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1 Introduction

Abstract: The contribution of structure of microchannel heat sink
and geometry of channel passage have significant role in increas-
ing cooling rate in electronics compact components amongst the
passive enhancement techniques. Enhancement of heat dissipation
at considerable pumping power penalty is the challenge for the
researchers. Because in most cases of investigations, it is per-
ceived that enhancement of performance of microchannels is pos-
sible by virtue of certain pumping loss. This paper is presenting
the overview of the available literatures on such relevant research
works. Intermixing of fluid layers, interception of boundary layer
by introduction of roughness, bifurcation, secondary flow in the
channel enhance performance deliberately in microchannel heat
sink. In one of such studies, maximum Nu/Nu, of 2.12 was eval-
uated at Re = 589.

Keywords: Microchannel, roughness, secondary flow, thermal
resistance, Nusselt number.

The ever-changing evolution of technology needs miniaturized and capable electronics devic-
es in our present world in the context of domestic as well as industrial applications. Cooling
of such micro-scale devices with suitable capacity rate is the real challenge today. After the
novel experimental research work of Tuckerman and Pease [1] introducing the micro sink
four decades ago, microchannel became the attractive means for the cooling of IC products
and hence several investigations have been carried out by many researchers. Smaller the hy-
draulic diameter higher the heat transfer coefficient in a channel [2] is significant fundamen-
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tal concept behind the use of microchannel. Small volume, but bigger surface area of micro-
channels makes the micro heat sink advantageous, but more additional efficient features of
parallel channels in the heat sink are required to meet present challenges. For the example,
the temperature of laptop CPU, must be maintained below 90°C in order to prevent it from
damage [3]. Karayiannis and Mahmoud [4] highlighted that heat dissipation by 177 mm? die
of Intel core processor produced by Intel in 2014 was 88 W and the heat flux of future com-
puters could reach 2 MW/m? by 2026.

Therefore various mechanisms and techniques are predicted by the researchers for the
purpose of enhancing micro sink. The researchers in the last four decades introduced innova-
tive design and techniques to increase the removal of the heat generated in such devices.
Numerous investigations were performed on the single layer micro sinks with the rectangular
channel. Among the works, some were based on different channel shapes and others were on
various channel wall structures, employment of cavity, rib, protrusions etc into the channels.
The effect estimation of substrate materials such as aluminium, copper, silicon, brass, steel
was also part of few investigations. In many studies different nanofluids as coolant were
used. After the new micro sink with double layer [5] came into existence in 1997, investiga-
tional works started on this kind of novel heat sink to a large extent.

Most of the studies have been performed on channel of rectangular cross-section compar-
ing to circular, triangular, trapezium channel. In the various research investigations such as
[6], it was concluded that rectangular microchannels have advantages over circular micro-
channels in context of thermal as well as hydro performances in the micro heat sink domain.
Because larger surface area, higher surface to volume ratio of rectangular microchannel lead
to better performance results. In contrary, Ghazali-Mohd et al. [7] using genetic algorithm
reported that for a minimized thermal resistance, the circular channel shows better perfor-
mance than the square channel; it might be due to different design conditions applied for
study.

This review work covers the investigational reports on rectangular micro sinks available in
the literatures based on single-phase and forced convective flow to assess the parameters such
as Nu/Nuo, f/fo, thermal factor etc. and to find the efficient constructional channel design of
single layer microchannel heat sinks. The Fig. 1 shows single layer sink (S-MHS).
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Fig. 1. Single layer microchannel heat sink (S-MHS)
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2 Investigational procedure

Investigating the micro-scale devices is challenging and undertaking experiment is more
challenging. In case of experimental study, accuracy during fabrication of microchannel, set-
ting up of whole arrangement, measurement of data are to be maintained. Steinke and
Kandlikar [8] addressed the experimental uncertainties which can become quite large due to
complication in measurement in microchannel heat exchanger. Simulation i.e. numerical
analysis is widely adopted by the researchers in this heat sink domain now-a-days due to high
cost involved in experimental work. However, opting viable assumptions, mathematical
equations along with suited numerical method are the factors which lead to the authentic re-
sults in Simulation. In some of the investigations, analytical method is utilized to evaluate the
flow in channel. In experimental work, fabrication of microsink is the key part. Both additive
and subtractive i.e., etching fabrication technologies are widely available for the purpose [9].
Most of the investigations experimental or numerical on micro heat sink are based on the
conjugate heat transfer model. Like other researchers, Rosa et al.[3] suggested that solid axial
heat conduction should not be neglected for study of parallel channels of microchannels.

