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ABSTRACT

In the existence of a thermal source, this study examines the impacts of thermal stratification 
on the heat transmission characteristics of magnetohydrodynamic water-based copper/mo-
lybdenum disulfide Casson hybrid nanofluid flow across a vertical cylinder which is linearly 
stretching. A magnetic field with an inclination is applied along the stretched vertical cylin-
der. The driving forces for the flow are due to the stretched cylinder and natural convection. 
With appropriate similarity transformations, non-linear ordinary differential equations are 
obtained from the collection of mathematically modeled partial differential equations. The 
numerical findings are obtained by utilizing the MATLAB bvp4c approach. The consequence 
of protuberant factors on the thermal and velocity curves is also studied and is depicted pic-
torially. The outcomes of the friction drag and the thermal transmission rate are summarized 
in the table. The important contributions highlight that water-based copper/molybdenum 
disulfide Casson hybrid nanofluids have superior thermal conductivity than water-based 
copper Casson nanofluids. The water-based Casson hybrid nanofluid fluid has a noteworthy 
influence on enhancing thermal procedures. Thermal exchangers, solar power systems, auto-
motive cooling down and precision manufacturing are among their beneficial functions. The 
friction drag for Casson hybrid nanofluid has been found to improve by up to 32.3% when 
contrasted to water-based Casson nanofluid. While contrasting the Casson hybrid nanofluid 
with the Casson nanofluid, the thermal transport rate is increased by almost 6.6%. The rate of 
thermal transmission at the solid surface is negatively impacted by thermal stratification. This 
finding has practical implications in the areas of bettering materials for thermal insulation and 
energy-effective designs for buildings. The outcomes reflect a significant enrichment in the 
discipline of fluid dynamics and nanofluid research since they offer promising potential for 
heat transfer optimization in various commercial environments.
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INTRODUCTION

The most advanced form of nanofluid, termed hybrid 
nanofluid, can be generated by dispersing two or more dis-
tinct types of nanocrystals in the basic fluid. Also, a par-
ticular type of nanomaterial that Choi and Eastman [1] 
first described was incorporated into the common nano-
fluid. In the past few decades, academics have paid close 
attention to hybrid nanofluid exploration because it can 
accelerate thermal transmission compared to conventional 
nanofluid. Many applications use hybrid nanofluid as their 
heat exchanger fluid, including cooling equipment for 
machines, digital equipment, and transformative refriger-
ation. Devi and Devi [2] focused on the magnetic influence 
of (Cu - Al2O3) nanoparticles to address the transmission of 
a hybrid nanofluid across the stretched surface. After that, 
the issue was developed as a 3-dimensional flow problem 
under Newtonian thermal constraints by Devi and Devi 
[3]. Both of these investigations demonstrate that, com-
pared to conventional nanofluids, hybrid nanofluids accel-
erated the heat transition more quickly. Ijaz Khan et al. [4] 
assessed the hybrid nanofluid’s ability to change for heat 
transmission and pressure loss capabilities due to a higher 
aspect ratio, a more effective heating system, and the syn-
ergistic impacts of nanoparticles. Muneeshwaran et al. [5] 
provided a brief overview of the hydrothermal characteris-
tics of hybrid nanofluids in diverse thermal transmission 
applications. Moreover, Sreenivasa et al. [6] computation-
ally analyzed a heat transport mechanism in the hybrid 
nanofluid movement across an extending cylinder. Also, 
Yasir et al. [7] comparatively performed an investigation of 
hybrid nano-particles on radiative flow through a cylinder. 
Recently, Paul et al. [8] addressed the thermally stratified 
hybrid nanofluid flow throughout a cylindrical structure, 
adopting the consequences of an inclined field of magnets 
and a thermal source/sink. The influence of Hall influences 
and Cattaneo-Christov thermal flux on the movement of 
MHD hybrid nanofluid throughout a fluctuating thickness 
stretched interface was recently addressed by Ali et al. [9]. 
Furthermore, knowledge concerning significant research 
endeavors in the field of nanofluids and hybrid nanofluid 
flow has also been provided by pertinent literature [10] to 
[19].

