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Abstract

Experimental and numerical analyses have beenedaout to study the effect of using
subchannels in a liquid cooled heat sink for mising the effect of hotspots generated on a
chip or circuit. Two heat sinks — with and with@utbchannels — were fabricated in order to
investigate this effect. The first device was mawtired with normal parallel channels while
the second was designed to extract more heat bgimtyvthe main channels above the
hotspot into two subchannels. The inlet and outlahifolds were designed with two inlet
ports to minimise any potential mal-distribution wfass flow rate through the channels.
Three thermocouples were attached to the bottofaciof the inlet manifold and another
three attached to the outlet manifold to recordaser temperature. Five different mass flow
rates were generated under gravity by changingrveatgtainer height. The results show that
adding subchannels improves the uniformity of terapee distribution and reduces the
maximum temperature. Moreover, at the same presmad 79cm the thermal resistance is
reduced 20% whereas the pumping power is increagédd %.

Keywords: Heat Transfer, Microchannels, Heat Sink, Microcterfabrication, Numerical
Simulation, Circuit cooling



1 Introduction

Parallel microchannels are the usual method folimg high-density heat flux generated in a
small-scale system [1]. However, using parallelrotbannels in a cooling process generates
a non-uniform temperature distribution because af-dmstribution of the mass flow rate
through the microchannels, regardless of the umityr of the heat generation of the chip
itself [2]. Furthermore, Azizi et al.[3, 4] expermtally confirmed that uniform temperature
distribution through the microchannels can be aadef cylindrical heat sink was used.

Numerical results of Hegde et al.[5] confirm thia¢ parallel fluid flow through a two-layer
heat sink attached to a chip surface gives a I®ueiace temperature with decreasing heat
flux generation. Their numerical results also shiwat parallel flow with partial heating
downstream gave a lower temperature compared todbeter flow case. This finding was
consolidated by the experimental results of Wei [6]

Chauharet al. [7] numerically investigated the effect of reagarg the chip layout. They
studied three cases: first by placing high heak fiomponents at the inlets of the
microchannels, second the flow was reversed amd ttwunter flow was imposed between
two adjacent microchannels. Their results confdntkat placing hotspots at the inlet
resulted in improved cooling. Xiet al. [8] numerically analysed a combination of three
different manifolds and two hotspot locations (mel and diagonal arrangements
perpendicular to the flow direction). They showkdtta lower and more uniform temperature
was achieved when the inlet and outlet ports wecated at the middle and perpendicular to
the heat sink surface, but a greater pressure Vgaspaoduced. Analysis carried out by
Biswal et al [9] showed the effect of heat source size onntlaémresistance, which was
reduced by 16% for a fully developed flow and 1486 rion-fully developed flow when the
hotspot was moved from the inlet to the middle pasiwith a heat source 25% the size of
the heat sink.

Prasher and Chang [10] experimentally studied tfeeteof reducing channel widths above a
hotspot with heat flux of 1250 W/émTheir results demonstrated that a lower thermal
resistance could be achieved by narrowing the alaabove the hotspot. Numerical analysis
of Minliang [11] and Wang [12] followed the sameopedure i.e. narrowing the width of
microchannels above the hotspot, to increase thid-$lolid interaction area. Their results
showed that the chip temperature was reduced atdbkeof an increased pressure drop.
Zhang [13] et al. and Li et al. [14] divided a cliyo low and high heat flux areas and also
reduced the width of the microchannels above thspods to minimise the temperature with
uniform heating. Their numerical results showeadadyimprovement in surface temperature.

The effect of channel width and wall thickness omimising thermal resistance has been
investigated by Turkakar and Ozyurt [15]. A micranhel aspect ratio of 10 (height—to-
width ratio), minimum wall thickness of 20pum andnmium channel width of 40 um were
considered as manufacturing constraints. Theirnaph design confirmed that reducing
microchannel width at the hot spot increases haauster but also increases the pressure
drop.

Sharma et al. [16] used a special manifold degighénabled throttling of the flow above the
heat flux locations, increasing mass flow over hio¢spots. Two models were investigated,
each with different heat flux generation: the finsts 150 W/crhand 20 Wi/crfy while the
second was 300W/cm40W/cnf and 20 W/crh The design proposed by the author showed
an improvement in temperature uniformity l3C4and 18C for the first and second models
respectively.



