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SUMMARY

Study on heat transfer enhancement and suppression technology for
high-performance thermal devices has been performed. Largely, the present work
is divided into three parts: heat transfer enhancement and suppression
technology, Electric cooling technology, and Effective measurement technology.

The details of heat transfer enhancement and suppression technology are as
follows:

A) Flow and heat transfer in a plate-finned circular-tube assembly is examined using a
naphthalene sublimation technique. A placement of single tube is better downstream and
the staggered tube alignment is found to give greater heat/mass transfer by the
development of the vortex shedding than the in-line case.

B) three dimensional numerical analysis and steepest descent method is used. The
optimum set of shape parameters is provided to minimize thermal resistance for a given
pump power. It is also shown that width and depth channel is the major parameters.

C) A numerical and analytical study is conducted on the buoyant convection in a
side-heated cavity under gravity and oscillations as well as with uniform internal heat
generation. The theoretical predictions of the resonance frequencies, based on the modes
of internal gravity oscillations, are in accord with the present numerical data. The
computed results suggest that resonance takes place when the frequency of oscillations
matches the basic mode of internal gravity oscillations.

D) A numerical and analytical study is conducted on the buoyant convection of an
incompressible fluid in a rectangular cavity and enhancement of heat transfer in a
realistic ~system. Realistic viscous fluids, such as Newtonian fluids with a
temperature-dependent viscosity or purely viscous non-Newtonian power-law fluids, are
selected as a working fluid.

E) Transmission characteristics are heavily dependent on the vacuum gap size, number
of layer, and the thickness of the coated metal. Thermal transmission across a layer
increases fast to an upper limit as the thickness of the gap and the coated metal
decrease below the wavelength of typical thermal radiation. With a small number of
layers, insulation performance per each layer is relatively poor, while it approaches an
asymptotic limit with greater number of layers.

In addition, the following results are obtained regarding electric cooling
technology.

A) From the results using the PIV, the jet impinges over a wide span of the heat sink
with a large recirculation in the upper free space and occasionally with another smaller
one in the corner. Thermal experimentation’s results show that impinging angle of 55°
degree show the heat transfer capability.

B) The objective of the present study is to investigate the fluid flow and heat transfer phenomena

for the microchannel heat sink subject to an impinging jet experimentally. For this, correlations for



the pressure drop and the thermal resistance is obtained in terms of geometric variables and the
Reynolds number based on the experimental results. And also optimum sizes of the microchannel
heat sink subject to an impinging jet are presented by using the correlations for the pressure drop
and the thermal resistance under the fixed pumping power condition.
C) Three dimensional numerical analysis was carried out. The major parameters of
interest are arrangement of ribs, rib interval and aspect ratio for a hexahedral rib
channel. It is shown that staggered arrangement and large rib aspect ratio increase the
heat transfer.
D) To investigate the overall performance of loop thermosyphon, we have perfrrmed
various experiments varying three parameter: input power of the heater, working fluid
and filling ratio of the working fluid. In addition, flow visualization using a high speed
camera is carried out.
E) A mathematical model for heat and mass transfer in a miniature heat pipe with a grooved
wick structure is developed and solved analytically to yield the maximum heat transport rate and
the overall thermal resistance under steady-state conditions. This model is verified by experimental
study and numerical optimization is performed to enhance the thermal performance of the
miniature heat pipe.

Finally, we have developed effective measurement technology for temperature
distribution and heat transfer coefficient as follows:

A) The spectral remote sensing(SRS) inversion technique to determine the complex,
line-of sight temperature distribution from the gas emission data at CO; 4.3micron is
investigated. The gas database is generated and experimentally validated. Three inversion
schemes are proposed and verified through experimental systems.

B) A basic study is performed to measure surface-coated naphthalene thickness using laser. It is
shown that there is the linear correlation between the naphthalene thickness and the output
voltage of the photo diode. The optical method to measure surface-coated naphthalene thickness is
laid the groundwork for by this study.

C) The micro-thermal sensor array is developed to measure temperature distributions at the surface
of microstructures. Microfabrication processes for the micro-thermal sensor array have advantages,
simple and convenient processes.

D) A Diode Temperature Sensor Array (DTSA) for spatially and temperally resolved measurements

of temperature fluctuations on the surface of the microstructure.
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22X F7x8717], B3717]1 SolA Bol AMEE I it o] FEH S dudre F
2 71A% dAALele] Eugs S FE AMRHER, dUidoE AEE B
2 71AZd dE AFst ks o]Fojx) QUth Saboya, FEM.5[1.1.1, 1.1.2]-&
71 Ze] dRHe FAFEAGATE dPHLE FIUL, FRAAANAM €3
ool A Frhsittn Budoh Jang, J,Y.5([113]e FEE mauwdy g
d3tAS WY AAE FA AT dPHoE vt FABSHAME AL
of, dEAsZAAME dEuide] FF¥E EnYrh Tsai, SFE[1.1.4]& wxpnj
g9 29 RFHO tidl 3R HoR FAANS 1 WERES AAB] Ridd
ok e wEY, FEAUAA A& duetRiol o] FERSACdAM it €3
g37HE 7ML thal gt Onishi, HE[1.15, 116]% 37‘4% FA-E Tt &
I FERUY ZAEHEAFE AL, 8 HA, FE 94, @ 54, @ ZAol&
WA 7| O FEFe AHEUT

ey @AZMAE @9 FRO HFH wjdoly X dis xFHoln A=
A AT He Aotk weEpA B AFdAe @ 104, FHe 9% aga
Freo) 747 Fo] €19 vAe JF) gstyg vz Fayoldt AP Ay
& o] &3t golREE It}

. o] &3 WA
vzgd Fspyoldr gigd EAMYY FAe] IS o8 Folth
olF Yolry] st FardstE oo F AE vlas] B
2 2
* (?%Yc% v %5* R61LP7 ( ng;* g C) (L.1.1)
L Omly, . 0wy, *my,  0'mily,
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Xt = % and y' = _fy{_

U = -% and 0" = % (1.13)
S
Rey = (iH

Preg . Nu=t (1.1.4)
=g S =

u, ve 47 YT yeke] £roly, TE 2%, mye YZE 2] Mass Fraction
olty, 118]31 aT Thermal Diffusivity©]3 Dye YZgde] F 7129 Diffusion
Coefficiento]t}. X3, Uxs T F&50]1 He dAlold Aglelt). A 1113 2
1122 Mms) B9 7 Fert F¥o2 $UYL % & Yok gy BAAD
Fg AgAoz 243l ShaE FolE 19 USste Nusbg 28 5 A
Hrh

HA BRAAGE m e ¥8g 5 4.

rlo

e 2

rlo
oo

7;’&( X, y)z O Na, solid 8(.9(, y)/ At (115)

AN Progsora® TAGEN ] Yzgde] ot 2B R FAEAAGAT hed
&3 2ol 7 5 ok

loNa, solid 5(96, _'V)/Z’t (116)
lONa, sal lONa, bulk

o d puws EZEA TR B2 ZIZIIGAMLE ol AT AT
)& o] §3ste] FITh T pupas THE Ao A gk

X -
UH (0w, sute = O Na, but, in) = Zfo m dx (1.1.7)

PNapuins PT-OAAS] ZEd WE2 A AZojRZ 2 1172 v o] "rh
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P No, bulk = —5]{ fo O Na, soid 0%, )] Atelx’ (L1.8)
agEs BARYAS hee 4 11.93 o] Ta|ATh

1% la, S0l S(X,y)/dt
B,y = 5 rr : (11.9)
pNa,sat——m j;) lONa,solid 6(?6, y)/ Atdx
O|ZRE ShE F3hH ot
| A R R S I L I = g s
Uzgd o3lfS o]83ty I BHY gFIAGASFE FH] Hsixe @
3 3 Alole] fE5L EAME F = T A Fuo] Hediy, 1 ¥d e Y
zgdlo] gl TaxF oo sttt wEtA B AFoAeE Sl SHolA I F
3 yzed Fxo 9SS ARESIEY 0¥ 1112 AJHe Fu® 2ol
Stainless Steel2 A ZtE AW X do] UJzgdls Fx3 35, F AHS 3 747 v
F 593 23 oju] FEE EAT F e ol3¥ A gamE F AH

Apolo] REsw k.

Naphthalene layer

%8 1.1.1 Schematic Diagram of the Test
Section

micro-manometer

AP air ‘

test section

regulators

dry air

ball needle -
valve valve laminar flow meter

water bath

a2l 1.1.2 Schematic Diagram of the

Experimental Apparatus
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AR Atold] FE5E Y3l FEIVIE ARESIAA, oo wE HEAAE 1
1.1.2¢8F Zo] FA3AT. o714 "HES HEYolHE FFE 2ES Y] A% FAA
olth AYA FZFL u)¢ Fowme(l I/mindlA 20 I/minFE) LI FF=P S
A& FHFAFAE A 12789 HAE 6mme] mlA#AThES eI, olF
=l 7145t ¢b# S Micro-manometerE AF&-3te] A3 F, o] L FF
oz 3HN3¥Ptt. AF8¥®  Micro-manometery FurnessAle] MO5200. 824 FH a1
199.9Pa7t#] &7o] 7p5stal 0.0001Pas] HE=E zteth FHFFSHLAE 543
FT7e LEZRAEL A FexE BHSH A 222 FAE F, A|HeE &
o7 A b AlE " Fr9 25' A A 30:01C oJWE FA=HUEH, oA
& 1T 247t oF 10%9 EAALATY A8 7147 WEolth

Stepping Motor Driving Box

2l 1.1.3 Schematic Diagram of  the
Sublimated Depth Measurement System

aY 1138 Jyzgde $3Zols SH%e SHLAE Yt AFol$3
X & PCL8398}E Data Acquisition CardE %3] PCE Aojsly, 4F A Fof
Ztzt AMERY] Eolg LVDTE AHsted §4E ¥, 1 Aol 71530 o A
o]F F APALZ U 7 XA Y DAY EFADH] Hoh ALE
g LVDTE SensotecAl9] 060-3587-010. 24, A7} £0508mm, A x 2317}
0.17%<]t}.

1). &Y Fro ud 2Y An

Ryl 49 Qg W AN, Ao W] YPY u Fue Lolpgo
2o 930 e P ERE Yojrt Aol
a8 114 587 3 A o weo AFFA SAHAARZ A Rep =2,660, f=4mm, [
=50mm¢el A9Th. 29 114914 RolFo] Ad YT Fuel AwelA w
2 24430 oRojAn Yt AL ¢ & Utk VY FFFEAN BAAYO]
2 ot AL AASFEOl B4y WBolm, Frel AWREAAY of=
DRt AAH7] MEolth REd kel BFe) WAL IV 4RE A
Qe H3, o SRE FHe AnReA A Fue Fug Bohbd U-
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Fejo] A4e 24 "t o W I FEyt 2EF 27 g oF ¥ eFE

main vortex

subsidiary vortex

LocatSherwaod Numher

2 1.1.5 Illustration of the Main
and the Subsidiary Horseshoe Vortices

12 1.1.4 A Typical 3-D Plot of the Around the Tube
Sublimation Depth in the Case of Single

a3 1162 9 W] AL AF, Fr AHd we 2AALF] W
g vehd Rolth BE AN FEE #59 3F Ho AAEFE 2HALH
o] Bolgd& & F 3tk o] AL AATY ¥ ¥ F AR IF] M=
FHE At 2 277 2] FeiAE Ao] obde HojEh wEbA FAF 0l
gAs H2E YriAe FHE JFZoE N4 EAAGSHAN FATe
& & AT

o

~
@
by
=Y

o T

2.0x10*

A
1.5x10% 4 ‘/4——’/‘—’_’1———___‘

Total mass transfer rate [kg/s]

1 0x$0° —e— Q=850 cm’s, &= 4 mm (Re,=2.660)
—u— Q=560 cm'/s, &= 4 mm (Re =1,770)
5.0x10° —A— Q=300 cm/s, 5= 4 mm (Re,= 950)

~—0— Q=850 cm™s, &=6 mm (Re,=1.770)

T T T T T T

10 20 30 40 50 60 70
The location of tube center, / [mm]

0.0

2l 1.1.6 Effect of the location of
tube center on total mass trnasfer rate
with various Reynolds number and gap

size

__.20._



29 116904 ¢ 5 9 E 02 AL, f%] AT Aol @ 7o)
Ad5e BARGF] FoSA Bhe AclthEel A9

Fae). 3 olfE, W 2] ANWA #2S A FASAY BE sl
ol AA H7] WEolth. BeF FHH5e IASA fAFEA & HAL F71A
AW BAALRE AXA ArhEol A9 VRt Fol W Fag),

= g8 ol€Y Agele 1 e wet A@Evdy aXejdE F
F Stk A ¥wEA stEe nxpdel dxdeSHolA e fEdta dEsE
Ae B8ttt 43X Ao  dFdAe aaEs & A, 1 1
g7t Ao Wids A EgT
1172 AFHA old FHAAMY I HH EZAGHS YW ALEA
(Rep =2,660, 6=4mm, s =20mm), Z} 7}9] FH JAWFA m-¢ & EDFPGo] ¢
ogS BoFa Utk oA F WA FE7 A WA FR aNE F¢
FH BN TEoFU AdES Tt =3 A AR FHOAM A9 2F

T A

F7F 7 FEAIY ez a1 EWA F A FHRY AW ®Ho} 73d
8

B

=
AL

SHFE BHAMAA Hol 23818 R WA FRY AR ¢ & EAAYES 4o
A e & 7 Aok 2d3 A A FRY EAZ A& FE FF SdHH] =
5, ofel wet @ Abold] HIFEol SUHHE A EF F RA [FRAANY E
He#e S/ ddeg & 7 U9

8.5x10"

-
8.0x10* et :

7.5x10°

Rem = 1063, 2-row
Re,, = 1063, 1-row
Re,, =707, 2-row
Re,, =707, 1-row

7,060 s

Oen s

P

Local Shenvood Number

6.0x10°* -

total masstranster rate {kg/s}
: 2

5.5x107 e

|

5.0x10° T T T T T T
0 5 10 15 20 25 30
distance between two disk center {mim]

2! 1.1.7 A Typical 3-D Plot of the 8 1.1.8 Effect of the offset in
Sublimation Depth in the Case of Double y-direction between the two tube
Tubes centers on total mass transfer rate

with various Reynolds number
¥ 1182 F FERAIY natd ATyl EFAGY F 9FE veERd Aot



&o] AN THEE Yehd HEo| olgd FrY Afoln, Fo] ¥l EFEE Y
Bl FEL 22 @ HEd FFAAY ©d FERY Aotk o]E FH A,
wz}p ATyt ARASFE F ERAFGH| FUsIAR, A A=y Freo wARg
AAA HE F SZ4AGTF FUte @A douEA Ao & FHo wAHIAVE
F e FEE nAAIE O FdddA A8 wX EHe Zsdgd ol2A4 =
O= AL 9u|gi.

O 118994 & F gle E O AL, Fr7E F A 299 F EFdAY
Fo] g A AeoM Boh AA F= dvhe Aolth oA fFo] AA Fl
UERG AR 2 A, R WA B8 A _Q}—-,-r_,] A3 A4 (Vortex Shedding)o] HA83}7]

mRolan AZEh
Ao 45 G
S59 B4 A&l

_ll)l

, A AA FRe £/ FA4E AY 9F7 F A F
FA Ha, ol wg F A FER THAAY HI
7 Aog odArE

OSL
Moo ™

G ATNEL BINE AFAGRol BWAY A-B IRBYN TFAFY
23 welz o o
o 214 o] FHRGAS
5o

Ae Qo] et Anuy] Aokl 2R o83 §59 AL Y
&4 23492 5933, oJ2RH 459 72 @ HFY DB Wl s A
= QA BB

FEANGANN AL ABL o}ZBR WE T Ao Fu taaz ofFol
A i, 2EaE kg ol BEAR 5719 THL Fid 37 FLIFH A
72 o)A RAF AL o] FHEL FHZY APANAE AFH AL, B

il

#HH] FEPFHEE S doh £ B T Sz 7N &Y 3
& 7ol UL oJALEREH =79 HEYHS FHNA Eo. ¢EAE AAH
vpo] 2 v P E|(Ht 200Pa)E AHE-stod Xé% stlat, BEAtole] A2 HE
2 572 #5417 AHolAS ol§ate dmmz FASAG. o] W BHe] Wolt
B9 e oo s 23 HolA 2aolNel ¥ ¥W Ere TAGY
9

AlHe g Eorte F7lE F MY dHZH7I(Regulator) 9t WEE Foto x4
393, 2 F%Fe ZH4 %7 (Laminar-Flowmeter) & AM-g&3to At =
FAE WA 4mm, Zo]500mme] 1271 #& ARE-ste] AFstAx, TR &

AA3) FFol7] WE o]22<l Hagen-Poiseuille FFo] Hich uatr 4
?l s AR F ARSSEH-

AY AAZE Hols2F Rep(HEUTHE 71F), olF BlA F & Ato]9
oA §b, aPm B YTolM BAAL Ag DS AT o] AREE 7
7} thga 2ol MR,
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ReD=950, 1,770 18]31 2,660
s/D=0.25 Z18]3 0.5 (‘?J”Q"‘%] Ag A, D=00, 1.0 221 1.5 F7})
/p=125, 1.75, 25 2 =}3 3

(). SLFEA HF #5713
oA, a FRuQel Y F57A S e FoE AWRY, Rep7t 950
W, 2% 119 (@)t 299 989 A £@she 4w Foolth Rep7t &

7}gel @k, o), &7 Z7le AAL, BIFEY FYAE AF3}7] AZE.
T3 Rep7} 26607+4) 71, 28 1.1.9 (oA Re i 2o, Adr FHHlA

Fe @43 s, Q}E”L”‘PO? olg] FB HZE9 4yl AHsiA #A4MET
o] Rep7} 4200]1, §/De] 026569 wl ZFF WA= AoFo o digh
Romero -Mendez et al. (2000)8] =& & 4 1o, 7] A§/Do] 02 ==
2SS 743, Rep7t 1000 w71A= o] #FAEHA F3kth ol /D7t F
7] W&o BEPPo] FE52] BAAANE A s, ¢}F<e HHo] Rep 7} & B57
A doA "o} tlo], H3do] gle AU 59 4%, Rep 7} 509 Znk
oA 9tFe] whale] AFPEL A AR FF2 Atk [Willlamson, 1996]. o]2] g
At ¢FE ot FP Alo]E A FHL W W4 fF- Hele-Shaw
sz ¢ old AP AL o} FrHo| Ao FH[Lamb, 1945], tF-E
EH 53 Z AYFE Fusie ¥4 AFSeE 5 AAFEH fE5 AII
t}. o] 3t 8% e Tsai and Sheu (1998)01] o]8] Rep ©] 1000, /D 0.19¢
o] Axtz F AMygo] Qr}t. Tsai ¢ Sheur &£33E FAQ FRO F/HE I
Aate A Fuksld FB9 Ad siztold 5o #E o] SAdHE AS
F33.

