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中文摘要 

近年來由於全球氣候變遷造成旱澇等極端氣候發生的頻率升高，且水資源需求又日益

增加，若僅依靠地表水源將增加穩定供水的風險，而相較於地表水源，地下水的供水穩定，

若能將地下水與地表水進行聯合營運，則將可大為提高水源供應的穩定度。雖然，台灣部

分地區已過度抽用地下水，然而地表地下聯合營運的目的並非在增加地下水之使用量，它

的真正精神是利用地下水層龐大的儲存空間，進行地表水的調蓄操作，因此在適當的營運

下，不但可推持地下水的進出平衡，甚至可進一步達到補注涵養地下水的功能。 

本研究目的在於建立一個可正確描述非穩態線性與非線性地下水系統之地表地下聯合

營運管理模式，傳統上常見地下水之實體結構物有兩大類，分別為「水井群」與「人工湖」，

實際應用上可能是獨自運用，或是混合運用於地表地下營運中。因此本研究首先將應用類

神經網路與遺傳演算法，分別針對不同型式之實體結構物建立聯合營運模式，最後再綜合

前兩年度之結果，結合模糊控制理論建置一個混合型式之聯合營運模式，藉此本研究所發

展的模式將可建議出包含水井與人工湖設施的最佳地表地下聯合營運規劃策略，在永續經

營的前提下，有效提升實際水資源營運效率，降低缺水風險。 

 

Abstract 

Due to the fast increasing of water demand and the raising hydrological variation caused by 
the global climate change, using only the surface water will increase the risk of water shortage 
in Taiwan. Comparing to the surface water, the groundwater resource is much more stable than 
the surface water. Therefore, the conjunctive-use of surface and sub-surface water can greatly 
reduce the water shortage risk. Although there are places that the groundwater was over pumped 
in Taiwan, the situation does not prohibit the implementation of conjunctive-use since the merit 
of the conjunctive-use is not to use more groundwater resource but to utilize the aquifer as a 
new storage system of the surface water to increase the capacity and efficiency of surface water 
allocation in time. The conjunctive operation is not only to preserve the balance of groundwater 
recharge and pumping.  Beside, depending on the operation objective, the conjunctive 
operation can even recharge the aquifer to conserve the groundwater resource.  

This study is to develop a optimal planning model for the conjunctive-use of surface and 
subsurface water. The proposed model is capable of considering both linear surface water 
systems and nonlinear groundwater systems simultaneously. Conventionally, wells system and 
artificial lake are two hydraulic structures generally used in the groundwater management, and 
both structures can be applied simultaneously or independently in the conjunctive-use system. 
Therefore, the research consists of three steps (years). The first and second years are to develop 
the conjunctive-use models that apply either the well system or the artificial lake for 
groundwater supply. The final year is to integrate the two years results and develop a general 
conjunctive-use model that considers both the well system and artificial lake. For the beginning 
two years, the Genetic Algorithm (GA), Artificial Neural Network (ANN) and Linear 
Programming (LP) are adopted to develop the planning model. This study further applies the 
fuzzy control theorem to allocate the water demand between the surface and sub-surface system 
in the third year. The proposed model can analyze different planning strategies for the 
conjunctive-use of surface and sub-surface water and obtain a strategy which can fulfill the 
requirement of sustainable management, increase the system operating efficiency and reduce the 
water shortage risk. 
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一、前言 

水井形式之抽水方式為最傳統之地下水營運方式，亦有許多相關研究針對水井形式營

運建立地下水管理模式，例如：張良正等人(2002；2005；2007)結合遺傳演算法(GA)與限
制型動態規劃(CDDP)建立水井形式之地下水管理模式，藉由管理模式可以依據需水量曲

線，決定最佳之佈井方案與各井之最佳抽水量，該地下水管理模式可以在不對地下水層產

生衝擊下，求取最低總成本之最佳方案。然而，該管理模式之管理間距為季調配(三個月)，
相較於地表水源調配常見之旬調配或日調配，時間間距差異太大，若強制縮短地下水管理

模式之時間間距，其計算量將急遽增加。因此本研究將以類神經網路取代傳統之地下水控

制方程式，藉此降低模擬計算量。研究流程如圖 1所示，其順序詳列如下： 

 

? ? MODFLOW? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

? ? ? ? ? ? ?

? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ?

?

? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
? ? ? ? ? ? ? ? ? ? ? ? ? ?

?

