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IHPS)AYI & &k > IHPC B IHPS HYERIHE S 403% 2FK » S—f@HY IHPC £ 1973 SE{EEHT
[ IRF 2R - 1R BRI & E R B - WA RSN - S —ERY IHPS
7Y 1985 - H ARG - 2 (RAYEmIE 1 HH AL H AR T > RACEM ZE niithlE - 17 2016
> IHPC B IPHS & T EREEUR NS G 81T > EREMERR—R - 59(2018)5 AFItE
TR RG> N ER R 2 EREENT Gelendgik it 2020 £ 9 H 2 - FENHG{E 2011
FEF A2 10" IHPS - BRSO RERE SO £ R R RS BVE Z B & h B —
NZR > FEAXGIFEZIEIC > BES [ B2 L BVE SRR AR5 2 -

AfE AR E 24 (EE% - i 185 (L Hx R EHlE » L3R 141 n L - A S HIE
FIRR Foi 5B (24 N) ~ TPEI(2L A) ~ #Ed(22 A) ~ HA(L19 A) ~ f8RI(12 A) ~ 22 AF](12 A)
BIEO )~ APERIO A) ~ =IO A) ~ BT A) ~ JLE(7 ) ~ #REEHT(6 ) ~ EEAIRE(S A) »
ErE@ A)..5F -

R 2 EERERVEGRER IHPC 8 IHPS USRS

IHPC series LOCATION YEAR IHPS series LOCATION YEAR

1st IHPC Stuttgart, Germany 1973
2nd IHPC Bologna, Italy 1976
3rd IHPC Palo Alto, USA 1978
4th IHPC London, UK 1981
5th IHPC Tsukuba, Japan 1984

1st IHPS Tokyo, Japan 1985
6th IHPC Grenoble, France 1987 2nd IHPS Osaka, Japan 1987

3rd IHPS Tsukuba, Japan 1988
7th IHPC Minsk, Belarus 1990
8th IHPC Beijing, China 1992

4th IHPS Tsukuba, Japan 1994
9th IHPC Albuquerque, USA 1995

5th IHPS Melbourne, Australia 1996
10th IHPC Stuttgart, Germany 1997
11th IHPC Tokyo, Japan 1999

6th IHPS Chiangmai, Thailand 2000
12th IHPC Moscow, Russia 2002

7th IHPS Jeju, Korea 2003
13th IHPC Shangai, China 2004

8th IHPS Kumamoto, Japan 2006
14th IHPC Florianopolis, Brazil 2007

9th IHPS Kuala Lumpur, Malaysia 2008
15th IHPC Clemson, USA 2010

10th IHPS Taipei, Taiwan 2011
16th IHPC Lyon, France 2012
17th IHPC Kanpur, India 2013  11th IHPS Beijing, China 2013
18th IHPC & 12th IHPS  Jeju, Korea 2016  12th IHPS & 18th IHPC  Jeju, Korea 2016
19th IHPC & 13th IHPS Pisa, Italy 2018  13th IHPS & 19th IHPC Pisa, Italy 2018
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KGHEWFE AR > Fai o B EE TR - [ERE S s R » Se g AE
PR o Rt am OB iT 3 B USH © 200 (Thermosyphons, TS) ~ £ (Heat Pipes, HP) -
k#7247 (Pulsating Heat Pipes, PHP) ~ B =2 (Loop Heat Pipes, LHP) -

%= 3 IHPC-IHPS-2018 K& RfZ[5]

Day1 Day 2 Day 3 Day 4 Day5
DATE/TIME June 10 June 11 June 12 June 13 June 14
(Sunday) (Monday) (Tuesday) (Wednesday) (Thursday)

10 REGISTRATION REGISTRATION DESK REGISTRATION DESK REGISTRATION DESK

5T BT OPEN OPEN OPEN
8:30

8:40
= Opening Room A Room A Room A

-00 Keynote 2 Keynote 3 Keynote 4

10 Room A Prof. A. Faghri Prof. D. Del Col Prof. K. Myazaki
Keynote 1

9.40 Prof. Y. Maydanik Room A Room B Room A Room B Room A Room B
9:50 PHP2-1 5P1-1 152-1 HPS-1 HP7-1 5p2-1
10:00 Room A Room B
10:10 T51-1 HP1-1

PHP2-2 5P2-2 T52-2 HP5-2 HP7-2 5P2:2

T51-2 HP1-2 PHP2-3 SP2-3 T52-3 HP5-3 HP7-3 5P2-3

Coffee break PHP2-4 5P2-4 Coffee break Coffee break

11:00 Room A Room B Room A Room B Room A Room B
Coffee break
11:10 LHP1-1 HP2-1 LHP3-1 HPG-1 PHP4-1 5P3-1

1130 LHP1-2 HP2-2 Room A

1140 LHP1-3 HP23 POSTER PITCH (30') LHP3-3 HP6-3 PHPA-3 P33

LHP3-2 HP&-2 PHPA-2 5P3-2

LHP1-4 HP2-4 LHP3-4 HP6-4 PHP4-4 5P3-4

LHP1-5 HP2-5 POSTER SESSION 1 LHP3-5 HPE5 PHPA-5 P35
Capillary Driven Devices
(24 posters) LHP3-6 HPG-6 PHPA-6 5P3-6

i;?g LUNCH Closing Session

1330 Room A FoomB | Distribution of lunch boxes LUNCH

13:40 PHP1-1 HP3-1

LIGHT LUNCH

PHP1-2 HP3-2

410 Room A
PHP1-3 HP3-3

420 POSTER PITCH (30')
PHP1-4 HP3-4

PHP1.5 HP3.5

POSTER SESSION #2
PHP1-6 HP3-6 Wickless Devices
(20 posters)

PHP1-7 HP3-7

Coffee break

10 Room A Room & SOl
20 LHP2-1 HP4-1 Room A Room B

. PHP3-1 T83-1
16:30 [ P2 Trip to Lucca

PHP3-2 T53-2

LHP2-3 HP4-3

PHP3-3 T533

LHP2-4 HPa-4
Registration Open PHP3-4 T53-4

7490 Conference venue [HP2-5 Hpas

PHP3-5 153-5

LHP2-6 HP4-6

PHP3-6 T53-6

30 POSTER SESSION 1
:30 POSITIONING

WELCOME
0:20 BANQUET
0:30 Conference venue GALA DINNER &

garden SOCIAL EVENT

e Meeting of the Committee Arsenali Repubblicani

5 on the International Heat Via Bonanno Pisano

20 Pipe Conferences
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REWEZREFHR - FRHREH H 585 E (keynote) Bidn - DS R HHE
WK AFR - SGIER > FERlRTRI S R L © 55— B R AT RS20y Prof. Yury
Maidanik - 74830 [EIRAML T ST EIBE X 46 FEE LHP SUSEIT ST iR R - 2Ptk
e AAVE BRI s - SRR EEI S EVE RN A T ERAYEEE o Prof.
Maidanik RSN > EEEE T LHP BVERIITHY (B BR300, - RS -

& 4 IHPCS2018 B335 55 L s BA B R

Prof. Yury Maidanik
Institute of Thermal Physics,

Ural Branch of the Russian Academy of Sciences,

Russia

Prof. Amir Faghri
Distinguished Professor of Engineering,
Distinguished Dean Emeritus of Engineering,

School of Engineering, University of Connecticut,

US.A.

