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Abstract. Energy management and sustainability in thermal systems require maximum 

utilization of resources with minimal losses. However, it is rarely unattainable due to the ever-

increasing need for a high-performance system combined with device size reduction. The 

numerical study examined convective heat transfer of an alpha-Alumina-water nanofluid in 

variable-width corrugated minichannel heat sinks. The objective is to study the impact of 

nanoparticle volume fractions and flow area variation on the entropy generation rate. The 

determining variables are 0.005 – 0.02 volume fractions, the fluid velocity 3 – 5.5 m/s and heat 

flux of 85 W/cm2. The numerical results show an acceptable correlation with the experiment 

results. The results indicate the thermal entropy production drop with an increase in nanoparticles 

volume fraction. Contrastingly, the frictional resistance entropy suggests the opposite trend due 

to the turbulence effect on the fluid viscosity. The induction of Alumina-Water nanofluid with 

enhanced thermal conductivity declined the entropy generation rate compared to water alone. 
The increase in width ratio by 16% between the cases translates to at least a 9% increase in 

thermal entropy production. The outcome of this study can provide designers and operators of 

thermal systems more insight into entropy management in corrugated heatsinks. 

1. Introduction 

The recent integration of compact, high-performance electronic devices posed a severe challenge to 

cooling efficiency due to an overwhelming high heat flux.  The dissipation of this heat flux is necessary 

to reduce the mean time between failure ad increase the lifespan of the devices. The improvement of 

heat transfer in thermal systems has received much attention recently. The researchers recommended 

using high thermal conductive liquid-like nanofluids and changes to the flow path  [1]. Nevertheless, 

entropy generation has not been given such preference despite its significance in thermal management 

and sustainability of systems. Few studies on entropy based on the second law of thermodynamics 

indicates the varying outcome of thermal and frictional resistance entropy generations [2, 3]. Bejan [4], 

in his classical work, studied the thermodynamic efficiency of a system. He found entropy as a combined 

effect of thermal irreversibility and frictional losses. Sohel defined system entropy production as the 

entropy measure formed by irreversibilities like a chemical reaction, mixing and heat transfer through a 
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finite temperature gradient [5]. Mir et al. [6] observed an increment in volume fraction of Ag 

nanoparticles in water enhanced the temperature of the central flow path. For the natural convection, the 

entropy generation rate was significant at low Gr because of the high-temperature gradient near the 

elliptical curved minichannel wall. Shahsavar et al. [7] also reported that Fe3O4 and CNT concentrations 

enhance the total entropy generation and convective heat transfer coefficient of the inner and outer walls 

of the concentric annulus. Mahian and his co-researchers [8] explored numerical analysis of various 

nanofluids including Cu/water, Al2O3/water, SiO2/water and TiO2/water on the thermal performance of 

minichannel flat plate solar collector. They observed minimization of entropy production due to different 

volume fraction of nanofluids and significant mass flow rate. Ahammed et al.  [9] corroborated the 

findings of Mahian and his colleagues. They observed Re rise from 200 to 1000 at the maximum heat 

flux of 25 kWm-2 leads to the decline of total entropy production by 96% from 0.0361 W/K. Due to 

recent advantages of computing in machine learning, Bahiraei and Abdi [10] proposed an ANN model 

to examine the entropy production of TiO2-water nanofluid in a circular minichannel. The main 

parameters include Re 500-2000, average concentrations 1% - 4% and particles diameter of 20-80 nm. 

They found that at a constant heat flux of 10 kW/m2, the influence of particle migration is substantial 

on entropy production, especially at high concentration and largest particles diameter. However, the 

effect is negligible at a low volume fraction of 0.01 and the smallest diameter of 20 nm. They observed 

that the Bejan number is higher than 0.8 at all concentrations, which implies that heat transfer is 

responsible for more than 80% of the generated entropy. Other researchers that explored entropy 

production include [11, 12]. Recently, Huminic and Huminic [13] presented a comprehensive review of 

works on entropy production using nanofluids in various geometries. They affirmed the advantage of 

nanofluids in micro/minichannels over the conventional thermal system in achieving effective cooling 

and reduced entropy generation. Divergent-convergent geometry can recirculate flow and significantly 

augment heat transfer with moderate pressure loss [14, 15]. Based on the authors' knowledge, the 

literature has no account of the study on entropy generation in a divergent-convergent minichannel 

heatsink. The objective is to study the impact of nanoparticle volume fractions and flow area variation 

on the entropy generation rate using water-based nanofluid in a corrugated minichannel. The outcome 

of this study can provide designers and operators of thermal systems more insight into entropy 

management in corrugated heatsinks. 

