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A b s t r a c t
This paper aims to investigate the hydrothermal and entropy generation characteristics of a non-Newtonian nanofluid containing CuO 
nanoparticles in an offset strip-fin microchannel heat sink (MCHS). The base fluid is solution of 0.5 wt% Carboxymethyl Cellulose (CMC) in 
water. This study investigates the effects of nanoparticles concentration, Reynolds number and geometric size of strip-fin on the performance of 
MCHS from the viewpoint of both the first and the second thermodynamic law. The results reveal that enhancing the Reynolds number 
improves the performance of MCHS by boosting the convective heat transfer coefficient of the working fluid which favourably reduces the CPU 
surface temperature and thermal entropy generation rate and importantly leads to the temperature uniformity of the CPU surface. However, 
increase in Reynolds number adversely affects both the pumping power and the frictional entropy generation in the system. Therefore, the 
optimal strip-fin size is investigated to find the optimum performance of the offset strip-fins MCHS from the viewpoint of both the first and the 
second thermodynamic law. The optimal results show that the highest ratio of heat transfer enhancement to pressure drop increment, using the 
nanofluid instead of base fluid, is 2.29. In addition in the optimal case, the minimum total entropy generation rate of the nanofluid is 2.7% less 
than the base fluid.

Nomenclature

cp,nf specific heat capacity (J/kg K)
Dh hydraulic diameter (m)
H thickness of the MCHS (m)
Hc channel height (m)
h convective heat transfer coefficient (W/m⁠2 K)
k thermal conductivity (W/m K)
L length of the MCHS (m)
Li fin interval (m)
Ls fin length (m)

m consistency index (kg s⁠n⁠−1/m)
n power law index
p pressure (Pa)
Ppump pumping power (W)
Δp pressure drop (Pa)
PEC performance evaluation criterion
q'' heat flux (W/m⁠2)

volumetric flow rate (m⁠3/s)
R thermal resistance (K m⁠2/W)
Re Reynolds number

local frictional entropy generation rate (W/m⁠3 K)
local thermal entropy generation rate (W/m⁠3 K)



local total entropy generation rate (W/m⁠3 K)
global frictional entropy generation rate (W/K)
global thermal entropy generation rate (W/K)
global total entropy generation rate (W/K)

T temperature (K)
mean temperature of nanofluid (K)
maximum temperature of the base of the MCHS (K)
mean temperature of the base of the MCHS (K)
minimum temperature of the base of the MCHS (K)

u velocity (m/s)
ux x-direction velocity (m/s)
uy y-direction velocity (m/s)
uz z-direction velocity (m/s)
W width of the MCHS (m)
Wc channel thickness (m)
Ww fin width (m)

Greek symbols
δ ratio of fin offset to fin length
θ temperature non-uniformity per unit flux (K m⁠2/W)
μ viscosity (kg/m s)
ρ density (kg/m⁠3)
φ nanoparticle concentration (%)
χ number of fins along the channel length

Subscripts
bf base fluid
nf nanofluid
p particle
s wall

1. Introduction

The recent technological advancement in the electronics industry
with the advent of high energy density devices is accompanied with
thermal management challenges. The heat flux in these systems is ex-
pected to exceed 100W/cm⁠2 and, as such, cooling technologies includ-
ing MCHS are constantly being improved to take care of the associated
thermal challenges. In the last two decades, various approaches have
been proposed towards solving the problem of elevated temperature and
hotspot situations in many systems including electronic modules (CPU)
that are mostly beset with space constraint. Some of these methods in-
clude geometric optimisation of heat exchanger, the use of functionally
graded materials and the use of a fluid with improved thermal proper-
ties including nanofluids as the working fluid. The use of functionally
graded materials raises concerns regarding the affordability of the prod-
uct where these materials are used. However, both geometric optimisa-
tion and use of nanofluid have shown considerable significance on an
individual basis.

Nanofluids are the new heat transfer fluids formulated by uniform
dispersion of ultrafine nanoparticles (1–100nm) in the conventional
heat transfer fluids (base fluids) such as water, glycerol, ethylene gly-
col and propylene glycol. The research findings in the past couple
of decades have revealed that nanofluids have superior thermal and
electrical properties [1–7]. These superior properties project nanoflu-
ids as potential heat transfer fluids for emergent thermal systems such
as nanoelectromechanical systems (NEMs) and microelectromechani-
cal systems (MEMs) and high energy density electronic modules. On
this basis, some of the foremost researchers had shown the importance
of applying nanoparticles to create nano-refrigerants (refrigerant plus
nanoparticles) as working fluid in flow boiling heat transfer in horizon

tal tubes [8–10], as an automobile radiator fluid [11] and as a working
fluid in heat pipe [12–14] heat exchanger.

