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Abstract:

This paper presents a combined experimental and numerical investigation of bamgeamter flow and heat transfer in serpentine
rectangular microchannels embedded in a heated copper block. The performfancalidfierent microchannel heat sink (MCHS)
configurations are investigated experimentally, the first having an array of stradggingular microchannels (SRMwhile the
other have single (SPSMs), double (DPSMs) and triple path multi-serpentine re&atamigrochannels (TPSMs)Three-
dimensional conjugate heat transfer models are developed for both laminarbatehtusingle-phase water flows in each of these
MCHSs and the governing flow and energy equations solved numerically usitegefements. The numerical predictions of
pressure dropAP) and average Nusselt numbahu,, ) are in good agreement with experimental data, and indicated that thee sing
path serpentine microchann@RSM leads to 85% enhancement of théu,,,, atavolumetric flow rate of.5 [/min and al%%
reductionin total thermal resistanc®,) compared to the conventional SRM heat sink. However, this enhandsratthte expense

of alarge (up to ten-fold) increase &P compared to the SRM heat sink, so that a suitable compromise must béstwmsdn heat

transfer and pressure drop in practical MCHS designs.
Keywords: Experimentgonjugate Heat Transfer, CFBerpentine MCHS.
1. Introduction

The increasing density of transistors in electronic components and products is leading to an enageriabthe heat
dissipation that must be achieved in order to preserve reliability and performance. érhatilonal Technology
Roadmap for Semiconductors (ITRS) in 2010, for example, predicted a continuous increase in tlansisgdo reach
10 billion transistors/ciy by 2018[1]. For this reason, improving the thermal management of electronic devices is a
crucial goal for future generation of electronic systems. Single-phase microchannel hgdMGirdks) with water as a
coolant are an increasingly common means of cooling electronic devices because of theio gbditide very high
convective heat transfer fluxes. Single-phase MCHSs rely on sensible heating achieve thevdoatandpigh heat
transfer coefficientsh) can be achieved simply by using small microchannel dimefi8joflow boiling (Two-phase
flow) MCHSs, on the other hand, have also received much attention from researchers dualdithedo dissipate
high heat fluxes with lower pumping powers compared with single-phase liquid MCHSs, sigaqithie coolant's latent
heat[3]. However, pressure fluctuations and flow reversal associated with flow boiling insalméiti reduce the heat
transfer characteristics in MCH$).

The use of single-phase MCHS was proposed by Tuckerman and®%easE981, who used a water-cooled heat sink,
fabricated with an array of SRMs etched in a Asiticon wafer. Their pioneering work stimulated many researchers to
investigate the fluid flow and thermal performance of the MCHS using different substitatéais with various cooling
liquids, see e.g. the recent review of Salman g6glAnother major milestone was the experimental study of Phillips
[7] on rectangular MCHS test section with an Indium Phosphide heat sink substrate and wateaat &absequently,

a computer model was developed to predict the thermal and flow characteristics of this MCH$)liyndieveloped
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and developing flow conditions for both laminar and turbulent flow regimes. The numeguo#dkragreed very well
with the experimental data, and demonstrated that total thermal resisRapgdess than 0.1°C/(W/cth can be
achieved, albeit with pressure dsip excess of 2.5 bar. Peng and Pete[8@] investigated experimentally the forced
convective heat transfer and pressure drop for water flows in SRMs having hydraulic diameters ®4t33em and
0.367 mm and water velocities between 0.2 and 12m/s. They created empirical heat traretditionerfor both the
laminar and turbulent flow regimes which indicated that the geometric configuratioe MGHS (specifically the
aspect ratioH.;,/W,;), hydraulic diameterI};,), and ratio of hydraulic diameter and microchannel ceotoentre

distance D, /W.)) were very influential.

Qu and Mudawaf10] conducted numerical investigation of the fluid flow and heat transfer in a re@aan@HS
similar to that used in the experimental work carried out by Kawano[&fLhlThey observed that the Nusselt number
(Nu) and heat flux had much higher values in the region near the channel inlet due to the thirbthendwsly layer in

the developing region, and its value varied around the channel periphery, approaching zero in thelementrs flow

is weak. Heat sinks with rectangu[&r7-11], trapezoida[12-14], triangular[15] and circular microchanne]$6-18]

have been studied extensively, however a small number of experimental studies have demonstotihed tosel
shapes, including U-shap¢i9], wavy [20,21] tortuous[22,23] and serpentin§24] channels, can offer attractive
performance advantages. A number of other channel shapes such as zigzag, curvy and step-shaped ehbaeerls hav
investigated numerically by Mohammed et[@b,26]. This showed that the heat transfer performance of these were
superior to those of straight and wavy channels, with the zigzag channel having the higimsfddtor and pressure
drop penalty followed by the curvy and step-shaped channels. These studies have demonstrated that heatec
transfer in the laminar flow regime can be enhanced by inducing recirculatingnfiine microchannels. For curved
channels, the eddies generated by centrifugal faaesnhance mixing and the resultant convective heat trg@dfer
Recently Chen et gl27] used numerical and experimental method to study thermal resiskaprarid pressure drop
(AP) in a single path serpentine MCHS. By parametrising the MCHS using four design variables, tteamaiynber

of channels, width of channel, height of channel and inlet flow velocity, they explored the dependencergf bath

AP on these parameters.

This paper presents the first comprehensive experimental and numerical investigatiorhefritaé and hydraulic
performance of water flows within DPSM and TPSM. The performance of two designs graredraxperimentally
and numerically with both of the conventional SRM and SPSM heat sinks in tefAs By, andNu, for a wide range
of water flow rates. The paper is organised as follows: The MCHSs of interestirexyal apparatus and analytical
techniques used to determine their heat transfer and flow characteristics are described in Jétioarjugate heat
transfer model is described in section 3 and a comprehensive series of experimental and numesitsipresanted

in section 4. Conclusions are drawn in section 5.
2. Experimental Methods
2.1. Experimental set-up and procedure

A schematic diagram of the main components of the experimental test rig is givan In Water from a 23 litre
reservoir tank is driven through the flow loop using a miniature diaphragm water pureps ga®ugh a flowmeter
with constant flow rates ranging frob2 — 3.0 [/min and an inlet water temperature to the MCHS set to 20°C. The

mass flow rate is controlled accurately by adjusting the pump speed by regulating the volageeamdupplied bg
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DC-power supply and using a bypass flow loop and control valve. K-type sheathed thermocouples witlpfbbanm
diameter were inserted into the inlet and outlet plenum of the test section to mbaswadr temperature at the
microchannel inlet and outlet respectively. The total pressure drop between the inlet anolesutiatof the MCHS
models was measured usiadigital pressure metémodel Comark C9555) having a range of O to 2.1 bar. Two power
film resistors of resistanc® Q (MP9100 (TO-247)), mounted at the bottom of the MCHS, were used as a heat sourc
with the maximum power reaching 100W for each one. The voltage and current input to thelpovesidtor heater

was controlled by a DC power supply unit with an output range of 0-35 V and 0-4 A.pldstc tubes witkan
outer/inner diameter of 4mm/2.2mm and fittings were used to construct the flowTlopinimise heat loss to the
surrounding environment, the MCHS copper block was packed with insulating fibre glass, anddbéimgide a clear,

covered Acrylic Perspex plastic box having dimensions (10x10x10) cm
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Fig. 1: Schematic diagram of experimahsetup.

