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A B S T R A C T   

Magnetic nanofluids cover many of uses since their characteristics are externally controllable, and 
their physical properties may vary with the nanoparticle volume fraction and magnetic field 
strength. Hybrid nanofluid also has been commercialized as the advancement of traditional 
nanofluid. The preliminary research on hybrid magnetic nanofluids inspired the present study to 
discover the stagnation-point flow of hybrid magnetite-cobalt ferrite/water nanofluid towards a 
shrinking Riga plate with the presence of velocity slip. The complex governing model of the flow 
is simplified by implementing the similarity transformation. A well-established numerical pack-
age, namely bvp4c in MATLAB, is used for numerical calculation as well as stability analysis. Two 
solutions are found due to the opposing flow from the shrinking Riga plate. From the stability 
analysis, the first solution which fulfills the boundary condition is the physically stable solution. 
The rising values of electromagnetohydrodynamic (EMHD) parameter and cobalt ferrite con-
centration augment the skin friction coefficient. Specifically, the critical point is lessened by 3% 
when the EMHD parameter is augmented from 0.3 to 0.5 and 0.5 to 0.7, which concludes that a 
suitably higher EMHD parameter could prevent the separation of the boundary layer. The heat 
transfer progress is actively performed with the enhancement of EMHD and velocity slip pa-
rameters which conclusively shows the suitability of these parameters in developing the cooling 
heat transfer fluid.   

1. Introduction 

Heat transfer technologies with high performance are required in many industrial applications especially for cooling or heating. 
However, these technologies are restricted by the poor thermal conductivity of classical heat transfer fluids, i.e., oil, water, and 
ethylene glycol. To overcome this challenge, Choi and Eastman [1] created a new innovative fluid known as “nanofluid” by integrating 
the classical fluids with nanosized solid particles that have strong thermal conductivity [2,3]. Besides, like nanofluid, magnetic 
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nanofluid (ferrofluid) is a mixture of magnetic nanoparticles (ferromagnetic particles) with a diameter of about 10 nanometers that are 
held together by surfactants in the classical heat transfer fluid [4]. The most exciting feature of magnetic nanofluid is its capacity to 
produce a broad range of viscosity in a fraction of a millisecond [5]. Additionally, in the existence of a magnetic field, this fluid 
becomes highly magnetized and may show exceptionally substantial increases in thermal conductivity [6]. Due to the unusual and 
intriguing features, magnetic nanofluid and magnetic hybrid nanofluid have been used in a broad range of technical applications such 
as in lubrication, biomedical, and thermal engineering [7–9]. It was reported by various thorough reviews on nanofluids that two 
models of nanofluids have been continually employed by researchers to solve the flow problem. These models include the Buongiorno 
model [10–17] and the Tiwari and Das model [18–22], both of which have distinct mechanisms. 

Unfortunately, a suspension of mono nanoparticles is insufficient to provide the needed thermal performance. Because of this, 
“hybrid nanofluid” is introduced to attain the desired thermal characteristic. According to scientific studies, due to the greater thermal 
conductivity, hybrid nanofluid may be utilized to replace the mono nanofluid, particularly in the automotive, refrigeration systems, 
photovoltaic modules, electro-mechanical, industrial process, and solar energy industries [23–25]. Sundar et al. [26] stated that the 
0.3 vol% water-based hybrid MWCNT-Fe3O4 nanofluid has a dynamic viscosity that is 1.5 times greater than the base fluid at room 
temperature. Besides, the thermal conductivity is also improved for about 13.88% and 28.46% compared to that of base fluid at 20 and 
60 ◦Celsius of operating temperature, respectively. Chu et al. [27] explored the thermal attributes of MWCNT-Fe3O4/water nanofluid 
in a permeable cavity with magnetization. Giwa et al. [28] investigated the heat transmission properties of aqueous Fe2O3-Al2O3 
(75:25) nanofluid in a rectangular cavity. They observed that the heat transmission of 0.1 vol% hybrid nanofluid could be improved 
when a magnetic field is incorporated. The scrutinization of the magnetohydrodynamic dissipative hybrid Fe3O4–CoFe2O4/ethylene 
glycol ferrofluid flow has been performed by Tlili et al. [29] with the integration of radiation and heat source/sink. Recently, Anuar 
et al. [30] researched the flow of hybrid nanofluid due to stagnation point flow on a stretch/shrink surface. Such other recent in-
vestigations towards hybrid nanofluids with interesting flow geometry and a variety of effects are conducted by the following re-
searchers: Talebi Rostami et al. [31], Hosseinzadeh et al. [32–37], Salehi et al. [38], Gholinia et al. [39], Wahid et al. [40–43]. 

