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Study on Heat Transfer Characteristics of Thermosyphon

for Electronic Equipment Cooling

Takayuki Fujimoto

Electronic equipment cooling devices need to be able to be installed inexpensively in high-density packaged
equipments such as 1U-height servers. Also, these equipments need to have enough environmental resistance to
meet customer demands of usage in high-temperature environments around 50 °C. Furthermore, from the
viewpoint of cost and weight reduction, even these cooling devices need to be made of aluminum.

As a cooling device, a thermosyphon has attracted attention from the viewpoint of cooling performance and
cooling power saving. A thermosyphon is a cooling device that uses boiling and condensing heat transfer to
effectively transport heat generated from elements such as central processing units (CPUs) into a heat sink
without using a power source. For cooling CPUs, thermosyphons have been studied so far, especially those made
of copper with water coolant. However, the cooling performance and reliability of aluminum thermosyphons,
especially in high-temperature environments, have not been studied so far.

Therefore, in this study, we have developed the aluminum low-height thermosyphon for cooling high-density
packaged equipments usable at around 50 °C. We fabricated the prototype of the aluminum thermosyphon with
fluorine-based refrigerant (HFE-7000) and the boiling surface that has a porous structure formed by micro-curl
skived fins to form reentrant cavities in order to enhance the boiling heat transfer performance.

We verified the effect to enhance the boiling heat transfer characteristic of HFE-7000 on the aluminum
structured surface with micro-curl skived fins up to a heat flux 10W/cm? (typical condition of CPU cooling)
especially dependence of saturated vapor pressure and number of micro pores on the wall superheat and boiling
heat transfer coefficient. And, we evaluated the cooling performance and reliability of the aluminum
thermosyphon when exposed to high-temperature to determine an operating limit temperature.

From these examinations, mainly we concluded the following.

(1) When the pore number density of structured surface is 833[1/cm?], the wall superheat reduces to below
1K and the boiling heat transfer coefficient enhances to around 100kW/(m? - K) at saturated vapor
pressure 0.14MPa.

(2) Basically, the wall superheat decreases as the increase of the saturated vapor pressure, however, in case
of the structured surface with skived-fins, especially at low heat flux (under 2W/cm?) and high vapor
pressure (0.18MPa), it tends to increase due to the interference of bubbles. And at the pore number
density over 833[1/cm?], this tendency becomes remarkable and at 1250[1/cm?], an instability of the wall
superheat occurs.

(3) The cooling performance of the aluminum thermosyphon at a heat input of 100 W is quite stable with an
intake air up to 100 °C without an excessive temperature rise of the boiling surface.

(4) Under an actual use condition of the thermosyphon, fluorine ions due to a hydrolysis reaction of
HFE-7000 is barely generated, and aluminum corrosion due to fluorine adsorbed on the aluminum
surface barely occurs either.

(5) The operating limit temperature of this aluminum thermosyphon is around 50 °C from strength
constraints and generation rate of fluorine ions.
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Fig.1-1 Increase in heat load at different structural levels of mainframe computers
since around 1980 [3][4]
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Fig.1-2 Heat generation density per module of mainframe computers [5]
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Fig.1-4 Vapor chamber for CPU cooling [9]

Fo, =TV AT+ NIZEE TOMBEO W BZibl) , BE (T =4 —) TOMBEZARD
EEAE, 72D ONCHE N E DB R O 2 B ~DEFRICEV DR BEGm LA TIH DO THY, ZitE
TIZH— R EEEMO CPU BEIRS/ AT —F Y 20— L0 & H 8 R S0 2 SR
MENTWD. Z2DOELUE, BT 12N DTV TH—~BER 2, 7 7LD 28 Iz L 2
[P ~PEBE ST LM ThD. BINCIVIRRIREATOTZD, BEBRIZEEH L0 57 I
FTHLEVIHIKIEH DL OD, BHEFHTHIDICT 4w 7 NARETHY, R A LR
ERIR (BT DB THOIAMYITHRIEESN TS, £z, b= AT, VAT LERO B
PUOV NS, IRV IR I AN B B O R K Le W o D Bl it SRR O HIFI 23 D 72w, Bl
{BENE O EAIC RV ZBERORZ AT 7 s (BAE L) 1IZ R DB [RA A KRIE I A =775, ZrEbn
ST RS . LNLRDE, 7250 LB IR OB T AN A& 72 D728, Bk & O
ARKVEEDEERIZLY, WA AT I DKM OB W I1IZ &> TR E RS CEMRE 23 R AT REE
ROGENDD. £ T, RRIREEIREREE DL o — 7 B —F AT 12O, TiLE
T =D R ORI shT&7z[10][11][12].

Fig.1-5 1%, H 8O 2U Y—3 HA8000 (2010 4) » CPU W HI IS - — 7 Rl
—EVATH10]B IO — MR OB R, A7+ W OB X CTho. ek, TUNET —#
BUH—ICRESNDIEET Y7 (BilE 19 A2 F) ITHEHRINL P — BRGSO R/ AL THD
(1U=44.45mm) . YA 7+ ERITEEM 2 a0 (HTIC L0 LB AERTHY, mEizidks
HEHAL TS, SERIZESIL TSI, K F X TRESNAIRIRIVUC LD E T OB EY 2
I DI,

TR CRALTZARKUIIEE (T4 ) I T 7 AR EIS U CHRER L, RO B £

5



BT D, EREEDHD 2U =" ~DFEIED 0, KRB LREE L FIChE TN TE
L. = SNO2MED CPU IZXLTC2HEDY AT 4 HFREEL, A7 7 ATk A S/ CTHEE (T
TH—) ZPLESEHIET CPU NODOFEEERIL TR AT DZLN rRELRY, l@F Dt—h
DA REEARTT 7 BREHIBT DI LN TED. 728, RGO B I2IE, i
DFIAEATL, BB OBMREMERRZ ] ST 272D IO 2 LS S iE S T D GEMIEE
k) .

F72, Fig.1-6 121, KA — N THD 1U +— 30D CPU (FEEVE 95W) O HITIC, EBRAYIZ
Y=V A7+ a2~ [11]. Y — SERO S SHMES, P/ N 22 M Cm g iR 2 2Bl
HOICDITARE LR E K CIEL, WThb RO H LT 22— 7 2T 572E TR
MESI TNV, JERDE— U I X DmHTGTRUTHAT, BHIB 15K 65%HIB TEHEL TN,
728, WIS A AL CTRY, EROME RSN R EE O SV TR
SN TURL,

¥, TNETITY—30 CPU W AIMIHIZ Y — B A7+ 23 i FH S 72, Fig.1-5 T/R
LTcA AT 4 DR THY, b — e EFHREEOMAIR> TERTLTLHZ SN TWDHE
IEE A2\ CPU DODOBEENIL T 7 AKX —FEm AT 52T 768 ERLL, HIE %
I 22 BT R E A, — AV S D80 B2 <, VA7 42 BAROA B A8 i b —
F 7R IR TEAT CHAZEN T HER B X HiLD. IANIEANEZ FD DT,
TV 8 LB IERAR R O B T — A T 4 R T DM BERHDHEEZD.



Radiator

- Fin

Vapor tube -'

P
Condensed
liquid tube

Heat receiving part

Radiator (Heat sink)

Vapor tube

1]
r

Cooling fan

————

g

e ———

Boiling surface

______

\.....--"""-'-"’i-“"-a

[
\,

g Condensed Condensation
Heat receiving part ~ CPU liquid tube surface
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BRI C LD RSO KR H 03 4 B E BIAA DL, BRI ~ B R Sy TR AR R A3 -1 it 24
FELL I LR IUE, RN CREBEIIIEIEL CLEIZEN S . LLARRS, Y= hT by
BT 4TI, B VAR N D HFEE % IR T 2L R EE N 2K T 280850, Z2ZiE
BT D LB EINME L L TR DOERICESRNIENE N, FHIFYETADTEA 2 ¢ 2% 180 ET
BIVE, ZEREED KR AN M & 7257 TE G032 S o[ 15][18].

e
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Fig.1-9 Reentrant cavity [18]

FEHHRE MRS A m L L T, D~V TRRIZTI U M My BT 2 AN T
R EFER T HZENEEND. Fig.1-7 O —Fx/ /L E X Fig.1-8 T/RL7Z Gewa-T I,
BN TIC DY = R b v B T 4 B LTZAB BN E O — I Th 5. Wb BRI S & E T
FYETADEIISITEY, HFXYETAINEDOZER (b L) THWICEIBSATWS. FyET
A DR TR P EBOTEIRIE, FLIRDOBDERT Y MROED B, W b mBVEEEE XL T O
HR DN FICLDEDEE 2 HILTWD[18].

(1) V= hTU MEIEIC LR EVE S04 T ORIaE O L 02 E vl
(2) NERELBIZ LD B v B T DIEMEAL

(3) B RV A~DIRIED 5| XA T

(4) Ry RV INTH COHRNED 5%

(5) Fr T 1 (b VB AR N HD KTEOHEH

(6) B STl D % 2h

PL BB ARTERIDNG, MEEICFESN-E R (h— 7)) © CPU (i HIAF I —F A
TAATHERATHY, ZHETI H‘~/\(A£ﬂ%x1‘%% (DY —F Y AT o NS TE T
FTo, B O WSS BRI Z SR E 2R T 228 T, FrETANICRIAZ 2 ERIITIR
FFT 5283 TE, JW/NSWMRENE B EE CTHREAE T2 mH T 520/ iEL 725,
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1.2 PERDHFZE

PE)II5IE, Table 1-1 (2R3 & D @ MEREMIB AR O HARIIKIL T, [Rl—ORERIEE TEDOW
EPEREZ SR AL T 5[19]. E?&@iﬁi@ﬁ@ﬂﬁzﬁig%ﬁ%@, =TV, BEREE,
MO T 728 CTHY, MEEIkE R-113 ThA. Fig.1-1012, k& R-113 D REJE F CTORfI7—
JVEZHBISIZ 3N T, AR BMIEE i O W s h 2 3 i & Hi L O3 [19].

BEMEHERNIIL, ZAEBEER T D2HEM OME, BB, JBOIEE, 22, KL
DREGEATREIC LS THEMEIZE(LL TS, BT HRIKIZ /5L, R EDEI S IHME T3
HEMD LD ThD. Ee, F—BE8E Tho>Th, mDRAWEDFIED=HKE R-113 THEHERN R
DERLYENEFF 3 5> TD.

Table 1-1 Specifications of high—performance boiling heat transfer surface [19]

(a) %
ot
nFiE NFENE: PM¥E %‘n’%
(u=] (==a] (-]
BR/P/SN 350-0.94 350 0.94 0.36 ]
ME/P/CO(HF) U.N. -0.25 0.5-0.65 0
CO/P/CO 103-0.38(HF) 78-127 0.38 U.N. 0
CA/P/CO(HF) U.N. 0.25-0.38 0.6 0
CO/~/HA - U.N. ]
MO/P/PL 45- m:40-50 3. 2 -3.8 U.N I
MO/P/PI 35~ M;:30-40 3.2-3.8 U.N. X
CO/M/WR U.N. U.N. U.N. I
€0/ =/MA(MBC-0.6) - £h: .6 - 0
Co/-/MA(TE) pd:80 ph:0.6 - 0
(b) R113
F/SH 130-0.9 130 0.9 0.82 0
%Pﬁﬂ 150-2.9 150 2.9 0.65 X
BR/P/SN 350-0.94 350 0.94 0.36 0
BR/P/PI 500-10 500 10 0.36 X
CO/P/CO 103-0.38(HF)  78-127 0.38 U.N. 0
CO/P/PL 530-0.53 530 0.53 U.N. 0
CO/P/PL 214~ 214 0.43-0.64 U.N. 0
CO/P/PL 115~ 115 0.35-0.46 U.N. 0
BR/P/SN 318~ 318 U.N. 0.45 0
KEK/P/SN 224-2.2 150-297 2.2 0.66 0
CO/-/MA(M6-0.6) ow:100 fh:0.6 - 0
CO/-/MA(TE) pd:U.N, ph:U.N. - 0
[(A)/(B)/(C]
. (B) F.774s— UN.: T
() a':!,;'%:ax N £7¥va
CA:Rad Pny fh: 74 ke
Co:#® ov : MOk
ME: &K [C] CO:5—74>7 pd : MO
MO: EANATN HA: T ph: FrANEE
NE: 4w 128% 1 |
PE: #)x¥L ¥ gﬁ:ﬂ;*
WR: B EoH
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als K als K

Fig.1-10 Performance comparison of boiling heat transfer surfaces [19]

Kb BVn I BAL TlE, 2R ETIZIHEFIZZLDERNPITHONTEY, 2L OB ERE AN
RSN TND. FEARIITIE, BT HR g, (MBS EVE A AT, s Lk TRENA(15].

q, = C - AT (1.1)

ZIT, CBEUMITERTHY, FriZEECITIRAR DRI AR BN O R 1 S 22 EITKAFL T
5. EECEMET DL LT, AR EIREOM AR ICE > TR EDEERN 125 BT 528
MWTED.

F72, BB EVGEE LR DU E RN F- L U C, BB O AL AR 4 720 O KA A KT
BRI R BBENFETOND. IR BEEN, /A, B q,, SRR EVEAT, & OMICITR
DS T 5 (N, R 8K, ARV E O HiFE) [15][20].

Qp = Cp* AT,g - (Na/A)® (1.2)

22T, Cy, a, DIFEHTHY, [LENEH ORI, RAROTEIE, KOS SE i3 E ik
IELTRNNC Lo TRARDEZ LS. a3 L ODOEE, 1)IIHORFIERE R[2118Y, Btk CTa = 3/2,
b =1/4, Ltk Ta = 5/3, b = 1/303EES N T,

T, FIIDIE, EHSEZEZ T8O, 725N, R IR ZIE TR 2 G2 5% T 7
RO T, K, R-11, IR E R A2 KREE T TR — VIS S E 72 EBRAITV, I
BB A RO DT ETENGRIR, (R BN I BNEE A6V m 50 TR Q5[ 14). Fig 1-11 (ZHH0H
ZHARENE O IRE R T, ZhUT, AR L7 aEVE 9 —E =/ /L EJ (Fig.1-7) LA UM

<,
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TIHEICIVEYESNIZb O THY, R TITEREL 220 (b 3L) 30V, b v L iz di@s
HHHLRT) BEERITONTZbDTHS.

PIISITALDORESELEZTFRZATI ZEIZEY, Wil T OB RO T HIZNE L TRzt
RLTWD.

ap = (ATw/Cq)l/y(NA/A)_x/y (1.3)

BIZIER B R-11 OBA, €, = 1.95[K(cm?/W)3/5(1/em?) V5| Th%. Fiz, xBLUyIZOW
TE, x=-1/5,y=3/5 THY, (1.2OELFRIBRIA Y 5.

d; P
A pore 2 tunnel pore
‘° L / !
outer surface&
A A
. A &

4

SN
T TS
| N AN

f_ Q\' " -.\ 1‘ } N\ i

Fig.1-11 Geometry of surface structure (Thermoexcel-E) [14]

BT LB, Fig. 1-11 OGN T1H 0 X2 & M E T A 72 B O o AR E B L A3 T8
THREERIC BT, (BEVEHEET VA2 CVA. Fig.1-12 IR T X912, K805 4B IO
WY A7 T T OB RS 5H[22][23].