(a) (b) (c)
2! 1.1.9 Evolution of Flow Field behind the
Tube with Increasing Reynolds Number for &
/0F0.2,
(a) Rer950, (b) Rer1,770, (c) Rer2,660.
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ReD=950, 1,770 Z1¥]3L 2,660
s/D=025 281 05 (¢HE=H AF A, D=0.0, 1.0 23 1.5 F7})
YD=1.25, 1.75, 2.5 Z1g]3l 35

D). 2EFE AT F571A 3
1A, dd FrudoMe f57MA8e U ZAdE A EH, Reprt 950
b, 728 119 (a) 4du H8Y ATH ¢t B4R dHo|th Rt F
7Vl wekb, o), IdFe AV AAIR, mIFES] FHME HFsr] AFEc
TS Repr} 2660747 Z7}E W, 28 1.1.9 (oA RE vis} 2o], A3y FHH A
FE 43 ey, o Fde] o3 FB HEe dArle AlwreA EAtE
ol Rep7b 420013, &/Do] 0265¢ uwl AE mx}ste AoHe wdd od
Romero -Mendez et al. (2000)8] =&oA & & oy, 7] A§//Do] 02 ==
g ™SI, Rep7h 10009 H7Hx=  ZFo] BHAHA Aok o= /D7t 2
7] W&o HIydo] F59 BAYAH S A s, 9F9 dHo] Rep 7t E B9
A gyA "ot tge], W] e 4y % o} %%, Rep 7} 504 =9 Xk
o] A saﬁaT,l umq A]Z&]—% & & Fury FEx v} [Williamson, 1996]. o] &3k
3, FPF AtolE HH3] Y W THAE f5- Hele-Shaw
0}\4_ %iﬁé?‘ﬂ A8 Aot Fr o Aol #FHi[Lamb, 1945], thH-&
Hel & AFE uksles nlAa A5se /5 A2 f500 g
#8l §% PFe= Tsai and Sheu (1998)] <]} Rep ©] 1000, /D 0.19Y oj
wHo} ). Tsai 9 Sheu®s ¢#3te FAe FH F/HE I
A FRkel {Eo A sirteld {59 £ o] EATHE A&

T oot &
f 1r
:{m
E

ol ok
¥ rfr
=

o o fo ot o
2.

(a) (b) (©)
8 1.1.9 Evolution of Flow Field behind the
Tube with Increasing Reynolds Number for &
/D=0.2,
(a) Re=950, (b) Rerl,770, (c) Rer2,660.
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(a)
2! 1.1.10 Interaction of Flow Field between
the Two Tubes with Increasing Reynolds Number

(b) (c)

for 6/0<0.2 and s/D=0.25, (a) Rer950, (b)
Rer=1,770, (c) Rer2,660.

2% 111047 o|Zo] Aoiw (¢D=025), R WA FEE F WA Fr F99
$5¢ WS, F5 $ES 25 "k 3, A WA FHEyE LdE 2
dre T ud Foo 5§ 9% gt 9% wWe wel vopzithe ojmoch
T3 F oA FB e TEdFe A HA FERA 7R ‘HC—‘M]*'I ol B &
9lth, Repo] 266072 Z71& w), 73k o} wilel] 93l HH HZE9| ojm A&
534 Btk 18 1111 A3 o] F(s/D=05F ™, FE Alo] F3ko] &
23 Q7] g&d 7] f5 FE2 Ave AF Z wAUriA =i, A dA F
B9 w3 AFRE F7 o F FRAY FIHF BFE Y, F HA F
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20 FRE T WA Fuo $52 ur W Sy, T A FB g 2
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(a) (b) (©
2! 1.1.11 Interaction of Flow Field between
the Two Tubes with Increasing Reynolds Number for
6/D0=0.2 and s/D=0.5, (a) Re~950, (b) Rer1,770,
(c) Rer2,660.

04 Bl §/D=02
v sD=15
03 03 & 3=,
o s0=05
o sD=025
~ 0z ~ o024} = D=0,
5 a8 = —— no disk (theory)
2 § § (e
w i a u
= c -
S X ]
E 0.1 B g 0.1 L
T 0.09 f & 009
0.08 = 0.08
0.07 0.07
0.06 ™ 0.08
0.05 \ 0.05
0.04 0.04
ox10® 10" 210" 10" a0’ 10" 2«10 10"
Re, Re,

2l 1.1.12 Effect of the Tube Center 13 1.1.13 Effect of the Offset of
Location on the Friction Factor for a Two Tube Centers on the Friction Factor
Single Tube Arrangement with Various for a Two-tube Arrangement with Various
Rep. Rep.

29 111294 t237) gt Al nhaASY APAE oEgXuct o A
S Q4 U, BB AW RN Y B FAF EAckRe 94 D
AA% Bk Atk A2 2elF3 ok Rek AT B 97207t A
=42 AsAm, qRHoR & 5+ ARe| t2Ast gE Byl

gt ASET © ADS A ¥ & Aok £ pBAFE 9F
Repoll Whilel @ ot 279 W gPgsts A9 Ewvkdel g3 719 o
ek e g =9 91X 4BYUL F, Repol T

B3 LA A5 Holth SR HY2aas} off X BT WGP
e Huz} "oke gulolth PP FE 9N AL, AA 2A/IALES
Z7HZITE AFsn Yok meEkH FErk 95 $Y5E A4 e YR
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(a) (& (c)
%2} 1.1.11 Interaction of Flow Field between
the Two Tubes with Increasing Reynolds Number for
6/0=0,2 and s/D=0.5, (a) Rer950, (b) Rep1,770,
(¢) Rer2,660.

0.4 B 5/D=02 04 8M=02
v D=35 v D=5
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= 02 = o disk 2] { = /D=0,
£ B —— o disk (theory) H . no disk {theory)
©
£ £ g %
k=] s a
w = 0.09
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0.07
0.06
0.05
0.04

T T
ox10* 10° 2x10° 3x10° ox10® 10° 2x10° 3x10°
Re Re

O3 1.1.12 Effect of the Tube Center 18] 1.1.13 Effect of the Offset of
Location on the Friction Factor for a Two Tube Centers on the Friction Factor
Single Tube Arrangement with Various for a Two-tube Arrangement with Various
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2 dimensional ribbed channel
with Re, = 20,000, b/h = 3 and w/h = 12

2l 1.2.2 Streamline and Temperature Distribution
for Representative 2 Dimensional Ribbed Channel
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_28_



: 28 %oz Hoje=E §F

& 93 =@ur] @tl Vortexd £4%2e 03 3UYdiME Z9rsko|tr) &
2 A 9N e FNEeR w4 B 29 123 (99 () 2F L}
= 17 3§55 el A wss)

2 dimensional ribbed channel
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2l 1.2.2 Streamline and Temperature Distribution

for Representative 2 Dimensional Ribbed Channel
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(c) Staggered, c=b Case (d) Non-staggered, c=b Case
13! 1.2.3 Representative Flow Pattern for Medium Pitch
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2] 1.2.3 Representative Flow Pattern for Medium Pitch

3.6
E _ E -
34 E| WD =01cases | __ , Staggered and ¢=2b 16 WD = 0lcases | o Staggered and c=2b
F . — —&— - Staggered and ¢=b N - —o— — Staggered and ¢c=b
32 ; —+—0—-~ Non-staggered and c=2b 14 . —-~0-—-— Non-staggered and ¢=2b
N ——©—-~ Non-staggered and c=b I —-—0—-~ Non-staggered and c=b
E ——&——— 2 dimensional case o —~—@—— 2 dimensional case
28F 12F
26F G 10f L
2, E. \t;\
2 24F w r medium pitch
~ E g F g
5‘2.2 & o S~ 8
= iy L e long pitch
ok TR L : - / /0\\
2 S SR i
13: . : b\e.) G__B/ o REREE T
N . : = -~
1'65 M ./_;,-,—Q-:‘:"f‘:g: ________ . 4 oo O S
et e e B,
F & medium pitch - -
12 - short pitch long pitch :shar!pncll
Eoto 1 I ST L E ; L L
's 10 15 20 Ot 15 0
wih w/h
%l 1.2.4 Average Nusselt Number 718l 1.2.5 Friction Factor Ratio
[==)
Ratio for Various Rib Pitches for Various Rib Pitches
22 500
E | WD, = 0.1 cases | _ s Staggered and c=2b I WD, =0lcases |, Staggered and c=2b
20F — —a— — Staggered and c=b 450 F ~ —&- - Staggered and c=b
F —.—o—-~ Non-staggered and c=2b [ ~-—0—-— Non-staggered and c=2b
18F —-—0—-— Non-staggered and c=b " R N”""S'“S'é""‘?d“"d e=b
3 ———— 2 dimensional case a00F ——e&——— 2 dimensinal case
I I

) : R 350 /a\[ P

q 1 Fshort pitch / \“\: W F medium pitch \D
< I p T 9~ = ::hortpitch
125 = 300
o ; medium pitch o
r - long pitch F =
10F - a o~ P
P 1o 250 A o
gbo " [/ o =& T -
» = — r _
- (z oo B long pitch
o ? al 200 —¢ =B e
6 I = D N
- [ &
45_ L L L 2, 10 1 1 1 L 15 L L L y) 20 1505 L L 1 L 10 L . 1 1 15 1 L L 1 20
w/h w/h
712! 1.2.6 Roughness Function 1% 1.2.7 Roughness Reynolds Number
for Various Rib Pitches for Various Rib Pitches

_..29_



34 124904 19 1277 A% 283 F/E BT 140 g2 2329 A
o 542 29 Folth 1¥ 12404E GHLEHL RAFE Y A2 WL
2 BgElel A9k A% GhGel & Brh o A9 2WD FRERF 1A
of A& Wele BN $5 2 A FFo] BARA 2o} FADo] FA3
goieh AR FE L FSHF] A Ml 2L 2FY HLY

“zr’

229 234 WEjxE wpRstR ot

o3lE wigdzayg a3 W& o ¢
].

4
o} 5 wjol A7tk w/h=62] A4e] 2349 2%
o PPt A3 wR2Y LY W HoE gL § & P B 5

dgo] ofzh & Hed, ot 83 WP} TR A I
99 339 sdolgky AT 4 Yol WEolth F 9 LYFHst FIYR

e F057 BolA) Bypass $50] EASHE Aol Fdel o EAFYS @ >
o}

2504 FEutEASE RAEr. QASH vse S Bt &
3, &F gzt 2 Y mt@ASEe o¥ude] AdY e I¥A wE
A8 Z2e AYE vehdth ol 83 WdZ A 2 N Aol Hls| 2

o]

©
Zrotzlct. 224 9@ ¥ vwiws] & W 3xd vdZY widy oF Y
Frlzh 290 Aeode vhEEde 9 FoewM E€d9e © & Fth Roughness
aw?] Offsetd] AZAJE dH3le EAolt. &
Roughness Reynolds Number(hb )= AX A=E Uelde atolth. 18 1263 L
Y 1279 AMe HIdTHe £%9 Roughness Function#} Roughness Reynolds
numberE HAFET I EAL 9 nFEAI FAICE Roughness Function

3} Roughness Reynolds NumberE +3}l= 4] o33 2t}

£
&
)
=3
N
&Y
o
-
2.
<
0]
~
[¢5)
B2,
.
Q
@
-

Fm: (pwall_pref) - AyAZ+T7ua/,l ) A.’L’A’y =X Hc}ﬁg: %}Qx}z‘g} X Hg—tﬂ: U]-%]-_ 2—160]‘
F,

_ s o f=
e = " (pitch) X d (breadth)  pU?

(1.2.1)

_30._



0% v 4
=Lmy*)+B-aB (123)
protte _ hopo [F 124
v D RV 2 124
o 28

33h9 9AY & FEANL Batel 43WA P4 ribo

ig
oﬁ o
%
of
i3

o 22A ge Aol ud 47 23 % 1AY 23 o)
A ghge) WaE Folusgith AnHor a3 F4ElZh A1, H5RT A2
9 g W gdgel FYsithe A4S @ & AYth EF B A7E Ed=

SR
AukA 2l rib Aol WlE RoughnessE F5 W0 g Correlation o & A A&t
Rib F4& 7IA= Ads A ad40=z 8 & JA = A+7F F714
o2 AJFHEY.

._31_



1.3. AU FFTAE o843 287 WY €42 A Vs

7h o] 2eXFH T UL Eo] EAske DHFAA e AddF

TAHoR FEYE WF L q'c] EASE AHGE SrIYAA Y AdAFI
S FAHAH W osiA AFetdth v FHY fE5L F1HA S
2EZF O=esin@r)d] A& TEHEHG HFEE SA7F AddF I 7
A T A7 FHHE FUh ol H8) 389 22T Figd e
Alzdo] SHEARS 9 A dFdAth BEF WREEY A7E Yeie ol
g o] Rak TheFshAl ®BstAA, 2de A7ld gk F&F= 2@ 2E/A)
2t 28 Agstgon(Prr0), 719 FINH/L)E 12 PAAG. ARG
W BAZDLE O¥ 1314 FAHeE EA8H.

A& 2], Boussinesq+-A ol thek ¥] %/ Navier-Stokes ¥ 18]3 of 1 A]
R4 FAHES g dden ol ds €@ AMgHo{A+ SIMPLER

Algorithm¥} QUICK Scheme® o] 43t4th #AS 98 Augse =34
3t RGN ALgE LEHEE 'H/kE AHstatt doldol4 Ras e BE
oo BER WFE 9o AT Mg FHAo

WrEge] Arld e JTL Lolryl 93 Rade Ra=10% 10° 28z 107
o8 WiAF o, 8o 25 XFo XL £/0,=0322 THAZHY. Q)M &
zuo 2EZFo| gt AL(IER JEAHE NHP) HALEE owdich
2w 2T U A2 HE3Ee F Jegd 5 QE SR w4
Eo Azl wE WiE dougith BELHe Bt AFEA Bdss] 98

o3 2o Ae A5ty

0T/ 8y=0, u=v=0
A
qo "
T=T,, H T=Ty+AT'sin(ft),
u=v=0 g\l/ u=v=(0
y H

[ A
>
Y

0T/ oy=0, u=v=0

8! 1.3.1 Flow Configuration

_32_



0.4
e X=0.25 e X=0.25
050 X=0.50
) (a) 2 (b)
< <
w [
109 e X=0.25
.. X=0.50
% 0.5 ()
<
0.0
w
2 1.3.2 A(Nu*) versus o Plots.
(a) Ra=10%; (b) Ra=10’; (c) Ra=10"°.
. Nt (D) —Nu 5
N (D= x ; X (1.3.1)
Ny,
Max{ N “ (0} — Min{ Nu At
{ Noe 50} — Minf Nt )}, Te< T<To+21/ 0. (1.3.2)

A(Nu )= 5
471N FAEF Nu(DE 2uael PHoz thes 2o Yo
Nu (D= fo |06 (RaP) ¥1--28] av (133)

0
283 Nule 2350 g 4% F, =03 7|24
e o] EAE 4 ok
MX:_—% +X
Lage & Bejan [ 3.1]e] FFZgE], )
F49994¢) ]

_83_



W3S ZYHoE BolFT Yo} BE
Az Bde & F Utk olE =
Raell Al 3 Wz AUFe £71549 910 DAl AT Fugol A Bdg
£ @ F 3tk Raz107eM & =5

Axg sHdch. ANux)e] ool W& #H3h= Kwak & Hyun [1.3.2]7 Kwak et al
[133]°] F8F q"=09] -2 EAl e o]de A+ Aot vk AFE
Rt F, ¥ Fug Jhdls ANux)7t ool tsiA A WA gu 93
g gg Btk o] AeE ¥ 2xzFol W M dojubr] wjEe R
GG HXe S8 2xAFTY FF2 vix] Y FAEHY A48 dHH

o XA "ok gEA yEY ANu)E 0 WIS A =72 2ad o= o
Jo e ANux)s F23 ZHaste ‘0o ZHS).
Rz gz Zdch oA ure
2o A(Nux)9 0] B2 AL Kwak &

Kwak & Hyun [1.3.2 2 A&
g FAsFeH, AASA A e 2% AE3d Alade AS9 IFAF
R s YRSHA F(Internal Gravity Oscillation)o.2 57 A9dg gl =3+
Paclucci & Chenoweth [L34]% olg@ F8R1F] BES Axom ANtk ol 7]
Zald vV} 10 AR £7)9) gishA] o] R=9] Fulge o o] FEE 5 Y

o
ot
2

o =tu__ (36/61)""
n N (1+1/ 71,2) 1/2 *

=
T
ofy
>
o
8

9 HelAM (68/9Y) el B 4F53E HelH, ne WiEF

AT £3 L PP =

g9 BE Yehle ZE=X S (mode index)E £
flgch n=12 FAHE R WA REE $7] 2A99 %5 yehdoh Ed n=2
2 ¥AHE REE 879 AR 2718 e 152 ouise oA I
weolth ¥ 131 4 (135)0] o o2A % @7 24 FAA 3]
dojd FAFHGE BaF Aotk A4 BE (n=1, 2)o] halA ]8I o=
o AR AR ol A 2 AP B 5 Ak olE WRFYAF] B AT
A melE ANxde) 1405 REYS FHE Aol

_34__



H# 1.3.1 Comparison of Resonance Frequencies,
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90 91 92 93 84 90 91 92 93 94

12l 1.3.3 Time History of Nugx(T) at Resonance Frequencies.
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22 1.3.8 Plots of A(Nu'y) versus 0. K* = 0.1, V, of the Baffle is Varied.
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1.3.2 Comparisons of Computed Results
(Xb, Y) K mx:o.s A(m})max v o
Predicted | Computed
Baffle-free
cavity - - 16.66 0.678 0.68 0.67
[3.3.5]
(0.5, 0.5) 0.1 16.65 0.156 0.38 0.45
With a (0.5, 0.5) 100.0 16.48 0.179 0.41 0.49
baffle (0.5, 0.5) 10000.0 16.47 0.194 0.56 0.58
(0.5, 0.25) 0.1 16.62 0.367 0.56 0.55
2h. W B 2eRdE A 49 Je RERE
Zo] 94 W] Y £2 AUY ol ANY BAY2= FA9 3349
nelgsd U@ A4 47 2yskarh $¥9 9L s $A95
Rayleigh%(Ra)7} AXN AxAl #54o] A% maddrgdes 729 5 9
= 5 F4E 7MY G 8T BEe IFE Be FF52 V8EE 3
R BAZEA] Foid W S i wAE Aol d=A Utk £ AFdA
£ sAAUGe) Su0) Polz wgen BFUY 94 AAzAC T2 A3
T st= 33 s 2 832 548 AT 53], SH =0t Wgst
= HHEE WA oEN, Wvzd e e AT3IaT & A7 o
A7 FERALY AAHA S84 o2, Zuo] 2FAY WY AR AP 2
e Wz WY BFYH 99 87] NN fA A5l AT £, nE
9 2L 47 A AHAAZANNE B 7Ll # : 32+4

2 1392 F5FY 2 HEAE YT o7, nd SHLEY ez

i = 237t 9iisith(n=1~10) °] &
Heezde 2 d7edxd A”dE uRe FEfEFs AN Ra[=gb
(Te-TRS/va]=10°, Pr[=v/a]=072 mAstch Aupg2]e 324 Navier-Stokes
HolW, FFAHHE ol &5ttt SIMPLER ¢xe}E& o] &3, vidd 73
< QUICKY & o]g3te] x&3)3lygtt. AA Y23 %A (body fitted coordinates) &
ol g3lgon, FHUNA Sz og FAWIFo = Py oYy Xoz Ax}
A AFA7 52°9 AAE o] g3 qrt
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12! 1.3.9 Flow Configuration and Coordinates
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= T899 (Neutral Plane)(d=n/2n) ¥ T.E T ¥st= FH(@=n/n)dlA e} Z}o]t)
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5ol Aoz dAsA ZA JdeEtuH, o] AL no] &4 FA) o).
a8y FEHAXE & ngkd diste AHAA fFEL °
FAFENTOR It FTAFo] R Y F Wb WEgoFZ A A
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9% fo
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Lo {o
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A HFH U

&
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48 =7t gstdnh ojAe AEHA YoMy BxY FFel Ade AL
=le Aotk a93td, & nghell tiete] frFo] dutHe s ostHu FHHA
ol o5 HFTHM WHFdH9 4337t dstEn. T4 w0 999 FoAM e 5
A eE EXE= nd Hglol] tiste] A HEeHA Fevh ABu FHY A A
o] £x¥sle &L nol disty HS F% FAE EEsin.
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3 1.3.10 Temperature (Upper Row) and Velocity (Lower Row) Fields on the Meridional
Planes, (a) Principal Meridional Plane of (=0 (T,=Tn), (b) Neutal Meridional Plane for

T+=Tu, {c) Principal Meridional Plane {T.=T.)

