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Registration: Aug 21, 14:00-16:00; Aug 22-23, 8:00-17:00; Aug 24, 8:00-12:00

Editorial Board Meeting: Aug 21, 17:30-19:00, Caernarfon suite, Mercure Cardiff Holland House Hotel

Welcome reception: Aug 21, 19:00-21:30, Cardiff City Hall, Cathays Park, Cardiff, CF10 3ND

13:00-13:40

Afternoon

2-F3

Time Day 1: Aug 22
09:00-09:10
09:10-09:50
09:50-10:30
10:30-10:50 Tea/Coffee Break
10:50-11:30
11:30-12:10
12:10-13:00
13:00-13:40
Afternoon 1-F3
13:40-15:20 EMEC
15:20-15:50 Tea/Coffee Break
Afternoon 1-A4 1-B4 1-c4 1-D4 1-E4 1-F4 1-G4 1-H4 1-14 1-14 1-K4
15:50-17:30 RE RE IES MT&S EMEC EMEC CECT RE CECT
Time Day 2: Aug 23

Morning 2-A1 2-B1 2-C1 2-D1 2-E1 2-F1 2-G1 2-H1 2-11 2-)1 2-K1
08:10-09:50 RE RE IES MT&S EMEC EMEC CECT MT&S CECT h
09:50-10:20 Tea/Coffee Break

Morning 2-A2 2-B2 2-C2 2-D2 2-E2 2-F2 2-G2 2-H2 2-12 2-)2
10:20-12:00 RE RE IES MT&S EMEC EMEC CECT MT&S CECT
12:00-13:00 Lunch

13:40-15:20 RE RE IES EMEC
15:20-15:50 Tea/Coffee Break

Afternoon 2-A4 2-B4 2-C4 2-D4 2-E4 2-F4 2-G4 2-H4 2-14 2-14 2-K4
15:50-17:30 RE RE IES MT&S EMEC EMEC CECT RE CECT
19:00-22:00

Time Day 3: Aug 24

Morning 3-Al 3-B1 3-C1 3-D1 3-E1 3-F1 3-G1 3-H1 3-11 3-)1 3-K1
08:10-09:50 RE RE IES MT&S EMEC EMEC CECT RE CECT
09:50-10:20 Tea/Coffee Break

Morning 3-A2 3-B2 3-C2 3-D2 3-E2 3-F2 3-G2 3-H2 3-12 3-)2 3-K2
10:20-12:00 RE RE IES MT&S EMEC EMEC CECT RE IES
12:00-13:00 Lunch
Afternoon 3-A3 3-B3 3-C3 3-D3 3-E3 3-F3 3-G3 3-H3 313 3-)3 3-K3
13:00-14:40 RE RE IES MT&S EMEC EMEC CECT EMEC CECT
14:40-15:00 Tea/Coffee Break
Afternoon 3-A4 3-B4 3-C4 3-D4 3-E4 3-F4 3-G4 3-H4 3-14 3-)4 3-K4
15:00-17:00 RE RE IES MT&S EMEC EMEC CECT EMEC EMEC

MT&ES = Mitigation technology and energy storage; CECT=Clean energy conversion technology; EMEC=Energy management, policy and economics;

ES=Energy sciences; IES=intelligent energy system; RE=Renewable energy; PS=Panel Session
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1. S AT AIREJE £54F (Mitigation technology and energy storage, MT&MS) -

2. JHEEREFEHAR, fiif(Clean energy conversion technology, CECT) ~

3. REJR/EH/E R B 4% 7 E2 (Energy management, policy and economics, EMEC) -
4. gEJEFEE(Energy sciences, ES) ~

5. FELRETE 2.4 (Intelligent energy system, IES) ~ K

6. H[FH4gE)H (Renewable energy, RE) °

[Fl—HFECA 10 SR FEIRFERTT > BN EE R T A BRI U 8 AR GRS
IIRETRFHER B AT F A RE R S R e oy L% - B3R 2 PR ES EA RE % -

FRARBRWR L H— R NP RA TR 2 50 SRS B BT A b 2%
B 1 H R LIS KRS 28 EYrHER (Perfluorocompounds emission control with thermal
plasma torches) » PN SZERHA 4 58 L)Y 2 08 FOBGHE Z 0022 » RIS oA B TR T Y B s
R A RMCE— D EIRERTRITT T IA) » SRl S RS — -

FRF OISR — R LRI b S e BVE I R - B H EIRG B 45
/K BVE i K EVE & 7 BE2 Y (A mathematical model for estimation of the maximum heat
transfer capacity of tubular heat pipes with water and mesh wicks) » 24 5 K2V EH EH SR AIT5E E
AMERESE » BEA BRI B — T AR - KRR EERsg e ds 50y e -
AT AT B o 0 Bl SGE R RR -

SN BH G HowMing Lee)sise 2 REEIGE - B T BEHRT T ~ BcHags K2
= EENRSSGER IR ES K MRS =RF E(W15R 3) - EEEES &Y
ATE T T4E - R PTRE IR SE 7 (R EARR N - SR &) T R A AT L B AV RE TR MG
SN - ERFERIBRE - B MG E A DEESOR - FIRFSERET S EREE
A g IR B RE TR 54 A RE SR BN A4
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Oral Presentations

Time PaperID | Author Paper Title
Experimental investigation on the effect of heat transfer enhancement of vacuum
15:50-16:10 13 Wenlong Cheng, Yu-hang Peng
spray flash evaporation cooling using Al203—-water nanofluid
Ya Ge, Zhichun Liu, Wei Liu, Feng Multi-objective arrangement optimization of a tube bundle in cross-flow using CFD
16:10-16:30 31
Shan, Fang Yuan, Rui Long and genetic algorithm
Yin Zhang, Mingshan Zhang,
QOutdoor air thermal plume simulation of layer-based VRF air conditioners in
16:30-16:50 39 Zhiyuan Wei, Shurui Guo, Enshen
high-rise buildings
Long
Agus Sasmito, Mahmoud AlZoubi,
16:50-17:10 307 Intermittent freezing concept for energy saving in artificial ground freezing systems
Ali Ghoreishi, Ferri Hassani
Bernard, Ming Chian Yew, Ming
17:10-17:30 446 Kun Yew, Yusof Farazila, Naqgiuddin Numerical analyses of the novel geometrically graded micro-channel heat sink
Haziq

Oral Presentations

Time Paper ID | Author Paper Title
Yiji Lu, Yuqgi Huang, Rui Huang, Xiaoli | Study on the thermal interaction and heat dissipation of cylindrical Lithium-lon
10:20-10:40 453
Yu, Tony Roskilly battery cells
Yiping Cao, Qi Xiao, Yuansheng Lin,
10:40-11:00 603 Simulation of the printed circuit heat exchanger for S-CO2 by segmented methods
Qiuwang Wang
Isam Janajerh, Raed Hashaikeh, Low energy membrane distillation: a numerical study on the role of conductive
11:00-11:20 541
Farah Ahmed, Khadija Elgadi spacers
Mengjie Song, Ning Mao, Xuanjie
11:20-11:40 69 Review on frost layer thickness measurement and calculation
Wang, Chaobin Dang, Wenke Zou
Pedro Dinis Gaspar, Pedro Dinho da
Quantification of the thermal resistance variation in evaporators surface due to ice
11:40-12:00 751 Silva, Luis Pires, Diogo Carrilho, José
formation
Nunes

K 8/22 H B4 DL 435 /% (keynote speech){&Fi A& ril » s ~ B SomEER—E
HFAFR 4 sBERE TR ~ EE] ~ 56 ~ iSRSt SR F EFEREEIRN
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Prof. John #E BEIS Future Trends |'n UK Energy
1 Loughhead | 25 el & pps ~What Are Major Development
| AR Avreas for Future UK System?