 

圖 1研究流程圖 

 

(1) 應用MODFLOW模式產生一定數量之模擬案例：應用美國地質調查局(U.S.G.S.)開發之
地下水數值模式 MODFLOW，藉由不同之抽水組合對固定邊界條件及水文地質參數之

非拘限含水層抽水模擬，以產生一定數量之模擬案例。 

(2) 建立類神經網路與驗證：以前述所產生之數據來訓練類神經網路，並在驗證其可準確預

測水位後，作為聯合營運之地下水反應方程式。 

(3) 應用指標平衡概念與遺傳演算法串接「地表水」與「地下水」兩系統：應用已完成訓練

的類神經網路來作為地下水反應方程式，可反應非線性的非拘限含水層地下水位變化情

形。另外，在此定義地下水操作規線，並配合指標平衡概念與遺傳演算法，使得地表水

系統與地下水系統之蓄水指標彼此平衡。 

 

二、應用倒傳遞類神經網路建立地下水模擬模式 
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本計畫應用倒傳遞類神經網路作為模組中非拘限含水層地下水方程式，分為兩大部

分，包含：「資料產生與處理」以及「訓練類神經網路」，其建立流程圖如圖 2 所示。資料

產生與處理是透過地下水數值模式產生兩組數據集合，分別做為訓練案例與驗證案例之

用，訓練類神經網路的部分是根據訓練案例資料以訓練類神經網路做為地下水反應方程

式。本計劃之類神經網路架構，如圖 3示,其中輸入為控制變數(t時刻的抽水量)及狀態變數

(t時刻的水位)之組合，輸出分別為下一個時刻之狀態變數(t+1時刻的水位)。在類神經網路

受到良好的訓練之後，以驗證案例對網路進行連續預測驗證，連續預測之類神經網路架構

如圖 4 所示，僅在第一個時刻將初始狀態輸入，後續各時刻則以前一個時刻之狀態變數網

路模擬值代入，利用倒傳遞類神經網路可以成功地完成時序數列之連續預測。 

 

2.1 地下水數值模式建置 

本模組應用 U.S.G.S.所開發的地下水數值模式 MODFLOW，模擬一個均質、等向的二
維非拘限含水層，模擬固定抽水井位下之水位變化。初步模式網格建置如圖 5 所示，模擬
範圍係 17000(m)×17000(m)大小的矩形，切割分成 170×170 個網格，每個網格大小為
100(m)×100(m)。其水文地質參數設定其中水力傳導係數為 0.001(m/sec)，有效孔隙率為 0.2，
儲水係數為 0.2，含水層的厚度為 110(m)。邊界設定為上下兩邊為無流量邊界條件，左右兩

邊的邊界條件為定水頭邊界條件，分別為 100(m)及 80(m)，所以邊界條件供應的水流方向

為由左向右流。井群佈置如圖 3.5所示，編號#1到#5為觀測井，編號#A到#E為抽水井群，
每一井群包含 100個網格；每一井群之抽水量上下限則設定為 0到 0.5 cms之間，以隨機函
數決定抽水量後，再平均分配給 100個網格。 

 

2.2 倒傳遞訓練類神經網路訓練 

本研究運用MATLAB之Neural Network Toolbox函式庫建立一個單一隱藏層之倒傳遞

類神經網路，其中輸入層共有 10個節點，分別為 5個決策變數(5個抽水井群於 t時刻的抽
水量)及 5個狀態變數(5個觀測井於 t時刻的水位)，輸出層的 5個節點則分別為下一個時刻
之狀態變數(5 個觀測井於 t+1 時刻的水位)，隱藏層為 20 個節點。其中輸入層至隱藏層的

轉換函數為雙彎曲線函數 xx

xx

ee
eexf −

−

+
−

=)( ，隱藏層至輸出層則採用線性轉換函數。類神經網

路之訓練演算法採用 BFGS 演算法，其網路架構如圖 3所示，訓練之收斂條件設定為整體

誤差收斂値小於 710− 。 

 