Dias [17] suggested a variable depth microchanoetetiuce the high temperature at a
hotspot. Above the hotspot, the channel was dettyaer the surrounding background; this
provided a larger area for the heat transfer icteya between fluid and solid. On the other
hand, Goodson [18] suggested a complex manifolegddbat supplied a high flow rate to
the hotspot, thereby reducing its temperature, evtiteduced flow rate was provided to the
background area. This was achieved supplying traing fluid directly to the hotspot
through short, low resistance passages togethérguiater pumping power. Goodson used
various microchannel sizes and fins of differenights to obtain a uniform temperature
above the chip surface.

The effect of using oblique fins was investigatednerically by Lee [19] and experimentally
by Lee [20]. Their analyses confirmed that the oseblique fins led to a decrease in both
the chip temperature and temperature differenceeabie chip surface. In addition, varying
the fin density according to the heat dissipatedthet hotspot improved temperature
uniformity [20], but led to an increased pressumepd

In the present study, the effect of using subchlameeenhance heat transfer from the hotspot
generated on a chip circuit with non-uniform héax s investigated. The approach adopted
employs an increase in the liquid-solid interactiarea to remove the extra heat flux
generated on the hotspot, therefore reducing thenman surface temperature above the
chip. Two heat sinks were fabricated: the firsthwitarallel channels and the second with
subchannels dividing the main channels into twovalibe hotspot. Inlet and outlet manifolds
were designed with two ports in order to minimisg g@otential mal-distribution of mass
flow rate through the channels. Consequently, thigue effect of the subchannels on heat
sink performance has been investigated both thealigtand experimentally.

2 Experimental techniques
2.1 Test piece fabrication

Eleven channels were fabricated on a copper pt€NC machining using a Datron CAT

3D-M6 with an accuracy of £1um. The propertiedhef copper are shown in Table 1. The
dimensions of the cross-sectional area of the mlaamnel(s) were 0.9mmx0.9mm while the
subchannel dimensions were 0.3mmx0.9mm with a thalkness of 0.3mm for both, see
Fig. 1. The full dimensions for both models arewvghan Fig. 2.

The lid was fabricated from polycarbonate [21] witvp inlet and outlet ports, minimising
potential mal-distribution of the mass flow rateadigh the channels as shown in Fig. 2.
Epoxy with thermal conductivity of 0.2 [W/(m K)LOCTITE® 5145™ [22]) was used to
join the copper plate and the lid together. Deiediwvater (DI) was fed to the models through
two small stainless steel tubes which were inseméal the inlet holes. Moreover, outlet
water flowed out of the model through the outletirdess pipes (See Fig. 2). Transparent
plastic tubes were used to provide and collect mi@tend from the model(s) (See [23] for
the full tube specifications).

Twelve microheaters (Pt 6.8 M 1020 [24]) were usedyenerate both the uniform and
hotspot heat fluxes. The nominal electrical resistaof each microheater was 6.8 Ohm at
0°C, allowing a maximum current of 2A within the worg temperature range e#40°C to
+500°C. These microheaters were soldered to a PCB @&sedr full specifications of this
PCB). The full dimensions of a single microheateraso shown in Fig. 2.



Thermal paste [26] was used between the coppee jlatl the microheaters to improve
thermal contact. The lid and the ceramic base vagiiged with four holes each 2mm
diameter in order to join all the parts with M2 ees (See Fig. 2). The base material was
made from machinable ceramic [27].

Six type K thermocouples of size 200um were eaakdwith epoxy to the bottom surface
of the inlet and outlet manifolds at six positicgrsabling measurement of the temperature
(See Fig. 2). A small drop of thermal paste [265waded between the thermocouple probe
and copper surface to improve heat transfer bymsging thermal resistance. The positions
of each thermocouple are shown in Fig. 2.

The locations of the thermocouples were selectédxd ton the bottom surfaces of the inlet and
outlet manifolds (see Fig. 2). Those locations weh®sen in order to avoid passing
thermocouple wires through a variable temperatuegliom and minimise the conduction

error through the wires.