Instead of improving the thermophysical features of the fluid itself, heat transfer enhancement can also be achieved by imposing an 
external agent. In this regard, Riga plate is one of the external devices that was introduced by Gailitis and Lielausus [44]. This Riga 
plate is a kind of electromagnetic actuator that comprises a span-wise aligned array of alternating permanent magnets and electrodes 
installed on a flat surface [45,46]. A wall paralleled Lorentz force can be generated when Riga plate is imposed due to the existence of 
an electric and magnetic field; thus, efficient flow control can be established. Besides, the Riga plate may be inserted to decrease 
surface friction and pressure drag by inhibiting boundary layer separation and turbulence generation. [47]. Abbas et al. [48] analyzed 
the slip flow of a micropolar hybrid nanofluid through a stretched Riga. Ragupathi et al. [49] investigated Fe3O4 and Al2O3 nanofluids 
with different base fluids across a Riga plate with a non-uniform heat source/sink; it was found that the skin friction increased with the 

Nomenclature 

a, c constants 
A velocity slip parameter 
A1 velocity slip factor 
Cf skin friction coefficient 
d electrodes and magnets related parameter 
l characteristic length of the plate 
M0 magnet magnetization 
Nux local Nusselt number 
Pr Prandtl number 
Q electromagnetohydrodynamic parameter 
Rex local Reynolds number 
S suction/injection parameter 
t time (s)
T temperature of hybrid nanofluid 
Tw surface temperature 
T∞ ambient temperature 
u,v velocities in x, y directions 
x,y Cartesian coordinates 
λ shrinking parameter 
μhnf dynamics viscosity of hybrid nanofluid 
khnf thermal conductivity of hybrid nanofluid (W /mK)
ρhnf density of hybrid nanofluid (kg /m3)

(Cp)hnf specific heat capacity of hybrid nanofluid (J /kgK)
τ dimensionless time variable 
φ1,φ2 volume fraction for first and second nanoparticles  
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increased modified Hartman number (EMHD effect). The study of the radiative flow of hybrid nanofluid on a stretched/shrunk Riga 
plate has been elucidated by Khashi’ie et al. [50]. They reported that the increase in EMHD effect due to the Riga plate helps in 
delaying the separation process and enhances heat transportation. Most recently, Waqas et al. [51] examined the flow of tangent 
hyperbolic nanofluid across a Riga plate with second-order velocity slip in the presence of gyrotactic microorganisms. 

Moreover, the fluid motion known as stagnation-point flow, which occurs in the stagnation area of a solid surface at the front of a 
blunt-nosed body, may take place regardless of whether the body is stationary or moving through the fluid. The area around the 
stagnation point has the greatest pressure and heat transfer rates, as well as the highest mass deposition rates. The concept of stag-
nation flows was initially presented by Hiemenz [52], and following that, Homann [53] extended the flow analysis to the axisymmetric 
situation. Moreover, researchers have been interested in the analysis of stagnation point flow that flows past a surface that is either 
stretching or shrinking. Crane [54] seems to be the first researcher to explore the flow across a linearly stretching surface. In extrusion 
processes, such as metal sheet extrusion, polymer extrusion, and other manufacturing processes such as glass blowing and plastic film 
drawing, the boundary layer flow that is influenced by a stretching/shrinking surface is quite important. 