2.3 地下水連續預測模擬驗證 

當類神經網路建立完成後，接下來需要驗證類神經網路是否具備強健性與適用性，必

須以另一組案例透過連續預測的方式進行檢驗(其網路架構如圖 3.4所示)，本研究另外建立

不同型態之案例資料，在此分別以隨機函數及階梯函數建立兩種不同型態決策變數之驗證

案例，來進行連續預測之驗證，在此為第一階段之驗證，後續在地表地下聯合營運時，仍

需將地下水操作方式輸入MODFLOW模式，比對類神經網路與MODFLOW模式兩者模擬

之水位變化。 

綜合案例 A與案例 B之驗證，若可同時通過兩者之驗證，即可證實本類神經網路可以

模擬不同抽水型態下之水位變化，因此可以用以作為地表地下聯合營運之地下水控制方程

式。 
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MODFLOW

選定研究區域
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MODFLOW求解

訓練類神經網路

各井抽水資
料

各井水位
資料

類神經網路
建立完成

資料整理

模式水文地質參數設
定

決定訓練案例抽水率
範圍

 

圖 2 類神經訓練流程圖 
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圖 3 類神經網路架構圖(訓練階段) 

 

圖 4 類神經網路架構圖(連續預測階段) 
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圖 5地下水系統抽水井與觀測井配置圖 

 

三、水井形式地表地下聯合營運模式發展 

本研究以「指標平衡」概念作為串接地表地下系統間之調配原則，並結合遺傳演算法

與線性規劃方法建構地表地下聯合營運模式。 

 

3.1 指標平衡 

當地表水系統中水庫不只一座時，我們如何決定各水庫之供水順序呢？目前水庫與水

庫間放水策略常用之ㄧ的方法乃以「指標平衡」作為供水順序之原則，此方法最早為美國

陸軍兵工團工程師所提出，其基本精神為保持各蓄水單元蓄水量之平衡。運用指標平衡方

法可平衡水庫與水庫間入流量相對於庫容之豐枯狀態，以獲得水資源調配時之最大效益。 

指標平衡方法對水庫操作規線之分層賦予整數之基本指標 iI ，系統中之任一水庫在 t
時刻，若其放水後之蓄水量位在水庫之第 i分層，則其指標可表示如下： 

( )i
t

i
ii

i
t

i
t VVV

VV
VV

II >≥
−

−
+= +

+
1

1

, .............................................................[1] 

其中， 

    tI ：第 t時刻時指標值； 

    iI ：第 i層基本指標； 

    tV ：第 t時刻放水後之蓄水量； 

    iV ：第 i層底對應之蓄水量； 
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    1+iV ：第 i+1層層底(即第 i層頂)所對應之蓄水量； 

由上述可知，「指標」為水庫在 t時刻存放於對應分層(規線)之蓄水體積相對該分層之
整體體積的比值，當不同水庫規模有所差異時，應用水庫庫容與其蓄水量之比值，可以更

客觀地評估蓄水狀態。指標平衡基本運算式則如下式[2]所示。 

t
ns

t
ms

t
mn IIG ,, −= , FNnm ∈, ..............................................................................[2] 

其中， 

     t
mnG ：第 t時刻第 m與第 n水庫之指標差値； 

     t
msI , ：第 t時刻第 m水庫放水後之指標，其計算如式[3.1.3.1]所示； 

     t
nsI , ： 第 t時刻第 n水庫放水後之指標，其計算如式[3.1.3.1]所示； 

     FN ：參與指標平衡操作之水庫群集； 

本研究中將引入此構想，將地下水含水層作分層設計，並且與地表水系統進行指標平

衡之操作，以保持地表水系統與地下水系統間蓄水指標之平衡為原則，建立地表地下聯合

營運模式。 

 

3.2 水井形式地表地下聯合營運模式定義 

本研究以指標平衡操作來維持各時刻地表水系統與地下水系統之蓄水平衡。各時刻目

標函數如下式所示： 

( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

++⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++= ∑ ∑∑

∈ ∈∈

t
SL

t
SLSL

Nm

t
mn

Nn

t
sysG

Ni

t
iiSH

PX

t YZWGGWSHRWZ
F FD

tt ,
,

minrr ...............[3] 

nt ~1=  

本研究之目標函數為求解最小化(Minimize)的決策問題，目標函數中的 t
iSHR 項次是為

使該時刻系統缺水量最小； t
sysG 項次則是為了地表水系統與地下水系統指標差値最小，以

維持地表水系統與地下水系統蓄水之平衡； t
mnG 項次為地表水系統中各水庫之指標差値最

小，以維持地表水各水庫間供水之平衡； t
SLZ 項次為地表水系統之空庫容積與庫容比最小，

以達成地表水蓄水減少量最小之目的； t
SLY 項次同上達成地下水蓄水減少量最小之目的，以

避免浪費水資源。 

目標函數中之 SLGiSH WWW >>, ，為各目標欲滿足之先後順序，以缺水量最小為最優先

考量；指標平衡為次以維持供水平衡之供水原則；最後為空庫容積與庫容比，以使水盡量

留在蓄水節點內，避免因進行指標平衡時平衡於較低之指標，造成水資源不必要之浪費。 

 

