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Preface

This report is intended as a reference manual to explain: (1) selected theoretical principles that
govern laminar and turbulent ground-water flow, and (2) how these principles were integrated
into MODFLOW-2005 to create the Conduit Flow Process (CFP). Users are advised to read each
chapter in this report. Users interested in the motivation and theoretical principles represented
in the CFP should read chapters 1 and 2. Chapter 3 documents how these theoretical principles
were converted into subroutines and finite-difference approximations for integration into
MODFLOW-2005. Chapters 4, 5, and 6 are most relevant for users interested in applying the CFP.
Specifically, chapter 4 documents the input instructions required for CFP simulations, chapter

5 provides guidance on assignment of values for parameters required for CFP simulations, and
chapter 6 presents an example problem that demonstrates all of the CFP functionality.

The U.S. Geological Survey (USGS) has tested the accuracy of the CFP by designing and running
many test problems. Despite our best efforts, errors may still exist. If users identify or suspect
errors, please contact the USGS. Distribution of the CFP does not constitute any warranty by
the USGS. Furthermore, no responsibility is assumed by the USGS for use or misuse of the

CFP computer program. The CFP computer program can be obtained at the Internet address
http.//water.usgs.gov/software/ground_water.html. Updates may be made to both the CFP
report and computer program, and users can download updates at the Internet address.
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Flow rate
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Documentation of a Conduit Flow Process (CFP) for

MODFLOW-2005

By W. Barclay Shoemaker, Eve L. Kuniansky, Steffen Birk, Sebastian Bauer, and Eric D. Swain

Abstract

This report documents the Conduit Flow Process (CFP)
for the modular finite-difference ground-water flow model,
MODFLOW-2005. The CFP has the ability to simulate
turbulent ground-water flow conditions by: (1) coupling the
traditional ground-water flow equation with formulations for a
discrete network of cylindrical pipes (Mode 1), (2) inserting a
high-conductivity flow layer that can switch between laminar
and turbulent flow (Mode 2), or (3) simultaneously coupling
a discrete pipe network while inserting a high-conductivity
flow layer that can switch between laminar and turbulent
flow (Mode 3). Conduit flow pipes (Mode 1) may represent
dissolution or biological burrowing features in carbonate
aquifers, voids in fractured rock, and (or) lava tubes in basaltic
aquifers and can be fully or partially saturated under laminar
or turbulent flow conditions. Preferential flow layers
(Mode 2) may represent: (1) a porous media where turbulent
flow is suspected to occur under the observed hydraulic
gradients; (2) a single secondary porosity subsurface feature,
such as a well-defined laterally extensive underground
cave; or (3) a horizontal preferential flow layer consisting
of many interconnected voids. In this second case, the input
data are effective parameters, such as a very high hydraulic
conductivity, representing multiple features.

Data preparation is more complex for CFP Mode 1
(CFPM1) than for CFP Mode 2 (CFPM?2). Specifically for
CFPM 1, conduit pipe locations, lengths, diameters, tortuos-
ity, internal roughness, critical Reynolds numbers (N, ), and
exchange conductances are required. CFPM1, however, solves
the pipe network equations in a matrix that is independent
of the porous media equation matrix, which may mitigate
numerical instability associated with solution of dual flow
components within the same matrix. CFPM2 requires less
hydraulic information and knowledge about the specific
location and hydraulic properties of conduits, and turbulent
flow is approximated by modifying horizontal conductances
assembled by the Block-Centered Flow (BCF), Layer-Property
Flow (LPF), or Hydrogeologic-Unit Flow Packages (HUF) of
MODFLOW-2005.

For both conduit flow pipes (CFPM1) and preferential
flow layers (CFPM2), critical Reynolds numbers are used to

determine if flow is laminar or turbulent. Due to conservation
of momentum, flow in a laminar state tends to remain laminar
and flow in a turbulent state tends to remain turbulent. This
delayed transition between laminar and turbulent flow is
introduced in the CFP, which provides an additional benefit
of facilitating convergence of the computer algorithm during
iterations of transient simulations. Specifically, the user

can specify a higher critical Reynolds number to determine
when laminar flow within a pipe converts to turbulent flow,
and a lower critical Reynolds number for determining when
a pipe with turbulent flow switches to laminar flow. With
CFPM 1, the Hagen-Poiseuille equation is used for laminar
flow conditions and the Darcy-Weisbach equation is applied
to turbulent flow conditions. With CFPM?2, turbulent flow is
approximated by reducing the laminar hydraulic conductivity
by a nonlinear function of the Reynolds number, once

the critical head difference is exceeded. This adjustment
approximates the reductions in mean velocity under turbulent
ground-water flow conditions.

Chapter 1. Introduction

Rapid laminar or turbulent ground-water flow can occur
in dual porosity aquifers through relatively large intercon-
nected voids. Dual porosity aquifers are those that consist
of both a primary porosity, which is due to the soil or rock
matrix, and a secondary porosity, which may be due to second-
ary solution and (or) regional fracturing (Freeze and Cherry,
1979). Within the relatively large voids, frictional and surface-
tension forces between the fluid and rock are less significant
because the conduit diameters are so large that wall rough-
ness only restricts flow moving close to the conduit wall. In
fluid mechanics, the term “hydraulic radius” is defined as the
channel cross-sectional area divided by the perimeter of the
channel cross-sectional area that is wet (Chin, 2000). As the
radius of a pore increases, the hydraulic radius also increases
and greater flow will occur under the same energy forces due
to less resistance to flow from the pore walls.

Laminar flow in dual porosity aquifers is a flow regime
in which water moves along parallel streamlines or layers,
and shear stresses within the water are overcome by the
viscous forces of the water. Turbulent flow is characterized
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by streamlines that are no longer parallel but flow in random
complex patterns (eddies) with large variations in flow
velocity about the mean flow velocity. Ground-water flow

in porous media tends to remain at low velocity and laminar
under most natural hydraulic gradients. When flow becomes
turbulent in both porous media and conduits, some of the
energy that drives the flow is lost to movement of water in
eddies, and specific discharge no longer increases as rapidly as
the head gradient increases.

Dual porosity aquifers are often associated with carbon-
ate aquifer systems. Karst carbonate aquifers underlie a land
area covering about 10 to 20 percent of the earth’s surface,
supplying about 25 percent of the world’s population with
drinking water (Ford and Williams, 1989). Dual porosity
aquifers are vulnerable to contamination due to generally short
travel times. Management and protection of dual porosity
aquifers require an adequate hydrogeologic characterization
of the complex geometry of a subsurface network of fissures
and voids responsible for concentrated ground-water flow
and rapid transport of pollutants toward zones of discharge. A
mathematical formulation with a physically based representa-
tion of dual porosity systems is necessary for developing reli-
able water-management strategies in karst settings.

The Conduit Flow Process (CFP) was developed in
response to a need for a computer program that accounts for
the dual porosity nature of many aquifers. There also was a
desire to provide compatibility with recent advancements to
the U.S. Geological Survey (USGS) modular ground-water
model (MODFLOW). Many research computer programs are
available for simulating dual porosity aquifers, but have not
been fully documented for wider use (for example, Clemens
and others, 1996; Kiraly, 1998; Ewen and others, 2000; Adams
and Parkin, 2002; Bauer, 2002; Birk, 2002). Additionally, the
structure of MODFLOW has changed with MODFLOW-2000
(Harbaugh and others, 2000) and MODFLOW-2005 (Har-
baugh, 2005), making the ground-water flow computer code
even more modular and allowing easier addition of Processes
to the code.

The CFP was designed to be flexible enough for use in
locations with limited or abundant field data. In some geologic
environments, such as Mammoth Cave, Kentucky, detailed
information is available (or could be derived) on the location,
diameter, tortuosity, and roughness of the subsurface caverns.
CFP Mode 1 (CFPM1) was designed with these locations
in mind. In other locations, such as the Biscayne aquifer of
southern Florida, void connections and distributions are so
complicated within preferential flow layers that a complete
characterization is not possible. CFP Mode 2 (CFPM2) was
designed with these locations in mind; specifically, laminar
and turbulent flow through complicated void connections is
represented with a limited number of “effective” or “bulk”
layer parameters.

The CFP is an outgrowth of long-term research into
speleogenesis in karst systems, including the Conduit Aquifer
Void Evolution (CAVE) code developed by Clemens (1998)
and Hiickinghaus (1998). Subroutines of a version of the

CAVE code described in Bauer (2002) and Birk (2002) were
extracted and modified to work with MODFLOW-2005 to
partially create the CFP. The CFP expanded upon the CAVE
work by: (1) integrating new equations that handle partially
saturated pipe flow; (2) working with traditional MODFLOW
units other than meters and seconds; (3) including user-
defined, rather than constant values, for critical Reynolds
numbers (N, ) that transition ground-water flow from laminar
to turbulent; and (4) creating preferential flow layers (CFPM2)
that also transition between laminar and turbulent flow condi-
tions, while requiring less input data than conduit flow pipes.
A final advancement is the creation of CFP Mode 3 (CFPM3),
which simultaneously simulates conduit flow pipes (CFPM1)
and preferential flow layers (CFPM2).

1.1. Purpose and Scope

This report documents the CFP, which was designed
as a Process for MODFLOW-2005. The CFP simulates dual
porosity aquifers that can be mathematically approximated
by coupling the traditional ground-water flow equation with a
discrete network of cylindrical pipes (CFPM1), and (or) insert-
ing a preferential flow layer that uses a turbulent hydraulic
conductivity to simulate turbulent horizontal flow (CFPM?2)
conditions. The pipes can represent dissolution features or
fractures and can be fully saturated or partially saturated
under laminar or turbulent conditions. The preferential flow
layers may represent: (1) a porous media in which turbulent
flow may occur under observed hydraulic gradients, or (2)
horizontal preferential flow zones within an aquifer for which
the explicit geometry of the secondary porosity is not well
defined. The CFP simulates steady-state and transient hydrau-
lics of the dual porosity system. Transport and chemical reac-
tions are not within the scope of this version of the CFP.

1.2. Previous Studies

The evolution of karst aquifers and cavern formation and
the conceptual models of karst systems are beyond the scope
of this report, but are well covered by White (1969; 1993;
and 2003), Wolfe and others (1997), Klimchouk and others
(2000), and Ford (2003). Ground-water age dating at 12 large
karst springs in Florida was conducted by Katz (2004), who
found ground-water mean transit times of 5 to 40 years that
reflect the slower movement of solutes through small open-
ings in the aquifer matrix throughout the spring contributing
area. Estimation of land-surface areas contributing recharge
to four large karst springs in north-central Florida is described
by Shoemaker and others (2004), who found composite areas
contributing recharge that extend from about 310 to 1,890 km?.

