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Abstract

Analytical solutions of two gas phase CO, mass transfer coefficients in the photosynthetic process,
key for the CO, boundary layer and kg, for the aerenchyma tissue of crop leaves, were obtained by
solving the diffusion problem of a composite slab.

By the application of the solutions and analytical procedure to the net photosynthetic rate, R4r of
“rice” (Yabuki, 1992), a summary of the results is shown below:

1) In order to estimate kg and kg, from the over-all gas phase CO, mass transfer coefficient k¢
obtained by the graphical method (Komori and Ikemoto, 1999), the CO, boundary layer parameter
1 was introduced. 4 is also available for evaluation of the CO, boundary layer thickness d¢» and the
effective CO, diffusivity Dg; of the aerenchyma tissue. Theoretically, ¢ takes the numerical region of
1<pu<oco. However, it is related mutually to the environmental conditions.

2) 6 has a maximum at R4r=R,ry where Dg, is equivalent to the CO, diffusivity D, in the
assimilation cell phase. Moreover, to evaluate kg, and kg for 0<R,7<R,7r or 0<Dg, <D, Ogs
interpolation method was proposed. The maximum figure of Dg, is 107". It lies in the region of the
figure between the CO, diffusivity in the air, Dg; and D4. Both D¢, and dg, approach zero as Rur
decreases.

3) Diffusion impact parameters, H and o, defined by 8=Dg,/Dgs and 170=Dg,/D respectively, are
useful to evaluate the role of the aerenchyma tissue to the CO, mass transfer in photosynthesis.

For the case of “rice”, the aerenchyma tissue relieves almost CO, diffusion impact at the
assimilation cell surface. Therefore, the aerenchyma tissue of “rice” would not be necessarily a CO,
transfer barrier in photosynthesis.

4) The remarkable change of Dg, with R4r would be related to the stomatal aperture. The
relationship between Dg; and the stomatal aperture may be investigated quantitatively by the concept
of “Kinetic theory of gases”, taking into account “Knudsen flow”, diffusion and permeation of gases
through a septum with multi-micro pores.

5) The average CO, concentration of the aerenchyma tissue, ¢x, is given by Eq. (53), and the
relationship between ¢,,, and (,, can be expressed by Eq. (54). These equations and the observation
of ¢y, of the aerenchyma tissue would be available to obtain the correlation of ¢ and the
environmental conditions for crop growth.
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Fig. 1. Schematic representation of the CO,
partial pressure (=concentration profile in the
aerenchyma tissue of a crop leaf and the CO,
boundary layer (a composite slab diffusion
problem).
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Table 1 Comparison of the steady solution ¢,(£) and the transient solution ¢, (&, 7) in Eq.
(11) or Eq. (12) at £=0 with the positive root a; in Eq. (13).
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Fig. 2. CO, mass transfer coefficients, ke, kas
and k¢ with the net photosynthetic rate R4r (for
the case of “rice”: where ¢ is the CO, boundary
layer parameter).
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Fig. 3. Change of the CO, boundary layer thick-
ness Ogp With Rur
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Fig. 4. Correlation of the effective CO, diffusivity
in the aerenchyma tissue Dg, and Rur.
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Tk (BHEOEW L L), —HOED»SMEDE~D
BB R R EABIEET 5 EThIE, TR LVF DS
Tobs (36) f; (Qy Ay ROEEEST S i
%, ZTLT, ZOEBENIREVZE 2BREICET S
DFIRNVF-FLIEHENTHEH, 5, 28D Dy
RSBk T OILHE S R =M E R 2 XD
TELTEN,

WE, —DDORAERRICB VT COBEIARITAL,
TR LR 1 Diffusion Impact Intensi-

ty EEET S L,
DGb DGb 1 DGS
7o DA /e DG: B %/ DA ) ( )

bbb A A, 7 TESHIEBR VRS T, KSR
TREREZ T BT LTl 5%» AR TIRER CO,
REERE-BSME A =2 | JEAEE, ES-EU LA
fERm =5 2 LEBEN H 5 DT, REDOHIET BEHE
El& =HEEE 3 1H3E : Fraction of Diffusion Impact
Assignment Hg, Hy 13

