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Abstract 

The present work investigates heat and mass transfer characteristics in an inclined porous channel by incorporating the 

effects of double dispersion, Dufour diffusion, chemical reaction, and viscous dissipation under slip boundary 

conditions. Thermal and solutal dispersion mechanisms are considered to accurately model transport phenomena in 

porous media. A first-order homogeneous chemical reaction is assumed, while viscous dissipation is included to 

account for internal heat generation. The system of nonlinear equations governing momentum, energy, and 

concentration is transformed into a coupled system of ordinary differential equations using suitable similarity trans- 

formations and are solved numerically using the Successive Quadratic Linearization Method (SQLM). In 

addition, an entropy generation analysis is performed to assess thermodynamic irreversibility arising from heat 

transfer, fluid friction, and mass diffusion. The influences of key parameters such as slip parameter, dispersion 

coefficients, Dufour number, chemical reaction parameter, inclination angle, Brinkman number, and Eckert number 

on entropy generation rate, velocity, temperature, concentration, and Bejan number are examined. The results indicate 

that enhanced Dufour and viscous dissipation effects significantly increase temperature and entropy generation, 

whereas stronger chemical reactions suppress concentration and reduce solutal irreversibility. The present findings are 

relevant to the optimization of thermal systems involving porous channels and reactive transport processes. 

Keywords: Buongiorno model, Double dispersion, Chemical reaction, Dufour effect, Viscous dissipation, Porus 

medium, Entropy generation, Graphene nanofluids 
 

 

1. Introduction 

Nano fluids are favored over traditional viscous micro fluids due to their superior heat transfer capabilities. 

Moreover, they help to keep the flow channels clear of blockages, deposits, and wear. It has been reported that the 

principal contributors to slip phenomena in nanofluid flows are thermophoresis and Brownian diffusion [1]. The 

effectiveness of nano fluids depends on factors such as geometry selection, base fluids, volume fraction, hybrid 

nanoparticles, and specific application requirements.[3]. Nevertheless, findings from computational analyses reveal 

that Graphene oxide (GO) is known to markedly improve heat transfer owing to its excellent thermal conductivity [5, 

6, 7, 8]. Graphene–based nanofluids have diverse applications, including lithium–ion batteries, biosensing devices, 

supercapacitors, and biomedical suspensions. 

Several foundational numerical investigations have examined fluid flow in inclined channels have systematically 

explored fully developed laminar flow between two parallel plates set at an angle. Counterflow conditions were ex- 

amined under uniform flux with characteristics of actual flow [9]. Both theoretical and experimental studies report  
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that, among graphene-based nanofluids, graphene oxide (GO) and hybrid graphene nanoparticles dispersed in ethylene 

glycol and water have been extensively explored, due to their favourable thermophysical properties. Analytical 

studies concerning the flow of GO nanofluids in channels bounded by an increase in nanoparticle volume fraction 

results in enhanced heat transfer performance when the plates are in motion [20]. The combination of graphene- based 

nanofluids with metallic or semiconductor nanoparticles and polymeric materials significantly enhances their 

industrial applicability. These hybrid nanofluids are utilized in adsorptive technologies, lubrication enhancement, 

humidity sensors, photocatalytic reactions, and advanced heat-transfer systems. [5]. The magnetohydrodynamic 

(MHD) behaviour of water–graphene oxide (W–GO) nanofluids flowing through a horizontal channel under the 

action of forced convection has been examined. Integrating magnetohydrodynamic studies with nanofluid behaviors is 

crucial for industrial and biomedical applications, such as molten pumps used for coolant circulation in nuclear 

reactors and applications in modern drug delivery systems. Likewise, investigations into the impact of viscous 

dissipation on flow behavior enhances our understanding of energy losses resulting from fluid particle interactions, 

which can improve the use of fluids as efficient lubricants [13]. In this regard, the transport of two micropolar fluids 

driven by a uniform pressure gradient through distinct porous layers with different thermophysical properties was 

investigated. Computational fluid dynamics research under convective conditions, Entropy characteristics in an 

inclined channel transporting a micropolar fluid under convective and slip boundary conditions were also analyzed, 

and the findings revealed that both the Reynolds number and the coupling parameter play a dominant role in 

regulating entropy generation [15]. 

