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N2, AKMPCEFEETIBRL LT, HE, B
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Fig.1-1 Illustration for an example of the forced flow rate

cycling for oxidation of hydrocarbons.
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Fig.1-2 Redox mechanism of a composite oxide catalyst for
oxidation of hydrocarbons (M: Metal in the catalyst, A:

hydrocarbon, O: oxygen)
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Fig.1-3 Schematic of the jacketed CSTR used by Lee et al.
(1980) in their experiments on temperature forcing of the
saponification of diethyl adipate. (figure reproduced from Lee

et al. (1980))



EHEELEBRBETCL» L, ZTORKEI a2 RAICZ2WTERR
EEEBBFOMAERIT2VWEREHR_MTT T 5.

REBICEATIHEBRORNZT AN ST s HE BH%
MY N—XT7 o —KEHBEWVIDORDHDH. ZOKRIGHFHIZ
Boreskov T X » Tl & 0o B E MK i X, Matros IZ & » T, %
@%%ﬁiiﬁﬁﬁ & 7= (Matros, 1989; Matros & Bunimovich,
1996). W MEK K B2 BT, MBERBANTEC 3 %8 & K58
DAREHAOZEHBCEYBEZDLS L TRIEHFAWHICHLT
R, BEAfHE TERECRE2 VI 2y ST RN THDE. LTH
b O MH VOCOBRERLBEEFE»» L OKEREE SO, BRI -0
TRTTCREEELMLVRIAVELELTWS., £, EET 4 —F

v — L FRAHE — PIZBIT A NOx =2 — 7 @

)

vz
HieBEbIHREDBDITOHRL TV D.
S HRBBELEE2ERLSEIHREFREI RS

, MEBELEALSEIHRELGRECHEHT 20 %3P

[y
S
Y

W EZHbNRTEBLD, FTHEIVHEN 2 I h
ol REROHKEEOHREIELDL 2 (B ELE B

~A
[y

T w) 2o, BERETEaVWELRZEDL PEYNER

=
e

<, B EBCTCIEASEBEIZVIBAERIRI 2R TLE
ik LEBOoORMBMEE 2 &5 &, REOFEHRK

Y
J
94
(g

EEBEFLEBLTIOEBEBLALEELRLIZ Y, B L
EFTRoTLEIRLTHD. LEAL, WHEZHHWICH
ETCH D NRT A - EEEE LD LB AR

hiE, HFLVWHEEEFBREOFRLLEIBLITH A 5. I

e E AN
0k
23
O
[

2, BRESHOBBNEHLAEZE LIRS . BAKESH T

HBbHLEREBEZ2EAEITELLLTIHObERESHACEBIERL 2



B, R mREMNOBRBEREREL T ORI EIT I L
T, BPMICEETM2zRELEE2BELZIT I LN AEL
Y, IR LEEAREZHREFON A EFR T LI LA TED
EE 2 bR D

U B EEHBEEICEB T, BN RELHBELR
}E’E@J@VE(%%%@J@{?) T, BREMRCERT v TR

7
EXRE*ZH I I L, SAYCHENBELEITZLZ Z L
WEREIL, BEREFHETHEAEZTIOLDCERIACRE S
FMCBETIRERHABETOREERIPLOT T 0 —F
NLE LD, OO0 -2 E&E L CEEERKIE®R L

WYy DN H D .

1 -2 ZHEEREBELTOa Yy N7 PREESR

% % e & X 5 % & i3 multifunctional reactors ( Ager, 1999)
DIRFETDHLY, —HBoRKEBLHEEOKELZEASILEY
H L L T, Moulijn (1999) R ko TEEIh . Bl ®K
EB2O XA P CET BN T ST Separating Reactors] (Aida &
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Fig.1-4 Temperature profiles in heat exchange reactors. The
catalytic walls on the exothermic and endothermic sides (c¢)
eliminate the thermal boundary layers (a). Panel (b) shows the
configuration for catalyst only on one wall for a catalytic
radiant burner or for heating a homogeneous endothermic

reaction. (figure reproduced from Venkataraman ef al. (2002))
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(figure reproduced from Rouge et al. (2001))
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Fig.1-6 Photographs of the microstructured reactor developed
and constructed by the Karlsruhe Research Center. Above is
shown the reactor with and without the attached pipe fittings. A
ruler in centimeters is included to show the scale. The bottom
picture is a SEM micrograph showing a corner view of the
reactor. The larger channels (140x200 um) appear to be going
into the darker face of the reactor with the smaller channels
(70x100 pm) running perpendicular. (figure reproduced from

Janicke et al. (2000)).
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ataby o wad e rouctor

Fig.1-7 Schematic drawing of the two types of catalytic

microreactor. (figure reproduced from Yube er al. (2007))

Fig.1-8 ©Photographs of <catalytic wall microreactor. (a)
Assembled device; (b)catalyst plate (catalyst size = ¢$32.0 mm
(diameter) x 0.5 mm (thickness)); (c)microchannel plate
(channel size = 0.8 mm (height) x 1.0 mm (width) x16.0 mm
(length), channel geometry = 10 straight channels in a radial

pattern). (figure reproduced from Yube et al. (2007))
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Fig.1-9 Stainless steel microreactor for periodic temperature
changes. To measure the temperature distribution inside the
reactor, numerocus holes for thermocouples have been integrated
into this Type 4 device. (figure reproduced from Luther et al.

(2008))

Fig. 1-10 Type 3 microstructure reactor for thermal unsteady
state running of chemical reactions. (figure reproduced from

Luther et af. (2008))
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L HE &N TWwWd (Luther ef al., 2008) . £ 7=, M EL B &
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Fig.2-1 Drawings of aluminium plates used for the microreactor.
(a) Plate-A (thickness : 5.0x10* m, channel width : 5.0x10™% m,
channel depth : 2.0x10™* m, channel length : 6.5x10°% m). {(b)
Plate-B (thickness : 8.0x10°* m, channel width : 5.0x10"* m,
channel depthA: 5.0x10"* m, channel length : 6.5x10°% m).

Distances are given in millimeters. (Horie ef al/., 2004)
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Fig.2-2 Fabrication of the microreactor. (Horie et al., 2004)
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Fig.2-3 Illustration of the flow in the microreactor units and

the microreactor module. (Horie et al., 2004)
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Fig.2-4 Experimental setup for the measurement of pressure

drop and residence time distribution. (Horie et al., 2004)
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Fig.2-5 Effect of total gas flow rate on the pressure drop of the
microreactor after diffusion welding. 277K, B423K, A623K,
®773K, ©277K (before diffusion welding for the comparison).

(Horie et al., 2004)

¥ { ! ] ' |
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Fig.2-6 Dependency of volumetric flow rate of leakage on the

total volumetric flow rate. (Horie et al., 2004)
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Table 2-1 Mean residence time and volume of the microreactor calculated from

pulse response results at various temperatures. (Horie ef al., 2004)

Temperature  Mean residence Variance Standard Calculated volume of
time deviation MR
T At Au o Vmr
2 3
K] [s] [s7] [s] [m’]
277 6.231 3.493 1.869 2.597x10°
423 3.342 2.200 1.483 2.127x10°
623 2.871 1.326 1.152 2.691x10°°
773 2372 1.417 1.191 2.758x10°°
1 l I l t
03+ -
02 ~
Tiﬁ. N i
83
0.1 -
0 L :
20 50

Fig.2-7 Residence time distribution of the experimental setup
shown in Figure 2-4. Solid line: with the microreactor, broken

line: without the microreactor. (Horie et al., 2004)
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Nz R » E
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-
¥

DX, BERBE~AS 70T 7 HE—F

Ca— AT HNBEOMBEBENSCTATEREORRPFEL2 TH
s tNn—EELTEZLADZY, ZTORCHELTEEZHL
RBAEBRFBABLETHL D .

