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The problem of cooling electronic components has becorme a subject of special
inerest in recent years due o the increasing capacity and rapidly decreusing size of
electronic components. Direct contset cooling using multiple jet impingement is
wonsidered the most effective method, The hear wansfer problem is complex and a
hetter understanding of the jet impingement method §s cssential for the proper
application of this method for electronic cooling, Investigations were carned oul using
an electrically heated test plate. Heat flux in the range of 25 w 200 Wicm®, which is
4 typical requirement for cooling high power electronic components wis dissipated
using .5-mm diameter water jets arranged in a 7 % 7 areay with a pitch of 3 mm,
Temperature difference between the test plate and water was within 30 “C. Tests were
performed in the flow rae range of 22 o 40 mlmin, resulting in a Reynolds number
runge of 1100 w 1750, Results show a significant increase in the heal transler
coefTicient or Nusselt number with an increase in heat flux. The effect of the Mow rale
or Reynolds number on the heat iransfer coefticient is found 1o be negligible. € 2010
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T April 2000 in Wiley InterScience (www inierscience wiley.com). DOI
143, 1002/, 20291

Key words: heal trunster enhancement, heat transfer
L. Introduction

With the advances in clectronics and communication iechnology, smaller and more powerful
components are being introduced in the market. The demand for high-perfommance clectronics has
increased; several applications reguine electronic components to be faster, smaller, able to handle a
higher umount of power, and be more reliable. Small size and high power anforiunately lead 10 higher
heat fluxes that need to be remaved from the components to avoid high temperatures and failure. The
requirements of high power dissipation and miniaun zation demand cosling rates which cannot be
obdained wsing traditional cooling methods such as forced convection, boiling, and cvaporation:
Several methods have been developed to meet the present day demands of high cooling rates. Direct
contact eooling using multiple jot impingement is considered the most effective solution. The muliiple
et impingement heal transfer problem is complex and a systematic siudy 10 assess s effectiveness
for conling electronie components is essential,
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Impinging jeis for direct liquid cooling of microclectronis components bas been investigated
by many researchers. Elison and Webb [ 1] experimentally investigated the heat irunsfer associabed
with a1 single witer jet. Authors have wested three difTerent nozzles having jet diameters of (0584,
0315, and 0,246 mm, The nozeles were long crough to allow a fully developed velocity profile in
any regime. The range of the Reynolds number (Be) wis between 300 and 7000, The Nusseli number
(M) varied as Re™®, where as ihe provious siedies | 1] have shown that (Nu) is proportional io(Re)".
Aunthors have attributed the enhancement in hea ransier o the surface wension effects o the nozzle
exin, which is found o inerease with an increase in jet diameter.

Fabbri and colleagues [2] conducied a sudy of cooling using both jets and sprays. The suthors
have investigmed the performances of both sprays and micro jets and a comparison of resalis has been
presenied. The following conclusions were made: (a) micro-jet wrays can have the same or betler
perlormance compared 1o jet sprays with similar Now rate, but with lower pumping power; (b for
the same pumping power and wall-to-liguid tempersture difference of 76 “C. the jets coold remove
heeat Muxes as high as 240 Wem®, while the spray could remove oaly 93 Wicm™; ic) in practice, there
is always a combination of jet diameter and jet spacing that can vield the sume heat transfer coefficients
s that of the spray, but an much lower pumping energy costs: and (d) the highly populated micro-jet
arrays were much more preferable than the armays with few and large jets. because they necded a much
Tower Thow rate (o obiain the samie hesl removal rle.

