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AR, BAOIRFH 75 - 22 268 2 EBLT D88 & LT, IBEEEM (Phase Change Materials)
WIEHEZED TS, x5 LT HRORERITIG U Thkx RIBEEM BIREIN TN D
2%, 50°C-100°C DIRERIZIS T DIFBEE - Bk O FHIIR LN TN D.

AAFFETIL, YRR TR EICE R - HENATRRRIERERM L LTT v E=U L3 g
73 (AINH4(SO4)2' 12H20) 2B Lz, T oE=T A3 a UAAUVHIKE, Rl 94.5°C,
B 1.64X10°kg m™ OERIE K TH 5. @ARHEENT 2.51x10°k) kg! TH Y, ZHIIH
JEEF L CEEEEZRDD L 4A12XI0PMI m3 2 b7 5. ZNETIE, TVE=U LI =
TNV EAOTEEBRE BRI EOMMEREINTWDED, 2L OGE, ExEREKRET S
IR 80°C Riifi CTH D, F7=, Suzuki B, FEERLMAL LTTrE=UAI g N
VKT AT ) —ERER L, HEAKHUR O 72 DI A EEEA 2RI 2 FiEE2ER LT
W5, RIREA T U —X, RIEZFEACFFIOR\ 50°C LLEOIR R CORE I ER S A2
Toh D0, WK R HEEROEE, Wil  ARBFEIC OV TH LI - T
WV B, 2O 2 HEBLT BT T L bMENL S L TWVRV. £ 2T, AHFFETIE,
50-100°C OEDOAWIIERIZIANT, TRROEY, TrE=TU A 3 UV E 0T HBLIEE
HEM OFEE - T, BEY, TUE=U LI a URVKIHAT Y —OFiE) - AREVFRERE
fili & BEERE 7 U REHIE D AT,

1. AT P UPEBOEIFIAICHET =T =T A3 g U RIEEE WS OB

T AT HEBDOFIFCIAT T, ToE=U LS g UNUVITEKRET Y DL
& D-v = VBRI U BTBEEBRT 28 L7, DSCHIEIZLY, TUE=TU A
3 UNVBEURORED 94.5°C TH LD L, RBlRRIIAZINZ 2T v E=U L9y
NAE, AP UPEBNRER (K 90°C) IZTCRlfEL, IBEBEZERT 5 Z LB LT
rolo. Fio, WINFIORECMEVEE 25 L, EERHIERM O3 %5 X 51
THZET, BMBHBIREZIH TE 5 Z LRI N, BT, T/ T7I3— MEZEA
L7-HTREEEW 2 FRE L7 160 L FHEUE 2 530/FE L, 80°C-90°C DIREEHT T D& HEM:RE 2 7
i L7=fE 5, MNOZEWNE, AFF 4.00x102 MI-m? L EOWEEL - BAEVAE B - eV 5 2
EOSHIB L7, AREEBEEITIRARDOR 1065, T 7 4 ORI 2 5ITHET 5. BLEORE
REV, FHEBMOEMICLY, BEFEEEWE OV A X% KIBIRB LSS Z L RSNz,

2. TUEREULI a UNAVIKFIMAT Y —Ofi#E) - AnPRRER KL O LB O Rl
HHURRF & LT F A MR EEER 2, B OREE « IEREZ L3 22 EH & LT
PVA ZIRIMLIZT U E=U L3 a UNKRMAT ) — 2Bl EfRsilBEE cm U, B



DI DO " HENESHER O CTEREE R RE) - (SEVRHEIZ KT T 528 2 50l L
7o, £72, BIRLA T U —IZ2OWT, Y2/ T v RF o —T7 RS & AV, WIRIREN S
AT U —IREE~DEELFE 23l L 7=, T OFER, 2 TOERICBWT, PVAIFETTH
SETEMANC K D ERGURBEN R SR T 5 Z LI L7, £, BEUKBRN R ORAE
MOIHRICE DIBENERIC L 528 %% 1F, Reynolds BTk D80 - AT U —DE EEER
IO T vy MPERIZE D ZLT 52 ERHA LT o T, BEH O A 5 dniG M Al K
WROFH] & [FERIC, FmiEEANC X 2 REHRGURERI R, BRITK & T R E OB A
Wi I TR T 28R A A o i, BRI EWEE, IBHURBENR DR AN DIHRIZED
WFE2ME Reynolds M THA L S & DEZZGTZ. —F, R TOERIZBWT, PVAILLD
REVHE N R D MRS S 47z, Lo L, Colburn O j-factor % FEEIRM TR L2 X T A —¥ %
PTG R 2 5l L7 AG 5, iR - A7 U — & b, FmiE MR O IRFURREED R 0 %7
23 PVA IZ KD EBAEDI RO T E A LEY, Bk h=:nm b+ 2 LA LE. &
W2, WHRIRREDN D A 7 U —IRRE~DOFEZEAKIZRE LTI, IR ORI DS T S m H B A
RELBRDZEVHONTRY, BEAEEDNRK L 72 DR EEDNFAET D 2 & DR
Iz,

3. TUEZULI g UNLIKFIMAT Y —ORENRHE TR T VOGS

Mizushina, Usui 5 23777 B O FLmiE A KA O WPURBEN R 2 T8 5 72 OIS
L 7o E R BARCE T v 2 Iy, RIETEA 2N L7727 B =0 A2 g U8 KEIR

(60°C) & 27 U — (50°C) IZ331F D PURHRN R & BN RO BB A7, KR
BA%E7 /LTI, van-Driest MU= BRI AL U 72 B B4 & Nikuradse DIEA FRAEA U
HE b, WK A7 ) —RETEHISh v T v =r 7 MEEFRR T 5 72912, EIE Bird-
Carreau E7 /L ZHH LTV 5. ARIFFETIE, IREZ LI X OMHZEGIZIE O K dbi AR A3
FEEEZ RNE T A Z &4 572, Rt Bird-Carreau £ /LIZ5%F L, Arrhenius % 015 4
i & Einstein O¥EEEZUC K D IEZ M L 72, 60°C ¥&HZE LTV 50°C 2 7 U — O EEERE O
FEBRE & ARFIEDTT T K D EHREE 2 el U 72 fE 3R, IR ClE, &7 V0N ERGE 2 BT
ICHE L TR, BIURREEIR L BERIREZ TRITE TWe., —F, A7 U —IZB\ThH,
BT MTFEBRERZMAFE L TRV, Ao Arrhenius BLOIREAHIE & Einstein OALEEE
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Abstract

Research on exhaust heat recovery technology with ammonia alum hydrate

In this study, we focused on ammonia alum hydrate as a phase change material for thermal energy
storage and transportation due to its large amount of latent heat, non-toxicity and affordable cost. In
order to use exhaust heat in the temperature range between 50°C and 90°C effectively, we prepared
ammonia alum hydrate-based novel PCMs and investigated their heat storage/release properties. We
also investigated flow and heat transfer characteristics and phase change behavior of ammonia alum

hydrate slurries with drag reducing surfactants.

1. Ammonia Alum Hydrate-based Phase Change Materials for Effective Use of Excess Exhaust Heat
from Gas Engines

For effective use of excess exhaust heat from gas engines, novel PCMs were prepared by adding
anhydrous sodium sulfate and D-mannitol to ammonia alum hydrate. They melted and stored latent
heat at the temperature range of exhaust heat from gas engines (around 90°C). Heat storage and release
characteristics of the novel PCMs were investigated with a heat storage tank containing hot water and
the novel PCMs packaged into resin bags. As a result, the novel PCMs stored and released more than
4.00x10? MJ-m? of heat at the temperature range between 80°C and 90°C. The amount of heat storage
and release by the PCMs was approximately ten times higher than that of water with same volume.
This result indicates that the novel PCMs can reduce the volume of hot water tank dramatically in

addition to storing and releasing exhaust heat from gas engines.

2. Flow and Heat Transfer Characteristics and Phase Change Behavior of Ammonia Alum Hydrate
Slurries with Additives

We investigated pipe diameter effect on flow and heat transfer characteristics of ammonia
aluminium sulfate dodecahydrate (ammonia alum hydrate: AINH4(SO4)>* 12H,0) slurries with drag
reducing cationic surfactants and polyvinyl alcohol (PVA). Pressure loss and heat transfer coefficients
of the hydrate solutions/slurries were measured with double-pipe heat exchangers with different inner
tube diameters. As a result, in all cases of inner tube diameters, drag-reduction effect by the surfactants
were observed even in the presence of PVA. Occurrence and loss of drag-reduction effect were affected
by tube size. Although heat transfer coefficients of the hydrate solutions/slurries with additives became
lower than those without additives due to flow laminarization by the surfactant, calculation results of
Colburn’s j-factor divided by friction coefficients indicated that heat transportation efficiency of the
hydrate solutions/slurries with additives were increased due to the drag-reduction effect. In addition,

we also investigated phase change behavior of the hydrate solution with a shell-and-tube type heat



exchanger and revealed that its degree of supercooling became larger with decrease in its linear flow

rate.

3. Prediction of Drag Reduction Phenomena in Ammonia Alum Hydrate Slurries with Surfactants by
Using a Viscoelastic Damping Factor Model

We applied a viscoelastic damping factor model to simulate drag reduction phenomena in ammonia
alum hydrate slurry with the cationic surfactant. In this model, a modified version of van-Driest type
damping factor and the Nikuradse’s mixing length were employed. Shear thinning viscosity of the
hydrate solution (60°C) and slurry (50°C) were described with a modified Bird-Carreau model with
Arrhenius type temperature correction and Einstein’s viscosity equation. Friction coefficients of the
hydrate solution/slurry with the surfactant were calculated with the model and measured with the pipe
flow system with the double-pipe heat exchangers. As a result, drag reduction effect by the surfactant
and pipe diameter effect on the drag reduction phenomena were observed in either case of the hydrate
solution and slurry, which was not affected by addition of PVA as a stabilizer. As for the hydrate
solution/slurry with the surfactant, we revealed that measurement results of their friction coefficients

were well predicted by the model.

4. Increase of phase change temperature of ammonia alum hydrate slurries by the addition of
ammonium sulfate

We added ammonium sulfate to the ammonia alum hydrate slurry with the cationic surfactant and
PVA to increase its phase change temperature. When ammonium sulfate was added to the hydrate
solution (60°C) with its phase change temperature 51°C, solid particles were generated in the solution.
It was revealed by the powder X-ray diffraction measurement that the solid particles consisted of the
crystals of ammonia alum hydrate. In order to investigate phase change behavior of the hydrate slurry
with ammonium sulfate, they were heated and cooled in the beaker on the hot stirrer and the pipe flow
system with the shell-and-tube type heat exchanger. As a result, we revealed that the hydrate slurry
with ammonium sulfate has more than 10°C higher phase change temperature than the hydrate slurry

without ammonium sulfate.
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1-1. XC®IC

AARENTITEM 1 JEkWh b ORFIABD KE 3 BEFEINATND LN Tingd b,
IAEDOE = 1M B R G IRFEHEH RO =— X D@ E Y 2517 T, BLESOHDF
RAPBEEHRENTND. 2055, B\OELRDADFIMICET TIX, PEBORAT DM -
St &, BGRELORAET D - JETOX ¥ v T EH T 5 Z EBARBEARARTHY, Zh
SOX vy T HET D12 DEE « BUREIR SR FES LTV D,

BN - BMIERIZ DWW TR, WIRKAZTE L7 SEWE PRGBS N IR L L THY, v
JVIETY AT Lo, X TEZE ST 5 HUIBRIE RIS BIEN STV D, 2 s &8 - 2L
Pk S 2T DRV T, IR ORE L, BT - BGEEO TRIBINICES <l
D e EEAHIE, Wk AR 7 e EOBREN AR 5 =1L F—{HE & OB O, REAX—2Z
MR HATND YA FTIE, BfERO/NUEA RO BTV 5.

1-2. BEEBH

IR, BAORFRIZE - Z2ERI T 2 BB D608 8 U, @R - BEE 72 & OFZRIZFE S
EOHAY ZIEH U2 2EEWS  (Phase Change Materials) M EH 24TV 5. KL
777 & OBERE BN & Il U CEHEEDS K E <, HEICEOIRERRE DS REBLT 5 8
MRS CTH S (Fig. 1-1,Table 1-1). F7z, MO IR UIZ KV HE - AR KT &
WO TNRIFETH L7, LB EFAT 278 & g U TEE S 2T A
DOERNRFETH D EVIFIRERTH. 2O ORBEIREN L, BEGEEWT 136k~ 7o T RE
DEZE « WL AT AT ICiRES N TS (Fig. 1-2)

9, BB TORER TIE, BEABSERAESORGHEATIZ, 2o KE 2w
fRVEEN (3.34x10°k)-kg!) Z#H T HKEZIEH LB AT AR SN TE Y
. WEEEOHIBIZENT T, RIRLOKUNDEREBME LT, T I TFAT UE=Y
A7 13 K (TBAB) OPOKFHA TV —DMERINTE Y, KIROEEREEA L LCRE
WCEAEL TS, iRt TBAB LSMZE, T I T7F LT =0 L7004 Y R (TBAF)
, NUAFa— L= N0 BEW, 7 a2 DO SRR OEEGEEL -
SR L L TIRESNTVD. 2 b OIEFBEBRNIRA KLY bEmnic, IKER L
e UC, BEWM A EE S L0 I X —HERAZHINT 2 2 N TE 5. £/, Al
ORI R OWBEBMIIMZ, =~y a LS n-T 0 o b RS B4 &
LCHREINTND 12,

EROMBEICI A, B ECEYN O PEM R E A B, (EEEM A OEBEERS O
WFZEBERE b 5TV 5 . Khudhair & Farid 35 X O Tyagi 513, FEEOEESCKH:, KL
DEMIEREBM 2 E A LIZFFIZONTHE L TS D19 =0 X ) ICEEEM Ak



(BN BN 205 L7230 Clk, IS B OIRERFFEIC LY, |RZ T ORERIC
HEFF9 5 Z LN TE 5. BNEREEOPSENE A Lo, ZZRTKBEE) & ZE L B D 2
FUICIERT 2 @223 Cnad. £/, Yamagishi 1%, <A 7 a7/ b I 7
S 28°C DA X T H v (CisHyy) DAT Y —ZEEEREEA L UCTIREL, ELIREMET,
TRV SN A7 2T H v OFMRIAEONBG RN I 5 2 & 2 HE L Twn
5 15)_

FEVNT, 30°C 225 60°C DIRFEHHIAREARE & R DI EGE B WA & LT, Suzuki H23 Y U2
KFE T bY 7L 12 KFH (NaHPOs- 12H,0) Z/K/TF L 7Y a— WRATRIEIC /i S
I ERE AR IZ OV T LT 2 10, MR B A AR 1T 34°C IZRlS A2 L, WX
KMBEABOBEEE L TIRESINTWA. £72, Tamaru 5%, Y VEEKE - F YT A2
K AENE L=V ) bk~ A 7 ah 7L E2ER-RL TS 1D F(Z, Lorsch b, K
BRI (44~55°C) DRSNS 72 Z BT OWTHY £ &0, Ik & RERICZMro K&
IRRMRIER A RO L WO BN D, BREET N YU T A 10 KR A YRR e b A LI B
R THDHE LTS B, F7=, @S 58°C OFEET kU &7 L =/KF#¥ (CH;COONa-3H,0)
VXA S BB N 72 ST X T BVE B, Td 5. Ulman & Valentin X, FEEET F U v A=
KFMOFFRIESCT = N7 X RERINT 52 & T, Big) bV v A =KMol R %
HEETEXHZ E2HE LTS 19, Dannemand S, Fife) b U o A= K2 3EE L7
MR A B 2 50 E L, WEBR T N U 7 A =K OGS HIEBRIEE 2 5% 1 5 2 & T, (LB D
R HF IS BRENS D V AT LS L T D 0,

60~90°C DR EHIZ @S &2 R >E T & L CIE, Nagano & 2O~ 7 %> 7 A 6 KFN
W e~ 7327 6 KT ORG24 L TV 5 h, Hirano & Takeuchi®?7s D-A L
A PV EMGEHEICEAL, ZNEIFGHEICER L ERREOEBM ZREL TWD. b
DOEBR ORLEIT, EFEMPEESO N 2= o D PO ER LA L TRV, BhEE L
BRED I A~ v FOMREITENLS LIRS D.

BT, 100°C & 0 & @mWIRER OPEADO R IANT TG BT & LT, BT L= —
NERBE LI 7ICTHRR E2EZ TR T v 7 iETH FT7 A — K (TH) v A
T L0, REEEEERGERNM L UCIER LI KGEVEE T 7 N 2090 HE[NRH 5. £
7z, Nomura 5 291%, 500°C LA EOIREH OPEFIH 2 BIZ, GEOBREREMZ a7,
TN T2V THA 70T BN ERELTND.

1-3. TYUE=ULI a3 UNRVEERALURZER - Bl

A OI@ Y, IS DR E R TS U CEMERRB SR N RES N TE . L
L, 50°C 75 100°C OIREHRICHE BT 5 &, Fig. 1-3 DY, REFEMSS T AT D uip l
Da—Y =R b— g UEROPEC BB PR, KRR &, fix RBIRNFIET D12
B 5T, HRARER CEBBREREAG I OFBHITR STV D.

WET VI = AT =T A 12 K (T =D 53 3 732 (AINHL(SO4)- 12H,0)



I, Al 94.5°C, L 1.64 X 10°kg m? DEFIE KT THL. T oE=T LI g UL D
MV EL 2.51 X102 kJ-kg! T Y (Table 1-1), RIFLEE & Fe U CTIRFEY 72 0 O FBhfRTEEL

(BEVEE) #ROD L 412X100MIm3 72D, TUE=U AR g VAR OZEEEEITEE
WMOWEEBH & L L Thm <, B TR A2 SNTHICA i@ L TWnb /87
T4 O 2 FITHY TS O Fi2, TR U A 3 UAVITRMIRINOEE L LT
MELTWAEOMENES THDH L LB, BHRD/RT T ¢ v LB ) RIREDOI BT
b5, LLEORENG, 7ToE=TU LI 3 U, 50°C 225 100°C OIREEHTIZ THERE
DIGEEENT & L CHERMEITH 5.

T =T A g UV EHWTCIEEGEER ORI O FHIT RO HE STV S.
Bl Z1E, Suzuki 5 2D-29<° Hidema ©H 2-301%, T U= AI a UV EKERBAELTEDL
D AZ Y —%, 50°C LA LR TS DI Es g & L TiREL T (Fig. 1-
4). TUE=T LI a UNVERORLIL 94.5°C TH DN, KEMZ 25 L THERR A%
FIE N2 ENTED. TV E=UAI a UANVEKRKERELIEZAT Y —IZBWT, TV
F=U LI g UNCOERERED 35wt% DA 12X, IR AT 51°C £ 725 (Fig. 1-5).
FIEER R L0 BIRVEER TIEA 7 U —RiE, @WIRER CIRERIRE L 7222, Wihd
TEWEZ R T 5720, B RS U CRERETHZ LN TE S, 2ohofple LT, 7
T A 3 UNUEERS E LRSS ERS & L TIRE SN TV S Jotshi B 1T,
TUEZT LR g NV EHEBET UE= T LD OV T, @R 53°C, EEE RN 48°C
ThHIeaMELTEBY, ZhbOEBEREN S RIGEERI N L7zl iRz Si%dt
R IR T 52 L AR E L CT5 3D, F7z, Kishimoto & Hayashi (%, flsi2% 75°C 205
90°C DIRERIZH DT VE=U L a ARV LT V=T AOHEEIZOWT, EX
TREBAE GBI E LTERT L 2 L2 EL T D 2.

