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 The present study examines the entropy generation of graphene nanoplatelet (GnP) 

suspended in different basefluids, theoretically. GnP in water (W), ethylene glycol (EG) 

and ethylene glycol- water (EGW, 1:1) was examined under laminar flow state in a unit 

length mini and micro-channel of 3mm and 0.05mm diameter. The coefficient of 

conductivity (Ck) and viscosity (Cμ) of the nanofluid were determined from experimental 

analysis and their order of magnitude were established for analysis of entropy generation 

in mini and micro-channels. Entropy generation by fluid friction (Ṡgen, ff) in the channels 

containing EG was higher than with W and EGW by 75.6% and 79.9%, respectively. 

Thermal irreversibility (Ṡgen, th) of W was lower by132.9% and 58.2% compared to EG 

and EGW. Sgen,th in all the fluids decreased with increased solid volume fraction in mini-

channels, while, Ṡgen,ff increased with increase in volume fraction for micro-channels. 

Total entropy generation (Ṡgen, tot) of water was lower by 75.6% and higher by 64.8% 

compared to EG and EGW, respectively in a micro-channel, whereas Ṡgen, tot of water 

was lower by 123.7% and 38.4% compared to EG and EGW, respectively. As GnP volume 

fraction was increased in the basefluids, entropy generation ratio decreased, highlighting 

the positive influence of thermal properties of the nanofluid. A lower Bejan number for 

water (Bew), 36.8% and 358.9% were observed compared to EG and EGW in micro-

channel, whereas Bew was lower by 3.8% and 13.8% when compared to EG and EGW 

nanofluids in the mini channel. 
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1. INTRODUCTION 

 

The novel approach of using heat transfer fluids (HTF) in 

thermal management to enhance energy savings is gaining 

enormous attention as energy consumption keeps increasing 

across the globe. Sustainability in the direction of reliable 

energy efficiency and enhancement at all levels has been 

reported to have declined [1]. Quality energy loss and 

reduction in the efficiency, reliability and expected life of 

systems due to heat generated especially in the more compact 

electronic devices with high densities of chips could be 

addressed by enhancing their heat transfer capabilities aside 

working with optimum geometry. It has been reported in 

literatures that the conventional heat transfer fluids (HTFs), 

e.g., water, ethylene glycol, mineral oil, transformer oil, etc., 

possess a less than unity thermal conductivities (K), which 

makes them to remain a limitation in efficient thermal 

management, but an increase in HTFs thermal conductivity 

will lead to an increase in solids-HTFs conductive heat flux 

based on Fourier’s law (𝒋𝑄 =  −𝑘𝜵𝑇) . Nanoparticle 

dispersion has become a unique method for thermal property 

enhancement by blending them with base-fluids in 

thermodynamic cycles. Several findings have established 

nanofluids to possess not only higher thermal conductivity 

than the host fluids., but to generate an enhanced frictional 

pressure drop. Meanwhile, nanotechnology has become one of 

the emerging researchable solutions in heat pipes, sensors, 

micro/mini channels, clean energy devices, heat sinks, 

composite materials, automobiles, medicine, cosmetic, air-

conditioning and refrigeration, solar energy device, lubricants, 

and coolants applications through the suspension of ultrafine 

nano-dimensioned (<100 nm) solid particles to enhance the 

thermo-physical characteristic of the base fluid matrix [2-4]. 

The challenges with micrometer-dimensioned solid particles 

includes abrasion, sedimentation, and the risk of clogging, 

whereas the unique quality of nanofluids for various desirable 

utilization includes its excellent heat conductivity, heat 

transfer capability, stability, friction coefficient, erosion 

reduction and lubrication. While nanoparticles are prepared in 

tubular (single or multi-walled carbon nanotubes); spherical 

(metals, metallic oxides, etc.) and layered (graphene, graphene 

nanoplatelets) forms [5-12].  

Carbon nanotubes have remained the most researched 

carbon-related nanomaterials in applications involving 

nanofluids [13-18], recently however, report by Balandin et al. 

[19] that graphene showed better thermal conductivity 

compared to carbon nanotubes, is repositioning research focus 

on the thermo-physical properties of different graphene based 
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nanofluids [20-25]. Graphene is a carbon-like, graphite 

monolayer with reported excellent carrier mobility [26], 

transport performances [27], high specific surface area [28], 

Young’s modulus [29] and thermal conductivities in ranged 

between 2000 Wm K to 5350 WmK [19, 30, 31], making the 

allotrope an excellent choice for heat transfer applications. The 

convective heat transfer of graphene nanoplatelets (GNP) 

nanofluids depends primarily on the thermal conductivity and 

the viscosity of the nanofluid. Such Graphene based studies 

include the investigation carried-out by Monireh et al. [32] 

which investigated the effect of nano-sheets mass fraction on 

the thermal-properties of glycerol and multilayered-graphene 

nanofluids. They reported that there was an increase in 

viscosity as solid mass fraction within 0.0025 to 0.0200 is 

increased, with emphasis on a viscosity enhancement of 

401.49% for 2% graphene nano-sheets fraction added at a 

shear rate of 6.32 s1 and 20℃, respectively [32]. Selvam et al. 