N6 1
H-= =
T netme 1487,
B0

i3 et
H,= = GEAHLEED)  (39)
Y et 14870

—7, BEHT (=CO,) ORI, —DDEILE
WOHEER L 7B b 3 v F — 2T & - TS =42
fMeb2LTdbdsbDT (Nakagawa and Kanbe,
1964), f, (Qy, ) F—D2DHEF VY v+ TRVF—
Tbdbh, BUEZDjERF Y v v 22V F -2
Afy @y, Ap) =HEBEEESZE R DT T LITHNT 2,

FHEE nOEHREIEL LS T OEELEILEEE
fEfZ=Ratio of Diffusion Impact Relaxation & FF
U, ZhEhgg, oo &BL &

_ Jor Qe Aar) _

(GBULEED  (38)

= =1— = BE
o6=1 o Qe Ao 1-8 € 3EIN G
(40)
_ fos Qs Aas) 1 e
=] =1— WEIN: G
gL ﬂ(QA }{A) 870 (GRS
4D
185,
Z LT, BRHEESIEVIEED gl
_ oy Jos Qs Acy) _ 1
=l-=—"=1- (42
7 f:“ (‘QA.- )-A) 7o )
(40, (4D, (42 K&b
N (e 43)
0o 7o
oL 1 /1 1
—=]l-—(—=—1)=1— 44
0 7o <B > Bno @

o2&, BR - FEMLERERE =5 2 i T
WERPEEE S 2205 H S B DId Dg=D, D E X T, =D
& EYHIERE 3T CO, BENAE - BKilE =5
1 IEEBED A L 12 5,

ZIT, B)~UD RoO—LEZEL T, Py* %
Pyo*=0, Py*=3.039, Ps*=6.422 [Pa] IZ&E, Rur
IO WTIE Ryr=2.84X107° [mol/(m® * s)] £ T,
& SICEHEER AR L T 1 <y < o OFIHHT Do, 23K
», HBL U 0% D iR L THEBR L c—FlZRT &
Figs. 5, 6 D& S5 IR 5,

D Hifgic>0T (Fig. 5)

(1) Dgstcxt LT He W33 EB,  Hy 3B, —EE
Dg, THIHIAR 13382, Dgy<Dgy. € Hg>Hy i1
iE, H 35 1 IEEEEICBIT, 727U Dee=1.8X
1077 [m?/s]

(2) D6s<Dgs. T Dgs—>0 (=R 47—>0) 1255 1 fLEBET
OEELEEHEO A E S 5,
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; P =3039 [Pa] .

[T | pd

s bl L
| T
' Al
Ryrmax  H=1
° L] Aug. 30 & 31
i’ a] A Sept. 20 :z?

Sept. 29
o s

“=3.039 [Pa]
i N 'j;lni
R

P
; o
i ©  Aug.30&31 ||
| a Sept. 29

EHHL [ lilh]

1077 106

Fig. 6. Plots o¢ and o, against Dg;.

(3) He<1, H, >0 DFIFeBichbizb, DgLhid
BHPIT/NE W Dg, DIEIZ CO, 7 FILER D ZER &
55 KFLEAO, FERMIEZERERSTE & 2 ik
32 (36) KA, EOBMHREHEDOE 2,

2) oilifgicoWT (Fig. 6)

(1) %5 1 $EEE 3 Do, > Dy DFEINT, Do—>Dy il
IHPREES 22 BRI~ O B H), De, <D, FHIR
TDg—>0 D EXEHEBELIBY, B, 1/70DIE
PWNSVOTEELEEFIZFIEA LR,

(2) 8 2 WiB0BE1Z Do, =Dy H» D& 4 I HEE fEBE S 2
DIETHIEE D, De—=>Dy i WVEFEISHK
L33, 72, [FBER Dgs=D, THET 5,

(3) Do =D, THIHEREE ZHRATIC CO, BEHEHL &
L C o&EI% i, BRI s E
59 %,

DEIITEHEINBED, 4 RICDOVWTH, 0 % Rypicxt
LCHRBET 5 & Figs. 7, 8 DL BHIREN 2,

(D Dgxe=1.8X1077 [m?/s] & Ryrmax iCBF 3 D
DFAME Dgs max & 31F—F1 3,

2) 1 DA, RERBEDIZIFLE 0<R,<

1.0 1.0

HG
=
i

X

P’ =3.039 [Pa]

R grmax 0-5
Hg Hy
o & Aug.30&31 <

H=1}Y =3

O B Sep.20 /

A A Sep. 29
0.0 i 1 0.0

0.0 0.5 1.0 15 2.0
Ry x107° [mol/(m2 s)]

Hy,
e
o

|

N

Fig. 7. Changes of Hg and H; with Ryz.