v A4 YT 7 E-—FTREEBOERLHMETETH D
e mbL R TWVWS., KA 7 vl 7720 TiELEo

&

BEOHMBAIT LS50, RIDBR LML, T8 L L. &
BFOEBREHBEOEAHEBRGHE (NE 8mm, MAEE 02-1.0
g, 100 mL -min') % Al W& Pt/AL,O; it £ T® NO-CO K&
OEBHBEELBHBEACE TEHAYN R 10sBLTTHEEH
BEOCHDREIBENLLE W BRI N T D (Aida et al., 1997).
Thbb, braEEITCEAMEZEMLTLE ) LEKTEMET
HoTh, MAMLERPEAOED, RELABHOHRIKXD
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nTLEH. LAL, Table 2-1 O EERFREZOMEMN 1 - 2 5 T
HhH I b A 70 VT2 —%BViEREEeE, E8EAY %
r-4AsiCEBARETHAZER DB, T, A4 7l
FIZHA-—HNBHRIZE>TAELLIREAOEEN, THETHE:S

A FHMIEBRPESOHEIVLE LRSI NENS Z & &

FLTWD. vA4 70774 —ZLoaT, EVEAHTOH
ERFARHEELREDY, CLECEBERTOFEVRERIEIBWWTEE L
HEERBZ2ERIEZ R TESL. Ebic, BEHAN
ERiCITz2, BkE, BEREFOomEIHFHFTE D .

2-4-4 w47 0F % rEIEALANKHE

Figure 2-8 L 7 A I = v A # K A, BOH £ 100 mL-min"!
CRUT2BEFEFOCEEREEZ R LEZ . S 2 . 0B E DT,
fk EEBRABAV S RERBGBB(ANE 8mm) DM b8 L & .Plate-A
CBELTR, MERXEZFHFEICLBVWT SEEKOREEELSH D
TENTER. vhbb, MEERASNSAEHTEEL N
RWHBR TORISERISARLERY, FELERXEELXHETOR
R FEcEs. ez, BiomErAYEBRAR
o HFicE, REECHTI2ERKEFE®HEIBROCDOLDY, T h
HEBREOEEIMEEZTHEOBRBLELEET > LD TH 5.
IOXIIBRREFTTCREEP RE W EAAMKCRZ S W BEMKE
BEZ LD

¥ U7 —HF A He OB E, BMEZ2EHL, VA4 /v X
(Re)® R ®, Figure 2-9 LR L 2. BMEOHEBELIUT R
vl BN
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(MTR )0.5

2
v

14, = 0.002669 (2-10)

Re il HEBAESL , 2 EBRERTCREEREZIT > 2 &8

T&E D .
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0.1

u [m- s'l]

0.05

Tr K]

Fig.2-8 Dependency of gas velocity on the reactor temperature.

100 mL-min'l, B Plate-A, APlate-B, [dan

Total gas flow rate:

example of fixed-bed reactor (inner diameter: 8.0x107° m).

(Horie et al., 2004)

0.2 t { ! 1 I 1 | 1 ! i

Re []

300 400 500 600 700 800
Iy [K]

Fig.2-9 Depenidency of Reynolds number on the reactor

temperature. Total gas flow rate: 100 mL-min'l, EBPlate-A,

APlate-B. (Horie et al., 2004)
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2 -5 AEOLE
BRELEHBELTHEL LIt~ A 70 )7 7 % —0HKFH, B

/

B, FME2ITok. GBETETITAVI = LOBELEBEEA
wE bR ARAEA L, KREBLELXY L TELKEERIT 0006 -
0.008 % L FEHIL/IHhSWHE L 2o 7 JE N HE KL Saint-Venant
DAMPLRDODLIL, REOHE XK ELHA L THMLE., "R
REBRE I TRKDLEFEFHHRERBEEI»PONEAELZEHL, #
HMWEILEEREVWVERSELRLE., Z0Z b, 478 F %
VANA~OME, MAROERBERIEILORBIELRETZ2EE R
ExlhwnitEB2bhd. ZHYYBEEREZOERI+S NE VD
T, HoBESmRICHE L2, BFhmi#oEEBIX I
::Eybiéoybnofc. Fh, 1I0F ¥V FAxl0zxz =y & TIZY
—EHEEIRNLAALATHS Z bbbk UEEDZ Lhs,
K< A 7w VT 7 H——FYPa2a—LT2-5ss0n)HEEHAHT
MU B EEBRIEST LB L B b b ok,

Fh, K~ 2727v0 V77 %—1F 773K IBRIEM I D
DPHME, T bba&aBTHERINLTVWDE. @BROY A 70

V778 —3 B EBEREIELS, REEOREEZH T D

et

S

z <

IR bvbAADZ L, BT OIRESNERD L SR
HEfTS> B TEDLELERZLND.

REBIE~A 78I T7 7% —0X3 2% HERRIEHICH
LT AR BEIRIFH LLVWREEREEFEEL LTORENKE

EHBEERETE D,
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% 3 E HEOBHNEERLEZ2ZZ?EZEE . RYONKEED B E
@ W B &

3 -1 %
B K ROB AR EEEICE> TESHFERT LA T L

il

AR, 1970 2 5 1980 ERICE, A V7 4 oy B
rEBEShTCHnE, KETHI R VEVYvEREENE LET
g ¥ LYy o Biks - EficE L TIE ZnO (Spinicci &
Tofanari,1981), Bi;03-P,05 (Sakamoto et al., 1970), SnO;, (Aso
eral ,1976)7 P LTH WS RE. 2 OIS H KR
B e b DT A A, w7 U LR KRBT 5 MO R
B A 7 VI X TEZDBKIEFKR(Swift et al., 1971)T
A ®, BE % 222F AT X+ 52 LT, AEOR
*%fzﬁlifp-i?i/l/‘/%é\)ﬁ‘ﬁ‘ézkz‘ﬁ’é‘%%.%%%&‘?&&i
-7 YA PREAEKERCH LTEERDDY, 7 1,5-~F %
TV BRAEKRL, FRABBAALTIRYyE Yy ERD., ZTORKRE
W oo MBEEEATEY, REABLELAEZIIVRT, R
WEBESETHLDL. SHi, MESEAZAFHACEREIDL
ENnde¢EMEEERTLE EWVWIRELD D

ThRLERBBRTAFERLLTESEIEARFEIPRAALNLT
WA, ZOUOEORIERBESDD. LXEITEOSE

KBWT, BERBEREBEAVES VA VBRERB DY,

(1

BEOOER M L & EMHEE EH L T WD (Contractor & Sleight,
1987; Pugsley et al., 1992). Z ® ¥ AT A3 F A4 7 — OH K
DL BEBERIEBEEBRETCLDLIN, T TV 20 RPDLAERN
EHETEBRETCHD . ENFRI_ 2 OREFERRT 5 Z
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PCEAFHALBALIESEAXRERE, BAHONCERT 5.
K, FELVAATHEABROEBBLCES VW TVWERERZRS A
BT IHERZ. TrE L yORIHW ZERICE VT

Bi,03-P,0s filt £ % H W I«

o
&

MR ELEHEEOHEZ AR
CEBELIHEHBANCOBELZET

<

BETIIT>»TW3d. Foav

BRI KR &I AT HwEHBRETCDHD. DED,

o

v

J&
o P LYy RARBRIZEASRLT, BFTBIFLRIEL TNV
ELs

PR AR L, BEARICEASHL, BB INEKTFBREZ
BETHEVIBETLD. BROBAERBIRTBRRO 2 %
I B

)
“— B REOAKREM LA I TE VSN YE VYRR EELERT

r\\g

H, MEEERBRLERBCERERLZL, 2D,

50T H L. DEEEZHERNLLAEZKE Figure 3-1(a)iZ & L

{y

TW 5.