Numerical simulation of nanofluids in MCHS devices is a relatively
new area of application of nanofluids and there are different models
that can be applied to solve this thermal-flow problem in order to cap-
ture the heat transfer enhancement mechanism. Yue et al [15] applied
a single-phase model to numerically investigate the performance of a
manifold heat sink with water-Al⁠2O⁠3 nanofluid as the heat transfer fluid.
They studied the effect of nanoparticle volume fraction and size, and
the flow Reynolds number, while the thermal performance was mea-
sured by the Nusselt number, pressure drop, total entropy generation,
and performance index. Their results showed that the Nusselt number
and the pressure drop increased as the nanoparticle volume fraction
was increased, while the entropy generation in the system decreased.
Conversely, the Nusselt number, the pressure drop and the entropy
generation increased with an increase in the particle size, while the
performance index reduced. Other research works where single-phase
model was used for determining nanofluids thermal performance in a
microchannel can be reviewed here [16–18].

As nanofluids consist of two-phase materials (solid+liquid), re-
searchers have also applied different multiphase models to predict their
behaviour in different types of MCHS. Kalteh et al. [19] applied the
Eulerian-Eulerian two-phase equation to model the laminar forced con-
vection in an isothermal two-parallel plate microchannel. Their results
showed that the Eulerian two-phase model was in good agreement with
experimental results based on the water-Cu nanofluid at Cu particle size
between 30 and 100nm and volume fraction up to 5%. Additionally,
Kalteh et al. [20] experimentally and numerically investigated the ther-
mal performance of water-γ-Al⁠2O⁠3 nanofluid in a wide rectangular mi-
crochannel heat sink using a two-phase Eulerian-Eulerian equation and
the finite volume approach. Their numerical results, when compared
with their experimental data, showed very good agreement with 7.42%
maximum deviation. In another work, Mahdavi et al [21] applied both
the Eulerian mixture model and the Lagrangian Discrete Phase Model
(DPM) to study the heat transfer and the hydrodynamic characteristics
of different nanofluids flow in a vertical tube. Other investigations in
which homogeneous (single-phase), Eulerian-Eulerian (mixture, volume
of fluid (VOF) and Eulerian) and Lagrangian models are used are pre-
sented here [22–24]. While the two-phase model has predicted with
higher precision in some cases, several studies still implemented the
single phase model in their numerical analyses of nanofluid in MCHS
due to its much better convergence capability and lower computation
power/accuracy ratio (i.e. higher computational efficiency). Besides, it
has been established that with proper modelling (or experimental data)
of thermal conductivity and viscosity, the single phase model could also
be appropriately used for nanofluids thermo-flows problems [25].

The first generation microchannel heat sinks were based on the ba-
sic geometries such as rectangular channels [26], circular channels [27]
and square channels [27–29]. The need for shape optimisation was be-
cause basic shapes such as rectangular and square channels were show-
ing deficiencies as the energy density in compact spaces increased,
therefore, trapezoidal channel [30], hexagonal channel [31] and other
types of shapes were introduced. Subsequently, many researchers have
introduced extended surfaces such as pin-fins and strip-fins. One of
such works is the work of Ochende et al. [32] where they numerically
investigated the effect of pin-fins inserts in a single and two-layered
rectangular microchannel with different flow configurations. Their re-
sults showed that under increased heat load of 100–1000W, the mi-
crochannel with pin-fins inserts performed better than the microchan-
nel without pin-fins. Similarly, Adewumi et al. [33] numerically stud-
ied the thermal performance of a single layer microchannel with vary-
ing of the axial length and different micro pin-fin shapes. Their re-
sults showed that circular micro pin-fins were the most
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efficient in maximizing the heat transfer from the MCHS base. Hong and
Cheng [34] investigated the geometric optimisation of a laminar forced
convection flow of pure water in an offset strip-fin microchannel heat
sink. Their results showed that an optimized strip-fin size can minimized
pressure drop, even when the global constraint of a maximum wall tem-
perature is imposed.

Furthermore, a systematic review shows that the majority of the
numerical investigations are geared towards the use of Newtonian
nanofluid in the MCHS systems. As much as the Newtonian fluids, the
non-Newtonian fluids have vital roles in many areas of industrial and
engineering applications such as in the production of foods, drug pro-
duction, drug delivery and crude oil drilling/processing. Besides, they
are also used as heat transfer enhancer for compact heat exchang-
ers in electronic modules. Therefore, the investigation of the applica-
tion of non-Newtonian nanofluids in electronic module heat exchang-
ers has economic and technological significance. Shahsavar et al. [35]
investigated the heat transfer and optimized the entropy generation of
non-Newtonian hybrid nanofluids in a concentric annulus. Hojjat et al.
[36–38] employed water-based nanofluids of Al⁠2O⁠3, TiO⁠2, and CuO in
the presence of 0.5wt% CMC. They investigated the forced convection
heat transfer of these non-Newtonian nanofluids in a tube under lami-
nar and turbulent flow regimes. Their experimental result revealed an
enhanced heat transfer coefficients for their nanofluids when compared
with the base fluid. Baheri Islami et al. [39] experimentally investigated
the thermal performance of a water-CMC based CuO nanofluid between
two parallel plates with and without baffles for micromixing. Their re-
sults showed that the presence of nanoparticles, increasing Reynolds
number and micromixer (baffle) increased the heat transfer (local and
average) and the friction coefficient of the non-Newtonian nanofluid.
Overall, the main mechanism for enhancing the heat transfer within the
MCHS was the recirculation zones created by the micromixers fins.