The fluid flow through a stretched cylinder has drawn 
the attention of various researchers. Numerous technolog-
ical and manufacturing procedures, such as cutting poly-
mer sheets, melting revolving, producing paper, making 
glass fiber, drawing wire, etc., essentially require the flow 
through a stretched cylinder. The role of heat radiation 
and irregular heat flow on Magnetohydrodynamics hybrid 
nanofluid over a stretching cylinder was addressed by Ali 
et al. [20]. Furthermore, Khan et al. [21] focused on the 
radiation mixed-convective flow via a vertical cylinder in 
a porous region with an imbalanced thermal sink/source. 
Moreover, Khan et al. [22] explored the radiative thermal 
transmission of hybrid stagnation point movement over an 

extending cylinder. Recently, the integrated effect of couple 
stress, viscosity fluctuation, and magnetohydrodynamics 
on the squeezing film attributes of a rough flat plate and 
cylinder was researched by Suresha et al. [23].

Despite its complexity, non-Newtonian fluid mechan-
ics is a research area of exploration because the heat and 
flow-transmitting attributes of non-Newtonian fluids are 
vital to various and numerous applications in the fields 
of bio-technology, medicine, and chemical engineering. 
The non-Newtonian concept has a non-linear connection 
between the stress and the strain rate in a broad sense. 
Conventional approaches may not adequately describe the 
mechanical features of non-Newtonian fluids, such as shear 
stress, regular stress differential, and visco-elastic reactivity, 
accordingly an innovative and accurate description is essen-
tial. Casson modeling has a lot of support in addition to the 
several constitutive equations that have been put forward 
to reflect the movement and the thermal transport domain. 
Casson fluid modeling has a broad range of utilisations in 
power production, geophysical fluid processes, bio-medi-
cal and commercial engineering, and many others. Casson 
fluid modeling, which was first developed by Casson [24], 
is the most significant rheological model among the various 
non-Newtonian models.

Casson hybrid nanofluids present distinctive character-
istics stemming from their non-Newtonian nature and the 
incorporation of nanoparticles. These features encompass 
heightened thermal conductivity, bolstered stability, and 
adaptable rheological attributes, rendering them highly 
promising for a spectrum of industrial contexts neces-
sitating optimized heat transfer mechanisms. Empirical 
investigations have underscored their efficacy across dis-
tinct applications such as thermal exchangers, solar collec-
tors, and cooling systems, substantiating their potential to 
augment thermal processes significantly. Using magnetic 
field impact and heat convection boundary constraints, 
Kamran et al. [25] reported a computational investigation 
of a Casson nano-fluid across a parallel stretched plate. 
Ramesh et al. [26] investigated how to improve radiation on 
hydromagnetic Casson fluid moving via a stretched cylin-
der incorporating fluid-particle suspension. The movement 
of a hydro-magnetic Casson nanofluid was addressed by 
Naqvi et al. [27] in a permeable stretched cylinder employ-
ing Newtonian thermal and mass constraints. Ragupathi 
et al. [28] employed computational techniques to simulate 
the convective flow of Casson nanofluid over a stretching 
sheet, incorporating Arrhenius activation energy kinetics 
and exponential thermal source contributions. Continuous 
exponentially accelerated vertical porous interfaces were 
employed to explore the radiative magnetohydrodynamic 
flow of Casson hybrid-nanofluid by Krishna et al. [29]. 
Jyothi et al. [30] explored the Casson hybrid nanofluid 
squeeze movement between parallel surfaces employing 
a source of heat. After that, the hydromagnetic flow of a 
Casson nanofluid via a porous stretched cylinder having 
activation energy was investigated by Zeeshan et al. [31]. By 
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considering the influences of magnetic dipoles and gyrot-
actic microbes, Wang et al. [32] computationally simulated 
the movement of a Casson hybrid nanofluid. Saranya et al. 
[33] analyzed time-dependent Casson and Carreau fluids 
transporting both minute particles and gyrotactic microor-
ganisms. Additionally, recent literature contributions [34] 
to [38] have provided supplementary insights into signifi-
cant research endeavors within this specific domain.

