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Abstract: 

The entropy production by magnetohydrodynamic (MHD) flow and heat transport of non-

Newtonian Carreau nanofluids through an irregular (converging/diverging) channel is addressed 

in this theoretical study. The second law of thermodynamics is employed to examine fluid flow, 

heat, and mass transport characteristics along with entropy generation arising within the system by 

incorporating the Buongiorno model for nanofluids. The Carreau nanofluids flowing across narrow 

and extending channels are modeled using the basic transport equations of continuity, momentum, 

energy, concentration, and entropy generation. Here, individual terms from the entropy transport 

equation are employed to study entropy accumulation and dissipation together within a flow. The 

transmuted equations are resolved via the Runge-Kutta Fehlberg technique and shooting 

quadrature in MATLAB software. The flow velocity, temperature, concentration, entropy 

generation rate, and Bejan profiles are evaluated and sketched graphically at various flow 

parameters.  It's worth mentioning that the system's entropy generation grows along the diverse 

channel walls. Moreover, another important outcome of this analysis is that the rate of entropy 

formation increases as the Brinkmann number is estimated higher. This research could have 

substantial implications in high-temperature electronic devices, mechanical structures, heat 

exchangers, medical treatment, to mention a few. 

Keywords: Entropy production; Nanofluids; Enclosure; Heat transport; Carreau fluid; Numerical 

simulations. 
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One of the top objectives in the development of many engineering systems today is to make 

efficient use of energy. This is only possible if the second law of thermodynamics is applied, as 

the amount of accessible work is directly proportional to the amount of entropy generated (see e.g. 

[1]). As a result, a thermal device that produces less entropy due to irreversibility consumes less 

energy. This improves the thermal system's overall efficiency. The quantity of entropy developed 

can be effectively used as a performance parameters parameter (see e.g. [2]). Consequently, the 

Second law and entropy-generating analysis are frequently employed to assess the causes of 

irreversibility in diverse components and systems.  In the construction of air-cooled gas turbine 

engines, the localized rates of entropy creation are controlled was addressed by Natalini and 

Sciubba [3].  The entropy formation in incompressible turbulence flow was addressed by Kock 

and Herwig [4]. They created entropy production phrases wall functions and implemented them 

into a CFD code. For an instance, pipe flow with heat flux was investigated and findings from a 

direct simulation analysis were compared, with a special focus on entropy generation. The local 

and global entropy production rates in natural convection in the air in a vertical channel were 

evaluated numerically by Andreozzi et al. [5]. The entropy generation equation is solved utilizing 

velocity and temperature data to obtain the results of the entropy generation analysis. The entropy 

generation owing to laminar natural convection over a hot rotating cylinder was examined by Abu-

Hijleh and Heilen [6]. They discovered that when the Reynolds number and buoyant parameter 

grew, thus increased the formation of entropy. Few researchers calculate the entropy production 

in power-law model through the diverse surface are provided in Refs. ([7], [8], [9]). Makindie [10] 

investigated the problem of fundamental irreversibility in the flow of a variable-viscosity fluid in 

a channel with parallel walls and non-uniform temperatures. The inherent irreversibility in a non-

uniform (convergent/divergent) channel was examined by Bég and Makindie [11]. Shukla et al. 

[12] examined the hybrid nanofluid in a Jaffrey-Hamel flow with slip flow. The entropy production 

in a converging/ diverging channel by taking Cu-water-based nanofluid (see e.g. [13]). Weigand 

and Birkenfeld [14] provide a similarity solution to the Naiver stokes equations with entropy 

production in Jaffrey-Hamel flow.   

The study of the flowing of an electrically conducting fluid in the presence of an external 

magnetic field is termed as magneto hydrodynamics (MHD). The fluid flow through non-uniform 

channels is termed as convergent/divergent channels. For its wide range of industrial, scientific, 

and manufacturing industry, the flow evaluation via converging/diverging channel is gaining a lot 
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of traction. Improvement of heat transmission rate in a heat exchanger for milk flow, molten 

polymer extruded via converging dies, cold drawing operation in the polymer sector, and many 

more applications (see e.g. [15]). Subsequently, Patel and Meher [16] utilized 

convergent/divergent channels to analyze the MHD Jeffery–Hamel flow. In the external magnetic 

field, Usman et al. [17] evaluated the flow and heat transfer features of water-based nanofluids 

within convergent/divergent tubes. The critical behavior of the MHD flow in converging-diverging 

channels was addressed by Alam M.S [18]. Sommeria [19] focused on the crucial interactions 

between the parameters to see how the magnetic Reynolds number and angle behaved. Moffat [20] 

analyzed the role of MHD on converging-diverging flow and observed that, in the case of two-

dimensional undiluted fluid flow across convergent walls with variable viscosity, velocity 

interruption increased rapidly as the Reynolds value grows. Khan [21] investigated the MHD 

flow's critical behavior in converging-diverging channels. Makinde and Mhone [22] explored at 

Magnetohydrodynamic flows in converging-diverging channels, and it was an extension of 

Jeffery-Hamel flows to Magnetohydrodynamic. He postulated that the external electromagnetic 

field's effect serves as a parameter in the solution of MHD flows in convergent-divergent channels. 

