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A study on the Measurement of Effective Thermal Conductivity
of Adsorbent in Adsorption Refrigerator Packed bed

Byoung-Jin Kim

Department of Refrigeration and Air Condi tioning Engineering,

Graduate School, Pukyong National University

Abstract

Nowadays adsorption refrigerator that can utilize exhaust heat,
having relatively low temperature (60~90T), from factories is getting
much attention. This refrigerator has an imperative component in it,
which is a heat exchanger consisted of adsorbent packed bed.
Therefore, the refrigerator's performance is greatly dependant on
effective thermal conductivity. So when it comes to optimizing of
designing a adsorbent refrigerator and improving its efficiency,
developing a adsorbent whose packed bed’s effective thermal
conductivity is bigger than a conventional one is crucial(lor a first
task to be done). In this research, we had taken several tests to find

out quantity of effective thermal conductivity of many conventional



packed bed (especially silica gel and zeolite), and performed
experiments to see how various experimental variations(the adsorbent
bed temperature, pressure, particle size and water content) can
possibly influence on effective thermal conductivity.

In case of measuring effective thermal conductivity of adsorbent,
embedded in packed bed, we used a transient hot wire method
regarded as the most trusted one in terms of measuring effective
thermal conductivity of liquid. From the findings, the greater value of
water content of adsorbent, the greater effective thermal conductivity.
This is because water, whose heat transfer rate is bigger than a
particle of adsorbent was contained inside of adsorbent. Besides,
variations of water content were the main factor among other
experimental variations that greatly influenced on effective thermal
conductivity. As inside temperature and pressure increased, effective
thermal conductivity tends to get increased. this can be regarded as
particles’ active moving in flowing layer. Effective thermal
conductivity related to size of a particle, that tends to have a bigger
value as its size gets smaller. This result is revealed obviously
especially from the size of particle range: in between 0.5 and 0.8 mm.
Unlike other bead-type particles, a type of the particles is granular,
having much more contact area. Under all the given conditions,
effective thermal conductivity of silica gel is bigger than that of
zeolite. This can be regarded as the fact heat transfer rate(0.37 W/
m - K) of a silica gel particle is slightly bigger than that(0.18 W/m -

K) of a zeolite particle.

- v -



=~ o e 2o 7T Z

-

N < 3

R > O

-

Nomenclature

: Exp y = 1.781~

: Specific heat of constant pressure
! mass

¢ Pressure

! Heat flux

: Heat capacity per length
: Heat capacity

: Radius

: Time

¢ Temperature

¢ Volume

: Volume fraction

Greek letters

: Thermal diffusivity
: Particle density
: Thermal conductivity

: Euler’ number = 0.5772~

Subscripts

: Condensation

: Evaporation

[-]
0/kgK]
kgl
[kPal
[W/m’]
[(W/ml]
[W]
[m]

[s]

[C]
[m’]

[-]

[m*/s]
[kg/m"’]
[W/mK]
[-]



ad : Adsorption
de : Desorption

eff : Effective value

_vi_



A13 A E

1.1 439 WA 2 53

A2 QB5Ee) B4 v ANY FARR 2 2FVAE FTHE A
gto] TR 9k o] s WHFLst FA3 FUsL ed A
B350 & WHE ATAUAE o) SskE FFA v} Lol
A Qg AZIAE FFoE Q¥ AV AddnE P2t AR AR
5= 32 gl

e EAME Aer] AT WLoE 2 ARI s Y A
dro] ghts FAHZ ek shze] A% AVIskE WAE AL L o
Exdo B F89RE AR gouR spaddir)e] Hie] PR
R Z7pEQ QA ez T&F o) fo] e, HE H LNG A
A9a 24w AREAE A 5 Ak =2 AWl A5 2EF
st 2729 CFCA 4ol HA dHes & wgg 59 A YiE 4§
dnz $AA ZUAAE 2 o|HE AL Yok AT 2 =2
=Wy 3 osdd 34 930 32 F5 22 Qed Ashd-
o) Ae BAAA MAEAAE wzA A L260~900)9 AL FFAL2 4

22 4 971 B ol g AiAs B84 Agolzhe FHAH 3HE A

F24 JE7ldAE BFde $44 94 323 e d=d
Aze AAde) A%E AMstE 388 74 247 Jul, FAAAE Aes

A (silica gel) & A &}o] E(zeolite)7t FF A= Wl 77 dbg e



2 A4dc. FHA7 34 dt dadrdAs FF Ade Ediks
o], @& Aol FIuso]l T oju Y75t 257 AR £
dRHL FAY 1 dad A F459 FEQALE JAA A H
<9 BEe A YAE FAY 39 FELAZEA FMAM= ATAA
o) FAoy o224 AR FaH e, A dAEE, 4ATE 9
A7 FFRe Al dAEEeY ¢F Tl AT A7 #AHAR
gd FAAE A el gfe AFTE AR FFol dojud YAA
Aol AAEgo] W3l T 529 AYAS b HE A=Y AsHA
2 F2A 4AE AT 39 FEILAEES APHLE AT Q= 2
g w7 o

