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Resumo

Neste trabalho, a aplicacdo de saliéncias e nanofluidos para melhorar o desempenho do dissipador
de calor tubular-microcanal (MCHS) €é proposta e investigada computacionalmente. As equacdes
tridimensionais de Navier-Stokes e de energia foram resolvidas numericamente usando o método
de volumes finitos incorporado ao pacote de software ANSYS (Fluent). Foram investigados 0s
efeitos de diferentes tipos de nanofluido (Al.Oz, CuO, ZnO em agua pura), a fragcdo volumétrica das
nanoparticulas (0% a 4%) e a altura da saliéncia (2 um-6 pum) em dissipadores de calor de
microcanais sob a condi¢do de estado estacionario e nimeros de Reynold (400-2 000) com fluxo de
calor constante de 9x10° W/m?. Foi revelado que o desempenho térmico melhorou a medida que a
altura da saliéncia aumentou. Em Re = 2 000, para Al>03 nanofluido (NAN) com uma fracdo de
volume (@) de 4% e uma altura de protruséo (H) de 2 um a 6 um produziu um valor de desempenho
térmico de 1,59, 1,68, 1,77, 1,86, e 1,96 vezes a do MCHS sem a saliéncia, respectivamente. Além
disso, em uma fracdo de volume de 4%, altura de protrusdo de 6 um e numero de Reynolds de 800,
os nanofluidos Al203, CuO e ZnO produziram um valor de desempenho térmico de 1,79, 1,08 e 1,07
vezes 0 da agua pura, respectivamente. Além disso, em um numero de Reynolds de 400 e uma fragéo
de volume de 4%, o nanofluido Al.Oz-a4gua reduziu a temperatura maxima da parede MCHS em
4%, enquanto os nanofluidos CuO e ZnO diminuiram a temperatura maxima da parede MCHS em
0,5%. e 0,48% em relacdo a 4gua pura, respectivamente. No entanto, para todos os casos de fracdo
volumetrica (1% a 4%), houve uma tendéncia de aumento no valor do desempenho térmico para a
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faixa de numeros de Reynolds de 400<Re<800, e diminui¢ao com a faixa de nimeros de Reynolds
de 800< Re<2 000.

Palavras-chave: Simulagédo. Saliéncia. Nanofluidos. Dissipador de calor microcanal. Performance
térmica.

Abstract

In this work, the application of protrusions and nanofluids to improve the performance of tubular-
microchannel heat sink (MCHS) is proposed and investigated computationally. The three-
dimensional Navier-Stokes and energy equations were solved numerically using the finite volume
method incorporated into the ANSY'S (Fluent) software package. The effects of different types of
nanofluid (Al,03, CuO, ZnO in pure water), the volume fraction of the nanoparticles (0% to 4%)
and height of the protrusion (2 pum — 6 um) on microchannel heat sinks were investigated under the
steady-state condition and Reynold numbers (400 —2 000) with constant heat flux of
9 x 10° W/m?2. It was revealed that thermal performance improved as protrusion height increased.
At Re = 2000, for Al,05; nanofluid (NAN) with a volume fraction (@) of 4% and a protrusion
height (H) of 2 um to 6 um yielded a thermal performance value of 1.59, 1.68, 1.77, 1.86, and 1.96
times that of MCHS without the protrusion, respectively. In addition, at a volume fraction of 4%,
protrusion height of 6 um and Reynolds number of 800, the Al,05, CuO and ZnO nanofluids yielded
a thermal performance value of 1.79, 1.08, and 1.07 times that of pure water, respectively.
Furthermore, at a Reynolds number of 400 and a volume fraction of 4%, the Al, 0;—water nanofluid
reduced the maximum temperature of the MCHS wall by 4%, whereas CuO- and ZnO-nanofluids
decreased the MCHS wall maximum temperature by 0.5% and 0.48% when compared to pure
water, respectively. However, for all the cases of volume fraction (1% to 4%), there was an increase
trend in the value of thermal performance for the Reynolds number range of 400 < Re < 800, and
decrease with the Reynolds number range of 800 < Re < 2 000.