To the best authors’ knowledge, there is no investigation that ad-
dressed the performance of a non-Newtonian nanofluid in an offset
strip-fins microchannel heat sink. This work investigates the hydrother-
mal performance and entropy generation characteristics of the wa-
ter-CMC/CuO non-Newtonian nanofluid in an offset strip-fins mi-
crochannel heat sink. The goal is to optimize the strip fin geometry and
study the influence of Reynolds number variation and volume fraction
of CuO nanoparticle on the performance of the offset strip-fins MCHS
from the viewpoint of both the first and the second thermodynamic law.

2. Geometric and mathematical model

2.1. Microchannel configuration and strip-fin parameters

The strip-fin employed in this study is of the offset type as depicted
in Fig. 1. The geometric parameters of this microchannel heat sink

(MCHS) are the length (L), the width (W) and the thickness (H), which
are often fixed for a specific application. The geometric parameters of
the strip-fins are given as fin length (Ls), fin interval (Li), fin width (Ww
), channel thickness (Wc) and channel height (Hc). Table 1 shows the
corresponding dimensions of all the geometric parameters used in this
study for the strip-fins microchannel. Indeed all the geometric parame-
ters could be investigated, however, optimisation in this study will only
be on the fin length (Ls) and fin interval (Li), since one of the goals is
to investigate the effect of fin on the performance of the MCHS. In ad-
dition, selecting the fin parameters for optimization will save computa-
tional efforts. Therefore, the following length ratios are defined:

(1)

(2)

where δ is the ratio of fin offset to fin length and χ is the number of fins
along the channel length. It should be noted that the fin width (Ww),
channel thickness (Wc) and channel height (Hc) are assumed to be con-
stant.

2.2. Governing equations

In this study, nanofluid prepared from the homogeneous mixture of
CuO and water in the presence of 0.5wt% CMC is employed as the
working fluid in the strip-fins MCHS. The thermal performance and the
entropy generation of this nanofluid are evaluated by assuming that the
CuO nanoparticles are in thermal and dynamic equilibrium with the
base fluid medium (water-CMC). It should be noted that the consid-
ered nanofluid is a non-Newtonian pseudo-plastic fluid [40]. The wa-
ter-CMC/CuO nanofluid is an incompressible fluid, hence, the governing
equations for the present study are:

Continuity equation:

(3)

Momentum equation:

(4)

Energy equation for the fluid region:

(5)

Fig. 1. Diagram of offset strip-fin MCHS with a description of its geometric parameters and imposed boundary conditions [34].
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Table 1
Dimensions of geometric parameters for the offset strip-fin MCHS.

Geometric parameters Dimensions (mm)

W 12
L 12
H 0.5
Ww 0.043
0.057 0.3
Li To be optimised
Ls To be optimised

Energy equation for the solid:

(6)

where ρ is the density, is the velocity, cp is the specific heat capacity,
T is the temperature, p is the pressure, k is the thermal conductivity, μ is
the viscosity, and the subscripts nf and s denote to nanofluid and solid,
respectively.

2.3. Boundary and initial conditions

At the bottom wall of the MCHS, a uniform heat flux (
) is imposed. All the remaining external walls are as-

sumed to be perfectly thermally insulated with no any convective and
radiation heat transfer with the surrounding medium (see Fig. 1b). At
the inlet, the temperature of the nanofluid is assumed to be 300K. The
velocity at the inlet is taken to be uniformly distributed and other flow
boundary conditions include no-slip at the internal walls and atmos-
pheric pressure at the flow outlet.

Mathematically all the boundary conditions are represented as fol-
lows:

Flow inlet:

(7a)

Flow outlet:

(7b)

At the solid-fluid internal interface:

(7c)

3. The nanofluid and its properties

The CuO nanoparticles are considered to be homogeneously dis-
persed within the water-CMC base fluid. The nanofluid effective density
and specific heat capacity are calculated employing the following mix-
ture models [40]:

(8)

(9)

where subscript bf and p refer to base fluid and nanoparticle, respec-
tively.

The water-CMC/CuO nanofluid behaves as a pseudo-plastic fluid,
hence the power law model is used to formulate its effective viscosity
[40]:

(10)

where m is the consistency index, is the shear rate, and n is the power
law index. Consistency index and power law index for water-CMC/CuO
nanofluid at various concentrations are presented in Table 2. Addition-
ally, the thermal conductivity of the water-CMC/CuO nanofluid at dif-
ferent nanoparticle concentrations is presented in Table 3.

4. Entropy generation

Generally, the local entropy generation also known as the total en-
tropy is made up of two entropy generation components. First, is the
entropy generated due to the friction and the second is the entropy gen-
erated due to the heat transfer in the system. Mathematically;

(11)

(12)

(13)

where is the local total entropy generation rate in the MCHS, is
the local frictional entropy generation rate and is the local thermal
entropy generation rate. The global entropy generation within the sys-
tem is the integration of the total entropy over the whole domain. Sim-
ilarly, the global entropy generation by heat transfer and friction can

Table 2
Consistency and power law indexes of the water-CMC/CuO nanofluid [36].