F24A dngr)e AAES IHT Ase TN M E T3
o] FEGASEo 2 FHA Apite]l Lot ofdd ¢A & dFIA
A AL453 = FRARYINM, AgolE)e FHS HAA R
AEE L NARLIAPE ol &3l FAS dIT AAAFE(FAF
49 2 25, gAY, F5 o] FEIAERY JWE FE FEA €

of7] Rl FEIAEE 54 AYAAE ASst) AP FAHYE

fr

b

=

= mﬁ. r‘lr‘ ofj

1.2 Fde A+

1.2.1 FFA A= 3% AT

Faraday (®] )7} 184836 F&4] Wl o] & Agkgt ol 192089 7
A2 U] Yiger 4 A4 ovt g2, A 54 98718 A
2 OFEA Wwe) AR Fod Addo. ofF 1970dd Fiel v
F, =2 FoA oA AFs AFHe] FFA 2 Ae]E AeIfAdel o F



ol ZJ)dE 0.5% YA £31 Pu COPE FA 0.7 FE7A F4XA3
o}

Oetel 22¢& silica gel-methanol A= o] £ ¥2 A4& FH4 4
ZtA 2o e dFslgd L A2"2 condenser, throttle valve, evapo

rator, sorption chamber 522 TFAH it}

!

Yamamoto =& silica gel-water A28 % A 439 £357] F3E5

A QlA7re] d3 EAAD EA B AFsHHI AP vapor cham
ber(condenser), interconnecting valves, water chamber(evaporator),
adsorber® FA= k. FFAE Fuji Silysia Co., Ltd®] A7 B type
7 ID typed A-§3%ith

Wang £“e activated carbon-methanol Al&®& 2435 45 23
93} #AF activated carbon-methanol FFA2gle] A5e dajx QA7
st AN2"e] FAFL cylindrical adsorber(325x1400mm)$}t rectan
gular adsorber (286x210x2100mm, 387x422x1539mm)& AH-&3 %t}

Restuccia S92 zeolite-water A 28& A -43to] 7144 & T A
LilolE A9 =o Fa AP AW adsorber(heat exchanger :
vertical copper tube(external diameter 12mm), flexible helical stainless
fins(external diameter 32mm))2® FAHged FHAE Tkg of 4A
zeolite pellet(4~8 mesh GRACE 512)& A-§3 9l

B ZyoAE 19909 d Zo FFURANEDTFLANA 2YFA-EA
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SATFRA YA 2] T EESe) AT ATE £ T U+

AE o] & A"t A2 AL AFNA AL AL

(85C)% A&3ted WE, Wid A4 & dt A=dE MEsd Yol



d FRAYS Az A4 F dE AQAANE AF, AeAHT FAY
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7+ 34429 N2 FHY 27 (silica gel 110kg/¥ S, circular
fin tube 7] FAAWA 46.9m%), FL7(FALNE 8.147m’), 37
(2A9EA 2.495m%), &5 FTFAAMF A7s1" AA), 445 FF3
%), B 5, WEA 2 FAAX, ARAITVAEANTLE YL FHAE
A2 7}A - & (Fuji Davison Co. RD type, 8mesh up)®] & XA 3}

A 2l A YEFzA2Y ART AFNH AL ALL(60~90T)
& 346t AL Y5G W3S 5612008 AAsRE FA4 EF A
2% s, FAs YA -5 A4 A TR
o] AXE AFstd AP A2 dHF A ¥ FRE 1A
FABAE st AF#E vmagceh. 72 AFATE0.2RT)] AAE
ARt P& JFLE 134Tdd FFLE7F 8~10TY ¥+E 0.18RT
AASY T Aol 2 AL 15802 FATe) FZLALASFE 84.7W/m’C
o2 AR Mayekawa MFG Co.8) 110 W/m*Cel 77% 238t A=
@e FaAT 27)(silica gel 8.85kg/% 34, $ALRA 8.0m"), TL7)(FA
dwAd 4.0m%), $271(FA994 4.0md), &5 TF A, 444 IF A
%), WBF wWHAe @ 24 A, ARZVIAER T2 FAHIAL FFHA
£ silica gel(W.R. Grace & Co.-Conn Davison 408)& A3sA<t 7%
3’15} A3 Tdde auy gL 94 s TR} Acksts S I 9
AL 05mm ALV AAT Ao s,

A $9e g4 YEITzA2 ALD A7 AYHA-EAY FHA
957 498 2L} AAYL F7s) A5 Bench scale 24 ¥37)



& 473 23t 2USRT F%2¢ Pilot plantE AA 2 FIAE BRES A
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9} ¢=2ulFy Fine® FAE Fin-Tube £ALWA 8.0m? Fin pitch
4.5mm), Z%7)(EA4993 4.0m° Fin pitch 2.0mm), $Z7|(FH A=A
4.0m’ Fin pitch 2.0mm), €4 FF2x|, 4744 FFAx), WEF, WHA
o] ¥ EFAAx, AAFVEAvE FAHYD FHAL silica gel(W.R.
Grace & Co.- Conn Davison 408)& XA 3li«}.