According to Goldstein [55], the flow induced by the shrinking surface is basically a reverse/oppose flow. Due to the presence of 
vorticity inside the boundary layer, as noticed by Wang [56], this form of flow differs from that of the stretched surface. Further, the 
shrinking/stretching flow of nanofluid with Joule heating was numerically simulated by Hamid et al. [57]. They contemplated that the 
non-unique solutions are discoverable only for a limited range of shrinking parameter, but the solution is unique for the stretching case. 
By using the metaheuristic approach, Uddin et al. [58] also found the duality of numerical solutions from the stagnation point flow of 
nanofluid with magnetic effect past the shrinking sheet problem. Also recently, Khan et al. [59] quantitatively analyzed the aspects of 
micro-rotation and heat transfer properties of a micropolar hybrid nanofluid flow towards a stagnation point on a stretching/shrinking 
sheet. They found that the critical value which signifying the separation of the boundary layer was observed to exist in the shrinking 
sheet region. It can be concluded from these studies that the existence of opposing flow due to the shrinking surface leads to the 
execution of multiple solutions and it could unveil the point of the flow separation. 

In each of the studies described above, most of the flow field was found to comply with the no-slip boundary condition. However, 
the concept of no-slip condition does not necessarily apply to all physical situations. In certain real-world flow scenarios, the slip 
boundary condition must be considered for the flow to operate accordingly. Within the realm of industrial applications, slip is used 
extensively in microscale devices, for instance, in the microelectronic cooling system, the micro heat exchangers, the polishing of 
artificial heart valves and internal cavities, and the drug delivery system [60–63]. The fluid’s flow behavior and shear stress are 
significantly different when there is a slip at the boundary compared to when there is no slip. In the numerical investigations towards 
Williamson nanofluid by Hamid et al. [64], the presence of velocity slip is witnessed could reduce the skin friction impact. Meanwhile, 
during the shrinking flow, the local Nusselt number can be augmented by increasing the velocity slip effect, which has been reported by 
Wahid et al. [65]. The second-order velocity slip was considered by Abu Bakar et al. [66] in their study towards hybrid nanofluid flow 
in a porous medium. Abu Bakar et al. [66] noticed the fluid flow is expanded due to the existence of second-order velocity slip. More 
latest investigations on the boundary layer flow with slip condition are extractable through this reference: [67–71]. 

Although many numerical investigations have been performed towards hybrid nanofluid flow on a Riga plate, the utilization of 
magnetic nanoparticles such as magnetite and cobalt ferrite as hybrid nanoparticles is still limited in the literature. Therefore, inspired 
by the published literature, in this study, we consider the hybrid magnetite-cobalt ferrite/water nanofluid stagnation point flow on a 
shrinking permeable Riga plate with velocity slip to evaluate its flow properties and heat transfer. The flow problem is modeled 
mathematically and is solved by using the numerical package known as bvp4c in MATLAB. The stability analysis is also conducted to 
analyze the feature of the generated numerical dual solutions. Several research questions that we aim to scrutinize in this study are:  

(i) Does the flow problem able to generate dual solutions?  
(ii) Are the generated numerical solutions stable?  

(iii) How can the boundary layer separation be prevented?  
(iv) How can the control parameters improve the heat transfer performance? 

Fig. 1. Physical model.  
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(v) How to improve the skin friction by using the considered control parameters? 

For a comprehensive evaluation, we have presented the numerical findings in the form of graphs and discussed them thoroughly, 
while simultaneously answering the research questions. 

2. Mathematical model 

Consider the hybrid nanofluid stagnation point flow with velocity slip past a shrinking Riga plate, as illustrated in Fig. 1, where the 
following criteria are considered:  

• x and y are the Cartesian coordinates, which the x-axis is parallel to the surface of the plate and the y-axis is perpendicular to the 
plate with the flow being at the region y ≥ 0.  