BamEictsRibEAZToRIBELELIBT, WHBH L
BBH T FORFRRPCREREBEEZDI LPADLRLTWY .
P, BEERREREEER LS LTCEEDERIZ S 27120,
FHELERBELLEET S, 20TV oHARCBY TR, WHE
W R O (W/F: Mt E /" HE) X THEREFMS DB, Z
NREAWARESEBCE CTEHABRE LEMS WFLEHFLTW
ZED, Ik EELTHILCHMEEIARAY. L2 LRZ2E DL,
EWMBAREBICBWTE, BEErLOBRBIC LT, WF O
ZlhicBEHLTEB 2S5 2 5. 2F0, FEARE
BRTOBESFREIWFCELTEEZ2BEATCRIAINRD B
Abhbd. EE  LELH (WFE2HD) S¥ELZTIZ, #LIC
FoCTEBIEL B L BERORT 2B O#BE®EARIEICE

ZE o RAFELLH LTCBVWVHEACE - MY =o— 7 D,
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(a) Flow Rate

N, . Cyclic|period

Time
>
(b) Flow Rate
A
Cyclic|period
N " y P .
@7
|
'Time
>

Fig.3-1 Schematic 1illustrations for "(a) forced composition
cycling and (b) forced flow rate <cycling wunder certain

conditions. (Horie et al., 2008a)
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FRHIECH L TBH T L2288 3EZ 2 0@ EE s > T
H.—H, " EOoOBBEEsBLVTIIrLREZNHMOE (KR E)
CHRLERB L, EEHOBRESFROLELLIBESAD » B
LAV, ToRMGARGESANGEELBRETDH 5 5,
FRECLTEEZEHBEMFEL2Y, BAMERERITL 282
BitOoORBELIMETHZRBPEFELET D LHEBMEINLD. & 6T,
BEIFPEBELE > TVWI2HEBBEWTE - Y =2 -7 BB HT
5, MEMMEMCEIFHERCELELRT S & N5 H
EAMEEILL, BEHEESMLEBESCZ LA TE S .

FMwmTHEALEL>IR, b28BEEZHZ2EH I TSk

ADHBHLIT DI EAARBERDIBEAEID L. & T,

S

# K (Silveston ef al., 1995), JE 77 (Vaporciyan & Kadlec, 1989),
BRERIETHL B .U N — 71— K% (Matros, 1989; Matros
& Bunimovich, 1996)b £ O F O — 2 ET L 5. K& A
AeHAPAATHEEIZI> TEEBMEIARED 2KI# T,
IOBFELZI o TRBCIDVRAETIRAPIMERANICEREL,
Mo BEMZD AP LMNMEFPERT, A HADR
BEOAEBLERLZ2ALI2IERANLZEEI A ZR/RDLD LB TE S
— %, BHMEBEEZEREDZOHGRIIAF L T DIHEERE
HRETDHDY , RIEAXKFoOoBSPBE~OFEBHAPEET L T 5.
COEOBBMEL 1970 ERICH R S (Horn & Lin, 1967,
Denis & Kabel, 1970, Dorawala & Douglas, 1971; Bailey er al.,
1971) 28, WH ORALEIKEBEOBRFEBORE S PDLEEL
WHREREBLS B TERDDoE. LL, EE, M OK
KE#ERELT~vA7r Y7278 —-REHEL, BAEOMBEZM

WLz éwbit TV 5% (Brandner et al., 2001). F ML LV ¥ =
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— R =R - E D ENTWNDE O THR I (Silveston
& Hudgins, 2004).

AETIE, MEBROREEH LW RCITDIH LWV FERL
LTRAYMMRELHRELRET . AU HKEZTRED
A K I Figure3-1(bh)l R &R TV H. M ETELSETIC
FEOARLEHEBMIECF LTELLESEIBETHD. Tt AR
kDb OEBGHBEEOFELELTIEIELREEZEG I E
ZHERT bR TEEDR, KEEHTREFEIDRIZ VL B X
bR ThwirlEdiE AT Tnwhhosk. LML, WE

= £ LTHESLHMBEOBRALE R OED»OEHRKL

&
N
(9

fe

R ErRETOTHLNIE, HLVLVIIFEEFEMED FE L L T
YEBEWR B, AETIE, EERBEECBT LI KWL EE
S LB ESAEFHEIC L TR LE®R, ThLICZESWT
K EBEFPRBEBBMCERESEIFEEZTY, RELHEFIC LD
i RomMEE2TAMT 2. RKic, ERBVCRELHBFEON
RErBATL. B, TEBRECLR > THLRORERELERHE L
BEEEOHRIL I - T XBIENDIBFEHRRERERZHEN

T 5.
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3-2 EFAA0EMN,

3 -2 -1 g HE =

P

?
S Ly _Efkbo
E

Bl LT, KiE#E

E Vi

A L CERSE

TEBFCRBITIEREROBR Z
E L. £k, EHEAL=XLVF -

7 b= R T ay Pl TEHLE. FMIC2WY TR

3.3 TR NS, RIERBEASGrHEMLELTIEDEE2RLE

R E L .
C,H, +9/20, — 3C0, +3H,0

r=—kPy Py’
p,, = 2ull= X0
(1“‘ ”9'J’A0XA)

k=k, exp[— %}

EF N EBERT LD

P

(3-1)

(3-2)

(3-3)

(3-4)

w5 S —KikH,®&E PIIK

F—Fo0okr s> —MuaERETHA VL., BEMHEE yao & 7

OE L YR yse i TN EFEROLE 02 TH D, E, BH —

¥ (pseudo homogeneous) % R &
BLYE. EEEEoRFAMOEE, BE, RESHAEITH —
L, S EofREZ LY,

. BRE LT HEIZ Table 3-1 L T & D TR L TWD.

L, 5o E G EE
L
—RIETETFNEEBRERT DL LHTE

(Y

DEHEOEDIIE, BAESHOEY OREBEEARAREUSNS O T <

TOLEHREEEBORRLERBERER2LRDES, RIEHO

NENOCRBEDIMITODLD ELESAOREBORERLLHE

Lo TKkDERFEEARBRIERT —FCLHEEGIEDLEHE

NEFT X hEED, ERTOBELALEEMERBERE IV #E L 2.
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Table 3-1 Assumed parameters used in the calculations
of the total oxidation of propylene (Horie ef al., 2008a)

Cpe 500 [T mol” K] T. 773.15 K]

Cps  7.40x10°  [J kg-cat” K] U4S'T  430x10°  [Im”K's']
Ea 8.79x10*  [Jmol™] & 0.435 [-1

AHy ~ -4.28x10° [Jmol] Do 884.2 [kg-cat m™]
ko 3.26 [mol kg-cat™ Pa’' 5] oy 1565 [kg-cat m™]

il BEEIARAEEDE L L CRBORFEEH CTHRL L ME
BrxRAvwvreHsataRlIL2nH a0 _@rzERLL. &R
LTWVwhWMEBErBH VW TERLAE L EOMBEREANE K XM
HEEPTLAETHESR 0T, HEFROFLORE P H
R LIFNEE AL LIS CREERARKERELE.— F,

3

FRL-MEBZAVE L ZoRESAM TP LMAER 10 K
BELAT A ETHLBEES M TCHho Rz LitH LT, ZoORK
EramrSzATAaRMBERBRZEAELEFETE, AODAM
EPARIGEBEEIY 1| -2 KEHF LEXHLREESATH -2

&

Y, TOREBERAREEZYRELLICHECAHY . F

BrfARLEFEREZERXR AN EZAXETIUTTHL S .

dx
Yaolv, — = pyr (3-5)
Z
dr UA
CCo¥,—— = PyAHr = (—S—‘)(T ~T.,) (3-6)

BmEBLEOBEK L L T v, ®E X

1
vz=vzo(1+§XAyA0] (3-7)
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ThHhDBH. Xa=10L x0FLIEFH I %THY, o, EEOD
LB ELHICEWVWED, BEERX B LE. EERBR
BITABREHBERIEUTTH 5.

