<]
TUDelft

Delft University of Technology

Thermal and hydraulic performance analysis of a heat sink with corrugated channels and
nanofluids

Naranjani, Benyamin; Roohi, Ehsan; Ebrahimi, Amin

DOI
10.1007/s10973-020-10225-9

Publication date
2020

Document Version
Final published version

Published in
Journal of Thermal Analysis and Calorimetry

Citation (APA)

Naranjani, B., Roohi, E., & Ebrahimi, A. (2020). Thermal and hydraulic performance analysis of a heat sink
with corrugated channels and nanofluids. Journal of Thermal Analysis and Calorimetry, 146 (2021)(6),
2549-2560. https://doi.org/10.1007/s10973-020-10225-9

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1007/s10973-020-10225-9
https://doi.org/10.1007/s10973-020-10225-9

Journal of Thermal Analysis and Calorimetry (2021) 146:2549-2560
https://doi.org/10.1007/510973-020-10225-9

=

Check for
updates

Thermal and hydraulic performance analysis of a heat sink
with corrugated channels and nanofluids

Benyamin Naranjani' - Ehsan Roohi?*® - Amin Ebrahimi*

Received: 28 November 2019 / Accepted: 2 September 2020 / Published online: 21 September 2020
© The Author(s) 2020

Abstract

Cooling of electronic devices is one of the critical challenges that the electronics industry is facing towards sustainable devel-
opment. Aiming at lowering the surface temperature of the heat sink to limit thermally induced deformations, corrugated
channels and nanofluids are employed to improve the thermal and hydraulic performances of a heat sink. Three-dimensional
simulations based on the finite-volume approach are carried out to study conjugated heat transfer in the heat sink. Water-
based nanofluids containing Al,O; nanoparticles with two different particle sizes (29 nm and 40 nm) and volume fractions
less than 4% are employed as the coolant, and their influence on the thermal and hydraulic performance of the heat sink is
compared with the base fluid (i.e. water). An empirical model is utilised to approximate the effective transport properties
of the nanofluids. Employing corrugated channels instead of straight channels in the heat sink results in an enhancement
of 24-36% in the heat transfer performance at the cost of 20-31% increase in the required pumping power leading to an
enhancement of 16-24% in the overall performance of the heat sink. Additionally, the numerical predictions indicate that
the overall performance of the proposed heat sink design with corrugated channels and water—Al, O, nanofluids is 22-40%
higher than that of the water-cooled heat sink with straight channels. It is demonstrated that the overall performance of
the heat sink cooled with water—Al,O5 nanofluids increases with reducing the average nanoparticle size. Additionally, the
maximum temperature rise in the heat sinks is determined for different thermal loads.

Keywords Heat sink - Thermal performance - Energy efficiency - Laminar forced convection - Nanofluid - Electronic
cooling

Introduction

Devising effective cooling systems is crucial to make an
advancement in electronic packaging technology and to
support the sustainable development of modern devices.
Progressive enhancement of the performance, reliability
5< Amin Ebrahimi and miniaturisation of devices emerges thermal challenges
A.Ebrahimi @tudelft.nl and requires highly effective heat removal equipment [1].
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applied to enhance the thermal performance of heat sinks,
among which a promising passive technique is to utilise
surface features in integrated cooling systems [5]. Surface
features can be employed in different forms such as pin-fin
structures [6—8], vortex generators [9—11] and corrugated
channels [12-15]. However, the increased pumping power
required to drive coolants in cooling systems is an inherent
unfavourable circumstance [5]. A better understanding of
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heat and fluid flow in heat sinks is indispensable to engineer
heat exchangers to meet high-heat-flux removal targets.