3 Associated equations

The conservation equations of momentum and energy do apply to microchannel study as the
general equations. The associated equations along with general equations are applicable in
microchannels similar to the conventional channels for Knudsen numbers below 0.001 as
stated by Kandlikar and Grande [10]. Fig. 2 depicts isometric view of single channel
domain.
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Fig. 2. Isometric view of single channel domain

(i) The Reynolds number (Re):

Re=pumdn/p 1)
(i) The hydraulic diameter (d):

dn=2We He /(W + Hc) )
(iii) The average friction factor (f) :

f=(2apd,)/(pu7,L) (3)

(iv) Nusselt number(Nu) :
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Nu= hd, /k 4)

(v) The average heat coefficient (h) is written as;
h: qAb/ ( Acon (Tb _Tint )) (5)

(vi) The thermal enhancement factor (7 ) or performance evaluation criteria (PEC) :

1= (Nu/Nug)/(f /)" (6)
(vii) Thermal resistance or heat resistance:

Rth:ATmax/Qb,total (7)

In the investigations, heat transfer coefficient, R, bottom temperature were estimated
and compared by the early researchers. Afterwards, investigators used more effective pa-
rameters for evaluation such as f, Nu, friction factor ratio, Nusselt number ratio. Since 2010,
investigators emphasized on the parameter called thermal enhancement factor () which sig-
nifies the enhancement of Nu of the novel microchannel considering corresponding friction in
comparison to that of simple straight microchannel.

4 Micro channel heat sinks with plain, rough, PCM mounted surfaces

The extensive investigations on the single layer microchannel heat sink recommend vari-
ous effective design structures with suitable parameters. Qu and Mudawar [11] performed
experiment on micro-sink made of copper to determine the applicability of conservation
equations in micro-channel heat sinks. Lee and Garimella [12] varied the aspect ratio of the
channel from 1 to 10 to calculate the local as well as average Nu with the applied heat flux on
all external boundaries of channel. They proposed correlation of Nusselt number considering
Nu as a function of aspect ratio and axial distance. Zhang et al.[13] simulated plain and U-
shaped microchannels by varying the number of channels and some parameters of channel.
Heat sinks with different channel cross sections were compared by Gunnasegaran et al. [14].
The geometrical parameters like height and width of these shapes of channel were evaluated.
They revealed that the rectangular microchannel was the best, followed by trapezoidal and
triangular shaped microchannels. Kim [15] in his experimental work observed the critical Re
range as 1700 to 2400 for the aspect ratio from 1.0 to 0.25. He described that heat transferred
was higher in inlet plenum as the axial heat conduction prevails in the solid. He however,
mentioned discrepancies between the experimental and theoretical values of Nu at larger Re.
Sahar et al.[16] made two experimental systems and validated the numerical results. Copper
as substrate material and water, refrigerant R134a as coolant were selected. The conclusion
from the experiment and numerical solution was that laminar to turbulent transition happens
at Re = 1600 — 2000. Lee et al. [17] performed experimental investigation and attempted to
validate classical correlations of simple rectangular microchannel. Some parallel channels
made of copper were experimented for Re of range from 300 to 3500. Then numerical simu-
lations were employed.

Gaikwad and More[18] choose the phase change materials (PCMs) to find their potential
for cooling of computer processor. They experimented heat sink with air, water and PCM
slurry as coolant and observed that PCM slurry was more beneficial than water and air in re-
spect to surface temperatures and Nu. Shen et al. [19] took eight cases of microchannel with
bifurcation of channel at different position. They reported that internal bifurcation disturbed
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the velocity of cooling fluid and helped in breaking boundary layer. Fedorov and Viskanta
[20] analyzed the effects of three dimensional conjugate heat flow. In the context of reducing
thermal stress which causes structural failure of the heat sink, they suggested that longitudinal
and transverse temperature gradients should be controlled. A wide range of microchannel
designs had been investigated experimentally using both water and fluorinate fluid by Col-
gan et al.[21]. Xu et al. [22] brought some new arrangements in the microchannel so that
thermal boundary layer redeveloping could be demonstrated. Ambatipudi and Rahman [23]
reported the common observation through their work that Nu was high near the entrance and
reached constant asymptotic point when the flow was developed fully. Sahar et al. [24] em-
phasized on the influence of hydraulic diameter in the performance evaluation. In various
research studies of the channel wall roughness [25-28], the investigators highlighted that
roughness had remarkable adverse impact on pressure drop, but very little effect on im-
provement of Nu. Wei and Joshi [29] undertook the study of micro-fabrication defects and
their effects in their experimental set up. On the thorough study of plain and taper channels
they came with the view that control of the micro-fabrication process was inevitable and
could deviate the performance.

5 Microchannel with secondary flow

The secondary flow through secondary sub-channel made into main channel has received
wide attention recently. An idea of secondary flow through secondary small channel was well
demonstrated by Steinke and Kandlikar [30]. Such design of sink with oblique sub-channels
was proposed by Ghani et al. [31]. They reported brilliant results after their work. The sec-
ondary flow technique was found beneficial for enhancement of performance with minimum
friction loss due to the fact that it led to rise the contact surface and elimination of the stag-
nant flow. The impressive performance factor of 1.98 had been determined at Re of 500.
More elaborate investigations were carried out by Japar et al. [32] for the models with rectan-
gular rib, triangular cavity and combination of rectangular rib, triangular cavity and second-
ary channel. The model combined with rectangular rib, triangular cavity and secondary chan-
nel showed excellent overall performance due to its ability to eliminate the friction penalty
which arisen out of the rectangular rib. Yang and Cao [33] presented efficient microchannel
with the idea of secondary channel. A novel design with secondary channel and manifold
structure was modeled and simulated by them. They introduced a new performance parameter
named design optimization area (DOA) and reported that their optimum design can decrease
both pressure drop and thermal resistance which was not possible by any microchannel de-
sign so far. The largest decrease in thermal resistance was 19% at Re of 295.

