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Abstract

Power generation form low enthalpy heat (LEH) sources, such as low temperature heat from industrial west heat, geothermal,
and ocean thermal, mainly uses the sensible heat of heat sources and heat sinks. For the energy conversion, the heat transfers are
necessary by heat exchangers (HEs). Especially, LEH required a large volume of HEs due to the low temperature difference
between heat sources/sinks and heat engines. The performance of heat exchangers depends on heat transfers and friction losses,
and the balance of those characteristics considering the operational condition (flow rate). This research focused on the optimization
of the geometry of herringbone type plate HEs and forced convection heat transfer coefficient in terms of newly proposed unit heat
transfer exergy ratio by assuming the constant heat transfer coefficients of evaporation and condensation. Firstly, the effect of
Reynolds number, corrugation angle, pitch and amplitude on the unit heat transfer exergy ratio was clarified. Then, the numerical
optimization of geometry were conducted by maximizing the unit heat transfer exergy ratio. As a result, the unit heat transfer

exergy ratio of optimized geometry is 1.4 times higher than that of the basic geometry.

Key words : Low enthalpy heat, OTEC, Plate type heat exchanger, Herringbone, Exergetic performance evaluation

1. #&

HIEOK, WRRK, MEEREZE: EOBA R RLXF—NOBRT L —IT, REOBEAE L TR LY —
ZITE L TR Y, TOHT 21 B — T LA REFE ORBEEMZ e~ TR /N SV 2 b OBAEO =%
NX—FBRE L TRELITIRT XL E—BREIL, ERRAZ XL —DMRFEN RSN TNDN
(Chandrasekharam and Bundschuh, 2008, Cjamdraseljara and Nimdscjih, 2008, Rajagopalan and Nihous, 2013), F|H 3 2%
FEZED LR N SN2, B ORI BN NS <, SRS L CBEED KTy « [ EITHA~
TREOAT AN X —ZNE LT 5. 20T, BREZBAZHIRITRA L T L ¥ — 2 BWERII R T D B
OB OMERE FulifRi & ERKR) BIOBEENHEEI AT LOMRBIB L2 X MIRESEET L.
Ko X E—BREOT CTHEE LERE (600 m—1 000 m) OWFEKOIRFEZEZFIH U CRET DR 2R
% (Ocean thermal energy conversion, OTEC) %, 30 CREEEOFKEHEK L 5—10 CRREDOIRREUTFAK DD 20—
25 CREDIREAZNMT 5720, FEMERDBCSHEG OMERBIZIM KL (20K, ik, 2020), £OH A X%
HET 7 bDOTy TV MR bEBRE G2 DEO—> L7 % (OECC, 2020).
—RENT, FRFERCEEE RS & O LA 1 ) BUSHAZR OB G, BASHIR O BURFUIFAZE L A2 (e HiAHTR
| XRHEEMEAEE C & 2 B O BMRZEIREL D L) & 72 5. AR X NV E—BURE O A, BRI OE IR TE

JERRsz A 2023412 A 24 B

TR VX —AFGEET (T 840-8502 MY MARATTAFENT 1)
2B RFRFGE (T 840-8502 Vi R TiAHERT 1)

E-mail of corresponding author: yasunaga@ioes.saga-u.ac.jp



64 %7k f&, Kevin Fontaine, Xt BEfE, b b HEZ,
Sathiabama T. Thirugnana, Abu Bakakar Jaafar

PR HR DR > T ETL 7 7 A Ko TREN ST 28 ) OIRPLO FEK & 72 0 2 5. B EMREOL A,
WEROWNAZE T Z & TEREMEE SN D2, ESBRABEINT 2. 20720, BB RO L 524K
IO LT OHESHREROKRTIIHK T 2MHEE TH 5. BEV AT L2OEEmMN ) (EWH ) OBLE D, B
T HEE L ENRERICEY R T DONRT o A L > TEWREE 2 A S8 5 BERENFET S

(Ikegami and Behan, 1998, Yeh, etal., 2005, ZZ7Kftl, 2008, Fontaine,etal, 2019, %27, #hil, 2020). Yasunagaetal.