Another two type K thermocouples of size 200um weserted into the plastic tube close to
the outlet ports enabling measurement of the waterperature. The thermocouple wires
were pushed through the thermal insulation matesigkevent any contact between the wires
and the other surfaces (e.g. ceramics base), wbiald result in the possibility of conduction
error through the wires [28]. The inlet water temgpere was measured by immersing a
thermocouple type K of size 200um in the water aiorwtr.

2.2 Experimental set-up

DI water was used as a working fluid and was sepplfom a 7-liter water container with a
large surface area (30cmx30cm). Different levelshef container were chosen to generate
various flow rates under the action of gravity [ZB\vo plastic tubes connected the container
to the model inlet ports as shown in Fig. 3. Theepand inner diameter of the plastic tube
were 3mm and 1.65mm respectively and the otherfsgmns can be found in the Tygon®
tubing documentation [23]. The device was wrappéith \@dditional thermal insulation to
minimise heat losses as shown in Fig. 3. EachfsEtldo H6 represents two microheaters,
H1 & H4, H2 & H5, and H3 & H6 which were linked series and supplied with a voltage
from a single power supply (see Fig. 4). Backgrotedt flux was generated by applying
lower voltage to the micro-heater set H1 & H4 an® & H5, while a higher voltage is
supplied to the set of H3&H6 to generate the hdtapthe middle position of the channels.

Thermocouple were connected to a laptop througlca &ata logger TCO8 to record the
temperatures. Water inlet temperature was measuitada type K thermocouple which was
connected to a 2000T type K thermocouple thermammegaufactured by digitron [30]. One
advantage of the TCO08 is that it incorporates doidction compensation, eliminating
measurement variations caused by fluctuations wir@mmental temperature during the
experiments.

Two power supplies were used to provide the reduidtage: the first was a GPS-3303
series power supply with two channels of voltagegea0-30V, current 0-3A and accuracy of
0.01%+3mV manufacturing by GW Instek [31]. Them®l power supply was a single
channel device model PL154 manufacturing by Thurldhyandar Instruments with an

accuracy of 0.1% for voltage and 0.3% for curre8@][(See Fig.2 and Fig. 3). A digital

balance was used to weigh the collected water guha experiments a shown in Fig. 3 and
Fig. 4.



2.3 Thermocouple calibration

Thermocouple calibration was performed by compatimegthermocouple reading when fully

submerged in crushed ice and boiling water with stendard water freezing and boiling

temperature respectively [32]. A Pyrex beaker ab tires was filled with crushed ice and

water, and the thermocouple probe was immersed gufficient length of time to avoid any

effect of outside temperature on the reading. Aoldl#lly, during the calibration process a
distance was left between the thermocouple probddarabottom of the beaker to prevent the
effect of heat transfer with the beaker base. Whaieszing and boiling temperatures were
considered (to 2 d.p.) to be those at standardsghesic conditions (e.g. 1 atm) where water
boils at 99.98C" and freezes at’G [34] .

2.4 Experimental methodology and steps

Experiments were performed inside a temperaturdraited room for different pressure
heads (25cm, 38cm, 47cm, 61cm, and 79cm). Thewoitp steps were followed during each
run and for each pressure head:
1. The container was filled with filtered water to divmillimetres above the required level.
This took advantage of gravity to produce a statmatinuous flow rat¢29].
2. The (controlled) room temperature was allowedabitise (2£C).
3. The model and water were left to achieve thermalliégium for each part before starting
each run of the experiment.
4. Each power supply was set to the desired voltagedoh microheater to generate the required heat
flux.
. Thermocouple readings were monitored to ensuresteatly-state had been achieved.
. Thermocouple readings where then recorded forrfiiraites.
. The water level was altered by changing the paositd the container and steps 1-7
repeated for the next mass flow rate.

~N O O1

2.5 Experimental results and discussion

Experimental results were compared with the Reyoldmber Re which was calculated
based on the hydraulic diameter of the main chaoinebth models using:
UnD
P Ymbh 1)
y7;

whereU,, [m/s] represents the average inlet fluid velotitsough the channel arid}, [m] is
the hydraulic diameter of the main channel(s).
The heating power supplied by the microheaterscabulated from:

P=IV (2)
Heat extracted from hotspot and background hegéedlly the water was calculated from
Eq(3)

Re=

Q:mwc pW(Twout'TWin) (3)

It was found that the maximum average heat lossan@sd 5% for each model.

