
 

1. Introduction 

Current researchers are also captivated by mixed convective 

heat transfer involving fluid movement in enclosed spaces, 

where the combination of forced and natural convection results 

in mixed convection. This phenomenon has gained increasing 

attention in metalworking and metallurgical sciences due to its 

substantial influence on the heat transfer of electrically conduc- 

tive fluids. The investigation, understanding, and prediction of 

fluid flow dynamics have been of great interest. Leonardo da 

Vinci was the first to observe and document fluid flow pheno-

mena in the early fifteenth century, sparking a substantial 

amount of research in fluid mechanics. Mixed convective heat 

transfer in various enclosures is a crucial topic in engineering 

sectors because of its extensive applications in heat exchangers,  

nuclear reactors, drying technologies, solar  panels,  building  in-  
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Abstract 
The consequences of magnetohydrodynamic mixed convection in a trapezoidal heat exchanger are investigated through numeri-
cal analysis. Due to the extensive applications of both mono and hybrid nanofluids in manufacturing and thermal engineering, 
the Ag-MgO-H2O hybrid nanofluid is selected as the working material for the entire domain. Additionally, a horizontal mag-
netic field is applied to the cavity. The finite element method is involved to solve the corresponding mathematical equations. 
The physical implications of the results are examined over a range of Reynolds numbers (10 ≤ Re ≤ 200), Hartmann numbers 
(0 ≤ Ha ≤ 100), and nanoparticle volume fractions (0 ≤ ϕ ≤ 0.08) using streamlines, isotherms, and line graphs. The impact of 
key factors on the response function is illustrated using the response surface methodology with 2D and 3D visualizations. 
Sensitivity rates are analysed by developing a best-fit correlation. It is concluded that the thermal enhancement of the hybrid 
nanofluid is achieved up to 11.4% by incorporating hybrid nanoparticles, and due to the upsurge of the Reynolds number. 
Conversely, the influence of the magnetic field leads to a decline in this rate to 10.02%. The use of Ag-MgO-H2O hybrid 
nanofluid improves the heat transfer efficiency of water by 6.62%. Finally, the results of this study may offer valuable insights 
for designing an efficient mixed convective mechanical device. 
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Nomenclature 

cp ‒ specific heat at constant pressure, J/(kg‧K) 

Ha ‒ Hartman number 

Nu – Nusselt number 

p ‒ pressure, kPa 

P ‒ dimensionless pressure 

Pr ‒Prandtl number 

Re – Reynolds number 

Ri – Richardson number 

T – temperature, K  

u, v – dimensional velocity, m/s  

U, V‒ dimensionless velocity 

 

Greek symbols 

α – thermal diffusivity, m2/s2 

β – coefficient of thermal expansion, K-1 

θ – dimensionless temperature 

μ – dynamic viscosity, kg/(m‧s) 

ν – kinematic viscosity, m2/s 

ρ – density, kg/m3 

σ – electric conductivity, Ω-1‧m-1 

ϕ – particle concentration 

ψ – stream function 

Ω – vorticity vector 

 

Subscripts and Superscripts 

HS – hot surface 

hnf – hybrid nanofluid  

 

Abbreviations and Acronyms 

FEM – finite element method  

RSM – response surface methodology 

sulation, lubrication technologies, and chemical industries. 

Among the most studied areas are mixed convective flows in 

enclosed spaces, aiming for a quantitative understanding and ex-

panding their practical applications [1−5]. Nanofluids, which 

consist of nanoparticles with diameters less than 100 nm, enhan-

ce the thermodynamic properties and thermal efficiency of base 

fluids even at low concentrations when properly dispersed and 

stabilised [6−10]. Numerous researchers have explored methods 

to improve heat transfer and cooling effects by considering var-

ious geometries and configurations of different nanofluids 

[11−15]. In the context of a variety of engineering and industrial 

applications for nanofluids, it is essential to significantly modify 

the attributes of mono nanofluids significantly to enhance their 

thermophysical and rheological properties. To meet these needs, 

a new type of fluids known as hybrid nanofluids (HNFs) were 

developed. These fluids allow for the proper combination of two 

or more nanoparticles within a single base fluid. Essentially, 

composite or hybrid nanofluids are a novel category of nano-

fluids created by mixing metal oxide, metal particles, or both 

into a primary fluid. Significant research has already been con-

ducted on hybrid nanofluids. For instance, Kaushik et al. [16] 

conducted both numerical and experimental studies to compare 

the flow behaviour between CuO-ZnO-H2O and the base fluid 

in a small channel. They concluded that due to the addition of 

solid nanoparticles, the outcomes improved up to 18−21%. 

Hussain et al. [17] used numerical methods to study an open en-

closure with a square adiabatic barrier, using Al2O3-Cu-H2O hy-

brid nanofluid. Their findings indicated that the rate of heat 

transfer was enriched by increasing the Richardson number, 

Reynolds number, and nanoparticle size. Zaboli et al. [18] re-

ported that hybrid nanofluids could enhance heat exchange in 

solar systems, including trough collectors. Mahalakshmi [19] 

conducted a numerical study on a lid-driven mixed convection 

with heat sources containing hybrid nanofluids. The study con-

cluded that the Ag-CuO-water hybrid nanofluid transfers heat 

more efficiently compared to Ag-MgO-water and Ag-TiO2-wa-

ter. Mandal et al. [20] numerically explored the effects of several 

geometric factors on a porous W-shaped cavity experie-ncing 

mixed convection with a Cu-Al2O3-H2O hybrid nanofluid. They 

found that increasing the bottom undulation amplitude im-

proved thermal energy transmission despite the reduced fluid 

volume. Anee et al. [21] applied the Lattice Boltzmann method 

(LBM) to examine the heat transfer behaviour of hybrid 

nanofluid in an enclosed shape with multiple heaters, revealing 

that the size of the nanoparticles and the Hartmann number (Ha) 

significantly affected heat transfer. Thumma et al. [22] studied 

the heat transfer phenomena of a magnetised hybrid nanofluid 

(Cu-Ag-H2O) in a radiative flow across a rotating disc, taking 

into account the Hall current and heat source. Their investigation 

showed that the Hall current parameter not only regulates cross-

radial velocity and energy but also increases radial motion. The 

hybrid nanofluid exhibited superior heat transfer performance 

compared to a single fluid with respect to thermal radiation and 

ESHS coefficients. 

