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Abstract

This numerical research study focuses on impacts of using twisted rib geometry on the hydrothermal performance and entropy
generation characteristics of biologically synthesized Ag/water nanofluid flowing in heat sink minichannels. To this end,
twelve different twisted rib geometries (Case 1 to 12) were designed where the double-row ribs were twisted at the bottom and
top portions with twist angles between —45° and +45°. To elucidate the cooling performance comprehensively, four different
Reynolds numbers (Re =500, 1000, 1500, and 2000) and four different nanoparticle concentrations (¢=0%, 0.1%, 0.5%, and
1%) were included in the numerical computations. Results revealed that using twisted ribs significantly smoothen the fluid
flow and reduces pressure drop remarkably depending on twist angles, nevertheless, it deteriorates the cooling performance.
In Case 12, the convective heat transfer coefficient reduces by up to 15.8% at Re=2000 and p=1%, compared to the base
case. However, pumping power requirement is decreased by 43.9% in this case. Nanoparticle incorporation contributes to
enhancement of convective heat transfer coefficient by up to 13.5% at the lowest Re. Frictional entropy generation consider-
ably decreases (up to 31%) when twisted ribs are utilized. However, thermal entropy generation can increase up to 36%, due
to ineffective cooling with twisted ribs. This work can be regarded as a first study in the field concerning the effects of top
and bottom twist angles on hydrothermal performance and entropy generation in nanofluid-cooled mini-channel heat sinks.

Keywords Electronics cooling - Heat sink - Entropy generation - Biologically synthesized nanofluid - Twisted ribs - Twist
angles
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th Thermal

Abbreviations

CHTC Convective heat transfer coefficient
CPU Central processing unit

EG Entropy generation

FEG Frictional entropy generation
FoM Figure of merit

HTF Heat transfer fluid

LVG Longitudinal vortex generator
PEC Performance evaluation criterion
TEG Thermal entropy generation
Introduction

Remarkable downsizing of electronic components such as
central processor units (CPUs) is attained within the rapid
development of technologic devices in the last decades. Cer-
tainly, the act of miniaturization of these devices increases
the heat flux passing through their body [1]. This phenom-
enon consequently increases the risk of damage related to
excessive temperature rises, and research report that half of
the failures in electronic components occurs due to exces-
sive temperature rises [2]. Hence, a significant problem is
arisen about thermal management of such devices, which
challenges the researchers focusing on the improvement of
reliability and lifespan of electronic components [3].
Overcoming of the issue of excessive temperature rise in
electronic devices is mostly carried out by using heat sinks,
which are simply successful in rejecting the dissipated heat
from the surface of an electronic component [4, 5]. Heat
sinks are usually made of highly conductive metals such
as aluminum or copper, and they generally have extended
surfaces to increase the heat transfer area outstandingly help-
ing the heat rejection [6, 7]. Nevertheless, convective heat
transfer around the heat sink and fins is of great importance
to sufficiently remove heat from the component. Hence,
air or a liquid can be used as a heat transfer fluid at this
point. From this point of view, heat sinks can be mainly
categorized into air or liquid cooling within the framework
of natural or forced cooling [8], yet there may be additional
techniques for heat transfer augmentation, which can be
listed as fin addition with effective geometries [9], utiliza-
tion of nanofluids [10, 11], consideration of improved chan-
nel geometry [12, 13], and using metal foams [14, 15]. It is
noteworthy to mention that more than one technique can be
implemented in an application to further acquire enhanced
heat transfer [16, 17]. In addition to that, consideration of
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boiling heat transfer is also investigated by researchers over
the past couple of years [18].

Although air and liquid cooling methods in heat sinks
have a common aim to thermally manage an electronic
device, their effectiveness significantly varies from each
other. As the heat capacity and thermal conductivity of liq-
uids such as water are considerably higher than air, a large
amount of heat transfer rate can be achieved using liquid-
cooled systems [19, 20]. On the other hand, these systems
usually require a more complex structure and are relatively
expensive, while air-cooled heat sinks are simpler-structured
and relatively inexpensive [21, 22]. For these reasons, selec-
tion of appropriate heat sink type may vary depending on
various parameters and considerations. Yet, requirement
of a large amount of heat removal brings the necessity of
using liquid-cooled systems as expected. Nonetheless, con-
ventional liquid-cooled systems operated via water or glycol
circulation may be even insufficient in some applications
[23]. At this point, a further enhancement of thermal prop-
erties in liquid-cooled heat sink systems may be demanded.
Thermal conductivity enhancement of liquids circulating
through the heat sink can significantly improve the heat
removal rate, and this improvement can be accomplished
by dispersing thermally high-conductive metallic nanoma-
terials in the base fluid. In this case, the resulting suspen-
sion is called nanofluid [24, 25]. In addition to that, using
more than one type of nanoparticle inside the base fluid to
improve the effectiveness and reduce some challenging phe-
nomena, namely the consideration of hybrid nanofluids, has
been recently popular for micro- and mini-channel heat sinks
as well [26, 27]. Therefore, numerous recent works have
focused on revealing the benefits of nanofluids in heat sinks
under various operation conditions with different designs.
In a recent study conducted by Ho et al. [28], a micro chan-
nel heat sink was investigated, and the use of water and
alumina/water nanofluid is comparatively examined. The
authors reported a significant decrement in the thermal
resistance and a significant improvement in the convective
heat transfer coefficient (CHTC), which were quantitatively
indicated as 12.61% and 14.43%, respectively. Another
lately done study [29] compared the thermal performance
of CuO/water and Al,O/water nanofluids by referencing the
pure water. The experimental outcomes signified a remark-
able thermal performance improvement using nanofluids
instead of pure water. Furthermore, CuO/water nanofluid
was found to be superior compared to alumina/water nano-
fluid for the cooling of electronic component, where the
maximum enhancement in the average Nusselt number (Nu)
was computed as 12.5% and 16.01% for Al,O;/water and
CuO/water nanofluids, respectively, at ¢=0.1%. It should be
noted here that although the benefits of using nanofluids are
emphasized in these studies, the considered heat sinks have
various designs of fins as well. This means that heat sinks
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are usually considered with fins, along with other thermal
performance enhancers. As another instance using differ-
ent thermal performance enhancers, Boudraa and Bessaih
[30] numerically considered a finned heat sink filled with
aluminum foam, which has a liquid-cooled system using
alumina-copper/water hybrid nanofluid as coolant. They
indicated that heat transfer rate can be augmented by up to
72% and 40% adjusting the appropriate Darcy number and
porosity values. Besides, using nanoparticles with a diameter
of 20 nm attained 7% higher improvement in heat transfer,
compared to 60 nm particles. Marseglia et al. [31] compared
different strategies for heat transfer augmentation in micro-
channel heat sinks, and they reported that low concentration
of Au, Ag, or Al,O5 nanoparticles, i.e., ¢ < < 1%, consider-
ably help improving heat transfer. Similarly, Ma et al. [32]
investigated the impact of Ag, SiO,, and Al20; nanopar-
ticles on the cooling performance of a microchannel heat
sink, and they noted an improvement of average convective
heat transfer coefficient up to 12.3%. They also optimized
the particle volume fraction. Mukherjee et al. [33] focused
on thermal performance and entropy generation charac-
teristic in a microchannel heat sink cooled by nanofluids.
The authors tested the impact of different nanofluids and
concluded that utilization of nanofluids attain an augmenta-
tion of up to 24.95% in heat transfer, while it reduces the
total entropy generation by 19.96%. Ho et al. [34] focused
on the single and mini- and microchannel stacked double
layer channel geometry of heat sinks cooled by nanofluids.
Regarding the examination on the geometry of heat sink, the
authors recommended the stacked double layer heat sink for
enhanced cooling capability. Yan et al. [35] studied the effect
of alumina and silica based nanofluids on the hydrothermal
performance of a microchannel heat sink, which has a fractal
channel structure by different levels. They found that the
alumina water can enhance the convective heat transfer coef-
ficient by 4% to 8.3%, while the pressure drop is increased
by 28.58% to 32.09%, depending on the initial velocities.
Even though the nanoparticles and metal foams can effec-
tively improve the energy transfer from the surface of elec-
tronic component to the cooler ambient, fins are indispen-
sable key components of a heat sink in electronic industry,
which can be also justified from numerous literature studies
involving heat sinks together with fins [36—38]. Besides,
fins in heat sinks not only improve heat conduction due
to being made of thermally conductive materials and hav-
ing extended surface area, but also they can significantly
alter the fluid flow passing around them [39, 40]. Hence, fins
have a double-sided effect in heat sinks where their overall
impact should be attentively evaluated, instead of evaluat-
ing them only for heat conduction augmentation. For this
purpose, researchers working in the field make significant
effort to reveal the most beneficial fin designs to enhance
heat transfer preserving the balance between the conduction