Applying corrugated channels in MHSs can increase heat
transfer performance and pressure loss [16, 17] compared
with their corresponding straight channels. This is mainly
due to the formation of secondary flow that enhances fluid
mixing and disturbs thermal boundary layer [18]. Geometri-
cal configuration of corrugated channels and thermophysical
properties of the coolant also affect heat and fluid flow struc-
tures [19-22]. Khoshvaght-Aliabadi et al. [23] numerically
studied the influence of different cross-section shapes on
heat transfer performance of straight and corrugated mini-
channels under laminar flow regime. Their results showed
that the cross-section shape of the channel can significantly
affect the heat transfer performance of corrugated channels.
Salami et al. [24] studied the influence of different wave
shapes on turbulent heat and fluid flow in corrugated chan-
nels and reported that the sinusoidal wave shape, in com-
parison with triangular and trapezoidal wave shapes, can
result in a higher thermal-hydraulic performance. The results
reported by Sakanova et al. [20], Lin et al. [21], Khoshvaght-
Aliabadi et al. [25] indicate that increasing the amplitude
or reducing the wavelength of corrugations intensifies the
induced secondary flow that can lead to an enhancement
in heat transfer performance. Khoshvaght-Aliabadi and
Sahamiyan [26] studied the effect of corrugated channels
on heat transfer performance of heat sinks with corrugated
channels and reported that the influence of the amplitude of
waves on heat transfer augmentation is larger than that of
wavelength. The formation of secondary flow in corrugated
channels augments the pressure drop along the channels [12,
27]. To improve the overall thermo-hydraulic performance
of MHSs, both high heat-removal capability and low pres-
sure-drop are required.

Increasing the effective thermal conductivity of con-
ventional heat transfer liquids is a promising approach to
improve the heat-removal capability of MHSs [28]. This can
be done by making stable suspensions of ultra-fine solid par-
ticles and fibres with thermal conductivities higher than that
of the base fluids [29, 30], which is widely known as “nano-
fluids” [31]. However, the augmented viscosity of nanofluids
can increase pressure penalty, particularly for MHSs [10,
32-35]. It is, therefore, essential to study nanofluid flow and
heat transfer characteristics in MHSs to optimise the factors
that influence the thermo-hydraulic performance of cooling
systems.

Thermophysical properties of nanofluids depend on nano-
particle volume fraction, material, shape, size and bulk tem-
perature [36-38]. To predict the characteristics of heat and
fluid flow at miniature scales with reasonable accuracy, tak-
ing the temperature dependence of material properties into
consideration is crucial [9, 10, 39]. Experimental studies
on thermal conductivity of nanofluids have demonstrated
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that traditional theoretical models [40—44] fail to predict the
viscosity and enhanced thermal conductivity of nanofluids
[30, 36]. This is due to the neglect of the effects of nano-
particle Brownian motion, size distribution and aggregation
of particles, and inter-facial thermal resistance between
nanoparticles and the surrounding liquid [30, 45]. Koo and
Kleinstreuer [46, 47] developed an empirical model to pre-
dict the thermal conductivity and viscosity of nanofluids
that takes the nanoparticle size, volume fraction, Brownian
motion and temperature dependence as well as base fluid
properties into account. The accuracy and reliability of this
model have been validated extensively against experimental
datasets [10, 48, 49].

In the present work, three-dimensional calculations are
carried out to investigate the thermo-hydraulic perfor-
mance of a miniature heat sink with corrugated channels
and nanofluids. The motivation of the present work is to
reduce the temperature rise of the heat sink to limit ther-
mal deformations for high-heat-flux removal applications
such as laser-mirror cooling and electronic packaging. The
effect of replacing straight channels with corrugated chan-
nels in the heat sink is investigated. Moreover, water-based
nanofluids containing Al,O; nanoparticles with different
sizes (29 nm and 40 nm) and volume fractions (0-3%) are
employed to investigate the thermo-hydraulic performance
of the heat sink. The thermophysical properties of the nano-
fluid are approximated using a model that takes temperature-
dependent material properties, nanoparticle size and volume
fraction as well as the Brownian motion of particles into
consideration. Temperature rise in the heat sink is reported
for different thermal loadings and heat sink configurations.
The performance of the heat sink with corrugated chan-
nels and nanofluids is compared with that of a water-cooled
heat sink with straight channels. The mechanisms of heat
transfer enhancement and the temperature distribution over
the heat sink surface are also discussed.