Keywords: Simulation. Protrusion. Nanofluids. Microchannel Heat Sink. Thermal Performance.

1. Introduction

Cooling technology is needed to dissipate the heat generated by electronics such as computers,
to maintain and keep them within an acceptable operating condition (temperature). This is necessary
to avoid overheating, which could subject the components of the system to malfunction or even
unexpected failure if not properly taken care of. Adequate cooling is therefore required in the design
of the electronics or other heat-generating devices to effectively achieve the overall excellent
performance of these systems (Cong, Ozaki, Machado, & Das, 2018). The use of heat sinks to cool
heat-generating devices is not new; it has been in existence over the decades. They are generally
known to have a high heat transfer coefficient, and are smaller in size and volume with little space
required for coolant. Heat sinks, when coupled with nanofluids, generate a hydrodynamic flow in
a particular pattern that reduces the temperature rise in devices that generate the heat (Pordanjani et
al., 2021; Yan, Aghakhani, & Karimipour, 2020). Microchannel heat sinks (MCHS) mostly have a
large array of microchannels with a size/dimension between 10 um and 1000 um where coolant
such as smart fluid or nanofluid (NAN) is compelled to flow through to minimize the heat generated
on the surface of the hot source.

Over the years, extensive studies have been proposed and performed by researchers on heat
sinks. (Heris, Etemad, & Esfahany, 2006) examined the impacts of CuO and Al,05; NANs flowing
through an annular tube subjected to a constant wall temperature. They discovered that increasing
the volume percentage of the nanoparticle improved the heat transfer coefficient. (Marques & Kelly,
2004) studied the pressure drop and thermal performance of a pin-finned MCHS. They indicated
that high thermal performance is achieved in the pin-finned type rather than the parallel plate type
and further proposed a predictive model for the cooling performance of the pin-finned type. (\Wang,
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Houshmand, Elcock, & Peles, 2013) experimented on a MCHS with an array of pin fins of different
cross-sections under high Reynolds numbers. They concluded that a triangular cross-section pin-fin
provides higher thermal performance. (Gong, Lu, Li, & Xu, 2016) examined the thermal
characteristics of a dimpled MCHS. They reported that the Nusselt number increased by 15% in the
dimpled MCHS as compared to the plain channel. (Ahmed, Shuaib, Yusoff, & Al-Falahi, 2011)
performed a numerical simulation on thermal characteristics in a wavy MCHS using Cu/H,0 NAN
under a laminar flow conditions and constant temperature at different nanoparticle concentrations.
They indicated that both the heat transfer coefficient and pressure drop increase as the volume
fraction of the nanoparticles increases. (Uday Kumar et al., 2021) studied the cooling performance
of graphene/water NAN in a MCHS made of silicon. They reported that an increase in both volume
fraction and flow velocity improved the cooling efficiency of the MCHS. (Munimathan et al., 2021)
performed experiments on the thermal characteristics of Al,05;/H,0 NAN flowing through a
MCHS. They revealed that at a volume fraction of 0.25%, about 32.5% increase in thermal
resistance was achieved in contrast to deionized water. (Khetib, Abo-Dief, Alanazi, Cheraghian, et
al., 2021) employed CAMSOL software to examine the heat transfer characteristics of Al,05/H,0
nanofluid in a corrugated MCHS. From their results, it was found that at a 0.0437% nanoparticle
concentration and a Reynolds number of 807.87, a best performance of MCHS was achieved. (Ali,
Angelino, & Rona, 2021) numerically analyzed the hydrothermal performance of various
arrangements of the fins in the MCHS operating with Al,05;/H,0 NAN. They reported that the best
performance was obtained in a zig-zag fin as compared to other fin configurations. (Mohamad
Hafzan Mohamad Jowsey, Natrah Kamaruzaman, & Mohsin Mohd Sies, 2021) numerically
examined the hydrothermal profile of Al,0;/H,0 NAN in a MCHS consisting of multiple layers.
They concluded that Al,05/H,0 nanofluid had a better heat transfer rate than that of pure water,
but its higher pressure drop still remained a setback. (Adham & Mohammed, 2021) numerically
assessed the flow and thermal behavior of Al,0;/NH; and Al,05/H,0 based nanofluids in a
rectangular MCHS. The findings from their results revealed that Al,05;/NH; nanofluid provides a
best performance than both Al,05;/H,0 and pure water. Raghuveer and Harish (Rhaghuveer &
Harish, 2021) analyzed the impacts of various nanofluids on rectangular MCHS. They suggested
that TiO, NAN yielded a highest heat transfer coefficient, followed by CuO, Al, 05, Fe;0,, and pure
water, respectively. (Khetib, Abo-Dief, Alanazi, Sajadi, et al., 2021) adopted a CFD approach to
examine the cooling performance of a wavy MCHS with a Al,0; and CuO NANs. They indicated
that high thermal resistance was obtained in Al,0; NAN compared to CuO NAN.