(1) h> RV N COWRNEZAFENZ L D) J1 2R (phase T )

(2) ho VB AR BO KB O BERL (phase 1T )

(3) IR O RV NOJE K TIZEADARTEER O E D RN ~ORR RG] Z5A Z,
BIY, BIEAENIEIRD IR EDHEED T AL (phaselll)
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phase )
liquid-vapor
[ interface

II

Fig.1-12 Dynamic model of heat transfer on Thermoexcel-E [22][23]

—J7, BRERSIE, BN TSN O T RIC K Z LB I R mE A ]E T 5 HIEEREL, 743
OIS DOV TREWERE DR ERN R A WS L T b[24].

RRER S DBLERETIE, KA 100 u m~200 u m DT A= AEAK T (B4 55 A1100) 38 LU
PE100 p m LA T OuwRRLT- (A4004) %2, T VI=0 LG4 (A3003) D HAL FIZIESHKI 500 um 12725
IO D, D LICTFOIMELT-AT L 2B O 2 A — EDREIZR2 5918y,
BZEayfHTFN T 10%Pa~107Pa DEZE R TrUAHF AL TS, Fig 1-13IZZ VBB DR L
OWrE E G2 RS, ADRL7Z) = M by BT 22 HA L C0D. I RI13 2 W RGET
CTORIFIT — /AL PP FEBRIC LY, IR S U TR B IR BV 23 1/10 TR 52 & &t
LTW5.

Fig.1-13 Surface and cross section of porous heat transfer surface [24]
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FTo, MEBRMEEAL, (WFPRICEE THOEVOIRHEND, 7 H# R ANEMEM 2 T B (2
PERBD FEBRAIMGED, 2 HEFEDOMICE O HE SN TS, 7y R ARG BHITKEERL T, BYR
WA IR NSSEMBEMERENN S D720, AR B 2% 1m0 | S 2 i3 H 2 LS K0S
PERBA UGE T DA H S TN,

Mohamed 5%, 3M #8107 v F R RIEEB B CHL 7Y F—F MEC-72 V=T L4 uh—Ry,
773 CeFia), Novec™ HFE-7100 (/AR 7 VA vx—7 )1, 5313 C4FOCH;) , HFE-7000 (57
T2 C3F:OCH;) 2 B AT, $ili D7 — WA IR EWERB I DWW TR O DMREEZ AT - T
%[25][26][27].

SCHR[25]ClE, HFE-7100 % FAVNT, i8R isig B4k S 8 L OTR A BR ) CHF
(Critical Heat Flux) (22T, (g OBERHA A b &K P (0 ) 226 T i /K ik (180 L)
FCEZDHEMT, BT 7 — )V EE OK (BAFNEBIE) 75 30K ETEHE LIZFEBREIT > TS, BIEEE
PERBIZDUWTIE, BURME L 90 FEAD 180 FEDHIPH T, faFfibig7 2N 7 77— /L ik lig 16
A FE OB RIC IV E LT D28, R FE 0 25 90 FE OFPH TIXEfMB L U7 7 — L il ki
GG FE 0D BB IFR & N - R BASRIC OUWTUE, fFndbigds L O 77— L dtic, {6
R 0 BEND 120 FEETITMR 2 IZIKFL, 180 B Ch/MEZ R T2 AL TN,

SCHR[26]CIE, EBRALFHT IS KOS EM ORI ILVEEZR T, FC-72 Z W7 — Vi
I§ DARENFEERZAT S, N6 L TEMR LR S SO R A BAGI SR RIE ( ZHE R 2 L2 fEad L
TW5.

SCER[27] TR, RSO R D80 01 GRS Ra=0.039 1 m~0.58 4 m) D
HFE-7000 OZBBISIREMERRIZ DWW TIRGEZATVY, FRFEER, BVRELRETe S ONTAR B i 2
JEIZOWTEEHSIC DI AR A TN,

723, Mohamed B, KUEBENLES, BEVAIREVE, BVRERE7L LI E KT R OiEES
LT, RlENERIBEE, RK[MEOEE, (KR -TEOE TERLZHEE : BEOM (=Boiling
Figure—of-Merit) Z7# H (ZHE L TW5[27]. BFOM fEREVNEE, BN aEWEREE R4 L
TEY, Table 1-2 [ ZEFRARTEEAE 3 FRICKIL T BFOM fEZ L= £KERT. ZOH T
HFE-7000 234¢H BFOM fE23 i<, £7z, R&E FTOWMRD 34 CLHRSFIRITEWZEND, FFIC
CPU Oy ria A (AR FIRE) Z 8 EIRFERE L T ISm A4 556 121%, HFE-7000
DA PERLNEL TN,

F7-, Fanghao Hi%, Rz Var0F /UAY—TCTa—7 17 LIz HUBROEERZ AT 5 5
AKOwA7aF ¥V (1 RKEVOFES 250 1 m, 18 220 pm, £ 10mm) Z VT, HFE-7000 O
BN D FBREAT > CWD. [FISHEER 75 IE O~ A7nTF v/ Ll LT, B &R 1018
kg/(m*+s)~2206kg/(m*+ s) DEIFAN T, BUR BRI HE KT 344% M ET22L5HEL TWD
[28].
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Table 1-2 Physical properties of dielectric liquids [27]

Physical Properties of selected dielectric liquids at atmospheric pressure

Saturation Property PF-5060/FC-72  HFE-7000 HFE-7100
Boiling Point ("C/K) 56/329 34/307 61/334
Liquid Density, p, (kg/m*) 1619 1385 1387
Specific Heat (J/kg K) 1094 1317 1241
Thermal Conductivity (W/m 0.054 0.073 0.063
K)
Surface Tension, o (mN/m) 8.64 12.84 11
Latent Heat of vaporization, 96.4 133.8 113.4
hl’g (U/kg}
Viscosity (kg/m s) 0.00044 0.00037 0.00039
Vapor Density, p, (kg/m™) 11.4 7.13 8.1
Average Molecular Weight (g/ 338 200 250
mole)
Boiling Figure-of-Merit 7.86 x 107 1315 x107% 11.98 x 107*

(BFOM)*, o/L p, hge (=)

*The reference length in BFOM, L = 1.0 m.

RIT, P —F VP AT+ AT DHRIEDOWIED T T, FRCE 2 MAIRELT A7+ 1T
B B2 DUV T )R T,

SHBIX Fig. 1-5 T/RUTZ CPU AT O L — 7 R —F A7 4 o OARBEWPEREIZ DUV T,
FBRFE R AW 2L Cp[29][30](31].

ZOW, K291 TIE, REMERBIC KA TR EENE T AD B ARG 5720, Wi ChHKIZHR
HIRIC B REE AL, ZOE ANEEZZE X 12 LD REVERRDO B LD SV ERFL TS, —
MR, NEERE AT A T 22K RN T D2 & TEERE R EEREDME T 970280881541 T 5. CPU @
D a iR E A ERRERE JOHARIR (100°C UL ) ICHER 51213, KERW = —T Y17
2T, VA7 4+ W E KGIELOBIRNE ) THMES T2 MR HLZEMD, RIS ory
TR N IR— IV ISTELET U, AT 4 NER~ZER MR AT DA HEM DS 5. B2 1%
ZEVE 100W ORF, 228 ORI 20% TlE, 22K BELOEA LI L CEBiEBMm B R 50
10%K T3 2L DOHENRIINTND.

SCHRI3LICIE, SZ B E BT (T =i —) D RERER 28 % 7oV — T BRI — B A7 4 L AR
HEL, A7+ HERSETBEOBBRENE O R T AT TN (REGL) 23R8 43 DR L5
ATKEDBRE BRIV L TD.

F72, Webb BiE, T A by 7RI A 2 — oW — ST VB (B R-134A) F5 Z O HY
(R) DY—FW AT+ 25 EL (Fig.1-14) , 528G 100W FFO(REEREIZ DU T IR R HE
LTCWB[32]. ZOWN, TARBY AT 42O T, BB ITRIES 45 1 m DT L= LK
DBERER (BEREJBIEE 400 2 m) 2 VTS,
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BIARDIX, NT—F TV 2 — L (PM) E O & H )8R FE A 1T o /NP s H a2 s E L
(Fig.1-15) , WHIZROMERME FE 12T D HWEBEDREM 24T > QU A[33]. M EIERIE PM 2SEO f-H1)
HNOMIERE LN T 7 AT KV EE RIS D ltfise (FV =& —) bk S, 704
—ZIXHBEAI A ONAEBIE OB T 2L, 27 AL RERICENS LS —]
T EBRAL NS, £z, i X—7nuh—R (n-CeF i, KEE FOWA 56°C) 2 HL T
WD (BEROMEIERI) . @ B I8 BR T T I 28 KU LA i 2 A E 8] 572D DK (Flow control
plate) ZF%I T2 LIZXY, MR OIEERZARES LD TRB LS TND.

Tusss (Rear)

= Ceramic heater
P (20 x 20 mm)

Cal
Tu.:;‘:_ :,Tnl

Heat receiving part

Fig.1-14 Prototype of aluminum thermosyphon for cooling desktop type computer [32]
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Condensate flow Flow control plate Vapor flow

T C——.

2 . ' WSS R l'l'l'ﬂ‘ “

Radiating fin

. \ A\ " \/
Multi-stacked W W AT TA AN nuuanuu‘.‘.'
radiator cores ST AT .'al —
- A PP TR L.
- LSOO IRV —-.1
'_ A NS VY — H
e e
l - L N YYY YV YYYYY YN Y ".l'l'l'.l'l'l — ’
B A A AT llsunllllllktl_
Condensate
return passage
~
Thin refrigerant 2]
tank e
Flow control —
plate
Heating —

element(PM)

Thermometry of condensating part

Fig.1-15 Cooling unit of power module (PM) [33]

o, BARGELSN EmAG G LIz —E AT 41OV \T%%Oﬁ)i&%éh“(i%”), B2,

B DIT KGO L BIEE [T DNV — T B — AT+ EL, BEULE

BN RS

DRBH LR ENSEEY O FE~EEIE T 572012, ZE 25 E FRICEE T 5 B
I (b 7' e—N) O —FH A7 4 AZDOWTHFIEE T CA[34]. B, 2N OIIgIZ L
VARSI R RO N EEEE) )1 oD AT 4 AT DN TEREITV, KK IA B LERE) ) OR%

[ZOWTHREL TV,
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1.3 BFREDOHB

IO TE BB DG RITLE, B HE D @58 1 I2EEA b, FEENVE B O KM 134 % bkt
FTHETHRIND. LI T, B/NERITTROBIRIC CPU & OFEGE T E2MEITHILM 6
IR EAN DN T SAADBIFE DR D BTN,

P —FY AT+ 13 CPU R EDFEF F ORI L T7 7 A T—HEMAITL2E A HETHD
ZEnD, ZETITH— "M AHICH RO — e AT+ RBE S TE. Ebig, —F
P A7 4 TIEZ B OB R ENE O R IR Z # E LT A2 L TIRAVIR AL 2/ NS5 81
&Y, CPU Z LRV EMEIRE CLEBMSE LN TRETHS.

LinL7eidh, ZRETIHaANCR BAN—R e E OB TIE Y — IR EN ThH-oT- L5 hE
DER. IHIZ, ITF, MiESCEEZEDDHIM N T VI ~OE X Z 2% )5 TIER{EL T
WHIRILIZHD. LI TC, IANCIREALD S TEAL T, B oM mEWERICHERD T LR D
TP A T F R T DT T EMNCEROHDLIEEEZD.

F72, BB OEEEACINZ T, IETIELVIBE: 2 SRR CE SN L E I EE
THIERROONDZEL D Iellan. BRI OHLT —H X —NOH—"EThHoTh, R0
BB L AT UMY — NEOBRERIUZLY, S— Ty 7 O B R miRT) 7 (B2 E0) 73
HECHZLLHD. LInLeh s, ZRVETIZERRE TO Y —F A7 3 QIR OV THREGE
STl .

ZIT, AT, BHEEROBHPHC —FY A7+ BAIERASNE L, HHIAN—
ZIRA PN IR DB EN T LT T A — B A T AT B R RIEL, SRR b ost
THEVAT 4 Z RGOS EAVEREZ 1\ ESED2L, S5IC, BIRERE TOT I AT+ D
ST D Ml = 1a g | A B N g SV R N = R O R IR

7mE, MBIMAKEE AT 2L, TAI%R U CIREREIED K FE T AN T 2L ChEff R B
REMHALT D RREMEN DD LD D, MK D RIES IO DS, FFE7 o BRI ThHD 7
o BRI HFE (N Re 74— ) 25 L.
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1.4 AFRILORERL

VL EDOWFSE B 8920, AR SLOM A N ez,

1 E T, FROERELT, MBEICEESNE TSRO BAEIROTFE OB mZRL, £
O H TR TARIRLEE 25 CO B ENABAL 2 —F Y A7 ATV T BRI 36 L OWF G427 LT,
EBIT, Y=Y A7+ ZBEOVERRN EOgEE7 D @mMERRI IS B EAE IOV T, ZRETO/MGE
FHIER U, Fe, TEROBISEEL T, MIZ LR A A T 2 USR8 m IS B3 D561, 25T
2, BT DB R E LT —F A7+ DRGNSV TR,

FlEfgix, 52 BECIE, FHHRICER RIELET A —F A T4 O IEARRZ R _ DL HZ,
A AT AR TN T KO 2 AU A T AR L 72 7 /L B0 h i s B it o0 B 7 ik »
ok, SHITRELE 7Y B RARIEMEATE O Ra 7 Lt no—F L) | BIEe T L= AD {75
BICBWTHEESNIEROEIZOWCHIBHE T 5.

5 3 BT, MZ LR A A T MO L O WIS R BWEREZ R T DICh b, st geL
THEMLIZT NI=0 LR H ORI 7 — VLU IS AR B RE D FEBRE AR L, FRICERZAR KUEN
WIS EEVERRIC T TR OV TR T 5.

B A T CIL, S LR E G 357 A= MeE & W7 — VB IS AR B RE D 52
B AR L, BAFNASE D B L T TR Tk T DR BVEHE DN R, IR SO, S5iC
VAR AT AT 2 361 DT RO | B S <P IR B D MERE T IINZ DWW T 5.

%5 ETIE, SIRERE COT AR —2Y A7 4 O P HEME A G572, 100°CERr %z
ERRICHEBRIC KR EEEE D BB OV TRETLZR RATRL, &I, TAI=T AERIGEHHG L
DIFREICBITATNI=T AOFEVEIZOWTINERER 21T T Rz R, b—F AT 4
DOEEFR TR IOV T 5.

