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ni ��é�9�� � ñ��!
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;"��é
#�� ��$ � � ,

• é
#&%('(Í�ú]Ï�Ð �&) ! .

• é
#&% �+*-, � ! ����'�.��
/0�#21 / 31 / 451 / 6&387 ) ! .

• 9
#&%(';:�<>=@?8A
B�A . C�DFEGH&I&J�K
H>L�A�MONFH�P�'�QRS=TB8A .

�;UV�WFX&Y&Z !�[ �\L]Z ! . ^_= 2 `_ab�;UV8'dc2J\� 2.2 e , 2.3 e��bf&ghLb'i ��j\kOlOm�B�A . 2 `Sab��UV\';�����5n�o�p&q(rFs�tvuw�vxyZ ! L�z�k5{|
LvB ! U�V�7 ) ! .

T’,p+dp,Ni’

T,p,Ni

dp

p

p+dp

p

Cloud

dp

p+2dp

Ground

T",p+2dp,Ni"

Cloud

p

T

3

2

1

}
2.1: ~�H2���Oo��&�Fu��O���;�2� . 9�#2%"�b�����d�F��j8k dp �&�F�Fn��5� ! .
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2.2
@ A B C D E F B G H
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��"�#�5'6>LP8�:�$'&"��<'=�>�?2 �*�+S=TN8A�N'L
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L�zR3#"�.I�JK �S�T',.U�V�B&����o8l�M\' G 7 ) , .

3�#(��I'JK �����o�l�M G 7&x&y�Z0,0Q&LFk.WXL&N8��7 , 3�#(�9Y�Z'I�Jw'��8�
o8l�M G �9[]\Fn ��P�N�I�J87 ) , . "�# ^_�\�� .SXT',�L@����o�l�M G ' ,
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∑

µini, (2.1)

La`0b�, . Q'Q@7�c'd i '�e�$
&) .fXg
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k�/�Md?�w�xw��Pq, .
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yi!(kvY�Z�!8�d�8��o8l�M G �.j [ W , , .
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s�tbu µi �0�a���� .SXT�P���/�A . n�o�p&qwr2s�t5u�'9��Q(�
$'�8��oXp���t47-L],0Q&LvW7\z�, . ��I Atreya and Romani (1985) ��/-��k , 3
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∂G

∂T

)

p,ni

= −S (2.2)
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• 78�
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4�D8k>=@?�Z-, .

7\�2�@(�) k $',���� , 3�rw�RY�Z�!R��NPq,FW�9�r�*w�����Fo\l�M S ACB�8�D
�X�>�kOldZq,>ECF�(3!��&Qw��P�B�A . 7��F�(�)�7:! , 3�r ( r@�"�1/ ) � S �.j
L�=�?S=5N�8�:�$]&"� S �9j�W��Q �dP�?\A', [ �(L./�BFZ . Z�B � D�8�:�$]&
W��2Xw��P�N��� , 3�r"�d����o�l�M S !95:G&Z-, .

}
2.1  IHwk8=+?�JqT�, . `�K 2, 3 �O9�r�*�k���AO?�8�:�$�&W��2� ?�A�,�L Zq, .

��P L�P���9�r�*(�d����o8l�M S ��jK >��P@L�P S1, S2, S3 L Z-, .
, NO`�K 2, 3

7�� �TN�8�:�$'&"�/�� S ��j2 .��P@L�P Sc
2, S

c
3 L+Z-, . Qb�"Ldz ,

S1 = S2 + Sc
2

S2 = S3 + Sc
3

S1 = S2 + Sc
2 = S3 + Sc

2 + Sc
3

W
X�YZ-, .

main.tex 2002/03/01( �T���]��� )
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3

3.1
@ A B C D E F B 
 � � 

3�r(��"�# ^_�\�� .S�T',�L , �8��o8l�M G !Oc&J"��/-�Ok9��b�, .

G =
∑

µini. (3.1)

La`0b�, . Q'Q@7�c'd i !i3'r�k *>, Pq, i ` a (0 ≤ i ≤ N ) �9$
&0 .f�g = , µi

! i `Sa;��$]&"�bn�o�pqwrFs�tbu- vfXg�Z-, .
, N�Y�Z'I�J2 �*�+�Z-,���k , 3

r0��k *-, PX,.E3F�(3!d�
n =vB�A"L�Aq�+UV0 ��-b�, .

∑

i

aieni = Be. (3.2)

ni ≥ 0 (3.3)

Q'Q@7�c�d e !
�wk *h, Pq, e ` a (0 ≤ e ≤ M ) ��E3F) .f�g-= ,
, N aie ! i

`Sa��9$'&wk *-, P-, e `Sa��>E3F��RM , Be !F�
.21hk
*h, Pq, e `Sa;�>E%F8�� M) vfXg�Z0, . H0T���E3F H (e = 1), O (e = 2) LP$]& H2O (i = 1)  �J)T',"L

a1,1 = 2, a1,2 = 1 L5B�, . (3.3) h3!
�2u�M"!��wk��"�RM�7"$�,0Q2L� vf�gOZ0, .

i�� 7:! (3.1) h-L (3.2) h- ��
Y>= , G ��['\�j) vS�T�,v$�&
Q&R�(��9M�j8j�*�+���  vf�g&Z-, .

3.1.1 ���! #"#$��#%'&)(�* +�,.-0/21
3�r4365�7�r�8w��/�� t:9-,�� �K IJ-T', . Q<;���� , White et al. (1958) t<=�/�>?A@CBEDGF�H 6 RAND

� 9- ��EI�, (Van Zeggerren and Storey, 1970).

QG;�*�+ �J� ;�K6L ! , M4N�O�P � =6Q�> ?�R4S6TVUXW G 3�YJZ0[�\A]<^4_�`�abdc�egf ]Eh�[X=�i�] .
RVSXTVU�W

G
c�jdk \�^�_�`�a b ;AlGmonqp 2 Nr; UXW

=�O�Pts , ug;CYJZ�vJw6x�yr] . zo{ FJH ^�_�`�a b 3�|�}�yr]JlGpV~��r;G��� c� n:��y .

main.tex 2002/03/01( �����q�:� )
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m_i

abundance

G

n_i

1

2

3

�
3.1: M�N�O�P��g; ��! .

jEk \X^J_�`�a�" ;JlGmtn p R4SXTAUXW G
c

2 N UXW
=�O�Pts$#�v c�e f ] . z){ FJH #�v c&% > ? ~��r;G��� c�� n:� s , '�(*)A;<^
_�`�a bEc�e f ] .

main.tex 2002/03/01( �����q�:� )
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j k \6^4_�`Ja b c mi [ yd] . mi Q n�� R��AT '�( =GOEIC^4_�`�a�" c ni(=

mi + δmi) [ yg] . '�( )V; R4S�T������
	��� G
c

mi ;�lGm nqp ���������g@
s , δmi = U yr] 2 N ;��AZ b l<p6O�P�� Q(ni)

c �E] .

Q(ni) = G(mi) +
∑

i

(

∂G

∂mi

)

δmi +
1

2

∑

i

∑

j

(

∂2G

∂mi∂ml

)

δmiδmj, (3.4)

[�����] . h�h p��������r; �4T�������	��� ;! �"#� c%$ I�] [ ,

(

∂G

∂mi

)

= µi = µ◦

i (T ) + RT ln
(

mi

m

)

p. (3.5)

[�����] . &ts

m =
∑

i

mi (3.6)

[GI(' U*) �#+�9�,�yg] . (3.5) � c-$ I ? (3.4) � ;�.�/�0 2 1r;32�435�6 c �(78 y [ ,

(

∂2G

∂mi∂ml

)

= RT

(

δil

mi

−
1

m

)

, (3.7)

[�\V] .

(3.5), (3.7) � c (3.4) �E=�9�: s , RT p�;E]Eh6[
<6Q�=*> ,

Q(ni)

RT
=

G(mi)

RT
+
∑

i

[

µ◦

i (T )

RT
+ ln p + ln

mi

m

]

δmi +
1

2

[
∑

i

(δmi)
2

mi

−
(δm)2

m

]

,(3.8)

+@?BA F ] .

(3.8) ��C Q(ni)/RT [ _ b�D `#EFA { ,
�@GB���@H�I C*J# )JW � c�$ I
>�#�v

C!K�L c�MON ] . L P3Q 8 C�QR'3<- �"�yE] .

L =
G(mi)

RT
+
∑

i

[

µ◦

i (T )

RT
+ ln p + ln

mi

m

]

δmi +
1

2

[
∑

i

(δmi)
2

mi

−
(δm)2

m

]

−
∑

e

χe[
∑

i

ai,eni − Be].