The importance of heat and solute stratification in the 
transportation of heat and mass has been well-studied by 
researchers. Distinctions in liquid density, concentration, 
or temperature can cause stratification in flow fields. The 
thermal stratification process is used for saline, lakeside 
thermo-hydraulics, subsurface reserves, and vibratory 
fluxes. Ishak et al. [39] adopted the implicit finite difference 
method for exploring the mixed convection flow through 
the stably stratified medium. The Lie group transformation 
technique was used by Mukhopadhyay et al. [40] to eval-
uate the effect of heat stratification over a permeable ver-
tical stretch sheet. Deka and Paul [41, 42] considered the 
buoyancy force while analyzing the transient flow in a ther-
mally stratified fluid across a vertical cylinder. Again, Deka 
and Paul [43], Paul and Deka [44] extended the work by 
Deka and Paul [41, 42] by considering mass stratification. 
Also, Khashi’ie et al. [45] researched the thermally stratified 
hybrid nanofluid movement using a circular cylinder. Jafar 
et al. [46] inspected the Casson nanofluid flow between two 
spinning discs whenever there is a magnetic field and heat 
stratification. Incorporating the impact of double stratifi-
cation, Ahmad et al. [47] evaluated the thermal and mass 
transmission attributes of Casson hybrid nanofluid flow 
through a cylinder. Also, Alkasasbeh [48] computationally 
investigated the thermal transmission movement of hybrid 
Casson nanofluid via a vertical stretching sheet. The lat-
est study by Paul et al. [49] addressed the Casson hybrid 
nanofluid movement through an exponentially extending 
cylinder.

This study delves into the relatively unexplored realm 
of non-Newtonian fluid dynamics, focusing on Cu - MoS2/
Water Casson hybrid nanofluid flow across a vertical cylin-
der subjected to free convection and heat stratification, while 
also considering the consequence of an angled magnetic 
field. This investigation stands out for its unique combina-
tion of factors, namely the joint influence of thermal strati-
fication and free convection on the flow of Cu - MoS2/water 
Casson hybrid nanofluid over a linearly stretching cylinder, 
a phenomenon not previously documented in the literature. 
So, the research on this phenomenon has a vast scope in the 
domain of fluid dynamics. The primary novelty is to ana-
lyze how the thermal transport rate is affected by the modi-
fication of Cu - H2O Casson nanofluid to Cu - MoS2/Water 
Casson hybrid nanofluid in the existence of a heat source. 
This research is motivated by the intention to strengthen 
our understanding of the mechanisms behind heat trans-
port acceleration in non-Newtonian fluids. The aim of this 
investigation is to contribute to the understanding of the 

intricate interplay between various factors influencing the 
fluid flow and heat transfer in non-Newtonian fluids, par-
ticularly in the context of practical applications involving 
thermal transfer enhancement. From a practical standpoint, 
this finding is intriguing in several areas, notably producing 
goods, thermal engineering, and generating energy, where 
efficient thermal movement is necessary. Comprehending 
the impact of nanofluid composition on heating rates can 
facilitate the creation of enhanced thermal transmission 
fluids and systems, hence augmenting the efficacy and effi-
ciency of thermal management procedures in these sectors. 
By adopting the MATLAB-based bvp4c method [50], the 
numerical simulation of the current analysis is integrated. 
The various physical factors which govern the steady flow 
are demonstrated in graphs, and the skin drag and the rate 
of thermo transport are listed in tables.

MATHEMATICAL MODEL

Let us consider a two-dimensional, steady Casson 
hybrid nanofluid past across a linearly stretching perme-
able vertical cylinder in the existence of a heat source/sink. 
Figure 1 illustrates a schematic overview and coordinate 
system of the mathematical model.

In the formulation of the mathematical flow model, the 
subsequent assumptions are postulated.
· The cylindrical polar (x, r) coordinate system used in 

this flow analysis, in where x and r signify along the 
axial and radial direction respectively.

· The magnetic field having strength B0 is employed at an 
inclination, ξ to the vertical direction.

· With surface velocity, , along its axis, the 
cylinder is stretched linearly, in which a and l denote 
the flow speed and the cylinder’s distinctive length.

·   is considered to be wall tempera-

ture and  is the ambient hybrid 
nanofluid’s temperature. In which A, B and T0 denote 
positive constants (A > B) and starting temperature, 
respectively.