From the previous studies, it can be deduced that tubular MCHS with protrusion is rarely
investigated. Therefore, this research aims to numerically assess the influence of various heights of
protrusion, nanofluid types, and nanoparticle concentrations on the thermal performance of the
tubular MCHS subjected to constant wall heat flux at Reynolds number ranging from 400 to 2000.

2. Methodology

2.1 Geometry Description

The geometry was modeled in ANSYS Design Modeler with Fig. 1(a)-(d) illustrating the
various views of geometry configuration used in this study. The nanofluid flowing through the three-
dimensional tubular MCHS of finite length L with an external and internal diameter of D; and D,
respectively, was considered. The MCHS is incorporated with a circular array of rectangular cross-
section protrusions projected towards the center of the MCHS. Also, the array of protrusions (10
sets) extended laterally to the other end of the heat sink. The protrusion has a length (L,), width
(W,) and a height (h,,) while the angle and the spacing between the center of each protrusion are 6
and W;, respectively. The wall of the MCHS was subjected to constant heat flux (qy,). The
parameters used for the geometry are shown in Table 1.
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Fig. 1(a). 3D frozén body transparency of the geometry, (b) 3D shaded exterior of the
schematic diagram, (c) End-view of the schematic diagram, (d) Zoom-out view of the

protrusion
Table 1- Parameters of the geometry
Parameters Dimension
L 100 pm
D, 60 pm
D, 50 um
0 60°
Lp 10 um
w, 6 um
hp 2,3,4,5and 6 um
Wi 10 um
Qi 9 x 106 W/m?

2.2 Grid Generation

To obtain an accurate and concise numerical solution for this study within an optimized
computational cost and resources. As shown in Fig. 2(a)-(b), a numerical discretization was
conducted. The grids were generated using the ANSYS Meshing Tool and the unstructured patch
conforming tetrahedron method was applied to the whole geometry. A refined mesh of an element
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size of 0.0013 mm was applied to the MCHS while the protrusions were meshed to an element size
of 0.0007 mm.

(@) (b)

Fig. 2 (a). The orthogonal view of tetrahedron unstructured grids (b) Zoom-out view

2.3 Problem Formulation

This subsection discusses the governing equations, assumptions, and boundary conditions (see
Table 3) used for this study. The 3D Navier-Stokes and energy equations with NAN properties were
used to solve the problem. The governing equations were further simplified under the assumptions
[17] listed below;