(2018) 1%, EAZHEROEEVERE & BEARRBWEBI O TEBR I D OBRN G, 7L — MBS R O EGEIR R & B
PO B OBIR 2 BERRIIT R U, Eeffa s £ 7o 1378 BLROPEBE & TEMH ) OB~ HYEREHIR 21T © 157
EATER L, BEOBGSHGR I CRIRE k2w H L7z, %12, Yasunaga,etal.  (2021) 1%, {ESWRAHIOE IR
SR ORI & L CHERE L, FERIAROE A G EE LT 20888 £ 713 EE g OBV B ZR AR D MERE
L IEMH S OBIER D HHERERHI 21T 5 FiEAIRE L, BHEOEGIHRZRITEM L.

I, ~U A= L — NG IC O T, BUEFHR 2 B U TIREVE R ORREH T A — & L BYR
RS L O HRROBIR ORI R R S, SRz KO EIRAE B E LB IR O faiE b 23T
DTS (Lee and Lee, 2015) . AMFIETIL, 5 2 B CHSSHIROIREWERR L IREHHIO N T o A2 L - THAE
HFEY AT LDOT Y L)L —hROBLEN SR HZROVERE 29 5 Hik (BN REVERE S 7= o= 7 & )v
F—EE) ZHLIERL, Leeand Lee (2015) DO~V U R— T L— N B HER ORI EMA R L O
EEAR B O LI A RIS 5. 8 3 B CHABENEAS 720 O 7 /L X —3h3 23 HEREREM A & it o]
T A =2 ORER LML, BIREEL % FEhE L7

2. BAZMMBOMEREFTMA

2-1 HREVATLOIEKEAN

LIZEWERA 2 Wk o 2 L B =B BB A7 A OREEM Z 7R3, IR Ty OBJRIEIARIL, B Lo
TEELE & B L ENE Op ZARIET D, On ITBROBATH L7290, BRIRIAITEAHE IR Tho &725.
BBEBIT Qn D—F AT W ICEHR L, WmENRIKICENGE QL ZAniET 5. IR T OWmARIKRT, Biasic b
B K> TREN EF LT To & 725, BMERNT, IR Tr & Te CAAZ R X—2A LA T 5. BE
F OB B AR T B g PN CHARSRBIHR BMRIEIC L » TR RIE L, REHEHUIC X > TERENE R KAPY
AP, SEL DT, Ry AT Lo TRHINISERG CREI S E 5. AWFETIE, ZOREI AT LNEEER T
HY, DT AT DRBFAR & AR S BAHET, EEIRB L AET D, BRI & i ENR IR O iR
EWBEENE N my, o, mp, o & T DL,

Qu = mHCpH(TH - TH,O) = (VAAT,)g (1
QL= mLCpL(TL,o - TL) = (UAAT,,)¢ 2

m T !
Heat source Z = \ T
T M — >
S
On
| Adiabatic - 2Dt oy
_____________ |  engine
S e s EITIN
Heat sink !

Heat exchanger

Fig. 1 Concept of low-enthalpy heat power generation using a heat engine with heat exchangers.



KLy sV E—BGEET) v R— B 7L — b+ RBIHRER O IREHAL 65
(B OBIRES L OEBIDOEER)

Z 2T, UBGErOBGEBRE, A 1ML, AT, (3R ESRE A2 R L, IRZTFDH, L, E, C, o
IXENENENRICR, WER, BVRRIOBS S, HEMIOEGSHE, B IO D oRELZNEnrTd.
ZREBE STV D72, BUNFEEEANL Y, BUWREI DR W B L USE T AT LAOEWRET] Wi

W=Qy—0Q, 3
Whee =W — (Py + P) “)

ZIT, PR TESERL, R TREIND.

P = mAP
pnp )

I, pIREE, plIR T OISR E RT. AP IR AN DENFEER L, AR CTIIEA Hids
WAL=V RYCINDIE WAL= Uy LT A

AFREBY AT L THONDEFEORKME W, 1L, (1)—(5)F L QBRI DR Al i Jetf g% VTR TR
Ihd (&K -k, 2020).