1-4.  FEEHR TSR U2 REHRHURREEAT

Bl BMRICBI LTI, 2 E TIOBR AR T E 7 BEGE B 215 F U 72 i B s R & 1%
BINZ, A IR O m oy 7 2 IRBURHEGA & UCiEA L, BMROWEEE) ) 2 K089 5 AP 7E6A 7%
HHED HILTE T2 3939,

ZD 9L, PEHUREHNC AR 26 L2255 & LT, White 2347 500 ppm DR ALt
FILRIAFAT =L E 1257 F— L DIEBAWZTIN LI KIEIRICOWT, B
ERFO BRI SR L T RVWIK K Y HRIEIZ/INE <725 2 &, Reynolds £z HiN
D LRTREOEPUEBE RN HAT 5 2 &, BLO, BUERIZ L > THBURH R A K
9% Reynolds $u3 8705 Z L ZHE L TW5 (Fig. 1-6) 3. Savins 1%, A LA VST LY
T L &I U T KERIZOWT, FEROBEFURBED R G 55 & & bic, HPURREIAR
ARV O L7 EOBMREDOIRIMI L DB EZTHZ L, B, BEERORK/NMNIED L
T, RPURBEZD R OHRN —E DO RE AW N AR 2 2 &2 LTz 30, F7z,
Ohlendorf H 1%, FHA4RT VRN T = LDIEO I F A MR EEERIE LT, ~F9F



SV RY AFAT =y MO, FEENE, BBUREED R WD TR U
LTWa. b OfmiEMHEANL, REIMO/SERICH L THH T, i UIRHUKES)
REmLT2 3.

Z DK D BRATERE O RMEIEHANC OV TIL, BY 2R A A OFET, BRI LV RE
EHBZDEERIRI BRI L, FICREN LT LIk g (Fig 1-7) 2T
DT ENBIVTND 3038, F e, 7 R E O FUEIEHEADK SR O VA 1 O — Rt & LT,
HAMNEE 2 B BERIC R L2 O R R E 2 IET 5 &, 50 s FREE O& AW A 555
R R E N RIS 5. ZORERNS, AW XL VFHKE SN 5k (Shear
Induced-State (SIS)) MFFEL, BRI BEAMIOLOREEZTZAA L TWD Z &R RSN T
W53 FE T, SISIZOWT, BNTHED EREGPRRIEED ERL L HITERTT 5
L, BXO, W AW O OER TR RE RS EANCER T, 104 s BRE OREIR TH
IMANDIRNIK ERIFFED L2725 2 & BHBA LTV D 4O SIS HREDOFEMIT DR &b 2
OFEFIREE TRER SN D, —FHIX 1 s RIGOMVERIRFR CHLDIZR L, &9 —FHid 1~
1,000 s B2 OBV VEFIREII CTH 0, % EIIBIINT 2 AMEE NS 2513 E/hs< b,
RAEBNTIHET D Z ENHE I TN D 3,

SIS TR 2> © 5 D IRPURIANC DWW TIE, EBRZEVER T AT JMEAIR TV D
LDOHH L. ERTOEHIAGICHE > TEMRZERME T 25720, FHEMAICB O TITEA LR
BT BIRBWERED R EASGRE L 25
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Table 1-1 Physical properties of phase change materials

Density  Melting point  Latent heat of fusion

PCMs
(kg'm™) (°C) (kI'kg")
Ice (H20) 1.00x103 0 3.34x102
Cyclopentane (CsHjo)-in-water emulsions'”)  9.48x10? 6.8 2.84x102
Type B 9.9 1.93x10?
TBAB (C4HoNBr) hydrate*®
Type A 12 2.00x10?
Octadecane (C1sH3s)™ 8.50x10? 28 2.23x10?
Microencapsulated PCM particles consisting
1.00x103 28 1.67x10?
octadecane (C1sH3s)'>
TBAF (C4HoNF) hydrate® 28.8 2.30%10?
Trimethylolethane trihydrate
1.12x103 30 2.18x102
(CH3C(CH20H),3H,0)”
Sodium sulfate decahydrate
1.46x103 324 2.50%102
(Nast4~ 10H20)18)’ 47
disodium hydrogen phosphate dodecahydrate
YETOBER PROSP Y 1.52x10° 35 2.81x10?
(NazHPO4' 12H20)16)’ 48)
Sodium thiosulfate pentahydrate
1.65x10° 48 2.00x10?
(Nazszog. . 12H20)18)
Sodium acetate trihydrate
1.45%103 58 2.65%10?
(CH3COONa-3H,0)!-4)
Eutectic salt
78.2 1.55%10?
(Mg(NO3)2'6H20 + 7.0 wt% MgClz'6H20)21)
D-threitol (HOCH,(CHOH),CH,OH)??) 50 1.39x103 87.0 2.51x102
Magnesium nitrate hexahydrate
1.64x103 89.3 1.50x10?
(Mg(NO3)2'6H20)21)’ S
Ammonia alum hydrate
1.64x103 94.5 2.51x102
(AINH4(SO4)2- 12H20)?"
magnesium chloride hexahydrate
1.56x103 117 1.72x102
(MgCl,-6H,0)'®
Erythritol ( HOCH,(CHOH),CH,OH )* 1.48x103 118 3.40x107
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Fig. 1-3 Temperature and application of heat
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Fig. 1-4 Concept image of latent heat transportation with ammonia alum hydrate slurries

11



60
Ammonia alum
" concentration
S O 25wt%
3, O 35wt%
= 40 7 ® ° ® 45wt%
S .
3 o)
° ¥ 5
£ 20
. O
T O
O
0 L L—o—b |
0 20 40 60 80

Temperature [°C]

Fig. 1-5 Hydare fraction of ammonia alum hydrate slurries®”

12

100



0-020

0010 A \ <

=3 'y %

L N\ y & L Water

i “\ N
\ ™Y r

0:005 \

s
)
I
It o
=
0-003
SYMBOL PIPE DIA.
0-002 a ©-090 IN.
x 0272 IN
[} 0500 IN.
U_Wl i L 1 1 -
10? 104

Re

Fig. 1-6 Pipe diameter effect on drag reduction phenomena of dilute aqueous solution of

Cetyltrimethylammonium bromide/1-naphthol (508 ppm)*>)

13






0.1

O Solution without surfactants
O Slurry without surfactants

@ Solution with surfactants

m Slurry with surfactants

L] T 1T 17

= AWater
&£ 0.01
1]
e |
=
L
g s
o = -0.25
| f=16/Re  f=0.0791Re ’
0'00] L Il L L L L1 1 l Il 1L [ 1 L [ I |
1000 10000 100000

Reynolds number, Re.[-]

Fig. 1-8 Friction coefficients of ammonia alum hydrate solutions and slurries with behenyl trimethyl

ammonium chloride and sodium salicylate®®

15



PVA Concentration (with Surfactants)
0 ppm ®
200 ppm o
500 ppm a
1,000 ppm g
2,000 ppm L 2
Without Surfactant or PVA O
100 Sl * T .

= g

= O

5 80| o . !

° B

N

= 60 O

C — —

k) o e ¢

)

o o N

g 40f o ~

e
®

g 201 s 8 § 7

8 ¢ O O O O O o0

P O

0 1 L 1 1
0 1 2 3 4 5

Time [D]

Fig. 1-9 Apparent dispersion fraction of ammonia alum hydrate slurries with PVA during

sedimentation experiments?®

16



B 3R

1) New Energy and Industrial Technology Development Organization, ‘“Research and development
project  for  innovative  thermal management materials and  technologies,”
http://www.nedo.go.jp/content/100749586.pdf, (accessed 27/2/2018).

2) Yanadori, M., Tsubota, Y. and Kobori, H., “Fundamental Study of the Melting Process of Crushed
Ice in a Heat Storage Container,” Heat Transfer — Asian Research, 28(7), pp. 583-596, (1999).

3) Ure, Z. and Mashrae, M., “Slurry ice based cooling systems,” Proceedings of IIR 20th
International Conference on Refrigeration into the Third Millennium, Sydney, Australia, IIF/IIR,
5, paper No. 3, (1999).

4) Fukusako, S., Kozawa, Y., Yamada, M. and Tanino, M., “Fundamental Researches and
Development on Fine Crystalline Ice Slurries in Japan,” Trans. JSRAE, 17, pp. 413-437, (2000).

5) Matsumoto, Y., Yokogawa, A., Uno, M., Kitaura, K. and Iwakawa, S., “Study on Ice-Production
Capacity for Slurry-Ice Manufacturing Apparatus with the Concentration of NaCl Solution,”
Journal of MM1J, 124, pp. 240-244, (2008).

6) Fukushima, S., Takao, S., Ogoshi, H., Ida, H., Matsumoto, S., Akiyama, T. and Otsubo, T.,
“Development of High-Density Cold Latent Heat with Clathrate Hydrate,” NKK Tech. Rep., 166,
pp. 65-70, (1999).

7) Dabouret, M., Cournil, M. and Herri, J. -M., “Rheological Study of TBAB Hydrate Slurries as
Secondary Two-Phase Refrigerants,” Int. J. Refrig., 28, pp. 663-671, (2005).

8) Mizushima, T., Inada, T., Takemura, F., Yabe, A. and Kawamura, H., “Melting Characteristics of
Tetra n-Butyl Ammonium Fluoride Clathrate Hydrate”, Therm. Sci. Eng., 16(1), pp. 41-48, (2008).

9) Yamazaki, M., Sasaki, C., Kakiuchi, H., Osano, Y. T. and Suga, H., “Thermal and structural
characterization of trimethylolethane trihydrate,” Thermo. Acta, 387, pp. 39-45, (2002).

10) Kakiuchi, H., Yabe, M. and Yamazaki, M., “A Study of Trimethylolethane Hydrate as a Phase
Change Material,” J. Chem. Eng. J., 36(7), pp. 788-793, (2003).

11) Nakajima, M., Ohmura, R. and Mori, Y. H., “Clathrate Hydrate Formation from Cyclopentane-in-
Water Emulsions,” Ind. Eng. Chem. Res., 47, pp. 8933-8939, (2008).

12) Choi E., Cho Y. I. and Lorsch, H. G., “Forced convection heat transfer with phase-change-material
slurries: Turbulent flow in a circular tube,” Int. J. Heat Mass Transfer, 37, pp. 207-215, (1994).

13) Khudhair, A. M. and Farid, M. M., “A review on energy conservation in building applications
with thermal storage by latent heat using phase change materials,” Energy Conversion and
Management, 45, pp. 263-275, (2004).

14) Tyagi, V. V., Kaushik, S. C., Tyagi, S. K. and Akiyama, T., “Development of phase change
materials based microencapsulated technology for buildings: A review,” Renewable and
Sustainable Energy Reviews, 15, pp. 1373-1391, (2011).

15) Yamagishi Y., Takeuchi, H., Pyatenko, A. and Kayukawa, N., “Characteristics of

17


http://www.nedo.go.jp/content/100749586.pdf

Microencapsulated PCM slurry as a Heat-Transfer Fluid,” AIChE Journal, 45(4), pp.696-707,
(1999).

16) Suzuki, H., Kishimoto, T., Komoda, Y. and Usui, H., “Investigation of Thermal Properties of
Na,HPO4 Hydrate Slurries for Evaluating Their Use as a Coolant in Absorption Chillers,” J. Chem.
Eng. Japan, 43(1), pp. 34-39, (2010).

17) Tamaru, M., Suzuki, H., Hidema, R., Komoda, Y. and Suzuki, K., “Fabrication of hard-shell
microcapsules containing inorganic materials,” Int. J. Refrig., 82, pp. 97-105, (2017).

18) Lorsch, H. G., Kauffman, K. W. and Denton, J. C., “Thermal Energy Storage for Solar Heating
and Off-peak Air Conditioning,” Energy Conversion, 15, pp. 1-8, (1975).

19) Ulman, A. and Valentin, B., “Investigations of Sodium Acetate Trihydrate For Solar Latent Heat
Storage, Controlling the Melting Point,” Solar Energy Materials, 9, pp. 177-181, (1983).

20) Dannemand, M., Kong, W., Johansen, J. B. and Furbo, S., “Laboratory test of a cylindrical heat
storage module with water and sodium acetate trihydrate,” Energy Procedia, 91, pp. 122-127,
(2016).

21) Nagano, K., Ogawa, K., Mochida, T., Hayashi, K. and Ogoshi, H., “Thermal characteristics of
magnesium nitrate hexahydrate and magnesium chloride hexahydrate mixture as a phase change
material for effective utilization of urban waste heat,” Appl. Therm. Eng., 24, pp. 221-232, (2004).

22) Hirano, S. and Takeuchi, H., “Characteristic of Reheating Operation in Supercooled Thermal
Energy Storage Unit for Hot Water Supply or Space Heating,” Energy Procedia, 57, pp. 3140-
3149, (2014).

23) Kaizawa, A., Kamano, H., Kawai A., Jozuka T., Senda, T., Maruoka, N. and Akiyama, T.,
“Thermal and flow behaviors in heat transportation container using phase change material,”
Energy Conversion and Management, 49, pp. 698-706, (2008)

24) Pacheco, J. E., Bradshaw, R. W., Dawson, D. B., Rosa, W. D., Gilbert, R., Goods, S. H., Hale, M.
J., Jacobs, P., Jones, S. A., Kolb, G. J., Prairie, M. R., Reilly, H. E., Showalter, S. K. and Vant-
Hull, L. L., “Final Test Evaluation Results from the Solar Two Project,” SAND2002-0120, (2002).

25) Gomez, J. C., “High-Temperature Phase Change Materials (PCM) Candidates for Thermal Energy
Storage (TES) Applications,” Milestone Report, NREL/TP-5500-51446, (2011).

26) Nomura, T., Zhu, C., Sheng N., Saito, G. and Akiyama, T., “Microencapsulation of Metal-based
Phase Change Material for High-temperature Thermal Energy Storage,” Sci. Rep., 5, pp. 1-8,
(2015).

27) Suzuki, H., Konaka, T., Komoda, Y. and Ishigami, T., “Flow and Heat Transfer Characteristics of
Ammonium Alum Hydrate Slurries,” Int. J. Refiig., 36(1), pp. 81-87, (2013).

28) Suzuki, H., Konaka, T., Komoda, Y., Ishigami, T. and Fudaba, T., “Flow and Heat Transfer
Characteristics of Ammonia Alum Hysrate Slurry Treated with Surfactants,” J. Chem. Eng. Japan,
45(2), pp. 136-141, (2012).

18



29) Hidema, R., Tano, T., Suzuki, H., Fujii, M., Komoda, Y. and Toyoda, T., “Phase Separation
Characteristics of Ammonium Alum Hydrates with Poly Vinyl Alcohol,” J. Chem. Eng. Japan,
47(2), pp. 169-174, (2014).

30) Hidema, R., Tano, T., Sato, H., Komoda, Y. and Suzuki, H., “Ammonium Alum Hydrate Slurries
with Surfactants and Polyvinyl Alcohol as a Latent Heat Transportation Material for High
Temperature,” Int. J. Heat Mass Transfer, 124, pp. 1334-1346, (2018).

31) Jotshi, C. K., Hsieh, D. Y., Goswami, D. Y., Klausner, J. F. and Srinivasan, N., “Thermal Storage
in Ammonium Alum/Ammonium Nitrate Eutectic for Solar Space Heating Applications,” J. Sol.
Energy Eng., 120(1), pp. 20-24, (1998).

32) Kishimoto, A. and Hayasi, K., “A Phase Change Material,” Japanese Patent No. 4830572, (2011).

33) Virk, P. S., “Drag Reduction Fundamentals,” AIChE, 21(4), pp. 625-656, (1975).

34) Shenoy, A. V., “A review on drag reduction with special reference to micellar systems,” Colloid
& Polymer Sci., 262, pp319-327, (1984).

35) White, A., “Flow Characteristics of Complex Soap Systems,” Nature, 214, pp. 585-586, (1967).

36) Savins, J. G., “A Stress-Controlled Drag-Reduction Phenomenon,” Rheol. Acta, 6, pp. 323-330,
(1967).

37) Ohlendorf, D, Interhal, W. and Hoffmann, H., “Surfactant systems for drag reduction: physico-
chemical properties and rheological behavior,” Rheol. Acta, 25(5), pp. 468-486, (1986).

38) Gravsholt, S., “Viscoelasticity in Highly Dilute Aqueous Solutions of Pure Cationic Detergents,”
J. Colloid Interface Sci., 57(3), pp. 575-575, (1976).

39) Rehage, H. and Hoffmann, H., “Shear induced phase transitions in highly dilute aqueous detergent
solutions,” Rheol. Acta, 21, pp. 561-563, (1982).

40) Usui, H., Itoh, T. and Saeki, T., “On pipe diameter effects in surfactant drag-reducing pipe flows,”
Rheol. Acta, 37, pp. 122-128, (1998).

41) Indratono, Y. S., Ushi, H., Suzuki, H., Komoda, Y. and Nakayama, K., “Hydrodynamics and Heat
Transfer Characteristics of Drag-Reducing Trimethylolethane Solution and Suspension by
Cationic Surfactant,” J. Chem. Eng. J., 39, pp. 623-632, (20006).

42) Suzuki, H., Itotagawa, T., Indratono, Y. S., Usui, H. and Wada, N., “Rheological Characteristics
of Trimethylolethane Hydate Slurry Treated with Drag-Reducing Surfactants,” Rheol. Acta, 46(2),
pp. 287-295, (2000).

43) Suzuki, H., Wada, N., Usui, H., Komoda, Y. and Ujiie, S., “Drag-reduction of trimethylolethane
hydrate slurries treated with surfactants,” Int. J. Refrig., 32, pp. 931-93, (2009).

44) Suzuki, H., Takeishi, S. and Komoda, Y., “Effect of molar ratio of counter-ions to surfactants
treating trimethylolethane hydrate slurries,” J. Chem. Eng. Japan, 43(4), pp. 349-354, (2010).

45) Suzuki, H., Tateishi, S. and Komoda, Y., “Effect of molar ratio of counter-ions to cationic

surfactants on drag reduction characteristics of trimethylolethane hydrate slurries,” Int. J. Refrig.,

19



33(8), pp. 1632-1638, (2010).

46) Oyama H., Shimada Y., Ebinuma T., Kamata, Y., Takeya, S., Uchida, T., Nagano, J. and Narita,
H., “Phase diagram, latent heat, and specific heat of TBAB semiclathrate hydrate crystals,” Fluid
Phase Equilibria, 234, pp. 131-135, (2005)

47) Safety data sheet of sodium sulfate decahydrate published by FUJIFILM Wako Pure Chemical
Cooperation, http://www.siyaku.com/uh/Shs.do?now=1545508078997, (revised 13/1/2018).

48) Safety data sheet of disodium hydrogen phosphate dodecahydrate published by FUJIFILM Wako
Pure Chemical Cooperation, http://www.siyaku.com/uh/Shs.do?dspCode=W01W0119-0284,
(revised 12/1/2018).

49) Safety data sheet of sodium acetate trihydrate published by KISHIDA CHEMICAL Co., Ltd.,
http://www.kishida.co.jp/product/catalog/detail/id/11222, (revised 11/11/2014).

50) Hidaka, H., Yamazaki, M., Yabe, M., Kakiuchi, H., Ona, E. P., Kojima, Y. and Matsuda, H.,

Evaluation of Fundamental Characteristics of Threitol for Latent Heat Storage for Hot Water
Supply,” Kagaku Kogaku Ronbunshu, 30(4), pp. 552-555, (2004).

51) Safety data sheet of magnesium nitrate hexahydrate published by FUJIFILM Wako Pure Chemical
Cooperation, http://www.siyaku.com/uh/Shs.do?dspCode=W01W0113-0026, (revised
15/5/2018).