Fluid flow along with coupled heat–mass transfer phenomena in inclined porous channels is an active area of 

research of considerable importance due to their applications in chemical reactors, geothermal energy systems, porous 

heat exchangers, and thermal management devices. In many microscale and rarefied flow situations, the classical no-

slip boundary assumption is no longer valid, and therefore slip boundary conditions must be employed to accurately 

describe the fluid behavior near solid surfaces [55]. The presence of a porous medium significantly alters momentum, 

thermal, and solutal transport characteristics, particularly when the flow is influenced by channel inclination. To 

realistically capture transport mechanisms in porous structures, the inclusion of double dispersion, accounting for both 

thermal and solutal dispersion effects, is essential. Recent studies have emphasized the importance of cross-diffusion 

phenomena such as the Dufour effect, which represents heat flux induced by concentration gradients and plays a key 

role in coupled thermo-solutal transport processes [50, 54]. Furthermore, the inclusion of chemical reaction effects is 

crucial for modeling industrial and environmental processes, while viscous dissipation contributes to internal heat 

generation in flows with high velocity gradients [56]. Although several investigations have addressed individual or 

combined effects of slip, dispersion, and cross-diffusion in porous media flows, studies that simultaneously consider 

double dispersion, Dufour diffusion, chemical reaction are still lacking.  

Additionally, Graphene exhibits exceptionally high thermal conductivity compared with most known materials. 

Owing to its advantageous thermophysical, mechanical, and chemical properties, its use as a coolant has gained 

increasing attention. Its significance in renewable energy promotes cost-effective practical large-scale applications in 

power storage and capacity expansion. This importance highlights the need for computational research on graphene-

based nanofluid flows in various geometries. The objective of this study was to address the gap in the computational 

analysis of the research models the transport of graphene oxide nanoparticles in water through an inclined channel, 

employing numerical techniques to solve the governing equations and interpret the flow behavior. 
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2. Mathematical formulation 

 

The physical setup comprises two parallel plates inclined at an angle α, between which a steady flow of water- 

based graphene oxide (GO) nanofluid is sustained. The schematic illustration of the flow domain is presented in 

figure 1. 

 

 

                                                Figure 1: Schematic representation of the probl 

 

In this study, the flow formulation incorporates the influence of gravitational body forces along with key nanopar- 

ticle transport mechanisms, specifically Brownian diffusion and thermophoretic effects. Accordingly, the governing 

equations are developed using the Buongiorno nanofluid framework [1], leading to the following mathematical model: 

 

𝜕𝑢

𝜕𝑥
= 0 (1) 

 

𝜌𝑛𝑓 (𝜈0
𝜕𝑢

𝜕𝑦
) +

𝜕𝑝

𝜕𝑥
= 𝜇𝑛𝑓

𝜕2𝑢

𝜕𝑦2
+ [(𝜌𝛽)𝑛𝑓(𝑇 − 𝑇𝑎)(1 − 𝐶𝑎) − (𝜌𝑠𝑝 − 𝜌𝑏𝑓)(𝐶 − 𝐶𝑎)]𝑔𝑠𝑖𝑛⁡ 𝛼 −

𝜇𝑛𝑓

𝜅𝑝
𝑢 − 𝜎𝑛𝑓𝐵0

2𝑢 (2) 

 

𝜕

𝜕𝑦
(𝛼𝑒

𝜕𝑇

𝜕𝑦
) +

𝐷𝐵𝑘𝑇𝜌𝑛𝑓

(𝜌𝐶𝑝)𝑛𝑓𝐶𝑠

𝜕2𝐶

𝜕𝑦2
+

𝜇𝑛𝑓

(𝜌𝐶𝑝)𝑛𝑓
(
𝜕𝑢

𝜕𝑦
)
2

= 0 (3) 

 

𝜕

𝜕𝑦
(𝐷𝑒

𝜕𝐶

𝜕𝑦
) +

𝐷𝑇

𝑇𝑎

𝜕2𝑇

𝜕𝑦2
+ 𝐾𝑐(𝐶 − 𝐶𝑎) = 0 (4) 

 

The slip boundary conditions corresponding to this configuration are expressed as 
 

  𝑦⁡ = ⁡−ℎ ∶ ⁡𝑢⁡ = ⁡ 𝑆𝑢
𝜕𝑢

𝜕𝑦
, 𝑇⁡ = ⁡𝑇𝑎⁡, 𝐶⁡ = 𝐶𝑎⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(5)⁡ 

𝑦⁡ = ⁡⁡ℎ ∶ ⁡𝑢⁡ = ⁡−𝑆𝑢
𝜕𝑢

𝜕𝑦
, 𝑇⁡ = ⁡𝑇𝑏⁡, 𝐶⁡ = ⁡𝐶𝑏⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(6)⁡ 
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The symbols Tb and Ta are the fluid temperatures at the lower plate and upper plate respectively and Similarly, Cb 

and Ca denote the nanofluid concentrations at the lower and upper plates, respectively. The parameter U0 represents the 

reference velocity, while h, km, κ, and Dm refer to the heat transfer coefficients at the channel plates, the mass 

transfer coefficient, the thermal conductivity, and the mass diffusivity of the nanofluid. Also, αe = αnf + γdu and 

De = DB + ωdu are respectively the effective thermal and solutal diffusivities and γ and ω are the coefficients of 

thermal and solutal dispersions. 

