ELSEVIER

Contents lists available at ScienceDirect
Engineering

journal homepage: www.elsevier.com/locate/eng

Research
Electrical Engineering—Review

EEFMEMMNANA L7 ERAVL ENRARNHFRERE

Srikanth Rangarajan #, Scott N. Schiffres *, Bahgat Sammakia ***

* Watson School of Engineering, Binghamton University, Binghamton, NY 13902, USA
b Office of the V.P. for Research, Binghamton University, Binghamton, NY 13902, USA

ARTICLE INFO BE

Article history:

Received 20 September 2021
Revised 7 July 2022

Accepted 7 October 2022
Available online 13 April 2023

FL T R AT M A B IR TR R SR AE LR, iR A SR (0 e A SR R R BRI WA o S R B
(HD W] BAFE 5 B G CRAT 2 s 1 A ) L 28 Py B e o B M 2% (¥ = 2k (3D) B Al HL % T S B
B AR BN, RIS RO Ok b AN E 2 25 0, S B . AT AT AR BT T B 4
WAL T B AERTT 5 LRI SURIE N B A BP0 7 B8 (KPR BRSSO 378 B AR
B TGS R BRSO S BOE S T . R 1T RIRN R TR B A e G g AR
JRURE RS A PEATY 8 5 3 B3 AR B St DA B 55 TSR RS 5 R (RPN I s AT 9% . ASSCIT iR 1R A K

XA . Spriiiete s . N . NANAEAN

lelren VR PRI PRI 3, DL LS. B2 0 R T30 613 O 60 A S04 S0 A RO BRI .

N T ©2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
H;‘ : I/\ {7 Education Press Limited Company. This is an open access article under the CC BY-NC-ND license
BB A (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. 51§ SERAH—2[18]. DAL, A R B ELAS 1 ol B 2 A R )

MR 5 IR B, RN [ S “Al— LR P
FAp AT 2RI —88 07 [1]: Bk, “AA A7 Tz
ML T B TR R EE A HIBOR,
—ANYAE B R B YR T % . RN ZUR H SRS TR FH 4l
& S AL 241 B SR BT IE[S—7] P AH 5 KT IAT[8]
EARRHA CRMEAD [2]. BEAHI[9-10]. HEFEZE
RIE[11-13] EBhHIA (14151840284 2 16-17]. T
WAL FR AR ANZN ) PR h AGEE N N, DA R A
BN R AN RS 4/, AR H R G B AL AR B &
IERR R L., XA S, BT EIE
B, MACHERRETH AR D AIRR] T HARIR, X5 EER

* Corresponding author.
E-mail address: Bahgat@binghamton.edu (B. Sammakia).

RIg. H—MRREHZE, - EERIEM 2%
%, HIFHE B M ER HD 8= 484 R H g (3DIC)
[19]. B8R AT HRERRE BIRIGEF AR, X1E
mtERE TR U, X RS B R T
EEM A ATE—HS, B T RS RS SRR, &
G (R R4 AR 5Bk B PR X [20]. 7E3h 1T,
A FTREH B s B IR T BRI RNS (i, sk
B ERA30KkW-em?MEE L2 KNTkW-em™) [21]. &
AR R G BRI R (TIMD,  7Ef## 1 i 74
WE TS T — N0, 502 5 I H E I 4
T

IRA R AR AR Z R, Wil [22]

2095-8099/© 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company. This is
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

YLCJFE 3L Engineering 2023, 26(7): 185-197

5| A< 3¢ Srikanth Rangarajan, Scott N. Schiffres, Bahgat Sammakia. A Review of Recent Developments in “On-Chip” Embedded Cooling Technologies for Hetero-
geneous Integrated Applications. Engineering, https://doi.org/10.1016/j.eng.2022.10.019



2

JoR o — R IR GE A0 A5 2 A% S BRI T XTI
TR HFEFHBARCH R AR B2 TR TR
(CVD) &R, MTmas Ay il s s sk
FLiE A AR, DA E T b 2
Bo BTN 2GR B B A A U e (T
FREAEE RIS A (R B ALK 4D AN i bR A
Tk SR XA T XA R A A3 E 2R
FERCRE O b7 A A P 2 OB TE R BT, BV <6 e
FrIEAERR R A E B S AEA R A T 1F B A TR
i< v H 45 k9 [23-26]. T A — 2D IR L SN,
FFAEER 2 TR HEATIR AT B