2 9 FZ4 YFFTEA29 AZO 474 0.2 USRT 7R
Bench scale 22 W%7)¢] Fas 2o ddEAET BedA sy 52
719l A5S FANA FAYE FEE 69 scale-upd pilot plant A2
th. dFAF SFLE T2.7C YAFELE 232CHd0A YFE 12-89TC= A
A8 o) YE5¥ 1.66USRT, COP 0.38, 1/2 #o|F AZ}e] 6002 v}et
b o) L4 EAL bench scale Bl Bo] Aisld dAEES 2 F3F

BE LS 98 235A3 s EFAGFAN 1:2,1: 6, 1

108 Azsld AL AEEE ARG < 37v) FUHE
6.53W/mK o]t A 2=q2 FHg 27| (silica gel 53.9kg/5 34, THL
BA 48.0m%), 227)(2ALHA 4.8m%), $37(FALHES 6.42m%), E5F

FA2], 445 FFRR], QEF, BEAe 2 SAHAAX, AZITVNINE F
A=, FFAE F3ZTA A7l H3A(silica gel (W.R. Grace
& Co.-Conn Davison 408), 7} 3 &4 A8)& AH-&319ld).
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Fig. 2.1 Principle of adsorption refrigerator
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Fig. 2.2 Adsorption refrigeration system
InP ) desorption process
A condensation refrigerant X1
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: evaporation { adsorption process :
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Fig. 2.3 P-T-X diagram
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Cooling
Adsorbate Water

Condenser

Valve 1 | Valve 3

oy
Yag Cooling
Water
—

Heat Exchanger 1

2l il

777 e s o ol Q

-
" Heat Exchanger 2

Expansion valve

Valve 2 |[: Evaporator Valve 4

Chilled
Adsorbate
l Water {

Q

e

Fig. 2.4 Single stage adsorption refrigerator(Cycle A)

Table 2.1 Time chart of single stage adsorption refrigerator

Cycle A B C D

Time(sec) 420 30 420 30

1 x el O

2 O X X

Valve

3 O x X

4 X X O
Heat 1 Cw Hw Hw Cw
Exchanger 2 Hy Cw Cw Hyw

(O : Open, X : Close, Hw : Hot water, Cw : Cooling water)
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Wzt QFeEE T22 AAshd, SadeAs e dxdrvt 9
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AME ZAL AIAE Yy go82 &5 YTEET TIAA AAR
s ook, gEA, A9y L dRYuc ALYz & F JE TheAel 9
At

u o
o
o
z2
=y

Cooling
Adsorbate Water

Condenser

Valve 5 i Valve 1

— . Q
Cooling /{':;, l T Hot ]
Water_ ( / III_;',, Water
Heat Exchanger 4 ent = LLTLLLL S Ly Heat Exchanger 1
>
Val 5 Valve 2
‘D
C
— g
Q Hot 5

Water
Heat Exchanger 5

Cooling g
| __Water

Heat Exchanger 2

Val ] Valve 3
Cooling | s T Hot e
Water T s, Water

Heat Exchanger 6

Lorrrrs st Heat Exchanger 3
Valve 4

Chilled Adsorbate
Water

Valve 8 {i Evaporator

Q

e

Fig. 2.5 Three stage adsorption heat pump
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Table 2.2 Time chart of three stage adsorption heat pump

Cycle A B C D
Time(sec) 300 30 300 30

Val 1,3,6,8 O X X X
aVE 9457 X X O X
Heat 1.3,5 Hw Cw Cw Hew
Exchanger | 2,4,6 Cw Hy Hy Cw

(O : Open, X : Close, Hw : Hot water, Cw : Cooling water)

InP
A

R

N

=1

Ti T Ts

Fig. 2.6 Basic cycle of three stage adsorption heat pump
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1.2 FFA A =¥ 53

A2 Pl FERE] Hy) w e AF - 2ge] AR &, WLE,
Aol Fo AAY)E AL37] wEe] ZHLA Pl AT &E
#HEA} don F5AdAg e F44d FAAste f1do] J2EE 74
8209 25 ¥ S $AZA AR FAAel k. =T F74 0 vl
BSZ (54 5)9 2Ao] Ay W AFHAE AT FUIxF] a8
et

g8 GdL AFEd FAGe FUHoE F - 2F Afo] o]FoER
Q93 - Zo0] doju} o iv)v)el FARAS] AARY FlA 2=t R
A 9fol don XNx2®) FHEs 9 I EIE fAAE ARG FF
o] ol TES FFA AMEst FAT R FAAT € % AAL
g4 93 A7ge] Hesid, F344 W
& wj9) AHAE Table 2.39) 22314t}

ool

a9
o
S
i
iu)
ol
a9
o%
N
L
=
|
=)

Table 2.3 Characteristics of adsorption refrigerator

Strong points Week points
- Less driving part - Leak worry by heat expansion -
- Less vibration - noise contraction of packed bed from
- No toxicity, corrosion, flammability conversion of periodic adsorption -
(case of water as a refrigerant) desorption

- No risk like solution crystallization| — Necessity of improved heat - mass

- Less generation of fresh gas transfer of adsorbent
(hydrogen etc.) - Necessity of adsorbent with good
(unnecessaries of additional driving, adsorption performance and strong
profitable vacuum maintenance) sustenance
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24 WEs1e ASEAY & A Fig. 279 dehl . ol 4
e 0 AAASE &4 JTFLES AWE 2t dehd Zejdh
aQeH s} Fo] &5 L5t BL5E, WAS L5 REFE HTEH
2 fgo] Tokdd. olAL F4A WEIle YAME 22 AFIAR, F
2 YEIE dgo] 65T olAANE AAHA WAl e AR 4
Qex WEd mE 39 WEudel Fe A 2 AFE EFE AFHEF
JTLE 85T, W25 YFLE 310)4 0622 F574 WF7 b
wor} A9 YFLES} 70~100CEANA 0.5~0.652 BF
o JPLE Ao A% A o) gl AAY 22 BAH

oft

™
o
:

Chilled water inlet temp. 14T-9C

0.67 0.66
0.66 0.66
085

0.85 / 0.64 0.65
/ 0.54 / [} /5‘
(Y73
0.62 / 0.62 / / 0.61
0.61
100 % /

Capacity (USRT)

