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ABSTRACT

Here we discuss the experimental results for flow due to gravitational porous multiblock porous media. These are
applied in Electronic packages (Linear and hybrid Integrated Circuits). A Brinkman extended Darcy model and a
semiheuristic energy model is obtained by relaxing the local thermal equilibrium(LT E)assumption are adopted.
Aluminium foam samples of different pore sizes(5-60PPI) and porosities(0.8-0.99) were used toillustrate the effects
of metal foam geometry on heat transfer. Energy concentration is done by porous cavities in the prous media for

energy savings and enrgy distribution.

INTRODUCTION

The Flow and transport at interface between a
porous medium and clear fluid isvery importantin
digital Integrated circuitsand heatpackswith highen-
ergy packed into asmall volume(eg. IC Engines of
two wheelers, hot beverages with heat packed i nsu-
lated vessel. The mechanismsthat contributeto the
enhanced heat transfer include heat conductioninthe
metal foam matrix (whose conductivity isalwayshigher
by severa orders of magnitude. The well known
Darcy’slaw isbased on abalance between the present
gradient and the viscous forces and breaks down for
high velocitieswhen inertiatermsareno longer negli-
gible. Here we present numerical and experimental
resultsfor buoyancy induced flow in ahigh porosity
metal foam. Energy concentration isdone by porous
cavitiesintheprousmediafor energy savingsand enrgy
digtribution

Energy isconserved, and distributed to cooler ar-
eas of process when desired thus saving energy and
hegt inlargequantities
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EXPERIMENTAL METHODS

Themeta foam heat sink wastested under severa
Convection conditionsinahorizonta configuration. Fig-
ure 1 showsthe experimental setup for thefoam heat-
ing inatransparent enclosure. A large-scal e transpar-
ent glass setup housing of 0.45m ht and width of 0.31m
deep. Holesweredrilled on the base of the samplesto
insert cartridge heaters. The base of cartridgewasin-
sulated using styrenefoam . The experimental setup
has=dtheheater arrangement withL _2L =14, W=L1l/
H=1, Re=500, Ri=50, Pr=06.

Thesevauesaresuitably selected for satisfyingthe
geometry and transfer requirements of electronic IC
packages

Theareaof theblock is6cmx6cm, The cartridge
was heated by a5w heater coil, thevalues of tempera-
tureswerefound by thermocouple connected to tem-
peraturerecorder switch. During atypica experimen-
tal runthe powerswere varied tom achieve different
baselatetemperatureand hence Rayleigh numbers. Due
to temperature constraintsthe parameters of the heat
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input wererestricted to maximum baseplate tempera
tureof 80*c

Power Transparent
supply enclosure
Foam sample
Data
Aquisition

Figurel: Metal foam sampleexperimentsexperimental setup
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The heat transfer coefficient was cal culated by the
Newton’slaw of cooling

MATHEMATICAL MODEL

Consider ametd foam sample heated from above.
Thefoam sampleissaturated with & surrounded by a
fluid, which extendsadistance sl inx direction and 2
inydirection

The steady two dimensional equationsfor thefluid
saturated porous medium & for theclear fluid region
outsidethemetd foam arewritten separately asshown
below
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Figure2: Schematic of Porousbed (ref Figurel)

Continuity and momentum equationsfor porous
medium

For afluid passagewith acongtant at arbitary shaped
cross section the Brinkman momentum egnisgiven by

o°u d°u) pu op
B 9% o
L{ b * BZZJ K ox (1)

leadstowards computation of fully developed vel ocity
profilenwhichthe pressure gradient p=dp/x isacon-
gtant. Thedimensionlessformof eq(1) is

M (8°uloy?+8°uldz?)-ulda-1=0 @)
Wherey=y/L ,_, cM=p_/p,u=pu/éL ?and Da=KI/L ?
isthe Darcy number. Moreever p_oistheeffectivevis-
cosity, K thepermeability and Lcischosenasarbitrary
length. Thesolution of eq(20 with theboundary condi-
tionu=0a thewadl isoften obtainableusing variaiond
cdculus,& by definitionthemeanvelocity is

U= %j udA ©)

Governing ener gy equation
Under steady state conditions & when
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thermophysical propertiesareindependent of tempera-
ture, theenergy egnfor fully developed flow is
pC, 0T/ox =0Iox(ksdT/ox)+ks(8loy(OT/oy)+
ksd/0z(0T/0z)+S(x,y,z) 4
where volumetric heat sources (X,y,z) representsthe
contribution of frictiona heating. The parameters pCp
& k_may depend ony & z but remainindependent of x.
Moreimportantly the contribution of axial conduction
deferred to the subsequent is neglected, hence eq(4)
reduces
ks(a/0y(0T/0y)+ksdloz(aT/6z)+S(x.y,z) =pC aT/ox  (5)
The objectiveisto delineatethe heat transfer charac-
teristicswhen the above two techniquesare appliesat
thesametime, i.eenforcing periodicintheflow.

