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關鍵詞：  

ABSTRACT 

Soils basically are three-phase systems consisting of solid particles, water, and air.  
Soils are therefore microscopically nonuniform media.  Thermal wave models could be 
developed to study heat transfer in nonuniform soils (Karam, 2000).  This study, which 
is based on the wave-like characteristics of periodic heat flow in soils, takes into account 
of the phenomena of air bubbles presence in soils due to decreasing water contents.  
With air bubbles present, the propagation constants of thermal waves become different 
and result in thermal scattering.  The method by Twersky (1952) and Qian (1993) is 
adopted for the problem.  The thermal wave scattering due to single air bubble in the soil 
is analyzed.  Two boundary conditions on the bubble surface, which are continuous soil 
temperature change and continuous heat flux, are applied to solve the problem.  The 
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analysis results for single air bubble are then extended.  It is assumed as an ideal 
situation that spherical air bubbles of uniform size are scattered in the soil domain.  The 
soil under the assumption is considered as nearly saturated situation.  This study obtains 
the analytical solution for thermal wave propagating in nearly saturated soils.  
According to the analytical solution, it can be understood that temperature change 
amplitude for nearly saturated soils is larger than for saturated soil at the same location in 
case of same periodic heat sources.  The amount of the difference depends on the degree 
of saturation for the soils. 
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(thermal 
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(reflection) (transmission)

(scattering)
(interference) Karam (2000)發展了
一種新的熱波模式，以研究在非均一性(nonuni- 
form)之土壤內的熱量傳導，這個模式基於周期性
熱流的似波特性(wave-like characteristics)，將非
均一性之土壤細分為性質變化的分層土壤，探討

熱波在分層土壤中的兩種特性：反射、穿透，也

因此可了解熱量在非均勻土壤中的傳遞。Karam
嘗試去回答如下之問題：吾人是否可以利用已發

展之研究波動傳播(wave propagation)的技巧來研
究土壤中的熱傳遞？而由此計算之結果有多少

準確？Karam (2000)利用兩個已知解析模式的預
測解來進行其模式的測試及確認，其中一個模式

係發展為具有指數剖面變化之熱傳性質的土

壤，另一為具有線性剖面變化的熱傳性質。數值

的模擬顯示 Karam 所提出的模式預測能夠達到
兩個解析模式的預測解。當然，為達成解析解的

數學目的，其模式所考慮的狀況亦有其限制，模

式預測之 狀況： (conduction)
(convection)
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( )0Τ−Τ= vcqa ρ  ................................ (2.2) 

K (thermal conduc- 
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tivity) Sρ Sc ρ c
(specific heat) v

(Darcy Velocity) T 0Τ

 

t
cq SS ∂

Τ∂
−=⋅∇ ρ  .................................(2.3) 

其中 t為時間。 q
土壤溫度之控制方程式  

( )
t

cvcK SS ∂
Τ∂

=Τ∇⋅−Τ∇⋅∇ ρρ ...........(2.4) 

TK
考慮一維空間之狀況下，而且土壤中之

(Cartesian)  

( ) ( )
2

2 ,,
z

tzK
t

tzCS ∂
Τ∂

=
∂
Τ∂ ......................(2.5) 

式中 ( )tz,Τ 為土壤溫度，z為垂直向下之座標，或
為土壤向下之深度， SC 為土壤熱容量 (heat 
capacity) Sρ Sc
(quasi steady state)

( )tzT ,
(Fourier series) (參考 Karam，2000)  
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exp,Re0,,,
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mm tizTztztzT ωω , 

 .................................(2.6) 

1−=i Re[ ] mω
(daily radial frequency)  

ωω mm = ,...2,1=m .........................(2.7) 

m (order of harmonics)  

(sine)
2 3

(m=1)
(Shao 1998)
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(heat flux)
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1  k  

 
T 

sec 
ω 

(=2π/T) 1/sec 
C 

J/m3-K 
 

K J/m-K-sec 
( )kabs =(Cω/K)1/2 

1/m 
( ) akabs ⋅  
- 

 
(101kPa 20°C) 

86400 7.27 10-5 1.22 103 0.0254 1.87 8.04 10-5 

 86400 7.27 10-5 4.18 106 0.60 22.51 9.68 10-4 
 86400 7.27 10-5 2.31 106 2.5 8.20 3.52 10-4 

 86400 7.27 10-5 2.16 106 3.0 7.24 3.11 10-4 
 86400 7.27 10-5 2.13 106 8.8 4.20 1.80 10-4 
1 86400 7.27 10-5 1.20 106 0.3 17.06 7.33 10-4 
2 86400 7.27 10-5 2.00 106 1.35 10.38 4.46 10-4 

(1) Campbell Norman (1998)
8.2  

(2) 1 2 Karam (2000) Massman (1993)
 

(3) k a a Qian (1993)
4.3 10-5  

 
k ( sC K )

(ω ) (2.9)

T 24 2π/T 7.27×10-5/
k

k i
( )kabs 1  

k

(1.87) (22.51)
(17.06 10.38)

(4.20~8.20)

2

( )

( )

 

 

2   

 

 

本章以土壤中單一氣泡的存在，開始討論其

熱量傳遞會發生之散射，然後再將結果擴展到多

氣泡情況。由第 2.1 節中得知在不考慮土壤之平
均溫度，土壤溫度之控制方程式(2.1)式在深度 z
之解為 

( ) ( ) ( )tiikzAtzTp ωexpexp, = ................ (3.1) 

P (incident plane thermal 
wave)

(polar axis) ( )ϕθ ,,r
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(4.9) Qian 1993  

( ) ( ) ( ) 3

2

0 0

2
00 sincoscosexp

k
iddrdrkrhPikr

a

πϕθθθθ
π π

=∫ ∫ ∫
∞

 ...............................(4.11) 

(4.7)  

( )0003 cosexp θπ ikrAB
k
NiTs = ..............(4.12) 

( )tiωexp
 

( ) ( )tiikrA
k
NBiT ωθπ expcosexp1 003

0 





 += .(4.13) 

 

(1) (air bubble volume 
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(unconsolidated deposits)
(clay) 0.4 0.7 (Freeze

Cherry 1979) 0.5
4.0=β %10=θ
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(5.3)

Ochsner (2001)
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