(=]
a

\\

\\
o ™ ™
£
[
k]
=8

¥ i
40 50 60 70 80 90 00T

Hotwate et temp. (T) 4 Saerg v i 223

C Cooling water temp. 28T
D Cooling water temp. 31T
E Cooling water temp. 34T

Fig. 2.7 Performance chart of adsorption refrigerator
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dngr7] E& L Fu$A AZAe 5 TEFE, AFTLE H9 Wl
A EF-2F YuFAEs 2A F 5 dE FAAY AL Fol o} A2l
XN COP 0.7~-0.835° W57 AL FE3] gl Fig. 2.8
e59) 75 B8 YE5H HnE F24 T4 WE vimd Aol
o] o] A< A AL Table 2.40] Yepide). 718 & ol FHA 4
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70Co| Aol AE AASH 70%0ld E3e], 50T BANHNE FE7Hs3,
Z&4 34 4371 80TolANME AAFEY 50%°1%2 &) e
2 70CeNAE Axdo] FFo] d¥nz FA dFrE AL dAdTE
g3tz & 4§ b o)gE oS3 22 540 9ot
O dE29¢ 2AsE et A - FAFsA FHA X
wets 5] AAF 50%TE AZAL W FFA EEE F
FAe 7R AARA F £ o) YEEE L A AR A=
@ FEREe] Hol 44 #¥ L FA7}E §olsi
@ ALY ZAZTA HelAe) F- 23 XL o] &3y WEod F2HA

@ HNFd, AL 59 FEolde] Hesid.
® WL £9& FA ¢ 5 doA s B BF s
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Ratio of refrigerating capacity(%)

120
Cooling water inlet temperature : 31°C

110 | Chilled water outlet temperature : 9°C ~ Standard temp.

100

80

T

i refrigerator
50 |- - i - 48%
40 : I
65 70 75 80 85 90
Hot water Temperature [°C]
Fig. 2.8 Refrigeration capacity with hot water temperature
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Table 2.4 Adsorption refrigerator and hot water driven

absorption chiller

Adsorption refrigerator

Absorption refrigerator

0.6~0.68 (chilled water

0.6~0.75 (chilled water

coP temperature 7~97T) temperature 7~9TC)
Almost same with
Price absorption
refrigerator
QOutlet over chilled water over chilled water temperature
temperature | temperature 3C (Min. 3TC) | 7T
Regular hot 88T (driving at over 40C .
water . 88T
in case of 3th step)
temperature
Waste heat | ~ Over 80C(output over
90% of regular power) - over 30T (output over 50% of
temperature o
- over 70C(output over regular power)
(over 50% .
power) 70% of regular power) - 0 of cycle output at 70T

- driving over 50T

Variation of

hot water standard specification £50%| standard specification £30%
flow rate

Temperature
difference 5-207C (improvement to

between inlet
and outlet of
waste heat

max. 20T if hot water tank
is installed)

5-207T

Cooling water
temperature

no limitation, unnecessaries
of three—way valve)

22T
(necessaries of three-way valve)

Driving start
Driving end

generation of cooling
capacity within 7 min.
Instant Stop

20 min. (general starting time)
15 min. (general driving stop)

Maintenance

almost unnecessary
maintenance because of
solid adsorbent and
non-crystallization

- periodic maintenance of
absorption solution

- crystallization in the
apparatus, serious corrosion

_20_




2.2 v AZAdAYe] 4%

dAEEL LETUA AFLAE A4, oW o] A%y Ao o
4 AiAE AgHe =S dehlE ALEAS shtolth Fouriers) 43
o oot QRELLE ohdsh ol AelAeh,

q’ =—AvT (2.1)

oz BAAE 9 A dglahd off e} o] Hr}.
ol
AT =% (2.2)

A2t dAEEE FPsud A 7120 e Hez 9 e 482
§ A9zAe HEFL A AL FW 4AEE 8 7T+ Yok

H(2.2)8 o4sd 4RELS oL PR 2 A4 S WA
A4d AP BN FAE A PANE o o &shE W AR A

ol WE exdsl gt A% & 7 0 At A4 4T T
2 Fol A Y4 et A FA%d AAEE 1 FohE P
ol ek,

V2T =( (2.3)
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WAL g A S SueA o dhd EpHeR A9
o) TEHAWA el LEwsy} dojunz el WARIAEOE
Wes etk Y o] MgALAY LS Fig. 2.9% 2ol VEFY HEEAH SHev)
£ BEFE QM) RT AFS oF FFHL A B QA9 L=
38 2q5e GAEEEL FaE Polth o W ARe) WEE] 23
SeolA e 2 w2 Amd AL FE Ade) LEAEES A
A 902 dAEge Aow e L2445 AR Fig. 2994
A <Ay oleh MR 4228 AgeI] AT ol 4AY AgRde
g3t 2h

s

E
Test fluid | £
. o
|- 3 | time (sec)
I |
| |
1
(g ~|1
) Pl
I
Constantan 4] 1
wire heater l A<

time (sec)

Fig. 2.9 Principle of transient hot wire method
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<, r a (2.4)
dreznyg rubF "olzl Fo 2EASS Yehd
AT=AT(r,t)—T, (2.5)
2 Yehd § gl
AAZAL &3 o] R
t=0 € W AT(r,t) =0 (2.6a)
>0 o o LmATEH =0 (2.6b)
linr- 2 = —-4
t>0 A W g & 21 (2.6¢)
A