%2 1.3.11 Temperature(f) and Velocity Fields on Planes of Constant Height. U,
Denote Horizontal Velocities, and W the Vertical Velocity. (a) n=1, (b) n=2, (c) n=3.
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12! 1.3.12 Local Nusselt Number Nu on the Cylindrical Surface, and Gain Factor G.
Nu for n=1, (b) Nu for n=2, (c¢) Nu for n=3, (d) G.
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14. AAH 238 7HAE A&FY #5338 o8 dde £A Ve
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MNER Y 2EHEE 2 A FA (53] dA)e FAASF(Viscosity)E o
/3 X| (Properties)?} ®lusle] TSt ®IsHA Wt FAdeEe A=
2% (Film Temperature)ol] 58] FAAFE |83t AT HAYASFE Ze
Heoz JYsie FAE 542 & LAl Hlur FEsA 458 F s
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L .
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a8 1.4.1 A[AHEIS] Mo ol AH =

B @7dMe 28 141004 Exo] 7FAAAARFAZ A AMGY g 2
H L7719 ¥F SHEY 2571 Aztel wet JHH(Sinusoidal) . 2 ke -5
o] 4A¥ SAL A¥udt. 4P gAY AFHA A 2834 22 €3

BAZED sl A AddF EdLY FXo] BT AMEL o] B ATZE
o o3 dZHAY B dFdMe PAFARAE 554 (Working Fluid) 2
ARGS9 Wt ee 2xiEel ThelAle #Ee Wl uel Aade 4E
G 54 AFHLeE wEsaA oy E AEAA FA HAAFIE B A

= 9% Pohs) Aol e erel Sud LRl AAE 2$ EWO)2}
e exe 2y AL A% (CWO)E 247 nASAD = 485 23g
shatel yehi® orew gt
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Cé} HE 747 9%9 2o 250 Zua QB&] 2 259 &
A7 exo] o Wy wid o

23d B AFdHE FAAFTT 2xd wEd AFFoE Ziadte AFEd
(Exponential Model)& AF&3IETH & 29| BHo] At F2=A 9 HAA
Fo} & 259 HH ANHTZEAMY HAAASFY BEp)E AFELE o&
st g 2ol BEE § Utk

r=exp(C). (1.4.3)

A&7 FAY 2xE At & 30 wE wsE2 FAASE 4AS
A gtk wEd B AFdMe Alad Foldo] $Ra=10)9}t Al2H ZaE &
(Pre=10 & 100)= P E>=(Film Temperature, 8=0.5)|x 2] EXE A}-8-3}
ggATh. 2Y 142 FEAHY A2 dAY EAS Yt orjN ¥4
E % (Nusselt Number)®] AZANuU)-0 curve) Th&3 o] Ao At

4

A( Nu *):._m.ix_[M(zl]—_m_ir_llMdﬁl (1.4.4)
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718 1.4.19 Stream Functions (%) and Isotherms (f) at the Steady State. Ra
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€ E}— FZ2AAM FAE UFAE Edth £ dFdX e 7€ FA[154]¢ uReE &
*—O] TFE OF FRN BAF Edgd A FAE vEth B4 €XES &
A3k HHo Wezts 27 $g BA € #Ho] g dA 89 F4

.

v X °
Tg'rO(‘

[e]

u= A Jb

o N
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AFE tF T2E 29 1517 o] gesiith 4 & 54 49 28E

i
A

incident wave reflected wave
]
O1 11
82 m Fi2
33 713
Or1 [ IR
I

P\ ;
1 O

transmitted wave

a8 1.5.1 XEE O X

WAF 2w YA AT A28 9 TEE Ate 24A%9 BPhne of
Electro-Magnetic Wave)-& Az}sl| 5} o]e)dt sH(Wave)= A7 e/} iAo 483
o7 FASEE APE 5 YT (Transverse Electric wave, E, = 0), && 2713 HE7}
drbde H¥He 2 FASEE HPH % ci(Transverse Magnetic wave, F, =0).
TE waved]] t)sle] zt F2] B4 8 & (Characteristic Matrix)S 2}2} My, M3, --- My ©) &}
2 e B4 BFe 2 1513 2ol o g1 TM Waved] thsll A& p7t q;= cost, /n;
2 A EHA 21 F 9 54 P B o] ok

cos (—25\—75 n;cosd;)  — —?’;jsin(%\E(Sjnjcost)
M;= o e (15.1)
—ip,sin (Téjnjcoséj) cos (Téjnjcos@ )

(A71M, p; = nycosb;, j=2, 3,4, ..., I-1)

o] = ¢ 52 (Absorptivity, )2 4] 15302 3-8 78 4= o}

M= MyM, - M_, :[m,ﬂ m,”} (15.2)

Mo Mgy

_70_



D B = (m:n + m:mpz )P1 - (m21 + mizzpz) ,2 (1.5.4)
e (mu + My )P1 + (my, + mzzpz)
S Y I S i (155)
Pr | (myy +mayp)py + (Mg + mgop;)
_ P1Bwave T PTuwave s = ] Thunue + Trnmvave (1.5.6)

2 2

BE Qatzto] Auazbe(Critical Angle)Rth & 7$ 2E W& wAlEnh 8A% o=
TN Zzke] F3e Aol wRe] A} Hisd A7E M A 183 FBEO
=L WAm)olM 2HEC] B& WA n, )E Yol AE BF YAl ANAAERT
Z 7% Evanecent Wave wjFo| o] ¥ EgsA Heh 24 15722RE |y
"Tunneling Effect & A4H 4= Sl

j+16059j+1 - Z '\/77;?8?/77/29 - 'n?_H (157)

4% 7xUd 34 3930 TIY 5 F& 95 TAEL Basd FUS 7}

[6]
A7) 2ol 2 151 ~ 4 1572 nE n,=n,(1+ik)= u+iv,2 HELEZHN WA, T
Hed F5ES AVE ¢ Aok wd vE 4 1589 go] BdA
Ul = A+ A+ 4K, 205 =— A+ A+ AnjK; (L5.8)

ES B4 2HES P AT 9% @
Bl o]e]9} Hagen-Rubens #4419 2] 1595 o] &8l wirl&d F3-&, F548S ALSIA

=

n; = nk; = /30A 04, A, in cm, g, n O em ™! (15.9)
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pAEto 2 g ¥ fPAEE o] WFE 53 Y X2 AEI dAEE ¥
o] 29} Ao wel EF= EX(Planck Distribution)E 7}Athd % wkARS(Total
Reflectivity)#} & FZ}-&(Total Transmissivity)2 4] 15105 4 151122 AME & 3l
=3

X A
0= / 2sinfcostp, (6)db. T, = / 2sinfcost, (0)db (15.10)
A A

fEI;ApAdA /@,\T,\GD\
szn Tra /ﬁm

(15.11)

2. A2
A 151~2] 1511% o] 838t AFZ, QuartzZ, F& I8 o] T3w & T2 wA}
g, B8 44 AR £5E 300Ke2 2PAAIL QuartzE¢] FAE 300um
ojtt. @ HFH W olAfFT L 47 g z4
A A FERYY F&5 Z8 S 31% 349, 1 éﬂr~ 9 1529 Jepdth x52 A
39 FAY 2xo] #AR FAdWFo|t. AFoN HF F2ES AUe FAIERAE
BAgAG 9ol HY(0. 1~1OO}1m)LH o} A} Evanescent Wave& ¢
Z¥Skal 1 gro] AT ol FEEE ¢ & AT &S
Fal A8k F9 5 oPFelMe @ T wisyt v A
FAE 7 AE5H 00umFAE 7H QuartzFEE2 74
TR v 001 W/m-Kds & 4 Utk ole wj¢ a}% 7
Ho2A AGsA ot TN tFoeg AF PR 34 ZHF]
WAHE, B8R S4ES Ads) Btk 39§42 dFvwolg
U]-‘EPJ dc F7)A =% (Electrical Conductivity, ¢,,)%] Ft-& 3.486x10° Q'em™ o}
: OM E—t— uke} o] F& FEFo] EAdte AY E FHRE A9 0 7
.2, AEE7} 10* W/m - K742 W&z 4 Jdd. =3 4538
Z9] %7 005um(C,/T5>1000)0]3}ol| A} 7B Z9] F7)

e,
o[}l« = m

ek

e
o

R
ot
flo ofx

N
B>

2,
Ko 3

ox
off M1 ¢

1‘5”

¥ N odo Ay n@ B orlo OH
)
s 1

(2 oh o g
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o
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1.00

Hm— three Vacuum |
0.95 |—0—five .
1|—e— seven Vacuum layer |
0.904 |—°— nine _
| A eleven Vacuum layer |
£ 085+ .
= REEE
5 E i E
w Vacoum
£ 0.80 -
g ] -III-I—I—-\-..-_.,I ]
= 0.75 4 00 B-0-0 e b
] mo§-§—§-o\m~,m'”/.? ]
RRRRR :Rt 09-0
0.70 R0 9% ]
0.65 i
0.60 T Tt — g T
1 10 100
C,HTs5)
1.5.2 259 T4 B2 #0 E FHE(C=14,388 k)
0.12 - T . T
vacuum gap size = S5um ]
—m— transmissivity .
0.101 —e— absorptivity / 7
J . d i
0.08 N acuum i N
: °/
| . / |
; /0
0.06 4 Vacuum layer | §. ./. 7
0.04 § / i
0.02 .
se00-0-0—0—0
000 EEEE-E-N—8—= - — N EEEN-N- =

LN B | T 4 T

100

1000
C,/(Ts)
Z0| ==
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ot G EA 4 24
Micro $71 71t 271§ DE7] 18] MEMS 28-S ol 85072 SR ek 4
std EA4A7F A=Ed BE] vi$ Hold QuartzE AMESIVE SlF T AE S
Quartz®] 42 vl g 3 1.5.19] A&}t o)
H 1.5.1 #H=(Quartz)2t M2|FE(Silicon)e| EAX] H[2

Properties Quartz(SiO») Silicon

Thermal conductivity
(W/m + K)
Thermal expansion
coefficient (K™)

14 150

5.5x107(20~320C) 2.4x10°°

Young’s modulus
(Pa)

S $E3AT AR NS FPF 2N GEA FFS HASIE T HAE B3
S 23 1549 JeRR AT 18 154904 HEute} o] A= Bd g& 28 S 53}
o YIAME L Fo]il &L EY F UAESE s 3 AFF Holuz EXlste
Az 7HE A= YT 7)ol A7) H8) H= Alolo] XAt (Support Leg)E &
stgon o] AEH e A2 E HuUg =87 H8 &4 S AU E M2 A2 A
vl X 3} ¥ o}

7.2x10% 15%10"°

Top support leg ey Heat flow line

Bottom support leg

Top view Solid view

T2 1.5.4 MAE SEA YA

dutx o g B4 9 8 A% A (Thermal Conductivity) & SA 3t P &
22 Fol 33 & AFAAE ASTM[L5.6]9] &3 S WE7Z s 748 &
X2 Fa €A AT E S AT NEgEE 29 1559 2t} A FFAAR
BEl A8/ ZFo] o] 71g o (Hot Plate) o] 2571 &7 Qo] @A S A @2t
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q= k;effectiveA (Thot - Tcold )/L (1512)
(714, L& 7 Frtel 9] AR, As 43E W 3)

Temperature
measuring

 Insulationmaterial  Electric
Gl TR 0 AT power source

a2 1.5.5 YL A% 5F =

Bell jar

Thermocouple

Diffusion pump(10‘torr)
Rotary pump(10~torr)

a8l 1.5.6 T1F X A[IE
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| 2
E QA7AE olgHoz g 2o 42 FRAM BA 3D 9
g Az

dAEFES A Edth FAibo] o3 4 343} }71 AM = AF
FAE dZEHoz e FARG Foksta 0.05um e & AWIFT FAE
7AA ok gk W BAF 9RE AFE 10°W/mK7H] Wl 5= girk

B A7y 201 Fse vigoz BEoAe vd I F/4 1048
H=9 % FHE, 2 AF2Ee] 9dds e 7HAA 2 Aotk F, o] @€ A
& € 71 ¥ 29 HE3hd EF o] 1002 7M1 Frtske AR
ofUg AyIAHEFe] Aitoz Fol=E 347} AM HAHQA BA ¢4 3
S AL Roly, d&e 4% HEA =d R, d8AA, S£% 9371
N B mAAAA AEA 45T 9 A 1&1, AR Azt 9 Wg
I Y dAEFAE &80 el A Aoz VUt
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e Aol 20C 543 Ted e 2N HAFHY FAFAEY A5 £ =54
: FTSAYFA(CPU)) S B¢ 2 @ F< 100MHzo A
Hzol )& =712 Aot A7 AdSert Wil e g 4 A8 FA
solu) Heh 282 AFH AL E e vlolag e AN S
Fol & YA HdoH, old g AH o2 A 7A 1A
sink) & 7§ &3l kot 71E9] AFEL 8= 99 A F(Pin Fin)®
2A,3E Ao EAe &dFviE T A8 ¥53 AR IAH
‘ﬂ}ﬂ TolA W& &gt o] 23 | E 4] = (Pin Fin Heat
zb Fo Wk Tl i -2 A7 Uitk A F JE A
A=) YA, 3 E A= A&7, g o) 254 (Reynolds
& G FdA AP =] o] gt Sara[2.1.1]€ FHaLF ol
A E 4= (Nusselt number)2] #A 2]-& A A3 L,
A B E A §E& H43) stt) Sparrow
o Y=gd $3HE 0|83t A A9 7+
"é%ol +58E B3I, Ledezma214] 52 F
. Maveety[2.15]5-& SEAE M 2 &4, 9
= et At A vk A8 Ao A9 "87—}'6‘

= o BN FAH, £ F ‘%}}01] 1G] APE FAHRS B AARA ¥z
FES AT dF AT 7= fddoh AR A[FEFE T Y9G FE AA
= Ae, AA T o] B FH o2 F5Y He|l1 E1D &aHUE A gle A
A< (Dead Zone) & Y 4 & B7 ofv e}, F3F9 =g 4= gla, W74 |l

o Doz
L Q) o

72 oo m
;9‘2
(o
2 o4 N2 ok
e oX rjr Hi
o X
T
o
=

&
> oy
.
- 2
i

m_,I!:!
o%
- N

Sink ; PFHS)¢] &4}, #
A ATER BN, =
Number)5 o} a32
A " g g gl
Shaukatullah[2.1.2 %%
¢} Larson[2.1.3]2
b2 o A ¢ go] -2 dET
EAEANA Q4 HAE HH
A& H}lﬂﬂtﬁ“ﬂ

N\N 2L
2
s}
rol

o
oE o
:&9 m

TN
5 o
—r

I e
2,
X
of

of . gy

oy

-{m
%
1

¥ o o rE
ol

oyg
&-‘arzié

A 71 ARG G2 20 ST wgA] B AFdMe B4F] FE
Zt =B HMSAAZIEA 26 thE JE AT 549 I d3E AT s T
st AEH R JIEAXA FEI}E FF WAL 4 diF(Turbulence)o] 7] wj
o FAHo R F3rlE olHar, 2 A#R AR ol XA ot wrEbA & A4
MedPdPHes 5 2 €54E THEsAH
A E

AP A7E Asto] 28 2113 Zo] shiol A{EE FAFEAEE M E
T A= AP F(Test Section) & WEIL, o] & 2 P37 AT 4% F55 A
E A= st 3 94 238t %S W AATIEA AE S R AL, FFF
I FEAZY e o] 2T RS AH 2 FXE B3 dEAS 24T I E



