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Part 3. <�Ĕ�ÏÍ�

æ'ř¿$Ċ ��
��æĤå 

wě��↓↑   

���æ 

w���↓↑ 

���ç•Ō�

Îģ�

Îģ (wě) 

ĤĆ0wě'Ãà: æĤå�   

p: đå_'æĤå� (æĤå'{��∝ æĤåŀ) 
pe: œ�æĤå� (æ$´Ħÿ¿&�4đŅ_'æĤå�) 

• p < pe (×œ�) %2ĤĆŖp > pe (Ľœ�) %2wě��

[ùü��] [ùüÈz] 
ĤĆ   – 2500 J/g 

 ĥĬ   – 334 J/g 

3-1. ĤĆ$wěāĲ��

pe = pe(T) : ¢9Ĕ�Q(T)čĆď�ėğú�

(Ċ)�
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�À�4Ĕ�Ğk (*¡)ùùùùùùù(~uķĸ)�

±�4 (�4) pair Ģ�ğ�

ùİīĩĽĮĽ 
(Pē��#)�

pair = pN2 + pO2  + p + ...   �

İīĩĽĮĽĔ�Ģãęŀ��WĔ

±�4ïpdry Ģ�ğ�

pdry = pN2 + pO2  + ...   �

p = pair – pdry �
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í0�À�4Ĕ�Q�?Z: pe(T)  
æ
Ĥ
å
�
�
�
p 

(h
P

a)
 

Ľœ��

œ�æĤå��

×œ��

pe(ç) 

pe(æ) 

pe 

pe = p0 e–L/RT 

R: ��Ai 

L: À¦���

%��(�ħ) 

(	±)  
�)�

Ûí0ēĒĞ�·� {í0ēĒĞÀ¦�

[Clausius–ClapeyronĔR] 

�
� (2000)  

Δµw = Δµv�

Δµw = ∂µw/∂T ΔT +∂µw/∂p Δp 

     Δp /ΔT = L/(Tvw)   ...�

÷ �ĔÓÕĐ
�ĔÓÕĢ�Ù 
(�: ĪĽĵĽħįĶ →

b�ĠĔ:Ė·éĚ)�
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Ûí0Qě�QĐ�À�4Ĕå��

• Ċ«õµ: œ�æĤå�&«�4æĤå�'ä (ć{Ā) 

    

€ 

rh ≡
p
pe

×100 (%)

p: æĤå� 
pe: œ�æĤå�  

• ĝ«õµ: �ikĐ'đå_'æĤå'Ĵŀ (kg/m3)  

    

€ 

A ≡
m
V

= 0.00217 p
T

T: ĝ«ôµ�

�]k¯R: pV = m/M RT ĜĞïm/V = (M/R) p/T 

    

€ 

σ ≡
p – pe

pe

• Ľœ�µ: œ�æĤå�&«�4æĤå�±'ä (Ľ}µ) 

(rh = (1 + σ) × 100) 
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• 5 	ďĔÀ¦Đæ��ÏĔ*3�

ü«ì  

æĤå'ķĹ 
(æĤåªµ: ¢→®+)�

ŕô�

jô�
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• 5 	ďĔÀ¦Đæ��ÏĔ*3�

ü«ì  

æĤå'ķĹ 
(æĤåªµ: ¢→®+)�

×œ�:  ĤĆ�

Ľœ�:  wě (ņæ) 

ü«ì&14æĤå'ķĹ&1�"�ħ#×œ�Ŗ\đ#Ľœ�

&%3ŖĤĆ$wě���4��

ŕô�

jô�

� æ¹ă'��: £ŇÈ¬&14�ħ'�ü$\đ#'ńéÈ¬
&14v�$Ŗ�5&g�ü«ì��

ņæ�
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ÄÑ: èĔ^â�

º®æø (ōĖ) (Ŗ–10 °Ci,#(Ľv�ÿ¿#/ðk'ÿ¿
7p ����Ŗ–20 °Cc]&%4$ė�ŃýĔ'� (çÓÛ) 
&14ÛĄÀ���"ç'ěÓ (çÓ) & ��4��

–30 °Cc]#(Ŗòí%Øe#/ÛĄÀ���4����� 

�(F;SQYJFCI) 

r  ≈ 1~ 50 µm 

(J�ïp�fV) 
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ÄÑ: è·qĔ^âÛ¯�

çÓ(Ŗă�'Øe (ôµ$Ľœ�µ) &½�"ß�%¸'
ŌěÓ+$Àń�4��

_ı'ŌěÓ'F;S
?UO 

Nakaya et al. (1938, 1954) 