The study of the influence of magnetic forces on electrically 

conducting fluids is known as magnetohydrodynamics (MHD). 

MHD encompasses mechanisms such as the Earth's magnetic 

field, nuclear fusion, cooling of fission reactors, X-ray radiation, 

and solar wind cooling. Various researchers have examined 

MHD heat transfer in different enclosures over time due to these 

practical applications [23−27]. Owing to its numerous uses, 

MHD mixed convection involving various geometries, tempera-

tures, and boundary conditions has garnered significant attention 

in scientific research. For instance, Tayebi et al. [28] explored 

heat transfer behaviour of a hybrid nanofluid in a square cavity 

including a wavy cylinder. Gibanov et al. [29] investigated 

MHD of ferrofluid in a chamber with moving upper edges and a 

porous layer. Mebarek-Oudina et al. [30] studied the magneto-

hydrodynamic transport of a hybrid nanofluid within a porous 

chamber, finding that the upsurge of magnetic field intensity in-

hibits the convective heat transfer rate. Selimefendigil and 

Chamkha [31] completed a numerical study on MHD flow in 

a square cavity with a partial triangular porous layer, filled with 

Ag-MgO-water hybrid nanofluid. They observed that increasing 

the porosity of the container significantly boosts heat transfer, 

while the presence of a magnetic field substantially decreases it. 

Ma et al. [32] statistically examined the MHD effects using 

a Shamse Knot-shaped cavity filled with Ag-TiO2-water hybrid 

nanofluid, discovering that MHD influences heat transfer and 

that increases in the Rayleigh number (Ra) and cavity side 
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length (D) enhance heat transport. Munawar et al. [33] numeri-

cally studied MHD mixed convection using Ag-MgO-water in 

an inclined cavity with a circular heater. They determined that 

increasing the Hartmann number (Ha) reduces the average 

Nusselt number (Nuav), and greater heat transfer rates were 

achieved by using central heaters with smaller radii for free con-

vection and larger radii for forced convection. Mourad et al. [34] 

explored the impact of MHD on a hybrid nanofluid within 

a wavy cavity using the finite element method (FEM). Their 

findings indicated that Nuav increases with the Darcy number 

(Da) and Ra but decreases with Ha. 

An apparatus that moves heat from an energy source to a wo-

rking fluid is called a heat exchanger. It is utilised in systems 

that heat and cool, where the fluids may be near one another or 

kept apart by a solid barrier to avoid direct contact. Heat exchan-

gers are essential in different applications, such as ventilation, 

freezing, sewage treatment, chemical and pharmaceutical plants, 

power plants, natural gas processing, and space heating [35−39]. 

Chen et al. [40] developed a heat exchanger model to explore 

the relationship between fin pitches and tube diameters in a fin-

tube heat exchanger, using both numerical and experimental 

methods to solve it. Lee et al. [41] created a 3D model of un-

steady free convection for a circular fin-tube heat exchanger. 

Additionally, Pakalka et al. [42] developed a theoretical and ex-

perimental framework for a heat exchanger based on fin-tube 

design. 

The review of publications mentioned above makes it evi-

dent that the MHD mixed convective heat exchanger is a subject 

of great attraction to investigators on account of its creative uses 

across a wide range of engineering sectors. While numerous 

studies have been conducted on a variety of cavities to examine 

mixed convective fluid with MHD and heat transfer mecha-

nisms, some recent studies have focused on schematic cavities 

that can hold a wide variety of nanoparticles [43−46]. Similarly, 

comparatively little research was done on heat exchangers to 

construct a fast heat transmission structure [47−49]. Yet, in the 

current research, a sensitivity analysis of a trapezoidal heat ex-

changer that contains an Ag-MgO-H2O hybrid nanofluid using 

RSM is performed after integrating these two phenomena, heat 

exchanger and mixed convection. Moreover, in rela life aplica-

tions, there are numerous trapezoildal-shaped industrial archite-

cture where mono or hybrid nanofluids are used for distinct 

purposes. To the greatest of the writer's understanding, no inves-

tigation has been done on this topic yet. The FEM is a popular 

computational technique that is used to simulate the governing 

formulas [50, 51]. Another reason to implement the RSM is to 

investigate the geometric and statistical impact of involved pa-

rameters with a best-fitted correlation with Nuav and involved 

parameters. Investigating the heat transfer mechanisms for this 

hybrid nanofluid-based mixed convective trapezoidal heat ex-

changer mathematically and statistically using FEM and RSM is 

the primary goal of this study. 

2. Physical description and mathematical model  

Using water (H2O) as the primary fluid, a schematic-shaped cav-

ity is examined numerically as a fluid region containing Ag and 

MgO nanoparticles. This fluid is an incompressible, steady and 

Newtonian fluid that takes magnetic field impacts into ac-count. 

The height and length of this schematic-shaped cavity, which is 

mass and heat isolated, are H and L, accordingly. With a lid mo-

tion of u, the top horizontal wall is moving. On the right and left 

sides, accordingly, two cylinder pipes with a 0.1L radius can be 

utilized as a heater and cooler. Figure 1 shows the ar-rangement 

of this fluid framework with a schematic-shaped heat exchanger. 

It is proposed that the left cylindrical pipe indicates a cool sur-

face Tc while the right pipe indicates a hot surface Th.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The outer boundaries of the fluid area are totally intact and 

adiabatic. Additionally, the gravitational acceleration g works in 

the exact reverse position of the Y-dimension. Further, the frame 

is enveloped by a B0 form of Ag-MgO magnetic field that is con-

stant and flows from right to left. The nearby medium is consid-

ered non-slip because of the assumed equality of size and nano-

particles. In this situation, Table 1 lists the thermophysical prop-

erties of the considered nanofluid. 

 

 

 

 

 

 

 

 

 

 

Some assumptions served as the foundation for this study 

and the creation of the model. The following assumptions were 

considered: 

(i) this hybrid nanofluid has a two-dimensional laminar, in-

compressible flow, 

(ii) magnetohydrodynamic mixed convection is considered, 

(iii) the governing equations are simulated using the Galerkin 

weighted residual finite element method, 

(iv) the flow problem is considered under the Boussinesq ap-

proximation.  