Prof. Davide Del Col

Universita degli Studi di Padova,
Dipartimento di Ingegneria Industriale,
Italy

Prof. Koji Miyasaki

Department of Mechanical and Control Engineering,

Kyushu Institute of Technology,
Japan

46 Years of Experience in Loop
Heat Pipes Research,
Development and Application

Advances and Opportunities of
Integrating Heat Pipe Concepts in
Active and Passive Energy
Systems

Condensation heat transfer in
heat pipes

Printable Thermoelectric Device

B B EE R BRE VIR ERA Prof. Amir Faghri > [REZVE IR RBLE

N R AL RVE I B RN B
A2 ARSI ER] - Prof. Faghri &] LA

Eg,/

{fr(Direct Methanol Fuel Cell, DMFC) Jz KI5 i AVEZ
st FREVE SR BIR 2 — MBS AR

EHEREHY B 2R > Hor Heat Pipe Science and Technology 55—k 1995 4F 3 HRGH[1] » 28
RRIAE 2016 4F 11 H HHRR[2] - % EEMIES A ZVE TS E BN BRI EE T BE - &3
HRFIN » B2 EAFREE 2~ — » %= 1000 B ~ EE#41E 6.6 .\ ~ EERT 2.5 N7

B B BV Bt i -
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AR AT Prof. Faghri Rt - INIHESE2 4G H O — (B Z L2 A Prof. Faghri
At > e S TP AVE RHB B R B ER TR AEABIBVE PR B IREE - FEEF =K
N IREREG EHE Prof. Faghri 3573(8 1) - BT EEAE REER - BHYeArFEH
j*i&%ﬁ%‘“ﬂ’ﬂ%%% » HORET BRSNS DUETS - B AR R ERARRBVEN GRS A Té

HYERD -

FENERSAEEIUR MR - B 2R3ERGRIRE - 508 E Ry T HPAIRIFHEMTIR
ERAIE SR UG ELE | (Quick estimation of the maximum filling ratio of closed two-phase
thermosyphons) » 430 R - TARMAGHE TR R Z B DEAFIEE - JuE i =0A %0 -
DESAE - EERMAR BT QBUESTE « BUEFEAIEE HaT B QIREASS « R
SR EE LS o RIIEACSGR—TE(EE0% - AT DA R BT E N TR RS i
IR - i BhEVE B N\ B R FT st B R e b 45 BIfE -

Quick Estimation of the Maximum Filling Ratio
of Closed Two-Phase Thermosyphons

B 2 : EE (TR Joint 19" IHPC & 13™ IHPS A& F&EH3C 2 B
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PUEE R A TR E B H I RRF AR OTIE o FIHER ARSI - 35 m A
B - AERETRHISHI IR EAREC#AES ~ KEZEEE ~ #2551 - 2VE X2 h
ZErke S TAEARFTAEER - 73 Fozk 3% B ~ ARBNECER S BREy - EIE IR EL R 26 S Ee N B e O
BRI HG) 2 S MER BN (R BN 38 AR A B L Ry SR MRS SRR UG T2 BEE R RS B 1R BEAS (X
2 > R AR EE VBRI F AR RIS B SE pl— G - AL AR R S TR AR &
BMHEAVURI3] -

AT ERES B E g ~ Aol ~ SnEAfEAVEVE - SHTUMARETEK ~ & B - R
FFS A FERE RSB AVE s REHEE 0.07 KIW » [FERFERVEINEFEEL TIN ~ CrC
NiCr Z ¥R LU T BVE BRI R 1 - AR E IR I FEIE 4] - R P A (el > T —
& SRS A AP (B (LB R T RVETERE - LR EIRPVE S (E RENE T Bl tHYH]
BT ELELE (R R AR -

BvE B EEGES] - AFREIMEMEIRTIYVATEE T BVERYR A BVE 2 B EHIRE IR
fHl(viscos limitation) ~ & #E[R i (sonic limitation) ~ £ 4HFR i (capillary limitation) ~ &7 R i
(entrainment limitation) ~ Kz fgRR A (boiling limitation)Ts A ERVEERBIFT S - HAPHRBANYE
sTRTEFEEVE S R - BUIEEHE - REEIEE « FAR(ERRFS » S8 EHE - HWEVE
s T ELBHEE I S B — EAE R3] - AR PR A oy S B B iy 5 R ] DU 20 SRR
RIEFER - AMELEHREAEREVE FESRNER 2 12— EREENEE -

ARG T LB AR Prof. Faghri BRHE A& B S E22 5 A 554 - SEAlEVE RS
FERBIENE (FLIRE) S RREEH ? ZBER ARG R - I HEFVE SR ER

RECEIRAR] » A& EACSRER G - B e R AR R0 B HATAERH R - R
MHEEVEIRFIRY TR R LIS » [EEVEE T REG S - SORIRAELEER - 5500 - 3K
P EIRERE EEIE  IREIA— SRR - ERE A Al S 4k > A EEEVETRHLE nT LARERRHY -
WLENVE E Rk v] LIS - Sl R R JeaR g B P ZEMERAER A5 B
BETEE B ET S A LIS BRI - AT Al B ESE S -

HT7TH



RESEVERIFERTE U EAE © TR - RZEFERER - RETEREZZULA]
BRI IR B2 Al ~ HEZNGERRIUN A - s 2 IR BE SR SRR TREI R sl - HoAthsRie
WEHE 2T EE - BN S - BVERIEEESEIE M B A L im % e - fER] L5
FPRME R B Rl e & F 05 H) - EA MR K Eam L E[5] > #% USB BREFEIEAFTEEFEE - A
B A TSR -

ARIRKEHICES > BT SEERENEEVE B e ERFHEA# A 3 RI5] © (DARFEEILR
T K22 Transfer characteristics of thermosyphon heat exchanger for cooling electrical cabinet> —
{E R - AT 7 AL S B ss - (BB RR BB i - B (Energy  Efficiency
Ratio, EER)/Z 422 F81Y 2~3 % - Bag K HLY 33%~50% » BEiREE A (2)BH RMIT KE2
i\ Water desalination and power cogeneration utilising heat pipe heat exchanger - $&H—f&E¥ &2k
BRI - THEBEIL - BAFE#E 25 (Thermoelectric Generators, TEG) ~ 7Kk (L% %
TR —HGHVETER - AR RSN E AR I (R KT 1.2% - s & e IR A 5
s (YIRS T AR M3 [E %A Development of heat pipe heat exchanger » 7B 5 =4
BHR- KBRS B BRGER - PURasNA 19 SIASEHEVE - BT REFESI X
REMTFERTHYILEIIFERCR - B ZRET e FT N T - BERERE MIZREVT 7T - EEE
s BLERE - ABUZRERRFT AT E B - BO AR S TAHRRER AT SR e A -