Makinde and Mhone [23] looked in another study that, how tiny disruptions in MHD develop over 

time. To explore the stability of hydromagnetic steady flows in converging-diverging channels at 

very modest magnetic fields, Jeffery-Hamel flows are used. Reynolds' digit The Chebyshev 

spectral collocation method was used again. 

Scientists are paying more attention to the evaluation of nanofluids these days. nanosizeze 

particle immersed into the base liquid is a dilute solution with an average size of less than 

100𝑛𝑚 , such as water, oils, or ethylene. Such nanoparticles are superior thermal conductors, 

permitting base fluids to enhance their thermal performance. Choi [24] was the pioneer while 

introducing nanofluid. The combined influence of MHD and nanoparticles volume friction over 

Jaffrey-Hamel was prescribed by (see e.g. [25]). Moradi et al.  [26] also focused on the 

consequences of heat transmission and viscosity dissipation on the Jeffery-Hamel flow of 

nanofluids. [27] investigated the forced and free convection MHD flow in a revolving channel 

with a fully conducting wall. Furthermore, researchers investigated the impact of velocity and 

temperature slip on the flow of water-based nanofluids in converging and diverging channels (see 

e.g. [28]). 
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The ultimate focus of this communication is to examine the entropy reduction in a non-uniform 

(converging/diverging) channel of nanomaterial Carreau fluid flow in the external magnetic field. 

The problem's peculiarity is that it investigates entropy generation minimization for a non-

Newtonian fluid model with substantial viscous dissipations effects. The multi-physical partial 

differential equations are reduced into a system of non-linear ODEs. Various fluid parameters are 

used to compute the total entropy generation rate. Few investigators investigation is offered in (see 

Refs. [29-33]). 

2. Description and formulation of the problem 

2.1 Physical configuration  

We establish a numerical solution for the entropy transfer equation in the full Naiver–Stokes 

equations in radial coordinates (𝑟, 𝜃, 𝑧). The flow is described between convergent and divergent 

flat plates as presented in Fig. 1. The velocity and temperature depend upon the opening angle 𝜓 

of the channel, therefor the velocity has radial component 𝑟 only. The walls of the channel are 

separated at a distance of 2 𝜓. The incompressible flow of Carreau liquid is assumed under the 

influence of a uniform magnetic field. The uniform magnetic field  
𝐵0𝑟   is acting vertically on the 

wall. Assume that the domain of the investigated flow is −|𝜓| < 𝜃 < |𝜓|, Therefore, the channel's 

semi-angle will be 𝜓. Furthermore, joule heating and viscous dissipations are considered.  

 

Fig. 1. Geometrical configuration of the flow.  

Thus, with this assumption, the basic conservations law’s ∇. �⃗� = 0, (1) 
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(�⃗�. ∇). �⃗� = 𝜈∇2�⃗� − 1𝜌𝑓 ∇𝑝 + 𝑗 × 𝐵,  (�⃗�. ∇)𝑇 = 𝑘𝑓(𝜌𝑐)𝑓 ∇2𝑇 + (𝜌𝑐)𝑝(𝜌𝑐)𝑓 [𝐷𝐵(∇𝐶. ∇𝑇) + 𝐷𝑇 ∇𝑇. ∇𝑇𝑇𝑤 ] + 𝜇Φ + 𝑗. 𝑗𝜎 , (�⃗�. ∇)𝐶 = 𝐷𝐵∇2𝐶 + 𝐷𝑇𝑇𝑤 ∇2𝑇, 
Where �⃗� = 𝑢(𝑟, 𝜃)𝑖̂ denote the velocity field, 𝜌𝑓  is the nonofluid density, 𝜅  𝜇 , 𝜈 ,  𝜎 , 𝐷𝐵 ,  𝐷𝑇 , Φ, 𝑇𝑤, 𝐶𝑤 and 𝜏 = (𝜌𝑐)𝑝(𝜌𝑐)𝑓, describes the thermal conductivity, fluid dynamic viscosity, kinematic 

viscosity, electrical conductivity, Brownian diffusion coefficient, thermophoretic diffusion 

coefficient, dissipative term, wall temperature, wall concentration and the ratio of heat capacity of 

the nano particle to the fluid respectively. The shear rate for Carreau fluid is prescribed as: 