3.3 問題拆解與重定義 

本問題之最佳化數學表示式已詳列如上所示，由於問題中包含了非線性方程式(地下水
流方程式)，因此傳統水資源調配模式常見之線性規劃法，並不適用。若以遺傳演算法求解

本問題，則在計算效率上遠低於傳統之線性規劃法。因此本研究以混合式演算法(架構如圖
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6 所示)進行求解，可兼顧線性規劃法之高計算效率與遺傳演算法在非線性規劃上之便利。

因此目標函數式[3]所定義之原問題，可分解為下列之主次問題，詳列如下： 

主問題： 

( ){ }t
SLSL

t
sysG

t

P

t YWGWPJZ
t

++=
v

r
*min .........................................................................[4] 

次問題： 

( ) ( )
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= ∑ ∑∑

∈ ∈∈

t
SLSL

Nm

t
mn

Nn
G

Ni

t
iiSH

X

t ZWGWSHRWPJ
F FD

t ,
* minr
v

.............................[5] 

 

在[4]式所定義的主問題中，決策變數為地下水系統各抽水井群於該時刻之抽水量做為

染色體，以遺傳演算法進行求解，搭配類神經網路，主要求解非線性部分；在次問題中，

以主問題給定一組地下水抽水量決策變數條件下，其決策變數為各水庫於本時刻之放水

量，目標函數與各限制式均屬於線性方程式，因此可選用線性規劃法求解。 

 

圖 6 地表地下聯合營運模式架構圖 

 

四、聯合營運案例展示 

本章將設計不同案例來顯示，本地表地下聯合營運相較於單純地表水獨立營運或是傳

統地表先供地下補不足之聯合營運，可大幅降低缺水情形。此外，本章亦比較兩種不同地

下水資源供應條件之操作情形，由於本研究透過分層設計可有彈性地提供地下水資源供水

策略，相較於傳統聯合營運方式，在較少量之地下水供應時，更能顯示本模式有效率調配

之重要性。 

 

4.1 模擬案例介紹 
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本研究以不同營運方式分別建立三個營運案例。以下將詳細說明: 

(1) 地表水獨立營運 

地表水獨立營運係以地表水庫儲存豐水期之河川水量，並在枯水期時使用這些水量，

因此缺水與否與降雨不確定性有極大之關係，在本章所有案例之地表水庫入流量歷線圖 5.4
所示。本形式之營運系統如圖 7 所示，在此為兩個不同容量之並聯水庫，圖 8 為兩個並聯

水庫的水庫入流量。 

(2) 地表地下非偶合聯合營運 

地表地下非偶和聯合營運即傳統之地表水先供應需求，當地表水系統已無法滿足需求

時，再由地下水系統供給。演算上，由於已經訂出供水順序，因此可以先由地表水獨立營

運模式計算後，再將缺水量帶入地下水營運模式，因此稱為非偶和形式之聯合營運。本形

式之營運系統如圖 9所示，除了兩個不同容量之並聯水庫，還額外加入一地下水系統(其系
統如圖 5所示)。 

在本聯合營運模式中，各時刻之地表水供應量必與前述之獨立營運模式之結果一致，

而在缺水情形方面，則因為地下水系統之加入，可以降低缺水情形，而降低幅度則視地下

水系統之最大抽水量而定。 

(3) 地表地下偶合聯合營運 

即為本研究所發展之聯合營運模式，在演算上本模式為同時考量地表水與地下水兩系

統之儲水量，而同時決定最佳之調配方式，因此可稱為偶和形式之聯合營運。本形式之營

運系統如圖 9所示，除了兩個不同容量之並聯水庫，還額外加入一地下水系統(其系統如圖
5所示)，圖 10為本案例之地下水系統操作規線。 

 

 

圖 7  地表水獨立營運系統圖 
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圖 8 水庫入流量分佈圖 

 

圖 9  地表地下聯合營運系統圖 
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圖 10 地下水系統操作規線圖 

 

