
���������	�
7 
���
������ 1

II
� � �

2005 � 06 � 20 �

7 � � � � � �
7.1 �! "�#%$'&)( *,+!-
. � /10�2�3,4657062�378�9�:<;	=?>@0,A<B�C7DFE�G�H�I6J@K,4�LNMO=?>@9�PRQSUT

,
E�G�H�B�C7DRV�WYX[Z1A

. \�] : ,
MF8�^`_ba6E�G�H�B�C781MdcFegf�2EhG�H@B�CicO^6j

,
f�2�EhG�HhBhC):[Llk�m7AgJdK	e

( npo )
f@2icg0q_

.r �@sht \�] : , n1o6u1v :Rw�x,4�y	A{zY|OaFB@C , } A~0@D , �h�6��� |�:R�,>n1oFu1v :?w�x,46yY=?>�0,A<B�Cle ,
w�x�����T?�RB�C

,
c{0q_

. � 8`^`_ba2h3	e[w�xh�h��TR�62h3Ucg0�_
.9F�18 u 4hPF�Y^1��w�xd46�	�p��f�2�E�G�H7: } AgB�C)egE�G�H���� (

B�C
),PF�18 u 4h9F�q^7��w�x�46�q�p��f�2d4FL�M,�ba�06B�C�e<G�H���� (

B�C
)
c0�_

.���
(
� �

) � . �����h� ���@�h3p8?�,�
,
BhC uh��  eF¡�0�Apc ,

9���8 u 4�/�¢PO��8 u 4~5)0 ,
c<0�_£BhC)D

,
9��)8 u 4�¤@x�4�¥¦�§P~��8 u 4�¤�x`4¨p0

,
cg0N_©BhC�:Rf�ª�m7A�M,c?:�adA

.. ��«,���7¬ ��� ­�® ��¯ �@�pD)TR°�T?°Ffh2�EhG�HhB�C�: } A :

• ±h² 4 } � , ³�´ ­@® 4 ±@² I,µ~¶YXRZ , ±@² ¤�xic£�@�h·pP���¤hxic:@¸@¹¢º6»~46¼i½�Ag���
•

­h® �h¯ ¤@xp86¤@xh¾�¿14�fh2@E�G�HhBhCl: } A[��� ,
m�a�ÀpÁ

,
9��8 u 4�P~��:6Â@Ã�>~¤@x�4O¥!�Äw@x,4~���60F�d� .

/lecfluid/lecatmosth-7.tex 2005 Å 06 Æ 20 Ç ( ÈYÉËÊ )



���������	�
7 
���
������ 2

Ì ��ÍhÎ ��ÏFÐ ±�Ñ�Ò�Ó 8?f�Ô7:�Õ1T§>�D ,
9R�18 u 4hPR�Y^7��w�xd4F�Y�R0 (

¤x�4O¥70
) Ö � o Á�:Rf@2@EhG�Hic<×@aOØpAFÀ7ÙOI,D�a�0)M,c?:RÚ�Û%T?a�ÙZ�°�aq�{a�0

.
96�ic<P��p8F�hÜhÝ	e�Þ~ß,m7A?à�á`4 } A .

7.2 âäãNåçæUè éëêíìïîqðçñ
ò���óhô

, õ~ö@÷ , ø�ùOúhû ô w�xhüd�@2@3)86fd2�G@Hhü)8�Þ�ýNe�þ	M�a�_[�hÿ8��������	�
.
 ����
�� z���Ü ��¯ : } A��h����8<¨@x z0

:
, ��� 8��h��cRÁ���_�� ��½ w�x

(ρ = ρ = ρ0)
8 !#"�$�%)e�þi�

(z = z0

I,8'&	e
“ ”
I

, �(� 8)�@��8)*Ye
“•”
I,+�-�m7A

).
"�$Ye�.�/�0�1

δz
X[Ø��lc��

, �h¯ 1(2 z = z0 Ö �6X1�:43�Z�^`_�cËm1A)5�476 � �h�p:�D[�h�7DFE�G�H
, ��¯ 1(2 z = z0

:98;:�_c§m7A'5@4,Dh�	�,�����p:�DR�@��D6G�H
,
I } A .< � �=�18h��ÿ�:?>;@~8`^1_{a'A@H	e4B%_

:

1.
"	$�D9C�D�/YXF0

( ��� 8)�h�789E�57F�*�D)"�$)8HG�I=J,��IdD \	K c×haOØpA
).