Jiji and Diagan [3] studied the heat transfer associated with multiple singhe-phase free surface
Jets impinging on an array of microclecironic heat sources, They used square srays of 1, 4, and 9 jets
using FC T7 as the cooling fluid on multiple heat sources of siee 12,7 % 12,7 mm® and found that the
surfsce emperature undformity improved as the spacing between the jets decreased. It was also
observed that multiple jets impinging on a heater surface coan improve the spatial eniformy of the
hewt transfer coellicient on the surface,

Womae et al. [4] performed experiments with 2 2 and 3 x 3 jet arrays using water and FCT7
as cooling fluids, The impinging surface made of copper was 12.7x 12.7 mm-. Tests were conducted
with jet diameters of 0.513 and 102 mm and pitches of 5.08 and 10,16 mm, 1t was found that for a
given fow rate, the heat transfer improved with the increase in jet velocity, I was also observed that
the reduction in heat transfer thit occurs with lowering the flow rate becomes more pronounced at
very bow flow rates and the authors have anributed this effect to the bulk heating of the fuid.

Wang et al, | 5] used micro-jet heat sinks 1o cool VLS chips. Micro-jet heal sinks cun improve
temperature uniformity in the presence of chip hit spois, Experimental comparisons of micro-jet and
micro-channel performance showed that micro-jets have improved thermal uniformity. The resulis
sugpested that micro-jel arrays are the prefermed micro-heat sinks for effective deviee cooling.

Fabbri et al. [6] have used a circular array of free surface micro jets. Experiments wene
conducted by emploving jet pitches of 1, 2, and 3 mm and jet diamisters of 50, 1040, 150, and 250 wm,
Dieionized water and FCA0 were used for cooling. The jet Reynolds number range was varied between
G and 20001 and the Prandil number was varied from 6 to 84, Heat flux wp 1o 250 Wiem® could be
removed with water, The authors have abserved that the Mussell number is strongly dependent on the
Reynolds number.
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Shang ¢ al. 7] investigaied heat iransfer from single-phase and two-phase boiling free jet
impingement, Experiments were carried oui using a free jet impinging on the surfaces of 2- and 3-mm-
thick film resistor. Effects of jet velocity and sub-cooling were studied. It was [ound thal higher
velocities resulied in higher heal iransfer coeflicients and the jet diameter hiad very litle effect in
single-phase heat transler. However, higher velocities and lurger jet dizgmeters resulted in higher heat
transfer coefficient in bailing hea iransfer,

Lin et al. [8] experimentally studied the perlformance of conlined slod jet impingement for an
¢lectronic cooling application. They explored the effects of jel Revnolds number and jet separstion
distance on heal transler in a heated trget surface. Awthors hove found thal the elfect of jel separation
distance on the stagnaiion, local, and average Nusseli number was insignificant and the heat transfer
imcrensed with an increasing jet Reynolds number.

The problem of cooling by jet impingement is complex because of several parameters affecting
the heat tromsfer process, Systemistic study of the effect of vanous factors on the hest ransfer
phenomena is essential w understand the cooling process, Parametric investigation of cooling of a 2
= 2 cm? heated copper plte has been carried oul using a 7 % 7 array of multiple waler jeis. The 1est
plate was selected to simulate the cooling requirement of a typical clectronic device used for cxample
in elecommunication equipments or power electronics. The test plate also simulales a ripnguler or
sequare fin moswnted on 3 wbe carrving a very hod flud or & molien metal. The jets have a diameter of
(1.5 mm and a pitch of 3 mm. Tests were conducted in the flow rate range of 22 to 34 mlfmin. Heal
flux and the distance berween e tesi plaie and nozzhe were varied in the range of 25 w 200 Wicm®
and 10 e 20 mm, respectively.

Momenclature

heot plate surface arca, cm®

nozzle diameter, mm

hest transier coelficient, Wiemc dghi T, - T, )
Nusselt number, hd'k

tcial heat transfer, W

heat flux, Wiem® (PFA}

toial flow rate, mlfmin

Eevnolds number, Wi

bulk fluid emperature, “C

chip surface lempecature, “C

inlel waler lemperature, “C

Jel velocly, mifs

Kinematic viscosity, Nsim®

noezle height from chip surface, mm
(T, -T,)L"C
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2. Experimental Apparatus and Test Procedure