�\&ņ��Ō'¸�
2\đ'åĲÿ¿�6
�4��

óèĕ=ĂĝÕĝĠČ_µô�
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3-2. ���ÏĐÓÕ�Z�

`ì: ��'ĺ
ìk_&Ī254^ī|%ì5� 
 	 °ì����

• ü0ļ�ŀ'ĺ
ķĹ 

• ļ�<KW=Z'ĺ
ÊĻ (ü+' Æ) 

• ĺµ'^ī|%ÒđŅ � 

• ·
	ŏğ¸¾
�

� ļ�Íď¶�ĬÙĈ&Ĭ�%
 (Part 2-1)��

Wu et al., Stanford Univ. 

`ì'þ»�

  (¢®'óļ�7�8�ĨŊ%ì5)��

1000 2000 3000 4000 5000 6000

2000

4000

6000

8000

v�

t�



Hisashi Ozawa, Hiroshima Univ.

«TĔ/ĞĔ��Đ��a`$ùù(~uķĸ)�

�ēĜğ 
Ú'ÞĔÓÕ�

v >> 2 cm/s�
Fd�

                     dv       d 
F = m a = m ––– = –– (m v) 
                     dt       dt 

��a`$ : Fd�

 
         v • v/L      v L 
Re ò –––––– = –––  
         ν v/L2           ν  
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Ú'k¯RĐĻĤĴĺĭi�
 
 ∂v                                     1 ––– = – (v • grad) v + X – –– grad p + ν �v   ∂t                                      ρ 

v  : à÷'ĺµ± 
L  : à÷'ń�
ν  : �ė¾oË   (ν = µ/ρ) 

ŏğ¸ (Ďì) Ő� ė¾Ő�

Reynolds Ë: ė¾Ő&«�4ŏğ¸Ő'ä���Reynolds (1883)
  

Re < Re*   � °ì (Ĭ�4) 

                  � `ì (Ĭ�%
)  
Ģąq: Re* ≈ 10 ~ 103 

• ¢å0îë'ļ�: Re ≈ 108 ~ 109 

 
          ŏğ¸Ő���v L   
Re ø –––––––– = ––– 
            ė¾Ő�����ν 

� ¦t%`ìÿ¿ (Ĭ�%
)�

[��ĢĎąĞ�ċ&�]             [��ĢāĈĀğ&�] 

[νair ≈ 10–5; νwater ≈ 10–6 (m2/s)] 

[��ĔQ.þĢÃċc�]�

Re ≥ Re*   �
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i�§ēk¯RĢÇą8.Ĕ1ë� 

¨ŉ'ĺµ{²��v 

Ý¤Ņň'C@ZW#´���
5�ĺµ{²�

(Ëmm'C@ZW,#xy) 

 �4�Á#'¨ŉ'ĺµ:    

€ 

v = v + " v 

Ý¤Ņň'C@ZW#'´�ĺµ�`ì'ó&14`5ĺµ�

�'����7ìk'ļ�Íď¶&s5"Ý¤Ņň#´��4$Ŗ�

    

€ 

" v = 0( )
  

€ 

v + " v 

Ý¤Ņň ≈ 10~100 km 
x 

ĺ
µ 
 v 

  

€ 

v 

( !v << v )
1/10~1/100�

 ĭĕ�4Ý¤Ņň'C@ZW#ĺµ7´�� (ĸh)  
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N6(ĈĠČÚ'k¯R�

        

€ 

∂v 
∂ t

= − v •grad( )v − $ v •grad( ) $ v − 1
ρ

grad p +ν v � 

®�
`5ĺµ&14~: Reynolds½~ 

�ēŘŐ ≈ ēŗŐ × (        )  ≈ 10~100 ! 

� Õ®'ó (Ëmm'ė¾C@ZW) ,#��

[`ì'>XZBRZ�ő] 

� �4Ý¤C@ZW'´�ĺµ'ÒŅ �7ċ4&(Ŗ�'Ý¤
C@ZW13®�
C@ZW'`5ĺµ (   ) 7ċ4¼ĩ��4��  

€ 

" v 

�'®�
C@ZW'`5ĺµ&14�Ú7ċ4û&ŖÝ¤Ņ

ň7�2&Ę���4$Ŗ�'Ę�
Ý¤Ņň13�2&®�


C@ZW'`5ĺµ�(    ) 7ċ4¼ĩ�Ą�4��

    

€ 

v / " v 

  

€ 

" " v 

��Ĕ©
! ÷ 

(v  = v  + ʹv + ʹ́v  +  ...)