Problem description

The heat sink considered in the present work has a diam-
eter of 57 mm and consists of three layers and is sche-
matically shown in Fig. 1. The geometrical configura-
tion of the heat sink is inspired by that proposed by [50];
however, the influence of employing corrugated channels
and straight channels on the thermal and hydraulic per-
formance of the heat sink is investigated in the present
work. The top surface of the heat sink’s top layer was
heated by applying a constant uniform heat flux to a cir-
cular region with a diameter of 30 mm, as is shown in
Fig. 1d, e. Different values of heat flux ranging between
35 and 350 kW m~2 were studied. The top layer of the
heat sink has a thickness of 2 mm. The coolant enters
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Fig.1 Schematic of the heat sink considered in the present work and
the computational domain. The top layer (a), the middle layer (b),
and the bottom layer (c¢) are assembled to build the heat sink (d). A

the heat sink from a circular inlet with a diameter of
6 mm and absorbs heat passing through the channels.
The inlet and outlet chambers are designed to feed the
channels and to avoid direct impingement of the coolant
coming from the inlet to the top layer of the heat sink
that may cause vibrations [50]. The middle layer, with
a thickness of 2 mm, has fourteen channels. Each chan-
nel has a width of 1 mm, with a fin thickness of 2 mm.
The channel-wall profile is defined using a sine function
with an amplitude of 0.5 mm and a wavelength of 2 mm.
The heat sink is made of a conductive material (silicon).
Temperature-dependent thermophysical properties of sili-
con, base fluid and nanoparticles are presented in table 1.
The proposed design aims to cool the heat sink surface
effectively to limit thermal deformations for laser-mirror
cooling applications [51]. Three-dimensional calcula-
tions are carried out to predict conjugated heat transfer
and fluid flow in the heat sink. The Cartesian coordinate
system is employed to describe the problem. Neglecting
heat conduction to the bottom layer of the heat sink, the

Solid bodies

Inlet

Outlet

constant uniform heat flux is applied to a circular region on the upper
surface of the top layer (the red region in sub-figure (e)). Heat con-
duction in the bottom layer is neglected as shown in sub-figure (f)

Mathematical formulation and boundary
conditions

The liquid coolants are assumed to be incompressible and
Newtonian with temperature-dependent material properties.
Since the nanoparticle volume fractions are less than 4% and
their sizes are smaller than 100 nm, a single-phase approach
is utilised [36]. Using the single-phase approach avoids
unnecessary computational costs associated with two-phase
approaches while it results in the same level of accuracy [10].
The fluid flow is assumed to be laminar, and the effects of
radiation and gravity are ignored. The surface roughness of
the heat sink is deemed to be negligible. The steady-state con-
tinuum equations of mass, momentum and energy conserva-
tion are cast, respectively, as follows:

olp-u
M:Q )

. o : - o(p - u; - u Ju
computational domain is defined as shown in Fig. le, f. (015 15) __% 0 <,u—J>, )
ox; ox;  0x; \ Ox
Table1 Thermophysical Property Silicon [52] ~ Base fluid [10] ALO;[10]  Unit
properties of silicon, base fluid
and nanopa:icles used in the Density p 2330 1000 3970 kg m™>
resent worl
P v Specific heat capacity ¢, 390+09.-T 4180 765 JTkg ' K!
Thermal conductivity k 290-04-T  0.6-(14+4.167%x1075-7) 36 Wm! K™
Viscosity u - 2.761 x 107% - exp(1713/T) - kg m~!s!
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ox; - 0_x1 ox;

op-c.-u-T
(p Cp U ) 9 <ka—T>+u/, 3)

where u is the fluid velocity vector, p density, p static pres-
sure, u dynamic viscosity, ¢, specific heat capacity, T tem-
perature, k thermal conductivity and y the dissipation func-
tion defined as:

_ la(ﬂ'“i)
w=

+
dxj ox;

1

o) | ) )
The density of the nanofluid is calculated using the mixture
model as follows:

Pnf = (1 - ¢)pbf + d) pnp’ (5)

where ¢ is the nanoparticle volume fraction and the sub-
scripts np, nf and bf stand for nanoparticle, nanofluid and
base fluid, respectively. Assuming thermal equilibrium
between the base fluid and nanoparticles, the specific heat
capacity of the nanofluid is determined as follows [53]:

A=d)(pey)y +b(rcy), ©
C = .
Pur (1 - ¢)pbf + (p pnp

A validated model proposed by Koo and Kleinstreuer [46,
47] is used here to approximate the effective temperature-
dependent thermal conductivity of nanofluids. Accordingly,
the effective thermal conductivity is assumed to have a static
part and a dynamic part [54]. The static part is obtained
using the Hamilton—Crosser model [41] and the dynamic
part using the kinetic theory. This model is valid for ¢ < 4%
and 300 K <7 <325 K [47,49] and is expressed as:

knf :kstalic + kBrownian’ (7)

(Kap,, + 2kor) + 20 (ko — ko)
kstalic = bf[ e R ’ (8)

(knpcﬂ’ + 2kbf) - ¢<knpc|'f - kbf)

kT

kBrownian =5X 104¢ chf Pot f(T’ d)v dnp)a (9)

dnp pnp

where d,, is the nanoparticle diameter and « the Boltzmann
constant and k,, . The effective nanoparticle thermal-con-
ductivity k,, is calculated by taking the interfacial thermal

resistance between nanoparticles and the surrounding liquid
into account and is defined as:

dyp

npe'_ :
i Rb+<%) (10)
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In the above, Ry is the Kapitza resistance [55] and chosen
to be 4 x 1078 K m? W~! [49, 56]. The empirical function f
is developed to take the interaction between particles into
consideration based on experimental data sets of water-based
nanofluids [49, 54] and is defined as follows:

f =[a1 +a,In (dnp) +a;1In(¢)
+a,1n (d,,) In(¢) + as In* (d,, )| In(T)
+ [a(, +a;1n (dnp) +agIn(¢)
+ayIn (dnp) In (¢) + ay In? (dnp)],

an

where a, to a; are constants that their values are reported in
[54] for water-based nanofluids containing Al,O5 and CuO
nanoparticles. Similarly, the effective viscosity of nanofluids
U, 1s approximated with

Mot = Hstatic + HBrownian> (12)

where [, and g ownian are the static part and the dynamic
part of the effective viscosity, respectively, and are defined
as:

_ Her
Hstatic _(1 _ ¢)2'5 ’ (13)
=5 % 10° T r(1.4.d
HMBrownian = X ¢ pbf d P f( ’ d)’ np)' (14)
np Pnp

Reliability of the present model in approximating the ther-
mophysical properties of water—-Al, O and water—CuO nano-
fluids has been verified for various benchmark cases [10,
48, 57].

A constant uniform heat flux (g) is applied to a circu-
lar region with a diameter of 30 mm on the top surface of
the heat sink. Regions outside the heated region are mod-
elled as adiabatic walls. The coolant enters to the heat sink
with a constant and uniform velocity normal to the inlet
boundary and a fixed temperature of 300 K. The outlet gauge
pressure is set to 0 pa. No-slip boundary condition is applied
to the all solid walls.

Numerical procedure and data reduction

The finite-volume approach is employed to discretise the
governing equations. The computational domain is discre-
tised using an unstructured grid with non-uniform tetra-
hedron cells and is shown in Fig. 2. Smaller cell sizes are
employed in the cooling channels compared with those in
the solid regions. The second-order upwind scheme is uti-
lised for the discretisation of the convective and diffusive
terms of the governing equations. The pressure-velocity
coupling is treated using the SIMPLEC [58] algorithm.
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Fig.2 The computational grid
used in the present work to
calculate the heat and fluid flow
fields

The convergence criterion is to reach scaled residuals of
less than 1077, 1077 and 10~ for the continuity, momentum
and energy equations, respectively. The numerical model
is built on the framework of a commercial solver (ANSYS
Fluent [59]), and the calculations are performed in paral-
lel on four cores of an Intel Core 17-3520M processor.
User-defined functions are programmed using the C pro-
gramming language to calculate temperature-dependent
thermophysical properties of the nanofluids.