Has g9z e e NHE ALS AT, A6 AY 23 P o2 B ¥
E 59 £ AT AYE FAY 5 doA SE A FEH gt #d 2
TE AL 5 UAT BE A28} 3 E Atoldle mrEAAd 0] 3 Rl F
homericsAt9] T410 3} =(Pad)E ©]-§-3) 3]E]¢} S| E A Alo]e] F7|F0] A7]A
2 AT AR RE 150°C7HA] @ ¥ ol §la, EAEA ST 22 FE IR
1ol E(k=0.019[W/mK))E AZtATH AR WS NEC Al FHgH 227
(Thermal Tracer)7}9 2191 TH31042 3] 2= &
Aot 7] Foll WA A TR, F SHY LA
21e) 3ol W (AL, O,[47%]+Si O[53%]) & AH&-ate] &4 3%
8719 fobe Mana o] 3944 22451 A olgal 3 A 9=
AAel FEWSo g L RBIE A3} -.Jo}oq gAl 2 o] = (Thermocouple
Rake)E HEA ) o= K-type 36 Alo| x| AN 17/ & 7mm 8] 5 7+2 02 A o] AH
A= 29 whgdl APA| 7] 3L, S| E FJA 3mmutE 9ol AN A A HLEE S}
A Boz 2FF L% vlo[elE HPALY vlole] 2] B3] 349704A o §3te] 5

—

Fﬂ N fe

u] dém H]-/J oz 7—24 0}7]

&g & 938l Kaowool AF2] A
5 =g st

i o H:l
fjo
e
o
oo
e
0

O

ﬁ Air Thermal Tracer Carmera

Foil Heater Heat Sink

\
< ||IIHIIN{
A

f ' Test section

Suction Type
Blower

a2 2.1.1 BAE SENEE o[38 IR YA AY e

(1). PIVE 0] &8 574 54 5o}
FEAEY = ¥E Fo YAAAZ FePa, el i e f53 S-S
25 7) Y8 FFEAAPIVI &S o] &3t F54-S A B ).
382125 B AFdA A" WA A8 YR 85 EAS By 71 =
F NS dAE E W, FUEE AV Y HE ANALE S5, AT TS
2 2 MNA W 1A A8 -F(recirculation) 71 S & 5 UL, FAA =I5
d A7, BEe 555 HlE) Bt W& FEHAE B, 52 o &5 otd o] 2
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A A BFA 7 Ay

160 -
140 = — .Re[) =l .)OOO
120 ';'-
—100 |- CoTmemmIIIii
E o Sl IITITIITIITIIN:
E E [ TIITININN
w 80 |~ NI NN
5 = NENINNMES SIS
S sl \Q\:“::;::,::
- Nt e e v .
- NS s s
40 b~ e
20;
OE (l ' 3 ! L H 1 1 I 1 L ] 1 ‘ 1 I
0 50 100 150
X axis [mm]
a2l 2.1.2 S NEQ HAZE 55° 0A2] F=2HRe=1507)
(2). dxg 4¥
292138 HH LEAZ 3E HHY L5 2EE 2 2Polth. 2Pl F
EAEES 5 LolnE B2 GAY0| 7Y BUFL BolE Aol F, 3 A
o VI FEFE I %‘-v‘i—ﬂ]*ﬂ GAGo] 3] dojdth= AL Da|For 1Y 214
= @AY Yola2E T3 AFHE WY fAlQ AH Lx e A agzolty. =Z 9
ANE 2z ¢= Foo) 9H e YAFL Bu gov), Zxo) gt AHexe A
0 @ol $502 FHtE ¢ BT 559 A4S $5e) A eyl e F ¢

HThute e vERd
Newton®] Wzt 25 o]-&38td 4] 2113 o] AL A7t Ao drt. 971M g,
by, A, T, Ty= 242t €%, 57 QAC AT, A 94, 9 25, AL =& vYeidn.

q= hd(T,~ T) (211)
Qo) A3 U BFE Ul FFHAODE DY AN} RBY WY 7F BT 27
oz, L= geon exsz v lge) 23 o5 ke 293 Aol o) ex5 2
7 fle) BRewe Hatth 1 olfe W Ho] AR ¢ L AL BE)H 3l
o1 B E&0] 100%) 713 F1Eke] A2 AAYL S 2] dhFolth TjE thaol
a7k gloy Y Holaz FAY ol BY 2R A AFE 21128
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a8 2.1.3 3|E| HHe 2 EX%

Re_: 1507

T 2]

35° impinging
46 - - - - - 45° impinging
| REEIE 55° impniging

Temperature [°C]

T T 1
] 20 40 60 80 100 120 140
X Axis [mm]

a7 2.1.4 MERU RA NN 223
a¥ 215+ 125mm«l o do] oz THAA B TH EME A W3}
HAF ot 2= -S4l of ZFERATL SEHL o
A HA dAE 74]—?%}% MR HAFo 2 FFE L S AT ZE Holg2F o
et 55°2 FEAEE FAL 297 Hd A AFES By, 45 ue &
e Asge 35°9 v 7P 2 3%, 55°9 W 71 & €39 Al iS vehich 3
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2.4_,
g
iy
_{
N
[]\1
B
9‘_[5
fr
T,
L
rr
ol 2

] Re, : 1507
80
| . A YA
75 - ---45 impinging VAR
] 0 = . . '.
S R 55° impniging AN

65 -

60%

56

50 +

45 4

Local Heat Transfer Coefficient [W/mK]

40 ]
0 20 40 60 80 100 120 140
X Axis [mm]

ozl 2.1.5 28 ME Ao H3l

.2

PIV/ &g o] 43ke] ZAEmsle] e §540) 542 a9 5% /g 2
5% 2w}, FYHE7} 5% o A, 3559 55%0) B3 uTk He FEYNE B,
555w 92 ahk R 24 e BRI P At GG A A, TR 4
GASE 2T A5 2w, 45§ S50} T4S B 2 HRT. = £50 @
o 2 74T 25 A, AT 549 257 22 A 83 @ Ao WA AR} O
& AT BEA, B AN A YA & ARG 45 0] $535)

ELEY =X
WAE gEEd0] Fe B 2T glof $F RG] YA 29 AL Ae B
294 g Ao sloEY
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22. 3% AEE 7AAE vol=az AY AE Y244 44 2 U5 B 499

2ol r7le & 7HA e A Al g 4
vl o] £33, 13 Jlen, O 2% 145 AR ARG @ 9 T Edse
7¥e @it opy et €5 W& °3H% g xR Ao E2oEA Ho €AY
At HAvH221]. ol AU AL Hdstr] A ¥4 ool w5
S1E A =7F 831 = At & ‘ﬂ’—‘# FEdFol & 2% AR AulE 4
AsA B2 ATFAE] WA AR oS FIANART HEHL A=, 43 +
A€ rle]la2 2 A I E A3, st o] &3 YA Tol vt a2 B

Agel 876 g3 A% A4 B

[

AH
1=
[

e

X
mﬂnr

i

off 2 O i

ELOW

7

wI

offf o
> “’["

e

7R E vl 2E A4 S E A3, AWUSE o] & YARA T AF & &H
3}, AREE o] &3 Wz 4x) o A 2] Instability, Hot Spots-2] @38 7+ ukehA
AFoAME o8 T DS RIS EME G A B E S LT F A= ¥a F
2R FE AEE 7HAE vtol 2R A 3 E J2E AL s eH FE AEE 7HA
Eutolaz A 3B A3 5 R 48 5A4L #3317 Astd 484 A7E 5
At B3 Y 2RSS ulg o g FEAEE X rolaR Ad 3 E YA 4F
733t B A AL AL ATt vpA o2 B ATl AAG e At R EA
3 BAHE o] &3t FE AEE 7HAE vlolaz Ad 3E A HAsd 34
AR5 H

r2% e o oot Sb p

7F FE AEE M e vholAR 3B 439 #7554
1). T34 2 HIZHE )8 FEFAY

29 221 (€ FE AEES ]8T velazAd s|E YA E UEhliH, & a7lA
=3E AA F9 9 453 A7) Yot 28 221 (b)) 2ol mlolmazAd I E
HAE 3A AR Fste {-54-E Abs At

v}

olo|a2 MY s|E A3 (b) =N Oja =9
a2l 2.2.1 2 NEE &= oloj322 AY S(E 43

OE4 W29 F53S H457] 98] Modified Brinkman-extended Darcy equationS-
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AHgEtg o ek yiake] Momenturm Equation®}t AR AL th2-3 Zth

13p), [0, @, ] o, Cusp

T, axf f{ aﬁf~ ayzf _Kf<u>f_ K2 <VN¢Of (2.2.1)
a(v) o(v)

(), g ), =
16<P> 52<V> 52<V> gv Cp & |/

e @X+V%:aﬁf+ aﬁf _K:@%*'K12<V*Wf 22.2)

Cuy ;= vy =0 at Y=0
(o> /= V, at Y=H

AN O, E A G99 Volume-averaged & 9wv|sie, P, Vr, u, v,

e, K., Ky, CEx CEy, V., aglm He 747 949, $-419) Dynamic Viscosity, XW
&%, Yge] &5, Porosity, X¥3F2] Permeability, YW 3FS] Permeability, X
3ol Ergun Coefficient, YW3F9] Ergun Coeffcient, 7] $& &%, 3|E 4J =39
g YEhdth

A 2 2213 4 2228 o]&ste] 239 FEHES FAFHLE A A
L )¢ BRIt a3B g B oA Similarity VariableS AMg-3lo] 99 2
2213 2 222% 3te) Aoz yehlo] fEFe] gt Similarity Solutions |
A&t 8, Similarity Variable& thg-3} 2t}

B
"zyJ;; (2.2.3)

ok oo
o2 1o

MH

—

(e}

W= By, Flak (2.2.4)
B= (2.2.5)
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£

71X p ,¢ + Similarity Variable¥} Stream Functiono]t}. 2] 223 - 2258 A}&
s ool A AAZ X, Y Momentum Equationg th&a} e Ao wpg2ao =z
HEET

15<> )
Bx{(F) - B*xFF'= f + B2 xF fBF BxF
X’ K l/z(x W) (2.2.6)

2 2
2} 22,6904 Ad Fol7F XS] Length Scaleol] B3] vl 2+7] wf] &4 <u>f—‘& <v>fE.
o o) $- Z oA 7P 4 Qi o] 7FA S o) &3] 4] 22,68 TRA] 2 4] 2.2.73 £}

p & Cex
B’ X(F'Y ——BszF‘=-l§<——>i+Bsz" L Bxp——22 (B Fy?
p o K K 2 227

X X

22278 AHREA T zgko] AR whal F'"g3 FU e 008 Aoty Frgrel1oz

. oAp),
A gl 2, o @& T 2ol FolAh

op &v C,. &’
1 < >f =B’x+—L Bx+ E’f/z (Bx)*
o o K K! 228

X

21 2285 2] 2.2.6¢] W) Y 3sHA X¥3 Momentum Equationg 2} 2.2.99} Z-o] 7hgts]

Frppe(pry 2 g 20 Cextt Cot
_ _ - -
BK BK, K!? K}/Z 229
EYAA 20 g Lol Mgd
F=F=0at 1=0, F'=1 a5 1 >® 2.2.10

Porosity 9} Permeability = Kim and Kim[2.2.2]0] | A1 g} Alz} mlolz 2 d o )3l &
ES AHESHE T
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2
We K =

=, K, =K, = 12, W=Wcti, 2211

714 We sty & 242 A2 Vvl 9} Fine] $718 et 4 2299 402 44
F2 4 g ol8ete] 5 or ol2RE $EFE TS S
EE MAE vlolaz g SE a9 gl ted 2ol 24 = 3

oh. 19 222014 4R, L — 5 9 B, A & ogd go] oA

flo

L2 ap
po—p2__[o _adx_Apx (2212)
H ap
Po—p =, ol = 2213
Equivalent Porous Medium
V

Stagnation
12l 2.2.2 Stagnation in an Equivalent Porous Medium

2] 22129} 2] 2.2.13 -2 o] -8-8}H P13} Py Aol 9] F#EHAsE 4] 2.2.149F 2

L2 ap

H ap
pl—p2=j0 axa’x+J.0 5 dy=Ap+Ap,

x=0

(2.2.14)

Pl Paabole] tEiale 757 18l APs o) APy gho] FastA) Ak AP ghe 2
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22804 & 4= ik
v V(12 12 H C, &1L
Apx=,0(—*o~) — | 1+ ——+E’—m
H)\{8 Re, wo 3K (2.2.15)

2227228 4P, & thg3) Zo] ek £ ok

ApY:IoH %

x=0dy=p OH [-vé}-+vf§“]<_yva_ K’;/z )<ﬁ>,v]dy (2.2.16)

APy gre AEL7) 181 YR $E7 Basy Yo} S5 4 22173 2o 7}
4 2 % ok,

v=-—By (22.17)

<
0%
o

G 2T 4 22175 o] AT 5 Ut ol 1Y 2230 e v s} 2ol
AAZY FAZ A 2ol Ms) - 5] otk weha] 4 22172 4 22.169) o

dakm 4, ghe 7 4 sick

N Y ,_ 24 H AC,&'H
N Re, w. 3K)’

(2.2.18)

2] 2215-21 22188 0| 23lH 2E A EE /X E vlolazAd s|E A3 o E T}
e S F oz 78 4 e 422199} Z)

212 C. £2L 2 4C. &*’H
Ap:p Z.J _l_"_ 1+ 12 _Ij__{. E,XI/Z -p _I{E_ z_i_l:l_____E_’!T
H)\8 ) Re, w. 3K 2 Re, w. 3K (2.2.19)
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T 002
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22.2.3 ¥ Velocity Distribution

APo 2 RE 3 4HAsS B34S AF3rI st 8 As ] s AFFs
Similarity Approach@ H-¥] g+ 4] 2.2.199] 4873} k3 vl arst gt a2 Adoe
ZRE 78 G838 e dFITFo] o] Jlernz HFFHA vuE Y3 4
22199 JFIHFS TFAA ALE FAsAoH AFFE o3 FE et [2.2.3]
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Apinlet = 5 pVo2 {1 - [j}
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A7 A, Ay o Ko iz 22t vholzz g 318 43 29 5 A8, X293 o) v
2, Loss CoefficientS H}e}ithulo]m2 2 xd 3 E A YHZ T2 50 &Fo|=

2 Loss Coefficient, Kimer = A8 5 Q1 T}[224]. =3, 73k 93 g2 7bsle A
9 o 7R M7 o) e A 5 vk ARH o, ET 9 YT

FHZS FE EF 1T FHAS A2 thF I o] Folth
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V.Y 24 H 4C,,&'H) 1 4V
-pl=112- — o4 +—pV?*1-| =2
p( 2) ( Re, w. 3k ) 27|74 (2.2.21)

(2). Ergun coefficient

Similarity Solutiong ©]8-3}o] vlo]lm =g JE A3 W9 ¥ ¢HAsE
T37] e A= 2 22216 E8 5] 3= Ergun Coefficient® A3 oF g} 2 AT
N A E vlolaEA)d 3| E A= Bl o}u] 2} Packed Beds, Sintered Metals, Foam Metal
5, 09 A Ay 1375 545 34 38H7] 91 81e Ergun Coefficiento]] th &+ 3
Al A& A A 3G . Ergun Coefficientol] o gk #4412 2] 2.2.229} Zo] Porosity ¢} 5 5~
Zolo} 4 dH A AF Y vl Fr2 Vel en 43 2HE o] &t A
E5& AR} 4 22.238 A ¢t Ergun Coefficient ¥4) 4)2 ebd ).

p
CE = f €, =
( J4r ] (2.2.22)

\3 0.4
P 5/2
Cp=0.525 {”—r——J (1-&7%)| -032
4 (2.2.23)

A7NA, VAr o} P g gAY A F 20 4520l dehith 23 B Ao
3-8} 73 Ergun Coefficient} 7]£ 2] A A2 7€ A2 Ergun CoefficientE B] ul 3}
o AGE BA 2 BBAE AEFHE T 2 EAE 19 224 YR
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C ] Ergun Coefficient

c e Microchannel Heat Sink Subject to an Impinging Jet
c Ex Microchannel Heat Sink Subject to an Impinging Jet
c - Packed Beds {42,43]

Co Foam Metals [46]

C . Sintered Metals [44)
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(1_ E“:)

2! 2.2.4 Comparison Between the Proposed Correlation

and Previous Experimental Results
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12l 2.2.5 Comparison Between the Pressure Drop from Local Similarity Solutions and

That from Experimental Results:

(a) We =200um  (pywe =400um (o) we =600um gy we =800um
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1400 1 40 SLM, W_=0.4mm, W=0.2mm
1 % = EXP
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_ ] —EXP
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2l 2.2.6 Effect of the Channel Height on the Pressure Drop

@ 60 SCCM
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1000 %
[\
o
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5 800 -
[0}
g I
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£ %07 ¢
Q
400 @
5}
T T T 4 T T T T T T T T T
200 300 400 500 600 700 800

Channel Width(um)
13 2.2.7 Effect of the Channel Width on the Pressure Drop

U} 35 AEES AHAE vho] 22 SlE Y=9] 97 B4

(1). Micro-thermal Sensor Array < ]%— St & &4
25 AEE AAE sl 22 Y AE Y0 91 S4S FRe7] A5 sl 2=

d 3 E A Based 2% FXE Micro-thermal Sensor ArrayZE o] 83l &3 39
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Flow Direction

Middle Point
\

0.005

0.004
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Z(m)
0.002
60SLM
Power:
9.747W
0.001

Max: 58.5 °C
Min: 52.3°C

L - [
0.001 0.002 0.003 0.004 0.005

X(m)

% 2.2.8 Temperature Distribution Measured Experimentally on the Base of the

Microchannel Heat Sink Subject to an Impinging Jet

(Channel Height=1.4mm  Channel Width= 200um , Fin Thickness= 2004m

(2). €A A BA 2
5 AEES /AL vhol gAY S E Ja9 YANFL dAFo2 37 9 5 o
[225-22.7]. S AL 4] 2.2.258} z+o] A o] Hr}.

T.. —T

9 _ T max inlet

- g (2.2.25)

A7 0, T, Toier, 4= 242 SR 3}, vlolA 2 3] E A H 9] Base AU &%, YT+
ex, A4 dgs el 9L 2122263 go] F ae] oz RHATHR23,
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2.2.8].