𝜇𝑛𝑓 =
𝜇𝑏𝑓

(1−Φ)2.5
 

𝜌𝑛𝑓 = (1 − Φ)𝜌𝑏𝑓 +Φ𝜌𝑠𝑝  

𝛼𝑛𝑓 =
𝜅𝑛𝑓

(𝜌𝐶𝑝)𝑛𝑓
 

(𝜌𝐶𝑝)𝑛𝑓 = (1 − Φ)(𝜌𝐶𝑝)𝑏𝑓 +Φ(𝜌𝐶𝑝)𝑠𝑝  

(𝜌𝛽)𝑛𝑓 = (1 − Φ)(𝜌𝛽)𝑏𝑓 +Φ(𝜌𝛽)𝑠𝑝  

𝜅𝑛𝑓

𝜅𝑏𝑓
=
𝜅𝑠𝑝 + 2𝜅𝑏𝑓 + 2Φ(𝜅𝑏𝑓 − 𝜅𝑠𝑝)

𝜅𝑠𝑝 + 2𝜅𝑏𝑓 −Φ(𝜅𝑏𝑓 − 𝜅𝑠𝑝)
 

𝜎𝑛𝑓

𝜎𝑏𝑓
=
𝜎𝑠𝑝 + 2𝜎𝑏𝑓 + 2Φ(𝜎𝑏𝑓 − 𝜎𝑠𝑝)

𝜎𝑠𝑝 + 2𝜎𝑏𝑓 −Φ(𝜎𝑏𝑓 − 𝜎𝑠𝑝)
 

The subscripts nf , bf , and sp correspond to the nanofluid, base fluid, and solid particles respectively. The symbols 

Table 1: Values of thermophysical properties [19, 20, 21, 22] 

 

Property (Units) Water Graphene oxide 

ρ (kg/m3) 997.1 1800 

Cp (J/kgK) 4179 717 

κ (W/mK) 0.613 5000 

β (10−5/K) 21 28.4 

σ (S/m) 0.005 107 

κ, Cp, β, ρ, µ, and σ represent thermal conductivity, the specific heat capacity, thermal expansion coefficient, 

density, dynamic viscosity, and electrical conductivity. The governing equations 1–4 are transformed using the 

following similarity variables: 

𝜂 =
𝑦

ℎ
, 𝑢 = 𝑈0𝑓(𝜂), 𝜃(𝜂) =

𝑇 − 𝑇𝑎
𝑇𝑏 − 𝑇𝑎

, 𝜙(𝜂) =
𝐶 − 𝐶𝑎
𝐶𝑏 − 𝐶𝑎

(7) 

The transformed ordinary differential equations (ODEs) along with their boundary conditions are expressed as 

 

𝑓′′ − 𝐴1𝑅𝑆𝐶𝑓
′ +

𝐺𝑟

𝑅𝑒
𝐴2(𝐴3𝜃−𝑁𝑟𝜙)𝑠𝑖𝑛⁡ 𝛼 −

𝑓

𝐷𝑎
− 𝐴4𝐻𝑎 𝑓 − 𝐴2𝑃1 = 0 (8) 

𝐴5𝑃𝑟𝐷ℎ(𝑓
′𝜃′+𝑓𝜃′′) + 𝜃′′ + 𝐷𝑢𝑃𝑟𝐴𝛼𝜙

′′ + 𝐴6𝐸𝑐𝑃𝑟(𝑓
′)2 = 0 (9) 

𝐷𝑐𝑆𝑐(𝑓
′𝜙′+𝑓𝜙′′) + 𝜙′′ +

𝑁𝑡

𝑁𝑏
𝜃′′ + 𝐶𝑅𝑆𝑐𝜙 = 0 (10) 

  

such that     

𝜂⁡ = ⁡−1 ∶ ⁡𝑓⁡ − ⁡𝑆⁡𝑓′ = ⁡0⁡, 𝜃⁡ = ⁡0⁡, 𝜑⁡ = ⁡0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(11)⁡ 

