Development of the Heat Recovery Device

Utilizing Reversible Thermochemical Reaction (][ )
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SUMMARY

1. Title

Development of the Heat Recovery Device Utilizing the Revers-

ible Thermochemical Reaction (1]

7. Purpose and Importance

Tn the view of the shortage of the energy resources in our
country and effective use of available energy, it is important
to develop an energy storage system using reversible thermo-
chemical reaction. The calcium hydroxide/calcium oxide used as
the speciman of the reversible thermochemical reaction cycle
is made from the limestone of abundant resources in our country.
The calcium hydroxide/calcium oxide reversible thermochemical
reaction cycle has the greatest practicability as one of the
most promising chemical heat storage material. In the existent
making process of calcium hydroxide the product 1s likely to
adhere to the reaction device and the heat produced in the re-
action process is almost discarded.

This study aims to develop a reversible thermochemical reac-

tion cycle of calcium hydroxide/calcium oxide and a heat recov-



ery system on the basis of practicability and the applicability

of chemical heat storage devices,

Il. Contents and Scope

I . Fundamental experiments about the performance of chemical
heat storage material,
a. The chemical reaction rate of Ca(OH),/Ca0 with various
kinds of limestone
b. Rate enhancement of the thermal decomposition of Ca(OH),
at the reduced pressures,
2. Applied studies using Ca(OH),/Ca0 thermochemical reaction
cycle
a. Production & establishment of the experimental devices
of a regenerative heat exchanger of packed bed type
b. Heat release characteristics of a regenerative heat ex-
changer of Ca0 packed bed
¢. Heat storage characteristics of a regenerative heat ex-

changer of Ca(OH), packed bed

N. Results and Recommendation

1. Fundamental study

The reactivities of a Ca(OH),/Ca0 reversible thermochemical

iv



reaction have been determined experimentally with various kinds
of limestone. The empirical equations between the reaction rate
constant and temperature have been determined from the experi-
mental data, which represents the reaction characteristics of
calcined dolomite and thermal decomposition of the dehydration
of Ca(COH), under the reduced pressures, The empirical equations
mentioned above can be used to design the chemical heat pump

using a Ca(OH),/Ca0 reversible thermochemical reaction cycle,

2. Applied study
It is necessary to select the optimal type of heat recovery
device using the reversible thermochemical reaction cycle of
Ca(OH),/Ca0 and to improve the production process of Ca(CH),.
The experimental apparatus is a packed bed shape which is suit-

able to optimal type of heat recovery device.

The heat and mass transfer of heat storage process in the
regenerative heat exchanger of the packed bed can be applied to
the development of drying process etc,. The reaction character-
istics of heat release process for the hydration of CaO can be
used to improve the production process of Ca(OH),. The chemical
heat pump employing the present reaction system will be made
and the pump performance will be tested experimentally in 3rd

year.
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Table 2-1 Percent of Ca0 for various kinds of limestone

Sample No. Wt % of Cao A 4 o
I 64.7 Dolomite
I 86.4 Limestone
m 97.9 Limestone
% 95.9 Limestone
v 59.4 Limestone + SiQ,
UEEE7] 258 W £ Qdge Exo = S8 kel w4z

S2A AFEgEh oW 37 Bxi gulvbx (carrier gas) 2. C ety
skl zdstglom  Rsksel fere Ca0 Eahupo #  Ca(OH), g
Teheel A9 EE 100mg/minz steleh. 4shubgo] ¢kE3s  Ca(OH),
=F ¥94 7M9A ca(OH), QEHs 9
oAl FEE Sfe} Ca(OH), 9 wosr= BAs5et 449 ugx

=AY’ £33 FxE gagAy Ca(OH), Ewt3-g A%

o3

&3tk Ca0 F3lube 9 Ca(oH), FESE M ERE A7
ARTA wstE 272 ste Adgegon, Az

4 A dEHer &y sy

TUF-S ¢ 400 ~ 45(0°C

© F%7 ¥E:25Vol % olg, N,=balance
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& Az g FAYsE 5EH Tehh

__ (W-Wo)/Wea
MCa (OHJz/MCao' 1

Xy

(Wy "W)/WCa(DH)z
l_MCaO/MCa(OH)z

Xy =

A7j4 Mz wWe 7z 2AEw A5Y FAE deply ox AE
B4z Yo
Fig.2-2%= ojejrbd A34e Agstd d¥sAAA e Ca0ds

spood oo APASE vhepl Aelrh o zdd AsHEs L,

s

W, Vel Aol 79 2& HSEEd ebda eh @9 AsHIs
Iol dolomite(MgCO,-Cac0)el A%E vk Aslde  vse wg
S 2 el AsMErt Vel Si0, & Eol mgd Moo 7
g wWeEEs AL WAL & 4 Aok olek Aol AnA Aol
4 deptbi wesde A5 zAarl Astd £ FedE $4 Fig.
2-22 IAm sl FUUEE LS AsAel vl AAY HEEEE
Hol Zulojd UM sHF KT Aew 47slz dolomited]
sl AEslz dhadch wEkd B geldi Table 2-2¢ hebd A

2494 744 dolomite & ol &3le) dolomitest 43del WEHHE
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Table 2-2 Constituent analysis of dolomite

Materials I.g.loss 510, Ca0o MgO Fe,0,

Wt % 46.81 0.71 34.4 18.00 0.08

TR OAEI}A FA B 99 weEgo] o 2913 oA

Aol A FAN2AY ALY Bo dato Agstaa g,

1. Dolomite=2 Ca0 IS HISEA

Polomite s w542 zAls7l Adt WA d%s 444 a4
# dolomite Fof £z Ca0sh MgO 4H9) WweL4e Az s