RZEFURBVEH - BARIE VR CEBLERS - 497 200 EELR 22 EFARAS] © 24
EERZENURTE A T B — AR gL AIENE » FE45RE_ B AAGESE » [E R SEMEEORELST - K
ZENURHEVE - ERRIFEOAREAEZETT MIEFZEE - A SRR B S 3R
Bi MIEFEE - (EESREEEVE S EAZEARHERE - 2VE AEAEE N BASREEEE
fagat - £ £10 G AVE DR T @ BVETERE IR AGER - I REVE R ZEHTURHY S E
M - TREBVE BERE TR PSR Se AL - BT IAHENVE BN AL s R - BEA
= 0 AR - (ERZEMAREBNEETY  BEIFESE & RAEIRTIRER -
HEPAE TS TR A HR0sa it - — BT ANEERE - EEREEVERIGEETIA -

A& R EZ UL A BN B2 Al ~ HEENGERREUN A 2 =5 eI e -
OISR T -
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(—) REIREFERZZLEIZ EA

IRIZEH ORI PAHEREE6] > EBRIRAFAY 8,359 JRBLIERT S Bl Py 2,668 FELAILERRT -
IR R R I /K & e DABERE 10 [ ARYERIZKFRK - BAVAEER T - 44% % A /KE TR
Eh= Ml > H 25% R B A B SE L AL YK &R IEAE DI 2R A 1

SRR RS T REIR BT T2 2. 3% Dennis Lettenmaier $2fE A {0078 58728 157 R
A2 ANRTRELT] - SREIRIRZAE ~ PRRE ROPRA S SR L ELY 90%HYEE ) - S ERUAE AR R HKE

SE /KO AR (EE2 EE A BN - HADKE4Y 5 £RBOKERERY 40% ; 2007~2008 [ AHk
Z R AZKFIBEBOKOR A ERIPR ] - 28 pE o) S k2 e BT I (B [ 7] - 3% SRySsBiTeF
PROR T2 R RE I s i T S s B R [8] - WIOME 75%EE J12R E _Ealt B » £ UMK &
Fy 50% - 3 j5% 2003 ~ 2006 ~ 2009 = RN SAIKZIR - HEE > ERURELT] -

0|

GBIV RS > KT RE BRI 2 Bl AN B/ KT T4 A - (NI B E]_EAiEx
FHERHUKEE - EESERPKIEEEREE - (IS 0EREE IR N LFRE -

® 5 EBITFRIGTHERAE TR E R B (6]

. iR | BEEA FESE

BTk MMillstone ZEIEE S Al KRR EBRS - BB 7 R/E
2012/07 SRMEMGHRE  BUEE—ERER  EHEMBEENEEH T
BE255000EE 7] - BEHEE=MIE.R
wERE BRI ZE N 018 44U B ] M E i B 2 Al K KRB S - 35
prmmmgg  2012/07 KRPRIEFENERRER LTI REEN iﬁﬁﬁﬂki—.ﬁﬁﬁ
e PRI NIBIRREBR G INEE )\ E R L EBEVEHEK
SRMEENRRKBEATAZ PN T /LN B ERMEE
3 EWEHFE  2011/09 REEPEE - BESan OnofreZEMAIINFEIBA T ER(ER M ST
5 FEDEREL2E  EE2/08ENES
BEZASRNCExENLH#EENENENENTREHES
4 B 2011/EE BEEURHRESENEH  ERASEMAIFFEUEINED
—EERH D EE N
#E M aIHoop Creekt ERANE MAIExeions Limerick 8
5 ZEm 2010/E= BMERAKRESRS  BERHZLANEERAREES
BB ERARENR
Pe] 4 B2 5 0 AW P8 7 15 2 S Browns Ferry 2B - #iBM&1E

6 pEE oy DORLBEMER MBREEEHLZSAKEAS B
o So11 REMBEIKLERE - HEBLACE  BERBRMETE

50008 =7t

HRBFXEEAEENHEBERLZS - EENNEIARES
7 WEHE  2007/10 BEMEAESNRE  HPEE_+ZEWEFBRIEISERE
RBRAAE M E80,0005 FFE - BHNEEREHFXLE
ET - MRNEICRBEILFERMAMNEB LR - LU
DEARER (RS MEESLE) - SN TAREE
ZEARMAMD.C CookiZEBRR  AREFTRRBESENE
R R B RO 22 SUREEI120°F (48.9°C) « H#EZ MR EL
REAKWBERSENFE - ERAXE - BRBHER - &
EFARKELETNEER

T 7 HIFE P M 3L HT I 24 BB i {8 o 4E B2 BB R SR8 60% - £
10 #ZER  2006/08 ZEEASHNEAEALTNSHKEERS  BHRESRFL
BISANK

FEHHE : US. Department of Energy (2013) - U.S. Energy Sector Vulnerabilities to Climate Change and Extreme Weather ¢ |
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FR R /K BUK &R - A Prof. Faghri BXas EasH i (EARAER o > A —ERtE
BRI ERAEZZUS A - B SEURREA F2 A KA R - B 34 L AEPAEERS
AIEIRAVERL - A7 2 AR E/KRT KR © SRRE BN EZSRE AT - JHFK

n +

HR-E 3a N RERACE)/KAAIRER - (B08)/Kom 5 Al At e H feeeT AR K -

& 4R RS AR R - §222 RS AR IBRE T A K AAI B E
FERHIEE R ABVE &R > REVEEISAZRAT - PR « ZRAEEZIR - 10%%E
TR > 5 ERVRE R A H (FRE R K2 Al - 755 8RRy b -

Background; Power Plant Cooling

Thermoelectric plants account for:
*  40% of the USA total freshwater withdrawals

* 3% of the nation’s total freshwater
consumption

Water-Based Cooling

Closed-cycle cooling (Fig. a): Partial evaporation of
recirculating water removes heat from the power plant

Water usage may not be sustainable at
some locations

Once-through cooling (Fig. b): Intake structures
withdraw water, which is run through the power plant
for cooling

Thermal discharges face increasing pwerP "
: 2 wyidg |
regulatory challenges Water cooled power plants:
(a) wet cooling tower, (b) once-

‘ri through
& 3 : Prof. Faghri f&§i#i8 H (1)—EE R AR S A1 EI=[5]

n'!i ‘Background; Power Plant Cooling

Dry air cooling
Uses essentially no water
« Steam runs through large number of
finned-tubes
« Large fans are used to circulate air
« Air side heat transfer is inefficient

« Up to 10% power production penalty

+ Up to five times higher capital costs
compared to water-based cooling
Copacityof electric power plants by cookng system type and fuel, 2010

g‘sﬂo"’“‘ Cooling systems by type

Array of Air Cooled Condensers

. - e Cost effective options needed for reducing water
5 thet usage for power plant cooling

Source: U.S. Energy Information Administration, Form EIA-860
Annual Electric Generator Report

