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The hybrid base solvent water (H2O) and ethylene glycol (C2H6O2) are highly use in industrial 
applications due to excellent solvability. Addition of hybrid nanoparticles (GO-MoS2) augments the 
thermal conductivity of these fluids which ultimately make them very productive. Hence, the current 
study aims to develop and investigate the novel hybrid nanofluid model (GO-MoS2)/(C2H6O2-H2O) 
through MRW (moving riga wedge) and SRW (static riga wedge) cases. The traditional Falkner Skan 
Model (FSM) is modified using the novel effects of solar radiations, internal heating source and fixed 
magnets which is associated to the concept of Riga wedge. Further, the improved thermal-physical 
characteristics of hybrid nanofluids will use to enhance the thermal productivity. A mathematical 
model is developed for the flow situation of (GO-MoS2)/(C2H6O2-H2O) and treated numerically. The 
results furnished through graphical way and comprehensive discussion provided. It is examined that 
the movement of (GO-MoS2)/(C2H6O2-H2O) reduced for MRW and observed the rapid velocity near 
the surface. The heat generating source and solar radiations number enhanced the performance 
of (GO-MoS2)/(C2H6O2-H2O) and better predicted ranges for these parameters are observed from 
Q = 0.1, 0.2, 0.3, 0.4 and Rd = 1.0, 2.0, 3.0, 4.0. Moreover, the boundary layer region becomes 
thin for heating source and it increased for stronger solar radiation effects. The nanoparticle amount 
of GO and MoS2 enhanced the model utilization while higher magnetic number and MRW number λ  
controlled the thermal boundary layer. The results for the model dynamics are noticed dominant for 
MRW case as compared to SRW case.
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Heat transport phenomena in fluids are a significant research motive in numerous engineering systems and 
industries. These include, but are not limited to, heating and cooling of buildings, chemical engineering, applied 
and mechanical engineering, etc. Although conventional fluids (water, EG, kerosene oil, etc.) have excellent 
solvability characteristics but low thermal conductivity, due to which these fluids have a weak heat transfer rate. 
Therefore, the heat transfer performance of common fluids can be enhanced by dispersing nanometer-sized 
particles. The resultant fluid, commonly known as nanofluid, has better heat transfer possibilities than common 
fluids. Researchers from different fields put their efforts into the formulation of efficient nanofluid models from 
different physical aspects.

Nanofluid is simply a uniform mixture of one type of nanoparticle and the base fluid. In 2021, Madhukesh 
et al.1 conducted a comprehensive study on hybrid nanofluid by considering AA7072 and AA7075 alloys. The 
authors formulated the problem of stretching surfaces under the innovative effects of resistive heating and non-
fourier heat flux. The outcomes revealed that aluminum alloys-based hybrid nanofluids have good heat transfer 
rate than water. Animasaun et al.2 were inspired by the joint thermal conductivity of ternary nanoparticles and 
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investigated the effects of an unsteady parameter on the model dynamics through a convective surface. They 
observed that when the surface angle approaches to 90o, the unsteady acceleration decreases while convective 
acceleration enhances. The thermal radiative aspects of Casson nanofluid in the presence of internal heat 
absorption/generation sources have been discussed by Saeed et al.3. It was concluded that the energy transport 
enhanced with an increase in the thermal radiative source and the boundary layer thickness decreased for larger 
values of the rotating parameter.

The static or moving wedge conditions extensively alter the motion and thermal behaviour of the fluids. 
Hence, Mahanthesh et al.4 extended the work for moving case for heat transfer enhancement. The authors 
considered ZnO-EG as working fluid and performed sensitivity analysis if the model. The significant effects of 
wedge movement are examined on the velocity and heat transport rate. Another study regarding the Falkner 
Skan flow under the impacts of freezing temperature and molecular diameter effects were examine in5. Vahedi 
et al.6 focused on the characteristics of wedge flow for electrically conducted Cu/water. They found that the 
thermal and hydrodynamic boundary layers depreciated for stronger magnetic number and smaller wedge 
angle. Among the nanomaterials, ferromagnetic material has their own significance due to their structure and 
magnetic properties. Therefore, Gowda et al.7 explored the impacts of magnetic dipoles on the functionality of 
nanofluid comprising ferromagnetic nanoparticles. Further, the effects of Stefan heating also included in the 
model and handled the nanofluid model numerically. It was concluded that convective thermal condition has 
tendency to enhance the heat transfer rate in nanofluid.