2. Methodology 

2.1. Physical models 

The study involved divergent-convergent minichannel geometry made of Aluminium substrate. Thus, 

only a complete and symmetrical unit of the heat sink of the seven parallel minichannels formed the 

computational domain to minimize the computational cost. For the analysis, two cases C1 and C2, with 

dimensionless width (w/W) of 0.4 and 0.5, respectively, are considered. Here, w and W represent the 

minimum and maximum width of the minichannel, as shown in figure 1(a). Thus, the computational 

domain has 30mm, 3mm, and 2.25 mm as the length, width, and height. Table 1 expressed the 

geometrical specifications of the cases. 

Table 1. Dimensions of the minichannels cases. 

Case w 

(mm) 

W 

(mm) 

Channel 

height (mm) 

Dh 

(mm) 

Case 1 1.0 2.3 1.25 1.42 

Case 2 1.0 2.0 1.25 1.36 
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Figure 1. (a) Mesh of the computational domain (b) The top view of the 

minichannel showing the dimensions. 

2.2. Mathematical models 

The mathematical modelling made some assumptions to establish the governing equations for the 

numerical analysis. First, the nanofluid behave as Newtonian fluid flowing in a turbulent continuum 

through the minichannels. Second, the nanofluid, due to the small volume fraction, dissolve entirely in 

the water to form a homogenous single-phase mixture. Third, the fluids and solid particles move with 

the same velocity and exist in thermal equilibrium [16]. Viscous dissipation and radiation are neglected. 

The thermophysical properties of fluids depend on temperature. The analysis adopted polynomial values 

of the thermophysical properties used by Bahiraei et al. [17]. Considering the assumptions, the study 

expressed the Navier-Stokes conservation and energy equations as follows: 

Continuity equation: 

𝛻 ∙ (𝜌 ∙ �⃗� ) = 0    (1) 

𝛻 ∙ (𝜌 ∙ 𝑉 ∙⃗⃗ ⃗⃗  �⃗� ) = −𝛻𝑃 + 𝛻(𝜇 ∙ 𝛻�⃗� ) (2) 

𝛻 ∙ (𝜌 ∙ 𝑉 ∙⃗⃗ ⃗⃗  𝐶𝑝 ∙ 𝑇) = 𝛻 ∙ (𝑘𝛻𝑇) (3) 

Additional equations formulate the turbulent model. The realizable k-ε turbulent model proposed by 

Shih et al. [18] can effectively simulate the analysis. It has two different equations: the turbulent kinetic 

energy k and dissipation of this energy ε expressed as follows: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑣𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘 

(4) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑗
(𝜌𝜀𝑣𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘 + √𝑣𝜀
+ 𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏 + 𝑆𝜀 

(5) 

Gk and Gb represent turbulence kinetic energy generation arising from average velocity gradient and 

buoyancy, respectively. Ym is the contribution of the fluctuating dilatation incompressible turbulence to 

the overall dissipation rate. From equation (5), the values of the model constants are: C1ε, C2, σk and σε 

are 1.9,1.0 and 1.2, respectively. 

The following boundary conditions apply to the current study:  
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(i) At the inlet of the heatsink minichannel, labelled as "velocity-inlet":  

u = uin = 3 - 5.5 ms-1 equivalent to Reynolds number 5000 – 10000. T = Tin =303K.  

(ii) At the outlet of the minichannel referred to "Pressure outlet": P= 0 Pa.  

(iii) A constant heat flux imposed on the bottom wall: −𝑘𝑠
𝜕𝑇𝑠

𝜕𝑛
= 𝑞 = 85 𝑊/𝑐𝑚2 

(iv) All other contact surfaces of fluid and substrate experienced no-slip condition and coupled walls: 

𝑢𝑥 = 𝑢𝑦 = 𝑢𝑧 = 0; 𝑇𝑓 = 𝑇𝑠 ;  −𝑘𝑠
𝜕𝑇𝑠

𝜕𝑛
= 𝑘𝑓

𝜕𝑇𝑓

𝜕𝑛
 

(v) The two parallel sides of the computational domain are considered as symmetry: −𝑘𝑠
𝜕𝑇𝑠

𝜕𝑦
= 0 

(vi)  All remaining solid and fluid surfaces are insulated (adiabatic); 
𝜕𝑇𝑠

𝜕𝑥
= 0; 

𝜕𝑇𝑓

𝜕𝑥
= 0 

2.3. Numerical code and grid sensitivity check 

The ANSYS CFD code v17, according to the finite volume method, solved the governing equations in 

a three-dimensional domain. The COUPLE scheme discretized the equations of pressure and velocity 

for faster and effective convergence. Convergence set when all the residual diminished below 10-6. The 

hexahedral mesh mapped the computational domain with a finer grid in the minichannel periphery. The 

work tested the grid sensitivity to numerical result using three structured mesh  (240000, 480000 and 

960000) against the finest grid G4 of 1920000 elements. The error of G3 relative to G4 shows 0.48% in 

terms of the average Nusselt number for water flowing at Re 10000. Hence, the study adopted the third 

mesh due to its optimal computational time and accuracy, shown in figure 1(b).  

