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Abstract

An increase in area and disturbance of flow by introducing ribs in a microchannel system has proven to be effective in
thermal management. On the other hand, nanofluid as a new coolant could also provide a much-needed performance boost.
The performance of a manifold microchannel heat sink utilising nanofluid as the coolant and ribs for flow mixing has been
investigated. The study is conducted with CuO—water nanofluid, Reynolds number of 100—-400 and CuO nanoparticle volume
fraction up to 4%. The results show that CuO-water nanofluid produced a higher thermal performance at higher concentra-
tion and Reynolds number with a corresponding increment in pressure drop. When compared to water, the Nusselt number
increased from 4.4 to 23.67% at Reynolds number of 100 and CuO concentration of 4%. The addition of ribs on the sidewall
of the manifold microchannel only showed a slight enhancement of up to 6.8% in the Nusselt number. Similarly, the thermal
enhancement factor ranging from 1.03 to 1.07 is observed for the ribbed manifold microchannels, indicating better overall
performance when compared to the microchannel without ribs.

Keywords Manifold microchannel heat sink - Nanofluids - Constant heat flux - Thermal enhancement factor

List of symbols K Flow rate (kg/s)
Cp Specific heat capacity (m*K/W) q"’ Heat flux (W/cm?)
D Diameter (nm) Re Reynolds number ()
d, Nanoparticle diameter (nm) N Total entropy generation rate (W/K)
A Thermal conductivity (W/mK) T Temperature (K)
H Height of channel (nm) V(u,v,w) x,y,and z component of velocity (m/s)
w Width of channel (nm) X x-axis path (m)
Nu Nusselt number (-) Y y-axis path (m)
PP Pumping power (W) Z z-axis path (m)
p Pressure (Pa)
A Area [(nm)?]
Technical Editor: Ahmad Arabkoohsar. Ap Pressure drop (Pa)
PEC Performance evaluation criteria (-)
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Greek symbols

Q@ Particle volume fraction (-)

p Density (kg/m>)

u Viscosity (cP)

K, Boltzmann constant ()

0 Temperature uniformity (-)

n Thermal enhancement factor (-)
Subscripts

c Channel

eff Effective

f Base fluid
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h Hydraulic

nf Nanofluid

0 Smooth channel
p Nanoparticle

r Ribbed channel

1 Introduction

Recent technological developments in manufacturing have
stimulated the production of compact systems with high
capabilities and functionalities. The heat generated in these
systems can only be cooled within the confines of the avail-
able space, which often is not enough for proper heat dis-
sipation. In this scenario, an effective cooling technique is
becoming a necessity for the effective functioning of these
high-energy devices and to avoid a reduced life span due to
sudden damage resulting from excessive heat load. It has
been demonstrated that microchannel heat sinks (MCHS)
can achieve an efficient heat dissipation for devices and
systems with extreme heat generation. An MCHS has been
effective due to its high surface area-to-volume ratio; thus it
possesses a high capacity to convey heat within its reduced
overall size [1].

The conventional microchannel heat sink that was first
introduced by Tuckerman and Pearse [1] involves a unidirec-
tional flow and it was characterised by an elongated length
in the direction of flow which is usually parallel to the base
of the channel. Numerous scholars have performed detailed
investigations of this type of microchannel heat sinks [2-5];
however, the major setback with the single channel—single
flow microchannel is the nonuniform temperature distribu-
tion on the substrate towards the flow exit point. To stem
this anomaly, some scholars have introduced porous sub-
strates into the MCHS [6,7]. Ghahremannezhad and Vafai
[6] introduced porous media into a single layer conven-
tional microchannel heat sink to optimise it’s thermal and
hydraulic performance. Similarly, Ghahremannezhad et al.
[8] applied porous linings into a double-layer microchannel
heat sink to optimise its thermal and hydraulic performance.
They discovered an optimised design for the porous thick-
ness that improved thermal performance and the overall
temperature distribution. Generally, both the conventional
microchannel heat sinks and their modified versions possess
good average heat transfer coefficients. Except that this is
also accompanied by high pumping power as a result of the
long flow length and restricted flow, resulting in a higher
pressure drop [9]. To solve the problem of nonuniformity of
temperature distribution, Hajmohammadi and Toghraei [10]
optimised the design of a double-layered traditional MCHS
utilising nanofluid as the coolant. In their work, they opined
that to have a reduced thermal resistance, it is still at a high
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cost of pumping power due to an increase in pressure drop
within the system.