1. Steady, laminar, single phase, 3D incompressible NAN flow and heat transfer

2. The thermo-physical properties of the fluid and solid are constant.

3. Viscous dissipation is neglected.

4. Thermal radiation, natural convection, and magnetic force are ignored.

The governing equations can be expressed as follows;
Continuity equation
Viu=0 1)
Momentum equation
pnr (V) = =VP + uypV?U (2)
Energy equation
pNFCpNF(a' VT) = kypV2. 3
Nanofluid thermo-physical properties

A varied volume fraction (1% — 4%) of Al,05, Cu0,Zn0O NANs were used for this study. The
effective thermo-physical properties (see Table 2) of the nanofluids are expressed below:
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Density correlation (Manca, Nardini, Ricci, & Tamburrino, 2012)

pPnan=(1—@d)pr + Ppnp 4)

Specific heat correlation [18]
pNANCpNAN =(1- ¢)CpF + ¢CpNP (5)
Dynamic viscosity (Masoumi, Sohrabi, & Behzadmehr, 2009)

_ pnpVedip
BUnan = Ur + = = (6)

Where & represents boundary layer thickness and Vz is Brownian velocity, both could be
defined below as:

1 , 18KpT s[w
= — [— — — 7
Ve dnp \| TPNPANP g \/;dNP ( )

Where Kz and dyp represent Boltzmann constant and NP diameter

C = ur (1dyp +y2)9 + (V3dup + ¥4)] (8)
Where the mean diameter of nanoparticles and is expressed in nanometer.

y, = —0.0000011, y, = —0.0000028,
y; = 0.00000009,  y, = —0.00000039. 9)

Thermal conductivity (Chon, Kihm, Lee, & Choi, 2005)

To estimate the effective thermal conductivity of the NAN in Eq. (10), Brownian motion and
mean-diameter of the nanoparticles is used;

k = k. |164@0746 (4E 0369 (kep) 0746 P 0.9955(p 1.2321 10
NAN F (PTvan) (Reyan) (10)

dnp krp
Where Pryf, Reyr and Kg are defined as:

HNAN Reyay = M} Kz = 1.3807e7%3 (11)

Pr, =
NAN 37U, lnF

7
PNANANAN

Where [, represents mean-free path of the base fluid
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Table 2- Thermo-physical properties for base fluid (water) and nanoparticles (NPs) at
T=300K

Parameter p(kgm™3) C,(0kg K1) k(Wm 1K1 u(Pa.s)

Pure water 998.2 4182 0.6 0.001003
AL, 0, 3970 765.0 40 i
Zno 5600 495.2 1.3 -
Cu0 6 500 535.6 20 -

Table 3- Boundary Conditions

Boundary Location Condition
Fluid/solid interface u=v=w=0
Inlet: z=0,r=0 u=v=20
x? + z2
U= Upnax(1- 2 )
r
Ju OJdv Ow
Hydrodynamics 7 ar "
Heat sink wall: (No-slip condition)
T=Ri(z) u=rv=w=20
Outlet: z =L Pf =0
oT. oT.
Fluid/solid interface — _S) = — (_S)
/ ks (an ky on
Thermal
oT
Inlet: z=0,r=0 Tr = 300K,— =0
or
Heat sink wall: 4 =9 X 106W/m2
r = Rl
Thus, Reynolds number [21]
Re = PnanUDu (12)
UNAN

where U and Dy are inlet velocity and hydraulic diameter of the MCHS respectively

Nusselt number [21] is defined as
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Nu = 224 (13)

knan

Where h indicates heat transfer coefficient, kyr represents effective thermal conductivity
of nanofluid

Fanning friction factor (Aurangzeb et al., 2022) is expressed as;

f = (T)pa (14)

2pNAN

Where L and AP is the length and pressure drop across the microchannel respectively.

Thermal performance (Chaurasia & Sarviya, 2021) is expressed as follow;

= |(2)(2)" (5

Here, Nug and f3 indicate reference for Nusselt number (Nu) and Fanning friction (f) factor
obtained from the case of MCHS without protrusions.

