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Study on the Averaging Approach for
Microchannel Heat Sinks for Electronics Cooling
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Abstract
The present paper is devoted to the modeling based on an averaging approach for microchannel heat sinks.
Firstly, analytic solutions for velocity and temperature distributions for low-aspect-ratio microchannel heat
sinks are presented by using the averaging approach. When the aspect ratio of the microchannel is smaller
than 1, analytic solutions accurately evaluate thermal resistances of heat sinks while the previous model
cannot predict thermal resistances. Secondly, asymptotic solutions for velocity and temperature distributions
at low-aspect-ratio limit and at high-aspect-ratio limit are presented by using the scale analysis. Asymptotic
solutions are very simple, but shown to predict thermal resistances accurately.
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Fig. 1 Schematic diagram of a microchannel heat sink

gt exgel dadE S8 wee g,
gk fFAE Z87] 98] 2838 Pumping Power

F st g,

Sk
A
5

u

N

3. o ®ZH® (Averaging Approach)

3.1 Low-aspect-ratio 00| A Z2AH'E 3IE 4 30
CHSF o Al

H Ao E dHe S5 2 3y 225
o] &3st=t|, ¥ Ao A = Aspect Ratio 7} ZHS
Aol s A (el Vs dHeE HtS S
e,

1 ¢H
N (M
Hat Ao E &5 AT duyx BA
A1E Hatete] Fat SEof Ha 2Xof gk A
v WA AE et 1 A= 2 (2)-(5)elH
FTAS A uig A
op) )
i _ 2
x el SK,0W<> @)
oT 0*
Py <”> éx> kfe low 6272 + hl,lowalow(Tw - <T>) 3)
IAZ A uig A
<u>=0 “)
(r)=T, ®)
O] UH’S:L aluw:i kﬁ‘s/l’W:kf (6)
wo+w, H’

AN Kipw & hyow ©  ZHZF Permeability <}
Interstitial Heat Transfer Coefficient = A| 8} A2 S
Hatshs Ao A sk x| el B AT
o] 5= Permeability <} Interstitial Heat Transfer
Coefficient ¢ o= 3% Ht2 ddola b &

1431



2004

% Hye dA dREoE tEHa e 7O
g J3 AlolE mE& frAledl ek Permeability
¢} Interstitial Heat Transfer Coefficient & ©]-&3} % T
gHZ
K =" 7
o =" @)
40\ k,
o =235 ®)
’ 2H

Klowq' hllow 7}' —,—O1X] /\] (2)_(3)% %01 “':['“5(]'%
B x99 —rx}‘% .Lﬂ—EL R Eﬂiﬂ' e

l_cmhLaJ;%w[;_i)} ©

1
cosh| ———
[zas V Dalow }
N
G cosh| Y2 (l—g) C, cosh| ! [17£j
¢ . Day, a, \2 ¢ a,yDa,, \2 &

0=——+ -
C
: Cz[;—Cchosh \/CT [ ! —C,]cosh .
Da,,, 20, Da,,, - 2a,+/Da,,,
wAZ 4 (10)
U=0 (11)
6=0 (12)
o wzet _yl g DT
Tow+w,) u, 0 q"H
(1-8)k
d(p)’ K
Tow = 7K10W 7<p> , Ay = ia Da,,, = lw; )
e u, dx w, &l
_ h, H
C =- d-2) k: low> =2 = e >
&k r

(13)

-1
P, =-1-2a,,/Da,,, tanh o
2a5 Da/ow

dAes AakstE 9 223 /39 Bulkk Mean
Temperature & AF52 BolakAl at7] 918 2 (14)
2} #o] One-dimensional Bulk Mean Temperature &

ol giny,

. I:Tudy
(1) == (14)
I udy
One-dimensional Bulk Mean Temperature 2} ¢ 3}¢]
2] (15)-(16)°] 3 H3tr}.
oT b k,
h, =—k,| —] AT, —(T =(5.385
low /[ay yoj ( w < > ) ( ) H (15)
Ty -T T)-T,
0" AT =T e (T)- =1.0610 (16)

qVVH h q||H
(1-e)k,
HFH o2 a2 Bulk Mean Temperature = 2
(17)3 #o] Fojxint.

