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T HEAL T N D DOKES IR A e BRIE O K WL o
T aFRRE L LR O BIOIREE | K5y B DRI 21
Z B I HIE 9528 T, B OB Koy, HAL TR
U LOZFEENZ OV T AT, SHIT, FEERRR], =L
F—RRIZH 2D~V KIS E N5 EUKZK
R[REDHEIZOWT, K KEE TR E RS
R U3 BRRa Nz 72,

2. EREBELAE
2.1 EBEE

AWFZE O L7 KR EEE % Fig. 1 IR T, FEHO
ALY (1E 410 mm X 5 225 mm X 84T 315 mm) O
JEPNRIBE X, 2o T2 7 A VIR O ZRGBERGER (B 4
mm, B 05 39%) 2% DTl TORNNMIT
FERN O HLLH LT (40 mm) £V, 2 SA Ly I ATTT AR
A7 @ (N2 50 mm, #ME 53.6 mm) 2SEOFHTHALTOD,
AT O N F JAUN OS2 DEN O HLL O FEHIZAY
o~ (8 3 mm) 2355 HTEY, 7I7IR4B (30 7=, H
#1025 mm) THRINREE RO, BoE %Tcﬂ
© (& RUERT, UW220H) ICHEkt T 528N TED, /3

AV P AT T ARAT NITIE, B O ZA&K MR D T
aI@MNHEDZER., HDHWITERRATONHDRKIN,
ENENPIERE . FTEDIRAFIGIZ25I012e—4®
@D, 2RI EFHD, ST O, 725ITRAT ~DEIN
wAOHIEH=a hr—Z@ TSI D, D
IR, 67 7 AN —IREE GO (B2 SLEH, AMOTH
FL-2000) (ZXVHRIE LT, ~ A7 D@L, RHREE
23 HGE CHUINATREZR iR AR ) T D 500 W GRETE) &L,
AT O/NSIR IR T~ 7 R A KR AR HRD
57 A—T7 VENOE R ORIZFI—a—REL T,
FEEIRIC STk (250 mIX 2, HREE 12~13C) A @V -,
F7o, FEEEE, THIZ~Z R har BSME#ESTRY, [
HRICEDIEB A OT 7 FHNBSI TS 72 | BRI
~/LFE—R T, ENIZBWTETER LTI
L7 TND, 7o, BUEE T, MIEARH NS L DOE
RN TN ESNDI N2 7N T 7T, BEBH PR
DRERIEEIIFRERAORGE L TS TRY, ~A7
n) —2F =¥ — (New Japan Radio Co. Ltd, NJF
-5003) IZ CERIRND BN L2 /RO E, Z2ertict
DERBLCEREITo,
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Fig. 1. Experimental apparatus
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2.2 AMEEBRAE

Table 112, &7 /LVakBre L TR AR Ok WL
VAIFELJIS R2611, B-1, ZER=RE) 70%) O E/etEE %
9, BBHIESS 30 mm OERIEIC, NESK) 25 mm D4
B A7 Ol AR L CFig. 2 (a) DXL, R
BIOMIFLEE 734 OKERIEAVEIZIVMIE) % Fig. 2 (b) I
AT EEIRIALER dy 1349 1 pm THD, FEHIKEIRE
BEELEL. B A T RE R AR AN TR RN
BIEG|EL, 2Ok, ZBZEKEITIRE 9wt O LT
VD KRR A R IR IEDIAATS, KB K& G E8 T3
BHEAR DR O -5 KR X, (FL 5L YE) 13, 49 1.2
kg-water /kg-solid Coho7-, ZD% ., FFOVNS B AR R
(AL, BBHEEE 2K 20°CILZFREE LT,

