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p:  ( ∝ ) 
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• p < pe ( ) p > pe ( ) 

[ ] [ ] 
   – 2500 J/g 

    – 334 J/g 

3-1. 

pe = pe(T) : (T)

( )
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 ( ) ( )

 ( ) pair 

 
( )

pair = pN2 + pO2  + p + ...   

pdry 

pdry = pN2 + pO2  + ...   

p = pair – pdry 
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pe( ) 

pe( ) 

pe 

pe = p0 e–L/RT 

R:  

L: 

( ) 

(	 )  

[Clausius–Clapeyron ] 

 (2000)  

Δµw = Δµv

Δµw = ∂µw/∂T ΔT +∂µw/∂p Δp 

     Δp /ΔT = L/(Tvw)   ...

 
 

( :  →

)



Hisashi Ozawa, Hiroshima Univ.

• :  ( ) 

    

€ 

rh ≡
p
pe

×100 (%)

p:  
pe:   

• :  (kg/m3)  

    

€ 

A ≡
m
V

= 0.00217 p
T

T: 

: pV = m/M RT m/V = (M/R) p/T 

    

€ 

σ ≡
p – pe

pe

• :  ( ) 

(rh = (1 + σ) × 100) 
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 ( ) –10 °C
–20 °C  ( ) 

 ( ) 

–30 °C  

( ) 

r  ≈ 1~ 50 µm 

( ) 
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Nakaya et al. (1938, 1954) 
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3-2. 

:  
 	 

•  

•  ( ) 

•  

• 

  (Part 2-1)

Wu et al., Stanford Univ. 
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( )

 

v >> 2 cm/s
Fd

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

 : Fd

 
         v • v/L      v L 
Re  –––––– = –––  
         ν v/L2           ν  
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 ∂v                                     1 ––– = – (v • grad) v + X – –– grad p + ν v   ∂t                                      ρ 

v  :  
L  : 
ν  :    (ν = µ/ρ) 

 ( ) 

Reynolds : Reynolds (1883)
  

Re < Re*     ( ) 

                    ( )  
: Re* ≈ 10 ~ 103 

• : Re ≈ 108 ~ 109 

 
          v L   
Re  –––––––– = ––– 
            ν 

  ( )

[ ]             [ ] 

[νair ≈ 10–5; νwater ≈ 10–6 (m2/s)] 

[ ]

Re ≥ Re*   
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v = v + " v 

����
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" v = 0( )
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v + " v 

 ≈ 10~100 km 
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 v 
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( !v << v )
1/10~1/100
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€ 

∂v 
∂ t

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

grad p +ν v  

: Reynolds  

 ≈  × (        )  ≈ 10~100 ! 

  ( mm ) 

[ ] 
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(    ) 
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v / " v 
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(v  = v  + ʹv + ʹ́v  +  ...)

(vλ∝ λ1/3)
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≡
∂2

∂ x2
+
∂2

∂ y 2
+
∂2

∂ z2

• “ ”   (Part 2-2) 

“ ” 
( )

    

€ 

− # v •grad( ) # v ⇒νeddy v  

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

νeddy :  

     
• νeddy 

( ) : 
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• Malkus (1954, 1956) ... 
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1)  ( )  ( ) 
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1) 

Re ≥ Re*  �

Re < Re*  �

 

Δv 

Re = 10000 

Doering and Constantin (1994) 

v/Δv 

( : τ) 

τ

Reynolds : Re (  Δv) 

Reichardt (1959) 

 ( ) 
v/Δv 

Re = 11800
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Howard (1963)  
Niemela et al. (2000) 

Ozawa et al. (2001) 

Ra ≥ Ra*  �

: ΔT 

 

Rayleigh : Ra ( ΔT) 
Ra < Ra*  �
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3-3. 

 :  
   (Part 2-3) 

• :  

                                               q :                   Tr      G = ∫q (1 – ––) dV         T :               T           Tr :  (≈ )   
 ( )  ( ) G 

G Lorenz (1960) 

( ): G 
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(	 ) 0 0 ( )
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F 0  6 PW                 

↘︎

         Tr      G = ∫q (1 – ––) dV               T   
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Part 2-3 (Pauluis and Held, 2002) 

 
Tr G = F (v) • ΔT • ––––– =  

                          T T

_ 

_ 

50°C 

Lorenz (1960) 

(ΔT = T – T ≈ 25 °C) ( : )

 12 PW                 
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10 Paltridge (1975)

i 

( : Paltridge G/Tr.) 
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G = Fm,i
ΔTi

Ti−1 Tii=1
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•  Lorenz et al. (2001) 
...       

 



Hisashi Ozawa, Hiroshima Univ.

1) 

Ra ≥ Ra*  �

: F   
                ( ) 

Rayleigh : Ra ( ΔT) 

    

€ 

G = F ⋅ ΔT ⋅ Tr

ThTc
:  

  

• G  :  ΔT F 
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2) Reynolds : Re ( Δv) 

G =  = τ  • Δv : 

Re ≥ Re*  �

  
( ): τ    
                      ( ) 

Δv τ

 

• G  :  Δv τ 
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 (Part 3. 2–3) 
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(Lorenz, 1960) 
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