T -7, T.-T. T.. —T T, —T

max inlet b,out jout  Linlet 1 bout — Linlet
0= = + = +

q q q mC, q (2.2.26)

FE AEE /MAE vlolaZ2Ad SlE A=
2] 22269 ¥ WA 3 v 22 e 2

Zmax _I;z t
Tmax  bowt - f(H,L,w.,&,Re, )=C,H L w.s® Re*
p S c 4)=G < 0227)

QAN C,a, B,7,8, xe Az 288733 < 4r<11, 0<Rey, <500yg o102
& APYFE UEHAL B AT HNE 3E AES AAE vlolazag FE Jae)
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w_ 1 4= H
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2! 2.2.9 Comparison between the Correlation for the Thermal Resistance and

Experimental Results:

(a) We = 200,um’ (b) We = 400,um' (c)We = 600,um (@ We = 800,um

712 31 Pumping Powerdl] & Z& AEE 7IA = vlo] A2 3| E A=A dAFS
0.011Woll A 1.313 W] Pumping Power ¥ 9] WA ¥ 22103} Z2o] Yehglo ™
Puming Power= Th& 43} o] A oj g,

Pumping Power = Ap - Q (2.2.30)
3714 Ap ot Qe A & 7det%st 23 32 Jehioh

_.94_.



s TRExperimental Results
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12! 2.2.10 Thermal Resistance Vs. Pumping Power

(Channel Height=1.4mm, Channel Width=2004  Fin Thickness=200um )

Pumping Powere wlo] 2230d 3| E A3 2 A|2=dd o)Wl RolfFo I8 F
FoleH 2o JUAE gudch 27 2210004 B & A%l $E AEE /A E
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el 712 Q) 24 A "ok
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1%l 2.2.11 Effect of the Channel Height on the Thermal Resistance for the

Microchannel Heat SinkK Under the Fixed Pumping Power Condition
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AL Hgde AL O MRS & F Utk F, FE AEE 7HA = vhola
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18l 2.2.12 Effect of the Channel Width on the Thermal Resistance for the

Microchannel Heat SinK Under the Fixed Pumping Power Condition
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2.3. MMC(Manifold Microchannel) 3|E QA3 43 &3}
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12
o

3

Rising ?ubelnsulq‘ﬂqn

S—

Valve (/3ond enser

2
Cdil Heater Evaporatar \]
*HMs=gdMU s
a8 2.4.2 AEF gY
I 2.4.1 AER N
ol A& 77
o] Z Quter Diameter 1/4 inch
g}o]Z Inner Diameter 2.5mm
glolx KA Aol 1300mm
Holx A A 20.7ml
Heater A & Stainless steel coil
Heater #]3} 3.8Q
Input Power Range 0-200W
Condenser cooling H2} |  11m/sec ZAthF ¥z}
A= 8 A Water, Ethanol, FC3283
& A) 2B 2 E

(3). 4@823%
19 2432 Z} Input Powerd] W&
GRS A 24137 o] oA}

p=(T,—

7t Ao exs RS el Aol

T.)/P, (24.1)
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L O = 3
(G714, pE GAY, T T 47 37, $5719 JFLES Uehizn Pt
A8 3¢ (input power)E YEIT}H)
20 —wm— 1_Evaporator Infet 35
] -—=--2_Evaporator Exit L]
1104 -4+ 3_Condenser Inlet " 30
100 ~¥-- 4_Middle of Condenser /‘ ]
- 5_Condenser Exit '§ ]
904 | .. % - 6_Ambient Air o 254
b 8
) 2\ 5 20-
o 7]
2 3
8 ¢ 154 !
g =
E = 1
g % 1.0 [}
1\
0.5 \_\
10 | .\.\'\/‘
] 0.0 v v T
0+ T T " l I l :
0 20 40 60 80 100 120 140 160 130 200 0 % 10 190 0
Power Input [W} tnput Power (W]

a2l 2.4.3 2= powerf M2 2t XX 2= YA S (Thermal Resistance)

99 AF}A & F UEo| Input Powers} 20W ©]3td ALE ZFuy] BT
E7} Robx AFHATL FE3 FLEA @1 2 whe} Loop @] FHA &
ol EAF o] L AL ¢ F eH PowerE FAEFE FFHA £8o] &

of dAFo] FH HolAw XS E F Atk 2= BN T 2
w48 Festi R 57 2EE F43% "ol E Dry out 84S E 5 3
Aok oW EAY A F43] A3 AE #FSFE 5 UQG 99 ARES 1
HE w F83) 129 249 YARARNE AL 5 e dEBEL 28 F U
o}
o A48

Hxe] MY aXsHA] du vad Hdd vxE add dde 94d
AE FA <] Loop Thermosyphong ILQbstAl HUTE o] FX)e] AeS o 53617
Asted AEg FYte 2 AAE nFIHE 27 WS Input Powerd] s <A
HAd WAEAE B 5 ANL €4 94 4L S ¢ F A}
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2,5. Micro/Miniature Heat Pipe JA% A3 3t

N

H 2 B0l AR AA FEEL 2% FHI}HL Jlew, AP =7t WA

7 ok ool W AARR REAA BETe FA9 Sz Ao 2y A
ANz 2oE A AL JeBZ AAGA REL WA lEe A
$7) Bk maA B 9e WE A Ue] Axd ge) olf FHes ofFA

~

2 4 9E 37 BAe) Wagel RARL glew, ojd tgd nES Wh %
Nog JE sjolxE o83 Wzt ZBL B Yok JEd 427 JE 7
|3 = Workstation Server, B4 FAE S¥A T wad R A o] gle
AAAEL] Bz dy AEH Joh AW, A EIx=E E(Sub-notebook)o] i}
PDAS} Zo| AFY FIJ} A & FE F£ A AF 94745 A
M Y4 g F9E Zole Al Fasith o E olfE VIEY &%
S|E wlo|xrTy B A7|7} FAL wiolm R J|E mo]xE o] g5 Wz o]
s rH2.5.1]

oY 2518 AOEE 2Ye aFH ¢ Fx(Divergent Grooved Wick
Structure)E zZte 4% 3JE deol=o | A4 aFH 9 FE(Curved
Triangular Grooved Wick Structure)E Zt& vwlo]aZ 3|E o]z & Yehdt. £
A7) e o] T TR FE SolZeA I L 44 H5 @ +914 2UY
S AA AT 53, SlE molZ o JA-qA AAW ADH 3 hHAE
F3t7] 93] Modified Shah MethodE Atdlg o, 71E£e] A3 A& vuEs
3l 249 ga3dE ds5sdth

[¢]

2 A7 HF EFE JE oz Yo 4 % fA IS Fostn Ao &
AEFE Tt Aolth wepA] ofd dig 434 2dS /NIsdn. Rd R E
7 ZF £xo 0 JE wo]xzo At RIS 247 AH nuste 2l
o Bg4E BEAAG. Ao AYe Bo 92E F34H 2dYS A
A mokel aF 8 ¢ FE(Divergent Grooved Wick Structure)E zte 43

kv IH M4 o2 8 FZ(Curved Triangular Grooved Wick
Structure)E& ztE vlolmZg J|E Folxe] Ak oigk €4% 3 X3} (Thermal
Optimization)E 4~

7L 8y 2dE
1). A=A

3 E wlo|zo] ZFIA o= Capillary Limitation, Viscous Limitation, Sonic
Limitation, Entrain Limitation, Boiling Limitation &o] JX| 7, Ao|x] ZFst=
3E solxzol AL iR E ZAHA A (Capillary Pumping Limit)o] ]3] 4 =}
Fol 752]%‘?}. o WiFe] 2AlggE2 & g Laplace-Young g4 o2 Eﬁd%
t}.



a=1898 mm

(a) (b)
%2 2.5.1 Schematic Diagram of the Grooved Wick Structure:
(a) Divergent Groove (b) Curved Triangular Groove

pop o L L
R, R, (2.5.1)

T

A 714, R, 9} Ry, = Principal Capillary RadiusS Uebdith. zejv} & u-8k(x #H8F)
Capillary Radius”} ®¥t7 &k 9] Capillary Radiusoll B8} =7] o Fof] R, = coo]n 2
2515 5 Wgkel tis) vliEsto] YR 4] 2.5.29 2o

Lav]

dP, dB, o dR,

dx dx R? dx (2.5.2)

4 ) AHAE AASE HS G gheh A 65
o AR U F P

(2). 1A #5 o) Gegst 2
Oh. AR EY 9 TEE

o

+ Miniature Heat Pipe

Faghrit 9% )£ so] = 1) 2.9 2344 WIGHA A F 5ol P £5% BP0
R 5 9P NARE] FHREE TG of ¥4 L FE ol= SR §5
B oHEos FUG GRSl BARL Qon], BGR AP AAFE 4 &

SERTYRTEEE W FF 450 EAFE A9

g AT 7pg st 4 x
Navier-Stokes®} 7 4 o] tf 4 5}o] AL 3] 4] 3f| (Analytic Solution)©] Tt}
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-8
% - (——&u—J L<x<IL,+L,

dx
2 —
(8|Re ]——R J( ‘u"4jx+[%6—|Rec|—8j[:u_vuz_“£_}
Pl & 2.53)

Lo+L,<x<L,+L,+L,

,C

o714

Qm Qin 37 _ Qin
fg'u" (4 fgauv pvﬂrv fe

(1. 59 22} 1% B2 Micro Heat Pipe

nfo] 22 I E Fo|Z 9] 7|4 #EZ+ Non-circular Channelo]| 2 2 §-2 2] X 28 A4t
3}7] 918} Hydraulic DiameterE AF-&3} gt} o}-&2, 4wt ¢l 4§ 3|E nlo]z o] &
o e 953k 2 Uniform Blowingo] @A) 8} A vk, 2 A7 9] nlo]a 2 3| E 3}
o] 2 = Sharp Cornerol] 4] Non-uniform Blowingo] &3 E}U Z o] W3 FEFS 18|
o} gt} 23 0 2 Non-uniform Blowing?] 9&& w183 & W3 7|4 452 ey
TeEOSIHEY

0<x<L,

s

L, <x<L +L,,

L+L, <x<L,+L, +Leﬂ,c,

p =gt |1 2| Rerel [ R,
c pv v,a 3[ ) | |

N ('D
n
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8,0,, v,a 1*—lRe I 4(x:Le _ZLa)Uv +Pinc
3 2 | W,,DZ, ’ (2.5.4)

QeDh,v R _ Q Dh v Wa — 4Qe

er,e = er,c 2
2Pz‘NLehfg:uv ’ 2R, Leﬁ Chfg'u" 4 ’D"ﬂ:Dh’"hfg

3714,

(3). A o] g}t =
714 -4 A AABANA AdF o] JgFo] gl Ao IA K59 gEAste 71A-4
A ZAA) Ao Free Stream?] Open Channeld] +8 7319} 24 Fc} 281} vlo] 2= 3]
E golZoMe ZAle A7t ME gt BEFe g s27] i 71A-H A ZAE
7\1 ?_}‘3%101 ASHA Aot wEtA HA F59 SHAFE SvtEA A4S A
F1 gm o] Ao ¢HAFS} o] ZNA-AA AAH A o g 7132
g;a 282 a1 sle] Ed7sloof gt

7H. At & ¥ ¢ F X2 & 7= Miniature Heat Pipe
P 21, f Re,, , my

L=t 2P g+ pgsin
& panpz, OTPEs (25.5)

(W). F4 42zt 15 8. Micro Heat Pipe

dP 2ﬂ1mzxfl ReD,,', (1 +a)
dx ND; A, p, (2.5.6)

22559 2 256014 fiRep, & 71A-947 AW Ao Gl Qg AS, 178
HRd A BAsE Audd o3 dEde 54 UbuE dfoln, ak 714-4 )
AAW Ave] gg 2149 e AeEe Ui dolth floM AFT 54
M5 s fiRep, o 32 F8H7] 913k 2 A7 6] A& Modified Shah Method & #1+8}
Ak

1}, Modified Shah Method
(1). Modified Shah Method[2.5.2]
Shah® ¢19]¢] @d #HAFS 742 & Closed Channel?] ARG §-57390 off 3F 34 5}
F3E T B Ao 182529 o] Yoo vui Ak }Z]T‘:— Open Channel
] A AA-QA ZAE Aol ZFgele Fr-ol e 57

mlo rulo
N
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3l Modified Shah Method & A| 8ttt o] & $13 499 4B @& 7HA = 2-D
Steady-State Fully-Developed Laminar Flow ¢} Constant Properties®] 713 S A8-3} %
t}. o] 7} sholl A Aul g A 2 AA AL 4 2579 2ot

1%l 2.5.2 Schematic View of a Channel with an Open and Arbitrary Cross-Section

2 16( oy 1 0%, 1 dp
Vi =——lr—|+—5—=——==C
ror\ or) r° 06" u dx (2.5.7)
B.Cs
=0 on Ly, 71=-7, on Vinersuce (2.5.8)

2) 25.79] S| A 315 F317] $13Fe Shah7} At 4] 2.5.99} -2 ¥ 3 (Transformation)
S =Yshd A A AAZ AL 4] 2510 - 4 25129} o] et

u, * r
_—t = ul ——
C, 4 (2.5.9)
Viu; =0 (2.5.10)
B.Cs
.
“= -4— on 1—‘wall (2511)
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<

D
O = L) P A ~pu; T
on ' 4 \ dx 2 on  interface (2.5.12)

A 252904 n& 714918 AARGN £ Wg ebdet 4 25109 2 Laplace
A e B 3o Az BE W 5 glon], Qusle e 2o
u =a,+ jZ:;rj (a; cos(j6)+; sin(;6)) (2.5.13)
Ll w0
9 _1_(5@)
wy\ dx
r? v ( ) )
__r iy 1 b.si s 90
- +a0+;" a;cos(j6) +b; sin(j6))= f(r (2.5.14)

2] 25.14¢] o= Unknown Coefficients ag, a;, b, T 9 P2 & 74 & 2
o}

r
ao +Zr1 cos ]6 a + er Sln(.]g )b _—Z—' on rwall (1 POmtS) (25 15)

o Sl 2)

J=!

-
P on interface

~-C, ,UIZ” []( a; sm(]9)+b cos(]H))](ae )on T

= 6}1 interface (m pomts) (2516)

ol W} ar,/ond3t 86, /onFo] Fr4H o 2 Yehter o] F e g1} o] VEHg F
Atk

Or; /On=sind, -cosy Fcosb, -siny (2.5.17)

86, /on = (cos6, -cosy +sin 6, -siny)/r, (2.5.18)

o] 7144,
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cos _k2+r12—-rf siny = /11— ___k2+r12—r,.2 2
AT 2er

ag,a;,b; 7k 4 251591 4 25168 o] &ske] & 4 3t} 4] 25139 & o] L3t

7| A- R BAE AeE ol L Af 75 54 Uehll s WF fiRep o & T

& AT 3 7IA-GA BAE AeH AT 4HBe 54 Uehie Wi ad @&
e ek 50}04 :—%— At

D wg el goz 74 ek

@ ag,a;,b;00 W3 2N+ A A2 & TET

@ Fo1 AY g2, 2(2515)9} 2(25.16) 9 )& T8+ ag,a;, b, AHH F, A2

& A 5 HESE u, 2 TA AR,

@ @1 9L AA {59 BRSE w3} DA 7P H w, & RS, v, = ;0] 2

WA O ghe WA 7| A B A NS £33t

® FFHoz 73z} she 3 V)A-AH AAA AgYo] EA)sts AA A5 &

#7431} 71A-4 A AA W AeH o] 02 A5 gesto] ul el gholth. o] 4 2519
s} zo] vhEhd & gk,

a6
(%PJ /(an # [ }j: VZZ “(re) (25.19)

>
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(2). fiRe p. 2 ol gk Correlation
(7h. Al &Y ¢ £ & ZF = Miniature Heat Pipe

3 2.5.1 Correlations for Poiseuille Number and F

Poiseuille number

Aspectratio (4,) <1.5

Aspectratio (4, )‘ =15

Func. Func. 2
+axexp(~bx 4, )+cx 4, axex (—O.SX log(4,/x,)/b )
form Yo p( ) form p ( g( / 0)/ )
Groove wall inclination angle ({) =84° (0.D, 3mm heat pipe)
Yo 5.7536%1%4 a 14.119%99%®
2
a 173.9-5.37376 4+ 0.06210 b 2 0830°07
-0.00026°
8.899-0.15110+2.196x1078*
b X 22.226—0.3366
~7.866x107°6° °
c 2.172+0.001160

Groove wall inclination angle (£) =76° (O.D, 4mm heat pipe)

Yo 6.3916%'" a 11.239°%°8
- y 2
2 137 -5.0089 +0.073120 b ) 4066795
-0.00038086°
b 4.901+0.0144860 X, 10.299 703836
c -0.8141+0.1410-2.762x107¢*
-1.758x107° 6’
F in a=Fy

Function form

¥, +axexp(—bx 4,)

Wall inclination angle (£) =84° (O.D. 3mm)

‘Wall inclination angle (£) =76° (O.D. 4mm)

yy |QO-TATSAVTOLLIBIAOTO | o s 240100 4 6121067
+3.059x107* ¢ ) ) '

a | 0247-3.35x10260+2.396x107°0* | @ | 0250—4.87x107°0+4.068x107°4”

1.528-0.016809 +1.417 x10™*9? b 2.054—-0.042270 +4.156x107*9*
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().

4K
(2

AF7}y 12 B Micro Heat Pipe

M2y ane) ia SR8, gt a g9 Correlatione thew} 7o) E& & 5 9lok.
a(CR) b(CR,) c(CR)
Re, = CR1)+ L+ LA L 1.d(CR
fiRep,, (yO( ) AR AR? AR? (CR,) (2.5.20)
7] A,
¥o(CR)=11.60+1.725CR, ~1.942CR”
a(CR,)=2.921-2.845CR, —21.47CR
b(CR,) =~1.002 —3.806CR, +9.084CR,*
¢(CR,)=0.1+0.5347CR, +2.478CR,* —45.68CR,’
d(CR,)=1-2.086CR, —10.75CR,’
a=y- f(AR)-g(CR,)-h(CR,) (2.5.21)
7} A,
1
AR) =
JUAR) 5.339+5.4834R,
2(CR,)=1-0.9140CR, +2.114CR "
h(CR,) =1+1.253CR, +19.91CR,’
Q). 24 g4 AF
Y T o
1, 4 Modfied Shah Method
~ 24" F Loa
~ 134 $=20° N RS Hufschict et al. [11)
g ) = v v Modified Shah Method
) $=10 T 204 \ 03
§ 124 é
2 2 184 02
% " ¢ Half of groove angle in degree %
£ % 164 Lo1
14 AARRRALRE AASEREIE LARREEEE 00
’ ° Corf:)actang::ze(De;?ee) ® ” ° ! : Pspe(::traﬁo ) ° °

(a) (b)
72l 2.5 3 Verification of the Modified Shah Method:
(a) Comparison of Numerical Results for Poiseuille Number and (b) Comparison of

Results for Poiseuille Number and F.