φ (%) m n

0 0.145 0.542
0.5 0.144 0.541
1.0 0.142 0.537
1.5 0.130 0.546
3.0 0.114 0.571

Table 3
Thermal conductivity of the water-CMC/CuO nanofluid [37].

φ (%) Thermal conductivity, k⁠nf (W/m K)

0 0.613
0.5 0.602
1.0 0.616
1.5 0.622
3.0 0.764
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be calculated as presented in Eq. (14);

(14)

5. Data reduction

The overall objective of a heat sink is to remove as much as possible
the effect of the imposed heat flux by keeping the temperature of the
base of the heat sink as low as possible. It is a general requirement for
the flat surface of the MCHS (the point of input of heat flux) to produce
a uniform surface temperature distribution and remove any hot spot sit-
uation for the effective performance of the electronic component. To
quantitatively determine the cooling performance of the MCHS, the dif-
ference between the maximum and minimum temperature of the base of
the MCHS and the pressure drop across the microchannel will be evalu-
ated. Therefore, the following evaluation criteria are defined:

(15)

Eq. (15) is the temperature non-uniformity per unit flux, used to indi-
cate the temperature uniformity/non-uniformity on the CPU surface. A
higher value of θ means a less uniform temperature distribution. The
thermal resistance of the nanofluid is also vital in monitoring the perfor-
mance of the MCHS [41]. Therefore, the goal is to achieve as much as
possible a low thermal resistance which is dependent on the mean sur-
face temperature of the MCHS. From Eq. (16) it could be inferred that a
low mean surface temperature indicates there is an efficient heat trans-
fer within the MCHS. Consequently, one of the yardsticks for measuring
the best performance will be a low value of θ and R.

(16)

The pumping power of the working fluid is related to the cost of oper-
ation of the MCHS among other issues. Hence, the performance crite-
ria should include monitoring of the pumping power requirement of the
heat sink vis a vis the nanofluid that is employed. The pumping power
required is obtained using Eq. (17).

(17)

where is the volumetric flow rate of the nanofluid in the MCHS. It is
general knowledge that the addition of nanoparticles increases both the
viscosity and thermal conductivity of the nanofluid. This may increase
both the thermal performance and the pumping cost, as such the ratio of
the relative heat transfer coefficient to the relative pressure drop across
the MCHS is also defined as the performance evaluation criterion (PEC)
as shown:

(18)

Eq. (19) is used to determine the heat transfer coefficient for the MCHS
adopting the methodology implemented by Bahiraei and Heshmatian
[41].

(19)

The Reynolds number for non-Newtonian power law fluids is defined as:

(20)

where Dh is the hydraulic diameter obtained as
and uin is the nanofluid inlet velocity.

6. Numerical technique and validation

The present study considers the laminar convective heat transfer of
water-CMC/CuO nanofluid in an offset strip-fins microchannel. The flow
physics was set up in a commercial CFD software ANSYS FLUENT®.
The governing equations with the associated boundary conditions were
solved using the finite volume method. The momentum and the energy
equations were solved employing the second order upwind scheme. The
pressure and the velocity fields were coupled using the SIMPLE algo-
rithm. The accuracy of the solution to convergence was monitored at
10⁠−6 for the continuity, x-velocity, y-velocity, z-velocity and the energy
equation.

6.1. Mesh study

The geometry of this study was discretised using a structured mesh
based on a rectangular grid and it was generated throughout the compu-
tational domain as shown in Fig. 2. In order to substantiate the indepen-
dence between the grid and the numerical results and choosing an ap-
propriate mesh configuration, six different combinations of node num-
bers (six cases) have been examined by comparing the pressure drop and
average convective heat transfer coefficient for the nanofluid at φ = 3%
, Re = 700, δ = 1 and χ = 16. As shown in Table 4, there is no signifi-
cant difference between the results of case 5 and case 6. The error in the
pressure drop and heat transfer coefficient results is 1.29% and 1.11%,
respectively. Therefore, case 5 (32, 145 and 2400 nodes in x, y and z
directions, respectively) is used for the rest of numerical computations.

6.2. Validation

In order to validate and ensure the accuracy of the numerical simu-
lation, the difference between the maximum and the minimum values of
the CPU surface temperature ( ), obtained in the pre-
sent work was compared to the work of Hong and Cheng [34] for the
flow of deionized water inside the offset strip-fins MCHS with different
χ values and δ = 1. The coolant mass flow rate was varied to guarantee
the same as that of Hong and Cheng [34]. This comparison is il-
lustrated in Table 5, and it can be observed that there is an appropriate
consistency between the results of the present work and the one existing
in the literature. Moreover, the convective heat transfer coefficient ob-
tained in the current study was compared to the experimental findings
of Khoshvaght-Aliabadi et al. [42] for flow of water-Cu nanofluid flow
in an offset strip-fins channel. Table 6 shows that the comparison is ex-
cellent.

7. Results and discussion

This study conducted a numerical simulation to investigate the hy-
drothermal and entropy generation characteristics of a non-Newtonian
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Fig. 2. The structured mesh of the computational domain and the zoom-in insert of the domain along with the three side views.

Table 4
Mesh independence study monitored with the pressure drop and average convective heat transfer coefficient for flow of nanofluid at φ = 3%, Re = 700, , δ = 1 and
χ = 16.