Where 𝜇 = 𝜇𝑓[1 + (𝛤�̇�)2]𝑛−12 ,  
Where the strain rate for under assumed flow field is established as �̇� = √2(𝑢𝑟)2+ 1𝑟2 (𝑢𝜃)2+ 2𝑢2𝑟2 ,  

And the dissipative term is taken as Φ = (2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 ), 
Based upon these facts, the flow equations in view of basic conservations laws reduces to  

Equation of Mass Conservation: 𝜌𝑓 (𝑢𝑟 + 𝑢𝑟) = 0, 
Momentum Equation:  

𝜌𝑓(𝑢𝑢𝑟) = −𝑝𝑟 + 𝜇0 [1𝑟 𝜕𝜕𝑟 {𝑟 (1 + 𝛤2{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 )𝑛−12 2𝑢𝑟} + 1𝑟 𝜕𝜕𝜃 {(1 +𝛤2{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 )𝑛−12 1𝑟 𝑢𝜃} + 1𝑟 ((1 + 𝛤2{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 )𝑛−12 ) (𝑢𝜃 − 2𝑢)],  
0 = − 1𝜌𝑓𝑟 𝑝𝜃 + 𝜈𝑓 [ 1𝑟2 𝜕𝜕𝑟 {𝑟2 (1 + 𝛤2{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 )𝑛−12 1𝑟 𝑢𝜃} + 1𝑟 𝜕𝜕𝜃 (1 +𝛤2{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 )𝑛−12 2𝑢𝑟 ],  

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 
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The equation of continuity clarify that the velocity is purely radial, which depends on 𝑟 and 𝜃 only.  

To begin with, on simple integration of Eq. (8), from −|𝜓| < 𝜃 < |𝜓| , the radial velocity 

originates as  𝑢(𝑟, 𝜃) = 𝐹(𝜃)𝑟 ,  
Afterward excluding the pressure gradient term from 𝑟 and 𝜃 equation, the momentum equations 

reduces to 

[𝐹′′′ + 4𝐹′] [1 + Γ2𝑟4 (𝐹′2 + 4𝐹2)]𝑛−12 + 2𝐹𝐹′𝜈𝑓 − 𝜎𝐵02𝐹′𝜌𝑓𝜈𝑓 + (𝑛−1)Γ2𝑟4 [1 + Γ2𝑟4 (𝐹′2 +4𝐹2)]𝑛−32 [3𝐹′𝐹′′2 + 32𝐹𝐹′𝐹′′ + 𝐹′2𝐹′′′ + 64𝐹′𝐹2] + (𝑛−1)(𝑛−3)Γ4𝑟8 [1 + Γ2𝑟4 (𝐹′2 +4𝐹2)]𝑛−52 [𝐹′3𝐹′′2 + 16𝐹𝐹′3𝐹′′ + 32𝐹3𝐹′𝐹′′ + 16𝐹2𝐹′3 + 64𝐹4𝐹′ − 4𝐹′5] = 0, 

Energy Equation: 𝑢𝑇𝑟 = 𝑘(𝜌𝑐𝑝)𝑓 [1𝑟 𝑇𝑟 + 𝑇𝑟𝑟 + 1𝑟2 𝑇𝜃𝜃] + 𝜏 [𝐷𝐵 [𝑇𝑟𝐶𝑟 + 1𝑟2 𝑇𝜃𝐶𝜃] + 𝐷𝑇𝑇∞ [(𝑇𝑟)2 + 1𝑟2 (𝑇𝜃)2]]  
+ 𝜇𝑓(𝜌𝑐𝑝)𝑓 [1 + 𝛤2 {2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 }]𝑛−12 [{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 }] + 𝜎𝐵02𝑢2(𝜌𝑐)𝑓𝑟2,  
Mass Concentration Equation: 𝑢𝐶𝑟 = 𝐷𝐵 (1𝑟 𝐶𝑟 + 𝐶𝑟𝑟 + 1𝑟2 𝐶𝜃𝜃) + 𝐷𝑇𝑇∞ (1𝑟 𝑇𝑟 + 𝑇𝑟𝑟 + 1𝑟2 𝑇𝜃𝜃),  
With related constraints at the boundaries 

{𝑢 = 0,   𝑢𝑟 = 𝐶𝑟 = 𝑇𝑟 = 0, 𝑎𝑡 𝜃 = 0𝑢 = 𝑈, 𝑇 = 𝑇𝑤, 𝐶 = 𝐶𝑤, 𝑎𝑡 𝜃 = ±𝛼 }.  
2.2 Flow exploration 

The established non-dimensional variables are defined as  𝑓(𝜂) = 𝐹(𝜃)𝑟𝑈 , 𝜂 = 𝜃𝜓  , 𝛽(𝜂) = 𝑇𝑇𝑤 , 𝛾(𝜂) = 𝐶𝐶𝑤 ,   
Where 𝐹(𝜃) originates, on integrating Eq. (1),  