EAE AEY West Yok Qwidoz M

Q
O
o

TEHISEEE Ca0 9
TS EEe vl W e oz otay e L2 Mg(OH),
/Mg00 HYLxE FZ7 ggo ool Aol 878°C % m 4
Ca(OH),/Ca09] HYLX 510°CHr} Be go|op Tl A= ubs

Tb mARe Ag A4erl 9slel magnesited weld ara

Mz

ol S Y42 magnesia(Mgo) o 4Eete Lspyrge] A2d A
B2 Seld FYF A F3higel delux Roh o Asp do-
lomiteofx HEs:re Ay dg wstoz AXsy AAA A A
dolomite & el Al 24e] ed odexl Adgadold  4shure
T A2l & YAHEAL X-ray diffraction ( X4 sld Yo oa =44

Sk 2 Al @ A§ Fig.2-3o] EAsnh o afes -

AL, T+ Mgo, & Ca(OH), & urehlx slev MgO  F3hylgol
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Fig.2-4 Conversion against time for hydration of

dolomite as compared to limestone

_14_



L = P vl e b3 -
THEE SR 9459 Cao s Sruve 2 Ag g -

At ols) o] dolomite §o) Ca0 43hube 4wl Agmozm = g

]-‘-9.-
o
>
™~

N
£

H71 2 el wlA dolomite Fo] EA sk MgO7} Zujz

SheAl, SRl e JHE zapd ERowm &3 o] Saaigch

ofo
uje
i

5 & A¥el 483 dolomite B A4sl4 A3 4 % magnesite

I L

48 LR 5 A8E Aguig £ga4 b dolomite & &
A ARE Agsideh Fig.2-5o)t ok o] Syd AYADE w4
fAelmh o] 2@eB N CaOwe 799 Ca0-Mgo Ege Ao
L7t TS Sk Figu2-4oi)9 pro & Aol 7b 18S9 &

Ak et dolomite$e] MgOL CaO Fabybgo] wst Ewst moy

—

g )
o
kY
|
N
ot
kv

FEE deblA 2 ez a4

A4 AAE oEsd AAGY (2 51 5%, B % OERH) 7}
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o

+ H,0
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—
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-

MgO Mgo MgoO

o el WEERAL grain model® & zAZ el Fesil s 7o

dXh — k’l (].-X )2/3(P_P ) .
dg 1+k2/k3 h e tTTetteresrressciststssiiiiiiaan, (2_3)

o714 k7, =3k, /T (r igrainyglsy, k;: iup-2L£E 445), 4, X,, P 2
Pew 27 Ak "Hag, $318% 2 #9543 24e e
Fig.2-6ele A (2-3) 42 WLEE 45 Kp={k’,/(1+k,/k )=
Arrhenius o8 A Zojef, z8el4 A4 (solid line)e 424
4 AAE AR st AAY MSEE 449 AddFREg older 7
< AL Aol
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=3 s (dot line) & 1xbdue] Rud Mo 4@ioz HE )
AR Aselw o] ayem yE dolomite 9 Ca0s A4 2o
Caoel w3 Tl $E44E EE Y 399 Age vy
Aem 9 200°C AR FHAE Az Yi= Ao vgum Yok
AHAY ge dolomitest 4 4ol wlahe] oF 1.4-1.5% Ara =2

wE ez ges ¥ 4 an

2. Dolomite £2] Ca(OH),2 &$HI2 By

[.8 Ca0 wspilge] Afos Aoz 427 ¥ Prp w22
T P A F9(P(P ol Ca(OH), o ©4upgo] ool
dolomite o] Ca(OH), @4ukSe] et Ca0 +autosg A9 2

e WHeR H8d We Eug Yrungd

Ca(oH), Ca0. H,0x CaoO
k, k,
P - +H,0 .- (2-4)
k,
MgO MgoO MgO

HEHRAL  grain model o] 2)Aste] Hashd 4 (2-5) 2 3 A

ax,  k,
A8 1¥k,/k,

(I*Xd)z’a(Pe-P) ................................. (2-5)

4714 k', =3k,/r,

F19.2-7T2 dolomitest H34lo] w3le] Ca(OH), A4y gsuo
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L47°C 8.56vol %

Dolomite Limestone
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1 L 1 i

0 1 2 3 4 5
Time (min)

T

Fig.2-7 Conversion against time for the dehydration of

dolomite as compared to limestone

A4 Asge Aol wep ekl Aol = Fig.2-8¢|& Fig.

9-73 e dolomites] =4uige ARRIAE WEHEAT, k(=

E

k’,/14+ky/K,) 2 AAtstel Arrhenius o viehd A o| T},

Fig.2-8ed A4e Adeld de 4 ALY Asfeltt, olF

8 (Figs.2-7, 2-8) o2 HH Ca(OH), Hitse gl A= Cad

moo Ages el dolomitest HEAe nlegadel Aozt 79

_'F"_E',
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Fig.2-8 Plots of In kg vs.1/T
g 7 USe gy

3. Ca(OH),/Cal HIgAlOIE =4

Fig.2-9¢l& dolomite 2 43)4e] gt CaOc TR 3 Ca(OH),
4 2FUE, F 39 F wdage wEss ma SiolAl HES-24 o
Mobe vebd Aol o] Z®eg Ny dolomite g Aslqe oA

T2 E WAl el Ca0 3 ca(OH), & e ¢ElE wza
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o MIY o Cao
MgO
® Ca(0OH): o Ca(OH):2
1.3+ o o ¢ ) -
1.2+ ® @ ® —_
Theoretical vaiue
Dolomite 1.21 -
1.1~ Limestone 1.32 ——————
1.0 O -O -O O —
] 1 . I L ] | l
1 2 3 4