CASE 1 CASE 2 CASE 3 CASE 4 CASE 5 CASE 6

Grid size 20×125×2400 22×135×2400 32×145×2200 32×145×2300 32×145×2400 32×145×2500
353.87 375.54 397.45 412.12 426.83 432.34
197,123 207,127 212,555 216,678 217,493 219,898

Table 5
Results obtained from the present work compared with those of Hong and Cheng [34].

χ ΔTs [34] ΔTs (present) Error (%)

2 18.5 18.9 2.16
4 17.7 18.3 3.39
8 18.5 18.8 1.62
20 20.7 21.1 1.93

Table 6
Results obtained from the present work compared with those of Khoshvaght-Aliabadi et
al. [42] at φ = 0.4%.

(litres/min) h (W/m⁠2 K) [42] h (W/m⁠2 K) (present) Error (%)

2 256 270.12 5.52
3 293 312.56 6.68
4 332 354.23 6.71
5 365 386.01 5.76

nanofluid with CuO nanoparticles runs through an offset strip-fin MCHS.
The proposed microchannel was situated on a CPU to cool it down.
The simulations were performed for various concentrations (0, 0.5, 1
and 3%), Reynolds numbers (100, 300, 500 and 700), ratios of fin
offset to fin length (0.5, 1 and 2), and fin numbers along the chan

nel length (4, 6, 8 and 16). Initially, the effects of concentration and
Reynolds numbers on the performance of MCHS from the first law per-
spective are investigated and later, the effects of these parameters on
the MCHS performance are discussed from the second law viewpoint.

Fig. 3 displays contours of velocity, strain rate and viscosity at
the mid-plane cross-section through MCHS (y=0.15mm) for φ = 3%,
Re = 700, δ = 1 and χ = 16. For clear observation, due to the slender
ratio of the proposed geometry, the prepared contours are displayed at
the distance of 2.81–3.56mm from the inlet (2.81mm < z<3.56mm).
As seen, the flow accelerates by passing through the narrow passage (be-
tween two fin corners) and decelerates by increasing the width of the
passage. This flow pattern leads to high-velocity gradients at the edges
of fins (narrow passage regions) and consequently viscosity decrease in
those regions while by passing the narrow passages, the fluid viscosity
increases due to dropping in velocity gradients.

Fig. 4 illustrates the trend of convective heat transfer coefficient
in heat sink in terms of nanofluid concentration at different Reynolds
numbers for δ = 1 and χ = 16. As shown, convective heat transfer
coefficient increases with the increase of Reynolds number which is
more pronounced at low Reynolds numbers. For example, by increas-
ing Reynolds number from 100 to 700 at concentrations of 0 and 3%,
the percentage of the convective heat transfer coefficient increase are
49.93 and 55.7, respectively. The convective heat transfer coefficient
is proportional to the ratio of the thermal conductivity to the thermal
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Fig. 3. Contours of (a) velocity, (b) strain rate, and (c) viscosity at the mid-plane cross section of the heat sink (y=0.15mm, 2.81mm < z<3.56mm) for φ = 3%, Re = 700, δ = 1 and
χ = 16.

Fig. 4. The effect of Reynolds number on convective heat transfer coefficient vs. nanopar-
ticle concentration at δ = 1 and χ = 16.

boundary layer thickness ( ). The increase of Reynolds number at
a constant nanoparticle concentration leads to a decrease in hydraulic
boundary layer thickness and consequently decrease in thermal bound-
ary layer thickness which cause an increase in the convective heat trans-
fer coefficient.

Fig. 4 also displays the impact of nanoparticle concentration on con-
vective heat transfer coefficient which as seen is less than the Reynolds
number impact (curves are almost flat). This effect is more pronounced
at low Reynolds numbers (100 and 300) with concentration up to 1.5%.
Indeed, for analysing the effect of nanoparticle concentration on con-
vective heat transfer coefficient, one has to consider the effect of fol-
lowing parameters simultaneously: thermal boundary layer thickness,
thermal conductivity and non-Newtonian nature of the fluid. The ob-
tained results demonstrate that at a constant Reynolds number, in-
creasing nanoparticle concentration to 1.5% and beyond 1.5% to 3%
respectively leads to a decrease and increase in both the nanofluid
velocity and the convective heat transfer coefficient (please consult
with the earlier discussion on the influence of velocity on convec-
tive heat transfer coefficient). In addition, as shown in Table 3, in-
creasing nanoparticle concentration up to 0.5% and from 0.5% to 3%
respectively leads to decrease and increase of thermal conductivity
which has a direct effect on convective heat transfer coefficient. It is

noteworthy that due to shear thinning nature of the nanofluid, by de-
creasing the hydraulic boundary layer thickness (increasing velocity
gradient), the viscosity decreases which leads to flow acceleration close
to the solid walls and consequently enhancing heat transfer rate. There-
fore, in a word, surveying the effects of nanoparticle concentration in
the proposed nanofluid is not straight forward and demands consider-
ing all different parameters together including thermal boundary layer
thickness, thermal conductivity and non-Newtonian nature of the fluid.