{Tsz
z=0= (3-8)
X, =0

HELEBHICHELCE, HEE 5025 150 mL-min™' ~ & {k
X rBEUBEOBREI M EEERLESAOEBREZH D
T Lo Ty, HEZRAIED L EEF, KRELLZE
LT A HBERR LTIk, 2%V, BHMI 50 mL-min™' @
TEREBOHEL2T> T, BE:EBELELIAETRD ZE, &
BE#% 150mL-min ' CE X TCHHEELLEZBELE. REZ T T
PBEOHBE AT OMTHL LS. EEELEZREL CHEINIXKX
BN XA E T DL

ox ox

VaC &A ==Y CV, 6ZA — P (3-9)
or ar UA |

%ﬁé0+ﬁ—gggcmh;=—cq£@5;+mﬁﬁﬂu(7§yf—n) (3-10)

LB, LTONMARLERENE I ODEFAICME .

=T,

t=0=> (3-11)
X, =0
T:ﬂﬂ

z=0= (3-12)
X, =0

-50-



3-2-2 MEFAR, RREEBSITCREHNRT &

Tu v v roRUl ZEBELEIT D ME L L TBi03-P,05%
AW, MBEYRA~~2AAAKMBOoOMBBREKRKBERL:L Y VBK
BV T VEDUDLADODKBREYEY AT ALY VVORTFEDR2:1
B L HOIICEAL, XLEBICT Lo THBE L Z (Sakamoto et
al 1970). Z OB B BRZHW L33KTHERBL 2B L AXKREY
BE¥h., BRBEWRCEKFTII3Z3KTS R L. BEE A D
DR THBRL, SVvy PRECEMBRYE, FEHEFETHB®RL
7o #%, 32/42 mesh (H T & : 400 pm) ICE K L 2. XRDIK
F o THMET - LA, M ITBiIPOLE v-Bi,0;0 B 6 B
ko TcdhHho7m. KIBEITANES mm, 4AB10 mmdD XA L v 7

FEThHv, NBEd4mm, #B6mmD XA LV v 7 A& % B ER
AeHWwWAZdicMLHERIZHNSIBIZCHE AL 72 (Figure 3-2). fil
o ooFEORKRICAEL THWE. MAEOMLER
FRNZPROREIEERLZITS>AIC20%D B E L 80 %D E LRI
HTC2hfTo . RIEBRHABEROE — % —THEHELLBZEZM
ZTHEBBERECHELEZ. BB Z22A TRy, BE =2~

b -9 —LERLTODLI2BAEBESEIRESLHAR  — ¥ —
DM OZEBMICEBELEZ. 99— 20BREFERFIREHENT O A
A Vy 7 2B ECHAL, MEBORENEMNL L. fMES

PDBEEZ, BEORER (KiEHON) DAL EDORE TTT3
KR T LS mFOoOBRENICL > TCHELEZ. BHE, b —
F—0oMBEE® —EFL L, REAKKETEALTLEZ 2D
s, A OBRESEIREBESAORELTHEL TWD D,
KL THMEBRBOCEEN EF L THEZE2 2T T2V X5

WEBE LE. KREBRICHWE ¥, B I/XFigure 3-31I2 73 L £ .
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25 mm

Thermocouple

Gas inlet |Outer ¢ 6 mm T
Quter @ 15 mm
Inner @ 13 mm
4 o i Outer4 mm
275 mm il
s
]
Quartz sand E E 60 mm
ili
Slica wool EE
Catalyst |iJ: 6 mm
S . e.g.) Bi203-P20s
ica wool
4 02g
Raschig ring 60 mm
160 mm
-~ Outer ¢ 10 mm
Inner @ 8 mm
Yy

395 mm

lGas outlet

Fig.3-2 Illustration of the packed bed reactor. (Horie et al.,

2008b)
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digital mass flow controller

N,
- S5 >4 ¢
O, Coa
L LR
A . .2
— ventilation P
. reactor
St heater
C“u
auto sampler 4
e
‘.—..—..*_w._—____
He
I ]pm‘az:‘&-fe
—  yentilation
4
TCD

[”‘" molecular
sieve-5A

Fig.3-3 Schematic illustration of the experimental setup
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3-2-3 RERKRFHECBEBTIERREEZRS &

20/ 5 150mL-min ' DHEBEILE T 2 —FEREOEE BEE
BET~7 KRIEKEDOMBIEZ N, XN T XD 20% C3Hs, 10 %
0, TH 5. L EZ 02gThH VYV, MEBORE & 6.0mm (21
YT s, FREFERCIAEEWE L L CHE 01 g izg
LT 20 g DAEBETMECEASL TR, BOoRIFICHT
HZoREBALE. OB EMEBERBOR IIE 4.5 mm THY
T5. RESEoOMBREFERIT PH4 L ~2rTr—23 v o
— 77— (STEC ®) ChoTHBLE., REZEDOIKMEIIT TCD
& FIDIK & » T %4 # L %z (Shimadzu GC-8A with a Molecular

sieve 5A and Prapack-Q in 1/8 inch columns).

3-2-4 BEAYMHEKEBRBEDRAEOEZRFE

LT, MELABBRELEZ, BEE®BRMEO LT LRUKBME
B (20 % C3Hg, 10 % O,, 70 % N,) O H 8 50 mL-min™' & 150
mL-min' O&KE*rAHFHCELIE THEATLIBETH 5.
fik B X 01 g% 20 ¢ OPAEB THERLTAVE. FHEY
BEIX 100mL-min! & 23 L9 @ELE. RExiE, —AMH
Z 80s & LEHBAITIE, 40s A 150 mL-min™! TH @ & ¥, &
D D 40 s 2 50 mL-min' TH 5. KEBOHOKEHETHBR
258 (A V75 —) DL I 4 THRELTHLD, B
B W T o % v T Y v F B BB T H b (Figure 3-4,
Figure3-5(a),(b)). Z OB IC X > T BB OoBMTELK OV
YINESBRTBIERTED. REEDBREOLE S X, H
A 2O0OHmELEAERECZELLT 22D, REHE»LLT— LW~

TIT—FETCOITA v E I EBERERHELTCY TS Y T R
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TFolr. BRLEEEOY v 7428 L T —BHAICHRK
kLT 7y L, —BA¥HARNOBHHRELEE- .

reactor

veni

He

i

vant

A

He He

Fig.3-4 Schematic illustration of the auto-sampler
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Fig.3-5 Pictures of the auto-sampler and the revolver-type

sampling columns.
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3-3 BREBILIUGEZE
3-3-1 FMEBNBEEBIUVELELSAOHE
HBH OEEPDODRIGE Tt lLrrtBBEICLIAEL2EBEILE LT

P

HEzTY, MEBNORE LA EBEARSIAICHEL T — K
WOREET Y. RIEFEEXEFRETLI>2D0KE O FEIX
BEFEL T L X OAODBRER2ZEMSELIERIIILS S DT
T2, 5BO0OHBRIBEBEILELE LUTOFEEZ L - 2.
Equ3-) b B bh 2 E&EakrrbmaemMibs Lz xomn$E
L7 v rroBALROLERMBT S &L Xa/Xs=9 (A: B F,
B: 7 u z:"L/‘/)szb;é. Figure 3-6 » b Z 1L b Ok % B 5 &
BiXF 1022, 7o lLryroERPEZ N L, BLEIERKWL