- 113 -



Modified Shah Method®] B} 3& AF317] 93t 71& AFAES AFZAH 9 o)
sstgier /iR, o) tha) Ayyaswamy et al. o BHele) Hho e 02%019T,

Straub et al.2] A3}9le] HRP QA= 3% = F A4 flReDthlr aly Zre] ol
Hufschmidt et al. 2] A3}s}e] ) @ xHE 242} 0.05% 9} 2% 2 @A) A7 Aol & o
A& &+ Ao

oel4 2d AE e A9 294 A7

14 B B4 e A7) Aatd SE vl zd Ao AWBFE P AUE
TPtk B3 AP 2RE 7 HU @AGHFHY B Ao AN md 2Ry
74 AT} v s AN 5514 2o A& AESAT.

(1). 238744

7h. A1 &8 9 ++XE Z-+ Miniature Heat Pipe

| 1 ,1___, Data Acquisition Unit
HP34970A

Desktop PC oopoooDogCo

/—\
O Platg Heat Sink

*~ Heat Pipe

Cooling Fan

- Acryt Contaiiies DC Power Suppl

. HP E3632A
Film Heater o[ ]
ooaao

33 2.5.4 Schematic Diagram of the Experimental Apparatus

b

4% 3E go|Z Ao g AgEs thad 2tk B Aol AAld 33
49 gd4Es HE37] Asted o E4d2FH GAGLS P9 2P £
dAem, ol RdZ Ry ¢ AFAY Hwsidt. d¥FX AIFxEE a¥
2543 2t} Evaporator Sectiono] & Uniform Heat FluxZ 7}3}7] 98 28 254
I %ol 3|E #o|X F9E Heating Blocks E3FE 2 ol Thin Film HeatE&
23ttt 3712] K-type Thermocoupled 3|E F}o]Z o] 9]y Solderingd} ] th.
S|E wlolzel HEsHE EA Thermal GreaseE Wetr] HE gAY 43}
A7t} Condenser Sectionolv HIF JE A3E BIsigon T7|E o|L3ld
W73t} Evaporator Sectiond} wli7FAZ2 37§¢] K-type Thermocoupled 3 E
gol= e} Solderingdle] &%2E =A3Hr}t Adiabatic Sectionol]:= 17) ¢}
ThermocoupleS F 23l Adiabatic Sectiono|A & HE &5 E FAEL5 &



% 2]}t Evaporator Section¥} Adiabatic Section2 FHAEZ7} 0.55W/mK<l Al
e slo|HE Tdstg e, Heat LossE £°|7] $13F Vacuum Tube& A}E-3}
At} HlE Evaporator®} Adiabatic Sectiond] ©8Z8 AXsltjel= Heat LossE
&3] g 4 gtk et B dFdAs AFdA LAst= Heat Lossg A4t
F7]1 98] Vacuum Tube w2 Zo] 167]¢] Ktype ThermocoupleS ¥-23le] 2
E FAsIFoH, EAY 284S o] 83} One-equation Conduction Equation
AH&ste]  Total Heat LossE At AW EAE€Fe ATLZddA
Dry-outo] dojute & deko| X Total Heat LossE A Y3 d&Fo g 71534
1=
() FW 47 228 so|z FIE dol

o

ol

tlo

Thermocouples

Sealing Micro Heat Pipe

y Water Jacket

Coolant l—ple >l
Outlet ’ g

Omm 15mm  25mm
$ Evaporator Condenser
Section Section
Film Heater Adiabatic
Section

Supporter

{(b)
12! 2.5.5 Schematic Diagrams:

(a) Experimental Setup and (b) Vacuum Chamber

ABAANE 29 255 (@A BE vle} o] AF 3| (Vacuum Chamber), DC
Power Supply, 322 (Constant Temperature Bath), Data Acquisition System, 12] 31
¥ F=(Vacuum Pump) 9] 57}A] FE .2 o] Fojirt AF A& ot E A 25
Rew Fe JAF=E FAS7] At ¥ FZE AHEEA L, 93719 /S
a+7] 95t AFH-YE SealingdtAth 28 255 (b)e 2F AW Yo vlo]az sl
ol AFHFAE YEtl 3L . vlola 2 3| E stoj= o) AL FrEo]a A A4
o20% T8 ZF57H E1H 0] 9107, WALl & Simm, 23] Pol & 10mm, B
BE 15mm, 281 S5 5 25mmolth. 3 3819 HEZ(Contact Angle) 33°0] th
[253]. vpo] 22 3 E sho] =] GEH o] AGo] pm g, vjo]a2 s|ETolze] 9
Fargoz FYH AFS5S 7] Y8t Zolrt 1em¢d 953 PE §E(Film

1

o] FaRo AYsta ¥l FIHE Thermal GreaseZ 9] ¥ AT

3%
$ERE 9L PE A7) AsIM Water Jacketd o]-§3he 59 34 AHgetATh =
B FL2E ST YA5) SES A FOH, S5 RN WEHE Iy 2
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sttt B dRAA hHY AT 9T AdeAe H28er] kel AF AW E 107
Torrd =9} AFERE FASHHAN A8 FY3HAT) vlo| AR I E o]z o n
& 223}7) 9)8te] Thermocoupleg A}&315t) S8, $-&320) Z} 7], & Ho) 1
7 % 57) ¢] Thermocouple-S A3} 31, Z+2te] Thermocouple-2- Thermal Epoxy & ©|
S rELEELEEREEEEREE T

(2. 43 Wi

(ZH AIElE Y 9 F+2£E ZF= Miniature Heat Pipe

@ Adiabatic Section®] %7} U3t ZAFLEo] =€ v 744 Film Heatel] <&
< 7hgoth

@ 47 d3te Ao =23 AELEE FASHEA Heatere]l UHZFE
A A8 F7AIZIT

@ Evaporator Section®] A]ZH oA Dry-outo] dojd wWj7t#] (WhHe #AAS
t}. B AFdAE Evaporator Section®] 257} F23 715 B2d e €9
& Dry-oute 2 A3t}

@ 49 FH A 2= E V|IEsIA VIFE RES o8I AdIHLFH &
e AAdTE AEL 27 3mm, 4mme] Grooved Wick Heat PipeE AFE-3}$
or, 525 40, 50, 60, 70°Cq] o3 Ztz 6] WE HAYPS FPsATt. 4
W3S e F83] =337 98t SEM(Scannin Electron Microscope)E A&
dtgon, 3ETOZ Yo AFHA FAHFL 10M4g ¢ FHEE 7A= High
Precision-weighing Machine 2.2 &3} $t}.

() 9 47z} 2% 2 Micro Heat Pipe

AW e Y57} 27 o] 2E dfiv Az o3 €&d2 Ao FAY 5 3o
wpebr, vlo]| A2 S|ETto]lZ o) Huf A EHFE vlo]A R S| ETo|xd] HEHE I
g Fdsith £ A7 o3 22 ez 49E sPsin
D AT FZE o1 g3t P o) AFEE 10" TorrZ HA A 2T
@ mpolzz S|Edo]xo] o] B2 H ZE Thermocouple?] =7} ¥t 25 &
S 29 74 BE SH A FFAL P45 LEE 2P
@ Thermocouple2 %4 ¥ Y& =7} Aot A5 Ed =2ad BF e T3
He YL 4% F0 L BN LEN AT LER A4 HES Y5 2EE
e
@ Aol s vlolas FET | 74 A o5, FF A, Y45 &5
527159t
® Thermal Conductance”} A& o 2 H 28 uf 71x @, @H3 & vHE-girt.
® 525 & HAstA7IHA O-0 A4S R

F

f
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B AFoM e AAGA] B4 288 ¢ U &% 40-70°C B 25
10°C 4 S7H71EA 488 s 43 A A= g A4 4 JF
th3hed 3919 HhE A RS SR At

tE
Lo
a

<
59

gt 23 4 B9
). sl 25} AP Ao v

99 »  3mm Experimental data
--v---- 3mm Modified Shah method
84 = 4mm Experimental data

—— 4mm Modified Shah method

Maximum heat transport rate (W)
o
i
gl

4 e

3 g

o T
0.00 T T v T T T T T T T T T 4 T

40 45 50 55 60 65 70
Working temperature (°C)
{a)
W Experimental Results

2.0 4

Numerical Results
J -4 With L-V Interfacial Shear Stress -
18 - @ - Without L-V Interfacial Shear Stress -

Maximum Heat Transport Rate (W)

0.2 T T T T
40 50 60 70
Operating Temperature { °C)
(b)

182 5.6, Comparison of the Numerical Results with the Experimental Data:

(a) Divergent Grooves, (b) Curved Triangular Grooves

i de B3dAdE HFe7] Aste AR RY d2 A= wE HY <
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<= A dAeFS Blus Ao

g 1d © Z1A-4A BAAE AdE o S vepd L ok 71A-
A AAG AGH S o Fo mat ol g AF A g A dHI F
& H9E 86%, B ASE 100%2] JHAE Hol B} o] ARE HEstolLe]
sl N 7A-AA BAE A Y 2l Fa9L PRHo R Jehiz 3
o}

3 2.5.2 Error for the Prediction of the Maximum Heat Transport
Rate
Zol 47y B g2 o) 22 3] Evjo] X (ETRI)
FFLE (°C) 40 50 60 70
Qmax (W)7]-94 Aag 18| 0.445 [0.600]| 0.785 0.995
Qmax (W)7]-4 Aty £ 0.890 |1.165| 1.490 1.855
23t} & 2H(%) 100.0 | 94.2 | 89.8 86.4

B AT o)X= Modified Shah Method S ©]-&8lo] 7|A-H 4] AAd Ay 4TS
5] 2l 57 4P EHE vlud Ag3] 45T ¢ AT B A LIS
7yl w2t 71 A - A A AR A FFo] FaFE 252404 & 5 Ak ol=
T2t oA A9 GHFOE V1A {5 AA 5 B SR A
B2 7|A-4A) A -5t A o] o1& 7] WEolth

). 9l he 4% A8

Sestolzsl BAHoz A5 A TEEA BABY 0] AE A WA
geizgshict Aok @t mepd SEstelmo] GBS FHA71Y) AslNE TE
QUL e BABLL FAAANAG QA GHRH £E 7A) FHFHE P2
71 o] k. S Estol L o] A FF o) Wkl whet BA B F7HAEA A
A gEgeE AL W] £4 & A2 G Hh

(7H A EE 9 F2E 7k= Miniature Heat Pipe

S19257¢ 917 9] 22} 3mm, 4mm 3| E 50| ol jslel, TLFH o] E3} ol WS
A 71EA Ad EXEFT AN J23 A5 Uetdoh HH3tE 9 g2 g
o 3mm, 4mm S| E o] L& 48% 9} 73% 2] €T FFE LS 5 Aok
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Invalid

Geometry Imvalid

Geometry
Region

Groove height ratio
Graove height mtic

L . M i o= 2 il
o8 08 1 2 14 1B 18 2 w8 og 1 1214 18 18 2
Greave widih catio Groove width ratic
(a) 0.D. 3mm Heat Pipe (b) 0.D. 4mm Heat Pipe

2! 2.5.7 Thermal Optimization of 0.D. 3mm and 4mm Heat Pipes (T,u-507C)

(h 1} Micro Heat Pipe

=5 JJr % :‘3.— Az, FH ALz, FH 2] @A PGS JHA € vhol 22 3| E
iJrO]EE«l el 2 E3% }47—‘45} Tt A F 28t A gH& W3t A) 7R A
4o dde s 7HAE 34E Ao o éﬂr‘“ 29258 o) vEh itk mlol=
2 3 Eztolz FoA IA r}—} SAYEGY B 5, b/a=001, 3 ALz g PG 74
$,b/a=011, 38 2.2 BG4 A, b/a=016 9 %< 71 W) Ho) RG]
Be A B o] AAE FaAN 2R 47} AL vlo] 22 FEfo| =) AL,
b/a7t 7S5 S BARE F7he) Aol vs) 718 el WAzl 4@ A1H 5
o GBS F7he) Gako] ulHo|n TR R 7} BL wlol AR S E o]z A4S
b7t 375 S AR GBS 37he) FBo ule) mA B 2o o) Aul YL
% 4 9ok,

m

ﬂlO _II:I

nSE

ol

12! 2.5.8 Various Cross-Sectional Shapes of the Micro Heat Pipe
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0.5
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0.34

0.1
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024"

bla=0.11

“bla=016

Curved Triangular groove

--------- Curved Rectangular groove

-+ Curved Pentagonal groove

0.00

M T T
0.05 0.10 0.1
b/a

r T -
5 0.20 0.25

12! 2.5.9 Shape Parameter b/a vs. Dimensionless

Maximum Heat Tr
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Jmt ﬂ-‘O
olfl
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fett
7
flo
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P
£
I
Ry
)
R
l
e T
e LA

EE CO, 43vt0] 28 M=o Uig FFMEE o Rt RIAHSLHERSZIY)22
10004 o]} n27taAle] 2EEE SA47es /st Aot

U a7 W ¥4

SRS7|%9 F3Hd 42 98 olFl FZA e ol M AB7E2=Q) o] sl er 43
plo]ZE W= g F5AS HOlHE o] @Asieng, & ATt e ov] A
g JhAE o Bl 2 838te] 2m Zo] 9] A ¥ (Test Furnace) W& AA7tAe v i
EE AT 2N NEE FtabolE o] AR EE dFHos HFsAH. o2 7Nt
L2 B AT 24422 SRSV @A LS AT gAvled mas YEHI 9
A dngE g 2o g IR AP F5S A7 FE SR g

=

o. ol&4 ¥4

SRS 71¥e AWAez NAY BAREE 24T F oF o]§IN LEE 9
9. 2 2RgaE 4 3L14Y ee 553 Tde 59
<

A WPEYAo
49 & vk 9 A
s=00le QoA olgAoz AdanT 4 31147 D

I0=1,(L) - olome fOLIb,,[T(s)] -3—fs'ds (3.1.1)
4714 s& AZQIE YHUL & TS Uguth 94¢ 0§ ex)
o] ooldTh WA WAW) LEEEE Abs s1AE F, ole] ojE s
BABEE s=091 AMNA AAT ANE FAREE oA AYHeE 23T
BAAES RHT A4F £E2AL VEL WK BB AYD LER
2E A Uzt of HRNA F5E BAZES AHG Aol a7 e, o
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neGgeln AP7teA o usRid FFASY AL onstnz 2
ANE oln FEBTEUNN Aol &4
Stk 7 A% dolHE RE BAME Aol A
G oolRe ALl @) dele vl ol BRE
LBL ®lolgj sl vlms) Aol 2A "ojAx) eowA
BABLIE BAYE Al ol§stAT

o
e

A+etE LBL dlolElth. 18
E8E H8 B dFdAE
Al A Q1 CK-based WNB

oX

gk gAY d743
(D). dlolel Hlolxe A=Y AF

71Z29 494 dTFaHBLIE vlgo R, £ ¢ 2
Furnace) W& 3.2 47}
Wede dd BAGEEEE S48 Q
Aean. ¥ A4k ZFA 723 AN Emission)7t doivbe Al@EZ A0 A
o] SRS7IH ] AFAHE o] LESAT

Aa7MEE TSV A =l AFESU|AY JHE RAYE ARESler,
AE5E Tf(Kerosine)o|th. A Airp2Fe] Hole 2m HEolm AlLrtiof F
A3 LT FHE A7) 93 davtiE 2% AR 59 WS E ErRdes
A HA3] YA dAHer ALvtie 2EHAE L&A 1500K Ao
o A LoA 800K HEolth (2 3.1.1). BARES &4S JA4 ERI|E o] &
st o]AlstEhA: 43vtolZE W Wi=d dis SR, ERE] I A
L BAEEAS 2017 9% EAME E(Radiation Shield) K-type SAUE AH4-3)
Jok GAL e FoF olistEa TEFAL YAE ZFEEA7E AMEstE o
HeF 10% FE=AcE AH ] 259 FALE ¥iste] & tst AdL 3T
747kl APz wel BEAZEZE S E UL BucheleZ|[3.1.2]-& o] &3t 7
Aol B AT

>
1o,
rfo
b
M

4

Combustion gas in

% \ Disk with an aperture

%2l 3.1.1 A Test Furnace for SRS Application
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AALE A3 2m Zojo] AATVlAY 2ERIEE Y HRELEE o|FolA T
THHRE FHT F, A9 4 ES T3 Y dELEE HHAIJNASTE
Hog 2EEEE FHEAAG o] AAHAX 2 EIe 2V B 2REH d
5 AN 28348 FAHE, ol & g8 2X9 FAX|(Correction)e FAHE &
ATt ALE BAGES A oA AAEY. wetA ZEe AR A
A GAY oA g FagE, B A7 e BAREY Aabs 3, o]F]
I A=Al AFgFoZ AEH F2 vz 29l CK-based WNBEY[3.1.3]-& ©]
&3ttt

1500
—e— measured profile
—0— inverted profile(n=1.5)
1400 —&— inverted profile(n=1.8)
—&O— inverted profile(n=2.0)
__ 1300+
3 /
5 12004 %
© 2
(]
2 1100 K
E R
p‘l’ ] o7 2 /g/ﬁ
1000 ;ﬁj Z
a/‘!%
900
o!o ' 075 ' 1?0 ' 1f5 ' 2?0 ' 25
Distance from the sensing hole(m)
13 3.1.2 Result of Inversion Calculation when Varying
the Shape Parameter n with M3( 6w = 0.35 ).

O 31294 Holxo] HAAQA AL AFAESL SRS 7o £ AT A&
7hE LEREE H 4% ol AFZAS A 9AME F ASS FHE F
i Ak 53, Yo 259 WANSo]l €45 HEdqA o] o] ] A
AAQA QAN Z2HE AR TE AHLE FRI AT [3.1.4].