Qg 97,7 dASTE SHRsdAd (249 #E Carslawst
Jaeger(1959)!"%el 2] 3to] dh&35} o] Fojxl},

2
AT t) = ——fﬂ Ei(—4r—at)

(2.7)

9l AelA Eit exponential integral® ol e} Zo] BFojd 4ol
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EiG) = f :OX ~lexp(—x)dx (2.8)

r=a 9 A% a7t B & HEZ AENE FREFE A

| a « o o
T da (2.9)

q714, C=expy=17l" - -

$ AejA & 0.5772... Q1 Euler AFolth. 249 @A Fo] F& A5 4
(2.9)8] EAE o] E FAY & 9on, ANEDANA ] EEZFL ofH A
o7 Z¥H].

47 a’C (2.10)
wzhx] A7ke] Wste] & EEA4F AT(a,t)F st [AT-Int] 2=
= 23A% 95sE 49 WA Fig. 2.103 o] FAe] =3, 1 71E7§

Fad dAEE 18 D23} 2o T 47t Aok

—a ,_daT
Aet =4/ "dnd (2.11)
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A 211 F A 4, teoll dHE HEst A2

1= (T,—T)p

weha A zZe] wE d4e &E2F ASE SN FAFT W FHAA

FEAAEEE ALE 5 o

Temperature [K]
]

73 l i l

3 ty 10 30 t; 100
Time [s]

Fig. 2.10 Relation between temperature and time
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4373 A93A 2 ¥4

3.1 A9AA9 +A

2 Q7o 489 FEIAEE 54 AYAA WA E&E Fig. 3.1,

2 Az" FAe AFEE Fig. 3.29 Yepli sl

AQYRAE FAA7 A5l & 45¥9 H2E 44, 3T W 2
£ AR 23 F7) 9 Fez, YA W2 fdHE FRIT 5
A7) 9% 24, TRz, 2298 golo] e AT AHFE F7I

913 AEAYLZA7](Auto Voltage Regulator : AVR), AGLFS A3
93 siolujel, AR =AY 9T Edoldgx, A9 2E9% KKy
W &EE 243y AT Tey 234, deld g A AR #3rEl 2
HolH2A S22 FAS k. £F FAF W9 ¢ 24 A8 A
AP zs 742V E ALsgen 4P YFEI2FTAE Tt AW
Bl o] #2334t

HAE AAL Wi F2E At FezdA FEHs ES A
242 Yo L5358 #AE & AT AANAow, 453 H2E A4
teuz 22 golo] e} AL Yok AV FHE ¥R Z 871 $ 8l
A 2298 gold HHE AW sFsgd. AHPE F7H4°] 0.4mm, 7 o} 7}
600mm °]c}.
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Fig. 3.1 Photograph of Experimental apparatus

IS}

<

—)

D Personal computer @ data acquisition @ slidac @ auto voltage regulator
® Power meter ® Test section (O Constant temperature bath Water pump
@ Flow meter @ Constantan wire heater @ Thermocouple

@ Pressure transducer @ Vacuum pump 4 Pressurized air

Fig. 3.2 Schematic diagram of Experimental apparatus
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D
2
i
ofj
2J

5 17] 93 gl 2E AL JFY mofo]l AAL STS304
olt}. AA A EL 114.3mm, AA Eo]E 417.6mm °]I Wi

£ 83.1mm, ¥olE 400mm o|t}. ¥ T HiRFEe] FAF W £
LN

I
E 2HF7) AT 9 F2/ ¥ 2F2E AASH

Constantan
Wire Heater
Packed
Flow
Path — Bed
T type Q
Thermocouple .

Fig. 3.3 Photograph and schematic diagram of Test section
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. F3ZA

Aol 44" FHALE AR A type 4FF(LE FA 3.35~3.9mm,
9.3~2.7mm, 0.5~0.8mm, FW KAt 1.3~1.7mm)%t #ZelE 13X type
3522 (ZY CA 2.8~4.0mm, 1.4~2.0mm, 0.5~ 1.4mm)e)e}. A27pA= A
galo]E JAE @77t & #AUWE A7 Fig. 3.4% Fig 3.5°0 el gl e

(a) 3.35~3.9mm (b) 2.3~2.7mm

(¢) 1.3~ 1.7mm (d) 0.5~0.8mm

Fig. 3.4 Photograph of silica gel particle
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(a) 2.8~4.0mm (b) 1.4~2.0mm

(c) 0.5~1.4mm

Fig. 3.5 Photograph of Zeolite particle

Table 3.1& Add A48 A7 YA=a74 BARTE el 7o)
o], Table 3.2% 24 A48 W KA B FA AEtY AIEe 2@
23S Jed Aol FELAEE AFE vAE QAR ¢H FE

%22 (Moisture adsorption capacity), 217 B ZE(Bulk density), HlE3H

b}

A (Surface area), PH, A3-%74 (Pore volume), AZ327](Pore diameter)
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ojf

o

4E4

1= = sAA7t 7S §Asch Table 3.3& 34 449 A
ojEe] EAAE e Aol

Table 3.1 Distribution of particle size

Particle size Distribution Analytical value
0.5-0.8mm 0.5-0.8 99.7wt%
below 0.5 0.3wt%
above 1.7 3.0wt%
1.3-1.7mm 1.3-1.7 95.2wt%
below 1.3 1.8wt%
above 2.3 2.9wt%
2.3-2.7mm 2.3-2.7 96.7wt%
below 2.7 0.4wt%
3.35-3.9 96.7wWt%
3.35-3.9mm below 3.35 1.3wt%