20


http://www.siyaku.com/uh/Shs.do?now=1545508078997
http://www.siyaku.com/uh/Shs.do?dspCode=W01W0119-0284
http://www.kishida.co.jp/product/catalog/detail/id/11222
http://www.siyaku.com/uh/Shs.do?dspCode=W01W0113-0026

B_E
HAX Yy PV HBROBFFIRICH T 27 v E= T A a UNVRIBEAEZS OB R

2-1. WS

HATL D ra—T R —a VAT AT, BERICRAE LG V0B
HAKTEUL LTV D, PEEMENR L 72 S EIK OIREEITAT 90°C ([ZRIZE L, A HLEOM, WX
[BIRAEO F ARG 2 2 L CmBERBICHITAESN S (Fig.2-1). L2aL, HEEL
FEE & BVEEOMICHA - ZZM0 72 X ¥ v IHRFET D8, BrEKICE Y RIS
HERAOFRIFIZIREE L 720, Blx1E, HAT LD UMHEED T o o— 2 B RF O F F HE
INb.

—, WEGEBMIZ, MWVEREE LIRERFMEL AT MBI CTH LS. AT ¥ U HEE
EEBE BRI L CTE X, B - WIEEOTED & 5 REFEICHR Y UIERAT 2 & »n
TENE, HEEGNEM T 2l 2, B )Mo m B bR OHE BRI E
LHbDEZEZBND.

Fig. 2-2 |ZIEENE BN & IRK & Fedi U 7= 3 2 T2 46 - iR v A 7 A OEXK %
R BEREWENORAKIX, TAT D UBHKERR TR Y, FEGERRHIIR 7 EERIC
Lo THARZ Y DU L EBWEOMETEER L, B LI AT ¥ PG EEWE &£ Tt
T 5. ERRENICTHE SN CBRERMIT, TAT U U UmAEAKES L TH AT ¥ YL
ZHEZ D, BIBOE Y, AWFFETIY B 5 IEBE BB IKEEEE I LD SN2
% BME N O BGE B 1T £ 2RI T R - B S, FNEK & B L 22
WL > Tn g, BERGORGOREZIEHT 256, S84 - WAOBEEER RE T
100 g LETHD EBEIND. EEWCEZONTEORIY HLIE, RUO7HEERICED
RENIRK % BB & 2R SR O TR S8 5 2 & Tithh . Hg}2lﬁﬁ®‘
FENIRAK 2 WA R O ARSI AT 5 2 & T, EEWEICE X 128VE, 40l - B E %
@ﬁﬁ?@<,%%ﬁﬁﬁ%%ﬁ?é:&ﬁf%é.it,@ﬁ%ﬁﬁi%ﬁ%&#k%w
728, MK DI FEHE U= 06 R AT & bl U C, RN DY A X% KIgICHE/NCTE D & HiFE
s,

AWFFETIE, AT D PO BRI & R ZR A RGBT & LT, @y
ATV CHEBNREERSEEFIC H 0 (94.5°C), RfREEVED K E < (2.51x10%kIkg!), 7,
LRMED G < Rl 72 BRI B LOEEE LTRBL TS T U E=U LI g U
(AINH4(SO4)2-12H,0) (Table 1-1) 12 H L7z, Fim Cli_7=@Y, 7oE=UAI g U
VR AW EBEAE BRI O RESIN TN DO, LinL, < OFEFIBVTYRLEEL
BB INE 2 TR TS D IR FEHRIE 80°C R T D, Fig.2-2 D X 912, EEAEEMI
WHAKZN L THAZ VPRI L, FEZEE B\ CRIGA IR AR BMLE T 5
Bity, HAT Y U OMRIR T EE, 5o, WA Z B8 95 72912, mHEIKE
% 80°C UL BICIREF T 2 BN B 5. F 1, H AT P U HEEEIN % OB HIKIEITH 90°C T

21



HY, TrE=ZU LI g UNVEKROFS (945°C) & Flal570, ToE=T AL 3 U
VHEAROBS A X T AR O METH L. T 6, Fig 22 DFEET AT AOFEBLZ
M C, EEGERM O - BRI % 80 °C & 90°C ORICINE 5 L H I+ 25 = L
BTHDH. TIT, KWFFETIE, ToE=U LI a UV EZ LS E L, B HEREN
80 °C & 90°C D] & 72 HHFTHIBEE BRI 2 H T 5 L L b, HUEEIWM L FRE L2/
LR ERIEL, D OFEMEWERE Z 7 L 7=,

222, EBRFIE
2-2-1. #p

W7 NI = LT =T L 12 KF (7 =7 53 3 73 (AINH«(SO4),-12H,0))
DOFEFRIERIRR OFRE % Fig. 2-3 1R T. 7 U =T A2 3 UV ORNEE X OVKIERIT
WYEE BT 5720, PRISUGOFAZ BT ILT 28R 6, 9RO 2 fl S i 4 o
RN DERIN LT, £, TUoE=U AR a UNVIIKIBEEOWE TH L7120, KOMIE
KFnpis &, KeGHTHMEERMT 2TV E=U LI a UNVO—HREMHFLTL
F, FREORTZHRBENNRD L. T2 T, KeEFTIWE LM OB LIZ.
K,#K@ﬁ%g@,YV%:WAia?NVﬁ%ﬁL@ﬁ% L IR T BRITTEEL, B —

RBA LIEREEHER CEX WS D, £ 2T, IKEMEME 2/ DAL, KR

%4?@ ENDIERMEIZRETH I L & LT, £z, BEeMEOBLEND, RRMEORMESINY)
MOWIAIZREST D2 & & L.

AWFFETIX, FRREMF 2 T RUSERIEA & LT, JOKARER T R U 7 A (NaxSO4) 125 H
L7z, TUoE=U LS a UNVOERE 1.64x10°kgm> 2% LT, BAREET NV ¥ LAOEE
1% 2.7x103kg'm> & K&V WEHFOEERESEELZPIET 5720, HE#HlE LTD-vo=h—
NETMNMTHZ L& Uiz, fERES OWPE% Table 2-1 12787, RIROIEY, ZiLH OfERK
AT, WL RN E LTHEAShL T 2WETH D

AHELOTEFIAIIROEY THDH. T UE=U LI 3 UNCOBRIZH L, BlUSHRES &
L CHOKREEE T R U 7 A (NaxSOs) %, HPREHI & LT D-v o= h—/L (CsH1406) HHIAIR
BTHML, 2 bERE - B L CRAEEM OB 2 08 U7, AR CIE, MoK
TR U T LAORIIRE Xs (Wt%) DS EE B Ol RE T B 27l 5726,  HEKH
B2 b U D LAOFRIMEEZEZ 0 wi%2 5 10 wt%DO i TAL S8 CREVE TR L, et
BT 22 L. B, £ TOREHZOWT, v = h—/LOTEIMEE Xy (Wt%)
I3 8 Wt%IZ[EE L7z, &R R L 73kt o4 Bl % Fig. 2-4 IR T

2-2-2. BEBEBH OB RBMREDRE

ATRCIEBNE BT O B HEMERE 2 ST T 5 720, /REEREERE (DSC) & H T EVEEL
MoOEEGE L EHREGRER 250 L7z (Fig. 2-5). DSC HIEZE#E X, TA Instrument £
Discovery DSC250 Zffi HH L7=. 10 mg OB ZFFIL TT VI =0 L8O 7L/ 2 A

22



A, TN =y AROETAE T 1 THER L7z ET, Table2-2 D5 CTHIE 2 FhE L 7-.

22T, DSCHIEIZIH T DIBNEEE, FREEE, REFREH], BRI 2 24 T (°C),
(°C'min™"), # (min), 7. (°C'min) & 3%, £, HEOFN & MARERAZEZT L2 L2 B
(2, &k 30°C L 98°C (T,=98) DT, 2°C-min! THIE - BEIL 7= (m=r.=2). 98°C
BER ORI 20 min (4,=20) & L7=. RIZ, AT VU HBGRESR (F 90°C) T
OEREBFE 23T 5720, FilkEE 30°C £ 90°C (T,=90) DT, 2°C-min! THIEL -
WAL (m=r.=2), EHBAEOEA/ EEJE - B L7z, 90°C BIEEHZ OLRFHFIZ 20
min (4,=20) & U7z, W2, MEMEEE T, DEEGEERS O3 HEEENC R IFE T 2 E I

Pl 572, T, % 85°C & 98°C DT 1°C +" >Z b S W TlalkkDiklk 2 Ehi L 7= (85 <
Th<98, m=re=2,t,=20). F7z, FR « BRI TR O E BEERIC RIF 38 A
T 572, HERL - K TREOIREEZ 30°C, MEMEEE T, % 90°C |[ZHEE L, HiE - BREE
J£% 0.1°C'min’! 2> 5 10°C min”! O#iH TE{L S H CRERORER A FEhii L7z (0.1 <rm=7r.<10,
th=20). 90°C B OLRFFREREIIL 20 min (4 =20) & L7z, AT, INEREFRERH] A3 F0R)
DEBREIC T THELITMT 2720, WERLM - B TREOIRE A 30°C, MENRE T, %
90°C, FiE < BRIEEE r, re & 2°C-min [Z[EE L, 90°C B|E% ORFEFRFN 2 20 min ([Z5% &
L7e&:fE (=20) &, 1440min (24h) IZERE L7o&ME (4,=1440) & CIEHEGEEGE 4 i
L7z, FRRoOBIEE, Whd 3 BLLEER L. sHBEER S LT, BmFIE Mz Tuhian
T =LA g UANVEIRIZOWT Y DSCIE Z FEE L 7.

2-2-3. R X BREIHTRIE

HKAREET R U U A 2wt%, D-v 2 = F— L 8wt% a7 LV E=U LI g UNUIIRMLEE
BAEEM Xs=2,Xu=8) IZ2OW\T, HE - HEMEORERMEAH LI T D720, Bk
X BRETHIE 2 Fh L7z, JEREOJEE FIE A Fig. 2-6 (I3, £77, 200 mm x 150 mm
DTNV T I 5— MEICHTREAW 250 100 g T L7-1%, HENRR Y —T TRNEZE
FlE LR o naEE Lz, EEWAHALLZT VI 7 Ix— MR %9?C@mm¢
R LT OB BT & iR S W 7-1%, 82 FIROKEKIZR L THNEHOEEM 2 mH L
ﬁﬂéﬁt.%@%,ﬁﬂbtﬁﬁﬁém%@%mbmb Lok L FEE A THARRIZL
fXﬁ@ﬁﬂE%@ﬁﬂ&bt AR X #REPTHIE 1L, BRUKER 480 D8 ADVANCE
RV JE iww%%%wt.ﬁ@@_i%ﬁ%%mw,amawﬁixﬁ(ﬁﬁ
1.54056 A) %EWﬂ:%uﬁ:

2-2-4. 160 L FEWE T BT 2 EHEAR

Turnbull 1%, WE O —ARKICE N T, BHEENRIETORFE OB Z T 52 L
Z@wELTWA D, F£72, Hirano b1, THEKFIMAPCM O 1 ETHD Y U AKFE T
U DL (NapHPO4 12H20) 12DV T, m A ANRE E R O IRV 2 & 25
BRI & & b, B HE O ERIED, B A4 U & 9 lfR Iz 255 < BHGaE
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BEE D b/hEWED, RE—BAERN KRN TH 722 EE2RE L TWD Y, AiFZE Tl
U HRIEEE B IZB L C b, MEABRMIEE N R B IR T D iR S 5. i
ST, RIFFROEERIZDONT, FZXTWEEZE 80°C 7D 90°C DR THUH FIEEN S 7>
ERRET 5 7200121%, #BHEEE DSC JllEDA—4— (10mg) 75, EEMAICBIT 57 e
FHBEOA—F— (D7 b 100g) TR L ETEMBELZENTILENDD. £
ZC, ABHETCIE, FHERICKIT 2MERHRIER (100g) TOFKBGELFZHT 5720,
BTG BN & RK A Fedl U7 BB 23 E L 7=

9, TR AT 2EEW 2RO FIETHREE L=, DSC J{IE L [k, TrE=v
LI a RV OBRERIZ, BT R AL D-v = b VOBERETBML, BEER
MEz U=, AR Y v AL D-v o= h—/LOEBEEIL, FNEH 2 wt%, Swt%
L L7t (Xs=2,Xu=238). BEEBM ORI ITINT NG KB TH D20, EBM =&
BUE | RIET LB, WNIRKOBEBEEMA SLENDH L. 22T, BEEEM AT VI Z
T xR— MYIST L, EEWAEALEZT VI T I 12— MEEEBWNICEIE L2
TN T 23— MEOEFX 200 mm x 150 mm TH Y, BIROWEY, 81 Kb 0 OB
HEM OFHEEIT 100g & L7z, BEEEMNIHRREBCRICKEL, 20%, Ty —
KEZEMR S —T7 (FLA 7L 2SR FCB-200) % AW TR 2 EZ25| & LR
OASHH N A Bahg L7z (Fig. 2-7). BAAE SR, ARBH MO INBREE 150°C, INEVREfH]
2.0 7, EZEEE 95kPa, MANRNE 60°C Th H. AR Y, EEAZER X, MRIREDO A4
Ry & B R CHLEEMR L (7T B2 L2 3 7N 90 g, BKAERT R Y A 2g,
D-v>=bh—/L 8¢g), AHTRET DI LICKX VA L. EFRKFICE 2 EENEOKE
YWERTEN ST, £2.887mg & REL BN S.

Wi, RIEL 7= EBUWE Ok A Fig. 2-8,2-9,2-10 |27, SEWENIC KB L727 /v T3
F— MET R0 TH Y, MIMNIZHIT b AT L AFROM (416 BY) OFBIC 5 /T
OENTZ. FEEWE I 400 mm x 400 mm x 1400 mm OEGEIRTH VO, SFEW Feasg, KAL
25 1000 mm (2725 £ TARZHEAG Lz, |RICBWT, K, BEAShEEEWT, BXO,
AT L A OO RFEDOAFHEIL 1601 THD. HIZ, LHEGRBRT DK DRI E Bk
T 57, MNOKEIZ 1L.SL OWEN T 7 4 CE2FENTE. 235, T 7 4 2L DHK
DARZERG I FATHRFERFE A TH Y, 160 L DK E 1.5 L OFEIT 7 4 » OBHFENITE
UM, FNEEIKIED 90°C OIRFET 40 FFREREE L C H AR B 220y &y 9 fE
REHFTND (Table 2-3).

FHEGABR D% Table 2-4 1237, BRI, MNOKEREFRELE L O CcRU
TEERSEDZLICIVEMLZ. £7, IEWBRICT, KO LICERIT2n#e —#1C &
D, FENZKIRZ 80°C 205 90°C IZHIE L=, OB OMEFHEFRC T, MN/KEEZ 1 HEL L
90°C THRFF L7z, /KiR 90°C OFREIL, HEEMEUKFD A A 2 PR EE 2 A8 E LTy
L. 0T, WEERE T, ANZKIRE 90°C /05 80°C F CIE T SEERRICEREF L7z, K
1 80°C DFREI, WA IBAMEOBRE) - T AT P ORI TFRIEZ BB LIZH DT
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b5, NKIRZNET 5720, ENOHR R L UBIZEES 2 RE LTz, FALEICBNT,

4 SDOENEX B ZEFEEE 25 20 cm, 40 cm, 60 cm, 80 cm DONLEIZEE L=, ZEWE &
R OEER K DIREEZALZET D720, fERAKDOHEBREAR - H I b EER 2 5% E L.
FIZ, FEESN R EIC HEVEX 2R 0 A, BB O BB AN R IR G RIE L. BVEXT
BEALE OFEMIY, Fig. 2-9 [ZFEHEOEY THDH. JEICHEM L BE TA T T REEX
THV, JSC1602:2015 ([ZED HFHFRZEFL1.0°C THDH. £z, BERAKOTEITBERITE
FHEHAWTHIE L. SR EHORERZEITR KL 02%E AEL 5.

BT, BRI L - BB OB HEE O R FIEE R T, AL - HEEBMA) D
DOFLEREZ ¢ (s)& L, X@-1D)iE ,ﬁﬁt"fé%ﬁﬁﬂﬁmﬁmﬂiﬂmuMhn
NaedtFE Lz, £, RQ-DHDFE 1 HIZT, HFERMNOK, BEAINEEHEH, BLU,
ATV AHBLOMI S E LB LT - BBV EFHMEZFEH L7, 22T, cpw (kI kg'-K?)
IZAKDEEEL, po (kg m3)ZKDEE, O, (mP s FTKDWEE, ATy, K)IIIEERKDOLEEWE AL -
HAREETHD.

Wiz, KQ-DDOF 2T, LB LOMBe 2 Z2H L. 22T, h(kWm>K")iE
N OK & FEBFENK O M OBR BRI, A4 (m)ITEBWESNEREFE, ATy K)IETEEREN
VR & EBNREREDZETHDH. &2 HOMFZIL, MW T~ A T X, HHNEE
TIETT7ATHD. h & 4ADOFEIE, 90°C TORERAFEIZET D cows pws Ows AT DFEID

HAREE 72 0 O A &2 KD, T A RFABFRIZIIT HAT CTHRLUTHEM L. £
7o, ANROIE Y, BRI E N T 7 ¢ /%h&#«“(*@?&%ﬁ%%t LT
BN AN B K DZEFE D RSB T LT

BT, KQ-DDOHIEICT, EEWNOKE ZT L AHRLONNC L % BEE iR
EEH L. 22T, M, (kIXEBMNOKOKRER, ¢ (kIkgK)NIAT > L AHOD L
B, M, (k@)X AT > L ASHELOMOE R, ATy (K)IIMEGERR L OmABRRIZK T 2/
EEKIRDOEALETH D . HERENOKOZEFEILITIEH LIZRBI T 7 1 v, BEDY, &
Bl A E AL CND TV 7 I x— MEOERE, EFRENOK, W, OGHERED
%R THDHZ &0, M bDT=®, WHFOBEMEE - HEEIC >\ TIE, XQ-D)DFE
BINBERIN LTz, £, FEWEN O ORI S>WTIE ;@W$ﬂmm’“bw&ﬁmbt

R%IZ, RQR-DOF | HTEHAE LI-EPMWNOREBEEND, 5 2 HTHE L7k
B ADFEARINL, B 3HTHE LK EMOBEERBELZE LI 2 & T, BEEH
MIZ X 28 HEEE R L. ARt O EOFHFMIE, RQ-1)0 KIS O 7Rk 3
WAM L, BT K ThD. B, BAEEH - OFBR OFHEE (HALT MI'm?)
ZEMT 5720, ARt OFEAE R (XQ-1)OKFEI) (25t LT, EEVEERT OB ppoy (kg m
N L, HEEWEICFRIE SN IBBEBM ORER Mpoy (kg) THR L2, BZZ kI'm? 2

O MIm3ICEHT 5720 103 TR L2, Mpen i, EEHRNOT VI T I 33— MRIZEHAZ
NEEBMOBEBROARIMETH D, AFETIE, 7TAHIT7IFx—ME12H70 100g DE
B2 ALTRY, ERWEICITEBMZEHA LT VI 7 I 33— MEE 80 A L T
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57280, Mpeu=8 Th 5. 72, prem 1FRQR2)EVHEM L2, 22T, Muuun (Kg)s panm (kg-m
3), Msugare (Kg),  psutfate (kg m>), Mutamniror (Kg)y B EY, puramnior (kg m>)E, ZHEI, BEE
B AT 27 =0 LI a uny, BKEET ) U A, BED, D-v = F—LD
HEENFTHEE L BE Th 5. ZOREIE, BEEER OBMERAL Y ORS iED, W
TR TEML LW, $72b b, BEAEERT OB MKERIL, SRS OREPES V&
STREETH D LW REICESN TN D, KQ2)DFEINNIE, FEWEICREBEI N T U F
ZU LI 3 U KGR NY U A BEIW, D-v = b /L OEBEOAEFHE (BAL m?)
ThV, AROREICHESE, ZNEHERICAREBEINCEBM ORI L LTWD. Mpeu
AT CERT 2 2 & C, ARUREICEE D BB EM DE L prev (kgm™) & 72 5.

p t _ t
HPCM = % [ f prprwATi/odt + f hAATw/sdt - (prMw + CSMS) |AT0/Z| (2'1)
Mpcy<10 0 0
-1
Mynm  Msuare . Mitannitol
Pocas = MPCM( um. ulfate. | annito (2_2)
P d1um pSu[fate P Mannitol

2-3. WRLEE
2-3-1. DSC IZ & 5 BREBM OEBRBERER R

AAFZE CHRE U - BB E BT, BLOY, 7ToE=7 A3 3 U HEKRO DSC HIER
FIIRO@EY THD.