Conversely, the heat transfer and pressure drop in a man-
ifold microchannel heat sinks (MMCHS) are maximised
and minimised, respectively. In an MMCHS, the flow from
the inlet to the outlet remains a developing flow; thereby,
enhancing mixing. Flow in a developing regime has been
shown to exhibit enhanced thermal characteristics as com-
pared to a fully developed flow [11,12]. Additionally, the
MMCHS is characterised by reduced pressure drop due to
shorter flow length which makes it attractive for heat transfer
management in cramped spaces where pressure drop must
be minimised. Harpole and Eninger [13] were part of the
early researchers to show the capabilities of the MMCHS,
since then, several researchers have investigated the perfor-
mance and optimisation of the MMCHS [14,15]. Mandel
et al. [16] studied a 2.5-D model of the MMCHS and com-
pared it with the full 3D model, they obtained close results
with the two systems. In their results, they showed that the
MMCHS experiences a greater reduction in pressure at the
sharp turn of the channel, and this increases as flow velocity
increases. Sharma et al. [17] optimised the operating condi-
tions of an MMCHS for processor cooling using water as
the working fluid. They conducted the simulation using the
single objectives and multi-objective optimisation approach.
Their results showed that an inlet temperature of the coolant
should be kept within 40-47.5 °C for the optimised volume
flow rate of 1 1/min. Ali et al. [18] performed an experi-
mental evaluation of three different manifold geometries;
rectangular, triangular and trapezoidal manifold microchan-
nels with a mission to achieve a higher heat transfer rate
at a minimum pressure drop. Their results showed that the
rectangular profile gave the highest performance among all
available profiles in the laminar flow considerations. Also,
for the rectangular channel, higher height, width and fin
thickness of the channel was reported to increase thermal
performance.

An effective approach to improving the thermal per-
formance of a microchannel heat sink is the choice of the
working fluid. In an attempt to improve the thermal prop-
erty of coolant, nanoparticles with a relatively higher ther-
mal conductivity have been dispersed in conventional heat
transport fluid to produce nanofluids. Nanofluids exhibit
an increased viscosity and thermal conductivity compared
to the base fluid and this leads to a better thermal perfor-
mance but at an increased pressure drop. Rimbault et al. [19]
studied the performance of CuO-water nanofluid having a
particle size of 29 nm at 0.24%, 1.03%, and 4.5% volume
fractions in a microchannel heat sink. Their result proved
that 1.03% volume fraction gave the best heat transfer coef-
ficient, while 4.5% volume fraction produced an enormous
pressure drop within the microchannel. On the other hand,
the energetic performance coefficient was highest at 0.24%
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volume fraction and lowest at 4.5%. Shi et al. [20] inves-
tigated the characteristics of AIO-water under a condition
that the nanofluid concentration distribution was not uni-
form, thereby treating the thermophysical property of the
nanofluid as anisotropic. Using this method, they showed
that the heat transfer performance was improved with higher
nanofluid concentration. Alfaryjat et al. [21] investigated
various nanofluids in a hexagonal MCHS including ZnO-
water, Al,O;—water, SiO,—water, and CuO-water. From
their study, Al,O,—water possesses the best heat transfer
performance; however, CuO-water nanofluids showed the
lowest pressure drop characteristics, making it suitable for
low pumping power requirement. Yue et al. [22] employed
Al,Os-water nanofluid in a manifold microchannel heat sink
and their study reveals that Nusselt number is enhanced as
inlet velocity and volume fraction increases. Equally, the
pumping power increased with increasing flow velocity and
concentration of the Al,O; nanoparticles.

Fundamentally, an increased surface area could increase
the heat transfer coefficient at constant heat and tempera-
ture differential. Attempts have been made based on this to
increase surface area by introducing ribs in the flow path.
Besides, the ribs also disrupt both the thermal and hydraulic
boundary layers and enable chaotic advection of the working
fluid. Several works have been done to establish an effective
rib structure and to optimise existing rib structure for bet-
ter thermal and hydraulic performance [23,24]. Chai and
Wang [25] studied an MCHS with ribs in transverse micro-
chambers, whose ribs utilised include forward triangular,
ellipsoidal, diamond, backward triangular and rectangular
ribs. About 4-31% reduction in the thermal resistance was
reported. Similarly, Chai et al. [26] worked on the thermal
characteristics of an MCHS with sidewalls ribs in a laminar
flow regime. Rib geometries utilised include semi-circular,
forward triangular, isosceles triangular, backward triangular,
and rectangular ribs. The application of offset ribs showed
the best thermal performance; however, the pressure drop
was also maximum.