2.4. Thermophysical properties of the fluids 

In this work, the nanofluid composed of alpha-Alumina nanoparticles dispersed in a distilled water. The 

volume fractions include 0.005 to 0.02. Table 2 expressed the nanofluids and the base fluid 

thermophysical properties.   

Table 2. Thermophysical properties of base fluid and nanoparticles referenced 

T = 303K. 

Materials Density 

(kg/m3) 
Specific heat 

(J/kg K) 
Thermal 

conductivity 

(W/mK) 

Dynamic 

Viscosity 

(kg/ms) 

Water (H2O) 995.1 4182.8 0.603 799x10-6 

Alumina (α-Al2O3) 3970 765 40 - 

The nanofluid modelling estimates the effective thermophysical properties appropriately. They include 

density (ρ), specific heat capacity (Cp), thermal conductivity (k), and viscosity (μ), corresponding to 

equations (6) – (9) as follows: 

𝜌 = (1 − 𝜙)𝜌𝑏𝑓  +  𝜙𝜌𝑝  (6) 

𝐶𝑝𝑛𝑓 = [𝜙(𝜌𝐶𝑝)𝑝 + (1 − 𝜙)(𝜌𝐶𝑝)𝑏𝑓]𝜌𝑛𝑓
−1 (7) 

 𝑘𝑛𝑓 = [1 + 4.4𝜙0.66 (
𝑇

𝑇𝑓𝑟𝑒𝑒𝑧
)

10

(
𝑘𝑝

𝑘𝑏𝑓
)

0.03

𝑃𝑟0.66𝑅𝑒𝑝
0.4]𝑘𝑏𝑓 

(8) 

where Rep is the particle Reynolds number, its expressed as : 𝑅𝑒𝑝 =
𝜌𝑏𝑓𝑘𝐵𝑇

3𝜋𝜇𝑏𝑓
2 𝑙𝑏𝑓

  

The equation is valid for 10 ≤ dp ≤150 nm, 0.2 ≤ ф ≤9 % and 294 ≤ T ≤324 K.  

𝜇𝑒𝑓𝑓 = [1 − 34.87 (
𝑑𝑃

𝑑𝑏𝑓
)
−0.3

𝜙1.03]

−1

     (9) 
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where 𝑑𝑏𝑓 = 0.1 (
6𝑀

𝑁𝜋𝜌
𝑓𝑜

)
1/3

  where ρ, Cp, k, and ϕ are the density, heat capacity, thermal conductivity, 

viscosity, and nanoparticle concentration. Whereas the base fluid, the nanoparticle and nanofluid were 

denoted by subscripts bf, p, and nf, respectively. 

2.5. Validation of numerical results 
The numerical analysis validates the result with the experimental data for the fully developed turbulent 

condition of Phillips et al. [19] and Blasius relation [20] for local Nusselt number and average frictional 

factor, respectively. The analysis used distilled water at Reynolds number 10000. In figure 2(a), the 

local Nusselt number deviates by about 3%. However, in figure 2(b), the experimental friction factor 

values vary by around 20% and 4% lower at  Re 5000 and 10000. The deviation was primarily attributed 

to the assumptions proposed during the simulation. 

 

Figure 2. Validation of (a) Local Nusselt number and (b) friction factor. 

2.6. Data Processing 
In this section, the parameters used to evaluate the thermal performance of the minichannel are presented 

with appropriate equations as follows: 

Equations set (10) evaluates the Reynolds number (Re), average heat transfer coefficient (h), Nusselt 

number and frictional resistance (f), respectively:  

𝑅𝑒 =
𝜌𝑢𝐷ℎ

𝜇
 ; ℎ𝑎𝑣 =

𝑞𝑤

(𝑇𝑤 − 𝑇𝑓)
; 𝑁𝑢𝑎𝑣 =

ℎ𝐷ℎ

𝑘 
;  𝑓 =

2𝐷ℎ∆𝑃

2𝐿𝜌𝑢2   (10) 

where ΔP is the pressure differential obtained as the Pin - Pout. Dh, and L represents the hydraulic diameter, 

channel length. 