[ 4 : Prof. Faghri fl#RIR A (2)—EREZZESRA BRG]
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Prof. Faghri f£&35 L2 3 BT EREMRLS: » &&EEH 50 2 fEs L - 5 T
RENRCE REAIE SATR - B EE TRE ¢ (D) E RS % ktds DDTSC (direct dry
thermosyphon condenser) ; (2)fE] 57 =0T 1], /4 582 IDTCT (indirect dry thermosyphon cooling
tower) ; (3))E & AN EH 325 5kgs HPDC (hybrid parallel direct condensers) ; (4);& &% 15
2818 HSCT (hybrid series cooling towers) : (5);&& I E B4 4% HPCT (Hybrid

parallel cooling towers)Z » {5 3z HrifE{ T/ 4B B ER A -

(D E Rz 2 AEds DDTSC » H— 2B RS PR I ENIL IR B ACHU R F AR 2R %
s AR ZERGRHIENR T =k - DDTSC HyskaTEA » A SmEEMa il - #LHEE R iR
SETEMH TIHVZR R o8 EAHEE Ry ilRAE -

() Pz AR 2 B IDTCT > F DU ESRAIE R A/KEE - ILAMHSB B > (22

HENEE T 2B R AR 8 B ERE S -

Q)R ERE R 4 Stas HPDC - BI'E DDTSC BHEG A AIKESIFHY 28t - AT LU
IZSERIERBEN: - PR FIREE RS DDTSC SAEMVETE - (HINE Z400T > S8
S B AR L AR R RE K

(@RGSR HFUL A0S HSCT - B IDTCT EHMHELTSAI/KIEN Sl S - A IDTCT [#
JRURFER 7T Y ENER B ZE 58, > [t i R A R S Al KEE RV BVE 7T > BV 26 38/KE > BidU/KER -

(G)EE ANk ERE S AlE HPCT » B IDTCT E{EL Al KSR & -

bR S > H AT RS s R o (HAIFTE AL - R RS ¢ 22 SRR
HEZIRAR TIRESGE T ~ BRE TR - S A S g ~ BHAERE R RN - & 6
JeliE] 6 Ry ENELIR I IS BRI 2 AU E(730 MW)IYSUREEREA AT - (8] 6 Rg AR S
THERIE A - 2R BRYERIACR R [9] > R E— 1AL 730 MWy, (E2MHBRSSE SR IGA FHAHE -
fEsZ e Prof. Faghri BIB{ESETEILOR T EVWRFENEERTEL - & A 28R LUR B
B (DAUIRE RS 2 4ME 0.025 570.125 m > FHRIE 6.5 m © (2)FENVE S H ¢ 0.236~1.08
B HEHEREK > T PR EELY 0.73 KW 5 )EAELE A  22.52~47 $US/KWy,
FHELRY 2016 S2EUAE IR B [10] S8 AT HY LR B it BE L5 A 1000~5000 $US/KWy, » SE237 R BT

RE BN A AL > (AR Ek Prof. Faghri (HREERA S -
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Water recirculation loop

1)
Direct dry thermosyphon
condenser (DDTSC)

H B 2 At

)
Indirect dry thermosyphon
cooling tower (IDTCT)
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©)
Hybrid parallel direct
condensers (HPDC)

e AN E R % Btds

(4)
Hybrid series cooling
towers (HSCT)

e TR UL Al

()
Hybrid parallel cooling
towers (HPCT)
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*® 6 BMLRERAR 730 MW, EREZ R RE A T[]

Inputs Outputs
System parameters HPDC HSCT HPCT Flow dynamics HPDC HSCT HPCT
Cooling load [MW,,] 730 730 730 Hot flow velocity [m/s] 3.72 N.A. N.A.
Pump efficiency 0.9 09 0.9 Cold flow velocity [m/s] 4.82 1.24 1.24
Fan efficiency 0.9 09 0.9 AP, [Pa] 5.45 2.02 2.02
Unit length [m] 225 NA. N.A. APeex [kPa] N.A. 186.64 186.64
Unit width [m] 5.95 595 5.95 Heat transfer coefficients [W/m® K]
Number of TS along width 14.88 14.88 14.88 Internal liquid film (evap./cond.) 6.08E3/ 9.80E3/ 9.80E3/
8.56E3 1.52E4 1.52E4
Heat transfer DDTSC [MWy,| 365 NA. N.A. External flow to TS (evap./cond.) 6.97E3/ 517.33/8.54 517.33/
18.12 8.54
Heat transfer IDTCT [MW,] N.A. 365 365 Thermal resistance [*C/W]
Heat transfer conventional/ existing 365 365 365 Evaporator to hot flow, Reex 3.70E-3 5.65E-4 5.65E-4
MW ]
Thermosyphon specifications Evaporator wall, Re i 1.70E-3 321E-4 3.21E-4
Wall material S.S. AlSI- S.S. AISI- S.S. AlSI- Evaporator liquid film, R, i 4.50E-3 528E-4 5.28E-4
304 304 304 Evaporator interfacial, Re jner 1.18E-5 243E-6 2.43E-6
Outer diameter [m]| 0.025 0.125 0.125 Axial vapor, Roap 7.44E-4 9.50E-8 9.50E-8
Inner diameter [m] 0.023 0.123 0.123 Condenser interfacial, Re jnrer 9.80E-7 2.03E-7 2.03E-7
Length (evap./cond.) [m] 0.50/6.0 0.50/6.0 0.50/6.0 Condenser liquid film, R, 2.69E-4 283E-5 2.83E-5
Adiabatic length 0 0 0 Condenser wall, Re wan 1.38E—4 267E-E-5 2.67E-5
Fin specifications Condenser to air, Reex 1.80E-3 490E-3 4.90E-3
Material Aluminum  Aluminum  Aluminum  Total internal resistance 6.70E-3 9.04E—4 9.04E-4
Fin diameter (evap./cond.) [m] N.A.[0.275 0265/ 0.265/ Total thermal resistance, Rys 1.22E-2 6.40E-3 6.40E-3
0.265 0.265
Thickness (evap./cond.) [mm] MN.A./0.250 0.5/0.250 0.5/0.250  Heat transfer
Pitch (evap./cond.) [m] N.A./0.018 0.010/ 0.010f Total heat transfer [MW,,] 730 730 730
0.018 0.018
Fin efficiency (evap./cond.) N.A./0.75 0.75/0.75 0.75/0.75 Heat rate of one TS [We] 1.54E3 147E3 1.47E3
Fin number (evap./cond.) N.A.[334 50/334 50/334 Air temperature rise [°C| 4.48 1238 12.38
Flow specifications LMTD (counter-current) [°C] 18.67 930 9.30
Hot flow inlet temp [°C| 53 53 53 Operating pressure TS, p,,, [kPa] 6.56 942 9.42
Hot flow outlet temp [°C] 53 42 42 System geometry
Air flow inlet temp [°C] 32 32 32 Unit length [m] N.A. 2009 2009
Hot flow velacity per unit [m/s] N.A. 0.0921 0.0921 Total number of TSs 2.36E5 2.49E5 2.49E5
Rankine mass flow rate [kg/s] 30391 303.91 30391 Number of units 245 29 29
Cold mass flow ratefunit [kg/s] 650 1500 1500 Power
Hot flow quality 1 [i] 0 Total cold fan power [MW,] 0.964 0.097 0.097
Recirculation mass flow rate 7.90E3 7.90E3 1.58E4 Pump power [MW,] N.A. 1.638 1.638
Temperature leaving conventional 475 53 53 Recirculation pump power [MW,] 0.754 0.754 1.595
condenser [°C]
Temperature leaving conventional 25 25 36 Total parasitic power (fan + pump 1.718 2489 3.330
cooling tower [°C] power) [MW,]
Performance indicators HPDC HSCT HPCT
Water loss [kg/s] 157.50 157.50 157.50
Dry cooling estimated cost [M$] 11.31 19.38 19.38
Estimated existing cost [M$] 5.13 5.13 5.13
Total cost [MS] 16.44 2451 2451
Cost [$/kWy,] 22.52 33,58 33.58
Coefficient of performance 42355 292.25 21845
Effectiveness 0.71 0.53 053