[33] carried out a thermal conductivity improvement study on 

ethylene glycol and water using graphene nanoplatelets and 

sodium deoxycholate as surfactant. They reported that using a 

transient hot wire (THW) method, the recorded enhancement 

for a 0.5 vol% loading of graphene nanoplatelets doped in 

ethylene glycol and water were approximately 21% and 16%, 

respectively. They noted that interfacial thermal resistance 

between graphene nanoparticle and the ethylene glycol and 

water affects the thermal conductivity significantly, giving 2.2 

× 10−8m2 KW−1 and 1.5 × 10−8m2 KW−1 values, respectively 

[33]. Esfahani et al. [34] conducted an experimental study on 

the heat transfer and pressure drop of synthesized Graphene 

Oxide nanofluids using the modified Hummers method. They 

examined three heat flux conditions of 7.4, 9.1, and 12.6 

kW/m2. They noted that at constant pump frequency, there was 

a decrease in flowrate and Reynolds number from 0.01 wt.% 

to 0.1 wt.% of graphene oxide due to an increase in viscosity. 

Having formulated correlations for Nusselt number and 

Reynolds number from literature using multiple regression 

analysis, they reported that at 0.01 wt.% of graphene oxide, the 

convective heat transfer coefficient was higher than 0.1 wt.% 

of graphene oxide and water. They concluded that Nusselt 

number was insignificant with the heat flux and velocity 

variation [34]. Bahaya et al. [35] carried out a thermal 

conductivity test and its effect on increased viscosity using 

graphene nanoplatelets (GNP). They reported a maximum 

thermal conductivity enhancement ratio of 1.43 at a volume 

fraction of 0.014 using water as base-fluid. They noted that 

there was good agreement between the experimental 

measurement and the Einstein model with an adjustment factor 

of 2151 intrinsic viscosity. They concluded that there is a 

decrease in heat transfer in laminar section for external flows 

using GNP nanofluids compared to water [35]. 

For engineering systems, an increase in heat transfer does 

not particularly indicate a drop in irreversibility (fluid friction, 

fluid mix for laminar or turbulence, non-quasi-static 

compression or expansion, chemical reactions, thermal heat 

flow) which leads to increased system entropy generation, 

particularly when assessing heat exchanger effectiveness [36, 

37], but by evaluating the entropy generations caused by finite 

temperature gradient within such system [38-40]. Bejan [41] 

established that the entropy generation consists of two parts 

namely, (i) irreversibility associated with frictional factors (ii) 

thermal irreversibility [41, 42]. Although there are 

speculations of enhanced thermal conductivity which have 

been reported about Graphene nanoplatelets (GNPs) owing to 

its 5 to 10 nm thickness quality crystals, two-dimensional 

make-up and room temperature ballistic transport [43-45], it is 

vital to show the entropy generation of this nanoparticle in 

various basefluids due to extensive application potential.  

There are no explicit studies in literature for entropy 

generation of GNP nanofluids in different basefluids, hence, 

this study aims to analyze the entropy generation in heat 

conducting Graphene nanoplatelets (GNPs) nanofluids within 

micro and minichannels (Figure 1) under laminar flow regimes 

using different basefluids. 

 

 
 

Figure 1. Schematic representation of micro/mini channel 

illustrating (a) Entropy generation as nanofluid flows 

through; (b) Electronic multiport channel 

 

 

2. METHODOLOGY 
 

In a heat conducting duct of known diameter (D), the 

fundamental entropy governing equations as stated by Bejan 

[41, 42] based on entropy generation rate are presented in Eqns. 

(1) and (2): 

 

ṠGEN = (ṠGEN) ff + (ṠGEN) th (1) 

 

where, ṠGEN, ff and ṠGEN, th are the irreversibilities due to 

fluid friction and thermal heat, respectively. 

 

ṠGEN = 
8𝑚3

𝑇𝜌2𝜋2

𝑓((𝑅𝑒)𝐷)

𝐷5 +  
𝐷2𝜋𝑞"2

𝑇2𝑘𝑁𝑢((𝑅𝑒)𝐷,   𝑃𝑟)
 (2) 

 

where, Reynold’s number (Re) =4m/πµD; frictional factor (f) 

= 64/Re. 