• The Riga plate is incorporated of electrodes and magnets with N (North) and S (South) polarities.  
• The velocities of the shrinking surface and the ambient (inviscid) fluid is uw(x) and ue(x), respectively.  
• The velocity of the wall mass transfer across the permeable surface is vw(x).  
• The velocity slip effect is considered with A1 as the velocity slip factor.  
• The constant temperature of the shrinking surface is Tw, and the ambient temperature of the fluid is T∞.  
• The hybrid nanofluid consists of magnetic nanoparticles that are magnetite (Fe3O4) and cobalt ferrite (CoFe2O4), that are 

dispersed in water (H2O). 

According to the abovementioned details, the equations governing the continuity, momentum, and energy together with the 
boundary conditions are formulated as follows [72–75], 

∂u
∂x

+
∂v
∂y

= 0 (1)  

u
∂u
∂x

+ v
∂u
∂y

= ue
∂ue

∂x
+

μhnf

ρhnf

∂2u
∂y2 +

1
8

πj0M0

ρhnf
exp(− yπ / α1) (2)  

u
∂T
∂x

+ v
∂T
∂y

=

(
k

ρCp

)

hnf

∂2T
∂y2 (3)  

v = vw(x), u = uw(x) = cx +
μhnf

ρhnf
A1

∂u
∂y
, T = Tw, at y = 0  

u → ue(x) = ax,T → T∞ as y → ∞ (4) 

Here, u and v are the velocities along x and y axes, respectively, M0 = (x /l)M0 is the magnetization of the permanent magnet where 
l is the characteristic length of the shrinking plate and M0 is a constant, T is the temperature of the hybrid nanofluid, a(> 0) and c are 
constants where c < 0 for the shrinking plate, and c = 0 for the static plate. Moreover, (μ, ρ, k, ρCp)hnf are the dynamics viscosity, 
density, thermal conductivity, and the heat capacity of the hybrid nanofluid where the correlations are provided in Table 1 (see Takabi 
and Salehi [76]). 

In Table 1, φ is the volume fraction of the magnetic nanoparticles where φ1 refers to the first nanoparticle and φ2 refers to the 

Table 1 
The correlations of the thermophysical properties [76].  

Properties Mono and Hybrid nanofluid 

Density ρnf = (1 − φ)ρf + φρs 

ρhnf = ρs1φ1 + ρs2φ2 + ρf (1 − φhnf )

where φhnf = φ1 + φ2 

Heat capacity (ρCp)nf = (1 − φ)(ρCp)f + φ(ρCp)s 

(ρCp)hnf = (ρCp)s1φ1 + (ρCp)s2φ2 + (ρCp)f (1 − φhnf )

Dynamic viscosity μnf

μf
=

1
(1 − φ)2.5 

μhnf

μf
=

1
(1 − φhnf )

2.5 

Thermal conductivity knf

kf
=

ks + 2kf − 2φ(kf − ks)

ks + 2kf + φ(kf − ks)

khnf

kf
=

⎡

⎣

2kf +
(φ1ks1 + φ2ks2

φhnf

)

+ 2(φ1ks1 + φ2ks2) − 2φhnf kf

2kf − (φ1ks1 + φ2ks2) +
(φ1ks1 + φ2ks2

φhnf

)

+ φhnf kf

⎤

⎦
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second nanoparticle. It should be mentioned that if φ1 = φ2 = 0, the hybrid nanofluid is simplified to the regular viscous fluid, 
meanwhile, if either one of them is equal to zero, then the fluid is reduced to the mono nanofluid. The subscripts of hnf, nf, f, s/s1 and 
s2 in the correlations denote the properties held by hybrid nanofluid, mono nanofluid, base fluid, the first nanoparticle, and the second 
nanoparticle, respectively (see [76–78]). The respective values for the properties are observable in Table 2 (see also Ahmed et al. [79] 
and Ul haq et al. [80]). 