2
Sept. 20

Aug. 30 & 31
RATmlx

/ Ryrmax

Py =3.039 [Pa]

RATmnx
®  Aug.30&31
L] Sept. 20
] Ang. 30 & 31
O Sept. 20

oL

0.0 1.0 2.0
R,y x107° [mo]/(mz-s)]

Fig. 8. Relation between 0 and Ryz.

Rt mx CBWT Hg>Hy, RTH He~H, =
0.5 T, EHEEDIZEAESBSHEAER (=
8 1 IRREEND oBHTE IS,

(3) 1 % DHABEIETIIEE 2 ILEEE I 2T iE
BEEEEK D HH &1 B, F72, Dgs<D4 T Rur—
0 @IS CO, BEIERT D HE &1 5 C
EaRET B,

@) 06=0 ¢33 Ry BIRIZDEEMNEKV E X Rur
=0 fll~, p—=RKERNIE R —RKOHE Ryl
EEbTrIHET 2,

(5) BTHINE OILHERINE 28 =D, OZE I3[R
JE DR & FY ARl O TEEERERE ] &
LK BAEBERD [CO, IR | 0RhE
%RY .

(6) 4 * DA, Hi (1D, ) WBLUTRu—0 Rur
RARED oBEKMEIER Co, BEMHERAE %R
{LimfafEf OLAE RN & R, B&mia
[B=ZEN CO, ILERREEE & 3 2 FAMh i I3 BRI 25 5
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Table 2 Diffusivities Dgs, D4 and diffusion impact intensity 7.

T Dy X 10~° [m/s DX 102 [m¥/s
Date (K] * (COz-A[ir) ] A(COZ-HEO) ! [
Aug. 30 & 31 301.0 1.605 2.061 7788
Sept. 20 295.0 1.546 1.780 8685
Sept. 29 290.5 1.505 1.640 9177

(for the case of “Rice”)

%,
(1) H, 0 & 2 BKHFEOMAESENIE, HBL S o
EHIT Do #RHEEE LTWBDT, Dglco0T
S DI ARITS 2 EN D B,
DTEL, Figs. 7, 8OEBEREIT LHON B,

5, HE oDiEICHDH W Dg, Dy DIEIZ
o & & BIT Table 21T F &7,

4.3 0=Dg; <D, 5B D CO,%ENHRR M

Figs. 3, 4 it &N, R0 13, dgp—>°, Dg—>0 D
BRIRMEICPCE s 5 C 2R T,

PIERII > D BRI 1SR T Oy, Doy DRRIRIENR (3
TEAFICB T 2 EREEROEHE T 0g— o 3E&H
H, De—>0 FIAREE & 12305, AR TIRETE 3IEHEE
K TARERG, %EIRRRE LTHENT, Ra=00Dik
FicB S5 CO, BEHREZIERD EHREHER | Ol
ICESWTHHT 3 & &I EENS S B,

ZIT, 2T 0<Ds<Dy DFEBIZHITS CO,
BEICO W THEERNTEREMA TH L,

Figs. 6, 7#&5% %, Dg =D, CHESHMIIE 32 O2H
THHMEREN 2K\, De,<D4 T CO, BEIHEHLY
W4 EERT,

Z OffME Figs. 2, 4 EE UL Dg=D4ictH4d 5
Rurs LT @D Ryr tHIETIE, EED picB 5 ks Do
D pu=co DHFRICHII L, Ry=0 Tkg=Dg=0 &%
5T EERT, DbAA, kg, Dgs—0 13 e>0 (=Py—
Py*) £b72207T, (29), 32) RRIKOLSILE 5,

kas —lim —lim (Pys—Pa) o
ko0 Kgs B0 ,851 ?em (Pyg—Pys)
(45)
lim Py =lim - £L20 TP p 46)

A+w
o2z, (23), 24 RiF
liTokGS (Pag—Pgo™) :yr_gkc (Pig—Ps*)—0 (47
DGS DG: — —
}71—’0 RT6¢r BEI+E)  RT6s ke =k
&<, @) RoBREEMHMLER & Ot bAR