Prof. Suresh EEE R Energy Use in Information and
2 |\ Garimella |PFFELRIE(EEA | Communications Technologies:
' STEIAEE; The Role of Thermal Management
W R E
3 Prof. Siaw %ﬂj;[l iﬁlgﬁmz East Asia Energy Policy: Research
Kiang Chou |” "~ FHPEE 1 & Outlook
Al &
fEEIRuhr KE2
Prof. Roland -
4 Span bk TAZE R | Closed Carbon Cycle Economy
BB LR

F—15 T e B “Future Trends in UK Energy —What Are Major Development Areas for
Future UK System?” &3 Prof. John Loughhead H Fij &2 B Department for Business, Energy and
Industrial Strategy (BEIS, P53 + BEJFAI TSRS ER)HY B S RIE2ART © fEIL 2 At - Mg HEERE
IR B4R (7588 L 0 (Department of Energy and Climate Change, DECC){Y & R RHEZERRY © fAFSEE]
TR PR EHEAEBET 2 E AT RSB AR IR b 78 B0 T 48 85 (UKERC, UK Energy
Research Centre)f{1 Alstom Fzffif B EEFERE /N SIRIGEEL - BB A E T B EE FRIE TN T
SRR - ERESENTRT R TR RERTE « FrCaE R 240 - FURITRSHVEVE HE ~
SRR/ R a5/ B TR A B Es SR 9% % - Prof. Loughhead 2% 70 7 (B HE T2 e i
T > B ERTEEN - I TSRS - MPUEREE GRS - RIEERIR ARG % T
TR SRt B BB S AV B TARED » BRI AVHEE] - bR T 5Bz
FrHRBER R oy 38 2 A - NS IR S BT AU E) » SHME B AL EZ

SELOBBAW TR 1 ) o KRR - TIERERL - $T)70% - 58RIk E
EEWARERBCREE T —RAE 1 &) w3 o EEE e - P lHE
%6 H
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Security

Emissions
Targets

Climate
Change

Implementation Affordability

Industrial
Strategy

1+ FERE AR BRI REE - ZEHERAF =R LHZE

B EEERA Ky “Energy Use in Information and Communications Technologies: The
Role of Thermal Management” » %3 Prof. Suresh Garimella J& 35 B3 & K EM 7S ER LS
{TREI%EL - Goodson FEHIK TAZHY - FEIRFEERFFIEA S G L AR 7 T 0 EE -
filrf> 1985 FEHISE R T B2 RS2 521y » 1986 MBI Z (NI R EME 1527
1989 FESSENMIMIAREATTEA ISR B2 « G HE BB e M AE TR ELR R FE R (e
BT & (ECPA) 11.4-(2011-2016) - #izlig [ FE AR F2 B H RS R RE TR 28 - Prof. Garimella
EEZEAZH TR 4REE » ZREEBRHE(E#E & (AAAS, the American Association for the
Advancement of Science)f13E {4k T F2ETE € (ASME, the American Society of Mechanical
Engineers)fy &+ (Fellow) - & Z5JE 2 TE A% » 41 2014 ASME Charles Russ Richards 42 7&:4% 2011
NSF Alexander Schwarzkopf i gll#r3% ~ 2010 ASME #i{#4548% ~ 2010 11T Madras £t H % &

+ ASME Allan Kraus £V& 4% - K7 2004 ASME Gustus L. Larson 40/ 8%5 -

YT A BR B AV R B - B b0 (data center) (5 &= ERE I FEKAVIRA
LR - B RN B R ERE R - ERBIEEE T O T IFREAYER A 22 3B S Al Rl - 4848
RETRURFEAIE A S BRI > {55141 40%LA_E - Prof. Garimella fj iz f2 H— LR 8 - 2K
AiEH 26 [EARSEHE > BERHUORY CO BRLEAL BT ERY 0.2% - SHRPFIESY 80 1
EEE > HFFE PRI - (55T 2020 SR o BREFICE GO0 4.25 (% > ZE] 340 HEN o BN

FTH



RMEEEE]  RIRFTEIER L 2011 FEORER G 2 ERHERN 13% > 2012 4
5] 15% - B Google Ei K | KA NER FEHTZIRI T
B L R A A -

TH AR R EE - AV EVE B BOR H Mg =F - DU B —ER P el T 9t - Lk DU
JEEFEHTHEFEK » Prof. Garimella 58 R VAR filr B S BIFS SIS & /F » BT ~ 20E ~ MR}
BUEE R S1E1E 12 1C St P ELIF sl ARG & E » MIFE R IC BUERA SR BB E

G 2 AR TREPHAVEMET - AR I T e R IR L - WECRE T alAry
IERET - EERETHRGE - RORAS 2 GBS E ERER A TR T - (120 3D &5 Hedek
=t IEEEAEVETS] © 5541 - Prof. Garimella 7 4HET 20 BVE B Rty » 207807 (microchannels)
ZVE (heat pipe) ~ 25344l (evaporation cooling) ~ EE4ZEEEf (electrohydrodynamics, EHD) ~ &1
JE\(ionic wind) - FREEJE 55 (piezoelectric fan) ~ 274 /& 25k (porous metal forms) ~ 3K thas i
(nanostructured wicking materials) ~ #5;5#5 (vapor chamber)&: - 1% » Prof. Garimella 24
MicrolCE (microcooling for intensely concentrated electronics) 753 > 41 2 Fior » 4Ry EVE
FERARE - HATEA ZAE - AT AR SO BB TaET - DUES S EGE B S EEL
BEAYEE - {5 HFE-7100 B /4407 ~ B &R 2100 kg/m*s T » F1E 20°C B EE
ST LUEE] 400 W/em? s FHE 40°C B AR & F] LUEE] 900 Wiem? » T3 45°C B ENE
S| LUEF] 1015 Wiem? 3 AT DA IR 5 5 2B 2 8 522 2600 Wiem? » 7 & A s 2l
B REPHAYERK -

icrolCE Approach:
A Hierarchical Manifold Microchannel Heat

Sink Array

« Goal: High heat flux &
low thermal resistance

Traditional Heat Sink

- Extremely small and

high-aspect-ratio channels Manifold Heat Sink
TIIIIII

* Goal: Low pressure drop
and pumping power

- Discretize flow
into many parallel Hierarchical Manifold Heat Sink

branches w

B 2 : FEEFERF Prof. Garimella 43 =87 Microl CE #VE T RIIEFR i
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USRS fy “Closed Carbon Cycle Economy” » &#3& Prof. Roland Span 212 Ruhr
FEEHERR, T R 252 b R 200752 F 5 - Prof. Roland Span ##5% 1983~1988 A-4F Ruhr-University
Bochum (RUB) AEZHIK THE St > 1992 S H 221 - & fEHm+ Alstom & 5o /A =]
{EF AR IAR RT3 T(F - BAEIRUR R ER AR K 517 (CCS, Carbon Capture &
Storage) - 2002 £E4&{T: University of Paderborn 21/ E2 B E R filr 2 F (T - 2006 £FiE = RUB A
B BERNRER > FE 7T —(HPEA4Y 25 HREREE 25 AT AERTBIGEAT - Prof,
Span 2R iR S | HIVRIE SR S FrlfE A2 B R E BB Rt Fe TIF - RAHER
IR IR R o A RE RS e - BRI TR el & - T Z7E Bl PRSI ER SO T e = (5%
BAZ— BN B ST 1 -

Prof. Span {5t » 2015 fEEEZRER Y COP-21 gk » BAE (AR EE T A bhIBIER
KRBEEBNEUEER (B4 g RAH—BARRAG A RE 2 22 - W 58 IS TH RS ?
SEACE  BERERA N R E SRR R > DV R S A S VA - AT
EERCEPAA R ER LS -

«m

(s PR A ATRE R Y - (B BRI FE BEE - A UE B S R ER a2k
PREEM ) - bR T RasE T 24 - HPARRMERE BAA FEZ 85 » EIERE 21
ALY RN » BSERR G E IS 1202 - R 2015 4 RUB KERRIT T PARSIRIEER
SOBIE & 0 BT TR - BARE - RSN G E SRS e A BHIETE - K
WRAETR AR SES N EERE - BE AR EHE > A FEEER OAVE AT —20 BEEE
B bigiss - BB EAY R s B A nTRE R © Afa] et EA BB A A el St S 25 B Y
88 7 W BEE & ERYECR 7 YRR EEREAYERE o NIE 2 m PR R G TG E T - 55
FIREE S ~ PSEGFHEBIE SO - JOERARRHA AR -

KA  Applied Energy HETI K ICAE Z5Iifsf&rth—E 45 H#:E) UNILAB » UNILAB H[l
Universal Laboratory f4%s @ S TT—EEIFES1EEE » St FHRHTER - 3[E]
GE » AT VS EEEEE - BRTEETLZ(E UNILAB » Eol 4t FL & mige BArn A » A B
T] Z DL 4giEhttps://www.scientistsclub.org/ T fi# o
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FHIEE R REIREIPENTET & (ICAE2017) - it 2017 4 8 F 21~24 HNSEE-RHR BT © 34
sl BRI BIPREIRER L Ry Applied Energy JIT] - Applied Energy Syfe s+ i A
MBI — » EEr AR BN T (impact factor) =22 7.182 > FE#42rE: Cite Score fEJA
FURAYESE ; {£ Google Scholar sk SAE R HI_ FHIELIE ; £F IS TR e fEE 5 4 0 %
ABURZIA TRV EHAT - ICAE ARG A 2R HER R Ex R - #RiE1H
500 fR LA EAVERSL > JIREIR U B PR SOV EE B <~ — » I ICAE 25T e {ES4E