Figure 1. Flow diagram of the model.
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· The thermal buoyancy impact is also considered in the 
momentum equation.
With these flow constraints, the equations of the flow 

for Casson hybrid nanofluid take the form [8, 45]:

  (1)

  
(2)

  (3)

The boundary limitations are:

  (4)

The following variables can be used for similarity trans-
formations [51]:

Following the aforementioned transformation, the con-
verted dimensionless non-linear equations are:

  (5)

  (6)

And the converted boundary constraints are as follows:

  (7)

Where

 

The density ρhnf, thermal conductivity khnf, thermal 
expansion (ρβT)hnf, dynamic viscosity μhnf, and heat capac-
ity (ρCp)hnf of hybrid nanofluid are defined as follows [8, 
51]:

The friction drag and the Nusselt number are deter-
mined as follows:

Methodology
The computational tool known as bvp4c is harnessed 

to computationally elucidate the interlinked higher-order 
ordinary differential equations (5)–(6), under the con-
straints specified in equations (7), across a spectrum of 
distinct values for the physical parameters encompassing 
the Prandtl number, thermal source/sink index, Magnetic 
factor, Porosity term, Curvature factor, Thermal stratifica-
tion factor, Casson factor, Magnetic field Inclination, and 
Thermal buoyancy term. Employing the Lobatto IIIa for-
mula in its three phases, the MATLAB BVP solver, bvp4c, is 
utilized, which operates as a finite difference code. Through 
the utilization of bvp4c within MATLAB, equations (1) to 
(3) are reformulated into a set of initial value problems rep-
resented as first-order equations. The theoretical underpin-
ning of the bvp4c methodology is expounded by Shampine 
et al. [50]. Consequently, assuming the vector [y(1) y(2)  
y(3) y(4) y(5)]T = [f f ' f '' θ θ']T is established, whereby each 
component corresponds to specific variables and their 
derivatives, and the numerical analysis proceeds.
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RESULTS AND DISCUSSION

A vertically stretched cylinder is used to investigate the 
flow of a thermally stratified Cu - MoS2/water Casson hybrid 
nanofluid through a porous media that also incorporates the 
heat source effect. In the present flow context, 0.1 volume por-
tion of MoS2 nanomaterials and 0.05 volume portion of Cu 
nanoparticles are incorporated with water to create a hybrid 
nanofluid. Throughout every aspect of the analysis, the afore-
mentioned volume proportion remains static. Table 1 [45,52] 
documents the thermos-physical traits of the base fluid and 

the hybrid nanocrystals. The computational findings are 
extracted by computing the non-linear coupled ODEs by 
employing the Bvp4c algorithm. Graphs and tables are used 
to show how different dimensionless dynamic parameters, 
including the heat source factor, the thermal stratification fac-
tor, the porosity factor, the Prandtl number, and the Casson 
factor impacted the thermal and velocity curves, also the rate 
of thermal transmission and the friction drag.

In Table 2, the outcomes obtained in the cur-
rent investigation are contrasted with those reported 
by Elbashbeshy et al. [53] and Paul et al. [51] in the 
omission of nano-particle volume proportions with 

 and dis-
tinct values of Prandtl number. Contrasting the bvp4c 
solver’s computational outcomes to those of the other meth-
odologies confirms its results are trustworthy and precise.

The Casson fluid parameter β has an impact on the 
velocity and thermal curve, as shown in Figures 2 and 3. As 
β enhances, the yield stress and boundary layer thickness 

Table 1. Thermo-physical features of base fluid and nano-particles 45,52]

Thermo-physical features ρ (kg/m3) Cp (J/kgK) k (W/mK) βT (K-1)
MoS2 5060 397.21 904.4 2.8424 x 10-5

Cu 8933 385 400 1.67 x 10-5

H2O 997.1 4179 0.6130 21 x 10-5

Figure 2. Impact of β on velocity curve.