𝜂⁡ = ⁡⁡1 ∶ ⁡𝑓⁡ + ⁡𝑆⁡𝑓′ = ⁡0⁡, 𝜃⁡ = ⁡1⁡, 𝜑⁡ = ⁡1⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(12)⁡ 
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The constant coefficients (Ai, i = 1, . . ., 6) and the nondimensional parameters used in the formulation namely, 

the suction/injection parameter RSC, buoyancy ratio Nr, slip parameter, heat capacity ratio τ , Brownian motion 

parameter Nb, thermophoresis parameter Nt, Gasthof number Gr, and Reynolds number Re are defined as 

𝐴1 = (1 −Φ+Φ
𝜌𝑠𝑝
𝜌𝑏𝑓

) , 𝐴2 = (1 − Φ)2.5, 𝐴3 = 1 −Φ+Φ
(𝜌𝛽)𝑠𝑝

(𝜌𝛽)𝑏𝑓
,

𝐴4 =
𝜎𝑛𝑓

𝜎𝑏𝑓
(1 − Φ)2.5, 𝐴5 = (1 −Φ +Φ

(𝜌𝐶𝑝)𝑠𝑝

(𝜌𝐶𝑝)𝑏𝑓
) ,

𝐴6 = (1 − Φ+Φ
(𝜌𝐶𝑝)𝑠𝑝

(𝜌𝐶𝑝)𝑏𝑓
)
𝜅𝑏𝑓

𝜅𝑛𝑓
,

𝑆 =
𝑆𝑢
ℎ
, 𝑅𝑠𝑐 =

𝜌𝑏𝑓𝜈0ℎ

𝜇𝑏𝑓
,

𝐺𝑟 =
𝑔𝛽𝑏𝑓(𝑇𝑏 − 𝑇𝑎)(1 − 𝐶𝑎)ℎ

3𝜌𝑏𝑓
2

𝜇𝑏𝑓
2 , 𝑃1 =

ℎ2

𝑈0𝜇𝑛𝑓

∂𝑝

∂𝑥
,

𝑁𝑟 =
(𝜌𝑠𝑝 − 𝜌𝑏𝑓)(𝐶𝑏 − 𝐶𝑎)

(𝜌𝛽)𝑏𝑓(1 − 𝐶𝑎)(𝑇𝑏 − 𝑇𝑎)
,

𝑅𝑒 =
𝜌𝑏𝑓𝑈0ℎ

𝜇𝑏𝑓
, 𝑁𝑏 =

𝜏𝐷𝐵(𝐶𝑏 − 𝐶𝑎)

𝛼𝑛𝑓
, 𝑁𝑡 =

𝜏𝐷𝑇(𝑇𝑏 − 𝑇𝑎)

𝛼𝑛𝑓𝑇𝑎
,

𝐷ℎ =
𝛾𝑑𝑈0
𝜇𝑏𝑓

, 𝐷𝑢 =
𝐷𝐵𝑘𝑇𝜌𝑏𝑓(𝐶𝑏 − 𝐶𝑎)

𝐶𝑝𝑏𝑓𝐶𝑠(𝑇𝑏 − 𝑇𝑎)
,

𝑆𝑟 =
𝐷𝑇𝑘𝑇(𝑇𝑏 − 𝑇𝑎)

𝐷𝐵𝑇𝑎(𝐶𝑏 − 𝐶𝑎)
, 𝑃𝑟 =

𝜇𝑏𝑓𝐶𝑝𝑏𝑓

𝑘𝑏𝑓
,

𝐻𝑎 =
𝜎𝑏𝑓𝐵0

2ℎ2

𝜇𝑏𝑓
, 𝐷𝑠 =

𝜔𝑑𝑈0
𝜇𝑏𝑓

(13) 

 

The key quantities of practical interest, namely the Nusselt number Nu, Sherwood number Sh, and skin friction 

coefficient Cf , are derived as 

𝑁𝑢 = −𝜃′(𝜂), 𝑆ℎ = −𝜙′(𝜂), 𝑅𝑒 𝐶𝑓 = 𝐴7𝑓
′(𝜂),at 𝜂 = ±1 (14) 

 

Here, 𝐴7 = (1 −Φ)−2.5 [(1 − Φ) +Φ(
𝜌𝑠𝑝

𝜌𝑏𝑓
)]

−1

is a constant. In the following section, an analysis of entropy 

generation is presented, and the corresponding entropy generation number is derived. 