%6 mCIE, 7AIBY—Fh AT+ O ARIEL T, (5 Ry N — At BT, B ERGE
LB S B2 D D FEENE T A SR L T2 @ B BRI AR DT A 7 4 N LD H D FBIMEZ DN T,
TR A LI AR,

BRI, 3T BICTHEOZED LT RZ RS,
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ot Y—FW AT+ DA R

2.1 &

BT RO SO EERE RO SNDRIUTIBNT, EEROERITI/INESL, FEEE 1T
KIHEMNHD. ZOIZARIUTIBNT, JIFE TR/ IDZ 2U H—230 CPU AT EL T,
D)V —T R —FH (7 4075 F & C&7=[10].

— 07, kSO E EAEOBLELY, ST L IM OB EHZ OBE MR AITIE L TS
i, h—FT A T3 EOHENT SARZ DN THME LS OWALIZ L~ T, TAUbE~DOERD
BRSROOLN TS, ZNETIZ, TAZTHIPC 728 D CPU B H &6 BT AR — (7
O EARFL SN T2 (G 1 3 Fig.1-14) [32], (K HY— R THD 1U H—3 (Fig.2-1) i
EARYNT — VBRI Y, 5 P S EE AR O AN I i S 7= 7 A — A7 1%
ZAIVE T,

ZITC, ARFZETIE 1U — 30005 2 N — #2872 E OB H FE A EL, KR TT AR
WOV —FEP AT+ EFHUER, IEE1To72.

Y AT 4 Z B O UBRENE I, B ORTAMEEC IR B R B L A4 ) /N S<F D720,
AHAT T 42 ORI LEA IS LIl 2 FUEE 25 L, BERIIT A= L5800 Tff
FIZEDT AR —{RtEEE LT,

F70, JAKITT B LU CIREREIED K FE T A% RAESE CEREEEWEREER S LS E 570, #i
IKUADIHIEE LT, B AL P2 E PRI, BREARMORWRE Y m AR Th o7 v 3
AU HFE (ONARa 7 v4 ez —7 /L) O HHE HFE-7000 28 H L=

72k, KBTI T —Eh A7+ 0%, CPUEEAE 100W~150W) DB HZBELIZHLDTH
Y, Fig.2-2 \Z" ¥ 31T, B L7 i fEI k323 BV EER L R (B 1 % Fig.1-1) [B][4licdk W
T, R CHATE SIS A M AR R L L TS, REEIIIIERO BT CIIKB OB TH 5.
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heat load (w)

Fig.2-2 Target area of thermosyphon in this study for chip cooling (based on [3][4])

Fig.2—1 1U-height server

-White mark : Air cooling
-Black mark : Water cooling

L | L | LA |

Water cooling
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- for chip cpoling’;
* -
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2.2 VAT7F DHERER

Fig.2-3 \ZELT= T AR —F A7 0 ORISR R AR 7.

RELHZFITT, (%H§4B?A@%L’ﬁ'§‘5 BERE, BT 4 BXOEB 7 4B T OB (T~

H—=) DBRY, 52 EGER & B I A R S BB R B 23 % 1A L Cilil 3 23 s CEINLD. WhlE s EL
I CHRAE LT AR 2w, (5?%‘{%74’/0)2%EJ:T ST 42 Al D A1 ZE KU KD e
WALL, OV EZ I L T B~ IR 5.

U = RDEEZE LA AT 4 B SEMEL T D70, ZEERE B 284 4 D i %
LU, TSN CAR RIS B IR RV TS ®T 95720, 78RR % T D72 12 Fi i 24l
WERIZE T, B LR —EOXZ 7Nk E LTz, 2 TT A= LG4/ THY, B2 X
A1050 (W7 /L25R), EIRIT A6063 (Al-Mg-Si %) TH5.

BEMIIT NARO O HFIC I —FEEES L. TAROa L, TAIRM OBEAS IS X
DHELEOERNT A0 M EH LU IV HT TR E, IEVEO R Troif Ol S Ll LoD R
AR TOREETHIET 2L T, auM BN ET 28I K0T ARG ST b0 ThHDH. AR
TEME CIIEZEn o AR L, BEZEE 10 °Pa 0T L7 B 220 PN CEWLERE ) 600°C T—
fEao i EiTo7.

B, vt kY, By HHEOMIZ  aay 2ERGHA[35]. Jany ZIEIF RSB
KRTITONDID, TAIREITIRSINABCIEOF B L a T 37 A &miciih s, avft
FBRHATZIRNEVH RN H D . ZORMBEOMRREL T, v RIS VIR EIZT T 7 A
EBAALTEE, auMET7 AIEmIIHNSBLTWA. LLENRD, KREHEIVEL N T2
TElicBW T/ any2iEE TS A, 77y 7 ALITav i 3l s B m %G 7 o ClitiiA
Fr, ALBAEREZ LB LS CLEIEENRELT720, HKIIZT7 Ty A% Wi EZEary
FHREEBR AL,

UBISEEN Y, @V VIR EEWERR 155728, AR OV —F /&)L E LIRS Z LI R
EETHGERE L. 2RI %R T 5%, 7AI= A48 b (A1050) OBIVE Z LN T (A A
TIMMINCEDANAT T4 %=L LTz, N E OS5I 30mm X 38mm Thb.

BB DEERE 7 A BLOVER 7 21X, BEMEEZZEL TP A0 ZEH L THvik 42
AP —RT 4w Uiz, EEiE 7 4> DO~HEIL, 742 EE0.2mm, 742 B[ 0.8mm, 742 & 9mm
Thd. L2 T 4OV 7 1> LRSTED 7 4% 2 B LT, BT (L Z i igia L0
HEKTDUENSHLIWD, BElE 742 D F IR T4 iR T TS,

F7z, Fig.2-4 121%, 2 fHD CPU Z2—fEL T AT 2282 EL CGRIELI Y —E A7+ DI
Wamd . ZBENC BRI nEE A 2 KR LI PREZ AL TD.
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Radiator(heat sink)

Heat receiving part

Refrigerant
encapsulated tube
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(micro-curl skived fin) _(corrugatefin)
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Vapor Condensed

\ liquid

7

=

=

HFE-7000 >

(i — Y
Heat receiving
part Air-cooling fin
le . (corrugate fin)
65mm

Fig.2-3 Prototype of low—height aluminum thermosyphon
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Boiling surface
(micro-curl skived fin)

Boiling surface
(micro-curl skived fin)

Heat sink

Homm (corrugate fin)

Heat receiving part ‘ /

Fig.2-4 Prototype of low—height aluminum thermosyphon for 2CPU cooling

2.3 WEDRE

MBETHIKRZE N T 28, TAIZRL CIEEEREED K FET A% 3 ESEH 2 & TREMR A BWERED
BT D RIREMED DD . 22T, MK O ANEHGEED F155, 3M RO FrE 7 o ARG T
HAH T FZEBATEMELTE Novec™ HFE-7000 (A Ru7 LA —5 )L, 45F2 CsF,OCH;) Z3&E
L7-.

Table 2-1 12, RFEMZRATEHGBEEL T, 3M RO BB (Novee TV —X) OYPEED ik
a7 [36). WTNHREE, 25 CERE COMMHIE THS. ZNHDH 0, FHxAIIZH R AR
Z&, FRBEBBLOHBANKEL, BYRERNENIE, SOIKOBERRENDIRNZ LB S
AREEATRH$52LE LT, =T OV —F A7+ D EH1T, CPU mfi%@b{’ﬁ%ﬁmmfiu
T CIVRIRIZARFF T 5720 O FEIZEB WL, MO AIEEIRIZE W REEL. KDL
BRSO GG, R KRR T 272010 A7 4 OWNEERIE T 228127250, WJE T T
DOPIESEVERRITNE FTEOVBIR T T 22800, MEZROKH M S CThs HFE-7000 23 ELW
EEXD.

IR, WE OWBRE ST, BICZERBLOZER T OKRGDEFL TLEI RN S.
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ZOFEFERTHLAREMERE, FrCEHEREEREDNK N 352800, WEA—7 (3M Ux 3 (1))
IZTTPOMR L TEHHDOHER L NZFEATHEHLIE, =T AT+ Z28UYET DRI, A7
R E L LTORECHIER A E 2T L Cm iz 5t AL, Wil s A BlE Fig.2-2 T/RLT
LCPU [T A7+ D56 25ce THY, WS EE O OHK I =S 18mm Tho.

Table 2-1 Comparison of HFE properties [36]

HFE-7000 HFE-7100 HFE-7200 HFE-7300
(Novec™ 7000) (Novec™ 7100) (Novec™ 7200) (Novec™ 7300)
Molecular formula CsF;0CH5 C4F50CH; CsFo0OC,Hs CoFsCF(OCH,)C5F5
Boiling point 34 61 76 08
Saturated pressure
[kPa] 65 28 16 6
Latent heat of
vaporization [kJ/kg] 2 126 126 102
“q‘[’li(d Sel ity 1400 1520 1430 1660
g/m?]
Visoosity 4.5%10 5.8x 10 5.7x 10 1.2x10°
[Pa-s]
Specific heat
[3/(kg-K)] 1300 LI £2 1214 1137
Thermal conductivity
[W/(m-K)] 0.075 0.069 0.069 0.062
Stifaes tetisioh 12.4 13.6 13.6 15.0
[mN/m]
Saturated dissolved 60 95 97 67
water [ppm(wt.)]

2, TAR=TAEALT7 vFEZGEE HFE-7000 OIAFEREICBWTIE, 7AIREOE AT
WCHANIRFTL TRBYERSD. BROFIELEL CE, BT OBEFKYBIISCTT AIRE
(AT HRBICEDE R, BEOY, WA TR ING, IEIFK D EW BRI iR SS9 2
LIZEVAEREND T vy BRAAANZEDT NIFHO RERIE £ (L) 135 2 55371,

C;F,0CH; + H,0 - C3F,0H + CH;0H (2.1)
C3F,0H + H,0 - C,FsCOOH + 2H* + 2F~ (2.2)

ZIT, WA= DD R IESNA G IER L R ORFEKSBICHONWT, H—LT 4o r—
TEEIZEDREEZFANATY, MBI FAR S BISKT DUAF K 73 DEIG OK ST EIFNEE) 12
DWTHREIZTTo72. Table 2-2 ([ZZDFEREMED TR 22 TR BAFIEE LI, W8 IR 7wl
REZR IR RIK Iy BT DK B THY, KA OFIRHL T Y 5= ThD.

BAEAKR Sy Bl 3 [ERE DO SEHIE T 35.7me/L Tih-7-. HFE-7000 D% 1% 1400ke/m® TH5
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ZEMD, AMEL 25.5ppm(wt NIAE Y 475, HFE-7000 OfIFIATE/K 43 &=L 60ppm (25°CERE%, Table
2-1) THDHZEND, KRFEAFIEIL 42.5% 70D, — T, BRI~ KIS D3 i E5 i 1%
60% ~T0%FE ThHESIINTIV3T], B SREIR IV LA B LT, IR OBEEK Sy
Lo TTNIFMEITRAET DR ERSNRNEB 2 5.

—7J7, HFE-7000 OHIKDZFRICED T v FEAF L DAERREIZHOWTH FRNTHR R EIT 72, [FAEL
AR NP DT A PR SE R, MK AA L 2o~ 7T 74— XD RIE L.

A MUK O ARFE A1 18 21 AT I W I M FIRO 0.1mg/L LT Th 7.
Fi, WBEEHKERE 5:1 & 5@ T8 T, 0.0002mg/L EAid THE (ppb 4 —4—)
THHIERMER LI, FIRBREEICB W TIE, HFE-7000 SIR1EK Sy DMK RGN E D7 v #EAF
COERITFEE WNEE 2 HND. LOLRMND, MK RIS EIRICRDIEERESNDLEE XD
NHZEND, =TV A7+ P EIREREICIHSND RN L LB EX 58, mIRREICE
TAEBED S FEEIZ OV THIRFTL TR ERSD. ZHUTOWTE, 5 5 B TR 270
5.

Table 2-2 Measurement result for dissolved water in degassed HFE-7000

Moisture saturation
Sample Dissolved water | (Proportion of dissolved water Critical humidity
for saturated dissolved water*)

HFE-7000 425 %

25.5 60%~70%
(degassed) PR (=25.5ppm /60 ppm ) 0 o

X Saturated dissolved water of HFE-7000 60 ppm (at 25 °C)
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2.4 PR CBEmOIIR

Fig.2-5 \ZAIZ LI IR A T DI E E O MBS &, Fig.2—6 I BVE DOTER AR T

Bl s O T~ 30mm X 38mm) 1%, 7/ 3I=7 LG540 HAf (A1050, HJE 1.5mm) DYV
UM TIZEDANAT 7 4 e _X—= AL TVD. SOV —F P AT 4 N TN ETICEEOH
L —Fxs¥ BE(Fig.1-7) T, $it o B2 @<, MTTELZWIEND, BEICLHEaAR
{CIZE RN T NI DAIA T T 4 BRI, AIAT 7 42 TR O R m oLk iIc 7
ORI TR, T4 T 4 RN R LU T AR BV & LEI R 22T S § A 28N T,
THETIZZER DN AT ORI B OEEE L L TIE SV TE /. R TIX, AAT 7
AN LEIRZ RIS m NS A5,

Fig.2-7 \TA=EMAENIN T.OBERE TR AR 3. NN MM IRE A T 58 H ORI SA RMfEHL,
—ED MR (UHAZE Y TF) THFHNZ T - ZEE LTI EIZXD, AR RO MR A
R G- SV COEm A MY AR & 357 o GRS TR SN D, D%, 712 delima s Tl
STZEICEY, ORI L7 o OfE B EIT O T T Ao 7 > BiRL BT 5. 2Ok
R, b—Fx7B/V E LRI, REO FIZHERLIZZE0R (R L) 130, N RNV EARERAN O
A BRI EHILDBRITOND. IR LIZY = NI R BT M S EIE ARSI TS, A
Y, B RIE A AR BN N ISR RSB CRIABEI A Z EALSE L ZENMIFFCED. 2O I AR TE
132 TR THOIOICEUENRE S THY, — &, UIHI A M ET XL BTN L3 528036
THY, BIEEICEND.

RAYELT= T AR AT 4N A LTAR BN T, NEDT7 4B L OV IEIZ 200 w1 m D/ 3Ah
EERL, SAMDULAKRE YT % 400 um LTz, BIHIEO7 1 FRUIEL EERFE T 5281240, fL
S 250 1 mX 200 pm, 7428 200 pm, 742 EE 500 1 m WAL AL IEA TR LT, 7eds, AT
AT T4 M LEDORIZIL 1.3mm THS.