2-3-1-1.  98°C HNESAET TD DSC RIER R

F9°, FEEEE 2°C-min'!, MNEVEFE 98°C, AR 20 min (7),=98, ry=r.=2, 44=20)
DEMETIE, 2TOREIFER UEEVZZE L 7. Fig2-1112, BKFREET MY ¥ AN
BRI DAHE (0<Xs<10, Xy =8) OFMREE, WE ' — 7 R X O e — 7 iR E
T, 209 h, FHEEIT DSCHIED M TH L. —J7, WAL — 7R L e
— 7R, BHE TSN —ZEEDETE2 7y LTS, BRom@Ey, 1
OWETHEBEOWA Y —7 by TRBUIENT-720, b REho TR —7 OREE
BYOSLTRE L, ZOMOBREA Y — 7 RELZ A& TREl L TW\Wab. 72, Fig.2-12 12
%, BlE LT, KRR B Y A 2wt%, D-~v 2= h—L 8 wt%Z I L= (Xs=2,
Xy =8) TOREID DSC HIEFEREZ/RL TS, Fig. 2-12 DY, 7oE=U LI g UN
VHARDEMRIZEE O H— OB — 7 234 96°C THELAI S = dizxt L, HKAiEET Y »
Ll D-vr= b= VBRI LT EERECIE, BRI S B e — 7 MEIRMIIZS 7 M5
EEBITHENIAL 720, 87.0°C 205 92.0°C DIREHR T2 DF721d 3 DOWEE — 27 3 ELHI
STz, Fig.2-11 DY, D-~v > = b= DORZFRMUIZEMSE Xs=0,Xy=8) ThH, W
E— 7 ORIRMA~D 7 ~ &2 DOWENE— 7 Bl STz, Fz, BKEEET FY U AD
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WINED 5wt%lh B (Xs>35) 18725 &, b REBREEE— 7 OIREET 86°C 1 TLET
DX ole. TNHORRIE, KBS N U LLE D-v = b=V DOREN, TV
F=U LA 3 UNAVOREOIKIREIZTFS L TVWA Z L AR LTINS,

—77, BEKEREET N U 7 AOFINE Xs DIEICEED 5, BEHIH 4.20x102MJ-m™ o Fifig
WEVAZ R LTz (Fig. 2-11). AIRLOEE S0 OFMIREEEIX, /X7 7 4 O 2 FICHY
T5 9. HFREHIB T 27 =T A% a UK OERETHR (0.848 705 0.914), B
FO, 72U L 3 UANVBRORREEE O (4.35%102MI'm?) 225, BB
DT EZT L a UNRDOHENBRECTF L LTS ERE LI2E OO bk
EEVTIIENE, 3.70x10%-4.00x10°MJ-m? & 72 % . AiRCAfEEEEO TIIEI, Fig 2-11 ki
AR CRLTWA. RO Y, PINHIZ N 2 74508 O BRI BV E I35 4.20x102 MT-m?
Th Y FHHEA 20-50 MI-m3 F2E EEl-> T\ 5. B O EZRE & FHEOE, 7k
HD D-~vr= b=V bIEERAERICHS LTV I ENEREEZ NS, D-~v = F—/L
DRMREEZ (3.268x102k)-kg!) EHHE (1.52x103kg'm3) 19, B LY, AKEFFEOFEHI BT
DRSS (0.086) 72D, EHIEA SN D D-v > = b —/LOEREEA~D H 5455 DT
EIX43MIm3 L2 %. ZOfERE, ABROT U E=T A 3 UV ERSERIERIC S5
% LARGE L7236 O R AR EVR T IE & ERIME D2 (20-50 MI'm?) & [RIFRE DETH 2 (Fig.
2-13).

—J7, INEVREFH OB AR TIE, 2 TORBHI W CGRSHIBIZ R4 L, 50°C LLE
DR CTORBE — 7 1RO N2 o7,

2-3-1-2.  90°C HNESAET TD DSC RIER R

WA, FRERRERE 2°C-min”!, INEMEFE 90°C, fRFEFFH 20min  (7,=90, 7, =r.=2, 1,=20)
DM IIT 5 DSC JI7ERE R % Fig. 2-14 & Fig. 2-15(2~x9. £9, Fig.2-15121%, 7%
=L g UNVEEO DSCHIER R L, 7TUorE=T A a9 U IEKAET R DA
2wt%, D-v 2= bh—/L 8wt% & WL 723kl (Xs=2,Xy=8) ® DSC MIER L% iH LT
W5, Fig. 2-15 IZFE# OB Y, 7o E=T A3 3 U ANV ARSI E IR L 72
3o ToDIZHRE L, WA Z N2 73N A IRRFE T BVE BB L7, 2o ofERIE, 7
EF=ULAI g UNVERTIE, TRV UPEEK (B 90°C) 26 OIFBAEEN R AR T
HDHDIIKIL, TrE=T LI 3 UNTRINAIZE I Z AT OEBR I, SakdkiRk
L DOBTHA TG TX 5 Z L AR LT 5. Fig. 2-14 (21X, EAREET U 7 ZOEN
BRI DR (0<X5<10,Xy=8) OEEEEE, BLO, HE\C—VREZTHL T
W5, HEKEREET B U T A OTINE Xs OHEINC O GRE O EEGE BRI TN L7228, 5 wit%
Pl E (Xs>5) TIIfafn L 4.20x10°MJ- m™ TEEIXW & 72572, 98°C F TMEA L 7= 544 (T
= 98) (T THAREIDA 420102 M m> ORFFER A R LTI Z &b, 90°C £ TMEL -
Mt (1,=90) TiX, HAEEET U T LAOUMEN Swinll B (Xs>5) OFMbIzT, &
BIRERICEEL TSI bDEEZLNS.
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—77, 90°C MEMEF L OMANEFE (T,=90) TiX, 98°C MEMEF% DM AR (T,=98)
LHRY, ﬁmm&%h)?A®ﬁmEﬂ&m@ﬂiukw)@x# 2T, 50°C UL Rl
JER TN — 7 MBIl S 7=, BRoi@ v, BOKEREE T N U w7 AOEMED 3wt%lL T (Xs
<3) OFREHL, 90°C ~DMBGEFEIZ %w(%é:%%bfw&w W T, HYHITIRAT
LT 5 BEAIREEDOFES, MELTBRRIC WO CREAE M & U CHERE L7558, @BmHEIE S0
flEnTndboEZHND (Fig 2-16).

ZETO/RPEMNS, TAT D PBNREICH YT 5 90°C 7226 OmHENIERE (T) = 90)
L%PTJWCML@MEWLmﬁk*7ﬂﬁ%éhkqﬁﬂﬁ%fﬁ)?b%ﬂizm%
DB Xs=2,Xu=8) I[ZFEFH L.

2-3-1-3. NBMEREEICKT 2 EAEREOE/L

F9, BOKEEET b U U ADOERINE 2 wt% Dkl (Xs=2, Xy =8) 122\, MEVEE%
85-98°C (85 < T, <98) D#iPH T S H7=BRD DSC MIERE R % Fig. 2-17 1T d. HFEIE
BT 2°C-min!, FMNEVEE COMRFRERIZ 20 min THD (m=r.=2,4=20). 7, M
BURE 93°C LA E (7> 93) Tif, sUBHISEARAE L, SRR COBEEEEIL 4.20x102
MJ- m? TRRIEW & 2p o 7e. E72, MENRBERIZI T 50°C LU EOREEH THEVE — 27 2381
SN oTo. —J5, MENEEE 91°C AT (T,<91) T, RBHIZRIITMEET, Kb
REWHEE — 7 78 50°C DL EOIREER TR S vz, Z OIS, IIENEEE 90°C (7= 90)
DT, BKFEEERT b U v L% S CHE L7z DSC JIEDER (Fig. 2-14) ERIT
FRTH Y, FIEEE AT I LB O BIRER 2%, MEEBRRIC RS & LT
RELTWAHZ & ZREBLTWS. HIZ, Fig 2-14 & Fig. 2-17 [ZR# D@ Y, T, =90, Xs= 4,
Xy=8BLUT,=92,Xs=2,Xu=8 DFMF (WTHE m=r-=2,4=20) TiX, BEEHNE
2349 4.00x102 MJ- m> CTRUELO—HARKAE TH 212 H B 577, 50°C LL O IR EE T HE
B—7 zﬁéﬁiﬁl ENipnotz. ZORERNG, HEBRERICE O CREIOBSHIE L 251+ 5
72D, FHERERIZEWT, 25— EEORKE S I3 O BEIRRL - DS KRR T LT
WHRLERSHDLEDEBZZ BN,

2-3-1-4. FRREEEICKT 2 ERBAEHOEL

Wiz, BB Xs=2,Xy=8) IZDOW\WT, MEMNREEZ 90°C, FRFEFRFM % 20 min IZ[EE L,
FBEIREE % 0.1-10°C min! TEL S W72 (1,=90,0.1 <7, =r.<10, 1, =20) @ DSC JHlE
fi k% Fig. 2-18-2-25 127”7, Fig. 2-18 IZFL#k D= T — " —(F, GG E I O ER
HEThHD.

£, B OEBEEEIZOWT, Fig.2-18 ®i@ v, FIEHEEA 2°C-min'! LLF DM (1
<2) TiE 3.00x10%-3.50x10> MJ-m THERFFEE OEZ 7R L7z D%t L, F-iRIEEE ) 2°C-min°
V% EE D5 (r>2) T 3.00<102MI-m? Z Flal Y, FUEEE AT S EE RS
EL pBEBA R LN, FEERESHEVME S, DSC JIEEE O NMEED b REF~ DAL
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n®%%ﬁk%<ﬁw FEOBEHRE N EIRE LV bR b Z ENFRRTHD L
FEAbND. ARO@Y, AESEEICHEEE LR OREGEEVE (REEEEY 13559 4.20%107
MJ m? TH D78, WT IO FIREE ST HREHIRMAEORETH 5.

F£7-, Fig. 2-15,2-20-2-25 |[Z/R 980, FIREHED 5°C-min' LLEDOSEM (> 5) TiEW%
B — 7 BNENT E1STH DA, FIREEN 2°C-min! L O TIL 2 DOWE LY —2
DEIH SN TEY, D &b 2 BEORENEZ > TWAD Z E L. 2 DO E
—27 055, FHIRMOWE Y — 7 BB FREEITEK S5 90°C L >Tnd. mikfllo
WEE — 7 1%, B FERICREET 5 ANCHIE DR ERFARTEICBAT L, B~ BLER
TN 2ot R, Wt AR O THD. A, FHREE T S S MR
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Nomenclature

Hpewm
MAlum
MManm’tol
Mpcu
M

M. Sulfate
M,

Ow

rp

re

t

ATip
AT
ATox
PAlum

P Mannitol
PPCM
PSulfate

Pw

heat transfer surface area (m?)

specific heat of water (kJ-kg™!-K-1)

specific heat of stainless steel (kJ-kg!-K1)

heat transfer coefficient between water in the tank and outer surface of the tank (kW-m=2-K-
D

the amount of heat storage and release by the novel PCM (MJ-m)

total weight of ammonia alum hydrate composing the PCM in the tank (kg)

total weight of D-mannitol composing the PCM in the tank (kg)

total weight of the PCM in the tank (kg)

total weight of stainless steel rack (kg)

total weight of anhydrous sodium hydrate composing the PCM in the tank (kg)

total weight of water (kg)

flow rate of the circulated water (m3-s™!)

heating rate time in the DSC measurements (°C-min!)

cooling rate time in the DSC measurements (°C-min™!)

time (s)

holding time in the DSC measurements (min)

heating temperature in the DSC measurements (°C)

Concentration of D-mannitol (wt%)

Concentration of anhydrous sodium sulphate (wt%)

temperature difference between the circulated water at inlet and outlet of the tank (K)
mean temperature difference between water in the tank and outer surface of the tank (K)
mean temperature change of water in the tank (K)

density of ammonia alum hydrate (kg-m)

density of D-mannitol (kg m)

density of the PCM (kg-m™)

density of anhydrous sodium hydrate (kg-m)

density of water (kg-m)
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Table 2-1 Physical properties of the components of the novel PCMs

Density Melting point Latent heat of fusion
Material
(kgm) (°C) (kIkg")
Ammonia alum hydrate
1.64x103 94.5 2.51x10?
(AINH4(SO4),:12H,0)'?
Anhydrous sodium sulfate
2.7%103 884
(NaQSO4)13)
D-mannitol
1.52x103 167.8 3.268x10?

(HOCH,(CH,OH),CH,0OH)'?
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Table 2-2 Measurement conditions of DCS

Process Temperature Rate N> flow
From 30°C 50 ml-min™!
) 7 °C-min’!
Heating to 7T4°C
(0.1 <7< 10)
(85 < T, < 98)
T,°C
Holding for #; min - 50 ml-min-!
(tr= 20, 1440)
From 73,°C re °C min’!
Cooling 50 ml-min™!
to 30°C (0.1 <4< 10)
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Table 2-3 Comparison of the amount of latent heat storage (Xs=2, Xpr=8, T, =90, rp=r.=2)

Holding time, #, (min) Average amount of latent heat storage ( MJ-m™)
20 (3.23 £0.06) x10?
1400 (3.19 £ 0.08) x10?
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Table 2-4 Evaporation prevention effect by the liquid paraffin

Time Average water temperature Water level
0 hour 90.0°C 101.5 cm
40 hours 90.0°C 101.5 cm
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Table 2-5 Conditions of heat storage and release experiments

Process Temperature of circulated water Flow rate of circulated water
Heating From 80°C to 90°C 7.6 L-min"!
Holding 90°C for 37 hours 7.6 L-min"!
Cooling From 90°C to 80°C 7.6 L-min’!
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Heating/Hot water supply

-

(=
% Heat exchanger
' D
|
< Cooling water B Air-conditioning
(80-90°C) 1
Gas Engine Adsorption type water

chiller/heater

Fig. 2-1 CHP system with gas engine(s)
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Heating/Hot water supply

P
)

Containers or bags Heat exchanger
filled with PCMs /

L Y
TS ]
Cooling water y —— # Air-conditioning
(80-90°C) ]
Gas Engine Heat storage tank Adsorption type water
with hot water and PCMs chiller/heater

Fig. 2-2 Concept image of effective use of excess exhaust heat from gas engines with heat storage tank

containing phase change materials
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Fig. 2-3 Selection of additives for melting point adjustment of ammonia alum hydrates
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FUEZOAIIUINS KRR NUDA D-Y>= k=L
AINH4(S0,),-12H,0 Na,SO,

. 92-82 wt% X, = 0-10 wt% Xy = 8 Wt%

Fig. 2-4 Preparation of ammonia alum hydrate-based novel phase change materials
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AlLbO; Sample
L )

Heat sink

Fig. 2-5 Preparation of DSC measurement
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Heat seal

120 mm
/\H under vacuum )
/ \ : 1 Heating

-
= ) | Hot water
(95°C)

| —

200 mm

Al-laminated resin bag

ﬂ \/\ Cooling
Wat:
@ |

——

PCM sample for XRD Solidified PCM
(powder form)

Fig. 2-6 Preparation of the PCM sample for XRD measurement
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Fig. 2-7 Vacuum packing machine
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Stainless Steel Tank
(400 mmx400 mmx1400 mm)

Liquid Paraffin
T Hot Water

Stainless Steel Rack

Packaged PCM

O Flow Meter

..... .

Pump
Heater

Cooling Water

Heat Exchanger

Fig. 2-8 Image diagram of 160 L heat storage tank
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Fig. 2-9 Mounting position of the thermocouples in the 160 L heat storage tank
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Packaged PCM

Stainless steel rack 160 L heat storage tank

Fig. 2-10 160 L heat storage tank
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A Average amount of latent heat storage

— Predicted amount of latent heat storage

() Maximum endothermic peak temperature in each trial

<> Other endothermic peak temperature in each trial

O Exothermic peak temperature in each trial

450 L 110
o P e Y e Ty
 qoo AT T 7 T AR oo
=
3 350 @ 8 8 @ 6 {9 5
d oo | 7 6806666 L
& Endothermic peak temp. | 5
w 250 f =
) {170 g
EE 200 Exothermic peak temp. £
T (No peak was observed in some trials.) {4 60 Q@
© 150 F v,
8 Il ®
5 100 | o) o 120 &
c
>
3 50 | o) 1 40
£ ° o ¢
< 0 1 1 1 R 1 30
0 2 4 6 8 10 12

Concentration of Na,S0,, Xs (%)

Fig. 2-11 DSC measurement results of the novel PCMs (0 < X5 < 10, Xir = 8) under the heating
condition up to 98°C (T, =98, r =r. =2, t;, = 20)
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160 1

Heat flow of ammonia alum
140 | hydrate (broken line)
~ . ] 0
O 120 | 1t =
9 s
~—r Heat flow of Sample t t
GJ 100 i B bt / emperature ) 1 ;
=5 (solid line) 1 ‘;
E 80 3
- L
g 60 &0
5 40 5
= ; 3 T
Endothermic peak ;
20 = of the PCM *— Endothermic peak of ammonia
(424£5 MJ-m-3) Alum hydrate (4357 MJ-m3)
0 n - -4
0 2000 4000 6000
Time (s)

Fig. 2-12 DSC measurement results of the novel PCMs (Xs = 2, Xis = 8) under the heating condition
up to 98°C (15, =98, rn=r. =2, t;, = 20)
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Amount of Latent Heat Storage (MJ-m™?)
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400
350
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200
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D-Mannitol

Latent heat of fusion: 327 kJ-kg!
Density: 1.52x10% kg-m-3
Volume fraction : 0.086

421 kJ-L? 412 kJ-L A

B 1

369 k-L*?

