blood Gl sl Cappes stenosed artery, viscous dissipation, joule

heating, and stenosis-induced height effects

bidirectional  stretching sheet, effects
considered are viscous dissipation, cattaneo—
christov heat flux, ohmic heating, thermal
radiation, and irreversibility

Titanium dioxide,
Naik et al. [29] Water Cobalt ferrite, and
Magnesium oxide

Carbon nanotubes and cylindrical pipe as geometry with inlet, outlet,

Tao et al. [30] Water Graphene nanoplatelets convective, and no-slip boundary condition
. Copper and Aluminium ) . L
Maiti et al. [31] Water Sy ( Cu— Al,0, ) ) stagnation point flow over a stretching disk

Riga plate refers to a sophisticated magnetic field mechanism that may be created by adjusting a group
of permanent magnets and alternative electrodes over a plane surface. This plate has the ability to create a
streamwise Lorentz force in weakly conducting fluids, which can control the structures of boundary layer
separation, turbulence and skin friction. It is well known that a control over EMHD fluid flow can be achieved
by using electric field and magnetic fields. Riga plate is the one that is helpful in this regard. The Riga plates
are highly advantageous and useful in various fluid flows particularly in submarines, which assists to lowering
skin friction. Considering these, a number of research articles dealing hybrid nanofluid over an electromagnetic
surface are available in literature. Of which, Ansari et al. [32] reported the flow process of Jeffrey nanofluid
flow on a Riga surface, incorporating the effects of viscous dissipation, uneven heat source/sink, Brownian
motion, and thermophoretic force. Prabakaran et al. [33] elaborated an unsteady Darcy Forchheimer flow of
hybrid nanofluid (composed of water and kerosene as base fluid and single and multiwall carbon nanotubes as
nanoparticles) over a Riga plate. Wahid ef al. [34] analysed a velocity slip on hybrid nanofluid stagnation point
flow at shrinking Riga plate. Considered hybrid nanofluid comprises of magnetite - cobalt ferrite nanoparticles
and water as base fluid. Ali ef al. [35] reported a work focussing on the flow of hybrid nanofluid,
(Al 505 — Cu) / water, over a Riga plate. This work is accompanied by many influential factors like thermal
radiation, entropy generation, viscous dissipation, heat flux, convective boundary conditionsand slippage.
Algehyne et al. [36] considered a three-dimensional stretchable flow of hybrid nanofluid (water, molybdenum
disulphide (MOS 2) and magnesium oxide (MgO) nanoparticles) at a Riga plate with chemical reaction
effects. Yasmin et al. [37] obtained a homotopic solution of hybrid nanofluid (water/copper-aluminium) on a
bi-directional Riga plate deliberating Cattaneo-Christov model for heat and mass flux. Siddique et al. [38]
reported an analysis on heat transfer of hybrid nanofluid (engine oil as base fluid and copper-aluminium
nanoparticles) stretching/shrinking flow over a Riga wedge by employing fuzzification of nanoparticle volume
fraction. Khan et al. [39] debated a drug delivery application via Casson hybrid nanofluid (blood as a base
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fluid and single and multi-walled carbon nanotubes as nanoparticles) at a riga plate. It reveals an improved
heat transfer characteristics of Casson hybrid nanofluid on Riga surface which is helpful in local drug delivery
applications. Upreti et al. [40] presented a comparative study on Darcy-Forchheimer flow of Casson fluid,
Casson nanofluid and Casson hybrid nanofluid over porous Riga plate. Hybrid nanofluid exhibits an improved
flow characteristics than nanofluid and pure fluid.

Comprehensive review on existing literature leads to conclusion that the study on flow and heat
transfer of hybrid nanofluid near a Riga plate in combination of magnetic field with non-linear convection is
rare. Hence, authors attempt to perform this novel study. This study may find applications in controlling the
boundary layer separation, turbulence and skin friction, biomedical, electronic generators, heat pipes,
refrigerations, transformer cooling and heat exchangers. The distinctiveness of this study lies in the meticulous

consideration of nonlinear convection in time-dependent flow of hybrid nanofluids, specifically (Ag — Au)