Fig. 5 shows the effects of nanoparticle concentration on the average
temperature of the CPU surface for δ = 1 and χ = 16. As seen, the CPU
surface temperature favourably drops with increasing Reynolds number.
For example, by increasing Reynolds number from 100 to 700 at con-
centrations of 0 and 3%, the percentage of the CPU surface average tem-
perature respectively drops by 1.76 and 1.79%. These trends can be at-
tributed to the fact that convective flow enhances with an increase in
the Reynolds number. Furthermore, as Fig. 5 displays the non-Newton-
ian nanofluid with nanoparticle concentration of 3% has the best cool-
ing performance.

The effects of nanoparticle concentration and Reynolds number on
the temperature distribution of the nanofluid at the mid-plane cross-sec-
tion of the MCHS (y=0.15mm, 2.81mm<z<3.56mm) for δ = 1

Fig. 5. The effect of Reynolds number on the average temperature of the CPU surface vs.
nanoparticle concentration at δ = 1 and χ = 16.
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and χ = 16 are illustrated in Fig. 6. As expected, the temperature of
nanofluid along the length of the channel gradually raises (due to heat
transfer with heat sink walls). The results show that increasing nanopar-
ticle concentration up to 1% will increase the maximum nanofluid tem-
perature while by dissolving more nanoparticles (nanoparticle concen-
tration up to 3%), the maximum nanofluid temperature drops. In addi-
tion, as displayed, the maximum nanofluid temperature decreases with
the increase of Reynolds number which can be attributed to enhancing
convective flow with increasing Reynolds number.

One of the crucial points in designing of electronic equipment is
avoiding hotspot which has a significant effect on the lifetime and per-
formances of the equipment. Therefore, in the performance investiga-
tion of electronic equipment, the designers should pay attention to the
temperature of the electronic stuff not to exceed a specific limit. Fig. 7
displays the influence of nanoparticle concentrations on the maximum
temperature of the CPU surface at different Reynolds numbers for

δ = 1 and χ = 16. As seen, with increasing Reynolds number, the maxi-
mum temperature of the CPU surface significantly drops while nanofluid
concentration, except at 3%, which does not have a significant influence
on the maximum temperature of the CPU surface.

Addition of nanoparticles to a base fluid would have a favourable
effect which is enhancing the heat transfer rate, however, it has a nega-
tive effect as well. Indeed, nanoparticle addition to a base fluid will in-
crease the pure fluid viscosity and consequently leads to more pressure
drop and pumping power cost of the system. Fig. 8 illustrate the effects
of nanoparticle concentrations at different Reynolds number for δ = 1
and χ = 16. As shown, increase in the Reynolds number results in a re-
markable increase in the pumping power. Besides, as displayed, pump-
ing power will be reduced up to 1% nanoparticle concentration and
then will increase by adding more particles to the nanofluid (beyond
1%). To analyse this behaviour, the following facts have to be consid-
ered. According to Darcy’s equation ( , where f is the fric

Fig. 6. Contours of temperature of the nanofluid at the mid-plane cross section of the heat sink (y=0.15mm, 2.81mm < z<3.56mm) for δ = 1, χ = 16 and (a) φ = 0&Re = 100, (b)
φ = 1%&Re = 100, (c) φ = 3%&Re = 100, (d) φ = 3%&Re = 300, (e) φ = 3%&Re = 500 and (f) φ = 3%&Re = 700.
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Fig. 7. Maximum temperature of CPU surface in terms of nanoparticle concentration and
Reynolds number for δ = 1 and χ = 16.

Fig. 8. Pumping power in terms of nanoparticle concentration and Reynolds number for
δ = 1 and χ = 16.

tion factor defined as [43]) and due to constant parameters of
the study (friction factor, hydraulic diameter and length of the mi-
crochannel) in a Reynolds number, pressure drop will be the function
of the nanofluid velocity and density. As results shown, increase in the
nanoparticle concentration leads to an increase in both the nanofluid
density and viscosity. Up to 1.5% nanoparticle concentration, increase
in the density is more dominant than the increase in the viscosity, and
consequently, the nanofluid decelerates while beyond 1.5% concentra-
tion the counter fact governs and the fluid accelerates. Therefore, based
on Fig. 8, one can conclude that for nanoparticle concentrations up to
1%, the effects of a reduction in velocity are dominant, leading to reduc-
tion in pressure drop, while for higher concentrations, the effects of en-
hancing in nanofluid density are dominant and pressure drop increases.

Thermal resistance (R) and uniformity of temperature distribution (θ
) are two important parameters in the investigation of heat sink perfor-
mance. Figs. 9 and 10 respectively display the effects of nanofluid con-
centration on thermal resistance and uniformity of temperature in CPU
cooling for different Reynolds numbers at δ = 1 and χ = 16. The results
show that both R and θ are favourably affected (reduction in values) by
increasing in Reynolds number while the nanofluid concentration, ex-
cept 3%, does not have significant effect on those parameters.

Fig. 11 displays the effects of nanoparticles concentration on PEC at
different Reynolds numbers for δ = 1 and χ = 16. PEC is the most im-
portant criteria, which a designer has to consider in picking a suitable
nanofluid for a heat sink. Represented results in Fig. 11 show that PEC

Fig. 9. Parameter R in terms of nanoparticle concentration and Reynolds number for
δ = 1 and χ = 16.