Table 2. The comparable findings of –θ'(0) with M = P = γ = δ = S = λ = ϕ1 = ϕ2 = 0, ξ = π/2, β → ∞ and various values of 
Prandtl number

Pr Elbashbeshy et al. [53] Paul et al. [51] Present Study
1 1.0000 1.0005 1.0005
10 3.7207 3.7200 3.7200

Figure 3. Impact of β on thermal curve.
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both grow, strengthening the fluid’s viscosity. As a con-
sequence, Figure 2 confirms the decline in fluid veloc-
ity. However, the temperature curve shown in Figure 3 is 
boasted with β in the reverse direction. A fluid exhibiting a 
larger Casson fluid component has an elevated yield stress 
and demands more energy to overcome the flow resistance. 
As a consequence, the fluid’s heat energy confronts more 
barriers to flow, which causes thermal energy to accumu-
late and the thermal profile to elevate. The same outcomes 
were reported by Naqvi et al. [27] for Casson nanofluid flow 
through a permeable stretched cylinder. However, this con-
clusion has been proven for the Cu - MoS2/water Casson 
hybrid nanofluid over a cylinder that is stretched vertically.

Figures 4 and 5 portrayed how porosity impacted the 
velocity and thermal curves, respectively. Whenever P ele-
vates, the diameter of the porous region shrinks because 
of the inverse connection between those two quantities. 
This makes it difficult for the fluid to move through the 
porous area. The fluid velocity was decreased as a result 

of this obstruction brought on by the porosity, while the 
thermal profile reflected the opposite trend as P improved. 
Physically, Superior porosity indicates that there are more 
pathways for the fluid to pass through, boosting the flu-
id’s potential to transmit heat. The void spaces allow for 
improved fluid mixing and convective thermal transfer, 
leading to an enhanced heat profile.

Figures 6 and 7, accordingly, highlight how the heat 
source factor influences the flow speed and the temperature 
profiles. As the positive magnitudes of the heat source factor, 
scale higher, both velocity and temperature curves improve. 
An upsurge in the thermal source factor signifies more 
energy is being delivered to the mechanism, which elevates 
the fluid’s temperature gradient. Greater buoyancy forces are 
produced by this higher temperature gradient, which accel-
erates the fluid and raises its velocity profiles. Also, a stronger 
thermal profile develops whenever the heat source compo-
nent improves due to the fluid’s thermal mixing being accel-
erated by the heat energy entering the system.

Figure 4. Impact of P on velocity curve. Figure 5. Impact of P on thermal curve.

Figure 6. Impact of S on velocity curve. Figure 7. Impact of S on thermal curve.
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The flow speed and the thermal trend of the thermal 
stratification factor (δ) are portrayed in Figures 8 and 9. It 
is found that thermal stratification diminishes the bound-
ary layer’s velocity. The reason for this is that the convec-
tive potential between the heated wall and the surrounding 
fluid can be minimized due to heat stratification. Moreover, 
the force of resistance acts as a layering effect of heat strat-
ification, helping to explain why the velocity is reducing. 

According to Figure 9, the thermal profile falls as thermal 
stratification increases. Strong thermal stratification leads 
to substantial variations in temperature between the vari-
ous layers, which keep the lighter, warmer fluid at the top 
and the denser, cooler fluid at the bottom of the fluid. This 
stratified structure inhibits the fluid from mixing convec-
tively, which prevents heat energy from being redistributed 
throughout the fluid volume. Simply, thermal stratification 

Figure 8. Impact of δ on velocity curve. Figure 9. Impact of δ on thermal curve.

Table 3. Calculated skin-friction and Nusselt number values for varying values of β, S, Pr, P, δ when ϕ1 = 0.1 and ϕ2 = 0.05

β S Pr P δ Skin-Friction 
Coefficient

Nusselt Number

0.3 0.2 6.2 2 0.1 10.0195 2.7922
0.5 7.1166 2.7658
0.7 5.8678 2.7464
0.9 5.1718 2.7317
0.7 0.1 6.2 2 0.1 5.8787 2.9224

0.2 5.8678 2.7464
0.3 5.8516 2.5340
0.4 5.7933 2.0799

0.7 0.2 0.7 2 0.1 5.6451 0.6674
2 5.7178 1.2352
6.2 5.8678 2.7464
10 5.9263 3.7244