/Ethylene glycol and ( 4/,0; — CuO )/Ethylene glycol, over a convectively heated Riga surface. To the best of
our knowledge, no study has been carried out for the flow of hybrid nanofluids past a Riga surface under
considered conditions. By employing a set of transformations, the governing partial differential equations of
the proposed model are nondimensionalized. These equations are solved numerically using an efficient
numerical method, namely Spectral Quasilinearization Method (SQLM). The results are presented through a
variety of plots and numerically constructed tables and discussed the flow and heat transfer aspects in detail.
The structure of present analysis is as follows: a detailed mathematical formulation, outline of solution
methodology, convergence and accuracy of solution method, results analysis, and summary of work.
Following are the points that describe the novelty and newness of this study:

e This is concerned to flow of a hybrid Jeffrey nanofluid near an impulsive moving convectively heated

Riga plate in combination of magnetic field.
e Two hybrid nanofluids, composed of (i) silver and gold (4g-Au) and (ii) aluminium oxide and copper

oxide (A1203 —CuO) nanoparticles, are considered. Ethylene glycol is used as base fluid in both
cases.

e Non-linear convection and viscous dissipation are taken into consideration to explore flow and heat
transfer characteristics.
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Fig.1. Schematic diagram of the flow.
2. Mathematical formulation of the problem

Unsteady MHD flow and thermal transport properties of hybrid nanofluids near a Riga plate is
examined. Two types of hybrid nanofluid, consisting nanoparticles, namely, (i) silver and gold ( 4g — Au ) and
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(i1) alumina and copper oxide (A1203 —CuO) in base fluid Ethylene glycol, is considered. Flow and heat

transfer analysis is carried out by incorporating the characteristics of non-linear convection and viscous
dissipation. Flow field is generated by impulsive movement of Riga plate. ®¢ and @, are values of fluid

temperature at the surface and outside of the boundary layer region. A sketch of flow problem is depicted in

Fig.1. Equations (2.1)-(2.2) are governing equations of flow system in vector form.

P07V +(V -V =vQ,, +]x1§+wofé\40e““—1y +g{AL (CT)—CT)OO)+AN(CT)—(TDOO)2=p4, 2.1)

(pcp )4 0:T =k, VT +p,(1+1,)"{Vg - Vg +1,(Vg)(6;Y7))

where Q= ac (1 +1 i}%, is the non-trivial tangential stress.

(I+1)\" " ot

Equations (2.3) and (2.6), represent the heat and flow system in mathematical language,

p0rg =py(1+1,) " (1+1,07)02G ~0,B°F + Jo(é‘/lo naly

Fa{AL(B-3,) e (3-8, ) o,

(bey ), 0r® = k23 ® (11,07 {(057) +1,(05) (03|

Boundary conditions:

g0, O->D,: as y —w

The thermophysical properties of the hybrid nanofluid in mathematical form are listed in Tab.2.

(2.2)

(2.3)

2.4)

(2.5)

(2.6)

Table 2. Thermal properties like density, viscosity, heat capacity and thermal conductivity of hybrid

nanofluids. ([41], [42]).

Py=pip+psp;+(U—pyIp;  where  p,=p,+p;,

Ky :MJ/(]_PZ _P3)2'5 >
(PBr), =p2(pPBr), + p5(PBr); + (U= p)(PBr), 5
(pC,), = P2(PC,), + P3(PC, ), +U=P(PC,)

ky _ (kg +2k;)=2py (k1 —ky) where k., = (p2k; +P3k3)'
ki (ky+2k))+ py(k;—ky) T p, 4
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Equations (2.3)-(2.6) are non-dimensionalised and kept in the same form by making use of following set of
transformations.

q=G/qy, t=1q3 /v, y=yqy !V, @:(6—&)00)(%)‘1, VO=(d,-D,). (2.7)