Q�=3>�#�v c�S ]@TF<
main.tex 2002/03/01( �����q�:� )
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∂L

∂ni

=

[

µ◦

i (T )

RT
+ ln p + ln

mi

m

]

+
[

ni

mi

−
n

m

]

−
∑

e

χeaie = 0, (3.9)

c���� yV] . (3.9) � [ (3.2) � , n =
∑

ni

c�� ,6y ] h�[ p , � W ni, n, χe(
�3G#���

H@I C�J� )�W ) < U yg] N + M + 1 ��C��
	���#�#+�zo{�� , ��#�
��+����<] .

w�x b c�� { y�� f < Γi [�� ' b0c ?B:�yd] . Γi P�^V_ i C R S�TrU6W G =

miµi(T, p)
c

RT p���� � s��Xv , yJ\�m��

Γi ≡
miµi

RT
= mi

[
µ◦

i

RT
+ ln p + ln

mi

m

]

(3.10)

[�s%>@ �"�yr] .

Γi

c%$ �3> R4S�T4UXW G + #�v c [C] )OC�K�L�� (3.9) � c ni < U yr]���<-�(7 y .

ni = −Γi +
(

mi

m

)

n +
∑

e

χeaiemi. (3.11)

h�C (3.11) � c i < U s > 1 A { N lGpFC"! c [G] [ ,

∑

e

Beχe =
∑

i

Γi, (3.12)

[�\V] . l"� (3.11) �RC�##/�< aif

c A(�3> i < U s >�! c-S ] .

∑

e

{
∑

i

aieaifmi

}

χe + Bf

(
n

m
− 1

)

=
∑

i

aifΓi, (3.13)

pVi�] . aif C�$�% f (0 ≤ f ≤ N ) P�&�' ��(*)�+ 4-,�.�p , /�_�0F<@P e [C~�14p
i�] .

Γi C!?�:�<�2�=*>�z){3�4� (3.12), (3.42) �FP M + 1 � C�����BA {65 n , u
�t{c7� ,�yg]gh�[ p χe [ (n/m− 1) C�v�+ e l6] . 8�^�_FC-9 �W c�eVf ]#<
P , z
{3��� χe [ (n/m − 1) C<v c (3.11) ��<�9�:�yg]�:�!�+Vi�] .

Γi

c ?�: s7�<;
=(P , N + M + 1 � C����� c7� ,�y
>F7g[�h"? c M + 1 � C��
#�FC � ,�p<@ l7Ao{��V]�=�<6i�] . h-C���	�<�2�=�>�B���C�yg]7D4EFC�F(7
G!+
M + 1 [�\4]�C�p , w6x b�H w�x
)�I cKJ�L pO7�]O�3Cr[NM�OPG"� ] .

main.tex 2002/03/01( �����q�:� )
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h�C W v����(C���� 0�\�w�x (�� ,  P3Q 8 C�2R'
<C\V] (
�

3.2 ��� ).� �
(1)
jdk \�^4_�`�a b mi

c�MRN ] . h�CCv�PG^4_ D `#E c��4� yr]
2�'@< MN ] .

(2) (3.42) �(C )�W H Γi

c w6x�yE] .

(3) (3.12), (3.42) � c�� ,ts , χe [ n <
	 �
>��� . ��� 0�\ � ,������4��
C W v�� � c�$ ��]gh�[%+�pO7�] .

(4) (3.11) � 20n , mi 20n*� '�( <�� �<^�_�`�a b +���� �V{N� ] .

(5) (4) CG���Jp6z){3��� ni

c
mi [�s , (2)–(4) C<��� c�� n:��y .

(6) (4) C�����p�zo{ �
� ni + mi <�������� \#=������ , ni

c ' ( )BC�^�_�`
a b [ yE] .

� �

main.tex 2002/03/01( �����q�:� )
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T, pabundance
 (m_i)

Equilibrium
Calcuration

Data Base

InputInput

Output

Entropy
Enthalpy

Equilibrium
 Constant

Heat Capacity

Saturation
 Pressure

Data Base

main process

pre process

Chemical
Potential

not convergent
convergent

abundance
 (n_i)

Output

Equilibrium 
abundance

�
3.2: F���C '�( w�x�C��4� � .

���O��� ��	��� P���� H	� !�
#���
1 C��`
C�� ��� A {�� f w6xts >�� � .

��� 0F< � � >F73� c l�� f ] .

main.tex 2002/03/01( �����q�:� )
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� �� "�� ������ , ��M����Jp�C�^�_BC<9 �	 mi, ���@�@� c�
  s ����� , '�(
���ApBC<^�_(C 9 �	 P3Q 8 C3��A { z){3�g] .

ni = −Γi +
(

n

m

)

mi +
∑

e

χeaiemi.

&ts , ���<��0l��g]�� 	 χe, n P3Q 8 C 2 � cK� , G�AE]rh���p6zo{N� ] .

∑

e

Beχe =
∑

i

Γi.

∑

e

{
∑

i

aieaifmi

}

χe + Bf

(
n

m
− 1

)

=
∑

i

aifΓi.

�
,  	 Γi P
Q 8 <- �" G-� ] .

Γi ≡ mi

[
µ◦

i

RT
+ ln p + ln

mi

m

]

.

� �

3.1.2 �������������
RAND � c ��� �#A { ������!#"%$�y'& (Van Zeggerren and Storey, 1970). 8(� c) , <�* � , �+����!,"-$�y.& . �RC�/10 c $�% φ (1 ≤ φ ≤ Φ) p(2ts , 3�4�p@?.5
s���� c �(7�C N & .

l76�8�_(C D `�E�P3Q 8 C�2R'�<-�R7�C N &gh��%+�pO7%& .

∑

φ

∑

i

aφ
ien

φ
i = Be (3.32)

�
, (3.32) �FC Be P<8,9;:BC=<#� < �O��&?>�!�<�"@$ G���>���& . �#����p D ` G
�#> �@&�C�P , <�� <Gm
�;&79A:FC<`�a b pVi@& .

��<�������pOC ���������
	��� C12�B c "@$�y'& .

µφ
i (T, p) = µ◦

i
φ(T ) + RT ln

(

mφ
i

mφ

)

+ αRT ln p (3.33)

&ts , mφ =
∑

i m
φ
i P1� φ <�`�a�y'&?8�_ b ( 9 �	 ) C�!Jp i�& . l-� )�	 α P*�

�AC {�D 1, E�� �GF1�;C {�D 0 <HC;& .

main.tex 2002/03/01( �����q�:� )
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3+4FC���� c �(���(<�"@$ s �<�����<�� s > j�$ y.& .
jrk C 8�_6`�a b mφ

i C
lGmon p 2 �(C �������@��� c D � , u�C #�v c�egf & . (mφ

i < � �3> ��_ b�D `cK�
� s >��@& � 
  �y'& .)

Q(nφ
i ) = G(mφ

i ) +
∑

φ

∑

i

(

∂G

∂mφ
i

)

︸ ︷︷ ︸

A

δmφ
i +

1

2

∑

φ

∑

i

∑

j

(

∂2G

∂mφ
i ∂mφ

l

)

︸ ︷︷ ︸

B

δmφ
i δm

φ
j ,(3.34)

������& . h�h p (3.34) �(C A 1�P (3.33) � c�$ �%&gh��
<�2�=3> ,

(

∂G

∂mφ
i

)

≡ µφ
i = µ◦

i
φ(T ) + RT ln

(

mφ
i

mφ

)

+ αRT ln p. (3.35)

������& . l-� (3.34) �FC B 1 c (3.33) � c�$ �
>@��7 8 y � ,

(

∂2G

∂mφ
i ∂mφ

l

)

= RT

(

δil

mφ
i

−
1

mφ

)

, (3.36)

� C�& .

(3.35), (3.36) � c (3.34) ��<�9�: s , RT p�; &rh��
<�2#=3> ,

Q(nφ
i )

RT
=
∑

φ

G(mφ
i )

RT
+
∑

φ

∑

i

[

µ◦

i
φ(T )

RT
+ α ln p + ln

mφ
i

mφ

]

δmi +
1

2

∑

φ

[
∑

i

(δmφ
i )

2

mφ
i

−
(δmφ)2

mφ

]

,(3.37)

+@?BA�� & .

(3.37) �(C Q(ni)/RT � _ b@D `�EOA { ,
��G����
H�I C�J� )%	 � c%$ �3>�#�v

C!K�L c�MON & . L
c Q 8 C
2R'3<- �"�y & .