Single porosity models based on the ground-water flow
equation, called equivalent porous media models or single
continuum models, have been successfully applied to dual
porosity systems to simulate water balances. Single poros-
ity models are limited, however, in their ability to simulate



transport processes (Thrailkill, 1986; Kuniansky and Holigan,
1994; Teutsch and Sauter, 1998; Kuniansky and others, 2001;
Svenson, 2001; Septilveda, 2002; Scanlon and others, 2003).
The ground-water flow equation solved by single porosity
models is the continuity equation for flow, with Darcy’s law
(Darcy, 1856) incorporated for porous media with assump-
tions that water is incompressible and of constant density and
viscosity (Raudkivi and Callander, 1976, p. 43; Bouwer, 1978,
p- 202; Bear, 1979, p. 93). This equation is valid for ground-
water flow problems when the velocity of ground water is
slow and laminar, and pores are small (less than about

10 mm). In fluid mechanics, this equation is sometimes
referred to as a potential flow equation, in which flow is
defined by fluid pressure and potential energy, and the kinetic
energy that arises from the ground-water velocity is assumed
to be negligible.

Several types of deterministic numerical models, also
called distributed parameter models, have been applied to dual
porosity systems (fig. 1). The simplest approach is the equiva-
lent porous media approach (sometimes called the single
continuum approach, heterogeneous continuum approach,
distributed parameter approach, or smeared conduit approach)
(fig. LA). Another approach is the linking of two flow regimes
with an exchange term, called the dual continuum approach
(fig. 1B). With this approach there are two flow regimes for
each aquifer. One regime represents the rock matrix, which
has a small hydraulic conductivity and a large porosity (diffuse
flow regime); the other regime has a large hydraulic conduc-
tivity and small porosity to represent the higher velocity flow
(conduit or pipe flow). With the dual continuum approach,
both continuums are linked by a flux exchange term, and
heads in each continuum are iteratively solved until there is

A
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head convergence. Three additional approaches are a discrete
fracture network (fig. 1C), a variation on fracture network
simulations in which multiple fracture networks are coupled
(fig. 1D), and the coupling of a single continuum model with a
discrete pipe network (fig. 1E).

Each approach has advantages and disadvantages. A
single continuum approach is the simplest to apply. Gener-
ally, this approach can be used for regional flow problems if
the investigation scale is much greater than the scale of the
heterogeneities, and for water-resources investigations in
which the models can be calibrated to flow and head informa-
tion and only water budgets are desired. The discrete fracture
approach can be used if transient solute-transport responses
are desired for a system dominated by conduits. Knowledge
of the fracture network geometry, however, is required if this
approach is used. If the geometry is not available, sometimes
a dual continuum model can be applied (Teutsch and Sauter,
1998). The advantage of the dual continuum approach is that
the detailed geometry of the conduits is not required (Teutsch,
1993; Sauter, 1993; Lang, 1995). The dual continuum model,
however, is not always capable of simulating transport pro-
cesses on a small scale (Mohrlok, 1996). The disadvantages
of discrete multiple fracture networks are the requirement of
detailed knowledge of a fracture network at multiple scales
and the application of computationally intensive codes that
have long computer simulation time and memory requirements
(Lang, 1995). The coupling of a single continuum model with
a discrete conduit network model allows the integration of
detailed information about the conduits in areas where the
geometry of the conduits may be known, providing a more
physically representative model in these areas.

2l ' W i/

Figure 1. Approachesto
karst modeling (A) single
continuum, (B) double
continuum, (C) discrete
fractures, (D) discrete
multiple fracture networks,
and (E) discrete conduit

[ coupled to single continuum
(Modified from Bauer, 2002;
fig. 2.4).
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Simulations of advective transport are frequently per-
formed with equivalent porous media models of a dual
porosity system using estimates of effective porosity. Effec-
tive porosity is defined as the percentage of interconnected
void space per unit volume of aquifer. By using field tracer
test data or geochemical isotope age data in dual porosity
systems, one can use the equivalent porous media approach to
perform transport simulations by finding an effective porosity
that will yield the average time of travel to match the tracer
test or geochemical breakthrough data. Because pore veloc-
ity is inversely proportional to effective porosity, a very small
(less than 5 percent) effective porosity value is often required
to match field measured times of travel when, in actuality, the
percentage by volume of connected pore space could be more
than 40 percent (Knochenmus and Robinson, 1996; Kuniansky
and others, 2001; Renken and others, 2005). In these cases, the
transport parameters used with the equivalent porous media
model are not authentic, and these models could be limited in
their application to transport processes. This lack of authen-
ticity is due, in part, to equivalent porous media models that
assume fluid flow is uniformly distributed over the thick-
ness of many carbonate aquifers, when in fact, a very small
percentage of the total aquifer thickness explains most of the
ground-water flow.
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Chapter 2. Conduit Flow Process (CFP)
Methodology

Theoretical concepts and limitations that are the basis
for development of the CFP are briefly described. These
concepts include Reynolds numbers (R ), the limitations of
Darcy’s law for porous media ground-water flow, and methods
for coupling a discrete pipe network to MODFLOW-2005
(CFPM1). Also presented is the mathematical basis for
computing horizontal turbulent flow in preferential flow layers
(CFPM2). Finally, the concept of upper and lower critical
Reynolds numbers (N, ) for transient laminar and turbulent
ground-water flow conditions is described as implemented for
transient CFP simulations.

2.1. Reynolds Numbers and Limitations of
Darcy's Law for Porous Media

Darcy’s law was empirically derived. The laboratory
studies by Darcy (1856) for one-dimensional laminar flow
through porous media along a known cross-sectional area,
A [L?], indicated a constant of proportionality between spe-
cific discharge (also called specific velocity, Darcy velocity,

or mean velocity), g [LT'], and the hydraulic gradient, %
[dimensionless], for water flow through small pores (less than

10 mm). This constant of proportionality is called hydraulic
conductivity, K [LT']:

Q:-KA@:}K:_QAl:_qA_I
dl A Ah A, (1)

where

Ah [L] is the measured head difference,

Al [L] is the length over which the head difference is

measured,
and
Q [L’T"] is volumetric discharge.

Darcy’s law is valid only for laminar flow conditions
(fig. 2). Reynolds numbers, R, are dimensionless numbers
used in fluid mechanics to indicate whether flow is laminar or
turbulent. The R, represents the ratio of fluid inertial to viscous
forces. The critical Reynolds number, N, e’ is the value of R,
above which flow becomes turbulent and below which flow is
laminar. The R, is computed and defined from the equation:

pore

H Vo, @)

R = Vdpnrep — Vd

e



where
\%4 is the mean flow velocity [LT'] across a
cross-sectional area (also called Darcy
velocity) and is equal to the volumetric
flow, Q [L’T"'], divided by the cross-
sectional area perpendicular to the
direction of flow, A [L?];
 ore is the mean pore size diameter [L];
p  isthe density of the water [ML"];
i is the absolute or dynamic viscosity of water
[ML'T'];
and
v is the kinematic viscosity of water [L*T"'].

The Darcy velocity (also called mean velocity or specific
velocity), not the pore velocity (which is equal to the Darcy
velocity divided by effective porosity), is used for R calcula-
tions. The pore velocity is needed for transport simulations,
whereas the Darcy velocity is used in textbooks and laboratory
experiments to define the N, at which flow switches from
laminar to turbulent. Porous media flow tends to remain at low
velocity and laminar under many natural gradients because
of the small pore diameters and the effect of surface tensional
forces between the water and rock. For various porous media,
the N, at which flow switches from laminar to turbulent
ranges from 1 to 60, and is dependent on the smoothness of
the grains, tortuosity of the connected pore spaces, average
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pore diameter, temperature, and other properties of the media.
When flow becomes turbulent, some of the flow energy is lost
by the movement of water in eddies, and specific discharge
does not increase as rapidly as head gradients increase. Thus,
in turbulent conditions, flow is no longer a linear function of
head gradients (fig. 2), as in equation 1, thereby limiting the
applicability of Darcy’s law. There also may be limitations

to the applicability of Darcy’s law for very low permeability
media, but this has not been thoroughly tested (Ingebritsen and
Sanford, 1998).

It is not possible to know exact field distributions of N,
for a specific aquifer or porous media. The N, can be approxi-
mated through laboratory experiments. Many researchers have
measured specific discharge under different gradients and fit
a line through these values to back calculate the N, at which
specific discharge becomes a nonlinear function of the gradi-
ent (hydraulic conductivity would no longer be a constant).
The larger the pore diameter and smoother the grain surfaces,
such as might occur in a well sorted gravel point bar deposit,
the higher the NV, . Additionally, as hydraulic conductivity
increases (generally because of larger pore spaces), the N,
increases. For porous media, representative lengths have been
used for dpm to calculate R , such as a representative grain
size (frequently d_, the diameter of the sieve size at which
50 percent of the grains pass in a standardized sieve analy-
sis performed in a geotechnical analysis). Many textbooks
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Figure 2. Specific
discharge relative to
hydraulic gradient
(Modified from Bear,
1979; Freeze and
Cherry, 1979). R, is
the Reynolds number,
and N, is the critical
Reynolds number.
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show the range of N, for porous media from 1 to 10 (Bear,
1979; Freeze and Cherry, 1979). Schneebeli (1955) used glass
spheres and found flow became turbulent at a range of R, from
5 to 60.

2.2. Coupling a Discrete Pipe Network with a
Laminar Flow Model (CFPM1)

The main objective of CFPM1 is to couple a laminar flow
model (MODFLOW-2005) with a discrete pipe network to
approximate the dual porosity nature of many flow systems.
The laminar flow model code (MODFLOW) is well docu-
mented in Harbaugh and McDonald (1996), McDonald and
Harbaugh (1988), Harbaugh and others (2000), and Harbaugh
(2005). Laminar and turbulent flow within fully and partially
saturated pipes and open channels is discussed in more detail
in Rouse (1950), Daily and Harleman (1966), Henderson
(1966), Vennard and Street (1975), and Chin (2000). This sec-
tion briefly describes theoretical equations for: (1) the laminar
flow model, (2) pipe flow, (3) correcting flow in partially
filled pipes, (4) computing ground-water exchange between
MODFLOW and the discrete pipe network, and (5) correcting
ground-water exchange between MODFLOW and partially
filled pipes.

2.2.1. Laminar Flow Model

The laminar flow model, MODFLOW-2005 (Harbaugh,
2005), solves the ground-water flow equation using a block-
centered finite-difference approximation. The partial differen-
tial equation for three-dimensional ground-water flow is:

i(Kxxa_h)‘f‘i Kvya_h +i(Kzza_h)i W = S (a_h]
0x ox dy dy 0z 0z *ot , (3)

where

K , Kv)_, and K_ are values for hydraulic conductivity [LT']
A along the X, y, and z axes, respectively;

h[L] is the potentiometric head;
WI[T" is a volumetric flux per unit volume;
S (L] is specific storage;
and
t[T] is time (McDonald and Harbaugh, 1988).