Transformed equations are

e,(1+1,)"! (aiq +l@fyyq) —e,Hg+Q0e ™ + e3GrCD(1 + G*cp) —e)0,q =0, (2.8)
_ 2
es02® +¢; PrEc(1+1,) ’{(ayq) +1(ayq)(afyq)}—e4 Pro,q=0 (2.9)
where
(p2p2 + P3P3) 2.5
QOZ%WL(]_%_%)’ 61:(1—172—173) )
1
G, + p;6
3(172 25 D3 3]_3(102 +p3)
€ = 1+ ! ,
G, + p;0 G, + p;0
2P22 P363 _(Pzz D3 3_p2_p3j
(P2 +p3)0; O
p2(PAL), + ps(PAy) pZ(pCP) +p3(pcp)
€z = (ZA ) 3+(1—P2_P3), €y = Z 3+(1—P2—P3)>
p L) (pcp )I
52("23 +2k;) = 2(ps + p3 ) (k; —kz3) k23=P2k2+P3k3 .
(ko3 +2k;)+ (P2 + p3 ) (ky —ko3) P>+ P;
Table 3. Values of physical parameters of base fluid and nanoparticles. ([42], [43]).
Physical Properties Base fluid Nanoparticles
Ethylene glycol _. Gold  Aluminium Oxide Copper Oxide
e, | S (41,0,) (Cu0)
p(kg/m3) 1115 10500 19300 3970 6500
C, (J/kgK) 2386 235 129.1 765 533
K(W/mK) 0.2499 429 318 40 17.65
-1
B(k ) 5.7x107 1.89x107°  1.4x107°  0.85x107° 1.8x107°
(S /m) 107107 630x10"  424x100  35x10° 69x 1072
Pr 21 - = - -

U (cP) 18.376
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Prandtl number of the ethylene glycol is at 263K and other considered values are at room temperature i.e 293K .
Associated boundary conditions will become:

q(»,0)=0, ®(y,0)=0,

q(0,0)=1, q(o0,t)—>0, D(o0,t)— 0, (2.10)

es0,0(0,t)=—y (1-®(0,1)),
where

2 2 2 . 3
l=1,qy/v;, H=0c;B)v,/pqy, B=mnv;/aqy, O=mnj,M,v,/8q;,

. (A -
G ZLA_]Z](VB), Pr=v;/loy, Ec:qg(chQ) :

3. Solution technique
Since the equations (2.8) and (2.9) are coupled and nonlinear, an analytical solution is typically
difficult to discover. Here, we will apply the SQLM approach to solve the system (2.8) and (2.9) numerically

under the given initial and boundary conditions (2.10). Initially, it is assumed that the system consists of
distinct equations for ¢ and @ in order to force the system of equations to be solved. In order to linearize the

solved equations, a quasilinearization method using Taylor series expansion is applied. This is because the

approximate solutions of each function and their derivatives at the (» + 1) and " levels of iteration differ

slightly. The linear resolved system of equations is solved by using the Chebyshev spectral collocation method.
The nonlinear terms in the system of equations (2.8) and (2.9) are

2
©’,(0,9) 0,40,
First, we convert equations (2.8) and (2.9) into quasilinear form as follows:
[20) @41 +[21) 001 +[22] @i ==[23]000y11 — 2401941 +[25]);
(3.1
[26]@ss +[27)0r41 = —[25]0,@ _[29](‘9%'),.” +[z10],
where the subscripts »+/ and r denote the iteration levels for the current and prior iterations, respectively.

- -1
zy=¢ z5=0e P +e;GrG 0], zg=e5(Pr),

z; =2(e,Ec/(1+1,))q, +(e;Ec/ (1+1,))(2,4"), . z5=e,,
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zg =le;Ec(1+1, )_1 g, Z;p= e Ec(1+1, )_1 [q'f +1(0,9"), q'r]

Time and space domain are mapped to [—1,1] using linear transformation to apply Chebyshev collocation
spectral technique to the system (3.1) and (3.2). The range [—1,1] is discretized by considering Gauss Labatto

points (ya,tB ),oc =0,1,2,...,N,,=0,1,2,...,N,, N, and N, being number of grid points along space and time

directions. Solutions are derived by making use of bivariate Lagrange interpolation polynomials, given by

Ns Nt

V(y,t) ~ ZZV(ya’tB)Qa (y)QB (t),V =(q,d)) i

a=0p=0

This polynomial gives the values of fluid velocity and temperature at grid points i.e., Gauss-Lobatto collocation
points,

Vi =cos(n—]\];], k=0,1,2,...,N.

m Nl
TV o, m=123. Y —Sam,
oy ot

y ()/a,tﬁ) (yowt[}) B=0

D and d are matrices of order (N, +1 ) X (N o+ ) and (Nt +1)x (Nt +1 ) respectively, termed as Chebyshev
differentiation matrices with respect to space and time variable. Thus, V' represents

V=V (50) V(7)o V (0, )}T

By essence of multi-domain method, the time domain A = [0, T ] is partitioned into non-overlapping intervals
A, = [tp_J,tp J ,p=1,2,...,T. Solution of the system (3.1) and (3.2) in the first segment i.e., [¢,,¢;]are fetched
using given initial solution. Computed solution at A p—1 segment will serve as initial conditions while working

for solution in subsequent segments A p»» this way, we achieve the solution in each segments i.e. whole time

span. The following relation emphasize the continuity behaviour,

y(®) (Dt5-1)= y(&=) (7:t5-1)

