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Abstract

The present work investigates a heat transfer phenomenon at the interface between a porous medium and
an impermeable wall. In an effort to appropriately describe the heat transfer phenomenon at the interface, the
heat transfer at the interface between the microchannel heat sink, which is an ideally organized porous
medium, and the finite-thickness substrate is examined. From the examination, it is clarified that t he heat flux
distribution at the interface is not uniform for the impermeable wall with finite thickness. On the other hand,
the first approach, based on the energy balance for the representative elementary volume in the porous
medium, is physically reasonable. When the first approach is applied to the thermal boundary condition, an
additional boundary condition based on the local thermal equilibrium assumption at the interface is used. This
additional boundary condition is applicable except for the very th in impermeable wall. Hence, for practical
situations, the first approach in combination with the local thermal equilibrium assumption at the interface is
suggested as an appropriate thermal boundary condition. In order to confirm our suggestion, convective flows
both in a microchannel heat sink and in a sintered porous channel subject to a constant heat flux condition are
analyzed. The analytically obtained thermal resistance of the microchannel heat sink and the numerically
obtained overall Nusselt number for the sintered porous channel are shown to be in close agreement with
available experimental results when our suggestion for the thermal boundary conditions is applied.
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Fig. 2 Microchannel heat sink

2. ojo|a=2A'd 5| E4A 3/Substrate
dAHAME AN

g3 vide guidoz o pzvE BRsa
eFste] 1 ulE 2 AAdH M dAYG dyS
nA Aoz HAEI FHe AL ul$ oHE
o)t} g, Koh ¢ Colony®= g9 =7]7} of
$ 2L uelarAd IEAI U9 e dY
o] tg4 wiA U9 23 fAEITE HE A
Aotk wEkA B dFME o4 ozl
o dde 547 FASEAM R vlay Lzr} gt
e npola 2 Y B EGANA ] dAE e
FA AMFoEN I A vEay H@g
ko] AAA dolvhs ddgel g H-3 7}
Aol Follx] &o} BRaxt Fr)

2 dAFoA OFE vlolaZAd EAN I
Aol @AY FAlE Fig 2 & #o] AYgEn &,
Substrate WHEOZ FU FHLo] Fojxjzm
Cover plate © T 8°]™ Fin Al°]2] Channel & %
o] W7t §A7 EeistEA g YRR o|F A
e BF 4AdY A (Conjugate heat transfer
problem)olt}, AWt oz AYojr LPF HL
Substrate & 71 HA] Heat sink & 7] wfi-of
2 AFME Art Ho) Heat sink 9 Substrate
g BEF TN Fig. 2 o FdlE 2y 2
o}k o] #AE sAdEE U E AFdME #



1638 449 % -

So] g w2 E R BE EA4AV 4B
3vte JHAS AHEESer #A S5 EEE
Shah 9} London®o] A}Z} Duct o &l 2® 3 <
YHE Fig. 2 oA BAFE ARAZ AEsS
ALg-3F AT

u(y,z) = - dp/ W

3)

P, LE $EES 97 98 By Aux ¥
323 A 24¢ s BB 2ok

A w2
o°’T | 0T ar 4
k o +k P =p~,c/uﬁ—x C)]
AA =4
or =.6_T_ =0 (52)
0zl Ozl w2
“k;—T g (5b)
o o (5¢)
W |y
e EXE 47] H&A A 2 /A ¥9S
2% sls A A " s oA %
AN (HE AA 24 (G2-6o)8t ¥4 Control-

volume-based finite difference method & E{th” &
AEsE A, F3 4982 1o %e @& A
g3atE FA AL AW dHERE
Harmonic mean W o2 AASAC} Grid & A
W 23 2k ¥ IR BXE A A
37) Y8 AAR T o BE Grid & WA
Non-uniform grid S AM3}912.9, Grid 4 Nres
Grid 8 U o4 8% wolaZAd JELZ
o] Nusselt number 2 H3}7F 1%7] 51 40x90 7
()2 2R3 Grid Foll B& d&FL MARA
T} &5 BIXE 9L 5 Heat sink/Substrate 7 Al
A MY 25 BEIXE o|&3td HAHAA
9 dHs& BEXE AL —}F e, ol F3
o)A ¢l thEA ol & & Sl vlolARA
g S EANIAY vREAY Huzie] AARCA A
ojuE dxg *ds €4 Fetd F A drnt
9+ Substrate @] 77} fIth® Substrate 2] o}
Ho| FojxE FUEFE ZU0E 2= AAE