Continuity & momentum equationsfor theporous
medium

v<V>=0
la<V>+A<V>.<V>_
g ot €

_1A<V>g+v.V2<V>—a(%+F|<V>|)<v> )

K 05
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Fluid phaseener gy equation in theporousmedium

e(pcy ) OT T V.[kfe+kd)VTf]+ 8
<pCyot (<V>.VTy) “hgas(Ts-T;) ®
Solid phaseener gy equation in theporousmedium
(1-8)(pC,),0T = V.(k VT)-h a (T T) 9)

Continuity & momentum equation for clear fluid
region

V.v=0 (10)
ov+v.Vv=1Vp+g+vV¥ (1)
Energy equation for theclear fluid region

(pc), (BT /OT+v.VT ) =V.(k VT (12)

whereindicessé& f denotethe solid and fluid phases
respectively .<¢>isthelocal volumeaverageof aquan-
tity ¢k, k arethetherma conductivitiesfor fluid and
solid respectively, and F denotesageometric factor. In
eq(3) thedispersion conductivity k ,isassumedto be
isotropic and isexpressed as

K, =(pcp)f G, VK J<v>| (13)
In egns(3) & (4) the energy equationsfor the porous
medium arecoupled by theinterfacia term, which rep-
resentsthe heat transfer between thetwo phasesvia
thefluid to solid heat transfer coefficient, h, interfacia
areaa,.

For Re~100-1000,

ay =3nd,; {1— exp(_ (()10_:) )}

Atx=0,u=%[1;—yJ v=0, T, =0for 0<y<H (15)

(14)

At x=I 09/ox=0(e=u,v,T, T ) for O<y<H (16a)
Aty=H, u=v=0for O<x<l, (16b)
—(kfeai+ksea-rs) =q, for heaters2& 5

dy ),

sin(2rot

_(kfeal*'ksea-rs) =thth (h ) 1

oy ), or heater

T. 0T except the

. < (16c)

=—=0for O<x<l;
oy regions of heaters

oy
where o isthedimensional frequency & Ag, denotes
dimensond amplitudeof therma modulationat heeter 1.
Anadditiona boundary isrequired to solvecoupled en-

—= Full Paper

ergy equationsof solid/fluid phaseintheporousmedium.
Thisisobtained from thelocd therma equilibrium as-
sumption a theheatedwali.eT/, ,~T/ =T,

It should be mentioned that there are conceptual
difficulties associated with specification of heat flux
boundary condition whileusing thetwo equation model
or temperature. In present study, the boundary condi-
tion (14b) isbased on theassumption that thetotal heat
flux isdivided between the solid and fluid phasesfol-
lowing theeffective conductivitiesfor thetwo phases.

Also at theinterface between porous medium &
clear fluid, theconditionsare

uII-:u||+V||.:VI|+p||_:p||+ (17a)
[T, +(1-e)T]| =T, (17b)
T, T, sin(2nwt
- kfea_f+kseL =thqh ( )
oy oy ), for heater 1
1(8U  UBU . VaU 1P 1 _,
N + == +—VU-¢o
glot oX oY pdX Re .
1 FlV|
+———|U
DaRe Da'?
10U UoU VoU 10P Ra® 1_,
el ot + =———t———+——V°U-
elot  ox oY poX  Re’Pr  Re .
& 1 +F|V| v
® DaRe Da'?)
Energy Equations
1{8U UsU Vau 1
e __ Ao (01
8[6‘t+ oX * 6Y) RePr [(Are+2)0—(0—1)] 18
V29+M(es_9f)
RePr
1(6U  UBU  VOU)  A_V?0 @ABI
S| o et e e, -6)) (19)
glor oX oY RePr  RePr
hgya H?

where Da=K/H?; Bi, =

se

Bi, = hyagH? Ra= oBg,H*
Kre Vi 0Ly
a=k/pC, Re=uHlp A, =K, Ik A =k Ik A, =k, /K,
Thenondimensional B. condns & interface match-
ing conditions can be derived from (16). The
nondimensional thermal condition at heater 1is

given by

CHEMICAL TECHNOLOGY
Hn Tndéan g%wumé

——



84 Energy conservation and heat dissipation by maximizing convection heat flow

CTAIJ, 5(2) December 2010

Full Paper ==

A0 A00 :

YA 1+ sin(st@t)

where o=wH/u thenondimensiona frequency;3=Aq,/
g, denotenondimensiona amplitudeof therma modu-
lation at heater 1

dimensionlessfrictionfactor f=(Ap/L.)(D,/ pu?)

A performanceevauation criterion, Gisintroduced
whichweighsthegainin heat transfer against priceto
pay intermsof pumping power(16). Itisdefined asthe
relative merit of protruded blocksin comparison to
smooth channd with flush mounted heater(denoted by
subscript 0)

_ Nug/Nu,

- (fS/fo)lIS (6)
Theobjectiveisto delineatethe heat transfer charac-
teristicswhen the above two techniquesare appliesat
thesametime, i.eenforcing periodicity intheflow. The
experimenta setup has=d the heater arrangement with
L,.2L =14, W=1.1/H=1, Re=500, Ri=50, Pr=06.