L =
∑

φ

G(mφ
i )

RT
+
∑

φ

∑

i

[

µ◦

i
φ(T )

RT
+ α ln p + ln

mφ
i

mφ

]

δmi +
1

2

∑

φ

[
∑

i

(δmφ
i )2

mφ
i

−
(δmφ)2

mφ

]

−
∑

e

χe

∑

φ

[
∑

i

aφ
i,en

φ
i − Bφ

e

]

.

#�v c �H&�K#LFP ∂L/∂nφ
i = 0 CBC�p ,

(

µ◦

i
φ(T )

RT
+ ln p + ln

mφ
i

mφ

)

+

(

nφ
i

mφ
i

−
nφ

mφ

)

−
∑

e

χea
φ
ie = 0, (3.38)

main.tex 2002/03/01( �����q�:� )
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pVi@& . (3.38) � � (3.32) � , nφ =
∑

nφ
i

cK� ,�y'&rh���p , � 	 nφ
i , χe (

�@GB���
H�I C!J� )@	 ) <���y & ΦN + M � C��4	������+�z){3� , �
��
��+ � �H& .

h�h p Γφ
i �-�R'

b c ?�:�y & . h �FP (3.10) �RC Γi

c �+� ��<�";$ s7� �3C�p
i�& .

Γφ
i ≡ mφ

i

µφ
i

RT
= mφ

i

(

µ◦

i
φ

RT
+ ln

mφ
i

mφ
+ α ln p

)

(3.39)

��s%>@ �"�y'& .

(3.38) � c nφ
i <�� s >�����y'& � ,

nφ
i = −Γφ

i +

(

nφ

mφ

)

mφ
i +

∑

e

χea
φ
iem

φ
i . (3.40)

h�C (3.40) � c i <�� s > 1 A { N lGpFC"! c �1& � ,

∑

e

aφ
i,em

φ
i χe =

∑

i

Γφ
i (3.41)

� C�& . l"� (3.41) �RC�##/�< aφ
if

c A(�3> i � φ <��ds >�! c�S & .

∑

e







∑

i

∑

φ

aφ
iea

φ
ifm

φ
i






χe +

∑

φ

∑

i

aφ
ifm

φ
i

(

nφ

mφ

)

=
∑

i

∑

φ

aφ
ifΓ

φ
i + Bf (3.42)

pAi�& . aif C�$�% f (0 ≤ f ≤ M ) P�&�' ��(P)�+ 4-,<.�p , /�_�0F<
P e �G~K1Jp
i�& .

(3.41), (3.42) �FP M + Φ C��
���pVi n , l-��� 	 C 	 P χe (M � ) � nφ (Φ � )
CBC�p , h-C 2 � cK� ,�y'&rh��
<�2�=*> �����+ � �=& .

��� < � � >F7*�(P3Q 8 C�2R'�<HCA& .

main.tex 2002/03/01( �����q�:� )
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� �� "�� ������ , ��M����Jp�C?8�_BC<9 �	 mi, ���@�@� c�
  s ����� , '�(
���ApBC=8�_(C 9 �	 P3Q 8 C3��A { z){3�.& .

nφ
i = −Γφ

i +

(

nφ

mφ

)

mφ
i +

∑

e

χea
φ
iem

φ
i .

&ts , ���<��0l��.&�� 	 χe, n
φ P3Q 8 C 2 � cK� , G�A'&rh���p�z){�� & .

∑

e

aφ
iem

φ
i χe =

∑

i

Γφ
i

∑

e







∑

i

∑

φ

aφ
iea

φ
ifm

φ
i






χe +

∑

φ

∑

i

aφ
ifm

φ
i

(

nφ

mφ

)

=
∑

i

∑

φ

aφ
ifΓ

φ
i + Bf

�
,  	 Γφ

i P3Q
8 <- �" G"� & .

Γφ
i = mφ

i

[

µ◦

i
φ

RT
+ ln

mφ
i

mφ
+ α ln p

]

.

� �

3.1.3 ������������� 2 ( � ��� ����������� �
	������� )

(3.40), (3.41), (3.42) ��p�P=�RC�/?0���$�% φ <�2�=�>#2+B s � . h-C�����p�P�$�%
C 	 +(����C n���������� , �"� ��� ! <#"%$'&.&78)(FC=<%*(C?���,+ N.- D#C0/
6�1 2O++� � . 3 N D H2 CHE@� H FH�RP54768+ N &":797:-C�� . ;=<>��8+8�((C
�RC�/?0�� i <#?�@ 	�A�&B< �5CD&'& . 	E�F�HGI�J��P.K �ML �NL 
 OEP)QER 8)(
(i SJTBP7QBR ) � φ C�27UWV;/=0X@>VZY�[%: , <M\7]�/#P^K �,L �ML	
%OBP10B_)S
8`( (i S.T`:'a-CA& ) �M+Fb-& . <)<>�`P , O��AC(87(ES.c7d�� 1 ≤ i ≤ N1, E@�
C,8�(ESJc'd�� N1 + 1 ≤ i ≤ N2, F=�AC,8�(ESJc'd�� N2 + 1 ≤ i ≤ N �N&'& .

�76 (3.40) e��gfBhJiFb%& .

1 ≤ i ≤ N1, ni = −Γi +

(

ng

mg

)

mi +
∑

e

χeaiemi, (3.43)

N1 + 1 ≤ i ≤ N2, ni = −Γi +
(

nl

ml

)

mi +
∑

e

χeaiemi, (3.44)

N2 + 1 ≤ i ≤ N, ni = −Γi +
(

ns

ms

)

mi +
∑

e

χeaiemi, (3.45)

<'<>� , mg, ml, ms P5j kBS)lBmWCgn'o%&�p .
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mg =
N1∑

i=1

mi, ml =
N2∑

i=N1+1

mi, ms =
N∑

i=N2+1

mi (3.46)

� C (3.41) e�� fFhJi�b7p . <JS^eBP φ ��S! �"`eEl$#&%�U^VZY8[`S�' , O�( , )
( , *!(FS 3 �BS^e7:�+79-,/.�p .

∑

e

{
N1∑

i=1

aiemi

}

χe =
N1∑

i=1

Γi. (3.47)

∑

e







N2∑

i=N1+1

aiemi






χe =

N2∑

i=N1+1

Γi. (3.48)

∑

e







N∑

i=N2+1

aiemi






χe =

N∑

i=N2+1

Γi. (3.49)

0�1 C (3.42) e2�gfBh.iBb)p .

∑

e

{
N∑

i=1

aieaifmi

}

χe +
N1∑

i=1

aifmi

(

ng

mg

)

+
N2∑

i=N1+1

aifmi

(
nl

ml

)

+
N∑

i=N2+1

aifmi

(
nc

mc

)

=
N∑

i=1

aifΓi − Be. (3.50)

n�3 Γi PWj%kES'lBmWC fFA'p .

1 ≤ i ≤ N1, Γi = mi

[

µ◦

i

RT
+ ln

mi

mg

+ α ln p

]

(3.51)

N1 + 1 ≤ i ≤ N2, Γi = mi

[
µ◦

i

RT
+ ln

mi

ml

+ α ln p
]

(3.52)

N2 + 1 ≤ i ≤ N, Γi = mi

[
µ◦

i

RT
+ ln

mi

mc

+ α ln p
]

(3.53)

,/.Zp .

3.2
4 5 6 7 8 9 : ; < = ;

38T?>�@��/A%n�@,VCB�D2EGFBp5[�H`CWYJILK%]�MONCPRQSN��UTBUJV`Y'p . ��V�'7PW�X�Y �/Z[H�pW[\H7S�M[NCP]Q�N��G^�_�`�p .
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3.2.1 ����� � ( ��� 1)
� pS(�C
	���`Fp����	����7:���V 0 C
��� I�, , (3.41) eZP

0 · χe = 0 (3.54)

,/. # , χe P��)n ,/.Ep . ;�\2���FA7pW[?HEC , (IC
	��?`�p��`V�S���ES�	����
: 0 C
���BY�[��� , ;FSS(`:�	�� @U.�Y"!5SJ,7@>V�>�@]��# H�p .

$ �EPC(���%�& `Fp^]('%m>]�)+*�`Bp5[?H)SF@ h%YJT ,)@,V 1.0× 10−10 ,.YBm T
�
,�YWV�Y)p . - SF@.h'YJTBP ]�. #/.�0�1+2�' , 3Fb�4 1.0 × 10−18 CG`�p , , >
@65���A'n�CC.�p . 7�8ES�9�:�;=<�>@?A:�5CB IU.�pW[\HCD],FE�G�E^\Ep .