7 j Gaz+
j I udylz W, 5(1 ok, 70
0
e 1
' tanh| ¥ C, tanh)
¢'H | C a, [ 2a, " 2a,4/Da,,
=T, +1.061 -4 _
-ek, | C, 1 JC, 1 1
c, -, e
D (" 2‘1,\- D (9 2a N \/ Da low

(17)
3.2 High-aspect-ratio OtO|AZ2AHYE S|E & 30|
CHah ol Aok
Kim 5"Y& Aspect Ratio 7} & vlo]a =z xjgd
sl Fat HIwS ol &dto] Hok 2ol tigh
A S A vE vk Fome] =& 93|

59 A AR 7hEFE] /)& EE A
Bt Y
1w s 1 pwen
:;C.[o ¢dz (@) =;J.W Pz (18)
o) _, O (19)

a1 ' K

s 5<T>f _0 [k _ 6<T>f]

&psc,(u) ox oy oy

Permeability ¢} Interstitial Heat Transfer Coefficient :

+ hl,highahigh (<T>S - <T>f)
(20)

2n

Ky = % (22)
q”Sf \ kf

h,. =(10 (23)
1.high <T>° ~ <T>f ( em

U=c, cosh[ Lyl+c, sinh[ lyJ P, (24)
Da
P,
9,_ﬂ[ Yy icrsc C, cosh| GGy
1+C; G (25)

1
l—cosh( D—]
1+ a
-C,, sinh| Cul CS)Y +C,,{cosh LY +————— Zinh| iY
C Da . 1 Da
sinh| ,|—
Da
1
1—-cosh| ,|—
1 Da ) 1 1.,
6. = P,,| Dascosh| ,|[—Y |+ —————=——=Fsinh| .| —Y |-1;——Y" +C,Y
® Da ) 1 Da 2
sinh

co, (26)
One-dimensional Bulk Mean Temperature :
1y J, Tu: 27)
I : udz

1432



2004

qns/ k
By = ———L—— = (8.325 28
high <T s _< > ( )2W ( )
fb
e,h:u:hlw (6,-6,)+6,=1.201(, -0,)+6,
- q'H g ! (29)
-k,

A 2] Bulk Mean Temperature :
Hpe ow, H fb
.[0 IO TMdZdy_IO <T> dy: quH

1
= = 0., dY+T
bm J. HJ- W, uddy H (I—S)ICS J.o /b w
0 0
(l‘f I;c [ (1201(0,-6)+6 Jar+T, (30)
&
2
A7 A, Ahign = m’kw,higb = (=K kf g =k s
y=2 U_<u>f _Khigh d<p>’
’ u, igh st u,, dx
<T>"-T, <T>'-T, K yign
gs = q”H . 9/. = q"H N Da,”.gh = gHéz (31)
(-, (-,
4. M3l (Asymptotic Solutions)

4.1 Low-aspect-ratio Limit o CH &t & 23l

Aspect Ratio 7} w]-¢- Ztja

7Hg sk A (2)-3)=
Scale Analysis 3} 2] (32)-(33)2 ¥& + AUt
op) __ Hy
Tor 5a<’4> (32)
o(T
pfcf <M>% = hl,lmvalow (Tw _<T>) (33)
(32)-33)% E°]35l'A Low-aspect-ratio Limit o]
st AslE 9= 5 Ak
U=-F,, (34)
o--S1 (35)
CZ
0" =1.0610 = -1.061.51 (36)
G
ol W, p,, =-1 (37)
o] 7%, 12 Bulk Mean Temperature <= 2] (38)
3} o] Folaich,
V'H

1 G (38)
(I-e)k G

j 0'dZ+T, =-1061 -

a(l k7o

4.2 High-aspect-ratio limit Off CH e & 25}

Aspect Ratio 7} wl-¢- 231 3149 A=} A
o] dHrrrt AN Ada 7pgsEte] 4 (19)-
(21)S Scale Analysis M 2] (39)-4D)S ¥S F
Utk

a<p>.f Ay €<u>f (39)
ox high

,
i) oy ) @0
of, ATy |_ Ly 41
6y[k5c oy ]_h[,highahigh(<T> <T>) (41)

(39)-(41)S =o°]3}H High-aspect-ratio Limit ©I|
da gede T+ A,

U==Pyy (42)

0, - %(yz _2y) (43)

0, :l(yz _2y) & (44)

T2 2eahy 0 H

h[h' h 1 (1—€)k

0,,=0,+—(0,-0,)=—(v"-2Y)-———-(45

r5=0T g ( ! S) 2( ) 2s01 hmth( )
O] UH’ Ph[gh :_1 (46)
o] A5, fr#le] Bulk Mean Temperature = 2] (47)
5} o] Fojqth,

i _[a9dY+Tw=—1 (A — (47)
3(-ok 20,

igh

Aetel M EN ALAES AT S8k
FA A E Bl e A Ad 2% 94
A 2 Aede B8 T Y G eEE w

W3R} Fig. 2-3 2 Aspect Ratio 7} 22 3|E 4
Aol it 34 A}olt}. Low-aspect-ratio o Uk
aide) B ALt FAs ek & AT Low-
aspect-ratio ©] w3 A= o, <02 Q1 HF-of,
Low-aspect-ratio Limit o] gt % L3l= a, <0.04 91
Bgol 2xdE A3 A5 5 Avh