2.2. Design and fabrication of the MCHS test sections

Four different MCHSs were designed using SolidWd&&] and manufactured using a high-accuracy Computer
Numerical Control (CNC) milling machine (FANUC ROBODRIL). Copper was @sed material for the MCHS due
to its high thermal conductivity of 388W/m.K at 20°C. The entire thicknH3®f the straight and serpentine MCHS
designs was 5.5mm and 6.5mm respectively, while all the MCHSs had the same surfacésmeaxdflmm, the same
base plate thicknesH{) of 3.5mm and 12 parallel, rectangular microchaswiéh a 1mm wall thicknesd4(, ) between
ead microchannel. The microchannel base average surface rovgh(@ss all the MCHS models were measured
using BRUKER-NPFLEX-LA 3D Surface Metrology System, and it was found thle+ 0.15um. Around each
microchannel top there is a groove made for an O-ring seal with a depth and width ofsahd@rhrimm respectively to

prevent water leakage.

[3]



The first MCHS test section haseries of parallel channels of rectangular cross section with Vildj)),(depth H,;,)

and length k) of Imm, 2mm and 21mm respectively. The inlet and outlet manifolds of the MCHS ameedidal

in shape and had tapered longitudinal sections for distributing the fluid flowing into andicglfecéd flowing out of

the microchannels, as shownFig. 2 These manifolds were chosen to ensure that each channel had approximately tt
same mass flow rate of water. The other three MCHS test sections had a multi-serpetgimgular cross section,
referred to as the single path serpentine microchannel (SRSM)ble path serpentine microchannel (DPSM), and

triple path serpentine microchannel (TPSM), as illustratédgn3

Fig. 2: Model and actual pictures of the straight rectangular
MCHS design, all dimensions in mm.
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Fig. 3: Actual pictures and top view of (a) single, (b) double and (c) trigile p
multi-serpentine rectangular MCHS designs, all dimensions in mm.
Each MCHS was assembled with an Acrylic Perspex plastic sheet cover held onto the copper block by tiedge stain
steel mounting screws (M3x0.5) and sealed with an O-ring. The force provided by the mounting screwsoiess suffi
to seal the channels from the ambient environment and prevent water leakage to the outside ofstimeoll€l$! Two
5mm circular through holes were drilled on the top side surfaces of the plastic covers ancua teal@nion adapter
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fixed on these threaded holes to create inlet and outlet water passages and to allowathé midet pressure to be
measured, sdeig. 4 Two power film resistors were then permanently adhered on the bottom side of each MICHS te
section using a thin consistent layer of thermal Ethoxy (Electrolube, TCER) with thermal tbatydat2.2 W/m.K.

The thickness of the thermal Ethoxy layer is measured manually for all the MCHS desigsdigitad Vernier caliper,

and was found to b200um + 6um.

Water Outle—

Fig. 4: Exploded view of trile path multi-serpentine MCHS model.

To record the maximum junction temperature of the resistor accurately, a small hole etediainimm was drilled
from one side of the resistor until it reaches half the width of the resistor. In order te tieellikelihood of defects to
the thermal resistor and to bring a thermocouple as close to the junction temperature & pgsgldf 0.25mm is left
from the Nickel-Chromium (Ni-Cr) layer, séég. 5 A K-type thermocouple was inserted inside the bored hole in the
heater surface located at the centre-line of the resistor, and the void fillethevithal Ethoxy material to prevent

thermocouple movement and to fill the air-gap that eglisetween the hole and the thermocouple.

Epoxy Encapsulant Thermocouple

Fig. 5: Schematic diagram to measure the junction temperatt

To measure the wall temperature distribution along the MCHS sample, four K-type sheatheddahples with 0.5
mm probe diameter were inserted in the copper block at a distance of 1.75mm below the microctennél tasy
reached half the width of the MCHS specimen. The locations of the thermocouple holes, as measured from the inle
the MCHS and along its length are shownFig. 6 Thermal paste was used to fill the holes to ensure accurate

temperature measurement.
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Fig. 6: Schematic representation for SRM design showing the thermocouple
locations and pressure drop components, (All dimensions in mm).

2.3. Experimental measurements and data analysis
2.3.1 Heat loss measurements

Before conducting any experiments, the rate of heat loss dissipatechfdtCHS specimen to the surroundings via
natural convection, radiation and conduction was estimdteel maximum average heat loss was estimated to be
approximately 8% of the input power from each model. This value was obtedmeehergy balance tests, where the
enthalpy rise of the water flowing inside the MCHS test sections was oednpéh the electrical input power supplied

to the heater. The steady-state sensible heat gain by the working fluid (Wateghibyi

q = p5-Qin-CPf (Trout — Trin) = V.1 = Quoss = 0.92(V..1) (1)
WhereTy ;,, andTy ,,,; are respectively the inlet and outlet water temperatures, which are obtained experimentally usi
the two thermocouples mounted upstream and downstream of the microchannglsaimti€p; are respectively the
density and specific heat capacity of the water, which are determined based on the averdgedoiniiee and outlet
temperatureslf 4.,y = (Tf,in + Tf,out)/ 2). The V and | represent the voltage and current supplied to the heater by ¢
DC-power supply device, respectively, whilg,, denotes ta heat loss rate. The ter@), (m*/sec) represents the
volumetric flow rate of water which is measured with a flowmeggy, & n.V,,.A.n), WhereV,, denotes the water
velocity in the microchannel, while and A, respectively represent the number and cross sectional area of the

microchannel 4., = H., X W), seeFig. 2
2.3.2 Heat transfer analysis

The local heat transfer coefficiert,) and the average heat transfer coefficiéptf) can be calculated from Newton's

law of cooling as:

= a (2
n. Aerr(Tw,tci— Trx)

X

1 (3)

h =
avg n. Aeff(Tw'a];g_ Tf,avg)
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The average channel base temperature can be obtaingg hy & i1 Tw.eci/%)- Since direct measurement of the
channel base temperature is difficult, it is determined by assuming one-dimensional atedshasconduction between
the thermocouple locationdi) and the microchannel base in the y direction. Accordingly, the local microchannel base

temperatureT, ;) can be evaluated by:

_ y.-q
Tw,tci - Ty,tci - An. ks (4

whereT,, ..; represents the temperature closer to the microchannel base wall which was measured experimentally u
a thermocouple, the subscript i denotes the location of the thermocouple used to measure the micbasieannel
temperature and,, is the bottom heated area of the MCHS over which heating is provided by the resistorsidn,addit
k, is the thermal conductivity of the heat sink material pmgithe distance between the bottom wall of the microchannel
and the thermocouple embedded to meabpyg as shown irFig. 6. Tf 4,,; andTy , respectively denote the average

fluid temperature and the local fluid bulk mean temperature at locatidong the axial location of the channel:
X \
Troe = T ¥ 7= (Trowe = Trin) ®

In the experiments heat is transferred to the fluid through three microchannel walsdrtlye fourth wall (Top) is
assumed to be adiabatic. Herkg, the effective surface area available for convective heat transfer per microchannel

for the single straight rectangular microchannel can be calculated as:

Actr = Apase + M- Asin = Len(Wen + 2Hep * 115) (6)
whereA, . represents the bottom area for convection for each microchdppetorresponds to the area of one side

wall for a single microchannel arig, denotes the microchannel length. The tggnis defined as the fin efficiency

assuming an adiabatic tip condition which is correlated by:

2h
Wy ks

__ tanh(m.Hcp)

f where the fin parameten) isgiven by m =
m.Hcp

(7)
The effective heat transfer area of the single path multi-serpentine rectangular MCHS can be obtained by:
Agpr = (n. Wen.Len +§(n —1D@E—12) + 2. Wch) +n,@n.Hep. Lep + mHepy(n — 1)(ry +13) +411.Hep,)  (8)

whereL, represents the length of the straight microcham%l =L-2(W; + T1))- The symbols; andr,denote the
outer and inner radius of the curved microchannel respectively, Whilepresents the outside wall thickness as shown
in Fig. 3(a) For the SRM moded.;; =1260 mmi, while for the SPSM, DPSM and TPSM modéls = 2143, 2124

and 2064 mr respectively. The average Nusselt number,, ;) of the fluid can be expressed as:

wherek; represents the fluid thermal conductivity which is evaluatet} @f,, andD;, denotes the microchannel

4Ach — 2 (Wch- Hch))

hydraulic diamete(Dh = Wor + H
W ch ch

[7]



2.3.3 Pressuredrop analysis

A digital pressure gauge was used to measure the total pressuraRjogirectly using two plastic tubes connected

to the inlet and outlet of the MCHS plenum. The valuesRpffor the straight rectangular microchannel (SRM) heat
sink can be obtaed analytically by summing the major and minor pressure |0958S=(AP,;, + APyinor 10sses)- 1HE

minor losses in the present work have eight components as depiEtgdénThe first two components are due to flow

of water inside the inlet and outlet tube of the male run tee union positioned on the top of thed€H /hile the

third and fourth components are due to the 90 degree bepdshat forms between the outlet of the tube and the inlet
plenum (header) from the inlet side of the MCHS and the bend that forms between the outlet plenum anadhkbie tube i
from the outlet side of the MCHS. The fifth and sixth pressure losses occur respectivatitiseudden expansion

between the outlet tube and inlet plendfy ( ) and the sudden expansion between the microchannel exit and the outle

plenum K,). Similar pressure losses occur due to sudden contractions to give the last two [messoraponents, the

first one was at the inlet plenum and microchannel ifig (,.,) and the second at the outlet plenum and the inlet tube
(Ke).

The major component of the pressure df.£) occuring in the core of the microchannels can be obtained by summing
two components, the first component is due to the frictional factor in the developing regsbroadurs in the entrance
region of the microchannel, while the second component is obtained in the fully developed regioremaiheg
length of the channel, as showrFig. 6. For the SRM heat sink, the total pressure didjp £z,,) between the inlet and

outlet MCHS can be expressed as:

Dtube

2 2 2
_ pf'chh . Ach 4fapp-Lch .72 4ftube-Ltube pf'Vtube Atube
AP sy = 5 ((ZK%) (52) + ke + ke, 4 ot >+<pf Ve ( ))+ 20 () (Ko + Kepi)  (10)

fapp refers to the apparent friction factor and accounts for the pressure drop due to friction aneltmngeregion
effects[29]. For developing laminar and turbulent flow regimgs,, can be calculated by using correlation equations
proposed by ShaB0] and Phillipg7] respectivelyseeTable 1lin theSupplementary Data (SD), sectioriThe plenum
area of the SRM heat sink design is 79.64nwaile the length and diameter of the inlet and outlet tube of the male run

tee union are 25mm and 2.5mm, respectively. The loss coefficient of the sudden expggnsionand the sudden

contraction K, .,..) can be predicted using the simple relationships found in Id€ghjk

= (1 — M)2 and K

Ap Coutlet

K,

€inlet

= 0.42 (1 - A;L”) (11)

P

whereA,,p. andV,,;. respectively represent the aradf,;,./4) and velocity Q;,,/Apupe) Of the male run tee union
tube. Since the flow inside the tubes was found to be in the turbulent regime for most of tHowattes used, the
correlation equation offered by Phillipg] can be used to evaluate the friction factor. Kkgdenotes the bend loss
coefficient associated with each of the 90° bends at the channel inlet and outlet and Ahidipsmmended,, ~1.2.
Wherea¥(. andK, respectively represent the contraction and expansion loss coefficients due to area changes wh
are based on the ratio of the channel area to the plenum flowdagg¢@ {) and the flow regime (laminar or turbulent),

their values can be estimated from the graphical information given for a square channel by Kays anfBRpndon

With regard to the SPSM witlh channels and a total— 1 fins (U-bends), seleig. 3(a) the total pressure drop is caused
by two components, namely pressure drop due to straight channel friction and U-bends. Thus, thestotatipppsor

the MCHS can be written in general form followif33]:

[8]



1 L —
AP =35 pyVa (4 fupp 5o+ TIEE). (12)

The symbok; represents the excess loss coefficient of hendhe MCHS, and.; denotes the total length of the
channel (The length of both straight and bend channels based on mean radius of curvature of the bt thea
value of the excess bend loss coefficignt Maharudrayya et a[33] carried out humerical simulations of laminar
single-phase flow through 18Bends and serpentine rectangular channels using CFD, and three-regime correlatiol

proposed, se8D, section 3Hence, the total pressure drop 8?3V can be simplified to be:

1 L _
APy spsy = 2 Pre Va (4fapp 'D_; +YEE K+ Ke), (13)

for the double path multi-serpentine rectangular microchannel (DPSM) design, the tstagodesp can be written as:

PFVE (4fapp Lt _ A\ 4f tube.L PFViibe (A 2
AP ppsu = —fzc (—ag: + X E + K+ K, + 2K, (AL:) + 0 Viibe ( “gzb:ube) + ztu e( ;u:e) (K(-L’inlet + KCoutlet)

(14)

and the total pressure drops for a triple pathtins@rpentine rectangular microchannel (TPSM) design can be expressec

by:

V2 2 V2 2
AP, rpsy = 2 (4f writ S E + K, + K, + 2Keg (Z—;‘) ) P Vi (Litettube) o Of e (Bube)” (g ). (15)

2 Dp Dtube 2 Ap

The Fanning friction factorff) was utilized in this work. It is defined as the ratio of wall friction ferieinertia forces

and thefr in rectangular microchannels can be rewritten as:

3 .43
2Ty _ APy .Dp _ Wch'HCh'APCh

= = = 16
fen PFVé&  2Pf. Len -V Py Len -Qf Wep+Hen) (16)
wheret,, denotes the wall shear stress. Fh@®ccurring inside the curved channel is given by:

APy .D 180 W3, -H3,-AP
feurve = ch—h = ch—ch _—ch (17)

2pf. Leurve - chh N TRcO  pf -Ql’Zn (Went+Hcen)
wheref andR, are respectively the angle of the channel (in degrees) and radius of curvaturé whileepresents

the length of the curved channél{,,. = %00'9).