The boiling point of 99.98°C was used in accordawith the strict two-point calibration of Viennaa®idard
Mean Ocean Water (VSMOW) and as used elsewhetwititerature, see e.g. Roth and Friend [83Jander Shekhar Sharm:
http://dx.doi.org/10.1016/j.apenergy.2014.10.083] [ ibid.



Fig. 5(a) shows a comparison between the experaheptdings of the thermocouples
(Thermocouple 1Thermocouple 2and Thermocouple Bwhich were attached to the bottom
surface of the outlet manifold for both the modelgh and without subchannels. The
channels’ width above the hotspot was reduced &tbind of that above the main channels
(See section 2.1). Consequently, the solid-ligoidraction area increased, and the flow was
accelerated at the entrance as a result of theawbioin at the subchannels. Therefore, more
energy was extracted from the hotspot by the whtading to a drop in surface temperature.
This reduction in temperature could be detectethbythermocouples attached on the bottom
surface of the outlet manifold.

The hotspot had a negligible effect on the readmigthermocouples attached to the inlet
manifold (See Fig. 5b). This is expected as they aifect this could have on the inlet
thermocouple(s) was via conduction through the bbasiee inlet manifold.

Thermocouple Showed a lower temperature for the model with sabobkls. The two inlet

ports located at an equal distance from the miel-bh the inlet manifold (See Fig. 2 and
Fig.6) caused more mixing at the middle position ménifold for the model with

subchannels. Fig.6 shows the velocity distributtbrough the inlet manifolds for both
models.

The other thermocouple$tiermocouple 4ndThermocouple Bhad approximately the same
reading for both models as they were located nearirtlet ports and the effect of inlet
velocity boundary conditions was more dominant ttheenmixing process.

3 Mathematical modelling

Steady-state conditions, single-phase, laminardlowere considered for the liquid flowing
through the microchannels. The governing diffeadriiigs.(4)-(7) describe the hydraulic and
thermal behaviour by omitting the body force term.

Continuity equation:

ou, v ow_
ox oy o0z (4)
Navier-Stokes equations:
ou ou  ou. 0 Pu fu u
pU—+V —+W — - P, (5)

_—  —
ox oy 0z ox H (8x2 oy? 822)

(VL Vv P (azv+azv+azv)
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The energy equation describes heat flow through lidnéid and solid by considering
convection terms in the equation as follows:

(7)
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5 (8)

3.1 Boundary conditions
3.1.1Hydraulic boundary conditions

Two inlet velocity boundary conditions were invgstied, one with a uniform inlet velocity,

u=-U,n (9)

where the normal vectat is pointed to the outlet of the boundary, and othgh a fully
developed inlet velocity [35],

r2
Uuni=2U avg <1_¥> (10)

At the outlet boundary, gauge pressure was setl émuaaro

P = Do (11)

thus representing an imposed pressure on the buatlgidary.

Non-slip boundary conditions were used for thedstijuid interaction wall(s):
u=20 (12)
3.1.2Thermal boundary conditions

For the thermal boundary conditions, a constargtitémperature was imposed at the inlet
ports of the microchannels:

T=T, (13)

Heat supplied by the microheaters is representatidofollowing boundary conditions
n-(kVT) =q, (14)

whereq, [W /m?] represents the heat flux normal to the boundarghvbould be heat generated
from the electric heater.

The solid liquid interaction boundary conditionnstten as follows
n- (kVT) = h(T; - Ty) (15)

whereh [W/m? K] areT;[K] andT[K] are theconvection heat transfer coefficient, fluid and
surface temperature, respectively.



Finally, convective boundary which is applied a #xit ports of the manifold was defined as

n=-klrn=20, Nn=pCpPTun (16)

qcond' qconv'

Note that Eq.(16) assumes an adiabatic conditiorthfe solid exit boundaries and that all
heat is totally extracted by convection.