The following parameters are used to present the results
obtained from the simulations. The Reynolds number (Re)
based on the channel hydraulic diameter (D,) is defined as:

Re = AT,

Hi (1>

where subscript i indicates the inlet condition. The heat
transfer coefficient (%) is defined as:

q
Tym— (T,+T,)/2 (16)

h=

wherein T, is the average temperature of the top surface.
The pumping power required to drive the fluid flow in the
heat sink (P,) is calculated as follows:

P,=0-Ap, (17)

where Q is volumetric flow rate and Ap the pressure drop in
the heat sink, which is calculated as follows:

Ap =p; = Py (13)

In the above, p is the averaged static pressure. Then, the
thermo-hydraulic performance criterion can be defined as
follows to compare different designs [60-62]:

j= h/href (19)
1/3°
(Pp/Ppref)

where the subscript ref shows the reference design which is
the water cooled heat sink with straight channel walls.

Results and discussion

Grid study and solver verification

Sensitivity of the numerical results to the grid size is investi-
gated for a water-cooled heat sink with corrugated channels
at Re = 600, and the results are presented in Table 2. The
average temperature of the heat sink top surface (Tmp surface)
and pressure drop across the heat sink (Ap) for each grid are
compared with those of the finest grid (i.e. the mesh with
approximately 1.1e6 cells). The difference between the pre-
dicted values of T[op surface ANd Ap using the grids with 1.1e6
and 9.3e5 cells are not significant. Accordingly, a mesh con-
taining 930476 cells is utilised for numerical calculations.
Accuracy and reliability of the present model in predict-
ing heat and fluid flow in micro- and mini-channels have
been verified in the previous studies conducted by the
authors for both water and nanofluids [9, 10, 63—65]. Further
verification of the model has been performed considering
the experimental and numerical data reported by Sui et al.
[66] for deionised water flow in a micro-channel heat sink
with sixty corrugated channels in the range of Reynolds
number between 300 and 800. In the reference case, the
bottom surface of the heat sink is imposed to a constant
heat flux of 50 W cm ~2 and each channel has a rectangular
cross-section and a hydraulic diameter of 272 pm. Corru-
gated channel walls with a thickness of 195 pm in sinusoidal

Table 2 Sensitivity of the numerical predictions to the grid size

Number of cells Tmp win/K  Diff. Aplpa Diff. Ap/%
Ttop surface
0

608,564 302.14 0.11 1220.3 -29
659,128 302.08 0.09 1226.9 -23
752,541 301.95 0.05 1239.4 -13
930,476 301.85 0.02 1251.1 -04
1,114,543 301.80 - 1256.2 -

The water-cooled heat sink with corrugated channels at Re = 600 is
considered for the grid independence study
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shape with a wavelength and an amplitude of 2.5 mm and
138 pm, respectively, are considered. More information on
experimental conditions can be found in the reference [66].
The mean Nusselt number (Nu = 4Dy, /k) and friction fac-
tor (f = 2ApD,,/ (plﬁliz)) obtained from the present model
are compared with the reference data in Fig. 3. The mean
deviation between the predicted and experimentally meas-
ured values of Nusselt number and friction factor is found
to be less than 8%, which reveals a reasonable agreement.

25 T T T 0.30
Filled symbols: Present study
Unfilled symbols: Experimental, Sui et al. (2011)
Dashed lines: Numerical, Sui et al. (2011)
u
20 - @ ° & H025
B\ o %
o &
N\ o § _ ~
\m o
TN £
2 15 |- AN X 2 H0.20 %~
Z _ 2 . .
-
\ o
~ e o
=@
Ve
0 o & o~ % qois
& J
5 ' . . 0.10
250 400 550 700 850
Re

Fig.3 Comparison of the numerical results obtained from the pre-
sent model (filled symbols) with the experimental (unfilled symbols)
and numerical data (dashed lines) reported by [66] for a microchan-
nel heat sink with corrugated channels. Circles: mean Nusselt number
(Nu) and squares: friction factor (f)