 

3. Entropy Analysis 

Entropy generation analysis is conducted to quantify and minimize energy losses, thereby enhancing the efficiency 

of the model and overall system performance. In accordance with the second law of thermodynamics, entropy is 

produced due to temperature gradients, viscous dissipation, and concentration differences. Accordingly, the 

dimensional entropy generation rate SG can be expressed as [23]: 

𝑆𝐺 =
𝜅𝑛𝑓

𝑇𝑎
2
(
∂𝑇

∂𝑦
)
2

+
𝜇𝑛𝑓

𝑇𝑎
(
∂𝑢

∂𝑦
)
2

+ 𝑅𝐷𝐵 [
1
𝐶𝑎

(
∂𝐶
∂𝑦

)
2

+
1
𝑇𝑎
(
∂𝑇
∂𝑦

) (
∂𝐶
∂𝑦

)] (15) 

Here, the terms on the right-hand side correspond to thermodynamic irreversibilities due to temperature gradients, 

fluid friction, and coupled heat–mass transfer effects. Using the dimensional entropy generation rate SG and the 

characteristic entropy scale 
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𝑆𝐺0 =
𝜅𝑛𝑓(𝑇𝑏 − 𝑇𝑎)

2

(𝑇𝑎𝐿)
2

,  

 

  the nondimensional entropy generation number is defined as   

𝑁𝑆 =
𝑆𝐺

𝑆𝐺0
                                                                                                                    

From equation (27), we have 

𝜂2

4
𝑁𝑆 =

1

𝜒
[𝜃′2+𝐴6

𝐸𝑐 𝑃𝑟
Ω𝑇

 𝑓′2+𝐴5𝑀𝑚
Ω𝐶

Ω𝑇
 𝜙′ (

Ω𝐶

Ω𝑇
𝜙′+𝜃′)] 

= 𝑁𝑆ℎ +𝑁𝑆𝐺 (16) 

Here, the subscripts Sh and SG denote the irreversibilities associated with heat transfer and those arising from 

fluid friction along with coupled heat–mass transfer, respectively. The parameters appearing in (16) are defined as 

follows: the geometric parameter χ = h2/L2, the temperature ratio ΩT = Tb/Ta, the concentration ratio ΩC 

= Cb/Ca, and the combined heat–mass transfer parameter 

𝑀𝑚 =
𝑅 𝐷𝐵 𝐶𝑎
𝜅𝑏𝑓

 

The Eckert number is given by   

𝐸𝑐 =
𝑈0
2

𝜅𝑏𝑓 𝐶𝑝𝑏𝑓 (𝑇𝑏 − 𝑇𝑎)
 

the Prandtl number as              

𝑃𝑟 =
𝜇𝑏𝑓 𝐶𝑝𝑏𝑓

𝜅𝑏𝑓

and the constant                       

                                                             𝐴6 = (1 −Φ)−2.5
𝜅𝑏𝑓

𝜅𝑛𝑓
              

 

The Bejan number, representing the ratio of heat transfer irreversibility to total entropy generation, is defined as 

𝐵𝑒 =
𝑁𝑆ℎ

𝑁𝑆
, is used to identify the dominant mechanism responsible for entropy generation [23]. Based on this 

ratio, heat transfer is the primary contributor when Be > 0.5, whereas fluid friction together with coupled heat–

mass transfer dominates when Be < 0.5. For Be = 0.5, all three sources of irreversibility contribute equally to the 

total entropy generation [25] 

4. Numerical Solution 

The spectral quasilinearization method, as proposed by Bellman and Canuto [26, 27], is employed to solve the 

system of transformed ordinary differential equations. Initially, the spectral collocation method is applied to 

linearize the coupled nonlinear equations. Using Chebyshev polynomials to approximate the functions at the 

Gauss–Lobatto collocation points, a matrix equation is formed. The resulting equation is then solved iteratively, 

starting from initial approximations that satisfy the boundary conditions. 
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5. Results 

In this section, the results are illustrated graphically and discussed in detail. The governing parameters are 

systematically varied within practical limits to assess their effects. as suggested in the literature [28]. Since the 

water-based nanofluid exhibits Newtonian behaviour, fixed values of the nanoparticle volume fraction and Prandtl number 

are considered as Φ = 0.01 and Pr = 6.5, respectively. Unless stated otherwise, the remaining parameter values 

are selected as Ec = 10−5, S = 0.5, RSC = 5,Re = 300, α = π/4,Nr = 2,Gr = 2 × 105 , Nb = 4 × 10−4, and Nt = 

2 × 10−4. The SQLM approximation is implemented with order N = 100, and the solution converges by the tenth 

iteration. 