4.2 模擬案例成果展示 

(1) 地表水獨立營運案例 

本案例模擬結果如下所示，旬缺水指數為 2.93，年缺水指數為 1.20，缺水旬數為 135
旬，A、B 兩水庫合計旬平均供水量為 1355.24萬噸，為缺水情形嚴重之案例。 

(2) 地表地下非偶合聯合營運案例 

本案例模擬結果如下所示，旬缺水指數為 1.54，年缺水指數為 0.55，缺水旬數為 125
旬，地表水系統旬平均供水量為 1355.24 萬立方公尺，地下水系統在發生缺旱時啟動，旬

平均供水量為 47.93萬立方公尺，相較地表水獨立營運案例(案例#1)雖然降低了缺水指數，

但由於地下水系統供水受到井管大小與馬達馬力之限制，因此有其瞬時最大供水極限，當

缺旱時之需求量往往遠高於該其供應能力，因此缺水發生的情形仍十分頻繁，且缺水情形

之改善有限。 

(3) 地表地下偶合聯合營運案例 

本案例模擬結果如下所示，旬缺水指數為 1.13，年缺水指數為 0.39，缺水旬數為 111
旬，地表水系統旬平均供水量為 1347.56萬立方公尺，地下水系統旬平均供水量為 67.93萬
立方公尺。以此分層設計下，雖然地下水系統仍有相同之最大可供水限制，地下水系統提

供之平均供水量較案例#2 多，使得缺水指數(SI)與旬數亦有更佳之表現。系統指標平衡操

作如圖 11所示，地下水指標反應較地表水指標和緩，這是因為地表水系統與地下水系統之
反應敏感與否有關。從圖面看來，當地表水指標由下往上貫穿地下水指標時，地下水指標

亦同時止跌回升，這顯示當地表水指標較低時，當時系統抽用地下水，而地表水指標較高

時，則系統以地表水滿足需求；反之，亦有同樣特性。 
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圖 11 案例#3 地下水系統與地表水系統指標變化圖 

 

五、結論與建議 

5.1 結論 

(1) 本研究所發展逐時刻優選之地表地下聯合營運模式乃以遺傳演算法串連地表水與地下

水兩系統，地下水系統採用類神經網路，地表水系統採用線性規劃求解，如此本模式可

兼具線性規劃之高計算效率與遺傳演算法可以涵蓋線性與非線性之彈性。 

(2) 本模式以類神經網路來做為非線性之非侷限地下水系統水位變化之模擬，大幅降低了地

下水模式與最佳化模式結合時之計算量，可使地下水系統之考量不再只能考量小範圍之

區域或線性之拘限含水層。 

(3) 本模式乃將水庫操作規線之概念運用至地下水含水層上，透過不同的地下水含水層分層

能彈性地提供不同的地下水供水策略，並運用指標平衡之方法求解地下水最佳抽水量與

各水庫之最佳放水量，故本模式具有「規線操作」之實用性。 

(4) 本研究發現在經由良好的訓練下(整體誤差值到達 10-7)，類神經網路能在已知各時刻抽

水量情況下，可成功地連續預測之地下水位。 

(5) 透過地下水最大可供給量與系統需求比分別為 8.64%、14.40%之地表地下聯合營運案例

發現缺水指數在 8.64%案例中下降的幅度較 14.40%大，由此顯示，當系統可利用資源少

時，營運效率好壞將會大幅影響系統表現；反之，當系統可利用資源多時，營運效率對

系統表現影響較小。因此在擁有較少之地下水資源時，透過本模式可更有效率管理、調

度水資源。 

 

5.2 建議 

(1) 本研究中，類神經網路學習之對象初步為一單層、等向、均質之非拘限地下水含水層理
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想案例，未來可朝向學習以現地水文資料檢定後之實際 MODFLOW案例，以便未來實

際運用在真實案例之水資源規劃中。 

(2) 本研究中類神經網路僅學習旬操作之案例，未來可學習不同時距之案例，並且分析類神

經網路在不同時距下的精確度。 

(3) 本研究所發展之模式是將地表水庫溢流量先提供給需求節點，但在豐水期時仍有可能有

大於河川之生態基流量之放水，若能在本模式中多考量將多餘的水資源以人工補注之方

式注入到地下水含水層中，在水資源調配上將可獲得更大效益。 

(4) 本研究中僅以運用分層(規線)概念決定系統之供水順序，但未討論如何決定需求打折

數，本研究各案例亦為全額供給，未來可對此進行探討，以更接近實際之操作。 

(5) 本研究中僅對地下水系統做兩種分層設計，未來可進一步進行最佳操作規線之探討。 

(6) 本模式未來可對實際案例進行地表地下聯合營運之規劃且分析其成果。 
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動，也易於從其他領域之研究獲得不同的啟發，並轉為自身研究之動力。 