0.7 0.2 6.2 1 0.1 4.6634 2.9408
2 5.8678 2.7464
3 6.8673 2.5618
4 7.7392 2.3673

0.7 0.2 6.2 2 0.1 5.8678 2.7464
0.2 5.9199 2.7123
0.3 5.9718 2.6768
0.4 6.0234 2.6399
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reduces the thermal profile by restricting the fluid’s ability 
to mix and homogenize its temperature. Moreover, as the 
fluid near the cylinder may be colder than the air that sur-
rounds it, there is a negative temperature whenever there 
is sufficient thermal stratification. According to Deka and 
Paul [41], a strong stratification results in a reversal fluid 
flow over an infinite vertical cylinder. Moreover, in our 
investigation, we have found the same result for Cu/MoS2 - 
H2O Casson-hybrid-nanofluid flow.

Table 3 demonstrates how the physical non-dimen-
sional factors β, S, Pr, P, δ influence the skin friction 
coefficient and Nusselt number. With increasing heat strat-
ification factor, porosity parameter and Prandtl numbers, 
it is discovered that the absolute skin friction coefficient is 
elevated. This happens because the frictional effect caused 
by these parameters leads to a drop in the fluid’s velocity. 
Paul et al. [49] demonstrated a diminution in the skin fric-
tion coefficient with the Casson factor for Cu - Al2O3/H2O 
Casson hybrid nanofluid. However, in our investigation for 
Cu - MoS2/H2O Casson hybrid nano-fluid flow through a 
vertical cylinder, a declination in the absolute coefficient of 
skin friction is detected with the escalation of the variable 
of Casson fluid and the heat source. The heat transport rate 
is notably influenced by porous media. The numerical val-
ues of the Nusselt number diminish as the porosity param-
eter enhances. The findings for the heat source parameter, 
thermal stratification factor, and Casson fluid factor all 
exhibit the same pattern. i.e., as the thermal source, thermal 
stratification, and Casson fluid factors improve, the calcu-
lated findings of the Nusselt number decline. However, 
the Prandtl number  exhibits the opposite trend from the 
Nusselt number. This illustrates that the values of the 
Nusselt index are boosted by the improved Prandtl number.

According to Table 4, the absolute skin friction and the 
Nusselt number are found to be improved with a boost in 
the volume proportion of Cu nanoparticles, maintaining ϕ1 
at zero. Additionally, it’s been demonstrated that whenever 
the solid volume proportion of MoS2 is estimated to be 0.1, 
the heat transfer rate jumps by more than 6.6%. It is man-
ifest from the aforementioned results that hybrid Casson 
nanofluid has a thermal transmission rate that is signifi-
cantly greater than that of Casson nanofluid. Furthermore, 

the Casson hybrid nanofluid increases absolute skin fric-
tion by nearly 32.3%.

CONCLUSION

This study investigated a thermally stratified Cu/
MoS2 - H2O Hybrid Casson nanofluid flows over a verti-
cally stretched cylinder in a permeable region while taking 
the heat source influence and inclined magnetic field into 
consideration. The study aims to investigate how the heat 
transfer rate changes when Cu - H2O Casson nanofluid is 
modified to Cu - MoS2 - H2O Casson hybrid nanofluid in 
the existence of free convection and thermal stratification. 
Significant dimensionless elements and their impacts on 
thermal and velocity curves, friction drag, and heat trans-
mission rate are investigated to ascertain whether physical 
variables influence the flow problem. The following is a list 
of the significant results from the current numerical study:
· The absolute value of the coefficient of skin friction is 

augmented for the non-dimensional parameters, Pr,  
δ and P, but for β and S the numerical findings of the 
absolute friction drag are diminished.

· The enhancing magnitudes of the Prandtl number (Pr) 
illustrate a rise in the rate of thermal transport.

· As the factorss β, P, S, and δ are boosted, it seems that 
the Nusselt number is decelerating.

· For a strong stratification results in a reversal fluid flow 
of Cu - MoS2/H2O Casson hybrid nanofluid.

· In contrast to the Casson nanofluid, the absolute fric-
tion of the Hybrid-casson nanofluid has increased by 
approximately 32.3%.