The previous experimental and numerical works [17,27]
only focused on geometrical optimisation of the manifold
heat sink for thermal performance enhancement. However,
because they used fluid with low thermal properties, the
pressure drop effect negates the gain in thermal enhance-
ment. In this study, attempts were made to improve the
overall heat transfer performance of the MMCHS using
nanofluid and ribs, while improving the pressure drop. Spe-
cifically, this study is to examine the thermal, hydraulic,
and thermodynamic characteristics of the MMCHS when a
CuO-water nanofluid is utilised. Also, to establish the ther-
mal performance when ribs are introduced on the micro-
channel sidewalls.

2 Computational domain

Figure 1a shows the MMCHS geometry, the inset A shows
the base geometry computational domain for the study
denoted as the smooth microchannel heat sink (S-MMCHS).
To save computational power and time required for this
investigation, half of the inlet to the full outlet zone has been
utilized as the control volume of computation. The substrate
is made of copper with constant properties. In an attempt
to improve the thermal performance of the MMCHS, ribs
have been introduced and attached on the inner side wall of
the microchannel geometry as shown in Fig. 1b. Figure 1b
shows the isometric and its corresponding front view for
the rectangularly ribbed manifold microchannel heat sink
(R-MMCHS). The ribs have been modelled to have the same
material and properties as the base substrate. Here, four dif-
ferent rib geometries were proposed to study the effect of
surface area and orientation on the MMCHS performance.
Rib geometries include rectangular ribs (RR-MMCHS),
semi-circular ribs (SC-MMCHS), forward-triangular ribs
(FT-MMCHS), and backward-triangular ribs (BT-MMCHS)
as shown in Fig. 1c. The geometric parameters of the
MMCHS are provided in Table 1.

3 Numerical method
3.1 Governing equations and nanofluid properties

In this work, flow is laminar, steady and incompressible with
a negligible effect of gravity on momentum. The nanofluid is
uniformly dispersed and there is no agglomeration or sedi-
mentation since a low volume fraction of nanoparticles has
been utilised. The phases are taken to be in thermal equilib-
rium; hence, the flow can be treated as a single phase. More-
over, this has been validated by other researchers [28,29].
For an incompressible flow where density remains constant
throughout the flow, the continuity equation is written as:

V- (perV) =0 M
The momentum equation is presented in Eq. (2).
Vo (pefVV) = =Vp+ V- (e VV) ©)

V is the velocity vector, p.4 is the nanofluid density, p is
the pressure and p. is the viscosity of the nanofluid. The
energy equation for both fluid and solid domains is expressed
in Egs. (3a) and (3b), respectively.

V- (peffcp,effVT) =V (AeffVT) (33)

V- (/lsolidVTso]id) =0 (3b)
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Fig.1 The manifold microchannel heat sink and the computational geometry a smooth manifold microchannel heat sink b isometric and front
views of a ribbed microchannel with the general geometric parameters ¢ rib geometries and their geometric parameters
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Table 1 Geometric dimensions of a unit cell of the MMCHS

Parameters Description Value (um)
L Length of inlet 1000
L, Length of channel/fin 8000
L, Length of outlet 2000
L, Distance of the first rib 1000
Ly Rib offset 950
L, Rib length 280
W, Rib width 140
Wi Width of fin 100
W, Channel width 160
H, Channel height 1500
H Manifold height 1000
H, Base height 1000

where ¢, . is the nanofluid’s specific heat capacity, T is the
temperature and A is the thermal conductivity of the nano-
fluidofluid density was calculated from the physical princi-
ple of the mixture rule proposed by Xuan and Roetzel [30]
and presented in Eq. (4)

Pt = (1 — @)p; + @p,, 4)

where subscript f and p depict the base fluid and nanoparti-
cle, respectively. ¢ represents the concentration of nanopar-
ticles in the nanofluid given by

@ = Kp/(K; + Kp) 5)

In Eq. (5), K denotes volume. The effective heat capacity
(cl’)eff of nanofluid is computed by assuming thermal equi-
librium within the base fluid and nanoparticles. The equa-
tion used was obtained from Khanafer and Vafai [31] and
presented in Eq. (6)

(pc[’)effz(l _(p)(pc[’)f+(p(pcp)p (6)