&, e v v ryBLERIBEEBELALAELIDL MDA

[

FEERET B E, TV LroSgEPEE BT, ¥ i
Eq(3-2)it BWwW T 7uvbv vy LT 0®REEZDODITIHRY
Thsdr. BEICEHLT I KTHDHZ L 2FITREDITIE, Po:
RIS DI ERERLETIOILER D DN, —BRGOMKEZ
HWE T 20T, Z0o0Xo0oBEHEETUToR

W_PAOJ-dXA

=P, | =2 3-13
F — kP, ( )

EHVWERBELC I > THBITDIZLETERTTHLDL EE 2
. KIS EEFE I Figure3-7TiE R L7 V=9 X711 v b
KXo TRDE., ZThTEEEERXN EqB3-2)2RET 2 Z &
BTERER, oy - HLERBICIIEELRODR 2K
AT 2D FEBTHFRR LEMEBICLIZ>ERERZ AL
ThHEze6h 22X Tdbsd. LirL, BOHBEIT T X THMES

B p. % 884.2 kg-catrm™ & K& L, AEBAFRL Wi



s =3
o~ X
o S
5 5
S 5
2 7]
g 05Ff 4005 &
£ z
Q S
o o

0 1 L 0
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WIF [g-cat-min-mL™"]

Fig.3-6 Dependency of the conversion of propylene and oxygen

on W/F with the diluted catalyst bed reactor. The catalyst

amount was fixed to 0.1 g, and it was diluted with 2.0 g quartz

sand. (V¥) propylene, (O) O,.(Horie et al., 2008a)

12 13
UTx 102 K"

Fig.3-7 Arrhenius plots based on the results from the
experiments under the varied temperature conditions (762 K,

781 K, 804 K, 827 K) in the catalyst bed. (Horie et al., 2008a)
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Fig.3-8 Distributions in the axial direction of the catalyst bed
under the steady state operation (calculated). (a) Temperature
profiles at three total flow rate, and (b) oxygen conversion

profiles at three total flow rates. (Horie ez al., 2008a)

-60-



BOEE IV B/ ELS 2, BEHR

26N B.EbHI,0oREEKTIC L

BT LAEZ L
> T K 3 E

EFBRAEESHILIIT D EWVWIIF A7 AP HBYERI N

BEILIVBDABRBLEERTAE X

3-3-2
3-3-1
MweEe LT,
4
X bR
fb &

B
B

i

5. &

B2 E 5.

T 15

¥ S F A
NS R

, BOoXFmik

i
3

DL EICERB
i &,
, B OBCHE B X
25 e&EZ

z D&

S

H_
E o A c &

T AV - S

&

-7 0 KE
W RBRREE
Mo B
5 .

5oz & AT

mE) O
L

LT &

150 mL-min"}

WRIIZ B W T,

L7Ze 56,

DB AABERETDEFITOWNT

Moo THRE L
Lz kv iR E
RB# AKX
hob R BEE R
Lhvd. T oKL
BE W 0 b DB
At 1y

Z Z

WwWT<Tix, B

NE B
B 577D

L= I R N N

Iz
)
7:,:

YW T X B .

AW REZHBREOHF AR
fiTHELOhEEFRBORE A, WL
Mk zZEx Tk EBEZELL S L

HOEE AT

50 mL-min ! ® & & K€ » 5

EREBEORICERT S &,

b REEY— 7 @EH»06RE

T
}:a

E=N
L=-A

S

5

RS A

[7AY

150 mL-min™!

HEBEOISsETTCOEROERE 72 7 v 40

OBRE T 7oy A4 X

i i
D
%)

>
[,

W oo 2

— 7 W E K&
O R OB 23 KOS
bz Kk &L
Ros &E E
Bk R K D E

R & 0 KB »

72

&7
— s

nas. L s
B

NP D

z23

//ﬁ\'

%A T

BEEYC— 7 EIMHEBERICE -

#

f(ﬁ

L3 &%
ﬁ/}\b,

7= iz,

oA E A
DN EF

Figure 3-9

iz

&

&z E

S~ L7EH

15s TE®

50 mL-min~

i
Bl

2
L
)
&
1

X

D

IR RN NS

&

T

1

BE o T
%13,
JOBE 2% i
%
&

1K

T B R
A e
B B
TE W
BT 5
K

BE

=4

<,

215}

ay

B ook

5 E v

P

B

wmox

H, 0B FEI K15 BRE)TH - 7.

-61_



950

900

850 +

Temperature in the catalyst bed [K]

0 0.001 0.002 0.003
z [m]

Fig.3-9 Transient temperature profiles after the moment when
the flow rate was changed to 150 mL-min™' from the steady state
of 50 mL-min"! (calculated). The temperature profiles were
drawn at every second to 16 seconds and elapsed time was

appended to some specific temperature profiles. (Horie er al.,

2008a)
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Fig.3-10 (a) Variation of the oxygen conversion with time
(solid line) after the moment when the total flow rate was

1

changed to 150 mL-min"" from the steady state operation of 50

mL-min!

(calculated). (b) Variation of the time averaged
conversion of oxygen with time (calculated). The filled marks
were plotted per second with a solid line. The dashed line

corresponds to the conversion at the steady state of 150

mL-min'. (Horie ef al., 2008a)
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Fig.3-11 Transient temperature profiles after the moment when
the flow rate was changed to 50 mL-min~' from the steady state
of 150 mL-min! (calculated). The temperature profiles were
drawn every second to 16 seconds and elapsed time was
appended to some specific temperature profiles. (Horie et al.,

2008a)
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Fig.3-12 Variation of the oxygen conversion with time (solid

line) after the moment when the total flow rate was changed to

1 1

50 mL.-min"" from the steady state operation of 150 mL -min~

(calculated). (Horie ef al., 2008a)
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Fig.3-13 Effect of the cyclic period on the time averaged
conversion of oxygen under the forced flow rate cycling
operation {calculated). Time averaged —conversion was

calculated based on 100 mL-min"}

. The time lengths for feeding
150 and 50 mL-min"' in a cycle were set to be the same. (Horie

et al., 2008a)
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Fig.3-14 Dependency of the conversion of propylene and yields
of products on W/F with a diluted catalyst bed reactor
(experiment). The catalyst amount was fixed to 0.1 g, and
diluted with 2.0 g quartz sand. Vpropylene, ®CO,,

B1,5-hexadiene, ®#benzene. (Horie et al., 2008a)
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Fig.4-1 Reaction mechanism of the two-layered catalyst bed for

CsHg

the production of benzene from propane.
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Fig.4-2 Redox cycle of the ~ V,0; catalyst for the

dehydrogenation of propane.
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Fig.4-5 Dependency of the effluent on W/F (catalyst amount /
flow rate) with the packed bed reactor. Each of the catalyst
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(a)two-layered catalyst bed (b)mixed catalyst bed.
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Fig.4-7 Dependency of the effluent on W/F (catalyst amount /
flow rate) with the packed bed reactor. Each of the catalyst
amount was fixed .to 0.3 g. (¥Ypropylene(x10),0CO, @CO;)
(a)two-layered catalyst bed (b)two-layered catalyst bed with

quartz sand between the beds.
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Oxidative dehydrogenation of propane

C.H. feed O, feed
«—8 > —2 >

773K

Temperature
N
P

CsHg

CO+CO,

Concentration of products

Cyclic period

Fig.4-9 Temperature profile and concentration profile of
products in 1 cyclic period of the forced concentration cycling

between propane and oxygen with V,05s.
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Oxidative coupling of propylene

C.H. feed O, feed
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773 K
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= CO,
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Cyclic period

Fig.4-10 Temperature profile and concentration profile of
products in 1 cyclic period of the forced concentration cycling

between propane and oxygen with Bi-P-0.
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Oxidative dehydrogenation

C:H, feed 0O, feed
P .- P e >
/—\ ]
T 7 AN ng\

Isothermalization
by heat exchange

r——————7J \
< > < >
C,H, feed O, feed

Oxidative coupling

LAAAAAAAAAAAAA

Fig.4-11 Schematic illustration of isothermalization by heat

exchange applying phase lag of forced composition cycling.
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(a)

(b)

Fig. 5-1 (a) picture of aluminum plate A. On the righf part of
the plate A, there 1s a channel for leading gas flow to
microchannels. On the left part of the plate A, a trapezoid
shaped area has 2 holes for leading the flow to plate B under the
plate A (b) picture that the microreactor module was being
fabricated. There are 14 holes to insert bolts to compress the
aluminum plates and smaller 12 holes to insert thermocouples.