Figure (2) shows that as chemical reaction increases, a drop in fluid velocity. 

 
 

   
 

   

(a) 

 

                           Figure 2: Influence of Cr on f 

 

Figure (3) explores the strength of Re on f , θ, φ, Be, and NS. As the Re , enhances, results in reduction of 

viscous forces, which results in diminish flow and hence there is go down in flow velocity (figure (3a)). Similarly, the 

reduced viscous forces decrease the nanofluid temperature as shown in the figure (3b), the concentrated fluid moves with 

lesser velocity causing a drop in convective mass transfer. Thus, the concentration of the nanofluid increases 

(figure (3c)). In the same way, entropy number decreases , when Re is varied as shown in the figure (3d). This 

leads to an increase in the Bejan number Be, indicating a greater contribution of fluid friction and mass transfer 

to the total entropy generation, as illustrated in Figure (3e). 

Figure (4) narrates the strengths of RSC on velocity f , θ, φ, entropy number NS and Bejan number Be. As the 

values of RSC escalates, the fluid flow f decreased in the proximity of the cooler plate. Whereas, in the middle of 

the channel, as expected, fluid suction, causes thinning of the boundary layer and reduces the velocity, as shown in 

the figure (4a). As suction/injection parameter increases the temperature decreases and concentration increases as 
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shown in figures (4b), (4c). Figure (4d) showcases the increases in entropy number between −1 < η < −0.37 

and 0.22 < η < 0.86 , whereas, it depicts a decrease in −0.37 < η < 0.22 and 0.86 < η < 1 . Even though the 

Bejan number Be increases as seen in the figure (4e), showcasing the allowance of mass transfer as well as fluid 

friction irreversibility contributes to the increased entropy throughout the channel. 

 

(a) (b) 

 

(c) 

 

(d) (e) 

Figure 3: Influence of Re on (a) f , (b) θ, (c) φ, (d) NS and (e) Be 
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Figure 4: Influence of RSC on (a) f , (b) θ, (c) φ, (d) NS and (e) Be 
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Figure 5: Influence of Dh on (a) f , (b) θ, (c) NS and (d) Be 
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Figure 6: Influence of α on (a) f , (b) θ, (c) φ, (d) NS and (e) Be 
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(c) (d) 

 

Figure 7: Influence of Da on (a) f , (b) θ, (c) NS and (d) Be 

 

Figure (5) demonstrates influence of Dh on the strengths of f , θ, NS and Be. Escalating the value of thermal 

dispersion parameter Dh, fluid velocity decreases (5a) and temperature decreases (5b), thus increasing the entropy 

generation and hence NS increases as shown in the figure (5c). Whereas, it impacts in enhancement of Bejan number 

Be (figure (5d)). Hence, thermal dispersion parameter mildly contributes to generation of entropy from combined 

mass and heat transfer together with fluid friction, even though the overall Be > 0.5, and the energy dissipation is 
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pronounced from heat transfer. 

Figure (6) illustrates the influence of the inclination angle α on f , θ, φ, NS, and Be. As the increase in 

angle of inclination occurs, enlargement in velocity is observed, due to the impacts of gravitational force (figure (6a)). 

Similarly, the nanofluid temperature increases with α values as shown in the figure (6b).In contrast, a slight 

decrease in concentration is observed with increasing α, as depicted in Figure (6c). Likewise, as α increase, resulting 

in increment of NS values as shown in the figure (6d) implying reduction in the Bejan number Be to decrease (figure 

(??)), thus establishing the mild allowance of mass transfer in conjunction with fluid friction to the generated entropy, 

even though the overall entropy is generated from heat transfer, similar to the previous case. 

Figure (7) examines the effect of the Darcy number Da on fluid velocity, temperature, entropy generation number, 

and Bejan number. Figure (7a) illustrates that increasing Da increases fluid velocity. Similarly, from figure 

(7b), Da values indicate an increase in temperature, due to elevated thermal conductivity of graphene oxide nanofluid. 

In the same way, strengthening Da, a reduction in NS is observed, since the dissipation is minimized and heat is 

transferred to the fluid due to high thermal conductivity (figure (7c)). This projects a depliation in Be (figure (7d)) 

which resounds the mild allowance of mass transfer in conjunction with fluid friction to the produced entropy. 