2. &4y da=E AL

2m Zo| Agid] tig SRS7|EF o] AFHOE Ed wet oy dAEA dF A
E7FsdE Y 7 JE B8 daE Ml FSAoh oAgs, V& AdxEe
A LER¥7F oesty B APRAES o|v] &3 7] wiEe] AL FA el A
Z of=lFo] itk e, AA A AR-EHE A wle B8 2EEEE B
o]7] W] H4age] AFHRE FIAMME GARS AFHoE YT G Miol
AAsitt stk 71€9] gxgEo] ud S7le sHAR, 2R Hart & Q) EA uiE)
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AR Ae7bhssith wEkA B dFdAT oleldt EARES Baste 44 &840 & A

+ AN daEEe ALsiA H3ioh

71 A7) w2d HFF P F FEIY ATS YA 7 HE 4] 9
3l Regularizaton7|®H[3.1.5]0] A|¢t=lo] tj7]# 8} Ropor & AAEE HHTh 18y =2
TR At 3234w xd WE Adge U 9FoE Qs AR S|
of #Hgol 2 ¥ @Ho] AUtk wA B AFoME RegularizationZ[H 9] ‘25
A9 FRF WAY RHEAMPEY] d@oR F¥EAol BAE Maximum Likelihood
Estimation[3.1.6]2] AH& Z3s /HHE ¥a8]Z(Modified Constrained Inversion Method;
MCIM)E 7lgstq FAAEES F3Pch S, JATTE o83 AFIAY s
(Base Function based Inversion Method; BFIM)E E3|M %= FAAYPS 348ty F 71X
Wee] Fai-s AT

SRS7I¥ 9] 814 Rl 4 3112 Fetiat s 2= s uldFe]r] Wi &
FRPSE BFRAUBITIE o183 YT exd Pz RN YRRz TAH
W 2] 3123 2t

g(n)=Kln;, T(x)1 - fIT(x)] ,i=1,...,n,/=1,...,m (3.1.2)

o714 4% g2 A A4S T4 o nlY g BAEE Uil @ E o]
A, EF o xS {[T)]e ml A)de 2x4hs& 9rldtt Kn T(x)]2 nxm 3Y
gd2AM 293 g5 A nE /XS Yelle Add 8 (Kernal Matrix)o]t}. 4
ool 2o wad 4 3129 duty e HaASHS o&dt tgAE FIth
f=IK"K1"'A'g (3.1.3)

a8y 227tz Ao A AL EAE tREE EFE2([l-posed)o] 7] wjEol], ALHE Ko
E-AJX](Eigen Value)7} uf-$- 22 2] 3139] &l w3k BQEAT ey glok wjEe] o]efst
4 BA3t7] 98] Twomeyrt A|¢HeH Smoothing73-S 2€351%, 4 31448 thr) &
T ok

f=IK'K+yH]"'ATg (3.1.4)

o714 32 HE Smoothing WHZA FF-& WA PgZ ol EHoz v =
Y E ALEE 9L 11, v Lagrange Multiplierolth. 2 E)], AA] EAx 7d
B Kb g89A A 47) WEo] 4] 3149 e 22 wrEANNe s B9 TEA2] 8}
A R £BAL AR PET webA B AFelNE 4] BAE Vardiel
MLE(Maximum Likelihood Estimation)'d-& ©¢]-&3}o] wIEAAYS £33t F, 4
3142 B3 AN LEFFE 4 3159 MLEWHS F31 @9 o $45 o e oAl
2] 3149 AdgE Aitele o olgHh
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FAN ) = 7 5xy)s 7= B x )il vl 2K (%)) (315)

Zﬂ%gy\ﬁ" 01'37_3]2.4 —)F—?j_}-x_*} k) 2 R ;Qa]

FO.2 JIAYTFE o] 83 BIIMS A1)
2T 35 A-Ae 7|44 (Base Function) 52 A3

3 gedt 2o BA Fang e
3 zgoz A% & Yok

Fla)=28:9:(x) si=1,.. kj=1 ..., m (3.1.6)
o]21g 2] 3129 YA FHAE A B 2ol & & Utk

g=Kf=K¥"8=Bj (3.17)
2 317X A58 P (Coefficient Matrix)¥} 2E34E Jaase Ygde 58 o
T3k

(31.8)

ol4¢ MCIM# BFIM ¢13E BEF 25X thd 27718 53 o(Residual) &
TaAA 7l BFoR ASsA LEIFE W3 ATl o]g® o
(Residual) o} FH2A-E thad Zo] A=Yk

Im
(g
)
>
o
o
rfe

R.
Crit, ="+ <1071
N (31.9)
Imea 7 Ical Z
RZ N Imea,z'
FAAG e o]§8 o]AtsteAd FEAT vlojE W o]AE WNB ZHS ofgslo] AHagle

o, 232 95 AHSE M laAE 1me] Aartzoln oitsEtas) BEE wE Yol A
1053% 2 IAsIT 7M. A9 AMELE BE 49 tis) 0352 43t

29 3.1.33 3140028, B AT A" MCIME €3} 7] (Smoothing) 2]
Loz FYIAAAE vf$ FE3 AL AHE HAFAT = SHLATL
= o%’—oﬂ MCIME =z AF7) 34 viad 238 22RE A=
- 2o ZAE BAFEAY 28y FHLLAY FERA e Aede 94
2+ Xé%“éol A g€y s AL FUASIUT. ol ¥, BFIMS 1 F8 540 7]
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Aol deo) ARoz FHEE TSI A48 A9 AW 25 0x)
b SELAE B7Sn 94 FL AALARE AT E4L HAY 19
4 2 BRME Z4 g5 dde] HAsA 2¥ w v g AN 29E
BolA Bk AR B ATNE L oldsds R BA 948
A% o|2HY ATE FUNAT. ARHeE FEAANL Lxd FES 4D
AE AAD Wehe AT A58 Aoz BAAAG [3.18]

960 T d T T T T T ¥ T T
940 -
_ & _
920 - & .
900 - '0ad -
g d 1
o 880 -
3 ] ]
% 860 .
£ 3 —w— Exact 1
o 840+ —o—MCIM 7
T —a—BFIM 7
820 ﬁ
800 - _
780 T T T T v T v T T
0.0 0.2 0.4 0.6 0.8 1.0
Path Length {m]
1%l 3.1.3 Inversion Results for Two-peak Profile
T ¥ ¥ T T T
1000 N
950 |
X ]
o
2 900 .
5 e
g ] S
5
= 850 B
—m— Exact
1 —o—MCIM \%
800 ~o6—BFIM |

M T
0.0 0.2 0?4 0.6 0.8 1.0
Path Length [m]

1% 3.1.4 Inversion Results for Three-peak Profile
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A, HZ(Peak)7} 48 712

5 EHEs=g

E /ﬁ_(Test Section)& 7| ZFaIST}. Al2He]

NS 477, 2709 Wy 8 2708 wiEgTE 4

Aet7] st e AAYS ARgste] A8}

5=E 1500K A= 12 FA8] 8t #&(Rock Wool)& ©]-8-3}

A e GENATE B, davkie 2EHE AT 7] A8 W4ds F

3 WArE Eo Bd ¢ A AARNT 718 SRHUE ol8ste AavtaE A4S

Aok #HE Aavlre BWE B2 FEgd A wV1FE 3 GRE wAUith

olwf @arkzel wiZ1FE wiZldel dX @ HIH(Damper)E T3 2HE & Urh oA

d JEY He Wr1ge 2EFoEN B LSRRI YR HIE & F 3tk

L org
b
N
[
T 1o
rfo

Water jacket
(replaceable with
refractory walls)

" Disk with a sensing port

13l 3.1.5 A 3.4m-long Test Section for SRS Application

7% 3158 H2E A4 Fa AL Jehdch davise] LERX I 800~1500K H
g AT ¢ =S dAUFE Ao HHE 288t J32Y N5E VIR vE
Aok =g of 10em At A2 59 o)t ed FEE EAsY] A% SH T (Sensing
Hole)7} u1=]]ct.

dAaztzoA wEHe 3 BEAPIE(Spectral Intensity)E S43817] 98 14837
(ES100 Spectrometer, Spectraline Co.)E o]-8-3tdth ZA g HYyE 2101em ™ ~2460cm ™!
ojH, 12 &<t 10079 2¥ERS 258 T Hage o] JA dedolg2 At A
o 9AE 2EfT A davkee] s viwdpl fs K3 gdd
(Thermocouple) & o] &3t Ax7tAe] LEE v 10cm 7HA2o2 24310 4 v=
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(Bead)ol| A& EAMEEA S BASH] 918 vI= 27171 25mm 9 75mm Q) F 7je) €30
2 AMgslgon, Z4zbe] 2AXE oAb (Extrapolation)o] &3] Fgo.g2 HAHITE o]Ak3}
B4 FEEIE oRE JPAEH7MEXASK, Horiba Co)g ©]-83te o] 10cm 7HA
o2 2339t A¥E BE A% uis] 2HLEE 800~1500K HYolH, Fxe] AL

T T T T T T T T T T T T T
1a004 | —"— Measurement _ 1400+ | —m— Measurement
..... °o— MCIM -, 1| e MCIM %y
1| -+~ BFIM / R 1 13004 | -4 BFIM oo
1200 LV 1 oa, & 5 1
b g1 PwY
1200 4 i LA B
l/? N \z(‘ ! .{:' ." =.'
& 1000 b £ 11004 jh -\,‘ S 4
g K k 9,
g R, S ¥
2 800 . ® 1000 A 4
v @ Y
a <% / &
£ E 900 il .
= 600 7] . 1 2 /
800 4 i
1 R
4004 - wu-l
700 » 4
200 T T T T T T T T 600 T T T T T L T T
05 00 05 10 15 20 25 30 35 05 00 05 10 15 20 25 30 35
Path Length [m] Path Length [m)

(a) (b)
12l 3.1.6 MCIM and BFIM Applied to Two-peak Profiles

Wz MCIM(Modified Constrained Inversion Method)®} BFIM(Base Function based
Inversion Method)$ 34m Zol9] Adrlx LEEE AA 4] A8tk 19 3.1.6914A
A A 2EEEY BY FAY EayF BF GA Ao & 228 Hola ok
I, 5 iAo 2EMCIMS] A9, AR (Line-of-sight) 0 2 0] HA% xwstE 44
3] GALISEA Rt 9131, BFIMS] -9 HAg 714 g<r(Base Function)E A&3}=] X3
£ W 2t ade AE ¢ F itk FALAPNA B2EY 2REXY] Be, 2t
grks A Aejo] golgy] W&ol A& AALte] TFeAAT, dA darhiel
LERIE UGS A4S JHABEE s F45tn A4 AYrE de A% A
S ogoa & 4 Yrk o] FAE Byl A B AFelME MCIMI BEIMS 54
43l BAM(BFIM-based MCIM)g A|Qt3ictt. BFIME o83t tigA <l 3f(Solution)
F8ka, MCIME o] &-8te] 93] FHAPE Aotk &, 2x¥sly}t aAY AL 7}
ﬂ% AGA A GA a7 AXe MCIMY k3-8 BFIMo] B 7 3lsE Aot

316X A BFIME HAZ 7|1AFE Aeltezn Azdnh 2 d7dlMe 270
Aig BAFE) 98] 2= (Lorenz Disbribution) 7|4 g+E A3t 714 7]
A5E o838t BFIMS 2| 3169 Alsghe 443 #2371} (Optimization Scheme)&
o g3l ettt ofFA Do LEREE froleta shH, of g ot A 3199 JIEH
o2 o]

__,

o
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Q= | Af—g |?+~(f—f™) H(f- ") (31.9)

=
54AE BEANE FRE BE AL I

T T T T T T
1400 ] Base functions for BFIM: Lorentz functions | 1400
: 1300 & 1
1200 4
! ﬂ 1200
BG s 1
1000 gﬁ:’é & -
gl -
g * o
£ o0 ] 8 1000 4
é’ 1 é 900 4 4
= eoo{ J <
11 —=— Measured | 8004 . ',' —u— Measured ||
-o-- MCIM 1 e - & MCIM
- ; 4 L
400 % - BFIM n 7004 “ % BFIM H
200 T T T T T T T 600 T T T T T T T T
05 00 05 10 15 20 25 30 35 05 00 05 10 15 20 25 30 35
Distance from the sensing port [m] Distance from the sensing port [m)

(a) (b)
%l 3.1.7 Inversion Results with MCIM, BFIM and BCIM Applied to Two-peak

Temperature Profiles

a9 3179429 BCMS IAN ZF{EL ojHe] MCIMz} BFIMY] 23}
}Fs AAEQT AEsth =, BAME WA BFIMO g 2749 =
o FAH B BARIA o]2HE HA Agd f4X% HdA 2%
We z . BEE AfAA BCAMLE A 5%olujolA AHEe A

w
=y
g
=
Lo
o
S
<
@)
<
flo
ofy
o2

R F43% 22438 9AA & & §A

g, 2708 33§ EARSHE BFIMI A53IRS W 22X H A33] gk Z2H4E
ReFAch whde] 2% 317 (b)e] 4%, MCIMz BCIM 2% As3t A2 »
AFA PUed I olfe 2ER8XY SAA & 5 Ao oA D), 1" 317
)9 Ze LERIE ¢FoE Z24E myy] wid HEF EAYEIL ¢
ARG Fhad FFEA G2 F AYHY] gEolth A% BAYRE 2 254
o} BATL Jemg ojxe] £x Aol fola Hrk &, BE HdAe] 7}
F3|(Kernel) gro] 127 £X =] 7] W] 974N 23 =3 IAHHez 18
A Sole] AdH F

AL Bol= Aot ol AdE BCIMY] &%
|4 IA 94F3 F3 Yo
AEHOZ z7|GA A Ath
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AA Axrtes ABE 53 2 e FEAol dol AA BEHAL, F
£ 2D BAHAT AEA AgE 24 BCIMS MCIM¥} BFIMe] @&
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32. YolAE ol & dAGAF SAVIE M

7} AT w7 % A

TR 94T AFE Fohhy] ANAE BFT FPATL 27HT Y v
47 gtk ¥ 4AY AFE 7T BHo2 9 2ol /1M shit 2R A5
S} 84 AY AFHE PAE o1§F BT SBe|TH321] A WA
24 A9 AL AT JoBE 33 AYFS 245te] o] dHYPoR
Mastel AAY ASE $PsHes) AHF T T BAL GEHA WIS BFLE

A& gGA S3EE EAE 7R Ao €1 E 54 AP o] AREgiT

AF7HA Y Yz g3 S3HH-& A3 43322, 323,324 AW EA L9 4
S 9lo] 25 F3 yzgd ZEWE &3 LVDT(Linear Variable Differential
Transform)& AH8-ste] Uz glo] FAE SA}H325]. vimd F&s 74 540l
Vst A Al A 227 FHoh gy ol F2E B e AHd
LVDTE A3 AddoMe R 744 £AR o itk -4 vzl 29 39l A4 4
E3t] AR Jugdd ' HY o] BERstAY ddstA] 28 B 540l
Hi 27 ol LAt 22l HJEA T4 S WS AFEStEE Ajg o] gt
A 7L 7 *?‘LVDT7]' RS FE2= P ga) L7 Ao =23 F2E T3 AlE
S UE A 37 4 AHd Y=zgd 289 -& she A o] vi-$- o] Hot. uhEkA o] 7
] p,gg st Bxeln gre P A yzdd g Fesn 1 FAE &
Aate 7MY Aol BosHA HIAY B A7 e 84S T Yrgd a-"Hs
A Zpst= ‘:‘“%‘er Tho]l R & # o] A& AFESt Yz gl FAE <t
stiem 7 g Syt

2

AT g
Q). =23 18 0y
Oh. ek ¢FHE 27 3
g 3212 Yz g F3 A3 Fxjojth widolE Ho] AR =29 ¢FuF X
Ztol] Z1A] el =g S St oA ET Ao zgdls WA 66m]
H]A o] ¥ 3. Hot-plate2 7193t A4 AE g e ASs)A Jzgdle # H((21
7C)7M A 7F gt F 7] dE o xgdle] T o 2 ST & gheh v Yol &F
g 220 ol Y FU17 4R E 22 Yol uiE 1A FHE xS g
t} o] W) ¥lA vl LEE 100CHY 2 FAAT T HAY G2uF 24L HES
DHA|A F7177 A U7HA Rt e S ot F A A= A 2% 25T 9, Bl A vk
100C W 2 FAANZA 3% A7 66mn, F7) 200um 3 =9 Yzl o] vhgo] ).



% 3.2.1 LpZERE SEF MY R

Bl 2o ntc=wog 238 A143 Ay g go s uEd vdk

vzgd = Hek A5
E Aot FAAE A" B8 AMEste FREOE YR kA wr A o
gl zgdl Fo FAE sk Aol 7hedtt. &3] g FAY Yz
I8 F& U= AL AHAY FAATE AZE AosA vilnd Fdg Yzl
S UE F YUY FAE HE AA FAS Az gl o] vfg Ao AaL
GFulF FHA A Hojd rhg/do] ARt whEkA Huj 6A)17E o) FAAIT £ AL T
sl Aol o & ¢FulE 274HE ¥A Yol & i Azko] AAHAY E5E B-F
32

o] #YshI M YA HA R

(). FAL Z" o] Hof le ¢FulE 220 el 58
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T %Y xolA dzgd S33 A2skal W44 o vA S vty 252 90T
fANE v I 2L AAE G B AT E 4FuF 2744 qna;{ﬂ
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(7). ®t TR Ho| A& 57 FAB T ANE 45" ZHE o] A
2 GFNA A48 WU AT SR AV 3 47 635m ol 2.2
SJAE AL Yz g T FAE P AP A AAH Y NS

=2 79 3220 YehiRch 78 3238 A4S 3 S Aol FAET 45° 2w

N ANZ olA W AES Aol FFule 2002 A WA H2ZE AL
stol 2ol 248 29 gol AR AY AR YzLA T} ALSE
ko] AXE AL Kol T Yk o= LAY 9K WY ANl SF Z4T A4S
Aolth hehA AAsh hZgd £89) A7t ANesE gL AXA AT of
EUZed Fo] T4t 2 YEhie Rolg & 4 Utk yZ g9l %77} 100-200
mQ 8] S SHSAT & 40719 §F WoIH S AL AT ShLhe) B 34 7}
2| 7] e e ZHSAT 18 323 € v AAF o2 Gz au % AA 9
EYgtel BAL YU L T 5 Aok AW SR ARE wE 2 AL F 0 F
& & gled el dolBE B2UA 2ve] T o) 5% AHES BT
oAtk 04 Bol TP e AWGe Uz ede] 9 4u7t n2A) 28 v 24
Yok gAY B AU S FLSA AL A Bmed TAleh A Eegrel A
B4e % o BEAATh ol 2L AWl el =N $3HAA T WHE 3
APBHOHTL AT AL E AR FAF 5 AN,

Amplifier
LASERN
\ Oscilloscope
‘\
%~ Photo}diode
o DMM
—
>~
Dark Room Naphthalene coated layer

a7 3.2.2 UEYH aYFA 5Y MY FA A=
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2ol H¥ A BAE AT AUtk 2ot $F A4S S RE Y gA A7 A
A48 59 g0 2ol5X AWHo R G AL 2 gol F5B AL 2 5 Aok
Te)w e $ 9 29 Zke) BAA A 718717} ok au) A= AR,

Yol A FH N FAHHES Wk 45° ZAmol N FAYS WE HTARN T F =
T Uz FAs AN 28 go] A BAE Rl 5% oA E AA NS
W 29 grol A YR Folol e 29 go S Az w432 BT $
A 4500 FARE @ 29 gol 2 olfE oM o) AAleh ukAl 54 W Eolch,
AIAR FHO% TARE A 45" A UAD AAE J2W LA D

R o] ot Mg A& ST FuAtEel Yok we gasa) e
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m  Reflective Al - Laser 45 deg./ Sensor 45 deg.