Ammonia alum hydrate
Latent heat of fusion: 251 kJ-kg!
Density: 1.64x103 kg-m-3
Volume fraction : 0.848

Novel PCM
(X. = 10)
(Measured)

Components
of the PCM
(Calculated)

Fig. 2-13 Comparison of the amount of latent heat storage
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A Average amount of latent heat storage
O Maximum exothermic peak temperature in each trial
O Other exothermic peak temperature in each trial
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E 400 | ahh &
=~ -
(@) 4 80
% 350 | E é ~
o 4
® 300 } O 1l 0%
o] L
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é 50 | o O o
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< . . . . o 30
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Concentration of Na,S0,4, Xs (%)

Fig. 2-14 DSC measurement results of the novel PCMs under the heating condition up to 90°C (7}, =
90, rn=r.=2, t,=20)
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Fig. 2-15 DSC measurement results of the novel PCM (Xs = 2, Xjs= 8) and ammonia alum hydrate (7}
=90,rm=r.=2,t,=20)
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Fig. 2-16 Putative principle of prevention of supercooling
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A Average amount of latent heat storage
O Maximum exothermic peak temperature in each trial
O Other exothermic peak temperature in each trial
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Fig. 2-17 DSC measurement results of the novel PCMs (Xs =2, Xyy=8,85 < T <98, rm=r.=2,t =
20)
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/\ Average amount of latent heat storage
O Endothermic peak temperature in each trial
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Heating/Cooling Rate, r, r- (°C-min-1)

Fig. 2-18 DSC measurement results of the novel PCMs (Xs =2, Xy =8, 7,=90, 0.1 <r,=r. <10, #;
=20)
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O Maximum exothermic peak temperature in each trial
O other exothermic peak temperature in each trial
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Fig. 2-19 DSC measurement results of the novel PCMs (Xs =2, Xy =8, 7,=90, 0.1 <r,=r. <10, #;
=20)
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Fig. 2-20 DSC measurement results of the novel PCM (Xs = 2, Xjs= 8) and ammonia alum hydrate (7}
=90, ry=r.=0.1, t, =20)
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Fig. 2-21 DSC measurement results of the novel PCM (Xs = 2, Xy = 8) and ammonia alum hydrate
(Th=90,r,=r.=0.2, t, = 20)

59



160 0.2

—
O N b
© © o
1J T T

1

t

Heat flow

o
-
Heat Flow (W/qg)

Temperature (°C)
00]
o

40 I T ™~ Endothermic peak of . _0 3
20 = Sample temperature the PCM (34117 MJ-m-?) .
0 ! , . 0.4
0 5000 10000 15000
Time (s)

Fig. 2-22 DSC measurement results of the novel PCM (Xs = 2, Xjr = 8) and ammonia alum hydrate
(Th=90, rn=r.=0.5, t, = 20)
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Fig. 2-23 DSC measurement results of the novel PCM (Xs = 2, Xjr = 8) and ammonia alum hydrate
(Th =90, ri,=re=1), tn =20)
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Fig. 2-24 DSC measurement results of the novel PCM (Xs = 2, Xjs= 8) and ammonia alum hydrate (7}
=90, rp=r.=35, t =20)
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Fig. 2-25 DSC measurement results of the novel PCM (X5 = 2, Xjs= 8) and ammonia alum hydrate (7}
=90, ry=r.= 10, t, = 20)
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Fig. 2-26 DSC measurement results of the novel PCM (Xs = 2, Xjs= 8) and ammonia alum hydrate (7}
=90, rn=r.=2, t = 1440)
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Fig. 2-27 X-ray diffraction pattern of the novel PCM (Xs =2, X = 8)
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Fig. 2-28 Measurement result of the amount of heat storage by the packaged PCM in the 160 L tank
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Fig. 2-29 Measurement result of the amount of heat release by the packaged PCM in the 160 L tank
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Fig. 2-30 Comparison between a heat storage tank containing only hot water and that containing hot

water and resin bags filled with the novel PCM
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Fig. 2-31 Necessary volume and surface area of the cubic-shaped heat storage tank containing water

and the PCM with 1 MJ heat storage capacity under available temperature range between 80°C and
90°C
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L
TUVEZULI a UNVKNMAR T Y —DOHiB) - B R X OHHELZ B O R

Ficd i 05 IRF D T 4B JARIRSC 8 N PAZERS 1E ORI 2., AT U — DY) « (REVRRES
FZALEEZ A LML, VAT LADORr— VT v 72BN THmET VAR L T
ZENMEARWRTH D, FATHIEIC T, BHURIBON O S iE AR DB « TERERS Ik
HORZEREMZTZT T2 A2 a UNRVKPAT ) —OFE) « AmBEREIC OV T
ZENHED DI TE TN D, ERN ATV —OFiH) - fmBEHEIC KT ESC, BEVEN
TOAT VY —OFEFEINZ OV TH BT TWRWERD RN Z . £ 2T, AHFZETIE
Bl A s AR AL A A L CIRIIA 2 N A T /iR KA Z U — 2@ L, 2 b O - {5
BURRIE TS L OMHZ L 4 Bl L 7.

3-2. ZEBRFIE
3-2-1. #p

MARIRREDHIRT v =T AT NI =05 12 K (7= L3 3 7Rk
(AINH4(SO4)2-12H,0) ; fill i 94.5°C, FREEN 2.51x102k)-kg?!) E/KEZRA L, HEEREE 35
W% D AT Y —ZFHE LIz, AEEREICBIT 52T Y —ofiE#aL 51°C Thod. 7
YEZT AR g UK O—EITIRA LI KICIEMRLTERY, MEicES T T
F=U LI 3 UANVTRBEED 12 wi%IFHY T 5 V. VT, 60°C (TN LIRS &
Ip o TN U, BRPUEEGHEI S LT, B F A R EIEER O —FTH Db ~=/L K
YAFNT E=T A (CoHaisN(CH3)3Cl, 74 A2 « AXT ¥ UT ¢« 7 IV ARt
RBP4 Y R — K 22-80) % 2,000 ppm WL, x4 A MAEIRE LCH U FLEET b
U 7 A (CeHsCOONa) % 1,200 ppm Z ¥R L7=. FiZ, FEdbkiDuHE < L& b1+ 5%
ERIE LT, BRITFAEBORY =17 va—L (PVA ; EHEARE 500) % 1,000 ppm
WL 7=, ATRCHRPURIEANC DWW T, BlE sl TR R s STk
D2, RBRELZEANCOVTIE, RBRERBRICCT V=T A3 g U ORS SRR DOEEE -
ERERGIE DR SRS ST D . SEHOSMEL & BnAl oA s A £ 1L £ 4L Fig. 3-1 & Fig.
32 1RT. BB ORHE) - SEVERIT, WIRIKEE 2T Y —IREBD 2 o CTHEM L. £z,
LD 7=, K, BIMAIZ N A TOZRWEEL, B8 XL, PVA QAR L7723 EHZ DWW T H3F
fii L7=. Table 3-1 ([ZAER CHHE L=kl —E xR

3-2-2. ZEBFRBEZHBEL AV HE - SERHEOFE
FBLOFEE) - REVRFEREM O 725, Fig. 3-3 38 L OF Fig. 3-4 (1R § ELE R ABRIE E %

73



MR LI N T e —F BT 7 NTREVEFIE L, —EERXEHERN DD T
A ML TOWNEIZR L TE L TENRREREELZFZER L. 7 A b3 T ORIBIZ
TEE 25m OBERMEZHRIT TS, X7 BIOEERBZHIBOMEIZIAT LA
RTH Y, BEREZEOEEIIMAR ) = F Lo R-Th L. Rz 7 7 r~_—
YR UT (IRIEAJR T M RC-40NH2-MGA) % vy, A 2 =X HIEIC L0 AR 7 Dalis
A S CRUBHR &4 i U7z, 3B OFZAL N RE) - (BEVRRIEIC I3 58 A I 3
D720, WRIRBORELE 2T U —REBOMRE 2 Z N EHRRL Y 7 WTHEE L, W& O
gy B AT L 72, WM ORE b RBI O E 2 2L S TR0 bATV, M IR
TR Bt (RS AXF025G-DIATIT-BJ11-01A) TiREIOFREZ EHW L7z, AiE
Bai B ORIERZIT20.5% & AL bbb, £, BRSHEIOFE) - mEWHEIC KIET
WAL TN 572, Table 3-2 DY, FROEMRS 3 FEHO ~HE BT THIE
EFEMLIE. 22T, DimIET A M3 THEONEE, Do (m)iT7T A b/ 34 T INE DIME,
Dy(m)iET A b8 THEONEE, LT, LmIT A RS THEDOREESTHD. kB,
REOIRESERE N T3k ETL L), TA MY TREOES L), T A 17
P DPIEE Di (m)? 100 5L Bic72 5 X 9 B#EH LTV 5.

JESHBARRIE TIE, 7 A b3 7 ADNZERT 2 50EHEFE 2 VAIIRRE Tl 60°C, A7 U —
IRHE TIT 50°C ICFRIE L TR A FM L 7=, T & b3, TR I TEN P T v AT 2—
4 (VARIDYNE #1f DP15-32-N3S4A (7 /L A~ —/L 14kPa), DP15-40-N3S4A (7 /L A/r—
) 86kPa), DP15-48-N3S4A (7 /LA — L 860kPa) O 3 FllHZFEIDEHLD K E S|
JE U TRV 12T, 7 A M3 TNEZERT 250 O EJHEKE TR Lz, EIHRK
DOREFRFENL, ARE T NV A T — N D£025% CTh 5. JESBRKRZIE LT oM, 3ORHIIRE
BACNAECDDEBIET D720, T A b3 FHEICRE & FHRO K 2 i U CRle & 14
U7z JENEKEHREOREERENS, G- EGDTRT@ED, IWRkESI AT Y
—IREEDFELD Reynolds £ Res (-) & BREARE £ (2R LT-.

p.UnD;
Rey === (3-1)
S
D; 1 N 3
= P (5r.n) 2

ZZT, ps (kgmdE pg (Pas)iEXZILEIVIRIAIZ N Z TR UWIEHRIRTE DFUE D% i &
¥ETHDH. T72D, ARt Reynolds £X Res & BEELREL £ 13, WRINAIZ 1 Z TN WIEIIR
REDREIOMMEE 2 FEHE L LT 5. Table 3-3 12, WMNAIZ N Z TOZRWIRHIRBEDFELD
W EZ 4. £72, GB2)D Un(m-sHTREOEITHETH Y, AP Pa) T EIz LY
BonziEoENEATHS. AFZE TR, REOTERIEZEwmT 5720, £ B0
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Reynolds 5 Re (2% D BRI D7 1 v M &AL LTz,

W, EAERIETIE, 72 RS FADICE T 5 RBHEE 2 TR IETIE 60°C LI E,
A7 U —IREETIE 51-54°C (TMHE L CRllRZ2 320 L 72, ¥ HRIREEORLEHZ S W Tid 7 & k
PSS TS TR Z T 5720, 2T U —REEOREHZ SV TIZT 2 h3g 7
BB 2 % & 50T 2720, BEORERE S LTS, 72 k3 FHEIC
AEFL Y b 100C LU EEIROEAKZTE L, 7 A kS TWE - SMED A DS 7 B
TREIDIREZ L, B &, EARDIERELCAT, (K)& £ Lz, R L & i & o JER
B, RG3)OWY, 3k EAOBOEIE W EEL-. 22T, pukem?), cpm
Tkg K, BEVW, Ovmd s, ZRENKOHEE, HH, HETHS.

q :pwcprwATw (3'3)

T, BB IR OB ORI EEYRE K(W-m? KN g, RG-4)ICLViE Lz, 22T,
AT (K)EEUE & IRAK ORI FCEIREZTH 5.

. q
K= 7D,LAT; (3-4)

B, BB E T A BT 2 — T NEWNEED M OBYRZERE i (W-m?>K )%, G-5)IC XV FHE
L7c. 22T, ph(WmhK)TEOBYRESR, hy((Wm2KHIEKE T A N F 2 —7NES
BEDMOBMRERTH 5.

(3-5)

%12, BEHD Nusselt 28 Nus ()& X(3-6) L W RD7=. Z 2T, A (W-m-K) (ZEINH %N
R COVRWRIRIRRE DB D BMRE R Th 5. BEERLREL £ & RIS, B OREVRHE 258
T D7, KED Reynolds 2 Res IZ5%3 % Nusselt L Nus D71 h &2 ER L 7=,

(3-6)

78, REHBTDIBAKET A NF 2 —TNEHNEDOR OBREREL h 1%, X3E-7)D
Dittus-Boelter D ZHWTEH L2, Z 2T, Nuw (), Rew(-), Pry()I%, ZNEIH(3-8),

(3-9), (3-10)DEY , KOYMEAEE AV THH L7z Nusselt 2, Reynolds %k, 77 > bV T
H5. F72, AW KYIKOBRER, Dy (m)idxT A b3 7T OIRKGEEE D SAHAK ) E
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B, Uo (ms)IF/KDFEEIHRGIE, ny (Pars)ITAKDRETH 2.

Nuy, = 0.023Re,, "4 Pr,, " (3-7)
Nity = hfj h (3-8)
Reg =" nUWD i (3-9)
Pr, ?xw (3-10)

—HOPERE RIS E, KGB-11)DiEY, Colburn @ j-factor, js () ZFtHE L7=. Z I T,
Prs (%, XG-12)0i8 Y, WINAIZMZ TR WERIRIEEOREIO 77 o MiTth 5. K
G-12ITBIT D cps kg KDL, WIIFZ M Z TOZRWEIRIREEOREI OB TH 5. 3k}
DEWE DN A Him T D 728, Reynolds $X Res |23 2 js/f DIED 7 v v k& {ERk L7z,

. 3-11

%5 Re Pr,\/ G-1D)
Cpsll

Pm=§ﬂ (3-12)
S

3-2-3. VNV &F =2 — T REZWE T AT REOHELEE O

RETEVER] & PVA 23N L7230k (Sample C) 122\ T, WK & OB HEFOFZ (L
@) & FH 3 572, Fig. 3-5, Fig. 3-6 3 X O'Fig. 3-7 i@, =7 v RF a2 —7 X
A Mg B R TRIA A TE R E M SRS 8 2 A 5L U 7. WiEh - AV ME ORI & [ABRIC, X e
— X EZROFHTF 5 v 7 NTHIRIRRE (60°C) ORI ZFREE L, Rifty = VT v RFa—7
KBTI DT 2 — TR TE L2, o7 LEEOME IV NG 27 L A
Th %, B D1iE% Table3-4 1T 7. BUZHER I AT o L AHELT, NEE 14.5 mm,
FE2m®D8AKDF 2—T7 NN %E 4 (HET HMIEIC/R > TV D. BASHRER M 15y
I U 7= 3B DN N BT H AN—=ZANHK T LA TEY, B OWIITIH T—EAH L
72, B8 AKOF 2 —T I IVTCAD. —J5, BSHEO T = VANCIFIRER 20°C,
JEA) 8 L'min'! OMEIKAZE L, ke O TR AT 7. BHEEO AR - HAD
T BUEGE XS, d6 KON, Wil LIZRR T 7o dERG &5t (B SRS AXF025G-D1ATIT-BJ11-01A)
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AV, 3B LOWMEVK OB B AT - R LA FEHI L 72, JIS C 1602 : 2015
\ZED D T MBERT OFFARZ£13£1.0°C Th 0, Bt & OREFRZ£1TH0.5% & RS i
5. =D, X(3-13), (3-14)% ATk AK O HE & (BIEV)) ZRdi=. Z 2T,
ga kW), gw kW), ZHNZIEENS L OWMAVK OB E (BEEVY), o kg K, cpw
kg KYE, EEIERMNA 2N 2 TOZRUWIEIRIRIE DOFUEHS L OVKDO LB, ps (kgrm?D),
pw (kg m3)E, TREEINHF Z N2 TO7RWIETIREDRREHS L OVKDEE, O, (1) (m’-s
D, Ow () (mPsHiX, ZHENEES X OMEIKORZ] ¢ ($)IZFB1T DR, Tom @ (K), Twin
O KL, ZNEhakls X OWHEVKORL] ¢ 12361 DB AN TR Ty 0w (£) (K), Ty,
ou () KL, ZHNZEIFRELS L O EIKOREA] ¢ 1231 2 BRI THRIE, 14 pass (8)s b, pass
(), ENEFE LR ADK OB @ T H B Th 5. AR TIE, B
AT 31T 23R OB AR DS, OB O RT3 B A 5T 2 720, IR
IRREDREL OB 2 28 L S & TRl & F0i L=, RBIOMEE, 1 o —ZHlic L R
Tl A B b S E D 2 L TR L.

qa = cpapaQa(t)(Ta,in(t) - Ta,out(t + ta,pass))/looo (3'13)

qw = prprw(t)(Tw,in(t) - Tw,out(t + tw,pass))/looo (3'14)

3-3. FBRLEBE
3-3-1. FREhARFE

MENFEBRIC X 0 Rd7-3BL O EEEARSEL e D7 1w b % Fig. 3-8 (TR T . FETHMER % H
ML TWRWEEL (Sample A 35 X O Sample B) (22T, IEHRIRAETIX, Reynolds 4 Res (12
R D EEEERE O 7 1 > M, Newton JitfKIZI51T 2 @O (=16/Res) 35 L OVEL
OB TdH 5 Blasius DL (f=0.0791Res*%) IZ L DFHRMEMR—H L. b0
# F:1%, Sample A 35 £ U Sample B 7% Newton it & L CHRA S Z L 2R LT\ 5. —77,
A7 U —IREED Sample A & B DWW TIE, EEBAREOEIL, Blasius DU K 5 FHAE &
DHEDOTNIRELRoT. ZTNHORERIE, HEKIZE->TAELLET Vv E=TU LI a UA
VOFEERLAZ X DRI ORERER L2 Z L 2R LTV 5.

—J5, FEIEMER & PVA U L7-30kEE (Sample C) TIiE, WHIKRE - AT U —JRkiE L
HiZ, EEBAEOERMEN Newton FAICET 2@ OGN (f = 16/Res) LV b
Reynolds Zliz > 7 F L7z, ZAud, FE{EHEFI ORI L 0 RELORESHE R L7 Z &Iz
ERT 2. £, 2TOERIZEBWT, Sample C DEEEIRENL, Blasius ORUZ XL 5 E
BEE Y /NS REZR L. 20U, FUEiEEA OBESURERI RICER T2 D0 TH 5.
IO ORERIE, FEIEMEANC XA EPUREEIRD, 7o' =U A g U OMETL,
PVA ORI, BELY, BEROZEMICIVHAFEINRNI L ZRLTVD.
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F 72, Sample C OEFEZELEIL, WIRIRRE - 27 VU KB L b ICERMICHER DA R
L7z, B 8 mm & 13 mm O TIE, Reynolds ZOHIIN & & & I EEBLRELOE D HLGH
WD LTk, BURWICR2BRNA RN, 2056, 13 mm QR TIE, K
BE - 25 U —IREEL HIT, BRIDWVIT R o TO-E BRI OIEAS, Reynolds Bo#iN L & ¢
I ERICER U 228G A7z, 20X 912, Reynolds ZOBENNC % U T EEEAER DOEN
FRIX DT 72 o 721%, HINCHER U721, & Reynolds ZfEIkIZ U CTHRmIEMEA OB I &
JUREIE DM X, IPUREBZR RN RN Z LICERT LI D EEZX NS, —F, B
25 mm DM TIE, EEEMREOEIT Reynolds ZLOHINNZ %} L CHEFAIZHD L, BUTWIC
RAHEERIIR LN o T, B 25 mm OFRMFIZBODTE, AFFEOREHPE LV & EIZ
Reynolds D = WEIBIZ B W T, HEFURBEIR OIS BH S s b0 L FPEINS. 20
X210, RmiEMER & PVA 2SN L 7= Sample C TlZ, Newton iR D4 & #7210, Reynolds
BUHT D EEBRE O 7 0y M PVERBIZR R UL, F—0OERE 5T
FITRG RN EDRH LIRS T,

D& REBRRT, AEFEIEEAKER T HBIH STV 2 97, Ohlendolf & 13,
SETEMEA O IREURIB N R DI 3 E R 72 D Reynolds BUCHRAET 5 — 5T, HHUK
BN R RT DEROBEmEE AWML, BERIUKS TIZER —THD E@MEL TS 7.
2T, WWHRIRRE « A Z U —fRAED Sample C (22T, R(3-15IT L 0 BEHE B AWIEG T (<)
Z 55 L, Reynolds £t Res (23t L C7' a2 v k L7-#ER % Fig. 3-9 (27”7, Fig. 3-9 |21 Sample
C DEBEERE f OWERHR b HPLETT Yy FLTWS.

w® =, GpsUmz) (3-15)

Fig. 3-9 [Z/R” 38 Y, [Al—® Reynolds 1) 5 e OfEIL, EHIRAE « AT U —IREEL H 1T
BEPNEWVIFEERELS o7, FTe, WHRIRRE)DERED 8 mm 35 LT 13 mm DRI
EHHTDE, fOMEPEIT & 72 2 581k (Fig. 9(2) DREHR T/n L7258 12317 2 e DffIT,

WS CRIFREEIC /e o 7o, BAKAIZ, ARCEEIRO 4 RICI51T % Sample C IR D e DI,
EEE 8mm TIL 9.52Pa, &L 13mm TiX 9.60Pa Th -7z, £/, AIEMOKSICHIT D
Sample C AR D w Off1E, &£ 8 mm TIiX 19.44 Pa, &£ 13 mm TiX 1938 Pa ThH o 7-.