FEBRIRL, FENZ IS TRLIZ% ALy I AT T
AN LT 2 8 F RO MY TITRE LT,

ARELOE ERERHL, B RIFCT 1| BIEIHEL,
HIERE bl EARRLE b, T T &, e
iR 2 R 7=, IRERIERHL, 77 A3 —& L (BZLSE
FHeR, FS100, MEVEE 260°C, JEIRATEAS 1.2 mm, £
4.0 mm) %, FEFR EOHH O ETELIAR, Zhi
MEHEELER LT, 1 BTEICHIE Gk LT, 2B, ~
A7l ERET U220 SR BNV T R IE A O BVE X}
ZHWTIZIEL, 100°CLA R Tl #R2EIE 1CLINTH-
720 WCIRFE OBBIE TR OHAL T N AOFEIFREIT,
EOR OB R O 2 2 S UEHER R I W 37
(Z&D 45 0.5 mm B, FTE RO KITINA THo3 I Hi#
Lict ., BB RE S5y (W7 2%, ES-421) THIE
LT BRIz, ~ A7 MBI B T B 1%,
~ A7 E N OE T P OBEIRD B EOBNSY
HHH 0.8 kW Tholz,

Table 1. Property of sample porous material

S NaCl aqueous solution
Containing liquid Pure water (9 Wi%)
Initial moisture content X,
+ +
(ke-water/ke-solid) 1.24 +0.04 1.07£0.03
Mass of containing water My, (g) 10.0+0.1 9.8+0.1
Diameter D (mm) 30+0.1
Initial temperature T ('C) 20
Porosity (-) 70%
Specific heat Cps (J/(g°K)) 0.5
Type (JISR2611) B-1
Dry weight m;(g) 8.1+0.2
1.5

o)
~
J
g€ 1
(0]
1S
=] |
£ 05
o |
S
a

(a) Photo of porous sphere

0.01 1 100 10000
Pore diameter U m

(b) Pore size distribution

Fig. 2. Sample material (B-1)
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Table 2. Experimental conditions

Gas Wet-bulb Microwave
Gas velocity Containing temperature (360-720 sec)
ter?pe(%“)“e Uyguo(5) liquid Toel(C) 500 W Labels
& (Moller fraction) (Set value)
None HA
47 (2%)
Pure water Irradiation HA+MW
None HHA
160 1.0 NaCl aqueous 80 (44%) -
. Irradiation HHA+MW
solution
0 None SHS
O wt%) 100 (100%) —
Irradiation SHS+MW
2. 3 ER&EH FELUVMEE 2> TWD, O, RN EF-L, 2,500 #2175

Table 2 [ ZHEBRGEMHERT, EREMLEL TORMRIR
BE T 1 &7 ANEZ v ay BRI OEOIREE LT, Fiz,
KIEENDOZELREZDEEMEAL72H D (Ty = 47°C,
HA) . RATINLDEREEDEENMEL | ZEXDORAD
PROEBUK IR (Tye = 100°C, SHS) . 512, BHNZEAE
BVK AR Z G LT E 225 (T = 80°C, HHA) ©
SREE U, ke, WMERIEE IR, SRR O E AT
TOIBNIA —EZ BN BBt O FRMEE VW, Uit
BT BI OB RFET D/ AL I AT T AL T NOW;
TR D 1 m/is E7end0I2, 7avDA L "—4b5
WIEARAT OFININE AR 7o, ~A 7wl oo BURHE,
FERERFIEL L COMMT 2TV ST D780, ERTERX
MDOMEEVAHITIFE Y 5, BB 360 B0 D 720
ETD 360 FHELT,

3. fEREER
3.1 BEFLLXEEBELEL
3.1. 1 ZRBPTHEIELESE

FT, ENERELERRE L5522\ T, Fig. 3
(@) I[ITRBHI KR Z G FHHAOIRE (O@) L& KE
(A A) DZEALZ . Fig. 3 (b) (I EHC B K2 & £H 7
Bt ORERETNEIURT, Flo, MO AR EFE 51T,
~ A7 AU WG G BIZEVINL7Z56 OfEHR
Thd,

Fig. 3 (a) D/KEEG FHIZRE Cv a7z BE L
WEETIE, 600 B35 1,500 AL ET, IRERDLNT,
G RBEOWDEEEDPNTIE—E &0 D E IR 23 7LD
N5, ZOEEORET K 46°CTHY MERIEELIZIE