High thermal
conductivity films
Thermal
vias/interconnects

Meterial choice

Thermoelectric
cooling

Conduction-based
technologies

Embedded
cooling
technologies

Microfabricated
die

IConvection-based
technologies

Printed metal
fins onto
substrate

Two-phase
(flow boiling)

Immersion
cooling
(pool boiling)

1. SRR AN B R IR [22]-

eIk NGRS I S GV S S AT E v RS e ]
ICHRBE LLRS 500 v IS e R — PP i IR B
BRI R B R EE Crf DME N #lE %, ]
REVE NG SEE) . TS B s T g e
S A A B S A (0.1~1.0 Wem T -KTD, A
RN % 2 AR R, B TS ER, MRS
THPERE. 3 TAE S BRSO P R
L[], LA AR T AR I 4 WA [2,27) 3 A A 55 (28]
SRR E

SFRAR A IS HEAR, W ZIEEROEE 17,2911 48
=% (3D) {TENA A [23-26], BEEERERA
b BT HARMBENE AR TG 2R, REH
WnfERE EATEN G B S BB MAER i b . 207011
P DA B AZ AR S 7 A X A I A2 TE A X I A &
BERHER. HT 2 REMEREOC, BRI RIS
HEANEE, WA E RG] DAEB/NIR 2 R8T,
Bk N LA SRR DU TAE, By R ix et
B, MoRAERRNE, KEARFHIRENER, HE
Wz A T HRFA RS, AERRKMEERRTER,
WEPREDELEE IBMD A A 1)KL ZEnnitire 196, 58

M, RARERAL B 1, — e H P TR A K
AR, I WARER 7 &P TR, W Novee FTH 703 .
XA R AR LLKBE B B, T HLIE R B AN R ER AR R A
PR (RIFERE e, BRI Al s, HE
TR A . 28 35 fit 7 o0 T om0 HARX A
PR Gt A b s MR B s ) TR ) 78 B L AL

RN TV IR 1) s B R BR ) 1 H 2 R, s
AT A . R A AR 2 [A) 75 2 K
P BENGE T2 WEEME R PP EREAC. BRI AT
L IBPEAIE R B RS o X B —— T8 2 B S IE A2
FNA)——BRE 7R BN B BRI AR, R
BZMAN—BOAN, KR EA T4 & AR R
g b NN EAE . A EORTRAR A A 1R
AR ERGEH LEGIBR ], I 10 o 220 8L A 0 3 T A
3D T EIH A A 64 E A A B AR AL

R 48 LR F R #AVE B TR 7 2802 — NI R AT 2 B 72
PR/ABHAR (R4S TIM — B E A PR EG  BD,
K2 FR. TR HVEFIER — R 70K .

- T1 (FER D HRSRKA AR RIS b

-T2 (HR2): BHEKANBIRNER b

< T3 (FER3): Sedbryiiihs GERIE/ED;

< T4 (FER4): ALGUEREIEHIRA IR

XA R T, B R AT S RS B AR T
58 AT B b B B U & B P AT I TE R YA B
(T4) o XFHERCRI A HBRAAEA AR, =5
R EVRRAR S KRG V2 A0 R T Im VF 2 Pk . A HiHA
WREA AT SRR EIEOR . AR, AR R A AR BV R FH
15 7 At ARAE TR R BEROR S 2 96 1) R i AR
PALEAT AL . B T 2SR EBT 5 IR BB BT H 4
RN ZE R s ke FH SR A 5 A Bl AL B A — AN /NS A
X3 A R

WA BB IR . S R VE BT =, R
BRI INGE DT SR, T e, A e AT
WA M. o, KN mrEaesE, G 7 RaSKE
ISR CHIhHEE) L. Tuckerman Fl Pease [307K5 it
PRV NS B AR ANTERE b, UEBE TR AR T S
71°C, il s LBREIER 790 Weem™. B MAL I
MERE, S FARARE J), BIFEA %S 18 55
it 3 A ARAH S BRI -