The thermal conductivity (A.) o) of the nanofluids
obtained taking into consideration the Brownian motion and
it is presented in Eqs. (7)—(11)

’leff = ’lslatic + ﬂ‘dynamic (7)

The static thermal conductivity was determined using
the Hamilton-crosser model while the dynamic part was
obtained from the kinetic theory. Static thermal conductivity
proposed by Hamilton and Crosser [32] is given in Eq. (8)
and the dynamic in Eq. (9)

A +24) = 20( 4 — A
Asmﬁcﬂf{(" o) =200~ ) } ®)

Table 2 Values of constant for

. Values
g-function

Constant

—26.59331085
—0.403818333
—33.3516805
—1.92E4+00
6.42E—-02
48.40336955
—9.787756683
i 190.24561
10.92853866
—0.720099837

. K, T
/ldynamic =5x10 (ppfcpf _g(T’ (ﬂ) (9)
dypp

gT,a) = (a +bIn(dp)+ cln(p) +dIn(p)In(dp) + eln (dp)z)
In(T) + (m + h1n(dp) + iln (@) + jIn (¢) In (dp) + k In (dp)*)
(10)
The constants for the g function have been obtained semi-
empirically and are given in Table 2 [33]. Recent research
shows the presence of an interfacial thermal resistance
which lowers the nanoparticle’s thermal conductivity. Thus,

the effective thermal conductivity of the nanoparticle was
obtained using Eq. (11) [34]

=3I 0 a0 o o.

~

d d
R,+—L=_2L 11
v e b

where R, = 4 x 108X,
The viscosity of the nanofluid was calculated in a similar
manner using Egs. 12-14

Heff = Hstatic T Hdynamic (12)
_ He
Hstatic = m (13)
4 KT
Haynamic = 5 X 10°@ppq [ ——8(T, ) (14)
dypy

The thermophysical properties of the base fluid and the
nanoparticles are presented in Table 3.

3.2 Numerical solution and boundary conditions
The Commercial package ANSYS FLUENT® has been uti-
lised for solving the present heat transfer analysis. A user-

defined function (UDF) was utilised in implementing the
varying properties of the nanofluid, while the convergence
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Table 3 Thermophysical properties of the base fluid and nanoparticle hoe Dy,
[20] Nu = I (18)
eff

Thermophysical properties

Density (kg/  Thermal Specific Viscosity (N s/
m’) conductivity heat (J/ m?)
(W/m K) kg K)
Water 998.2 0.6 4182 0.001003
CuO 6500 20 535.6 -

criteria were kept at 1076 for all considerations. The finite
volume method was applied in solving the governing equa-
tions. The SIMPLEC scheme was used in coupling the pres-
sure and the velocity fields, while the spatial discretization
gradient was least-square cell-based.

At the inlet, velocity was specified as a constant value to
signify a uniformly distributed inlet. A pressure outlet was
applied at the outlet with gauge pressure set at zero. The
heated base was subjected to a constant 100 W/cm? heat
flux, while the symmetry boundary condition was imposed
on the backside and left side of the inlet, the backside of the
outlet, and the front sides of the MMCHS. Other boundaries
were set to adiabatic. At all the internal walls, there exist
conjugate heat transfer and a no-slip condition is imposed.

3.3 Datareduction

The Reynolds number for driving the working fluid for the
analysis of this MMCHS can be written as in Eq. (15):

VD
Re = 2’ 7h (15)
Hetr
where Dy, is the hydraulic diameter given as
_ 2H W,
"TH 4 W, (16)
Then, the heat transfer coefficient is stated as
q
h,=——
nf T, — Ty (17)
o/
frictional

2 2 2 2 2 2
Her ou, ou, ou, ou, Ou, ou, Ou, ou, Ou,
=—= — ) +(=) +(=) +(=+—) +| =+ +—+—= :
T {l( ax> <ay> <az> <6x dy ox 0z 0z dy

The pumping power which is a measure of the energy
cost for driving the working fluid can be obtained using the
expression in Eq. (19)

PP = KAp (19)

where Ap is the pressure drop and K is the volume flow rate
which can be computed from the inlet area and velocity as

K=v,A, (20)

The performance evaluation criteria (PEC) is used in
quantifying the compromise between the thermal and hydro-
dynamic performance of the nanofluid as against water. If it
is greater than unit, it means the heat transfer enhancement
is more than pressure drop and it can be calculated using
Eq. (21)

Nu,, /PP
PEC= — / — 21
Nu; / PP;

The thermal enhancement factor () has been selected to
quantify the overall characteristics of the microchannel when
ribs have been introduced into the system in comparison to
microchannel without ribs.