Table 3.2 Thermal properties of silica gel

) Domestic Japan
Properties
K company F company
0.5-0.8
Particle size(mm) 1.3-1.7 2.3-2.7
3.35-3.9
Moisture 20%R.H. 11.0 Min 12.0 Min
adsorption 50%R.H. 25.0 Min 95.0 Min
capacity
(Wt%) 90%R.H. 35.0 Min 35.0 Min
Bulk density(g/ml) 0.72~0.78 0.73
Surface area(m?/g) 690 650
PH(at 5% slurry) 5.0~7.0 5.0
Pore volume(ml/g) 0.39 0.36
Pore diameter(nm) 2.2 2.3




Table 3.3 Properties of zeolite

Item Contents Remark
Appearance Bead
Type 13X
Component Al:0s, Si02, Na20
Bulk density(g/ml) 0.65~0.75
Average 1.1 0.5~1.4mm
particle 1.6 1.4~2.0mm
size(mm) 35 2.8~4.0mm
Particle size(nm) 0.7~1.0
Compression )
) ] 9 min. 5.0
intensity(kgg/cm®)
Moist d ti
oisture adsorption min. 22.8 R.H 60%, 24hrs
capacity(wt%)
c}. 244
B dRdA &5 2 AL vad Aoz & FFAE Edls) 9
82 A 7] WEY X AL AX=2A AF 1.6mm T QAY4E A

G A (aE ARE, (HE Wt 343 W 2528 T 4
A dxEAR W LA ohzdd ZAste FFFE A =3

f B

-—

constantan wire heater?] =M %9] £5& FAsd AF AF A% F=
Ao &xaE T3t
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ot Focation. y {mm}

400

300

200

100

Fig. 3.6 T-type thermocouple

i 4

o

—r—rrrT T
10 Z2 30 42 50 G2 V¢ W
Axial lncation, x {(ram}
(a) Front view (b) Plane view

Fig. 3.7 Position of thermocouple
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2. #4717

Table 3.4¢] Ade) 449 BE7)7)e] A% vehl gt

Table 3.4 Specification of Experimental Apparatus

Measuring e
Specification Maker Model No.
Instrument
0.75kW
Vacuum pump 4 Woovac D20A
5X10 “Torr
Pressure Copal _
-100~100kPa . PG35
transducer Electronics
Constant .
-20~1007C JEIO TECH | RBC-31
temperature
capacity 1® 5KVA 4kW
electricity voltage 1® 2W
60Hz 210Vx15%
Auto Voltage output voltage 10 2ZW .
Taejin TECH| 3A 5006
Regulator 60Hz 220Vx0.5%
output current 22.7A
efficiency 90%
(Full Load)
3.2 A9y

A9e $4 AgEAe g4Eel #Wd 242 FADA, Al
greade A5 AT FhAe g Azsdch dee

o e58 FLEE ojfse AYLED BFIL AYLEA =

feu
ofje
2
ofje
=
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gaA e Y PGS TSI AFH= & oA 2F
. 2N &Eeelgzd s AG F AFE =

15W/m7t H5% SEHE 72 T4 welH2A A %
o, AR Aol AFE Fo AZE FE33dh Fig. 3.89 #==84 W
o F2AS 2AF 39} meshd e vehhglch meshd e AFTAE 2E
W F34 A7 9RE e A& WA A6 s

N 0
Jl)lt 2L
o 2
> A

- Y
o of
2

(a) inside test section (b) test section inserted mesh-net

(c) mesh-net

Fig. 3.8 Photograph of test section and mesh-net
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3
F M.} YA2LE(Particle density) @y , HAEAA Y{ MH VE
43l gg2ler F3id

O *V
Table 3.5°) AFZE& el

Table 3.5 Experimental conditions

Variable Criterion Experimental Range

AEFY, 3.35~3.9mmUJap. Fuji Silysia)
AEFY], 2.3~2.7mm(Jap. Fuji Silysia)

AEFY), 1.3~1.7mm(Dome. Kukdong)

Particle size AF/]'C]):], O5~08mm(.]ap FU]I SllYSla)

13XE}], 2.8~4.0mm(Dome. CWT)

13X type 13XErY), 1.4~2.0mm(Dome. CWT)
13XE}Y), 0.5~1.4mm(Dome. CWT)

A type

Pressure
10kPa 45kpa, 100kpa, 145kpa, 190kpa
of packed bed
Temperature . . . . . .
40T 10T, 20T, 307, 507, 60T
of packed bed
Water content 0 0.1, 0.2, 0.3[kg/kg]
Volume ratio 0.65
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A4 21424 2 22

4.1 385 U 484 & FRIAES

Fig. 4.1& $3% W ¢ & FRdAS g9 H3E el Aol
Fig. 4.1(a)& A¥7H, Fig. 4.1b)= ALl EE FHAZE AL Ao
b A A42 AYAL Il KA 1.3~1.7mm$ dE FA 2.3~
2.7mmE AL392 ALgeEE FW CA 0.5~1.4mm% 1.4~2.0mmE
A&t Aestae A AY AdAFAs%e vizE fd AT W 2=
20C, EFEW) 0, MAEE(Z) 0.659 AeolA APsGHL A Eeo] ES
AY FAF U 25 40T, E5E&W) 0, AR EE(Z) 0.65% BelodA Ad
. 34359 4o FESE FEYAEEL 3L FUhske A¥S
Boon o]y e gPo] FURLEF F5F el EAEFo] &
A Aol A ¢St @2 FFHEHAo] Frtshe A o dFol
3 A7

AQZAFe] A S #AAs7] A AdzAd A, &5 22C, 94#
7] 1~3mm, F5E 0, AFEE 0.675) ©] #A3 Bjurstrom et al.'Ve]
AR} nmsigeon 2 AFL 5 WA A FAPHo= FAIM
velygch. A@ AT QoA bk Zeolrt ve olie AHe AHEE ATt
Aol Aol AFxA Fol 4 2y fE A= dddr.