Guided by the boundary conditions, we propose the following transformation of similarity (see also Bhattacharyya et al. [74]; Nasir 
et al. [72]): 

u = axf ′

(η), v = −
̅̅̅̅̅̅̅avf

√ f (η), θ(η) = T − T∞

Tw − T∞
, η = y

̅̅̅̅a
vf

√

(5) 

Applying Eq. (5) into Eqs. (2)-(4), the similarity equations with the related boundary conditions are derived as 
(μhnf

/
μf

ρhnf
/

ρf

)

f ′′′ − f ′2 + ff ′′ + 1 + Q
ρf

ρhnf
exp(− dη) = 0 (6)  

1
Pr

khnf
/

kf
(
ρCp

)

hnf

/(
ρCp

)

f

θ′′ + f θ
′

= 0 (7)  

f (0) = S, f ′

(0) = λ + A
(μhnf

/
μf

ρhnf

/
ρf

)

f ′′(0), θ(0) = 1  

f ′

(η) → 1, θ(η) → 0 as η → ∞ (8) 

The aforementioned equations consist of the following dimensionless parameters: velocity slip parameter A = A1
̅̅̅̅̅̅̅̅̅
a/vf

√
, modified 

Hartman number or electromagnetohydrodynamic (EMHD) parameter Q = (πj0M0)/(8ρf a2l), the constant shrinking parameter λ = c 
/a with λ < 0 for shrinking plate and λ = 0 for static plate, Prandtl number Pr = (vρCp/k)f , the parameter concerning to electrodes and 
magnets d = (π

̅̅̅̅̅̅̅̅̅
vf/a

√
)/α1, and the suction/injection parameter S = − vw(x)/

̅̅̅̅̅̅̅avf
√ where S > 0 denotes as suction while S < 0 denotes 

as injection. 
The skin friction coefficient Cf and the local Nusselt number Nux are being considered to analyze the flow and heat transfer 

properties, such that 

Cf =
μhnf

ρf u2
e(x)

(
∂u
∂y

)

y=0
,Nux =

xkhnf

kf (Tw − T∞)

(

−
∂T
∂y

)

y=0
(9) 

Then, applying Eq. (5) into Eq. (9), we obtain 

Cf Re1/2
x =

μhnf

μf
f ′′(0),NuxRe− 1/2

x = −
khnf

kf
θ
′

(0) (10)  

where Rex = ue(x)x/vf is the local Reynolds number. 

3. Stability analysis 

This present study reveals the generation of non-unique solutions. A stability study is required to discern the practicality of the 
solutions. The work by Merkin [81] is used as the foundation for this strategy, where the flow model should be time-dependent. 
Therefore, Eqs. (2) and (3) should be modified into the subsequent form: 

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= ue
∂ue

∂x
+

μhnf

ρhnf

∂2u
∂y2 +

πj0M0

8ρhnf
exp(− yπ / α1) (11)  

∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

=

(
k

ρCp

)

hnf

∂2T
∂y2 (12)  

Table 2 
Thermal and physical properties for hybrid nanofluid compositions [79,80].  

Properties ρ(kg /m3) Cp(J /kgK) k(W /mK) Pr 

H2O 997.1 4179 0.613 6.96 
Fe3O4 5180 670 9.7 – 
CoFe2O4 4907 700 3.7 –  
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where t is time. Then, the new transformation variables are introduced that comes together with the non-dimensional time variable τ, 
such that: 

u = ax
∂f
∂η (η, τ), v = −

̅̅̅̅̅̅̅avf
√ f (η, τ), θ(η, τ) = T − T∞

Tw − T∞
, η = y

̅̅̅̅a
vf

√

, τ = at (13) 

Implementing the transformation variables, Eqs. (11) and (12) now become: 
(μhnf

/
μhnf

ρhnf
/

ρhnf

)
∂3f
∂η3 + f

∂2f
∂η2 + 1 −

(
∂f
∂η

)2

+ Q
ρf

ρhnf
exp(− dη) − ∂2f

∂η∂τ = 0 (14)  

1
Pr

khnf
/

kf
(
ρCp

)

hnf

/(
ρCp

)

f

∂2θ
∂η2 + f

∂θ
∂η −

∂θ
∂τ = 0 (15)  

conditioned to 

f (0, τ) = S,
∂f
∂η (0, τ) = λ + A

(μhnf
/

μf

ρhnf
/

ρf

)
∂2f
∂η2 (0, τ), θ(0, τ) = 1,

∂f
∂η (∞, τ) → 1, θ(∞, τ) → 0.