T CTHO 73 CTRIICIRE ERBEECMNITR D0,
3,200 BT TR DIEIE 0 E2R5HT-005, O
WIRED AL KO EERIRE IZE DWW e, v~ 78
W a9 H 50T, 360 PO RRSTEZIZ 104°CHHT
FTRMITIREN EF LI, #Ra 12 100CHTET
K FL, SBIT 720 BT A7 OBKZE L LIZ14,
FHONREIRREREE AT ETIR L, v~ /7R
FLTWDOMIE, BRENRMIIETL, ZoLx HE
DR DBREIDDLAHL, Wi EL TR N3 5845
MBIz, ~ A7z RE LTS 360 FHT, #IH]
DIKGTDKI 60% DD T DHERE/R T, T, FARFE
25 0.05 12722 FTORZMERF IR 32% BT,
—J7. Fig. 3 (b) ORI AKZ &G EHT-RHEOLE 1T,
Fig. 3 (a) D~ A7 R LR G 6 SR A i35
&L PR/ E R X EIIBEIN T, o, IREIRR
ERIRE A C—EIC2 D270, 100CHHEE T EF%
e T DN DD, D%, 2,000 F6725 3,400 FHET,
1 100°CEAERFL TUWVDD, GZKRDIR AT T 0L,
NEEEDME N2 b iviz, A2 100°CET R
AT AHEIREL T, R ICEEARPHTHL, Rl
PHEOMALN TN U7 KA IR Tl 7= S 7o ML F
FET DL, FEBICIVRAL AU DAL, MDD
SER~DZRLR OB R U220 E 25N 5,
ZDh SOITHLEPHES | REUTLEO G KFEIME T
L&, —HBOMALABANT, FFONEN BB ~DZR
TN TE | KEROBEMRFIARD 35281280, b
TR T RAONTEE 2 LD, RIS TA7
& G T 58 KOGELITERY  IREEIT 100°CFf
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(a) Containing pure water
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(b) Containing NaCl aqueous solution

Fig. 3. Moisture content and material temperature changes of sample during drying with hot room air (HA)

IETEHL, SBITH 103 CETHR A I ERERITT-,
~ A7 B R OEKEORK T, KEGLHALL
REHE ERAN D Uz, F2, ~ A7l O RS2 1k
L7ct%b, KEE TG A LR IBEIL 10CREL
MME T LA oTz,

KEGLREBIOLA X, v 7alEOFERNEN
WITIRBIRS NG Q5 COLGA, hEHRIRE 12.3,
BT ERIREE 9.7 mm UM) | G0Bko FULMIT CANE i
ZDRoF K, B TCROBIZIES DVNTAEFE DN B ED,
DEx NERNBAMTICE A ALNIZIIKR DA RIS LT
WDT28  KOREHEIRBUC IO NED B3 D712, N
DOILED 100°CEAE X T2EB 2 DID, ZDRIL, FKE
DART L3RI, WD~ DE N Z AR i3 5720 D
TR EFEI, SHIZ, KOGHIRRENEHLRDIEE~
A7 OWMEEIME T T HZEMND, a2 ITRRIEDOH
J000) IEFFETIK F L, —J7, BEAKOEAIL.

RN ELSEBIRINDENTZD (25C, 9 wt% OLGE, i
BHEASREK 102 ) | v/ /ailf o= 3L — TR BT
TRINENDENREL, FDT=8, WECOE SO F5-
I &L KDOBFA DI 100°CERKEBAHE
V72T, FABHEEE 1T~ A 27 il BRE hrbs 442 4 L2
S THD 100CEBAZ T 12CHHEET ER L, ZhuT.
IKOZFNAE IR E D EFIZ I K5OI EIK T IZE
HHDEE 2 HID,
3. 1. 2 BEKEK[DTEELIZEE

Fig. 4 (a) DAL NCH A TRINDEIIT, b
BUKARR P CIE, IO KZEROEEEICEY 1 100°CE
TRAMIIREN EHL, 20%, £ 100°0CT—EE R
TEREE X M RSN, 7o, MMBVEZ 1T, 3UBHC
IR D EIRIT BEME KD T 2B D B4
STz, Fo, B TORREITELRD  100°CERoT
FEEGKRENIZT 012720, 2Ok, K[IRIREIZIT OV,
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~ArailE BT HRETIEH, ZROHELVEE N
HOCHHEET— A LR L%, ~ A7 a1
100 CETIHRA IR F LTz,