-20 4

Numerical solution
- — — Analytic solution

-40

-60 -

-80 -

-100 T T T T 1
0.0 02 04 0.6 08 10

Fig. 2 Dimensionless temperature distributions for
os=0.1 (&=0.5, k/k=0.00414)

1433



2004

o] A% FE JAe] dATe 44 Ads
0- o] &3lo] H7}ek 4 t}. Total Thermal Resistance
© A (X)) #Zel Ao
7 Numenfical sol_u\ion R =Tw,ou1 Tbm in (48)
0] "u Aoymploti satton o q
° 2 (X)E e o] 7 Fem vwm g Uk
e RHJO, — Tw,aut - Tbmﬁour + Tbm.uut - Tbmﬁin (49)
804 q q
o714 FHHe A Convective Thermal
100 . . . . . Resistance ©]™ =43 Capacitive Thermal
oor o Resistance It} SbH 73 a|al 59 ol ES
©]-8-3} ¥ Convective Thermal Resistance 2} Capacitive
Fig. 3 Dimensionless temperature distributions for Thermal Resistance & 73 4 9 om 2 Z Total
0=0.01 (£=0.5, k/k;=0.00414) Thermal Resistnace & T 4= Ut} ek Low-

aspect-ratio Limit o] o]t A E o] &3vpd &
A2 2 (51)-(53)8 #Zol kA Fol

0.0+

o1 Numerical solution R — 2H wetw, + Vlz'uf (W" + WW)L (50)
02 ~ ~ ~ - Analytic solution [14] 8.1t (5.385)k WL w, pc, [wwH*C
¢ pump

-0.3+

RH conv 2H WC - WW (5 1)
0 v (5.385)k WL\ w

c

J2u, Ov, +w )L
-06-] Ry = 4 - (52)
AN PreNWHWHC,,,

-0.7 4
X x ; x x oju] Cpump = Pumping Power ©]t}.

-0.4 H

-0.5+

0.0 0.2 0.4 0.6 0.8 1.0
' Coump =00 (53)
5 Hioh. IS S o ola
Fig. 4 Dimensionless temperature distributions for } &, Hlfah asgezt ratuz’ lelt]’oﬂ i?‘;‘ Sl 18
=10 (£20.5, ky/k,;=0.00414) o dAFE vt #Zo] Folxith

1w Aw)H  w.(w +w,)

Ry =~ 54
fem 3 kow WL (8.325)k HWL (54)

0.0 4
_ 12;”/ (Wc +Ww)L (55)

R =
Numerical solution 0,cap 3
- - = - Analytic solution [14] pfc./ \/m
®  Asymptotic solution
-0.2 4
1 (Wzr + Ww)H + W, (wc + Ww) + Vlz'u/ (WC + WW)L

-0.14

R =
> sl T3 kow WL (8.325)k  HWL pre,|wWHC,,
(56)
044 1000
-0.5 4 100
10
0.0
Y g !
""\L_), 0.1
Fig. 5 Dimensionless temperature distributions for =" 001
OLS:25 (6:0.5, k/kg:000414) 1E-3 —— Asymptotic solution for low o, “
= = = Asymptotic solution for high 4,
_ _ 1E4 A Analytic solution for low o
Fig. 4-5 & Aspect Ratio 7} & 3|E J =0 tfjgt 3 £s v ﬁnalyticslolutlion for high o, [15]
. . - - - O Numerical solution
2] A3}o]t}. High-aspect-ratio o thdk 3f4ls] 2 1e ] , : , . . .
- -7 = -1 = . . 1E-3 0.01 0.1 1 10 100 1000
Al 7 A ek 2 A ko). High-aspect-ratio .
of gt 3fA3l= o, >5 ¢ 7 -5-°ll, High-aspect-ratio
Limit o] tgt A8l = o, >20 A Ao =S Fig. 6 Convective thermal resistances
Qa3 o =38k = 9t} (we=w,=50um, L=W=1cm, k=148 W/mK, km=0.613W/mK, Cpy=2.56 W)