The effect of employing corrugated channels

Figure 4 shows the influence of channel configuration on
thermo-hydraulic performance of the heat sinks at different
coolant mass-flow rates. Regardless of the channel configu-
ration, the averaged heat transfer coefficient 4 increases with
increasing the coolant mass-flow rate at the cost of higher
pumping power P,. Thermal boundary layer thickness in the
channel decreases with an increase in the coolant mass flow
rate, and thus the temperature gradient increases close to the
channel walls resulting in higher heat transfer. Replacing
straight channels with corrugated channels in the heat sink
results in an increase of 24-36% in averaged heat transfer
coefficient 7 and 20-31% in required pumping power P,,.
Contours of velocity magnitude are shown in Fig. 5 for
the case of water flow in corrugated channels at Re = 600 as
a representative case. Tangential velocity vectors shown at
the channel cross-section in Fig. 5a indicate the formation
of secondary-flow in corrugated channels. A similar flow
pattern is observed for other cases with corrugated chan-
nels studied in the present work. Fluid flow passing through
channels with corrugated walls is exposed to a centrifugal
force disturbing the flow field that can lead to fluid recircu-
lation [67, 68]. Because of fluid recirculation, a secondary
flow is induced in the channel that moves the fluid from the
central region of the channel towards its hot walls and back
from the regions adjacent to the channel walls towards the
central region of the channel. This centrifugal force, thus
the strength of the secondary flow, increases with increasing
the Reynolds number. Additionally, changes in the curvature
of the channel walls result in changes in the direction of
the vortices generated in the channel. The enhancement of
thermal performance in the heat sink with corrugated chan-
nels is attributed to the augmentation of heat transfer area

25 T T T 18 T T T 1.5 T T T
(a) (b) (c)
15 N 14 T
T 20 T 12F N 13 T
M s o
l\‘l <
E =B = or 1 ~12F b
= o £
[}
< o & m
< 15 B N 6 N 1.1F T
Heatsink with corrugated channels 3F 1 1.0F O m] o o A
O Heatsink with straight channels u]
10 1 1 1 0 1 1 1 0.9 1 1 1
250 350 450 550 650 250 350 450 550 650 250 350 450 550 650
Re Re Re

Fig.4 The effect of the channel configuration on the thermal and hydraulic performance of the heat sink. Variations of the heat transfer coeffi-
cient (a), the required pumping power to drive the coolant (b), and the overall performance of the heat sink (c) as a function of Reynolds number
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(a) (b)

[u] [ms™1]

Fig.5 Contours of velocity magnitude shown on a a plane normal to
the x-axis passing through the heat sink centre and b a plane normal
to the y-axis and located at the middle of the heat sink middle layer
(Fig. 1b). Velocity vectors indicate the formation of secondary flow in
corrugated channels. Coolant: water, Re = 600

and the formation of secondary-flow vortices that intensifies
convection.

Secondary flow generated in corrugated channels and
the interactions between the vortices and the channel walls
also increase pressure losses in the heat sink. Taking both
thermal and hydraulic performances into consideration, the
overall performance j of a heat sink with corrugated chan-
nels enhances by 16-24% compared with its corresponding
heat sink with straight channels. Although the overall per-
formance of the heat sink with corrugated channels is higher
than that of the heat sink with straight channels, its overall
performance decreases with the Reynolds number because
of the augmentation of pressure losses at higher Reynolds
numbers. It should be noted that the geometrical configura-
tion of the corrugated channels (e.g. wavelength and ampli-
tude) affects the performance of the heat sink, which have
been discussed in previous studies conducted by others [15,
24, 69, 70] and thus are not repeated here.

Temperature distribution over the heat sink surface is pre-
sented in Fig. 6 for different configurations and coolant mass
flow rates. The temperatures predicted for the heat sink with
corrugated channels are lower than those of the heat sink
with straight channels. Additionally, the maximum tempera-
ture over the heat sink surface for the heat sink with straight
channels at Re = 600 is comparable with that of a heat sink
with corrugated channels at Re = 300. Low coolant mass
flow rates are desirable to weaken the vibrations that may
occur due to the fluid flow in the heat sink [50]. However,
the performance of the heat sink at low Reynolds numbers is
limited because of the poor thermal conductivity of the cool-
ant employed in the heat sink (i.e. water). Nanofluids gener-
ally have higher thermal conductivities in comparison with
common liquid coolants (e.g. water and organic chemicals)
and are often considered as a reasonable alternative working

fluid for heat-removal applications due to their improved
thermal properties. The influence of utilising nanofluids on
thermal and hydraulic performance of the heat sink with
corrugated channels is reported in “The effect of utilising
nanofluids as the coolant” section.