2006:03 | 7.006+08 | Toral purnp/hvos fhe powser M) C LR
N — Total parasitic power (fan + pump B g
| [ Total cost [MS) 2408 -
_Co of performance 208.78 =

**Hot-side mas flow rate is an input to the IDTCT, and an output of the DDTSC
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MR IEMNZE 22 fEHEZ - AlE TRR © &fG Bl > #2303 hHATEIEERE BT ~ 1
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R e P AR AT E IR R EAZBE R EARE IR £ 4ihH 95 P Dr.-Ing. Rudi Kulenovic [F[53
Z<— & U E Experimental study on heat transfer characteristics of long two-phase closed
thermosiphons related to passive spent fuel pool cooling » FHf#+-4: Claudia Grass /)N CIBEFSE -
M EEREEE 7 WA S EE 10 A RAVRBIZETE MR HE A5 (E 8) - s% BT
BHZEZERE 1LO0m SEERE 0.6 m - BNELHA 32 Kk 45 mm [@itE » HEH LIRS
BFEZK R R A - SR (AR ARG 2588 & 2 EEBI) A 50% ~ 70% k¢ 100% —7d - EERIM
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R ETREN 2 - 15 2011 FARE B-E% - BIAE B 2 0B BRI T » Rty
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® 7 BRI EssE 1]

BE BRI L EGESS 1
EE() Obrigheim NPP On-Site Interim Storage Facility (temporary) 1999 Baden-Wuerttemberg
th A 85(1) Tihange NPP Site 1997 Liege
ffAn A B (1) Kozloduy NPP Site - Wet Storage 1984 Kozloduy District
Loviisa NPP Site (Spent Fuel Storage 1) 1980 Loviisa
WH03) Loviisa NPP Site (Spent Fuel Storage 2) 1985 Lovusa
Olkiluoto NPP Site. TVO KPA 1987 Eurajoki
La Hague - C 1984 Manche
La Hague - D 1986 Manche
HEH(5) LaHague -E 1988 Manche
B La Hague - HAO 1976 Manche
M La Hague - NPH 1981 Manche
Kursk NPP Site 1986 Kurskaya Oblast
Leningrad NPP Site 1984 Leningradskaya Oblast
5 17(6) Novovoronezh NPP Site 1986 Voronezhskaya Oblast
RT-1, Mayak, Reprocessing Plant Site 1975 Chelvabinskaya Oblast
RT-2. Krasnoyarsk, Reprocessing Plant Site 1985 Krasnoyarskaya Oblast
Smolensk NPP Site 1996 Smolenskaya Oblast
WisE A% 3 (1) Bohunice NPP Site SFSF 1987 Trmavsky kraj
7 (1) Clab ISF 1985 Kalmar
A 0] Chernobyl NPP Site 1986 Kyiv
NDA Sellafield B27 Pond 1964 Cumbria
RRA) NDA Sellafield Fuel Handling Plant 1986 Cumbr@a
N NDA Sellafield Pond 4 1981 Cumbria
NDA Thorp RT and ST-1.2 1988 Cumbria
. N Lacrosse NPP ISFSI Wisconsin
% *BQ) Morris Reprocessing Plant Site 1984 Illinois
M FT#SE(]) | Atucha SF Storage Facility 1988 Buenos Aires
o + E(1) Centralized Wet Storage Facility (CWSF) 2003 Gansu
# EpRE(1) Tarapur (AFR) 1990 Mabharashtra
3 4(2) Fukushima Daiichi NPP Site SFSF 1997 Fukushima-prefecture
Rokkasho Spent Fuel Storage 1999 Aomon-prefecture

SECGEB > BB REN - BRMBA IR 0 BAZHA BT R RREREZ T K -
B R A N RO R A AR R T R R -
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>

TR

E2015%10A8 - EEREAPHEXTFRIEAHI21E -
SHAEEERRED - AER2018FAPEMEE -
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M di=32mm
MW di=45mm
B di =32 mm, bended

thermosyphons

Lc=0.6m
La=84m
Le=1.0m

power  data logger
supply

process
thermostats

8 : TR E N R BB AZAE BT IR A SERTHY 10 m BT ELRE (5]

Cooling Tower 2
Fuel Storage Building

Cooling Tower 1

Q Heat Exchanger
N (FPCS)

AL i

] Fuel POO' COO&SLtem
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Project PALAWERO Objectives o

9 |m:ﬂ‘:r::hlhn

»Passive Spent fuel pool cooling by two-phase closed
thermosyphons B G

b)hrtrﬂm h d estay

»Providing of experimental data to describe heat removal by long
thermosiphons

»Experimental data shall be used for numerical modelling and code
validation (ATHLET, RELAP)

(Session Thermosyphons #3,
Wednesday afternoon)
» Two-step approach:
» Laboratory experiments
» predefined boundary conditions

»Atmospheric experiments
» real boundary conditions provided by

weather conditions (ultimate heat sink)

B 10 : RBRERARTE B AR B L Al 5]

U

IR E B MERE RE A Bllm o] MG (HEE RETREE 10 m &I > HEIRVEMERERE
i (BB A0 {] 2 (TR A B BRI CABRRE - DN TR B 0 RS RE BT ELAE TR 2 et
FeRTEIR R E I — B R E TR A R B -

& 1la & TEMAE SR 7L E EME(REL Nevap exp IV EBRESE S - TAEMAE /K BENE
«()% 32 mm - 7125’*&@“\\15}{%%1 hevap exp El/jtf‘#/\%%ﬁn_l\#

hevap,exp = (Qin/ Aevap)/ (Tevap - Tad)

HAt > Qin B AR » Acep BB NHIZEREIATE  Tevp BAEEEPITHE > T BHEEEF

FTBIE © Nevaperp B ~ BB PEREHUAT - 45 SBER TIERASAFER (Filling Ratio, FR)EE/[\Ef

FR=50% » ST IR S BN B BURA « IPLA% LB R SO S — B - R A%

1E SO%IIT » £ o TS E s - 70%)% 100%Fi4H B EREEHIEt 30 - F B e sl

[l FR=40% ~ 50%J; 60% - 4lIth o] DASEAEHE 1 AREdaE - [EINGR D B BpsH B EFE - $2 S
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5 0.03

---@--- FR=100 % 5 ---#--- 45mm; water
— 4 b -eco-—-FR=70% A 0.025 r ‘\‘ A 32mm; water
NM. Ao FR=50% A 3 0.02 L —O— 32mm; methanol
= s = A
E 3 o %
= E T 22 0.015 | “a
= 5 -
2 4 e” ® 001 |
& S - o :
3 A m
o S
! 458 0.005 |
Ao
0 : : 0
0.5 1.5 2.5 3.5 5 10 15 20 25 30
Q [kW] Qpeqr [KW/m?]
@ (b)