LT

p—>o0 p—>

lim kg (Pyg—Pao™®) =lim kL (Cs—Ca)—=>0 (49

ke—ke: Cu—

ke—0
727220, ERXD kp [m/s] ZE{LEER CO, BEHR
¥, Cu Cio [mol/m’] RESK-FMLiHIBARS LT
Pyo* & EH s RMLRERER CO, BETH 5 (Komori
and Ikemoto, 1999),

P EDFHER Fick D5 1 L8R TE»N S Ryrlc
DWTORRTH 545, T OEMIFIE Fick DILHEE 2
HERI SHFE L TELNL (1D, (12) KTcdbHion
BTN 5750,

Ao &L, AD, (12) RoIEEFH IIEEE L
TREHATZ 0T, (D, (12) XE2fEgkL, »ou
ZRAVTEZUD, g—>oo (=—>0) OWmREL &5 L,
G IZ DV TIE EITHEBERIC

. 1
},erolc¢l(£, M, 8) hm (1_"_#)

[ute-a-o é]—ﬂ (50)

F 72, ¢y ld Py B CO-H, O SR L% Pyo* iT[a] > D
@ (Komori and Ikemoto, 1999)
hm @, (&, 1, e) =e—0, hm #, 0, i, &) =e—>1
(5D
—%, EtimiEERE v (=Ak; /Dy 1+ 1[m] ZE1L
MREES) 28 r—01ciEo< T, [FEICEIT 5 Mg
f# (Komori and Ikemoto, 1999) O4F, EE#S
Ly=0%2RA9d 2L Ci—>CyhoT (49) HK&—FT 3,
zLC (D KoBfRiF u—on b &
i G o=l 63 0 G
DI Lot BEHEREENT S L, Ry—>0DE X
(D G0 &K, (52) KDOLGBIE 66—>0 TR, THEBOD
1]
@ 5D X, (52) XATESHIEEIC CO,BES
EE )
3) 6D =Xz @9 XAB & b—HL T, [FE1tika
[ & DEESHERR
L3, 7 LT, FERETE (D HIZMAEKNE 1 HD
Ry EHBOTHTERT S Ryr=08E0, 55—
D pu—>0FR: 660 & 75 2 JHE y—> 00 & (I ITHE

#0 (52)
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U, BREER & OBICFEERISTVWT E, DD,
8 (), 3) HIRHD COIEZHMLDO T Tl Rar=0
DRAR-FFROH D HVRT, BRMEERTET 5
T & %KY [Hi#k Paradox] #B5% X 3 & De,=0 E R
Wi EOBZTH Y, Ry=0EFEDHEICET 2 CO,
BEEEL —RICE D WEC OATRIRATET, da
B LB S ML ik RO E TRk Snmn L v
SMEE IR T 5, $0bB, 25 OB
RS S
1 0<Dg<Ds 0<Rar<Ruz T 6a—>0 DHIETIH
D, Ragy T Oy BIRRNEM D, TDT & Dg=
Dy itBY B Ry M S KR L85 T & 2RT
5 (Rar<Ruzy T 0665/OR4r>0), [l Fig. 8
DOHFRT LRD 51780,

Dg =D, (33) RiT B;=D4/Dey ZHRAL = S
T5Z2 o3, Fh, Oa<JOay DFEICOVTIE
[BIE: ] 1T, Ogp, Dos ZROIBFAUTT 5100,

3) 0<Rur<Ruzy T3 Rur—0 A 1/ke—0, 1/

ka0, 7D kg—kes &850 [ERFIT, Pyy—>Pac,
Py—Pyo* EBSHINAED CO, 53 EAEL 0P/ 0x
KB HAEL, FED CO,BENFAL (B
Paradox] 2T 3, &> T, Dg 2T
HEROBIT ML 125,

DTELTH B,

RoEE 3) THITHTHE 4. 1T~ L 1T, Bl
SRR D F O E L 50T, TITRE D, 2) Hi>
WTHETL, Oop < Oen BT B Y B Ggp, Dos DHEESI
HERET 5,

100 Tromors = L e e e s e e e
B Sept. 20 FPa’ =3.039 [Pa] -
5 [K] .
101 ]
E
3
< 102
é
)
103
104
0.00 0.05 0.10

Rurx 107 [mol/(m2 s)]

Fig. 9. An example of estimation of dg for 0<
R,7<0.1 by J¢ interpolation method.