The two parts of the Eq. (2) comprise the entropy generation 

as a result of frictional characteristic and as a result of heat 

transfer (transport). The first part is a function of mass flow 

rate (ṁ), density (ρ), Reynolds number (Re) and duct diameter 

(D), while the Nusselt number, heat flux and Prandtl number 

are highly significant in the second part. A small hydraulic 

diameter was assumed with a constant Nusselt number (48/11) 

in the fully developed laminar flow, independent of axial 

position, Reynolds and prandtl numbers. 

Consider heat transfer under hydrodynamically and 

thermally developed flow (Figure 1) with uniform wall heat 

flux condition is given by;  

Governing equation; 

 

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑟
=

∝

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇

𝜕𝑟
) (3) 

 

where, x and y are velocities in different directions. Under 

hydrodynamically fully developed conditions; 𝑣 = 0,
𝜕𝑢

𝜕𝑥
=

0 𝑎𝑛𝑑 𝑢(𝑟) = 2𝑢𝑚 [1 − (
𝑟

𝑟0
)

2

], so, eqn. 1 can be re-written as; 
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2𝑢 [1 − (
𝑟

𝑟0

)
2

]
𝑑𝑇𝑚

𝑑𝑥
=  

∝

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇

𝜕𝑟
) (4) 

 

For any point x of the particle, 
𝑑𝑇

𝑑𝑥
=

𝑑𝑇𝑚

𝑑𝑥
; solving for T at 

any 𝑥  (r), T becomes a function of r (where dTm/d 𝑥 ), T 

becomes a function of r only. Hence, 

 
1

𝑟

𝑑

𝑑𝑟
[𝑟

𝑑𝑇

𝑑𝑟
] =

2𝑢𝑚

∝

𝑑𝑇𝑚

𝑑𝑥
 [1 − (

𝑟

𝑟0
)

2

] (5) 

 

Multi-step integral of Eq. (3) can be re-written as; 

 

𝑇(𝑟) =
2𝑢𝑚

∝

𝑑𝑇𝑚

𝑑𝑥
[
𝑟

4
−

𝑟4

16𝑟0
2] + 𝐶1𝐼𝑛𝑟 + 𝐶2 (6) 

 

At r = 0, T is finite; C1 = 0, at r = r0, T= 𝑇𝑤; 

 

𝐶2 = 𝑇𝑤 −
2𝑢𝑚

∝
(

𝑑𝑇𝑚

𝑑𝑥
)

3𝑟0
2

16
 

 

Hence, 𝑇(𝑟) = 𝑇𝑤 −
2𝑢𝑚

∝

𝑑𝑇𝑚

𝑑𝑥
[

3

16
+

1

16
(

𝑟

𝑟0
)

4

−
1

4
(

𝑟

𝑟0
)

2

]. 

So, 𝑇𝑚 =
2

𝑢𝑚𝑟0
2 ∫ 𝑢(𝑟)𝑇(𝑟)𝑟𝑑𝑟

𝑟0

0
 = ∫ 𝑢(𝑟)𝑇(𝑟)𝑟𝑑𝑟/

𝑟0

0

∫ 𝑢(𝑟)𝑟𝑑𝑟
𝑟0

0
. 

 

𝑇𝑚 =

∫ 2𝑢𝑚 (1 −
𝑟2

𝑟0
2) 𝑟 [𝑇𝑤 +

𝑞𝑤
" 𝑟0

𝑘
{(

𝑟
𝑟0

)
2

−
1
4

(
𝑟
𝑟0

)
4

−
3
4

}] 𝑑𝑟
𝑟0

0

∫ 2𝑢𝑚 [1 − (
𝑟
𝑟0

)
2

] 𝑟𝑑𝑟
𝑟0

0

 (7) 

 

𝑇𝑚 =

2𝑢𝑚 [𝑇𝑤 (
𝑟0

2

2
−

𝑟0
4

4𝑟0
2) +

𝑞𝑤
" 𝑟0

𝑘 ∫ (𝑟 −
𝑟3

𝑟0
2) (

𝑟2

𝑟0
2 −

1
4

𝑟4

𝑟0
4 −

3
4

)
𝑟0

0
] 𝑑𝑟

2𝑢𝑚 [
𝑟0

2

2
−

𝑟0
4

4𝑟0
2]

 

 

𝑇𝑚 − 𝑇𝑤 =
𝑞𝑤

" 𝑟0

𝑘
(−

11

24
) 

 

 

𝑞𝑤
"

(𝑇𝑚−𝑇𝑤)

2𝑟0

𝑘𝑓
= 𝑁𝑢𝐷 =  

2×24

11
=

48

11
= 4.36  

(independent of Reynold and Prandtl numbers) 

 

where, 𝑞𝑤
" = ℎ(𝑇𝑤 − 𝑇𝑚) = 𝑘𝑓

𝑑𝑇

𝑑𝑟
|𝑟 = 𝑟0 , 𝑁𝑢𝐷 = Nusselt 

number, Tw = wall temperature, Tm = mean temperature, q" 

= heat flux. 
The irreversibility due to fluid friction, ṠGEN can be 

rewritten as depicted in Eq. (8). 