4 Numerical analysis

The following assumptions were made in the numkeggaulations used in analysis of the

experimental cooling device(s):

1. The effect of heat transfer through the lid wasorga due to the lid’s low thermal
conductivity, allowing computational time to be sdv

2.The numerical model assumed that the channel eed®mn was a right-angled
rectangular shape, whereas, the actual geometryhenag/some deviation from this due to
the CNC machining process.

3. Model(s) internal surfaces were assumed to be smoot

4. The average heat loss was assumed to be equadoisengle micro-heater.

5. The calculated surface temperature from the numes@mnulations was an average
temperature taken at multiple points on a surfagae with side length that equalled the
probe diameter.

6. It was assumed that the thermocouple probe meamgerature at its surface, rather that
its junction which may be found inside the bodytleé thermocouple probe. Moreover, a
perfect contact between the probe and the surfaseassumed.

4.1 Boundary conditions and water properties

An average inlet velocity was adopted from the expental results as listed in Table 2. Heat
fluxes were applied to an area of size 12 mm x bin where the area of each hotspot was
4 mm x 15.5 mm. The effective area of each micratdre excluding the blue region (micro-
heater wiring), was equal to 2mmx8mm (See FigTRBg average effective length of 8 mm
was used for all microheaters. The average povwmiiged to the middle sets of microheaters
(H2 & H5) was 11.25W and 3W for each off-centreld&& H4 and H3 & H6. Applied heat
fluxes are shown in Table 3. DI water was chosethasworking liquid and its properties
were temperature dependent.

4.2 Meshing procedures and mesh dependency test

Navier-Stokes and energy Egs.(5)-(8) have beeredatumerically by using COMSOL Multiphysics
based finite elements numerical method (FEM). & fmeeshing process with tetrahedral mesh
elements was chosen because of the irregular ggoofeéhe model. The number of elements was
increased at the entrance to the channels andedntdraction surface in order to capture the flow
conditions at these locations. COMSOL uses Galearlathod to convert the above partial differential
equations (PDEs) into an FEM integral form [36].

Fig. 7 shows the mesh element density used in the mattrelbwd without subchannels. Moreover,
COMSOL Multiphysics provides a tool which is callegsh quality and used to ensure that the
meshing quality does not affect the solution (See

Fig. 7 ) [37]. The system of the model equations wergesblising an iterative linear solver GMRES
(generalized minimum residual) with multigrid preddioner.

Fig. 8A shows a negligible change in the pressaselts for three sets of mesh elements,
whereas the mesh independent solution was onlyinglastafor both the velocity and



temperature distributions when the number of meements was equal to 1,737,391.

Therefore, 1,737,391 elements were used for suleségqumerical analysis. The same trend
is shown in Fig. 8B for the model with subchannelsere 2,243,226 elements were used to
ensure a mesh independent solution.

4.3 Manifold bottom surface temperature results
A. Model without subchannels

Fig. 9a shows a good agreement between the nurandaexperimental results for the three
thermocouples Thermocouple 1Thermocouple 2and Thermocouple Band for both the
inlet boundary conditions (uniform and fully devedénl velocity). However, a small
deviation can be seen fohermocouple 3vith the uniform boundary conditions. We propose
that Thermocouple $ave a lower temperature reading as its contaet iar¢he numerical
simulation was considered to be larger than theahciontact area or, its active junction was
not in full contact with surface.

Fig. 9b shows good agreement between the expeminend numerical results for the
thermocouples Thermocouple AThermocouple Zand Thermocouple 6 Thermocouple 5
shows a small deviation from experimental data ttoe boundary conditions of fully
developed inlet velocityThermocouple %s located at the mid-line between the inlet ports
where the two inlet streams are mixed. In thisasitun, assuming fully developed flow as a
boundary condition for the numerical method mayearqaredict the temperature due to the
mixing condition at this point. Consequently, nuio&r results could give a lower
temperature for this thermocoupkg. 9(a-b) also shows that there is no majoredéiice in
the numerical results between the uniform and fuleveloped inlet velocity boundary
conditions. The flow entered through the inlet poand deviated by &Mefore being
redistributed through the inlet manifold. Consedlyerthe inlet velocity boundary condition
was invalidated when the flow left the inlet paatsd entered the channels. The uniform inlet
velocity was closer to the true case than the fudlyeloped boundary as the plastic tube was
not straight before connecting to the inlet ports.