This equation assumes that ground water is incompressible
with constant density and viscosity, and that flow is laminar
(Darcian). Hydraulic conductivity (K, K , and K ) may vary
in space depending on the heterogeneity of the porous media
in the geologic formations forming the aquifers or confin-
ing units. Finally, MODFLOW-2005 has numerous packages
to provide linear and nonlinear variations of specified head,
specified flux, and head-dependent flux boundary conditions.

The details regarding boundary conditions and solution of the
ground-water flow equation are well documented in many
MODFLOW manuals, and therefore, are not included in this
report.

2.2.2. Pipe Network Geometry

The pipe network consists of many pipes, each having
two ends called nodes (fig. 3). A node of a pipe is the location
where up to six individual pipes can connect. Each node is
located at the center of a finite-difference cell, and there can
be only one node within a finite-difference cell. Finite-differ-
ence cells can have equal or different row and column lengths.
Model layers composed of finite-difference cells also can have
constant or variable thicknesses. Pipes can connect diagonally
between two finite-difference cells within and between adja-
cent model layers. Note that the resolution of the model grid
should be fine enough for the conduit features to span multiple
grid cells. A pipe network, for example, cannot be designed
within a single finite-difference cell.

2.2.3. Equations for Pipe Flow

When a pipe is fully saturated, flow within the pipe can
be assumed to be one dimensional along the axis of the pipe.
Experiments of the late 1850s on flow of water in straight
cylindrical pipes indicated that the head loss along the pipe
varied “directly with velocity head and pipe length, and
inversely with pipe diameter” (Vennard and Street, 1975,

p- 380). Darcy, Weisbach, and other researchers in hydraulics
proposed the following general equation, which is applicable
to both turbulent and laminar flow:

2
Ah=h, = fﬂV—
d 2g 4)

where
Ahorh, is the head loss [L] measured along the pipe
of length Al [L],

is the friction factor [unitless],

is pipe diameter [L],

is the mean velocity [LT'],

< U~

and
g  isthe gravitational acceleration constant
[LT2].

The friction factor in equation 4 is a function of R, of the flow
and the relative roughness of the pipe. The relative rough-
ness of a pipe is usually defined using the mean height of the
conduit wall micro-topography. Equation 4 is known as the
Darcy-Weisbach equation. Because the mean pipe flow veloc-
ity, V, is equal to the volumetric flow, Q [L*T"], divided by the
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cross-sectional area perpendicular to flow, A [L?], the Darcy-
Weisbach equation can be reformulated to solve for volumetric
flow rates, Q [L>T"'], rather than head losses Ah, as follows:

4 /Ahng
fAl ’ ®)

Laminar flow is characterized by a parabolic velocity
distribution along a cross section of the circular pipe. Lami-
nar pipe flow can be approximated with the Hagen-Poiseuille
equation (Vennard and Street, 1975, p. 390-391). The Hagen-
Poiseuille equation was written in terms of the head gradient
along the pipe, the viscosity of the fluid, and the pipe diameter
squared by Craft and others (1962) and Halford (2000) as:

0=

zd* pgAh
PPV

_ _ A
128 Al of

32uAlT (6)

where 7 is the tortuosity [unitless] of the pipe, which is defined
as the distance actually traveled by a particle flowing through
the center of the pipe divided by the straight line distance
between the nodes of the pipe. Note that for CFPM1 pipe

flow calculations, p and u are computed as a function of the
ground-water temperature.

For turbulent flow in a pipe, the friction factor in the
Darcy-Weisbach equation was defined empirically through
experiments involving smooth and rough pipes. The functional
relation between f'and R used for turbulent flow in CFPM1 is
given by the empirical Colebrook-White formula (Colebrook
and White, 1937; Dreybrodt, 1988):

L g e 231
N EE TR N | o

where k_[L] represents the mean roughness height of the con-
duit wall micro-topography. The Colebrook-White equation
was derived such that it approaches a smooth pipe equation at
alow R, and a rough pipe equation at a high R (Morris, 1963).
According to Horlacher and Ludecke (1992), the turbulent
flow rate through a pipe is given by combining the Darcy-
Weisbach equation (equation 5) with the Colebrook-White
equation as:

2.51v k Ah

c

og + —
,2|Ah|gd3 3.71d |Ah|
Alt . (8)

|Ah|gd57zl 1

Q=\"oar

2.2.4. Corrections for Flow in Partially Filled Pipes

A special case occurs when the conduit pipes are partially
filled; for example, when the water elevation in the pipe is
less than the top elevation of the pipe. A flow correction was
derived based on work by Munson and others (1994), White
(1994), and Chin (2000, p. 89), who described flow in noncir-
cular conduits using the hydraulic radius, rather than a conduit
diameter, in the formulations for laminar or turbulent flow.
According to Munson and others (1994) and White (1994),
using the hydraulic radius as a basis for computing frictional
head losses in noncircular conduits is usually accurate to
within 15 percent for turbulent flow and to within 40 percent
for laminar flow. The approach taken here deviates slightly
from this prior work by computing an effective diameter, d ,
of a fully saturated pipe with the same hydraulic radius as the
partially filled pipe. For partially filled cases, the d, of a pipe
is used in the Hagen-Poiseuille and Darcy-Weisbach equations
instead of d to compute laminar or turbulent flow rates.

The d, of a pipe can be formulated as a function of 0
(fig. 4), where 0is a function of data that are readily available;
specifically, the hydraulic depth, D[L], and pipe diameter,
d[L]. Ois approximated at pipe nodes and is bounded by
two straight lines drawn to the center of the pipe from the
intersections of the pipe water level with the pipe wall (fig. 4).
The D in the pipe is defined as the depth of the flow section;
specifically, D is the difference in elevation between the water
level in the pipe and bottom of the pipe (fig. 4). From figure 4
it can be seen that:

iny=?
sin() =" ©)

and:

&=2sin™" (1)
r .

(10)
Using x = r— D (fig. 4) and r = d /2 yields:
y=\/r2—x2 2\/1”2—(1”—D)2 Z\ID(d—D)’ (1D)
and:
2{D(d-D
6= 2sin' (¥J
¢ (12)

If the elevation of water in the pipe is greater than the eleva-
tion of the center of the pipe, then:

0, =270 (13)
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The d, can now be formulated as a function of 6 or 6, using
the definition of hydraulic diameter (French, 1985):

d,=44/P (14)

where P [L] is the wetted perimeter. For a fully saturated pipe

of radius r, de is given as:

15)

For a partially filled pipe, assuming that the pipe is horizontal,
A and P are given by (French, 1985):

1 . 2
A —g(ﬁ—sm(é’))d ’ a6

and:

variable definition. The symbol 6
is approximated at pipe nodes and
is bounded by two straight lines
drawn to the center of the pipe
from the intersections of the pipe
water level with the pipe wall.

; a7

which yields:

d =d (1——Sin(‘9))
‘ 0 ). (18)

If the elevation of water in the pipe is greater than or equal
to the elevation of the center of the pipe, then 6, from
equation 13 is used in equations 16, 17, and 18.

Changes in storage also must be considered in partially
filled pipes as the water level in the pipe rises or falls. Storage
changes in a pipe are given by the difference of the water filled
volume at times 7, and ¢,. Specifically, storage changes, O
[L3T!], are given by:

0, = th _Vto
S
L=l (19)
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where the volume of water, V [L?], in the pipe is given by:

V.= AAlr (20)

and:

V.= é(@ —sin(8)))d’Alr

2D

A limitation of this approach for simulating flow in
partially filled pipes is the assumption that the slope of the
bottom elevation of the pipe is zero. In partially filled cases,
the slope of the bottom elevation of the pipe also drives flow
in addition to the head loss along the pipe. Errors in the flow
calculations, therefore, are likely in applications where this
assumption is violated; for example, in partially filled caverns
or caves with sloping bottom elevations. In contrast, errors
in the flow calculations should decrease as the slope of the
bottom elevation decreases.

2.2.5. Exchange of Water between the
Pipe Network and Laminar Flow Model
The linear equation used by the CFP to compute the

exchange of ground water between MODFLOW and pipes is
given by:

Qex =k (hn - hj,i,k) , (22)

where
o, [L'T'] is the volumetric exchange flow rate,
% is the pipe conductance at MODFLOW cell
Jik [L2T'],
h, is the head [L] at pipe node n located at the
center of the MODFLOW cell,
and
h,..  isthe head [L] in the encompassing
MODFLOW cell j,i,k.

The pipe conductance is a resistance term that limits ground-
water exchange between the pipes and porous media (similar
to the conductance terms used in the other head-dependent
flow packages of MODFLOW). The CFP assumes ground-
water exchange occurs along the entire pipe, and is not
turbulent. Negative O, indicates that exchange flow is from
the porous media into the conduit pipe(s); conversely, positive
Q. indicates that flow is from the conduit pipe(s) into the
porous media.

2.2.6. Corrections to Exchange for Partially Filled
Pipes

When pipes are either partially filled or dry or when
porous media heads lie below the top elevation of the conduit
pipe (fig. 5), pipe conductances are automatically limited
by CFP. In these instances, the partial surface area of pipe
walls, A, [L?], that is expected to participate in ground-water
exchange is internally computed and used to modify the pipe
conductances (e, ,). For example, consider a case where a
conduit pipe is partially filled, with the elevation of the porous
media head (hm.v ) less than the elevation of the bottom of the
pipe (fig. 5). In this case, flow from the pipe to the underlying
aquifer occurs only within the inner submerged area of this
pipe wall, Ap, which is computed with the following equation:

4, = PAZZ', 23)

where the perimeter, P, is computed with the following equa-
tion (French, 1985, p. 12):

P=Lod
20, 24)

Again, if the elevation of water in the pipe equals or exceeds
the elevation of the center of the pipe, then 0, is used in
equation 24.

The hydraulic depth, D, is needed to compute 0. In most
partially filled cases, D is taken as the difference in elevation
between the water level in the pipe and bottom of the pipe
(fig. 4). An exception is the case where the porous media head
is less than the top elevation of the pipe, but greater than the
water level in the pipe (fig. SE). In this exception, the D is
estimated as the difference in elevation between the porous
media head and the bottom of the pipe. This exception may
better represent the total partial area actively exchanging
ground water. Nine scenarios (fig. 5) are programmed in
CFPM1 in which modifications to the pipe conductance could
be needed because of partially saturated pipes and (or) porous
media heads. Modifications to the pipe conductance also were
programmed for a dry pipe with the porous media head greater
than the bottom elevation of the pipe (figs. 5C and F), even
though this scenario seems unlikely to occur in real ground-
water flow systems.