Micro-curl skived fn

38mm

Boiling part (Aluminum1050)

Fig.2-5 Boiling surface with micro—curl skived fin
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i Fin pitch
Plane view 400um

Tunnel

Fin width
200pm

Longitudinal cross-sectional view

Micro-curl Fin pitch
skived fin Fin height 400pm

- = Tunnel— 1 i
)J) D))

Micro-curl

¥

© 400pum

Base metal: Aluminum(1050)

Base skived fin

thickness
1.3mm

Fig.2-6 Geometry of boiling surface structure with micro—curl skived fin
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Rolling process Cutting process

{

Pore
Tunnel Em
Fin pitch
400um
Cutting tool
Fin width Fin width
200pm 200pm

Groove
width
200pm

A

C

Fig.2-7 Manufacturing of micro—curl skived fin

2.5 REDELD

ARETIT Y — o8 G5 B IR BGE TR RSN E s O HZ R, RO 7 1
B —F P AT 4 BFHRICER, RIELIEV AT 41000, HRESE, @E LGB, Mg
ENH DOTZIRIZ DN TR ATz B, IS (Y 4 —), iR % 2T A o —FEav T
IZEVRET52L T, %Eflﬁk‘iwﬂXh@ﬁ@f@m'éﬁ%‘ék%xé

ZOW, ZEOWISEENEIZIX, AAT I LEMZISH T2 T, ML a2 250683 25Y
TURNTURNR R E T 4 BN TICEVIER LT, WS BV ERE DR ELZ R D2 TEDLN, £
DIHFNZDOWTIIEE 4 T THEMIZ R 5.

Fio, TAR=ULG4AL T vHE ARG (HFE-7000) OILFFREEICBITH T AIERFIEIZ OV T
MEEEZ A 32 L300, IR 2 AT T I DU AFK 53 B DWW CHATRE L7k AR
U7z, ARGy B8R0 BE 1B SO LOB AR, TAIE T T 2K LA AL O Al EPE IR
EZZDN, =TV A 7+ PEiREREICIMS LIS BET D&, mIRRFO MBS fiR
WZOWTEaT DREDRH D, ZIUZOWTUE, 5 5 BICTHRFHE AR D2 L1295,
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FHITE TR =T LR B ORI T — VL s (s BV BE

3.1 &

AR L7 8910, U OB I IO, [RENE ORI, ZUEH, (REm IR, <5
WZIHMB BN A F ORI TS A R DU B D 58 % 8 <32 1T H[13][14][15]. 2D W, FTa S OB T
DWW, G20 EEOREE FIZBITDKIANFE AT HMEREA DIENTE, H RO
CPU & HID LB ANAREMRFE DS NSOV A1, ZOFTaEE AU HIMERE I R L
5.

ZOFIAMEFROREIZEAL T, BEVE O R Mm@ IZRIE AR TG ChHLV U M by
FABLEERTDHEDPGERLVE 2 LI TWA[14]. BN TIC K02 LS 2 TR L= 7 L
= MEBNE A KRBT, [BBMEER) RAT OV T 4 BT TR 2.

TR T, BN i O B IEtE 2 R A MREET DI2H 720, TAI=U LG H Lo
T — VSIS IR EMAEREIZ DN T, 7y SR ARTE MR BE HFE-7000 % FH N CHEBRICIDRGEL 7255 5
Zl 3%, BRI A QE MR ENE M EE L RIT T B DUV TR D,

3.2 EREBERBIVERFIE

Fig.3-1 |ZFBAEE DL 2T LR, Fig.3-2 IS AOIME G E, Fig.3-3 (M (7 Ak
Yo var) OB, Fig.3-4 IZHB BRI O G EEZ R T .

UBISA# LIS OUBRE T (T A7 La) & RO BRI TS TS, Bblsiands 4
Wz A b 9572, EH, BB L O EEIZERZRY B —R 2— MMz A, Al — 274K
Z O V7 HESTUTHRAMER T 52 CTREEL TWA.

WBIEEILT V=0 54 (A1050) BO{REE (4451 70mm X 70mm, A7 1.5mm) O J&E FAZHR/L b
FEAE I L OIBIER (R—24R) T AT G b 7a > CTRY, fRENH D28 FRFIZ LS A3 Al i Ze il
725 TS B IEE R, BEYY, RO H0LES (30mm X 30mm) (ZAHAT 74 NLIZED
WO LA 2300 3200 LA S ER R Lz, S ALOFEERIC DWW TR EIZ TR RS, 728,
IR OFR ST, B E T 72N i L[R50 1.8 um FRE ThHD.

AEENEZ T N = ABO 7 vy (EE &R C 30mm £ CHE S 20mm) O _EIZ, MEWEEF 92
BRI MR AE A (B8R 6.34W/(m-K)) TEEL, A7 AI7 vy 7O TR UL BYREM S
FICHEELIZE7Iy 78 —% (25mm ) IZE R ERHEE T 228 THTEDEEZFINLIZ.

EERERIL, S ZARFERIZ T N T L7200 THhY, A ZER ST 2 — 7 12 L0 EIK
G35, A LIZm i HFE-7000 (3E#h S CH CRKE T O 34°C), FEBRIFIIA %
WNEBIIINES DT80, e EERICE NGB L O 2R (3 [UELL L TREMER) 212 T\ 5.

FTo, BERROKIBEM AR T 2720, WIS (T AN v av) VNGRS 35 PNCiE, =
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LY —hBEW O Vo7 2Lz, B L%, HAR F I AERNERIEL, V—2
DIENZ L2 EFRL TWND.

oI, Wi — 22 28 2 THY, fiBhe—X ~DOHEE 220 N EHfEds DO H
IR EEZFHE T HZEI2LD, WBERFO AR R EZ FTEOEICREE T 528 TES.

IR EERIE & TS, B X ORRZNEN 2 ET, MEVKIEESL THEIKT 2—7 DR iR E
(ARG ZOH D, WBigE (7 AN S ay) OIRE, 726N EHZERIRE Thb. ZOW, K
B LRI DWW TR TR —REE (1 ¢ 1.0mm) %2, ZAVLISNE T B BVvEE X (BRAE ¢
0.2mm) 24 L7, PbHSEOIRERIE @I, 7437 my 7P ubo R 2657 (FFE 10mm) B8EO
(RN OE R L THY, BB ERATHI2DICT A7 ay 22T ¢ 1.0mm ORE, fREEHOE
% 0.5mm DOIEZTE R LTz (Fig.3-3, Fig.3-4).

BB BEVERRIZ DT, (BB BNR SR gy AR BN BN AT 0 \ 2 XD WBIE AR IC KV FHm L 72
ZIT, Bl IT AT oy 7R A LT 2 ROEE R O R EMEH G 7 vy 7 NOIR E AR KD
HZET, 7=VZOEANCEVRE M U, Fo, (BB IR EVE AT, o | MR ENENIR LT, & o S Fnif.
JE T EDZETHY, IALVRDT-.

ATsqr = Ty — Tsar 3.1
728, ABMENREET,, | s B\E O R IR THY, (=2 5 (2R A L7 BVE T KD E iE & Bk

Hap N7 =V OIERNCIVE LT, ABAT 74 I A DA FLIE IOV TE, 71
RICIREZRmREE L.
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Fressure gauge

Safety valve
Flow
Ambient TEStl 3 meter  Water
tempere‘t:: ure e < = ' Water tank
Bakelite —{| < - {temperature
G adjustable)
Poly- Condenser —
carbonate =
Thermocouple —
_. ._
—= Data acquisition
sz HFE-7000 system
s Auxiliary heater
Data acquisition Ij —H
system
section
Heater
Variable auto- DC power Variable auto-
transformer supply transformer

Fig.3-1 System configuration of experimental apparatus

=

Testsection

Fig.3—-2 Test vessel of experimental apparatus
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Bakelite board

Boiling surface

Rubber

——
Ceramic heater

30mm

sheet

/--—--—._‘______._/
Polycarbonate
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block

Polycarbonate
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Boiling surface

Bakelite board

Fig.3—3 Test section

Boiling

4 surface

“30mm Iu’
'.;_.'

Front side

. Groove for
- thermocouple

Back side

Fig.3-4 Boiling surface
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WIS (T AN 2 ) ZEROA T4, BAR IV ERNEE 0.2 [JERE L TRITEL,
BB AR AR DM N ZFR T 7o i BEE A OB i (HFE-7000) 2520 2> D O S BER £ TO @S A
20mm ERDIDTE AL, ZOEERBNOEN B RGELSET EH-T5700, FOREZERT
(20 0.5 [UERRE ETHIESE TR OWEF 2R E TR L. 0%, BEENEHOEZ
Iy /e —Z BN EHINSE TEREZG L. 72k, 0.5 JUEREOEZEZIZEOT-DIX, 2Lk

FEZERER B DL, KIBONVHEIRL TSN E U A DB N A LT 72 Thh D,

b— 28 T EEAR AN AREGE A (IW/ cm? B2 ) 255K 100W (B 11W/em?) £T EiF 55
[ CRIANL, 4B AU CRMZA UL Z T EMEI SRS TR BE CRIREE IR T 5 £ TIRFFL 7. g
FARKEOTEL, HiBhe—X ~OHINNE B L OEHEE OB HIKIRE 2K T 5281220170,
RE&JE (0.10MPa) , 1.4 &+ (0.14MPa), 1.8 &£ (0.18MPa) @ 3 FhEEL7z. 7eds, MRENGE UK
(5W/cm? LAF) bR D e 27U 2725 TNT BHRICE D500 SO RIEBITVY, F ORI —

BB ERZNC BT T T OB EER T o 7.

Fig.3-5 |2, M HFE-7000 O fafnz& KU+ iz~ 7. Z4aud, HHICEo THIEEIZELY 300K~
400K OFIPHT 10K FIfE CEBRINHELNIT —ZTHY[38], WEEEAF], HHIZE-> TIRES
ITOLFABIR (R 2 R TERL TN,

Pt _ {A1 (1 3 Tsat) +4, (1 3 T;jt)l.S A, (1 B TSTat)Z.s i, (1 B TsTat)S} (3.2)

PC Tsat c c

ZZIUT, Pygp BRI ZR QT Toqp : BAFNZK KR B, P, : B SR E 7] (=2481kPal39]) , T, : K 54 &
(=437.7K[39]), A;=—8.11725, A,=2.27890, A;=—3.70789, A,=—17.24536 T 5.

Fig.3-6 1T, ERRFFHZI T DEm AR, KAHIB L OMARIREE, BasNDE) (F—V ) D—
BILLTC, fafIARSES 0.18MPa [ZRE LR OB REEZ R T, 1hx IZE T3y —Z~DOHIN
% BT QO S TR B SR 2N B PSR L BN L Tash, Zoofl], KFEI L ORI DR 1%
(ZEFREE THHR 51°C, [E1H7 — U ETHI 0.08MPa |ZZ ERNZIHIEES N TS, W o EER
2B T, faFnZE KL ORI B DS & OEIZHERFE SN TS Z e AR L 72 3D T o 7.
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1200 (Tanaka, 2014)
E — Correlation equation of Psqat
1000 (Tanaka, 2014)
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@ 800
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Fig.3-5 Saturated vapor pressure curve of HFE-7000[38]
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(b) Temperature and pressure during the saturated boiling

Fig.3-6 Heat flux of boiling surface, saturated temperature and pressure during saturated boiling
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3.3 ERERBIVEE
3.3.1 [ES1DF

Fig.3-7 {2 g i O Wb iRz~ 3. fafnz8&JE 0.10MPa, 0.14MPa, 0.18MPa OF5RTHY, %
NI 2 [FOREMEEZRLTOD. AR LI EVREEIC B L QI £ T <0
KRB SINTODID, (BAAE BT R 2 q,, BB R ENE 2 AT, & U CEARMICIRA TR END
[15].

qp = C - ATqg, (3.3)

ZIT, CBEUMITER THD. EECITIRIBOFEREACARENE O F M 52 S IR TF L TRY, 5
BN ORI L DBEMREEN T L, B CEME T HZ LI BRI SIRIR DG T Lo
TR EDZAERA FE2BETHIENTED.

ZZ°C, 2 B OREMOFEEMEIZRIL T, 3.3)RTRENDRFTERIB LIRS Fig.3-7
PR CRIRL TV, 7288, RIFFEOHBHIXISR ThDH CPU FEDOREE 11L, TO—IUDEINEK
cm DA —H —TohHIEND, PlEHHRA R T BITEGR RO AT 2 W/ em? & LTC.

A — B R A AR 2 D DI E T HRENE B AL 1L, A7 KL ERICH MR L, WhiEtE
REDSF] EL QDI EN DD, FiamE7e b2 H EOY R ECELWNIAAET HEKNERDIE T
N EFRTHZET, IVERVMEEE IR EE THRIE DR TR NI T B> THIEL S Ro7e/od T
bHEEZLND. 728, 3.3)RUITKBITHCMITH 0.03~0.07 THY, mlliL 295 TH-o7-. CEBLD
MAEIZ OV T, RIS TRGI 2 FLIE S L LTS A DWW TR D2 b2 T5.

Fig.3-8 |ZIFaFnZ& XUE 0.10MPa (23T 2ER 2 1T 25 m & T 205 1 CHUS L7 Bh s h#
Y. Ty FESRBIEO ISR IR NSUBART AR O LOT W BT, Fi RO
F R E ORI FAETROL CLEWIBIEIA D EBINDOZENH D, LLRAE, 1W/ em? LLFO
B IR Z 3B\ Ch B ARMERIC LV 2 A DD WIS 2 Ml L TRy, BEmIRE D2 LA 1T
BILT, EAT VU AL RS IR T2.

Fig.3-9 (ZI%, BEMANR BN AT, 36 L OB H g, | KT T 2 BB 3R S by, & 3. BURERHh,
I, [RENEENTE gy, [BENE BB AT DB 4)RUCIVRED. 7o, BURERELOHALIZ OV
TE AN W/ KBNS NG, BUREREE BT RO BIRE S TH1E, BURROH
% W/m? LTz,

hy = qp/ATsqr = qp/ (T — Tsar) (3.4)

BMuER BT, ARBAEE B R NS BAFUR ORI EAL TV, Fe, MEVE RS LU
FURDIFIEEITIEY, BAFZRKED B NEE BRI REL7R> TS,
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Fig.3—7 Boiling curve of plain surface
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1 10
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Fig.3-8 Boiling curve of plain surface during increasing and decreasing heat flux
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Fig.3-9 Heat transfer coefficient of plain surface vs. wall superheat and heat flux
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ZIT, ERUL7faMAKIED LA RO BB Is B RE AN ) 2 (5B i BV AMEIR S 2)
BG4, (i LRI O RESERTUMIRBIGR O M EE D BIRN ORI E 47 5.

Fig.3-10 (2~ 9 X1, BAFLECEEER DO HERDOF v BT A2 KAl ESN TV D5 E 5
25. ZOEE, KJENE DA KIEP IR IR 1D 720 J& B AR DIE 1P LB APTE T REL 72T
1X72578\0, ZOENZETREET10l VIR D Laplace DX TEHE 2 BB,

AP =P, — P, = 20 /R, (3.5)

ZDOrE, [BENEREE LRI OBRIL, EXo Laplace DFRUC, KIREHEDIREEIC B I AR TE
EAIFEENES L ORI IR TR A b & BIfR 11T 5 TH DR AT/R T Clausius—Clapeyron D&k
OfFHFHZETENNH[15].

dP/dT = L/[Tsqt(v, — v;)] (3.6)

ZIT, TIXHRIROMERHREE, Toq | TR OBAFIFEXHREE, LITZAREEN, v L0, | Zfafikie
BUIDRIEELAK LR DL EFE THD.
(3.6)RUZBNT, dP/dT = AP/ATsyy =AP/(T, — Tsqe) ENTLTHE, APIZ(B.5)THENDHZ
LT, AREKIRET, L TRANEDND.