3.2.2 HJI�K (ln(mφ
i /m

φ)) ��� �
(3.39) eBSML?3�N]�PO�b7p .

Γφ
i = mφ

i

(

µ◦

i
φ

RT
+ ln

mφ
i

mφ
+ α ln p

)

��C	���� mi 5 0 Q
���EY5VR! , Γφ
i 5 −∞ Q
S�T�U .7Y@-�,V5�+�W$,U.`p . XES

[?H�Y6Z�S >�@['`P , (3.39), (3.40), (3.41), (3.42) eES Γφ
i Q�[�`�pMN]� , mφ '�\�U

[C])e?'C^EhJiBb8V�Y)p .

Γφ
i

mφ
=

mφ
i

mφ

(

µ◦

i
φ

RT
+ ln

mφ
i

mφ
+ α ln p

)

. (3.55)

(3.55) eBSML?3�NBP

mφ
i

mφ
· ln

mφ
i

mφ
(3.56)

,/.EU^V�Y'p%S�' , ���	���� mi 5 0 Q���� I_�� `Q�PaL?3�NEP 0 b�c�`Fp .

3.2.3 de��f�ghIi�kjml
(3.40), (3.41), (3.42) eR�
n�o�`Bpp-�,�Q�l�q�r , l]# W�X�s�t Q
�=uM��C	���� ni

5�Z`v8p . UM](U_wyx \�z ni {a| Q!.�p�}�~���5 � p . !�U�!L>�@��kx�w�x���z�	
��� ni 5 |"� �� , j8k � eZl]#�wyx��Zp n∗

i ��l]#
W�X�s�t Q
�puM��C	����$,� .�` .
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n∗

i = mi + λ{ni − mi}. (3.57)

-�- ' λ(> 0) { n�3�' � p . (3.57) e � n∗

i {������ 	 � e ((3.2) e ) ����z�` . n∗

i

{ +	��

. � ' λ { j%k � lFmAQC.�p .

λ <
mi

mi − ni

. (3.58)

λ =
mi

mi − ni

× 0.99 (3.59)

(3.58) e � λ { ��r � i Q�[ U r�%�o�`Fp6! � , `Fp . ��U (3.58) e �� �������
Q��Eb7pS+�W�5 � p � ' , Y6Z"Q { (3.59) e � lBm�Q"UVr6u)p .

!�U�!V��r � ni 5 | '�.��a�"4 λ = 1 ' � p .

3.2.4 ���������! #"%$�&('���)+*
��,.-�' {0/ � �21���354��+QV7�mPz�H6Q , >�@��76�8REGFBpa� '%m � � )'n.9�:
�0;'n�`FpC+�W�5 � p . �	,	-?' {�<�=�> [�3 G �@?.ACB ��x >�@]��6C8�`�p��
''m
� � )+*[�P7 m .

• >�@ED-, 1 �@<�=�> [�3 G �GF2H�U , D �0 5 1 �0JI #a!�K E�u��� .

• >�@ED-, 1 �@<�=�> [�3 G �G?.ACB 5 10−15 L2M QC."q�zC�� .

L�N � 9�: � '�O(x_��P� �55��zOE���zA�� , Q5R2S { W�X�s�t Q7TkUVz�, � . U
>�@ ��6	8RE FFp .
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4

4.1
� � 9 � 	 
 � 9 6 7 � 

�
3 � �����JI # , ��� ��� = Q��6Q������ <E=�> [�3 G ����� !G>�@
'! �� . <

=�> [�3 S {
(

∂G

∂T

)

p,ni

= −S (4.1)

. � ' , G ���"�JI ##��� ��� = Q��6Q������ S ���"� ! Z v$� . UP� U&%(' � L) { ��� �*� = Q��6Q������ S ���"� ' { .�u . %!' � L ) { , +.R�5-,�. � S �/ �0 Q21pq�r ?.A `3�54� � ��� ?2A 4F���	���� ?.A76 � � .

,�. � S � / �0 Q21pqAz-+�R � * < ����8 B 4:9";��� ��<�=��"�?> L.M ��@
-RQ I q�r�>�@�`3�R-"4V5 6  �� ( A 4.1 B7C ). - ��@ - 66{ � �2��� �D� = 9	:
Q � ��Q2R�S >�E S�FG4L`3� . E S�F6��xH� =5> dp I�J ?�A?K�L r"u� , M=* <
9	: > �6z-N���� �PO�Q"R�S�T >VU�W�X$Y NZ� .

� �
1. X[Y(\V]�^�� �$� T = T0, � = p = p0 Q_�E�`�Va[b s�t , c(dfeHg"h:i S(T,p)

>kj(l � . 9";�m�npoVz-q�r { 9";�O�Q >ts�uGv , Q�R.S � cwdxeyg�hki
{ R"z7{�� � c|d}eyg�hViZ~ / v��7��� 4�N3� .

2. � =7> p + dp ~2N3� .

3. ��� > T �}� dT I�J k �t��� vk� F (T + k dT) 6(� c|d}e�g�hki S(T + k
dT, p + dp) >�X"YGv , S(T, p) ��� 4 P���N3�_��� >_j5l � .

4. 9";"O�Q >[s�uGv , Q5R2S � c3dxeyg�h�i��GR"z!{!� � c3dxeyg�hki5~ / v
�5�`� 4�N|� ( M5�"� �[�!� ). R�z5{(� � cwd�e�g!h_i >2�(� ~ S(T,p)
4 v:�$��� N3� .

5. � U 2–5 >V��� �t��������N .
� �
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T0
T

p

dp

dT

S(T,p)

S(T0 + k dT, p + dp) = S(T, p)

S’(T1,p+dp)

1

23,4

5

3.

4.S(T, p) <- S(T + k dT, p + dp)_gas

p0

A 4.1: +�� � M7�$����� �[X$Y � U .

4.2
 ! " # $ % & ' ( ) '

� ��X`Yw>+*��xv:��,�-|K_L/.t��l ~ �/0 J�1�2�3�46573�8:9/; �!��. . <�=�>��
M7�"�����?8 j5l
.-��l�� 2@3A4?5B3�8DC�E�N . .

4.2.1 FHGJI K ( LMG 2)

M5�"�68ON �Gvk�(��.�� > , P�Q�O�QZ��R���S
1G�UT�V�N . ( R�S�TW8 0 ~2N . ).X �OY�Z >\[3��~ 1 ]�2^5`_`a l$� R���Sb8 p = p + dp ~Dc�d�e@f .@g , P�Q�O�Q
� R"S�T�mBh � 0 i � >�P�Q$zw~`j�N .Dk�l�m m s 1�n . . (3.2.1 = o z �+pZ� (

X
� 1) qOr
s ). �utBvuw7~DP�x�y .`z�{ > � , P�Q"z �Ok�l�m m s�u [7n � v�| ; �
� > , P�Q�m"n o}i �\g���~���g mA�/� . .

X ���@~ i Y�Z 8-�7��y .���l ~ , �@t
p 8 dp ���W[D� .t��� ~ , P�Q�zw~DP�Q�y .-��l�� o��A��q@8D��n �(��. . �\������ � �O�����5� 1/10 8+��� � � �7����� ~+� ���Z� ./g��/~U��� 8:�^; �7��.
( � 4.2 r
s ).

4.2.2 �H���¡ £¢ S G¥¤§¦
�
t�v@j-� S 8�� � w(~D¨\© .-� ©@ª`� , G �7« �W8O¨\© .7¬u�®@¯�. . ° � , «
��± m²g�³��@´Dµ�« �W8+¶�· ³:�7��. . ´Oµ�« � �O¸ � k �¹� 4.3 ªDº^[�n . . �
main.tex 2002/03/01( �k�¡ �¢H£ )
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T

p

dp

H2O(g) = 1.0
H2O(l) = 0.0

H2O(g) = 0.9
H2O(l) = 0.1

� 4.2: � �Op�� (
X � 2) ���
 . �\t
8 dp �(�O���?[O� .`��� ª	��P�Q���� �7�

��� 8�
� ³ ,
X � ��P�Q���� �`����� 8���� ³�����. .
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t p 8�� � ³ , � { 8 ±dT �7�2� � ³V��� T ± dT > � �utAv�j-� G 8 X n���n
G(T − dT ), G(T + dT ) g y . .

X �/g ��� { T , �\t p > � G �`« �5�	��
 ���
~ ªBi . .