improvement and pressure drop. Fin shapes are crucial for
these designs, and a relevant study conducted by Yan et al.
[41] proposed a novel fin shape and numerically tested dif-
ferent arrangements to improve heat transfer. As a result,
the average Nusselt number was improved by up to 30%,
while attaining pressure drop via fin design. Lately, Azadi
et al. [42] investigated four different shapes of mini pin-fins,
namely square, trapezoidal, triangular and sinusoidal, in a
heat sink regarding their entropy generation behavior. They
stated that the lowest entropy generation was observed for
sinusoidal fins, which is 66.23% lower than the heat sink
with smooth channels taken as reference case. A resembling
study conducted by Khetib et al. [43] where different nano-
particle and pin—fin shapes were considered. Regarding the
outcomes of the study, the authors recommended using cir-
cular fins with brick-shaped nanoparticles to obtain the high-
est cooling performance among the investigated cases. The
angle of fins along with the fin geometry is also an impor-
tant parameter in heat sinks, and some novel fin designs are
investigated in the literature by various researchers to fur-
ther achieve an enhancement, such as oriented square shapes
[44] and airfoil shape [45], considering the aim of attaining
less pressure drop and higher cooling performance, which
is achieved as reported. Such specific designs are generally
used for altering the fluid flow, which enhances convective
heat transfer inside the heat sink. Related to that, Zheng et al.
[46] recently explored the cooling effectiveness of longitu-
dinal vortex generators (LVG) in mini-channel heat sinks,
which is another technique for heat transfer enhancement by
using the flow-altering feature of such fins, as mentioned in
the previous paragraph. Consequently, the authors brought
a suggestion about the designed LVG after investigating the
geometrical parameters. They pointed out the trapezoidal
cross sections of the LVG for a superior heat transfer over
rectangular cross sections. Furthermore, the authors pre-
sented the highly effective optimal geometrical parameters
of the LVG, which yields a larger performance evaluation
criterion (PEC). Focusing on channel geometry, Wang and
Chen [47] investigated the effects of Koch fractal structure
and nanofluid utilization on the thermal performance of
a heat sink. The authors recommended the staggered baf-
fle distribution inside the microchannel for a superior heat
transfer, compared to other investigated distributions. Fur-
thermore, the authors emphasized that increasing nanopar-
ticle concentration is beneficial only up to a certain point.
Li et al. [48] studied the hydrothermal performance of a
microchannel heat sink having ribs and pin-fins. They used
straight rectangular ribs where the rectangular cross-section
fins are located between the ribs. The authors put an empha-
sis on the height of the ribs and pin-fins in order to improve
heat transfer performance.

Effects of LVGs in heat sinks are studied in various
research works considering different points of views. At this
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point, Zhang et al. [49] explored that the length and number
of LVGs have a significant role in improvement of Nu and
overall efficiency, compared to other examined parameters,
and these two quantities can be augmented up to 23.6% and
7.2%, compared to the reference case with original heat sink,
according to the findings of the study. In a similar work,
Zhang et al. [50] explored the impacts of twisting the ribs in
the minichannels of a heat sink, and the researchers consid-
ered different twist angles ranging from 0 to 45° for the top
and bottom of the ribs, while they additionally investigated
the effect of their heights. The authors reported in this study
that the highest cooling performance is achieved by using a
rib having 0° top angle, 45° bottom angle along with 0.5 mm
rib height, and they pointed out that twisted structures have
a great potential for improving overall performance of mini-
channel heat sinks.

Twisted rib or fin geometries were also found to be ben-
eficial for heat sinks of electronic components in some
experimental works of other research groups [51, 52].
Despite clearly having potential advantages for controlling
the fluid flow and heat transfer inside the mini-channel heat
sinks, the utilization of twisted ribs has been included in
few studies in the literature. More importantly, the existing
studies focusing on twisted ribs consider these geometries
as a one row inside the channel, while they were considered
to be dual parts in two different rows inside the mini chan-
nel within the scope of the present work. Furthermore, this
study contributes to the existing literature by investigating
the entropy generation characteristics when using double
row twisted ribs, which are twisted both from bottom and top
sections at different angles. In addition to that, elaboration
the effects of using a biologically synthesized nanofluid on
the fluid flow and heat transfer has not yet been investigated
by the researchers, and it is foreseen that this would bring
up another novel contribution to the field. At this point, in
the present numerical study, different values for the bottom
twisted angle (a) and top twisted angle (f) are considered

Fig.1 Schematic representa-
tions of a isometric view of
mini-channel geometry, b
sectional side-view, ¢ top-view
and d single LVG [46] are given
in order to illustrate the inves-
tigated twisted rib geometries
inside the minichannel heat sink
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for both rows separately. Moreover, the effect of volume
concentration of nanofluid (=0, 0.1%, 0.5%, and 1%) and
Reynolds number (Re =500, 1000, 1500, and 2000) on the
results has been investigated. As the present work presents
a comprehensive insight into the hydrothermal performance
and EG characteristics of twisted rib mini-channel heat
sinks, it is hoped that the outcomes can be guidance for the
researchers and engineers conducting studies in the field.

The paper continues thereafter with a detailed description
of the problem and its mathematical modeling. Afterwards,
the numerical procedure for the solution of the problem is
presented together with the experimental verification of the
numerical method. Then, the results are presented and dis-
cussed for hydrothermal performance and entropy genera-
tion, which are considered under two different subsections.
Lastly, the conclusions drawn from the work are critically
presented.