(Horie et al., 2008b)
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Flow Rate

A 100%N2 100%N2 100%N2  100%N-2
) ll—l 4 4
Cydlic period 7 > | | 80% 60%
N2 N2

tNZ) € o2 Teane .
P Time

Fig.5-2 Schematic 1llustration of the forced composition
cycling. 40%C3Hg, 100%N,, 20%0,, 100%N, were repeatedly
introduced into the reactors in this order. Time length of
introducing C3Hg (fc3us) and O, (fo2) were the same, and that of
pure N, (fyxz2) was 1/5 of each of them (fcins = fo2 = S5xitn2).

(Horie et al., 2008b)
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Fig.5-3 Variation of conversion of C3H¢ and yields of products
with time by steady state operaiton. (a) microreactor, (b)
packed bed reactor ( YVC3Hs, ®CO,, Aacrolein, M1 ,5-hexadiene,

®benzene ) (Horie et al., 2008b)
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flow rate) with the packed bed reactor. The catalyst arﬁount was
fixed to 0.8 g and temperature inside the bed was kept to 500°C.
( OCO,, Aacrolein, [01,5-hexadiene, Obenzene ) (Horie et al.,

2008b)

=117+



BT AL, MEBCHEALLAEN LI TREND %

[

L., LER-T, BRARKEP TH THHMER AR ORE
X EICTIS KR ER .
Figure 5-4X 0 , R ¥ VN RPFWMEOBHB ML XK T LT

WA ERDLPBE., IThiTME~0oBEMEBEBRIELS 2o~

[y

LWL o TEBRBEDPTDETT AR EEZRLTWVD
— F,1,5-~F ¥ Vx> X8 0x10 gminm?PTAKEICELEHE LT
WA, CO,0EBRMBPEDL HZ LT, o BAITH M RER
O, B+ B CHFETEDLZ XS P —-—HELTEYT
bhd. L»L, AU ELREORE VWHEB TIIEMEBR O
BEHopRICET, T RTCTOAEFEHOWRERETLTLE
5> TW3. ¥k, COy, 1,5-~"FH Vv, RUo¥ oLl
N 4.4%x10° gomin-m ¢ 8.0x10° g minm > TH Y, EIEHE—TH
52t b, EEBECRBVY AR VECYARBRAERMIIT R S
ErofEBRELEEOMmEEIED R VEEZ LD, LKoo
T, 773 K2 B % & E 2 &4 13 W/F»80x10° gminm?D &
x, ¥hbb, WMEHNI0 mL-min'® & X Lid. REOJF
R ELHEEOLZHF R I EEEL L TITo .

5-3-2 BAYMBREEDBAECBITDLI~~ALA 70 )T 775
—LEHBERBE OB

Figure 5-5IC AW BELZHBEFEILIT 2 —AH RO S

PLYOBRESESARLE. BB A RERC Lo TEEZL K

—EMOMKERAOY L Y L S B L, TR EIERYK

5. HFBEREBLATAIILT, EEMCERT S S 0¥

LU BEREEELCVS. BB ASEAKLL TERL

- 118 -



=
(6, ]

-
o

()]

Concentration of C3Hg [mol-m™]

Figure 5-5 Response carves of propylene concentration in the
effluent at cyclic operation. ( filled mark: microreactor r = 12
s, hollow mark: packed bed reactor 7 = 72 s ) (Horie et al.,

2008b)

- 119 -



TWbd. =4 7uw 7782wk eaE3AH12 s, RHE
BRIEBOHEAEIAHI2 sThHd. —AHoORIBRELLA
RHAELbLbELLY, v 270 Y778 —-—ORKE®REDR I M
b, MEFOST e L Uy BEEEFEIEERERLILEBRLE 2. b
L, B2 st WS> ABMCTC~A 7)) 7 7% —,%HESSE

i, TV E-o& 0 LEERBOEKE LRSI LEDITESE

~

5. Utoz s, BEMREEZEHBEZAFCET D
sm ) 78— REBRKESOKEROHEBEAE L L T,
Al

B M &

4

5

— T B, T bbb, A4 7T 7 E—TBIT
ZREH12 soORLEAEERBICR T Z2RAHM72 soO KR L2 H&ET
%

Figure 5-6{X, BEZTHRYH BN~ 27 077 7 % —TIiL12s
(a), RERBRIEH TIETI2 s (WHILBIT 2 —AHANDE KD R
B B Z{ TH D . Figure 5-6MD 7 v v ~ iX Figure 5-50 —
AN 2R (e ry) BEERELERBGIC X
—®HHmLTWwWsE., ZThbooRMEPEBET LI L, R TH D P
PV UVYOREEFRFREIELELALRARL O R BEDLLT, &
R CETIREEBI2A

FP, REBREREBOERMOMEZPWVWTERETE. Y ¥ 1L v

Lo T WA Z EREEIRHD.

BAMHBIEBY IR VECVCERPERELZ &V, £ 0K
el L TV ZERbnd. ZOKE»D RERB X
BUCBTI2EAHMET2 sEVbELSTDE, RUyErroKHEE
BN ETTHEPAERBTES. 2FE0, Zhid—BH
L:%b\f%%%ﬁﬁé@f&:ﬁ’m1:°1/‘/0)Zf%ﬁ@éﬁ:“cw
Z2HBBEELELLC D2 CECEE®RLTEY, Z oM MEODOK
FBEEAIPEBILRT, MERBLEOCEVWVREIES KR

- 120 -



O

= )
S Er
E 5o
o) = B
s 5%
5 e
c S
2 ©
© = o

c

£ oo
@ 20
O

= ol
o O=
&)

CeHg,1,5-CH10,C3H,O)

Concentration of i [mol -m'3]

(i

Concentration of CO, [mol-m™]

0 0.2 04 0.6 0.8 1
t/r[-]

Fig.5-6 Variation of product concentrations in the effluent
during 1 period of the <cyclic operation. (a) with the
microreactor ( 7 =12 s ), (b) with t'he‘packed bed reactor ( 7 =
72 s ) ( @CO2, Aacrolein, M1 5-hexadiene, #benzene ) (Horie

et al., 2008b)

« 121 =



TLEy ke, —FKH, AT EF—-—2HWESE
G R VvECYEAERBPBEBRLTIVNE, 7o L yOoOREDR R
K2R TR VY EBEUVYREIPEREZ E > TWWDL L
Db d. ¥hpbb, ~vA4 70l 77—l aidaE
B#HThoThbEBORAME I DRI &ML, fll fEHK
BE VIR R MR L BT

rEEM CTHEBHICEBRAN Z B EZITR
TWw3s&¢EA2bLbRDL. £ L
|74

A

, BRE D N B BR MR R E
CIEF T 28, FuorvrlrryrhrrbBBIUYVEDOL, BB

rfTxalewnwz b, T

™
ol

b, RERBRIEH LD OREZR

2

BHMEOHDEDRELEXRNELERRMNMT > LB TE DS .