2.4. Experimental uncertainty

In the present work, the ASME standf3d] andthe Root-Sum-Square (RSS) method described by Coleman and Steele
[35] were used to estimate the experimental uncertaittids, the experiments, an electronic digital Vernier caliper is
used to measure various geometric dimensions of the MCHS test sections. Uncertainties for vasadyauaineters

are tabulated ifable 3in SD, section 2
3. Mathematical model
3.1 Governing equations

Three-dimensional, steady, single-phase water flow and heat transfer in the MQht#ielled by assuming the flow
is incompressible and that the effects of radiation and natural convection agibteedrlow is modelled using the

following continuity and Navier-Stokes momentum equations:
Vu=0 (continuity equation) (1

pru.Vu=V-[-pl+ ps(Vu+ (Vu)")| +F (momentum equation for laminar flow) (19)

(9]



pr(u.Vu=V- [—pl + (uf + pr)(Vu + (Vu)™) — %pkl] +F  (momentum equation for turbulent flow) (20)

Egs. (19 and 20are the momentum equations for steady and incompressible for both laminar areshtdidwlregimes.

u andp are respectivelthe fluid velocity vector and the fluid pressure (Pa). The Risthe body force per unit volume

(N/m?®) andI denotes the unit diagonal matrix. The Reynolds number in the tube can be calculRtecbW)

and both laminar and turbulent cases are considered. In the present study the Btantaldilence model has been
used[36,37]to provide a robust and accurate model. Fhie model introduces two additional variables: the turbulent
kinetic energyk (m?/s?), and specific dissipation rate,(1/s). The transport equations fbrandw that used in the
CFD model are based on those given by Wil&§:

pQLVIk = V- [(u + pr o) Vk] + P = pswk (21)
pLVI® = V- [(u+ tr0,)V] + @l P = phow? (22)

The production term and the turbulent viscosity are defined by:

k
P = pr[Va:(Vu+ (V)] ,  pr=p_ (23)
while the empirical turbulent model constant parametersaa#e}é ol =2,0,== Bo = 2 By = i)
25’k T g2 Tw T 3P0 T 4550 P00 T g0/
The heat transfer (energy) equations for the liquid and the solid can be expressed egspsctiv
prCo 0T = V- ((kf + kr)VT) + Q (24)
V- (k;VT) =0 (25)

WhereCpf andk; denote the specific heat and thermal conductivity of the fluid respectivepresents the internal

heat generation (W/fpandk, represents the thermal conductivity of the solid (heat skjk)s the turbulent thermal

.C
#;rpf ) andPrr is the turbulent Prandtl number (using Kays- Craw{88]). The above flow and
T

conductivity(kT =
heat transfer equations are solved using COMSOL Multiphysics version 5.2.
3.2 Boundary conditions:

The computational domain and boundary conditions used are highligh#ay it Except at the bottom of the MCHS
all the outer surface boundaries are considered to be adiabatic. Heating power wasaugliedttom surface of the
MCHS using two resistance heaters va((—kVT) = q/Ay), where the ternm denotes the outward normal vector
on the boundary of the domain. A thin layer of Ethoxy, with thickn&9f 200 um and thermal conductivityk() of
2.2 W/(m.K), was mounted between the heater and the base of the heat sink. Thereeisaldhedt generation in the
MCHS,soQ = 0 there, see Eqg. (24).

(10
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Fig. 7: 3-D view and back side of SPSM design used in simulation to explabothelary conditions;
a) Conjugate heat transfer of the MCHS; b) Isometric view; c) Bottom sitie MCHS..

No-slip velocity boundary conditienug = 0 are used at solid walland wall temperatures are defined Ry=
Tf at wau- At liquid-solid boundaries the heat conduction and convective heat transfer taidharé coupled by
imposing heat flux continuitgt the interface between the fluid and the solid widl§ as shown irFFig. 7(a), where

T, r andTy - are respectively the interface temperature for solid and liquid.

4. Results
4.1 Effect of Grid Refinement

The effects of grid density on the numerical solutions for all MCHS models estesltusing four different mesh sizes,

as indicated inrable 4 in SD, section,4vhere grid 1 is the coarsest and grid 4 the finest for each parttd@HS
model. The predicted values of the temperature between the heater and the heat sinkhqtig) @nd average
Nusselt numberNu,,,4) for all MCHS models for a water flow rate @fl5 [/min, water inlet temperature set at 20°C
and input power of 100W are givenTiable 4 The deviation percentages, E, are calculated with respect to the solutions
on grid 4 in each case; these are small (~2%), thus grid 3 is employsddMCHS computations reported below as a

suitable compromise between efficiency and accuracy.
4.2 Numerical Validation

The numerical model was validated against a number of previous, relevant studiésst oenparison is with the
numerical and experimental results obtained by Qu and Mud@Wwarand Kawano et alf11] respectively, who
considered water flow in a single rectangular microchannel cooling a chip. The meitéemperature is 20°C alad
constant heat flux of 90W/chis supplied at the upper boundary. The silicon microchannels have a width and depth ¢
57um and 180um respectively, with a separating wall ofidd. A free-tetrahedral mesh was used to simulate the single
microchannel with 200,180 elements. The outlet thermal resist®ige: (= (Tsurr,,.,, — Tr.in)/a) Was determined over

the Reynolds number ran@é < Re < 400. It is clear fromFig. 8that the predictions at,; ... agree well with the
previous studiesa maximum discrepancy < 3.5% with Qu and MuddawHr0] numerical predictions and6.5% with

the experimental study of Kawano et[all].
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Fig. 8: Comparison between the numerical present work and Kaw
et al. and Qu & Mudawar works for outlet thermal resistance.

4.3 Flow and pressuredrop characteristicsof MCHS

Fig. 9 shows the effect of water flow raté.{ < Q;, < 1.0 I[/min) on the experimental measurements of the total
pressure dropAP,) for the SRM heat sink with input heating powers of 50, 75 and 100W. Depending on the inlet tub
diameter (2.5mm), the flow is considered turbulent w@ign> 0.15 I/min. As expectedAP; increases rapidly with

flow rate andasthe input power increases the pressure drop decreases monotonically. The latter behaviouthe due t
reduction in density and viscosity, and this behaviour in unaffected by whether the watés fih the laminar or
turbulent flow regime. The experimental data for the heating power of 100W is also comparstieagdytical equation
proposed (see, Eqg. 10) and corresponding numerical predictions which simulate the entire SRM heat sink. As show
Fig. 1Q there is reasonable agreement between experimental data and with both the numernedy@cal predictions,

with atypical discrepancies of 9% and 15%, respectively.