To see the entire fluid flow area, a two-dimensional (2D) 

Cartesian structure is set up, with the left sidewall marked by the 

Y-axis and the bottom wall by the X-axis. The basic governing 

equations to make a mathematical form for this mixed conve-

ctive two dimensional model using hybrid nanofluid are the con-

tinuity, momentum, and energy equations as follows:  

 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
= 0, (1) 

 
Fig. 1. Schematic diagram of the proposed model. 

Table 1. Characteristics of nanoparticles and base fluid [52]. 

Nanoparticle 
and base 
fluid 

cp, 
J‧kg−1‧K−1 

ρ, 
kg‧m−3 

κ, 
W‧m−1‧K−1 

, 
K−1 

σ, 
S‧m−1 

μ, 
kg‧m−1‧s−1 

Ag 235 10500 429 5.4×10−5 8.1×10−4 - 

MgO 879 3970 30 3.36×10−5 8×10−4 - 

H2O 4179 997.1 0.613 21×10−5 5.5×10−6 8.91×10−4 
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 𝜌ℎ𝑛𝑓 (
𝜕𝑢

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑥
+ 𝜇ℎ𝑛𝑓 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2) + 𝐹, (2a) 

 𝜌ℎ𝑛𝑓 (
𝜕𝑣

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
) = −

𝜕𝑝

𝜕𝑦
+ 𝜇ℎ𝑛𝑓 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2) + 𝐹, (2b) 

 
𝜕𝑇

𝜕𝑥
+

𝜕𝑇

𝜕𝑦
=

𝑘ℎ𝑛𝑓

(𝜌𝑐𝑝)ℎ𝑛𝑓

(
𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2). (3) 

Here, in the u-momentum equation, there is no external ef-

fect; as a result, Eq. (2a) does not include any additional body 

force (F=0); Eq. (2b) adds 𝐹 = 𝑔(𝜌𝛽)ℎ𝑛𝑓(𝑇 − 𝑇𝑐) − 𝜇ℎ𝑛𝑓𝐵0
2𝑣 

because of an outside magnetic field and gravitational force. 

Also, the dimensionless initial and boundary conditions are: 

 

At right circular surface:    𝑇 = 𝑇ℎ ,       𝑢 = 𝑣 = 0 
At left circular surface:     𝑇 = 𝑇𝑐 ,       𝑢 = 𝑣 = 0    

 Rest of the walls:      
𝜕𝑇

𝜕𝑛
= 0,       𝑢 = 𝑣 = 0              

}. (4) 

Additionally, Table 2 explains the correlations of hybrid 

nanofluids which have been taken into account between base 

fluid (H2O) and nanoparticles (Ag and MgO). Here, n is the or-

thogonal unit vector on the XY-plane. To put it practically, base 

fluid and nanoparticles are needed to obtain the properties of 

nanofluid. The correlations that are taken into consideration be-

tween primary fluid (H2O) and nanoparticles (Ag and MgO) are 

explained in this part of the paper. The characteristics of nano-

fluid are truly dependent upon the primary fluid and nanomateri-

als. In order to estimate the characteristics of nanofluids, corre-

lations gathered in Table 2 are used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By incorporating the dimensionless quantities in Eq. (5) into 

Eqs. (1−3), the subsequent dimensionless governing equations 

(6−9) are generated: 

 𝑋 =
𝑥

𝐿
,        𝑌 =

𝑦

𝐿
,         𝑈 =

𝑢

𝑢0
,  

 𝑉 =
𝑣

𝑢0
,        𝑃 =

𝑝

𝜌𝑛𝑓𝑢0
2    and   𝜃 =

𝑇−𝑇𝑐

𝑇ℎ−𝑇𝑐
. (5) 

The adjusted set of dimensionless equations is as follows: 

 
𝜕𝑈

𝜕𝑋
+

𝜕𝑉

𝜕𝑌
= 0, (6) 

 𝑈
𝜕𝑈

𝜕𝑋
+ 𝑉

𝜕𝑈

𝜕𝑌
= −

𝜕𝑃

𝜕𝑋
+ (

𝜐ℎ𝑛𝑓

𝜐𝑏𝑓
)

1

Re
(∇2𝑈), (7) 

 𝑈
𝜕𝑉

𝜕𝑋
+ 𝑉

𝜕𝑉

𝜕𝑌
= −

𝜕𝑃

𝜕𝑌
+ (

𝜐ℎ𝑛𝑓

𝜐𝑏𝑓
)

1

Re
(∇2𝑈) +  

 +
(𝜌𝛽)ℎ𝑛𝑓

𝜌ℎ𝑛𝑓𝛽𝑏𝑓
Ri 𝜃 − (

𝜌𝑏𝑓𝜎ℎ𝑛𝑓

𝜌ℎ𝑛𝑓𝜇𝑏𝑓
)
Ha2

Re
𝑉, (8) 

 𝑈
𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
= (

𝛼ℎ𝑛𝑓

𝛼𝑏𝑓
)

1

Re Pr
(∇2𝜃), (9) 

where  Re =
𝑢0𝐿

𝜇𝑏𝑓
, Pr =

𝜐𝑏𝑓

𝛼𝑏𝑓
 and Ha =

𝐿𝐵0√𝜎𝑏𝑓

√𝜇𝑏𝑓
 represent the 

Reynolds number, Prandtl number and Hartmann number, re-

spectively. Also, again, 
Gr

Re2
= Ri is known as the Richardson 

number, where Gr =
𝑔𝛽𝑏𝑓(𝑇ℎ−𝑇𝑐)𝐿

3

𝜐𝑏𝑓
2  is the Grashoff number. Ad-

ditionally, the reduced boundary conditions are:  

 

At right circular surface:    𝜃 = 1,      𝑈 = 𝑉 = 0 

At left circular surface:    𝜃 = 0,     𝑈 = 𝑉 = 0    

Rest of the walls:     
𝜕𝜃

𝜕𝑁
= 0,     𝑈 = 𝑉 = 0            

}. (10) 

Furthermore, from the heated left circular surface, the aver-

age Nusselt number (Nuav), which is employed to quantify the 

rate of heat transfer, is obtained by employing: 

 𝑁𝑢𝑎𝑣 = −(
𝑘ℎ𝑛𝑓

𝑘𝑏𝑓
)
𝑆

∫
𝜕𝜃

𝜕𝑁
𝑑𝑠, (11) 

where S stands for the surface that is heated, and N is the per-

pendicular unit vector on the XY-plane. Moreover, ψ signifies 

the stream function that is associated by 𝑈 =
𝜕𝜓

𝜕𝑋
  and 𝑉 =

𝜕𝜓

𝜕𝑌
.  