B 11:10m kim\ﬂ'ﬁmﬁ‘%ﬁ% (a)iﬁﬁ$ FR &/.\\%E Q %m\@%"\iﬁ hevap.exp E"J%@ ’
(LYENER ~ TIEMME - BEAEEE g HEPH R IR EE(5]

11b R 10 m BMTRERYVE N ELE Di ~ TAEAE WF ~ B EEE Gnea ¥IEH Rin HY
B AR BBV E 2 T - i LIS Di=32 mm Kz WR=/K{FR(: MHYZHE A > Di=45 mm
Fe WE=7KIER( MRYEEH R Z > Di=32 mm Jz WR=FRER R NHYEH /] » 2A0H R HYETHRELE
FAN

R = ATevapfcond ! Qcal

Hrf o ATevap - cond Ry 5% 1 B4 SRS DR 72 © Qca RB BB EBRETRHAVEYEE © R U] »
{EPERERUT - FREBRGER AT BRI LU MRS © (DB TR R/KEVIE L T - EACHERE > B
PHEN - A DUEAVEESEGS - QQERHEEANER Di=32 mm = > FHEHEHIK » 55—
o TR BB G - 55 (A A SR o — TS > /KHVERER > — Rl R e KRB
HEGEA  ZUTFTAl B HEHE KAV SR » sl FEaRE > IR R R - B
R ARE R ASNEERTEL - D EERBRE R E R - HhAVE AR - K
& LIERAeHYA ZNEE - (HEERAIA — S B -
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TR E A E Rt st LR B HIAERA T RE R » HATE #E— ZE SR
12Ff7R © JeRiHy 2 BEE Ryl K2 - JoRE N BB mIR T (1 - B TR EIRER R T
AITERE - URAER B KL THIRRE - INIETZ R E A AR E g - B
HGAE > BONAEEREIREHERSSEE -

Outlook

é‘r2 x 3000! watertanks
»100 kW heating power
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(2) REFNVETEHFRELZ B

BELBERAEE KT - iR G R BE RIS 2R B S B AR [13] - g ERE RT3
BALE S EE 989 MW » @ i ENGE B =% 33,640 MW o i ERTEIN4E - #E48 2016 FE4ER &
RSB BN 80% - B RINE AR IR 2 B E o At A S E R RS - FEREE
FTRAPE B - RIL A fR EBUR EEHE - BCE U e A B Tt Sl P2 A B P I &
JoEL gz -

HEMBERYEUET T - B AT A8 AL 24 445 (Enhanced Geothermal Systems, EGS)fz<2)%
H o REFZIFHI[13] : EGS EHEFIHHA= EH7 R EFUK ~ FLIEHR(REFLPRA H A 208
I > F TAZ TR A7K T3 %4 (hydraulic fracturing) BUS2[E - SR I A FAEZAEGRET > 1E5
i g RS R RUE I BCHALE (R E) - SRR KEE AR E R ERESGRIE - HAEE
HRBUK B 2GS RN 34 5 - #E2R R EGS g A | TES - (HEEHAT R
1k > BRINEGINGA % > HFEEA R > EEFERNAE

(1B |3 EASERE  E-T4E 2001~2006 4Eff Basel-Stadt & #E7T EGS /K /2L T 42 »
NEEEMAE 2006 4F 12 H 8 HEs4A T NI 3.4 SRAVHNE - 6RERE 7 3B H - Eik#s
B AARMEE S LB ET T E18, 14] -

Q) F/KEMERA S © KIS R A HRE - ERE U\ JTHen - EARKE
H BT R E) - EEEUKEIERPEEL) 55% - BEEFEN AR - HRH T EGS
SEERHEL -

RIUET IR B BEVE M R A R TE A R st B eE 38 8 - B & R B R Bl A
NI IR P ERH 25 8% B2 AEfiEER - TRIR S@ R sy BN eE (2 e E - BEARLE > BT
EAGUK IR RO E A S REK - I AT DR e - 36 B2 A EKEICREFHRE
[ERF B /KFT RV EE T THFE - A B I AG A SR B0 -

HZA Fujikura /2 5] ¥ 7E 1990 FEACFRE TR EVE H B EE IR B 158 > MMIR%aT - BUEIE
Bt 7 — S B FEEE 70 m Ay RAVEVE - T8 2 By EUMOBIETERY R 8 DB AVE > F e
— X E &L A TR S sE T BERE S B LARGE  £M4EfSaE 13a s

13 b RyzRag e N ENHI R - BVESME Ry 150 mm > TAERAGR/K o FollEtaZ BVERYIERE
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fir s T — B S (E 14F77R) 0 BERL A 8.5° 0 HERAE SR AR fy 70 °C B
BRI T > ZAVERVEVEE T] 2 65 kW o &EHAE » W15 53 B (90 HRE) - fhaZliEE
(axial heat flux)FH & 74 5700 kW/m? » SEESEHIAK A2 & (radial heat flux)FH 7 3.0 KW/m? -
B S IR R BVE S HEHE 100 KW o M By i 4 B A HE ZAEE -

. ’ Condenser
Il
Yapor flow ’]é O e

e O
\ \\Corltroi valve

Showering Nozzles Liquid fiow
\ Corrugated lube - 20
) . ( $150) . i
"~~~ Liouid feeding tube covered . IRttt . —r

with thermal insulator Spacer

Liquid spurting nozzle

o4

,'0‘]’07‘

Evaporating tube
Lvapo £ $100 | @140 6150

Sz b <—E\ Spiral Wick for liquid holding

Liquid feeding
twbe ($14)

'¢°
Vo

@ o)
[ 13 : FI 8 D SRR LR B S T W A [5)
(S THETEE > ORSRNTEE

Shell & Tube type
/ condenser

[_r' co
\HL

\ \ Resenoir\ Cocling water’
Control valve! circulating pump
Inclined ground (angle of Forking liquid

inclination - & 5 Deg ) circulating pump

Electric Heaters (2 k¥/m x 70 m = 140 k¥)

Thermal insulator
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B TRV ESRAIE L » S ATRYE T —ERIVEVE » REEF] 150 m - W HAE
FUMNBETEHURFEELHE - B 15274 E R IEs + #EGE L) 100~150 °C -
GESLANE 16 @ 17RR o [B 16/ 150 m MEEEEVERYEVE S Q FENFRIZ B(L » Ry
TARRBEASERIE 30 ofs - mi—/NIFAYEVE S RIS RZ SRS - 18 2 /NHSBIAIRE - 4
Fr 70 kW AYBVE S - [@ 17 HEVEEE TIRRE R TR 2 8ER » TIERE R T
TERES RS - BMEREMEE W0 £ TR 80 °C R T/EMASIT¥ 125 kg/h B - 2VE
B KB B H] DL 90 KW -

B 15 : HZ 150 m #iERERVE T2 2R SR IR A [5]
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Eg 60 pog 60 g
— L
< 50 é
g ¥ 0.8
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= 20 ® The extration heat Q on £
v Working temp.of HP Tv
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Flow rate of working liquid Fho (ke/H)