 

ṠGEN = 
128𝑚2𝜇

𝑇𝜌2𝜋𝐷4 +
𝐷2𝜋𝑞"2

4.365 𝐾𝑇2 (8) 

 

Let Δ1 = 
128 𝑚2

𝐷4 𝜋
 and Δ2 = 

𝐷2𝜋𝑞"2

4.365
. 

Hence, by rewriting ṠGEN in Eq. (8), we have, Eq. (9).  

 

ṠGEN = 
∆1𝜇

𝑇𝜌2 +  
∆2

𝑘𝑇2 (9) 

 

The ratio of nanofluid to basefluid entropy generation is 

given by Eq. (5); 

 

Ṡ𝑮𝑬𝑵𝒃𝒇

Ṡ𝑮𝑬𝑵𝒏𝒇

=  (
𝑲𝒏𝒇

𝑲𝒏𝒇

) (
𝑻𝒃𝒇

𝑻𝒏𝒇

)

𝟐

(
𝝆𝒃𝒇

𝝆𝒏𝒇

)

𝟐

(
∆𝟐 𝒏𝒇𝝆𝟐

𝒏𝒇 +∆𝟏,𝒏𝒇𝝁𝒏𝒇𝑻𝒏𝒇  𝑲𝒏𝒇

∆𝟐 𝒃𝒇𝝆𝟐
𝒃𝒇 +∆𝟏,𝒃𝒇𝝁𝒃𝒇𝑻𝒏𝒇  𝑲𝒃𝒇

) (10) 

 

Irreversibility is influenced by entropy generation, for 

example, low Irreversibility and entropy leads to better 

efficiency, hence, rate of entropy generation in nanofluid 

should be lower than the basefluid’. Therefore, ṠGEN, nf / 

ṠGEN, bf < 1 [46]. 

 

2.1 Thermophysical properties of nanofluid 

 

The thermophysical properties of the nanofluid like density, 

viscosity, thermal conductivity and specific heat capacity 

should be supplied in the relating equations, as they are 

reported to contribute significantly to the nanofluid heat 

transfer process. 

From the Hamilton-Cross proposed thermal conductivity 

equation as presented in Eq. (11) [47]; 

 

Ke = 
𝐾𝑏𝑓[𝐾𝑝 + (𝑛 − 1)𝐾𝑏𝑓 − (𝑛 − 1)∅(𝐾𝑏𝑓 − 𝐾𝑝)]

[𝐾𝑝 + (𝑛 − 1)𝐾𝑏𝑓 + (𝐾𝑏𝑓 − 𝐾𝑝)∅]
⁄  (11) 

 

where, the empirical shape factor n = 3/Ѱ; and is 1 (unity), 

because Ѱ=3 for spherical shape. Ke is the effective thermal 

conductivity, Kbf and Kp are the basefluid and nanoparticle 

thermal conductivities.  

Eq. (11) representing the Hamilton-Cross thermal 

conductivity equation reduces for spherical nanoparticles to 

Eq. (12) [48]; 

 

Ke = 𝐾𝑏𝑓(1 + 3∅) (12) 

 

Thermal conductivity and viscosity of the nanofluid can be 

obtained as presented in Eqns. (13) and (14) respectively; 

     

Knf = 𝐾𝑏𝑓(1 + 𝐶𝑘∅) (13) 

 

µnf = 𝜇𝑏𝑓(1 + 𝐶𝜇∅) (14) 

 

where, Ck and Cμ are conductivity and viscosity coefficients. 

A plot of the relative conductivities and viscosities of 

graphene-based nanofluids from literature data are given in 

Figures 2 and 3.  