B. Modd with subchannels

A good agreement was obtained for the simulatidnehermocouple IThermocouple 2nd
Thermocouple 3when compared to the experimental results for kbt inlet velocity
conditions as shown in Fig. 10a. Another validatdithe numerical results was achieved for
Thermocouple AThermocouple @nd Thermocouple Gvhen compared to the experimental
data (See Fig. 10b) with only a small deviationTfhermocouple 4

C. Percentage deviation of the numerical results

Fig. 11a shows the percentage deviations betwesrexperimental data and the numerical
results for the model without subchannels using timform inlet velocity boundary
condition. It also shows that each thermocouple hatifferent percentage error for each
pressure head since each thermocouple measuredregoe at different locations (See Fig.
2). Furthermore, the actual contact area betweelnepand the surface was different for each
thermocouple which altered their thermal contaststance [28]. Accordingly, it is possible
to see a different percentage error for each theoonule.

The same trend in percentage deviation for thetsrbtels model is shown in Fig. 11b. This
is considered to be the result of the same sowtesrors as described for the previous
model. However, the result for Thermocouple 4 fridra model with subchannels under-



predicts the temperature reading (See Fig. 10b) gimels a higher percentage error. In
particular,thermocouple 4hows a maximum deviation of 5% in comparison \ili other
thermocouples. This may be due to variations in ithgividual contacts between the
microheaters and the bottom surface of copper aiarneading to a higher reading for any
thermocouple near that point.

4.4 Analysis of numerical results

Fig. 12 shows numerical results for the bottomaeftemperature of the channels along the
full model. It shows that the maximum temperatuceuss downstream of the hotspot.
Thermal and hydraulic boundary layers were re-eckat the entrance to subchannels due to
the presence of an obstacle (in this instancesubehannels) in the flow direction.

The thickness of the thermal boundary layer ina@daswards the end of the subchannels.
Consequently, heat transfer rate was increasedeapstand gradually decreased downstream
through the subchannels (See section 4.4.1). Tihe bahaviour was applicable to the model
without subchannels except the maximum temperato@irred earlier. A comparison
between Fig. 12 and Fig. 13 reveals that the maxirtamperature occurred approximately at
the axial position of 7.5cm for the model withoubshannels and at 8cm for the model with
subchannels. Adding subchannels led to a redudticche maximum surface temperature
from 32.5C to 29C. Furthermore, temperature uniformity was improwsdreducing the
difference between the maximum and minimum tempesat from ~5°C (without
subchannels) te-2.5°C (with subchannels). Fig. 14a shows the velocitg &emperature
distribution at a plane across the middle heightthe channels for the model without
subchannels. It also shows that only a thin laydiqaid was affected by the heat transfer
from the channel walls while the temperature of rie&t of the liquid had an approximately
constant temperature. The fluid boundary layer ezl at the channel inlet leading to a
sharp increase in velocity and a nearly fully deped flow downstream of the channel as
shown in Fig. 8A.

However, a different behaviour can be seen foisgstem with subchannels as shown in Fig.
14b. The flow before the subchannels exhibited laimbehaviour to the model without
subchannels, but exhibited a rapid increase in flelocity through the subchannels due to
their area reduction (See Fig. 14). The presentkeeo$ubchannels both accelerated flow and
increased the heat transfer area. Moreover, theehwaith subchannels shows better thermal
performance with a lower temperature.

4.4 1Nusselt number

Nusselt numberNu) provides a deep understanding of the effect of lsaitncels on the
system thermal performandgu is calculated from Eq.(17) [38]

_Dn q

Nu=——"-—
kf Tw,avg_Tb,avg

(17)

whereT}, ,,,4 is calculated from Eq.(18) anf, ., is calculated from Eq.(19)

10



T [ pTudA
bavd™ T LaA (18)

1
Tw,avg= EJ- T, dl (19)
L

The middle channel was specifically chosen to datelNu for comparison, allowing us to
save computational time. Fig. 15a shows the vanatif Nu along the channel axis for the
model without subchannels. The developed thermahtbary layer is thin at the channel inlet
indicating a high transfer rate was taking plaagbsequently, there was a sharp increase in
Nu at the channel entrance as shown in Fig. 15a.€eé@ffter, a gradual drop iNu was
predicted due to the effect of the developing tterboundary layer. In addition, the hotspot
which caused a small variation in the valuéofat the middle of the channels is also shown.