Sept. 20
Py =3.039 [Pa]
T=295 [K]

D, =1.78x107°
p=co
Dg, = 00124 %107

—_—
1.0 L=os
Rg=00316x10° b~ 0006107

20 25

R,; =0.0631x107°

o 5 10 15
m

Fig. 10. Modification of Dg, and 4 by Ogs inter-
polation methods shown in Fig. 10.

10577 e 105
Sept. 20 M
; P,,'=3039 [Pa] .
. B i = = ) -
E.i o o >1-Q U —_
@ ATS )
v ~ 6 &~
o 106 — 106 %
= g
£ =
3
a =5
-9
R &£
< 107 r107
1084 10-8
0.00

Rur X 107 [mol/(mz s)]

Fig. 11. Correlation of kg and ke, modified by O¢s
interpolation method.

0<R,r<Rur DL Fig. 2 OBEARLAIT, <D
W3k <, o Ry=0 DEFIRSNT Figs. 3,4 0
BRI & BES B,

W, Fig. 30 Zofiaaiikl, 33) HicBz2R
ALT Say KD, p%/¥5 2 =5 & L1z S X Ryrhih
rffv?ﬂ: 6be€’?§~k L, u é*ﬁ@ el 'C% 5@]’,@%%?“@& Fig. 9
O ABEBHEPND, AR ey & Ruy 25 % Rar DI
7 Rar—>0 3B IEER OFH &L 55 T & &R,

Figs. 3, 913 & I AEAEAHET 0e=0 ZFLATE
L0 5, Fig. 9 D 8g, Rur %\ - i AGBHIRME L
ICEERE L, O§RAT<RATf75§§%V‘ CEICEELT & Ocsf
Bh S Rir=06=0 ODRAKEREZAFETNE, &
Oerr~06 =0 DFRIEARE 0<R <Ryl 5 Rur

R =N
ZLTC, DXL TESNIRy O T— 8 %
Fig. 9 DRI ET Sgpriitr & A BRLMICHAES 5 &,

B~B, #1555, B LD 6632 TRE >/ pfE

— 190 —



INER - A SEAEREED CO. RTRIHER L

& D,

COMEBICBY B ufEHIR, 63BN TVEDT,
GO) o p AHE L THES L, ZofEE QD Ric
HRATNIE D ZRDBENTE B,

Fig. 10 351 (LIF TARRE] &1$8) 12 &% Dg @
U BITELB L KURAITH 255, O<Ru<RiuyTH
% Dg; <Dy Tt p=ROABNELT, De—>/Ne1i 5T
L EIRY,

Fig. 1113 [PIE] 12 &% 0<Rr<Rr fHIED,
kos, ke Xt Rar HEBHI = KIRS 503, T o OFERIEH]
o E [HFE] OBZYHEENT 5,

P EoZRIEMIEOEHRBEICE T 2 CO,HE
HREMEZRT SO TH 505, HEFD Rir=0—>R srmax
(), % LT Rurmax>Rar=0 (EE) 1£BVT, da
BED XD BRI AMNS I, 1 OIRE & EDERNTF
BT X ORREE LI TN 5780, 7272, BxAmigEs
CO, BHiE AL cd 5 4L, TORFMHITIERE
ICHEBRRWE 2 A0H 5,

4.4 u & CO,8ESH

29 Rickhid, p EPL 2H BT ETHETE S
B, —MRIC Py BERRIHEE S, BEFEHMITLILER
AIRETRAIE 125,

RO &<y & Sgp, Dos & DHEBIIZERRMIFEIC
o X 5EBIVD, BIHOERIED HVICE ST
i, RO 2HFENEF NS,

D fep ZEM LT B0) R&8H (EERAHE
2) R 2B, b L I3 1ED COHENE (=EE)

ZFA, CO,VEgnEimimE (A E

WENOHTEERR S H GHIER & EYEOE PN B
FEEREORILIC BIER B, BBOHETR 1<u< oD
ZE % 2 EOEHFICILY 20T, BLMAEE CO,F
HAEAENT 3 FENRLEHRLEEZ SN 5,