_87_



0.20

Bed temp. : 20°C, W: 0.0, Z: 0.65

v . v
4 'ﬁi =

Effective thermal conductivity [W/mK]

0.10 |
0.05 |
—&— Silicagel 1.3~1.7mm
—&— Silicagel 2.3~2.7mm
v Bjurstrom et al.!'"]
0.00 L L L
0 50 100 150 200

Pressure [kPa]

(a) Silica gel

Bed temp. : 40°C, W: 0.0, 2 : 0.65
014

—&— Zeolite 2.8~4.0mm
—&— Zeolite 1.4~2.0mm
0.06 | —a— Zeolite 0.5~1.4mm

Effective thermal conductivity [W/mK]

1 I :

0 50 100 150 200

Pressure [kPa]

(b) Zeolite

Fig. 4.1 Dependence of effective thermal conductivity

on bed pressure
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4.2 FAF Y X%

Fig. 42~5& $A% &5 ©& FEIAELY W3S vehd Zojd.
Ao 49 AgsAe gA=271E 0.5~0.8mm, 1.3~1.7mm, 2.3~2.7
mm, 3.35~3.9mme|® A &eelEe] {YAA7IE 0.5~1.4 mm, 1.4~2.0
mm, 2.8~4.0mme] i FAF We] 82 10kPa el A@T Aol
Fig. 4.2 #4€°] 02 A$, Fig. 4.3 58] 0.19 3%, Fig. 44&
58] 0.22 A4, Fig. 458 480 0.32 Aol

AJARZE FAZ 2571 $71E54S FREAEES 9 Fohslke
g Bgoy 1 Qe 18 aA 4l o dF2 kst &
A% np@AAAZ 257 FESF 55 WA EAEFe] A o
ojv}7] Wi Eeoletz Az}

AYFH2 YA} A geolE 9lAte] dAEES FFEol 0 A5l 77
0.37, 0.18W/mK"2le] AAZ FHAF WA o] FHAEo] FF
el 40TAA EA4Y $4F) FIGAEET Fig. 494 BE FRLAE
&o] 7B 3A Jehd gAY A$el 77 0.183, 0.101W/mKelB2
49.5%, 56.1% FEZ wl$- ¥ Aulelc). wepA FFHA JAA 2" £ E
& Eo]7] A E dAEE] =2 FEFL A 7 £ A= IAT
Ao Aol BARE & 4 ek

+E0 B8 FEYAEE 294 g4+ FAdy) A A9
(A=27] 1~-3mm, 5% 0, 42 11kPa)e] #4F Bjurstrom et al.''e]
APAst nlmegon 1 AdLE £9% A A AAHE FASM
vehd s ¢ 4 dsdch

ot
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0.30

Pressure : 10kPa, W :0.0,Z: 0.65

025

0.15

0.10

0.05

Effective thermal conductivity [W/mK]
g

W

—4— Silicagel 0.5~0.8mm

—a— Silicagel 1.3~1.7mm

—8— Silicagel 2.3~2.7mm

—@— Silicagel 3.35~3.9mm
v - Bjurstrom et al.""

0.00 1 1 2 n i
0 10 20 30 40 50 60
Bed Temperature [°C)
(a) Silica gel
Pressure : 10kPa, W : 0.0, Z: 0.65

T 014}
£
2>
.E 012 |
=
Q
=2
2
S ot} — T —
=
E //
£
@
£ oo0s}
g
.‘3 —8— Zeolite 2.8~4.0mm
£ —a— Zeolite 1.4~2.0mm
w 006 —A— Zeolite 0.5~1.4mm

10 20 30 a0 50

Bed Temperature [°C]

(b) Zeolite

Fig. 4.2 Dependence of effective thermal conductivity

on bed temperature(W:0.0)
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Pressure : 10kPa, W : 0.1, Z: 0.65

0.25

onf .__,/'/M
%

0.15

—&— Silicagel 0.5~0.8mm
0.05 F —a&— Silicagel 1.3~1.7mm
—&— Silicage! 2.3~2.7mm
—&— Silicagel 3.35~3.9mm

Effective thermal conductivity [W/mK]

0.00 L L 2 L .
0 10 20 30 40 50 60
Bed Temperature [°C]
(a) Silica gel
Pressure : 10kPa, W : 0.1, Z : 0.65

T 014}
£
2
E 012 F
=
[3]
3
S —_————=8
s
g o1
®© - ——— ¢ ———®
E
[
S oos}
2
B —e— Zeolite 2.8~4.0mm
£ —8— Zeolite 1.4~2.0mm
w 006 —a— Zeolite 0.5~1.4mm

10 20 30 40 50

Bed Temperature [°C]