三、建議  

1. 本次研討會我國政府公家單位參加甚少，應多加鼓勵其參與此類活動。 

2. 相關研討會資訊應能容易取得，互相整合，最好有一機構彙整，定期公佈，

以利擴大參與。 

3. 能參加國際會議並與與會學者先進交流及互動，相信對一個(碩)博士生是非

常有幫助的，希望教育部及各學校單位對於出國參加研討會之補助經費能提
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Abstract 
The displacement mechanisms of water-air in the porous media are the important 

fundamental concepts for unsaturated flow in subsurface. Lenormand and Zarcone (1983, 
1984b) have proposed displacement formula of two phases fluid displacements in porous 
media and been widely applied to different situations. This study applies transparent 
micro model and digital image analysis to perform the experiments and examine the 
displacement formulas. 

The experiments were performed following the Lenamands assumptions as closely as 
possible. Various displacement mechanisms were observed and their images were 
recorded. The displacement mechanism is mainly piston type during the drainage 
process, while that are snap off and In type in the imbibition. Preference paths of 
non-wetting phase fluid were clearly observed during the drainage. The experimental 
fluid displacement images and associated capillary pressure were then used to verify the 
conventional displacement formulas (the Lenormand and Zarcone, 1983, 1984b). The 
experimental study shown that the experimental results were closed to the critical 
capillary pressures predicted by the formulas except for the snap off mechanism in 
imbibition. The critical capillary pressure for snap off to occur in a throat tends to larger 
than that predicted by the formulas. The phenomenon became significant when pores or 
throats that filled with wetting fluid surrounded a throat. For the throats, our study 
suggests that to increase the prediction accuracy of the Lenormand and Zarcones 
formulas, the critical capillary pressure for snap off to occur should consider more about 
the wetting conditions of the neighboring pores and throats. To summarize, this study 
provided experimental supports and suggestions for the Lenormands displacement 
formulas and were valuable references for studying displacement mechanism in porous 
media. 
 

Introduction 

Displacement mechanisms for two immiscible fluids in porous media are very 
important for groundwater hydrology and remediation as well as reservoir engineering. 
Lenormand et al. (1983, 1984b) used displacement mechanisms to describe the 
relationship between capillary pressure and the interface curvature of two immiscible 
fluids. They proposed displacement formulas including ‘In’ type imbibitions that have 
been widely adapted to other analytical and simulation studies. Their displacement 
formula derivation assumes that the pore shape is square and the pore size is the same as 
its connecting throats. They also performed experiments to verify the formulas using a 
micro model with a pore-throat connected structure that had seven different throat sizes. 
The shape of pores in their micro model is irregular, and not fully consistent with the 
assumption of the displacement formula derivation. Therefore, this study performs 2-D 
pore-throat micro model experiments with square pores to investigate the applicability of 
the displacement formulas. 
 
 
Experiment system 
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1. The head control sub-system includes connecting tubes and glass containers 

(reservoirs) which elevations can be freely adjusted to control the heads.  

2. The two sides of the micro model are connected to inflow and outflow 

reservoirs respectively.  

3. Images of the fluids distribution in the micro model were recorded by the CCD 
camera (640*480 pixels, RGB format) during the experiment. 

4.  The fluids are static at the end of each stage of the experiment and the degree 

of saturation for each phase varied according to the capillary pressure.  

 

                   

Fig.1 Schematic diagram of the experimental setup for P-S curves 

Micro model  

Micro model is the most important component of the experimental system.  
1. Figure 2 shows the schematic diagram of micro model for P-S experiments. The 

micro model is consisted of 25 pores and 40 throats. 
a. Barriers were required to confine the non-wetting fluid in the micro model during 

experiment. 
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Fig.2 Schematic diagram of micro model for displacement mechanisms 

 
Experimental fluids  
Air and water were chosen to represent the non-wetting phase and wetting phase, 
respectively. 

a. Water was dyed blue and the air was white naturally without dyeing. 

b. Since the concentration of the dye in the liquid was less than 0.05%, the dye had 

a minimal impact on the results of Pc-S experiments. 

c. Table 1 lists the properties of the liquids. 