Fig. 4 (b) OB ZEFH-HE T, ~ A/l a B
LW T, B CORBEOLA LT R IR
JEAAITKE S FRT-L O L IV ERE /o7, F

o~ A7 ORI ER ICBEREE ERIT RO
ST WK 2 S e B OB 1T, ZOBmBUKIRK D

FRIETORUKR OV TIBEES IV, ~ A7 %
FE LT OMBERREE I, KOGEIEIK 100°C, HEKE
R eG A 138 102 CEH R L2 D, BKREOIK T
O3,
3.2 BEDETHR

HRBLERIZ LD BRSO Y DEEREA & T
DR, B NT, A7 & FETL TO DI, 30k

%{&{%75%?#5*%%75@% 2SN, T DOBROE RO
F—2D—flEEnEh Fig. 5 (a) (b) (2”3, Fig. 5
(a)fi PIHZE &I TWNAZER DD, if_\
b (EINRTI R WS S B N N N § = ¢ X | v/A ST::X i e
STND, ZDEE 100 FfHIET i{ﬁz{%b%?bﬂ%
BHEEINBERONAZEND, BEMEIHTNDI LN D
WD, IHIT, W T DIRMOE &L, BEEL 72Kk kot
ZNZEDD, BEE K E I TERHI N & Fh Tk
DHLATELTE TLTNDLIER DD, ZOMTOAR
IR LT B2 AR L, BRI D7 Tk
T B Myrop cond 13720 F72, Fig. 5 (b) 1T, v A7)k
THOE BZLOFEICTh D, B R ITIRHEE &
Iz, BRBLRESFLELQNDEEZBND, TDT2D
ZOMTIX \’%’fgﬂﬁmﬁﬁgmE{ﬂ@aﬁﬁﬂnéﬁ@@%;
DEZRBEAT IR FLTCWAEL, ENEno 1 7

i“ﬁ?ﬂ?

1.4 160
1.2 140 o
£
x z 120 £
€0 e
8 100 =
c 208 ®
o fos
o 80 g
© 206 ; g
é = 60 3
‘S 1 ©
2 Yo w0 T
8
©
0.2 =

0 900 1800

2700 3600 4500

Elapsed time ¢ s

(a) Containing pure water

o o
o ®

Moisture content X
kg-water/kg—solid
o
S

0 900 1800

160
140
120
1 100
80
60

40

Material temperature 7Tm °C

20

2700 3600 4500
Elapsed time ¢ s

(b) Containing NaCl aqueous solution

Fig. 4. Moisture content and material temperature changes of sample during drying with superheated steam (SHS)
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DORNIRTEDEE FUTE BED, DRI ORAREC
KB EOAM Sy EZLG W EETE IR E &
Maropmw & L7T0

ZNHOR GRS, 2 TOEREMHICHIT D0
DEEAE R 2 D O~ A 7w i B O V% T ik i 3 &
Marop 23R D72, Fig. 6 (2) (DI, KEEZEET G, Al
KEEEFTHEOR-RETNEIURT,

Fig. 6 (ZBWTC, B ICB I DM O% Mk g &
Maropeond 2 (8) (b) TENENHILT DL KELAZEE

BLBEKRELAZEETGA TREMEIT AL,

ISR (HHA) T 0.3 g R, mBUKZRKTIE 0.9 g

18.4

18.3

18.2

Mass m g

18.1

18 I A I A I
0 60 120

Elapsed time ¢ s

(a) Initial condensation period

FEETHY, HIHNCE E QDK E B M, () 10g) 12
KL T, ZNEN 3%, 9% FEEThHoT-, Fo, v rmd
RERTOBS THHD T, ~A 7 DFBII D -T2,
— 05 A7 RGO T W 5 Myropmw TS
KOGAEIFLER, @RE, BEUKAROETOEMT
% T HERRS AL, F, ﬂ{;lu@7k7+7‘?/:k@¥ﬂ/\75>im7]ﬂﬁ"5
FE, T FESHEADMAICHY, mIRE, mEUKZAK
1%, 0.6~09g Th-olz, LML, BEKEEGTHHAT
L EEE (HHA) Tl RIS g, Fiz, gk
ERDOYE T, KOGHIZHATO 057,