B 17 : HZ 150 m MiEGERVE Z 2V E Q B TIRARE Ty R TAERMMFARER Fro ZBI{AI5]

fREELLEGER - i fIfE e 18ay B ME] > BVERESE 10 km > JIEM&E&E 1 km >
FVEIME L m - HIME 400 °C Hfg AN > ZVETR(FIRE A] 2 200 °C - BESZEVE A DIHIEN 2,095
kW > fligt el DUZEAE 168 KW 85T - 6 AT (M 100 °C O BUKEEEGH]A

HIEL EGS £ifly - EVE TRt B BB R i /KBS K - R EH EGS KBRS
PR © SEHKT R TR - MBI S 5 St B R SE R (i - BVE 28 e it g EE RO AR
I EGS & » BAFTEESS  ZEERDIFAE -

TR - BVE R B GR EERRR ARE E N AR B - B —(ESUE =
B A IR EHEARVE > IE RHE R - IRECEZE RO - BEEGHE - BT
MEEMEREE > DML aBsh - ScEEE AT RE MR - TR A B ey s B
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Summary of Design

Electric generator fr— m) Electric Power : 168 KW
Impulse Turbine

Condenser & Reservoir

Vapor flow

Tv:200°C ﬂ Hot water supply:

100°C - 1,927KW

Corrugate
Heat pipe
OD:1m N

10Km

F
®
-
A
3
L
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Abstract

The initial filling ratio of the working fluid is one of important factor in design and operation for a closed two-phase
thermosyphon (CTPT). CTPTs have been extensively studied experimentally and numerically. However, most models
mvolving tens variables and dozens equations, are too complicated to quickly find a solution. A fast estimation of the initial
filling ratio is helpful in focusing the studying target and narrowing the testing range, which can shorten the R&D time. This
study hence tried to find a simple and quick calculation for rough estimation of the maximum initial filling ratio. The method
was simply based on the mass balance. Two cases were studied for Cu/H,O CTPT with various sizes. The maximum initial
filling ratios calculated generally ranged from 0.5 to 0.6. Although the maximum initial filling ratio estimated in this study
were not all agreed with literatures” data. Authors think that the simple mass balance approach could be used for fast
estimation of an initial filling ratio. Further experimental tests are still needed to determine the exact initial filling ratio.

Keywords: Filling ratio; Closed two-phase thermosyphons; Maximum heat capacity; Heat pipes; Mass and energy balance

1. INTRODUCTION

The initial filling ratio of the working fluid is of
mmportance to the closed two-phase thermosyphons
(CTPT), and have been extensively studied both
numerically [1-5] and experimentally [6—15].

The numerical modeling always involve tens
variables and dozens equations, being too
complicated to quickly find a solution. On the other
hand, the commercial CFD (computational fluid
dynamics) software like FLUENT [16-20] and
COMSOL [21, 22] have been used to simulate
thermosyphons, and to evaluate the effect of the
filling ratio on thermal performance of CTPT [5, 19].
However, a CFD simulation is a time-consuming
process and has a high entry barrier.

The optimum filling ratio can be determined
experimentally [9] and the test method is not
difficult. However, a number of thermosyphons have
to be prepared, a lot of tests should be done, and a
specific test device is needed for a specific size of
CTPT. Therefore a fast estimation of the imitial
filling ratio is helpful in focusing the studying target,
narrowing the testing range, and shortening the R&D
time.

This study hence tries to find a simple calculation
method for quick estimation of the initial filling ratio
of the working fluid. The simplest way is by the
mass and energy balances.

2. CALCULATION METHOD

El-Genk and Saber [1] had illustrated operation
envelopes of the initial filling ratio (see Fig. 1). The
upper filling ratio limit is caused by the liquid pool

fills the entire evaporator (also see Fig. 2). The lower
filling ratio limit is due to liquid film dryout. In this
study, the maximum filling ratio we try to estimate is
corresponding to the upper filling ratio.

1.0

Upper ﬁMing ratio limjy

Initial Filling Ratio

—_— _—— — — —
F Counter current flooding limit
(CCFL)

0.0

Low High
Power

Fig. 1. An illustration diagram of the appropriate range
of the initial filling ratio of CTPTs. For details please
refer to [1]. The upper filling ratio limit is caused by the
liquid pool fills the entire evaporator. The lower filling
ratio limit is due to liquid film dryout. On the right, the
maximum power is reached owing to the counter current
flooding limit (CCFL).

We first guess an initial filling ratio FR; (e.g., 0.5),
FR; = V;/V,, where V;1s the initial filling volume of
the working fluid and 7, the volume of evaporation
region. The mitial filling mass of the working fluid

can be found, my, = pyo Vy, where, pyo is the density

*Corresponding author: hmlee@iner.gov.tw, Phone: +886-3-
4711400, ORCID: 0000-0001-9268-6991.
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of liquid working fluid at the filling temperature 7.

Vapors
<— Liquid films
(Bax = 60 pm)

Vacuum

Condensation zone

Adiabatic zone

; <— Liquid pool
g Liquids Liquids
B + +
= Liquids Bubbles ‘ Bubbles|
L
At initial At normal At max.
filling operation filling ratio

Fig. 2. An illustration of liquid pools at different
conditions. There exists a maximum initial filling ratio,
limited by the liquid pool fills the entire evaporation
zone.

A thermosyphon principally can safely operate at
a heat capacity lower than the maximum heat
capacity (On.y). From an economic viewpoint for a
thermosyphon-type heat exchanger, each CTPT is
better operated at its maximum heat capacity. Once
the geometry of a CIPT and the operating
temperature 1 are set, the (.. can be calculated
through the heat capacity limitations, which are well-
known in textbooks [23-28] and in literatures [29—
33]. Then the mass and volumetric flow rates of
evaporating vapors can be calculated, ri, (kg/s) =
Ouaxr/ hy and I7g (m3/s) = 1i1g | py1, Where hy, stands
for the latent heat of the working fluid, and p, r the
density of gas-phase working fluid at 1. For
simplicity, only a temperature, ie., the mean
temperature 7, is adopted inside a CTPT.