14000 12000
q=50W I O Experimental
12000 {1 o q=75W I 10000 {4 — — — Numerical
1 ©qg=100W % | —#&— Analytical (Eq. 10) i/
10000 1 T $ — 5000 |
‘T 8000 - )\ & i
= ] - E 5 6000 -
[a -
< 6000 | Laminar, Turbulent - ﬁ § 4000
4000 4 flow E flow é 2 § ]
2000 4 i1 s 2000 -
. ' B
0 T tl’ :l T T T T T T T T T T T T T T T T T 0 T T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1 1.1 0 01 02 03 04 05 06 07 08 09 1 11
Q, [I/min] Q,, [I/min]
Fig. 9: The experimental total pressure drop in SRM heat ¢  Fig. 10: Comparison for total pressure drop in SRM heat s
design versus volumetric flow rat@,() at three different design versus volumetric flow rat@,f) at input power of
input powers of 50, 75 arftDOW. 100W.

Fig. 11(a)compares experimental measurements and numerical predictiaRs \@rsusQ,,, for the SPSM design,

while Fig. 11(b)shows the corresponding data for both the DPSM and TPSM test sections. The inlet tube diameter
the SPSM was 1.5mm, and 2.5mm for both the DPSM and TPSM. In all caggsisascreasedP; increases rapidly

due to both the larger friction forces generated inside the straight and curved channels andtmtnease®r pressure
losses. It is clear from tHég. 11that theSPSMhas a higher pressure drop compared with the other MCHSs, while the
second and third higkepressure drop were seen in the DPSM and TPSM, respectively. The maximum discrepanc
between the experimental data and numerical predictions were found to be 12.5%, 10.6% and 10.2% for the SP

DPSM and TPSM designs, respectively.
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Fig. 11: The total pressure drop for (a) SPSM; (b) DPSM and TPSM models
different water flow rate and at input power of 100W.

The pressure distributions through the twelve-serpentine microchanndlastrated inFig. 12(a) while Fig. 12(b)
demonstrates the percentage of pressure drop in both straight and bend microchannels in SPSM heant airtkiebesi
different volumetric flow rate at input power of 100W. The nesskn Fig. 12(a) represent maximum and minimum
pressure in each straight portion of the microchannels, while the gaps between adjacentd®aoke the pressure loss
at bend, see Egs. S.12 and S.13[nin section 3The bend loss coefficierd, is determined based on the correlation
equation proposed by Maharudrayya e{2®] for laminar single phase flow. The results obtained from the latter two
equations were validated with numerical predictions and good agreement was achievedraggh digcrepancy of 8%
for three differenty;,,. As shown inFig. 12(b) the percentage of pressure drop in bends were higher than those in
straight channels at ea@,, and this percentage increases wWifh. The data obtained from Eq. (13) have been

compared with experimental pressure drop and acceptable agreement was found, with typeaindisof 13% at

eachQ;,.
6000 o min [Anal 1 7000
Qin = 0.15 I/min [Analytica
] M Bend
E OQin =0.13 I/min [Analytical] 6000 - Sten‘ ht T
5000 4 | AQin = 0.10 I/min [Analytical] | Hotree T
1 8 L] WQin =0.15 |/min [Numerical] 5000 - M Total [Exp.]
4000 A 8 . @®Qin =0.13 |/min [Numerical] ] (b)
'E 1 8 ! A Qin =0.10 |/min [Numerical] = 4000 -
o 30001 & 8 ] (a) s, ] - 58%
3 ] 2 a s B S 3000 - bs
2000 - 2 A s n '
1 A CR 2000 A 53% T
A e .
1000 - D 1000 4 T— 42%
] A ! 47%
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Fig. 12: The total pressure drop in SPSM design at different water flow rate and at ingutqgdow
100W: (a) pressure distribution through 12-serpentine channels ; (b) presspigetdcentage.
In the experiments the relative surface roughnesB,() for the four MCHS test sections was measured 8% x
1073 for the SRM heat sink arti58 x 10~2 for the other three serpentine MCHS designs. Kandlikar gQjIstudied
the effect of surface roughness on pressure drop and heat transfer characteristics in 0.62 anddisd6&tenrstainless
steel micro-tubes. The relative surface roughness for the larger diameter tube ranged from 0.00176 to 0.0028, and
results showed that the effects of varying surface roughness on pressure drop and heat tramséggnifgzant. Since

the relative roughnesses of the microchannels tested in the present experimental workahereghsm those of
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Kandlikar et al[40], it is likely that the surface roughnes3 @oes not have a significant effect on the pressure drop and

heat transfer coefficient in the present study.

Fig. 13shows the pressure drop contours of the four MCHS designs used at the mid-depth plane of the shkiagl (Z

for laminar flow with@;,, = 0.15 [/min and an input power of 100W. It can be seen thaGt®Mcreates a larger
pressure drop than othemsesThis is due to the facts that water in the SPSM flows inside one channel only, unlike the
DPSM and TPSM where fluid is distributed into two and three microchannel respedgiadiyg to reductions in both

the velocity and pressure drop in the latter two cases, and the larger microchannéh lgweiiP SM

x10

O O @) ol Wil Wike O @) O

= : { 500
, -
O e | ) ‘
s, s !
1]

Fig. 13: Pressure drop contours of four MCHS at the mid-depth plane of theedha
(Z=H/2) : (a) SRM; (b) SPSM ; (®)PSM; (d) TPSM.

4.4 Heat transfer characteristicsof MCHS
4.4.1 Wall and fluid bulk temperature distribution

To obtain the heat transfer coefficient)(and Nusselt numberMu), the microchannel base and the fluid bulk

temperature must first be determined. The local microchannel base temperature along tleeadiaal of the

microchannel can be calculated using Eqg. (4) and the local fluid bulk temperature can be determiked (Bifdg.

14 presents experimental data and numerical predictions of the channel bottom temperature atfisatiimgi the

microchannel length for the SRM test section, together with the inlet and outlett@raparatures measured using
[14)



thermocouples inserted at the inlet and outlet of the MCHS. Good agreement between theory andnéxpas
obtained, with discrepancies of less than 3.8% for the microchannel base temperature armt thdofiuid bulk
temperature.