(vλ∝ λ1/3)�
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�>äçĢvHĔ�ĔĬĩĽĺėď¶ĂąĉĒþĐŀ��ĔÖQĔ

oä;(Ģi�§ēĚ�ĉąÇąćĐăďĄĒþúùï÷ùđÿċğĂŃ    

  

€ 

≡
∂2

∂ x2
+
∂2

∂ y 2
+
∂2

∂ z2
�

• “óė¾” 'd§  (Part 2-2) 

`ì'®�
ó�Ŗ“ė¾Ĉ” &ļ�ŀ7ļ*$ġ�"ŖĪ��
'ė¾Ő#Ġ�Æ�4�(¢¹ăQHW#/d§�)�

    

€ 

− # v •grad( ) # v ⇒νeddy v � 

óė¾oË: νeddy ≈ 1 ~ 104  �  ν  = 1.5 × 10–5 (m2/s) 

ā¨&ĸ
ì57uā�41�&νeddy 'q7įÌ�4Çl:  

� �'ĂİĈÜÂ(ÔÑ��`ì'MUPEVDZATY    
• νeddy Ĕ�ĢIĉ;ĀğĐŀ·�ă<Ąą;(ú�

`ì'>XZBRZ�(ęě) �ő: 
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• ��Ĕv<ÓÕËùïïïMalkus (1954, 1956) ... 

`ì&1�"ļ)54ýĂŀ (ļ�ŀŖü) 'ķĹĀ�Õ¢&
%41�%ÿ¿�`ìtk'´�Ĉÿ¿#¨ā�5"
4$


�ġ����[¨ŔěÚ&�!
�dĮ] 

1) ĺµ± (A9Z) ']#'`ì  (ļ�ŀ) 

2) ôµ±']#'ü«ì   (ü) 

m:  
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1) īģĽ���

Re ≥ Re* � ���
Re < Re* � ���ĺµ±�

ļ�ŀķĹĀ�� ¢�

Δv 

ļ�ŀķĹĀÕ¢'ĂİĬ�

Re = 10000 

Doering and Constantin (1994) 

v/Δv 

(A9Z½~: τ) 

τ

ReynoldsË: Re (� Δv) 

Reichardt (1959) 

ĺµ{² (¨Ŕ) 
v/Δv 

Re = 11800
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2) �F��

log10 Ra
3

3

2

1

0
4 5 6 7 8 9

ü
ķ
Ĺ
Ā�

üķĹĀ'¨ŔěÚ 
Howard (1963)  
Niemela et al. (2000) 

Ozawa et al. (2001) 

Ra ≥ Ra* � 
��

ôµ±: ΔT 

üķĹĀ�� ¢�

RayleighË: Ra (�ΔT) 

Õ¢üķĹĀ'Ä§q�

Ra < Ra* � 
��
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���ÏĔėĐę�

• ìk�`ìÿ¿&%4$Ŗ�'ŏğ¸¾'û&Ŗì5'ÿ¿7
ĬÙĈ&Ĭ�a�#�%
� 

• ËqĈ&Ĭ���(ŖÝ¤Ņň13®�
C@ZW'ó&14
ķĹĀ'd§�¼ĩ� 

   [`ì'MUPEVDZATY] 

• `ìtk'´�Ĉÿ¿(Ŗ`ì&1�"ļ)54ýĂŀ (ļ�ŀ
0ü) 'ķĹĀ�Õ¢&%4ÿ¿$äĶĈ1���a�ĚŔĈ&
ċ25"
4� 

   [`ì'Õ¢ķĹĮ] 
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3-3. x&�»ĥĳĺĨĽĔ£^��

Ö�iĠ<KW=Z : ¢å'ļ�'<KW=Zö 
ba0ļ�$�"¡&�3z�4iĠ'<KW=Z   (Part 2-3) 

• ā�'üķĹ'ÿ¿:  

                                               q :   È¬&14ã�'�üĀ                Tr      G = ∫q (1 – ––) dV         T :   ĝ«ôµ            T           Tr :  �÷ôµ�(≈ ´�ôµ)   
ŕôĿ (ĵľ) #'ã�'�ü$jôĿ (Þ�) #'v�#G �ã��

G �Õ¢��Lorenz (1960) 

Ö�iĠ<KW=Z'ĄÀĀ(nĜĀ): G 



Hisashi Ozawa, Hiroshima Univ.