Number of cycleArepeated

Fig.2-9 W/Wo vs. Number of cycles when Ca0O =2 Ca(OH) .,

reactions repeated
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= ool 2 wusneA pgHud sk dedd gm Wide

ol
He
ack
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|o
let
E
j:i

%
o] 4 Aels Ml Ca(OH),/Ca0A W% &%Fd == 399

so| o8 wo 7kF sBo| HE Ca0 F3bg 3 Ca(oH), F

b

Moo weEde Fu dolomited: Fdoz a4 Ausigia o
ARA YAo] wep wreEAS wlas] wgpeh 2 A3 Cal Fahgel
g8l A= dolomite s} ©}E H Ao wla felstxgk Ca(OH), ol
oo WAE A4 ¢4 2 dolomitee] oF ulgEHEE Aol A

o) 9ee agir} =z Ca(OH),/Ca0A 7}dutd4le] EL dolomite

484 BTl 2PY ATAL ANz 9eE & F adas

B Aol Ca(OH),/Ca0A ukgel wished

=
84 YHe Agsle] Ca0 F3 3 Ca(OH), @¥ug 54& TGA

T A% REsel ok ze As: Asit
1) Ca0 sopitge] wa Ashs M54 Ayl e dew e A
Fg e

7k, CaO g} MgO A o]  glo] 385 dolomite ¢ Hl—.g_él‘—E__E_ A 5 A
of wlE oF 1.4-1.54% whEc}

h. CaOsh Si0, 4ol el FFH M4 weHEe A A
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2

3)

4)

wgl 4w

Ca(OH), Zaurgs WS4 ow Asidel Agel A o
Aot Ae %+ Ak

Ca(OH),/CaoA wgrolgel wdAbge] @& 54 dolomite
9 AgHe) weed AdE ¥ & god oWy 4340 £
Fo WTFAEL e e gaEsith

dolomite s} Agel wel ¥ (me g&w) dold 4z
Mo St H4ol gfstmE RebEdA wmE AR
A AEY AfelE ALY Asgol w dwskz so] v

Hg s,
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H 3 & ag@!{" ol M & Ca(OH). g &3

st WSEEEA

A1A"H A =

Zrb ol Al Ca(OH), el WeHEs 1ahdke o¢ 2ad &
sl Wie] SR AMAE o)F AESA Godd < 1A=l
AE FE Ca(OH),/CadA sliukgs FAszgld 8% FHoE
Aa7ke FEAY DEEE dok AEsHch 2 Az Ca(OH), o
o LalukS (S5 ol A@E mRelA Aoyl w el FAHFE F
< @ "adel =t wekd o FelAe APl FEIH FUF
WO 9y wyez wgAags AAdelA Ca(OH), o dvd o

ahgol B Az wHelA Aea Aelvh W e wWsAAA

4

of AN HtSEFEEA HEe| W AwzAe <7HFE Srinvasan
= 7 R113(trifluoro chloro ethylene) 2] |&£3 & £ F 3Urh
Srinvasan 59 7% Adstd A=A WG dAFe A e
Fujii =% & Ca(OH),/CaOA w2o] wisdte] zietaeold w8AEE
Ao sta  ZA st AP ow ez Urh F oW gl
Ao ot zbalr wedFewe Atadst ASE Agder AHAW¥dn
ot oo Wy Aukalel HEE YA Wdch

upepa B ol Fo|4di Ca(OH),/Cal0H urs-& sdddzo 4%
ALE padle] o FUiAd (TGA) o) o Zghddiedel Ca(OH), ¥

Po 0eNd e AANNE Ca(OH), d¥dl WEHEE WL #4 (no-
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B

nisothermal analysis)e] ol&f A#HHq F% G ERHE =E530

2 FEAFE Agder gt

2 ool o b wWeuksAY AdAdHEe 13 Ed

Bogk ASE YA (carrier gas: @4 ) oA el Ca(OH), P& Hh&9

AdA A} wastg v, ekl wE Ca(OH), o ey £xZzx &
Z

272 GFe dFAL FTEHE A JEFE &g

Ca(OH), 4T WAd 87154 e $Hat: Agos ohdy

zrol &) (dissociation) e o] -Fx)xu}
CaCOH)z = Ccao _I_ HZO ................................................ (3—1)

ofdl, vt JMELEsE YA FALed dEsidl dd A4He

271 94e UAT @e A "ek o) 4o 48 (phase rule) 2

Beo) A,

AN

Ca(OH), 7 dEdlistd A (3-1)0 AHdhrlad
dol},

weta] 54§ (component) ¢f = Ca0% H,024 2482 2 4

K

W

A Cca(OH), = %A% =g=g Ca0% H,0=z Igslm Y= &

t

Stk = "o 2s= 4 (phase)d 4, P& Ca(OH),,Cal, H,0 24
3ol Wi Fo] A% (degree of freedom) Fi+& W.Gibbsel  A-84

oz ¥ F=19o H=x}



T 2E7 dAshd e oele A= Y UL, F e
< A% e A =l doz wrey Yol UAT Aol o
Yol dgshe 2wr AgAA o

o n AAFedE Afoiix (free energy) G, ol &3] (enthalpy)
H,dl =27 (entropy) S, Adj2% Tan 3y g Ao g ey

+ sk,

i FAAZE AegdH 14 gedH 2= R i
= A7 L,22 274 Jdgurs g wy °] HMirst ex T =

2
Zate] deldrlm stm, o] 9z gua .z Fdsbd  dgx e

T Aol EFE 2geriz] g M AG' & wgo] wE o AH®,
AEZ 5 ¥ 3} AS° 2t 2 (3-4) = 5 AGO:GZG‘Gloz(Hzo‘
Hlo)’T(Szu‘slo)7]' A, o] 74 AH'=He-HpP =2 AS°=58,-5, o]z}

2o B Ao Ay,
AGY =AH =T e AS% oot eeeeeeee e (3-5)

T AdA e WYl FANR e weAd4 wemHe o

oA Sobe @ AGE Hed ge dez mage



AG=AG° +RT 1n Kp ................................................... (3_6)
o714 RL gty K, = 257 dAY o dHAD #FTE 2=