 

 
 

Figure 2. Relative conductivity variation of graphene-based 

nanofluids with volume fraction [33, 49-52] 

 

Figures 2 and 3 show the variation in thermal conductivity 

ratio and viscosity ratio to determine the values of Ck and Cμ, 
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using a linear fit, the obtained values were 3.5 and 11, 

respectively. Linearized effective thermal conductivity of 

nanofluids is given as; 
𝑘𝑛𝑓

𝑘𝑏𝑓
= 1 + 𝐶𝑘∅ + 0(∅2); where Ck = 3 

according to Maxwell. These values (Ck and Cμ) obtained, 

were also within acceptable set limits based on Hamilton-

Cross equation and Prasher effective thermal condition for 

nanofluids (C_µ/C_k <4) [53]. Specific heat of nanofluid can 

be evaluated as using Eqns. (15) and (16): 

 

𝐶𝑝𝑛𝑓 =
𝐶𝑝𝑏𝑓𝜌𝑏𝑓(1 − ∅) + 𝜌𝑝∅𝐶𝑝𝑝

𝜌𝑏𝑓(1 − ∅) + 𝜌𝑝∅
 (15) 

 

The total density of the nanofluid is determined by: 

 

𝜌𝑛𝑓 = 𝜌𝑏𝑓(1 − ∅) + 𝜌𝑝∅  (16) 

 

In this study, entropy generation ratio is simplified. Eq. (11) 

is developed by parametric approximation, hence, the 

approximate Bejan equation is applied to analyze the heat 

transfer in micro and mini channels under laminar condition 

for different basefluids. 

 

 
 

Figure 3. Relative viscosity variation of graphene-based 

nanofluids with volume fraction [33, 49-52] 

 

2.2 Parametric order in microchannels 

 

Entropy generation ratio for the micro-channel (d = 0.05mm) 

illustrated in Figure 1 is evaluated using Eq. (5) with the 

following parametric values of temperature (T) α 102, thermal 

conductivity (K) α1, mass flowrate (ṁ) ∝ 10-4, Heat flux (q") 

α 102, viscosity (μ) α 10-3, diameter (D) α 10-4, density (ρ) α 

103, indicating that Δ1μKT α 109, Δ2ρ2 α106, and Δ2ρ2 are 

negligible compared to Δ1μKT. Therefore, Eqns. (17) and (18) 

are developed. 

 

Ṡ𝑔𝑒𝑛,𝑛𝑓

Ṡ𝑔𝑒𝑛,𝑛𝑓

=  (
𝑇𝑏𝑓

𝑇𝑛𝑓

) (
𝜇𝑛𝑓

𝜇𝑏𝑓

) (
𝜌𝑏𝑓

2

𝜌𝑛𝑓
2 ) (17) 

 

Assuming homogenous fluid state, Tnf ≈ Tbf, and 

substituting Eqns. (14) and (16) into (17) gives therefore, the 

ratio 

 

Ṡ𝑔𝑒𝑛,𝑛𝑓

Ṡ𝑔𝑒𝑛,𝑏𝑓

=  (
𝜇𝑛𝑓

𝜇𝑏𝑓

) (
𝜌𝑛𝑓

2

𝜌𝑏𝑓
2 ) ≅  

1 + 11∅

1 + (
𝜌𝑝

𝜌𝑏𝑓
− 1) ∅

 
(18) 

 

The ratio obtained in Eq. (18) is always positive and greater 

than unity since the density ratio ρp/ ρbf is always greater than 

1 (refer Table 1). As a result, it is not suggested to employ 

nanofluids in microchannels with laminar flow.  

𝐵𝑒 =
Ṡ𝑔𝑒𝑛∆𝑇

Ṡ𝑔𝑒𝑛∆𝑃 + Ṡ𝑔𝑒𝑛∆𝑇

=  
1

1 + ∅
 (19) 

Since Ṡ𝑔𝑒𝑛∆𝑃 = (1 + ∅)Ṡ𝑔𝑒𝑛,∆𝑇 

 

where: Ṡ𝑔𝑒𝑛∆𝑇  = entropy generated by heat transfer 

irreversibility; Ṡ𝑔𝑒𝑛∆𝑃 = entropy generated by fluid friction 

irreversibility 

 

2.3 Parametric order in mini-channels 

 

For a mini-channel (3 mm diameter) under laminar regime, 

evaluating with Eq. (5) at temperature (T) α 102, thermal 

conductivity (K) α1, mass flow-rate (ṁ) ∝ 10-3, viscosity (μ) 

α 10-3, Heat flux (q") α 104, diameter (D) α 10-3, density (ρ) α 

103, values of Δ2ρ2∝ 108 and Δ1μKT ∝ 107 determined are 

comparable for a mini-channel laminar flow, implying the 

influence of the aforementioned variables on entropy 

generation based on operation condition for this case. This 

implies that nanofluid effectiveness can be examined for 

various applications using heat transfer equation for analysis. 

Hence, this is applied to determine the entropy generation in 

mini-channels with the under-listed properties and flow 

condition in the Table 1. 