Tv = Tsat + 20—(1]1; - vl)Tsat/LRc (37)

F7e, RBAEDEFEOHRE (REVE) (23T, IRAD ISR D BVREIZ LD B 72 AR 55
AR ET D,

T, =Ty —ap(y/4) (3.8)

TUTIRIR, T HEENEIREE, qp TERR, yIXBEE OO IRRE, A TRIEDOBYRERTh 5.

ZZ T, Fig.3-10 OXYETA EICBITDIEEOIRED, KIaN DA KR EIZE LW EZITRTED AL
REBRBTOLGET DL, B.NREGCIAALFMEETHILT, KA MR AT 55D i
RBILOF/IERRAD I K ES.

(Rc Tmn;lric AIATsat/ZCIb [1 + \/1 - 80—(”17 - vl)Qb sat/(LA AT, at)] (3-9)

EED, Bt gy, (B EIEBYUE AT OIS BAENZ I W T, B D D R in < R <
Remax PEIPAIZHHF v ET A ITHIES L TODRIAN R Z BT DT LN TED.,
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F7e, KIADHE a0 DR e 5 2 HSBFUR SR BVE (RIa kR BAREEVE) DO BIfRIT, (3.9)
INERZFFORMETHY, ALV G2 HND.

ATgqr = \/80'(17,, —v)qpTsar /LA (3.10)

> <

T, Eq.(3.7)

Vapor bubble

Fig.3-10 Active bubble nucleus

Fig.3-11 12, HFE-7000 O5Ja 23 iR B AR T8 5T kL D i KR 36 K O/ MR AR B T 21
DEIR ((B.9)Z) T DWW CEHHAEAAT oo R AT, BURHIMEEE AR ThD 1W/em? &L, £
FIZERJEIL 0.10MPa (K&UE) 2°5 0.50MPa &L TV 5. 7235, HFE-7000 O#MEEIZ DUV T,
Kk o, LAY, 3 L0, 1T 3CHR4012H5 L, ZRFIEEAL IS L OBMRE =R 2OV TE
25°C KZJETOME (Table 2-1) & FHV V=,

Fig.3-7 CrrL7z bl iR ClE, B2 I3 EFNZE XU+ 0.10MPa (K&UE) , BRH 1W/ecm? 1280
TBNmIEBEVE X 7.6K ThoTo. Z0LE, lERZBA TEORINADOHPAIL, Fig.3-11 Kk
/AMETHI 0.8 1 m (EAE 1.6 pm), He KA THK 55 u m (AR 110 pm) &70h. E7e, RIKEY, fafn
ARRIEDPHE KT DIHE, B/ MRITEV/NSWEIFRICE TILRL TRY, JZ<OKEBRET
HTENTEDEZZLND. TOFER, BURERELAKEDOHKICIY EFLIEbDEEZND.
ZAUZ, Fig.3-9 TRUICAERLRIZEDMHR THD.

F72, Fig.3-12 121%, KUEDB R ZIHD DR ZE 5 2 5 BV T2 KUa & Bl ah s BB
((3.10)2%) DJESHEAEMEIZBIL T, [FIU< HFE-7000 ({2 OWCEHEL-#E B4R~ 7. RKED L
FZHE VTR R BB 13/ N S< 7o TRY, U BUREMEES LD ZENIL D5,
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Rc,ma.x !Rc,min [Mm]

1.0E+03 ;
1 P, [MPa]
0.10
--------- 0.14 Remax
1.0E+02 1
1.0E+01 4
1.0E+00 4
1.0E-01 1
qp =1 [W/cm2
1.0E-02 T ; T T T T T T T 1
0 2 B 6 8 10 12 14 16 18 20

Wall superheat AT, [K]

Fig.3—-11 Maximum and minimum bubble nucleus of HFE-7000 when bubbles start to grow

W &

Wall superheat AT,,, [K]

qp = 1 [Wicm?]

0 T T T L R I | T T T T T T
1.0E-02 1.0E-01 1.0E+00

Psqr [MPa]

Fig.3-12 Pressure dependence on wall superheat of HFE-7000 when bubbles start to grow
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3.3.2 BVmEEE LD

RIZ, Fig.3-9 TRUICBMAEREOMNEMZ, 7 — VBBV O R AU L D5
BELH AL, 22 TEBEEALLTE, BLFIORTGIDANSE.1)RAE A L[15]. 7o, 4%
HUTBNT, hypreq : BMRZERRE (T-HIME) , A 00 GEAR) OBMRER, o IIEOREIRS), L:7%
FEIEEN, py R GRAR) DEEFE, p,, - I GRS DB EE, Cpy : 105 (HHR) O E FE LB, vy - i
(R OBREVERREL, PromIEDO T T MV, qp ARENE BT, L AREAE OREK T, Pog, 0
MARIE, g: HIIEE CTHS.

F, WEAEIL Table 3-1 (R $ 25 CRRULEREE T OMEZ Vo, 28508 L I3 3CHR[27] (Table
1-2) X0, ZN LA OB AL 3M o B & a2 il (Table 2-1) 2 HE| LT,

Table 3—1 Properties of HFE-7000

Latent heat of vaporization [kJ/kg] 142
Liquid density [kg/m?] 1400
Vapor density [kg/m?] 7.13

Viscosity [Pa-s] 4.5x10+4
Specific heat [1/(kg*K)] 1300
Thermal conductivity [W/(m-K)] 0.075
Surface tension [mN/m] 12.4

(i) Kutateladze @z, [41]

0.7 0.7
hppred o _ —4p..0.35 { dp 4 } {Psat 4 }
/ =7%x107*Pr — 3.11
At g(p1—pv) puLvi Al 9(p1—pv) o | 9p1—pv) ( )

AR, BREROREMR OB BTN THLEL THEGL, HEH MBI 2R T —~
DEEBINSEDNNTZH D THD.

(ii ) Rohsenow M= [42]

0.67
fopred |_ o _ P T‘”{ 9 g } (&)0'67 (3.12)
A 9(p1—pv) Csy PvlviA| 9(p1—pv) P )

ARG G AR BT 2 FBRT — 200872 THY, K Cop (TR AR DAL &
HTRFDERTHY, BEEC, =0.0025~0.013 DfEELD.
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(iii) v4)1 - gEm O [13]

2/3

J@iii - Y = 6.24(f.f,X) (3.13)
s _ -2/5 4/5
Hiftk Y = 0.66-1725(f.f,X) (3.14)
ZZlg,
hb,predl
Y y (3.15)
1/2
1 Cplplzg 3/2
X = {(MZN) AloLp,,} qbl (3.16)
N = 1.976[W], M = 900[m_1] (3.17)

AL HGRAVEHATHY, MBI R IO AERDOES, &5 BT D120 ERSNI-R
HRECTHY, RILUCKYSf, S 1OHEELD. Fiz, fIFENOEBELZRT DO DOEIRETHY,
j(ﬂr%fpa, ﬁunﬁrﬁ%PC&LT/kiﬁT%éﬂé

f, = (”P—af)07 {1 +3 (%)3} (3.18)

EBIT, Pegr = P./10DARWE NFEFAIZ B W CTIEB.19) A TU Ll TE 5. HFE-7000 O£ )
2481kPa[3912% LT, AEBROAIFIZARKILE TR E 180kPa THHT-OARRITIVFELT-.

fo = (@)0'7 (3.19)

Pq

Fig.3-13 715 Fig.3-15 |2 fufnzk KUE COBVRZERE DR E EE T HIED ek Ko =7 . =
ZC, Rohsenow D HINITC,p130.005, E72P8)I1 - EEHOAUZ BV TUREAR ORFK KT 30mm, fI1%
2LL7.

Kutateladze DFUZLDTHMEL, FEAFARKUEIZ BV TEEANTERIELDS 20%~409%FLE
RWMEEZRD. R TIHESORBEIIZRBINTWDHLOD, (ZEE O R IR DO ZEI OV T
BRINTELT, I5E R EBAEICET2ERT —ZOEHNLEDNTZL O THLIENG, Tl
EITRIEMEEO NSWMEZRLIZEE 2 HD.

F72, Rohsenow ORUZLDHFRIETIZ, BaFnzk KU E <RI TREEIZR L TR RIED
INELRDEIZED. Rohsenow DI TIIE ) RTA—ZEEERWVERTHY, fafnz& L0 27
DA IT TR E MK T3 52E 2615,

—J7, W) O TIL, EOEEZE IR TR T 2L, (R OR IR DR
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MERHERBETERSNTNDIELHY, MOBEBAL R TTHRE ITEWEOTHD. FrZIRES
S8 & JE B L L7356 O FRR B I B & WIS 5 5 . KRR TIIBR R R K TH
1OW/em? F2JE THY, REBROFH TIHsBm OB 1Tt L TIROZENTEHLEE b,

5.0 - v S°

$* P
A Rohsenow S %
+ Nishikawa,Fujita (turbulence) +
® Nishikawa,Fujita (laminar) .~ 7 .~ S
40 10 Kutateladze t R
Q ,"i_,t't ',""".‘ ",."J" :}Pblla
£ 30 - o
2 s K e
5 R 9-""5""9
© 2.0 1 .
a & |t e
= WS
) A,
L e
1.0 | O
Plain surface
P, 0.10[MPa]
0.0 4 | | , . 1
0.0 1.0 2.0 3.0 4.0 5.0
Ry exp [KWI(m2-K)]

Fig.3—-12 Comparison of heat transfer coefficient of plain surface between experimental data
and predicted data (Psat 0.10MPa)
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6.0 - ¢ Q9
A Rohsenow S A
+ Nishikawa,Fujita (turbulence) ./ iz
5.0 1 @ Nishikawa,Fuijita {Iamlnar) St
O Kutateladze 2 PR
: » - : ‘.' . ",' - Qo][ﬁ
¥ 40 - Ay e o
= ."‘r' H.' 7
= A+ A
< 30 Q—D
=, Q o
3 Vo
5 2.0 -
)
o2
1.0 -
Plain surface
Piqt 0.14[MPa]
D-O T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

hb,exp [KW/(m2-K)]

Fig.3-13 Comparison of heat transfer coefficient of plain surface between experimental data

1.0 4

6.0 4

4.0 A

3.0 A

hb,pred [KWHm?2-K)]

18 5

and predicted data (Psat 0.14MPa)

o\e
N O
A Rohsenow S <V
+ Nishikawa,Fujita (turbulence) :
® Nishikawa,Fujita (laminar) -l” 45
O Kutateladze 'l‘ P
i T L
Fl t ’ '
/ + E
7 ]
7l .,‘é _-"l
Plain surface

P.,: 0.18[MPa]

T T T T T T 1

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

R ezxp [KWI(m?-K)]

Fig.3-14 Comparison of heat transfer coefficient of plain surface between experimental data

and predicted data (Psat 0.18MPa)
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3.4 REDELD

KRETIE, TAR=0 L0 O Ty FARANEVERTE HFE-7000 ORIFN 7 — WAL B B ERE
[ZDWT, FEBRIICIHRGEZ T o Tl R AR LTz,

FRICEFNZR UL AMB BN BV |2 RAE T B DWW TR ATV, Rl — B R A5 2 2 DI EL
T ORENERENE 1, fAFZARIED ERICHEVMEIRL, WIS EEVERE M B A2 A FILMICL
7. 2L, BB LKA O RESELTARLE AR OMEE DRIRIBE, AKED EHIZE
BB IREMERED M) EIZ OV TR CE 5 2 e AR LT,

F7-, WS BRAEREDREN IR E OB AT RO T, O AT I A ETRN LA fER L
7.

SHIZ, INFTITRESN TE T — IS BMm O RFE R 2B AL AR E B O Lol 21T
VY, IR O CRICIEE R g% @it L Tilo% &, Kutateladze DX Rohsenow D& bk
AT PR E D A B MBS H D a2 R LTz,

HlEREE, 5 4 BT Z LB IRZ A 3 28000 Lifid> HFE-7000 7 — /VEZ kg5 BMEREIC
DUNTIRFEL TG AR, WIS IREZ IOV TRl T eIz T75.
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FATE WS LB 2 AT 57 V= MeEm
B F0 7 — IV EZ b A B R

41 ;Hﬁi

aﬁ%’l‘%{é””@ CPU W EID IO LB AUR B AE DY NSV A, BBV EOF T MESR 3 BBl A
PERBIZREFEL TLHA, FIaMEROMEIZEAL TIZNETIT R Em ORI Z R T4
ARG 2 BRI D HIEPREIIN TV,

Bl ZIE, FLSOMFZE14] T, SO (EEm FICR B Mo L7z 2400 (b 1) 2B TNT R
NV ERIEAER ST AL (R 7)) 2RO TIZKVERITAZE T, b sEVERE KiElZmh L35
LA L TWD. ZO @R E SIS B m O TR IRIT, — KA = b T R T 1 (reentrant
cavity) EL CEIDALTEY, FrE T NICRIBZ ZEMICIRFFSEHZENTEA[15][18].

ZITCARETH, 8 2 BTRBRATAIN—F P AT+ NTHEHL CODMMZ ALRIRE A 52
TNR =0 MEENE OISR BMREE N ROV TRGE S 5282 HNE T2,

ALY A X, ARBAE N O FLEEZ AL AT MO THRZ RSP HEL, 7y F#REEE HFE-7000
ZHNT, L AR, ALEDMEEWPERRIC RIE T BIC OV TERIICHRET T o Tof RERE 5.
F72, IR OB FEIEEDNWT, B aEWEREZ TRILTCRE RICHOWTHIE 5.

4.2 B EBmOARR

Fig.4-1 (CWb IS 2\ (BN 1) OYEKEIE %, Table 4-1 [ZEBRIZHEH L7 s 8z O = 2~F
AT B

8 2 BT L7200, BN T 7 A =0 A5 0 FH (A1050) DIV UM TIZL DA
AT T 42 =R T BB O F 2 T IEGE L7222 (b L) B30, b L SAREL
N DR EESE LN LR T O TEY, U= N UMy E T A RS IL TS,

HLDOHAR(8y, 8) RENTT A MEW,, T4V EESHAZEZ = 5 FEOBMIN THEICMNA T, #i%

TRULET AR O 6 FEEZHER SR LU,

Table 4-1 (2%, WBHE(EEAH PN (30mm X 30mm) D FLIEN,, FLEZREVTIFE CRRL7=FLEEN, /A
(AA=ENH O HEFE) HOFETRLTW . Bl TR ZARELR O 2400 (L) WITIRFFSE TRUaRE
Pia R ECSEDHIEITLY, PR BPEREN M LT 2 L2 ML T, 74 BT 1o By TR AL
HZETHEEE T, ZZ THEBIOFLE IOV T, Fig.4-2 (ORI IS Hb a2 m (B
SN ) 1 (30mm X 30mm) 33 L OLJE PO ~HENDHE & L=,

¥, ANAT T4 N LI DM RATERDOE N SHEIXD DL 10 u m FRE TH o7 1THD
FNINE IFIEY b VIR DI RSN TG, ET2, RO R mASIE, B EEHET
— XA L &[5 0D 1.8 pm FEEE T o7,

R OR E R L FEIRR IS, faFn7R&JEE 0.10MPa, 0.14MPa, 0.18MPa @ 3 fiEL7=. 7285, FEBi
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EIZOWTIATFE TRLTERY, AETITEKTHILICT5.