Few review works on single layer heat sink are presented here to have brief note. In the re-
view work of Datta et al[34], two main mechanisms causing the heat transfer enhancement
for single-phase flow as mentioned are flow disruption and chaotic advection. Ghani et al.
[35] conducted extensive review of various works. They too described the chaotic advection
and flow disruption as the major strategies opted in heat sink for the performance enhance-
ment. In their study parameters of wavy, corrugated channel which affect the chaotic advec-
tion and cavity, grooves, ribs, fins affecting the flow disruption were evaluated. Various ef-
fective research works utilizing passive cooling methods are reviewed lucidly by Sidik et al.
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[36]. Adham et al. [37] reviewed and emphasized on the various methodologies implemented
by the researchers in different stages of time. Vasilev et al. [38] had a work on the configura-
tion composing of ten different inlet and outlets to study. Table 1 includes some summarized

investigational works on single layered microchannel heat sinks.

Table 1: Comparison of few of the works on single layered microchannel heat sinks

SL Author & Plate & channel Variables & other pa- Findings & Best Result
Study details size rameters
1 Qu and 1. Sink Plate : Flow rate : 93 -1136 Higher Reynolds num-
Mudawar Width(W)= 10 mm, ml/min bers helps in reducing wa-
[11] Length(L) = 44.8 mm Heat flux= 100, 200 ter outlet temperature and
(2001) 2. Channel : W/cm? temperatures within the heat
Experi-  |Width(Wc )=0.231mm, Re =139 - 1672 sink.
mental and | Height(Hc)=0.713 mm Copper sink with water
numerical as coolant
analysis
2 Gun- 1. Sink Plate : Channel height and width Rectangular
nasegaran et W=22mm, L =12 > varied microchannel is the best;
al. [14] mm Re =100 - 1000 followed by trapezoidal and
(2010) Height (H)= 1.5 mm triangular  shaped micro-
Numerical 2. Channel : Aluminium sink with wa- | channels.
analysis Wc = varied, Length = ter as coolant
varied
3 | Kimetal.[15] 1. Sink Plate : dn =155 - 580 pum The critical Re
(2016) W=12mm,L =76 Aspect ratios: 0.25 - 3.8 | range:1700 to 2400. The
Experi- mm Re=30 - 2500 axial heat conduction causes
mental analy- H=2mm Aluminum alloy sink, water | 10% more heat transferred
sis as coolant to the fluid at inlet plenum.
4 Ambatipudi 1. Channel : Channel depth : varied Nu increases with chan-
and Rahman Wc=0.251mm, L= Re =270 — 645 nel depth, attains a peak,
[23] 25 mm Silicon sink with wateras | and then decreases with
(2000) Hc =1.03 mm coolant further increase of channel
Numerical depth.
analysis
5 Japar et al. 2. Channel : Channel with TR, RR, The model combined
[32] W¢ = 0.1 mm, Length combined TR,RR and SC | with rectangular rib, cavity
(2018) =10 mm Re =100 -450 and secondary  channel
Numerical Hc =0.20 mm Copper sink with water | shows  superior  perfor-
analysis as coolant mance. The maximum PF is
1.65 at Re=450.

6 Conclusion

¢ The beneficial impact of flow disturbance by the application of roughness on the flow sur-
face are subject to suitable fluid mixing and breaking up of boundary layer inside the flow
passages of channel. The surface roughness attributes towards flow recirculation and better
heat transfer into channel which in turn develops performance.

e The application of phase change materials (PCMs) in the microchannel as utilized by dif-
ferent researchers indicates that PCM has high potential for cooling of computer processor.
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As per the experimentation, microchannel heat sink with PCM slurry was more beneficial
than water and air in respect to surface temperatures and Nu.
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Nomenclature

A, Cross sectional area of bottom wall, m*>  d, Hydraulic diameter, m

A_.. Convection heat removal area, m? f Friction factor

H Total height of heat sink, mm h Heat transfer coefficient, W/(m? K)

Hc Height of channel, mm k Thermal conductivity of fluid, W/mK

W Total width of heat sink, mm Um Mean fluid velocity, m/s

Wc Width of channel, mm q Heat flux applied at bottom wall, W/m?

Ww  Wall thickness, mm Greek

Ho Base height, m p Fluid density, Kg/ m?

L Total length of the micro-channel, mm 77 Thermal enhancement factor

N Number of channels Ap Pressure difference across channel, Pa

Nu Nusselt number ATmax  Maximum bottom wall temperature dif-
ference, K

Quota  Total heat applied at bottom wall, W M Fluid viscosity, Pa.s

Rih Thermal or heat resistance, K/IW Subscript

Re Reynolds number 0 Base Heat sink

T, Average temperature of bottom wall, K m Mean

Tint Channel interior temperature, K int Interior