—J7, AT U—IREED OB $mm B L 13 mm OFM T, fi DMEBFIENITZR 0 45D
T2BRD e DA (Fig. 9b) DR D wr OfE) 723, &£ 8 mm TIL 14.00 Pa, &£ 13 mm Tl
11.90Pa ThH Y, WIKIE DG G & RERIC, WSfF CRRE DA R LTz, LLEDORERN S,

Fir RIS PE R KRR O F5 & FRIAEIC, Sample CIZRBWTH, BERMEAMIG S w 28— EfH
WCHELIZE 2AT, REiEAOBREEBRIRDBHEET 2b0EEZbND. — T, B
25mm OFMETIE, WIRIKEE - 27 U —RiEL HIZ g OfEI/NE L, B 8mm, 13mm D
S CEEEBEOEIHITNE ROTEEEO  OEICEEL TWRW., Z0Z b, &
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££25 mm OSMETIE, K I B/UEE O FETEMEANC X 0 FER S 40T D AR A ik
SNDIFEEITIFEEmE ARSI KL TE 5T, % 8mm, 13mm O5ME R, &
PEERB O EDRBIX N L e 2P SN2 o Tcb D L EZ HILD.
ZZETOELZEND, BWiRIENED Reynolds 8 Res 12 L T Sample C D& AR f &
2k L72%6A, [Al— Reynolds 2L CIEE R/ NS WIF EREmE AWNIS TN KREL D720,
ST PER O BRHURIGN R O R AN BIEIICE 2RI, EEIVN ST LK Reynolds %1
IR CEIEN S b O LTINS, EEIC, BHRIKEED Sample C TiE, &8 mm D5
oI5, B 13 mm OFMEL Y LK Reynolds 0128V C, fi SRR 72 2 LR35
ALTWD. E£7z, AROBENG, WRIREDES 25 mm OFMETIE, BERE AWIG
F173 9.5 PaFEEIZ 72 D £ T, fold Res DN K L CHFABAD et 5 b D& PRENS.

3-3-2. frEVERE

%58t Reynolds #1259 % Nusselt 2O FEBRED 7 =~ k% Fig. 3-10 (T3, WA
ZIMZ TWRWEEL (Sample A) TIE, WHRIRAEIZISUWNT, Nusselt #D 7" 1 > F 23R (3-16)
@ Dittus-Boelter DA & K< — L7z, PVA OAZRNM L7Z#k (Sample B) T, &K
REIZFU VT, Nusselt 2D EEREAY Sample A D Nusselt O EERE L U LT niT/ha <7
Sz, —JF, AZ U—IREED Sample A & B @ Nusselt 0%, WHIRHED Nusselt £t L 0 K
EMEER LT, BRI, AT U —IREED Sample A ™ Nusselt £2i3, Dittus-Boelter DRUZ L 5
AREEZ KX ERlo7. ZRHDOFERNG, PVA OFINC L 0 3B O D3 )M
FIND—T7, FAZEAGITHE D BB ORERFEIC X D EEMRIES N D Z L AVRIR S LT,
T, FEEMERI L PVA OX5 ZUshi L7=#8kF (Sample C) TiX, BIIRRE - 2T V) —
KRB L BT, R TOERITB VT, Nusselt O FERIED Dittus-Boelter DU K 2 FHRE X
Db/ Role. TROORERIT, FETEMEAIORINT XV it O b & Z > 72729
TEEZLND.

Nug = 0.023Re, 28 Pr,0% (3-16)

72, EEBRBOERME L B0, Sample C O Nusselt £t EBRIEIT, AHCIRE - 25
U—IREEL I, BRICE D RERERNFED ONRD o7, Fig.3-8 D@V, B 8mm &
13 mm DS TIE, & Reynolds ZHEIIC 350 T Sample C D& RO MENRIE T2 D
BRBHER SN2 b OO, TWIHRIKRE- A7 U —RAEL H 1T, WTHOERIZHB VTS, Sample
C OEFFEEAR S DOfEIE Blasius D3 (£=0.0791Res ") |2 X DEHHAEZ Flal->7-. B 8§ mm
& 13 mm TiX, AIEIOZBLEOMEY, BEmt AWs ORI X 2 R miErER oL 5 ED
RENRIR SN D SO0, EHUERERIIZAICITHEEA L TR LT, —MOEAHENELT
LTS EBEZBND. 1o T, RFSEORERIA I N TIE, WTOERTH R
TEMEANZ X 2O PSR SN TR Y, RILORMIC K E 2R NE T Tnin g
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TRIND. ZDOFER, Newton it iR D5 & [FIERIT, Reynolds 2 %13 % Sample C @ Nusselt
Bo7Tey by, BRIKLT, FEOEBMEREEE R LIbDEEZLND.

3-3-3. BMREZIR

AR -« 2 Z U —fRAED&5UELD Reynolds 012 %F L, Colburn @ j-factor, js % & FE#AR
BLATBRLULIEE (Gdf) 278y hLizb D% Fig. 3-11 1ZRT. O, HRINWE Nz
TV R WK BE OO W VEAE 2 F VY, Blasius O3 & Dittus-Boelter 2> 5 515 L7z jife B
FLEL LTV AL AR TIE, & #UEFD Reynolds 21275 Nesselt 2>~ = »~ k (Fig. 3-10)
Wk U TR BOR 21T 9 2 & Tl ORMRRAEH L (Fig. 3-12-3.14) . £ LT, &kt
@ Reynolds #Zxt4 2 BEEARE O 7 = v & (Fig. 3-8) D, EEELRE O EBRE I kI
3% Reynolds &Mt L, Zh 6 ZF1RO Reynolds £ & Nesselt ZLDBILRDOITEI AU A
T5HZ LT, BEBEBREICKRHE U7 Nesselt A8 L=, B2, G- 1) 6, KEEE
RIS LT j 7 7 7 B —DfEERD, ®IST 5 EEEAEOME TR 2 2 & Tyt OfF
ERELTWD.

9, BEHIREED Sample A D jy/f: 1%, Blasius @ & Dittus-Boelter O & H L 7= fE &
Wh—EH L TW5b. —F, A7 U —IREED Sample A @ ji/f: 1%, Blasius @z & Dittus-Boelter
ORAPHEHLAEE Y b REAREEZRLTWS. 2L, Sample A OFZEALICEE S IR
PRFFPEIZ o T Nesselt eI L 72 Z SRR 5. —77, PVA DA ZHRANL TV % Sample
B TIZ, IRRE - 2 Z U —IRHE & 1T, ji/fs DIEDS Sample A LV &/hS< o fo. AU,
PVA OFNNT & > T Nesselt AN L2 2 LITEET 2. Hiv T SmmiEiEA & PVA O
FEWM LT Sample C TiX, BRI jfs DEDPREIELL TS, ZHuE, Fmisek
FIOWPRPUN RN ERBIC R D720 Th S, £, WRIRIE - AT U —RIEL BT,
Sample C @ ji/fs DfElE, Reynolds 2D & & HITHINT DM AR Lz, Ziudk, FmiE
PER OIFURHEIRIZ LV, Reynolds DI E & & EEELRED WA LT\ D Z LTt
JELTWD, FE S mm & 13 mm OFEMETIE, j/f OfEIE, Blasius @& Dittus-Boelter D
A2 BEH Ul Z ERl- 7%, PUREGEIOE DR OE R > THEIT, IR
TW5. —J, 825 mm OFMTIL, j/f O Blasius O & Dittus-Boelter D 538
HLU7ZfEZ FEI>TWAH 00, B8 mm I LN 13 mm D5 L #7210 Reynolds 8D 1Y
meE L BITHWZHTTWD. ZuE, AFFEICEIT D Reynolds £xO#FHIZ T, FtimiE LAl
DOIRFURREN FOE R SR BH SN TWR W2 EIERT 5. FURBEEI R OE R AL, X
D &V Reynolds X DfEI CHIHI S D & D& TREIN, jif OMEIE, HERATHHIET D
Reynolds 20 BIZET A ETIIMMLET 2D EE 2 BND. b ORERIE, SmiEtEsAl
& PVA ZHIN L7z Sample C T, FUEiEMER O HHURRED KAV FEHL T 2 IV T, B
WEDONRNENZ EERLTND.
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3-3-4. HE(ZEE)

Fig. 3-15 12, FmiEMER] & 228 H 2 B L1z Sample C ZRIREETY =L 7 » RF 2 —
T REZHAGRIZIE UT-BRD, Sample C L mEIK OB Hags A0« HH DR ORERE KA 7R
T FElo, TNHOMITIE, Sample C DEE (BAEVY) gq (kW) & WMEIKIZ X D HEE g,
kW) FLdk LTV 5.

F9, Sample C DI 0.41 m-s! DFAFETIE, =200 s (FETHAKDEAZBAM L
LCW%. WEIKOBEABRIEIZ L > THIIRAED Sample C I3WM AT S 41, B OB HLER A D
\ZBET 5728, Sample C OEAHagm A RS IXRFERE & & HICHFICHD LTns. ¢
=430-590 s DFEIKIZINT, Sample C DIEVE g, & IMAEIKIC X D HEE ¢, 1ZIZIZ[R U &
2o TWND. ZOREFRIE, =430-590 s DRFEFIZIWT, TEIRIRAED Sample C 23 B HLg:
WTHZELZEZ L TWRNI EZRLTND. EZAN, t=590-650 s DRFREHIZIWT,
Sample C DEAHIR A RN 53.4°C 775 522°C ITIE F L TWAIZH B 53, Sample C
OBAZHAZEH IR EEIL 47.7°C FHETRIZW E 72> TV D, ZOFER, WmAKIZ X 2 &
G IR E 22N 72 DIZxE L, Sample C DEABVKAEE: ¢, ITRMKIIEF LTS, Zh
D OFEFRIL, BEHRIRAED Sample C 73, BVHIGNTHZL L TWDH Z AR LTS,
Sample C DEAEVENE: q, & MEIKIZ K D HENE g DZ21X, Sample C DEEVEEVEIZ XIS
HZHDEEZLND. BB, 35WRIEEDT U E= T A g UKW AT Y —OFEEER S
1L 51°CHOTH 5720, IWHCIRRED Sample C 1% 3.3°C BB E L TWH D EEZLND.
VT, t=660-710 s DEFFIHHICISUVNT, Sample C DEASHAZE A R T, 5 OPIFIERIZ
(t=660s 12T 52.1°C, t=710s 12T 51.7°C) & 72> TW5. £z, t=650s fTITA5EIZ, Sample
C DOEHAZEE CIRPE Ty o (£ + Lo, pass) DS, FRIZVOIREEN SIANCEE T TS, £3, Sample
C OB DR N TIFHIE & 72> 72 D1E, Sample C DIRFEE TRV, BASHAZRRTE
DH 7 NTH Sample C DFIZE(LNA L, FEGIZHE D IRERFHEDREL L 72 2 L IR T
HHDEEZHND. —J, Sample C DEAZHAZH FIREE AL HIUNTER U7z 01, i
IROIE Y, Sample C S HAZBIZERTICABE LA = LIEFEVE B L T B 70w, BASHgsim
W FUCIRRIED NS A T U —IRRE~DHZEENE T L2 EBNFRNTHDH EEZBND. AT
U —JIRHED Sample C AEIKN S OHFENZ L VRN T L2 Z &12X Y, Sample C DEAIHA
SRR E LD EEZBND. t =650 s (T2 T Sample C OEASHAZRH M1
FEDR LT= DT, Sample C OBV E: g, & IHIKIZ X 2 HhEVE ¢ D2, b b
Sample C DEEEE LI TR U TV D, Ff&iZ, ¢=740s LIRS, Sample C DOBHAENEL
B g, EHHKIC X DHEE ¢ ITFHONTIEF CEIC /2> TV D, 24 Sample C 23 A
Z U —fREE~DZEL L, AT U —IREED Sample C & HEIK DM OBBADZZITIZ U2 &
ZRLTWD.

Fig. 3-15 @@ Y, Sample C OFRFTHZ 0.16 m's' & 0.09 m's! ODFMFITBNTE, Eitd
[FEE DB NBU S iz, WTHROFMTH Sample C 23BN THAZA L LI Z Jik
L7=—0, W@nHBGNBAET D ERRALNTR T,
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eV T, Sample C OIBMH AN, Sample C OBAEH & g, & KIZ K D HEVE: ¢, DEDFK
filfl, B IXOBRERKMEIHAIET D ¢ OfEi%, Sample C OFFLEICH L TRy LI D%
Fig. 3-16 {Z/R . —#HOREBROFER, Sample C OFRFEIEN /NS R2ETH 51T E, Sample C D
WHIENRE L 725 2 EVHIA L=, ARBFFECREE L 7= Sample C OFEEEIE, 0.09m's?, 0.16
ms!, 04lms!' D3 EHETHo7N, Z0 9 HFEHEN 0.16 m-s! D & X2, Sample C DI
B R g & IREKIC X DHREE: g, DFENECRME (3.08kW) A R L7z, RIRLOZEE, Sample
C L HUK OB Hagmmi T O fE m A % B35 &, Sample C D HALRFH & 72 0 OIFENLE
BN T 5. 7726, AIRLOZENRKKIETH S & X, Sample C DHEALRE &7 0 OEEK
BELRKEZ T, £, ARLOENBHKIC L 28EE ¢, (11.67 kW) 125D 2EIE1X
24.6% CdHo7=. Sample C DFIEIHME L, Sample C 73 = /LT ¥ RF 2 — 7 XAEAL
ZiEiET 5 OICET LRI 72 5. ZFOFEE, Sample C DFHZALA A TR B
MeC, Sample C 2SEAASHGRH ICELE L C LV, 07BN TE 2V MRIAEE S 1
%. —J5, BROE Y, Sample C DOFRITHRAIEME LB HIFEN KR E 20, BEKIC X 53
BRI AR FOBERNZ /2 5. LU EDZ EvD, Sample C DIEEUIHEN R K & 72 5 BRIHEIF
BT 5 L THEEN, KFFETO 3 SOTHOSKMED 5 b, 2 FBIHOERE (0.16 m's?)
(\Z°C Sample C OEESHEN KRB REL 2o70 b, AROERIZERNTL2HDOTHD L&
ZHND. (6o T, ERERSEIROBAZHEROBFHI DTz - T, FIREHORNSETlLiibmn
HB GO Ik, FREE OB TIREMERED 5 W EBVEFEO[A ESFRECH H B2 D
n5.

34 £&®
AHFFETIE, FEEERIB IO PVA ZIRINLET v E=T A3 a YRV IKFI AT Y —
ZAEE L, Bl WS RBREE A O CIRIRIRTE - 2T U —REETOURE) - (REVRRME, ER%
R, BXO, WHEZEHZFMMLE. CHOOFMEIZLY, UINORE L ZBLE25T.
1. FEIEMHER ORI R, 7= A3 3 UNCOMZEL, PVA ORI, &85
DI L > TIEEBS N2 -T2, 12121, ERITRmEEIER OEGURHER) Rt
LCHEZRIF L, EREICIAK - A7 U — Reynolds HUZ kI 2 & EEEALREL O A3

AP
2. PVA OFINC LY, &K« A7 U —® Nusselt 203l Lz, 72, FUaig
PEFIE PVA Z WD L7208 « A7 U — O Nusselt 2%, FETEVERZ TN L T 7

Lo L L TS ootz FEIEEANC L 2N OBEIENFRR E B2 b b.
3. Colburn @ j-factor & EEELRE DI jJs #HNTT U E=T L 3 UNVIKFIMA T
U — OB A& T U 7RSSR, FUmIEPEA] & PVA Z2 IR0 L 724 Ci, #RPTIE
WBEDIAENBWIICED £ TOM, j/fe DIEA Reynolds DN E & & (ZHFHIZH
mu, FmiEMEAZ I U722 0GRIE L0 b BRI R EN T & AV LT,
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4. VT2 RFa—T R E VT, REIEER S PVA 20NMLET v E=
U L2 3 U KFUEEIR O E) A 5 L 72 R, IR OBITEDSEVIZ Sl
MAENKREL RDZENHHA L. £, WROBEBRH BN K & 72 2 BT )
FETDHZ EDRB SNz,

TNHOFERNG, REEERE PVA ZIRINLET Y E=U A3 3 UV KA T Y
—IZOWT, fEERRL OREE - TR B 1L LoD, KPR RIC X 0 Bkt o= & 1
TEHAREMENRH D, 50°C LU EORERH COFBELICHELTH S LiEwmS T, —F,
BUSHAZR O FHIRB WL, BEHBES O 7 E OB N LETH D, A%, TR -
A F V) — D E) - ARBVEHE O HERT T VR T2 R0 ML 2 D, BASHARR O E &R
VERFMM, BELO, BEEWRE Y AT LAOKREB LHRFZ D T <.
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Nomenclature

Cps specific heat of ammonia alum hydrate solution without any additives (J-kg !"K™")
Cow specific heat of water (J-kg™!-K1)

D; inner diameter of the inner tube (m)

D, outer diameter of the inner tube (m)

Dy inner diameter of the outer tube (m)

Dy, hydraulic diameter of the pass of cooling water (m)

fs friction coefficients of the hydrate solutions and slurries (-)

hi heat transfer coefficient between the hydrate slurry/solution and the inner wall

of the inner tube (W-m2-K")

ho heat transfer coefficient between the outer wall of the inner tube and cooling
water (W-m2-K-)

Js Colburn’s j-factor (-)

K overall heat transfer coefficient between the hydrate slurry/solution and cooling

water (W-m2-K-)

L inner tube length (m)

Nus Nusselt numbers of the hydrate solutions/slurries (-)

Nuy Nusselt numbers of water (-)

Prq Prandtl number of ammonia alum hydrate solution without any additives (-)

Pry, Prandtl number of water (-)

q the amount of the exchanged heat between the hydrate solutions/slurries and cooling water
(W)

qa exchanged sensible heat by the hydrate solution with the surfactant and PVA (kW)

qw exchanged sensible heat by the cooling water (kW)

Ow flow rate of water (m*-s™)

0. (1) flow rate of Sample C (m3-s™!)

Ow (?) flow rate of the cooling water (m?-s!)

Res Reynolds number of the hydrate solutions and slurries (-)

Rey, Reynolds number of water (-)

t time (s)

Ty in (f)  inlet temperature of Sample C (K)

Ty, in ()  inlet temperature of the cooling water (K)

T, our (t)  outlet temperature of Sample C (K)

Ty, 0w (f)  outlet temperature of the cooling water (K)

ta, pass the time it takes for Sample C solution to pass the heat exchanger (s)

bw, pass the time it takes for the cooling water to pass the heat exchanger (s)
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Un
Uo

ATy
ATim

mean linear velocity of the hydrate solutions and slurries with/without additives (m-s™')
mean linear velocity of water (m-s™)

pressure loss of the hydrate solutions and slurries with/without additives (Pa)
temperature change of the cooling water passing through the heat exchanger (K)
logarithmic-mean temperature difference between the hydrate slurry/solution and cooling
water (K)

viscosity of the hydrate solutions without any additives (Pa-s)

thermal conductivity of the tube (W-m™-K!)

thermal conductivity of the solution without any additives (W-m™-K-!)

thermal conductivity of water (W-m™-K")

density of water (kg-m)

density of the hydrate solution without any additives (kg-m)

wall shear stress (Pa)
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Table 3-1 Sample table

Ammonia alum

Sample Surfactant PVA
hydrate
A o
B o o
C o o o
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Table 3-2 Dimensions of double pipe heat exchangers

Inner diameter of Outer diameter of Inner diameter of
Inner tube length, L
inner tube, D; inner tube, D, outer tube, Dx
0.008 m 0.013m 0.020 m 1.8 m
0.013m 0.018 m 0.025m 2.0m
0.025m 0.032m 0.040 m 2.5m
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Table 3-3 Physical parameters of ammonia alum hydrate solution at 60°C

ps (kgm™) s (Pa-s) As (W-m'-K-) cps (I kg K1)

1.150x10° 1.603x103 0.3416 4.143x10°
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Table 3-4 Dimensions of the shell-and-tube type heat exchanger.