 

Table 1. Thermophysical properties of base fluids and 

nanoparticle [52, 54-58] 

 
 Basefluids Nanoparticle  

Parameters DW EG DW-EG GnP Others 

Length of 

channel (m) 
    1 

Conductivity 

of Base fluid 
0.601 0.258 0.380 3000  

Viscosity 

(mPa_s) 
0.891 0.00209 0.000394   

Heat Capacity 

of Basefluid 

Cp, bf 

4179 2347 3281 790  

Density 

(Kg/m3) 
995.8 1113.2 1073.35 2200  

Particle Cp 

(J/kgk) 
   1200  

Laminar Flow Condition  Data Values  

(Heat flux) q'' (w/m2) 2,500  Tin (K) 300 

Reynolds (Re) 1,500  
ΔT = (Tout-

Tin, K) 
5 

Nusselt no. (Nu) 48/11    

Friction factor (ƒ) 64/Re    

 

 

3. RESULT AND DISCUSSIONS 

 

Assuming the Prasher et al. [53] set condition: C_µ/C_k <4 

for effective heat transfer, is examined in Table 2. 

Effective Heat Transfer (EHT) condition proposed by 

Prasher et al. [53] on entropy generation is presented in Table 

2 above. The table reveals the variation in the irreversibilties 

of the different nanofluids within the proposed condition for 

effective heat transfer. It was observed that the closer the ratio 

of coefficient of viscosity to thermal conductivity to unity (1), 

the lower the entropy generated (fluid friction irreversibility, 

ṠGEN_ff). This implies that entropy generation increases as 

the said ratio keeps increasing for irreversibility caused by 

fluid friction, however, irreversibility due to thermal heat 

remains unaffected all through the ratio variation.  
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Table 2. Effective Heat Transfer (EHT) on the entropy generation (Prasher et al.) [53] 

 
EHT Cµ = Ck Cµ = 2Ck Cµ = 3Ck Cµ = 4Ck Cµ = 5Ck 

ṠGEN_ffW 5.16E-07 8.85E-07 1.43E-06 2.19E-06 3.2E-06 

ṠGEN_ffEG 8.99E-06 1.55E-05 2.51136E-05 3.84804E-05 5.62281E-05 

ṠGEN_ffEGW 1.8E-06 3.11E-06 5.03E-06 7.7E-06 1.12E-05 

ṠGEN_thW 0.000626 0.000626 0.000626 0.000626 0.000626 

ṠGEN_thEG 0.001458 0.001458 0.001458 0.001458 0.001458 

ṠGEN_htfEGW 0.000990 0.000990 0.000990 0.000990 0.000990 

ṠGEN_totW 0.000627 0.000627 0.000627 0.000628 0.000629 

ṠGEN_totEG 0.001473 0.001483 0.001483 0.001496 0.001514 

ṠGEN_totEGW 0.000993 0.000995 0.000995 0.000997 0.001001 

 

3.1 Entropy generation ratio in mini channels 

 

Figure 4 shows that the entropy generation ratio between the 

graphene nanofluid and the basefluids (ṠGEN, nf/ṠGEN, bf ˃ 

1) which contradicts the proposed condition for higher 

efficiency, since there must be low irreversibility and entropy 

generation [46, 53, 55-58]. This indicates that the suitability of 

the graphene nanofluids (water (W), ethylene glycol (EG) and 

ethylene glycol-water blend (EGW_1:1). Hence, the use of 

nanofluids in microchannels and mini-channels using 

graphene nanoplatelets with conventional base-fluids under 

laminar flow regime may need re-consideration for higher 

efficiencies. Variation of entropy generation ratio with volume 

fraction in a Micro-channel and Mini-channels are 

respectively depicted in Figures 4 and 5.  

 

 
 

Figure 4. Variation of entropy generation ratio with volume 

fraction in a micro-channel 

 

 
 

Figure 5. Variation of entropy generation ratio with volume 

fraction in a mini-channels 

 

Figure 6 shows the variation of entropy generation due to 

fluid friction (ṠGEN, ff) against volume fraction. Observation 

shows that the ṠGEN, ff of unblended basefluids for ethylene 

glycol was higher than water (W) and ethylene glycol-water 

(EGW_1:1) mixture by 50% and 20%, respectively. Same 

trend was observed with the graphene nanoplatelet (GnP) 

nanoparticle addition at various volume fraction with the 

selected basefluids where the least and the highest entropy 

ratios. This may indicate that the interlayer fluid streams 

interaction within the basefluids was highly instrumental to the 

entropy generation in the entire fluid. This means that the 

interlayer interaction plays a dominant role in the entropy 

generation of nanoparticles/nanofluids due to fluid friction. It 

was also observed that entropy generation due to fluid friction 

increased with increased volume fraction. Meanwhile the 

entropy generation due to fluid friction for deionized water is 

lower by 75.6% and higher by 79.9% compared to single 

ethylene glycol (EG) and the mix of ethylene glycol-water 

(EGW).  