Problem description and mathematical
modeling

The schematic views and dimensions of the considered mini-
channel geometry for the heat sink can be found in Ref. [46]
and are shown in Fig. 1. The ribs in the channel are twisted
with different angles maintaining the length and width of the
ribs as 1 mm and 0.2 mm, respectively, as per the twisted rib
definition presented in [50]. Thereby, regarding this twisted
rib definition for the presented mini-channel geometry with
double-row ribs, there are 12 different combinations of heat
sink channel with twisted ribs investigated, whereas plus-
one case is included as the reference case where the ribs
are not twisted. The front views of these twisted combina-
tions along with the reference case are shown in Fig. 2. The
bottom twist angles of the dual ribs (a; and a,) and top
twist angles (#, and f,) corresponding to the designed 12
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Fig.2 Front views of the all
considered twisted rib cases
together with the twist angle
values for each rib are shown.
The base case includes the

ladd Lhdd LA Lah

> - Case 1 Case 2 Case 3 Case 4 Case 5
non-twisted ribs inside the
minichannel, while the ribs are
twisted from top and/or bottom
sections by various angles in all
other cases
Case 6 Case 7 Case 8 Case 9 Case 10
Case 11 Case 12 Base case
Tal?le 1 ]i‘iSt Off I})lottoml a?d top Cases Bottom twist angle of ~ Top twist angle of Bottom twist angle of ~ Top twist
twist angles of the dual ribs rib 1 /a, rib 1 /8, rib 2 /a, angle of rib
located inside the mini-channel 218
corresponding to designed cases 2
Case 1 45° 0° 45° 0°
Case 2 —45° 0° 45° 0°
Case 3 —45° 0° —45° 0°
Case 4 45° 0° —45° 0°
Case 5 0° 45° 0° 45°
Case 6 0° —45° 0° 45°
Case 7 0° —45° 0° —45°
Case 8 0° 45° 0° —45°
Case 9 45° —45° 45° —45°
Case 10 —45° 45° 45° —45°
Case 11 —45° 45° —45° 45°
Case 12 45° —45° —45° 45°
Base case 0° 0° 0° 0°

Cases for twisted ribbed mini-channel heat sink are shown
in Table 1.

The coolant circulating through the heat sink channels
is assumed to be Newtonian and incompressible, while the
flow is considered laminar and steady. Biologically synthe-
sized silver/water nanofluid is considered as coolant in the
present work where the thermophysical properties of the
base fluid and nanoparticles are given in Table 2 [53]. It
is worth noting here that although there are various types
of nanoparticles with different advantages such as the cost-
effective ZnO particles [54], the Ag nanoparticles have a
remarkably higher thermal conductivity that can boost up
heat transfer significantly. Furthermore, the Ag nanoparticles
considered in the present work are produced via an environ-
ment- and eco-friendly production process where the green
tea leaf extracts are utilized, which is a biological and natu-
ral material used during the nanoparticle synthesis process.

Table 2 Thermophysical properties of solid nanoparticles and base
fluid are given. The solid nanoparticles are biologically synthesized
via a green method

Property Ag Water
Density/kg m™ 10,500 997.1
Viscosity/kg m™! 7! - 0.001003
Specific heat capacity/J kg™! K 235 4179
Thermal conductivity/W m~! K~! 429 0.613

The mathematical model for the solution of parametric
investigation of interest involves continuity, momentum,
and energy equations along with the consideration of
two-phase mixture model. Therefore, the aforementioned
equations under the consideration of steady-state laminar
flow, where the frictional losses and the radiative heat
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transfer are neglected, can be respectively given as fol-
lows [55-57]:

V- (p,V,) =0 (1)

V. (annvn) ==-Vp,+V: (anvn)

2

+V - (pppVapVap + (1 = 9)psVasVar) @
V- [(@V,Cpp+ (1= @)V;Co () T| = V - (kVT) 3)
v ((ppan) ==V ((pppr) 4)

The symbols p, T, and V indicate the pressure, tempera-
ture, and mass-average velocity, respectively, whereas the
subscripts n, p, f, and d respectively stand for nanofluid,
nanoparticle, base fluid, and drift. Nanoparticle volume
fraction, density, and viscosity are signified by ¢, p, and g,
while specific heat and thermal conductivity are symbol-
ized by C,, and k, respectively. The mass-average velocity
and drift velocity of the nanoparticles can be expressed as
follows [55, 58]:

Vo= o Vil pa )
k=1
Vaxk = Vo = Z P Vik/ Pa (6)
i=1

In the above equation, V,; signifies the relative velocity
between a particle and the main fluid, and it is calculated
as follows [59, 60]:

Py (P = Pa)
ot 1 Sﬂfppfdrag

In the equation giving the relative velocity, the gravita-
tional acceleration, diameter of the nanoparticle, and the
drag coefficient are respectively denoted by g, d,,, and f,,.
The drag coefficient is given by the equations as follows
[61, 62]:

(g - (an)vn) = Vp -Vi @)

P 0.15Re)*” — Re < 1000
%€ 7\ 140.15Re, - Re > 1000 ©

The boundary conditions required for the solution of
the above-mentioned governing equations of the problem
involves a constant temperature at the inlet section, which
is considered 293 K, while the coolant is assumed to be
discharged to the atmosphere. A heat flux value of ¢’ =
100 kW m~2 is imposed constantly to the bottom surface
of the heat sink, and all the remaining walls as well as
the top cover are considered as perfectly insulated. The

@ Springer

velocity and temperature profiles at the inlet section are
uniform, and no-slip boundary condition is considered at
the internal walls.

The thermophysical properties of the utilized nanofluid
are estimated by various correlations involving the particle
volume fraction along with the properties of the base fluid
and the nanoparticles. The density and specific heat of the
nanofluid are determined regarding the well-known mixture
rule, which is expressed as follows [63]:

pn = (1= @)p;+ @p, ©

Cp,n = [(1 - (p)pfcp,f + q)ppcp,p] /pn (10)

The dynamic viscosity and thermal conductivity of the
Ag/water nanofluid are obtained using following equations,
where the thermal conductivity of the coolant is considered
to be dependent on the temperature, (7 in Celsius) [64].

My =1 +2.50)u; (11)

k. = k;0.00114T + 30.661¢ + 0.981] (12)

Several performance parameters are defined within the
framework of the present study in order to accurately evalu-
ate the hydrothermal performance and EG characteristics
of the nanofluid flowing through the twisted rib heat sink.
The highest temperature reached on the CPU is an important
parameter that measures the degree of cooling. In addition to
that, CHTC denoted by 4, and the index of temperature uni-
formity (@) are significant indicators for the determination
of the level of convective heat transfer and the uniformity
of temperature distribution on the CPU, respectively. These
are defined by the following expressions [59]:

/!

q
g C— 13
TCPU,mean - Tm ( )
T max T min
0 = CPU,ma CPU, (14)

q//

Here, the subscripts of the temperature values, max, min,
and mean respectively stand for the maximum, minimum,
and mean temperature values on the CPU, while T, indicates
the arithmetical average of the fluid temperature of the inlet
and outlet. Also, it should be stressed out that a lower 0
indicates a more uniform temperature distribution on the
CPU where the possibility of hot-spot phenomenon is lower.

Apart from cooling performance, pumping power is a
crucial performance parameter as well, due to the fact that
using nanofluids are likely to alter the pressure drop as the
dynamic viscosity and density considereably change by the
addition of solid nanoparticles into a base fluid. Therefore,
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pumping power required to circulate the nanofluid through
heat sink is evaluated within the present work as given below
[65, 66]:

W= Vap (15)

In the given equation, W, V, and Ap respectively denote
the pumping power, volumetric flow rate, and the pressure
drop. A holistic determination of heat transfer performance
along with pressure drop characteristics to fully understand
the hydrothermal performance from these two points of view
is needed to obtain a reasonable assessment. Thus, the PEC
is defined as follows, which indicate the relative augmen-
tations in both CHTC and pressure drop in the examined
twisted rib cases, compared to the base case [67, 68]:

hCase—n /hBasecase

( ApCase—n /ApBasecase

PEC =

)1/3 (16)

A similar relation is established to assess the benefits of
nanofluid utilization, which is the figure of merit (FoM), and
it is defined as follows [69, 70]:

hn/hf

FoM = —MMM—
(Apn/Apf>1/3

a7

The performance evaluation of the twisted rib heat sink is
conducted regarding both first and second laws of the ther-
modynamics. Hence, the EG within the coolant is investi-
gated for all considered cases. The EG can be divided into
two branches here: (i) frictional entropy generation (FEG)
mainly occurred due to the fluid flow intensity and pressure
drop inside the heat sink, and (ii) thermal entropy generation
(TEG) arisen because of the variations in the temperature
gradient i.e., conductive and convective heat transfer. These
two types of EGs, namely FEG and TEG, can be locally
expressed per unit volume, as respectively given below [71,
72]:

" _”n aux : au}’ : auz ?
s | () (%) + (%)
ou,  Ouy ? ou, Ou, 2 ou, Ouy :
+<0y +E> +<0Z " 0X> +<0y +0_Z>
k[ ror\? . (or\* . (0T’
M = o (_) +(Z&£) + (&£
fr 12 l 0x dy 0z (9

Sow = St + Sy (20)

(18)

In the above equations, the subscripts fr and th stand for
the frictional and thermal. The velocity components in the
x, y, and z directions in the Cartesian coordinates are given
by u,, Uy, and u,.