A different behaviour oNu was predicted for the model with subchannels asvehin Fig.
15b. Three distinct behaviours lfi are seen in the upstream, middle and downstreaheof
channels. The entrance effect is also obvious eMNthvalue(s) and then the gradual drop as
a result of the effect of developing boundary layes already described. Subchannels above
the hotspot enhance the heat transfer rate duéetantrease in solid-liquid interaction.
Moreover, the thermal boundary layer(s) were digdpwhen the flow reached the
subchannels. Therefore, new thermal and hydradim@ary layers started to form at the
entrance to the subchannels. This caused a shamijutheNu value(s) at the subchannels’
inlet (See Fig. 15b). The small jumpNu at the exit of the subchannels was a result o¥ flo
circulation, following this there was then a shatwp in Nu at inlet to downstream
subchannels (See Fig. 15b). A comparison betwegnl&a and Fig. 15b shows that the
model with subchannels indicates improved perfolcean

4.4.2Pumping power and thermal resistance

Pumping power and thermal resistance were calaifaten Eqgs.(20) and (21) respectively
[39].

Po=Ap* % (20)

ATm ax

Rih= =

0 21
quniformxAUnifOrm+qSpotxASpOt ( )

The pumping power calculation depends on numerdzath to measure the pressure
difference across the model. Pumping power risesaaesult of the increase in the pressure
drop in the presence of subchannels. The insedirthe subchannels in the middle of the
main channels creates an obstacle to the fluid #homt a circulation will be generated at
entrance to the subchannels. Moreover, the redudaticchannel(s) cross-sectional area to
one-third of the main channel area led to an irsgeia the pressure drop thus a higher
pumping power will be required. The effect of théchannels will be more complex with
the increase in the mass flow rate and therefogbeni pressure drop was generated and
pumping power was required as shown in Fig. 16a.

Fig. 16b shows a comparison between thermal resistand pressure drop for both models
for the same range of pressure head, see secdbnTBe thermal resistance decreases
following the drop in the maximum surface tempematior the model with subchannels. Fig.
16b demonstrates that for the same pressure hesad gsction 2.4) the model with
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subchannels produces more pressure drop but wathrlthermal resistance (Egs.(22) and
(23) are the best fit equations which describeviréation of thermal resistance with pressure
drop. Egs.(22) and (23) can predict the amountgfrovement in thermal resistance for a
specific pressure drop (for both models) withoutihg to carry out additional experimental

or simulation analyses. For a specific model a comgse between the effect of adding
subchannels on thermal resistance and pressurewdrigh can decide the benefit of using
subchannels. Its shown in Fig. 16b that for the esgressure head 79cm the thermal
resistance has been reduced 20% whereas the pupuowey increased by 11%.

For the model without subchannels the thermal tasie can be written as
Rih, no= 3.2 Ap~22° (22)
and for the model with subchannels

Rin, with=3.76 Ap~033 (23)

4 .5 Conclusions

The continuously increasing technological improvetaen integrated circuit performance is
typically associated with increased heat generatequiring more effective methods for its
removal. In addition, the heat fluxes generatedval@chip are often non-uniform, requiring
enhanced heat extraction above particular highfheategions.

This work shows that the inclusion of subchannels & liquid cooled heat sink reduces the
maximum surface temperature and improves temperatoiformity. Model(s) of two inlet
and outlet ports were fabricated in order to ob&inapproximately uniform mass flow rate
distribution through channels. This allowed thédaing conclusions to be reached:

* The surface temperature distribution was improvedthe model with subchannels in
comparison to that without subchannels. Consequethié difference in the temperature
along the surface was reduced. Moreover, the maathl subchannels showed lower
maximum surface temperature.

* The maximum surface temperature occurred upstidatme subchannel section because
of the flow direction.