(16) 

Now, as referring to Weidman et al. [82], the following perturbation equations should be applied to the previous equations 

f (η, τ) = f0(η) + e− γτF(η, τ)

θ(η, τ) = θ0(η) + e− γτG(η, τ) (17)  

where γ is the eigenvalue parameter, F(η, τ) and G(η, τ) are the small relatives to f0(η) and θ0(η), respectively. Hence, after substitution 
and simplification, we get 

(μhnf

/
μhnf

ρhnf

/
ρhnf

)

F′′′ + f0F′′ + Ff0
′′ − 2f0

′

F′

+ γF′

= 0 (18)  

1
Pr

khnf
/

kf
(
ρCp

)

hnf

/(
ρCp

)

f

G′′ + f0G′

+ Fθ0
′

+ γG = 0 (19)  

F(0) = 0,F
′

(0) = A
(μhnf

/
μf

ρhnf

/
ρf

)

F′′(0),G(0) = 0,

F′

(∞) → 0,G(∞) → 0.

(20) 

Finally, before solving these equations, we chose to relax F′

(∞) → 0 and replace it with F′′(0) = 1 to ensure the possible smallest 
eigenvalue γ1 from the infinite set of eigenvalues γ1 < γ2 < γ3... < γn < γn+1 can be generated (see Harris et al. [83]). We consider the 
flow solution to be stable only when the generated smallest eigenvalue is positive (γ1 > 0). This positive smallest eigenvalue will 
eventually approach zero when λ → λc, signifying that the solution is stable as the applied perturbation decays over time. 

4. Results and discussion 

The unique qualities of the control parameters covered in the model are discussed in this section. Accordingly, Eqs. (6) to (8) are 
solved using the bvp4c package in MATLAB with zero (10− 10) tolerance error limit, and the numerical results are shown in both figures 
and tables. We have initially set the boundary layer thickness to be η∞ = 15. The volume fraction of the first magnetic nanoparticle 
(magnetite) is set to be constant throughout the study at the value of φ1 = 0.01; meanwhile, the other control parameters such as the 
volume fraction/concentration of the second nanoparticle (cobalt ferrite), velocity slip parameter, EMHD parameter, and shrinking 

Table 3 
Tabulation and comparison values of Re1/2

x Cf for different φ1 of various mono nanofluids when φ2 = S = A = Q = d = λ = 0.  

Φ1 Present Khashi’ie et al. [84] 
Alumina-Water Copper-Water Magnetite-Water Cobalt ferrite-Water Alumina-Water Copper-Water 

0.05 1.408762990 1.553849594 1.445478750 1.437276883 1.4088 1.5538 
0.10 1.602056738 1.884323750 1.675264477 1.659029586 1.6020 1.8843 
0.15 1.816825557 2.236903964 1.927699497 1.903248462 1.8168 2.2369 
0.20 2.058324536 2.622743104 2.209264659 2.176124357 2.0583 2.6227  
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parameter are set to be varied appropriately. It should be noted that these varied values are chosen in accordance with the conformity 
of the far-field boundary conditions as stated in Eq. (8) and with guidance from the related existing studies. We also have fixed the 
Prandtl number at the value of 6.96 as recommended by Ahmed et al. [79] unless being stated by another value. 

Tables 3, 4 and 5 present the values of Re1/2
x Cf and Re− 1/2

x Nux for the specific limiting cases for various types of mono nanofluids. 
These values are noticed to be consistent with the existing published results by Khashi’ie et al. [84] and Malvandi [85], which also 
verifies the validity of the current method and model. The plots of Re1/2

x Cf and Re− 1/2
x Nux versus the shrinking parameter for the 

assorted values of volume fraction of cobalt ferrite are illustrated in Figs. 2 and 3. These plots show that there exist two different 
solutions in the domain, and we hypothesized that these dual solutions are generated resulting to the opposing flow provided by the 
shrinking parameter. Interestingly, the existence of these dual solutions allows us to predict and control the flow separation process 
that occurs within the layer. In this case, it is evaluated that the increase in volume fraction of cobalt ferrite is necessary to augment the 
skin friction and delay the flow separation process. However, the opposite pattern is shown for the heat transfer process. Physically, the 
rise in volume fraction of cobalt ferrite increases the fluid viscosity, which then improves the skin friction across the surface. Also, 
when cobalt ferrite volume fraction increases, the temperature of the plate rises, hence, lowering the efficiency of thermal conductivity 
and negatively affecting the heat transfer rate of the fluid. 