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 
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With the aid of these similarity transformations, Eqs. (13)-(14) are converted to the following 

system of ODE’s:  (𝑓𝜂𝜂𝜂 + 4𝜓2𝑓𝜂) (1 +𝑊𝑒2(4𝜓2𝑓2 + 𝑓𝜂2))𝑛−12 + 2𝜓𝑅𝑒𝑓𝑓𝜂 − 𝜓2𝑀2𝑓𝜂 + (𝑛 − 1)𝑊𝑒2 (1 +𝑊𝑒2(4𝜓2𝑓2 + 𝑓𝜂2))𝑛−32 (3𝑓𝜂𝑓𝜂𝜂2 + 32𝜓2𝑓𝑓𝜂𝑓𝜂𝜂 + 𝑓𝜂2𝑓𝜂𝜂𝜂 + 64𝜓4𝑓𝜂𝑓2) + (𝑛 − 1)(𝑛 −3)𝑊𝑒4(𝑓𝜂𝜂2𝑓𝜂3 + 16𝜓2𝑓𝑓𝜂3𝑓𝜂𝜂 + 32𝜓4𝑓3𝑓𝜂𝑓𝜂𝜂 + 16𝜓4𝑓2𝑓𝜂3 + 64𝜓4𝑓4𝑓𝜂 − 4𝜓2𝑓𝜂5) = 0,    
𝛽𝜂𝜂 + Pr(𝑁𝐵𝛽𝜂𝛾𝜂 +𝑁𝑇𝛽𝜂2) + 𝑃𝑟𝐸𝑐 [(1 +𝑊𝑒2 (4𝜓2𝑓2 + 𝑓𝜂2))𝑛−12 ] (4𝜓2𝑓2 + 𝑓𝜂2)+𝜓2𝑀2𝑃𝑟𝐸𝑐𝑓2 = 0,    𝛾𝜂𝜂 + 𝑁𝑇𝑁𝐵 𝛽𝜂𝜂 = 0.  
In conjunction with dimensionless boundary conditions 𝑓(0) = 1,   𝑓𝜂(0) = 0,   𝑓(±1) = 0,𝛽 (±1) = 1, 𝛽𝜂(0) = 0,𝛾 (±1) = 1, 𝛾𝜂(0) = 0. }.  
The distinguished flow parameters in Eqs. (15)- (17), are characterized as: 

𝑅𝑒 = 𝜓𝑟𝑈𝑣 , 𝑊𝑒2 = 𝛤2𝑈2𝑟2𝛼2 , 𝑀2 = 𝜎𝐵02𝜌𝑓𝜐 , 𝑃𝑟 = 𝜇𝜌𝑓𝐶𝑝𝑘𝑓 , 𝐸𝑐 = 𝑈2𝑇𝑤 𝑐𝑝 , 𝑁𝐵 = 𝜏𝐷𝐵𝐶𝑤𝜈  and 𝑁𝑡 = 𝜏𝐷𝑇𝑇𝑤𝜐𝑇∞  

demonstrate the Reynold, Weissenberg, Magnetic, Prandtl, Eckert number, the Brownian diffusion 

thermophoretic parameter, respectively. Additionally, the 𝑛 indicate the shear thinning and shear 

thickening behavior of the Carreau model.  

2.3 Entropy generation within the system 

Entropy generation implies wastages; therefore, controlling entropy accumulation is frequently a 

primary goal in modern engineering. Entropy generation assessment can be used to identify the 

causes of wastage in any system and can be used to optimize the effectiveness of any physical 

device. The scarcity of universal energy supplies necessitates a reassessment of energy 

consumption and production practices. The second law of thermodynamics is used to evaluate 

energy generating, exchanging, and utilizing systems from a scientific perspective. A nano 

particle's volumetric rate of local entropy generation can be expressed in terms of thermal 

(16) 

(17) 

(19) 

(18) 
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transport, viscous dissipation, diffusive irreversibility, and a magnetic field. In vector notation the 

entropy rate can be expressed as (see [1, 2, 10, 11, 14]): 𝑆𝑔𝑒𝑛 = 𝜅𝑓𝑇𝑤2 (∇𝑇)2⏟      Heat transfer irreversibility + 𝜇𝑓𝑇𝑤Φ⏟Viscous dissipitionirreversibility
+ 𝐷𝐵𝐶𝑤 (∇𝐶)2 + 𝐷𝐵𝑇𝑤 (∇𝐶. ∇𝑇)⏟              Diffusive irreversibility + 𝐽.𝐽𝜎𝑇𝑤⏟magnetic filedirreversibility

  