(

∂G

∂T

)

p,ni

=
(

∆G

∆T

)

p,ni

'

(

G(T + dT ) − G(T − dT )

2dT

)

p,ni

. (4.2)

�2�`« � ���« � (dT )2 l�{ > ¯�. .

(4.2) m �	��� � �D�A� ³ i �
g	��~H�"� >`�����
��i � i � .
X �[� ©� {�® ±dT

�!�2��n ������� > ��� � � ����� 8���� ³ ,
X�� ����� ®A« � � ��«�l�{ ª�� |

.��6~ ª��! 5B3 ³:� ��. .

P

T1 T1+dTT1-dT T

P1
G(T,p)

G(T+dT,p)G(T-dT,p)

dG/dT={G(T+dT,p)-G(T-dT,p)}/2dT

� 4.3: ´+µ�« � ��" m � . #$ � � > � « �^8+¨@© .�% ©�ª ,
X��	& k � �²g('�k� � ��) 8:· ��. .
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5
� � �

� � � Y�Z 8���°�y .�% © ��� t�v�j$� g�³�� G 8��	� ³ % � > , �	� ) g�³��
��v���2 �"!�#�$68�%��Bn
�'& 0 i
; % . <	(�>*)O��v���2 �"!	#�$ �,+.- k�/ 80�1 y . .

5.1 2 3 4 5 6 & 7 8 9;:
��< ´ � ��� ® h ��=�> < � / ��� / �+� / ?���@ ¯�A
g y A�g ,

X!��B v	�'CEDF!.#$G)�� 
 � �/~ ª�H I A .

µφ
i (T, p) = µ◦

i
φ(T ) + RT ln

(

mφ
i

mφ

)

+ αRT ln p (5.1)

J ³ , µ◦

i
φ(T ) )FK*L B vM�	C�D�!�#�$ , mφ =

∑

i m
φ
i ) � φ ª ��� y A � � � ( N$	O )

�FP @ ¯�A . Q %'R O α ) < �TS �:� 1, � � U � �TS �+� 0 ª,S A .

(5.1) V ��W�X�Y 2 Z ,
Y

3 ZG)"[ <�\ � ��];U_^T`aU � �'b�c�d ®"e Q�fMg +.- @h A . ³ji£³ W*X�Y 1 Zk)��	] Ul^k` U ����b	c*d ®'e Q�m ��n , o ��p O �,q�r
� i �sS �Et +�- @ h S � . o � %�u'v	wGxEt�yj�'z|{~} g'S { SM� � ) , �'���� K�L B*� ��C��'!*#�$ t S A .

1 N'$k� %���� K	L B�� ��C �"!	#j$T)���L t S A�� ]�U�^M`M���TI A � ` �Mp O
S, H � N�$ �Fd t�� � ��� � �����E���E� ��� I A .

µ◦

i (T ) = h(T0) − Ts(T0, p0) +
∫ T

T0

cpdT − T
∫ T

T0

cp

T
dT (5.2)

J y h ) � ` �Gp O H � N	$ �Fd , s ) � ` �kp O S � N�$��Fd , cp )'N	$��	^� � @k� A . � , � �k�F� ���G� �k��� ��� I A�� @ , � ��¡,¢�£ A'¤*uM�F¥�¦ φ��§ y�¤ . �*L t S AF� ] U¨^ `�@E� A r ,
<�© S { g,KML	ª*« (T0 = 298.15 K,

p0 = 1.0 × 105Pa), ¬ © U® © S { g 3 ¯�°*@ ��� ] U¨^k` t £ A .

(5.2) V �±� , K*LT²�C��'³*´�µ ��¶E· A'¤�u ��) h(T0), s(T0, p0), cp(T )
��¸ b �v	wGx�¹Mi�{»º�¼ £ fTg�½���¾ t r'¿ iGA .
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5.2
" # $ % & ' ( ) * + , - : $ . /

(5.2) V �±� , K*LT²�C��'³*´�µ ��¶E· A'¤�u ��0 h(T0), s(T0, p0), cp(T )
��¸ b �v�wMx�¹�i�{ º	¼ £ fMg'½�� ¾ t r�132 f ¤ . 4�5�@�076 ©
8 S <'© � K	L B�� ²C��'³*´�µ � ¶G·79 �;:�<�£ A .

=�© � h(T0), s(T0, p0), cp(T ) 0 ��� �	�E� � ¶T· ¤ .

• h(T0)

JANAF Thermochemical Tables i { ¶T· ¤ .

• s(T0, p0)

JANAF Thermochemical Tables i { ¶T· ¤ .

• cp(T )

JANAF Thermochemical Tables i { ¶k· ¤ . v�wGx�t�y?> ¶k· { f > ��ST�� ] � N'µ���^ ��@ 0 3 A � Spline B�C ��� � >�DGu�¤ .

��@T�.v�wTxkt o � B�C	ª�E ��F �HG 5.1 � 1�£ . I�J30 JANAF Thermochemical
Tables i {LK � y�¤�M�NGv	wGx , M�O 0 M�NTv�wGx � 3 A � Spline B�C y�¤�PRQ��S .

J yUT�V�W�X I�0 Spline B�C ��� � > �'SM� . T�V�WM�"��@ 0 20.786 J K−1

mol−1 �ZY � P S ��Q Spline B�C £ S�Q Q n ST� i {[Q ��S . yji n Spline B�C
Q 0 Y � P � � Q]\[^�_ Q h ST� .

5.3 ` # a;b # $ % & ' ( ) * + , -dc $ . /

 © U ¬ © �Le � ²�f �"³	´�µ �7g�h±n , ��@T�"v�wMxkt 3 ¯�° QM� h, s
r.¿ i fg g�hRQ h S . y�i�y ¬ � U® � � cp �ZM�N�P�� ^]0*��Q �ji3k £ ¾ t r Q h Si m ¤ . o �.¤�u ¬ � U  � �ml�n�e � ²�f��.³*´�µ]0po�q�r = ^ , n*y \m0F^�st �vu ��� � >�g�h y�¤ . 4�5 Q 0,o � 9�w �;:�<	£ S .

5.3.1 xzy|{|}�~��z� �v���������|�������� \ � ���T� p y[> o�q�r =�� �;�Z��� r�¶�· {j��> ��S . � � { 0 NIST Chemical
Web Book, e ��������� , e ������� {;K �v��� Q ��S .

1 � ¿ 2 ��  � {[¡ S   �£¢E· S . � s tR¤ ��¥§¦ > ��S ¡ {£¨ ¬ � (  � ) © = ���e � ²�f �.³*´�µª0p«¬¦�� ��Q ,

µl(T, p∗(T )) = µ◦

g(T ) + RT ln{p∗(T )} (5.3)
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G
5.1: N2, O2, Ar, CO2 �.��@k� B�C�ª�E . I�J�0 JANAF Thermochemical Tables� {LK � ¦ ¤�M�N������ , M�O 0 M�N��	��� � Spline B�C�¦ ¤�PRQ ��S . 
¬¦ Ar��� 0 Spline B�C ��� � > � ¡ � . ��ª0 ��� , �	� 0 cp ��P
Q ��S .
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© ¡ S . ¾	¾ Q µl(T, p∗(T )) 0F¬ � ��e�� ²�f��.³*´�µ , µ◦

g 0 = � �ml�n�e�� ²�f�.³	´�µ , p∗ 0po�q�r =�� Q ��S . ��� W ���
	k��� 1 � ¿ 2 �
  ���� � 0 1 ¡
�ZQ , o�q�r =�� 0 ��� ��� ��� u ©�¦ > � � S . o�q�r =���¤�� � �
¨ (5.3) �G�
� , ¬ � (  � ) �Le�� ²�f��.³M´�µ � g�h £ S ¾�© ¤ Q�� S .

o�qvr =�� �p����� ©�¦ >����v¡ � 0 Antone �7�vQ ��S . Antone �Z� 0 ,

ln{p∗(T )} = A −
B

C + T
(5.4)

�����vQ ¶G·�� � S . A, B, C 0���u Q ��� , T 0�! � (K) Q"� S . # � µ Q�$&% ¦¤�'�(�)+*&, S A, B, C 0 ^ 5.1 ) 1 , .