Table 1 Physical property of the related fluids 

 

Results and Discussion 

Results 

Examining the recorded images clearly shows the details of the fluid displacement, 

and its associated experimental capillary pressure was then compared with the 

estimated critical capillary pressure to verify the accuracy of Lenormand’s formulas.  

Fig. 3 shows the dimensions of the pores and throats in the transparent micro 

Experimental fluids Chemical 
formula 

Density 
(g/cm3) 
(24°C) 

Surface 
tension 

(Dynes/cm) 

Water OH
2

 0.997 71.5 
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model. “T” indicates a throat, “P” indicates a pore, and the Arabic numerals give their 

associated dimensions.     

 

 

 

 

 

 

 

 

 

Table 2 summarizes the critical capillary pressure as estimated by Lenormand’s and 

Hughes’s formulas, assuming the wettability is perfect ( °= 0θ ) and the half-corner 

angle α  equals °45  (the corner angle of the rectangular cross-section of pores and 

throats was °90  ).  

 

Table 2. The estimated critical capillary pressure of various fluid displacement for the 
micro model’s pores and throats in imbibition 

 

width(cm) 
Snap-off1
(Hughes)
(cmH2O)

Snap-off2 
(Lenorman

d) 
(cmH2O)

I1 imbibition
(Lenormand)

(cmH2O) 

I2 imbibition 
(Lenormand) 

(cmH2O) 

0.034  3.06  4.30 * * 
0.038  2.84  3.85 * * 
0.042  2.65  3.48 * * 
0.046  2.50  3.18 * * 

Throat 

0.050  2.38  2.92 * * 
Pore 0.060  *  *  3.53  2.19  

Figure 3 The widths of pores and 
throats in the transparent micro model. 
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0.072  * * 3.24  2.13  
0.088  *   *   2.98  2.08  
0.114  * * 2.72  2.02  
0.128  * * 2.62  2.00  

‘*’ indicates that the displacement mechanisms will not occur. 
 

Drainage Process 

Since the fluid displacement in the drainage process was simple, this section focuses on 

sixth stage in drainage process.  

Figure 4 shows the selected images in the sixth stage of the drainage process 

a. Pce equals 4.3 cmH2O. 

b.  The circled areas in the image demonstrate the piston-type motion at 

selected throat. 

c.  The widths of the selected throat is 0.5mm, the computed Ppiston is 

4.51cmH2O and the Pce is 4.3cmH2O.  

d. The Ppiston is 0.21 cmH2O greater than Pce.  

 

Imbibition process 

 

 

 

 

 

Imbibition Process 

Twelfth stage: Figure 5a~ Figure 5d shows the selected images in the twelfth stage of 

the imbibition process 

Figure 4. The end of the sixth stage of 
drainage process. 
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a. Pce equals 3.4cmH2O.  

b. The circled areas in the images demonstrate the detailed snap-off process at 

selected throats labeled with ‘Sn_i.j’, where i is the throat label and j is the 

selected snap-off evolution step.  

c. Figure 5a is the starting image of the snap-off process, and the widths of the 

selected throats ‘Sn_1.0’ and ‘Sn_2.0’ are 0.42mm and 0.46mm, 

respectively.  

d. Their computed Psnap-off1 are 2.53cmH2O and 2.39cmH2O, and Psnap-off2 are 

3.48cmH2O and 3.18cmH2O.  

e. The Psnap-off1 for ‘Sn_1.j’ and ‘Sn_2.j’ are 0.87 cmH2O and 0.97 cmH2O 

lower than Pce respectively. The Psnap-off2 is 0.08 cmH2O greater than Pce for 

‘Sn_1.j’ and 0.22 cmH2O lower than Pce for ‘Sn_2.j’.  

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5b. The twelfth stage of 
imbibition process. 
 

Figure 5a. The beginning of twelfth 
stage of imbibition process. 
 

Figure 5c. The twelfth stage of 
imbibition process. 
 

Figure 5d. The end of twelfth stage 
of imbibition process. 
 