G2 -

ARSI ERZ 2 — » R T EEHEmEER I REN BRI R EET
AT BB LT - nIRIITE R R L - 40 Ge et al. LAZ H AR 88 { B A A A 84
SHE TR > R HEE CFD RESNUEEUARY A4S IR - #—2 L1 TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution);E£#E{T{E(L(XE 3) ° 4ER2VH =L S 53.5% ~ [F]HF R
TRFE(K 1.27% -

(a) Temperature (K) (b) Temperature (K)
Velocity (m/s) Velocity (m/s)

= - - PR = I

90  EEe™

W I ® . l

B 3 - HEERERIIZ BLEEtRE (a)EL TOPSIS E{Laxathl ~ (o)FRiaast Bl

b N 1T A b B S R e » & T AR 2 - (R AR SR EREth H i
2o HEFLS EANE - FE A FISN - R ENE N G ERE S Y - BRSO EE4] -
2016 F-LEFEEA] T EAH =Y 2,553 (BE » b 2015 g0 2.2% » Hh 7K FHEE I
PR R By ¢ T 2%+1.65% ~ E+1.04% -~ EL2£+0.10% ~ JRI5E+1.72% ~ [£E+5.46% > [E 51

%10 B



TR 5.46%0 "X HPT - BEESHMIHENEERE > T(EE ) FHELI+45.3%LE
AT T3 +40.7% > T HRESE | BRSNS +15.3% - 5 0 2016 AEARRS T 100 FEFE
4 60 FEFFEER (R B &R FREAIEZEM L - SIS S A A A
Rt > 222 B RS R EE 43% [5] - I - A4S HEyEifE LIEE S
T -

AR GHTHENTE - stERER AR B2 = ERATRCEA R T - [ H
£ Outdoor air thermal plume simulation of layer-based VRF air conditioners in high-rise
buildings - E.1 » VRF % Variable Refrigerant Flow (m]$ 4405 &) AV IG5 » VRF ZE351Y
5 > THETE 2017 551 2021 £ 7 [ - BFAELL 9.24%HY A8 & il R £ [6] -

—fESEET AN FEE G RG> BRI EEERERE R - BT ES
EpR i F—4r E(E 4a FR) > s bT5esss - TRV SRR - BV R B 28 LIEHIH
% GBS PEZERNE RO - EECER MR EAERE I - sZ SR IR E PRSI TT
EWE 4b) - BIESNMER LA B2 - SRAREZZENP D70 At R RORE
ATLUTR R 22% - BAEIRERCR -

METSIEES S - AR BIREZPE TR g H I ARERT 3K © & LIS R

AAEE T ARz 5 o S MR L DR S 8

1—f—v—t f ". ==\
A S A )

=y

i

y

1 unit on 1 floor,

TEmpelamre

60.0000
56.6250
53.2500
49.8750
46.5000
43.1250
39.7500
36.3750
33.0000

- HETE

ARETRERCR

2 unit on 1 floor
(with floor interval)

??“
]
—— — — ——

(a) without floor interval

(b) with floor interval

B 4 : KRR ES M E s R R A E
(EEFFIRELERET ~ (D)BEFFYIRVEIsERET

%1 H

TEmpnlllum

60.0000
56.6250
53.2500
49.8750
46.5000
43.1250
39.7500
36.3750
33.0000




RIBZIEE T A FHEIAIEEE 2 ENT] - 28N IEEE IR R ERIRE R - iR
AR - BEEm AR E4Y 25,400 MW (& FL) » HERT 7,400 MW > AT #AlE 2,900
MW > T3 K 5 3 15,100 MW © FRIREZ A E 2 BARBEEZEAET[8] - EREFr LA K LIRS »
HEAK ~ 155 - EiEL - (CERE - Z2REE - 2 - &% SEEK  Zxte - =2
el [GR F2 8 0 SR o S B B VB RE IAREE IS i 33,640 MW HUBMENER - 4ZEHY 24 1%
VR4 - R REIR a3 o H i B BVER B TER B E(8] - EEHEWUR
VBRI (AR IR ~ R IEE ~ FERHNEAE ~ LA )85 159,600 MW Ay BG4 2578
FE - 5 EASE[E] 556,900 MW HyMth Bt EEVEREAALE - &8 TN A FIRBIAY 97 2 — > HEEN
TEIEN RSB 28.6% - HEZA LAt G EVBRERVEIE S AR - BB EA R EMAER
A FHIEE - 5550 FEMAI ERHEREARFE > RS E R ERER > (H15
HEGHSE NGRS R & - N AT B & & < B R b 22 o Bl - AR
SRt R -

K AR I AARITSE Intermittent Freezing Concept for Energy Saving in Artificial
Ground Freezing Systems » #&5:7 A T3 )4 # (Artificial Ground Freezing, AGF) Z 4t el aE TS &
Jii o AGF JofEil N E B > FEELOEFFATER 2 B RN /K2 3 - AKde s
R RE R o SRR EM T K2 B - AGF TUE 2 FE A ESEE R M T ~ R
Il ~ BREETAR - % 0t DARIBR 2 AT EER A 5 20 BURE P E R R - BEH
4SBT AT A AT 40% > AGF K45 41 5 A

AGF BEZMEEE AN - B SRR B A DUREE PRt BRI AR - HBNEE M TS TR A
AHIK ~ BT E - B R - BEERE N E IR LIS - #REE TR 2R R
MEEVEWE - TIERAGERE NIRRTy - R TAF A HY BR TR B ik 2R Y P U5 Bk
tE > HEVEE AR HEH S (A EVEGRECTIN) - 05 2 > EEN TIEElE
IR B BEER RS - W UBC VTR EN1(E D) » BAEIRER G -

Y
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B 5+ ATt T2 b ERRERR R RN
(EEDATH T RHGARE ~ (TE) Mk iERERIEZ fifedi R

B ENEERTEHAGEREENENE 2 — - RIS E SRR 4 i 4L E
(International Technology Roadmap for Semiconductor, ITRS){E 2012 “EAYTFE M FEELEE L FATTh
SR T AEAE 2020 4EREEER] 100 Wiem? (IS E 4R - FEBIIH T 7RIV RBIAOK S HE B 1
WEES SR B VEVET |- > BB RS EEAREEE] 1000 Wem? » (R /e B TR e
FHIATHEVE B EL o A 5% a5 & - B5 2K PE R Prof. Saw 8% —7& Numerical analyses of the novel
geometrically graded micro-channel heat sink 332 » $&H 9 4 waE BV = E L& ] (2 E 6 Fr
) > FIFEHECRAS (LA CFD st - &5SRBE R 2000 W SIPREE 222 Wiem? (£ T »
1 e 1] FH AR AR 3 SRR 105°C [ 28 Sy 4Ry 71°C - RS2 7.3°C [ % 2.7°C > R
T EREENNEVE BRI - WTAERESRESS -
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6 : BETHFVAESME (QFESHVEMEE - (0)F=AyoekisEE

EEENE L (Tesla) /A =] 2009 4% 3 H 26 H B 556 Model S fze thitit(g - 53
S FREEHI - A ETHEER - EHEERIRE - i E 52 (Volvo) A F]EE AR © 2019
R HIFTA RO - f e R R ECHE R & H ) FLEIFHET 2030 FH/F LR ELE
AALESRIYRTE - B AR (R EZ T 2 BN TR EE UROR IS - B RS
ERHIERR PR EERERT - BRI A FIEEA R - YAEE U4 ZEAEGEL
7 BREEIEA S E - RE TR EZEASE > R EeE - WS o RS
ME B ASGR A o SEE R S TR I A =] > Rrdlfrfl S R 8T-H 18650 #HEEM » e
DAHERR B ISR A R I - (BRI R R R R E SR 2B E -

PR ] B e EE A AR AR e (o PR R A S H Y » (S ER AR Y
BVET £ HEW - JEthn 2016 F =2 THSHEE R ERY 2 BB - S RMTZE A SRS
PHEEMETE TR S B E M o FRHTRL A EI RS A EVE B e e B T HEE A
WEZHE » 29 TR % F8H TRNHEEMNES - EMEEEEAZ ORI — - $58
AHVBVERR - BLHZE M R S an A B VIR (5 » AHEAEVE TR TR BT Y S5 R M R EE T
AeshE 7 BRI SEE M & L EE IS © An echelon internal heating strategy for
lithium-ion battery ~ Experimental study on thermal characteristics and temperature distribution of
laminated lithium-ion power battery ~ Lithium battery parameter estimation via simplified single
particle model - Modified electrochemical model for real-time estimation of lithium-ion
concentration in battery ~ Numerical analyses on the mist cooling for lithium-ion battery ~ Optimal
charge current of lithium ion battery ~ Study on the thermal interaction and heat dissipation of
cylindrical lithium-ion battery cells 2 - 1% ICAE2017 e @& 3£ Ym0 A 2 ULEERAE Energy
Procedia HAF4gk (https://www.journals.elsevier.com/energy-procedia) » i G B R AL & - A
BRHEE ] 51T LAEEUS -