(b) Zeolite

Fig. 4.3 Dependence of effective thermal conductivity

on bed temperature(W:0.1)
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0.30

Pressure : 10kPa, W : 0.2, Z: 0.65
<
é 0.25 |
2
Z 020}
Q
3 'ﬁiﬂ:"—;.
°
8
S o015}
©
£
@
2 ot0f
£
2 —— silicagel 0.5~0.8mm
S o005k —a— Silicagel 1.3~1.7mm
e —&— Silicagel 2.3~2.7mm
w —o— Silicagel 3.35~3.9mm
0.00 A L 1 'l 1
0 10 20 30 40 50 60
Bed Temperature [°C]
(a) Silica gel
Pressure : 10kPa, W:0.2,Z: 0.65
T o0aaf
E
>
=
Q
3 ./_/.'/4'
°
5 ._,,_.,0—//4
S ot}
©
£
™
D
£ oo0s}
[
2
° —8— Zeolite 2.8~4.0mm
£ —8— Zeolite 1.4~2.0mm
w 0.06 | —A— Zeolite 0.5~1.4mm
10 20 30 40 50

Bed Temperature [°C]

(b) Zeolite

Fig. 4.4 Dependence of effective thermal conductivity

on bed temperature(W:0.2)
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Pressure : 10kPa, W : 0.3, Z : 0.65

3

é 025

>

=

>

2 o020}

[+

S S — ——

-]

5

8 o015}

©

E

[

2 onf

_g —&— Silicagel 0.5~0.8mm
© o0sl —a&— Silicagel 1.3~1.7mm
£ —=— Silicagel 2.3~2.7mm
w

—e— Silicagel 3.35~3.9mm

0.00 ) . X L L
0 10 20 30 40 50 60

Bed Temperature [°C]

(a) Silica gel

Pressure : 10kPa, W:0.3,Z: 0.65

& o014

E %

>

= b=

s o /

=

Q

=

°

s

8 o0}

©

E

]

£ o008}

£

2

38 —e— Zeolite 2.8~4.0mm

£ —&— Zeolite 1.4~2.0mm

w 0.06F —A— Zeolite 0.5~1.4mm
. L :

10 20 30 40 50

Bed Temperature [°C]

(b) Zeolite

Fig. 4.5 Dependence of effective thermal conductivity
on bed temperature(W:0.3)
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4.3 F3A4 §5&d 42 FEY9AES

Fig. 4.6 35+&0 A3 FELAELS] 43 Jegpd Aol (a)= A
27 A= 77E 1.3~1.7mm, 48 10kPa’l A S0l (b)= ALl E
FAF U &£E 30T, ¢4 10kPadl A $-olt}h. &gl £S5%(0.3>0.2>
0.1>0.0) FEEAEEo] ZA delden o FHA A A (A2
0.37, A &ee]E 0.18W/mK") R} dAEgo] 2 E(22TlA 0.6W/mK)
stz g7) dEelEtn Az, o2 AFHES v& F54& Wit
AF W FELAEZEN Ve d&Fo] 713 2A derwd.

fifo

off
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Particle : silicagel 1.3~1.7mm, Pressure : 10kPa, Z : 0.65

£ v
= 025}
3
>
&
>
2 oxf
S
3
H
v
S o015}
£
3 g0k —e— Bed temperature 10°C
s —=— Bed temperature 20°C
g —— Bed temperature 30°C
B oosk —4— Bed temperature 40°C
é —e— Bed temperature 50°C
w

v  Bjurstrom et al.!"™

-0.1 0.0 0.1 0.2 0.3 0.4

Water content [%]

e
o
=]

(a) Silica gel

Bed temp. : 40°C, Pressure : 10kPa, Z : 0.65
0.14 |

0.08 |

—8— Zeolite 2.8~4.0mm
—&— Zeolite 1.4~2.0mm
0.06 |- —— Zeolite 0.5~1.4mm

-0.1 0.0 0.1 0.2 0.3 0.4

Effective thermal conductivity [W/mK]
o
3

Water content [%]

(b) Zeolite

Fig. 4.6 Dependence of effective thermal conductivity

on water content
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4.4 F34 A7 A B8 FRIVEE

Fig. 4.7 F3A9 4Az7) o] dF FrEdAE £ 2FE Yehd 7o)
th. EAel 4839 AyspAe Ao Iy KA 1.3~1.7mm, L& FA
0.5~0.8mm, 2.3~2.7mm, 3.35~3.9mme°] 3 | &}o|EL 13XElYle s =
W CA4 0.5~1.4mm, 1.4~2.0mm, 2.8~4.0mme}t}. AFAF=2E 747 o
Az277F A FL Q¥ FA 0.5~0.8mme} FW CA 0.5~ 1.4mm7} #&
dAEg°) 71 ZA Jdebdx dAar) st FEFEF FELAEE] A Y
eyt 018 ¥ AFL YAt ARSLF AEFA ] FUHEHAY] W EelE
2 AzZEc. Juzx g9 JRol FH(Bead)Ud HlH AsHA 0.5~
0.8mme] A% 42 (Granular)o]7] W& HFHAHe] AXN FRIAEE
Z7t Aol FEAA dehd Zeg dAddc AP Aol A
geolEx} FEIAES) A Jehdsd ol A2 dA AA9 ¢
AE£(0.37W/mK)o] A&ele]lE A A EAEE(0.18W/mK)He} 2
7] £ Aoz AdA,

o
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0.30

Pressure : 10kPa, W: 0.0, Z: 0.65
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