Fin pitch

o, =t =Y 5]
i 4 T

2L
|, onf, =

1
Ty

G &5

Micro-curl
skived fin

Fin height T
N
Hy

’
Tunnel

| Base metal: Aluminum(1050)

Fig.4-1 Geometry of boiling surface structure with micro—curl skived fin
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Table 4-1 Structural dimension of tested surfaces

Structural dimension [pm] Number N, /A
s . v
Boiling surface Material of pores [1/cm?]
01 8, Py Wy Hy Ny
: Aluminum - - - - - o -
Plain surface (A1050)
No.1 T 250 280 400 250 500 4200 467
No.2 T 250 200 400 200 500 5625 625
Structured
surface
(Skived- No.3 T 200 200 300 200 400 7500 833
fin)
No.4 T 100 280 200 250 350 8400 933
No.5 T 100 200 200 200 350 11250 1250
. 30mm
N
£
=
o
m g
Boiling surface
| N, = (30/P;) x {30/(W; + &,)}

N,/A[1/cm?] = N, /9

Fig.4-2 Number of pores (N,,) and pore density (N,,/A) of boiling surface with micro—curl skived fin
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4.3 ERHERBIVEE
4.3.1 ML DE

Fig.4-3 \ZMN L No.1 (FLY AR 250 1 mX 280 um, FLEFE 467(1/cm’]) DublgHI#RE, 725N,
BRI T D BMB IR R T, TN, BIRIARKIEAZE X T2 L& DOREA (2~3 [B]453) AR L
THEY, WOV AL BRI O L LFERIC, (3.3)70 (5 3 7) TRENDRFITLIHRI L O
LI O CTRIRLCUVA.

bR AR T i A (Fig.3-7, 8 3 B) &, 2T AUS CIRE @A I XK T L, UbisaaE

BRIEIA BT A mICH D, BMREREIZ OV TH AR R (Fig.3-9) Kb EL Wb, &id
DMBEENHE D 22 (R L) PICARFFS AL TRIADBEIL 232 E AL L, F8Ta SN 772 T %
EEZ DI, IR TN L TR 202 ea BHMRL T0D. 7ok, Figme T
i (5 ) O Wb RO iz, 725 TONS, FVE SR AREBMERR D BIR D B LI OV TIAREICTHIR
5.

BRI KED B OWTE, YRR 3W/em? 282 7268 Tl REED EFITHE MG
WV DML TRV I LA OB T b, LnLRAD, 2W/em? LLF O Fl B R MK
WV T, FRICAEKUE 0.18MPa [ CTEMAILHERL TV, BTG KT HBMIcdh 5. ZOM
f1%, Fig.4-4 (29 TH No.2 (FLHA X 250 u mX 200 u m, FLEEFE 625[1/cm?]) (23U T [F4%
ThoT-.

ZORER AR BT DR BIGE, AR TR~ 7 R I BT D RIEE O KESERILRRE R
MR ELE O FE S A7E (Fig.3-11, Fig.3-12) TIXFA 22 &M TER Y, I T i & b
TRAKIIEDNZ< GEMITHZIE) , FrARBGR A TIE, 22908 (ho L) NS KTa A BERL 3 D B

SIAFREDOFHICIDEENRRL THDHHDEE 2D, 7ok, 3.3)RUTHITHCIHIBLUmIELC
DUNTHE, FRIZHN L No. 1 (Fig.4-3) TmAEANKEL72Y, Wbl RO ABLA K& DHEMIZHD.

F72, Fig.4-5 120F, AL No.2 ({2 DWW TRER AU TR R Z B 5 5 1R1E T %07 1 THUS
L7z bl iz 3. ARJE T, Rl & S & 2 E T 20mm CTidZe< 50mm ELTHY, Fig.d-4 T
RUTCHEREE T T NEHLE OO, i L [FERIC T IE B e R OB IR E DR EH- B LU
TV ATHERS NI o T, TEIHERAFHEIZ DWW TR, ZASJE 0.14MPa (X REEIZR L CGREVE )
INSLIRDAE A TH DY, 0.18MPa 1 0.14MPa &R TREZRZER T, RO LS 7Z2BBE D if
R L FTIX DR, O B S 71 23 B2 D 5 Th B,
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qp = 0.010(AT¢q;) %72

10 - f(

1 = 9E-05(aT,05+° ¥ 2
\_/‘\"Ff 4
. *
E Gy = 0.033(AT.og0) >0
=
3
= No.1 Skived-fin
5 1
= 4 6, 250 [um]
© 15 6, 280 [pm]
% ; He 500 [um]
J Np/A 467 [1/cm?]
f
Psar [MPa]
@ 0.10
A g 0.14
+—-—0.18
Oll 1 1 L I L LI B B | T T T 1
1 10
Wall superheat AT, [K]
No.1 Skived-fin
Z 5; 250 [um]
i &, 280 [um]
E 104 Hp 500[pm]
“;‘- i N, /A 467 [1/em?] -F-"L
= rH
e A
& P.,. [MPa] *#b.
€ ® 0.10 ?
.g 1 A 014 4
S | +018 ¢
[«}]
3 | f ]
®
=
s ®
= 2
©
0 +
T +
1 1 T T L LN B | T 1 1 T LELELELE 1
1 10 100
Heat flux 9» [kW/m?]

Fig.4-3 Boiling curve and heat flux dependence on heat transfer coefficient of skived—fin (No.1)
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qp = 0.001(AT, ;)37 ,-’_
10 A (
£ A
S“ qp = 0.089(&T5at)1'35£/ - qp = 0.068(3Tsat)1'63
= | s
& . No.2 Skived-fin
é‘ H 5, 250 [um]
= -”-\ ¥ &, 200 [um]
O ; Hy 500 [um]
T ‘ ; N,/A 625 [1/cm?]
Psqar [MPa]
® 0.10
Aeenes 0.14
+—-—0.18
O.]_ L L L 1 Ll Ll L] L | 1 1 I 1
1 10

Wall superheat AT, [K]

No.2 | Skived-fin
§ &; 250 [um]
o3 &, 200 [um]
E10 - Hy 500 [um] -
E - N,/A 625 [1/cm?] #-kﬁ#
é T Psat [Mpa] -+ &
= - ® 0.10
IR A 0.14 1&35
G + 0.18 £+ b..'.
= i o
© 2
2 ' Mt
o 7 &
5 A&
2 ®
T A
5 3
T Lt
1 T I I LN | 1 Ll T LI B I B I | 1
1 10 100

Heat flux g5 [kW/m?]

Fig.4-4 Boiling curve and heat flux dependence on heat transfer coefficient of skived—fin (No.2)
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10 5

No.2 Skived-fin
&y 250 [um]
65 200 [um]
T Hy 500 [pm]
E i - pfA 625 [1/cm?]
=S
£
[y
o
=
g
£ 01 ;

Peqr [MPa]
®0.10
®0.14
90.18

0.01 ey ————
0.1 1 10

Wall superheat AT, [K]

Fig.4-5 Boiling curve of skived—fin (No.2) during increasing and decreasing heat flux

Fig.4-6 (2N L1 No.3 (FLH A X 200 1 m X200 u m, FLEEE 833[1/cm?]), Fig.4-7 (2N LA No.4
(FLHA X 100 2 m X 280 . m, FLEEE 933[1/cm?]), Fig.4-8 {ZHN i No.5 (FLH A X 100 1 m X200
pm, FLEEEE 1250(1/cm?]) O #blig phR 72D N BRI X T2 BB R 5 2~ 3. $72, Fig.4-9 (2
IFEIRIZEKUE 0.14MPa, B 4.5W/ cm? O ZF T CTO B 22NN L No.b O UB§ERFHD

S (R B I ORI 27T

Fig.4-6 75 Fig.4-8 XY, I LA No.3, No.4, No.5 3 IROIN T No.1, No.2 S LT, =
BN EE DRSO L T (XL, *ﬁiﬂa@h?&ﬁumrﬁ@wfwmn IR TVANARYIE K~ (/)
I RIC LD B DOBEINN ET-H BN THHEE 2 5. FRTIN i No.3 OEMRIEMEES F. &
HNIRET TR RDZ LT 228, IR 3 L O T O FEIE A EL O E MOV T, BT A
(IW/cm? BLF) TOREERZITV, FLEAHEZ 528 TRIAEDME R T2 2 MR LTV
2.

S i &N T O WIS ERAH O AHIEIZ DT, BRI EER] Tl 523, B RIS I T
(No.5) D J5 A3 T L0 b KIE AR &L ﬁ?’ﬂ@i@%%d@é@ﬁfﬁnk

Fiz, BRI RED R ZOWTIE, ZA%E 0.14MPa (ZREEIDLIBEE MK T 5L DD,
0.18MPa TIIHF I Lif No.3 38K U No.5 THMmEEE MG 72, KRl Lifi No.5 T, FEBRE1T5

WEE R EIXDOLBGR N EL . BEBE OKIAREOFUHNT L D8NS, JVEAE -
7‘:7‘:&)@&;5&%7_5 ZDIELHOEEEEBL T, MIHE No.l < No.2 IITEEE 1T/ &S BE:
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RRIMBESILTIIND DS, LB R TELEARRED LA THEARLEMENELDHIELBEIZA
NTEILEDRDD.

BVREREIZOWTIE, 2R ECTONEFmE-=CI M No. 1, No.2 EI3ARA2N R0, (BN stk
B BRI T TEVMEZ TR (L, 125D REVIN T No.5 @ 0.18MPa 13&L) . iz
JNT No.3 TIEARUE 0.14MPa KFlZ 100kW/(m? - K)EA B2 T2 (REA B AVE L 1K LLF) .

e AR BRI ((3.3) 2 ) ITBITACHE, miEic oW TIE, Wb AR EL, miEA Y]
SUVMERANZHD. Table 4-2 (2P HIFS KON L (No.1~No.5) DZKRJE 0.14MPa FpIZISIT D CHE
BXUOMMEEED TORT. b BRZEMERE SN TLHE No.3 12T, CE 7.4, mfE 0.6 725, LN
%25k, WIEHIFRO ABLAFERL NI/, KBRSV Th @ W EMRENE A T 5.
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Fig.4-6 Boiling curve and heat flux dependence on heat transfer coefficient of skived—fin (No.3)
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Fig.4-7 Boiling curve and heat flux dependence on heat transfer coefficient of skived—fin (No.4)
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Fig.4-8 Boiling curve and heat flux dependence on heat transfer coefficient of skived—fin (No.5)
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side view Liquid-surface

(a) Plain surface

side view Liquid surface

(b) No.5 Skived-fin

Fig.4-9 Photographs of saturation nucleate boiling of HFE-7000 (P;,,=0.14MPa, ¢,=4.5W/cm?)

Table 4-2 C and m value of Eq.(3.3) at Py,;=0.14MPa

N, /A
p
Boiling surface [1/cm?] E m

Plain surface — 0.03 1.91
No.1 467 0.01 2.72
No.2 625 0.09 1.85

Structured
surface No.3 833 7.41 0.61

(Skived-fin)
No.4 933 0.95 1.08
No.S 1250 2.58 0.87
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Fig.4-10 Boiling curve of skived—fin (No.5) during increasing and decreasing heat flux
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Fig.4-11 Comparison of boiling curve and boiling heat transfer coefficient (Pgz,=0.10MPa)
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Fig.4-12 Comparison of boiling curve and boiling heat transfer coefficient (Pg,,=0.14MPa)
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Fig.4-13 Comparison of boiling curve and boiling heat transfer coefficient (Py,;=0.18MPa)
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Fig.4-14 Comparison of AT, and h, between skived—fin (No.3) and plain surface
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4.3.2 WEBSDEE
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Fig.4-15 Liquid level dependence on boiling curve of No.5 skived—fin (Pg,=0.14MPa)
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Fig.4-16 Liquid level dependence on heat transfer coefficient of No.5 skived—fin (Py,;=0.14MPa)

4.4 I REE EICESBREEMERO TR
51 EICTRAIIIS, IS EMEEE S 2 ER72 K 7L LT, BB O BN A 4 720
DEIBFAERETHHIN NI E N R T OND. ZOLE, IS EEEEN, /A, B k%Eq,,
(RENENRENE 2 AT o 23 5L, 2O MNIZR DAL 5[ 15](20].

qp = Cn " ATS; - (Na/A)P (4.1)

ZZIZ, Cp, a, BITEHTHY, IRIEOFEECARENR O R FSAF, BBV R OIR L 8 H3E
HNELTE CHDIMIC L TRRDMEEED. ZOWa, bOEILIE) I HOMFZERE F[21150, &tk T
a=3/2,b=1/4, itk Ta = 5/3, b = 1/303#ELESL TS,

F, PILBIE S E A Z T8RO, 725N, ARHFFEEFIERIZ 2 I T 2 30k N
L&A T 5MOEE R (—Fx=7'/L E[6DIZXILT, MBEOK, R-11, RIRER) A KKUE T
TS — LIS S 72 FEERAA T, AREASE Sk (IW/em? BLF) TORVa sz R HZ LIz Lb, 2L
TEA, An BN BN A 38V s OB FE R, IR AR R L Cvh(14].
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1/y

qp = (ATsat/Cq) (NA/A)_x/y (4.2)

WD R-11 CRRUE) D86, x = —1/5, y = 3/5, C; = 1.95[K(cm?/W)3/5(1/cm?) /5| Z-#E4%
LTW5. x =—1/5, y = 3/513@. DO ELTIBICFE Y T 52805, I AR T IS IC KK
B HIRIC B W THBEREANORNZELTE L TIRA D ZEEZIIRL TV, 7ok, Eilo% &1
x=-1/6,y=2/3L725.

ZZT, INETOT AR =0 LR B ONI T No.2 (FLEE 625cm ?) x4, KEIEIZE
T DARB I T ORI N O FETL R OEEZ B THA DT L12dD, 4.2 BT HEHC,IC
DOWTHRRZIToT2. 728, R AEEEN, /AT, 610 RO 2R B RS (9em?) THRLIZET
H5.

BRSO VT -1 T O FE Vel JR U FE LA BN B BV O BILR A Ll L7 RE R, it L Cx = —1/6,
y =2/3ELTA, € = 7.0[K(em?/W)3/5(1/em?®) VS [Ic CHIEME L G RAEA M R — B 322 8M
3otz Figd-17 \Zili#E O s A m 3. A EEGEH (0.15, 0.39, 0.68, 0.94W/cm?) TD
HIEMETHY, ERECEGRRIZB T L AME THD.

WIZ, ITHE No.2 (FLEEREE 625[1/cm?]) IZ DWW TUBEAEIBEE O T 21T -7, it gl kD
Rt A B L CETIRE L TR, x = —1/5, y =3/5, EHC T FEiRmE L FERIZC, =
7.0[K(cm?/W)3/5(1/cm?)Y/5|&L7= ((4.3)50) . Fig.4-18 12, (4.3): UKD FHRE L& 2 Hhig L
TR R ERT.