%14 H


https://www.journals.elsevier.com/energy-procedia

B (Heat Pipe) & — REEE B (M BVEHE I RITREE T > BV T B B SR+
W/m-K » LB E SRS = ~400 Wim-K)E25E (K = ~200 W/m-K)E B 1L L - 3
TEFIRES » RIS ENTR S RO B FI S ARSI DS L BT S5 - 40
BT S AR ARG S © B AIE B AT T R T T T e S
TEfE A S BT - A1 - MG SR -

AVERVEAR ISR — N SRV EPAE T B0ERE © — U Ry j1# i (evaporation section)
55—V K% 42 Ei(condensation section) ~ F1F LR E 2 il A — P 4E Bl (adiabatic section) = fi1H
I B AG Z BT A 5 - ZA SRR E AR SR - SR R TR L S — I E) - AAGEIE
RETIF 2 R AE > RFEREVET) ~ AT ~ SR Ih B 2152 200 - FHE SRR AR (B
185 > tAETR e R AR ESCH - PSR RV E R e ER & -

BVE B A ss BLE G ACHAGS LD e RAR AR SR ER AR R BRI 2 — » BA D
TMEERS  (DEEVAERS > B EEFRIECRS - QFERER > aERYNEE RS
BE Qe EEES - SREEE  (4)% BV EIRE - A E B)rIIEEEEE -
JRESR Sl © (6)/ Al m e dEE e - (NAVRE LR (8)FRAZBRA » (9= ) it
P87 0 (L0)IIEfEER © (L) S BVERNLAESE » RIS IE R -

ARG EVE (Heat Pipe)tHEIRY S ZIA =% » A H 477k A mathematical model for
estimation of the maximum heat transfer capacity of tubular heat pipes with water and mesh

wicks ~ Dynamic performance of loop heat pipes for cooling of electronics ~ Theoretical analysis of
flat heat pipe with graded-porosity wick design » H 55— 2L EH C (UM% =) » BRiE T
SHFRR

Dynamic performance of loop heat pipes for cooling of electronics — = ¥ # Malardalen A
EHIEIE &R e R P ae e (B DLEREE A S B RE P A R AYEVE (loop heat pipe)
BEEAY - PR EVE VB R B 7 P o BUERHAIGE R BN E o (FE
DAL B B A A AT T B RS o R P 2R (CPU) ZRaE R EHEE - [ 8 el SRR CPU R ADRIE (T1)
AIDAYZEHIE 47.5°C % 73.1°C » 574 CPU SR /N 80°C Ay AIKES - ZAIf - A F4lEs » H
H CPU REDRE(TYMARIEE @ (WA FREAVEES » —H CPU FrEUR#EEE » FEgH
R ERE o I - B AR EREEVERENA] 1T - B RS FTRFHEL
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B 9 & TIERAH EHIEAVEREVERNIRE - B 9a RfHE LIFRAE 8 k(1
N EE RS AR CPU i & v] DASE R S IR A NEAOR A A R0 R
FFEREE R - g5 FERERFEFEFE > XN EARERR R EENERE N2 - K
REZ RN B TIERBRACEATE . EEE RN E PR - B 9b RHFE TIER
RRIETERIRIT T ~ SHZASIERG HRRRFAY CPU fREiE - HEmAVEETEAR R 65% » [ 9b Y
S 9a FRAL > ZEEFAITENA - CPU mrsni iyl » Bl ully - J9aBiRVEER - Ba
B 9a j[E 9b AYSER - A LA T AR LR Ae S E e R B R BVE B R RE R B 22 Ryl B

M
e
T47 6 Condenser 5
Liquid line
9

Rl 10 12 Vapor line
IS — /
Wick ‘1 ‘2 Vapor cEz{nnel

& 7 : BT HEAEBRRERE

(1-Node of heating surface, 2-Node of vapor channel, 3-Node of evaporator outlet, 4-Node of
condenser inlet, 5-Node of condenser, 6-Node of condenser outlet, 7-Node of compensation
inlet, 8- Node of compensation, 9-Node of evaporator wall, 10- Node of wick)
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60 — T
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(a) The same amount working tluid (b) The same ratio of working fluid charging

9 : MPEAVERBEEY CPU RERAEZHE

“Theoretical analysis of flat heat pipe with graded-porosity wick”— =z DA st —4fE /5 =)
HIREHL N (groove wick) PARAIENVE » $2HIRIRE iR MALTHHEE PR 2@ 10b K
10c Fiw s E&RRREALT T2 RIE 10a » eI R 2838 - AR 2 BEEE - BHFE&E DT
HERDEGETHVRME RS - TR R ERU )N « ZEIERS R - AR E) - HIEME R
T BEEERAA SNBSS - M EB L - iR ERUE EEA S S - MRS R
TR A A T M BB E R AL -

10 : RUEEGETHES (QEGESR ~ (D) RS ~ ()R TR

ARG (Organic Rankine Cycle, ORC)/E& H A ERZN B Y% 8 - A R Sl 2
— o ARKREHFA 13 5 ORC HHEA Zim 3 » mREEI R ORC fERIERIMEZ B - fEAK
Gk L WIS LB - GIAIsCEA S S [BEEER RN SRR « RIZEEERA ~ 08
iR ~ 2R © LNG SRR ~ MBVERSE - [ERETR-EINI = - BLFESCEETAE -
TIHEEE ) ~ T3EERRE - ESRERE ~ RPSOLAE - BEES: - 1 B n] %0 ORC JEFI SIS E T -
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LUR PR & 3 %Ay ORC SCEE /144

£ ORC 455 | ZEEEENRIFH » 2B Newcastle KE2:3%—& “ORC units driven by
engine waste heat —A simulation study” A& A4l 8 {E 5 > G2 [ 2N 5 22 74 10.5~12
KW ~ PR & 2.8 L/h » ORC LEJi#G fy R245fa - Ajm = & {ifdE ORC BV © ()5 25
BV BEALIE ORC UK ~ (D) DABVHTEIRTZ At ORC 2K » WIfE 11 For - B 12a BUR » 5125
RO SIS [ E AR KR % > JREHEIE ) 220~550°C » NF{&4E ORC i + 48 HEL
R HEE AT HERFE R E Y 110°C #8508 & iRy ORC 2 ZJH - #488 ORC 24 ATHE = 5%~20%
(B 12b) - ORC ¢ & &=/ s 2 #H =) - 10% & HHG{£4Y 0.14 kKW > 50% & #kH547 0.62 kW » &2
EEF T2 1.25 KW SR 24558 & ° ORC J$#35 8 &4 10% ~ 50% ~ 100% & #iHF %% £ 0.1 -
0.46 ~ 0.95 kW -

Gas-R245fa
interchanger

Pamp Condenser
(e T
(a) SIEERBFERALIE ORC 2R (b) DARGHTEIREZHL ORC FWR

B 11 : 205 [ZEEER ORC HEERRE

=
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FER B TR Ry BhREEM L - ORC REAER 15 [EFNREE L ? W AEEr B AN{A] © W FaRRE AT
FREEIS4 - B2 “Dynamic simulation and analysis of Organic Rankine Cycle system for
waste recovery from diesel engine” 5t 23t ENREE#HAR L THY ORC XKL - fEi2fmbHge »
EHENRET] 258.3 KW HYSEHS 2 - iH5T F ELR s 20 (a) 5 B R AL EFEAT A ~ (0)BVHITE
R BIRGE A RAYE 315 BB ERIE Ry (R -

ESE S A {EhR{EHR(CO, transcritical power cycle, CTPC) I EERY AR S [ZEFE R EI UL
=¢85 > 1] B “Preliminary dynamic tests of a CO, transcritical power cycle for waste heat recovery
from diesel engine”im L > fEEMHEER=EEE —E KW 4% CTPC 45 S H BRI 247 (F
13) » EERRIFATT @ G205 [2EEEEE 1,100 rpm ~ S{2EHT) 603 N-m ~ 5127 69 KW ~ AV
= 14.96 kg/h ~ 225 & 348 kg/h ~ HEROEE 465°C » 5 [ZEE% A EREIF9EHE (CVO, constant valve
opening) sz %% 2% (CPS, constant pump speed) TR ER{E /572 » B ERELTHHISE FAE 14 Fror -
CTPC Hyi RJFE STt i) 2 1.34 KW, > IR ZAEREEHASIERYY 3.54% -

Diesel Engine
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- Adjust pump speed ) Adjust valye opening
net =, Pump spee: 80rpm
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E 14 : BBEES CO TERAMEI WSS B EEEEE (a) CVO ~ (b) CPS #fEE