In polar coordinates, the above equation can be put forward as 

𝑆𝑔𝑒𝑛 = 𝜅𝑓𝑇𝑤2 [(𝑇𝑟)2 + 1𝑟2 (𝑇𝜃)2] + 𝜇𝑓𝑇𝑤 [{2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 + 2𝑢2𝑟2 }] [1 + 𝛤2 {2(𝑢𝑟)2 + 1𝑟2 (𝑢𝜃)2 +
2𝑢2𝑟2 }]𝑛−12 + 𝐷𝐵𝐶𝑤 [(𝐶𝑟)2 + 1𝑟2 (𝐶𝜃)2] + 𝐷𝐵𝑇𝑤 [𝑇𝑟𝐶𝑟 + 1𝑟2 𝑇𝜃𝐶𝜃] + 𝜎𝐵02𝑢2𝑇𝑤 ,  
The dimensionless entropy generation rate with the procedure of similarity variables reduces to 

𝑁𝑠 = 𝑟2𝜓2𝑆𝑔𝑒𝑛𝜅𝑓 = 𝛽𝜂2 + 𝐵𝑟 [(1 +𝑊𝑒2(4𝜓2𝑓2 + 𝑓𝜂2))𝑛−12 ] (4𝜓2𝑓2 + 𝑓𝜂2) + 𝑀𝑑(𝛾𝜂2 +𝛽𝜂𝛾𝜂) + 𝜓2𝐵𝑟𝑀2𝑓2,  𝑁𝑠 = 𝑁𝑇 + 𝑁𝑉 + 𝑁𝐷 + 𝑁𝑀, 
where 

{  
  𝑁𝑇 = 𝛽𝜂2, 𝑁𝑉 = 𝐵𝑟 [(1 +𝑊𝑒2(4𝜓2𝑓2 + 𝑓𝜂2))𝑛−12 ] (4𝜓2𝑓2 + 𝑓𝜂2),𝑁𝐷 = 𝑀𝑑(𝛾𝜂2 + 𝛽𝜂𝛾𝜂),  𝑁𝑀 = 𝜓2𝐵𝑟𝑀2𝑓2, }  

  
.  

Here 𝐵𝑟 and 𝑀𝑑 denote the Brinkman number and constant parameter.  𝐵𝑟 = 𝑃𝑟𝐸𝑐, 𝑀𝑑 = 𝐷𝐵𝐶𝑤𝜅𝑓 , 
 

2.4 Irreversibility distribution ratio 

Bejan [1] established the irreversibility distribution ratio as   Δ = 𝑁𝑉 + 𝑁𝐷 + 𝑁𝑀/𝑁𝑇 to determine 

either fluid friction exceeds heat-transfer irreversibility or conversely. When 0 ≤ Δ < 1, heat 

transmission uplift, and when Δ > 1, fluid friction rises. The ratio of entropy generation owing to 

heat exchange to the entropy generation number as Bejan 𝐵𝑒.  

(20) 

(22) 

(21) 

(25) 

(23) 

(24) 
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𝐵𝑒 = 𝑁𝑇𝑁𝑠 = 𝑁𝑇𝑁𝑇+𝑁𝑉+𝑁𝐷+𝑁𝑀 = 11+Δ , 

In fact, Bejan number vary from 0 to 1 is significantly. When 𝐵𝑒 = 0, the influence of fluid 

friction dominant over irreversibility. At 𝐵𝑒 = 1, the flow system is dominated by irreversibility 

because of heat transfer. When 𝐵𝑒=0.5, the inputs of heat transmission and fluid friction to the 

generation of entropy are equal. 

2.5 Curiosity in physical measurements 

 In this study, skin friction coefficient  𝐶𝑓, local Nusselt number 𝑁𝑢 and local Sherwood number 𝑆ℎ are the quantities of engineering importance, which are mathematically written as:  𝐶𝑓 = 𝜏𝑤𝜌𝑓𝑈2 ,  𝑁𝑢 = 𝑟𝑞𝑤𝑘𝑓𝑇𝑤,   𝑆ℎ = 𝑟𝑗𝑤𝐷𝐶𝑤. 
In above expressions, the wall shear stress  𝜏𝑤, heat 𝑞𝑤 and mass flux 𝑗𝑤 at the wall are given by 

𝜏𝑤 = 𝜇𝑓𝑟 [1 + Γ2 {2 (𝜕𝑢𝑟𝜕𝑟 )2 + 1𝑟2 (𝜕𝑢𝑟𝜕𝜃 )2 + 2𝑢𝑟2𝑟2 }]𝑛−12 𝜕𝑢𝑟𝜕𝜃 |𝜃=±𝛼 ,  𝑞𝑤 = −𝑘𝑓 (𝜕𝑇𝜕𝜃)|𝜃=±𝛼,  𝑗𝑤 = −𝐷 (𝜕𝐶𝜕𝜃)|𝜃=±𝛼,   
Applying the transformations (13) and (14), the dimensionless form of these quantities become 