· The effective thermo transmission rate of Hybrid-
casson nanofluid is boosted by up to 6.6% while con-
trasted to Casson nanofluid.
The findings of this study yield significant insights per-

tinent to the augmentation of heat transfer rates within bio-
engineering applications, particularly those involving fluid 
dynamics across vertically elongated cylinders situated 
within permeable regions. By comprehensively probing 
the behavior of hybrid nanofluids, exemplified by the Cu 
- MoS2/H2O composite, amidst various influential factors, 
this research underscores the potential for advancing heat 

Table 4. Skin friction coefficient and Nusselt numbers for Casson-nanofluid and Casson-hybrid- nanofluid

ϕ1(MoS2) ϕ2(Cu)
Cu/H2O

ϕ1(MoS2) ϕ2(Cu)
Cu - MoS2/H2O Change in %

Skin 
Friction

Nusselt 
Number

Skin 
Friction

Nusselt 
Number

Skin 
Friction

Nusselt 
Number

0 0.01 3.9657 2.4929 0.1 0.01 5.2494 2.6591 32.37 6.66
  0.02 4.0847 2.5162   0.02 5.3970 2.6816 32.12 6.57
  0.03 4.2070 2.5393   0.03 5.5491 2.7036 31.90 6.47
  0.04 4.3329 2.5622   0.04 5.7060 2.7252 31.69 6.36
  0.05 4.4627 2.5849   0.05 5.8678 2.7464 31.48 6.24
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transfer efficiency across diverse systems, encompassing 
cooling apparatuses and energy conversion mechanisms. 
Furthermore, it elucidates a compelling trajectory for future 
investigations aimed at refining and optimizing hybrid 
nanofluids for heightened heat transfer efficacy. Subsequent 
research endeavors could encompass an expansive explora-
tion of nanoparticle and base fluid permutations, alongside 
nuanced manipulations of thermal stratification levels and 
magnetic field orientations. Such endeavors aim to ascer-
tain the optimal configurations tailored to specific appli-
cation domains. Furthermore, the inquiry into additional 
parameters, including nanoparticle concentration and geo-
metric variations, holds promise for further elucidating the 
intricacies governing heat transfer dynamics, thereby facili-
tating the design and implementation of markedly superior 
thermo transmission systems.

NOMENCLATURE

(Cp)f, (Cp)hnf Specific thermo capacity of the fluid and 
hybrid nanofluid (J kg-1 K-1)

(Cp)s1, (Cp)s2 Specific thermo capacity of  MoS2 and Cu (J 
kg-1 K-1)  

Grx           Grashof number
kf, kbf, khnf Thermal conductivity of the fluid, nanofluid 

and hybrid nanofluid (Wm-1 K-1)
ks1, ks2      Thermal conductivity of the solid nanoparti-

cles (Wm-1 K-1)
k Permeability of porous media (m2)
M     Magnetic parameter 
P Porosity factor
Pr Prandtl Number
Rex Local Reynolds number
S Heat source/sink parameter
T Fluid temperature (K)
T∞ Ambient fluid temperature (K)
Tw Wall temperature (K)
u, v The component of velocity along r and x 

directions (ms-1)
B0 Strength of Magnetic field (NmA-1)
Q0 Heat source/sink (JK-1 m-3 s-1)
      
Greek symbols
β Casson factor
ξ Magnetic field Inclination
ψ Stream function
(βT)f  Heat expansion of the fluid (K-1)
(βT)s1, (βT)s2 Heat expansion of the MoS2 and Cu (K-1)
γ The curvature parameter
δ Thermal stratification factor
η Similarity variable
λ Thermal buoyancy factor
μf  Dynamic viscosity of the fluid (mPa)
μhnf Hybrid nanofluid’s dynamic viscosity (mPa)
σhnf Hybrid nanofluid’s electric conductivity 

(Ohm-1 m-1)

ϕ1,ϕ2 Volume fractions of  MoS2 and Cu
ρf Fluid density (kgm-3)
ρhnf Hybrid nanofluid density (kgm-3)
ρs1 Density of MoS2 (kgm-3)
ρs2 Density of Cu (kgm-3)
       
Subscripts
f Fluid
bf Nanofluid
hnf Hybrid nanofluid         
s Solid
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