Nuy /PPy
= Nu, / PP, (22)
Subscripts “R” represent ribbed microchannel, “nf” rep-
resents nanofluid, “o0” is a smooth channel without ribs and
“f” is defined earlier. Local entropy generation rate (Sl’(’) ‘ al) is

composed of the thermal and frictional entropy as presented
in Eq. (23) [29]:

o/

Sl/c/)/cal = S:l/l/ermal + Sfriclional (23)

where

: At | (0TN\2 . (oT\ | (T’

S:llli:rmal = T l(a) + <0_y + a_Z (24a)
(24b)

where g is the heat flux, T, and T, represent substrate and
fluid temperatures, respectively. The nanofluid Nusselt num-
ber (Nu) is calculated from the expression in Eq. (18)

@ Springer

is the total local entropy, S{}’l; - 18 the thermal
entropy and S . is the frictional entropy generated.
The over-all entropy over the whole domain is calculated

using Eq. (25), while the entropy number that compares

where S/
local
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Fig.2 The computational domain mesh structure with insets showing the refinement at the interface between the walls and the fluid

Table 4 Mesh independent study at Re=100, ¢ =0.02, T;,=300 K
Identifier ~ Division factor Elements T; (K) Ty (K)
Case | 1 (Base division) 82,660 302.038 304.08
Case I 1.5 285,803 302.031  304.06
Case IIT 2 688,930 302.033  304.07
Case IV 25 1,315,857  302.033  304.07

the thermodynamic performance of the nanofluid in the
MMCHS in comparison with water is defined by Eq. (26);

Stotal = / L.S';”;i,ctionaldl( + / S:lllizrmaldK (25)

c Stotal,nf

Snumber = (26)
Stotal, f

4 Grid independence and validation

A structured grid was generated for the model using edge
division at the three principal axes (Fig. 2). Four different
grids were obtained by increasing the number of edge divi-
sions. The base division has an element of 82,660, subse-
quent divisions were obtained by multiplying the base divi-
sion with a factor as shown in Table 4. The grid independent
study was performed at 2% concentration and Reynolds
number of 100. Results were evaluated at the outlet fluid
temperature and fluid average temperature as shown in
Table 4. It was observed there were no changes in Case I1I
and Case IV, therefore Case III was utilised for the simula-
tion process.

W Exp. study (T=30 °C), (sharma eral) A Exp. study (T=30 °C), (sharma ef al)
——Present study (T=30 °C) ———Present study(T=50 °C)
60

»

50 -

Tout (OC)

s

30 1 1 1 1 1
03 04 0.5 06 0.7 08 09

Flowrate(/min)

Fig.3 Validation with the experimental result of Sharma et al. [17]

Numerical validation was conducted using the experi-
mental result of Sharma et al. [17], numerical simulations
were conducted at a flow rate of 0.3 to 0.9 1/min for inlet
temperature of 30 °C and 50 °C. The heated base was sub-
jected to a heat flux of 100 W/cm? for the validation. Fig-
ure 3 presents the validation of the present numerical setup
with an experimental data from the open literature.

5 Results and discussion
The thermo-hydraulic and entropy characteristics of

CuO-water nanofluid in a manifold microchannel heat sink
was investigated using numerical approach. This work is

@ Springer



76 Page 8 of 15 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2021) 4376

suited to cool electronic chips such as a CPU within small  first discussed in line with the influence of CuO concentra-

spaces. The work is carried out using various Reynolds num-  tion and the Reynolds number, and later the consequence
bers (100, 200, 300, and 400), volume fractions (0, 0.5, 1, of rib addition is discussed. General analysis of the system
2, and 4%), and the addition of four different rib configu-  from the perspective of the second law of thermodynamics

rations on the microchannel sidewall. At the initial stage,  is presented.
the thermal and hydraulic properties of the S-MMCHS are

|

l\H\\W

Fig.4 Flow streamlines at 9 =0.5% a Re=100 b Re=200 ¢ Re=300 d Re =400

Temperature [K]

302 303 305 306 308 309 311 312 313 315 316 318 319 321 322

(a) (b)
(© (d

Fig.5 Temperature distribution of the S-MMCHS at z=0.2 mm and ¢ =0.5% where a Re=100 b Re =200 ¢ Re=300 d Re =400
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5.1 Velocity, temperature and pressure
characteristics