ﬂl

=

242

Fiuid=—-—=Fin

6
i o klk=10 ;
T o k/k=100 :
g' A Kk /k=1000 ;
=,
x N
= :
i B
i %&“ﬁe
£ i RERAAB A 8
5] |
2 B BERRR :
o RLLLE s . .
0.0 01 0.2 0.3 04 05
z
(a)
] Fluid =— | — Fin
6 :
. o &H=001 i
g A gH=01 :
1 o gH=1 ;
i 1
M :
b4 N
3 :
[T EA
= :
£ %
-y
2 o™ g
] 8 g o,
§1_ o 00 o o °
z ® 9 0o Oood’
A o ap o g Dum
0 T T T
[1X4] 01 0.2 03 0.4 0?5
Z
)

Fiiid =— s —= Fin

@
1

0 wiw+w,)=02 ia
B wiww,)=05 Coa
A wiw+w )=0.8

1/q
o
>

=U4
Th ' a
3 : a a
o :
T3 ;
5 ;
T ¢a
oo
EZ- B Og
E : oo g g
1 ; o
S o o : 0000000

o 4 :
a A%AA%AMAMMM
T T T T T T T 1

01 02 03 04 ©5 06 07 08 09 10
2w, i (z-w/2)/w,+0.5

(©

o
o
o

Fig. 3 Effects of parameters on the heat flux distribution
at the interface: (a) Thermal conductivity (s/H=1,
w/(w+w,)=0.5); (b) Thickness of the substrate
(ky/k=100, w,/(w,+w,)=0.5); (c) Width ratio of the
microchannel heat sink (k/k=100, s/H=1)

[=2, H=100(um), k~0.59(W/mC®)]



o o
& &

(<T>'<<T>‘2_J o(( Tw-‘l;?))
3.3 .8 % 8

AT(=O o

o
8
n

sH=1
w i w w )=0.5

ey ohAs W%

o
8

o
8
I

(<T>l_<T>l)iv~hmé (Tw'Tb))

o =) o
- o Y
=3 I3 =1
i 1 !

A

0.05

k/k=100
w/w +w )=0.5

o
.8
m
&

001

k k=100
/H=t

Fig. 4 Effects of parameters

(©)

on Ay (a) Thermal

conductivity; (b) Thickness of the substrate; (c)
Width ratio of the microchannel heat sink
[&=2, H=100(um), k=0.59(W/mC°)]

B Atole] AHAWe g AH HA =3

1639

o] 88 4= 128 2 Second approach 7} E}FF3}
gz % & £ g Aotk X, AA
Substrate ¥ F3g FAHAE 7}xjn glon A FH
A Agel s BAAENAY s EES Aty
BW Fig3 oA & F e RAAY FddA &
£ A = g ‘i’}?‘;, First approach + ThEA
d el HE Ao s odx By Jx
g Aor AR gEdTda & &
First approach & AM&3tA =W ofFA ojds
Fo] FUHE vIFAAY Huy ZAAWM o
ol ol A BAE e AA A
o] FolxA ot ¥, tFA ofAMe dA
g d4E Hf43te FAE FEHez AR
o sl 2 A nEYAHHe= *r°17‘ = EAoln
2 o] EAE 7] HdMe FUHEY €3 A4
Z7o] dastA "ok o3 EAHL A
A8, o] A ‘?‘;:r’“c(“s")ﬂl"‘]"‘f BAE el A A
b A 27t FoE 2AE FUME ARG

3. olele AHa 2 24 35e 33
3t7] 3 FA"ANAM Y BardE 2EXRE o
=3 2ol JYsdct

<T>,-<T>, 6)

r=
TW - Tb interface

Fig. 4 & ZAIY #FA2 @HZ=%H], Substrate 2]
A, HEE3} Fin pitch 7+9) Bl(wlwAw)7F 4y
o PlAle 4L B F1 Uk Fig. 4%t (o)
€ FH E e AAYE dHnss Eule o
Fe HE FoshA ¥k wd gH £ 0.1 oA4Y

T 4 o 8 FEE FA vt sH<01 9 W
Aol X siH 7 FaAE @ FA"HANMY 253171
F7bshe A3 Fig 4b)E T3 AT F gl
o] First approach 7} Local thermal equilibrium 7}4
34 g7 AAW 3 BA 2o AL8"