Use of MHD, heating source and radiations are of larger interest in various disciplines particularly in thermal 
engineering. Implications of these phenomenon contribute effectively in transport mechanism of hybrid 
nanofluids. Kumar et al.8 used radiations effects for thermal applications of hybrid nanofluids. The analysis carried 
for radiated wedge and examined thermal enhancement due to strengthening the radiation source. The obtained 
data compared with previous once and validated the study. Sajjan et al.9 and Raju et al.10 extended the concept 
of nonlinear radiations, nanomaterials shape, and Darcy effects for boundary layer and permeable channel, 
respectively. The hybrid nanofluids are taken under the effects of shapes and varying thermal conductivities. 
They found that role of nonlinear radiations is crucial for thermal applications while Darcy phenomena opposes 
the hybrid nanofluid motion. The study of quadratic and linear convection on the transport mechanism of 
multiple nanoparticles based model have been discussed in11. The efficiency of hybrid nanofluid is observed high 
than that conventional nanofluids and suggested that modified nanofluids are reliable for thermal applications.

Recently, Goud et al.12 and Mahmood et al.13 reported the numerical analysis of Newtonian and non-
Newtonian nanofluid models under varying physical conditions. The results validated with open literature and 
examined that (Al2O3-Cu)/H2O hybrid nanofluid has excellent thermal characteristics. Insertion of unsteady 
effects in the nanofluid modelling highly affect the model performance. Keeping in mind the significance of 
unsteady phenomena, Alghamdi et al.14, Fwaz et al.15, Khadija et al.16 and Adnan et al.17 investigated different 
nanoliquid problems for heat transfer applications. The authors accommodated important physical phenomena 
and found excellent outcomes for nanofluids. They recommended that nanofluids have better momentum and 
heat transfer abilities which are important form industrial applications. The CNTs termed as carbon nanotubes 
obtained much interest of the researchers in the last few decades. This is heat transfer nanomaterial having 
fascinating structure. Different studies (see Refs18–21). on the performance of CNTs based fluid dynamics models 
have been discussed by various experts in the field and agreed that the CNTs have excellent heat transmission 
ability under laminar flow regimes.

Reddy et al.22 investigated hydromagnetic based (Ag-CuO)/H2O model and performed sensitivity analysis 
under thermal radiation impacts. The problem is associated to the convective surface and found that the efficiency 
of hybrid nanofluid enhanced as the convection effects increases. Shamshuddin et al.23,24] and [25, provided 
deep analysis of nanofluids and checked the thermal progress through different methodologies. Impacts of 
ferromagnetic, MHD and resistive heating are observed. The studies explored that nanofluids are innovative 
class which have considerable thermal efficiency compared to simple fluids.

The study of hybrid and ternary nanofluids for heat transfer applications cannot be ignored because 
these fluids providing an excellent enhanced properties like thermal conductivity, heat capacity, electrical 
conductivity and dynamic viscosity etc. In recent years, researchers turned towards thermal investigation in 
advanced nanofluids by engaging variety of nanomaterials. A study for hybrid nanofluid under solar thermal 
radiative effects has been reported by Waqas et al.26 and Ferdows et al.27 performed numerical simulation for 
heat and mass transport in nanofluids using single and two phase models. The authors used Al2O3, Cu and GO 
nanoparticles28 to enhance the characteristics of conventional fluids. The studies revealed that velocity enhanced 
with increasing Deborah effects while higher Schmidt number values encouraged the mass transfer. Further, the 
authors suggested that hybrid nanoliquids have enhanced heat and mass transport rate and recommended better 
for practical applications. Further, comprehensive literature and key findings of the studies are given in Table 1.

In the view of above reported studies, it is noticed that although numerous attempts have been made for the 
thermal analysis in common, nano and hybrid nanofluids through wedge under different physical circumstances. 
However, there are still some openings for mathematical modelling and analysis of heat transfer for advanced 
nanoliquids through Riga wedge. The novelty of the hybrid nanofluid problem will enhance by including the 
influences of fixed magnets due to Riga case, solar radiations, nanoparticle’s concentrations and internal heating 
species. Thus, the key objectives of the research are:

•	 To introduce the concept of Riga wedge and how it alter the flow dynamics and heat transfer rate.
•	 To develop the heat transfer problem for hybrid nanofluid using effective characteristics with special empha-

size on moving and static wedge cases.
•	 To investigate the influences of solar radiations and internal heating source on the overall performance of the 

model.
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•	 To estimate the comparative results for fluid movement and thermal transport through static and moving 
wedges.