The est apparatus is shown schematically in Fig. 1. The apparatus is designed and fabricated
1o carry oul lests using different ypes of noerles. The amangement consists ol an air compressor, a
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(b} Heater black assembly
|nh Wter indet b Circular seale {o) Supponing rods (dp Movable plate (g) Mozzle head (1) Copper bai plate
(g1 Thermoeouples (h) beier block (i) Bamse ray

Fig. 1. Schematic disgram of the experimental setup.

fiuid delivery system, aheater assembly, 4 jet nozzle head, and the test stand. The fuid delivery system
consists of 1 water reservoir, auxiliary reservoir, Now control valves, pressure gange, filter, and piping
systems. The auxiliary reservolr acts as a buffer and smooths oul Now uctuations (o provide steady
flow at the nozzle. It also serves o achieve fine controed over the fow rate, A safety valve is provided
1o prevent excess pressure budld-up in the system.
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The heater assembly consists of & hot plate, beating clement, thermocouples, varable voltage
iransformer, and a control-display system. The hot plate represents the surlface of a ypical electronic
component and is made ofcopper. Copper was selected becanse of its high thermal condwctivity. The
haot. plate is 20 mm = 20 mm in siee with o thickness of 1 mm. The hot plate was mounted on the
heating element. The heating clement is a Nichrome wire of 16 gage, 2 ohm, and wallage capacity
of 1 KW. The power w the heater was controllied using a variable voltage transformer. Two
thermocouples were mounted underneath the hot plate on the center line and insulated with ceramic
insulation. These thermocouples also provide an indication of surface temperatune unifoemity on the
plate. The complete hemter assembly was mounted and insulated using a Teflon jacker, The leads Mrom
the thermocouples were connected 10 the control display system. The functions of the control and
displuy system includes: (a) to vary the heat input o the bot plate using the transfommer, (b) to displuy
the kot plate surface temperatires, inpul vollage, and current using a digital iemperature indicaior,
woltmeter, and ammeter, and {c) limit the maximom surface iemperature and setomatically cut ofT the
power supply when the hot plate wemperaiure exoceds a sef vale.

The jet novele head is made of stainless stecl and i consisis of the nozzle chamber and nozzle
plate. The nozele chamber was connected to the reservoar through a connecting tube. The nozzle plaie
is mude of 3-mm-thick stainless steel plate. The noede plae was designed 1o cover the nosde chamber
making it a single leakprool unit, The mozele plate hod 49 holes, each 0.5 mm in diameter, which are
laser drilled and arranged in a square array of 7 x 7 with a pitch distance of 3 mm between the holes.
The distance berween the nozede plate and the hot plate surface can be varied in the range of 10w 20
mm. The test stand consists of a hase tray, mounting plate, hot plate. movable nosde plate, and a lop
pate held wgether by vertical support rods. The nozzle head is attached o the nozzle plate which
could be moved vertically. A calibrated screw thread assembly is provided along with a circular scale
on the top plate. The nomde plate can be fixed at the desired height by accuraie positioning of the
calibrated screw head.

The hot plate surface is cleaned to remove residoal adhesive siains and dust on the surface
hefore staning the experiment. Compressed air is passed through the tube connecting the reservoir
and the nozele head w remove any dust particles which could block the noeele. The filier is insialbed
in the Tow line prior (o the auxiliary reservoir, The fow rate, power inpul, and distance between
nozele exil and =l hod plate were varied during the experiments. The hot plate is allowed to reach a
steady state before the acquisition of test data on water flow rate, power dissipation, and lemperatures
from thermocouples. Experiments were conducted by positioning the jets and the hot plate in both
horizontal and verical positions.