KGR E R G ERZERTTKI5 BRI A 177 1A » “Clarifying the bifurcation point on
design: A comparative analysis between solar-ORC and ORC-based solar-CCHP”#zH} ORC-based
solar-CCHP {B{E &4 (4B 15 o) » SCHPEL#T (benzene) ~ HHZ(toluene) ~ Z5f5¢(decane) ~ /\
FHELER PURY 48 )5¢ (octamethylcyclotetrasiloxane) ~ 75 HHEE — 1 & J5¢ (hexamethyldisiloxane) & 71 f&
HOR TAERAS » Ssmee by /N HAE W RN R T8 T 2 e RS » BAERIEIRUeR ATz 40.95% -
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HE—RAGEEE ORC CE » - # A F] Cioccolantia 223 Fir&¢Z2“Simulation analysis of
an innovative micro-solar 2 kW, Organic Rankine Cycle plant for residential applications” » #ff%¢H
DIt A E el T/ VI ORC IR R B R AT A KI5 RESEELES (linear Fresnel lens collector)
B E RIS R A H% Mk (phase-change material, PCM)— 5] i FH > EEEREfIAE I
PRBHERET » 2 GREZBIR IR - —F 12 (EH&AEL > ORC HYF THENERER
7.5% » FEERERFy 4.5% - FELRAEL10%H B IR

ORC #5&fuiimt(microturbine) J7TH » —AE o ERIRHIHERIRE 1A% 300°C - R
Bl ORC &HEAKEST MRS BB » AT &AW HER R © (DS B E &FERY
“An experimental investigation on a recuperative ORC system for electric power generation with
low-grade thermal energy” » K% (2)3LEELE A& /ERY “Optimal sizing and operation of on-site
combined heat and power systems for intermittent waste-heat recovery” - Fijfg Y =B B EE » H
PEEHIER F— 0 80 KW, T timt(F R A HR . - SRRV 7Y - A
(Eaefin e - EhEEnR B E At ER A - 152 R %8 ORC SLE L2 DIBEE
F o BEERE/NREEREN - GEMeRSITNWEREBES - HERUBEESS
& SR ERHE Ut TR A 28t 58 2 ORC RIERIERVRE AR A [N Ry 5% EA L
2R > HIIBER e - (EET1ES - fEiiEE T EEERENIA ORC » AIEEANENIE AT LIES
TEHRIE > TEAVEEE ATZ IO ASEAYE - SR AR AR 21.3~23.7 & RVnEEwY
SEFRPER o BrRUlnBERERT) - BR TR AT E 2N ERE T & SRR (AR )
HHIRE A ZERL -

£ ORC 22 S BEE TR  HTAHE - FA0F] ~ LRI = B & (FRSE “Preliminary assessment
of waste heat recovery solution (ORC) to enhance the performance of liquid air energy storage
system” o 578 2SR - AMEEHSEE L HE - BEESISEERE | EESEAH AR
TRAEELLEATISAN - GERE RSB B 2E - JRABZE RERE(liquid air energy storage, LAES)
TERERER TR 2 — > —AUBII NN LAES 2454118 16 Fios - %3 2 WifE ORC £
LAES HYFE & 247 > QI 17 Fom » &8R0T > 51A ORC HJLUETF LAES R4 20% » [H[A
HA AT DL 4 6%
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B 17 : Wil ORC-LAES BERGFRE

B it BRYEZE R EEREME A IR EEE (L » A5 —& & SC“Study of multi-stage condensation power
generation systems for LNG cold energy recovery” » fEF] ORC A KRR R A bubAYBE 5 o i Bl e
B Rk LNG RUEREFPATRZERA (i LNG R/ EIFFRERIET —160°C 2=/ (EUFKCRE) -
FEERRZHE G ORC %8 » sz L MEFIEHEEE T R aHh B REAR(DC) ~ ORC - 18{EEE(CC)
WP B % %€ ORC (20RC)~ WP EL 18 1EER(2CC) » =& EZ /% At ORC (30RC)~ =[EEZHEEHR(3CC)
7 FERL T o SEFRANE 18 A 0 BUFE RIS 0 =MEELS B ORC s » HHIE A E
fkA (electricity production cost, EPC, $/kWh)#{E] - (EfERALZ(R 18R - (H2058E I
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& 18 : WAL RARARRILAERE TERMLE QBREENEERE - O)FRER

17 ORC HrENER] | » H—BEBRZEN 142 “A case study of an ORC geothermal power
demonstration system under partial load conditions in Huabei Qilfield, China” » ZEJEJHH 1978 4
FSE 25 TEREE 98%H YT - H RITF A Ht N ErR R E A 2R A - B THEZAAER S8 - e —
5 500 kW, 1y ORC » L{Eififiafy R245a » st 2HEERER 5 > Z2HuME i FEE IR 552
FUE 19 - EEGEIRBUR > IRV EEWHIAETEGHE - KRG HAEETILY 30% (~150 KWe)
PR R IR - ZURmERVIREN: - FiEZUKEVE L) - NI EEiE eI
BUKOR & MHRERCIT B SRNE 0HFASE - [ 20 &R - HiZL ORC 247 240 YA S RE FE 5 (exergy
loss) » DAH I 43% &&= » H 2L # g3 (intermediate heat exchanger, IHE) (L T #8378 —
+ o BHBTE NMRERIRANE i © HRTZRGE ARSI B S Es - (FERE Rk
RIFVE A es BT 75 RS T il LIS B R @i SR s A g A ) -

FIRiTssIE - ZeFeRCREET - PAtGIE B KRy - BRIE L st A R - %
2 ORC = » TAFMASR—E %5 il ge i p Bl > NAFR T ESeR Z4h  BEUTAZL
£ - “Safe performance analysis of flammable mixture working fluid leakage in Organic
Rankine Cycle”—ZAHF] CFD 545t ORC T{E /AR HVIRAT AR » MiFE 2 & Y A R
e H AL E -
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&5 HiE ORC HPIZEET2E

Parameters Value Parameters Value
Ambient temperature (C) 20.0 [sentropic efficiency of the turbine (%) 76
Inlet temperature of geothermal water (C) 110.0 Mechanical efficiency (%) 96
Outlet temperature of geothermal water ('C)  85.7 Efficiency of the generator (%) 93
Inlet temperature of cooling water (C) 20.0 Efficiency of the feeding pump (%) 70
Flow rate of geothermal water (m’/h) 250  Efficiency of the water circulating pumps (%) 75
Mass flow rate of working fluid (t/h) 119 Pinch point temperature difference (C) 6.0
Evaporation pressure (MPa) 0.819  Pressure drop in evaporator/condenser (Mpa)  0.050
Superheat at evaporator outlet ('C) 6.0 ORC thermal efficiency (%) 8.0
Condensation pressure (MPa) 0.187 Net power output (kW) 500

Working fluid pump
T

& 19 : #2% ORC FBIZ ()G E K ()N A

8%

GWPLR=100%

23.7%

B HE

Il Evaporator
[ | Turbine
I Condenser
0.5% | |Pump

48.2%

\

19.6%

22.2%
b 6.7%  GWPLR=43%

B e

19.8% |l Evaporator
[ Turbine
[ Condenser
[ ]Pump

0.4%

50.9%

B 20 : #E ORC EBPIZABAEIRLARL (2) 100%EH, - (b) 43% R H,
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Bef% » EEEIER - ¥ DTSR S - HRHRRAE TR PR T - 18I9S
HEFE Y] > BB REAR > BTN T —5R(E 21) - nJfEIRAHDIRE AN - Bigt A
iR AATEREE A - BRI A T IREERTER - CEXSEIREE - 8342 Greater Gabbard J&l15; -
FRIE4ERE Wikipedia EEH(F8 6) » 3174 140 <7 Siemens Bl > 57 3.6 MW » 4E4EE 75295 504
MW - 75 &R (capacity factor) 52z 42.2% - F3#EELY 18.6 (G » Z{EFE R =IFE =HI—
{(EERZ

RIBEEEETAFHEEENG] > RE 105 FaBEAGEER 2258 ([ - Hppak
36.9% ~ AU 4.4% ~ PASR 36% ~ JREILAE 2.6% (NS I OHR) - ARG 5.1% (&
KT ORI A T Z IR SO > B 0.64%) - filt&7KS] 1.5% - #XBE 13.5% - =5 2 &8
105 4R S FE LY 14.47 (B - LEILE B —{[5 Greater Gabbard FE\ZHE5EE &) 30% -
B H mirtsi B 2 b - 2 AR - SR TR R R AR R HRE -

i 21 : EFERERARR 05 AR 2 R B RS
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Abstract

Perfluorocompounds (PFCs) have long lifetimes and high global-warming potentials. PFCs including CF,, C,F¢, C;Fg, CHF;, SFq,
NF;, etc. are widely used in the electronic industries. Although the atmospheric concentrations of PFCs are currently much lower
than CO,, the annually increasing rate of CF, and SFg are 3.3 and 12 times higher than CO,, respectively. The thermal plasma
can offer an extremely high temperature stream for thermal decomposition of PFCs, and is regarded as a state-of-the-art
technology for PFC emission control. In the study a thermal plasma torch 1s designed and experimentally tested for PFC
abatements. Results show that PFC abatements are mainly determined by the plasma power, gas flow rate, and PFC’s
concentration. The effects of operational parameters are further evaluated by the multiple regressions and the sensitivity analysis.
For CF,, the most significant factor to the removal efficiency is the plasma power, and the flow rate plays a negative role. In
addition, the most sensitivity factor to the energy efficiency goes to the CF, concentration. There is a trade-off between
abatement efficiency and the energy efficiency. Further works on optimization of the thermal plasma system for PFC abatement
1s worth doing.