2.3. Computations of Turbulent Flow in
Preferential Flow Layers (CFPM2)

While many carbonate aquifers do have mapped conduits
that resemble pipes, such as the Woodville karst plain of
Florida (Davis, 1996), some carbonate aquifers have units
of high vuggy porosity (fig. 6B). In the Biscayne aquifer of
southern Florida, for example, much of the ground-water
flow is constrained into stratiform layers characterized by
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Figure 6. (A)Wakulla Springs,
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commun., 2006).

touching-vug porosity of paleobiogenetic origin (Cunningham
and others, 2006). Although regional internal characterization
of these voids is unlikely, the bounding depths to the tops

and bottoms of geologic layers that contain these voids are
obtainable (Cunningham and others, 2006). The CFPM2 was
designed to represent preferential ground-water flow layers
with potential turbulent ground-water flow. If CFPM2 is used
and flow is turbulent, only flow in the horizontal plane (along
rows and columns) differs from standard MODFLOW-2005
computations.

The basis for CFPM2 modifications to horizontal flow
is the nonlinearity of the relation between specific discharge
and hydraulic gradient when flow is turbulent (fig. 2). Note
that CFPM2 does not make use of a pipe network; rather, the
existing MODFLOW solvers compute turbulent flow using a
turbulent hydraulic conductivity, computed as a power func-
tion of the Reynolds number. The approach for calculating a
turbulent hydraulic conductivity in the preferential flow layers
is similar to the approach for simulating turbulent flow in a
well bore developed by Halford (2000). An adjustment factor,



E, [dimensionless], is used for adjusting the laminar hydrau-
lic conductivity. Halford (2000) sets the adjustment factor
equal to the square root of the ratio of the pipe friction factor
for laminar flow divided by the pipe friction factor for turbu-
lent flow. CFPM2 deviates from Halford’s (2000) approach by
making F, -a function of the square root of the ratio of the user
specified critical N,, divided by the R :

Kturb = F;ldelam . (25)
and:
Ezd' — & — K/umAhvrit
! Re KturbAh
when Ah > Ahcm; and F, g = 1, when Ah < Ahm, (26)
where
Ah is the computed head difference [L] between
two horizontally adjacent cells,
and

Ah,, is the critical head difference [L].
The Ahm., is computed from the N -t will be discussed in the
next paragraph. The result is turbulent hydraulic conductivities
that are increasingly less than the laminar hydraulic conduc-
tivity as the head gradient between cells increases, creating a
nonlinear relation between specific discharge and hydraulic
gradient. As can be seen in the above equation, the turbulent
hydraulic conductivity is a function of itself, requiring the use
of any of MODFLOW-2005 iterative solvers. The K, would
continue to be adjusted until the calculated change in head
between iterations is less than the user specified convergence
criteria specified for the solver package.

The Ah_, is dependent upon the user-defined N, and the
laminar hydraulic conductivity specified, K, . When Darcy’s
law is substituted for the mean velocity (defined as discharge
divided by the cross-sectional area, 0/A) in the Reynolds
number equation:

Ahcri
K lam A l : pore

v 27)

N, =

Re

By rearranging the terms in equation 27, Ah__is constant and
equal to:

Ny Al
Ah,, = VreAV
K4

lam™ pore

(28)
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In summary, when the head difference driving flow is greater
than Ah__, turbulent flow is activated by CFPM2, which
reduces laminar hydraulic conductivities into turbulent hydrau-
lic conductivities reproducing the nonlinear relation between
specific discharge and hydraulic gradients.

To demonstrate the accuracy of the CFPM2 approach,
comparisons were made between turbulent and laminar
specific discharges computed using Darcy’s law, the Darcy-
Weisbach equation, and the CFPM2 approach. Hypothetical
head gradients were used for each equation. Under turbulent
conditions with CFPM2, laminar hydraulic conductivities
were converted into turbulent hydraulic conductivities once the
Ah, . was exceeded (fig. 7). The example problem assumed v
is equal to 0.000001 m%/s, d,m is equal to 0.5 m, Al is equal to
100 m, K, is equal to 1.157 m/s, and the N,, is equal to 500.
Using equation 28, Ah__ is equal to 0.000864 m. Hypotheti-
cal head gradients were generated that range from 0.00001 to
0.049 m. The relation between turbulent specific discharge
and hydraulic gradient becomes nonlinear when the Ak and
the N, are exceeded (fig. 7). In cases where the Ah__ is not
exceeded, flow is laminar and the CFPM2 approach computes
specific discharge using laminar hydraulic conductivities and
Darcy’s law, as expected.

There are advantages and limitations to the CFPM?2
approach. The limited data requirements for CFPM2 when
compared to CFPM1 are a major advantage for CFPM2. Users
only need to assign upper and lower N, , the mean ground-
water temperature for computing viscosity, and mean void
diameters to compute turbulent flow. The CFPM?2 approach,
however, is less physically based than the CFPM1 approach.
Specifically, complex void distributions are not explicitly
represented. Thus, the CFPM2 approach may be limited for
simulation of transport if the aquifer is composed of discrete
conduit networks rather than preferential flow layers. The
impact on ground-water flow of complex void distributions is
mimicked by CFPM2 using mean void diameters, upper and
lower N, , and the very large laminar hydraulic conductivities
that are typical of larger diameter conduits.

A further limitation of the CFPM2 approach is apparent
for two- and three-dimensional problems due to the finite-dif-
ference solution scheme implemented in MODFLOW. MOD-
FLOW computes flow through all faces of a MODFLOW cell
using the head differences and conductance terms. The resul-
tant velocity vector for each MODFLOW cell is not computed
by MODFLOW; however, resultant velocity vectors generally
are computed by post-processors using the cell-by-cell flow
budget file and plotted on maps as flow vectors. The CFPM2
is designed like MODFLOW in that the check for horizontal
turbulent or laminar flow is calculated on each vertical face
of every MODFLOW cell. It is possible for one side of a cell
to be under turbulent flow conditions and another side to be
under laminar flow conditions. An indicator code (turbulence
code) is printed in a separate CFPM2 output file that docu-
ments whether the flow components on each MODFLOW cell
face are laminar or turbulent.
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Figure 7. Effects of CFPM2 turbulent hydraulic conductivities on specific discharge relative to Darcy's law

and the Darcy-Weisbach equation.

2.4. Upper and Lower Critical Reynolds Numbers

Note that both CFPM1 and CFPM2 require users to
assign two critical Reynolds numbers, N, , that transition
flow between laminar and turbulent. Due to conservation of
momentum, flow in a laminar state tends to stay laminar and
flow in a turbulent state tends to stay turbulent. Therefore,
an upper N, needs to be assigned when a CFPM1 pipe and
(or) CFPM2 layer with laminar flow transitions to turbulent
flow, and a lower N e needs to be assigned when a CFPM1
pipe and (or) CFPM2 layer with turbulent flow transitions to
laminar flow. During a transient simulation, for example, with
lower and upper N, equal to 2000 and 3000, laminar flow in a
hypothetical conduit pipe or layer would transition to turbulent
when the R, equals or exceeds 3000, respectively, and remain
turbulent until the R is less than or equal to 2000. Conversely,
turbulent flow in the hypothetical conduit pipe or layer would
transition to laminar when the R, is less than or equal to 2000,
and remain laminar until the R is again equal to or exceeds
3000. In the pipe experiments of Reynolds and numerous
similar experiments in hydraulics laboratories, this phenomena
was repeatedly observed. For porous media, upper and lower

N,, have not been observed; therefore, upper and lower N, e

for CFP simulations of porous media can be set approximately
equal, for example, 11 and 10, respectively). Additionally, it
has been observed that between the upper and lower N, , the
discharge in pipes is a function of mean velocity to the power
of greater than 1 but less than 2 (Vennard and Street, 1975,
chap. 7).

Chapter 3. Description of Conduit Flow
Process (CFP) Programming

Conduit flow theory was integrated into the MOD-
FLOW-2005 finite-difference solution scheme. Implementa-
tion of this theory required many FORTRAN subroutines to
be developed or integrated into the MODFLOW-2005 source
code. This section of the report documents not only the finite-
difference form of many of the theoretical equations governing
conduit flow, but also the CFP subroutines as they appear in
the FORTRAN main file for MODFLOW-2005.
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3.1. Integration of Simulation Modes

Three CFP modes were implemented into the MOD-
FLOW-2005 source code, specifically, CFPM1, CFPM2, and
CFPM3. Several new subroutines were written specifically
for CFPM1, including subroutines that: (1) compute flow in
partially filled pipes, (2) account for changes in pipe storage
when pipes are partially filled, (3) compute ground-water
exchange between the conduit pipes and porous media based
on the pipe conductance specified for a model cell, and
(4) correct ground-water exchange between partially filled
conduit pipes and porous media. Pipe nodes also were set to
dry when heads in the pipes were at or below the bottoms of
the pipes. As a result, CFPM1 rigorously represents the dual
porosity nature of many flow systems.

CFPM2 does not activate a pipe network. Rather, several
new subroutines were developed within MODFLOW-2005
that: (1) determine whether horizontal flow through the
vertical faces of model cells is laminar or turbulent; (2) adjust
conductances assembled by the Block-Center Flow (BCF),
Layer-Property Flow (LPF), and Hydrogeologic-Unit Flow
(HUF) Packages if flow is turbulent; (3) adjust flows in the
budget subroutines for the BCF, LPF, and HUF Packages if
flow is turbulent; and (4) write results related to turbulent flow
into text files for interpretation and plotting. Less program-
ming was required for CFPM2, which was a consequence of
the goal for this mode to represent turbulent ground-water
flow if needed, while requiring less data on the geometry and
hydraulic behavior of the secondary porosity.

CFPM3 is a result of the MODFLOW-2005 modular
design. Occasionally, new Packages and Processes for MOD-
FLOW work together without the need for much interface
programming. This is specifically the case for CFPM1 and
CFPM2; during experimentation and testing, it was discovered
that these Modes could work together. Simultaneous activation
of CFPM1 and CFPM2 is named CFPM3, and the CFP Input
File is designed to accommodate the data needed to iteratively
solve coupled CFPM1 and CFPM2 flow equations. Although
data requirements are intensive for CFPM3, this Mode may be
useful for modeling a porous media and conduit flow layers
interacting with a network of large secondary interconnected
voids that resemble pipes.

3.2. Conduit Flow Process (CFP) Program Flow

The CFP subroutines can be grouped into specific cat-
egories; namely allocate and read, read and prepare, distribute
direct recharge, exchange, formulate, approximate, output con-
trol, water budget, and output (fig. 8). The functionality and
details of the key subroutines in these categories are described
below. Also discussed is the compatibility of the CFP with
other MODFLOW-2005 developments.