IAT ) R R RO (10 25 BRI 4379 9 55 W em ™
175 Weem™?o AR F0E A RT3 45 KA Fl
TV HUHR (T4 AR EE KA Phbk . 75 AV AR A%
(TIM 2> 2 [A] ) TIM PA R 4 8l e B MRS Fr 217 21570 1)



Constrained by overall footprint and height of the package module

Constrained by available
area, height, and pressure drop
(fin/channel geometry)

Constrained by

Constrained by
« Minimum required BLT
+ Available device area

Constrained by

l Constrained by

T4: heat sink/cold plate

Optimal [micro channel design + fluid] to
minimize total resistance
m—

| BEEAEER

— —

T2: embedding cooling solution
on the lid

High conductivity TIM

cooling solution I

Active device/cores/ device
multi-chip modules

- Fluid choice (strictly dielectric)
* Microchannel material (same as chip)
* Total available surface area
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Total resistance of heat sink = conduction resistance
+ convection resistance
+ caloric resistance (1)
Total resistance of the spreader = direct one-dimensional

conduction resistance + spreading resistance
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FC-72 56 1.680 1.088 0.057 0.38 88.0 10.0 0.0016 1.72
HFE-7100 61 1.510 1.183 0.069 0.38 112.0 13.6 0.0018 7.40
Water 100 0.997 4.179 0.613 8.55 243.8 72.0 0.0030 78.00

cSt: centistokes. 1 atm = 101 325 Pa.
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FIATAT M, AR T A E RIS A 2, R FLAR S Y Huh
B ST FIAEH AR AR IRIE N B, 1§55 E5SH
SCHER[47]9 B HIBR G B 57T, BB At s
Ab, May S5 [481I0UE B T3l ik B vt B B dE 5 22 0 A AR
THIFEAT A HA RO AL A A

WFFEN LR T BB 5 0 Bl B B e 2 R )
TIM # 47 # 50 H b5 39 b ifi 45 5 TR B A
0.15K-W™',

El M Tuckerman Al Pease [30] ) IBM #ff ¢ 4F B T 1 FH
il ¥ 771 R1234ze [29]1) P9 A 42 1) Aol i fid v 77 = UK, &
X B ARFARF BT T 7. ZRGMIR A RIEE A
340 Weem™, & [ A iR R 22 8] 10 b AE 2 B
(4.5°C). fE120 kPaltf, AT 3X AN 5 His & 1) #BH N
0.09 cm*-K-W™' [17]. {EAERENE, ZMAAZRF IR
#7278 T Tuckerman A1 Pease [30] AT 1IE B ) B AH 7K FR #5
A, AT SKAHE, V2 ARR A T
BARRIZ R ARG R TR 77, EATHIIE S 30 AR
BRI InmA IR E, AT U N sh s i
Pl

PR FE SRR o V4 R A /N PRI A 25 B A R FAR THT, T
52 VR (A S, E IR I ROIR S T R IR R A Kk
(T,- T,<15°C, HH T ZEERE, T, &WAE L
JAE e i BOIRES N B G 34T 4 A1 [45]. W55 R 21 S
0, 5 AR T ARORN 7 R I fe 7 AT R i 485 A v AV = 1 R
71, CARCREWEAE — AR b 2 AL i 22 /S 5t 55 5t M 1)
7o WV E BER SRR WM ) (04 ) R FEAR N ey G
W5 70~300 kPa), /NWEME 1 5 5235 5%, DA AN AT Ak
SARBEN RGETEBE T B . /K A BELAE AT I 5 4G B oA
0.10~0.12 cm?-K-W™' #1525~945 W-cm™ [49], I EEHI N
0.16~0.21 cm?-K-W™' 1 357~490 W-cm™?, FC-72 ff] N
0.45~0.60 cm?+-K-W~' fil 65~83 W-cm™, FC-87 ] 5 0.49~

0.63 cm?- KW 1 79~90 W-cm™2, %6 %~ T #4F
FE ) ZEANFARSEAE (RIBEHE SR8, i, WG
HAPEEIBHRE ) (4510 5121k .