The effect of utilising nanofluids as the coolant

Figure 7 shows the influence of employing water—Al,O;
nanofluids with different nanoparticle sizes d,,, and volume
fractions ¢ as the coolant on the thermal and hydraulic per-
formance of the heat sink at different Reynolds numbers.
The heat transfer coefficients 4 attained for the cases that
utilise nanofluids as the coolant are higher than those of the
cases that water is employed to cool the heat sink. This is
mainly due to the higher effective thermal conductivity of
nanofluids in comparison with that of the base fluid, which
results in the enhancement of heat conduction contribution
to the total energy transfer. According to Egs. (7) to (9), ther-
mal conductivity of nanofluids depends on bulk fluid tem-
perature and nanoparticle volume fraction, size and material.
The heat transfer performance of the heat sink increases with
increasing the nanoparticles volume fraction ¢. This is due
to the increase in total heat transfer area between the parti-
cles and the base fluid, and the enhancement of nanoparticle
collision rate that intensifies the Brownian motion of parti-
cles resulting in the enhancement of the effective thermal
conductivity of the mixture.

Figure 7b demonstrates that the enhancement of heat
transfer performance of the heat sink achieved using
nanofluids is associated with higher pressure losses. This
is because of the higher effective viscosity of nanofluids
compared to that of the base fluid (see Eqgs. (12) to (14)).
Interactions between nanoparticles augment with increasing
nanoparticle volume fraction ¢ leading to an increase in the
effective viscosity of the nanofluids y,;. Thus, the pumping
power required to drive the coolant in the heat sink increases
with increasing nanoparticle volume fraction ¢.

Nanoparticle size affects the thermophysical proper-
ties of nanofluids [36], and thus the thermal and hydraulic
performance of the heat sink. Figure 7 shows the influence
of nanoparticle size on the thermal and hydraulic perfor-
mance of the heat sink. Increasing the average size of Al,O;
nanoparticles from 29 to 40 nm results in a decrease in
the heat transfer performance of the heat sink. For a fixed
nanoparticle volume fraction ¢, increasing the nanoparticle
size d,, results in a reduction of total heat transfer surface
area between the particles and their surrounding liquid.
Moreover, the Brownian motion of nanoparticle weakens
with increasing the particle size d,, that leads to a decrease
in the strength of micro-mixing in the base fluid and, thus,
the effective thermal conductivity nanofluid. The results
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Fig.6 The influence of the channel configuration in the heat sink
and the coolant mass flow rate on temperature distribution over
the heat sink surface. The plus mark indicates the location of the
heat sink surface centroid

presented in Fig. 7b reveal that the required pumping power
decreases with increasing the size of Al,O; nanoparticles.
This can be attributed to the decrease in the number of nano-
particles dispersed in the based fluid that results in a reduc-
tion of hydrodynamic interactions between particles and,
therefore, the effective viscosity of the nanofluid.

The overall performance of the heat sink is a function of
both thermal and hydraulic performances, as expressed in
Eq. (19). Compared with the water-cooled heat sink with

straight channels, the overall performance of the heat sink
(j) with corrugated channels increases by 22-40%, for the
range of parameters studied in the present work, using
water—Al,O; nanofluids (see Fig. 7c). The overall perfor-
mance of the heat sink enhances with increasing the nano-
particle volume fraction ¢ and decreases with increasing the
size of Al,O; nanoparticles.

Temperature distributions predicted over the heat sink
surface using water and nanofluids with different nano-
particle volume fractions and different mass flow rates are
presented in Fig. 8. Due to the higher effective thermal con-
ductivity of nanofluids compared with that of the base fluid
(water), the values of temperature and their spatial gradient
over the heat sink surface are lower, which is desirable to
reduce thermal deformations of the heat sink surface. Addi-
tionally, the maximum temperature of the heat sink surface
decreases with increasing the nanoparticle volume fraction
¢ (see Fig. 8).