�ÓÕ�(	�)ă0čĐ%�Ě�)Ě0ēĒğ¡¥ùï(~uķĸ)�

ĵľ� Þ�

T�� T��

F 

v 
_ 

F F 
G 

F 0  6 PW                 

ö� ↘︎�

         Tr      G = ∫q (1 – ––) dV               T   �
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Ł³Ĕ5   

ĵľ� Þ�

T�� T��

F 

G 

F 

F 

ΔT

���

0
v 

 6 PW                 
Ŏâ������������������ÞĒ%ñ��

¹ă'ļ�<KW=Z� łĉ'ñ�Ľď#ïĳ�

30 % 70 % 

Part 2-3 (Pauluis and Held, 2002) 
ã'N:ZJLG>�

 
ùùùùùùùùùùùùTr G = F (v) • ΔT • ––––– = Ö�iĠ<KW=Z 
                          TÐïT��

_ 

_ 

�ÓÕ�

%�� �)�
50°C 

ĽùĿ�

Lorenz (1960) 

(ΔT = TÐï– T�ù≈ 25 °C) � (�: �ÅìĔÁÂ)�

 12 PW                 
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10³Ĕ5 ùùïPaltridge (1975)�

åô� ōŀ�

üķĹĀ�

i 

(ê: Paltridge �Õ¢���'(�G/Tr.) 

�� 
�    

€ 

G = Fm,i
ΔTi

Ti−1 Tii=1

10
∑ Tr =
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x&�»ĥĳĺĨĽ£^�ïG v<�

• §¾ĈĮÏ (dĮ'Åz)   Lorenz (1960) 

• ��Í�'üķĹ    Paltridge (1975) 

• æ´Řár'üķĹ   Paltridge (1978) ... 

• łĉÍ�'üķĹ (Đō«ì)  Ozawa and Ohmura (1997),
     Pujol (2003) ... 

• ü³jå� (�Œ) '·µ   Emanuel (1999) ...    

• úÐ0E;EYŖŁÐ'¢å  Lorenz et al. (2001) ������
...       

� ��ġ�#Ŗü«ì0`ì'Õ¢ķĹĮ7ĮÏ#�%
�ś�
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1) �F�Ĕ8.�

Ra ≥ Ra* � 
��

üķĹĀ: F � �� 
                (	���) 

RayleighË: Ra (�ΔT) 

    

€ 

G = F ⋅ ΔT ⋅ Tr

ThTc
:  Ö�iĠ<KW=Z�

ó'ļ�<KW=Z�

ã'N:ZJLG>�

�  ¨ŔěÚ$������

• G �Õ¢� :  ΔT �[§'¨ŔØe]#ŖF �Õ¢��

ΔT Th 

Tc 

üf­Ĕ&13ïĳ�
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2) īģĽ��Ĕ8.� ReynoldsË: Re (�Δv) 

G = ¡�2'baĀ = τ  • Δv : ~¥Ĉ<KW=Z�

Re ≥ Re* � ���

ļ�ŀķĹĀ  
(A9Z½~): τ  � Õ¢ 
                      (	���) 

Δv τ

ó'ļ�<KW=Z�

ã'N:ZJLG>�

� �5/¨ŔěÚ$����

• G �Õ¢� :  Δv �[§'¨ŔØe]#Ŗτ �Õ¢��
�

ė¾Ĕ&13ïĳ�
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ėĐę (Part 3. 2–3) 

• ¢å0ìk'`ìāĲ'¯ÁĈÿ¿(Ŗ�'ŏğ¸¾'û&Ŗ
ĬÙĈ&/ËqĈ&/ãČ&è.4a�ŋ�
� 

• ���Ŗ¢å7�-`ìāĲ'´�Ĉ%ÿ¿(ŖÖ�iĠ<K
W=Z'nĜĀ (�(¡�2'baĀ) �Õ¢&%4$
�ġ� 
(Lorenz, 1960) #Ŗ�4ďµ,#ĂĬ�4a�#�4��
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