Model development
In this study, consider Falkner Skan flow (FSF) of ternary nanofluid under steady state condition. To enhance the 
functionality of water, the hybrid nanoparticles (Go-MoS2) are used with uniform dispersion characteristics. The 
base liquid is taken as water due to excellent solvability. The coordinates are designated in such a way that the 
x-component is in the direction of wedge. The wedge surface is made by alternating arrangements of magnets 
due to which is called Riga wedge. The temperature near the working surface and at ambient locations are taken 
as Tw  and T∞ , respectively. Further, the accelerating wedge and free stream velocities are uw = xmUw  and 
ue = xmU∞  ( 0.0 ≤ m ≤ 1 and Uw, U∞ ). The hybrid nanofluid components are demonstrated in Fig. 1. 
Further restrictions for the model formulation are as under:

•	 The functional ternary fluid possesses incompressibitly characteristics and there is no chemical species pres-
ent therein.

•	 The hybrid nanoparticles (Go-MoS2) and primary solvent are thermally in equilibrium.

The primary physical laws which possesses the BLF of ternary nanoliquid through a Riga wedge are described in 
the subsequent mathematical expressions34,35.

	 ux + vy = 0� (1)

Fig. 1.  The hybrid nanofluid (GO-MoS2)/(C2H6O2-H2O) components.

 

Authors Type of fluid and flow Physical effects Core findings

Alqahtani et al.29 Newtonian, laminar and 
steady Magnetic field, Soret and Schmidt effects Mass transfer enhanced for stronger Schmidt number values

Kudenatti and 
Jyoth30

2D boundary layer flow of 
Newtonian fluid Prandtl and viscous dissipation effects Boundary layer thickness observed thinner for increasing pressure gradient

Amar et al.31 Steady flow MHD, thermal convection and heating source The heat transfer rate augmented for heating generation, reduced for heat 
absorption, and the temperature enhanced for Eckert number values

Anuar et al.32 Hybrid nanofluid Modified boundary conditions and permeability 
impacts

Boundary layer separation is observed minimum for large nanoparticles 
amount and hybrid nanofluid declared more effective than simple nanofluid

Zeeshan et al.33 Mono nanofluid MHD, thermophoresis and Brownian movement 
effects

The model sensitivity performed using RSM and examined that the Nt 
and Nb are more sensitive parameters of the model

Table 1.  Literature review for boundary layer flows under different physical circumstances.
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The fluid flow is subject to the subsequent conditions at the RWS (Riga wedge surface) and at free stream 
positions. Further the similarity transformative functions for the present investigation are described in Eq. (5). 
The term χ  represents the stream function and the velocity components are obtained using u = χ y  and 
v = −χ x which satisfy the law of conservation of mass.

	 u = uw↓ y=0, T = Tw↓ y=0, v = 0, u → ue↓ y→ ∞ , T → T∞ ↓ y→ ∞ � (4)
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The formulas for significant factors for the present ternary nanofluid model are given in Eqs. (6, 7), respectively.

	
Cskinfric =

µ hybridnano

u2
eρ f

uy↓ y=0� (6)

	
Nu = −x

[
khybridnano + qy

kf (Tw − T∞ )

]
Ty↓ y=0� (7)

Further, the effective formulas for ternary nanofluid properties like electrical conductivity, thermal conductivity, 
heat capacity and dynamic viscosity are expressed in Table 2 (see Refs36–38). where, Ĥ2 = φ 2and Ĥ1 = φ 1 
are the nanoparticles concentrations. Moreover, the values of nanoparticles and their response on the ternary 
nanofluid characteristics39 are furnished in Figs. 2 and 3, respectively.

Now, by practicing the similarity rules and the characteristics of hybrid nanofluids, the following nonlinear 
mathematical model is obtained which possesses the laminar steady flow through a Riga wedge under solar 
radiations and heating source effects. Further, the reduced form of the flow conditions are given in Eq. (10).