Figs. 4 and 5 portray the effect of velocity slip parameter towards Re1/2
x Cf and Re− 1/2

x Nux at the shrinking domain. Greater skin 
friction is achievable if a smaller velocity slip is considered for both first and the second solution. Nevertheless, a higher velocity slip is 
needed to augment the heat transfer progress as predicted by the first solution in Fig. 5. This is because, the increase in velocity slip 
parameter led to a reduction in flow resistance, which in turn reduces the skin friction. As stated by Mishra and Kumar [86], any form 
of fluid model that has a velocity slip will have a lower temperature. Thus, this also implies that the heat transfer progress has occurred 

Table 4 
Comparison values of Re1/2

x Cf for different λ of various mono nanofluids with φ1 = 0.1 when φ2 = S = A = Q = d = 0.  

λ Present Malvandi et al. [85] 
Alumina-Water Copper-Water Alumina-Water Copper-Water 

-0.5 1.943997912 2.286511675 1.94399 2.28651 
0 1.602056738 1.884323750 1.60205 1.88432 
0.5 0.927105658 1.090452773 0.9271 1.09045  

Table 5 
Comparison values of Re− 1/2

x Nux for different λ of various mono nanofluids with φ1 = 0.1 when φ2 = S = A = Q = d = 0 and Pr = 6.2.  

λ Present Malvandi et al. [85] 
Alumina-Water Copper-Water Alumina-Water Copper-Water 

-0.5 0.727148524 0.838510195 0.72714 0.83851 
0 1.330508477 1.404327126 1.3305 1.40432 
0.5 1.827846874 1.872386445 1.82784 1.87238  

Fig. 2. Plot of Re1/2
x Cf for varied φ2 when φ1 = 0.01, A = Q = d = 0.5 and S = 2.  
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very fast when velocity slip is considered. In this case, velocity slip can be used as a cooling agent. Besides, the rise in the velocity slip 
parameter also has reduced the value of the critical point and widened the domain of the feasible solution. Resultantly, the boundary 
layer separation process can be detained, and the flow phase can be maintained. From these figures, we notice that the pattern of 
Re1/2

x Cf behaves in an increasing manner up to a certain point before it reaches the critical point when the shrinking parameter is 
reduced, and oppositely for the pattern provided by Re− 1/2

x Nux. This observation is also valid for other findings in Figs. 2, 3, 6, and 7. 
Furthermore, Figs. 6 and 7 display the plots of Re1/2

x Cf and Re− 1/2
x Nux at the shrinking domain for different values of EMHD 

parameter or the (modified) Hartman number. The higher intensity of this parameter could lead to the enhancement of both skin 
friction and the heat transfer progress for the considered hybrid nanofluid as predicted by the first solution but not for the second 
solution. Logically, this is because the increment of EMHD parameter increases the Lorentz force strength that causes the flow 
resistance to increase, which consequently augments the skin friction and enhances the heat transfer. However, we believe the pre-
diction provided by the first solution is more realizable than the second solution, which will later be validated and discussed through 
the evaluation provided by the stability analysis at the end of this section. Moreover, like the other control parameters, the increment 

Fig. 3. Plot of Re− 1/2
x Nux for varied φ2 when φ1 = 0.01, A = Q = d = 0.5 and S = 2.  