Multi-domain approach on system (3.1) and (3.2) takes the form
9o [ 49l [ of8, = [0 o [ 9] [ ], 09

B R e R B E R P e G4

System of equations (3.3) and (3.4) after implementing Chebyshev spectral method, we obtain
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ASEIS,)I (q)fi)jl + A§2)l (¢)(r8+)1,i + Zgg) Zdz /qur+1_/ [ :|Zdz /qr+Ij 81)’

L -0

Agéli,)i (q)(ri)jl +A§2)z( )E’i)l,i + Zé(>’8) zdz quV+Ij zdz j¢r+1] g )
~j=0 j=0

where
A, =(2)D7 + ()1, A =(2)1, AL, =(23)D,
Ag?i = (Z;) )Dz’ Rf}) = (Z? ) - (Zg)di,NHIDZQi,NH] + (z? )di,NH]qi,Nﬁ—]’

Rg,ai) = (2150 ) - (Zg )di,NHIDCIi,NHI + (Zg ) din,,Pin,,,

and / is an identity matrix of size (NS +]) x(NS +]) .

4. Convergence and accuracy

This section explains both convergence and accuracy of the solution achieved using the SQLM. The
following parameter values are considered to compute solution and residual errors: /. =1,/=1, G =0.002,
H=1 Gr=2, 0=0.5, p=0.1, y* =0.1, Ec=0.02 and t=0.4. Solution and residual errors are displayed in

Figs 2-7. Twenty grid points in ¢ (time) and eighty in y (space) directions are used. The grid-independent test
results demonstrated their ability to yield precise solutions.

4.1. Solution errors

When [.=1,1=1, G =0.002, H=1, Gr=2,0=0.5, B=0.1, v =0.1, Ec=0.02 and t=04.
Convergence of the solution is shown by calculating infinite norm of the deviation in solutions between two
consecutive iterations. This measure is referred as solution error.

lall. = max layri =4, @4.1.1)

@], = max chml ~® (4.1.2)

0<i<

7

When the deviation in solution between consecutive iteration tends to zero, suggesting that further iterations
will not affect the solutions, the SQLM method is said to have converged. Figures 2 and 3 present the errors
in solving the system of PDEs. The errors decrease steadily with more iterations, demonstrating the

convergence of this approach. The error quickly falls to / 07 after just a few iterations for g and stays

consistent, whereas it takes approximately 4 iterations for @ to reach tolerance level of 10719 This analysis
of solution errors demonstrates that the method converges quickly in a relatively small number of iterations.
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Fig.2. Solution error of ¢ with iteration. Fig.3. Solution error of ® with iteration.
4.2. Residual errors

When [.=1,1=1, G =0.002, H=1, Gr=2, 0=0.5, p=0.1, y" =0.1, Ec=0.02 . The exactness of
solutions obtained by SQLM approach is assessed using the residual error norms derived by putting the
approximate solution in the original system of differential Eqs (2.8) and (2.9). Figures 4 to 7 show the residual
error. The residual error shows a rapid drop in Figs 4 to 7, suggesting that the approximate solution is
reasonably near to the actual solution. This is sufficient to verify the accuracy of the estimated approximate
solution. We can conclude that, for models of a comparable kind, the solution method SQLM yields fairly

accurate approximate results. The residual errors of the obtained numerical solutions approach to / 013

accuracy shortly after a few iterations in ¢ and @® as shown in Figs 4 to 7. Figures 6 and 7 demonstrate that
the error reduces to /0" in just 0.1 seconds.

Res(g)= max Hel (I+1)" (aiq + I@fyyq) —e,Hg+0e ™™ + e3GrCD(1 + G*CI)) —€y)0,q
SISING

, (4.2.1)
00
.y 2
Res(®)= max e58iCD+e1 PrEc(I+l,) {(ayq) +Z(6yq)(8g,q)}—e4Pr61q (4.2.2)
0<i<Ng o
108 e
1 ]
1 .
i |
-5 L
ooy} o
8 ! 4 i
T 1 & |
@ \ A
i 1 T . ol |
012t \ 10707
\ i
‘ 4 L]
] '_-’-----—q—-—o-—---—o—-—'g |'
‘V" ' B T Lt e R il
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Fig.4. Residual error of g with iteration.