3. Numerical Procedures

ANSYS (Fluent) software package was used to solve the continuity, Navier-Stokes equation,
and energy (1) to (3) while taking into consideration the boundary conditions and assumptions for
the sake of simplicity. Under the steady-state condition, at a temperature of 300K, a NAN flow
through the inlet of the MCHS with fully developed velocity, and the outer wall of the MCHS was
subjected to a constant heat flux of 9 x 10° W/m?. For pressure-velocity coupling, the SIMPLEC
algorithm was used, a Gauss cell-based scheme was used for the discretization scheme, the standard
was set for pressure, a second-order upwind scheme was used to solve both momentum and energy
equations, under-relaxation factors were set as default values, and all equations were set as
convergence criteria of 1 x 1077,

4. Results and Discussion

4.1 Grid Independence Test

To effectively maximize the computation resources, a reasonable grid is determined by
conducting a grid independence test on six grids of different elements and nodes. As shown in Table
IV, the Nusselt number of Al,0; NAN with a @ of 4% and 25 nm nanoparticle size for Re of
400 was compared for different grids, it was revealed that by further increasing the grid size beyond
Mesh 4, there was no significant change in Nu, even when the numerical values were rounded up
to 8 decimal places. Therefore, Mesh 4 was chosen for this computational study.




Table 4- Grid independence analysis
Nusselt number for Al,03 at d,, = 25 nm,h = 6 pm and Re = 400
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Mesh  Elements  Nodes d=0% d=1% b =2% b =3% b =4%
Mesh6 1904980 327051 28.94748194 34.55214921  40.10417281  45.81986499  51.64009321
Mesh5 1618847 279244 2894748190 34.55214527  40.10417266  45.81986408 51.64008111
Mesh4 1275688 221773 28.94748172 34.55214491  40.10417264  45.81986491  51.64008417
Mesh 3 209274 216776 27.53972952 32.40263722  38.15220092  43.20937384  49.83541121
Mesh 2 182976 207219 25.22810283 30.44600202  35.17291109 40.74092364  46.43649001
Mesh1l 159614 145935 22.50283228 30.00720991  34.00347388  39.09293861  44.96859392

4.2 Validation of Model

The model is validated by comparing the simulated results of Al,0;/water NAN at a volume
fraction of 4% flowing through a MCHS without protrusions with the numerical results of Maiga et
al.(El Bécaye Maiga, Palm, Nguyen, Roy, & Galanis, 2005). As shown in Table V. A good
agreement is observed in our simulated results with a minimum deviation of 0.5% and a maximum
deviation of 7.6% from the numerical results of Maiga et al. [23]. This provides confidence in the
accuracy of our proposed model.

Maiga et al. [23] correlation for NAN;
Nu = 0.085Re71Py035 (16)

Table 5- Validation of the model
Nusselt number for Al,0; at d,, = 25 nm, ¢ = 4% for a MCHS without protrusions

Nu

Re Maiga et al. (2006) Present Difference (%)
400 18.37883003 19.44620725 5.80764513
800 30.06416582 32.37386160 7.682554015
1200 40.09349835 41.34826154 3.129592705
1600 49.17908623 49.43027670 0.510766849
2000 57.62176599 56.21856873 2.43518 613