= s/H 8 Hagke] EAEE 9fm g} T,
1jr""H AL AAZ AL v g 2E vES
A o] R4 7} s/H20.1 & T3]

olAl $-aiv ohFA WA= vFEIRA HEz
AAWAA AEEA F AAEHA FA 274 &
A HAow olg Helsd oen 2o,

w_ g 9<T>, LO<T>, (7a)

q= -k/ A :
ay wall a') g wall

<T>, watt =< T >S‘wa11 (7b)



1640 A9 E -

3. olo|aZRAY SIEATL
X o Foe HE
2 49 Wegg T3 oA ol wFad o
A AAWAA Y ddg S HdsA Jie
& 5 Sle BA 21& 98 W o] HeMe
Fig. 2 oM RBAFE rlojazxd IEAY
Heat sink #&& 4% tg4 W2z gF= 3

2o ¥ 744 % o® HEE Ba vholARAY
segas 49g 4ss A%l A58 & 3
£g GAYel o 4y Assh vugozH
49 wES ¥ vlolazAY SEYAE OB
4 Rz Agsel Wrel 4 2 4 olF B4
& Axse R U@ A7 0% o] WEHo
Qonz, o7l wAsl AN HEYA
9 4% % LE RE AE A4S 2] Ad
AR PR T2 A8ss dad vl 37
2do] £al Folof AWz WIY & A= 2
Eol g@ RAY WGE Te3 Lol AR 4o
shole

JST> =Ty ®)
s an s r = q"H
(1-&)k, (1-e)k,
o] Fatel WM EE o] gt FapAstE A uf
A AA 24L& G&3 2o
2% W4
2
U—Dad IZVP ©)
dy
aA gl thEt ovix] w4y .
de,
ek G (10)

A G g oA A .
2

46
U=Bi(6,-8,)+C— (an
‘ dY

y=0 9l A AA =7 .

U=0
a8, &0 .
l=—C—L-ZZ, 8, =0, for First approach
oY or )
k 00
l=- / L= L2, for Second approach
(1-¢&)k, oY (1-¢) oY

(12)
r=1919 FA =4 :
U=0
U=0

a9, _49, _ (13)

dy dY

) A2 (9-(1)E FAZA (12), (13)% &
A EA 98 £ 2 2% F¥of tH?‘S& S E
dL 5 YUY

P 1
0, =—— |-V +C,'T+C
1+C 2
1
1-cosh| 1’—
1 Da ) . 1
+C,'qcosh| ,[—Y |+ sinh| ,(—Y
Da 1 a

Bz(l +0),,

J+C smhL Bl(1+C)YH

(16)

+C, cos| (

9 = —1Y2+CY+C
K 2 1 2
( M
1—cosh| .[—
1 Da) 1
+ Dascosh| ,|—7VY {+ sinh| ,[—
Da

sinh[ —1—]
Da
7] M

{fE]
=t

C,=1-vDa



SR PERESE

c. :[_ c. \jBi(HC) smh[ \jBi(HC)j
C C
l—cosh[\ﬁj
P . i J Da

- C smh[ — |+
JBE[B:’(HC)——) Da
Da

xcosh } / \/Bx(l+C) Bz(l+C))
C/=Cyv
Bi(t+C)
C :Da—*—‘—l”**'c—
Bi(l+C)- -
c
cr--S
c
cs':-?4
2= 3 g dHMsie AA =dd g

Approach ¢} A #glo] 543 & e E sixH
ok Al ¢ gkel @8-A1 A @t First approach &
ALg-3hE A

C

~-—P
c, Da

Bi(1 +C){Bi(1 +C)—ﬂ}
Da
Second approach & A8-8& A4,

. [Ph( M]{MC
C CP

l—cosh[JDLJ

a

¢, ’ 1 _ P
Da .

/{\/Bi(HC) sinh( Bz(I+C)]}
c

Neumann 77 Z7ATlo] Algd #AAZ ouw
Approach & 29 538 ¢, 9 ol 499 e
g gA Ho FY% & ._Ea 2% F g
wrebA ol Aede LAY 5 UEE 253
o] g BAY e AT HygE®
o} A (27)-(29)), Tuckerman 3} Pease!”7} A@o =

HR Aol AW i EH AA 24 1641

ana!yt;cal result (first approach)
[_7 analytical result (second approach)

Exp.