Inner diameter | Outer diameter Number of the Inner
Number Tube length ]
of the inner of the inner inner tubes in | diameter of
of passes in each pass
tubes tubes each pass the shell
14.5 mm 15.9 mm 4 8 2m 158.2 mm
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Solution

Fig. 3-1 Ammonia alum hydrate slurry and solution with additives
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Fig. 3-2 Structural formulas of the additives
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Fig. 3-3 Experimental apparatus
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Fig. 3-4 Pictures of the pipe flow systems with double pipe heat exchangers
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Fig. 3-5 Experimental apparatus
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Fig. 3-6 Preparation of ammonia alum hydrate slurry in the tank
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Fig. 3-7 Pictures of the shell-and-tube type heat exchanger
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Fig. 3-8 Friction coefficients of ammonia alum hydrate solutions (a) and slurries (b)
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Fig. 3-9 Friction coefficients and wall shear stress of the Sample C solution (a) and slurry (b)

98



Sample A X13 mm

Sample B A8 mm O13mm [J25mm

SampleC A8mm @13mm 25 mm
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Fig. 3-10 Nusselt numbers of ammonia alum hydrate solutions (a) and slurries (b)
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Fig. 3-11 Colburn’s j-factor of ammonia alum hydrate solutions (a) and slurries (b) divided by their

friction coefficients
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Fig. 3-12 Nusselt numbers of the sample solutions (a) and slurries (b) (Di = 8 mm)
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Fig. 3-13 Nusselt numbers of the sample solutions (a) and slurries (b) (D; = 13 mm)
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Fig. 3-15 Measurement results of the temperature of Sample C solution and exchanged sensible heat
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Fig. 3-16 Plots of the degree of supercooling and the amount of exchanged heat
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TUESY AT 3 UAUKRMIA T ) —ORBEETRIE S A OB

4-1. =

ZZETHRARTE @Y | EPURIEA & ZERZ I L IEBAEBM 2 7 U —I%, Bk
WARE LTHETHS. LL, A ECEGURBRNR 215 BIG0EMES D), Zhvh
DOUEH) - ARERFEZ TR E 7/ WERTEITHEN STV R0,

ZHETIS, A o R ETEERKREICE UL, REURHER R &2 Tk % =700
2RI TE . filE LT, Vitk 1%, FEIETER QPP AT L 722\ S K IR TR T
U#t (Eq.4-1,Fig. 4-1) ZELTWA D, Z 2T, fOITRmIEMERIKIER DS BESRE,
Re (-)I% Reynolds 2t CH 5.

1 1
f7=19.0log, Ref 2 —32.4 (4-1)

F7-. Seyer & Metzner |%, modified thickened sublayer model Z#2= L T\ 5 2. ZDET /L
TUX, A AT PE A KA OV ELIE = 7 & @R ORSPEEE 2 & 0 A S, kit
DT T AR X Newtonian Prandtl-Karman relation & [f] UM & 2483 %. Z LIkt L, Mizushina
& Usui I&, Van Driest BB BISCE T MR- BREEE T V22 L, HRIURER R Z B
IFCHET 5 Z 2R Lz (Fig.4-2) 99, [[AET /W X 2 BN #5513, Reynolds 2™
K Z 72581k Tl Seyer-Metzner &7 /UIZ {72 288 % 7= L, Reynolds {0 /)y & 72 fEIK T, Virk
F7 W72 ZEE) & 7”3, Mizushina & Usui 23258 L 7RV BIECE 7 L DFERIZ DU
TIIREITTIRARS.

PEHURBAICZ EN 2 IMZ T BEEE B AT Y = X DWERE S AT A%, BIRF T
THFFEEMRBEICE L > TV D VAT LAZBBNICREYE L, E/VZEcHisinii 5z e & o
Fh@izim i CEABZ K> TV 720121,  EFEEINAIZ N2 - BEEERS 2 Z U — O
H) - (REVRFE A FLR T AR E T VRN MLEAR AR Th 5. ABFETIE, EEUKHEH & L TR
EEPEAIZ RN L2 T B =T AR a UL KR A T U —I2DU T, Mizushina & Usui 23
AR U TR B 7 v 2 RSB R O BB 2 5 7.

4-2. FEBRFIE
4-2-1. #A¥

MEET VI =T LT BT A RKFY (T =7 L3 3 7732 AINH4(SO4)2- 12H,0)
ODMREKREZREL, 7oEF=U LI a UNVOHERREN 35wi%D AT U —ZH& L7z,
TR A g UNVHEKRIT 2.51 X102kT kg ORMRIBEERA AT SH. ZHICK L, EER
FE35Wt% DT L E=U LI a UNVKIIPAT Y —TIE, SI°CICTHERLZEZT. 20
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LE, TUE=ZTULAI a UANYO—EITIKIZEML TR Y, A baE Z 3 o3k o
2 wWt% T D Y. HIFELOT VE=U LI a UNVKIMPYAT U —% ML T 60°C IEHIRAE
& L7ctk, BPUREH A A4 R ETEER & LT, H{ES~=V MY A TF LT E=T A
(CooHusN(CH3)sCl, A A2« AU ¥ UT o« 7 I )V ARASHEL, pias VAR — R
22-80) % 2000 ppm, xfA AR E LT, YU FILEET b U o A (CHsCOONa) % 1200
ppm AN L 72, SEEiEMAZ N U 72 ATkl 2 Sample A & 3% . B2, Sample A IZ%f L,
FESR - ORI ZEH L LTRY =T v a—L (52T bR, EEE 500) %
1000 ppm AN L7258} (Sample B) ZFi#& L, %k, Wz OyeBhiFEEZ g L7z,
Table 4-1 |Z Sample A & B O ZER~7T.

4-2-2. PREHEER

Rk (Sample A 35 X UVB) O ENRFEZFEAT 2% 728, Fig. 4-3 O 0 Bl iR sk s &
EWRE L. N Re—F 2RO T2 > 7 NIZT, 60°C I £ 7215 50°C A7 U — %5
L, THEERBSBRIN DD T A MR TOWNEIR TR LTz, 7 A R 3 TR
Wi 25m OBERMER T, 207 LT A ML TOMEITAT v VAR, Zofho
WOEELE XM EVR ) = F L BT H D, RN TWMMRESR TEMO T T N_R— R 7
(RC-40NH2-MGA) ZfEM L, A /"= CR Y TR A G L, OB & 4 51
L7z, T M, ZOWHIIES b T > AF = —H (VARIDYNE 1. DP15-32-N3S4A (7
JUAr— L 14kPa), DP15-40-N3S4A (7 /L A%/ —/L 86kPa), DP15-48-N3S4A (7 /LA /r—
)L 860 kPa) ZAEIDENEILDOKE SITG U THEWDT) 2REL, RENT A b 7
W& Z BRI DB OENBREFZR L. [E N7 VAT 22— ORIERZEILAGL 7 /L A
=V DH0.25% T 5. T A ML TP OREOWRELLZBL <o, ZEEABR
s OAMEITREL & RREOIEK 29 U7z, B oW B I3 LIk T B G (B &
B8 AXF025G-DIATIT-BJ11-01A) # FHWCHER L7z, ERTEFORIERREIT0.5% & A
bbb,

ABFIETIE, BEDFEIE TR OEGURHR R KT T B LT 5720, WEOERE
N7 3 FEHO HEERBSHRBEHER L, TNENOBSHGRNORD T A h3A 7
WA U7 BR D I 4R K &2 Lel L7=. Table 4-2 (ZAMFZE T L 7= 8 KBS
DOFEZRT. 22T, Di(mIIWNENEE, Do (m)IZWNENE, Dy (m)TSMVENEE, L (m)
BETHS.

EREOWPERERICESE, K@-2)E@-3)DiE Y, #ED Reynolds 2 Res (-) & & FEEEAREL £
OZEFHFE L. 22T, Res()& (T & BITHMFN Z I Z T 72 WIEHIRIE D FE O
BEEHWCTHAELTEY, pskgm?) & s (Pas)IETZNEIVLRIRIEDOEE EFETH D, A
72 ClE, Hidema 5 D EBRFER OIS X, ps=1150, 5s=1.603x103.& L7=. £72, Un(m's
) AP (Pa)lE, ZHIEIVIRINAIZ NN Z 7Bt O R & JTEERTH D, ZHETIC
Wil Z AT & 7oA RIS AR IR 30T 2 IRBURBh RACE L Cix, I ChH 2K

108



Reynolds #Zxt U CAy S miEMERIKISIK OE BEER A 72 > b5 2 EMEFI & 72>
TWD Do ZAUE, A mEEPEAI KSR O OEHES I L0, iEdH O FZRED & Ak
WEZRETHZENRETHLZ L L, BIRROT 1y MIX Y, Newton HifkDE EEE LR
WDt z1TH> Z &1k, FmiErEANC L2 PSR O R/ N EEm T 5 2 LT
BRI 2. AT 2REHCI W T, [FBRIC R EIEHEANC X 2 BRI R & #&im
D720, fiDOFEREFRE Res DFPAEFRICKH LT 1y LT

U,D;
ReS: ps m*™i (4_2)
(P
Dy 1 N\
fs = ZAP (EpsUm ) (4'3)

4-2-3. WMEBEHEDOTFHIET L

Suzuki & & Hidema &%, #F A MR EIEHHZRMLTET o E=0U L3 3 UK
WO LA TV — S 2R3 2 E 285 LT d O, RIFFE T, SmiEtsAl
WA U7=alEl (Sample A) O 7 =7 WEHHT 5720, X(@-4HIRTELE Bird-
Carreau E7 /L&A L7Z. Z 2T, 5 (Pas), no (Pa's), 7o (Pas)if, ZIEIIATIKEED
Sample A O FL2NTREE, B ot AWK, B, WMREBRIETHD. £72, 1), 7 (s,
n(HE, TNENEEEE, WIRIREED Sample A DF AW, BN, _XEEHTHD. B
\Z, BIREOY ot AVBIRSEE no & BEBRICHEE nol 2 DWW CIREZL B L O FEE EET 5
726, WEICK LT, R(4-5) « (4-6)DiH Y Arrhenius B DR FEHRHIE & Einstein O FEEERIC X
HMIEEHEL TWD. T IT, 5o 33315 (Pas) & 7w 33315 (Pass)iE, FILZE4L 60°C ISIRAED
Sample A DB 7 AWK L RRAEETH S, £, 4K E BEITIREMERE, TK)
I% Sample A DIRETHD. FIZ, ¢ (-) 1L Sample A [IZBIT DEAHDEFE YR TH DH. WK
IKHED Sample A Tl =0 &725. —J5, A7 U —fRA& Sample A TiL, 7 E=U L3
TN BRORES OB (1.64x10° kg'm™) 9, WANFIZINZ TWZRU 35 wt%lRE DT
=L 3 UNRUIRIROEE (1.150x10° kgm3) 938 L UN51°C I THELT 57 &=V
AR a UNCOERESFR (0.12) IZHSX 9, 9=0.0841 & Liz. 728, AWECHRE L2k
BRFETRIET LTI, AT U —IRREICE T 2 M & FRimTEER OB OF B IT8E L
THRY, FEIETER O EREOIRERAFIEDSHELORTE TEIL LW E DIREN D, &
KRR - 2T Y —IRHE & I ILBOLRENT T Arrhenius U OIR M IEZ i L TV 5.

n-1

n=n{l+ @7} 7+, (4-4)
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11
My = (142.50)1 33315 €XP {A (? B 333.15)} A

1 1
o 11 4-6
n, (1+2 5(0)’700, 333.15 SXP {B (T 333.15>} o

Mizushina ©& & Usui 5%, AR EIEHEANSRIZ BT 2 SRRz i3 57 1 &
LT, R@E-NO@EY, HEEERBET LV EZREL TS Y. 22T, ey (mshE vy
(m2-s L, ZNEIIRIERCE L BEmEEE CTh B, £, w (), R(4-8) TEFE I 5
HE u"(msH)NZE - T, B u- 2 mxoeib L7z Thsd (@4-9). T2 T, ww(Pa)d
p(kgm3)E, ENENEERE WIS EBEETHD. y (HIE, wurlc Lo T, EBEND DR
Bty KTl Li-boThD (4-10)).

ey du”
— =[?F— 4-7
Vi dy* 7
u'= | (4-8)
p
u
ut= f (4-9)
gt = ”vy (4-10)

K@-7)D I ()%, X(@4-11)TEFZ X5 Nikuradse DIREHHETH 5. Z 2T, R ()IE, wlu*
WZ&oT, B¥EROEEXITELIZEDTHD (K (4-12)).

+2 +3 +4

y Y Y
I =047~ 0447 024755~ 006 (4-11)
R
R =" (4-12)
VW

F72, F(-)I%, Mizushina & Usui 2325 L72BREBSTH Y, van-Driest BB O 2 EE

110



L72bDThsd (K@-13). 22T, a(IFRNE-1H)TEE SN ER TEHTH D.

i
Fl—exp[—;—6 P pr (4-13)
%y 2
24 (u
e 4-14
aW@Q (414)

K@-14)D 2 (s) 1T, K@-15)BLVE-16)IC LV ER SN DOEMEFH THDH. 22T, j, (s
DTBEE - AWHEEE, K (IZHBESRTHD.

. —0.63

1=49 (—y) (4-15)
ar
dy 7
D gD 4-16
dt KDi/u* ( )

WS 1 (Pa)lE, R@-17)DERTHERICIVEHRESNS. 22T, vm>s)IXEKE
Thb. £o, HENICBT 2 EAWISHOSMAITERHTHY, KE-18)TEIND.

d + +
Ty ewdw 417)
T, vedyt o v, dy”
+
T
—=1- % (4-18)

K(4-9) L @-10)TEFRSIND ut & y 2RV, HAWEE) T, XK@-1990 X 5 izieikT&
5. B2, K(4-4)DIEIE Bird-Carreau model 1%, H@-200D KX SR TE 5. Z 2T, ()
%, R@20)0E Y, KeERt # Rk LIzt D ThH 5.

odu W dut
y= 5 - v_@ (4-19)

du+ ANY)
n=n, {1 + (fr F) } +n, (4-20)
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fr=—t (4-21)

d+ZT dut d+2 +
"iip{1+-<f:ii> } 4-”::p a§:-+ﬁzﬁa<a§;> —1+ 2 =0 (4-22)

ARFFETIE, RO FNEIZHE, BEIIRIER LA T U —IRHED Sample A OF BEE{RE % 7
B L7-2. £7, Newton-Raphson {£& L O 3EZHWT, &y OMEOMEIZ, R(4-22)D Fite
K& du/dy T OWTIEN . T L& &, FXIERZED 0.000001 2 FEIY, 232, HIEEEN
0.0001 % FEl- /2Rl TSGR L7z & HIE Lz, RIS, du'/dy OEWiE w5, R(b-
23) L D& yITKIT D ut DA R RO T,

v dut
= f <_>d + (4-23)
0 dy” Y
N T, BRRE wt OE RIS, K@-24) L 0. ERRITE Un (ms)E R 7.
2 R y+

2B, K (4-23) L @24 FHFEICIT ARy v 7Y viEE W, BB, WIRIEEOE EE
BAREL £ () & Reynolds 2 Res (1) %, T TN (4-2) & 4-25) L 0 FHE L7z, WRBVEBEE RO
FEPE & [FARIZ, Reynolds #X Res (23 D EEEARI , D7 2y MEAERR LTz,

Ty

f = —_
* pUn’/2

(4-25)

T, DD, AZ Y —fREED Sample A D EEIREIZOUWT, A F Y —% Bingham
TR X OMBIERIAR L E LT BT A CTORRE bITo72. ZHHDIREIR, KAT Y —R
TBAB KF1#) A Z U — O FEN RO FRIFGHRIZTEH ST g 10719),

%77, Bingham JifEDET /WMIIH(4-26) TR INDH. 22T, e (Pa), BL, 75 (Pas)
%, FHZ4 Bingham WA DERIG T, BELWY, ¥ETH 5. Bingham Wik DE BEEIREL
fa(IIZDUWT, @itk CTld Buckingham-Reiner OB S LT 5 (((4-27)) 9. Z Z T,
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Rep (-)IF, Bingham i AD L A VA TH Y, K(4-28)IC L W EFK S D. He ()i, Bingham
RO Hedstrom %% (X(4-29)) TH 5. HiZ, K(4-28)? Buckingham-Reiner DL, i(4-
30)0iE Y RO TR IS Y. Fio, ELIRIRKICRIT 2 & AR OB BEESREKIC S
T, Dodge-Metzner OXBEB I TS (K@-31)) 9. ZZ T, ngHIFEHTHY,
Bingham /KDL E I ng=1 DB SN 5.

T = Tyjeld + 7’]B]./ (4'26)
_ 16| He 64 He' 427
s = Reg 6Rep 3 " 3Rep (4-27)
PUnD;
Reg = (4-28)
g
Dpr;
He = i Plyield (4_29)
ng*

16 10.67 + 0.1414(He/Reg) "' (He)

_16 He 4-30
/e Reg  4Reg[1 +0.0149(He/Rep) 1] \Rep (4-30)
14 2ng\ 0.4
\/? T g0 log, (RerB 2 >_nBl.2 (4-31)
B

WU, BERMERIEOET BN, BEEEAWEE) (sh)ik, X@-32)0@vEEND
BN 22T, o (OE, NE-3)TERSINDIBETHD. i AWHE K ST EM
RTHE, WIRITIRE AR E LTRO bR D. £z, n'<1 ThIOGEE, kI
WPEFIRIC SN D . IS, N@4-33) 2N 22 L2k y, BEmEARIGT 6 (Pa)ld,
2 K (Pas)& n” (&, X@-34)DiE by TERINDH. £ LT, & Reynolds B OFEI T
I, BEEAVERIR OB BRI o (O1F, @35 L W EHT N TE S,

.3 (SUm)+n' (SUm) 130
W= 3\"p, ) 4\, (4-32)
8U,,
N d(ln—Di ) wss)
DA
d(n =z



m=K(ﬁéyv (4-34)

) g1 K‘UI?""Z wss)

4pD;"

4-3. FMRLEBE

4-3-1. fEIE Bird-Carreau E7VIZ XD 7 4 v T 4 V THER
REIEERZ RN LT V=T A2 3 UK ORIEE LA T U — (Sample A)

({22 T, Hidema 512 K D RERIERR 9, I LT, AWFFEDOEIE Bird-Carreau &7 /LT &

D74 T 4T OFERE Fig. 4-4 [T, WK E AT U —OIFITONT, K EEHIE R F

X, {E1E Bird-Carreau €7 /LIZ K> CTRIFICHBL STV 5. Tabled-3 |2, KLEHIER FIC

* 5 B/ FIETIRE LT, EIE Bird-Carreau E7 VDK /T A —X DfEERT. F7z,

A(4-36)12, RE L7 Z A L72ELE Bird-Carreau €7 /L & 7R7.