7, ~A4 7wl T F—-ITBI

3

T 7w VA A RD BERE A
Ehr b, RMEMBHK LT Y
LHEBESER LT T Z2a b4 rBPERLTWVWS ET 5 L,

DE YV EHEZRHRIZEZLS R>TWVSD

(Y

FurLrryroffgnsgkborERIEZBW T -7 UV A FEKE
D EHEEHICELAEL TR EE 2D B TEDL. BHE

-

BT, v EBE2PHICEIT T 72 v A VYERPEI o T3

HEERDIN, MR TXIZEBELOBETER»PEZDOTH A
5 . -0 bbb ,v A0 VT 7 E—FRHWEEEITIE,

—TEAAERDOMBESPMEREICLYVSZSERL TS Z

EERBE LT WD,

Figure 5-7TE A O N L HF TIOIRELEBRFRAE R =0
KEMEERLEETHPD. ZORMPL, TR EZHLOKIE&IK
BUABEARLEH A EZ AR 2T D & TED. r=03RE
EEoOBHEBRBVRL AESLS LESS LRI DB, EH
NELACES LERELZ#HEBE L TCRBEITLIREBLE LTEZ,
FTHEBEOEREPEDZLE. ZTOHAEOER LT, BEICH

-192-



[-]

0.1 - 0.02

0.05 — 0.01

CeHe,1,5-C6H19,C3H40)

(i

Time averaged yield and yield of CO, [-]

Time averaged yields and Yields of /

0 20 40 60 80 100

Fig.5-7 Dependency of the time averaged product yields on time
length of 1 cyclic périod. 7 =0 represents results of the steady
state operation. @CO,, Aacrolein, M1, 65-hexadiene, ®benzene
( filled marks: microreactor, hollow marks: packed bed reactor )

(Horie er al., 2008b)

< 128 =



LTAERBRYEECEALARADOR 2L ok & & L, Figure
530 R H20minD & XEOKFREH L. MME O LEIZ K
ZEHEOBETFTAANLIEBEREI TCEBZIR T AL & &
L7z, 22T, AHNREZIREFECSTOINROREHF K
KOWTHBT? AR NEIREFPEH LTV I,
Mo L TC—FEEERERY. 22T, —HHERNORKEH,
AR o BRELEH S EOB O —-BHY (MLHB) LE®LTER

Rhwkt zzEAHNEFRBEEELT, ~AHANORER
EHWMLERREHES L, — AU ORMTH TEH L ZHE

 BE R L B R (time averaged yield) & L Tm» L &
FHEBRIGCBO/BERTE, B#M72 st TR ¥R
EREOMBEEB LD ZEDNTERZN, ZRIXLIVSEWE
M VW TREBAOCEE TREZBRFOHR I DD 20,
DFEREZESVWEZLEIBEIND. LENR - T, Figure
56T A ERERREZADYA L, KEBRESEZH TH
B EEEBBREET > EBACRANYE LN ERB L R
Z0EFRAHI2 sThHhBHE EEZONDE., RERBZEB W TEEAH
MEELHBELCLIAIACOREAROMFABRIADLDL TRV
N, Zhix7 e vy 8 ABHEIEP- L diE, MMEXE

Y

B

ERrRRERVa—-—I7BRELAKRLTLE2RILEBPRRA
&

N
M

S (I
— 5, =A 72wy T 7 —FH0EEHEEE, BHEIET

%
i
<
e

LRy P ruE:ERAELRE> TN e DB,

U7 0~ RELEHPELS, POEETH -

4
N
Y
il

r\‘{.,
[y
N

ZoRrLTWwWshd. L»L, vA4A 27T 77 —-%H0niEk

H—
1Y
o>

[

EEasBREIN TDLDALEEIEITVWEZT, TvERBRBYCTOR

- 124 -



EEBRAPTANBEILEIED R TCRELHBELIT X D A &
EEL VWD, £k, BAHTOREITOHRE R L

TRV EBVERORIEEE®DRE W &N bMD.
ERBEFEORBRLIEBLESE S IX, 12 sB H <o R i3~
VE VR RERNABFE LR A LN TELE . A B I E LY 2R
MBEIAEIFE LRV 2L T L ryrhboEESRS2EL
R#M b &, TLT, MEISHECBALRE KL B
L X2 TR VB UVBRENR ELEZEDRERTDH
5. BN BELGEBRELZTEHE SO RERBIZBIT 2 AH
72 sOR B UVREFELEBLEEACBVL TLH 26885 2
E BT E .
U b, BEaMEBSARO~A 70y 77 % —FEVAE
BoRELZHHRMEL2AEREBLE L, MELZFICEABRBLLREICES
TET, BREWEARUVPBPUVyr2A2REIFDZ20TEDHRIER

ThBHEVZE. SHEIEBOMBIC LY, AH12 sBLFT
ODBEITITAR2od, ZTORBRCBWTLIY YRS
WEBRERITZDEEZLND. TOMORILKEOE S BL
EREic@EBLESES, REREEPBVVEATH-> TH, <A
sm 3T 78— AnDHZ LT, EEOKEREIZLDHEMENT
EBELR2YV, RMEBRIBLEOEMBIKEE2YHEMHMITIT 2B C
WAV v bbb ThbArH. £, EHOEBEOHRZKRI
LT, FEREZBEAHERL DT 22 b TEDZLEEZLLRD.
%, S HLEERLT_BMEBRIE®HE 2 L0 %K EAE KIS

BLrAHMORETHBEEL»ESNLIE S L BREEN B .

- 125 -



5-4 AREORK

TrELVUryroBAHW ZEALERDY LT, RAEAGBEELSDOR
WERBMKEARBE O~ A 7w ) T 72— %R T, BHHR
EEHBEELCLILIIRNAVECryrRFEFoOMEEBREELL., B &L
TRA Vy s 2BFEERBRGHEMN V.
BEERIZBVWIE, < A4 70 V7 7% %R ki

i}

r%,,
ERLBREBEOFHMARD T H1,5-~F Y VxR FERB
b o PT Pt AR LEYR, N E L COMW HRIZTK X
REITR LN R Do .
MY BEELEHHREEEREIT - L LT O20DKIEHOK

&
N
r\\‘_,

i, FE 7o v L ryrRBEEFEFEzH L. BH12 s
BUbs~A 7wy 77— 0RERBIE, B#H2HRAKEALLL
L xR, KEBRBEEDTI2 sCBTH2REREFEEEER—T
&

TR b LVryORBREREERE -—THhombBLL T, K
BMILEABE MBS Y, EHREBERTH S5 Z & IC
T o THEBRYOBRBERBRIRELARY, R ryrUxRzMH
&R, COEEREMBELE. ~A4 270 VT 7 EF—TIERAH
HMBELZGHHREICILI - T, EFBRMECEATAE R RHR
Kag Lt 20  FHEBELEBZ2HAVESEAORELZGBRE O
BEogKRKELEHEBEBELTLHB2ETH » .

it kFoHBoBILIBT2EBHNBEEHEELCT A7
n Yy F7F s —F@BATALT, RERXVYELCREBO ML
BELNLE. ZEERERXERBICL > TAHBH IS IEEHES L
LPEHBELETESWICHBABIT L LBRERRKRD BN D.

- 126 -



wHe6eE BIE

6 -1 MEBROEBE
BXTH, ETHHBHCIBAHEHVEZTRVWVIEEEEZH & A

C B

EHBETHELOILWIREEZBE LD L ZHEL L T,

* B

BHRE, T, BN RELERELE A7V T 2 F

>
Iz ryr "7 PE2EHERERRESHEICERNT S & THEDL

f
>N S A

&

e I r e N A

%

R F 2, HoFHEELT, BB

5
=

i
BEEGBHRFEREL, LG HELZEHT 2L DI &2
i

™
NS
M

bRGE@wmBEHFHOEHITOVWT, KigH Oz N7 bMEE W)

!