 

 
 

Figure 6. Variation of entropy generation due to fluid 

friction (ṠGEN, ff) in a micro-channel 

 

 
 

Figure 7. Variation of entropy generation due to fluid 

friction (ṠGEN, ff) in a mini-channel 

 

Figure 7 shows the variation of entropy generation due to 

fluid friction (ṠGEN, ff) against volume fraction. Unblended 

(without nanoparticles) ethylene glycol-water (EGW_1:1) 

basefluid generated the least entropy (ṠGEN, ff). The Sgen, ff 

of water was higher by 79.9% and lower by 75.6% than EGW 

and EG, respectively. Here, the Sgen, ff increased with 

increased volume fraction of GnP nanoparticles. The 

interlayer fluid stream (IFS) interaction in EGW may be 

assumed to move relative to each other than single water (W) 

basefluid or ethylene glycol basefluids. The entropy generated 

(ṠGEN, ff) in mini-channel was observed to be lower than in 

micro-channels. 
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Figure 8. Variation of entropy generation due to fluid 

friction (ṠGEN, th) in a Micro-channel 

 

Figure 8 is the entropy generation due to thermal 

irreversibility (ṠGEN, th) against volume fraction in a micro-

channel. Observation shows that the least ṠGEN, th was with 

water basefluid. The ṠGEN, th of water was lower by 132.9% 

and 58.2% than ṠGEN, th of single ethylene glycol (EG) and 

mix of ethylene glycol-water (EGW). SGEN,th of the basefluids 

decreased with increase in volume fraction. The unblended 

basefluids (without nanoparticles) showed that the ṠGEN, th 

was a function of interlayer interaction. This was also 

observed with basefluids blended with GnP nanoparticle, it 

may be assumed that the interlayer and interparticle 

interactions plays dominant role in ṠGEN, th. 

 

 
 

Figure 9. Variation of entropy generation due to fluid 

friction (ṠGEN, th) in a Mini-channel 

 

The entropy generation due to irreversibility in a mini-

channel is shown in Figure 9. ṠGEN, th for water basefluid 

generated the least entropy, followed by the ethylene glycol-

water (EGW) basefluid, while the unblended ethylene glycol 

generated the highest entropy. It is seen that the SGEN, th in 

all the fluid (nanofluid and basefluids) decreased with increase 

in volume fraction of nanoparticle. This implies that doping 

basefluids with GnP nanoparticles reduces the ṠGEN, th when 

used in micro-channels. This may also imply that both the fluid 

stream interlayer and the particle to particle (interparticle) 

interactions move relative to each other for water 

basefluid/nanofluids. 

Figure 10 shows the total entropy generation (ṠGEN, tot) in 

microchannel. The effect of the part which makes-up the 

ṠGEN, th resulted in a least magnitude of ṠGEN, tot when a 

mix of ethylene glycol-water is used compared to single water 

(W) or ethylene glycol with and without GnP nanoparticle. 

Overall, the ṠGEN, tot using water basefluid was lower by 

75.6% and higher by 64.8% than single ethylene glycol and 

water (EGW), respectively. This implies that EGW is more 

suitable as basefluid in micro-channels since they generated 

the least entropy. Generally, result shows that total SGEN, tot 

increased with increase in volume fraction of GnP. 

 

 
 

Figure 10. Variation of total entropy generation (ṠGEN, tot.) 

in a Micro-channel 

 

 
 

Figure 11. Variation of total entropy generation (ṠGEN, tot.) 

in a Mini-channel 

 

Figure 11 is the total entropy generation (ṠGEN, tot) in a 

minichannel. The least entropy was generated using single 

water basefluid and then mixture of ethylene glycol-water 

(EGW), while the highest total entropy was obtained using 

single ethylene glycol basefluid. Observation shows that at 

0.08 volume fraction, GnP nanoparticle blend generated the 

least ṠGEN, tot for the single basefluid. This implies that 

single nanofluid is more suitable in mini-channels. The ṠGEN, 

tot using water (W) basefluid is lower by 123.7% and 38.4% 

compared to single ethylene glycol (EG) and mixture of 

ethylene glycol-water (EGW). 

 

 
 

Figure 12. Variation of entropy generation ratio (ṠGEN.) in a 

Mini-channel 

 

Figure 12 shows the entropy generation ratio 

(ṠGEN,nf/ṠGEN,bf) in micro-channel. Here, the 

ṠGEN,nf/ṠGEN,bf increased beyond unity. Addition of 

nanoparticles only increased the SGEN,nf/SGEN,bf and it 

indicates that the nanofluids are not suitable for use in micro-

channels, though water basefluid had the least 

ṠGEN,nf/ṠGEN,bf. 