2.
"�$YeML!_ONp8�P�*pD'Q�R�I���A

.

3.
"�$�89L!_ON	e4S7j�T7×7X[ØpA��hÿ@:Rà�á�a?51D�Q�R�I���A

.

4.
"�$VU WlD �,\ I } A .

5.
"�$VU Wl8FÜ�5

p
D)X�:)Y�Zp8FÜ�5

p
c\[iT?0

(
z	|

1).

6.
"�$�8?JdK�:)]ç_ ��� 8)�@�p8?JdK7D�Q�R�I���A (

z	|
2).

7.
"�$�D ��� 8)�@�ic<D)EY|�a7^í��c,�<e`T?a�0 ( _ E ).`�a ��b�c?d�e�f �g� cg8<Ü�5�Ýd4'Q�0�8~I ,

"	$7:46ç�h5�D9i�5�j�Ù�I } A .
"

$�8?JdK uh��  D)k)81^`_<:�llÙdA .

ρ
d2δz

dt2
= −(ρ − ρ)g.�/�0=1le�Þ�m�>�0`A�8OI?n�o�p�q,m7Apc

ρ(z) =
∂ρ

∂z
δz

=

(

∂ρ

∂p

)

s

∂p

∂z
δz

= −ρg

(

∂ρ

∂p

)

s

δz

ρ(z) =
∂ρ

∂z
δz

/lecfluid/lecatmosth-7.tex 2005 Å 06 Æ 20 Ç ( ÈYÉËÊ )



���������	�
7 
���
������ 3

_ E Ö >�zY|�a�0=r1a@8�I ,
�h��s)8gU W)86whx�0�rpD�tvuVwyx�z7J \ H�IÜ�5le90=r�XRØp� � 8'0�r7I } A . �{� 8,�d�)DFzg�dÜ ��¯ : } A7M1c~e|Y=O�

.^�=F>
ρ
d2δz

dt2
=

g

ρ

((

∂ρ

∂z

)

s

−

∂ρ

∂z

)

=

(

ρg

(

∂ρ

∂p

)

s

+
∂ρ

∂z

)

gδz

} AO0dD
d2δz

dt2
= −N2δzMhM[I

N2
≡

g

ρ

((

∂ρ

∂z

)

s

−

∂ρ

∂z

)

e{zY|RG�Hhx
, N

e4i�57}�K�~çcg0N_
.Eg5?F�e�|Y=F>70�o�e4�pÙ�Apc

(

∂ρ

∂p

)

s

=
∂(ρ, s)

∂(p, s)

=
∂(ρ, s)

∂(p, T )

∂(p, T )

∂(p, s)

=





(

∂ρ

∂p

)

T

(

∂s

∂T

)

p

−

(

∂ρ

∂T

)

p

(

∂s

∂p

)

T





(

∂T

∂s

)

p

=

(

∂ρ

∂p

)

T

+

(

∂ρ

∂T

)

p

(

∂ρ−1

∂T

)

p

(

∂T

∂s

)

p

=

(

∂ρ

∂p

)

T

−

1

ρ2





(

∂ρ

∂T

)

p





2 (

∂T

∂s

)

p

=

(

∂ρ
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= −ρ−1T

(

∂ρ

∂T

)

p

gdz + cpdT

= gdz + cpdT

§ ¤ ��Ñ
,

0 = Tds

= du + pdρ−1

= cvdT + pdρ−1

= (cv + R)dT − ρ−1dp

= cpdT + gdz

�H�gÒ�Ó	Ô�Õ?Ö�×�ØÚÙ É�Û ª�Ü�Ý�» Ñ

cpT + gz

¡�����Í�Þ7ß�à,á{â�ãv�åäæ�
.ç	è
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(

p
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)
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.������� ô Ñ�����¦��
	��

.

�
����� É	Ê���� � ª����,»������ ¦� ¥,¤"!
# ¡%$�&('")�*,+�·,¹�úHû �M�V�
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1.
¥ � ç »�< ± Í®Þ�= 4 ·7¹®Þ �
� 3 § ¤6> £�¤

.