© 2017 The Authors. Published by Elsevier Ltd.

Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy.

Keywords: perfluorocompounds (PFCs), emission control technology, global warming, greenhouse gas (GHGs), thermal plasma.

1. Introduction

Perfluorocompounds (PFCs) have long lifetimes and high global-warming potentials. PFCs include CF,, C,Fg,
C;Fs, CHF;, SFg, and NF; that are extensively used as etching gases or chamber cleaning gases in semiconductor and
LCD manufacturing industries. Table 1 lists PFCs’ atmospheric concentrations and the increasing rate. The global
warming potentials in time horizon of 100 years (GWPyy) of CO,, CF, and SF; are 1, 6630 and 23500, respectively.
The atmospheric lifetimes of CO,, CF; and SFs are 30-95, 50000 and 3200 years, respectively. The rate of
atmospheric concentration change of CO,, CF, and SFg are 2.3 ppm/yr, 0.7 ppt/yr, and 0.27 ppt/yr, respectively. The
annually increasing rate of CO,, CF, and SF; are 0.27%/yr, 0.89%/yr, and 3.25%/yr, respectively. These facts reveal
that comparing to CO,, CF, and SFs have higher impact to the global warming, live many longer in the atmosphere,
and faster increase rate. That is, PFCs emission control is deemed important.

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy.
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Global PFCs emissions are estimated at 0.95x10" kg-COyq 1n 2005 with an expected increase to 3.7x 10"* kg-
CO,¢q in 2050 if application of control technology remains at the current level [4]. Figure 1 shows the consumptions
and emissions of PFCs based on the statistical data of the world semiconductor council (WSC). Among PFCs the
highest usage was NF; of 69%, followed by CF, of 11%, and the rests were all lower than 5.4%. The most
emissions were CF, (30%) and C,F¢ (22%), NF;5 (16%) and SF4 (11%). NFj3 is of a significantly high consumption
and a relatively low emission, which is due to the lowest bond energy (N-F, 2.76 eV) among PFCs. On the contrary,
CF, is of the strongest bond energy (C-F, 5.17 eV) and leads to its high emission. It is noted that eV stands for the
electron volt and 1 eV equals to 1.6x10™ J. For common hydrogen carbons, the C-C bond energy is 3.80 eV, which
is higher than N-F and lower than C-F. This fact reveals that CF, is highly thermal stable and that is why CF, can
sustain so long in the atmosphere (Table 1).

Table 1. Greenhouse gases and their atmospheric concentrations.

CO, CH, N0 SFs CF, Ref.

GWP; g0 1 25.0 298 23,500 6,630 [1]

Atmospheric lifetime, yr 30-95 124 121 3,200 50,000 2]

Pre-industrial atmospheric concentration 280 ppm  0.700 ppm  0.270 ppm 0 ppt 40 ppt [2]
Atmospheric concentration (C) 402 ppm  1.823 ppm  0.327 ppm 8.3 ppt 79 ppt [2]

Rate of concentration change (R) 2.3 ppm/yr 5ppb/yr 0.8 ppb/yr  0.27 ppt/yr 0.7 ppt/yr [2]

Annually increasing rate, (FR/C) 0.57%/yr  0.27%/yr  0.24%/yr  3.25%/yr  0.89%/yr [this study]

2014 WSC PFC Comsumption = 11.7 Gg 2014 WSC PFC Emission = 3.756 MMTCE
3.3% 3-4%/_ 1.3% 7.0% 4.0% _1.5%
uCF4 ] X uCF4
= C2F6 = C2F6
= NF3 =NF3
= SF6 = SF6
u CHF3 uCHF3
= C3F8 = C3F8
C4F8 C4F8
" new gases " new gases
(@) (b)

Fig. 1. PFCs & SFg consumptions (a) and emissions (b) in the electronics industry. MMTCE stands for the million metric tons of carbon
equivalent. Data from [3].

A thermal plasma torch can produce high enthalpy and extremely high temperature gases, and thus is successfully
applied to decompose the highly thermal stable PFCs. The typical temperature 1s greater than 19000 K in the exit of
a thermal plasma torch [5], and the average temperature ranging from 4000 to 6000 K depending on the plasma gas
composition as well as the design of plasma torches. The plasma temperature is much greater than the combustion
temperature, which is beneficial to PFCs thermal decomposition. In addition to thermal plasma abatement, there are
other techniques also showing good PFCs abatement efficiencies. The advantages and disadvantages of PFC
abatement technologies are summarized in Table 2. Considering both energy consumption reduction and emissions
control [6], thermal plasma PFCs abatements override other abatement technologies due to the fast startup. In the
study a thermal plasma torch is designed and extensively tested for PFC abatements at the Institute of Nuclear
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Energy Research (INER). The effects of operational parameters are determined by experiments, multiple regressions,
and sensitivity analysis.

Table 2. Advantages and disadvantages of PFC abatement technologies.

Types Pressure Advantages Disadvantages
1. DRE* > 99% 1. Fuel gas (H,/CH,) cost high
Thermal 2. T>1200°C 2. Potential fire hazards
Oxidation 1.0bar 3 Matured technique 3. CF, DRE > 90%.
4. Mid. cost, high maintains
1. DRE > 99% 1. Aging and poisoning of catalyst
Thermal 2. Matured technique 2. Used and wasted catalyst treatment
— 1.0bar 3 500<T<7500C 3. Can't handle SiH,
¥ 4. High cost, mid. Maintains
1. DRE > 90% 1. More byproducts COF,, HCN, HF, SO,, & CH,F,
RF / MW 2. Operated at low pressure 2. Vacuum pump (HF) and EMI problems
Plasma Vacuum 3. Local high temp., energy saving 3. High cost on RF/MW power supply
4. Clean process (no electrode) 3. CF, DRE >85%
Non- 1. DRE > 90% 1. Byproducts COF,,CO, HF
Th | 2. Room temp. process 2. CF, DRE >70%
erma 1.0 bar 3. Energy saving 3. Low flow rate
Plasma 4. Mid cost, low Maintains (?) 4. still in developing stage
1. High DRE > 99.9% 1. Torch cathode life time too short
Thermal 2. Can operated at T >1200°C 2. Strict demand on torch cooling
Plasma 1.0 bar 3. Fast startup and no fuel gas 3. High cost on torch power supply
4. Mid cost, mid maintains (?)

2. Experimental Setup
2.1. Thermal plasma system

Fig. 2 illustrates INER’s thermal plasma PFCs abatement system, which is composed of a thermal plasma torch, a
power supply for the plasma torch, a plasma mixing chamber, a reaction chamber, a quenching zone, a wet scrubber,
a venting fan, and a monitoring & control unit. A well-type thermal plasma torch with copper as electrodes’ material
is used in the study. Two types of plasma mixing chambers including concurrent- and cross-flows are used in this
study as showed in Fig. 3. Experimental results indicate that a vertical arrangement of plasma torch is better than a
horizontal one, due to less SiO, deposition problem. The PFCs stream is first mixed with thermal plasmas stream in
a mixing chamber. The mixing stream then flows into a PFC reaction chamber. The temperature of PFC streams is
adjusted to a designed abatement temperature by the plasma power, where the designed abatement temperature is
determined by the kind of PFC to be abated. In general, in the study, the abatement temperatures are set in the order
of NF;<CHF;=C,F=SFs<CF,. Since the plasma temperature is extremely high, a Venturi scrubber is installed at the
exit of the reaction chamber, to cool down the temperature of gas streams as well as to avoid thermal damage of the
whole abatement system. Downstream of the Venturi scrubber, a packing tower wet scrubber is installed for
removal of acidic byproducts like HF, SO,, HNOs, etc. generated during previous PFC abatement processes.