Fig. 10. Parameter θ in terms of nanoparticle concentration and Reynolds number for
δ = 1 and χ = 16.

Fig. 11. PEC of nanofluid in terms of nanoparticle concentration and Reynolds number
for δ = 1 and χ = 16.

boosts with an increase in the Reynolds number. As shown, for the
non-Newtonian nanofluid, the maximum PEC (1.23) takes place at 1%
nanoparticle concentration and Reynolds 700.

At the end of this section (discussion of results from the first law
perspective), a survey is represented in Fig. 12 to see how PEC of the
nanofluid varies with δ and χ at φ = 1% and Re = 700. As shown, the
trend of the PEC is descending with increasing of χ. At a constantδ,
with increasing inχ, the number of strip-fins along the flow direction
increases which leads to augmentation in the flow disturbance and the

9



Fig. 12. PEC of nanofluid in terms of number of fins along the flow direction and the ratio
of fin length to fin interval.

break-up of boundary layer, and consequently, pressure drop and heat
transfer increase. As seen in Fig. 12, the ratio of increase in heat transfer
to pressure drop for nanoparticle concentration of 1% at Reynolds num-
ber of 700 is more than the base fluid. In addition, as displayed, the PEC
is always more than 1. Furthermore, Fig. 12 reveals that the maximum
achievable PEC for the proposed non-Newtonian nanofluid takes place
in the case of δ = 1 and χ = 6 which equals to 2.29.

Fig. 13 displays the thermal, frictional and total entropy generation
rates in the mid-plane section of the MCHS (y=0.15mm, 2.81mm <
z<3.56mm) for φ = 3%, Re = 700, δ = 1 and χ = 16. As shown, the
maximum rate of entropy generation occurs at the corner of fins which
is due to the higher velocity and temperature gradients at those regions.

Fig. 14 illustrates the effects of nanoparticle concentration and
Reynolds number on the global frictional entropy generation rate at
δ = 1 and χ = 16. As displayed, increase in the Reynolds number leads
to significant augmentation of global frictional entropy generation rate
which can be attributed to reduction in average fluid temperature as

well as hydraulic boundary layer thickness and consequently increase
in the velocity gradient. In addition, Fig. 14 shows that an increase in
the nanoparticle concentration up to 1.5% does not have a significant
effect on the global frictional entropy generation rate, in particular at
Reynolds numbers of 100 and 300. However, beyond 1.5%, the global
frictional entropy generation rate increases with increasing nanoparticle
concentration at all Reynolds numbers. This behaviour can be attributed
to the following facts. Firstly, increasing nanoparticle concentration up
to 1.5% leads to a decrease in the average temperature of nanofluid,
and therefore, an increase in the global frictional entropy generation
rate while reverse trends take place for higher concentrations. Secondly,
augmentation in nanoparticle concentration up to 1% causes a decrease
in the nanofluid viscosity, and consequently, a decrease in the global
frictional entropy generation rate while the opposite is true for nanopar-
ticle concentrations higher than 1%. Last but not the least, according to
Table 2, the non-Newtonian characteristic of the nanofluid is boosted
with increasing in nanoparticle concentration up to 1% while it is weak-
ened by a further increase in the nanoparticle concentration. Hence,
nanoparticle concentration up to 1.5% leads to a flatter velocity profile
(velocity gradient reduction) and decrease in the global frictional en-
tropy generation rate while reverse trends take place for higher concen-
trations.

The effects of nanoparticle concentration and Reynolds number on
the global thermal entropy generation rate at δ = 1 and χ = 16 are dis-
played in Fig. 15. It is observed that the global thermal entropy gen-
eration rate reduces with increasing Reynolds number. For example,
by increasing in Reynolds number from 100 to 700, the global ther-
mal entropy generation rate of base fluid and nanofluid with nanopar-
ticle concentration of 3% increases by 62.1 and 62.4%, respectively.
This is due to the formation of stronger vortices around the fins at
higher Reynolds numbers, which leads to an increase in the tempera-
ture gradients and thus a rise in the global thermal entropy generation
rate. Besides, as shown, the global thermal entropy generation rate does
not significantly change with nanoparticle concentration up to 1.5%,
while, after that the global thermal entropy generation rate decreases
at all Reynolds numbers. As seen, at nanoparticle concentration of 3%,

Fig. 13. Contours of (a) thermal, (b) frictional, and (c) total entropy generation rates at the mid-plane cross section of the heat sink (y=0.15mm, 2.81mm < z<3.56mm) for φ = 3%,
Re = 700, δ = 1 and χ = 16.
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Fig. 14. Frictional entropy generation rate of nanofluid as a function of nanoparticle con-
centration with the effect of Reynolds number for δ = 1 and χ = 16.