3.2.1. Conduit Flow Process (CFP) Allocate and
Read Subroutine (CFP1AR)

CFPMODULE defines all the variables needed for the
CFP. A CFP allocate and read (CFP1AR) subroutine allocates
the arrays and variables needed for CFP simulations. CFP1AR
begins by reading the CFP Mode (either 1, 2, or 3). If CFPM1
is active, the maximum number of conduit nodes, pipes, and
MODFLOW layers are read. Based on these data, many arrays
used to solve pipe flow equations are allocated, such as arrays
that hold pipe diameters, internal roughness, tortuosity, and
N, Following these allocation statements, the length and time
units of the model are used to set the value of the gravitational
constant for pipe-flow calculations. The mean pipe water tem-
perature, in degrees Celsius (°C), is then read and used with
the length and time units of the model to calculate ground-
water dynamic and kinematic viscosity. Viscosity is related
to the internal fluid friction and shearing forces as parcels of
ground water move past one another. Dynamic viscosity is
defined as a constant of proportionality between a shear stress
and a velocity gradient, and is approximated in CFP based on
water temperature by the following empirical equations from
Weast (1979). If the water temperature (7)) is greater than
or equal to 0°C and less than 20°C, dynamic viscosity (u) is
calculated as:

0 1301-1.30233
998.33+8.1855(T, —20)+0.00585(T,, —20)

1000

] . (29

‘[l =
If the water temperature (7)) is greater than or equal to 20°C
and less than 100°C, dynamic viscosity (u) is calculated as:

1.3272(20-T,,)—0.001053(T;, —20)°
(T, +105)

#=10

J(w

1000 ) (30)

These empirical equations create an exponential decline of
dynamic viscosity with increasing water temperature (fig. 9).

Kinematic viscosity, v, is used in conduit layer and pipe
flow equations, and simply equals the dynamic viscosity
divided by the fluid density. Fluid density is computed in CFP
using the following empirical relation between 7, and fluid
density, p, from Weast (1979):

(999‘83952 +16.945176(T ) —7.9870401 - 3(7"”:)

—46.170461 - 6(T ") +105.56302 — 9(T.") — 280.54253 — 12(T’ )J (3D
(1+16.879850 - 3(T.))

p=

This empirical equation also creates a nonlinear and exponen-
tial decrease in water density with increasing water tempera-
ture (fig. 10).
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Following calculations of ground-water density and
viscosity, the CFP1 AR subroutine reads the geometry of the
pipe network. A pipe node is conceptualized as the end of a
pipe segment, or intersection of up to six pipes in the hori-
zontal or vertical directions (fig. 3A). Each node is located at
the center of a finite-difference cell, and there can be only one
node within a finite-difference cell. Finite-difference cells can
have equal or different row and column lengths. Model layers
composed of finite-difference cells also can have constant or
variable thicknesses. Diagonally adjacent porous media cells
can be linked by conduit flow nodes and pipes (fig. 3C). Also,
it is important to place nodes in all cells where conduit pipes
occur. Without nodes, porous media heads will not be affected
by the presence of conduit pipes. Note the resolution of the
model grid should be fine enough so the conduit features span
multiple grid cells. A pipe network, for example, cannot be
designed within a single finite difference cell.

Each node is assigned a node number and each two-node
segment is assigned a pipe number. The developer of a site-
specific application of CFPM1 should design a drawing of the
conduit network within each MODFLOW layer prior to gen-
erating this dataset. Each node location is assigned a MOD-
FLOW row number (7), column number (j), and layer number
(k). For each node (in), the node numbers that are connected
are listed and then the pipe segment numbers that are con-
nected to node in are listed. The elevation of each node is also
assigned. For each pipe, the diameter, tortuosity, and rough-
ness are read and assigned. Tortuosity affects the pipe length,
which is adjusted by multiplication of the tortuosity factor.

Individual conduit pipes have constant length, diameter,
tortuosity, and internal roughness (fig. 11); however, these
properties can vary from pipe to pipe. Thus, in cases with
abundant field data on the void architecture and hydraulic
behavior, complex two- or three-dimensional networks of

Column 1 Column 2 Column 3 Column 4
N1
Row 1
' Pipe 2
d=20m
T=20
ke=02m
N2 N4 N.5
Row 2 Pipe 1 Pipe 4
d=10m d=10m
T=12 T=14
ke=0.1m k.=04m
Row 3
EXPLANATION
MODFLOW CELL d  DIAMETER

JUELD

®
=
N

NODE NUMBER

PIPE CONDUCTANCE = 30 m2/d T TORTUOSITY
PIPE CONDUCTANCE = 10 mZ/d ke MEAN ROUGHNESS HEIGHT

PIPE CONDUCTANCE = 20 m2/d m  METER

m2/d SQUARE METER PER DAY

Figure 11. Possible variations in properties of conduit flow pipes in MODFLOW cells.
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conduit flow pipes and nodes can be designed to represent
interconnected or dead-end voids in the subsurface. Flow
calculations assume pipe nodes are located in the center of
MODFLOW cells. An exception is in the vertical direction, for
which there are two options. First, pipe nodes can be assigned
elevations above a datum, and therefore, are not restricted to
center elevations of MODFLOW cells. Second, pipe nodes can
be assigned a distance above or below the center of the MOD-
FLOW cell (fig. 12). With this second option, if the distance

is set to zero, pipe nodes are assumed to exist at the vertical
center of the MODFLOW cell.

After reading the elevation of pipe nodes, the CFP1AR
subroutine reads a flag (SA_EXCHANGE) that determines
whether the pipe conductance is: (1) assigned by the user in
the CFPM1 input file, or (2) computed internally based on a
user-defined conduit wall permeability and the surface area
of the pipes connected to the nodes. The finite-difference
equation used to compute the pipe conductance is discussed in
more detail later.

Three parameters controlling iterations of conduit pipe
flow equations are subsequently read by CFP1AR. These
include a convergence criterion (EPSILON) for the Newton-
Raphson iterations for pipe flow equations, an integer num-
ber for the maximum number of Newton-Raphson iterations
(NITER), and a parameter of relaxation (RELAX) that deter-
mines the step length of the Newton-Raphson iterations. For
EPSILON, use a very small number such as 0.000001. Chang-
ing RELAX to a value slightly less than 1.0 may facilitate
convergence of the pipe flow equations. If convergence cannot
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be achieved within NITER iterations, the CFP will stop and

a warning will be printed in the MODFLOW listing file. An
integer print flag (P_NR) for the results of the Newton-Raph-
son iterations is subsequently read by the CFP. If P_NR equals
1, the maximum node head change for Newton-Raphson
iterations is printed in the MODFLOW output file along with
the MODFLOW iteration number. If P_NR equals 0, results
from the Newton-Raphson iterations are not printed. Newton-
Raphson iterations are formulated to compute node heads that
sum the flows to the nodes to zero, and are discussed in more
detail later.

Pipe hydraulic data subsequently are read by the
CFP1AR subroutine. These include the pipe number, dia-
meter, tortuosity, roughness, and critical Reynolds numbers
(N,,)- These hydraulic properties can vary from pipe to pipe
(fig. 11). Following hydraulic properties, node heads
(N_HEAD) are subsequently read by the CFP1AR subroutine,
one for each node. Node heads are the piezometric heads for
constant-head nodes (positive values) or a flag (-1), indicating
that heads will be calculated during simulation. Finally, pipe
conductances or conduit wall permeability terms are read by
the CFP1AR subroutine, one for each MODFLOW cell that
contains a node.

If CFPM2 or CFPM3 are active, the CFP1AR subroutine
reads data that are needed to activate conduit flow (preferential
flow) layers in the iterative solutions. First, the total number
of CFPM2 layers is read, followed by the conduit flow layer
numbers. For example, a model could have 10 total layers,
with layer numbers 2, 5, and 8 assigned as conduit flow layers.

Sea level
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’.__.,—0——"' o ‘.,J——.
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Possible variations in elevation of conduit nodes in MODFLOW cells.
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Mean ground-water temperature in the preferential flow layers
is subsequently read and used to compute fluid density and
viscosity. Following water temperature, mean void diameters
and upper and lower critical Reynolds (N, ) numbers are read
for each preferential flow layer. For example, a model with
three conduit flow layers would have three mean void diam-
eters and N, ; specifically, one for each conduit layer. These
mean void diameters and N, are used to switch flow equations
from laminar to turbulent as discussed in chapter 2. Finally,
the CFP1AR subroutine also defines and allocates all the
arrays and variables needed for the Conduit Recharge (CRCH)
Package and Conduit Output Control (COC) File.

3.2.2. Newton-Raphson lterations

Computations of pipe flows, storage changes, and matrix
exchanges depend on heads at pipe nodes; however, node
heads are unknown. Newton-Raphson iterations (figs. 13 and
14) are used to solve for node heads. Newton-Raphson itera-
tions solve nonlinear equations by finding the root of the equa-
tions (Mehl, 2006). Specifically, the derivative (slope of a tan-
gent line) of a nonlinear equation is calculated with an initial
guess of the dependent variable (node head). The value of the
dependent variable (node head) where the tangent line crosses
zero on an axis (Mehl, 20006, fig. 3) is used as the updated
dependent variable (node head). This procedure repeats itself
until convergence is achieved (the nonlinear equation approxi-
mately equals zero) or until the maximum number of iterations
is reached.

Newton-Raphson iterations solve for node heads that
satisfy Kirchhoff’s law (Clemens, 1998; Horalacher and
Liidecke, 1992). Kirchhoft’s law states that the summation of
the volumetric flows to node in, including pipe flows (@,
individual matrix exchange (Q, ), direct recharge (Q,), and
changes in storage (Q) should equal zero, specifically:

np

0,0, +0, 20, =0
Z‘ : (32)

Note that changes in pipe storage are only computed when
the water level in the pipe drops below the top of the pipe.
An assumption is made that the node head applies along the
length of the pipe in the encompassing MODFLOW cell, so
that volumetric storage changes are computed.

During Newton-Raphson iterations, volumetric flow
driven by the head loss along the pipe Q,) is computed using
either the Hagen-Poiseuille equation (White, 1988) or Darcy-
Weisbach equations (Horlacher and Ludecke, 1992; Hucking-
haus, 1998), depending upon a comparison of Reynolds num-
bers (R ). If flow is laminar; that is, if the internally computed
R is less than the user-defined critical Reynolds number (N, ),
the Hagen-Poiseuille equation is applied as:

Laminar pre-calculation?

lyes

Pre-calculate

y
Save node heads for

the first time step
\ 4
Determine if flow is
laminar or turbulent
A\ 4
r—> | Newton-Raphson iteration

Convergence?