Figure 4 depicts the flow streamlines of the MMCHS at the
various Reynolds numbers, while Fig. 5 represents the tem-
perature contours for the working fluid and substrate. As
the fluid flows from the inlet through the channel, there is
a decrement in flow cross-sectional area (Fig. 1a inset B).
The decrement in the area is accompanied by both pressure
reduction and stagnated flow, these lead to an increase in the
velocity between the tip of the channel and stagnation point
as a result of the Bernoulli’s effect (Fig. 6). The increased
velocity with a low bulk temperature of the fluid at this zone
is responsible for the lower substrate temperature and better
cooling performance compared to that of the outlet region.
As the fluid collides directly with the bottom surface of the
channel there is a sudden change in direction of the fluid
flow (90° counter clockwise) resulting in a change in the
velocity gradient. This scenario creates the formation of
vortical structures at point A, thus the interruption of the
boundary layer formation and producing the chaotic mix-
ing of the fluid as shown in Fig. 4. At low velocity, there
is a formation of a laminar stagnation zone at point B. The
laminar stagnation zone is known to reduce pressure drop

Pressure [Pa]

[ O O A |

0 100 200 300 400 500 GO0 700 800 900 1000 1100 1200 1300 1400

(a)
Velocity [m/s]

0.1020304050607085089 1

1112131415

(b)

Fig.6 Pressure and velocity contours for the S-MMCHS a pressure
contour b velocity contour for ¢ =0.5% and Re =200

and similarly capable of impeding heat transfer due to low
conduction level at the region [26]. From Fig. 5, it can be
concluded that as Reynolds number increases, the channel
possesses a lower bulk temperature. Generally, for a constant
heat flux, an increase in heat transfer coefficient will result
in a decrease in the substrate bulk temperature. Therefore,
with increasing Reynolds number there is a corresponding
increase in the scale and intensity of the vortex at A. In
this region, the disruption of the thermal boundary layer
is intensified and more fluid mixing occurs with a corre-
sponding increase in the flow disturbance along the channel
length resulting in increased heat transfer coefficient. Also,
it is worthy to note that an increase in the Reynolds number
decreases the formation of the laminar stagnation zone at B
thereby enhancing heat transfer characteristics and providing
better thermal performance towards the exit of the channel.

5.2 Influence of CuO concentration on the MMCHS
performance

Figure 7 shows the effect of volume concentration on the
temperature uniformity of the MMCHS. From the contours,
using CuO-water nanofluid as the working fluid gave a bet-
ter thermal performance compared to water, this is due to
the superior thermal conductivity of CuO nanoparticles sus-
pended in water. Additionally, there is micro mixing boosted
by the Brownian motion of the nanoparticles and the more
the nanoparticles the higher the thermal conductivity and
the energy dissipation rate. This is why at a higher volume
concentration of the nanoparticles, there exists a decrease in
the bulk temperature of the MMCHS substrate. Moreover,
heat transfer coefficient of nanofluid depends on the proper-
ties of nanoparticles alongside the interaction of the base
fluid and nanoparticles [20].

The thermal performance of MCHS is improved with both
increased thermal conductivity and heat transfer coefficient.
Figure 7d represents a case of Re =400 and ¢ =4%, it can
be deduced that the substrate temperature is more uniform
and the possibility of hotspot formation on the MMCHS
substrate is less likely. This is further accentuated by the
maximum substrate temperature plot presented in Fig. 8. It
is evident from figure that the maximum temperature of the
MMCHS reduces as Reynolds number increased, this is due
to a higher heat transfer coefficient at a higher Reynolds
number. Similarly, the maximum microchannel temperature
decreased as the concentration of nanofluid increases. This
implies that the concentration of nanoparticles at the inter-
face of the working fluid and substrate will also increase,
thereby the interfacial thermal conductivity is higher, and
better heat transfer is ensured.