Fig. 5 Thermal resistance of the microchannel heat
sink

7% dA% g vinsted 2geh Tuckerman o
Pease 7} AHEE  wlojaRAd  ENIE
Substrate ¢ 77} Channel ¥°]19] 0.1 st} &
RO B (s/H=0.25, 039, 0.32) 2 Holl A Aotsk HAx
o] B3 Aoz dadct. AAZ Fig 5 oA
Bo$E AXE First approach & 2§ Axe A
9] Yx}sk= WA Second approach &= A3 Ad
A ol Bojua QUFE ¢ F Uk AT uF
4 id HIWE B O34 W= g
EAd A Y FAE BHAME First approach
7t ggstotE de #3 Mol

4. Sintered porous channel of| 2| X &

9] 3 oA First approach 7} :rL 7}z
nle]|Z 2 5id B EA A9 %ﬂ?i *é & AF3=
tﬂ o] ME A FA =7 ]‘3"3}1 A=
< B 4 oXe 9 E’Sﬂ s g
A wAdAM Y dAE g dE53E dHe=
A9 =97t g e g #gds noa 3.

£ d7A gRe
FA 3 A= Fig 6 9 T ¥ ¢4y
o 913 ot BoB Fd IRl Folx qle
o fA7 A Ade EaEidA 48 9E=
Agste EAelc olzdt FEAol diF dre
Hwang 3} Chao'"ell Q8| 2 213, 484 A7
7h " vk Qo) B AFel A E Hwang 3 Chao
o Ze oz £ AE FE do] FUH
¥ Porous channel & o}3 Weol W3 2AA Ao
£ First approach 9} Second approach & &8t
5 9 2% BX 93 £AHE 4L F olF
7FX] 3 Overall Nusselt number & T3l Hwang 3}



1642 44

Impermeable wall

with insulation

Air

Impermeable wall

| with constant heat flux

Fig. 6 sintered Porous Channel

Chao o A% Ao} vluwste Bt AT A
i A 2 2xilsl W52 Hwang 3 Chao 7t
R Wen U] dEel AgEta o7A

E AEA 488 AA 2d0HE AP
First approach ] 7§ :
_ k198 19 (18a)
k] Bi oY |, Bi oY |,
94, ?y:o = 0*")’:0 a Sb)
Second approach ¢ 7 - :
_ ko8 k106, (19)
C kB OY| .,  k BidYl.
d71M FAe FE dd%%E, k% 9 Thermal

dispersion A7t ¥ &= o} Ut} Thermal dispersion
of 9% FAEEE ALEr] A Van Driest

model & AH§35}%121, Hwang 3 Chao & 159
=R 45 D, 08 o2 0375 15 & 4%

Arated g A Adst 438 AR 2
oi=cly B gl &RgE 282 Atde
EAZ} Qe AR AYFVe] At
A3 D, 0 ez 77 14, 1.5 & AME A AS
Atk B AFAME D14, 0=1.5 & AlE3le] &
A 74] o Z=gsgon 1 AN ARS Ay 7
oo} wlwatsict. 3 oA g vF A 2 Hwang 3
Chao= A4 Eole] 0.1 W7k P FAZ 742
Substrate & AH&3+ATH(s/H=0.2) Fig. 7 < Y34
A9 2] Overall Nussclt number & 43} AMFO 2
@ Astst AY 2FHE vad aelrh Fist
approach & AM&3HE 4%, D=1.4, 0=1.5 o} sl
2 AN Axet AF Axnrt & Yxjske WdE,

o i

[U

207 Ford,=0.72,
1g0- ® Experimental result[11]

= — - second approach : D=1, @=1.5
&40 ------ second approach : D=10, »=1.5
— -~ second approach : D=100, ©v=1.5

Fig. 7 Overall Nusselt number of the sintered porous
channel

Second approach & AT H 4 oJ® D, 0o} Fkel
g = =2 Aa Ao AY ZHrt A A
#ee & F Yok F, vlolaRAd 3| EA A
A9 %@% FAE B3 AANYE &utE A
Z7o] 1 BAd FZE X E g4 siEdA
9 dAY FA MR ElFdlthe e AT
A FH, Amiri O s/H=1.35 ¢l T A
o e AF Axne} AaEe AN AHE ¥R
3te] Second approach 7} E}R3EltheE ¥ wkrl ¢
ZAES =23 v vk 2™ o] F Amiri T
ATE Ay R F A SUF FAH] A&
£ WASA Bk AA, Geometric function I
Permeability & 2% ZAASAT. ol =& (17)
Mol Ae] AT £XEE You 9 Chang!Ve] =<3t
2 F4 £22 gA ok gtk &4, Amird 5
o] Mmooz Agkd Ay Az Apter &



thEy hds M RTg He Alole) AW W@ 24 A =3

o] fdsElE AL vFA Aldd g ez
o] olE =¥ Fig | & #& 2 243 29
2 Ags HML & ¢ . @A Second
approach & &3 2 ¢3S 2dz 73 At
A9 AE HAE HE F gwena A
Second approach ¢ E}3AS HAZTFYn T
= $& Aol