Figure (8) demonstrates influence of Ds on the strengths of f , θ, φ, NS and Be. Escalating the value of solutal 

dispersion parameter Ds, fluid velocity increases (figure (8a)) and temparature slitely increases due to collision 

of particles (figure (8b)). where as reduced concentration is observed (figure (8c)), thus decreasing the entropy 

generation and hence NS decreases as shown in the figure (8d). Whereas, it impacts the enhancement of Bejan 

number Be (figure (8e)). Hence, solutal dispersion parameter contributes to generation of entropy from combined 

mass and heat transfer together with fluid friction, even though the overall Be > 0.5, and the energy dissipation is 

pronounced from heat transfer. 

Figure (9) illustrates the influence of the Dufour number Du on the fluid velocity, temperature distribution, entropy 

generation number, and Bejan number. Figure (9a) shows that increasing Du increases fluid velocity. Similarly, from 

figure (9b), Du values indicate an increase in temperature, due to the duffer effect on nanofluid. In the same 

way, strengthening Du, a reduction in NS is observed, (figure (9c)). This causes a reverse trend in Bejan number 

Be (figure (9d)) which resounds the mild allowance of mass transfer in conjunction with fluid friction contributing to 

the generated entropy. 

Figure (10) explores the strength of Ec on f , NS and Be. As the Ec , increases, an enhanced fluid folw is 

observed (figure (10a)). In the same way, entropy number increases, when Ec is varied as shown in the figure (10b). 

This leads to a reduction in the Bejan number Be, indicating an increased contribution of fluid friction and mass 

transfer irreversibilities to the total entropy generation, as illustrated in Figure (10c). 

Figure (11) depicts the strength of S on f , θ, φ, NS and Be. Figure (11a) shows that increasing the S value 

, fluid velociy increases.. Similarly, figure (11b) explores that as S enhances, resulting in increase in the heat 

transfer coefficient and hence the heated fluid flows with notable velocity. Thus, the nanofluid closer to the hotter 

lower plate flows with enhanced temperature (11b) and with reduced concentration (11c). Similarly, it is witnessed through 

the figure (11d) that as S strengthens, notable depliation in the coefficient of heat transfer takes place and hence the 

generation of entropy too. This causes an elevation of Be (figure (11e)), thus indicating the strength of 

irreversibility of heat transfer. 
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Figure 8: Influence of Ds on (a) f , (b) θ, (c) φ, (d) NS and (e) Be 
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Figure 9: Influence of Du on (a) f , (b) θ, (c) NS and (d) Be 
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Figure 10: Influence of Ec on (a) f , (b) NS and (c) Be 
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Figure 11: Influence of S on (a) f , (b) θ, (c) φ, (d) NS and (e) Be 
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Table 2 represents the numerical data for Nu, Sh, and Cf at lower plate due to embedded chosen parameters 

from this study. It can be noted, as the rising values of α and S Causes Cf to increase and thereby improving the 

quality of convective heat transfer. Whereas, with increasing values of Dh, both the skin friction coefficient and the Nusselt 

number increase. thus showcasing a prominent raise in quantitative data of Nu. Whereas, strengthening CR, 

convection results in a significant decrease in Sh and skin friction.Meanwhile, an increase in Du suppresses the 

convective heat transfer rate by the ability of the magnetic field, Whereas, the skin friction is enhanced due to the 

high thermal conductivity of graphene oxide. Similarly, when strengthening S, elevated values observed in Sh and 

Cf . 

Table 2: Nu, Sh, and Cf for varying values of embedded parameters 

 

Re RSC Dh α Da Ds Du Ec Cr S −θ′(1) −φ′(1) A6f ′(1) 

200 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.027258721 8.277721288 21.41335528 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.065604245 7.91610508 12.73574828 

500 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.081752244 7.349849513 6.177324096 

700 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.036258277 6.942696603 3.647886024 

300 -0.01 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 1.655487489 6.585485744 53.7635409 

300 0.1 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 1.673852842 6.610349173 52.66494169 

300 0.2 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 1.690823819 6.633011563 51.64681825 

300 0.5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 1.743340688 6.701233203 48.49977969 

300 5 0.01 π/4 1 0.0001 0.001 0.00002 0.1 0.5 1.793925571 7.90793198 18.00534849 

300 5 0.04 π/4 1 0.0001 0.001 0.00002 0.1 0.5 2.588915137 7.920966558 14.49797449 

300 5 0.05 π/4 1 0.0001 0.001 0.00002 0.1 0.5 2.714007013 7.920622579 14.01488376 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.065604245 7.91610508 12.73574828 