Save node heads
as starting heads
for time step n+1

Figure 13. Conduit pipe formulate (CFPM2FM)
subroutine and approximate procedures.

_ ﬂ.dip 4g (hin - hneighbor)
v 128 VAl[p Tip , (33)
where
weigor 15 the node head at the other end of the pipe
segment,
» is the pipe diameter,
ll,p is the pipe length,
and

is the pipe tortuosity.
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Figure 14. Newton-Raphson iteration steps.

If flow is turbulent, that is, if the internally computed R, is greater than the user-defined N, the Darcy-Weisbach equation is

applied as:

0 = ‘(hin - hneighbar) gdiPS,zﬁ log 251y k, . (hm — hneighbm)
lp 2Alip o 4 2 ‘(hin - hnaighhor ) gd ,',73 3.7 ldipw ‘(hin - hneighlmr)
Alz,
) (34)

where A[p is the cross-sectional area of the pipe ip. The equa-
tion used to internally compute the R, for pipe ip is:

_ Vol

V.

ip

R

e

; (35)

where v, is the pipe mean flow velocity [LT'], and is com-
puted as the pipe volumetric flow divided by the flow cross-
sectional area based on the pipe diameter d, [L].

A special case occurs in which Newton-Raphson itera-
tions are not used; specifically, at the first iteration of the first
time step and first stress period (fig. 13). In this case, node
heads are set equal to the elevation of the top of the node, and
the sum of the flows driven by head losses along the pipe is
pre-calculated using the Hagen-Poiseuille equation. When the
model has advanced past this initial iteration, node heads from
the previous time step are used to start Newton-Raphson itera-
tions for the current time step.
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3.2.3. Exchange Subroutines

A subroutine was modified and integrated into MOD-
FLOW-2005 to compute exchanges of ground water between
conduit pipes and porous media. The total volumetric
exchange (Q, ) [L’T"'] between all the conduit pipes and
porous media is computed by summing the individual volu-
metric exchanges (Q, ) [L°T'] as follows:

Z mxnode 2 np
Qtex - in=1 ip=1 Qex

: (36)
where
in is an integer subscript for each node,
mxnode is the maximum number of nodes in the
model,
ip is an integer subscript for each pipe that
connects to node in,
and
np is the number of pipes connected to node in.

Total exchange flow, 0,
water budgets.

Individual volumetric exchanges, Q, , are computed using
the Darcy formulation:

is reported in CFP and MODFLOW

Qe:c =k (hin - hj,z‘,k) , 37)
where
o, isthe pipe conductance [L2T],
h, is the head [L] at node in computed by the
CFP,
and
h.. is the head [L] in the encompassing
MODFLOW cell.

This equation assumes that ground-water exchange is not
turbulent. Negative Q, indicates exchange flow is from the
porous media into the conduit pipe(s). Conversely, positive
O, indicates flow is from the conduit pipe(s) into the
porous media.

Two options are available for assembling @, - When
using the first option (SA_EXCHANGE = 0), a 1s entered
by the user for each node in the CFP Input File and no internal
computation of the pipe conductance is done by the computer
code. A secondary option (SA_EXCHANGE = 1) is available
in CFP that internally computes % using pipe geometry data
assigned in the CFP Input File for the pipes that connect to the
node. When SA_EXCHANGE = 1, conduit wall permeability
terms (K 0 are assigned in the CFP Input File for each node,
and @, 1s internally computed by the computer program as:

np 1
a,, = K, md, E(Al,.p z,)

ip=1

. (38)

K is the conduit wall permeability term [LT'] in
' MODFLOW cell j,i,k,
T is the mathematical constant pi [unitless],
d is the diameter [L] of pipe ip connected to
node in,
Al is the straight-line length between nodes [L]
of pipe ip connected to node in,
is the tortuosity [unitless] of pipe ip connected
to node in,
and
T, is the radius of the pipe [L].

Due to incomplete knowledge of the conduit geometry and
the rock matrix permeability at the conduit walls, and regard-
less of the option selected to assemble % it is likely that this
parameter will be modified during model calibration.
Ground-water exchange between conduit layers (CFPM2)
and porous media layers is computed with existing MOD-
FLOW-2005 subroutines. No modifications were made to
subroutines that compute vertical flow. For example, vertical
conductances provide the resistance to exchange between
conduit and porous media layers, vertical flow corrections are
activated under dewatered or “perched” conditions (Harbaugh,
2005), and conduit layer or porous media cells can convert
from wet to dry (Harbaugh, 2005, p. 5-7 to 5-11). When using
conduit layers (CFPM2 and CFPM3), both conduit layers and
porous media layers should be assigned as fully convertible.
For example, assign all layers (both conduit and porous media
layers) as LAYCON = 3 if the BCF package is active, or
layer type flag greater than zero if the LPF or HUF packages
are active. Conductances for MODFLOW layers that are not
convertible are not updated every iteration; therefore, modifi-
cations for turbulence will not be performed every iteration as
needed in nonconvertible layers.

3.2.4. Conduit Pipe Recharge Subroutine

The CFP1RCHIRP subroutine routes recharge, Q,,
directly into a pipe node without infiltrating through the
porous media. Specifically, a fraction of the diffuse recharge
(assigned in the traditional MODFLOW RCH Package) can be
routed directly into pipe nodes. The routed direct recharge is
subtracted from the diffuse recharge (assigned in the tradi-
tional MODFLOW RCH Package) for traditional MODFLOW
water-budget calculations. This functionality may be useful
for scenarios in which rainfall runs directly into karst features,
such as sinkholes or swallets. Swallets commonly occur in
the transition zone between upland regions and karst plains in
Florida. Many of these features receive untreated stormwater
and other surface waters directly from urban areas (Means and
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Scott, 2005). The direct conduit recharge may be less than or
equal to the diffuse areal recharge assigned in the standard
MODFLOW-2005 Recharge (RCH) Package. For example,
if the direct conduit recharge in a karst environment is

10 percent of the diffuse areal recharge, a multiplier of 0.1
can be assigned in the new CRCH Package. If the direct
conduit recharge in a karst environment is 100 percent of the
diffuse areal recharge, a multiplier of 1.0 can be assigned in
the new CRCH Package. The CFP1RCH1RP subroutine reads
node numbers and diffuse recharge fractions (P_CRCH) that
route water directly into pipe nodes.

3.2.5. Subroutine for Solution of Conduit Flow
Process Mode 2 (CFPM2) Heads

In CFPM2 layers, a nonlinear form of the finite-
difference equation in MODFLOW results from the
adjustment of conductance once the critical head difference
along a row or column is exceeded, as previously described.
The solution for CFPM?2 heads uses existing MODFLOW
iterative solvers with different conductances for laminar
and turbulent flow conditions as described in chapter 2. The
laminar conductance remains a constant specified in the
input as long as the flow is laminar; however, the turbulent
conductance is a nonlinear power function of the Reynolds
number. Subroutine CFPM2FM was created and integrated
into MODFLOW-2005 to modify conductances assembled
by the BCF, LPF, and HUF packages every iteration when
flow through a face of a MODFLOW cell is determined to be
turbulent (when the calculated head difference exceeds the
critical head difference).

MODFLOW is designed to compute horizontal flow
through vertical faces of a model cell. Exceptions are the last
row and column. No flow occurs through the front faces of
model cells in the last row. Likewise, no flow occurs through
the right faces of model cells in the last column. Note the
resultant flow vector for each MODFLOW cell is not com-
puted by MODFLOW; however, resultant vectors generally are
computed by post-processors using the cell-by-cell flow bud-
get file, and plotted on maps as velocity vectors. The CFPM?2
accounts for turbulence in the flow computations through the
faces of MODFLOW cells, but does not compute the resul-
tant flow vector nor determine whether the resultant vector is
laminar or turbulent.

Recall from equation 28 that the Ak along the side of a
cell in the row or column direction remains constant based on
the K, and lower or upper N, specified and is calculated as
follows:

N, v Alj+1/2,i,k
Ahcrit =t
2,0k K )
lam j i k™" void, (39)
N, valj—l/2,i,k
Ahz‘rit =t
j-112,ik K

lam j i k™" void,

(40)

Ah _ Nre,(valj,Hl/Z,k
Crit[ i+1/2,k B K d
’ lam j i k™" void, s (41)
and:
Ah _ N VAL
L'mk, d-1/2.k K

lam j i k™" void,

(42)

At the onset of turbulent flow, the turbulent inter-nodal
conductance along rows (CR™, , and CR" ) and

j+1/2,0 k urb;_yp ;i i

columns kiter and kiter are computed as:
( cc turb; i1 cc wrb; 1k ) P
titer CR_/+]/2,LJ( Ahmr e |
CR b CRJ+1 2.0k kiter—1 kiter—1
CR b, hj,i,k - hm,i,k (43)
R, s [, |
CR by CR,,fl,z,i,k CRW'*I A A kiter—1
wrb, e | ik T ik (44)
Fiter CC/.:+]/2,k hm‘ruw o ‘
cc 1rb 12 = CC/"H/z‘k kiter—1 h h o
cc wrb, | sk ik (45)
CCpoa [ |
cc wh, ) = CC/J,]/“ - P kiter—1
b, s | ik sk (46)

where CRj+]/2,i,k s CR/'—I/Z,i‘k’ CC/JH/Z,I{ ,and CC/',i—l/Z,k are the
traditional MODFLOW conductances [L*T'] along rows and
columns, respectively; and Ahm.t is the critical head difference
between, for example, model cells j,i,k and j+1,i,k for flow to
the right, and model cells j,i,k and j,i+ 1,k for flow to the front.
Turbulent conductances are used in MODFLOW solvers to
compute heads in conduit layer model cells. Iterative solv-
ers, such as SIP or PCG, are required when conduit layers are
active in a simulation. Direct solvers for MODFLOW, such as
DE4 cannot be applied if CFPM?2 is active. Because turbulent
conductances are used for the preferential flow layers, these
layers should not dewater, even though it is required that these
be specified as convertible layers.

A limitation of the CFPM2 approach is apparent for two-
and three-dimensional problems due to the finite-difference
solution scheme implemented in MODFLOW. MODFLOW
computes flow through all horizontal faces of a MODFLOW
cell using the head gradient between the side defined by the
two adjacent cells and the cell row or column conductance.
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The resultant velocity vector for each MODFLOW cell is not
computed by MODFLOW; however, resultant velocity vectors
generally are computed by post-processors using the cell-by-
cell flow budget file, and plotted on maps as flow vectors.
The CFPM2 is designed like MODFLOW in that the check
for horizontal turbulent versus laminar flow is calculated for
each vertical cell face. It is possible for one side of a cell to be
under turbulent flow conditions and another side to be under
laminar flow conditions. An indicator code (turbulence code)
is printed in a separate CFPM2 output file that documents
whether the flow components on each conduit layer model cell
face is laminar or turbulent.