BITUEW, FIH K Z FLIE (600 nm JE, fLiFo <
140 nm)  AJ LAHEAT Z8 R A A, /K B #A BELRT I 5 #hod & o8
0.15 cm?-K-W' fll 144 W-cm™?, JREEFI N 0.055 cm?- K- W™
F1550 Weem™ [8,50]. ASCANEE T — AN I8 IHE W 24 5K SRR
AN BN GIR AL, B I FLEAT 2 R . AR SCIEIE B
T AL B E ARGl E (FIA2.7kWeem™), I
BN T — BT 6 AN GOR AL L 45 R [51]. 7 EX X
Pk AU 2% B B AT SEPEREAT R — A, RN EAESE R TS
P EALB PR R, TERL N 2 PR AR S B A E 1%
AE[50].

B A AR FIREROEE T DL LA 7 sUR S %
F AR HIE T8, BB 1T LI % Kandlikar 25
[52]1HIHF 5T« Tuckerman 1 Pease [30]4i F 1 &% [n] 57 M 1938
ALz CREAEN) o XA R A 3 R R K 4
BB —TIOK, RIS B P 55 9 T 20 Bk (] 2 T L /NI 2
Fio BbAh, S n) S ik 200 R S AR AR I ], A
IX L AR R Tz R AR o & ) S T DL
VR SR %) (DRIE) RS8R, 1% AAd i %)
ARG S EIR . A 1T T AT LS ik
40 pm-min”' AL DRIE %6, JL 2~8 pmemin™ [ 7
ZERE A SR, BT OSBRSS, Tk
ERA R ZI BIG IR % L, R VRS L L
A5 IR N A A2 A58 P e R R 1 06 B2 A [29]

AT EAEI R EEA R m AR Hir. &
i, Rajan %F[S3]VHR T — Mk N XA R LT &,
PR ZE Sy s Dh R B = i A B — 3 4) o A AT
AR, EMZNEDRE R E AR A EI AT LAE 1.5 om?
B Fr DXk N 77 A 0.197 °C - W AR A BE . B 7t N BRAIE
B, N WA AR AT DAFE AL S IA 200 W e om™ [ 5] 38 #4
i,

7£2012—20154F, Bar-Cohen 25 [54]30 i B4 41 5 &
BRAEGHLE GERAAED, B RIEEMAE T %,
ZAER H bR R B IRA A H AR, LSS kW-cm™
PR AGEE . MATIE RS T SLBRRE H bR P 5 T
KB A LAE . Woodcock 55 [55]UE ], JW i f# A #R A\
7£ % % _F [¥] Gen 3 Piranha Pin Fins (PPF) [¥] HFE-7000 []
W, WA kW-emP RS HGEE CORRSA
3.95 mm®) . NasrZ5[S6UERH, i /NG B 4 R134a
MBI, 1€ 4.7 kW-cm™23E Bl 3 AT 25 5 AR5 v i G
o CHMEREEZIE 5 kW-em2 1 Hbr. BFFCA Rk



1, HHOMZREIEEET 8. Mandel 5 [32]i 14 %
F—Fp e AERE b 0026 T B OB E AR s R 58,
AN T 1 KW - om ™ (1 5 #GE 5 HL AR AR I N U AR A
HIdFE . Back SF[311# 7R 1 — M ihZI7E 6 b0 BUE o iE
REf% o E S I A, HLAR R 660 Weem ™. HifF
Fu N G HFE-7100 {E ik, JFA3H4518, BIORHS:
T B8 R HE A B T AN S AR U TE

4.2, BT MG BN T4 H T %

EARIE S RE B Z (N 304 H L4 R H 35 (1A 2
E71[17,29], (HAEAL G0 3D T BN 3004 0 58 s 0 T 4R
WARZE . 245k, TEr IR T ED AR A S 35 B 1)
FORBERA N UM 5 H 2 G ST G BB E
[23-26], ¥ & @ IE BB 2R DU B b [57-61],
DL S v H 2 B AT BN B 4 B [14-15].