^ 5.1: Antoine �7��� ��u A, B, C �mP ( e�� � � �v��- � )

'�(.� A B C / % ! � (K)

H2O(l) 23.1964 3816.44 -46.13 284–441
H2S(l) 20.9968 1768.69 -26.06 190–230
NH3(l) 21.8409 2132.50 -32.98 179–261

0�1
, NH3 2 H2O )3� ¦ > 0 , Briggs and Sackett (1989) �7������45$76 ¾�©98 Q

� S .
� � � �p���v� 0 ,

ln{p∗(T )} =
a1

T
+ a2 + a3 ln T + a4T + a5T

2 (5.5)

Q ¶k·�� � S . a1, a2, a3, a4, a5 0:�vu Q"��� , ^ 5.2 ) -.; > ¶G·<� � S . 
�¦ cgs=9>  �Q���PR¡ ��Q , $&%&, S3? ) 0 SI
=9>  �)A@9B., SDC
E ¤ � S .

G
5.2,
G

5.3 0 Antonie �����ª� © Briggs and Sacket (1989) � ���
�<4D%�F�>
NH3(l) © H2O(l) � r =�� 4&G"H�IKJ ¦ 1 8 ��QL� S .

G
5.2 ) 1 2 � S - 6�) ,

NH3 � o�qvr =�� 0 Antonie �p����� © Briggs and Sacket (1989) �p���v� © Q3M0�N]©�OQP ¡"F . ¦ � ¦ G 5.3 ) 1 2 � S - 69) , H2O � o�q�r =v� )�� ¦ > 0
Briggs and Sacket (1989) �m������� 9 ¤ - �SR.F�T9U © ¡ ; >�F S . �WV Q�M ? �g�h�) 0 Briggs and Sacket (1989) �p���v�L4A%LF 1 .

5.3.2 XZY\[^] �§~Z_^`ba:c �z� �v���������|�
Lewis (1979) ) -.;ed , f�g�h
i�j ) NH4SH ��k ¤&lKm S ���
n ¤�o�p q � d Fr

. V �es9t�)�� ¦ d"u � s t ��u ¤�v � � d F r �3w , � �L4A%LF d l�n�x���yz�{�|�}A~ 4+� � r .
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!
5.2: Briggs and Sacket (1989) � ���R� � �
" a1, a2, a3, a4, a5 �$# (Table 4 of

Briggs and Sacket, 1989, ICARUS, 80, p98.)

'�(
� a1 a2 a3 a4 a5

NH3(s) -4122 41.67871 -1.81630 0 0
NH3(l) -4409.3512 76.864252 -8.4598340 5.51029 × 10−3 6.804632 × 10−6

H2O(s) -5631.1206 -8.363602 8.2312 -3.861449 × 10−2 2.77494 × 10−5

H2O(l) -2313.0338 -164.03307 38.053682 -1.3844344 × 10−1 7.4465367 × 10−5

NH4SH � l � s�% u$&�' � - 6�))( � r .

NH3 + H2S → NH4SH (5.6)

Briggs and Sackett (1989) ) - �]¨ , (5.6) * �,+.-�/ ��" u�&�' � - 6�)�(10 V�23 w"� r .

Kp = ln (pNH3 · pH2S) = 61.781 −
10834

T
(5.7)

465
, pNH3, pH2S

u87.9�:�9
, ;=<�#�>?;ei�@ �BA�+ , C x.D
E=FGA�+�w�� r .

=�>
H u

cgs
=9> H w"� r ( +JI.F =9> u dynes/cm2).

K -�/ 3�L�M , r�N �PO , NH4SH F5x
Q�y z�R3|�}5~ u$&�' F - 6�))(TS r .

µNH4SH,s(T ) = µNH3,g(T, p) + µH2S,g(T, p)

=

{

µ◦

NH3,g(T ) + RT ln

(

pNH3

p0

)}

+

{

µ◦

H2S,g(T ) + RT ln

(

pH2S

p0

)}

= µ◦

NH3,g(T ) + µ◦

H2S,g(T ) + RT ln

(

pNH3 · pH2S

p2
0

)

= µ◦

NH3,g(T ) + µ◦

H2S,g(T ) + RT ln (pNH3 · pH2S) − RT ln p2
0

= µ◦

NH3,g(T ) + µ◦

H2S,g(T ) + RT
(

61.781 −
10834

T

)

− RT ln (1.0 × 1012)(5.8)

465
, µ◦

NH3,g(T )
u ; R #�>=;�i�@ F,U�V9x
Q�y zWR9|.}A~ , µ◦

H2S,g(T )
u C x.D
E

i�@ F,U�V9x�Q�y z�R3|�}5~ w"� r .
0�1

1 atm = 1.0 × 106 dyn cm−2 w"� r V�2
45%�F 1 . (5.8) * -YX , NH4SH FBU�V9x
Q�y z�R9|.}A~ u ; R #�>=;�i�@62ZC x
D�E i�@ F�U�V9x
Q�y z�R�|�}D~ 2 H F !�[�\^] � 0 r .
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�
5.2: NH3(l) F������ i + . ×

u
	�������
( x
Q�������� r ). ��� u Antonie F��� * , ��� u Briggs and Sacket (1989) F ��� * .
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�
5.3: H2O(l) F������ i + . ×

u
	�������
( x
Q�������� r ). ��� u Antonie F��� * , ��� u Briggs and Sacket (1989) F ��� * .
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6

��� w u���� ~��	� F�
��� o�� .

6.1 � � � � � � � � � �
��� g���� w ��� ~ � � ]"! r�# � , � 0 v ] 9&d%$ r	&(' �*) $ed	��� ~ F,+	-n �/.10 � r . 2%354,6^2 5 d�u , (1) 7 I8Q98 " G \^];: ] 91<�=�>@? 3BADC 2A ] 5 $ \ F 2%3 , (2) E�F F�G�H@I�J�� K@L 5 <	M�N � : ] 9 r G�HPO 7DQ1R 3A�C 2 A ] 5 $ \ F 2%3 , �*SUT .

6.1.1 G VUWYX[ZU\^]`_badce]gfih
7 I�Q98 " G ��8 5kj &�' F * 3�L�M �ml .

(

∂G

∂T

)

p,ni

= −S (6.1)

(

∂G

∂p

)

T,ni

= V (6.2)

(6.1) * , (6.2) *�\Y]n:1] 9�< S, V � , o@p�q � �r� 5sj :1] 9�< S, V 2utrv �Pl .

���xw I�J 2 5sj ! 6.2 �ky�L 5 < .
���xw I�J A z(ErF IrJ{�uK�L 5 , |�} (1999)

\^] ~ ) 5 < . � F 2%3@�1z ���	w I�J A �/) $ j �	� �*SUT .

S F tDv �*SUT . I�J z > K�J @9��� l 2s� L 5kj $ l F � , S z(o1p%q �
s =

∫ T

T0

cpdT + R ln p (6.3)

��� l . U�V�� �,� $ j (6.1) * , (6.3) * 7�9�:�9 \ ];: ] 9�< S � tDv �5l 2 ,� ��@�{�9�(���	���
: 21763.16796255409 [J]

G ��� ���	��� : 21762.95779971406 [J]
� �
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2 $ T 
� 3 : ] 9@< . o%p�o�z�� /��?F =������@?�� �"! F =#� F t�7 , U�V#$R&%('�) �
, U�V
$ R �xw ) � �/) $ j ��+* < . , � * j z 10−4 F.- ��/�0 l1 [9� ,

N \ N \�2 $ 
� ��� l � 354 l .

V F tDv �/SUT .
> K�J�6 ����0 O 1

�w87x<^X
22.4 l (= 2.24 × 10−2 m3) � N l .

U�V���� �,� $ j > K�J�6TF96�: V
�

(6.2) ;.\^];: ]<0 < V � tDv �5l � ,� �=�> ��?@	A?�B
: 2.463992857238437 [m3]

G ��� ���	��� : 2.496777103049681 [m3]
� ��,$ Ts
	�#C : ]<0 < . o1pro"D9EPzF��G � D.H =��? (

�Dw
) � 22.4 l �JILK < A

Dr�P� l . �9D 
�� z 10−2 D -NM ��O�P * j $ l .

Q
6.1:

���	w I�J A �SRTM 0 l.U@V �(W DFX�Y ���@? . �(09z E�F5D G�H@I�J��Z�[ � � $ j $ l . \�] g z J�^ , \�] l z�_ ^ , \�] s z#` ^[�.a�b �ml . |�}
(1999) � UdcJe�f . g * H2O D ���@? z EF IJ Dih#ji,Nk9l 4 j $ l .