Fig. 4. Plot of Re1/2
x Cf for varied A when φ1 = φ2 = 0.01, Q = d = 0.5 and S = 2.  
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of this EMHD parameter could aid in maintaining the flow condition and delay the flow separation process as observed through the 
generated critical points. This finding is consistent with the basic Riga plate theory, in which the wall Lorentz force is activated to delay 
the separation of boundary layer flow. 

To view the findings from the velocity and temperature perspective, we also graphically presented the respective profiles with the 
changing values of control parameters, as can be seen in Figs. 8, 9, and 10. Upon contemplation on the first solution, the velocity profile 
is observed to increase only when the velocity slip and the EMHD parameters are increasing, but adversely for the nanoparticles 
volume fraction parameter. Logically, the increment of cobalt ferrite volume fraction would increase the viscosity of the fluid due to 
the increase in the molecular interaction between the hybrid nanoparticles and the base fluid [87], consequently causing the velocity 
to decrease. Nevertheless, the temperature profile for the first solution is noticed to increase when the velocity slip and EMHD pa-
rameters decrease and when the volume fraction of cobalt ferrite increases. The effect of these parameters towards the temperature 
profile is also supported by the findings on the heat transfer progress, as illustrated in Figs. 3, 5, and 7; where the increment in these 
control parameters leads to the escalation of heat transfer, which would eventually causes the temperature profile to decrease. 

For the stability analysis, the finding is provided in Fig. 11 through the plot of the smallest eigenvalue versus the shrinking 

Fig. 5. Plot of Re− 1/2
x Nux for varied A when φ1 = φ2 = 0.01, Q = d = 0.5 and S = 2.  

Fig. 6. Plot of Re1/2
x Cf for varied Q when φ1 = φ2 = 0.01, A = d = 0.5 and S = 2.  
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parameter within the selected condition. The first solution generates the positive value of γ1 whereas the second solution generates the 
negative value of γ1 as the shrinking parameter (λ) approaches the critical value λc = − 5.8331. Hence, this implies the first solution to 
be the only real solution in this study. This conclusion is justified by the trend provided by γ1 when λ → λc where it shows that γ1 will 
eventually approach towards zero which notifies the decay and the growth of the perturbation. Therefore, the solution is considered 
real and stable when the perturbation is decayed as time evolves (shown by the first solution). 

5. Conclusions 

The mathematical model of magnetic hybrid nanofluid stagnation point flow past a shrinking Riga plate with velocity slip is 
scrutinized numerically in this study. The influence of the control parameters, namely velocity slip, EMHD, volume fraction, and 
shrinking parameter, are evaluated towards the physical quantities and the related profiles. The key findings from this study are 
concluded as follows: 

Fig. 7. Plot of Re− 1/2
x Nux for varied Q when φ1 = φ2 = 0.01, A = d = 0.5 and S = 2.  

Fig. 8. f ′

(η) and θ(η) for varied φ2 when φ1 = 0.01, A = Q = d = 0.5 and S = 2.  
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• Two different solutions are computed, and the second solution is not admissible.  
• The skin friction is improved when a greater volume fraction of cobalt ferrite is applied but adversely for the velocity slip and 

EMHD parameters.  
• The heat transfer progress is augmented when velocity slip and EMHD parameters are applied but adversely for the volume fraction 

of cobalt ferrite.  
• The existence of velocity slip and EMHD parameters can be used as the cooling agent.  
• The fluid velocity can be sped up by the gradual addition of velocity slip and EMHD parameters. 

The model formulation and findings of this study are essential and may be used as guidance, especially for the researchers in 
nanofluids. Other parameters such as viscous dissipation, melting, and Joule heating can be considered for a deeper analysis in future 

Fig. 9. f ′

(η) and θ(η) for varied A when φ1 = φ2 = 0.01, Q = d = 0.5 and S = 2.  

Fig. 10. f ′

(η) and θ(η) for varied Q when φ1 = φ2 = 0.01, A = d = 0.5 and S = 2.  
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studies. The implementation of other types of magnetic nanoparticles and base fluids is also encouraged. Despite the fact that this is a 
theoretical research, it is also highly encouraged that an experimental analysis of this flow problem is conducted as well for future 
research. 
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