	

µ hybridnano
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)
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[
F β ′ + Qβ

]
= 0� (9)

	 F (0) = 0, F ′ (0) = λ , F ′ (∞ ) = 1, β (0) = 1, β (∞ ) = 0� (10)

Ternary Nanofluids Property Representation Properties Formulas

Heat Capacity
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1−Ĥ2
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Electrical Conductivity
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Table 2.  Influential characteristics of ternary nanofluids for the current designed model.
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Fig. 2.  The nanoparticles and hybrid base fluid properties.
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Fig. 3.  The variations in nano and hybrid nanofluids with increasing nanoparticles amount.
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The Eqs. (11–12) are obtained with appropriate differentiation and effective properties of nanofluids in Eqs. (6–
7).
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The physical constraints embedded in the hybrid nanofluid model are wedge moving parameter ( λ = Uw
U∞

), 

Prandtl number ( P r =
µ pf (cp)

pf

kpf
), radiation number ( Rd = 16σ ∗T 3

∞
3kpf k∗ ).

Mathematical analysis
Mathematical treatment of the model performed via numerical scheme usually termed as RK40 scheme. After 
reducing the higher model problem into IVP41, the propose scheme implemented successfully according to 
their standard procedure and executed the results for velocity and temperature fields for MRW (moving riga 
wedge) and SRW (static riga wedge) cases. The optimum values of η  is considered 5 which represents the 
upper boundary limit. The numerical results for the velocity F ′ (η ) excellently fulfill the boundary conditions 
F ′ (0) = λ = 0.3 (MRW), F ′ (0) = λ = 0.0 (SRW), and upper boundary F ′ (∞ ) = F ′ (5) = 1.0. 
Similarly, the temperature solutions for MRW and SRW showing good agreement with the boundary conditions. 
In both the cases, the temperature is examined as β (0) = 1.0 (at the surface) and asymptotic behaviour of the 
temperature starts beyond η = 3.3 which tells about the validity of the temperature condition β (∞ ) = 0. 
These results are given in Table 3.

Stage I: At the first stage, the transformations associated to the problem are expressed as the following form.

	 |= 1 = F, |= 2 = F ′ , |= 3 = F ′ ′ , |= ′ 3 = F ′ ′ ′ � (13)

	 |= 4 = β , |= 5 = β ′ , |= ′ 5 = β ′ ′ � (14)

Stage II: Arrange the obtained higher order problem into simplified form for both temperature and velocity.
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Stage III: At this stage, the Eqs. (15–16) will transform in to the first order form using the associated functions 
from Eqs. (13–14).
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Stage IV: The associated conditions and the transformed problem is then operated through coding in 
MATHEMATICA 13.0 and achieved the solutions and results due to varying parameters.

The present extended model is compared (Table 4) with the outcomes of Watanbe42 under Rd = 0, φ = 0 
and λ = 2m

m+1 . The output computed for skin friction and observed that the present results are well aligned with 
previous once and proves the reliability.

Results interpretation
A detailed investigation of the velocity, temperature, shear drag and Nusselt number for hybrid nanofluid under 
varying ranges of the physical parameters are demonstrated in this section. The results are interpreted for MRW 
and SRW cases for both the temperature and velocity fields.

Figure 4a-d presenting the velocity F ′  of hybrid nanofluid for multiple ranges of λ , M , φ 1 and φ 2, 
respectively. The results reveal that the nanoliquid movement reduces for variable movement of the wedge ( λ ) 
and higher magnetic number values M . However, for accelerating RW, the particles movement is rapid than that 
of SRW. Physically, the fluid particles at the surface gain extra momentum due to the wedge movement which 
results increase in the velocity field. At the free stream, the fluid velocity is observed stable and no fluctuations 
are examined. This behaviour of the velocity represents that the imposed physical condition fulfilled. The next 
subset of Fig. 4c-d indicates the velocity variations when the nanoparticles amount augmented form 0.01 to 
0.04. Higher dispersion of nanoparticles (GO-MoS2) provided that the movement depreciates. Physically, high 

number of nanoparticles occupy space between the molecules and enhance the fluid’s density. As a consequence 
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η