4.3 Influence of Nanofluids Type

The impact of NANs on the wall temperature (T, ), Nusselt number (Nu), and the skin friction
coefficient (f) at a volume fraction (@) of 4% and a nanoparticle size (d,,,) of 25nm on 6 um
protrusion height of tubular MCHS is illustrated in Figs. 3, 4, 5, and 6 respectively. Fig. 3 presents
the distribution of T,, for varied Re and nanofluid types. For all cases of NAN, the T,, drops as the
Re increases. Al,0;—water NAN gives the lowest T,,, followed by CuO NAN, whereas ZnO-water
NAN exhibits the highest T,,. This is simply attributed to the effective thermal conductivity and
viscosity properties. Quantitatively, at Re = 400, ¢ =4% and d,,, = 25 nm, using pure-water as
a reference, the maximum temperature of the surrounding wall of MCHS using Al,0;-water NAN
decreased by 4% while CuO and ZnO NAN decreased by 0.5% and 0.48%, respectively. Fig. 4
reveals the comparison of the Nu with the Re number for various NANS. It has been demonstrated
that the Nu in nanofluids is higher than that of pure water, and this fact implies that heat transfer is
enhanced in pure water by the addition of nanofluid. Furthermore, Nu increases with Re, where the
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maximum value of Nu is obtained in Al,0; NAN, followed by CuO, ZnO NAN, and pure water.
The reason for this is that among the NANs, Al,0; NAN tends to have the highest average velocity
as a result of its low density, especially by forced convection. At Re = 2 000, the heat transfer rate
is enhanced by 40% in Al,0; NAN, 8.7% in CuO NAN and 9% in ZnO NAN. The skin friction
coefficient (f) decreases as the Re rises for all cases of NANs (see Fig. 5). Furthermore, it is evident
that no significant change in the value of f is observed when compared to the base fluid (pure water)
for all the NANSs. This implies that adding the nanoparticles to the pure water (base fluid) does not
enhance the skin friction factor. Fig. 6 reveals that thermal performance (TP) increases linearly with
Re for both CuO and ZnO NAN, whilst different behavior is depicted in Al,0; NAN. However, the
thermal performance of the MCHS with Al,0; NAN increases with Reynolds number at 400 <
Re < 800 (due to the dominating effect of heat transfer rate) and further decreases with Re at 800 <
Re < 2000 (as a result of the dominating effect of friction factor). The highest value of the TP of
about 1.79 times that of pure water is obtained in Al,0; NAN at Re = 800. Meanwhile, the
difference in the values of TP for both CuO and ZnO for all ranges of Re can be neglected.

330 T —/— Pure Water 140 et AI203
Zn0 CuO
325 Al203 Pure Water
5 100
£ 320
]
2 80
5 315 E!
£ 60
= 310
S ] 40
305
1 20
300 +————t———————— 0 —
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Re Re
Fig. 3. MCHS T, vs Re for ¢ = 4%, d,, = Fig. 4. Nu vs Re for ¢ = 4%, d,,,, =
25nmand h, = 6 um 25nmand h, = 6 um
012 T ——AI203 2.0
1 CuO
Zno 1.8 O’—O\O\N
Pure Water
16
€ 0.09
3 14
L
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g e | N N — & 2 2 2 2 2 2 2 2 2 2 2 = 2 & 3
© 006 T &1.0
S ]
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£ ] 0.6
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0.00 A=t 00 "+ttt i
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Fig. 5. f vs Re for ¢ = 4%, d,,, = Fig. 6. TP vs Re for § = 4%, d, =
25nmand h, = 6 um 25nmand h, = 6pm