17.8
17.6 Containing NaCl
5 aqueous solution|
o)
g 17.4
P L
S 17.2
= Containing
> pure wate
17 F T
16.8 — N
180 360 380 400

Elapsed time ¢ s
(b) MW heating period

Fig. 5. Details of mass change of superheated steam drying
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(a) Containing pure water
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—_
o
T

O mdrop,MW

[ ] IMdrop,con
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T

o
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T

©
~
L)

Mass of detached droplets mdrop g

o

(b) Containing NaCl aqueous solution

Fig. 6. Total mass of detached droplets during initial condensation and MW heating period
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3.3 REAETHORIEEREE

HEAER IS O BUBL R T 0F O B 0 B A W E LTS R
Fig. 7 1ORT, BERNEWVIEE ., F2, ~A 7%z R4
TDERMZE DTN T DA 54, 0.3~0.4
g T ChoTz, MEBRAARIICIT, BT LE 1 g B
EENTNDTD  FEOOHITEEINERTE T L 72K
ICEENTNEEB 2 HiID, Bl RO TR,
TR A DK IR IRE ChoT-E9 D, Fig. 7I12RL
THRERD, TOEIZBLZ 0.03 205 0.05 g FRELHT
MTHY NFEAE DB L TV HEBZ B
%, Fio, BER!M o U7 R O S A ARAT % IV C
IKREE ATEREECOD, R CARIET DKy Ba A
L7zdZ A REBRSMTIIADEED 80% FLETHD
ZEmbhoTo, ZORERIT, KELAZEETGE DY)
G ARRIZHTT 5, R GKREGIAE AKERDEDE
AIEERMELIZE L Tz, 2O TRAHK
FLTWZEL, RBINER TOK D 7EIE T DA K
Wi B B OB ICH R CTholo b9 58, Kifiih
PECIE 0.8 g FEEDE Y DEFT DT THLMN, oy
BEOREMIZZFDOEIVL /NS o7z, LIzi> T, B
EEULMBIOSE | EIOWNER TR T 2K 58D, 7K
EELMEIOSE LV 2N ER RSN,
3. 4 BIIREFRE

Fig. 8 2. ZNENDRIREFIFITIB T, KOHEL
IHZFRTIGEITE KRR X 8 0.05 (2705 FTORR], &
HKE LA Z ERT A ORI RO &E, SHI, &
IENDERMTO~ AT rafl R L2 FI R[] 0D S

o
=

o
(<2}
T

I
E-N
T

o
w

o
S

o
-

Mass of remaining NaCl mnaci g

o

N

\ 3
3

&
&

<
S

Fig. 7. Mass of remaining NaCl at the surface of 0.5
mm thick layer after drying

Drying time tdry s

FrRT,

Fig. 8 L0 AKWREE D22 % - R IR RED J7 73, Ak}
N E ENDHT LTI DO INRE A R ENZ LN
bind, —J7, MBUKEK TIX, WERRERIX A Z 5 &
B THIZEAE B D T2, Fi2, BEE2 G 723
BFCIE, HA, HHA, SHS TREREWVRRNIEND, &
DR E DS Rz TR 2 G- 2 DR NS UE R &7 o T2,

~ A7 A R L DR ELME D RN TS L,
KEEFRTIGETIE, BBED TR~ A 70 ic L D%
RNV RELAR DN A BHL, ZDJFKREL T, Fig. 6
WRLTEDNT, % FIRIE B SR D ST NS &3 2%
Fond, —J, BEKEEFET5EA . RIREE (HHA,
SHS) T D IE F &N D72 b HY | AEfEZh I3k
EEFERHTIGAITHATRSW, F2, 25T (HA) Tl
BHKA S FR DL TR KIEIC R 58, =
A7 A U256 13, IO TS bivieh -1
HOD, 42% bORFRERELIRIGOITZ,