Fig. 15. Thermal entropy generation rate of nanofluid in terms of nanoparticle concentra-
tion and Reynolds number for δ = 1 and χ = 16.

the nanofluid has a lower global thermal entropy generation rate than
the base fluid. To analyse this behaviour, all three parameters of the
thermal conductivity, fluid average temperature and temperature gradi-
ent have to be investigated. As listed in Table 3, increasing nanoparticle
concentration up to and beyond 0.5% respectively leads to decrease and
increase in the thermal conductivity of nanofluid, and consequently, de-
crease and increase in the global thermal entropy generation rate. In
addition, at a constant Reynolds number, increase in the nanoparticle
concentration leads to a reduction in Prandtl number and consequently,
augmentation in the thermal boundary layer thickness. Hence, the tem-
perature gradient reduces by increasing the nanoparticle concentration
leading to an increase in the global thermal entropy generation rate.
Last but not the least, as discussed, the nanofluid average temperature
increases and decreases respectively up to and after 1.5% concentra-
tion. Hence, according to Fig. 15, the effects of three governing para-
meters (thermal conductivity, fluid average temperature and tempera-
ture gradient) on the global thermal entropy generation rate neutral-
ize each other up to 1.5% nanoparticle concentration, but beyond this
point, the effect of temperature gradient reduction is dominant and the
global thermal entropy generation rate reduces.

The effects of nanoparticle concentration and Reynolds number on
the global total entropy generation rate at δ = 1 and χ = 16 are dis-
played in Fig. 16. As shown, increase in the Reynolds number from 100
to 300, leads to a significant reduction in the global total entropy gen-
eration rate while more increase in the Reynolds number enhances the
global total entropy generation rate. In addition, as shown in Fig. 16,
for Reynolds numbers beyond 300, up to 1% nanoparticle concentra

Fig. 16. Total entropy generation rate of nanofluid in terms of nanoparticle concentration
and Reynolds number for δ = 1 and χ = 16.

tion, the global total entropy generation rate drops while beyond this
point the global total entropy generation rate increase. However, for
Reynolds numbers lower than 300, the trend of variations of global total
entropy generation rate with nanoparticle concentration is completely
reverse. In a word, the minimum global total entropy generation rate of
the considered nanofluid in the case of δ = 1 and χ = 4 takes place at
nanoparticle concentration of 1% and Reynolds number of 300.

At the end of this section (discussion of results from the second law
perspective), an investigation on the effects of δ and χ on the global total
entropy generation rate at φ = 1% and Re = 300 is depicted in Fig. 17.
As shown, the trend of the total entropy generation rate versus δ and χ
does not have a specific pattern. For example, in the case of δ = 0.5, the
global total entropy generation rate improves with increase of χ, while
the opposite trend is observed in the case of δ = 2. According to the re-
sults, the minimum global total entropy generation rate takes place in
the case of δ = 1 and χ = 6 and equals to 161706.3W/K, which is 2.7%
less than that of the base fluid at the same conditions.

In conclusion, from the viewpoint of both the first and the second
thermodynamic law, the best performance of the system take places at
nanoparticle concentration of 1%, which has the lowest power law in-
dex (see Table 2) and consequently shows the most sever shear thin-
ning behaviour. Therefore, one can conclude that the non-Newtonian
nanofluid has great potential in cooling of electronic equipment which
can be explored in future researches.

Fig. 17. Total entropy generation rate of nanofluid in terms of number of fins along the
flow direction and the ratio of fin length to fin interval.
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8. Conclusion

The present numerical study investigates the hydrothermal and en-
tropy generation characteristics of the non-Newtonian water-CMC/CuO
nanofluid in an offset strip-fin MCHS. The impacts of nanoparticles
concentration and Reynolds number on the convective heat transfer
coefficient, CPU surface temperature, nanofluid temperature, pumping
power, as well as the thermal, frictional and total entropy generation
rates are numerically assessed. The inferences from the investigations
are as follows:

– The considered nanofluid displays better convective heat transfer co-
efficient compared to the base fluid, especially at high Reynolds num-
bers and nanoparticle concentrations.

– The cooling uniformity enhances by increasing nanoparticle concen-
tration beyond 1% as well as increasing Reynolds number.

– The CPU surface temperature reduces by augmenting either nanopar-
ticle concentration beyond 1.5% or Reynolds number.

– The pumping power decreases by increasing nanoparticle concentra-
tion up to 1% as well as increasing Reynolds number.

– With increase in Reynolds number and nanoparticle concentration to
more than 1.5%, the thermal resistance reduces.

– From the first law perspective, the non-Newtonian water-CMC/CuO
nanofluid shows the best performance in the considered offset
strip-fins MCHS in the case of φ = 1%, Re = 700, δ = 1 and χ = 4.

– The global frictional entropy generation rate increases by increasing
Reynolds number. In addition, increasing nanoparticle concentration
up to and beyond 1% respectively leads to a decrease and increase in
the global frictional entropy generation rate.

– The global thermal entropy generation rate reduces with enhanc-
ing Reynolds number. Additionally, for nanoparticle concentrations
higher than 1%, the global thermal entropy generation rate decreases
with increase in concentration.

– The lowest global total entropy generation rate of the non-Newtonian
water-CMC/CuO nanofluid in the examined offset strip-fins MCHS oc-
curs in the case of φ = 1%, Re = 300, δ = 1 and χ = 6.
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