@ Springer
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Temperature [K]

BT [ [T 7

302 304 305 307 309 310 311 313 315316 318 318 321 322 324

(c)

(d)

Fig. 7 Influence of CuO volume fraction on the temperature distribution of MMCHS a Water and Re=100, b ¢=0.5% and Re=100 ¢ ¢ =4%

and Re=100 and d ¢ =4% and Re=400

5.3 Nusselt number, pumping power
and performance criteria

Figure 9 depicts the Nusselt number for various nano-
fluid concentrations and Reynolds numbers. It shows that
CuO-water nanofluid gave better heat transfer perfor-
mance and increasing the concentration of CuO produced

326

324 -

322 -

320

316

314

310 1 1 1 1
100 200 300 400

Re

Fig. 8 Maximum substrate temperature
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an improved heat transfer performance. This is expected
based on the above-mentioned superior thermal proper-
ties of nanofluid compared to water. Likewise, from Fig. 9,
the Nusselt number improved as Reynolds number was
increased with maximum Nusselt number values obtained
at Re=400 across all the volume fractions. In comparison
with water, all the nanofluids showed improved thermal per-
formance and there was a maximum enhancement of 23.67%
for the Nusselt number at 4% concentration and Reynolds
number of 100 (Fig. 9b). The Nusselt number ratio showed
that CuO—water nanofluid at all the volume fractions pro-
duced better results; however, as the Reynolds number was
increased the enhancement value reduced. This is primarily
due to higher intensity of energy dissipation in nanofluid
due to nanoparticles-fluid interactions at higher Reynolds
number which was non-existent in the base fluid. Therefore,
this will affect present study reveals a superior performance
of CuO-water nanofluid when compared with the previ-
ous work that utilised Al,O5-water nanofluid [22]. Superior
performance is attributed to the material property of the
substrate (copper) possessing a higher thermal conductivity
compared to silicon that was used by the previous author.
Also, the geometric parameters of the channel used here
are quite different from those found in the open literature
[21] (this was optimised to obtain a better performance).
Increased thermal performance when there is an increment
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in channel width and channel height was previously pre-
dicted by Ali et al. [18].

The pumping power is a vital parameter to determine
how cost-effective a nanofluid would be in a microchan-
nel system. Figure 10 shows how the pumping power var-
ies with the Reynolds number for the MMCHS at different
nanofluid concentrations. It is obvious that pumping power
increases with Reynolds number this is due to an increase in
the inlet velocity and a corresponding increase in the pres-
sure at the inlet zone. Higher pressure is synonymous with
increased pressured drop across the microchannel therefore,

the observed high pumping power at high Reynolds number.
The relative pumping power shown in Fig. 10b depicts that
approximately 15.2% enhancement is observed at 4% con-
centration and Reynolds number of 100. The Enhancements
in the pumping power of CuO-water nanofluid when com-
pared to water are as a result of the higher viscosity caused
by the CuO dispersion [35-37].

Figure 11 represents the PEC for determining if the use
of nanofluid is worthwhile vis 4 vis its thermal and pres-
sure drop enhancements. Fundamentally, it is known that
high velocity leads to higher pressure drop which can be a

@ Springer



76 Page 12 of 15

Journal of the Brazilian Society of Mechanical Sciences and Engineering

(2021) 43:76

1.10

I ¢ =0.5%
I $=1%

1.08

1.06

1.00

0.98

0.96

100 200 300 400
Re

Fig. 11 Performance evaluation criteria for S-MMCHS

- 0.000005

0.00050 | (—a—Water

=8—¢=0.5%

A= it% - 0.000004
0.00045 - —v—4=2%

——4%

\ 0.000003

000035 / - 0.000002

Thermal Entropy generation rate (VW/K)
Frictional Entropy generation rate (W/K)

0.00030 |
4 0.000001
0.00025 |
4 0.000000
0.00020 1— L L L
100 200 300 400
Re

Fig. 12 Thermal and frictional entropy generation rate

considerable drawback to the thermal performance of the
MMCHS. Similarly, pumping power can be enhanced when
more nanoparticles are suspended. The overall performance
of MMCHS (i.e. the PEC) using CuO-water nanofluid,
instead of water shows a 6.5% enhancement at Re =100 and
@=4%. At a higher Reynolds number, performance of the
system deteriorates. This is due to a higher pressure drop
associated with a high Reynolds number and higher volume
fractions of CuO suspended.

5.4 Entropy generation
Entropy generation rate is used to measure the rate of irre-
versibility in operating the MMCHS. Irreversibility typically

represents the deviation of a system from an ideal system;
therefore, lower irreversibility depicts better performance.