B golvh, BIY Agole @ods AG=0c]m2 4 (3-6)°% FH

o 72 Aol A¥gr

AGY = =RT 1N K, rerereeorsrssrrmm it (3-7)

o] AL FH Ao Askl do

AHC
et L L LT T T T TP PP PP PR PR PPPPPTRS: cinaenes -8
t AS°-R 1n K| (3-8)

add oAy B (hetrogenious system) & g 7tehA] &7
Fol 71d 9 Edurez depd F gle AL w® Fdsx drh whEA
e Trb dAsA FAFEEZE AH, ASY o] AAAW wbeAs =
Az g w97 dEE Adek 71 ¥ 5 K s weshe A
o] "t z¥ug In K, 9o ge| FopxAl Hwl 4 (3-8)9 ¢le
2 el HER AT 2x To g RHopAA drh olw dEsldess
bzl gt AR e oeb gg2xs Asrr =57 wE

of Fd&z miE EskddEel Aivbsdes depdae e Aolrh
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A3 Az 9 owy

+ AfeA AEG AFAAY JREE Fig.3-1¢) A A4
of ARG AHE 1adEo|A oFd TGA(Model : TGA30 , Shimazu
co., Ltd) =A ellAlel4  wbGE Y77 st zF A" He)

oivf. A¥FA U AFe Fig.3-i1e] AR wvfe} o W7 ZE Fel

A Agmsh WHEA de% o] fsje] 600cm’ e $EEv] (bu-
ffer vessel) & 4x|siglor), ATWUE 5& WY 4+ & oo
et AFEE AFEZE AEAAA wnzde] osel U4 g

v Al AHER AR HEdFel Temql Ca(OH), EFAer (Junsei
Co.Ltd) o Hutelgleh, APwWHe 24 o 10mgy 82 45
BEEA FAE £ ¥, o)% TGAY sample holders] wo =,
ESA el A A ATEE GAe] st ATHAZE B
TR WAL AP FEelA FAol A BrbFoz B A4
tHEEh Aol AAE SR, & ouEe Ade Al Ader s
TGA2] Agon £dHAZ z2ds1gen, ca(OH), d%ae 93 Am

o AL gl Pzl TCAY od dEdez 2A, s Za)

;R
+
H
po

g4 " kb shelde wre-54e Wi, EAEY] o st

ne
-
ofn
o
>
o
fr
)
4t
Ry

-29-



snjelvdde [wjuawrradxa ayj jo WeiZL[p 2T30WAYIQ [-g£ T1g

SAIDA 4D)NBUDII]
SA|DA
dwng wnnopp

1Ul0d JUSWaINSDay
ainintaduwig|

19pjoH 9)dwps
d918WouUDiy Ainddsp
0DUIN4 2U}23]3
19SSaA 494 hg
a2uD)dg

SCISNCISICICACICIC
-] X
©

)

@

-30~-



& e - 750K

sd €% 2,5, 10K/min

A 5750 50 - 80 %

2-Ae 9 (total pressure):(.023-1.0(2.33-101,3kPa)
(2 o HAAG(2E) 7w ZF d7E vz Fad ¢

HYgon vefgict)

Ad4d 4xda o 2

¥ kg Aol gleld Ca(OH), wurge] g Xt thest 2L
Yoz ey TGAZ =4 FAMSE Su FalAw

L W Wy e, (3-9)
I“MCao/MCamH)z

Xy =

A7)4 M EALE BASE], Wb W,k zzt QAT BSAge] A

Hak §o ARFASY 27 ABFAE vebz Yo
1. S201M2 Ca(OH), E4HIS

Fig.3-2% ul22%x 7 620KQl S&z75ko4 =4 (total pressure

T=1.0, 571 P=0.009 Aivlas Eo{idle AWA (55718

4 P=0.008 Ca(OH), #vis HFANE =AZ zlelrh & 52
AgelA AAAle] Aew HARE xEshyl A sl AYHAE= A

$7b Qemz mA Folx
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HeeEst FoAA A RE) xzsteld onl g WAALE B
B9k SKAE e LR sl 5847 F owbE slddEz 43
sk, WEAA Sxuch o SKAR WA AsE ofk HEA
gl Qeludl @m He Azl 4t wsemnAN g2 9@ A
olth, Fig.3-22 %8 wgAY e UPARoEH  Ca(oH), o <
Pa&Es) Aaskas FelRuli A @A (open system)xvt FAg s
Al (closed system) 7} 4ds] #Heprlds A& 4 ¢ Uq ALwEA
= AgAle] s wbgEde zAWE 3 gAY A A AdE
A glo]  EX|FA Lot FEdNlE $< (chemical reaction control)
zrdol4 el Aol ¥ o],

Fig.3-32 Alvie HUE WA (T=1.0~0.039) 2 3Stq ZA5H5
ohoolwel zAe BFY SEEY 5 A7 #3718 Pi=0.02,
SR 679K BFe %71 Eehe R (hygrometer) & A
g3t EAstgor, $E/4 2209 4P4e)) AL FYBYE o 2
o4 A whel o] MY mrb HAUSH Ca(OH), Y WFSEHEE:

webehbs AHg A4MoE @ F gk =@ Ca(OH), o g4ug &

O

=& UslAMe HHaed we sk, A Trh 0.1280 3

i

YA Aol

rir
)
P
2L

™
i
ek
S

2lE AuAe Aend  webao:

ARdg Fig.3-3e2 HE % 4 gl
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2. HE20/Mel Ca(OH), EHEIESUIE

derde el SeAdel olA Foldl wgems m2el AfelE a0,

NES 9Ae GoeEsd AAAE Hyeld 4w Ast el
AgE, @epa o AR Afed gHAde Fuse AL ARET
ggd) WelAzl W o] Eesivh wepd AhgEeld  Ca(OH),