The power of plasma torch is supplied by a DC high power supply with voltages ranging from 5 to 20 kW. For
energy-saving, the plasma power adjusts automatically with signals of an optical emission spectrometer (OES). The
plasma power is always turned on and set to the minimum in the idol operation mode. When OES measurement
detects PFCs or other unwanted gases passing through the plasma chamber, the plasma power is automatically
stepping up until concentrations of treated gases down to a setting ppm level. A calibration between OES signals and
PFCs concentrations should be done in advance.
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2.2. Experimental tests for PFCs abatement

In the study, it is experimentally tested for five kinds of PFCs including CF,, CHF;, C,Fs, NF3, and SFg; three gas
flow rates of 100, 200, and 300 SLPM (standard liter per minute); four plasma powers of 10, 12, 14, 16 kW; five
PFC concentrations of 2000, 3000, 4000, 5000, 10000 ppmv; and with or without water addition.

A Fourier transform infrared spectroscopy (FTIR, Bruker, Vector 33, resolution 0.4 cm™) is used to on-line
measurement of PFC concentrations. The characteristic wavelengths for determination of CF,, CHF;, C,Fg, NF5, and
SF, concentrations are of 1281, 1150, 1249, 912, and 943 cm™, respectively.

— Exhaust

................................. s

i Plasma
Thermal plasma torch
& mixing chamber

PFC reaction chamber
(D=25cm,L=60cm)

()

Fig. 3. Photos of plasma abatement chamber, (a) the cross flow type; (b) the concurrent flow type.

3. Results and Discussion

Fig. 4 shows the FTIR absorption spectrum for PFCs abatements of C,Fs, NF;, CHF; and SFs. The experimental
conditions for each test are listed directly on the figures. The PFC signals in FTIR spectrum are significantly
reduced once the plasmas are turned on. Main products observed in FTIR include CO,, CF,, SO,F,, and NO,. CO,
is come from the carbon of PFCs. CF, is generated in the C,F abatement. SO,F; is observed during SF4 abatement.
NO, is an unwanted byproduct, which is commonly formed in an oxygen-containing thermal plasma environment.

Fig. 5 summaries the destruction and removal efficiencies (DRE) of five kinds of PFCs with thermal plasma
system. It is easily to achieve 100% DRE for NF;. CF, has the lowest DRE and is the most difficulty to be removed.
The DRE is in the order of NF; > C,Fs > CHF; > SFs >> CF,, which is same in [7]. The tendency is somewhat
similar to the bond energy, such as N-F 2.76, S-F 3.30, C-C 3.80, C-H 4.39, C-F 5.17 eV, respectively. However, it
is not yet clear for SFs, which has a low bond energy, but is with a bad DRE.
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For NF;, C,Fs, CHF;, and CF,, the higher the concentration, the better DRE can be achieved. However, again,
SF; has a different tendency: the higher SF concentration, the lower SF5 DRE is observed.

To better understanding the relationship between the DRFE and the flow rate (), in SLPM), the concentration (C,
in ppm), and the plasma power (P, in kW), the multiple regression is adopted in the study. With the data shown in
Fig. 5, the multiple regression for CF, DRE is,

DRE = 2.268215565E-5%C - 0.001829564724*(0 + 0.04615450509%P + 0.0469977343 (D
The coefficient of determination (R?) of Eq.1 is 0.686.

Similar, the multiple regression for CF, energy efficiency (EF) is,

FEE = —0.1518101579*C —1.455710521*Q —24.72936395*P + 2160.228935 2)

The coefficient of determination of Eq.2 is 0.640. Where, EE is defined as the PFC molecules removed per eV.
That is, both DRE and EE should be as high as better. And one can use above equations to achieve the DRE and EE
by changing the plasma power (P) for a specific O and C case.

<+
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~| 10 kW, 100 LPM - CoFs hg
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2 o N -
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2 with water L A o4 Water = 2.5 mL/min
8w w = NF; ‘
K E
5 S ®
2g g ° ‘
©
| S o
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(=) Qo
| 2 . |
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3 | . | |
Plasma OFF il { e I
it SR N, | V4 S W
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Fig. 4. FTIR absorption spectrum for abatement of C,Fs, NF;, CHF; and SFs.
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Fig. 5. Destruction and removal efficiencies (DRE) of five kinds of PFCs with thermal plasma torch.

Moreover, using Eqs. 1 and 2, the sensitivity analysis for PFCs abatement can be conducted. Figs. 6a and 6b
plots results of the sensitivity analysis for DRE and FE, respectively. The base case is at the condition of ;=200
SLPM, Py=13 kW, C;=[CF,]¢=5000 ppm. For DRE g, it is clear that the most significant factor is the plasma power,
and the flowrate plays a negative role. For EEcpy, the most significant goes to the CF, concentration, which is
different from DREcps. An optimum design and/or operational condition by using the Eqs.1 and 2 as well as the
sensitivity analysis are currently undergoing.

100% 100%
E 4
O 50% - 88 50% -
S 52
s s
: 23 |,
2 0% — * * o5 0% 1 * * T —Flowrate
5 £ £
5 g —Power
> Sy
o 86 —[CF4]
g -50% | -50% |
€
[
(3]
g

-100% T T T -100% T T .

-100% -50% 0% 50% 100% -100% -50% 0% 50% 100%

Percentage variations of parameters Percentage variations of parameters

() (b)

Fig. 6. Sensitivity analysis for CF, abatements, (a) the destruction and removal efficiency, DRE; (b) the energy efficiency, EE.

4. Conclusion and Suggestions

A thermal plasma system for PFC abatement has been developed in the study. Experimental results indicate that
PFC abatements are mainly determined by the plasma power, gas flow rate, and PFC’s concentration. Results of the
multiple regressions and the sensitivity analysis reveal that the most significant factor to the CF, removal efficiency
1s the plasma power, and the flow rate plays a negative role. The most sensitivity factor to the CF, energy etficiency
goes to the CF, concentration. There is a trade-off between abatement etficiency and the energy efficiency.

Some suggestions are also listed. (1) Mixing of the plasma stream and PFC stream plays a significant role to
PFC abatement. (2) Kinetic data on PFC reactions at high temperatures are absent at present time. This leads to a
difficulty in simulation as well as system optimization. Scientific research on this topic should be of contribution.
(3) NOx is an unwanted byproduct in thermal plasma processes, and needs to be minimized. (4) Further works on
optimization of the thermal plasma system for PFC abatement is worth doing.
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Abstract

Heat pipes are unique in their extremely high thermal conductivity and have high potential applications in the fields of heat
recovery and renewable energy. The maximum heat transfer capacity of a heat pipe is determined by viscous, sonic, capillary,
entrainment, and boiling limitations. There are dozens factors affecting the maximum capacity, for instance, the size of heat
pipes, the capillary structure, the working fluids, and the operating condition. It would be difficult to design a high capacity heat
pipe without a computational-aided tool. In this paper, a simple mathematical model is presented for quick estimation of the
maximum heat transfer capacity of tubular water heat pipes with mesh wicks. The model prediction agrees well with other
literatures and experimental data. To better understanding of heat pipes, with the model, a case study of a 2 meter long heat pipe
for air-to-air heat exchanger application was performed. The influence of the evaporation temperature, the inclination angle, the
mesh number, and the mesh layer on the maximum heat transfer capacity (Quq) Was analyzed. Results showed that their trends
were nonmonotonic, and highly depending on the evaporation temperature. The simple mathematical model could serve as a
handy tool for quick evaluation of Quay as well as for speedup of a heat pipe design.

© 2017 The Authors. Published by Elsevier Ltd.

Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy.

Keywords: heat pipe, heat transfer limitation, maximum heat transfer capacity, air-to-air heat exchanger.

1. Introduction

The heat pipe is an excellent thermal conduction device with extremely high thermal conductivity. Heat pipes are
widely used in the fields of aerospace, electronics cooling, heat exchanger, solar heat, geothermal, etc.

The R&Ds and applications of heat pipes are getting wider and wider. There are more than 130 heat pipes-related
papers have been published on Energy Procedia in the past four years [1], and more than 8 technical review papers
[2-9] last year in 2016. Institute of Nuclear Energy Research (INER) has started heat pipe R&Ds since 2014 [10-11],
and high temperature heat pipe [12]. INER is now capable of manufacturing tubular heat pipes composed of copper,
stainless steels, aluminum, or titantum, and with a set of working fluids like water, ammonia, ethanol, dowtherm or
sodium. The lowest thermal resistance could achieve 0.07 K/W at a specific testing condition. To enhance the anti-

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy.
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corrosion ability as well as to widen applications of heat pipes, a thin film composed of TiN, CrC, or NiCr was
coated on the outer surface of heat pipes [10].

