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IntroductionIntroduction



Karst Aquifers
� Karst Aquifers are carbonate (e.g. limestone) aquifers 

with caves and conduit networks formed by 
dissolution.

Dissolution is 
primarily 
caused by 
carbonic acid –
a product of 
the interaction 
between 
atmospheric 
CO2 & water



Karst aquifers
� Karst Aquifers are also known as dual porosity aquifers

� They have two porosity domains:

� Matrix: composed of primary porosity

� Conduit Network: composed of secondary porosity� Conduit Network: composed of secondary porosity



Water Flow Types within Aquifers

� Turbulent flow is 
characterized by 
water flowing in 
non-parallel stream non-parallel stream 
lines that form 
complex eddies

� Laminar flow is 
characterized by 
water flowing in 
parallel streamlines



Darcy’s Law
• Many  groundwater models assume that  Darcy’s Law 

governs/describes flow  (e.g. MODFLOW-2005)

dh
q K= − dh
q K

dl
= −

From Hornberger et al., 1998

•In general this is true
•However there are some limitations, 
especially when applied to karst aquifers



Limitations of Darcy’s Law

� Darcy’s Law is applicable only for laminar flow with a Reynolds number range of 1-10 
� As flow exceeds R>1 - 10 the relationship between gradient and specific discharge 

becomes non-linear.
� Under these conditions, Darcy’s Law no longer applies



The Problem with Darcy and Karst 

Aquifers
� In karst aquifers, Darcy’s Law does not apply

� Flow is often turbulent in caves/conduits

� Models that only use Darcy’s Law are prone to error when 
applied to karst aquifers

Are also less physically realistic� Are also less physically realistic
� Do not account for karst parameters

� Pipe diameter, tortuosity, etc.

� Other methods have been developed to model karst 
aquifers (e.g. MODFLOW-CFP)

� Couple Darcy’s law with pipe flow equations
� Account for turbulent flow and pipe parameters

� New methods in karst modeling need to be evaluated to 
determine the limits of their accuracy and usefulness



Purpose 

� To evaluate the new groundwater modeling program 
MODFLOW-CFP against MODFLOW-2005, to 
determine which program produces more accurate determine which program produces more accurate 
groundwater simulation results of karst aquifers.

� To develop more fundamental numerical method to 
evaluate the Pipe Flow model for conduits



An evaluation of MODFLOW-CFP 

at the laboratory and sub-regional scale



Two Groundwater Model Methods

� These two programs represent two different methods for 
creating groundwater models:

� MODFLOW-2005

� Equivalent Porous 
Medium Method

� MODFLOW - CFP
� Hybrid Method
� Darcy’s Law applied Medium Method

� Darcy’s Law applied 
to both the matrix 
and caves/conduits

� Does not account for 
turbulent flow

� Darcy’s Law applied 
to the matrix

� Pipe equations 
applied to karst 
caves/conduits 

� Accounts for 
turbulent flow

� Physically more 
realistic



Hypothesis
� MODFLOW-CFP is a more physically realistic 

groundwater modeling program, therefore it will 
produce more accurate results.



Methods

From Harbaugh, 2005



MODFLOW-CFP
� CFP is a program developed by USGS that simulates 

flow in a dual porosity aquifer

� Meant to work in conjunction with MODFLOW-2005

� There are 3 modes� There are 3 modes
� CFPM1  

� simulates flow in karst aquifers with caves/conduits e.g. 
Wakulla Sp.

� CFPM2 
� simulates flow in karst aquifers with preferential flow layers 

caused by vuggy porosity e.g. Biscayne aquifer

� CFPM3 – combination of the two modes above



Laboratory Scale Evaluation

Laboratory Scale Evaluation



Karst Analog Model
� Faulkner et al. (2009) created a laboratory 

scale analog model of a karst aquifer that 
simulated flow & transport within the 
conduit and matrix domains
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•Two general cases were 
examined:

•Conduit Head>Matrix Head
•Matrix Head > Conduit Head

From Faulkner et al., 2009



Conceptual Model



Numerical Model
MODFLOW – CFP MODFLOW – 2005 



MF2K5: Conduit Head > Matrix Head

Analog Data

Modelflow 
2005
Simulation



CFP : Conduit Head > Matrix Head

Analog Data

CFP 
Simulation



Residual Comparison
� For comparison, residuals for each flow model were 

calculated

� CFP exhibited the best performance 

Model Type Residual Mean Residual Absolute Mean Residual Variance

CFP -0.55 0.63 0.59

Modflow 2005 -0.61 0.66 0.65



Analog vs. CFP/MT3DMS



Analog vs. Modflow/ MT3DMS



Conclusions
� Laboratory Scale

� CFP flow model performs better than MODFLOW-2005

� CFP and MT3DMS can simulate transport in a simple 
conduit

� MODFLOW  coupled with MT3DMS simulates � MODFLOW  coupled with MT3DMS simulates 
transport poorly



Sub-Regional Scale Evaluation



Woodville Karst Plain, Florida 



Woodville Karst Plain Geology



Karst Features



Groundwater Flow



Woodville Karst Plain Model

� Davis et al. (2010) simulated 
groundwater flow and nitrate 
transport in the Woodville Karst
Plain.Plain.

� Diagram shows the model 
boundary in black, superimposed 
over the Karst Plain



Simulation of Flow using MODFLOW
� Flow through caves and 

conduits was simulated by 
assigning high K values to 
cells that contained caves.

� Model was calibrated to 
discharge of springs by discharge of springs by 
varying K of cells surrounding 
caves.



Simulation of Flow using CFP
� A CFP version was created based on Davis’ model but with the 

addition of conduits in place of the high K cells

CFP model MODFLOW 2005  model



Steady State Comparison

CFP model MODFLOW 2005  model



Transient State Comparison
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CFP -30.1% 8.8E+8 -30.91 %

MODFLOW
30.5% 1.2E+9



Transient State Comparison
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CFP 75.8% 2.28E+14 -12.69 %

MODFLOW
42.2% 2.59E+14



Transient State Comparison
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Conclusions
� Sub-Regional Scale

� CFP can simulate flow in karst aquifers at a sub-regional 
scale under steady state conditions

� Under Transient conditions, MODFLOW-2005 more 
accurately simulates peak dischargeaccurately simulates peak discharge

� Overall however, total residuals show that MODFLOW-
CFP is producing more accurate results



Development of Stokes-Darcy Model for 

Groundwater Flow and Solute Transport 

in a Karst Aquifer



The flow in the matrix      is governed by the Darcy’s law:



In the conduit, denoted by      , the Navier-Stokes equations 
govern the free flow:



We need the following interface conditions to couple the two 
domains:

where                 represents a local orthonormal basis of the 
plane tangential to       . The last interface equation we 
employ here is the
BeaversBeavers--JosephJoseph condition. The condition essentially claims 
that the tangential component of the normal stress that the 
free flow incurs along the interface is proportional to the 
jump of tangential velocity over the interface.



We need the following interface conditions to couple the two 
domains:

where                 represents a local orthonormal basis of the 
plane tangential to       . The last interface equation we 
employ here is the
BeaversBeavers--JosephJoseph condition. The condition essentially claims 
that the tangential component of the normal stress that the 
free flow incurs along the interface is proportional to the 
jump of tangential velocity over the interface.



The contaminate transport in the conduit-matrix region is 
described the by a advection-diffusion equation:

where       denotes the diffusion tensor in the matrix. As the 
boundary condition for       varies during flood season and 
during drought season. The water in the matrix will flow in 
almost opposite directions, which results in the phenomenon 
that the matrix serves as a storage for solute.





t= 32s



t=62s



t=92s



t=122s







CONCLUSIONS

� A new groundwater modeling approach is developed for groundwater 
flow in a karst aquifer having conduit and matrix regions. The Darcy 
system is used to describe flow in the matrix and stokes equation is 
adopted to describe the flows in conduits. The Beavers-Joseph interface 
conditions are applied at the interface between the two regions.

� The numerical simulation results for flow and solute transport match � The numerical simulation results for flow and solute transport match 
very well with laboratory experimental results. Thus, the developed 
mathematical and numerical models are physically verified and 
validated in the laboratory conditions.

� In comparison with CFP model, the  Stokes-Darcy model doesn’t 
require the exchange parameter, which is very difficult to obtain.
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