Wesre AL MEe W A% T YR AR

WSe weAEe WM Tl Ca(OH), @¥d wdel dofhs 2
© = we AALEE odol¥ Pask Urh Fig.3-4g spAFEA
2 pur we AAdexe WstE ek 4 REsl EE 1A
exgr e YA AegEed ARE s A ASAdd AR
o TAMad AAE sadel exs HAd A wE AR
Saich Fig.3-4ojqi aebad W A4® Fol Hde Awd 4=

Gep Qo 4Zrle Bohe Ao 0(zero)o] st

ol

o] ugoem BE sdEest A wer 2y S AALES
eooive olEsm Yeg & 4 UArh olsk Fo] AAFEA vl &
weA A ewrt walehbs olfi obdz HAIA Grh ofel HRE il
Fe AVl wddakA w@rlE dvth

B Ao WAL Fa ] o SohnT 0L wlEHE uh-3-A
8 =9 yuz HA 5K/mingd FPei 2K/min, 10K/mine 7y &
8 7R B

Fig.3-5& =alukg7zl ol 2 Awzl abgAA exet F57 wd
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1 10
Heating Rate a CKmin' ]

Fig.3-4 Effects of heating rate on initiation

temperature of reaction
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sel mAES wASHch wgl W 437 ¥eke Fig.3-3 ojAeh %
o woz zEsiges, sldEEE 5K/minc® Fch =EF Fig.8
-50]4]: Halstead %'V o} AAF WIHIE P EASKT o =2
e-K:

Ayl wEe] #Hyexr Mrp e 2xod APHE ¢ F A
3

1=
rH
o
2
2
rir
o
¢

Yoz ¥y urse AA Halstead 59 WS

N

op &Zy Mo Pyl 0.02¢¢ °f 630Ko|A| 7 Ca(OH),

= wrewy Hy 50K ¥ 9 678Kelrf,

I

o A8zt A 2

233 AV Ee gaAgewsd wgerrst @ASA Askde A2

ojake. ARyl weAALEs sE4r wmE AWl Agze]  d sy
g2z AL AQZ st HHsged, gegl FE g0l AAHA ¥

o+ o 7Axe HAe shmA @

. Ca(OH), 9 F¥H WIHE

Fig.3-6& At TE chAusR shel slgFEst SK/minddd wg
eugad e A Y¥E udepd otk m o ™ot Asrts
S 53¢ mu: A (r=1.0, P=0.0)8 AE A vehdglsh
Ays weAALEE Fig.3-5od oo Asst el Fig.3-6 4%
Ayl Ztel wlelsled wepdge o 4 sleh

Ed wgsEE A Trh 0.034 ol HE BYAREH Awlrs o
o wale ¢ 4 Ak & Feldi ook Fe 4AAHET o] 3

chez e wgERd d4svlE sl
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. Ca(OH), ol ulgHn a4

o8 wbEEEA, 4 (3-10)-& AsketelA  Ca(OH), 9 WEHFxE
Alg AAsF 93t 1adwe 2 w3t grain model 2 ZAE 3o
dutsta Al vtepd Aeolrh HbEETE Ca(OH), o x4 whEEo sl
m3}, 557 84l Heled ng Az shdarsich

dx,
ag

= Kgq(1-X3)™ (P -P)" v, (3-10)

714 kg WeEFE Apeld, PoE UEHd 4YE vepidh ugd
o

& P, Halstead §'P of ospd o}3-2 2+ Arrhenius g2 i)

e 1.

053.,

Aoz FAE,
P, =8.80X10% exp(-1.042 X 105/R3T) ..................... (3-11)
Gk

[}

1) zA3§E 559

o
cl

FA A G-10) 4 WA mg AN AY 2AL 5] B
PE A9 0(P=0.0) =& P o} & i (PKP,) 243

o, P OPO zFrow FEH A (3-10)¢ uUSEHERAF k,, uRSHYYL P,
of wste]l 41(3-12) R A (3-13> /AL ARRFoEA 4 (3-14) 9

o] 7hsks] =l

P, = AeXp(-E /Ry . T)  covvveriiiiiene i e (3-12)
'k'd = A’e){p(—Ek/Rg,T) ............................................. (3-—13)
dX

dﬁd =A".exXp(-E, /Ry .T) (1-X40T  orerememmrieieneane, (3-14)
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74 A% A = u el (frequency factor)elx, E o E & ¥4
3l oA (activation energy)e|r}, 4 (3-14)d]A A" % E, = 7} 7k
A”zAnd A’ q:;:_g Etanp+Ek O % q—/\] éé Jﬂo] qu

AF i WeH4e Freemang '® o yHE HEeH,AEgx T

1]

g zJex T, % 2 AW AYEE, a(k/min) R sdshz Fl

l
)
ajo
A2
lo
fru
kel
5
ph
N
30
)

A(3-15)F 4 (3-14)o] YT F opdel A5 A wHedel 4
Feh,

A E
= 1n( a )"iiéf—km-ln(l-xd) .................. (3-16)

g

934 Zagd qele 2ddA dX./dT, (1-X.) ¥ T g 7
2 oolTe e A (3-16)¢] A 5§ AK/dTS Re Xe 9 T
of Zael HA Ayl Aol 4Rlg EEStd el o3 A
% ek om % @k A% s Az EAS] ey chg
e A QR

dx, 1
Aln dT) E, A(T)

AIn(1-X,) m= R, Aln(1-X,)

A (3-1T) 4 E,/R, ¥ m9 & (AIn(dXy/dT)/Aln(1-X4)} vs.
(AQ/TY/ AIn(1-X O} 2 =& zzid 49 7187288 EJ/Rg,

dgen §H wgAsE mg FE F oo
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o4z e wyes Ca(OH), J¥d #§g WELoE FNT AP
g WA AAye sgae @ Ash Aok wEA e 1A
o] olul Mwd Aaste FEA Wit Seug Adeld AL