@(mcp)H(mcp)LsCSETH(l—m)Z ©

G(mcp)L£C+(mcp)H£E

Wy, =

2T, OXRENA L BIRTRIKOIRE DT T~ L, d3BEIEAE NTU 2 AW CHETrREn5.

eg=1—eNUE, g =1—¢ NTUc 7
A
NTU-—m% ®)

Ko THEY AT LORKIERES W i FRAL 725

@(me)H(mcp)LECgETH(l_\/W)Z _ [(m_AP) + (mAP) ] 9

o(mep), ec+(mep) ek Py )y

Wm,net =W, — (PH + PL) = oy
L

2-2 BRITBBOEEEIER

KO D, FEI AT LAOBAMER DIEEWERE U & [E R AP P AICIER NN ELE 52 5. — i
BHIRPTICRE O ITEDHBARDEINT 212 E, BMEMEE SN D T2 OEEWERED BV, BvigsoBumiBiast U 13X
(10 TREND. BJRARCHEITROBMRIEZEMRE T 5 Z & C U O—EDOMT A E NS 23, thoZK
PLEDNT VR LS TREEIND Z LD, RENCEGERRE M E LT 5 Z LT T& v, —F, £/
TR IR HAZR TSN DFRIE DR 2 TITHHIT 5 Z LD, R TEINTIREDOR 3 T|ICHHITH. 2D,
HEVAT ANTOWMEZBENIHIINT 2 &, ERRHANAICR D RN H 5 (2K - ik, 2020).

U=— 1 1t (10)

ES+“WF+(Z)PHE+Z v

T, dIBMRERE, 137V — MNEE, UIT L — FOBMRER, yHEENEI OB S BURBLA R L, IR
ZF0 HS (FERVEAR F 72T AR, WFIXEEhRE, PHE X7 V— M. ZRaO%6, HS I3ERTR
THY, aprlIIEEMEERREL, B0 A, HS IHEFRETH Y, awr TEEHRMEEE R
R(1IZEBNT, /MUIRE 1 mm LD AT L AR ITF & VB TH D780, ZOEIRFUTK 6x10° Th
% . VEENRIR DRI B L O OB — &%;lﬂmkﬂwiﬁamﬁﬁwﬁn_#oﬁﬁf%ﬁﬁ
T 5 &, RO IBVRFR E 72 3 HTHA OB B & 72 0, B R AW CTHA Tl t& %



66 %7k f&, Kevin Fontaine, Xt BEfE, b b HEZ,
Sathiabama T. Thirugnana, Abu Bakakar Jaafar

=T (11)
ays
o 2L E— R DGy, BRI & IS EIT RO EEA N S =i, BRI B B 5

DRBOTNE L, BIRRIR L I AR OB &, 88T L O%Efgs O aBN R, Budiiiaiids JOEHE
KPFELWEET D &, BEERTE 2 Y OIERET) T 5 IEWHT) Winaue/d 135 NTREND.

Wi net, 2
R P8 | pC T (1= V) = 4Py (12)

(REERE DM IR K CE R O 20 W EIARRY B s & IV T2 T L 7 — BB RE D fe R W, 13, BRI & i Al
TEROBRELE LGS, BRBMRET 5= EAX—0 1/2 L7325 (Yasunaga and Ikegami (2020) ).

2
mHSCp,HSTH(l_\/F)

W, = 5

(13)

X (12) BEO (13) 5, HAAREER Y- O 7 2 X —%hE 2 m§ BU s OMRERE 0% 50 CTF
#75. X (14) OFDE 2 EIMEEWERRIC L2 7 B ¥ —lk, & 3 HTEBRIC L7 B $—ik
DEG ZRT

1 Wmnet HE 1 4APys
= — 1—+ = — 1— _— 14
0=5( Wi ) A[ HE ™ op), s (1-0)’ 19

2:3 AYUR—IETL— FRETHBORR & 1ERE
Leeand Lee (2015) (XX 2 (TR~ Y LR — L RIBAZ IR O TR & AR ERE O Sl e i Ma 2R L ORISR R
DONT, LFOIEEAEREL T 5.