EAE A — MRS MR R AV 2 A0 A0, i n CaT B
B Rete, JF Bl AR Rk i) B 4RE5 & . 28T,
FERE AR T k. RERIF=RAREAK, A0TRext sibr
e AF S AT ROm T, i HAbA R A B A S s i 5
P, R R ARG 500 A R v AR R 2 B PR
FFERT R o XA AT 4 SR Y i i 74 5 3% B A G e —
NS A b, SRR E F[S1]. Xk
T AR ERR AN A EIRE I (sl Gl A H
MED 1%

TG R E ERE s B 4R BRI i
A HRME ARSI N o TR e SR ale 5 T35 13 1) HA
BRI SCHR BB B, A A SZ LR T T2 mT LASR (it

Y HFHH AT DA BRAR S  TIM 2 8] 2 38 R RS R R . B2
FHAE v I BE 1 [ 44 42 8 TIM B 7] LA K41 0.2 em?-K-W!
FOFABH o 20K [ A 42 J8 TIM BL#E 223500 B — R BE2R 1)
o (481000 Weem™) |, XUFESE — A0 F i TIM
(TIM 1D i AT . 25 S AE TovA AR Bl R AH v 50 ) 1
B, SR AR A 40~60 °C, R 2 P i 5 i 1Y)
WAEETIM GEdER SR HEHEE0.025 cm® KW,
TR, BHANAES B 5 1) TIM 1 E#E 25 °C Y
NIRRT Y8, 349 M55 1 B 0 R P T B
1R

— IR FLR ], O AT Lo ST ED B R SR L.
it i AR AHEST B — FMIA TR & 4, ZA e 5ETUE
TERIEAC B, SRS AE T AT B0 —Ff iy 5 e &2 8 [62]
BAREFIRF G ZAA SRR AN SR AR, RE TR
i, ARG ETUHERRREE W Cu. AgELAL

9

Bl BT PR BOGAE A (BRI B TD, EREE
JEEVRI RS RAG flE IR EN SRR EE (R
i T 100 nm MREALERZ) HITEE T RERVA 28 BT BV
RELATF R IAE[23-24]. J3— M 7327 i Al i i ) B 2%
RUTIA I JE 45 )8 AL R = [57-59]

B 14 BoR T a9 TAE, KTark FEEHTE
FORETIRB A o O RS R G B AR R SRR, 1%
S04 JB WO T EDHLIG 73 2 9 BRI 7E 100 pmeo 2RTAT, A
FERY, &R Lo g FE B0 4 e HERE N 1~
5 um R 0L R FT EN[63—-64]. XU, AfERE L
AT 75 AT BR BT B PR AT DU T80 43 R 26 IR 4T BOAL
TXLLFT EIHL AT LA G oK R 22 2 (1.5 pm 29 |
BT 8K (500 99K T HED AR J5 O 5 5 T 7 1A
(AR G BRI 28 B & & & &40 . FBOEY R A
HRAE ML, ZWEOEY A E T B B B 51 % B H
IR ] DUE IR LRI AR O 3 . FEIX SL G
i R 2RO AR A B ES, JRIE T @& mE 7 umy B
A 50 um 544 I BE

FEI 14, HERAAB LT RS TENERE b (FL2200 pm).

EEARAE L 1) 4 8 AW BT T LIOE S 3 A4 o) 3 R S
[65], {HIXFf e v1-4 41 A 238 44 il i e A3 1) B el =X
REE . I8 I B4 @ ERIEAT T 7E BT R W,
FK B R R B EE M R BH /N T 0.03 K- W (AR
P B e IR E A 4 em® B0 RSHEED [26]. X R
EEARB AR, BUHEARR B ER & B &%
I ARBE o 34 1) 32 1 55— AN 8L 7E T 13 ¥4 BB 1 R
71[66]-

JUE SREVRZI A A EE, 30 S A DR o 1 M
PR E S R E m I SRR GIA, (HEFEEL
(AT FUSRAE B IX S R, #f 52 vT T R A i S, e
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HL - S A R A RL ) 3 AR B 4 MU R,
M= BRI SRR (L2801 Wem ™K', X T
2ROV £400 W-m'-K' (4R, Ag). FFkk
TR, MRRENIAEMARA SR CRENSRREN
2200 W-m™-K'[67]F1 1700 W-m™-K™") F|;EHF 7N R
KINHR . (FHEA S SRABMARL, @i oy
BRI R IR, HFEACE AR T A S .
TSR IR RE, anEAR . A EBE . ECERE R
%, B EEEEILBEAMRE, AERRRREZEREK.
HL R ) S IR BRI IR K. FERA R TN SRR
B, RBRENSHAECON140 W-m™-K ' EM A
SR T R BB A 15 A AR BT PR AR [68]. B{LER . InP.
B SiABRAGEE IS R H0 529 50 Wem™ - K
68 Wem™-K™', 140 W-m ' -K'fl1450 W-m™'-K'[21]. R
MR B AR YERE AT R AP A, (R T ERE . R
g0, AL EE AR OIS A4 AR 40 5 R I RS O A T2 2
XL PRL I AL RE T e 2 ORI, B, 4RI s
3R AT R R ER A (30~600 W-m™-K ™ .
G WA ORL 2 [A] ) ST 38 0 T 0.0001~0.1000 em?- K- W [
FHAARH[69-72], XA BT TFARE. AFEETH
MR AR E & 14 s .