W, FlRoFEERs & LT, BRo I & #Est
BETRBER (LTINS L ICEEITLEZE, (12)
RELEEE Ay ZHAVWTE LY, BKHEED
CO, HENE (=) %2Rk 5 &

1 & 1 (1+e) +2e
¢2av:g J; @, () dE:ﬂZ(l—-f—,u,)

ERG RN g BEE LTV S & = OBRNEIE 1,
BEZBW, bL, u s u~u, ORI ES % &
DIRY £ DB AER, FEHEHNIC

U (A8 +2¢

[ G €0+, | = 2 (s

Ck D, g OV 1, KD B EHTE B,
K&, w=1, ;=0 DBEE =3 7T, p LHHH
R OBIEEER O A AT PEHOESIT L - T,

(53

EBD Ryr i Uy F phey L5 BEEDH BT &, HiC
=20 u fEIRSHT L SEEROBIEN S A SR
SNV EAREBRT B,

D &R, HRONEEEBOERKEERK T, FL
VR EARREZELTD, 2IORREMBERBE &
THHEFETE M, b5 —HoELfERAIERLARK
FIGEEER ky [1/s] SABBREERE OHEBHEE b
BEABE, p OHEERAIEEMORIRE S fFe, HAHE
B U CEMAETHRR R8T Shz ST u,

EQIT, TITREMFT -5 DEEIISVLWTIRERL
oty W DEBI I IE, =20 & pu=o0
TREEFBRICREAN LSS OWENS 3IBXRTVD
T, ©>20 OFEEIF p—oo & LTGERIT 3 & & IRIE
BBEZH5Th b,

58, Figs. 12, 131 (1D, (12) XALEFIEI
FOFHEL P &) HHO—PlEBIR LI, §6<K
Ocp 5D T, Ogp ICDWTIRFER 1/10 THWTH 3,

5. 14 =

A RGEREIc B 5 R CO, BEEAE & Bk
ED CO, BB Z I RAICH D K\, Bhic—#Ho
BEmi#% Yabuki (1992) #85EHIL 724 x 2B 5 Bk
HEBGEE R 7 — & OB L7cERE, #hll
TokiicEHEsNnG,

D StaaERic ki s BSE (=KH) CO,BHfiHE

H Crop leaf
Atmosphere Aerenchyma tissue H Aslfimjlation
cel
Py u=5

0.731

_|_ c,=0m1x107*

mol/m*

P {mol/m’]
)
g H=3211x10* =
& 2533 ]‘501;_ (m’-Pajmol]| E

& w=3 N
PAZ 2
E] X
&~ P, =23.15 [Pa] <
F 5., —

®=D _2

c,.,=o.094s><1/o ?
w26~ 8 mol/m 1| o 631

= e 2.0x10°°

20  X07 [m o
(scale:1/100)

Fig. 12. An illustrative representation of the CO,
partial pressure profile in the CO, boundary
layer and the aerenchyma tissue phase for “rice”
at 13: 00 hr, Aug. 30. (R.r=12626X107°
[mol/(m2 * )], T=301[K], P*=3.039 [Pa],
k1=1973 X10° [1/5], kz =2.02 X 107% [m/s],
ks=0.1745X107° [mol/(m2 ts Pa)])
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Py, [Pa)

Py,

H Crop leaf
A A hyma tissue |A Assimilation
cell
4G u=3 5, =0
30.39 -\ (L=e) 0731
\ Pu=Fy _|_ €y=0721x102
Pa '\ [mol/m’]
. P,
A2
p=1  FBs N
\ o
N 5 E
. H=32.11x10° =
\ 3, ]
AN [m Pa/mol] E
2533 NN
N o
85 N %
n=3) P, =23.15 [Pa] S
J Cio=00946x10™
]
26— S0 (mol/m | 631
f— e 2.0x10™

20 X107 [m] o
(scale:1/100)

Fig. 13. An illustrative representation of the CO,

2

3

partial pressure profile in the CO, boundary
layer and the aerenchyma tissue phase for “rice”
at 13: 00 hr, Aug. 30. (R.ar=1.2626%X10"°
[mol/(m* - s)], T=301[K], Pa*=3.039 [Pa],
ki=1.973X10°[1/s], kr=2.02X107[m/s], k¢
=0.1745X107° [mol/(m* + s - Pa)])