_ T 0.1163InRe—0.1893 ) —(0.0264InRe+0.2486) 08136 1/ AHS
s = 0.1440 (=) (®) Re08136py /3 215 (15)
_ - -0.0767InRe+1.5858 ,,,\ —(1.283x1075Re+0.8886) —o1718 PLm [ MCp 2
AP,g = 11.9332 (@ [3) (Z) Re Lin (—pVCpr)HS (16)
T, AERENE T R PHIIL T Th .
15° < B<75° 20<B<44, 200<Re=——H5 __ <10000 17)
h PHSVHSCp HSLw

AU R =BT L— N ORENEFE S AREVETZIR ORI 5 E 72D (Wuetal, 2020) .

h ™ 2 h ™ 2
1+ G,n )+1+4(—,n)/2+1
14 smmﬁ P smmﬁ

723%3, AWFFETIX Shi, et al. (2010)23 W25 1 IR TAY U AR—0 7 L— NORE FEMESL L Lz, K= ¥
NWVE—BGEETIE, FIHTE DIREZENNS WD, RO K IPFEEIZ AR TREBH NI T 2B gz DM
RENEREDIER ITRE V. AR T, R # L B —BE O Tl b BRITA & IENRIROIREEZED /N S
VAT LD—DTIHD OTEC IZOWTHEHTDH. D78, LIEOZRHRE/ T A —Z ORE I, BB
W= CMEREZ BT L, KabelacandFreund (2007) O~V U R—1 7 L— M2 REHESRE L L, £ 1 IZFOHHEE

A= LmLlw
6

(18)




KLy sV E—BGEET) v R— B 7L — b+ RBIHRER O IREHAL 67
(B OBIRES L OEBIDOEER)

. (@ Qj *
o B8, o) -

B

p Section A - A’

Fig.2 Typical structure of a herringbone plate heat exchanger and the design variables in the current research.

Table 1 Geometrical specification of the basic herringbone plate (Kabelac and Freund, 2007).

Effective plate width Effective plate Chevron angle Chevron pitch Chevron height
L, [mm] length L,, [mm] B p [mm] h [mm]
486 1092 63.26 12 32
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Fig. 3 The unit heat transfer area exergy ratio @, and exergy destructions due to thermal resistance (heat transfer

performance) and friction loss (pressure drop) as function of mean Reynolds number of heat source, Reys.

Total exergy destruction ratio is the sum of the exergy destruction due to thermal resistance and friction loss.

Hollow circle shows the maximum unit heat transfer area exergy ratio, @max, at the optimum mean Reynolds

number, Rexsqp. The dominant exergy destruction transitions from thermal resistance into friction loss at

Repsope by the increase of Reys.
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Fig. 4 The unit heat transfer area exergy ratio, @, as function of mean Reynolds number of heat source, Regs.

Hollow circles show e when 75=293.15 K. Both @ha and Reps o decrease with the increase of 6. The table

lists the figures of @yq. and Repys opr.
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Fig. 5 The contour diagram of the unit heat transfer area exergy ratio, o, as function of fand Cps in the constant

heat transfer area. The red plots show @y with figures noted in the brackets.
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Fig. 6 The contour diagram of the unit heat transfer area exergy ratio, @, as function of p and Cys in the constant heat

transfer area. The red plots show @y, With figures noted in the brackets.
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Fig.7 The contour diagram of the unit heat transfer area exergy ratio, @, as function of £ and Cps n the constant heat

transfer area, specifically for the case when p=21 mm. The red plot shows @« with figure noted in the brackets. The

diagram also shows the boundary of Rexs =10000, which serves as a constraint of the optimization.

Table 2 Optimized geometry of the basic herringbone plate.
Case w[1/m] L, [mm] L, [mm] L] p [mm] h [mm]
Case-1 0.5656 486 1092 49.6 21 4.8
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