The global entropy generation values for frictional and
thermal parts can be obtained by integrating the local val-
ues over the entire domain volume (V*), and this can be
mathematically expressed as follows:

S =/ SyAViSy, = [ SdV S = [ SigadV"@21)

total

Numerical implementation

The three-dimensional steady-state problem in consid-
eration is handled with a finite-volume based commer-
cial CFD solver ANSYS Fluent 18.1, where the pres-
sure—velocity coupling is implemented by SIMPLE
algorithm. Discretization of the convective terms are car-
ried out by second-order upwind scheme, and the conver-
gence criteria is set to 107° for the solution of all consid-
ered governing equations within the problem.

In order to assure the solution is not dependent on the
grid, five grids with different numbers of elements were
prepared for Case 12 and the Tcpy o and Ap were deter-
mined at ¢ =1% and Re =2000 by using them. Regard-
ing the outcomes of the study given in Table 3, it was
found that increasing the number of elements to more than
4,467,209 has a negligible effect on the results, and as a
result, the grid with 4,467,209 elements was chosen to
perform the required simulations.

Ensuring the validity of the results is of utmost impor-
tance for numerical studies. Therefore, the experimental
study of Liu et al. [73] in the literature was considered
for verification of the present numerical procedure. In
the considered experimental work [73], hydrothermal
performance of silicon-made rectangular microchannel
with five pairs of LVGs is taken into account, where the
coolant is pure water. For the experimental verification
of the current numerical implementation, the dimensions
and boundary conditions reported in Ref. [73] were con-
sidered for the microchannel, and the thermophysical

Table 3 Results of the grid independence test are presented, and it
is observed from the set of simulations that increasing the number
of elements beyond 4,467,209 has insignificant effect on the results
which ensures that the solution is independent from the grid when the
number of elements is considered 4,467,209

Number of elements TepymadK Ap/Pa
1,163,365 305.496 1943.548
2,439,901 303.902 1877.001
3,476,003 302.567 1811.43
4,467,209 301.478 1761.964
5,203,654 301.355 1758.779
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properties mentioned in Ref. [74] for silicone were taken
into account. The microchannel performance investigated
in Ref. [73] was simulated by applying the numerical
method described in this research. The results obtained
from two studies for the average Nusselt number at differ-
ent Re values are shown in Fig. 3. The maximum differ-
ence between the findings of the two studies is less than
11.9%, and this difference can be attributed to the experi-
mental laboratory conditions and circumstances in the
experimental work, which cannot be fully compensated by
numerical works. Furthermore, it was also indicated in the
experimental work considered for the validation study that
the uncertainty in Nusselt number increased by increasing
Reynolds number. Hence, considering the experimental
nature of the study performed in Ref. [73], the validity of
the numerical model is regarded to be acceptable.

Results and discussion

This work explores the effect of twisted ribs with different
top and bottom twist angles on the hydrothermal perfor-
mance and EG behavior of the nanofluid-cooled heat sink.
The considered nanofluid has biologically synthesized Ag
nanoparticles, which makes it an environment-friendly prod-
uct. The study involves four different Reynolds numbers
(Re=500, 1000, 1500, and 2000) and four different nano-
particle volume fractions including the base fluid (¢ =0%,
0.1%, 0.5%, and 1%), along with 12 different cases of twisted
ribs and one base case as reference. The discussion of the

Nusselt number

—a— Experimental results [73]
—e— Present work

| | | 1 |
200 300 400 500 600
Reynolds number

Fig.3 Comparison of the results for the model validation is given,
and the discrepancy between the present results and the experimental
results in the relevant literature is less than 11.9% which assures the
credibility of the present numerical solution, considering the experi-
mental conditions of the study presented
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results are handled in two different subsections, namely
hydrothermal performance and entropy generation charac-
teristics. The outcomes for hydrothermal performance are
discussed over velocity and temperature contours, and the
predefined performance parameters such as CHTC, maxi-
mum temperature, temperature uniformity index, PEC, and
FoM. Under the second subsection, the entropy generation
characteristics are discussed over contours illustrating local
FEG and TEG values and the figures displaying their global
values. It is expected that the discussion of the results pro-
vide an insight to the effects of twisted ribs on the aforemen-
tioned phenomena.

Hydrothermal performance

The basic understanding of the flow structure of the heat
transfer fluid including nanoparticles which circulates in the
minichannels can be well attained by the examination of
velocity contours along with vectors. Figure 4 depicts the
velocity contours together with the vector illustration for
all investigated cases at Re=2000 and ¢ =1%. It is clearly
noticed from these contours that the nanofluid has a rel-
atively higher flow resistance in the base case, where no
twisted geometry is considered, compared to the other cases
which include twisted ribs. Furthermore, it is also noticed
that the nanofluid flow becomes smoother examining the
contours from Case 1 through Case 12. This means that,
especially when the considered ribs are twisted from both
top and bottom parts, the flow turns out to be smoother while
passing around the twisted ribs inside the mini-channel. This
is because of the relatively lower viscous effects caused by
the friction factor in twisted rib cases, compared to the refer-
ence case where the rib body is bluff and leads to a higher
friction factor. This impact is more profound when the ribs
are twisted at both top and bottom due to the fact that the
bluffness of the rib geometry is thereby decreased, hence,
it leads to a lower effect on velocity boundary layer and a
reduction in pressure drop. In consistency with this inter-
pretation, it is noted that the nanofluid velocity is noticeably
higher while passing around the ribs in base case, which
indicates a Venturi effect between the bluff body ribs. On the
other hand, especially in Cases 2, 10 and 12, the fluid veloc-
ity is relatively lower compared to other cases, pointing out
a smoother transition of the nanofluid through these twisted
ribs. More insight can be given by the velocity contours of
the base case as well as Case 2, 10, and 12, which are marked
by the red dashed frame focusing on the twisted rib geom-
etries. As seen from the figure indicating these particular
areas, the fluid velocity is noticeably low in front of the ribs
of the base case. This shows that the untwisted rib geometry
in the base case constitutes a barrier for the upstream, which
causes a significant flow resistance. In addition to that, this
phenomenon causes a relatively larger low-velocity zone
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Case 9 Case 8 Case 7 Case 6 Case 5 Case 4 Case 3 Case 2 Case 1 Base case

Case 10

Case 12 Case 11

Fig.4 Velocity contours are given inside the heat sink for the base
case and the Cases 1 to 12 at ¢=1% and Re=2000. It is observed
that the flow velocity around the nontwisted ribs in the base case is

downstream of the flow behind the ribs, meaning that there
is a backflow which may deteriorate the flow structure and
convectional motions. On the other hand, the resistance is

1.10 1.47 ms™
]

relatively higher compared to other cases due to the narrowing flow
path through the ribs, while twisting the ribs from bottom and top
attains a smoother fluid flow around the ribs

lower in front of the twisted ribs, particularly given in Case
2, 10, and 12, which is reflected to the contours with smaller
low-velocity zones, both upstream and downstream of the
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«Fig.5 Temperature profiles on the CPU surface are illustrated for the
base case and the Cases 1 to 12 at ¢ =1% and Re=2000. It is clearly
seen that the temperature is significantly high for the Cases 2, 10, and
12 together with hotspots. In the base case, the temperature values are
lower indicating a higher rate of cooling compared to other cases hav-
ing twisted ribs

flow. As evidently seen from the figure, the velocity values
are larger behind the twisted ribs due to smoother fluid flow
around the twisted ribs, which consequently help reducing
pressure drop.