| The Journal of Engineering and Exact Sciences — JCEC

4.4 Influence of Protrusion Height

Figs. 7 through 10 illustrate the effects of protrusion height (h,,) on the wall temperature (T,,,),
relative Nusselt number (Nu/Nug), and the relative skin friction coefficient (f/f,) using Al,05
NAN with a volume fraction of 4% and a nanoparticle size of 25 nm. Fig. 7 reveals the variation of
T,, with Reynolds for different protrusion depths. For all the protrusion heights and the MCHS
without protrusion, the MCHS T,, decreases by increasing the Re from 400 to 2 000. In addition, T,
decreases with increasing protrusion height. The lowest MCHS T,, is reported at 6 um, whilst an
MCHS without protrusion exhibits the highest MCHS T,,,.. This simply implies that heat transfer is
enhanced in MCHS embedded with protrusions. At Re = 400, MCHS T, decreased by 4%, 3.2%,
2.4%, 1.6%, 0.8% for protrusion heights of6 um, 5 um, 4 um, 3 um, 2 um, and 1 um, respectively.
As presented in Fig. 8, for all depths of the protrusion, the Nu/Nuy rises with an increase in Re. A
protrusion height of 6 um depicts the highest value of Nu/Nug, whereas, 2 um, has the least value
of Nu/Nug. At Re = 2 000, the protrusion heights of 6 um, 5 um,4 um,3 um,2 um,and 1 um
has about 2.65, 2.44, 2.25, 2.07 and 1.83 times the Nu of MCHS without protrusion, respectively.
This means that the convective heat transfer can be improved by embedding protrusion into the
MCHS. Fig. 9 relates the relative friction factor (f/f,) to the Reynolds number for different
protrusion heights. For all the protrusion heights, the f/f, gradually increases with Re. Increased
friction gives rise to an increasing relative friction factor as the height of the protrusion increases.
At 400 < Re < 2000, 6 um depicts the highest value of relative friction factor, followed by
5pm, 4 um,3 um whilst 2 uym has the least value of the f/f,. Thermal performance (TP) is
deduced from the ratio of Nu/Nug to f/f,. Fig. 10 illustrates the variation of thermal performance
(TP) with Reynolds number (Re) for all the protrusion heights at ¢ = 4%, and d,=25 nm. As
revealed in Fig. 10, the (TP) increases with an increase in Re for all cases of protrusion height. For
h =2 um, TP is uniformly varied with Re, whereas for 3 um < h < 6 um, a steep increase is
observed at 400 < Re < 800 as compared to gradual increase at 800 < Re < 2 000. More so, TP
increases as protrusion height increases from 2 um to 6 um. A protrusion height of 6 um vyields the
highest value of TP, while 2 um gives the lowest value of TP. At Re = 2 000, the TP for
2,3,4,5,and 6 um is 1.59, 1.68, 1.77, 1.86, and 1.96 times that of pure water, respectively.

330
/== Plain 3.0
h=2um
325 h=3um -
h=4um
320 == h=5um
h=6um 20
= 315 * 5
|_
= -
310 o h=3um
3 1.0 h=4um
& 4] h=5um
305 05 =ty
00 +—"—t+————"t+——t—t—
0 500 1000 1500 2000 2500 0.0 +————m——""—"t+———"t———t—
Re 0 500 1000 1500 2000 2500
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Fig. 7. MCHS wall temperature T,, with Re | Fig.8. NuvsReat d,, = 25 nmfor ¢ =
for ¢ = 4%, dp, =25nmand z = 49,
100 um
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4.5 Influence of Volume fraction

Figs. 11 through 14 illustrate the effect of volume fraction (@) from 0% to 4% of Al,04
nanoparticles with a mean diameter of 25 nm on MCHS wall temperature (T,,), Nusselt number
(Nu), skin friction coefficient (f), and thermal performance (T P). Fig. 11 reveals that increasing the
volume fraction of the nanoparticles causes the T,, of the MCHS to reduce. At Re = 400, a 4%
volume fraction of Al,0;-water NAN reduces the MCHS wall temperature by 3.6%, whereas 3%,
2%, and 1% volume fractions reduce the T, by 2.82%, 2.13%, and 1.23%, respectively. Similarly,
Fig. 12 indicates that a 4% volume fraction of Al, 05 nanoparticles give the maximum value of Nu
because of the increased viscosity and thermal conductivity of the fluid, which subsequently
enhances the heat transfer rate, whereas pure water gives the least value of Nu. At Re = 2 000, 4%,
3%, 2%, and 1% volume fractions of NAN produce about 1.65, 1.51, 1.36, and 1.19 times the Nu
of pure water. Fig. 13 shows that there is no change in the f observed for all volume fractions of the
NAN. Fig. 14 illustrates how thermal performance is influenced by the volume fraction of the NAN.
TP increases as the volume fraction increases from 1% to 4%. However, highest value of TP is
obtained by using a 4% volume fraction of the nanoparticles.
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4.6 Temperature Contour