3. Results and Discussion

The heat transfer enhancement using impingement of multiple water jets is complex because
of several parameters affecting the heat iransler process,

Figure 2 shows the variation of heat transfer coefTicient (hy with heal flux for various flow
rates, I is observed that (h) increases significantly with heat flux at all flow rates. Similar trends in
the variation of (hy with heat flux have been observed with different values of (Z) for both horizonial
and vertical positioning of the jets and the west plae. The heat transler resulis have been plotted in the
non-dimensional form, In (Nu/Re™) versus Iniq). in Figs. 3 w0 & by varying the parameters
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Fig. 2. Vamation of heat transfer coefficient with heat flux, £ = 20 mm, horizonal position.

independently. The effect of () and the: horizontal or vertical positioning of the jet and the st plaie
seems to be less imporiant compared 1o the effect of heat flux

Figure 7 is a composite plot of the hest transfer reswls obtmned by the varaton of (ay heat
Mux, (b) fow rate, (¢} distance between the iest plate and noezle exit, and (d) positioning of the jets
andd the test plale in the borzontal and vertical position. 1L S anteresting o observe that the ln
(NwRe™ ™) versus Inig) plod has a reladively small scaiier about a mean line and the overall heat
transfer results can be represented by the relationship given below,

N = 0.1 7" e 2

This correlation relating the Nussell numbser, heat Ous, and the Beynolds number shows that
hear flux s a dominating Factor which deiermines the heat transfer cocfficient and the Reynolds
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Fig. 3. Varation of MNwRe"™ with heat flux for various Reynolds numbers, horizontal position:
(al & = D-mm, (b £ =20 mm,
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Fig. 4. Variation of MwRe"™™ with heat flux Tor various Beynolds numbers, vertical position:
(a) Z = 10 mm, (b} & = 20 mm.
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Fig. 5. Variation of Nw/Re™ with heat flus, Re = 1344, jet in vertical and horizonial position:
(@} £ = 10 mm, (b) £ = 20 mm.
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Fig. 6. Variation of Nu/Re™ ™ with heat flux, Re = 1344: (a) Z = 10 and 20 mm vertical position,
by Z = 10 and 20 mim horizenial position.
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Fig. 7. Variation of NuRe™ with heat Mux, various Reynolds numbers, and (7)) Revnolds number
range = 1100 0 17500 2 = 10and 20 mm (data for beah vertiscal and bomzontal positioning of jets
i Tuded ).

nurmber pliays a bess important role, The effect of (2) and homsontal or vertical positioning of the jet
and the test plate is negligible.

Figurcs 8ia), Bib}, and 8{c) show the comparison of the prescnt heat iransfer results with the
resulls ol Fabbri and colleagues |6, 15]. The effects of the Prandt] number, pitch-to-jet diameler ratio,
and the Reynolds number on heat transfior resulis have been compared. The overall agreement between
the nesulls is satislactory, The larger range in the present data is due o the dominating elTect of the
hewt Mux and higher flow rades in the present investigation.
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Fig. 8. {a) Compurison of the present heat ransfer resulis with the data available in the literature
[6].
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Fig. & (e Comparison of the present heat iransfer results with the data available in the lierune
|&]. effect of Reynolds number.

d. Conclusion

Experiments were conducted (o stedy the enhancement of heat transfer using impingement of
multiple water jets on an electrically heated test plate. Heat flux in the range of 25 to 200 Wiem?,
which i typical for high-power electronic components was dissipaied using muliiple water jeis of (0.5
mm in dizmeter. The temperature difference between the test plate and wiater is within 30 °C. Tests
were conducted by varying the heat flux, flow rate, distance between the heated test plate, and the
nozzle exit and by keeping the jets and the test plate in both horizontal and vertical positions,

It is observed that the beat transfer coefficient is a strong function of heat Muex. The effect of
the Reynolds number is nod significant in the range of testing. The effect of (1) the distance between
the heated test plate and the nozzle exit and (i} horizontal or vertical positioning of the jets and the
test plates is found to be negligible. Overall, the heat transfer data con be correlaved by the relationship
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Nu = 0.17 g"*Re"

The results of this investigation were compared with the heat tansfer data availshle in the

literature [Figs. $a), 8ib), and 8(cil. In view of the comples nature of the heal trunster problem
associmed with cooling by multiple water jets, the agreement hetween the present results and the daa
available in the lilerature is saiisfaiory
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