4 T Linear Fit
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3% 3.2.4 HOIME 45° =AM FALSHL BHOHE 45°2t=0f
HMME dX[et MY Hat (HAE 2E)

FA GE 29 e FH AT e A = A% E & vk Yz el B9
WA WAk 28 S S BA QLo B Aol #A 7 Atk Ab WAL g f
AR AEE Bt AN E o) A& FALelaL 45° Aol A AEsthe A kg A
GHELAT BA IS wA FAZ ALFE AXG Gz gd Fdo] ZIAHAER
o 2 A B Ak t}lr% TopEolA Hol &9 3ol AANA He Aojrh Wi 45° 4=
ANAM FALE B5-ol= At Gukake] G3Fe] o At HolA e} MM e ¢FvE
A1 vheol] e A 45° Zte g X FHo gleve yzgd AV ALSF oAt
FAE = AT AAMZE etE = AR o] AR YA ok whEkA HEH e Aol
o8 Hol FAZ AZFE QA &9 e HopAA "ot aga 57 AA™E
Hzgdo] FFshe s AXNER JA AN &8 & ol 4 g

agn GEgd UL Fxe) g5 BEoAe W ws) AYn FAsHA 2tk
B AIAF 457 AER TN B A2 2AGE A fo] VI 247} 712
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Y Uz gd Erio] B Age ms) AL A AAEE ol FojSo} 04} A
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AXE Rolth. 4F dolBE 22 AL
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3.3. Micro-thermal Sensor Array 7}

dRY FE BAste Jled W7 vied did Jd Ve S U =
F3L FFHY EFog stay 7Y ol o|FAXx Utk gurdew 2
=g Z2X3e A BEo] dA)(Thermocouple)rt & EAHThermal
Radiation)9] A& o8&t Aok 3 HZ wlo]la 2 AAE oA ¥A448%F
B7ME Y8 vk F9oM L= BEE Z33}He 7)E0) %ﬁé}ﬂ | HA shAFE
nd FHoA dojuve @dE NS 7HE] 98 2285 S3E A% A7

= S s
A AEstEY e E 53 YL F4 wolmze TWE 7H EA )
(Thermocouple)itell EAetA] etk a8y oA 4 welaze FAE 74
QA0 (Thermocouple) & ol 43k Fe AXe] LE8 2HHTE AL AY
7Fed doly 53] o8 /e EAu(Thermocouple)ES HF-2s5to] o R¥E
Bate 42 © " o dolth zERE JEY AestE g
(Thermocouple)& ©|-&3t w4 oA F&E Ao 2= 2 2% BEE
Fite AL FFstA Erh old S BRG] fEA tolex 2% 4l
% RTD(Resistance Thermal Detector) &% AAE o83} mlh Pd9 2%
EA%e A7 AF7A gol Y] ik veA I L o83t A}
gole= 2% AlA & RTD 2% AAME vld GYor HE3 939
%E BEXE ST & As ARl sk 28y tdoles 25 AA 2
Me ﬂx—} erzqo] ’é}o}‘ﬂ Azto] ¢ ol Yt x4 A A

o

U

0] 83l mi 03@;«] 25 d —%E 22X E /‘7‘6‘5}{‘—_ e P /\11}3’4'
A2 v]-go] @o] £t} olel A (Thermocouple), o] 2= &5 AlA % RTD
25 AAXY dHES EF A7 Hetd 2 dFddA e ’\«ﬂ By 34HE ol
T HA FFA = A 7 AT 2% AA ofHolE st
2WEY FAHE o] &3 25 AlX of#ole ¥t (Thermocouple)$} thol
2= 2% AA ¢ RID & Ao didS EF S5E 5 Ao oA A5
AAY 25 2 25 FXE SAY 7 dom AF FAHo] ofF WA A £
dx toleE 2= AlA % RTD &% AAet g8 2= AY 4Alsd digh 38
g KA (Calibration) o] @ glorvZ Azt 4 H|E-& A4S A3 & o)
e AA odol otk 27HY FHL 0|88 Vi o= NS &% 27
7129 €A d(Thermocouple)e] &% =74 w9 AW &
&3 Aot B AoAM A vi
Ae dols e AY EH(Seebeck Effect)E 4oy
9 (Chromel)& v}t o 2 Z3psla] A 2H3) )

°]

o =
mg

Fd(Alumel)3} 22
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7}. Micro-thermal Sensor Array A2 373

B AFe A AZE Micro-thermal Sensor Arrayy 5mmX5mmehe] 25712 &
T AAE E2gstn doh 29 3318 AGE doly Yol Alumelst Chromel&
ZZA|A Micro-thermal Sensor ArrayE A& ste T3PS Bl Fa 9tk

(1). Stainless Steel Maske] ==}

B dFoA AFE  Micro-thermal Sensor Array®] 2% AlA+= Exdle
K-typed] sid3te 420 dF4(Alumel)¥} ZZ Y (Chromel)E o] Fojx it} o]
dFdy mzzdg HAHAE Jdeldd FFs] HAe 4 49 E2d HFde
npAaZ(Mask)7}F B&35HA Eth. B AFdAM e 7]E MEMS FAdAM ALE-H=
PR(Photoresist) Mask7} ©o}d Stainless Steel MaskE A}8-3}% T}, Stainless Steel
Maske PR Masks} @8] iAol 7hesta £3S F3ste 3= 195t o
Foll vl &3 A7k AN fIstta & 4 AT 1¥ 3327 B A7 AL
2.5 Stainless Steel Mask ©|t}. €% AANe ¢FPy mz2d, F 71X EA=Z
olFA 7] WE F 7FA 9 ntA=(Mask)7} B354 ")

RIRR2N]

®)

©

Stainless steel mast Alumel Chromel

N
§
\

22l 3.3.1 Microfabrication Processes
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(2). Alumels} Chromel®] Z%}
AR AYE oy Side] H7F HAAZL FASr] 98] 2000A FA 23}
=& 43l [2¥ 3.3.1()]
18 33294 A]Z+E} Stainless Steel MaskE o] L3t AZE goly Y4

o
4

Fh7 F29& FEIY 94 ¢FA f4AE FF8Y] HeiA A doly %
W Yol 28332)dA BHo F1 e &FHUE Stainless Steel MaskE 23 ¥
et 283 29EHE o &3ty ¢FAS 2HEHFY v 18W $4eE JFd
Zelo] FEd Hol FES T3 AZE doly AWz FZFo] Ht. mpA|TL
2 ¢Zd R Stainless Steel MaskE A ASIH AFE Joj5 Fdo &FaA g¢lo]
SR El=a

2oz Zz2d ZRIE AE ol d S deE doly ¥ 4
o 183320b)dA B Fi JE ZZHUE Stainless Steel MaskE: £ &
A7A Fosfol & A2 B Aol AA ulh & A offole 2% F
A e ¢599 FA(unction)d Z2We] FHAH(unction)o] HAE FEAA
A9 (Seebeck) &Fof} o] 2% Ao wWE 7|HHo] LAYt 2EE SHIA H
22 434 HA(unction)# A2 FHF(Junction)o] FAoF stH Uw A 2HAE
S ATE Pe FEOEIZ XNE HAA golok gt ofH F& 1] AsNA
dFd839 32989 Stainless Steel Maskol] Align KeyE i1z dfejof 3t} o]

Align KeyZ o] &3t &893 3299 A (Junction)o] Y= AHEHS
goh 2 o] FY HFPL ¢Fd G} FFHH} Ao

(a) Stainless Steel Mask for Alumel (b) Stainless Steel Mask for Chromel
12l 3.3.2 Stainless Steel Masks
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(3). Micro-thermal Sensor Array®] $4

del #4¢ ot AP slols Quel T AY ML X 4
ZFElolAH o] AMMES Aste FAVIE AT Wi FgoA
JdeE T AA oFols: WE 4 Jul. 19 333 2 AFA Aus
Micro-thermal Sensor Array©]t}.

100pm ™

(a) Microfabricated (b) Junctions of
Micro-thermal Sensor -Array Micro-thermal Sensor Array

a2l 3.3.3 Micro-thermal Sensor Array

v AT 43

B A7 s A u 4 &5 A A2 A X (Junction)2] = 7]+ 200pm X 400pum X 0.5u
mo|t} 3 &5 AlX 9] 4 (Junction) F8-9] &4 37| Stainless Steel Mask 2] 57 <}
A 91 7] W F 9] Stainless Steel Maske] F74 & 442 4 (Junction)d] Z7E 5 4
o]l A2 AEE Y F AT T3 B AT AAE FF S ARESHA o} ghe whe}
9l &= AAME AT & o Tdaed FAHOZE AFHAZ vli X A E 7]E4
AN E o] &3l 25 A5 E WS 4 Q& Data Acquisition Boardol] ¢34 3}H 7]&E 9]
AN} 2L L AIE B o A tho] & 2% AXMYRID 2= AA et &
g exe ud AYg A5 E vz RAG Fart glvh 2¥3.34F 71E9 &5 AT Y
B AlEet B AP st 2H]E Y FH02 A&g v]d 25 A A
EAZE B F3 QU B AP F IFFEAA o|FolHor 193349 A
Standard Temperature= &2 3529 2% 23 o]H Sensor 13 Sensor 2= £ ATl
A Nbg v & AA] o]F o] o]t} Standard Temperature®} 2 Fo| A 7R3 )4 2
E AN GLE AEE06% o] ZE AESA dAF ASFE & F AN
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[o]
2 2
= ] o  Standard temperature
© . o  Sensor 1 in the micro-thermal sensor array
S 15+ & Sensor 2 in the micro-thermal sensor array
£
5 -
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0 T T T ' ] T T T T
0 5 10 15 20
Time (sec)

12! 3.3.4 Temperature Measured by the Micro-thermal Sensor Array

t}. Micro-thermal Sensor Array 2] &7

Micro-thermal Sensor ArrayE 33 22 23S 71X A A A A 234 o] of
- 2rEs 3 91 ES AAFE-0] 7HEdlr] Wi AAHLEE o8& 7HA 5L AT
T e ¢ AFgME & 5 lxe] 5T Calibrationgl o] AHE-3lH % A HFE
AN 2& TS RAFTe Folth. T olfre €XUS 22 AR 2EE 5
3}7] w&olt.
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34. Micro Temperature Sensor Array (MTSA) 7%

o Aol AFo) A A A)Z Micro-thermal Sensor Arraye FeelA wHE ¢ T
7129 @& d)(Thermocouple) AZ72E £H0] 7Mssitte Aol de w4 &

AXAE 7FR3 At Z42e] @49 A (Thermocouple Junction)2 F 7] I44
F F e 943 H=(Pad)E FLE I} vk ZL nlojm g FZEA 1,00070
AR 2=E F4357) AsiAe 2000719 AZAA7 2,00074 9 sH=rt B sHA
Hof. o]AL Micro RTD Sensor ArrayolX= UElU= EZA|FHOoZ 22 o ol A
B AFY 2= FXo] 2o de dddy AFAE AHEste Aol AA]H o]

A

olF3} HL ZFEI/] YA Kim et al[34.1]2 o] 2 =(Diode)E ¥ o]
(Array) 2 A3l HlF @S FFEsted 983 2EE S A& Ax=d
4t o] WHHe 2 3270, AE 32789 gole= ofFolE 3.2mm X3.2mmo] FF
< g £=E 2A4sE Aot Y 2EE FHsted oA A o
S e Ze Fdsted 23

oldl ¥ dAvdAe MEMS7lez A3z g Aores &&35te mlolas
Alz" e 2x A g AdE A AXNE thol L (Diode)E ol &¥ 1A}
g 2% A ool Mdetnt dch

L
o
frt
r_°,
g:’:
—
N
:Té
19,
ré
Xy
)u
T,
otﬂ
‘p‘i
ol
o
I

7k tole = 2% AXY &4 Ay
38 3410 HEole uhél Zo] tojexe I AF(IRFLE ImA)E A7}
S tho] E otk Alolef £WbgF A }AFsHForward Voltage Drop)7t /4o &
=

t}. 3] tojes HAF-AG FAHA-V Curve)dllA] £571 A53hdA tho]le =

Aol M3yt A7|A Hed, o3 A4S Forward Voltage Drop)#o] %7}
FEHHA VoA V=2 WolAE g AT & 3o of9 Zo] 2o oW
A48t (Forward Voltage Drop) Alole] ARAAE oj&3ldH &8 Y &
A HE Aol BE ALold £3F AWFE 07veln, 1T LEAS A
SUY AYAAE VIS FolEA BB T o] G FFRE ows
T ZAo EXA BRE tho]lor MAI) o9} e AL HolAE &) wjEo

[e]
B A (Calibration)sl= Z}do] ZaslA Ao
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2! 3.4.1 The Working Principle of Diode Temperature Sensor

1}. Diode Temperature Sensor Array(DTSA)2] H7

DTSAE A&3l7] 93l 3 22 HAE Fds9th 19 342% DISAS]
@9 thole T & z1dslA ®AIZ ado|th. 1¥342(a)E THO|RTE oA vt}
B wgoln, 2% 342 (b)= thojlese TEe Bo 5 Yot foleE o
A 2 JeERR viel o] AFE ¢o] v (Wafer)oll n-wells A3t P+<}

2 =3 (Dopping)dt ¥ Metal 17 Metal 22 Ztz} 3 Fwako g wjx 3¢
et o 2 Zg 48] &(Polysilicon)-& F33la] 3)E(Heater)Z AL&8 4= JA 3}
ATt olE Ag E 22 CadenceE o]&3la HAAZ HAS 7 o]ol(Layout)
o] BEe 17 34.37%

n-well
metal 1

metal 2
P+

N+

Polysilicon

(b)

128! 3 4.2 Schematic of a Single Diode in DTSA
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Metal 1 Metal 2

N-well*] N+

P+.

50 ym »,,

1% 3.4.3 A Diode Layout Using Cadence Program

ol# gt © rt}olE g ojolX(Layout) S ZT3td 16X16 o 2 o](Array)2} 32
X32 o ol(Array)2 HAE At ¢4 16X16 olH o](Array)2 AAZ # o]o}
2 (Layout)@ HW 19 3449} 2tk 16X16 DISAE o] 1012 o2 167), @
2 16719 tholo s wWES 7IAx gom, & 25671¢] thol2 =7} 4mmX4mm <3
Aol wixjE o] Stk A W o =z FAE BEL 19 sHE Yepdth
o] oj#old AgH Mt EE St o] &8 = & WRt ol IR
Wl X" 47) 9] 3|E(Heater)ol] F3HE €%e Al FH(chip) THY &5& o
dtA Aoste dE 482 4 Aok dE=(Pad)d Z7]e 100um X100um=Z 3 A
o} gdojxy AAZFY] &% =& EYU-L 4mmX4mmXB ot ZL 3.6mmX3.6mmE
AAZ Ho Joh thgo 2 32X32 DTSA thate] A3zt gttt of tspA+=
19 3450049 2ol & 1,024709) TholeE 254 MHE 12mmX12mme g
Sho]] HjX3t=2 A7 Hof lon, 874¢ Z A& 3]E(Polysilcon Heater)Z
F#tel DTSAY £5& T YA AAT +& AUvk 7 SHY AL of 1kee
2 AA7 Ho] Yk =& sf=(Pad)e] Z7)E 600um X 600um= A A Hol Qo] I
7] 7 (Packaging) = 7Vs8tAl AAE st o)
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%! 3.4.4 16X16 Diode Temperature Sensor Array Layout

1Bl 3.4.5 32X32 Diode Temperature Sensor Array Layout

t}. DTSAS] )3

DTSAS] A&< 93] Hynix 0.35um F4-S ©]€3t4r}h. Hynix 035ym F3-&
42712 9] F4(4 Metal Layer)S AMEE 4 glom, A& Zol(Gate Length)E
035um7tx] £ § A= FAHCITh o] FAHE o] &3l oA HAT DISAE A
ety 19 34.62 32X32 DTSAVE AZE HE ez ok a3 1,0247)
o] ol EE 1 AV|Z} Folr §tog B Frb glon, AW 259 |4
E (Interconnection Pad)E £ 47} Ut EgF Chip WHo AFAE 2k oF
T Y oAl vlE ZEZ A E 3] E(Polysilicon Heater)= o]t} tho] . =9]
F& 27 93] DTSAS] BWS o] Bteh. 19 347904 6719 22 ARz
Eo] gole=goln, H-& o] & T E(Polysilicon) A A 2] 3]E o]t}

off off mE &



212 3.4.6 A Photograph of 32X32 DTSA

Diode

g7t Heater Line

50pm

2! 3_4.7 Junction Points of the DTSA

olZA A" DISAE ¢¥Asg d2$ 351, 255 ZAss adad
F HIAA 2= AMEA Y o] E&7HAE Fol7] Y 37] 74 (Packaging)S ST
%4 16X16 DTSAE Hynixol| A A Z 0.2 100pin QFPE 31714 3t 7] wl &l
H7FEQ 7182 FostA] &gt welx QFPE A% E DISAE ofd %W 2
5 FAH 2 s7ie PEY, golE 2% AN HAEL0E ALl A
sith B AFolA ARS® 32X32 DTSAY #7]4 wyoze Z¥3 974 (Flip
Chip Packaging)olth. o W& DTSA H Aol #WFH(Au Wire)E *H3
(Bumping)ste] PCBe} P (Align)siA H@ste #1717 o1t} 200um X 200ume] 7
E(Pad)E°] DTSAS] F=¢} otgg 4= Sl= PCB X dAHA doh. = 2z}
gz} A" AEo] Al X3 A4 E (Connector)Z 2 2 dAAx o] Ut o]
PCBe] A =Z7]& 50mm X 50mmo]t},
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%2l 3.4.8 Photograph of Flip Chip Packaging

1024719 Thol = Fof 3t To]=E MYt 2% AT E Wolyn o]
2x JITE A3 Y FES g (Power)E 3]E (Heater)o| FF3A sl I=
7} DTSAe] FF 3|Zo|t}. o] FEI=2E= =A Analog3] 2, FPGA3]Z, DSP
Controller 3]22 Ud 4 Ut} 3 HAE Analog3 224 1mAY AAFE GAY
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1% 3.4.9 Schematic Design of Controlling DTSA System
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