The data shows how the microchannel base temperature increases along the flow direction and ffeatrbeirli
temperature between the water and channel base along the axial flow direction is not constantlis&ieh that the

flow is thermally developing throughout the whole of the MCHS, a desirable feature whith tb enhanced heat

transfer.
60 - [e) Exp. base temp.
Corrected exp. base temp.,Eq.(4)
— - — Predicted base temp.
4 Predicted fluid bulk temp. 9]
50 ..
A
. -~ ’
= A .~
O 40 A 8.
o R /
€
2 30 A 7
o / ~
Tt.out measured b
20 G thermocouple
Ttin measured by
7 thermocouple
10 T T T T T T T T T T T T T T T T

0 5 10 15 20 25 30 35 40 45
X [mm)]
Fig. 14: Distribution of base and fluid bulk temperature along the microchanisel &
distance for SRM design f@;, = 0.2 [/min at input power of 100W.

4.4.2 Heat transfer coefficient (h) and the Nusselt number (Nu)

The length of the thermally developing entrance region was estimated using the equation fmpfdsd and London

[41] (L¢p, = x*.Re.Dy,. Pr), wherex* denotes the dimensionless thermal entrance length, which is a function of the
aspect ratio, and following Lee et g2] was taken to be 0.05 in this study. At an input power of 100W for the SRM
heat sink, it was found that the thermally developing entrance Iépgtxceeds the total microchannel length at every
Re chosen, which indicates that the entire fioside the channel is thermally developing.

After obtaining the average heat transfer coefficieps{), the average Nusselt numbaing,, ;) can be calculated using

Eq. (9), where the experimental valuesigf, are determined d ,,,, andT,, 4,4, Over a wide range d@;,, from 0.1

to 3.0 I/min. The experimentatu,,, data obtained from the SRM design was compared with a number of correlation
equations for both laminar and turbulent flow regimes as shoviginla This shows that there is generally good
agreement between the experimental measurements and numerical prediéfiopg, afith an average discrepancy of

less than 6% for both laminar and turbulent flow regimes.

The experimentaNu,,, data in the thermally developing laminar flow region are compared with the theoretical
equation proposed by Lee and Garim@lg] for straight rectangular cross-section channels, for aspect ratios ranging
between 1 and 10s€eEq. (S.4)in theTable 2, SD, section)1The equation of Lee and GarimeW&] is applicable to
cases of uniform heat flux with circumferentially constant temperature and axially constdhbheatthe wall§29],

and is valid when the dimensionless axial distantgi§ less than the length of the thermally developing regi)y).(
Otherwise the flow is considered to be fully developedEqdS.6)from Shah and Londof1] will be used instead.

The local average Nusselt number for three-sided heating can be estimated using therctaotati proposed by
Phillips [7]:
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Nug rq jam(a) (26)

Nug,(x*,a) = Nuy(x*, a) -
3,x( ) 41x( ) Nugy rg 1am(@)

whereNus ¢q 14m andNuy fq 14m denotes the Nusselt number in the fully developed region in the SRM for the three-
sided and four-sided heating case respectively as defirtegsinS.5 and S.&) theTable 2, SD, section, While « is

the aspect ratioa(= W,,/H,.,). It is clear from thdrig. 15that there is good agreement between the experimental
Nug,, data obtained and the equation of Lee and Garirfdlan the laminar flow regime for three sided wall heating,
with adiscrepancy of less than of 7%. These small differences iNuthg, values may be due to the fact that the flows

in the present study feature both hydrodynamically- and thermally-developing flow, wheeeasd Garimella’s
equation is for flow which is hydrodynamically fully developed but thermally developimgturbulent flow Re >

3000), the experimentdVu,,,, values for the SRM heat sink were compared with the experimental correlation propose
by Dittus-Boeltef44] for fully developed flow in smooth circular cross-sections, as givé&mginS.7)in theTable 2,

SD, section 1The maximum discrepancy in this case was around 12.5%.
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1 — - — Dittus-Boelter, Eq. (S.7)
0 ——— —
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Fig. 15: The average Nusselt number versus Re for input power of 100

Fig. 16compares the values fu,,, obtained experimentally and numerically as a function of flow e for the

four MCHS designs with an input heating power of 100W\& agreement between experiment and theory is once again
reasonably good with average discrepancy of 6.5% for all MCHSs usedl, ealdes ofNu,,,, increase monotonically
with Q;,. TheNuy,,, values for th&sPSMdesign, for the san@;,,, are the largest, followed by those for the DPSM and
TPSM with those from the SRM the lowest. For example, at a volumetric flow i@&geljsnin, Nug,,, for theSPSM

is 18.9, which is 35.0%, 21.2% and 12.2% higher than the values for the SRM, TPSM and DPSebsddis due

to the fact that the water in the SPSM and DPSM designs experiences a greater numbervaiberdisrupt the
thermal boundary layer more effectively, reducing the wall temperature and leadigbeo linkat transfer. Note that,

as seen above, this improved heat transfer for the SPSM and DPSM designs comes at the pricaazralgignger
pressure drop compared to the other MCHS dssign
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Fig. 16: The average Nusselt number versus water flow @tg for

_ ) four MCHS designs at input power of 100W.
Fig. 17(a-d)depicts the temperature contours for the four MCHS designs, which are taken at the half depth of tl

microchannel.;/2), Q;, = 0.15 I/min and input power of 100W. For all MCHS, it can be noted that the temperature
difference between the near wall fluid and core fluid inasas the flow travels downstream. The side wall temperature

distribution ofSPSMalong the flow length was smaller than other MCHSs, while that for the SRM design was higher

30.3

aolo O O

20 22 24 26 28 30 32 34 36 38 40

Fig. 17: Temperature contours of the four MCHSs: (a) SRM; (b) SPSM; (c) DPSM; (
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Fig. 18shows the velocity distribution and the velocity vectors folSREMtest sectionatthe mid-depth plane of the
channel 4., /2), for a volumetric flow rated;,,) of 0.15 I[/min and an input power of 100 W. Due to flow continuity,
the SPSM model has higher velocities compared with the other two types of serpentine chamladekitcan be
seen that a small region of recirculating flow is created near the inner surface of thetiemajds the transportation

of heat from the walls into water and distsithe hydrodynamic and thermal boundary layers, thus improving the
convective heat transfé45].

Fig. 18: Velocity distribution and velocity vectors for the SPSM desigf;at= 0.15 [/min
and input power of 100W.

45 Thermal resistance

The thermal resistancg(,) measursthe resistance of the MCHS to dissipating the input po#6dy and isacommonly
used parameter within the field of electronic cooling. It is defined by the ratio ¢éniy@erature difference of the

substrate and the inlet of the microchannel to the heating power received by water in the microchannel region,

AT _ Tmax—Tf,in
Ren="= Tf {C/w) (27)

whereT,, ., is the maximum temperature measured by the four thermocouples inserted in the copperdifogkdse

Trin is the inlet water temperature, ap) is the power supplied by the heatéig. 19 shows experimental
measurements &, for the four different MCHS designs as a function of volumetric flow rate for an gaiing
power of 100W and aimlet water temperature of 20°C. The figure shows thaRthevalues decrease for higher flow
rates and those for the SPSM design are the smallest followed by the DPSM, TPSM and the conS&MioRal
example, at &;,, = 1.0 [/min, Ry, for the SPSM is 0.9C/W, which is 32.8%, 26.2% and 13.7% lower than the values
for the SRM, TPSM and DPSM respectivelfe reasons for the smaller thermal resistances of the SPSM design have
been described above, namely the preservation of hydrodydgmarad thermally-developing flow due to its multiple

bends and the recirculating regions induced near the inner bend surfaces.
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Fig. 19: Experimental total thermal resistance versus volumetric flow rate at input pb@@o\W.