Furthermore, 
𝜕2𝜓

𝜕𝑋2 +
𝜕2𝜓

𝜕𝑌2 = −(
𝜕𝑉

𝜕𝑋
−

𝜕𝑈

𝜕𝑌
) = −𝛺, where 𝛺 ex-

presses the vorticity vector, and U, V stand for the velocity vec-

tor along the X and Y axis, respectively. 

3. Numerical methodology  

3.1. Solution technique 

The dimension-free governing expressions (6) to (9) are mathe-

matically solved utilising the Galerkin weighted residual finite 

element method (FEM) with boundary settings (10). The entire 

region is distributed into separate triangular elements, requiring 

six nodes and accounting for quadratic interpolation functions, 

in order to monitor the thermal performance and fluid motion. 

Furthermore, the linear interpolation approach is used to calcu-

Table 2. Used correlations of hybrid nanofluid [53].  

Properties  Applied Correlations 

Concentration of 

nanoparticles  
𝜙 = 𝜙𝐴𝑔 +𝜙𝑀𝑔𝑂 

Density of 

nanofluid  

𝜌ℎ𝑛𝑓 = (1 − 𝜙)𝜌𝑏𝑓 +𝜙𝜌𝑠𝑝 

where: 𝜙𝜌𝑠𝑝 = 𝜙Ag𝜙𝜌Ag + 𝜙MgO𝜌MgO 

Specific heat  

capacity  

(𝜌𝑐𝑝)ℎ𝑛𝑓 = (1 − 𝜙)(𝜌𝑐𝑝)𝑏𝑓 + 𝜙(𝜌𝑐𝑝)𝑠𝑝 

where: 𝜙(𝜌𝑐𝑝)𝑠𝑝 = 𝜙Ag(𝜌𝑐𝑝)Ag +

𝜙MgO(𝜌𝑐𝑝)MgO
 

Thermal  

conductivity  

𝜅ℎ𝑛𝑓 = 𝜅𝑏𝑓  
𝜅𝑠𝑝 + 2𝜅𝑏𝑓 − 2𝜙(𝜅𝑏𝑓 − 𝜅𝑠𝑝)

𝜅𝑠𝑝 + 2𝜅𝑏𝑓 +𝜙(𝜅𝑏𝑓 − 𝜅𝑠𝑝)
  

where: 𝜙𝜅𝑠𝑝 = 𝜙Ag𝜅Ag + 𝜙MgO𝜅MgO 

Thermal diffusivity  𝛼ℎ𝑛𝑓 =
𝑘ℎ𝑛𝑓

(𝜌𝑐𝑝)ℎ𝑛𝑓

 

Dynamic viscosity  𝜇ℎ𝑛𝑓 = 𝜇ℎ𝑛𝑓(1 + 2.5𝜙 + 6.2𝜙2) 

Thermal expansion 

coefficient  

(𝜌𝛽)ℎ𝑛𝑓 = (1 − 𝜙)(𝜌𝛽)𝑏𝑓 + 𝜙(𝜌𝛽)𝑠𝑝 

where: 𝜙(𝜌𝛽)𝑠𝑝 = 𝜙Ag(𝜌𝛽)Ag + 𝜙MgO(𝜌𝛽)MgO 

Electrical  

conductivity  

𝜎ℎ𝑛𝑓 = 𝜎𝑏𝑓  1 +

3𝜙 (
𝜎𝑠𝑝
𝜎𝑏𝑓

− 1)

(
𝜎𝑠𝑝
𝜎𝑏𝑓

+ 2) − 𝜙 (
𝜎𝑠𝑝
𝜎𝑏𝑓

− 1)
  

where: 𝜙𝜎𝑠𝑝 = 𝜙Ag𝜎Ag + 𝜙MgO𝜎MgO 
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late the gradient of pressure. Moreover, the participation of in-

terpolation functions roughly represents the dependent variables 

of each element as local element coordinates. These equations 

can be simulated by using the Newton-Raphson iteration method 

by MATLAB, which generates a set of global nonlinear alge-

braic equations. In this process, the convergence condition is de-

fined as follows: │Γm+1 − Γm│ < 10−5, where m+1 and m stand 

for two successive repetitions, and Γ(U, V, θ) stands for the iter-

ative value. The complete set of FEM was detailed in [54,55]. 

The whole flowchart of this computation process is shown in 

Fig. 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This finite element scheme can have the optimal number of 

elements by taking the following factors into account, which can 

be determined via a grid sensitivity evaluation. Ri = 1, Ha = 20, 

Pr = 6.8377, Re = 100, ϕAg = 0.02 and ϕMgO = 0.02 are the mag-

nitudes. Again, the magnitude of Nuav is designated in order to 

continue this independence test for meshing. For applying FEM, 

the entire geometry is subdivided into five distinct triangular el-

ements. These are 2369, 3400, 9570, 27305, and 35665. The 

computed results of Nuav using FEM for different numbers of 

triangle members are demonstrated in Table 3 and Fig. 3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Though for the first three meshing types, the differences are 

clearly noticeable, it is clear that the magnitude of Nuav for 

27305 triangular elements is nearly identical to the cases ensu-

ing a greater number of elements. As a result, 27305 trian-gular 

elements are selected for discretisation and solving this pro-

posed heat exchanger model. 

3.2. Code validation 

The purpose of this section is to validate the findings of this 

study by comparing streamlines and isotherms with those ob-

tained from a lid-driven mixed convective investigation condu-

cted by Sivakumar et al. [56]. To ensure accuracy, the results of 

Sivakumar's proposed mixed convective heat exchanger model 

are compared with the present outcomes. The simulation was 

performed with parameters Re = 100, Pr = 0.71, and Ri = 0.01, 

within a partially heated square cavity on the left wall, with the 

right wall maintained at a relatively low temperature and a mov-

ing lid on the upper wall. Additionally, we have replicated the 

work of Sivakumar et al. [56] in this study and compared the 

streamlines and isotherms (as shown in Fig. 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The top two figures are from Sivakumar's research, while the 

bottom two are from the current study. The present results 

closely match the streamline and isotherm patterns, reinforcing 

our confidence in the accuracy of this mixed convective analysis 

in near cavities, as it demonstrates strong consistency with the 

current numerical analysis. 