The formulation of thermal (δgen,th) and friction entropies (δgen,f)  and dimensionless Bejan no (Be) 

are as follows [5]: 

𝛿𝑔𝑒𝑛,𝑡ℎ =
𝑄𝛱𝐷ℎ𝐿

𝑁𝑢 𝑘 𝑇𝑏
 𝑎𝑛𝑑 𝛿𝑔𝑒𝑛,𝑓 =

�̇�3𝑓𝐿

𝜌𝑇𝑏𝐷ℎ𝐴𝑐𝑜𝑛
2  (11) 

𝐵𝑒 =
𝛿𝑔𝑒𝑛,𝑡ℎ

𝛿𝑔𝑒𝑛,𝑡ℎ + 𝛿𝑔𝑒𝑛,𝑓
 (12) 

Q is the sensible heat absorbed by the fluid. Acon, ṁ and Π denote the convection area, fluid mass flow 

rate and the channel perimeter. 
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3. Results and Discussion 

The present paper examined the production of entropy of nanofluids due to thermal and frictional effects 

in two similar corrugated minichannel heat sinks with a variable maximum width. It involves using a 

single-phase model for volume concentrations of 0.5 to 2 % with Reynolds number range 5000 – 10000 

and constant heat flux of 850 kW/m2. 

3.1. Effect of variable width on thermal entropy production 

Figure 3(a) shows that the entropy generation due to thermal irreversibilities decreases with an increase 

in fluid velocity. The velocity increment dislocates the thermal boundary layer due to the thickening of 

the hydraulic boundary layer and results in heat transfer enhancement. Therefore, the thermal entropy 

production is higher in case 1 than in case 2. The reduction of surface area and lower hydraulic diameter 
in case 2 results in a higher heat transfer coefficient (HTC). It is also clear that an increase in volume 

fraction of Al₂O3 in water provides better thermal augmentation due to thermal conductivity 
enhancement and a rise in mass density. Therefore, the higher the nanofluid volume concentration, the 

higher the thermal boost and the lower the thermal entropy production. For instance, at 2% Al₂O3-H₂O 

nanofluid, the thermal irreversibility reduces by 2.11% and 0.3% compared to water for Case 1 at 3 ms-

1 and 5.5 ms-1, respectively. Similarly, at the same condition, the reduction is  11.81% and 9.77% for 

case 2. Comparing the cases, at 2 vol%, the thermal irreversibility is 9.4% and 9.6% higher in case 1 

than in case 2 for the corresponding fluid velocities of 3 ms-1 and 5.5 ms-1. Hence, the increase in width 

ratio of 16% translate to at least a 9% increase in thermal entropy production. Therefore, the reduction 

of surface area can have a significant effect on thermal entropy generation.  

3.2. Effect of variable width on Frictional entropy production 

Higher fluid velocity depreciates the flow friction resistance and increases hydraulic boundary layer 

thickness. Therefore, frictional entropy production rises with the increase in the fluid rate for all cases. 

Also, an increase in Al2O3-H₂O volume concentration increases the viscosity significantly. Hence, 

frictional irreversibility increases with an increase in nanofluid volume fraction. Water indicated the 

lowest frictional entropy production due to its lower viscosity. However, the viscosity effect in turbulent 

flow is minor due to insufficient frictional resistance. Hence, it results in the lower contribution of 

frictional entropy losses. For case 1, the frictional entropy increment between water and 2 vol.% Al₂O3-

H₂O was 18.5% and 18.01% for  3 ms-1 and 5.5 ms-1, respectively. For case 2, the frictional entropy 

production increases by 32.8% and 33.1%, as shown in figure 3 (b). The high values account for reducing 

hydraulic diameter in case 2, which leads to increased pressure loss and, consequently, a rise in frictional 

resistance. 
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Figure 3. Entropy generations against fluid velocity for the different cases: (a) Thermal (b) 

Frictional.  

3.3. The comparative effect between the thermal and frictional entropies  

The study used Bejan no, expressed as a ratio of thermal entropy to total entropy production, to 

determine the most influential parameter between the two entropies. The Bejan number decline with the 

increase in volume concentration and fluid velocity, as shown in figure 4. For all cases, it fell below 

unity, though it is lower in case 2 for all the volume fractions. The Be values of 0.93 to 0.99 signify that 

thermal augmentation was responsible for over 90% of the total entropy production. Hence, thermal 

entropy production was found to be accountable for overall entropy production in the two heatsinks. 

Therefore, thermal irreversibility should be given much consideration during thermal systems design. 

 

Figure 4. Dimensionless Bejan no as a function of fluid 

velocity for the cases. 

 

4. Conclusion 

The study presented the analysis of irreversibilities in a thermal system due to the application of water 

and nanofluid in two variable-width minichannel heat sinks. It was observed that entropy generation and 

dimensionless Bejan number are lower in case 2 due to the lower surface area of the flow domain. The 

increase in volume fraction of nanofluid results in heat transfer enhancement, especially at lower flow 

surface area. At 2 vol%, the thermal irreversibility is 9.4% and 9.6%, comparatively higher in case 1 

than in case 2 for the corresponding fluid velocities of 3 ms-1 and 5.5 ms-1. Since turbulence affects 

viscosity significantly, the frictional entropy losses are lower with 18.5% and 32.8 % at 5.5 ms-1 for case 

1 and 2, respectively. 
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