For flow over arectangular duct heat transfer coeffi-
cientisgivenby(2)
h=0.023*k* Nre®” Npro/L
= 0.023*0.43*500°7 0.93°3/3=1.37 w/sqm*c
h (at T=40*C)=1.66
Nu=hd_/k._1.37*0.5/0.43=1.805
NU, =h 140, A, /K- 1.37%0.5/0.43=1.805
For Basic state (Non modulating flow)we have 6=0

He(_ da,H ] H 1
Nu,=—|| —"—— ==

1I[(TW—TO>kf X=Te™
For Nonmodulating flow &0

TABLE 1: Propertiesof aluminium foam used in above setup
(length of thechip =3cm)

K=r Temperature

PPI dien Gpen ke 4y T2 g F Da
5 005 043002 015 85 0.04 0.002
10 008 09 004 024 91 00422 0.0032
20 012 113 006 029 98 0.024 0.0051
40 0193 122 01 0333 105 0033 0.006

TABLE 2: Nusselt number sand dimensionlesscriterion Gs(eq(No of heater s=5)

Heater Non modulating case (6=0) modulating case (6=1) H
dist from h G=(NugNu,)/ Temperature ﬂeat
entrypoint  w/sgm*c = G=(NugNu,)/ fa =2 AL *C ux
g’rg sq Nu=hddgk;  fs (T, Nugy t/5 (f/fo) Kw/sgm
1 1.37 1.805 0.02 1.08 132 0.013 1.33 85 2.99
2 1.54 221 0.017 112 143 0.011 1.45 91 2.94
35 1.64 2.54 0.033 121 1.23 0.007 1.54 98 231
6 1.33 2.77 0.016 1.32 177 0.003 1.65 105 1.98
s 77 S 7-
g 6 7 % ~—~ 6 ]
2 _ 5 22 57
et E 4 —e—Series1 \z:i ® 41 —e—Series1
< g 3 —=— Series2 2 '§ 31 —=—Series2
c x = e 2
G 2 A 0]
5 @ 1-
§ 14 pd 0 , ,
e 0 T T 1 1 2 3 4

1 2 3 4

distqace of thermocuple cm
Figure3: Plot of dist from heatend vsheat tr coef

RESULTSAND DISCUSSION

Theexperimentd setup hasthe heater arrangement
withL 2L =14W=1.1/H=1, Re=500, Ri=50, Pr=06.
These values are suitably selected for satisfying the

dist of thermocuple from heater
cm
Figure4: Plot of nulocal (hon modulating case)
geometry and transfer requirementsof electronic IC
packages. A concernin practical utilization of protruded
porous blocksistheincreased flow resistance, which
leadsto increased pumping requirement. Thecdcula
tionsof variousparameterslike Nussat No, Evauation
criterion, frictionfactor & transfer coefficient for non
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Figure5: Plot of friction factor vsdist from heater 1(non
modulating case)
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Figure10: Plot of PPI vsF (volumefunction eq 18)
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Figure12: Plot of PPl vswall temprature

modulating(570)& , modul ating(6=0)were computed for
varying distancefrom heater1in TABLE 1. Theprop-
ertiesof Aluminium porousfoamsfor different PPl like
wall temperature, heat flux, porechannd diameter, area
of contact and Darcy Number were collected and are

——
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shownin TABLE 2. Figures 1-4 show plotsof distance
from heater 1 with of Nussalt No, Evauation criterion,
frictionfactor & transfer coefficient for non modulating
(6?0) & figures5-7 for modulating(6=0). Figures8-12
show variation of Darcy number, diameter of channel
pore and volume Function F(v)(of eql8)for various
PPI(pores per inch) are shown

CONCLUSIONS& SUGGESTIONS

Heat transfer with porous blocks attached than
for asmooth channd with flush mounted heaters. Also
Nu, at heater increases appreciably asthe pore den-
Sity increases appreciably as the pore density de-
creases. Thiscan beexplained by noting that the flow
res stance decreasesasporesizeincreases, which gives
riseto anincreased penetration of fluid into the po-
rous block. Asisshow infigures 12 & 4, enhance-
ment of heat transfer in aporous blocksin compari-
son to asmooth channel isnot pronounced. For these
heater blocks, thereexist interblock recirculation lows,
which weaken the penetration of fluid into porous
blocks. In case of most downstream heaters 5, the
penetration of fluidinto theblock isminimal and heat
transfer ismostly conducivewithintheblock. There-
sultsof plotsof PPI vs Darcy number infigures 10-12
show adecreasein Darcy number wqjith increasing
poresize, The Darcy number hasaprofound effect on
modulation type. The Nusselt number increased with
distance from heater dueto higher heat transfer near
wall dueto higher temperature of thefluid.
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