* The model with subchannels had a lower thermastasce in comparison to the model
without.

» The required pumping power increased as a restitiechddition of the subchannels.

 The experimental and numerical results can be adopb predict the amount of
improvement in thermal resistance for a specifiespure drop (for both models) without
the need for additional experimental or simulat@amalyses, see Egs.(22) and (23).
Egs.(22) and (23) are applicable when the sizé®&tibchannels (or hotspot) is one third
of the size of the main channels.

The advantage of the approach presented is thateits the same, commonly employed

parallel channel configuration with a simple des@range to add subchannels above the
hotspot. This simplicity means that the subchannals be added wherever the hotspot is
present with no need to change the design in odgons.

12
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(a) without subchannels

(b) with subchannels
Fig. 1 Models of microchannels: (a) without andhasubchannels, all dimensions

are in mm.
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Inlets (or outlets) pipe

Thermocouple
-.._ holes

Fig. 2 Full geometry of the channels with subch#sink) and 2) inlet (or outlet
ports), 3) lid, 4) microheaters and PCB, 5) bas@enaf ceramic, 6) copper

channels, and 7) positions of the thermocoupletherback of the channels. All

dimensions are in mm.
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Fig. 3 Experimental setup: 1) water container, [&sfic tubes feed water to the
cooling device, 3) plastic tubes collect water frtra cooling device, 4) pico TC-

08 data logger, 5) power supplies, 6) cooling dewdth insulation, 7) water
collection, 8) digital scale.
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Distilled water container

Twin

PS PS PS

E TWOUI

0]

Digital scale

Fig. 4, Schematic diagram of the experimental sétlifp H6 representing pairs of
heaters connected in series. Sets H1 & H4, H2 &ahi® H3 & H6 are connected

in series.
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Fig.6 Velocity distribution and direction at inletanifold for the model (ajithoutt

with subchannels for the pressure head 75cm.
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Fig. 7 Mesh elements quality for numerical analysrsboth modelsvithout (a) and
with (b) subchannels.
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without and (b) with subchannels at different pueseads.
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Table 1 Copper properties [40].

- m 8933
Density [kg/m]
385

Specific heat capacity [J/kg K]

Thermal conductivity [W/m K] 401

Table 2 Average inlet velocity boundary conditieslifferent pressure heads.

Without subchannels With subchannels
Height [cm] Uuni [M/S] Uuni [M/S]
26 0.077 0.06
39 0.11 0.084
47 0.14 0.1
62 0.176 0.132
79 0.2 0.17

Table 3 Thermal inlet boundary conditions.

Inlet temperature®C] 21
Uniform heat flux [W/nd] 4.45x10d
Hotspot heat flux [W/r 16.7x1d
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Nomenclature

Symbol Definition
A Cross-sectional area fin
G Specific heat capacity at constant pressure [Jlkg K
Dr=2R Hydraulic diameter[m]=2*radius .
I Current [A].
k Thermal conductivity [W/m K].
L Perimeter length [m].
m Mass flow rate [kg/s].
Nu Nusselt number.
p Pressure [Pa].
4p Pressure drop [Pa].
P Electric power supply [W].
oA Pumping power [W].
Q Heat extracted by water [J/s]
q Average peripheral heat flux at a specific axiabkion [W/nf].
Re Reynolds number
R, Thermal resistance’lC /W]
T Temperature [K].
ATmax Ts,max— Twin [K]-
T, Temperature distribution along the wall's perimetea specifix-
axis location [K].
u Velocity component in the-direction.
U Velocity [m/s].
% Velocity component in thg-direction.
\% Voltage [V].
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W Kinetic viscosity [N s/rf]
w Velocity component in the-direction.
p Density [kg/n].
v Kinematic viscosity [r/s].
Subscript symbols
uniform Uniform flux surface.
spot Hotspot heat flux.
w Water
f Fluid
bavg Average water bulk temperature [K].
inf Environment.
S,max Maximum surface temperature [K]
a,avg Channel average temperature along the wall's péeimat a
specific location along the channel axis [K].
win Water inlet temperature [K].
wout Water outlet temperature [K].
avg Average inlet velocity [m/s].
un/ Uniform inlet velocity [m/s].
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