2.944 x 102x(14+2.50){1 + (0.1468})2 e 9.840 x 10° b1
=2. X X (1+2. + . ) 2 . X =
1 (1+2.5p){1 +( " eXp{ (7‘ 333.15>}

1 1
L8 % 107 (142 Sp)enp6.400 x 10° (- 1) 436
1.688 x 1073 x(1+2.5¢)exp 16.400 x 10 T 33315 (439

K (4-26)127~k L7=i@ Y, EIE Bird-Carreau &7 /WZEIT D 2 D DIREM EARLIIMN K& <
B0 %. ZOMRIE, Usui 230 F A4 MFEENA kA A reERe Frd Tl
AFNT =T L (CisHssN(C:HsOH)LCH3CL), A A« AT UT o« 7 T TV XK
A, pama Y RY I—F 0/12) OFEKRERDOKEIZR L CHFEME L7z, EIE Bird-
Carreau ET /MZ LD 7 4 v T 4 V7 ORERERUTHD W, Usui Hi, B AW
MT Y J— K O/12 DRIR I BB DA A WIS AT 5 2 &, BIRICKE 7.7
KEFBREDEEZRTZ L, BEW, ZhbOMENZEVD, 2 S>OIREM RO
RELERDFKNTHD Z L a4 fL TS, ABFZE TR Lz b F4 o R miEveAl
{fER~=L N U AF VT =T A (CpHasN(CH3)3CD), A A2 « AUy VT 4 - 73
TN AR, gt VAR T — R 22-80) 1%, VARYI—FO0/12 LFELE 4 &7+
NT =T LETHD (Fig. 4-5). 165 7TC, AWFIEOELE Bird-Carreau €7 /LB T,
2 DIREMIEABNRELS B 5EERLUEFERKS, SAMEEOFRIZLY UARI—F
22-80 MERHMEEEATHZLICERTHEEZLND.
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4-3-2. WMEVEFEOHIERE R

Fig. 4-6 |2, WFIZ N2 12T =T 53 3 U AR KT OWRIRE L VA Z U — (Sample
ABIOBIZOWT, FEERE A NE L7of R A 3. FLmEia A o A% B0 L 7= Sample
A TlE, BEEEEOT 2 v M3, BB 2HEHME (6= 16/Res) XY & Reynolds %1
Mz 7 FL, KEVWEZRLTWD. ZiUE, Fig 4-4 (2R L@y, AWML
72 %13 E Sample A DASENE < 72D Z LITERT 5. 72, BRITKST, Sample A DFEE
EAREUE, Reynolds D = WMEIKIC I W T, ELIEIZ I 1T 5 BEERE (Blasius DR f;=0.0791Res
025) L0 H/hSVMEZ R Lz, 2006 OFERIE, SmiE Al ok X ' A& O & B
(SRR 2 IEPURBEIRD, 7ot =U A3 a UK OREIZ LY HES R0
ZEERLTWS. E£72, Newton JifEDGE & Fie v, Sample A DFEEMRHUL, Fmls
PEAI OHURIEN ROV RN E D F CERBICR 2 DA R L, 1 DOILBEOBEMRD 5\
fif Bl 70y b ENTE RN, 20X D B0 B A R o RE IS MR
KB THHESNTEHY 919, Sample A DIFWE + 2T U —IZBWTHFEEICRERT S =
EMHA LMo T

SHETETER & PVA Z 3N L 7= Sample B 1%, Sample A &FA{Ll L 7= F RO 7 1 > K
R Llz, 2D ORERIE, PVA 23 FUETE MR OBPUREEI R 2 HEE T, BRIRICHE
BERIFSHRNILEZRLTND, £, 2 TOFERITBWT, EIRIRRED Sample B D4
PEEAREUT, AHIRAED Sample A LV b RE AR L7Z. PVA OFRINCLE S FEE D - 5-
DREEEZEZ D, —F, A7 U —IREED Sample B OEFEELREIX, AT U —IREED
Sample A L [FIERDEZ R L7z, ZOFERENS, PVA I KITTHEL D L, HE
TALRT V=T LR a3 U OMEITHE D R AP RIETHED TR REN
LDOEZEZLND.

4-3-3. BEBELEROHERER

AAFFE TRV IR MR RS 7 /L T, PVATRINC L 2B E2EE L TR,
EEBREOTT VEHRIZOW T, & ER O A 300 L 7o Sample A (22N TH0i L7z,
R(4-16)DIFIER K 1%, FERRFER &AM R OEIZ LY K =0.00005 & L7c. BEEER
BoOTT NVHER % Fig. 4-7 R, O, Vikk O KEGURRMIR S Fig. 4-7
FlZRE LTS, Fz, AL EDOEY, A7 U —72 Bingham A TH D EHE LT
ity DE LR (N(4-30), (4-31)) DOFHEMER, BELO, A7V —03MEEMERETH D &
RE LTzt O BEER (K(4-35)) OFHREFER %A Fig. 4-8, 491277, 72k, K (4-30)D
Hedstrom 2, R(4-31)D K’ (Pass) & n’ ()DMEIZHOWTIE, WA Smm BT H AT U —D
PEEARS O FME I L T/ D RIEZ AT 52 L CIRIELT. £, A7 U —DOKEIC
DN, AT TR 7B IE Bird-Carreau 7 /WIC L D7 4 v 7 4 U 7 HERICHES &, X(@4-
6)IZ Table 4-3 D/3T A —& 2N L THRE L7 (0.003703 Pa's).
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F7°, 60°C IFHIREED Sample A (ZOW T, E7 /VatEAERIE, MEIFERIC L - THEHIX
AT BRPUREN IR & ER ROV TT % RAFIZHE TE T 4. Reynolds B KE <2 51T
ONT, ET/VEERRIL Virk O KIEFURBIEDEARIZE-5 %, F8 8 mm & 13 mm D%
TECIX, RIS TR S 7o BTN R OV 2k S8 7 L RS B3 KON itk Ot
EFR—E L. ek, B 25 mm OFMIZ OV TIE, Reynolds 0 F (2K & 7t #h St
T TSR R OW RSN B SN s b0 L PRI,

WIZ, Fig. 4-1(bIZRTH Y, 50°C 27 U —IRRED Sample A IZDWT, BEEELRE O TR
1%, EHURBED R OW RS EE T Vik O Z K& < ERlo72. 2, EieiRae
NHAZ Y —=REB~OHELE > TT =T A 3 UNUCOFSEERLF A ER L, Sample A
OFREEN ER L TWD Z EICERT . —J, RIFFROET /LTI, EHURREENR & B
BAMRTHT 2 Z & TE . EIE Bird-Carreau £ /L2 L C{T > 7= Arrhenius B DR
JERFIE & Einstein OFFERUIC K AMIED, FHEBEOMR LICHFE LT b0 EEZ LN
%.

ZAUZX LT, A7 VU —% Bingham ik & fE LB BEEAR A 51 L 728 R 13 Fig. 4-8 1
AT &R o, KME-B0)0TED FHERRIL, AMFZEOET L L [FERIC, Reynolds 1
W HEBEEEEO T 0y NNERIZE Y BADRMAFHT 2 Z L I1ETE LhL, &
££8mm & 13 mm O THEIHI S 72, & Reynolds R8I 3\ CE BEEIAE DO Z LA
INSL R BB ZEFBT D 2 LN TET, BRENPKEL LD T LI L7Z. £72, Dodge-
Metzner DU K 5 FEBRHOFHEMEIT, ERMEE D LB KIZR D Z ERHL N7,
UL, REEHAIOTRIMCE > TR T ) —omhn@itfb LTs Y, 27 U —2NEiThH
BDEVHIIENEREL B D Z LITERTEEZDND.

Fiz, ATV —HEBERE & E U CEBEBIRECE FHR LA SE, Fig. 4-9 (CR77i8
0 &podz. R@-35NTHEDFHEMEIL, BRI VEREBREDO Y 0y N RE(LT 58
GHBETE TS H DD, Bingham itk & E L7256 L [FERIZ, 1/ Reynolds HrEIC
BV TEBBBEOEDN/NE L 2D HANTHER TE otz LLEOEGE RS, A4
ZEDET IV TIE, Bingham JEACEMBMEI AL RE LI ET /L L 720, & Reynolds £U5H
BT BT 2 E BB O THNC HEA T 5 2 E AR I,

RE, AFFROETT MZONWT, EE8mm + 13 mm TOHREMREL R, & 25mm
TOEBEEREOHEBRIIRIME LY b RELRoTND. BEFERD 1 2L LT, A0F
FECIL, WIRIRIED D AT U —REE~DHZEERET LTS L{REL T, AT U —D[EfK
KIS @ ((@-5) + (4-6) ZRELTWDH I ENETFHND. RiETHRZEY, 7F
=T A 3 UK OERIRDBTEN SR F CHMBEB G AR 32 &, B, BN
FEEAMEVZE CIRBHER K E 72D T EHE LTV, 6o T, BRBKE HRIEEN
INEWRIETIE, WBAHBSOREICEY ¢ OREMENFEEL D & RE R DR S
5. Fim, ARFEOBRVEERBEERE (Fig 43) T, RENRKEIEER LT Wb
O, BB T A A TEEE L THHEHOT A XA FIZBET S E TOMOKEE e X
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N, o DIEOEEER & 702, —F, B CHl~_7=i@ 0, AAFIEOFRENFFETHIE T LTl
27V —IRRBIZ I T D EFE & FimiETERI OB O A/ENTEL L TWH2d, Zivbine
FERD1HELTEZLND.

iz, AT, AT U —REOREFEIZBN T, bl D& RE FR-0—R
\Z72% Z & % Einstein OFE R TEIL L TV 5723, Einstein DFEROEHICHT-0, K+
WERIRTH Y, BRI AERR 2N O L{E LT 5. Einstein DR A5 wHE72
BARFE 72 o DIEITE L2 0.10 Kl TH 0 29, HEAKE < 7 L1F LBk 1M AEH
ML TR DR E W T e 72D RO AT U —OEREFE D ZIT, 0=0.0841
<010 THDHA, FLETIHKRD LI ¢ DENPHEIZKRE < 2 558121F, Einstein DRGE
RUTHES HEE D BREGITER LY b/ Hlic /e 5. RFFEOE T /L ClE, BWiRRED
FEEE Ik L C, Einstein O¥SERIC K AHIE L, Arthenius OBEMEAZFR LD ETAT
U—IREEDREZFHHE LT D, 55T, o OIEOEENNZLE Einstein O UZ L D AfIE
D/ IR o T2 E, FD43721 Arthenius B ORI E (FN(4-5) & (4-6)I28 1 D450 A &
B Dff) MEKIZRD. T7200, HRE ERERNOFLGRIEELZAELDLZLICRD. ¢
DIENR K Z WAL, Bz, Krieger & Dougherty 2% Mooney = 202 & 1E U245 L 7= K-
DX (@4-37) VOEHANEZ bIL, BROMRHMNEET S, 22T, ne (IIEAT U —0Dks
JE 2 IR DR EE TR LTSRS, Ke (OIX D HRL - OIZIRRFThH 5. £72, on(IEHHK
KA DEREFRIBEBEGRTHY, BRAOIRITIKAFET 52 ERTH S.

—Kep,,
m=<L~£> ' (4-37)

4-4. FL®

AHFFETIE, REEERZRN LT =0 A 3 UNUIKFMA T Y — OB E
R L, KRR BT 7L & WV CE B EMRE O T E RS RO B A R T2, Mt DfE
F, LT O RZES-.

1. 7YE=ULI a UNVOMELEB LT PVA OFINE, Sti{E e O BHTR 0
ZPREET, BRNRITEE L RFE S 20.

2. Arrhenius AR A IE & Einstein OF5E A& 1E Bird-Carreau €7 /U2 H L, REZ
b, BEO, MHEIHE D Mk ARSI RIE TR EEZEETHZL2LY,
AWFFE T WIS R ST 7 1Y, REEEREZRM LT v E=v A ay
NUIKF) DR « ATV —IC8B1T DIEPUREGI R & BRI 2 RAFHCHEBLLT-.

FROFRER IV, KRBT T VX, A EIRE O R EIEMASR O AL 6T, FikE

EERZBRIMUTET =T L2 3 UK A T ) —ORENFRE TR b EH T &,
IEBR. > AT A OFRGHESHESZIZ T TR FIETH D Lt 7z, 5%1%, 71
D72 DREEE ) | EARBREE TS 7 L ORESLIZ AT THD fLA TV L.
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Nomenclature

A temperature correction coefficient (-)

B temperature correction coefficient (-)

D; inner diameter of the inner tube (m)

D, outer diameter of the inner tube (m)

Dy inner diameter of the outer tube (m)

F viscoelastic damping factor (-)

s friction coefficients of the hydrate solutions and slurries (-)
/B friction coefficients of Bingham fluid (-)

f friction coefficients of Pseudoplastic Fluid (-)

He Hedstrom number (-)

K proportionality constant (-)

K proportionality constant (-)

K. coefficient depending on the particle shape (-)

L inner tube length (m)

I Nikuradse’s mixing length for a Newtonian fluid (-)

n power law index (-)

n power law index (-)

ng fluid behavior index (-)

R pipe radius non-dimensionalized by v./u" (-)

Rep Reynolds number of Bingham fluid (-)

Res Reynolds number of the hydrate solutions and slurries (-)

t natural time (s)

T temperature of the hydrate solution (K)

t non-dimensionalized time constant (s)

u’ longitudinal velocity non-dimensionalized by wall shear velocity (-)
u* wall shear velocity (m's™)

Un mean linear velocity of the hydrate solutions and slurries with/without additives (m-s™)
y* distance from the pipe wall non-dimensionalized by v,./u" (-)

shear rate (s)

7, wall shear rate (s™')

AP pressure loss of the hydrate solutions and slurries with/without additives (Pa)
em eddy diffusivity (m?-s)

n viscosity (Pa-s)

7B viscosity of Bingham fluid (Pa-s)

nr relative viscosity (-)
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Ns
o
70,333.15
Moo

Mo, 333.15

Tyield

®m

viscosity of the hydrate solutions without any additives (Pa-s)
viscosity at zero shear rate (Pa-s)

viscosity at zero shear rate at 60°C (Pa-s)

viscosity at infinite shear rate (Pa-s)

viscosity at infinite shear rate at 60°C (Pa-s)

relaxation time (s)

kinematic viscosity (m?s™!)

kinematic viscosity at the pipe wall (m?-s!)

density (kg'm™)

density of the hydrate solution without any additives (kg-m)
shear stress (Pa)

wall shear stress (Pa)

Yield stress (Pa)

volume fraction of the hydrate particles (-)

maximum packing volume fraction (-)
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Table 4-1 Sample table

Ammonia alum

Sample Surfactant PVA
hydrate
A o o
B o o o
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Table 4-2 Dimensions of double pipe heat exchangers

Inner diameter of Outer diameter of Inner diameter of
Inner tube length, L
inner tube, D; inner tube, D, outer tube, Dx
0.008 m 0.013m 0.020 m 1.8 m
0.013m 0.018 m 0.025m 2.0m
0.025m 0.032m 0.040 m 2.5m
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Table 4-3 Parameters of the modified Bird-Carreau for the hydrate solution with the drag reducing

cationic surfactant

#o, 333.15 (Pas) N, 333.15 (Pa-s) A4 (K) B (K) £(s) n(-)
2.944x102 1.688x1073 9.840x103 6.400x103 0.1468 0.1938
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Fig. 4-4 Model fitting results of apparent viscosity of the hydrate solutions and slurries with the

cationic surfactants (Sample A)
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Fig. 4-6 Measurement results of the friction coefficients of the hydrate solutions (a) and slurries (b)

with additives (Sample A and B)
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Fig. 4-7 Calculation results of friction coefficients of the solution (a) and the slurry (b) of Sample A

with the viscoelastic damping factor model
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Fig. 4-8 Calculation results of friction coefficients of the slurry of Sample A

130



Sample A ¢ 8mm @ 13mm B 25mm
Model in this study —8mm ——13mm —— 25mm
Model for Bingham plastic fluid ----- §mm ----- 13 mm =---- 25 mm
0.1
~~ ~
< .
e
Hﬁ -
a
2
Q
% 0.01 ;
o L
&) L
;:: -
o i
=
Q L
=
m -
0.001 1 L L1 3 3 311 L L g™ e 'y 3 4 o
1000 10000 100000

Reynolds number, Re, (-)

Fig. 4-9 Calculation results of friction coefficients of the slurry of Sample A

131



BE TR

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

Virk, P. S., “An elastic sublayer model for drag reduction by dilute solutions of linear
macromolecules,” J. Fluid Mech., 45(3), pp. 417-440, (1971).

Seyer, F. A. and Metzner, A. B., “Turbulence phenomena in drag reducing systems,” 4IChE J.,
15(3), pp. 426-434, (1969).

Mizushina, T., Usui, H. and Yoshida, T., “Turbulent pipe flow of dilute polymer solutions,” J.
Chem. Eng. Japan, 7(3), pp. 162-167, (1974).

Usui, H., Itoh, T. and Saeki, T., “On pipe diameter effects in surfactant drag-reducing pipe flows,”
Rheol. Acta, 37, pp. 122-128, (1998).

Suzuki, H., Konaka, T., Komoda, Y. and Ishigami, T., “Flow and heat transfer characteristics of
ammonium alum hydrate slurries,” Int. J. Refrig., 36(1), pp. 81-87, (2013).

Hidema, R., Tano, T., Sato H., Komoda, Y. and Suzuki, H., “Ammonium alum hydrate slurries
with surfactants and polyvinyl alcohol as a latent heat transportation material for high
temperature,” Int. J. Heat Mass Transfer, 124, pp. 1334-1346, (2018).

Ohlendorf, D, Interhal, W. and Hoffmann, H., “Surfactant systems for drag reduction: physico-
chemical properties and rheological behavior,” Rheol. Acta, 25(5), pp. 468-486, (1986).

Suzuki, H., Konaka, T., Komoda Y., Ishigami, T. and Fudaba, T., “Flow and heat transfer
characteristics of ammonia alum hydrate slurry treated with surfactants,” J. Chem. Eng. Japan,
45(2), pp. 136-141, (2012).

Driest, E. R. van, “On turbulent flow near a wall,” J. Aeronaut Sci., 23(11), pp. 1007-1011,
(1956).

Grozdek, M., Khodabandeh, R. and Lundqvist, P., “Experimental investigation of ice slurry flow
pressure drop in horizontal tubes,” Exp. Therm. Fluid Sci. 33, pp. 357-370, (2009).

Christensen, K.G. and Kauffeld, M., “Heat transfer measurements with ice slurry,” Sci. Techn.
Froid, pp. 161-176, (1997).

Illan, F. and Viedma, A., “Experimental study on pressure drop and heat transfer in pipelines for
brine based ice slurry part II: dimensional analysis and rheological model,” Int. J. Refrig., 32,
pp. 1024-1031, (2009).

Kumano, H., Hirata, T. and Kobayashi, Y., “Flow characteristics and laminarization condition of
phase change slurries,” Netsu Bussei, 25(3), pp. 143-149, (2011).

Darby, R. and Melson, J., “How to predict the friction factor for flow of Bingham plastics,”
Chem. Eng. 28, pp. 59-61, (1981).

Swamee, P. K., Aggarwal, N. and Guidoboni, G., “Explicit equations for laminar flow of
Bingham plastic fluids,” J. Pet. Sci. Eng., 76, pp. 178184, (2011).

Kauffeld, M., Kawaji, M. and Egolf, P. W., “Handbook on Ice Slurries, Fundamentals and

Engineering,” Paris: International Institute of Refrigeration, (2005).

132



17)

18)

19)
20)

21)

Monteiro, A. C. S. and Bansal, P. K., “Pressure drop characteristics and rheological modeling of
ice slurry flow in pipes,” Int. J. Refrig., 33(8), pp. 1523—-1532, (2010).

Usui, H., Itoh, T. and Saeki, T., “On pipe diameter effects in surfactant drag-reducing pipe flows,”
Rheol. Acta, 37, pp. 122-128, (1998).

White, A., “Flow Characteristics of Complex Soap Systems,” Nature, 214, pp. 585-586, (1967).
Mooney, M., “The viscosity of a concentrated suspension of spherical particles,” J. Colloid Sci.,
6, pp. 162-170, (1951).

Krieger, I. M. and Dougherty, T. J., “A Mechanism for non-Newtonian flow in suspensions of

rigid spheres,” Trans. Soc. Rheol., 3, pp. 137-152, (1959).

133



134



EE
TUESY A 3 USVARMIR T ) — OREGRE OEERLRE

5-1. &
ZZETHBRTELEY, 7oE=U LI a UNVKIPAT U —IE, 50°CLL EDIRFEEHRAIZ
BT B EE L A LR AUEATH 5. IPUREAICZEAOIRIZL Y, 2TV —IC
BT DRGSR ORRE - LR 2B LT 2 & & HIT, BRSSO TREIGHT 2 K0 L =i 2h 2R 2
Wk EEHRTX LML 