@ Springer

Figure 12 shows a decrease in thermal entropy (Sthermal) with
increasing Reynolds number and nanofluid concentration.
Shermar deals with the measure of irreversibility occurring
due to heat transfer when there is a temperature differential
as presented in Eq. (24a). As Reynolds number increases,
substrate temperature decreases as shown in Fig. 8, thereby
resulting in a decrease in the rate of entropy generation. A
similar conclusion can be made for the varying CuO concen-
tration. S 0, ON the other hand, depends entirely on pres-
sure drop; therefore, as the Reynolds number and volume
fraction increase, the frictional entropy (Sgiciona ) inCreases.
However, the magnitude of the frictional entropy is quite
smaller than the thermal entropy because the MMCHS
exhibits small pressure drop characteristics owing to its
shorter flow length. Figure 13a shows the total entropy gen-
eration rate ((Stma])) in the system. The total entropy of the
system follows a similar trend as the thermal entropy, chiefly
because the friction entropy in the MMCHS is quite smaller
than the thermal entropy. Nanofluid can be concluded to pos-
sess better thermodynamic performance than water for all
Reynolds numbers and volume fractions because the entropy
generation number (S, ) is less than unity for all cases stud-
ied (Fig. 13b). Also S, increases with Reynolds number and
reduces with an increase in nanofluid concentration.

5.5 Effect of rib on the performance of MMCHS

Generally, the effective mechanisms of heat transfer with
the introduction of ribs include an increment in the heat
transfer surface area, disruption of the thermal boundary
layer, fluid acceleration due to reduction in flow area, and
chaotic mixing at the region of flow separation. Figure 14
represents the maximum temperature of the microchannel’s
substrate for smooth and ribbed types. It was discovered
that the temperature of the channel reduced depending on
the type of rib used. Although there is not much difference
in the performance due to the implementation of the dif-
ferent types of ribs, the rectangular ribbed microchannel
showed the best temperature reduction. Figure 15 depicts
the Nusselt number for the various geometries of the ribs at
different Reynolds numbers and ¢ =2%. When compared
with the smooth microchannel, it can be seen that thermal
performance is higher in the ribbed microchannel at vari-
ous Reynolds numbers. This is due to high intensity of the
disruption of the thermal and flow boundary layer as veloc-
ity has been increased. From figure, it is evident that the
rectangular ribs channel (RR-MMCHS) has the best thermal
performance, while the forward triangular rib (FT-MMCHS)
and backward triangular rib (BT-MMCHS) channel have
very similar performance. In all cases, the ribbed micro-
channels performed better than the smooth microchannel
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and similar developments are obtained for other volume
fractions investigated.

To comprehend the gain in thermal characteristics over
the pressure drop due to the introduction of ribs, the thermal
performance factor as described in Eq. (22) is presented in
Fig. 16. For all the cases investigated in the present work, the
microchannels with ribs proved to be better than the smooth
microchannel based on rib addition. The RR-MMCHS
shows the most enhancement for all the Reynolds numbers
investigated. Thermal enhancement factor (/]) increased
with Reynolds number increase and at Re =400, a 6.5%

enhancement was obtained. Similar trends are reported for
all the volume fractions investigated.

6 Conclusions

A 3D unit cell of a MMCHS has been numerically mod-
elled to study its thermal enhancement characteristics in the
laminar flow regime up to Re =400. The impact of nano-
fluids at different volume fractions (¢ = 0, 0.5, 1.0, 2.0,
and 4.0%) and the introduction of sidewall ribs with dif-
ferent geometries (rectangular, forward-facing triangular,
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backwards-facing triangular and semi-circular) on the per-
formance of a manifold microchannel has been specifically
described. It was discovered that an increase in Reynolds
number of improves the thermal performance and causes a
high increment in pressure drop. Similarly, increasing the
concentration of nanofluid increases both the thermal perfor-
mance and pressure drop. CuO—water nanofluid is superior
to water across all the Reynolds numbers. However, at a
higher concentration of CuO nanoparticles, the high-pres-
sure drop diminished the heat transfer gains. Introduction
of ribs on sidewalls of the channel has shown to be effec-
tive in improving thermal performance, Nusselt number was
found to be higher in ribbed MMCHS when compared with

@ Springer

the smooth MMCHS. For the system with ribs, a smaller
increment in pressure drop was noticed compared with the
smooth MMCHS. The ribbed MMCHS offers better over-
all performance than the smooth MMCHS with a thermal
enhancement factor greater than 1 for all rib geometries
operating under the Reynolds number and nanofluid con-
centration considered in this study. Approximately, there is
a 12% combined enhancement due to using nanofluids and
ribs instead of pure water and smooth MMCHS.
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