Sn_1.0 

Sn_2.0 

Sn_1.1 

Sn_2.1 

Sn_1.2 
Snap-off

Sn_2.2 
Snap-off

Sn_1.3 
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Fourteenth stage: Figure 6a~ Figure 6c shows the selected images in the fourteenth 

stage 

a. Pce equals to 2.8cmH2O.  

b. Figure 6a is the starting image of the In imbibtion and snap-off for the 

selected pores and throat.  

c. The sizes of ‘I1_1.0’, ‘I1_2.0’ and ‘Sn_1.0’ are 0.88mm, 0.72mm and 

0.42mm, respectively.  

d. The computed PI1 for ‘I1_1.j’ and ‘I1_2.j’ are 2.97 cmH2O and 3.28 cmH2O, 

respectively. For the ‘Sn_1.j’, Psnap-off1 is 2.65cmH2O, while Psnap-off2 is 

3.48cmH2O.  

e. Psnap-off1 is 0.15 cmH2O lower than Pce, while Psnap-off2 is 0.68 cmH2O greater 

than Pce. 

 
 
 
 
 
 
 
 
 
 
                                         
 
 
 
 
 
   
 
 
 
 
 
 

Figure 6a. The fourteenth stage of 
imbibition process. 
 

Figure 6b. The fourteenth stage of 
imbibition process. 

Figure 6c. The end of fourteenth 
stage of imbibition process. 
 

I1_2.2 

Sn_1.2 

I1_1.1 I1_2.1 

Sn_1.1 

I1_1.0 

Sn_1.0 

I1_2.0 
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Sixteenth stage: Figure 7a to 7b shows selected images of the sixteenth stage 

a. The experimental Pce was 2.2cmH2O.  

b. The size of ‘I2_1.0’ is 0.72mm, and its estimated critical capillary 

pressure for producing the I2 type imbibition (PI2 ) is 2.13 cmH2O.  

 
 
 
 
 
 
 
 
                              
 
 
 
  
 
Discussion 

1. In type imbibition is the major displacement mechanism for wetting porous media, 

while snap-off can affect the occurrence of In type imbibitions. The experimental 

Pc-Sw curve (Fig. 8) shows the significant change for the saturation of wetting phase 

fluid (Sw ) when the In type imbibition occurrs at Pce = 2.8, 2.2 and 2.0 cmH2O.  

2. Therefore, snap-off is an important displacement mechanism in facilitating the 

increase of the wetting phase fluid saturation in the imbibition process. Figure 9 

summarizes the occurrence of displacement mechanisms and demonstrates that 

snap-off occurs before In type imbibitions. 

 

Figure 7b. The sixteenth stage of 
imbibition process. 
 

Figure 7c. The sixteenth stage of 
imbibition process. 
 

I2_1.0 

Sn_1.1 

I2_1.1 

I1_1.0 I1_2.0 
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Figure 8. Capillary pressure-Saturation curve in the pore-throat network of the 

transparent micro modelmicro model. 
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Figure 9. Occurring frequencies of the snap-off and In imbibition in imbibition process 
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Conclusion 
This experimental study demonstrates that a transparent micro model can be a 

valuable tool to investigate the multi-phase flow displacement at pore scale. The results 

of this experimental study show several important points.  

1. Experimental images show that snap-off of a throat may occur without direct 

connection to other continuous wetted areas, and this implies the existence of 

corner flow.  

2. Analysis of the saturation variation during the imbibition process shows that In 

type imbibition is the major displacement mechanism for wetting porous media 

in the imbibition process. However, before the In type imbibition of a pore can 

occur, there must be enough connecting throats were saturated 

3. For the pore-throat distribution applied in this study, the snap-off can facilitate 

the occurrence of In type imbibition and its associated piston-type motion. 

Therefore, snap-off is also an important displacement mechanism in facilitating 

the increase of the wetting phase fluid saturation in the imbibition process.  

 
Nomenclature 

θ  contact angle 

α  half-corner angle 
P  pressure, cmH2O 

S  saturation, fraction 

Pc  capillary pressure, cmH2O 

Pce  experimental capillary pressure, cmH2O 

P piston  the critical capillary pressure of piston-type motion calculated by Lenormand’s 

formula. 

Psnap-off1  the critical capillary pressure of snap-off calculated by Hughes’s formula. 

Psnap-off2  the critical capillary pressure of snap-off calculated by Lenormand’s formula. 

PIn  the critical capillary pressure of In imbibtion calculated by Lenormand’s formula. 

Sw   the saturation of wetting phase fluid, fraction 

Snw  the saturation of nonwetting phase fluid, fraction 
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Sn_i.j   Sn indicated ‘Snap-off’, i is the throat label and j is selected evolution step of 
snap-off. 

In_i.j   In indicated ‘In imbibition’, i is the throat label and j is selected evolution step 
of In imbibition. 
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