Velocity Solution Temperature Solution

MRW Case
λ = 0.3

SRW Case
λ = 0.0

MRW Case
λ = 0.3

SRW Case
λ = 0.0

0.0 0.3 0.0 1.0 1.0
0.1 0.372447 0.089580 0.917856 0.936668
0.2 0.440879 0.174906 0.834197 0.871175
0.3 0.505235 0.255954 0.750049 0.803892
0.4 0.565462 0.332687 0.666559 0.735337
0.5 0.621525 0.405064 0.584946 0.666168
0.6 0.673406 0.473043 0.506436 0.597164
0.7 0.721116 0.536590 0.432192 0.529194
0.8 0.764689 0.595685 0.363238 0.463177
0.9 0.804194 0.650326 0.300403 0.400026
1.0 0.839730 0.700538 0.244270 0.340602
1.1 0.871428 0.746371 0.195146 0.285656
1.2 0.899446 0.787906 0.153061 0.235780
1.3 0.923975 0.825256 0.117789 0.191377
1.4 0.945224 0.858565 0.088882 0.152633
1.5 0.963425 0.888008 0.065730 0.119538
1.6 0.978823 0.913786 0.047615 0.091863
1.7 0.991670 0.936126 0.033772 0.069231
1.8 1.002220 0.955270 0.023444 0.051139
1.9 1.010730 0.971478 0.015923 0.037007
2.0 1.017450 0.985016 0.010578 0.026223
2.1 1.022610 0.996153 0.006871 0.018189
2.2 1.026440 1.005150 0.004364 0.012344
2.3 1.029130 1.012280 0.002709 0.008195
2.4 1.030870 1.017770 0.001643 0.005321
2.5 1.031830 1.021870 0.000744 0.003378
2.6 1.032150 1.024780 0.000564 0.002096
2.7 1.031970 1.026700 0.000319 0.001271
2.8 1.031380 1.027790 0.000176 0.000753
2.9 1.030480 1.028220 0.000095 0.000436
3.0 1.029350 1.028120 0.000050 0.000247
3.1 1.028040 1.027590 0.000025 0.000136
3.2 1.026620 1.026730 0.000012 0.000073

3.3 1.025100 1.025630 6.35 × 10−6 0.000038

3.4 1.023540 1.024340 3.02 × 10−6 0.000020

3.5 1.021940 1.022920 1.38 × 10−6 0.000010

3.6 1.020340 1.021410 6.05 × 10−7 5.02 × 10−6

3.7 1.018740 1.019840 2.40 × 10−7 2.44 × 10−6

3.8 1.017140 1.018240 7.46 × 10−8 1.18 × 10−6

3.9 1.015570 1.016620 8.2 × 10−10 5.74 × 10−7

4.0 1.014020 1.015010 0 0
4.1 1.012490 1.013400 --- ---

4.2 1.011000 1.011840 --- ---

4.3 1.009530 1.010240 --- ---

4.4 1.008090 1.008700 --- ---

4.5 1.006670 1.007180 --- ---

4.6 1.005290 1.005690 --- ---

4.7 1.003939 1.004230 --- ---

4.8 1.002590 1.002790 --- ---

4.9 1.001280 1.001380 --- ---

5.0 1.000000 1.000000 --- ---

Table 3.  Solutions of hybrid nanofluid model for the velocity and temperature for MRW and SRW cases.
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the intermolecular forces disturbed and bind the fluid particles tightly and the fluid motions drops. This means 
lessen the nanoparticles concentration lead to quite slow decrease in the movement.

The physical effects like heating source present in the fluid, solar thermal radiations, amount of nanoparticles, 
magnetic and moving surface aspects highly impact the temperature of hybrid nanofluids. Hence, the Fig. 5a-
f designates to analyze the temperature performance of hybrid nanofluid under aforementioned physical 
phenomena. The heating source and solar radiations effectively enhanced the performance of (GO-MoS2)/
(C2H6O2-H2O) in the range of 0.1,0.2,0.3,0.4 and 1.0,2.0,3.0,4.0, respectively. However, the fluid under 
stronger radiation effects is examined more efficient than heating source. Physically, the particles become more 
radiated due to externally applied thermal radiations which boosts the model performance. The surface layer 

Fig. 4.  The velocity distribution of hybrid nanofluid for (a) λ , (b) M , (c) φ 1 and (d) φ 2.