— NS AT BL — A B 2 AR, A
PO B E . K, DRERRE R Ay
SIVERARH B e BAREOR, T RuEE
MBS TR | b SRR URURD R TG IR AR B 0
H, ASRARETE AN X Sk, BN EATZ 3]
A HOA R MBS AEIX RGN T, HE AR AT 5

T ARG LR, DR AR SR, HE
X HLAES P A2 8 AR A R H 2 3, X285 i R A
Ky Bk, MEHRGEES THIRARA AT EZE, D
TRABLAT & APLIRCE SR . W & R 0 T AR o & 15
P o

AR R ] 5, (R AA T B ) PR IR 7 22
I SEI T EARAOTERE,  PLSEHLIRA S J R GRS
AR, SR B LR AR (8] B STt A

Henkel LOCTITE 3874 (1.25)

Shin ETSU G-1000 (2.4)

Rl s XK I s B & . T IEAR e 3
R L2 18] ) ST AR, BIEAE B ST FEURE FE ) 52
FefhRH b, WAAES B /1. % T — M pI RS THIBH 77
ARG VEL T8, BRI 315 2 WL 55 SCik
[69-74].

B BERAE F  BO R R T LB HEAE = S AR 2R R A
KALF IR BT T4, DLJTE H 7 3R 9 N i 4
FREIMRL, A HRGE T A AOE AR [4,19]. B,
SNIAEHGETE M SNA LRSS T UESL[2,27,75—

801 A TiXseHi RIVEGN AL, BB HETUES
S 3CHR[21]

B 5 O R 2 HL B, AT B 504 H R

BN 55 7N A B (T2/TD B —MiBERfg k7%=, L
TR R OB B . Radmard 25 [8175K FH $ Ml 5 VLR
T HAHIRAS K AERE 3D FT B R 1) % [R] % 36 A8 Ak 1) JR3 50
Wi . SR FHARERAE N R M kL. AT TAER B, AR
HHMERET, —MEERIALERE (AD W3IME H
FRARAL 5 2 TT DA 2 PR FABH . B 70N B AE 52 SR I
T4 em® B AT INAGE 3RS T 0.26 °Com® W' 1)
B -V AR B S T T4 AR BCRGR B 1 CA
0.58 °C-cm?- W™ A [Fl—Wf 70 /INL[82]7E — AN Al i)
A BRSSO SRS B BER T AR . A
ER AR BN 26 T R 44 4 em® 5 3R 1F T e /N
AR ABE (90.21 °C-em?- W), Fallahtafti 25£[83]7E
HFH TR #il s T 464 R R RR B HEAT T A N T
REORENRAL, K51 0.2 °C-cm?- W I 3H . B4R FH F7 %%
G J5L DR AE TR AR i ik S8 R et 7 20, BRI A 0/ 34
EEITREREA — AN REAN D, X/ ME T SR A BE
orE. FAPHMIFRARIA TR E SO (RIAR B AR A TE S
R BEAR D, A E I A A RN A ) X
B, SECE DR EIFR . MR, AR
FHe R, XA RAATE R A SR M. TEIX
SeiEAL R, RS S sAVER M IVEMR S, Fik, REX
P B R R, RS R i R e R R LS A
PR A . Manaserh Z5[84]7E A # S Ay S I

In (81.8) Cu (385)

Ag (406)
%Cr si Al & ¥

= a2 2

N 10'

Shin ETSU G-775 (3.6)

Ti (15.6)

sn 102 Au 10° /

Annealed pyrolytic graphite (in-plane, 1700)