4. Results and discussion 

This section explores the effects of physical variables with an 

engineering focus on trapezoidal mixed convective flow of hyb-

rid nanofluid, including the influence of a magnetic field. The 

results obtained within this cavity are presented through velocity 

profiles, streamlines, isotherms, and 2D and 3D response surfa-

ces. The study involves a hybrid nanofluid composed of Ag, 

 
Fig. 2. A complete flow chart of the computational procedure. 

 

Fig. 3. Grid test by using Nuav and number of elements. 

Table 3. Grid independence analysis for the present study.  

Elements 2369 3400 9570 27305 35665 

Nuav 10.975 11.046 11.207 11.277 11.276 

 

  

  

Fig. 4. Comparison of results of Sivakumar et al. [56] (top row)  

with the current study (bottom row): streamlines (left), isotherms (right). 
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MgO, and H2O, with spherical solid nanoparticles confined 

within a trapezoidal chamber. Key parameters such as the Reyn-

olds number (Re), nanoparticle volume fraction (ϕ), Richardson 

number (Ri), and Hartmann number (Ha) are analysed to show 

their impact on the heat exchanger model, as in Figs. 5−18. Ad-

ditionally, the average Nusselt number (Nuav) is used to evaluate 

the performance of the heat  exchanger  for  water,  mono-nano- 

fluid, and hybrid nanofluid. For this analysis, standard values  

for the above-mentioned key parameters are Ri = 1, Ha = 20,  

Pr = 6.8377, Re = 100, ϕAg = 0.02 and ϕMgO = 0.02.  

4.1. Influence of Reynolds number 

Figures 5−6 illustrate how the contours of streamlines and iso-

therms change with varying Reynolds numbers (Re).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 uses streamline contours to demonstrate how Re 

(10−200) may be controlled for a fluid velocity field when the 

other parameters are Ri = 1, Ha = 20, Pr = 6.8377 and ϕAg = 0.02, 

ϕMgO = 0.02. By contrasting the effects of viscous forces and in-

ertia, Re provides insight into the pattern of fluid motion under 

various circumstances. The streamline concentration and flow 

circulation are uniformly circulating throughout the uppermost 

part of the wall when Re =10. Physically, this is caused by the 

combined effects of shear force and buoyant force, both of 

which are controlled at low Re. After that, the streamline vortex 

and lid velocity both noticeably alter as the Re spikes from 50 

to 100. Higher Re values physically result in increased fluid in-

               
 

               

Fig. 5. Effect of Re on streamlines. 

               
 

               

Fig. 6. Effect of Re on isotherms. 
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ertia, which raises the flow circulation and magnitude with 

streamlines concentration. Furthermore, the strengthening of Re 

signifies the lid velocity of the trapezoidal cavity's top wall; fluid 

flow follows the lid velocity along the upper wall from the right 

to the left. The fluid's movement over the upper surface, from 

right to left, is growing as Re rises. This movement reaches its 

peak when Re = 200. This is because the velocity of the top lid 

increases with increasing Re, and as a result, forced convection 

becomes more prominent than sheer force and buoyant force. It 

is evident that the entire domain experiences an increase in fluid 

velocity along a line (0.5, 0) to (0.5, 0.6) as Re develops, which 

can be seen in Fig. 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, Fig. 6 shows how Re affects the interior isotherms 

of the cavity. Natural convection is dominant in fluid flow when 

Re =10. As a result, from the right hot cylinder to the left cooler 

one, the isotherm lines change uniformly. Force convection oc-

curred, as evidenced by the rising value of Re (50), brought 

about by the upper wall's rising lid velocity. As can be seen, the 

red contour lines in the isothermal patterns indicate how fluid 

movement carries heat from the heated surface to the colder sur-

face. Consequently, there is a 97.07% intensification of heat 

transmission rate compared to that before. It is apparent, there-

fore, that when Re rises, the isotherm contour lines distort. 

4.2. Influence of Richardson number 

The relative significance of forced convection caused by a lid 

vs. thermal natural convection forces is measured by the Ri-

chardson number (Ri) where Ri = Gr/Re2. Here, Figs. 8 and 9 

are applied to explain the effect of fluid flow and heat transmis-

sion using streamlines and isotherms at various Ri values when 

Re = 100, Ha = 20, Pr = 6.8377, and ϕAg = 0.02, ϕMgO = 0.02. In 

this investigation, the parameter that has the largest influence on 

describing the mixed convection is Ri. It is evident from Fig. 8 

that the fluid flow pattern is also affected by changes in Ri. 

Firstly, when Ri = 0.1, a forced convection is evident, with the 

streamlines moving more along the enclosure's upper wall and 

to the left. Furthermore, the bulk motion inside the cavity is cir-

culating as a result of the top moving lid's motion, which is 

caused by the dominance of inertial forces over buoyancy 

forces. Furthermore, when the forces of buoyancy and inertia are 

balanced (for Ri = 1), examine the mixed convection mode.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Consequently, the top lid wall experiences a movement ef-

fect from the core vortex. Moreover, the streamlines' vortex wid-

ens as the value of Ri rises. According to the physical explana-

tion, an escalation of Ri signifies the predominance of natural 

convection, which reduces shear stress. This created shear stress 

provides hurdles for fluid motion. The fluid velocity decreases 

as the value of Ri rises from 1 to 5, indicating that natural con-

vection is now more significant in this condition. 

As a result, the streamlines are shifted somewhat towards the 

lid wall. A clockwise rotating vortex can be noticed in the cavi- 

 

Fig. 7. Velocity profile for Re. 