The performance of the proposed design is systematically
studied for different thermal loads, and the results are pre-
sented in Fig. 9. The thermal load is increased step-by-step
to determine the threshold that the maximum temperature-
rise in the heat sink reaches 25 K. The maximum tempera-
ture-rise in the heat sink 7, appears to be a linear function
of the heat flux applied to its surface g. For a maximum
temperature rise of 25 K and in comparison with the water-
cooled heat sink with straight channels, the thermal load can
be increased by 50% to ¢ = 255 kW m~2 by employing the
design with corrugated channels and water—Al,O; nanofluid
with ¢ = 3% and d,,, = 29 nm.

O ALO,-water, ¢ =0.5%, d,,=29nm v ALO,-water, ¢ =2.0%, d,,=29nm > ALO,-water, ¢ =3.0%, d,,=40nm

np

np

A AlLO,-water, §=1.0%, d,, =29nm <& ALO,-water, ¢ =3.0%, d,, = 29nm

Base fluid
28 T T T 18 T T T 1.8 T T T
(a) (b) (©)
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26 o 16 | .
T 4 12 F .
|
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E24F v £1 % °T & 1~14r 8 $ > §
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nt # - 12 2
a 3 ~ .
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Fig. 7 The influence of employing nanofluids, with different nanopar-
ticle volume fractions ¢ and sizes dnp, on the thermal and hydraulic
performance of the heat sink with corrugated channels. Variations of
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the heat transfer coefficient (a), the required pumping power to drive
the coolant (b), and the overall performance of the heat sink (c) as a
function of Reynolds number
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Fig.8 The influence of employing water and nanofluids with low vol-
ume fractions (¢p = 0.5%) in the heat sink and their mass flow rate on
surface temperature of the heat sink. Nanoparticle size (d,,) for both
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Fig.9 The maximum temperature-rise in the heat sink as a function
of thermal load. Symbols: numerical predictions obtained from simu-
lations. Dashed-lines: linear curve-fits

Conclusions

Three-dimensional simulations were performed to investi-
gate conjugated heat transfer in heat sinks with various con-
figurations and coolants. The effects of utilising corrugated
channels and water—Al,O; nanofluids with different volume

=301.18K T, =304.12K, T,

00€ =9Y

=301.10K 7 =303.89K,T

min max 2 7 min

=300.96 K

009 =Y

=30344K, T
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max

nanofluids is set to 29 nm. The plus mark indicates the location of the
heat sink surface centroid

fractions and nanoparticle sizes were studied for different
coolant mass flow rates. Additionally, the influence of differ-
ent heat loads on maximum temperature rise in the heat sink
was investigated and semi-empirical correlations were intro-
duced for the proposed design. Based on the results obtained
from the simulations, the following conclusions are drawn.

Because of the formation of secondary flow and the aug-
mentation of heat transfer surface area, the thermo-hydraulic
performance of the heat sink increases using corrugated
channels. However, this enhancement in heat transfer per-
formance is associated with larger pressure penalties. For
the range of Reynolds numbers considered in the present
work (300 < Re < 600), employing corrugated channels
instead of straight channels in the heat sink results in a heat
transfer enhancement of 24-36%, while the required pump-
ing power increases by 20-31% resulting in an overall per-
formance improvement of 20-31%. Employing water-based
nanofluids that contain Al,O; nanoparticles with different
sizes (29 nm and 29 nm) and volume fractions less than
3%, the overall performance of the heat sink increases by
22-40% in comparison with the water-cooled heat sink with
straight channels. The overall performance of the heat sink
enhances with increasing nanoparticle volume fraction and
reducing the average size of nanoparticles in water—Al,0O4
nanofluids. The results obtained from the present numerical
simulations demonstrate that the proposed design with cor-
rugated channels and water—Al,O; nanofluid with ¢ = 3%
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and d,,, = 29 nm can significantly reduce the heat sink sur-
face temperature for the same thermal load. The proposed
heat sink design has higher energy efficiencies at low mass
flow rates.
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