2. ?�@BA Ñ)¹1C�D�E�F 3 § ± ,
� C�D�E
F 3 § ¤G> £�¤

.

¥'º ÿGH ¬JI�K 3ML 'N)
, OGP ­ � è Ï1Q 3ML £�¤ � ª��;º é�÷ ºM�
� ÑJRº ÿSH 3 O6P ­ � ¤ .

0 = Tds

0 = δµ
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,
¥�¥9»gº

s
Ñ ª��U>WV1X
��º%Y )�¡ è ')§�Z�þ è

,
� ª���Y=«;ºM[
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Ñ ª���ºJ�HÝSe�f ^8g�hMá >iV
X���ºJ�	ÝSe�f
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X�k�l�m�ºMn�o�p�ª ÏGq8r

p = p∗(T )
¦ m =SsM)�t

±
, u V
X�k�l�m ¦ V
X�� 3wvyx�z�ç ¬�{ , | ³ ,

V�X�k�l�m}> u V
X�k�l�mºM~�#�ª�� Ñ ¨=©=ª�«}> ';)�� P ¤N!1# 3 Ñ 0�� 3 δµ = 0
ºJ� Z ± 3 ¥ �

¡%� {�¤G> /�� » § ¤
.¥'º ÿGH ¬J!�#�º ß�^B`cb�d,ã ºM�
� Ñ

0 = Tds

= T





(

∂s

∂p

)

T,q

dp +

(

∂s

∂T

)

p,q

dT +

(

∂s

∂q

)

p,T

dq





= gdz + cpdT + ldq

>4¬�¤
. q
Ñ V
X�k�l�m�ºM[�\
~�# ü

, l
ÑJ��¹ » § ¤

. cp

Ñ V
X�� ¶��SP èª,��Y�«�ºJ[�\�] è ±¸º ü	¹ » § ¤
. (
Î p=ª ¦

−dq
V
X ' è m T�x ¹

−ldq¦�� ¤
).¨�©=ª�«(» § ¤_> £{¤_>

q = pv/p.
è
T '

pv

Ñ V1X�k1l
m;º8m Ï » § ¤
.{ ç

, ��� H�� n�o '") { è > £�¤y> q = q∗ = p∗(T )/p.
¥'º,�

gdz + cpdT + Ldq∗ = gdz + cpdT +
L

p
dp∗ −

Lq∗

p
dp

= gdz + cpdT +
L

p

dp∗

dT
dT + ρg

Lq∗

p
dz

=
(

1 +
Lq∗

RT

)

gdz +

(

1 +
L

pcp

dp∗

dT

)

cpdT

���������%� ��������� b�^ 3J� {
,
V�X���º�«
���N�����G�y>

L(T ) =
T

ρv

dp∗

dTÿ�sM)

gdz + cpdT + Ldq∗ =
(

1 +
Lq∗

RT

)

gdz +

(

1 +
L2ρv

pcpT

)

cpdT

=
(

1 +
Lq∗

RT

)

gdz +

(

1 + ε
L2q∗

RT 2cp

)

cpdT

��¬ Z �
(

∂T

∂z

)

s

= −

g

cp

1 + Lq∗

RT

1 + ε L2q∗

RT 2cp
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ε
Ñ V�X�k
l
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 �l�m{ºMm,¡
\ ü

ε ≡ µv/µ.V�X�k�¢�[�\�£�¤�¬�{�� 3 Ñ
,
ª
� T
x º ß�^B`¥b�d,ã ºJ�
����¦ P ��§�>3 ÿ ±

,
R º ÿSH ¬ /�¨ ¬J©S£ P ­ � � .

Tdsg = −ldq

��¬ Z �
0 = Tdsg + ldq

= T





(

∂sg

∂p

)

T

dp +

(

∂sg

∂T

)

p

dT



+ ldq

= gdz + cpgdT + ldq

è�T '
, q
Ñ)Î p�ª�ºM~�# ü

, L
Ñ [�\�] è ± º ��¹ »�ª��

.

«,¬
­�® É	Ê�¯�°y± ��� É	Ê��1��²�³y´�µ
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