                
 

                

Fig. 8. Effect of Ri on streamlines. 
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ty's lower left corner at the highest value of Ri = 10. Also,  

Fig. 9 illustrates how isotherms are impacted by Ri in the entire 

trapezoidal cavity. A significant reduction of heat transmission 

is designated by Nuav of 10.549 at Ri = 0.1. The heat transfer 

rate rises 6.9% over the lower value prior to the expansion of Ri 

from 0.1 to 1. Moreover, for Ri = 1, the mixed convection occurs 

in the entire cavity and at that time Nuav is 11.277. An additional 

15.46% enhancement in heat transmission may be seen by in-

creasing Ri from 1 to 5. This analysis shows an increase in Nuav 

with the enlargement of Ri values. And, there is an 11.16% in-

crease in Nuav as Ri increases from 5 to 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3. Influence of Hartmann number 

The streamline and isotherm contours in Figs. 10 and 11 demon-

strate the consequences of Hartmann number (Ha) on fluid ve-

locity and thermal transportation, keeping Ri = 1, Re = 100,  

Pr = 6.8377, ϕAg = 0.02 and ϕMgO = 0.02. In reality, Ha illustrates 

how the magnetic force influenced this trapezoidal heat exchan-

ger.  

From Fig. 10, the streamline’s concentrations are signifi-

cantly denser without the existence of an external magnetic field 

(Ha = 0). It appears that the flow pattern is consistent across the 

hollows. However, as the magnitude of fluid vorticity inside the 

insertion becomes slow, the flow circulation becomes slightly 

blocked following the intensification of the magnetic field  

(Ha = 20). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 
 

                

Fig. 10. Effect of Ha on streamlines. 

                
 

                

Fig. 9. Effect of Ri on isotherms. 
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It is evident that, in comparison to greater magnetic field ef-

fects (Ha = 20, 50, 100), lower magnetic fields (Ha = 0) boost 

flow behaviour. After increasing the value of Ha from 20 to 50 

and from 50 to 100, there is a perceptible effect on the flow cir-

culation. Because of the magnetic force effect, there is an active 

resistive force inside the enclosure known as the Lorentz force, 

which has the potential to slow down the mobility of the 

nanofluid. Precisely, the isotherm lines have a consistent shape 

in the vertical direction as the convection type of heat transmis-

sion progressively gives way to the conduction mode. This phys-

ical phenomenon causes the fluid flow to diminish more in the 

direction of the top lid surface. More importantly, the velocity 

profile falls with increasing Ha, as Fig. 12 illustrates the velocity 

profile of Ha. Furthermore, for greater Ha values (Ha = 20, 50, 

100), the isothermal lines in Fig. 11 show that the variation of 

isothermal lines is rather mild (not significant).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When there is no active magnetic field, convectional heat 

transfer (Nuav) occurs at a high rate. This indicates that due to 

the addition of magnetic field, the fluid flow meets impedance. 

When the value of Ha is enforced from 0 to 20, there is a 7.85% 

decrease in heat transfer. After the value reached 50, there was 

a significant decline in heat transfer, around 33.04%. Also, this 

decreased rate is 31.43% at the maximum magnetic impact value 

(Ha = 100). The investigation shows that the rate of heat trans-

mission declines at 58.7% from the lowest active magnetic field 

to the greatest active magnetic field. 

4.4. Importance of nanofluids 

This section uses Figs. 13 and 14 to expound the nature of heat 

transfer and fluid motion on the present model for different mag-

nitudes of the ϕ. Since the velocity profile is therefore controlled 

by the inherent characteristics of the base fluid, such as density 

and viscosity, the fluid is a pure base fluid devoid of nanoparti-

cles (ϕ = 0). The introduction of a modest percentage of nano-

particles (ϕ = 0.02) really starts to affect the fluid dyna-mics and 

causes resistance to the particles' mobility in this fluid area. The 

fluid's inertia force is increased by the cavity's total mass of the 

fluid. The fluid velocity is significantly reduced as a result of the 

significant rise in viscosity, which increases flow resistance. An 

additional factor is that the solution becomes more viscous when 

more nanoparticles are added. From Fig. 13, it is evident that 

when ϕ rises, the fluid velocity along the line (0.5, 0) to (0.5, 

0.6) decreases significantly. Conversely, the heat transfer rate 

(Nuav) is rising due to intensification of ϕ, as seen in Fig. 14. The 

parameters of the base fluid alone dictate Nuav, which is 10.648 

in the absence of nanoparticles (ϕ = 0), as shown by this line 

graph. Nanoparticle addition begins to marginally increase the 

heat transfer rate to 3% (10.968) at modest ϕ =0.02. Because of 

the nanoparticles' increased thermal conductivity, and therefore 

improved heat transmission within the fluid, there has been an 

improvement. By increasing the mass of the nanoparticles in the 

fluid up to 0.04, Nuav is increased by 2.82%. On top of that, com-

pared to ϕ = 0, Nuav is greatly increased by 11.4% when ϕ is 

raised by 8% (ϕ = 0.08). 

 
Fig. 12. Velocity profile for Ha. 

                 
 

                

Fig. 11. Effect of Ha on isotherms. 
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Superior heat transfer rates arise from the fluid's increased 

thermal conductivity, which is further enhanced by the high con-

centration of nanoparticles. Moreover, let’s take a look at the 

significance of accumulation of solid nanoparticles in water 

more closely (Fig. 14). Here, utilising the properties of Re and 

Ha, Nuav is used to clarify and illustrate the rate of heat transfer 

for several fluid types. For pure fluid (H2O), MgO-H2O nano-

fluid, Ag-H2O nanofluid and Ag-MgO-H2O hybrid nanofluid, 

Fig. 14(a) shows that Nuav grows monotonically with the in-

creasing Re. Without the existence of any nanoparticles in wa-

ter, Nuav is equal to 10.53 by taking all other parameters in a 

standard form. When ϕMgO = 0.02 and ϕAg = 0, adding MgO na-

noparticles quickly improves Nuav (10.885) relative to the pure 

base fluid, which becomes 3.37% greater than that of the base 

fluid. A similar tendency can be found while adding Ag nano-

particles (ϕMgO = 0 and ϕAg = 0.02), which increases the Nuav 

value relative to the pure base fluid by 3.5% (10.908). But both 

solid nanoparticles (ϕMgO = 0.02 and ϕAg = 0.02) increased Nuav 

significantly, which is 11.277. This time, the improvement rate 

is 7.09%. In addition, Fig. 14(b) illustrates how adding mono or 

hybrid nanoparticles enhances Nuav for distinct values of Ha. 