 

m Watanbe [42] Current

0.0 0.46960 0.46954
0.0435 0.56898 0.56850
0.0909 0.65498 0.64872
0.20 0.80213 0.79513

Table 4.  Validation of the problem results.
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particles absorb heat and transfer it to the very next later which lead to augmentation in overall temperature 
performance. Further, the TBL over the surface is observed from η = 0.0 to η ≈ 2.0 for heating source 
variations and η = 0.0 to η ≈ 3.5 for radiations effects. This shows that for higher heating source number, 
the TBL reduced and the temperature asymptotically vanishes towards the ambient portion over the surface. The 
temperature approaches to 1 at η = 0.0.

Fig. 5.  The temperature distributions of hybrid nanoliquid for (a) Q, (b) Rd, (c) φ 1, (d) φ 2, (e) λ , and (f) 
M .
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Figure 5c-d and e-f highlighting the temperature performance for φ 1, φ 2, λ  and M , respectively. It is 
observable that when the nanoparticles enhanced from 0.01 to 0.04, the temperature augmented. Physically, 
the thermal conductivity of the hybrid nanoliquid enhanced due to increasing number of nanoparticles and 
thermal conductivity of these particles. As a consequence, the whole thermal conductivity of the hybrid fluidic 
system enhanced due to which the temperature increase significantly. On the contrary, the moving parameter 
λ  and magnetic number M  controlled the temperature as mentioned in Fig. 5e-f. Hence, these two factors are 
observed excellent for the temperature reduction.

Figure 6a-b presenting the estimations for shear drag while Fig. 6c demonstrates the changes for heat transfer 
rate under augmented radiation number. It is obvious that the shear drag at the surface increases by strengthening 
the magnetic field effects. Physically, sophisticated magnetic field effects produces stronger Lorentz forces in the 
hybrid fluidic system which directly reduce the fluid movement. Due to this reason, the shear drag at the surface 
enhanced. Further, the skin friction declines for larger moving wedge number from 0.0 to 1.5. Physically, 
when the wedge movement increases the particles stuck at the surface get momentum and moves freely. This 
phenomena lead to drops in the shear drag for rapid RWG inside the fluid system. In the particular case, the 
heat transport rate reduces when radiation effects enhanced and these influences are demonstrated in Fig. 6c for 
simple, nano and hybrid nanofluidic systems.

The streamlines and isotherms variations for different default parametric values are furnished in Fig. 7a-h. 
The concentration of streamlines increases for stronger magnetic effects. When the strength of magnetic field 
increases, it shows resistance in the flow of nanofluid. Hence, the intensity of streamlines enhances towards 
the surface. Similarly, the heatlines are decorated for Rd = 0.3 and Rd = 3.0 with other default parameters 
values. The heatlines intensifies as the effects of radiation number changes from 0.3 to 3.0. Physically, the higher 
intensification of this phenomena is associated to the external energy provided by the radiations to the fluidic 
system. As a consequence, the heatlines increases.

Conclusions
The performance of hybrid nanomaterial (GO-MoS2) suspended in hybrid base solvent (C2H6O2-H2O) is 
conducted in this research. The problem formulation was done via hybrid models for nanofluids and appropriate 
mathematical rules. The important physical aspects on the hybrid nanofluids for MRW and SRW are deeply 
discussed and concluded that:

•	 The hybrid functional liquid (GO-MoS2)/(C2H6O2-H2O) achieved optimum velocity for MRW case while it 
reaches to 1 towards free stream.

•	 The volume concentration of MoS2 in the range of 0.01 to 0.04 highly resists the movement due to higher 
density and the intermolecular forces.

•	 The heat generating source and solar radiations number enhanced the performance of (GO-MoS2)/(C2H6O2-
H2O) and better predicted ranges for these parameters are observed from Q = 0.1,0.2,0.3,0.4 and 
Rd = 1.0,2.0,3.0,4.0.

•	 The thin thermal boundary layer is examined for higher heat generating effects while it enlarges for the solar 
radiation effects.

•	 The increase in the amount of GO and MoS2 nanoparticles from 0.01 to 0.04, result the thermal augmenta-
tion of (GO-MoS2)/(C2H6O2-H2O).

•	 The higher magnetic effects and MRW number λ  controlled the thermal transport and thermal boundary 
layer.
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Fig. 6.  The SF and Nu behaviour for higher parametric values.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
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