3.5 MHOBR-MBEINZEMERGRE

BEDIT | HESREBHAEOHE TR (X = 0.05) ETOMEIN
HIZDNWTEZ D, ZOMMNZAEIET DK EREE Meygps
R DEENE T DK B Megnas ¥ F 727K 53 F My EL
T (1) 23RAET5,

m (M

wo = (m - mc(md )+ mdmp

evap

BN ST HOWTE, FEB LS, v/ 7aic ks
(BB ZZINEIL Quvirs Quw T DL, BB LD INE Y
ZADINTRLU T, IR (2) AV,

4000
| NaClaq
-27% . —36%
3000 | 3_
Water
|
L —-38%
2000 ~30%
1000
0 Il Il Il
N N
\el o
& 2

Fig. 8. Comparison of drying time
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ch+r + QMW = Qsence + (mevap - mcond )7/ (2)

N 1 HIZ, st SIFICLAEERETHY, 1 B
FORITEMELOIRE R EMAE VT, kX (3) THER
L7,

Ly
ch+r = hAZ (Tgas,t _Tm,t) (3)
t=0

ZITC, h I3UKEE 7250 500 #5~1,600 FhodfH
D TE R X ORI E DD DY D T=5HE L S < D
ABYRERETH D, Tges Tan AL CpLy 1ZZNTH. K
DRIREE , MPBHEEE | BUBHR A SUBM O HE B, 100°C T
DRI THD,

Quw 1F. A7 DRI THHEERB A 360
25 720 BOMIT, % T2 DEWE & L E LR
{LEOTNE, 2O ORI EEZZL 5V TR
4) THEOT,

Quw ={CPM, (T, 720 —Th60)

720

+ prater Z mw,t (Tm,t _Tm,t—l)}

t=360

+ {mw,360 - mw,720 - mdrop,mw } 7/
720

—hAY (T, ~T.0)
t:z%:o e @)

OV T 22 BRIED TR T 255D,

B RBH AR DR T I (X = 0.05) ETORBlO = Z L
DOEALE AH X, TR0, R TIRFO S KENREFEL
<\ Fo. W T REOFEHEE N&ZMC 25 CRED

FEROTDIC, KIS ESTIRFEL, £, K%
EEADIRERFIEIE 50°CE 100°CTIHFI 5% THDH=D,
KB BDOZACE Am, DFEFEI LB/ IEE O EHELE
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Fig. 9. Amount of heat transfer to the sample during drying with MW irradiation
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Fig. 10. Energy consumption of the experimental apparatus
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Summary

Materials such as food or chemical products contain water in which some water-soluble solute is dissolved.
However, no studies on the superheated drying of materials containing a water-soluble solute combined with
microwave heating have been reported thus far.

In this study, a spherical porous material (diameter: 30 mm) containing an NaCl aqueous solution was used as
a sample material. The material temperature and moisture changes were measured continuously during drying
using hot air, high humid air, and superheated steam as drying media. In addition, the effects of microwave
irradiation and the amount of superheated steam in the drying media on the heat and mass balance during drying,
drying time, and energy efficiency were investigated. These were also compared with the results for a material
containing pure water. The flow velocity and temperature were 1 m/s and 160 °C, respectively, and microwaves
were irradiated for 360 s from 360 s to 720 s during the experiment.

In the case of drying a material containing pure water with superheated steam, the material temperature
increased to 100 °C by steam condensation before microwave irradiation. Subsequently, the temperature
increased to 110 °C immediately, then decreased gradually to 100 °C, and the moisture content also decreased due
to water evaporation and detached droplets during microwave irradiation. On the other hand, in the case of the
porous material containing the NaCl aqueous solution, the material temperature was maintained virtually constant
around 102 °C during and after microwave irradiation. The detached droplets form the material containing the
NaCl aqueous solution were observed only in superheated steam, the total mass of the droplets was less than that
in the case of the material containing pure water. The microwave irradiation has a significant effect in that it

leads to a reduction in the drying time and energy consumption of open-type superheated steam drying.
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