The findings indicate that the Ag-MgO-H2O hybrid nanofluid 

has a larger Nuav than Ag-H2O nanofluids, yet for all fluid com-

binations, the rate of Nuav decreases as the Ha factor rises. This 

indicates that because of the hybrid nanofluid's exceptional ther-

mal properties, the Ag-MgO-H2O hybrid nanofluid performs 

better in terms of heat transport than either MgO-H2O or Ag-

H2O nanofluid. This is the primary reason for utilising hybrid 

nanofluid as opposed to the base fluid or nanofluid containing a 

particular nanoparticle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5. Response surface methodology 

A well-known statistical analytic technique that explains how 

the included parameters (Re, ϕ and Ha) impact the response 

function (Nuav) for this fluid model is called the response surface 

methodology, or RSM, as described by [57]. This is a useful 

method for simulating multivariate scenarios in which the input 

components simultaneously influence the responses that gener-

ate interest. Generally, the second-order model produces an ac-

ceptable approximation of the response, even in cases where al-

ternative RSM models exist. As per certain accounts, the quad-

ratic RSM model is: 

 𝑦 = 𝑠0 + ∑ 𝑠𝑖𝑥𝑖
3
𝑖=1 + ∑ 𝑠𝑖𝑗𝑥𝑖𝑥𝑗

3
𝑖=1 + ∑ 𝑠𝑖𝑖

3
𝑖=1 𝑥𝑖

2. (12) 

Here, y is the response function, 𝑠0, 𝑠𝑖, 𝑠𝑖𝑗  and 𝑠𝑖𝑖  are the 

corresponding terms' coefficients. Here, Nuav is considered the 

response faction (y), while the significant parameters Re, Ha and 

the ϕ function are input parameters. Finding the response func-

tion that most closely matches the interaction between independ-

ent parts is the primary goal. Here, a second-order RSM model 

based on central composite design (CCD) is used [58]. This 

model has 20 runs in total for 3 independent factors: 6 centres, 

8 cubes, and 6 axial points per factor. The coded level for CCD-

based RSM is shown in Table 4. In addition, Table 5 expresses 

the real values, response function values, and 20 runs of coded 

values. The results of this statistical investigation of this model 

utilising RSM are also displayed in Table 6. The greatest num-

ber of autonomous terms is what we refer to as degrees of free-

dom, or DOF. Moreover, a significant piece of evidence from 

this analysis is p-value, which reflects the probability that the 

null hypothesis is accurate for a definite statistical technique. 

When the p-value is low, it indicates that the null hypothesis is 

rejected, which indicates that the model is significant. Typically, 

this is less than 5%. 

 

Fig. 13. Velocity profile of ϕ. 

(a)                 (b)  

Fig. 14. Deviation of Nuav for base fluid and nanofluid using (a) Re and (b) Ha. 



Sensitivity Analysis of Magnetohydrodynamic Mixed Convective Trapezoidal Heat Exchanger… 

 

71 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The model’s statistical analysis and the procedures for test-

ing indicate that the R2 value (97.85%) for Nuav is superior, in-

dicating that this model is apposite for calculating the response 

function Nuav, despite having a lower adjusted R2 value 

(95.92%). Another crucial statistic that must be exceptionally 

small for a model to be deemed suitable is lack-of-fit. In order 

to investigate the relation between Nuav and the factors Re, Ha 

and ϕ, a general RSM model is developed as indicated below: 

 𝑦 = 𝑠0 + 𝑠1Re + 𝑠2𝜙 + 𝑠3Ha + 𝑠12Re‧𝜙 + 𝑠13Re‧Ha +  

 𝑠23𝜙‧Ha + 𝑠11Re
2 + 𝑠22𝜙

2 + 𝑠33Ha
2, (13) 

where 𝑠0, 𝑠1, 𝑠2, 𝑠3, 𝑠12, 𝑠13, 𝑠23, 𝑠11, 𝑠22 and 𝑠33 are taken as 

the coefficients of the regression line concerning Re, Ha and ϕ.  

Furthermore, Nuav's anticipated coefficients of Eq. (13) are pro-

vided in Table 7 and are calculated as coded units. 

 

 

 

 

 

 

 

 

 

 

 

 

A suitable regression equation has only been developed uti-

lising the significant model terms with lower p-values, owing to 

their importance. On the contrary, the terms that are not essential 

have been neglected (bold emphasised). Therefore, the terms ϕ2, 

Re‧ϕ and ϕ‧Ha have no influence whatsoever on Nuav's regres-

sion equation (13). Consequently, the subsequent mathematical 

correlation can be applied to relate Nuav with the parameters Re, 

ϕ and Ha:  

 Nu𝑎𝑣 = 7.87 + 3.39Re + 0.5134𝜙 − 2.71Ha −  

 0.905Re2 + 0.8842Ha2 − 1.97Re‧Ha. (14) 

4.6. Response surface analysis 

With a view to analysing the influence of independent compo-

nents on the response function, in this segment, Figs. 15−17 pro-

vide 2D and 3D contour plots regarding the response surface de-

veloped using RSM (Nuav). Figure 15(a) demonstrates Nuav's re-

action to Re and ϕ. This 2D contour map clearly illustrates that 

the response function rises with both Re and ϕ. For example, the 

rate of heat transmission proliferations increases by about 

103.1% when the value of Re goes up from 10 (coded value 1) 

to 105 (coded value 0). At this point, Nuav grows by around 

36.84% when the magnitude of Re is raised from 105 (coded 

value 0) to 200 (coded value 1). At the greatest magnitude of Re 

and ϕ (coded value 1), the fluctuating rate of Nuav is maximal, 

as seen in the 2D contours in Fig. 15(a). Moreover, Fig. 15(b) 

displays a 3D surface plot of the effects of Re and ϕ on Nuav. 

Moreover, several 2D and 3D graphical representations are also 

shown in Fig. 16(a) to show how Re and Ha influence Nuav in 

this hybrid nanofluid model. Furthermore, although ϕ remains 

constant, a rise in Ha diminishes the rate of Nuav. Additionally, 

Fig. 16(b) displays a 3D surface depiction of Re and Ha's effects 

on Nuav. Likewise, Fig. 17 illustrates Nuav's impact from Ha and 

ϕ. Here, the altering rate of Nuav is advanced by increasing the 

size of ϕ while decreasing the magnetic field. Nuav's fluctuating 

rate is lower than it was in the prior two cases, though. 

Table 4. Original and coded levels for CCD-based RSM.  