1434



2004

*a,
O %

*‘Q*-,

~C

1E-34 —— Asymptotic solution for low o |
- - - Asymptotic solution for high o |

v Analytic solution for low o
1e-5] A Analytic solutionfor high o [15]
O Numerical solution

1E-6 T T T T T 1
1E-3 0.01 0.1 1 10 100 1000

o,
s

Fig. 7 Capacitive thermal resistances
(Wemw, =50um, L=W=1cm, k=148W/mK, k=0.613W/mK, C,,,=2.56 W)

0.1 ) ) E g 7
—— Asymptotic solution for low o 1{2 v
- - — Asymptotic solution for high a A,
0013 4 Analytic solution for low o | 4a A
v Analytic solution for high o _ [15] 4a,

1E-34 © Numerical solution

T T T T T d
1E-3 0.01 0.1 1 10 100 1000

a,

Fig. 8 Total thermal resistances
(We=w,=50um, L=W=1cm, k=148 W/mK, k=0.613W/mK, Cyn,=2.56 W)

Fig. 6-8 < afAset HLalE Fal 3 A
e x4 Ak vlas Aol th Low-aspect-
ratio o thgk 3|A13] 2 Low-aspect-ratio Limit ©]
R AR as 9 W A A4 Azl 2
ur o ™ High-aspect-ratio ©| th3+ ]3] % High-
aspect-ratio Limit o] th3t A8 a1 4 uf 5=
A 4 Asst @ QA

6. &4 &

2 AFaAME Fd AIHE o83k Aspect
Ratio 7} 2H& 3S|E =9 &£EF 25 digh 3
A s AASEA T AAE A= 002 E T
£t 2E AEs] oSy =, L ATl
]+ High-aspect-ratio Limit £} Low-aspect-ratio Limit
oMo ALHE etk AL E ol st 4
A AsHA 72 F dol S|E A Al

P

1%
Mo
ok

(1) Oktay, S., Hannemann, R. J., and Bar-Cohen, A.,
1986, “High Heat from a Small Package,” Mech. Eng.,
108(3), pp. 36-42.

(2) Incropera, F. P., 1988, “Convection Heat Transfer in
Electronic Equipment Cooling,” J. Heat Transfer, 110,
pp- 1097-1111.

(3) Nakayama, W., 1986, “Thermal Management of
Electronic Equipment: A Review of Technology and
Research Topics,” Appl. Mech. Rev., 39(12), pp. 1847-
1868

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

(5) Phnillips, R. J., 1990, “Microchannel Heat Sinks,” in
Advances in Thermal Modeling of Electronic
Components and Systems, 2, ed. Bar-Cohen, A., and
Kraus, A. D., ASME Press, New York, pp. 109-184

(6) Goodling, J. S., and Knight, R. W., 1994, Optimal
Design of Microchannel Heat Sink: A Review, Optimal
Design of Thermal Systems and Components, 279, pp.
65-77.

(7) Knight, R. W., Goodling, J. S., and Hall, D. J., 1991,
“Optimal Thermal Design of Forced Convection Heat
Sinks — Analytical,” J. Electronic Packaging, 113, pp.
313-321.

(8) Knight, R. W., Hall, D. J., Goodling, J. S., and
Jaeger, R. C., 1992, “Heat Sink Optimization with
Application to Microchannels,” IEEE Transaction on
Components, Hybrids, and Manufacturing Technology,
15, pp.832-842

(9) Ellison, G. N., 1989, Thermal Computations for
Electronic Equipment, Robert E. Krieger Publishing
Company, Malabar, pp.118-120.

(10) Zhao, C. Y., and Lu, T. J., 2002, “Analysis of
Microchannel Heat Sinks for Electronics Cooling,” Int.
J. Heat Mass Transfer, 45, pp.4857-4869.

(11) Kim, S. J., 2004, “Methods for Thermal
Optimization of Microchannel Heat Sinks,” Heat
Transfer Engineering, 25(1), pp. 37-49.

(12) Koh, J. C. Y., and Colony, R., 1986, “Heat Transfer
of microstructures for integrated circuits,” Int. Comm.
Heat Mass Transfer, 13, pp. 89-98.

(13) Tien, C. L., and Kuo., S. M., 1987, “Analysis of
Forced Convection in Microstructures for Electronic
System Cooling,” Proc. Int. Symp. Cooling
Technology for Electronic Equipment, pp. 217-226.

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

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

1435



	INDEX
	제1발표장
	제2발표장
	제3발표장
	제4발표장
	제5발표장
	제6발표장
	제7발표장
	제8발표장
	제9발표장
	제10발표장
	제11발표장
	제12발표장