=���m X�Y ���@?
N2(g) 78.088
O2(g) 20.949
Ar(g) 0.93

CO2(g) 0.03
CO(g) 1.0×10−5

Ne(g) 1.8×10−3

He(g) 5.24×10−4

CH4(g) 1.4×10−4

Kr(g) 1.14×10−4

N2O(g) 5.0×10−5

H2(g) 5.0×10−5

H2O(g) 1.0

6.1.2 nporqtsvuxwzy|{L}�~t��ugfih
I�J c RTM 0 l =�� C H j J�^ � * < � D O 7�����Q�R ( G�H�O 7DQ�R ) kF�����l

. ��� w I�J A D G�H9O 7�����Q�R�z E	F8DF���
���(2N� �x�<0 j@� l Dx� , �
� w D�� e k������ l9� N 2 � .

��� w D yL zi���8DF�z� .
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� ������
	
: 288.15 K

����� 
: 1.0×105 Pa (1 �� )

�������
(dp): -5.0 × 102 Pa

��	 ���
(dT ): 1.0 × 10−3 T

�������������
: 100 �

� �

��� w D����! �" k$# 6.3
c&% � . # 6.3 z'�� � ���"D)(+*"k-, '
.T%�*0/21 D����3 . 500 hPa 4�5��63 � 4.2 K ��� C � C 387 � C %29 083 .

:
; � 6 �=<�> ���GTk&?
@ *&/-A
B , C�DFE�G)H�I�J ���FK
L)M c ��� *ON ,

∂T

∂p
= −

RdT

pcp

∼
300 · 300

105 · 104
∼ −1.0 × 10−4 (6.4)

�QP � , 500 hPa ��R��63 � 5 K �SR��63T7 � c P 3 . g * , Rd J+U�V�W��5D!� 6
@�X�Y 300 J K−1 kmol−1, Cp JZU�V�W
�8D-[
G�Y 1000 J K−1 kg YF\
3 . 7.D']8J
����^ DZ �"�_0` BSa YF\�3 .

6.2
b c d e f g h i j k l mon p q r f s t u v

W
��w
x���y�z
{8|!}�~
w
xT��� N :
; ��y / ��y�_=?�@�� , ���
�2��� L N U�V
W���|-E�G-����H
I�_=}�~����S|Q����x��6�Q�-�
�83 . U�V6� ; @�� N���� ^�W��
B ���
@�� / . 7=�SJ)�)� (1999) �����Q �w�� / . ¡�� H2O |'¢
£�¤�J!U�V�W
�
|+¥�¦+]�_�� N�§F¨-N \
3 . 7'|!�
��|'©�ª8J , W
�«�0¬�'��3'����|Q5�®�¯�°2±²�³ ^ 9 ¨-§F¨�´ ���FµZ¶F·)W�¸�Y 1 U�V�W
¸�Y 1)¹Qº �Z�)���63T7�_&»�YF¼�3
7�_-��\
3 .

�
� ^�|Z��@�J+½
¾8|Z¿ÁÀ .� �Â�Ã�Ä
Å
: 288.15 K

Â�Ã�Æ�Ç
: 1.0×105 Pa (1 ¸�È )

É�Ê�Ë�Ì
(dp): -5.0 × 102 Pa

Ä�Å Ë�Ì
(dT ): 1.0 × 10−3 T

É�Ê�Í�Î�Ï�Ð�Ñ
: 100 Ò

� �
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������� W
¸ ��� ^�Y
� , 1013 hPa � ´ 540 hPa !YS|��)Y�����» 32.47 K  �!��"
. ���
�2�$#&%('������*)�+�,�Y-� ,

¹�.0/ �)YS|!�
�� �!1�32 36 K YF\�45) .
�)��+�,6�57
8�|�9�:�;
¸=<0`�> a�?�@ " <�% ¨ " . 3)��)��+�,«��A " < , }�~
»�BDCE'
%5FG%IH�J ? |Q����K�L�� -9 K/ 100 hPa, }�~�»�BDCE'
% " H�J ? |Q���
K�L6� -6 k / 100 hPa

?�@ 4() . 9�:�;
¸6|�M�N�O�P�K�LQ<SR�T�O�P�K�L8|�U
�32
10 : 6

?�@ "
. {8|�)�V-�)��+�,6�!}
~�»�BWC " A6XYF(H�J ?[ZS\ ��]0�)� ? ¼('

% " <�% ¨ " .

^
6.2:

�
��_ ;
¸ B �0¬�Z� " �-`W<={6|�a�b
¢
£�¤ . c=���39�:6|IM�N�;
¸T�d�e �3f0%�'0% " . g�h g �+¸�i , g�h l �!��i , g�h s �Gj�i��Ik�l)� " . �-�
(1999) �&�«�& �w . ¡ � H2O |Q¢�£�¤��39�:�;�¸8|+¥�¦5m�� §F¨ '-% " .

����n a�b�¢
£�¤
N2(g) 78.088
O2(g) 20.949
Ar(g) 0.93

CO2(g) 0.03
CO(g) 1.0×10−5

Ne(g) 1.8×10−3

He(g) 5.24×10−4

CH4(g) 1.4×10−4

Kr(g) 1.14×10−4

N2O(g) 5.0×10−5

H2(g) 5.0×10−5

H2O(g) 1.0

H2O(l) 1.0×10−8

6.3
o p q r s t u v

;
¸�w
x�¸�y�z
{8|!}�~
w
xT���-'�w�x
¸�y / ��y=<zy�{�� , ���
�2���|4('�¶�·
;�¸�|�O(P-����K�LW<=}�~����S|Q����x��6�Q�-�
� " . ¶�·5;�¸2�}x�{ �E' ����_
;
¸ C �Q��{��*) . c'|�;
¸�~
w6�����0� ³I� |I�������G� ´�� x[�Z� " Z | ? ,
Weidenschilling and Lewis (1973) »����«�}#&%()(m����I#��*) .

�
��_ |Z��{0�+½
¾8|Z¿ÁÀ .
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� �Â�Ã�Ä
Å
: 340.0 K, 350.0 K (2 �!x��-� )

Â�Ã�Æ�Ç
: 1.0×106 Pa (10 ¸�È )

É�Ê�Ë�Ì
(dp): -9.7 × 103 Pa

Ä�Å Ë�Ì
(dT ): 1.0 × 10−3 T

É�Ê�Í�Î�Ï�Ð�Ñ
: 100 Ò

� �

¶�·����S|��)�����-�	��
 1 Ò ? �z�3���&����'�%5F�%)| ? , �!����)�)�6� 340.0
K < 350.0 K ���S)���| 2 �����-���E) . a�b���� 340 K ������������� ���! �
�����«� Z <+� §F¨ ) . a�b���� 350 K � Atreya and Romani (1985)

 �-��+�,T�Z <-� §8¨ ) . �#"$  ����+�,���% 6.5 � ´ % 6.8  ? �'&�� . ¡)(0�)�G+�,+*
�,�����  ���=< Atreya and Romani (1985)

 +�,=<*U#-.(0/21 ]01 " )GV43 , % 	5�6�78 �9 *$ �!|��:G'-% " . % 6.5, % 6.6 � 10 bar ;�<!=
� ´ 0.3 bar ;2<#=
 ? �4��>,?�(S' @ " . % 6.7, % 6.8 � 5 bar ;2<�=
� ´ 0.3 bar ;2<�=« ? �4�2>
?�(*' @ " .

�@���A����� ��� 35A54S'I���6�CB�)'¶�·3;�¸  �5!6�D =!��E8*F% 6.4 3G&�1 (Seiff
et al., 1998). �,�!�'���4� �4� 3�AG43' 10 bar ;2<�= ? ¸ D » 340 K

?�@ " c�<
»#&1��B�) . �,�!�C���4� �4�2 �H ¾
Ò0�FI  FJ F
%�M�N�H�J ?�@ 45)  ? ,

H ¾
Ò  ;
¸�~�K6��L�M _ ;�¸ C 35U�N�'�O2P!Q�R�S  �T2U�V�W#X�Y 3 J F�% . Z  
)
V�P!Q  B C*'�%�F-%ZÈ8[(H�J+35f-%�'\% 6.4 <]% 6.5 *3U!-21 " c�<I�(k�lW @ "

. % 6.4 <^% 6.5 *5U#-21 " < , P�Q  BWC}F-% 10 bar ;2<�=-�`_ 5 bar ;
<#=  �D =6��ab(I% . c8d2e 5 bar ;2<#=  �D =6� 275 K <0a`(3% . (*) W 45'�fg ;2R  M�N�O�P D =�K�L�� \ (�]Ah#i1��B�'-% " c�< W &�j0��B " .

k�l  f g ;�R  O�P D =-K-L <CP�Q�m4n  �56 ��E.*Fh2io(�)!p ^ c <4($'
Atreya and Romani (1985)