 𝐶𝑓 = 1𝑅𝑒 [[(1 +𝑊𝑒2 (4𝜓2𝑓2(±𝛼) + 𝑓𝜂2(±𝛼)))𝑛−12 ] 𝑓𝜂(±𝛼)],  
𝑁𝑢 = −𝛽𝜂(±1),   𝑆ℎ = −𝛾𝜂(±1),  

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

https://www.sciencedirect.com/topics/engineering/skin-friction-coefficient
https://www.sciencedirect.com/topics/engineering/local-nusselt-number
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3. Declaration of Result and Discussion  

We have focused the influence of six parameters that are relevant to the current problem: Reynold 

number 𝑅𝑒, Weissenberg number 𝑊𝑒, Carreau fluid power index 𝑛,  the effects of the magnetic 

parameter 𝑀 , the Brinkmann number 𝐵𝑟 , and the Eckert number 𝐸𝑐  on the fluid velocity, 

temperature, concentration, entropy generation rate and Bejan number within the system. The 

Prandtl number for the base fluid is maintained at 𝑃𝑟 = 7.1. (Room temperature). Numerical 

outcomes are designed graphically, and their influence are depicted with green and red curves, the 

diverse green curves emphasize the converging channel for fixed channel angle 𝛼 = −100 and the 

red curves are for the diverging channel with fixed channel angle 𝛼 = 100. 

3.1 Consequences of the Reynold number 

The growing values of Reynold number 𝑅𝑒 on velocity 𝑓(𝜂), temperature 𝛽(𝜂), concentration 𝛾(𝜂), and entropy production 𝑁𝑠, within the system are depicted in various portrayed (a), (b), (c) 

and (d). Fig. 2(a) reveals that flow velocity climbs as the Reynolds number increases in 

convergence channels. While for narrow/divergent channel the prescription is converse. 

Physically, Small Reynolds numbers mean that viscous forces are prominent, which means that 

the flow will be retarded by the development and extension of the boundary layer into this regime. 

A low Reynolds number refers that the viscous force predominates, which signifies that the flow 

will decelerate, since the boundary layer that forms does not reach very far into the flow region. 

Thus, high Reynolds numbers are indicative of turbulent flow patterns, such as those seen in 

turbulent flows. Reynold's number elevates heat transfer, as shown in Fig. 2(b). Temperature 

configuration for converging/extending and narrowing channels are contrasting. Dropping of 

temperature in convergence case is witnessed from the green curves. This is because, as the 

Reynolds number rises, the viscous force becomes less significant, resulting in reduced fluid 

viscosity. Due to their inverse relationship, decreasing viscosity inevitably leads to an increase in 

temperature, and vice versa. Thus, the heat progression in narrowing channels is clear. Fig. 2(c) 

depicts a variety of concentration sketches for a variety of physical parameters. Diverse values of 𝑅𝑒 depict diverse sketches for concentration in converging and diverging. The concentration of 

nanoparticles in the divergent channel is stimulated by elevating Reynold numbers. Physically, 

escalating values 𝑅𝑒 create inertia, which drives the concentration field to expand in a divergent 
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orientation. Entropy generation rates quickly along the two walls with rising 𝑅𝑒 values as painted 

in Fig. 2(d) for the oblique channel, which is consistent with the flow reversal results that are 

observed in that location. With increasing 𝑅𝑒 , the rate of entropy formation increases in the 

vicinity of narrowing and diverging regions. The entropy generation is at its lowest along the 

centerline of the channel in a particular flow thickness range, relying on the 𝑅𝑒. According to this 

study, there is a minimal entropy generation zone along the channel wall on both sides of the 

channel. 

 

 

Fig. 2: Behavior of (a) 𝑓(𝜂) (b) 𝛽(𝜂) (c) 𝛾(𝜂) and (d) 𝑁𝑠 against diverse values of 𝑅𝑒. 

 



12 

 

3.2 Consequences of Weissenberg number  

Fig. 3, display the flow, heat transfer, mass concentration and entropy generation for dominant 

values of Weissenberg number 𝑊𝑒  in narrowing and extending channels. Fluid flow within 

diverse geometries seem diverse against escalating 𝑊𝑒 . Velocity curves uplift on improving 

within the rang 1 ≤ 𝑊𝑒 < 5 for converging channel, however in another portion drastic decline 

is observed. In fact, growing 𝑊𝑒 upsurge the time constant to the viscosity ratio, lead to enhance 

the Carreau fluid velocity and uplift the heat of the fluid within the channels as clear from the Fig. 