Ca(OH), @i 24uge]l wexs mol I AddE  AERF2A

Fig.3-7.2 Fig.3-6¢] EA® s gHspeld ukge]l APHE A
sk §5A (P=0.0) 24 A (3-11D 8 WAL Agotd Aol e
W Aotk of7A WMeiEm dX,/dTE X, vs.T F4E #H AR (least

= LBy

square method) .2 AaA g ulEeld of & A viEdA Tk

b7

5l m=0.670] ¥, o

e
4

o] el Awer FH AT me
e 1A4ds AZRaddd ¥ug 5298 A4 grain model &
a4z st oo wheAE m=2/3% F dAGdE Ae 4 T A+t
weba] ook e WS AMel SR ARG o A G-1D WA
2 Apgsped AAS wgAzde dHAR WEASF mg A4Sz #
v,

Fig.3-82 oo Fig.3-73 7t wieg (Aln(dX,/dT)/Aln(l-

XD vs. {ACL/TY/Aln(l-X0 22 wAs zeleh of A#Ae 23

o =gt wrh w=0.026, 0.032, 0.034 24 FJ¥] &Y Prb P=0.0

=

ow 2 4 g otk @A o zdeld AHe FH MEAF m
& Foue m=0.00) HEa £ AFdy HaAE $4 0EIF m
3
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of m=0olztz ¥ 4 Uk o] A#AZ T Y
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A e A4
@ F571 &4 93
Seld AdT wbeh el AAAe] gleld Ca(oH), A¥H wEUS
= AT ES 44" £330 Biel AiAY ez f3sma o
k

AAE A G109 PEEE4s KeEF 9S4 Hur] wefegs

A7A ayn Adgrelm, APE AP=P.-Poln, ngi: APo] 33 u
A EA g gel AAelgic

F19.3-9= Fig.3-8¢] ZA3 AxAel AdelojelE o434 In(dX,
/ATy vs. In AP A2 depdl otk o] ol  uehy w2
°of WMeEHE dX/ATE HAY w2 parameterz 4 gy w g
T APe] wlastn gles], 1n(dX,/dT) vs. 1n AP Aloloji A gA
boAdde ol AdY AgsE FEH O WSAs n,E Faus, wo
TE7h 620-T40K gSolAs A mo]l A @YU ng=0.5% 4
A AT FE Y F vk @ed ca(oH), PR Sriri 4=
1 SRR APOL 0.5 Fe] udidlohe e Rghd, o)sh o] ziqFAbH)
oA " AbgAl e 2leld  Ca(OH), o QB wimledns) AP
A 0.542 vagos o4 29de #Ade BHH Qour ooz

AEHH Fol Wetd Axy wes g
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(3) HE7) g+ AA

AR7] SRS ke, & Fig.3-99 Augen F¥ < o o
A AAE 4 (3-18) 4 Fig.3-64] AT dHdolgi o & 3o
Toted, 9 3 ke, 9 URE Fig.3-109] HeEpl el Fig.3-10
of EAR ukeh o) ky L ghe wSLEe] wAIde] AY UM e
Hehz glodh A Mol whab gkl Holrh ALL 4 £ Yo Aol
oo Ka,s b wotel A WSH A dEss] gdle Fig.3-11

ol

rlr
ofy

THE 2-10k/mineld e A3E k, (9 wole Az 4
SRR of afem B B oAYWe ueldi: Se4n wmi A
To7l s AAlgel ke % AplelE Ao dAg gawAs 9w
oo Kee G AFE wel walslel AXgE A, 2 A AT
HAFE AdE ¢ 5 Ao

2 gheAeh o] g ki, W wrS e} el lex ge

»

x2

e #AAF Lot Uk F AEAA de Ka,s»m 2 ng9o & 2
Sl 4 (3-100°08 HEY Hag X 9 % Tetel  #AlE ol A
At ANEAY wlmd o B Fig.3-124) EASHTE o] Zel4
44 (solid line) .o 4] (3-10)8- Runge-Kutta-Gill ¢ el o8 #
& AWl o] 2ol BE wpsp po] 2 a3l s
FE H AN "ol A Yo] A 4= 49445 vay A
AdAZI Aok 28mRr B offey T3 HEEEAL Bl ¢

ek 4 2ok,
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A5d A =

2 Aol AgAdelA Ay cuigqss e ca(OH), -

ol

Sl grubel sl TGAE Argsied Adslgod, Tadel WA of 4]

B
L.osdda 98s AALEE weAWY £37 24 Zao @i

3. AAMSAClA  Ca(OH), dRd WSEEAe] oy AHEL oy e

hosA HSERel HF WS AE 0 3folch

BT kAol W% MeARE 0530 g

% A RGEE Y55 SLEe] el YAl

hoTSANE AN LA MeFEsl ad gDz 2dzi 5
gl

LoHddEIE o) 8% A9 3944 F Ausde wexege 7
Yshiesd 2dLEd Ao (e 9400877 geove Py
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0l0

M 42z Ca(OH). CaOH UISE 0|28 =g

Eugtriel Wasy

A1 A E

= BelMe Fd9 @ Sd sl5el #a ATE FHGd geojd
8% o2 AL AurbA dFFEF  Ca(OH),/Ca0#]  Faipee
S99 dwdrl FAee S8 9 siEtolm mo] B EHS oL B
22 AW dbg7l (reactor) ofx el wled EAel Wste] T Sgstgd
ct,

Yoz ofelsbl Fdy F A% (pebble) wi Alm S o)
99 F9HE olgas dFRE 39 U $94Y FELESY (trans-