Entropy generation ratio (ṠGEN,nf/ṠGEN,bf (3mm) in a 

mini-channel is shown in Figure 13. Result shows that the 

ṠGEN,nf/ ṠGEN,bf of unblended basefluid was at unity, 

which decreased as GnP nanoparticle volume fraction was 
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increased. This shows the influence of thermal properties (ρnf 

and Knf) of the nanoparticles on the basefluid, wherein, there 

is an improvement in the ṠGEN,nf/ṠGEN,bf by decreasing as 

the volume fraction increases. It means the use of nanofluid is 

suitable for lowering ṠGEN,nf/ṠGEN,bf in mini-channels. 

The ṠGEN,nf/ṠGEN,bf decreased with increased volume 

fraction of GnP nanofluid, while the mixture of ethylene 

glycol-water (EGW) had the least ṠGEN,nf/ ṠGEN,bf, hence, 

more suitable in mini-channel.  

 

 
 

Figure 13. Variation of (ṠGEN,nf/ṠGEN,bf) in a mini-

channel 

 

 
 

Figure 14. Variation of Bejan number (Be) in a micro-

channel 

 

Bejan number (Be) of the microchannel is shown in Figure 

14 as a function of volume fraction. The low Be is an 

indication that the effect of thermal irreversibility (ṠGEN, th) 

is less dominant compared to entropy generation due to fluid 

friction (ṠGEN, ff). It was also observed that the Be of water 

based basefluid/nanofluid was lower by 36.8% and 358.9% 

than single ethylene glycol and mixture of ethylene glycol-

water (EGW), respectively. 

 

 
 

Figure 15. Variation of Bejan number (Be) in a mini-channel 

 

Figure 15 shows the Bejan number (Be) as a function of 

volume fraction in a mini-channel. The effect of thermal 

irreversibility (ṠGEN, th) is dominant in the result for all the 

basefluids/nanofluids as the result for volume fraction were 

between 0.6 and 1. Meanwhile, ṠGEN, th is more dominant in 

the mixture of ethylene glycol-water (EGW) than the single 

basefluids nanofluids. This may be as a result of the heat 

generated during stream/particle interaction. The Be number 

of water based basefluids/nanofluids is lower by 3.8% and 

13.8% than the single ethylene glycol and mixture of ethylene 

glycol-water (EGW) The Be number decreased with increase 

in volume fraction of GnP nanoparticle. 

 

 

4. CONCLUSION 

 

Entropy generation of GnP blended in different basefluids 

under laminar flow condition for micro and mini-channels 

using conductivity and viscosity models was investigated in 

this study. GnP is not recommended for utilization in micro-

channels (ṠGEN, nf/ ṠGEN, bf >1) and its entropy generation 

ratio increases as its volume concentration increases. 

Meanwhile, in mini-channels, entropy generation ratio 

decreases as volume concentration of GnP increases and 

ṠGEN,nf/ṠGEN, bf <1, making its utilization beneficial. 

Hence in micro-channels,   

• Total entropy generation, ṠGEN, tot for GnP-water 

nanofluid was lower by 75.6% and higher by 64.8% 

compared to EG and EGW, respectively. 

• Bejan number for water (Bew) was lower by 36.8% 

and 358.9% compared to EG and EGW and in mini-

channels, 

• Total entropy generation, ṠGEN, tot for GnP-water 

nanofluid was observed to be lower compared to EG 

and EGW by 123.7% and 38.4%, respectively.   

• Bejan number for water (Bew) was lower by 3.8% and 

13.8% when compared to EG and EGW nanofluids.  

Generally, the result from the study indicates that GnP and 

water nanofluid generates the least entropy in mini-channels 

and can utilized in various applications including automotive 

cooling.  
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NOMENCLATURE 

ṠGEN Entropy generation rate, W/m.k 

Ck Coefficient of thermal conductivity 

Cμ Coefficient of viscosity 

Be Bejan number 

Φ Volume fraction of particle 

k Thermal conductivity 

ρ Density 

T Temperature 

GnP Graphene Nanoplatelet 

q" Unit length heat flux, W/m 

Re Reynolds number 

D Tube diameter, m 

f friction factor 

Cp Specific heat, J/kg.k 

μ viscosity, kg. m-1.s-1 

m mass flowrate 

n Shape constant 

Subscripts 

ff Fluid friction 

th thermal heat 

tot Total 

bf Basefluid 

nf Nanofluid 

W Water 

EG Ethylene glycol 

EGW Ethylene glycol-water 

926