5 € &

2 d7dME T4 md FAA ol
gFA E2Q ulejmzAy JNEAI U
2 Mg F3Y oFAY oiEH v ERY B
o] AAAMe EHg S Ayrgton o
53 AAWMY dHEE HHIA Ve
9l 7HA S HEEd BUTE =, Substrate &
b vojazAd SENAC g A &)
& T3k OdF4 oAl {33 FAE HAE
H o Huzt AR 48 Exe o
YstA] o IA, FAZ Szt FA)EkEt
the AHEE 4A HUY olE B thEA iR
7 AR FAE /HAE vEHRAd HHLE FA
Aol Hg 753 AAZALE A(7a), (Th)g ol
MABATE o8 HF37] 8, 5 Approach &
74zt A gt wlolazAd slEATY dAF
2 gl aldel A2 Overall Nusselt number & Al
et olEE V|EY AY HIAEH vlmEio
1 ZA3}, First approach & AM&8}A] H® Second
approach $}& da At Ayt AF dA3ep #
ARt How YElwTh

r2

A T =

% 7|

B oA7E @IRARY] YYARATHA

(FHA W 5:981-1212-036-2)X] ol &J& o] Fo|H ).

1643

¥
o

Ine

(1) M. Sahraoui and M. Kaviany, 1993, “Slip and No-
slip Temperature Boundary Conditions at Interface of
Porous, Plain Media : Conduction,” Int. J. Heat Mass
Transfer, vol. 36, pp. 1019~1033.

(2) M. Sahraoui and M. Kaviany, 1994, “Slip and No-
slip Temperature Boundary Conditions at the Interface
of Porous, Plain Media : Convection,” Int. J. Heat
Mass Transfer , Vol. 37, pp. 1029~1044.

(3) A. Amiri, K. Vafai and T. M. Kuzay, 1995, “Effects
of Boundary Conditions on Non-Darcian Heat Transfer
Through  Porous Media and  Experimental
Comparisons,” Numerical Heat Transfer, Part 4, Vol.
27, pp. 651~664.

(4) G. J. Hwang, C. C. Wu and C. H. Chao, 1995,
“Investigation of Non-Darcian Forced Convection in
an Asymmetrically Heated Sintered Porous Channel,”
ASME J. Heat Transfer, Vol. 117, pp. 725~732.

(5) J. C. Y. Koh and R. Colony, 1986, “Heat Transfer of
Microstructures for Integrated Circuits,” Int. Comm.
Heat Mass Transfer, Vol. 13, pp. 89~98.

(6) R. K. Shah and A. L. London, 1978, Advances in
Heat Transfer, Academic Press.

(7) S. V. Patankar, 1980, Numerical Heat Transfer and
Fluid Flow, Taylor & Francis.

(8) S.J. Kim and D. Kim, 1999, “Forced Convection in
Microstructures for Electronic Equipment Cooling,”
ASME J. Heat Transfer, Vol. 121, pp. 639~645.

9) S. J. Kim, D. Kim and D. Y. Lee, 2000, “On the
Local Thermal Equilibrium in Microchannel Heat
Sinks,” Int. J. Heat Mass Transfer, Vol. 43, pp.
1735~1748.

(10)D. B. Tuckerman and R. F. W. Pease, 1981, “High-
Performance Heat Sinking for VLSI,” IEEE Electron
Device Letter, Vol. 2, pp. 126~129.

(11)G. J. Hwang and C. H. Chao, 1994, “Heat Transfer
Measurement and Analysis for Sintered Porous
Channels,” ASME J. Heat Transfer, Vol. 116, pp.
456~464.

(12)S. J. Kim and D. Kim, “Discussion on Heat transfer
measurement and analysis for sintered porous
channels,” ASME J. Heat Transfer (in press).

(13)H. I. You, and C. H. Chang, Determination of Flow
Properties in Non-Darcian Flow, ASME J. Heat
Transfer, Vol. 119 (1997), pp. 190~192.