4.6 Performance Evaluation Analysis

As indicated by the above experimental and numerical results forflitwidand heat transfer, the SPSM heat sink
designs can enhance heat transfer at the expense of a higher pressure drop. Thus, the benefitaiatagessafithe

new serpentine MCHSs are assessed using a performance evaluation criterion (PEC) index based on the same pul
power consumption, as defined[#v, 48}

e Nugyg

Uay Nugy,

PEC = " = —t0sun (28)
E f
( f) (f:SRM)

whereENuavg andE; are respectively the heat transfer enhancement and friction factor parameters, whicinede def

as the average Nusselt numbdu, ) and friction factor £) of the present enhanced MCHSs (SPSM, DPSM and
TPSM) divided by those of SRM heat sinks, respectively. To calculajewhlkies for the three different serpentine
MCHS configurations, Egs. (13, 14 and 15) were used to determine the apparent frictioryfggtairice the total
pressure drop and the minor pressure losses are known, while Eq. (10) was used to esfifpattiiee SRM heat
sink. The PEC values of all the MCHS designs are plotted as functions of volumetric water fl@@y,Jeds shown in
Fig. 20 It is observed that the PEC of the SPSM heat sink is the smallest. This implitbe tBRSM requires higher
pumping power to achiewehigher heat transfer coefficient, while the PEC of the TPSM heat sink is the higitielst

implies that the higher thermal performance is achievable with less pumping power.
In addition, it can be seen that the values of PEC are decrease@yyheif.2 [/min for all MCHS test sections, and
this due to the high pressure drop penalty which outweighs the heat transfer enhanﬁﬁgg%t)te(specially in the

SPSM heat sink. It should be noted that the PEC values for both DPSM and TPSM designs are larger than 1 comp
with the SPSM which is around 0.71, and this belong to the high pressure drop penalty for the SPStdesih

the increase in thENuwg.
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Fig. 20: Performance evaluation criterion obtained from experiments for three serpe
MCHS designs versug;, atinput power of 100W.

5. Conclusions

This study has demonstrated that channel design in MCHS has a strong influence on both hearidapsfssure
drop. Experimental and numerical results show &ha,, increases monotonically with flow rate, due to reductions in
the thickness of the thermal boundary layer, and that the SPSM design provides the most ledfdtiansfer, followed
by the DPSM and TPSM with the SRM heat sink having the poorest heat transfer. The expatimerfurther that
this leads to the SPSM design having the smallest thermal resistances, with vatadlg tipid of those for the poorest
performing, SRM heat sink.

The numerical predictions d&fu,,, agree well with the experimental measurements with an average discrepancy o
around 6% for both the laminar and turbulent flow regimes. Comparisons with existing mosei@tNu,,,, for SRM

show that the present experimental results agree well with the correlation of Lee andli&Bhin the laminar
regime, with a discrepancy of less than 7%, and with that of Dittus-Bgé#iein the turbulent regime, with a
discrepancy of around 12.5%. The numerical solutions show that the channel bends are very inflpestiahiimg

the hydrodynamic and thermal boundary layers attaining a fully-developed state and that theinfresatee ifor the
SPSM and DPSM designs leads to enhanced heat transfer compared to the other designs. In the SRSMcasieAl
results also reveal the presence of a recirculating flow region that further enhandesnisézt from the inner bend

wall.

These improvements in heat transfer are, however, achieved at the price of significgetlpressure drops for the
SPSM design, the values of which are reduced by the smaller water density and viscagithestiig power densities.
Practical design considerations, where the goal is to achieve a high heat transfer without excessigalpwpsleads

to a muti-objective design optimisation problem. This design optimisation will be addressed in future work.
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Nomenclature

Apese Base area of channel [m?] Tyt  Channel base temperature at thermocouple location (i = 1-4), [°C]

A Cross-sectional area of channel [m?] Troue  Outlet fluid temperature [°C]

Agsr  Effective heat transfer area per channel [m?] Tfin Inlet fluid temperature [°C]

Afin Surface area of fin [m?] Trx Local fluid bulk temperature [°C]

A, Bottom heated area of the MCHS [m?] Tfavg  Fluid bulk temperature [°C]

Ap Plenum area [m?] Twawg Average channel base temperature [°C]

Cpy Specific heat of fluid [J/kg.K] 4 Voltage [V]

Dy, Hydraulic diameter [m] Ve Velocity in microchannel [m/s]

fen Fanning friction factor in channel V Velocity in plenum [m/s]

fapp Apparent friction factor W, Fin width [m]

H.p, Channel height [m] We, Channel width [m]

h Convective heat transfer coefficient [W/m2.K] w Heat sink width [m]

hy Local heat transfer coefficient [W/m?2.K] x*t Dimensionless hydrodynamic axial distance

I Current [A] x* Dimensionless thermal axial distance

ks Thermal conductivity of copper block [W/m.K]

K, Contraction loss coefficients Greek symbols

K, Expansion loss coefficients o Aspect ratio [W,,/H,]

ke Thermal conductivity of fluid [W/m.K] I3 The excess loss coefficient of bend

Ky The bend loss coefficient, (=1.2) Ny Fin efficiency

L Heat sink Length [m] Pr Fluid density [kg/m?]

Len Channel length [m] Us Dynamic viscosity of fluid [kg/m s]

n Number of microchannel € Channel surface roughness [um]

Nu Nusselt number

AP,  Channel pressure drop [Pa] Subscripts

AP, Total pressure drop [Pa] avg Average

Pr Prandtl number f Fluid (Water)

P, The wetted perimeter in Inlet

Qin Volumetric flow rate [m®sec] out Outlet

q Heat transfer rate [W] max Maximum

Qoss ~ Heat loss [W] s Solid

Re Reynolds number tci Location of the thermocouple along the flow channel

R Total thermal resistance [°C/W] r Interface between the fluid and solid
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Section 1:

Table 1

Friction factor correlation for single-phase flow in MCHS.