3.2.6. Conduit Flow Process (CFP) Budget
Routines

Several water-budget subroutines were created or inte-
grated into MODFLOW-2005 for the CFP. These subroutines
were used to modify: (1) water budgets at constant-head
boundaries that contain a conduit pipe; (2) adjacent flows
computed by the BCF, LPF, and HUF packages; and (3) volu-
metric water budgets for the MODFLOW cells. Subroutines
also were integrated into MODFLOW-2005 for the CFP to
compute conduit-pipe and node water budgets.

3.2.6.1. Modification of Flows to Constant-Head
Boundaries and Laminar Flow Model Budgets

When conduit pipes are active, modifications are made
to MODFLOW volumetric budgets to account for: (1) O,
the total volumetric exchange of ground water between the
pipes and laminar flow model; and (2) the volume of water
exchanged between the pipes and laminar flow model con-
stant-head boundary cells. At constant-head boundaries that
contain a conduit pipe, the budget subroutines of the BCF,
LPF, and HUF packages were modified to account for the
exchange of ground water between the pipe and boundary cell.
This exchange is computed as the product of the pipe conduc-
tance, o, and head difference between the pipe and constant
head boundary. The exchange flow is positive if flow is from
the pipe into the boundary, and conversely, is negative if the
flow is from the boundary into the pipe. Ultimately, these
modifications adjust flow reported in conventional MOD-
FLOW water budgets in the Listing or Output File.

3.2.6.2. Modifications to BCF, LPF, or HUF Adjacent Flows

When conduit layers are active (CFPM?2) and flow
through the face of a conduit layer model cell is turbulent, tur-
bulent conductances are used to compute adjacent flows in the
budget subroutines of the BCF, LPF, or HUF packages. Flow
to the right is computed as:

Qj+1/2,i,k =CR,, ik (hj,i,k - hj+1,i,k) )

(47)

Flow to the left is computed as:

Qj—l/z,i,k = CRme,l ik (hj,i,k _hj—l,i,k) )

(48)

Flow to the front is computed as:
Qyias = CCos o (s =l (49

Flow to the back is computed as:
Qjirvvzk = CCuny, My =04 (50)

3.2.6.3. Conduit Pipe and Node Water Budgets

Subroutines were integrated into MODFLOW-2005 to
track water budgets for conduit pipes and nodes. For conduit
pipes, sources and sinks of ground water in conduit pipe
budgets include matrix exchange, direct recharge, flows to and
from constant-head boundaries, and storage changes when
pipes are partially full. Water budgets also are tracked for each
node when conduit pipes are active. This includes flows from
nodes with constant heads, direct recharge, matrix exchange,
storage changes, and total flow into and out of the node from
connecting conduit pipes.

3.2.7. Conduit Flow Process (CFP) Output Control
Routines

Subroutines were integrated into MODFLOW-2005 to
output CFP results into text files. CFP results written to text
files include node heads and water budgets. Some conduit flow
results automatically are written to the conventional MOD-
FLOW Listing File. Specifically, at the end of each time step
whether flow in each pipe is laminar or turbulent, the flow
rate within each pipe, Reynolds number, and residence time
are automatically written to the conventional MODFLOW
Listing File. The residence time in each pipe is calculated as
the distance it takes for a particle to travel along the center of
the pipe divided by the mean pipe flow velocity. The particle
travel distance is simply the product of the pipe length and
tortuosity, and the mean pipe flow velocity is calculated as the
volumetric flow rate divided by the flow cross-sectional area.

If time-series data are desired in a format useful for
plotting and graphing programs, the Conduit Flow Process
Output Control (COC) File is needed. The COC File holds the
total number of nodes, specific node numbers, and time-step
frequency for writing node heads. In addition to writing node
heads, water-budget information also is reported including
direct recharge, matrix exchange, flows to and from connect-
ing pipes, changes in storage for partially saturated cases,
and flows from constant-head boundaries. The COC File also
includes the total number of pipes, specific pipe numbers, and
time-step frequency for writing the flow rate in the pipe to an



output file. In addition to pipe flow rates, the internally com-
puted R, also is written in time-series format.

An additional output file named turblam.txt also is writ-
ten when preferential flow layers are active. This file lists
an integer for each conduit layer model cell that indicates
whether flow to the right, front, or both is laminar or turbulent
at the end of each stress period. If the integer equals O, flow
to the right and front are both laminar. If the integer equals
1, flow to the right is turbulent, whereas flow to the front is
laminar. If the integer equals 2, flow to the front is turbulent,
whereas flow to the right is laminar. If the integer equals 3,
flow to the front and right both are turbulent. These integers
can be plotted with visualization programs to show locations
in the aquifer where flow is laminar or turbulent.

3.3. MODFLOW-2005 Compatibility

Because the CFP was created with MODFLOW-2005
version 1.2.01, dated January 17, 2007, CFP compatibil-
ity is restricted to programming available with that version
of MODFLOW (table 1). Note that CFP is not compatible
with the parameter estimation and sensitivity processes of
MODFLOW-2000 (Harbaugh and others, 2000). Parameter
estimation, however, could be accomplished with CFP using
programs such as UCODE (Poeter and Hill, 1998) or PEST
(Doherty, 2002), which operate independently from MOD-
FLOW. Further programming efforts to increase compatibility
of CFP with other MODFLOW developments may be done in
the future.

Chapter 4. Conduit Flow Process (CFP)
Input Instructions

Input for running the CFP are contained within the Name
File, CFP Input File, CRCH Package, and (or) COC File.
Input data are read in either free or fixed format for each input
variable or array. Free format variables and arrays do not need
to occupy a fixed number of columns in a row. Conversely,
variables and arrays read with a fixed format must occupy spe-
cific columns in a row. Comments can be put into any of the
input files by starting the comment with a “#.” All text on the
line after this symbol is ignored. Recall iterative solvers, such
as SIP or PCG, are required when conduit layers are active in
a simulation. Direct solvers for MODFLOW, such as DE4 can-
not be applied if CFPM?2 is active.

4.1. Name File

The Name File (Harbaugh, 2005) is used to specify that
the CFP will be used in a simulation. This file requires the
Package initials, the Fortran unit number that Files and Pack-
ages will be read from or written to, and the names of the files
that either hold input data or will receive model output data in
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text or binary form. An example of a line within the Name File
that activates the CFP would be “CFP 16 testlc.cfp,” where
“CFP” means the Conduit Flow Process will be active during
this simulation, “16” is the assigned Fortran unit number, and
“testlc.cfp” is the name of the file with the input data for the
CFP. The Name File is read by MODFLOW on unit 99, and is
constructed as follows:

FOR EACH SIMULATION

1. Ftype Nunit Fname

Ftype—is the file type. Ftype may be entered in any
combination of upper and lower case letters. Below are
the Ftype names specific to the CFP application. All the
other Ftypes in a Name File are existing MODFLOW
Ftypes.

CFP for the Conduit Flow Process (required for all CFP
modes)

CRCH for the Conduit Recharge Package (only used
with modes 1 or 3)

COC for the Conduit Output Control Option (only used
with modes 1 or 3)

Nunit—is the Fortran unit number assigned to the file
(an integer). Each Ftype must have a unique Nunit inte-
ger. The Name File is read on unit 99.

Fname—is the file name, which is a character value.
Pathnames may be specified as part of Fname.

An example of a Name file for using the CFP is given
below. In this example, there are comment lines starting with
a # symbol, and all the functionality available in the CFP is
active; specifically, the CFP Input File and the CRCH and
COC Packages.

Example Name File:
#output files

LIST 6 testl.OUT

DATA (BINARY) 50 testl.cbb
DATA (BINARY) 51 testl.hds
#input files

BAS6 1 testl.bab6

DIS 2 testl.DIS

LPF 11 testl.LPF

RCH 13 testl.rch

CRCH 14 testl.crch

PCG 15 testl.pcg

CFP 16 testl.cfp

OC 22 testl.oc

COC 23 testl.coc
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Table 1. Conduit Flow Process compatibility with other MODFLOW processes and packages.
Process Package File type Source

GLO List LIST Harbaugh (2005)
Discretization DIS Harbaugh (2005)
Multiplier MULT Harbaugh (2005)

Zone ZONE Harbaugh (2005)

GWF Basic BAS6 Harbaugh (2005)
Block-Centered Flow BCF6 Harbaugh (2005)
Layer-Property Flow LPF Harbaugh (2005)
Hydrogeologic-Unit Flow HUF Anderman and Hill (2000)
Drain DRN Harbaugh (2005)

Drain Return Flow DRT Banta (2000)

River RIV Harbaugh (2005)

Gaging Station GAGE Prudic and others (2004); Merrit and Konikow (2000)
Stream Flow Routing SFR Prudic and others (2004)
Lake LAK Merrit and Konikow (2000)
Reservoir RES Fenske and others (1996)
General-Head Boundary GHB Harbaugh (2005)
Evapotranspiration EVT Harbaugh (2005)
Segmented Evapotranspiration ETS Banta (2000)

Well WEL Harbaugh (2005)
Multi-node Well MNW Halford and Hanson (2002)
Recharge RCH Harbaugh (2005)

Flow and Head Boundary FHB Leake and Lilly (1997)
Hydraulic Flow Barrier HFB Hsieh and Freckleton (1993)
Stream STR Prudic (1989)

Strongly Implicit Procedure SIP Harbaugh (2005)
Preconditioned Conjugate Gradient PCG Harbaugh (2005)

Output Control oC Harbaugh (2005)

OBS Hydraulic Head Observation OBS Hill and others (2000)
Drain Observation DROB Hill and others (2000)
General-Head Boundary Observation GBOB Hill and others (2000)
River Observation RVOB Hill and others (2000)

CFP Conduit Flow CFP This report
Conduit Direct Recharge CRCH This report
Conduit Output Control COC This report




4.2. Conduit Flow Process (CFP) Input File

Input for the CFP is read from the file type “CFP” in the
Name File. The CFP Input File contains most of the informa-
tion needed to simulate dual porosity flow. For example, the
location, geometry, and hydraulic properties of conduit flow
pipes are held in the CFP Input File, as well as mean void
diameters of preferential flow layers.