Factors 
Coded & original level 

Lowest value (-1) Mid value (0) Lowest value (-1) 

Re 10 105 200 

ϕ 0 0.04 0.08 

Ha 0 50 100 

 

Table 6. Analysis of variance for Nuav.  

Source DOF F-value p-value Comment 

Model 9 38.18 < 0.0001 Significant 

Re 1 210.44 < 0.0001  

ϕ 1 69.67 0.019  

Ha 1 9.65 < 0.0001  

Re2 1 7.59 0.0273  

ϕ 2 1 0.0059 0.3358  

Ha2 1 0.0317 0.0302  

Re‧ϕ 1 37.64 0.3743  

Re‧Ha 1 0.3335 < 0.0001  

ϕ‧Ha 1 0.5012 0.511  

Lack-of-Fit 5 - - Insignificant 
 

Here, R2 = 98.53%, Adjusted R2 = 97.21% 

Table 7. Coefficients of the regression equation with corresponding  

p-values based on RSM.  

Coefficients S0 S1 S2 S3 S11 

Values 7.87 3.39 0.5134 −2.71 −0.905 

p-values - <0.0001 0.019 <0.0001 0.0273 

Coefficients S22 S33 S12 S13 S23 

Values −0.3545 0.8842 0.1910 −1.97 −0.14 

p-values 0.3358 0.0302 0.3743 < 0.0001 0.511 

 

Table 5. Magnitude of the response function for distinct cases. 

Run 
Coded values Real values Response 

Re ϕ Ha Re ϕ Ha Nuav 

1 1 0 0 200 0.04 50 10.569 

2 -1 -1 1 10 0 100 3.1986 

3 1 1 -1 200 0.08 0 16.28 

4 0 0 1 105 0.04 100 5.2279 

5 0 1 0 105 0.08 50 8.1926 

6 0 0 0 105 0.04 50 7.7234 

7 1 -1 1 200 0 100 6.0078 

8 -1 1 -1 10 0.08 0 4.8334 

9 0 0 0 105 0.04 50 7.7234 

10 0 0 0 105 0.04 0 12.722 

11 1 1 1 200 0.08 100 6.8295 

12 -1 0 0 10 0.04 50 3.8024 

13 0 0 0 105 0.04 50 7.7234 

14 0 -1 0 105 0 50 7.2798 

15 1 -1 -1 200 0 0 14.227 

16 0 0 0 105 0.04 50 7.7234 

17 -1 1 1 10 0.08 100 3.9276 

18 -1 0 1 10 0.04 100 7.7234 

19 -1 -1 -1 10 0 0 4.2158 

20 0 0 1 105 0.04 100 7.7234 
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4.7. Sensitivity analysis of parameters 

Sensitivity analysis, a process for the determination of how input 

uncertainty affects the model's response, is crucial to numerical 

simulation. By doing a "sensitivity analysis", it is possible to de-

termine the extent to which the model's parameter distresses the 

generated variables [59]. Using the results of the sensitivity 

analysis, the important variables can be ranked in order of influ-

ence to determine which parameter is the most beneficial. By 

differentiating (partially) the response function with respect to 

autonomous factors (Re, ϕ and Ha), one can analytically evalu-

ate the sensitivity of the output. Consequently, the following 

computation is made for Nuav with respect to the input parame-

ters as in Eq. (14):  

 
𝜕Nu𝑎𝑣

𝜕Re
= 3.39 − 1.81Re − 1.97Ha, (15) 

                   

Fig. 16. Effect on Nuav for Re and Ha: (a) 2D sight; (b) 3D sight. 

                 

Fig. 17. Effect on Nuav for ϕ and Ha: (a) 2D sight; (b) 3D sight. 

                         

Fig. 15. Effect of Re and ϕ on Nuav: (a) 2D sight; (b) 3D sight. 
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𝜕Nu𝑎𝑣

𝜕𝜙
= 0.5134, (16) 

 
𝜕Nu𝑎𝑣

𝜕Ha
= −2.71 + 1.7684Ha − 1.97Re. (17) 

Eqs. (15) to (17) can now be used to calculate the rate of 

sensitivity of Nuav to Re, ϕ and Ha. Table 8 presents the findings.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The values obtained by applying this model are as follows: 

Ha at 1 and 0 (0 and 50), ϕ at 0 and 1 (0.04 and 0.08), and Re 

at −1, 0 and 1 (10, 105 and 200). Furthermore, it's critical to 

remember that a positive sensitivity indicates that the input fac-

tors are intensifying this response. This demonstrates how the 

Re and ϕ stimulate Nuav in a positive way. Conversely, a nega-

tive sensitivity signifies the exact opposite trend, where raising 

input factors causes the response to drop. This signal suggests 

that the input factor Ha has a negative effect on Nuav. Moreover, 

Fig. 18 illustrates negative sensitivity with respect to Nuav by the 

flipped bar and positive sensitivity with respect to Nuav by the 

upright bar. The sensitivity level is also displayed along the en-

tire length of the bar.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Conclusions 

This study focuses on the interaction between heat transport pro-

cesses and the effects of magnetic fields, examining the behav-

iour of mixed convective heat fluxes in a confined cavity using 

a hybrid (Ag-MgO-H2O) nanofluid. A numerical solution is de-

veloped using the Galerkin finite element method to capture the 

complex behaviour. The key findings are outlined below: 

 Sensitivity analysis of the response function is performed 

using RSM to gain a comprehensive understanding of the 

heat transportation mechanism. 

 The impact of the hybrid nanofluid on streamlines, iso-

therms, and Nuav is investigated. 

 Surface plots in two and three dimensions provide a clear 

visual representation of the heat transmission process for 

significant components involved. 

 The hybrid nanofluid (Ag-MgO-H2O) shows superior ther-

mal properties, resulting in better heat transfer performance 

than the base fluid or mono nanofluid, with heat transfer 

improvements of 3.37% and 7.09%, respectively. 

 The Hartmann number (Ha) has a negative impact on the 

velocity profile. 

 Sensitivity analysis results show that Reynolds number 

(Re) and nanoparticle volume fraction (ϕ) positively influ-

ence heat transfer from hot surfaces, while Ha has a nega-

tive impact on it. 

This study can be extended in the future for non-Newtonian 

fluids and temperature-dependent thermophysical properties 

with a three-dimensional approach. 
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