Fig.5. Residual error of ® with iteration.
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5. Results and discussion

The numerical results, to governing partial differential equations derived by SQLM, are presented in
graphical and tabular form. An overview of physics linked to the influence of significant flow parameters on
dimensionless velocity g and temperature @, is discussed to explore heat and flow behaviour. Figures are

sketched by considering the parameter's values as follows /. =1, /=1, G*:0.00Z, H=1, Gr=2, 0=0.2,

B=0.1, y* =0.1 and Ec=0.02. These parameter values are in line with the values present in literature.

Figures 8 and 9 are plotted to elucidate the impact of rising Hartmann number on the velocity and
temperature profile. Figure 8 demonstrates that rising A reduces fluid velocity in both hybrid nanoliquids.
This decline in fluid velocity happens as a result of resistive forces generated within the fluid with greater
values of H . Figure 9 shows that Hartman number exerts an uprising influence in fluid temperature near the
surface. A comparison of given two hybrid nanoliquids reveals that hybrid nanoliquid

(41,05 —Cu0)/ C,H 40, performs better in terms of thermal presentation compared (Ag —Au)/ C,HO,.

Velocity Profile Temperature Profile

08
0.09
071 \ — : Al203 + Cu0/C2HB03
ol B\ OB AN : Ag + AU/C2H603
= "li“ —— : AI203 + CuO/C2H603 2
sosrlW | - Ag + Au/C2HBO3 =0.07
o L=

Fig.8. Variation in velocity with H. Fig.9. Temperature for different H .
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The impact of the modified Hartman number Q is shown in Figs 10 and 11. Increasing Q leads to the

elevation of fluid velocity but diminishing temperature in the boundary layer region. This is evident because
of the fact that Riga plate produces electromagnetic waves and this electromagnetic force acts along the fluid
motion, this helps to enhance fluid velocity and heat transfer rate in both the models. It is worth noting that

(A1203 —CuO) / C,HsO, performs better than (Ag — Au)/C,H 0, in elevating the fluid velocity and the

heat transfer rate within the boundary layer.

The ratio of buoyant force to viscous force is termed as the Grashof number. Figures 12 and 13
illustrate an interesting impact of Gr (thermal buoyancy factors) on the resultant velocity and temperature
profiles. Fluid velocity grows as Gr improves. Consequently, as the magnitude of thermal Gr rises, so does
the heat transfer rate near the surface. Higher values of Grashof number refer a stronger buoyancy force. The
fluid velocity rises as a result, the resulting momentum boundary layer thickness improves which exerts an

increasing influence on the rate of heat transfer in both the scenarios. It is noticed that (A,0; —CuO)/

C,H 0, performs better than (Ag — Au)/C,HO, in both in enhancing fluid flow and heat transfer rate.

Figures 14 and 15 demonstrate how the velocity and temperature profiles are affected by thermal Biot
number. Elevated fluid velocity and temperature profiles close to the boundary are indicated by an
improvement in convective heat transfer coefficient. To maintain the free stream values, the temperature and
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fluid velocity diminish uniformly. Biot number measures a significant change in temperature inside a body in
space, hence, this fact leads a significant improvement in fluid temperature with augmenting values of Biot
number. Thermal behaviour of both hybrid nanofluid are almost same.

The impact of Pr on the temperature distribution of nano liquid is seen in Fig.16. Expanding values
of Pr convey a nominal reduction in fluid temperature. Pr stands for momentum to thermal diffusivity ratio.
Figure 17 shows the impact of Eckert number Ec on temperature profiles of hybrid nanofluids. Improving
Ec magnitude enhances the thermal boundary layer. Temperature of nanofluid rises significantly with Ec in
the boundary layer and then drops towards free stream temperature value far from the surface. The Ec is
essentially the kinetic energy to enthalpy ratio.

Figures 18 and 19 summarize the time-dependent response of fluid velocity and temperature. These
figures show how momentum and thermal boundary layers grow over time. A growing nature in fluid velocity
and temperature with time is revealed in Figs 18 and 19. The increase in fluid velocity is more pronounced at
a little away from the Riga surface and hence, it shows a reduction in boundary layer separation.

The values of drag coefficient (skin friction) and heat transfer coefficient (Nusselt number) is depicted
in Tabs 4 and 5 for varying Hartmann number, modified Lorentz force, Grashof number, thermal Biot number,
Eckert number and time.