B 15, AF TR S MRS (A Wem ™ KD,



X 3D 4T B S AT 7 A N TR 2 B AR AL
W FEN GOIE R 758 2R J 5 A EH 5 0.23 °Crem® W

3 [37,82-84] b 7 i iEat “ v B iR AR A
HR G RSB 7T AR

K3 X FEIRAAAE RSN SR AR F RN A JH AR A e
K Ik RE ELAE

Reference ¢, (Weem™) gp, (Weem™) Ap(kPa) R, (em’-K-W™)

[37] 300 20 30 0.25
[82] 800 150 10 021
[83] 800 150 10 0.20
[84] 150 20 2.1 0.23

gy hotspot heat flux; g,: background heat flux; R, : thermal resistance; Ap:
pressure drop.

43 FANRAH G kg

F T AH G T e VE AT IE K R A PR, RN AD
Gl it AW IG) SR Z2 3] 7 oeuE . i e I FAGR T b s
Jt e B 5 R 2 (BEC), AT LA IR 2 52 i o 90 i 1 f
BRI CRE IR HGEE R B R RED . NE4Hx%
TRAEREP T UHEE S, KERMRR (FOM) J7H
L

AR P 3 VR N S04 E HOIE AL B A TR B KRR
JE R E I IR B (b)) FIG A #HGERE (CHF). Pa-
til F1 Kandlikar [85]38 i 75 fuftf L8 3 1828y Tl ade 438 12k i AR
LR Z, B WA K 3G it 9 96 B, AT SE TR &
Y5

BT A KA G B IR, Birbarah % [9]7E
BIRHM LA TALGNBE, FHAEHKERNA T i
ATRE T 390 CHF HAg 2611 by o

Xu Fl Zhao [86]i ik 4 FHl /- Hi PF-5060, 5| F# % 4 )&
TUR, BERR TG . TR BN BRI OK R B B A
BEC 17l A 396 J#5 1 PR PR AH OG5 8 0225 SCik[87]. 3 4h,
il 18 1) BEC FH T~ 042 ik i PHL ) BRI 5162 17 AT 0 %8,
WAe R 2 ik B 2 SR B = (A AR PR (CHF Ay o VR
LN R CUE T, A PR ET R A A A% T 2 3D 4T
E[) BEC 1] LL[R] i #2 5 CHF #1 A,. Wong 1 Leong [88]1EH ,
¥ BEC H. 23D 4T EfE 4L 1 F ] L1531 107 Weem™ [
CHF, XM B R R E N 1.5 W-em™2-K. MacNamara
SF[891K H T BEC [H 253 M il i& H A, FFE B CHF 340
1 300%; AdATT SR B G R N T I SR I ) —
ML Gess Z5[90]1 ] FC-72 #EAT T RG LR N A H)
Wt AR ARAEIFER B, THTRshf
T N ST . B ST N B3 A R AL A G r BEC, ki
CHF 1458 70%. 32 4 [91-991VE4H 45 T AR H B A &l

Wit HE R I BEC IR -

N RSZER AT AT M, OGBS T LS R
Haghshenas S6[100] /] T4F . fEX TR 7T, WF 50N 0143
ke, B EEEE O R AT RE T G RA
Bl . SR, BEFCN SR, SRS SR AT 2
W R A . Ramakrishnan 25[ 101138 i 236 AF 72 T 25
WA RN A HHE PO ERE . M3 SRR,
PR NV AR B AL 1) R B 5z 7] o

UG LR, SRR T A B4 8 45 K1Y
SRAVEERRE S, (BN T IRARAHEAR, Ui —Lecm
Wit B HE &

(D R DB AL E, B RvA IR A 5

(2) PRAbREE TR A s 2 FLEs ), DLk K
AT 115

(3) MRLESE, RO SeBlIAE#, RISt
R EMRIRTT R

— Rk, XA EIT EREIR A AT DU iR A ZRA H
U5 ZHIH B THR R S

AR SCONT I8 I A AR AR O I S IR A A N B R R
FIAR S SC B BT 1 AT . e T iz oEE .
31 3D AT EVRIE i 2R T 2ot 7 VA B st N s SRR

(1) AF A B4 E057) HFE-7100 £ F o N o
e S G R, AT DU ECGARE J1ER TE & 1020 Weem™
(FABH: 0.07 em®-K-W™D o 75T 500 # R0 4 sin #4414
T, AT LAYH BRI 900 Weem ™ R Bt HGE & A A
2700 W+ em > [l #4 fi A i .