Author [Ref] Published correlation equation Eq. | Geometry Flow regime Range of validity
Shahand London | £ =2%(1 - 13553 « +1.9467 «®— 1.7012 o +
[41] " Re S.1 Rectangular| Fully developed laminal Re < 2300
0.9564 oc*— 0.2537 )
(00) 3.
f S _ 34 (fram raRe) +l§,x+ ‘% S.2 circular and | Developing flow Re < 2300
Shah[30] app.Laminar = pey/x+ re(1+-55) non-circular | laminar
¥ channels
K(0) = 0.674 + 1.2501 « + 0.3417 o?— 0.8358 «3
Lee and QUS1]
C = (0.1811 + 4.3488 o« +1.6027 «2?) x 10™*
~0 268_0.3193
’ (ih) S.3 Rectangular | Developing flow 3000 < Re <10
- 1.01612 Dp
Phillips [7] fturb,Phillips =10.0929 + (LLh) Reeq turbulent
Dp
_ Pr-Ven: Dhgg _ 2 11 (2— )
Reeq = —”f ) Dhgq =Dy (3 + 4 )
Table 2
Heat transfer correlation for single-phase flow in MCHS.
Author [Ref ] Published correlation equation Eq. | Geometry Flow regime Range of validity
1 P P .
Lee and Garimella| Nug, = CLC24Cs +C, for x* < xjy S.4 Rectangular| Thermally developing Re < 2300
[43] laminar flow
Wherex;, denotes the length of the thermally develop
region as:
« _ —1.275x107°  4.709x1075  6.902x10™*  5.014x1073
Xen = 6 o5 - ot + o3 -
-2 -2
1.769><210 1.845x10 + 005691
[2¢ o
_ -3 -2 -5
Cl — 2.757:10 + 3.274><210 _ 7.464X10 + 4476
o o< o
C, =0.6391
-4 -3
C3 — 1.604)(210 _ 2.622x10 + 2568 x 10_2
2§ o
13.11 15.19 6.094
C,= 7.301—T+ =z o3
— _ 2 _
Shah and London Nus g 1am = 8235 (1 1'8§3 o+ 3'7647 « s S5 Rectangular | Fully developed laminar Re <2300
[41] 5.814 «® +5.361 o* — 2 o®)
Nuy g 1gm = 8.235 (1 — 2.0421 o« + 3.0853 o — Fully developed laminar|
24765 3 +1.0578 «* — 0.1861 ) S.6 Rectangular Re < 2300
Dittus-Boeltef44] | Nupierys—poetter,fa_turp = 0.023.Re®8. Pro4 S.7 Circular Fully developed 3000 < Re <10

turbulent

" Corresponding author. E-mail addrésismedfalneama@gmail.cgAhmed F. AL-Neama).
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Section 2:

Table3

Uncertainty of various critical MCHS parameters.
Variable Total relative uncertainties
Channel widt {/,;,) +0.60%, +0.4%

Channel heightH_;) +0.30%, +0.2%

Channel length(.,) +0.03%, +0.002%

Fin width W,,) +0.6%

Hydraulic diameter[,,) +0.41%, +0.27%
Volumetric flow rate Q;,)  +2.5%— +0.083%

TemperatureT) +0.3%

Nusselt numberNu) +3.7%—-+9%
Pressure drop\P) +2.6% - +15.2%
Friction factor f) +3.4% - +16.3%

Thermal resistancer(},) +2.8%—+7.3%

The final uncertainty equations associated Vith Nu andR,; for SRM Heat Sink are given as:
Uren _ | (Yepen)? o (Yo)\? , (UVken 4 (L g 9 (Wen 2 Uwgy \’ g (YHen
7= [Gre) + () + () +4() oG + () G
Unu _ + Uy 2 Uy 2 Tw ur,, 2 Ty UTf 2 UAeff 2 ka 2 UDh 2 S.9
=t () () + (Tw_rf)w + (—Tw_Tf)? +(—Aeﬁ) +(k—f) +(32) (S.9)
URL‘h UV 2 Uy 2 Tw UTW 2 Tf UTf 2

= )+ () +((25) ) +((5) & (5.10)

Properties of water such as fluid density, dynamic viscosity, specific heat, Prandtl iBrmilaed thermal conductivity

2 2

+ (e ) (S.8)

Hep +Wep

(k) were determined according to the tabulated values in Incropera and [#2)iktading to uncertainties in the fluid
properties of around 0.5%. By using the estimated errors of the parameters listeldi the experimental uncertainty

for Re, f,,, Ry, andNu can be calculated.

Section 3:

To predicate the excess bend loss coefficignin( SPSM heat sink design, Maharudrayya dt38] carried out a CFD

simulation of laminar single-phase flow through 4&@nds and serpentine rectangular channels, and three-regime

correlation was proposed to determinetas a function of the Reynolds numbeér{ Re = pf";f—"'D” < 2200), aspect
f

ratio(l < a = % < 6), curvature ratioq < C = % < 6) and fin width as follows:
ch h

For< 100 :
§=0 a) (S.1

For100 < Re < 1000 :
2/ 2
£ =046(Re)/3(1 - 0.18C + 0.016C?) x (1 — 0.2a + 0.0022a?) X <1 +0.26 (%) ° ~0.0018 (?) > (S.11b)
h h
For1000 < Re < 2200 :

2/ 2
£ =3.8(1—0.22C + 0.022C?) x (1 — 0.1a + 0.0063a?) x (1 +0.12 (%) 3 0.0003 (?) > (S.11c)
h h

[24]



whereR, represents the mean radius of the bend.
The pressure distribution in every straight microchannel in SPSM heat sink is represettednigximum and

minimum pressure, which are given [38]:

— : 1 2 Len
Prin = APy spsm — i- 1)5 . pf-Vch (4“fapp .D_h+ ¢ S12)
_ 1 2 . Lcn .

Prax = BPcspsu =3 - pr-Va (4 fapp 2+ (= D€ S13
Section 4:
Fig. S1shows the mesh in TPSM heat sink design and resolution was increased near the bends.

Table 4

Validation of grid independence.

Straight rectangular MCHS (SRM) Single path multi-serpentine rectangular MCHS (SPSM)
2 4
E% E% E% E% % E%
(0.979 x 10) (1.897 x 10°) (2.637 x 10°) (3.356 x 10°) {(0.937 x 108) (1.992 x 10) (2.788 x 10°) (4.834 x 10°)
Tjunction (°C) 57.4 5.7 56.0 3.1 55.0 1.3 54.3 47.4 75 46.0 4.3 44.9 1.8 44.1
Nugyg 9.7 9.0 9.3 45 9.1 2.2 8.9 14.3 8.3 13.8 4.6 13.5 2.3 13.2
Double path multi-serpentine rectangular MCHS (DPSM) Triple path multi-serpentine rectangular MCHS (TPSM)
4
E% E% E% E% E% E%
(0.852 x 10°) (1.836 x 10°) (2.526 x 10°) (3.703 x 10°) |(0.844 x 10%) (1.776 x 10°) (2.486 x 10°) (3.649 x 10°)
Tjunction (°C) 51.3 6.2 49.4 2.3 48.9 1.2 48.3 54.0 8.0 52.6 5.2 51.0 2.0 50
Nugyg 12.8 7.5 12.4 42 12.1 1.7 11.9 11.4 8.6 11.0 4.8 10.7 1.9 10.5
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Fig. S1: Numerical mesh using case 3 for a TPSM design.
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