Considering the convective heat transfer inside a heat
sink, such as the problem of interest within the present work,
the fluid flow structure has a direct impact on the tempera-
ture distribution on the CPU, which is shown by isotherms
given for Re=2000 and ¢ =1% in Fig. 5. Examining all
the given contours for all cases holistically, the tempera-
ture on the heat sink is lower near the inlet section as well
as the middle regions, whereas the temperature exhibits a
significant increase through the outlet section. The reason
is that the temperature gradient in the direction from the
CPU surface to the nanofluid flow is high around the inlet
region, which leads to a high heat transfer from the CPU
surface. However, the temperature difference between the
nanofluid and CPU surface decreases while the heat transfer
fluid (HTF) flows towards the outlet section since the nano-
fluid rejects heat from the CPU surface, and its temperature
increases because of this energy absorption. Thus, through
the outlet section, the temperature gradient in the direction
from CPU to nanofluid decreases, which consequently leads
to a lower heat transfer. Therefore, the regions near the out-
let section of the mini-channel are at higher temperatures.
Yet, considerable differences between the temperature dis-
tributions in the examined cases are obviously seen from the
contours because of the variation of flow structures caused
by different twist angles of the ribs. Drawing attention by
noticeably cooler CPU surface compared to other cases,
the cooling performance of the nanofluid in the base case
is remarkably high. On the other hand, significantly higher
temperatures are observed in the regions near the outlet
section of the Cases 1 to 12, and these high-temperature-
regions are significantly larger compared to base case. In
addition to that, some cases, such as Case 1, 2, 3,9, and 12,
exhibit notable hotspots on the CPU surface, which indi-
cates an ineffective cooling. Also, it can be inferred that
the cases which have ribs with twist angles smoothing the
fluid flow yields higher temperatures or even hotspots on
the CPU surface. The reason why this phenomenon occurs
is the relatively unrestricted and freer flow of the nanofluid
in the cases such as Case 2, 10, and 12, where the nanofluid
does not make strong vortices and complex enough fluid
structure that can boost up the convective currents. Hence,
an easier passage of the nanofluid around the ribs decreases

the effectiveness of the heat transfer, i.e., the cooling rate
from the CPU. Relatedly, it is evidently noticed from the
contours that the regions around the highly twisted ribs (such
as the aforementioned Cases 2, 10, and 12) are at a higher
temperature, compared to the base case. On the other hand,
a higher pressure drop may be expected in the cases, where
the fluid flow is relatively more restricted, e.g., the base case.
Therefore, a holistic examination is needed in such cases in
order to fully understand and reveal the hydrothermal per-
formance of the minichannel geometry. For this purpose,
the heat transfer enhancement and pressure drop should be
evaluated as a whole, and a performance evaluation criterion
(PEC) was also defined within the present work to reveal the
overall performance.

CHTC obtained by the computations are given with
respect to variation of ¢ at different Reynolds numbers in
Fig. 6. An overview to the line graphs shows that increasing
nanoparticle volume fraction causes a remarkable enhance-
ment in the CHTC for all investigated cases. Since the nano-
particles added into the base fluid enhances the effective
thermal conductivity, the heat transfer capability of the HTF
increases, which provides a higher rate of heat rejection.
Furthermore, Brownian-motion effects are also an important
parameter causing an enhancement in the CHTC. Besides,
an obvious increase in the CHTC is seen with increasing Re,
which is caused by increasing flow intensity leading to an
intensification of convection currents. More interestingly, it
is seen that the base case exhibits remarkably higher CHTC
values compared to other 12 cases, where the ribs are twisted
from top and/or bottom with angles ranging from -45° to
45°. This can be grounded upon the complex flow charac-
teristic caused by the bluff structure of the ribs in the base
case, which leads to more intensified convection currents, as
previously discussed over velocity and temperature contours.

Quantitative evaluation of the nanoparticle effect can
be expressed by the comparison of the results at Re =500
and Re =2000, as the lowest and highest considered Re,
and for the base case and Case 12 which are seen to yield
the highest and lowest CHTC values among the inves-
tigated cases. At Re =500 in the base case, addition of
the particles at a volumetric concentration of ¢ =0.1%,
0.5%, and 1% enhances CHTC by 1.4%, 7.0%, and 13.5%,
respectively, compared to ¢ =0. At Re =2000, these aug-
mentation rates regarding the same volume fractions are
1.3%, 6.2%, and 11.6%, respectively. Considering Case
12, the enhancement caused by the addition of nanopar-
ticles is 1.4%, 6.7%, and 12.9% at Re=500, and 1.2%,
5.6%, and 10.6% at Re =2000, when the volume concen-
tration is switched to ¢ =0.1%, 0.5%, and 1%, respectively.
Although the enhancement rates in the base case and Case
12 are similar for the investigated Re, yet it is noticed that
the augmentation is slightly higher in the base case, which
is related to the flow characteristics allowing nanoparticles
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Fig.6 CHTC values are given for all investigated cases with respect
to variation of ¢ at a Re=500, b Re=1000, ¢ Re=1500, and d
Re=2000. For all Re, the CHTC is higher for the base case. Besides,

to contribute more to the heat transfer by their complex
motion inside the fluid as well as the Brownian effect.
Furthermore, the impact of nanoparticles is relatively
more dominant at low Re since they are more effective
in conduction-dominant cases, as pointed out in various
literature studies [75]. Besides, Case 12 is noted to have
the lowest CHTC at Re =1000, 1500, and 2000. Although
it exhibits a slightly higher CHTC compared to other three
cases at Re=500, Case 12 can be regarded as the worst
case from this point of view. In addition, Case 4 is seen to
have a moderate CHTC as deduced from the figure. Thus,
the base case, Case 4, and Case 12 can be selected for
evaluating the performance of ribbed mini-channel heat
sink at different twist angles of ribs. Thereby, to com-
pare the CHTC among these selected cases at Re =2000
and ¢ =1%, it was computed that the CHTC in Case 4
and Case 12 are respectively 11.6% and 15.8% lower,
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it significantly increases by increasing ¢, which reaches up to 13.5%
in the base case. In addition, Re has a direct impact on the CHTC,
thus, its increase remarkably increases the CHTC values

compared to that in base case, due to the above-mentioned
physical phenomena related to fluid flow.