ATsqr = Cq (NA/A)quJ; = 7-O(NA/A)_0'ZCII(;)'6 (4.3)

L= NS EARTR (0,038, 0.17, 0.38, 0.61, 0.81W/cm?) TOHEIETHY, FEAE.3)RUcLkD
FHEMETHS. PEMITIZIE TR EICH-oTEY, @3)RUCIVBEE IR EAE A T c&5E%5
Z5.

Fig.4-19 \ZI g mE M i No.2 OWEEE BRI M LHEICEVFTE R OMEEAH KL
o2 T, ARBNEIR EE DMEIR L 72 2 NI 3085,

F72, Fig.4-20 12, ML No.2 OAMIE & (3 [B153) 122V T, HIEEE T HMEORR 2% ik L
T R R ARBR SR OFEIRIC CH AN KENL OO, MERGEZERIF 20%NIZADZEE
BT HTENTET.

LnL72736, Fig.4-21 (ZHN T No.5 (FLEEEE 1250[1/cm®) 12381 Db FE OR824 2R 3
I, LI EBITE LD LR HIIC BN T I AR IET 12 2L, F2, FiaDH g,
BRI DT EMND, KIAFEAEBE O BTN LI > TLDbDEE X 5. AR O LN T
No.b TIXARIENFEL2DE, Bl KIEOH BT LB EEWERRO R ZEMEN RS
DD, SEFE AR SO 220 (R L) NOZEKIADIRBIEL 72 L, KOFEMMRFIN 4% O
BTHS.
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Fig.4-17 Correlation of wall superheat, heat flux and bubble population density
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Fig.4-18 Correlation of wall superheat, heat flux and bubble population density

on structured surface of No.2 skivedfin (Pg,=0.10MPa)
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Fig.4-19 Comparison of correlation of wall superheat, heat flux and bubble population density
between plain surface and structured surface of No.2 skived—fin (Ps=0.10MPa)
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Fig.4-20 Comparison of experimental wall superheat and predicted wall superheat by Eq.(4.3)
on structured surface of No.2 skived—fin (Py,=0.10MPa)
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(@) b =0.14W/cm? (b) 4 b =0.38W/cm2

Fig.4-21 Photographs of saturation nucleate boiling of HFE-7000 on structured surface
of No.5 skived—fin (Pz,,=0.10MPa)
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FVERRSNDT v FAAAZLLT NIREDFFEE (FLE) BB X OIS, 2O G XEIRIC
BROIFEMRESND LB ZONLTEND, @IREREIZIIT DO 3 EHEIZ DUV TRETL TR<
VNS, £Z°C, HFE-T000 &7 V=0 LAOLAFERERIC I T D RGN MRGE S 5720, @i
BRBE (e 150°C) IZB A= — V0 7R & TV, IO St B LT A E BRI SV Tt
1o
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5.2 {=BMEREDREE
5.2.1 EBRFE

Fig.5-1 [ZH—FH A7+ O @i F B E OIS A R~ 7. ks, Y A7+ DOffiEB L
OMERRIZ O W TORERIL, 5 2 FEIZ TR RO TARETITEM 5.

WrElbt LICEE Uit —2 7 ay 7 (I —R Ny Pbe—F2 W) O EIZ, —FF AT 3 DB
WA BAREMNE ) — 2 (BMEE R 3.1W/(m-K) 20 LC, BRICRYEL 7= & A O8I L0 fif
10kgf CREE T 5. i 10kgf (X CPU mAIHE—h v 7O — R 72 5 EIE TH 5.

PRSI MINSY AT 3 R (T 8 —) ~T 7 KB HAABE L, BERITR TR R
[CEVBEAA~HEND. ZDEE, 77 T —2 2N LT IR EFE AL, HHRVRE A=
R 0hm 100COHEPNTHIHEESTLZENTED. £, Y AT7+ 0 DOZEEIT, b—F 7 uy NI
FEALTZ 2RO TR —ZEEXHI I VRE LR E ARIC IR H U, 22, BERPII A7
D ERRBREEITIRS DT80, JE PHIC W B 2GR LT L 2R S — (T 7V VD 4T D,

FELZRREE T, WIS R E IR S L L O B s B iR (1), AKUREEL T A
7oAy RIROFREIRE(L), BEMETIRE L TH A7 40 E (T =2 —) MIBEO R R E (4 4
A1) (iii ), SHITHEAERD NKIRE (iv), B OPESIRE(v), BiR(Vi)THD. 22T, I
T OEEIREIZHOWTIE, BEIC ORI 0.5mm 0§ DOHEIZ T RIPEEVE & (B ¢ 0.2mm) %2
HIZEDH#DIAT ZETHIEZ L.

S5\, BERFO IR R E AR T 52 8% HIUIZ, Fig.5-2 (R INTHA 74> O KIKIZIE
I — (EFRES] 1.11IMPa, EBRIRE 100°C) 27 A 0uvHFIc K0 BOHT 72 A7 4 25
BHEL, BEROY A7+ NEERIE L.

728, FEMIIRIR T2, ZOEITIEMEY A7 4> RIROF IR T, HFE-7000 O fafI78 5
JEH#R EIZIZEH - T, ARRIEFIEICRYfafndbls ik O 78 KR E LA KEARE TEHI L4k
BLTWD.
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Fig.5—-1 Experimental apparatus for evaluating heat transfer performance
in high temperature environment

Pressure sensor

rd

L

.._- l :
N k Thermosyphon
) . -
™,

™ Aluminum
brazing

Fig.5-2 Thermosyphon with pressure sensor for measuring internal pressure during saturation boiling
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B ERNOE—Z Ty 7 ~EEL, ANKIRE (BIE~100C) 295V A7 4 2 B O IR
BILOBIFIAKIRE (A7 4 RIROFIIRE) Z2JE L. Zokx, AL ZEE OB
KOS MR R s e E HH L=,

R, = (Tb - Tsat)/Qb (.1

hy = 1/RyAp = Qp/[(Ty — Tsar)Ap] (5.2)
ZZT, Ry ZEOEIREL, Q) : X EVE, Ty  BIBIE IR, Tgq  ARFZRRIRE (A7 4+ K
W OFEHEIRIE) , hy  PBEAREAR I, Ay IS ENE A% (38mm X 30mm) TH 5.

Fo, BEER (T4 —) TORMEEQ 1D, B MBI RS h 2 R A DE L.

Q. = paCaWa(To - Ti) (5.3)

hc = Qc/[(Tsat - TC)AC] (5.4)

ZIT, pa i WHIZERDEE, C I HIZER DL, W i HEAE, T, B (7Y =4 —) OHERIR
T,

BE, Ty BER (T2 —) O NKIREE, T, EEife il (7 =2 —(BE) DIREE, A SEfi{sBAmE CTh
2.
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5.2.2 B MERE

Fig.5-3 |2 = BWERE DRI E #E 0 —HIL LT, AT ik ta 5a~§

PEE A7 41T, Fig.2-3 (55 2 #) T/RL7Z 2 o CPU 2 —{EHm AT 5720 DY —F A7 41
THY, 2 ORI O Z T 1T0W 20D 240W THD. B R B2 1L OFIR
1, BIEEICRIT DN TH No.2 (FL~19% 250 u mX 200 u m, FLEESE 625[1/cm?]) THY, 7V TH
— AR 35°CIleB AT —# Thb.

YA 7 2 RO FHERE GREIRE) 23K 65°CTholeT —X&7 my Lzt dDTHY, ZDkx
DOEIFIZAZIEITH 0.28MPa Th . KHIZIE, RN THE No.2 (22T, JiE T L7- i dhig
(FR&JE 0.10MPa, 0.14MPa, 0.18MPa) & HFFEL TU5.

AT EE o L7z Wi AR E RO B FNZE KUEIT R LT, AR A7 40 CIEARKED 0.28MPa LR
= DIZEMREERRE A EL TR, BB A 117kW/m? DO RFCEVR IR EL T 25kW/(m? K) T

-7z,

Thermosyphon i
Psqr 0.28[MPa] g o,-

%@ 2
o- 0 46[MPa]

.+£
+,ﬁﬁ 014{MPa]

f % ot e

--t'-&'r =l 5.10[MPa]

Ar ,,r-':"_,l_" ’__..a."_t

S T No.2 Skived-fin
| il Na/A 625[1/cm?]

+ 0.18[MPa]

A 0.14[MPa]
Intake air 35°C @ 0.10[MPa]
1 T T T —r— T |
10 100

Heat flux qp [kW/m?2]

Boiling heat transfer coefficient h, [kW/(m?2-K)]

Fig.5-3 Heat flux dependence on boiling heat transfer coefficient
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5.2.3 MR EMERB IS L UB X &

EER (T2 =2 —) D AZHAEE: (R 2 70 S U7 BERE B SRS L, B BVm AR 5
L7y NUTCfE R % Fig.5-4 (TR 7.

PEEAY A7+ A TRNR L [FIFRIC Fig.2-3 (55 2 3) T/RUTZ 2CPU IR HIH DY AT+ THY, 7=
H— NKIRE 1L 35°C— 18, 7V X — S HAEEIT 160W 235 280W Tdh . 728, BEffilnAmfEa K
DO ST, $ie 74 (VT —hT42) DT 4 &S Imm Z AR L.

W HFE-7000 132R RS/ NESIBEIVWEDR I @ 2D, 2V — 7 o Kl EOEEETR
REZ IR B S UE L, (5.5)FCREN DT BRI 3 DB EEfE 2R o BlEa N[43]0 b A H
Lo R B I IS S TFRRL TV,

Nu* = 1.25Ref_1/4 (5.5)

ZIT, BEEEINU B L OWEL A VA Res 18, TNZENG.ORIBLVG. A TEHRSND.
Nu* = (he /)i /3 (5.6)
Res = 4q.l./(u L) (5.7)

L, A HFE-7000 GRAR) OBVRE R, v 1 3m it (IAH) OBRERRER, g 13BRR, 11T
BRI (=740 @S 9mm) , [ E I GRAH) OREPELREL, LIZZAFEENTHD.

EERREMBR AR HU T 1~2kW/(m? K)THY, BRI ORI T 2D 5. TR
KEZEFREOMATHHD, FFRELVS KIEIZ/NESUVMEZRL TS, BEffi 7 > DR TR0 7 1>
O — AR L N CL E ST ATREMED BV, D70 B R B m R M L 7= 2 &
NERTHDHEE 2B,

F72, Fig.5h-5 I, A7+ B (Bl Em 2 2 MEHE) O BEICx4 57 =2 —T
DA I (i) A R U7 AR . SR BB TR KT 31IW ThY, ZDEX, 2 Kok
RENE OSBRI 146W BLOY 165W ThD. 7V — R TR 6 BT Y 3208, Ml
ZEED 90% L ETHD. Fe KT 10%FEE T T AR ERO R RO ML T2 81/05.
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Fig.5—4 Heat flux dependence on condensation heat transfer coefficient of thermsyphon
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Fig.5—-5 Comparison of total heat input and heat radiation amount at radiator of thermosyphon
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5.2.4 BREREDEE

Fig.5-6 I ANRIRE 2 %R (25°C) 75 100°C E T _EF-S W72 BRO b a2 B L ORKIRE,
F72 Fig. 5-T 1Y A7+ ONE (F—VIE) 2R 1. WP Fig.5-2 (ORLTZE B —&2 B0t
Tl A7+ DTN,

UBREEBN T ORI L No.2 (FL-E 250 1 m X200 1 m, FLEEEE 625 [1/cm?]) THY, S EE

1% 104W (B 91kW/m?) , mHEE (7Y = — AKEE) 1% 0.2m*/min THD. W 1o AR
FES: (19~ 14" 270 7 )NTB W TS, ARV E LA KR E SRR A ARIREZ EA S
7. 728, AKIRELITANR L2 IS A7+ RIRO R EIRE TH5S.
BRI AR (10 A7), B EIREE DMEN R EEZRIREE B A2 7R L T0D03 (FERE
(EXE ﬂi) RN ARE AR, 78K E I AKIRE 100°CICELE TR ELHERL TRY, mEL
R DI FE 7 EFITATTOZRU, A7+ NEBAKIRED EFIZEW EFLT0E, AR
IREE 100°CT 0.7MPa LA | (7 —T ) IZZEL TWA.

F72, Fig h-8 [ZIT A7+ WEDRIEE (Makt+) & HFE-7000 D faFnz& Q2 H L= # %
AT BEFNZAKEIZOWTE, 8 3 BmECTHHALZEPIZL S THHITEIZEY 300K~400K O#iFHT
10K [HIFE CHEBRANGLNIZT —2 THY[38], HIEME AR, HHPIZE> THRESN TV HHEER
((3.2)3, % 3 B) EH TERRLTND.

HE AR ZA R E X ZERE CTHDZE0 0, ARIRE 25°CH5 100 CAIRIZIE> T A7 4
DOWEIFEFIZA R ELIZFELL, ZENTHIS I L OEE O LA HERFL TWDZEN 005,
ﬁ%ﬂ%fﬁ’fﬂﬁ@ﬁfﬂi SR LORIADBERLDS, FIREREEICE WD TOAL—XI ThN ) ThdE
EZbN5.

)41

- Heat flux 91kW/m?2

vapor (Ty,)

100 Boiling surface (T3)

Qver
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Fig.5-6 Temperature of boiling surface and vapor as intake air temperature increased
from 25°C to 100°C
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Gauge pressure [MPa]

Internal pressure

Fig.5—7 Internal pressure of thermosyphon as intake air temperature increased
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Fig.5—8 Comparison of measured internal pressure of thermosyphon

with saturated vapor pressure of HFE-7000
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Fig.5-9 (ZIT A7+ S BT EE AT (104W) ZHUINLTZ B ICH1T D, [SEVEIREE, ZASUREE,
BELOMBEVEEEE, KKJEOHESZ /KT, Fig.5h-6 O 18 A7 v 7 ITHY T2 AT CTHD.