(2) JEIETE RN S kPa (115 I K F SR AR A K,
FEMS F EFTERE A AT LLEL 0.2 em?- K- W ) $ BELIR 4205
L

(3) FFH /KA A BEC, It oy ik i 1 5 AR N
Y Ha] DL T CHF #5d 300 W-ecm™ (0.01 cm?-K-W™),
SR, KT A H U MR B B BEC, AT il CHF 14 £ £
150 Weem™ (0.03 cm?-K-W™),

(4) FARIIE R A RN U8 H R e A8 A R 1
S, AT LR AF AR GWP AR S B RE 22 8] 13 5

(5) ARG T I8 N BB T IR N A E ) 2%
Tl o s 184 5y 72 AR Rl BEC i 2 0 It RE R 15 3 O B
Wi o ISk 8 A )3 1) BEC il i 2 — TR X I AR

IRANA A, A SRR E L, 9 B LR B PE IR
B, KRR R EHE RS # & LR 58077
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Boiling enhance-

ment method Effect Description Fluid Conclusions/ design guidelines References
Surface roughen- Increased 4, Effect of entire surface roughening and Acetone and Localized roughening decreases the nucleation [91-92]
ing localized roughening are investigated ~ water site density but increases 4,
Macro fins Increased /,, mini- Fabricating/ printing square/rectangu- Water and Optimal fin spacing is different for water and [93-94]
mal effect on CHF  lar macro fins to increase surface area ~ FC-72 dielectric fluids
Micro fins Increased CHF, in- Fabricating parallel vertical fins and in- De  ionized Optimal fin spacing: 200 um [95-96]
crease in A, with clined vertical fins to allow more capil- water and FC- Fin width: 200 pm
subcooled inlet fluid lary action and facilitating separation 72 Height: 35 pm
of liquid-vapor paths The micro-pin finned chip with submicron-
scale roughness on it reported the highest heat
transfer performance in the high-heat-flux re-
gion. While the wall superheat at boiling incipi-
ence was strongly dependent on the dissolved
gas content, it was little affected by the liquid
subcooling
Porous foam Increased CHF and Fabricating porous foams with uni- Water and ac- Optimal PPI = 60 (fluid: water) [97-98]
hy, form/gradient porosity on the chip sur- etone Low PPI foams have better thermal perfor-
face mance at low surface superheats, but high PPI
foams have better one at moderate or large sur-
face superheats and extend the operation range
of surface superheats (working fluid : acetone)
Sintered copper Increased CHF and Water CHF value of the high-temperature thermally- [99]

particles on sur- 7,

face

conductive microporous coating at 180° is 4.5

times higher than that of plain copper surface

PPI : pores per inch.

EAVRADYSEER N T i, Wek e s B ik, DLELHR 5
PR GE AL 51— D EEHBER R, AR
SR 5 EON B G R A B AT L R AR BBt
(1o SXLEJR KRR 1 AT AR A A T IR D AR
W IAE U IE o SRR i N 27 0 SRS LR AT
R I SR R FAT ML oK (N, 75 2 5 ey ) i
L R ERE AR SRR AGEP RO Rk (80 R 1
PSR, L EIREES AR AT A CAERAR B T30 AN 2%
Pl R IX BT R T AT T A B S, s
LB 277 R A A V2 AT

6. RRILIF
EHN SR EN AT B TR, AR A RV BN

A UASR A I K B SRR RSO foe /AR BT A o AR A AT
AR T BT R 0 T S AR AR DR S e sl e S e A A

FasE M, UL BB AF T2 T A I A N e 21
it kAL RE ) A B T B U R )R
SR v SR ik e PG B IEAE IR A AT R ARoK
(IR 7C B R CRE R VR N TR B URBh AL, DI Rt it
TR, iR eAh, ERREXF X MR X
EFCRBAT NI L VA, DA S St 1 5 R
R SHEAR R I LB FI P o I 75 ZETT K FOM SRIT Al ¥ ¥4
AR TT SN B E AR 5 XU .
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