13, BEH9IC Sturm-Lioville BUE & SEARILETE &
LT, ik 2 B CO, D EST, &8 CO, BEfk
¥, Em CO, REEREE S, BXlaEN COoF
SHEBUREL O IBITIRAE 2 T &8 T X 208, EAE
SHEEOEAPBIICE N Eh D, BERELD
R AD, (12) XoFBERTH 5,
Ruaro [HNETHE] ik - THis W@
(=% #EE CO,BENRE ke 1, Ryr & OICH
BIHEREE &b, 1 RodEfrsiifi cikbans, @
OB E 728 0<Rar<Rirmsx T Rur
—0 ] D 1T L72d8 » T CO, BB I3 BRUBRIET S
fiLs7s%, 78, Bi# (Komori and Ikemoto,
1999) @ [REJEITE] 1, Raurh b ke #5083
EER, OSBRI AHED—DTH 5,
SHERITH 2 ESEH CO, BEEHOBIAI I,
5 I ke = 3EH CO, BERME L BKMaE &
CO, BENMRE ko, koo ICHBE ke IV TIRER
CO, BEBERIBIES 0, ko 2B L TldBSMIE
il CO, BEMEHAREL D, 23K, ZTh b EFERMIC
P T 2 OWEHTH B, PITIIGBSEH CO, B
B oL TE SR, FHMESEETIEET 5,
(D) ke % kep & ko \ICHBES 2723, FricicZEm CO,
BEBERE/ 5 A -5 u BBASNTI, 1 ke
& kg DEDHNT A -5 TH B EEFIC, BE
DB A5 —Tbdb N, TOERIER
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By, ofEric (13), 29) XTEHREN S,

(D) p FEBFREERCIEVRIAERER & 8
SNBSS A= THBED, ERMICEDES u
DEIF 1<u<oTH 3, ZOHAIBERMILE
& - CTEIEM 1/key=1/kes 5 1/k=1/
ke £ T, [FEH CO, BEMEILZRZ, HOFHE
LEBSCEERBT 5,

(3) y EDHEE I Irdb BFEER & OMBID RS I3
BRAVF IR & 5 280D, ZoFkEo—
DICBESHIIEN CO HINE (ZIRE) b
EWBY 55, 1212, TOFEBELS (53)
R & OB w fl: 1y, &5 WIBEFFE y
M8: o % (54) IKTRD 251, FEERTEFEEEY)
BEOERNEHOFHIC LD, FundsnE
ETBEEND B, B, 1<u<ccDBRNu
EEEHHOEHE, (40 Kb b u,=38Eo0
%o

@ p=0 IEKMHIES L OREEERT B0, £=0

DIZED Oo: Oopo 13 Ogro=>206s T, ITIBSHH

B KHABRIICNTEST 28& L D RE L, &

R CIBKHIEOFENT L ABEFE 15,

Ocp 13 Ry i LTI T, EEDO u itk

WT Ry LEHHE 1 ROHRETEDLEIN S, £

72, T4 21 DA, Rarme = 1.26263 X 107°

[mol/(m? * s)] Tb 66s/06:=100 T, Rur=0

DIEER L u—>cc DEIFZ R IE, FATHRSD

B\ CO, FEHEIBIE & 725,

(6) Dg; 13 Ryr & DR IHPIMEBEN B O, EED 1 i
BT Dgs Ft Ry BAFRITEFRI S 1 KO &
105, 12, 1SU<LOTHED Ryr 2B 3 Dg,
OEEEIL 2 fZicibE %,

(D 4 2 D8, &K Do fB: Daymax DHLERIE 1077
<, FMLiElafE CO, IR Dy (=107°) &
Dg, (=107°) ohEfEE 5, 2, 0<
Rur<RuT max C» Dgs 1& Dgi>Dgs > D 4D =
D4 D <Dy D6 =0 D JF RN ER# B % 30
5,

(8) @SR DR OEEIMEREIC DV T, Des, Des,
DyicEo< BD~UD ROIHEEE 7, H#L
EHEASHER H, INHEERNR o 2HV5 &, [
BlEMiaE o MisEREE ] [CO, RILE
B SEoMtEE bo LA REL, RBEEMNKT
L b CO B EIERE & 3 25 MIC I E S50,

) n, H, 03, ke, ko, FriEHHE OIS, RES
DHBFEEE LT HEATE, MHEEIITIE Ry
PAEHAT 295 X — 4 155, 5, ke ba YD
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