BAPLBRBELE. b, 2HEERERL L TOZEM
HREREREHOBRZO>DVWTHEEZT Y, 287 b ZTEME
BEERLANOBREEDREOXADRC OV TORFH &
£ e

Fo¥ (RAYWRELEBRIEL BHE L HREMBLRE
A~A 270 ) 7275 0RFBLEER] T, KFLTAH
AL~ A 2700 77—l ToRFEHEZTT L LD

w, R L~ A 70T E—0EEEEML, KEB
Eih#Hmi b L CERB BN BEELHBIENTRTDH 3
T RN NN RAFEEIC L o THL ML .

£ 3E (MEBEOBRHNIEKEEILWR

r
v
S
O
S

EE . BHEKEL & E
fEDWMEMN) T, WBoxERRESZH O T, &R
BN ORESACEZSIEBLL DT, ERREELAH
WHRELZBHBREOZENRZP R T S VI alb—3va VBFL
EFBREBEFTLZT o2, EEBEFCBVWIRAHEIRLY V-7

b OBESAPEET IR DY, ERECO L B X

127 -



LHREHFBEZTLLBEHE®
BT oHEHRNE

ELLaDB B

[

mES®E>D

& H” T

fy

f
oy
<

&

(f B

N

o
o
o
&

¥
N
i
|

7
®OF
S
H oo
T O®
TR

S
=t
-
T
O

= Al SR O e
20, WE D
MR F & K
T il R o BB
Y O R ER
B %L DR
o TRUE
7=, R
Bk B ~ A
DEHTHL D

ESsEI < A

&
%

BT OE .

& At P

L 0T, il g

T

(AR N[
= # | 2
BIETH

&

i

D F
L
YD)

- T

fib BB XS AR
Ry b o BB K

B 17 5
o O E
B OE E T
B il I J8
A, 7w
W oE I

e KIS #%

BE S O* &=

7]
&
v
)

Ve

7

"~ E
oo T
X E o
ER g
o Uy 77
&N b b

=3 A

%
+

2% v
23 o

&

-
—

C o R

1k
o

i/

b+ %
b,
5z,
= &
¥ % b
® R %
B 2
b B

z Hw

[N

o fih
S
zh b
2 b D
. =
= '3
W kY
K
PR
= oh

&% MR

5?..__.

~ & B

ol

&»._.

z Hn

- 128 -

BHEEEREY — 7 8k
EHEBELIYD bk £ 2%
g o BRE RS S E D
52, BRELHLET D
L7 RIS &

pe—

B W TIix,
BEFELND WO KAER
B & 3 Y % k2

B W oRE

B

© B

tr

Bk 35

Yol = BN [ SR

» b o R

AN
S

£, 7 ovrur

N

5 T BB KR
HEREEOBEICXDH
3 il

H
D
&
zRA L
%
=

— B il 2
B A/ EE L
A4 v B Rk & TR

¥

T 7 =
BB BRI
D&, AIEMHERFICTE -
EHEPHEER 2 L
BB WTR V¥ LR
b, EHETEEOFE
b0 LELEZOND. OE
DEHEHER OB AP D T
HHRELESBREFEOEA

TR RELEERELC



a3 7evrrroBity Z 8 TIE, BEBEEL OV
BEEMEBAFE O~ 7Y T 78 —-%FR VT, BHBRE
EBHBECLII N PR EOREE AR LE. FEE KIS
BTERERBOBACLIIZEDROBTHAMBETH » &2,
v A7 m VT 7 F—-TEHEBAHNTCELEHBEFELZIT 2 LB TE
ZHENDD. EFEBEERICBVVTCER, <4720 7 7%
—LEHEEBERISBROBRACREABVERDAAL D - & B,
Ho7e vl ryoREFRBCLI» BB EBREE LS L T,
BHHEEBELEREEZRTO Ho0RERBROERZHEERE T 5
L KHEBERB LIV A2 0 7T - TCTERKEEMETH2
EoRryrEUOrNERE/RREZ., Db, A4 70T 7 E— Tk
BN BRELZHBEEC LI T, EFBREOER LLEBL TH4

o ¥ rWREHDLHZEDTEE.

- 129 -



6 -2 H

bl

BHMES®RE, ZREERESH, WThbRRBOMLE,
BAERDOWMH, HE2Fx AL —0B /b, BREAWHH L
F, 70 2P0 BRINIBEL2HBIET S22 RD LN
TWas. LiHrL, EbobitspEBLTWD I LE, FFPES
DAHL LLBEFMABATH S, ThicB 22D F, Kb
HEhmo®x RIVYL, ZBELAKEBEETADLDKIES, b LS

<
&

HEBO N7+ -~ UV 2 2FBETIREHO LD O XIEHIE
A

LT, BEAEVOMAETAEBRBICEL2T L5 2RV ML, 7T

\J¢

bbb, Yotk irRRiz2rrEBEALPEETNRSE THAHAS.
vy X7 PEAERBRBKEIRIEEEZHVERSWEBBEMFEITZ
DERZEBETEDIC, BBEELRDEEZEZDND.

-130 -



Nomenclature

oo > s

,a(‘)

SIS

half the width of the cross section of a rectangular tube
half the depth of the cross section of a rectangular tube
total concentration in fluid phase

heat capacity of the reaction mixture

heat capacity of the catalyst

collision diameter,

inner diameter

residence time distribution function

activation energy

friction factor

volumetric flow rate

volumetric flow rate of leakage

volumetric flow rate

heat of the reaction

kinetic constant

pre-exponent of kinetic constant £

rate constant for pressure reduction

catalyst bed length or length for axial direction

molecular weight -

[m]

[m]

[mol-m™]

[J-mol™ K]
[J-kg-cat K™

[m]

[m]

[s"]

[J-mol™]

[-]

[mL-min]

[m’s]

[*s7]

[J-mol™]
[mol-kg-cat”-Pa’ 57
[mol-kg-cat™-Pa’! 5]
[s"]

[m]

[kg-mol'l]

moles of the gas inside the system shown in Fig.2-4, at atmospheric pressure {mol]

total pressure

atmospheric pressure

gauge pressure

partial pressure of ith substance

mitial partial pressure of ith substance
initial gauge pressure

reaction rate

pressure reduction rate

gas constant

Reinolds number

Reinolds number for a rectanguler tube
time -

gas temperature or catalyst bed temperature

atmospheric temperature

-131 -

[Pa]

[Pa]

[Pa]

[Pa]

[Pa].

[Pa]
[mol-kg-cat'l-s'l]
[Pa-s™]
[J-mol™K™]

-1
[-]
[s]
K]
K]



surrounding temperature
inlet gas temperature
reactor temperature

flow velocity

overall heat transfer coefficient per unit length

gas linear velocity in the axial direction

[K]
(K]
K]

[ms]

J -m'3-K'1-s'1]

[m-s]

= volume of the gas inside the system shown in Figure 2-4, at atmospheric pressure [m3]

calculated inner volume of microreactor [m’]
mnner volume of the system shown in Figure 2-4 [m’]
catalyst amount [g-cat]
position in the x axis from the center of the cross section of a rectangular tube [m]
conversion of oxygen [-]
position in the y axis from the center of the cross section of a rectangular tube [m]
initial mole fraction of oxygen [-]
mitial mole fraction of propylene [-]
axial co-ordinate (along the bed length) [m]
pressure drop {Pa]
void fraction of the catalyst bed {-]
variance of set-up with microreactor [s°]
variance of set-up without microreactor [s°]
viscosity of fluid [Pa-s]
density of fluid [kgm™]
bulk density of the catalyst bed [kg-cat-m'3]
density of the catalyst [kg-cat-m™]
standard deviation [s]
time length of 1 cyclic period [s]
mean residence time of set-up with microreactor {s]
mean residence time of set-up without microreactor [s]
collision integral [-]
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