3(b). The nanoparticle concentration is upsurge with escalating 𝑊𝑒. This justification is due to 

lagging values of improve the momentum and thermal boundary layer thickness as a result the 

concentration improve. The heat loss is extra dominant in converging channel with uplifting 

Weissenberg number. Physically, large relaxation time and fluidic resistance grow faster within 

converging channel produce more heat loss, consequently entropy upsurge. While in narrowing 

channel heat loss is subsequently small and hence entropy diminish.   
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Fig. 3: Behavior of (a) 𝑓(𝜂) (b) 𝛽(𝜂) (c) 𝛾(𝜂) and (d) 𝑁𝑠 against diverse values of 𝑊𝑒. 

3.3 Consequences of power indexed  

A variety of power-law index parameter values are used in Fig. 4 to exhibit the evolution of fluid 

flow and temperature, concentration, and entropy production rates in distinct fluid channels. 

Improved power index values cause both flow and temperature to rise, as seen in these Figs 4(a) 

and (b). This emerges because the fluid undergoes a shear thinning to shear thickening transition 

for higher values of 𝑛. Fig. 4(c) convey the nano particles concentration diminutions as the power 

indexed is enlarged for 𝑛 > 1.  In fact, the shear thickening fluid have low concentration as 

compared to shear thickening fluid. In addition, the heat transfer and nano particles concentration 

are contrary. Thus, concentration drop is obvious for non-Newtonian fluid in diverse channels. 

The heat loss for shear thickening fluid is more dominant as clear from the Fig. 4(d). Physically, 

improving values of 𝑛, the rheological assets of Carreau fluid offer additional confrontation to the 

nano particles drift, as result the more heat loss within diverse channels become dominant, 

consequently system entropy uplift.   
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Fig. 4: Behavior of (a) 𝑓(𝜂) (b) 𝛽(𝜂) (c) 𝛾(𝜂) and (d) 𝑁𝑠 against diverse values of 𝑛. 

3.4 Consequences of magnetic parameter 

Raising the magnetic number M causes a reduction in the channel's radial velocity as clear from 

the Fig. 5(a). As M increases, it is observed that the nanofluid's movement diminishes. In the 

presence of an applied magnetic field, Lorentz forces are responsible for this reduction since they 

offer more resistive forces to the nanoparticles random drift. Physically, the Lorentz force 

becomes stronger as M increases, resulting in more momentum being injected into the boundary 

layer. Because the boundary layer thickness is lowered, the superficial shear stresses develop. On 

the other hand, the temperature can be controlled using magnetic field strength in the diverse 

channel (see Fig. 5(b)). The reduction of temperature in the narrowing channel is faster as 

compared to the extended channel. This can be justified by the fact, that Lorentz forces create 
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suppresses the fluid drift as result the temperature contracted. Concentration uplift for magnetic 

parameter M strengthening can be witnessed in Fig 5(c). Entropy production rate against M is 

illustrated in Fig. 5(d). It is seen that magnetic parameter offer tendency for entropy grooming 

within the channels. Physically, magnetic field strength suppresses the fluid temperature as result, 

the rheological fluid transmits extra heat to the nano particle. Consequently, heat loss ascends 

within the channel.   

  

 

Fig. 5: Behavior of (a) 𝑓(𝜂) (b) 𝛽(𝜂) (c) 𝛾(𝜂) and 𝑁𝑠 against diverse values of 𝑀. 
 

3.5 Effect of Eckert number 
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Increasing the Eckert number does not have a significant effect on the fluid velocity, as seen in 

Figure 6(a). In oblique channels viscous dissipation influences the velocity a little bit but has 

significant influence on temperature can be witnessed in Fig. 6(b). Based on the estimation that 

Eckert number endorsed the ratio of the square of maximum velocity and specific heat. 

Consequently, as the Eckert number rises, the fluid flow rate along the centerline speeds up. For 

both convergent and divergent channels, Fig. 6(b) reveals that the fluid temperature goes up as the 

viscous heat parameter 𝐸𝑐 increases. As a result of the nanofluid's greater thermal conductivity 

coefficient, the heat is transported more intensively. In converging/diverging channel 

nanoparticles concentration trends diminish as the Eckert number 𝐸𝑐 increases as spotted in Fig. 

6(c). In Fig. 6(d) ,the Eckert number's consequence on the system's irreversibility is examined. 

Viscous dissipation induces entropy generation rate Ns to rise massively and consistently along 

the two hot walls as 𝐸𝑐 climbs, as seen in the portrayed. On the other hand, the positive fluctuation 

of Eckert number has a significant influence on the dominating effect of heat transfer irreversibility 

at the two heated walls 
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Fig. 6: Behavior of (a) 𝑓(𝜂) (b) 𝛽(𝜂) (c) 𝛾(𝜂) and 𝑁𝑠 against diverse values of 𝐸𝑐. 