300 5 0.1 π/6 1 0.0001 0.001 0.00002 0.1 0.5 3.083815099 7.54269262 7.873764654 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.065604245 7.91610508 12.73574828 

300 5 0.1 π/3 1 0.0001 0.001 0.00002 0.1 0.5 3.047648899 8.107665207 16.59379197 

300 5 0.1 π/2 1 0.0001 0.001 0.00002 0.1 0.5 3.033356951 8.230538102 19.90182442 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.065604245 7.91610508 12.73574828 

300 5 0.1 π/4 2 0.0001 0.001 0.00002 0.1 0.5 3.001079544 7.914209493 14.08007194 

300 5 0.1 π/4 3 0.0001 0.001 0.00002 0.1 0.5 2.98013341 7.91317379 14.55963462 

300 5 0.1 π/4 4 0.0001 0.001 0.00002 0.1 0.5 2.969757443 7.912580212 14.80583173 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.065604245 7.91610508 12.73574828 

300 5 0.1 π/4 1 0.00015 0.001 0.00002 0.1 0.5 2.915115336 8.274424564 14.58987135 

300 5 0.1 π/4 1 0.0002 0.001 0.00002 0.1 0.5 2.845666022 8.473491115 15.5801198 

300 5 0.1 π/4 1 0.00022 0.001 0.00002 0.1 0.5 2.826960993 8.530821682 15.86806624 

300 5 0.1 π/4 1 0.0001 0 0.00002 0.1 0.5 3.075332692 7.915911765 12.70084978 

300 5 0.1 π/4 1 0.0001 0.01 0.00002 0.1 0.5 2.98008529 7.917751291 13.04326552 

300 5 0.1 π/4 1 0.0001 0.02 0.00002 0.1 0.5 2.889011037 7.919403353 13.37218857 

300 5 0.1 π/4 1 0.0001 0.03 0.00002 0.1 0.5 2.801629161 7.920895331 13.6891222 

300 5 0.1 π/4 1 0.0001 0.001 0.00001 0.1 0.5 3.065604245 7.91610508 12.73574828 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.04613829 7.915602771 12.82693596 

300 5 0.1 π/4 1 0.0001 0.001 0.00003 0.1 0.5 3.026782199 7.915099526 12.91777893 

300 5 0.1 π/4 1 0.0001 0.001 0.00005 0.1 0.5 2.988386947 7.914090602 13.09847196 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.070750378 7.910708928 12.65244642 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.5 0.5 3.087365209 7.893707492 12.38879002 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.8 0.5 3.088934634 7.89213401 12.36429435 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 1 0.5 3.089458248 7.891610277 12.35613739 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.1 5.500601274 7.967641921 7.707305959 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.3 3.729154482 8.195347671 12.51942147 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 0.5 3.065604245 7.91610508 12.73574828 

300 5 0.1 π/4 1 0.0001 0.001 0.00002 0.1 1 2.453919993 7.418472479 11.08124376 
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6. Conclusions 

 

The present study investigated the slip-driven flow of graphene oxide (GO) nanofluid through an inclined chan- 

nel, incorporating the combined effects of double dispersion, Chemical reaction, Dufour effect, and and viscous 

dissipation. 

• GO nanoparticles significantly enhanced the effective thermal conductivity of the base fluid, resulting in 

improved heat transfer across the channel. 

• Elevated velocity was recorded by strengthening slip parameter, solutal dispersion parameter, Eckert number 

and dufour. Hence, high the magnetic field strength promotes better velocity. 

• When Be > 0.66, heat transfer dominates the entropy generation process, whereas variations in the governing 

parameters contribute only marginally through mass transfer and fluid friction effects. 

• Elevated values of the Dufour and chemical reaction parameters augment skin friction and strengthen the 

mechanisms of convective mass transfer and conductive heat transport. 

• Enhanced convective heat transfer is attained by increasing the angle of inclination, suction parameter, and slip 

parameter. As a result, as compared to the flow in a horizontal channel with ignored slip condition, the inclined 

channel achieves greater thermal performance under the influence of a magnetic field while accounting for slip 

velocity conditions. 

• The results emphasize the need for optimal control of thermal radiation, viscous dissipation, nanoparticle con- 

centration, and dispersion parameters to achieve enhanced heat transfer while minimizing entropy generation. 

• Overall, the study provides valuable insights for designing efficient thermal management, energy storage, and 

cooling systems utilizing GO nanofluids in inclined channel configurations. 
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