1ent temperature responsa) E4 13-16 # AW 34 7} (optimum change

over time)'™ Gof sle] ek welalolel HEel oejrir  E£Re
FEEol T AT AL S5 gk o] Ho EggxE olv) &
A A Ess]e] o] gl gow, AZeE K7 wE Ty Btge)
BUSE o &ste $9Y & doiiadd didte] Zoe Bam  sule
Astel  FAFA Al Al rrl @ws Az ol gF 54

—

%;
Grgdl (naphtalene) ¢ A &3 #9%9  AE (capsule) ™™, 7]
& 3

SRR EE I S

o F4 7 %, polyethylene?s® 2
A9 F93A 5ol A4 AEsu Ao
@ R Aol S ol EstE FAdwWe AouA sl sa-EA

o
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2 Hol Agsum Afoldm 54 wgd "az WA ged
o] ZYuy-r JduiHoR HE wigao] dd mL Ao ulde] A

Ao HAgA zZ7l o Fo] 2

E 0, vkl g D g AEY HAEF B ded, ofF wg
Al elslols A el S WG S% Sol # AT mudw

et

£ AToAE 13hdmel Hmdl wpel ol whgodsg P slErEe g
A7 CaO/Ca(OH), #AH&3d (packed bed type) & 3le] 232
Aowksol fubEl= Al o 4 A9 Bazld @4 w9
scale-upol w& factord 2yl 3 FHor AR(Ffr)d Ay

FAelA WA AEE e

A2d AgEaz 4 9y

1. AEEX

BoAFelA A8 FYAAE Figia-lol £AE wsh o] &7

1- =

Cile71), 571 A7 3 F7 sldrz FAse Ad wA &
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79 &4 %9 (test section) & Fig.4-29 o] 2%F3od  sejglm,.
A g Fes Ar]l AR (obAAYAE, AL 1000°C) 7} AR E o
e, of 7l9E (fumnace) &= on-off ojurale] oa g YR
dAT xR A F 9EF Hogloh Wz (inner tube) whS-E (W
7 120mm, ©]7 126mm, o] 600mm) % 9 7 (outer tube) HALE( WA
220mm, 27 226mm) & Z©i# 27k (sus 310) o2 sejglch wakel

ot Ca0 <¢l#AE FH% 4 YEE 200 mesho stainless-steel
1

FAEAe 2 HY LEE U3 9gHe FA(r=0)d4 32
drE FH 3R zZHHoR z=0.01, 0.075, 0.15, 0.225, 0,.3mo| <
A, TAF HEgEe] FA9A(r=0.03m)el4 z=0.075, 0,015,
0.225, 0.3me A, iz P ozke] FWMEYo z=0,1, 0.15, 0.3
me) 7 YA A4 CAGA (K-type) ol <& Z=As+dr}

a8 57l A FAE olnl 1AW Rl Mgl upel el r}E 220

mm, A2 150mm, o] 180mmel A fuwlAl LrZA KrlUE shebioel:
o gzol 1KWA 274 A 37 dxHgged, 8719 AR

obz]u M (safty valve) @} =3} Al (stem pressure gauge) 7} A 2] =

8]

o sleh = $E71 @ gAe] FAF Pobwsl el A f (sight
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Steam out
(High Temperature)

Humidity
measurement point

Thermocouple
(Temperature
= ¥ N * o Mearurement point)

[T
H

fL

Cao
packed bed

Steam 1in
(Low Temperature)

Fig.4-2 Schematic drawing of the heat-storage-release

test section in a packed bed
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FAsiol fsel s (over flowygAls

A
i
.

glass) &t o4 44T o4
alSold Rasigow, wlsks §%r9 o 24 Felda(slidac)

Agslel A zddweo= YoHch

=
=

27 steAE AR ALE(elaAdA, AEEE  800°C)o Azd AL

o

40lsle] o 800°CAA  roje]l rHEEhd, on-off 1Ao7

ﬂ %%7L%' @

(temperature controller)-s} ¥-#=e dAHZ 229 278 d8 F

Qg 5ok,

rlo
Job
o
by
o
wlo
N
A
e,

B oA#9 AnRy Table 4-1 o] viehil wish 2

-

% mE4 AAANE SN

Table 4-1 Constitnent analysis of calcium oxide

32 _
AAg] | 96.3 % 0.8% 0.1% | 0.1% 0.1 % 1.2 %

Age odx A4E A 5E 16mesh o 20mesh @] 3 (sieve) & A&

=R A
S= AAgen Al Ca0YAE FAHS 0cmEel® AEH .

As ox (o 700°C)7A  slodsle] CaOst FrlEe]l Fiel A 4

o) slEar 4485 ANz oA AP AdE Ca0 sixek &9
1E]o]l ZFHHE  on-off Aoigbale] 2& LAY 2

A A= HAS

= (150°C-350°C) & &= 3dlgir) Ca04ZE
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7b dARA =@ AL IS b, 5 HAVE fE dAg Bk
5715 44T ffoR FAFNE =UAAA wddEE A
ofel ZAR.92 7 A LR FF/9 Ca0 wHuwkdol  AlFsko
7 wlzlx] Digistrip [ (Kaye Instrument Co.)e] <44 (thermo-
couple) & Az dFHoR 23 3 ISt FF LY w4 H

o4 9 9 BUe sk E@vies $£37 w4 FI

rlr
2
a
ofl
e
Y
i)
i
[o
e
)
no
o
b
oy,
ot
0,
s
ofr
ok
Ry

@ 376 EFEE4e FHRY T FEtaE AHN A

e
=4 ( ~9]~ MBW Electronic Co., Dew Point Hygrometer BPg) & &

exchanger) & $£¢ A% ofulste] Ba¥ol AL FAE Hofu

q71Az Ca0el gahbgel fdl A EHE do AFgA me %S
A E Auksirl Flste] "Rk AFY HelHEA Ca0 FHINA  FF