Heat pipes have an extremely high thermal conductivity. The maximum heat transfer capacity of a heat pipe is
determined by viscous limitation, sonic limitation, capillary limitation, entrainment limitation, and boiling limitation.
There are dozens factors affecting the maximum capacity, for instance, the size of heat pipes, the capillary structure,
the working fluids, and the operating condition. It would be difficult to design a high capacity heat pipe without a
computational-aided tool. In this paper, a simple mathematical model is presented for quick estimation of the
maximum heat transfer capacity of tubular water heat pipes with mesh wicks. In addition, a case study of a 2 m long
heat pipe was performed to better understanding of heat pipes especially for the air-to-air heat exchanger
applications.

2. Simple Mathematical Model of the Maximum Heat Transfer Capacity of Heat Pipes
2.1. Formulas of the maximum heat transfer capacity of heat pipes

The maximum heat transfer capacity of heat pipes had been well developed for decades. The maximum heat
transfer capacity is regulated by five major limitations, i.e., viscous limitation, sonic limitation, capillary limitation,
entrainment limitation and boiling limitation. Many empirical formulas of aforementioned limitations had been
deduced, and can be found in textbooks and/or handbooks. However, the accuracy of the formulas is doubtful,
because some errors and incompletions were found. It is especially confusing to a beginner in the field of heat pipes,
like authors of this paper. Table | summarizes the five limitations. It is clearly observed that (1) different formulas
are used in different literatures, (2) inconsistency in nomenclatures, and (3) incompletions of formulas. And even
worse 1s that errors are found, for mnstance, the unit of all the limitations should be “W,” but the unit of viscous
limitation in [15] is “W/m’” and the unit of boiling limitation in [14] is “W/m>.”

After examinations, authors recommend the formulas in [16] are fairly trustable. For simplicity, this study adopts
the formula of capillary limitation in [15], because the formula of capillary limitation in [16] is relatively
complicated and it cannot be directly used until consideration of Reynolds number and Mach number [16].

Table 1. Formulas of the heat transfer limitations of heat pipes.

Limitations [13] [14] [15] [16] This study
: Pl R, T 8 « _ FILDLR; A72Ap P
Q=" = =y Ty
Viscous TV (no) 9= Tom il YT L, 16l
Sonic 0, =047.4,h, (p, B)" Q, = 0.4740A,(p, P,)"2 §=0474L (p,P)"’ g, =A.p, &,(ﬁ)‘ = 116]
o ) s P, ) i £-g(d,.cosy+ L, siny)
Grtihy KA (2 gl et¥) Ty A gl . e o -
Capillary R ot BN (YD) O™ [pT] [T} [7 - PT-‘"“fJ] Rem . A [15]
e ) 1 ¢ i ( ke ¥ IR o B Y
25, A4.p A KA. ip "
s \03 05 2 a.0,.12
. I X LY A 2mp, Lo, g =A A (—=
Entrainment 0. -4, r(_q Z-r;,[] 0. = Avh (T) i= = g, = 4, (3»’%“ ) 116]
drlg i, To, (1 1) 2zl kL. 2
- Oy 4 4 _ nlgkaT,  [20 P e N
Boiling o U | 0= kel 2 (o] (o) 0=y e Ae) 16l

2.2. Model Validation

Figs. 1(a) and 1(b) show comparisons between the model’s prediction and literatures” data. The comparative data
in Fig. 1(a) is from [16] for a copper-water heat pipe, with diameter of 20 mm, the total length of 750 mm, the
evaporation length of 250 mm, the condensation length of 250 mm, the thickness of tube of 2.5 mm, mesh wicks
(100 mesh and 3 layers), and horizontal placement. The data in Fig. 1(b) is from [17] for a water heat pipe,
with diameter of 6 mm, the total length of 305 mm, the evaporation length of 25 mm, the condensation length of 76
mm, and horizontal placement.
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It is observed that tendencies agree well for all the five limitations in both cases, although there are some
differences in quantity. In addition, it is close for the values of the capillary limitations in both cases. This is
important because the capillary limitation is generally regarded as the maximum heat transfer capacity, and it is also
true as shown in Figs. 1(a) and 1(b) except for at high temperatures. It should be noted that the boiling limitations of
the model are about one order of magnitude lower than that in [16] and [17]. Authors conjecture the difference
might come from the temperature-dependent property of working fluids, which have not been revealed in [16] and
[17]. Overall speaking, in authors’ viewpoint, the simple mathematical model is somewhat trustworthy.
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Fig. 1. Model validations, {lines} this study, {points} reference data, (a) data from [16]; (b) data from [17].

3. Case Study

The maximum heat transfer capacity is greatly atfected by the size of heat pipes. The size of heat pipes should be
varied depending on the purpose of applications. It is impossible to study all of cases in one paper. The paper,
hence, pays attention only on the air-to-air heat pipe heat exchanger. The base case of heat pipes is set as follow,
heat pipes with water as the working fluid, of outer diameter of 10 mm, the tube thickness of 0.5 mm, the total

length of 2000 mm, the evaporation and condensation lengths of both 980 mm, mesh wicks (100 mesh and 1 layer),
and vertical placement (hot side in the bottom).

3.1. Influence of the inclination angle and the evaporation temperature on the heat transfer

The influences of the evaporation temperature and the placement angle on the heat transfer capacity are plotted in
Figs. 2 and 3. At w=0° (horizontal placement) as shown in Fig. 2a, the maximum capacity is mainly governed by the
capillary limitation for most of temperatures, except for T>180°C by the boiling limitation. At y=45° (Fig. 2b), the
maximum capacity is determined by the capillary limitation as T<90°C, and by the boiling limitation as T>90°C. At
y=90° (Fig. 2¢), the maximum capacity is regulated by the entrainment limitation as T<85°C, and by the boiling
limitation as T>85°C.

To better understanding of influence of the axial angle on the heat transfer limitations, the data in Fig. 2 are
replotted as illustrated in Fig. 3. Three evaporation temperatures of 25, 75, and 150 °C are shown in Figs. 3(a), 3(b),
and 3(c¢), respectively.

Fig. 4 depicts the maximum heat transfer capacity (Qua.y), Which is the lowest quantity of the five limitations.
The higher inclination angle, the greater Q,,, is observed. There exists an optimal Q,,,, for temperatures ranging
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from 20 to 200 °C, and the peak of Q,,, shifts to low temperatures as the increase of inclination angle. These facts
reveal complication of heat pipe design.
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Fig. 2. Relationships between the heat transfer limitations and the temperature for selected axial angles (y) of (a) 0°; (b) 45°; (c) 90°.
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Fig. 4. Relationships between the maximum heat transfer capacity and the evaporation temperature for selected placement angles from 0 to 90°.

3.2. Influence of the mesh wicks on the heat transfer

The influence of the mesh wick on the heat transfer is simulated hereafter. Two factors including the mesh
number and the mesh layer are examined. The mesh number ranges from 20 to 500 in™', and the mesh layer varies
from 1 to 5. Results are shown in Figs. 5-7. Nonmonotonic trends between Qy,x and the mesh number / the mesh
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layer are found, and the influences strongly vary with the temperature. In general, but not always true, the lower the
mesh layer, the higher Q,, 1s achieved. An optimal mesh number is observed around 100 in.

Qmax (W)

1200
1100
1000
900
800
700
600

Qmax (W)

500
400
300
200
100

]

1200
——Mesh=20, nL=1 1100 ——Mesh=20, nL=5
~—Mesh=50, nL=1 ~—— Mesh=50, nL=5
—-Mesh=100, nL=1 1000 — Mesh=100, nL=5
Mesh=200, nL=1 Mesh=200, nL=5
——Mesh=400, nL=1 900 —— Mesn=400, nL=5
Mesh=500, nL=1 800 Mesh=500, nL=5
g 700
% 600
£
o 500
400
7 o 300
/ oo /\
\\\. . o
o | \
L 0 . s
40 0 120 160 200 40 80 120 160 200
Temperature (degC) Temperature (degC)

(a) mesh layer =1

(b) mesh layer =5

Fig. 5. Influence of the temperature on Q. for selected mesh numbers, (a) the mesh layer, nL=1; (b) the mesh layer, nL=5.
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4. Conclusions

A simple mathematical model has been proposed for quick estimation of the maximum heat transfer capacity of
tubular water heat pipes with mesh wicks. The prediction agrees well with literature data. A case study of a 2 meter
long heat pipe for air-to-air heat exchanger application was performed. The influence of the evaporation
temperature, the inclination angle, the mesh number, and the mesh layer on the maximum heat transfer capacity
(Qumax) Was analyzed. Results showed that their trends were nonmonotonic and complicated, and highly depending
on the evaporation temperature. The simple mathematical model could serve as a handy tool for quick evaluation of
Quax as well as for speedup of a heat pipe design.
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