Table 4. Table of skin friction and Nusselt number for Table 5. Table of skin friction and Nusselt number
H=1,Gr=1,0=0.5, p=0.1, y* =0.1, Ec=0.02,t=0.1. [=1, G =0.002, Gr=1, p=0.1, y* =0.1, Ec=0.02

and t=0.1.

H| Q| Gr|y | Ec| t Cf, Nu, H| Q| GH vy | Ec| t Cf, Nu,
1 0.908827 | 0.090490 1 0.900112 | 0.090507
3 1.162164 | 0.090205 3 1.415737 | 0.089868
5 1.810016 | 0.089230 b) 1.844124 | 0.089169
0.5 0.908827 | 0.090490 0.5 0.900112 | 0.090507
1 0.734581 | 0.090665 1 0.706829 | 0.090698
2 0.385966 | 0.090917 2 0.320109 | 0.090957
1 0.932379 | 0.090466 1 0.922983 | 0.090484
8 0.768280 | 0.090622 8 0.763601 | 0.090635
16 0.582701 | 0.090768 16 0.583288 | 0.090777
0.1 0.908827 | 0.090490 0.1 0.900112 | 0.090507
0.5 0.784843 | 0.329672 0.5 0.779570 | 0.329765
0.9 0.713028 | 0.465657 0.9 0.709748 | 0.465830
0.1 0.906471 | 0.089518 0.1 0.898029 | 0.089594
0.3 0.900649 | 0.087163 0.3 0.892877 | 0.087375
0.5 0.894924 | 0.084912 0.5 0.887805 | 0.085246
0.11 0.970411 | 0.090182 0.1 0.972189 | 0.090794
0.5] 0.859632 | 0.087992 0.5] 0.883283 | 0.090410
0.9 0.761826 | 0.086438 0.9 0.821371 | 0.090087

6. Conclusion

A study on Jeffery hybrid nanofluid flow and heat transfer over an impulsive moving surface with
electromagnetic hydrodynamic properties with nonlinear convection is performed. Two hybrid nanofluids:

(41,05 —CuO)/C,Hz0, and (Ag — Au )/ C,H40, are considered for analysis. The heat transfer in the flow

system is influenced by various factors, such as magnetic field, modified Lorentz force, viscous dissipation
and nonlinear convection. We exercised the spectral quasi-linearization method (SQLM) to generate the
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accurate solution. The accuracy of achieved results is analysed. The results are reproduced in graphical and
tabular form. This study reveals the following. Fluid temperature augments with the rise in Hartmann
number H . Modified Hartmann number Q and Grashof number Gr intensify velocity of hybrid nanofluid. An
inverse relationship between the modified Hartmann number and the temperature profile is noticed. The
temperature profile drops uniformly within the boundary layer until it reaches the free stream value as Gr
grows. Growing thermal Biot number improves both velocity and temperature profiles. Higher values of Eckert
number produce a rise in fluid temperature.

To wrap up our findings, we can assert after accomplishing comparative analysis that the hybrid

nanofluid (A,0; —Cu0)/C,Hz0; outshines the hybrid nanofluid (Ag—Au)/C,HzO, in boosting fluid
flow and amplifying the heat transfer rate under these conditions and configuration.

Nomenclature

a —width of magnets between electrodes
B —applied magnetic field strength
¢, — specific heat capacity
Ec — Eckert number
G" - non-linear thermal convection parameter
Gr — Grashof number
g — acceleration due to gravity
H — Hartmann number
h; — convective heat transfer coefficient
Jo — current density in electrode
k — thermal conductivity
[ — material parameter
— ratio of relaxation to retardation time
— retardation time
M, —magnetization of magnets mounted on the surface of Riga plate
Pr — Prandtl number
p, — fraction of first nanoparticles
p; — fraction of second nanoparticles
QO —modified Hartmann number
q — dimensionless velocity
g — dimensional velocity
t —time
B —adimensionless parameter
y* — Biot number
A; — linear thermal expansion
Ay —non-linear thermal expansion coefficient
p — viscosity
p —density

o - electrical conductivity
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® - dimensionless temperature

® - dimensional temperature

subscripts

1 —for base fluid

2 — for first nanoparticles

3 — for second nanoparticles
4 — for hybrid nanoliquid

s —at surface

o —away from the boundary layer region
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