AN AR IR E LA KIRE DF(T, — T,)IE 10.7K ([ZFTALEHFL ((A) H), 0%, B)A
(Tp — T,=5K) ETIR A IZ TR -TND. LT, (O)RITTHATZ 4 NIE AR KB ZEL T
W5 DFED, (A)RIC TS SBAEL, (C) I TRk IBIZ 2 o7 B 2 b,

ZOIDNZABRDERZIIL, BEEOWE LA (F— = a—RBEL, EAEX 5.7K Tho
7. 2O — "= a— O TR, B HFE-7000 OBV LB E O 2O B _E o
YETANEROLL TCLEY, WA BN THHEE Z LD, FT, WA A7+ 121E
AT DHRIOMER TRRIZEY, BN L i OMHIZS AN O KIEE N R R L T ZEL HE R EE 2 D,
LU S, — &, SR Bth 3258, FvETANORIBEN H DB SN D720
Fig.5-6 |ZRL72dDIT 2 AT T LABRIEA— /R —3 a2 —MIFEAEL TR0,

70 14.0 250
-Heat flux 91k\W/m? =
120 Boiling start Saturated | ;55
boilin
9 Boiling surface (T},) (A) 7, -
%) 10.0 i Over ~ | 200
ol < [ shoot P
L 50 N80 i Fp—T, 175
E vapor (Ty,) S i @
© ! ' B
2 40 60 i i (€) Ll
= = : - (B) 59
K3 _ 4.0 : # 125 94"
a0 Intake air (T5) Internal £=
2.0 { pressure 1008
: 2
20 0.0 75 <
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Fig.5-9 Thermosyphon temperature, wall superheat and internal pressure
after heat was applied to boiling surface

Fig.5-10 IZ AR 29°C>5 90°COEEDEIFNZA KL ) 2% B O BRI A 7~ 7.
ANKIRED EFAZAENBIFNZR QLN m<RY, BMRERE W B3 5720 BT LT,
L L7e3n, AKIRED 60°CHIraiEx 5Lkl Wf&#bﬁﬁﬂubﬂ\é. ANKIRE 60°CTIEA
KIREIX 16 CHETHY, ZDLEDOAIFIFARLKILEIL 400kPa V<2725, #iZ, OO _EFI3Y-1
74 NIEDEERIZHE Z B OBMUEETE DT, Pliaimie—5 7 Dyﬁﬁaﬁ@%ﬁﬁﬁ%ﬁiiﬁ&&
LT27eb ThHHEZ 2 BID.
TR G A7+ 2 &, ZEEO R H A T2 (MIRICIZR) LT DDA ff
LTS, KRBROEY A7+ LRGN T, B =2 BT O WA 7 D55
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21, ARIREE T0°CIEE TREGEROBIRHIN ERA-T5Z 2R L TRY, ZEEOE RO —
BELC, Fig.5-11 IZAKIRE 80°C TOZ B EFH O Mmig 4/~ .

ZZT, @ik COZ L —2 T vy ORI IEA MR T 5720, AKUREDY T0°CICELZ
Ke R C, — B A7 40 A BREEN DB L, B OEEIA L 74 AT LI I L
117, BB O EFEA RO D ZE THAE O A E A RO, D%, A7+ % R OGBRELE
~HATT, AKIRE 80°C, 90°C, 100°CENZIUT DN THRIEED FIE CTHEfUIRIEZ FERR L T-.

Fig.5-12 (ZHEfluikREZ AT AL L7k A 7R 97 AKUREE 70°C i bafih i A1 X s f= 24 i (38mm
X 30mm) DIEIE 100% TIALZEILL TR, 80°C, 90°CH LT 100°CITH W TITAMEZAE A
ITL, BRI X ENE IS ENE D 55%, 42%, 22% LAKIHL T\ .

APEERY A 7 42 B OISR EE OMUEIL 1.5mm THY, HIEDOEEG L THMZEENAEL
DIRSEZIVEIRMNCS 7 N D2 LT T RETH LN, WEDHNNSY, ZEE OB TN+ 5L
(2725728, B DR EEZE LT Tl E2M B R OREZH G 528725,
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Fig.5—-10 Thermal resistance of boiling surface of thermosyphon
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Gap due to deformation of the boiling surface
(intake-air temp. 80°C)

Ink-coated surface

Flat block

Heat receiving part

Backside of the
boiling surface

Fig.5-11 Plastic deformation of backside of boiling surface at intake air of 80°C

Intake-air temp.70°C 80°C 90°C 100°C
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30mm
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H] - ||

Contact area 100% Contact area 55% Contact area 42% Contact area 22%

30mm

Fig.5b—12 Visualized contact area between backside of boiling surface and heater block

Fig.5-13 IZIZ AL 54°C T OIS MR R A fl AR UE ISR L ORT .

IR U7 2 B D IS TE S AR U7 REE IR CTHY, AKIRE D BRSO B ZK KUED
BT DITBMRZESRED EHL T,

Fo, KIS, R E OB SRR ER O AL L T, Kutateladze D (31D, 5 3 %)
(CEDFEES SRR TORLTO D, IE B O BME RS GHEAE) 0f) 7 5 THY, Wi
(REWERE D KB IAEES IV CWDZENR DD, 72K, BT TR L7l 2 FLI 0 FLE E D s 8%
FRREL =48 B, FLEREE 833[1/cm?ID NN L1 No.3 AV —TH A7 4> O i B m 2 45
ZEIZLRY, BMEREREIISHICA BT b 0EE BN,
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Fig.5—13 Saturated vapor pressure dependence on boiling heat transfer coefficient of thermosyphon

5.3 TR EMEDRGE

5.3.1 ERFIE

F2ETRATIONS, TAI=ULEELT v FRMETéHH HFE-7000 DHEAFEREIZ BTl
TNAIREDBFRIZOWVTRHNL TBMERHD. BROEREIZOWVTI, /Alﬁtﬁlﬂmmfm’\a
WIS TT ARIRENCWAE T HKBEICEDE R, 72N, IRATHRT I, 7K LM BN
KGRI G Z LT T ZEICEVERSINAS T v RAA AZLAD T NAIREO FERIE R (FLE) BB 25
537].

C;F,0CH; + H,0 - C3F,0H + CH;0H (5.8)
C3F,0H + H,0 - C,FsCOOH + 2H* + 2F~ (5.9)
82 FITTC, WO KRN (O BFTETT K S BT AR Ky OFEIE) (XS

FEXOBIRLS, TAIREIIRAE T LKBEIZLDERITENEE 2 5N L, Fio, FIREREE CILmit
DMK RN XD T v FE AT DAERRITFEE TN L AR~

LU, KRS ILEIRIC 72 DI ERESND EZ X DNDIEND, AT+ 3Gk

IS ND BRSNS DT Eb I EX DL, EIRERE I DML D MK /3 FRIEIZ DUV TH ARG

86



LCHMERDD.

#ZC, HFE-7000 L7 A= ASEOIFEREICB T EMEEMEARIET 5720, EihsE
BT o= — 73R OINERER) 217\, MO SfRME RS KO AUE B OV TRiES 21T -
7-.

Fig.5-14 ("3 30, BAIELIZT AR YA 740 O—ZGIRL, MHERZRF O HFE-7000 (Z4)
Wr AR E S 72 v e, IHERZRIZ HFE-7000 DAz £ ALV 7 Va2 EL, Th2hE
IBEREE (50°C, 100°C, 150°C) 2T 1 » HEm—r /&,

D%, WL OT7 v FAF AR E KA R a~ T 7 4 —IZ KO EEITH L3
12, 7VZEE D SEM (Scanning Electron Microscope) #1225 LY EDX (Energy Dispersive X-ray
spectrometry) i3 W& FEhu L7~

With aluminum Without aluminum

specimen specimen
Cutting area
g=mmEeea e ~_ TR Aluminum
e PR
; . =3 —— specimen
Heat recewln Heat sink HFE-7000 -
pat o A HFE-7000

Aluminum brazing part

Pressure resistant
vessel

Fig.5-14 Sample of high temperature acceleration test up to 150°C for 1 month

5.3.2 EBRFER

ERT— U R BRI ORI D7 o A BOWERE RIS, 7y FAF L DERGHEEE (BAL
RE M7= D7 v A4 AR ) #R U725 R % Fig.5-15 1R 7.

W AL T LU BEL (W HFE-7000 D) THY, FANDEEEOT A7+ BREITEWT L
SHAVDEGAThD. £255F LT, HFE-7000 SFERR TN ZKERRZ AFSETIRREICBITD
TAIFAVOFRERLIR =4 TRUTWS, ARENL, WMt SnoBEL2 B CTEVHT
ZEIZED, HFE-7000 L¥A7 /K 55 DRI DOANAK GBS OIR EEARAF A R T 572012 F L 72 b
DTHD.

T BAA A ERGEEITRERE O EFEHITE KL TOWDORSND. BE BRI,
HFE-7000 &¥A17 K 53 ORGSR SO ME#ES T2 Th D, LT, Oy etz w72
WG, BlZIE 100°CEREE TIE 7 v FAF A RGHEEE I 3MEF 107 ppm/hr A —% ThD. 7035, T3
FAEVOEE, TAIT UL AR TAERGEE B2 TWDED, Ziudmihic e ksniz7y
FBAAL DT AT OEBIN B L THBESNZO THLEEZLND.
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FEBEOV AT 8 SO EREE (F L) T, BREZIRE 50°CICCTAA UV ARGEE X 1.4X
10 ppm/hr T D. KU AT+ DEER SV B3, RIZ 50°CEREE T 10 (8§ 255 248
ETDHE, T AT FH ~DEIEE NEIN 25cc THAHIEND, 7vFBAA L ORARLETL 0.004mg &73
5. AT 7 ALKFZO R/ NEIEE (1) Ths 1.5g [44]059 3X 107" %D THETHY, A
AT F 2w FERFE T2 BT AR ERIEIEIE R ITR V.

-Refrigerant : HFE-7000 HFE-7000 | Aluminum
-Aging period : 1month degradation | specimen
__ 1.0E+00 - A O (@)
= @ X X
£ 1.0e01 A @ X o)
=
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S 1.0E-02 A 100°C
o With HFE-7000 ¢
£ degradation
S 1.0E-03 - 9 et
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Fig.5—15 Generation rate of fluorine ions in HFE-7000 sample exposed to
high temperature environment up to 150°C

Fig.5-16 |2, =— Y 7 RBRF DT OT A0 fF1F#0> SEM F LN EDX i34 M F

R TAIFII AT 4+ O—ECIW LT=b D THHDS, TAIRM L0 e fHF o 503 E &
HECRLTWEE X, aufHT I OWTHIEAE I L.

SEM BRI IC R Z —FRICBIELIZEZA, LBREDREERITB LN T, Fe, 7o
By (F)IZOWTE, BREGIREE 50°C TIER A S LT, 100°C TIEMEI STz D D ILHEARL
0.9%EMEToh o7z, 150°CET LT DL 5.9%L720, mIRRERIZE T VIR E D7 v K wlIH N
5. 2T BB D7 B AT AR B E O BRR IR AR F L R E OB ThD. 72k, v/ RV A
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(Mg), 2 V= (Si), 8k (Fe) M EICHREISN TWAD, ZHBITREBR A OT I A EORMITT 4
ENCEENTODER Y THS.

PLEORRFEHRER LY, 50 CEREICB W T T vy AL OERITIRE RS, F7z, TAIRMEICT Y
TR IR SNTILALBRINAD S22 D, b—F AT+ 2 RRECHATH ETh
BRI LD T NIFEREPEIZ /2D 2813720 EFE 2 5.

Aluminum specimen

Aluminum 4 Aluminum

brazing area @  brazing area
t1.5m, 1mm
Aluminum m T T
alloy
H50°C W100°C
Wt % At % Wt % At%
[KEai) CK| 180 385 [kCnt] CK| 124 266
63.0y Al [Tok|[ 561 9.05 42.7, Al T okl 821 999
MoK | 176 | 184 [FRT 060 [ 008
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Fig.5-16 SEM and EDX analytical result of aluminum specimen’s surface after 1 month aging test
at high temperature environment
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Fig.5—17 Position of thermosyphon in this study for chip cooling (based on [3][4])
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Fig.6—2 Target area of thermosyphon in this chapter for PWB cooling (based on [3][4])

6.2 BB I ORI IE

WEIRIGE L ClIE Ry N — 7 AR RIS E S RSN D @ R BRI a2 A E L, Fig.6-3 I
AR [EIEE F AR A B — YA 7 > O AT REE O R 2 T 7.

HAREIEE TIE, FEEDOKRE LSI F X, BB 2a—ARONA L F—ax I Mel O
TREBEORBAR T ONEEBEICEEIND. 22C, KIZRTEIICHEFE T HGE (Heat
Generation Element) 2@, @, @IZX L7 (DLSI FE+, @@NHEF) . LM, HlfEEIEK IS L OE
JRIE S B 6 D LHA TSR TK TTOW Th 5. 172, £FEF (DQR) OEMERIFRE TR/, BrEE
IBER ACCELIZ G AICHFRSNDIRE EF-O EIREN, LSIE T3V v 7y a5 E EHo EIR
fIEC 60K, 3 FITMEREEAMEL 30K ThD.

93



HGE@)
Optical modulg|

—
HeED| |HGED| |HGED Temperature
LSl LS| LS| rise limit
Power
oo o - circuit @:60K
HGED| | HeE®D)| |HGED 230K
LSl Lsi LsI 330K
_____/

HGED Control
Optical module circuit

HGE : Heat generation element

Fig.6—3 Layout of heat generation element on circuit board
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Fig.6—4 Prototype of cooling unit
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Fig.6-6 Configuration of cooling unit prototype
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Fig.6—7 Measured internal pressure of cooling unit
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Fig.6—8 Air flow dependence on temperature rise of heat generation element
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Fig.6-9 Heat flux dependence on boiling heat transfer coefficient of No.2 skived—fin (Ps,;=0.18MPa)
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Fig.6—10 Heat flux dependence on condensation heat transfer coefficient of thermsyphon
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Fig.6-11 Thermal resistance of radiator (air—cooling fin)
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Fig.6—12 Estimation of temperature rise of heat generation element of high—density circuit board

6.4 REDELD

RETIE, BERY N —7 AR RIS E A R, BIECRGEIRE 3 7 D DR AR 1 (LSI
ﬂ%%&tm‘éﬁ%) DG END BB I~ DV — TV A7 4N L DR ENFEE D FBINEIZ
ONT, RIEHIC LB ERBR I C LR L7 i R AR LTz,

AT, B IEAR EOBBOEEIROL AT 0 ME I RIS ATREE 35 L3, Pe/vze
MY AT 4o ST D720, EWEERE T LI —KEELL, Ho, S A G 5 5m1c
SyEIToMEEA R L.

ARSI I DR E BRI LY, HEGE 7O HN PR CThHOZ LA R T IENTE. £
7=, RBRE R HESE, WEREE ORI ERAHEL TR HREEZHR LA, LST BLUS
T ICHFRBEL P AEICED AL A RH LN TET-.

LinL7Zeiis, 2EEERE T L TORDIRASE P ZE [~ DB DY, 4tk OFREE L CIkE
ERDOWEWEEZ SO LI ENE T HND.

REORBZIZ, BAELIZBEIRERB A —F A7+ TER T HIEN TEI AR E L, B
O, i Al :iﬁ“é%%&%fﬁw‘/l\“(%l%Fig.l—l)[B]M]&U 1y N7l 3% Fig.6-13 1R,
[A] % Fepfe >~ 260mm X 200mm, #85ZZAE T T80W THD. HERDEHEMTCTIaKm 7 Koot
WCHLN, BIELIZ Y —E A7 41280, A bEG LA F)H L7222 7 AN A RETH
N N B/ N =

104



- White mark : Air cooling
-Black mark : Water cooling
L | LA | L LA |

100001
Thermo-
[ syphon for
PWB cooling
(this study)
1000
- \Water multichip

module

cooling

heat load (w)

Air cooling

module o

| | 1

10 100 1000
area (cm?)

Fig.6—13 Position of thermosyphon in this study for PWB cooling (based on [3][4])
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