At steady state, the mass of gas-phase working
fluid in the gaseous space is assumed to be,

mg,T ngT (( VC_VC]II )+( Vn _VHIH)J’_((I_FRI') Ve_ Vem)) (1)

where V., V,, and V, are the volume of condensation,
adiabatic, and evaporation zones, respectively; and
Vs Vam, and V,, are the volume of films in
condensation, adiabatic, and evaporation zones,
respectively. A typical film thickness is about 60 pm,
and varies with the operating conditions and CTPT’s
geometry [2—4]. Since the value of film thickness is
generally much smaller than that of the radius of
CTPTs, V., Vau, and V,, can be neglected in eq. (1).
So, eq. (1) reduces to eq. (2),

Moy = Par (Ve + Vot (1-FR;) V:) (2)

The mass of all liquid films m1,, 7 1s,

mm,T :ﬁ)f,T (ch + Vam + Veiu) (3)

where prris the mean density of liquid working fluid
at the mean temperature 7, although actually the
temperatures as well as densities of liquid films in
the condensation, adiabatic, and evaporation zones
should be different. As the liquid pool fills the entire
evaporation zone, it has V,,= 0. It should be noted
that in this work the maximum & is set as 60 pm,
although the thickness of liquid film & is varied with
temperature, power etc. In addition, the thickness of
liquid film & 1s assumed to be a constant in the
adiabatic zone, and & decreases linearly along the
wall until it reaches the end of condensation zone.
Thus, eq. (3) is rewritten to eq. (4),

mm,T :ﬁ)f,T ( ch + Vam ) (4)

where,

Viw =0 L= L (17 + =8 +1r-38))/3

nL.d(r=3/3) (3)
Vmu ZTCLH(F2_(F_8)2)
=nl,8(2r =3) (6)

The mass of working fluid remained in the
evaporation pool at 7'is,

m_f:szf:O_mg,T_mill,T (7)

Since the operating temperature 7' 1s different
from the filling temperature 7, the volume of
working fluid changes to, Vyr=mr/ psr.

The total volume of the liquid poor equals the sum
of the volume of expanded liquid fluid V7 and the
gaseous volume in the liquid poor V7,

Vor=Vir+ Ver (8)

In this work, the gaseous volume in the lLiquid
poor V, r1s defined as,

Ver="Vetf ©)

where, /= V;7/ V; 1s an arbitrary distribution ratio
that is positively proportional to the liquid poor
volume and negatively proportional to the total
volume of CTPT; ¢ 1s the characteristic time being
regard as the cycling period of the working fluid
inside CTPT, ie, ¢ = (V, = Vi) / Vi, V; the total
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volume of a CTPT, V;r the volume of expanded
liquid fluid at 7, and f”g 1s the volumetric flow rate of
evaporating gas.

The total volume of the liquid poor ¥,y must be
smaller than the volume of evaporation zone V. (V, r
< V,). The maximum initial filling ratio FR;,,.. can
be determined simply through trial and error by
changing FR; until the constraint of V), = V, has
been met.

3. RESULRS AND DISSCUSSION

Two cases are studied in the paper. The first case
is a Cw/H,O CTPT can be referred from [1] with size
of L=/L.=10m, L,= 0.5 mm, »=12 mm, and
vertical placement.

Fig. 3 shows the major limitations of CTPT. Qi r
1s the max heat capacity, and the minimum of all
limitations at a given 7, too. The Q. semiempirical
equations used in the study had been proposed in
[29-31]. Ouax 18 mainly governed by the flooding
limit.

10°

— Viscous

~ Sonic
yd

—— Boiling

T T T T
13 iaiil

Flooding (Faghri et al.)
Flooding (Tien & Chung)

T T T TTTT
[ EETIT

Power (W)

10’

T T T T
L1aiiii

10! 1 1 L L 1 1 L I 1 I
40 200

80 120 160
Temperature of evaporation (degC)

Fig. 3. Oyt of H,O CTPT with size of L. =L ~1 m,
L,~0.5 mm, and =12 mm.

The influence of the operating temperature 7" on
the maximum filling ratio is illustrated in Fig. 4. The
higher the operating temperature, the lower the
maximum filling ratio is. The max initial filling ratio
predicted in this study generally falls in between 0.5
to 0.6, as shown in Figs. 4-7.

FEl-Genk and Saber’s model showed that, at a
given power and temperature, the initial filling ratio
was greatly proportional to the inner radius (Fig. 5)
and mdependent from the length of evaporator (Fig.
6). The prediction of this study showed that the
initial filling ratio was independent from the inner
radius (Fig. 5) and slightly proportional to the length
of evaporator (Fig. 6).

0.65
<)
©
X 0.60
o
E
E
= 0.55
E
% 0.50
=

0.45 T T T T T T T T T T
T(°C)= |20| 40|60 |80|100{120(140|160|180|200
P(kW)=|11|17|25|35|46|58|7.0(8.2|9.3| 10
Fig. 4. Influence of 7 and Q,,,,.7 on FR; 4.
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=

5 10 15 20 25

Inner Radius (mm)

Fig. 5. Influence of the inner radius on the maximum
mitial filling ratio. 7,=7.5-22.5 mm. L,=1 m, L,=0.5 mm,
L=1m, and 7=100°C.
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©
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206 - e —0
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0.0 0.5 1.0 1.5 2.0 25
Length of evaporator (m)

Fig. 6. Influence of the length of evaporator on the
maximum initial filling ratio. £,=0.5-2.0 m. L,=0.5 mm,
L=1m, =12 mm, and 7=100°C.
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Fig. 7. This study vs. experimental data [11]: £,=0.3 m,
L=02m, L=0.5m, r=4.75 mm.

The second case 1s a CTPT with size of L,=0.3 m,
L=02 m, L=05 m, »=4.75 mm, and vertical
placement. The filling ratios calculated m this study
were close to 0.58, as shown in Fig. 7. The
experimental data of [11] showed that the power
varied with the operating temperature, and the filling
ratio fell m a range of 0.5 to 0.7 and slightly
increased as increasing temperature and power.

4. CONCLUSIONS

A rough estimation of the maximum filling ratio
with a simple mass balance approach is proposed in
the study. The max initial filling ratio predicted
generally ranged from 0.5 to 0.6. The calculation
method of filling ratio proposed in this study is not a
rigid method, since different tendencies between
literatures [1, 11] and this study were found. To
authors’ viewpoint, the estimation method of this
study with a simple mass balance approach can be
used for quickly guessing an initial filling ratio.
Further experimental tests are still needed to
determine the exact filling ratio.
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NOMENCLATURE

o - Density of liquid fluid at T, (kg/m®)

per - Density of liquid fluid at 7 (kg/m’)

pe1 - Density of gaseous fluid at 7' (kg/m’)

0 : Thickness of liquid films (m)

FR; : Initial filling ratio of working fluid at 7" (-)

IR, .« : Max initial filling ratio of working fluid
)

hg : Latent heat of working fluid (J/kg)

L, : Length of adiabatic zone (m)

L. : Length of condensation zone (m)

L, : Length of evaporation zone (m)

L, : Total length of CTPT (m)

myzo : Mass of liquid fluid 1 poor at 7; (kg)

mer © Mass of liquid fluid in poor at T (kg)

1, - Mass flow rate of evaporating gases (kg/s)

mgt : Mass of all vapors at I"(kg)

Ouaxr - Max heat capacity of CTPT at T (W)

r;  : Inner radius (m)

T . Mean operating temperature of CTPT (K)

To : Temperature at filling (K)

t  : Characteristic time, cycling period of
gaseous fluid inside CTPT (s)

V, : Volume of adiabatic zone (m?)

V. : Volume of condensation zZone (1}13)

V. : Volume of evaporation zone (m”)

Vo - Volume of liquid fluid in poor at T, (m’)

Vir - Volume of expanded liquid fluid at T (m’)

Ve @ Volumetric flow rate of evaporating gas
(m’/s) )

Ver © Volume of evaporating gas at 7' (m)

V,r : Volume of the poor at T (m’)

V, : Total volume inside CTPT (m’)
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