 +�, ( % 6.9 q8r ) *	&�1 . st_ Z f g  ;�RG~=<�(
'����6��u � ���������v_ � x[�	B " Z  **#&%() . % 6.9 <t% 6.8 *�U�-�1 "
< , P�Q#m2n  	w!x <yZ  z*�4{� 'T�U <�=0�	a.(}% . |I)(;!R2}#� (1 bar ~!� )

 
D = Z a`(I% . (*) W 43'��2����*}#&%�)!h#i�+�,6� , �@| ?  f g ;�R-O�P D =
K�L <0m�n T�U�V8 	5�6 ��E@3��F1 " h#i�+�, <G��>4� ?�@!� .
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�
6.3: L�M�����R C 3���|�B �����! Z  #"�$�T�U�V . % B'&�f g ��R@*)(�*@3+�,�-�, �

. Weidenschilling and Lewis (1973) .0/212K . 3�4 g &�R�5 , 3�4 l &#6
5 , 3�4 s &�7)5@*�8�9F1 � .

m�n;: "�$�T�U�V

H2(g) 8.86×10−1

Ar(g) 1.12×10−1

H2O(g) 1.05×10−3

CH4(g) 6.30×10−4

NH3(g) 1.52×10−4

H2S(g) 2.90×10−5

H2O(l) 1.0×10−8

CH4(l) 1.0×10−8

NH3(l) 1.0×10−8

H2S(l) 1.0×10−8

H2O(s) 1.0×10−8

NH3(s) 1.0×10−8

NH4SH(s) 1.0×10−8
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% 6.1: L�M����2R A ( ������R , P�Q�K����v( ) �  ����#D =
	�� .
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% 6.2: L�M�����R B ( �
�;�!R , P!Q�K���� / ) ��� ����D =�	�� . � 7 & D = (K),� 7 &	�\[ (Pa)

main.tex 2002/03/01( �����0��� )



�������������
	��
������ �
6 � ��� 38

�
6.3: L!M�����R B ( ������R , P�Q!K���� / ) � ��P�Q!m2n � 526 ��E . P#Q!m2n

& H2O ��� . � 7 & D = (K),
� 7 & �[ (Pa)
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�
6.4: ���������
	����3�.�� -������ B���f g ��R � 5�6#D = �!E . (Fig. 34 of

Seiff et al. 1998, J. Geophys. Res., 103, p.22878) �
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�
6.5: L�M�����R C ( f g ��R ) � � ����D = 	 � . � 7 & D = (K),

� 7 & � [
(Pa). h�i���� D = & 340 K. ��� � "�$�� & Seiff et al (1998) � ���
	��� _��
d � .
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�
6.6: L2M����2R C ( f g ��R ) ����P�Q!m�n ����� ��E . ��� & H2O(s), ��� &

NH4SH(s), ��� & NH3(s). �
	 &#L�� ��� ,
� 	 & �8[ (Pa). h!i � � D�� & 340

K. � � � "�$�� & Seiff et al (1998) � � ��	�� � _ �d�� .
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�
6.7: L�M�����R C ( f g ��R ) � � ����D�� 	 � . ��	 & D�� (K),

� 	 & � [
(Pa). h�i � � D � & 350 K. � � � "�$ � & Atreya and Romani (1985) .0/ ��d�� .
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�
6.8: L2M����2R C ( f g ��R ) ����P�Q!m�n ����� ��E . ��� & H2O(s), ��� &

NH4SH(s), � �
& NH3(s). � 	�&�L�� ��� ,
� 	 & ��[ (Pa). h�i � � D � & 350 K.

��� � "�$�� & Atreya and Romani (1985) . / �\d�� . �
	 W Atreya and Romani
(1985) � �  ��� � %  ���� 8 .
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�
6.9: f g �!R ��P!Q!m�n ���
� �!E (Fig.14 of Atreya and Romani 1973, In Plan-

etary Meteorology,Cambridge Univ. Press, Cambridge, UK. 17, p.53).
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7
� �

f g��
	�g ��� � ���� � 	��  ���� m�n ���
� ����������� � ��� �F�2��������
, �� � ���!��" � � . #��2� ��$�% & ���'&��)(�* �,+.-�/�0'132�4 � � ��35.687:9

, ;=<	��.?> �3@�A �#��� ��BC�3� �:D �8E %  �� 6 � . F 6 G �3H �
� .I> � , J.K���� � 6�L >  , ������� � 6�L >  , M � �N�'O �QPR�CS�T��?U % �WV �3���XU %  �Y �:D � .

#[Z.\ � &�J:K3]3^ � 	 K����'�,�3� � -�, � , . _ 7 &)`  (T < 100 K) � �a+
-./�0'1N2.4 � � � �ab � -
, � , �.��� 6 U . c�K dfe
g�K dih.g�K��
& , ��� � Y

100 K ]�j � � U�� � , k�l��3� �:D � , . % �  �
m�n �,+.-./�0'oN2.4
�'�apI�.U %  & , ]�q �,r�s � 6 U .

JtK��
� �[��� 	�� &8u
v �)w �tx � Z:\ Atreya and Romani (1985) � 	�� ��yza{ � ,
. | ����� ��� � 	��
�� ��� � B�}�~
�'U .

� � Y � - #NZ�\ � .�� -
��� ��7 �3�N�
���'��� , U %  � .�� - , � �,J�K ��	 K ��� � - B��?� � � � � 	��  ���� (.* � �
����� Y3��� 7 U  $�� �)7 U .

� �

#[Z.\'��"�> � 6 ����� V ������� ���N�I� �[��������� , ��#��
��� �C� VR �¡� � � |a� . #
¢�£��a¤ V � 6 ���¥� V)¦�§ � �I¨ §ª©�«�¬� �a®�� � | �C¯ . $
�

Debian GNU/Linux ��°8� �a¯ Debian ±t²N³ ¬
´µ©¶¦¸·�¹ , º�».¼�½
¾À¿aÁIÂ
¿IÃ (DCL) ��°¸� �a¯3Ä�Å�Æ�Ç º�»�¼�½
¾ (http://www.gfd-dennou.org)

¦8·
¹�È
É � VÊ 
¡ ~ � |,� .

main.tex 2002/03/01( Ë�ÌÎÍÐÏ¥Ñ )



�������������
	��
������ �
8 � ������� 46

8

American Chemical Soc, American Institute of Physics, National Bureau of Standards,
1986: JANAF Thermochemical Tables (3rd. Edition), Part I, II. American Chem-
ical Society,

Atreya, S.K., Romani. P.N., 1985: Photochemistry and clouds of Jupiter, Saturn and
Uranus. In: Hunt. G.E. (Ed.), Planetary Meteorology. Cambridge University
Press, pp. 17–68.

Briggs, F. H., Sackett, P. D., 1998: Radio Observations of Saturn as a Probe of its
Atmosphere and Cloud Structure. ICARUS, 80, p77–103.

Lewis, J.S., 1969: Observability of Spectroscopically Active Compounds in the Atmo-
sphere of Jupiter. ICARUS, 10, 393–409

National Institute of Standards and Technology, 2000: NIST Chemical Web Book.
http://webbook.nist.gov/chemistry/.

Seiff, A., Kirk, D.B., Knight, T.C.D., Young, R.E., Mihalov, J.D., Young, L.A., Milos.
F.S., Schubert, G., Blanchard, R.C., Atkinson, D., 1998: Thermal structure of
Jupiter’s atmosphere near the edge of a 5-µm hot spot in the north equatorial belt.
J. Geophys. Res. 103, 22,857–22,889.

Van Zeggerren, F., Storey, S.H., 1970: The computation of chemical equilibria, Cam-
bridge Univ. Press.

Weidenschilling, S.J., Lewis, J.S., 1973: Atmospheric and cloud structure of the Jovian
planets. ICARUS, 20, 465–476.

White, W.B., Johnson, S.M., Dantzig, G.B., 1958: Chemical equilibrium in complex
mixture. J. Chem. Phys. 28, 751–755

+.-���-���� , 1999: +.-���-���� , �� 6 ! . "
# .

$ #�+�-���� , 1999: +.-���� , �� 4 ! . "
# .

%�&�'�(
, 1998: )�- d+*��
,[- ( -�.�! ). /�0�1 .

main.tex 2002/03/01( Ë�ÌÎÍÐÏ¥Ñ )



�������������
	��
������ �
8 � ������� 47

±'Ã���³���� , � §3¬ Á , 1966: +.-�)
,¸- I, II. �N�	��¤�1 .

main.tex 2002/03/01( Ë�ÌÎÍÐÏ¥Ñ )