Fig. 15 shows the temperature contour along the x-y plane at the exit of the MCHS to visualize
the effect of different nanofluid types at Re = 1 000, ¢ = 4% and d,, = 25 nm. The temperature
of the fluid at the center of the MCHS is 300 K and increases as it moves toward the wall. This is
because the fluid is heated onward from the MCHS wall where constant heat flux is applied. Because
of the increase in surface area, the temperature at the wall side of the protrusion is lower than the
temperature of the surrounding wall of the MCHS for all cases of nanofluid. Individually, the lowest
MCHS wall temperature is reported in the case of Al,0; NAN as compared to other NANs while
pure water has the highest MCHS wall temperature. Al,0; NAN provides a maximum wall
temperature of 306.1 K, CuO, ZnO NAN and pure water give maximum wall temperature of
310.2 K, 310.3 K, and 310.9 K respectively. Fig.16 presents the distribution of the temperature
along the x-z plane of the MCHS of various protrusion heights. As shown in Fig. 16, the temperature
at the center of the MCHS is approximately 300 K from the inlet to the outlet but varies along the
wall. The maximum temperature is observed at the exit along the wall because the temperature of
the fluid increases as it approaches the exit of the MCHS, and the temperature increases along the
wall from the inlet to the outlet of the MCHS. Heat transfer is efficiently enhanced in protrusion
height of 6 um where its temperature at the exit along the wall is very low compared to other
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protrusion heights and MCHS without protrusion due to large surface area of the protrusion. The

protrusion height of 6 um, 4 um, 2 um, and MCHS without protrusion provides the maximum
temperature of 306.2 K, 307.3 K, 308.8 K, and 315.5 K, respectively.
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Fig. 15. Temperature contour along x-y plane atz = 100 pm for h = 5 pm, Re = 1 000,
¢ = 4%, d,p, = 25 nm for (a) Pure water (b) ZnO/water (c) CuO/water (d) Al,03;/water

4.6 Velocity Contour

Fig. 16 shows that the velocity of the fluid increases as it flows towards the outlet of the
channel and gradually decreases towards the wall until it finally reaches zero. The highest velocity

is reported for a case of protrusion height of 6 um whereas a MCHS without protrusion depicts the
lowest velocity.
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5. Conclusion

In a tubular MCHS with protrusions, the thermal performance analysis of nanofluids as
cooling fluid was numerically investigated under the steady-state condition at various protrusion
heights, volume fractions, and nanofluid types. The main findings are summarized below as follows:

e The addition of nanoparticles to pure water lowers the MCHS wall temperature and enhances
the heat transfer rate as compared to pure water. Among the nanofluids used in this study,
Al, 05 nanofluid provides a 40% improvement in heat transfer enhancement and a 4%
reduction in the maximum temperature of the surrounding wall of MCHS.

e The presence of nanoparticles in the pure water provides no significant change in skin
friction coefficient for all constant volume fractions.

e Al,05 nanofluid yields better thermal performance than both CuO and ZnO nanofluid.

e Increasing the protrusion height from 2 pm to 6 pm causes the heat transfer rate and thermal
performance to increase. However, the surrounding wall temperature of the MCHS
decreases due to the dominating effect of the protrusion surface area; compared to the
smooth tube without protrusion, at Reynolds number 2 000, the wall temperature is reduced
by 4% and thermal performance is improved by 1.96 using a protrusion height of 6 um

e As protrusion height increases from 2 umto 6 um, relative Nusselt number and relative
friction factor increases
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e As nanoparticle concentration is increasing from 0% to 4%, MCHS wall temperature
reduces, and heat transfer rate increases for all types of nanofluids

e Thermal performance improves as the volume fraction of nanofluid increases from 1% to
4%.

e Skin friction coefficient does not vary in any response to the concentration of the nanofluid.
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