Effect of CHTC variation regarding the flow structures
and heat transfer characteristics depending on twisted rib
geometries is reflected to the maximum temperature values
on the CPU surface, which are shown in Fig. 7. In the pre-
vious discussion, the CHTC was found to be significantly
higher in the base case compared to other cases; hence, the
maximum temperature value observed on the CPU surface
is notably lower in the base case, at all Re and ¢ values.
Besides, Case 12 is noted to have the highest CPU tem-
perature at Re =1000, 1500, and 2000. For the same reason
explained in the previous paragraph for CHTC, the base
case, Case 4, and Case 12 can be selected for evaluating
the cooling performance of ribbed mini-channel heat sink at
different twist angles of ribs. At Re=2000 and ¢ =1%, the
maximum temperature of the CPU is respectively 0.99 K and
1.31 K higher in Case 4 and Case 12, compared to the base
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Fig.7 Maximum temperature values are presented for all investi-
gated cases with respect to variation of ¢ at a Re=500, b Re =1000,
¢ Re=1500, and d Re=2000. Related to the increment in CHTC, a
significantly larger cooling rate is ensured in the base case, and the
maximum temperature values are obtained to be the lowest in the

case, which shows that the bluff structure of the ribs, i.e., no
twisting effect, ensures a higher rate of cooling. Considering
the quantitative effect of nanoparticle addition in the base
case at Re =2000, it was computed that inclusion of Ag par-
ticles at a concentration of ¢ =0.1%, 0.5%, and 1% brings a
reduction in the maximum temperature around 0.06 K, 0.28
K, and 0.50 K. Compared to nanoparticle enhancement, the
numerical outcomes revealed that the effect of Re on the
cooling performance is superior. For instance, in the base
case at @ =1%, when Re is progressively augmented from
Re =500 to Re=1000, and then to Re=1500, and lastly to
Re=2000, the reduction in the maximum temperature was
calculated as 6.43 K, 3.02 K, and 1.67 K, respectively. On
the other hand, the reduction effect of Re increment on the
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base case. In the cases having twisted ribs from top and bottom, the
reduction in the maximum CPU temperature is limited, due to the
smoother fluid flow and its ineffectiveness in heat rejection. Besides,
nanoparticle addition significantly helps reducing maximum tempera-
tures on CPU surface, reaching up to 0.50 K

maximum temperature is more profound in Case 12, which
was calculated to be 8.50 K, 3.42 K, and 1.94 K, for the
same increment progression of Re. This is attributed to the
flow structure in Case 12, which has likely lower pressure
drop because of the shape of twisted ribs. Hence, increasing
Re attains a more effective cooling because of higher inertial
forces acting on the fluid, compared to viscous forces. Nev-
ertheless, considering the overall outcomes, the base case
with untwisted ribs ensures obviously a higher cooling per-
formance due to exhibiting a more complex flow structure
triggering the onset of convection currents.

Temperature uniformity is an important parameter for
heat sinks. Even if the average temperature on the CPU
could be in an acceptable range, hotspots may occur on the
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Fig.8 Temperature uniformity index is presented for all investigated
cases with respect to variation of ¢ at a Re=500, b Re=1000, ¢
Re=1500, and d Re=2000. At Re=500, the temperature uniform-
ity is significantly dependent on twist angles. Besides, temperature

CPU which are hazardous for its operation since they can
damage a certain portion or part of the CPU due to exces-
sive local temperature rise. Therefore, the results of the tem-
perature uniformity index defined in the previous section are
given in Fig. 8. Similar to the previous discussions, the base
case has the lowest temperature uniformity index, which
means that the temperature distribution is the most uniform
in this case, compared to other 12 cases. On the other hand,
the cases having twisted ribs cannot ensure a temperature
distribution as uniform as in the base case. Referring to the
temperature contours given in Fig. 5, the cooling effect of
the nanofluid on the CPU surface is higher at the inlet sec-
tion of the mini-channel, and it decreases towards the outlet
due to the heat rejection by nanofluid which decreases the
temperature difference between the CPU surface and nano-
fluid. Nonetheless, in some cases, the temperature difference
between the inlet and outlet sections is high, which causes
a temperature non-uniformity along the mini-channel, and
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uniformity index is the lowest for the base case indicating that the
temperature is the most uniform in this case compared to other inves-
tigated ones

thus, endangers the operation of CPU. The reason for this
high temperature non-uniformity in cases such as Case 9, 10,
or 12 is that the twisted ribs aid the fluid flow to be smoother
without any significant impediment along the mini-channel.
Thus, the HTF does not exhibit any vorticity or complex flow
that help boosting the heat transfer. Hence, the HTF cannot
effectively reject heat as it directly passes through the mini-
channel, which causes an inefficient cooling and a larger
temperature in the regions of CPU surface near the outlet. As
another parameter investigated, increasing Reynolds num-
ber significantly decreases the temperature uniformity index,
which means that a more uniform temperature distribution is
obtained on the plane. As seen from the figure, the tempera-
ture uniformity index in the base case decreases roughly 70%
when Reynolds number is increased from Re =500 to 2000.
Besides, nanoparticle addition is also helpful for achieving
temperature uniformity. However, its impact on this achieve-
ment decreases noticeably by increasing Reynolds number,
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which is expected due to the fact that nanoparticles are more
beneficial in conduction-dominant heat transfer, while their
enhancement effect decreases when convective heat transfer
dominates the situation.

Using a pump is a necessity to compensate the pressure
drops occurring due to various reasons along the mini-chan-
nel. These pressure drops are sourced by several aspects such
as the geometry of the twisted ribs in the mini-channel, level
of Re, and the concentration of nanoparticles in the HTF.
Therefore, pumping power requirement is shown in Fig. 9
for all the investigated cases. Unlike the cooling perfor-
mance, the base case shows the worst hydraulic performance
inside the mini-channel by requiring the highest pump-
ing power, which is sourced by significantly higher pres-
sure drop compared to other examined cases. The twisted
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Fig. 9 Pumping power is given for all investigated cases with respect
to variation of ¢ at a Re=500, b Re=1000, ¢ Re=1500, and d
Re=2000. Increasing Re leads to a remarkable increase in pressure
drop, hence, in pumping power. Addition of nanoparticles noticeably

geometry of the ribs considerably decreases the pressure
drop inside the mini-channel due to having lower friction
factor caused by their curvy body rather than a bluff body
structure. Hence, heat sinks having this type of twisted ribs
require lower pumping power. Moreover, the cases having
both ribs twisted at the top and bottom sections in oppo-
site directions, i.e., Case 10 and Case 12, have the lowest
pumping power requirement, since they constitute a smooth
passage geometry for the fluid flow. Quantitative outcomes
revealed that the pumping power required for the heat sink
in Case 4 is lower by 28.1%, 31.4%, 33.8%, and 35.0% at
Re =500, 1000, 1500, and 2000, respectively, compared to
the requirement in the base case. In Case 12, these reduction
rates are more profound, and they are respectively 33.5%,
38.1%, 41.9%, and 43.9% lower at Re =500, 1000, 1500, and
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decreases the required pumping power due to its relative impacts on
viscosity and density. Consideration of twisted rib structure instead
of untwisted one can decrease pumping power requirement by up to
43.9%
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2000, compared to the base case. It is worth noting that the
rate of decrease in pumping power increases with increas-
ing Re, which indicates that the twisted ribs are remarkably
advantageous for preventing pressure drops in minichannels,
especially at high Re. Therefore, this type of twisted geom-
etry, particularly as in Case 10 or 12, can be recommended
for the heat sink applications where pressure drop is critical.