Aohe] Gapdgol olF exwste RdE o8 ol Amsid.
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1. oldjAlgd 2 2T =3ZES2 numbering

2 dFelAde B Aol Eorirl el R AAY EAL sy
Hosk gldh Fig.4-3¢ £ odTelA AL 50 gAY A
= 27 M3 dwele g AEd Ak s £3571E S$EAAA gL
=9 <ol #AE udEhd AHelrh of zHeld FE57)9 ke ARF A
el ArlEES @ o dov, FEU8 F (YD HF AGX)AelY A
#AAE Y=6.82445X~-115,054 o2 e 5 gl

Fig.4-4-2 <& (thermocouple) o] 44X 9% 9 ¥ & (numbering) &
WYEbd Zeoleh a#e]4 19w dAd= 4717t & (electric furnace)
o] ZEAle]7lel FAE Zlolth o] delM i Fig.4-4oi4 9 e num-

beringq+] 93 Xrs7IE sl

Aadt det @A 27X BHEY, dddadn AA9ny ANe
Aooln), AGydmIe ALY £EZYE oty mee 4£ZJE d=
Ae2 FAY (annular part) o= S35 FTEx L= AL
DA TR ARl FA (L AFelHE TAE ALF)I Addl

o] 83t ASolrh E ATl ofem ol of Frkxl gl o st

7b. B4Rl #FAS] EEo] e AR

Fig.4-5o4 Fig.4-T72= CaOFAFdl 59 S77 fdA4 8
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Center line

e g g

Inner [§ Annular [

part [{ part
! Furnace
: 119 el6(®6 |3 e
109 ®15 1 19
5 9
o ®l4)@ 5 il 2
£ 3¢ i3]
v | e 1
129, ® 17

Fig.4-4 Detailed structure of the thermocouple alloy

W Ca0 Fshibgol $ub¥lE £ME9  £4 (center) oAl Hweke) ox
WSS Aol web dehy Qeg  Ca0 & &9 E R GRS
(parameter) 2 algich, o] 5 Zo4e Adzro FZ7 Az
THO FE7l MaSrEE T04g/hrE AR ) shglor, &d&(x:
HES1 09l MdAes Tsik Fig.d-19 194 2 A4 (thermocouple) of
A4 e LE2A A7 200, 300 Y 400°Co] o, o LEX = on-offz)
7] (controller) of |8 AHaA GAqui) mwa 442=71 200,

300 % 400°Ce] Aol Ca0 £x &9 2% 72 150, 235 L

330°CR ebde o]F zyez vH s
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Fig,4-10 9 Fig.4-119 $£379 §FFE WA FE st FAZF
4 gAede LxMaE urhl Aedh olF ue 379 fol
27y 977g/hr 2 430g/hrel 3, $3&e 7] HALTs 400°CE Sh
ok oS 2®T Fig.d-Told FEAe figel Fuw e 5%
Ca09 F3futgol wel AFHELE & F dvh o) FIFY ol T
Gol @l Ca0 Fahubgol o8] wAsE AL Gl FEAA &4 3

fElogxd Ay Ao A st

. gayel A2 BF0 dE A

—

L5 0 BAE Y AAA

ik

Fig.4-12 ~ Fig.4-14.2 3l2H3o|

ApFAAew FAFe xS vl zolth Fig.4-12% 3 g
2 : 7 =

A7 pdEe] £xE 400°CE  settingd 3 Ca0 FdFel
Azt FAlol Fabi-ol Aol FE KA dag@ AR Agele,
Fig,4-13 % A7|7ld8e £x% 400°CiE settingsted Cald F3H Zof
2Z5 won =i Fyrstdzol 2xdelrel HY-E off Aslz air
of 93 dms Avle Ffelvh m Figud-li G0 ASS 2718
= 115°Colld  @rzbedEel 2EAere AMSA @x Cal FEhkgE A

Ags B #4Te FTrEEel ¥ dadtel deivz FH ol o

G zelo® HE Aol fAe sEel Ue Ao delA gt
Lo EE2e] 9= AL wpErAE CaO FHF 9 TolA EFR u
Lol AFEz Yee ¢ £ odrh wI HEHIREE fAse ATLE
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gts] Fig,4-15 ~ Fig.4-17% 7z} Fig.4-12 ~ Fig.4-14 9 Z-2 4

e

27 stolA Zuwigklo] Z= 15cmel4 wbAWTe L FES  Fig.

He

4-99 7o wpdow mAsIEY z¥Ee 9, 14, 5, 2+ Fig.4-69
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test section in a packed bed
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At & 71 z
a = frequency C-J
an” = frequency (min~!}
a = heating rate (K-min~1]
C = number of component in Eq.(3-2) -]
EE, LB, = activation energy (Jemol~1]
F = degree of freedom -3
G = Gibbs free enerqgy (kJ]
G, = steam velosity (g/hr]
H = enthalpy (kJ]
K, = equilibrium constant in Eq(3-6) (-]
Ka s = apparent rate constant for static system (min™!]
K; = reaction rate contant (min]
K; = reaction rate contant (m-min~ 13
M =molecular weight (kgl
m = reaction order in Eq. (3-10) -3
AP =driving pressure term (-3
R, ,R = gas contant [kJ-mol 1K~ 1]
r = radial distance in the cylindrical coordinate (m]
re = radius of a sclid grain (m)
S = entropy (kJ-K 1]
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T = absolute temperature

T, = absolute temperature at the wall
W =weight of a sample

X, = conversion of reaction

Z, = total bed height

Z

8 = reaction time

T = total pressure

{Subscript)

e = equilibrium

i =d(dehydration) or h(hydration)
J = j-th species (j=1-4)

r = radial

s = static or setting

o] = 1nitial

= axial distance in the cyclindrical coordinate
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