3.6 Effect of Brinkman number on entropy generation rate and Bejan number 

The relative contribution of heat generated by viscous dissipation and heat transmitted by 

molecular conduction is well embodied by 𝐵𝑟. The entropy generation growth within the system 

of diverse channel against coupled parameter Brinkman number 𝐵𝑟 is illustrated in Fig. 7(a). It is 

related to greater values of Brinkman number intensifies the fluid friction and heat transfer rates 

of the fluid; hence, entropy generation number significantly upsurges with rising values of 𝐵𝑟. 
Physically, with higher Brinkman number, the gap in between kinetic energy and boundary layer 

enthalpy increases owing to which more disturbance develop in the working liquid and 

consequently entropy rate raises. The Bejan number 𝐵𝑒 against various values 𝐵𝑟 is determined 

in Fig. 7(b). The Bejan number 𝐵𝑒 is determined by the pressure drop along the length of a 

channel. Physically, it is the connection between the irreversibility of heat transfer and the entire 

irreversibility produced because of heat transfer. With the enhancement in Brinkman number the 

Bejan profile is significantly lowered.  
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Fig. 7: Behavior of (a) 𝑁𝑠 and (b) 𝐵𝑒 against diverse values of 𝐵𝑟. 
3.7 Influence of various Physical parameter on Bejan number     

The impact of individual thermophysical characteristics on the Bejan number are depicted in the 

various figures. We found that heat transfer irreversibility dominates the flow process inside the 

channel centerline region, with a Bejan number near to 1, whereas fluid friction irreversibiliaty has 

limited impact at the channel walls. The action of Weissenberg number on Bejan profile is 

illustrated in Fig 8(a). Bejan curves while improving 𝑊𝑒, seems dropping. In fact, mass and heat 

tarsnsport on higher 𝑊𝑒. As the Reynolds number rises, the Bejan number drops at the converging 

channel rigime due to the dominating influence of fluid friction irreversibility and begins to rise at 

the higher wall region due to the rising effect of heat transfer irreversibility, as shown in Fig. 8(b). 

For diverging channels, the entropy production rates are going up at the two walls as 𝑅𝑒 increases, 

which is consistent with the findings of flow reversal in that section. The assessment of the Fig. 

8(c) reveals that increasing parameter 𝑛 has a substantial impact on improving the Bejan number. 

Fig. 8(d) highlights the impact of magnetic parameter M on the entropy generation profile. As the 

magnetic number grows, the liquid temperature goes up, enhancing entropy formation. As the fluid 

temperature goes up, the Bejan number near the channel walls goes up as well. Furthermore, the 

major effect of heat transmission irreversibility at the two heated walls illustrated in Fig. 8(e) is 

influenced by the positive fluctuation of Eckert number. 
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Fig. 8: Bejan profile variation against various parameters 

3.8 Influence of physical parameter on Skin drag force and heat transfer rate 
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The consequences of 𝑊𝑒  and 𝑛 on the skin friction coefficient and local Nusselt number are 

illustrated in Figs. 9 (a, b) and 10(a, b). Fig. 9(a) exhibits the action of Weissenberg number 𝑊𝑒 

on skin friction. It explains that skin friction improves as a function of the applied magnetic field, 

while the contrary trend is noticed for 𝑊𝑒. Furthermore, as revealed in Fig. 9(b), skin friction 

diminishes as the power law index improves. The action of 𝑊𝑒  against heat transfer rate is 

depicted in Fig. 10(a). The heat transfer rate is found an increasing function of 𝑊𝑒 in oblique 

channels. Physically, the large amount of relaxation time contributes the significant amount of heat 

transfer among the nano particles within the base fluid, consequently, the Nusselt number improve. 

The influence of 𝑛, when depicted in the view of magnetic field strength is portrayed in Fig. 10(b). 

It is found that, the heat transfer rate is dramatically declines on growing 𝑛.  

 

Fig. 9: 𝐶𝑓 fluctuation against (a) 𝑊𝑒 (b) 𝑛. 

 

Fig. 10: 𝑁𝑢 fluctuation against (a) 𝑊𝑒 (b) 𝑛. 
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4. Conclusions 

Entropy production assessment for non-Newtonian hydromagnetic Carreau fluid in the 

manifestation of viscous dissipations are conceded out. The entropy generation rate arises within 

the system are calculated using velocity, temperature, concentration, and magnetic field strength. 

In a converging channel, the flow's pattern for changing physical parameters is diametrically 

opposed to that of a divergent channel. The analysis reveals that for the thermally fully developed 

flow, viscous dissipation has a large influence on entropy distribution for higher values of 𝐵𝑟 (𝐵𝑟 
> 1), whereas this influence is insignificant for 𝐵𝑒. Skin and Nusselt are decreasing function of 

power index 𝑛. The channel's walls serve as a substantial source of entropy and irreversibility and 

heat transference. Irreversibility of fluid friction drives entropy production in the channel 

centerline portion. The flow and heat transmission are controlled by an aligned magnetic field 

direction. The irreversibility of heat and mass transfer dominating the channel's centerline portion. 
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