A holistic evaluation of the enhancement in the CHTC
versus the augmentation in pressure drop in case of using
twisted ribs in the considered heat sink is defined by PEC,
where the value of the base case is given as 1 for all inves-
tigated parameters, as shown in Fig. 10. As seen from the
figure, at Re=500, all PEC values of twisted rib-cases are in
the range of 0.81 to 0.91 and lower than that of the base case,
which means that their overall hydrothermal performance is
lower than the base case. When Re is increased one level,
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Fig. 10 PEC values are presented for all investigated cases with
respect to variation of ¢ at a Re=500, b Re=1000, ¢ Re= 1500,
and d Re=2000. An overall evaluation of hydrothermal performance
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i.e., to Re=1000, only Case 4 exhibit slightly higher PEC
values, while Case 8 and 10 show almost the same PEC val-
ues as in the base case. However, it is seen that the number
of twisted ribs cases yielding higher PEC values than the
base case increases as Re increases. As seen from the figure
given for Re=2000, almost all cases have higher PEC values
compared to the base case, which are between 0.99 and 1.05.
Related to the previous discussion, this variation of PEC
with respect to Re is observed because the reduction in the
pressure drop caused by the twisted ribs is more profound
at higher Re, while the cooling performance of the twisted
rib-cases are lower at low Re. Hence, it can be deduced from
the PEC values giving the idea for the overall hydrothermal
performance that the twisted ribs can be beneficial for higher
Re. To sum up here, the twisted fins in the minichannels of
the heat sink can regulate the fluid flow and reduce pressure
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shows that the cases having highly twisted ribs, such as Case 10, have
a larger PEC values at large Re. At lower Re, e.g., Re=500 and 1000,
the twisted ribs are not advantageous for hydrothermal performance
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drop. Nonetheless, as can be seen from the computed PEC
values, which are useful indicators describing the relative
effects of the twisted ribs on the heat transfer and pressure
drop holistically in each case, the benefits of using twisted
fins are noticeable at relatively higher Reynolds numbers. It
is clear that the heat transfer in heat sinks can be enhanced
by various methods; however, the pressure drop should not
be excessively increased to a level deteriorating overall per-
formance, and it needs to be considered within this scope
since it may result in high pumping power requirements. The
practical applications where this structure may be possibly
used include high heat dissipating electronic devices, high
performance computers, and lithium-ion battery packs used
for various electric vehicles, where the energy consumption
for pumping and heat transfer are both crucial.
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Fig. 11 FoM values are depicted here for all investigated cases with
respect to variation of ¢ at a Re=500, b Re=1000, ¢ Re=1500,
and d Re=2000. Regarding the trends and values of FoM, addition
of nanoparticles has a remarkably beneficial impact on hydrother-

The figure of merit (FoM) is presented previously to
elucidate the impact of nanoparticle addition on the hydro-
thermal performance inside the minichannels, and the rel-
evant results are shown in Fig. 11. Given its definition, in all
examined cases, FoM value is unity when the nanoparticle
volume fraction is ¢ =0%, which means the HTF is the pure
water. As can be seen from the figure, nanoparticle addition
ensures a higher FoM in each case, and the values are sig-
nificantly close to each other. Nevertheless, it is noticed that
the FoM values are slightly higher in the base case, espe-
cially at Re=2000. Quantitatively, at Re =2000, the FoM
value reaches up to 1.132 in the base case when ¢ =1%,
which indicates that the nanoparticle addition enhances the
overall hydrothermal performance in this case by 13.2%.
On the other hand, the FoM values at this Re are close to
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mal performance. In all cases, inclusion of nanoparticles exhibits a
significant improvement, and this improvement is around 13% for all
examined cases
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Base case
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Case 11 Case 10 Case 9 Case 8 Case 7 Case 6 Case 5 Case 4 Case 3 Case 2
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Fig. 12 Local FEG values are illustrated for the investigated cases at
@=1% and Re=2000 via contours. In the base case, as the ribs are
not twisted, the fluid flow is restricted around the ribs, which leads

each other and in the range of 1.122 to 1.126, meaning that
nanoparticle addition attains an enhancement between 12.2%
and 12.6% in case of twisted rib utilization. The reason for
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to a considerable increment of FEG around these areas. On the other
hand, the cases with highly twisted ribs, such as Cases 10, 11, and 12,
exhibit a smoother flow around the twisted ribs and yield lower FEG

this slight reduction in the twisted cases is that the pressure
drop is significantly lower compared to the base case even
though the heat transfer performance is also lower. Hence,
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Fig. 13 Global FEG values are given for the investigated cases
regarding the variation of ¢ at a Re=500, b Re=1000 ¢ Re=1500
and d Re=2000, and it is evidently seen that increasing Re increases

the reduction in the heat transfer performance is compen-
sated by the low pressure drop, as a result, the FoM values
of the twisted rib-cases were found to be close to the base
case with a slight decrease.

Entropy generation characteristics

In this subsection of the paper, the performance of this heat
sink geometry, i.e., the twisted ribs geometry is elucidated
as per the second law of thermodynamics. Thus, EG char-
acteristics are evaluated by considering the total EG in two
branches, namely the frictional and thermal entropy genera-
tion, abbreviated by FEG and TEG, respectively.

FEG contours, which display the local variations in the
FEG, are shown in Fig. 12 for all the considered cases at
Re=2000 and ¢ =1%. The regions where the FEG is intense
are evidently detected from the figure, and these regions are
near the ribs and near the lateral walls of the mini-channel.

(b) 1.1E-02f Re = 1000
1.0E- 02}
T
g 9.0E- 03
Toag ~—~
3 Q:aaﬂN --------
w ::..,..'.' Ao
- 8.0E- 03 !\
—=&— Base case "'"'*--.-... -~
—e— Case 1 —A— Case 2 —wv— Case 3 *
7.0E= 03} Case 4 Case 5 --%--Case 6
--@--Case7 Case 8 --®--Case9
&--Case 10 ------Case11 --3¢--Case 12
1 | 1 1
0 o0.1 0.5 1.0
Nanoparticle volume fraction/%
(d) Re = 2000
5.2E-02
4.8E-02
& 44E-02|
8 4.0E- 02
-

—&— Base case

3.6E- 02| —— Case1 —&—Case?2
Case 4 Case5 ~--»- Case6
--®- Case7 Case8 --®- Case9

32E-02 o . Case 10 --+-- Case 11 -->-- Case 12

1 I 1 1
0 0.1 0.5 1.0

Nanoparticle volume fraction/%

flow intensity, resulting in higher global FEG. As the ribs are not
twisted in the base case, the FEG is higher. Adding nanoparticles
helps reducing FEG at a certain rate in all investigated cases

This is because the FEG is directly related to the friction
factor and pressure drop of a fluid, and thus, FEG is higher
in the regions where the fluid flow is restricted, and the vis-
cous forces are dominant. In the base case, where the ribs
are not twisted and the nanofluid sharply interacts with the
solid surfaces, the FEG active zones are significantly large.
Furthermore, even after passing around the ribs, the FEG is
partially large in the mini-channel because of the nanofluid
has vortices and complicated flow structure which causes
considerable augmentation in FEG. On the other hand,
twisted rib utilization significantly reduces the high FEG
active zones inside the mini-channel as seen from the figure.
In particular, the cases with large twist angles at the bottom
and top of the ribs, such as Case 11 and 12, exhibit signifi-
cantly lower FEG around the ribs as well as downstream of
the flow since the nanofluid can easily pass between the ribs
without any complicity. In addition to these two cases, Case
1 is seen to have remarkably low FEG around the twisted
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Fig. 14 Local TEG values are illustrated by contours for the investi-
gated cases regarding the variation of ¢ at a Re=500, b Re=1000
¢ Re=1500 and d Re=2000. As a more effective heat transfer is
attained in the base case having no twisted ribs, the local TEG val-

ribs. Nevertheless, due to its rib geometry, the nanofluid flow
becomes relatively more chaotic through the downstream
although it smoothly passes around the twisted ribs. Hence,

@ Springer

ues in this case are noticeably lower. Nonetheless, the flow restriction
is low around the twisted ribs, especially in Cases 1, 2, 4, 10, and
12, and this leads to an ineffective heat transfer around these regions,
hence, the local TEG becomes higher

from an overall perspective, its FEG value is considered to
be higher.
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Fig. 15 Global TEG values are given for the investigated cases
regarding the variation of ¢ at a Re=500, b Re=1000 ¢ Re=1500
and d Re=2000. As Re is increased, TEG decreases due to larger
heat transfer and more effective cooling. In the base case, TEG is the

The global FEG values obtained by the integration of
the local values over volume are shown in Fig. 13. In paral-
lel with the interpretations made for the local values, it is
observed that the FEGs are significantly higher in the base
case, compared to the cases using twisted ribs. The more
flow restriction means the larger global FEG, due to the pre-
viously mentioned reasons. Selecting Case 4, and Case 12
for a quantitative comparison to the base case at ¢ =1%, it
was found that the FEG is respectively 26% and 31% lower
in Case 4 and Case 12, at Re =500, while these reduction
rates are 21% and 24% at Re =2000. Considering the impact
of nanoparticle addition on reduction of FEG, the numeri-
cal results revealed that incorporating nanoparticles into
the base fluid has a remarkable reduction effect on FEG.
Moreover, it was found that the reduction rate is independent
from the fin geometry (i.e., the cases) and Re, which can be
noticed from the slope of the line graphs. For instance, in the
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lowest because of high cooling capabilities, while TEG is larger in
the cases having twisted ribs especially from top and bottom. Incor-
poration of nanoparticles improves heat transfer performance and
reduces TEG

base case, Case 4, and Case 12, inclusion of nanoparticles at
a concentration of ¢ =0.1%, 0.5%, and 1% reduces the FEG
by 1.4%, 6.6%, and 12.4%, respectively. This is explained by
the fact that increasing nanoparticle concentration increases
density of the nanofluid, and even though the viscosity also
shows an increase, the pressure drop decreases due to larger
increment in density relative to viscosity, given a fixed Re.

Figure 14 shows the contours illustrating the local vari-
ations of TEG inside the ribbed mini-channel heat sink at
Re =2000 and ¢ =1%. Since the heat transfer in the base
case is significantly more intense compared to twisted rib
cases, as discussed in Section “Hydrothermal performance”,
the TEG active zones are considerably smaller in the base
case, compared to the cases with twisted ribs. Particularly
in Case 1, Case 2, Case 4, Case 10, and Case 12, TEG is
remarkably large because of high irreversibility rate due
to their rib geometry reducing heat transfer performance.
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Besides, the TEG active zones are significantly more intensi-
fied around the ribs, between the ribs, and along the stream
of the nanofluid near the outlet, i.e., approximately the last
Y4 portion of the mini-channel. The reasons for these high
TEG locations are first that the nanofluid has significantly
low-velocity as they directly contact to the frontal area of
the ribs, and thus, the convective currents are significantly
weakened in this region. Secondly, the nanofluid directly
passing through the twisted ribs without any restriction can-
not provide any vortices that can boost the heat transfer;
hence, it cannot use its heat rejection potential through the
centerline region of the mini-channel. Last but not least, the
nanofluid near the outlet section has larger thermal entropy
generation because it flows through outlet without sufficient
heat rejection, meaning that it cannot use its cooling poten-
tial regarding the second law of thermodynamics.

Variation of global TEG is shown in Fig. 15. From the
first sight to the y-axes of the graphs, it is deduced from the
figure that higher heat transfer rates result in lower TEG.
Besides, TEG in the base case is remarkably lower com-
pared to other 12 cases, where the twisted ribs are utilized.
Considering Case 4 and Case 12 at ¢ = 1% for a comparison
that is consistent with the discussion of FEG in previous
paragraph, the TEG value in Case 4 and Case 12 is 25%
and 36% higher than that in the base case when Re =500,
respectively, and it is higher by 15% and 23% when Re is
considered Re=2000. When nanoparticle inclusion is taken
into account in the base case, their contribution is also sig-
nificant. For instance, at Re=500 in the base case, adding
nanoparticle at ¢ =0.1%, 0.5%, and 1% reduces the TEG by
1.3%, 5.9%, and 10.6%, respectively, compared to using pure
water. As Re is increased, the effectiveness of nanoparticle
addition decreases, and the TEG reduces by 0.6%, 3.1%,
and 5.8%, for the same nanoparticle concentration rates, at
Re=2000.

Conclusions

In the present numerical work, twelve different cases using
twisted rib geometry inside a nanofluid-cooled mini-channel
heat sink were investigated. These twelve cases have twisted
ribs at various twist angles at the bottom and/or top of the
ribs ranging from -45° to 45°, while one reference case was
considered with untwisted ribs for comparisons. Four dif-
ferent Reynolds numbers (Re=500 to 2000) and four dif-
ferent nanoparticle concentrations are taken into account
(9=0% to 1%) to evaluate the hydrothermal performance
and entropy generation inside the minichannels of the heat
sink.

It was concluded from the present work that the flow
characteristics are significantly affected by the twisted rib
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geometry, and the alteration in the flow structure directly
affect the convective heat transfer as well as entropy genera-
tion behavior of the Ag/water inside the heat sink channel.
Moreover, it was found that twisting the ribs both from the
top and from the bottom sections, e.g., in Case 10 and 12,
makes the flow around the ribs remarkably smoother, com-
pared to the reference case. This situation leads to an easier
passage of the fluid; hence, it results in a noticeable decrease
in CHTC up to 15.8% (Case 12) at Re=2000 and ¢ =1%.
On the other hand, this phenomenon brings an advantage of
lower pumping power requirement by up to 43.9%. Apart
from the twisted rib effect, addition of nanoparticles has a
significant contribution to the CHTC enhancement, which
is more noticeable at low Reynolds numbers. The contribu-
tion is slightly higher in the base case, which can reach up
to 13.5% in the base case at ¢ = 1% and Re=1500, in com-
parison to using pure water.

Twisted ribs in the heat sink minichannels play a signifi-
cant role in entropy generation characteristic as well, due to
the fact that twisted ribs have a notable ability to alter the
fluid flow. Because of this fluid pattern variations sourced
by twisted rib geometry, the pressure drop decreases; thus,
frictional entropy generation can be reduced by around 21%
to 31% depending on the twist angles and Re. Furthermore,
adding nanoparticles at ¢ = 1% ensures a reduction of 12.4%
in the FEG, regardless of considered twisted angle case and
Re. On the other hand, using highly twisted ribs as in Case
12 can cause an increase in TEG by 36% and 23%, compared
to the base case, at Re =500 and 2000, respectively, when
¢ =1%. Addition of nanoparticles is beneficial to decrease
TEG, which can reach up to 10.6% in the base case.

Considering the conclusions drawn from the outcomes
of this work, the heat sinks with twisted angle ribs can be
recommended for the applications, where pressure drop
and frictional entropy generation are critical parameters.
Nevertheless, it should be noted that using twisted ribs
may decrease the cooling performance to some level,;
hence, this should be taken into account in the practical
applications, and the priority of heat transfer enhancement
and pressure drop should be determined. Alternatively,
various optimization methods can be employed to specify
an optimum twisted rib geometry fulfilling the needs and
expectations in the considered heat sink application.
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