Note that the data requirements in the CFP Input File
change depending upon the desired CFP Mode. The CFPM 1
only requires input for conduit flow pipes and nodes, whereas
the CFPM2 only requires input for preferential flow layers.
The CFPM3 requires input for conduit flow pipes, nodes, and
layers. When conduit flow pipes and nodes are active, it is
helpful to have already mapped out the conduit network in a
sketch of nodes and pipes in each model layer so that all of the
nodes and pipes have assigned numbers prior to developing
the CFP dataset. Additionally, the length (LENUNI) and
time units (ITMUNI) in the Discretization (DIS) File of
MODFLOW-2005 are used within CFP to calculate conduit
flow terms, such as gravitational acceleration (g) and viscosity
(w). Thus, if using units of feet and day in the MODFLOW
laminar flow model datasets, then units used in the CFP Input
File also must be entered in feet and day.

For each simulation, all variables, characters, and arrays
in the CFP Input File are read using free format. The required
comment lines are dimensioned for 80 characters.

e

#Required comment line
MODE (read 1 line)

2. #Required comment line
3.  #Required comment line
NNODES NPIPES NLAYERS (read 1 line)
#Required comment line

TEMPERATURE (read 1 line)

N o A

# Required comment line

8. NO_N MC MR ML NB1 NB2 NB3 NB4 NB5
NB6 PB1 PB2 PB3 PB4 PB5 PB6 (read in a total
of NNODES lines)

9. #Required comment line
10. #Required comment line
11. #Required comment line

12. GEOHEIGHT. (Option 1: NO_N, ELEVATION;
read in a total of NNODES lines of input data) or
(Option 2: NNODES, ELEVATION; 1-line)

Chapter 4. Conduit Flow Process (CFP) Input Instructions 27

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.

28.

29.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

#Required comment line

SA_EXCHANGE (read 1 integer value, either
Oorl)

#Required comment line

EPSILON (read 1 real value)

#Required comment line

NITER (read 1 integer value)

#Required comment line

RELAX (read 1 real value)

#Required comment line

P_NR (read 1 integer value, either O or 1)
#Required comment line

#Required comment line

NO_P DIAMETER TORTUOSITY RHEIGHT
LCRITREY_P TCRITREY_P (Read 1 integer and
5 real values for each pipe)

#Required comment line

NO_N N_HEAD (read in a total of NNODES lines
of input data)

#Required comment line

NO_N K_EXCHANGE (read in a total of NNODES
lines of input data)

#Required comment line
#Required comment line
NCL (one integer value)
#Required comment line
CL (one line read, number of values equal to NCL)
#Required comment line
LTEMP (one real value)
#Required comment line
#Required comment line

VOID LCRITREY_L TCRITREY_L (read one line
for each NCL layer)



NB1 to NB6 (columns 5 to 10)—are neighbor node
numbers, which are connected by pipes to node NO_N

28 Documentation of a Conduit Flow Process (CFP) for MODFLOW-2005
The description of CFP data input variables is given
below:
0.  The first line of the input file is a required text comment

line. A blank line could be inserted, but it is best to put some
sort of run documentation in this line. For example “#Test
Run 1 of Shoemaker and Kuniansky for Wakulla Springs.”
Below is a detailed description of all of the numbered data
types in the CFP Input File.

1.

2-3.

MODE—is an integer value controlling the acti-
vation of conduit pipes and (or) layers.

If MODE=1, only conduit pipes are active (CFPM1).
If MODE=2, only conduit layers are active (CFPM?2).

If MODE=3, both conduit pipes and layers are active
(CFPM3).

If MODE=1, items 0-29 have to be specified. If
MODE=2, only items 0, 1, and 30-39 have to be speci-
fied. If MODE=3, items 0-39 have to be specified.

Two comment lines. These are required text com-
ment lines for further description of the model run.

NNODES NPIPES NLAYERS

NNODES—is an integer value for the total number of
nodes in the conduit pipe network. Each node is located
at the center of a model cell in plan view.

NPIPES—is an integer value for the total number of
pipes in the conduit network.

NLAYERS—is an integer value for the total number of
model layers.

One required text comment line.

TEMPERATURE—is a real number in degrees Celsius,
representing the average temperature of ground water in
the conduit pipes.

One required text comment line.

NO_N MC MR ML NBI1 NB2 NB3 NB4 NBS5
NB6 PB1 PB2 PB3 PB4 PB5 PB6—are integer
values that describe how the nodes are connected to the
MODFLOW model cells, and how node and pipe con-
nections are formed. There should be one line for each
node. It is best to have developed a sketch of the model
grid with the pipes and nodes numbered before starting
this dataset.

NO_N (column 1)—is the node number. Nodes are at
the center of a model cell and define the connections of
the pipe network.

MC, MR, and ML (columns 2 to 4)—are the MOD-
FLOW cell column, row, and layer numbers within
which node NO_N is located, respectively.

9-11.

12.

13.

14.

(specified in the first column). As many as six adjacent
or diagonal neighboring nodes in three dimensions can
be listed. If there are less than six neighbor nodes con-
nected, insert zeros for the remaining columns. There
will always be at least one node connected to the speci-
fied node NO_N.

PB1 to PB6 (columns 11 to 16)—are the pipe numbers
connected to the node NO_N. Each node should be
connected to at least 1 pipe, but can be connected to as
many as 6 pipes. Pipe numbers represent the pipe seg-
ment between nodes. If there are less than six neighbor-
ing pipes connected to the node (NO_N), insert zeros in
the remaining columns. Again, a zero in the rest of the
columns means there are no more pipe connections.

Required comment lines used to describe model input
data.

GEOHEIGHT—is the absolute elevation of the
pipe nodes. There are two options for entering node
elevations. With option 1 the number of lines read is
equal to the total number of nodes (NNODES data
line 4). With option 2 only 1 line is read and the
first number must equal NNODES in data line 4.

Option 1—NO_N ELEVATION— Each line will con-
tain an integer node number (NO_N) and the respective
node elevation (ELEVATION) with respect to the user’s
model datum. A CFPM1 simulation with 10 nodes, for
example, would require 10 lines, each containing an
integer node number and the respective node elevation.
If the first node number is less than the total number of
nodes, this indicates that option 1 has been selected and
the CFP program will expect to read in a total number of
lines of data equal to the total number of nodes as speci-
fied in data line 4.

Option 2—NNODES ELEVATION— only one line is
read describing the elevation of each pipe node within
finite-difference cells. If the first integer in this section
of input equals the total number of nodes as specified in
data line 4, then only one line will be read. This option
allows for the CFPM1 to set each node elevation to

the vertical center of the encompassing model cell, if
ELEVATION is assigned a value of 0.0. Assigning val-
ues other than 0.0 for ELEVATION will raise or lower
the node elevations a distance equal to ELEVATION
above or below the vertical center of the encompassing
model cell.

Required comment lines used to describe model input
data.

SA_EXCHANGE—is an integer that equals either O or 1



15.

16.

17.

18.

19.

20.

21.

22.

If SA_EXCHANGE = 0, the user assigns the pipe con-
ductance for each node in the CFP Input File.

If SA_EXCHANGE = 1, the user assigns the conduit
wall permeability, and the CFP will compute the surface
areas of pipes when assembling pipe conductances

for ground-water exchange between pipes and porous
media.

Required comment lines used to describe model input
data.

EPSILON—is a real number for the convergence
criterion of the Newton-Raphson iteration for pipe flow
equations. Use a very small number, such as 0.000001.

Required comment lines used to describe model input
data.

NITER—is an integer number for the maximum number
of Newton-Raphson iterations. If convergence cannot be
achieved, the program will stop and a warning will be
printed in the MODFLOW listing file.

Required comment lines used to describe model input
data.

RELAX—is a real number of relaxation that deter-
mines the step length of the Newton-Raphson iterations.
Changing RELAX to a value slightly less than 1.0 may
facilitate convergence of the pipe flow equations.

Required comment lines used to describe model input
data.

P_NR—is an integer print flag for Newton Raphson
iterations. If P_NR equals 0, results from these iterations
are not printed. If P_NR equals 1, results from these
iterations are printed, including the MODFLOW itera-
tion number, Newton Raphson iteration number, and the
maximum node head change.

23-24. Two required comment lines used to describe model

25.

input data.

NO_P DIAMETER TORTUOSITY RHEIGHT
LCRITREY_P TCRITREY_P—are the pipe numbers
and hydraulic properties. The total lines of input data are
equal to the total number of pipes defined by NPIPES in
data line 4.

NO_P (column 1)—is the integer pipe number.

DIAMETER (column 2)—is a real number for the pipe
diameter.

TORTUOSITY (column 3)—is a real number for the
pipe tortuosity. A value of 1.0 indicates a straight pipe.
If a pipe length greater than the straight-line distance
between the two nodes of the pipe is required, a tortuos-
ity greater than 1 can be used.
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26.

27.

28.

29.

RHEIGHT (column 4)—is a real number for the internal
calculation of roughness and is the mean height of the
micro-topography of the conduit (pipe) wall.

LCRITREY_P (column 5)—is the lower critical Reyn-
olds number (turbulent to laminar).

TCRITREY_P (column 6)—is the upper critical Reyn-
olds number (laminar to turbulent).

Required comment lines used to describe model input
data.

NO_N N_HEAD—are integer node numbers and either
node constant heads or a flag that activates a CFP solu-
tion for node head. Use one line for each node.

NO_N (column 1)—is the integer node number.

N_HEAD (column 2)—is the piezometric heads for
nodes with fixed head (positive values) or a flag (-1) that
indicates that heads will be calculated during simulation.

Required comment lines used to describe model input
data.

NO_N K_EXCHANGE—are integer node numbers
and real numbers for either conduit wall permeabili-
ties (when SA_EXCHANGE-=1) or pipe conductances
(when SA_EXCHANGE=0), one line for each node.

NO_N (column 1)—is the node number (in increasing
order).

K_EXCHANGE (column 2)—is the pipe conductance
(SA_EXCHANGE=0) or conduit wall permeability
(SA_EXCHANGE=1).

30-31. Two required text comment lines read only if MODE

32.

33.

34.

35.

equals 2 or 3 from data line 1. The following variables
are required in the CFP Input File for conduit layers. It
is important to remember that when MODE equals 2, the
following variables are the only variables needed in the
CFP Input File. Also, conduit layers must be convertible
layers. For example, conduit layers must be specified as
LAYCON = 3 in the BCF Package, LAYTYPE > 0 in
the LPF Package, or LTHUF > 0 in the HUF Package.

NCL—is an integer equal to the total number of conduit
layers.

Required comment lines used to describe model input
data.

CL—is a one-dimensional integer array entered on a
single line of the CFP Input File. This array holds the
MODFLOW layer numbers that are conduit layers.

Required comment line used to describe model input
data.



30 Documentation of a Conduit Flow Process (CFP) for MODFLOW-2005

36. LTEMP—is the mean water temperature in degrees
Celsius of all conduit layers.

37. Required text comment line.
38. Required text comment line

39. VOID LCRITREY_L TCRITREY_L—are real num-
bers for each conduit flow layer.

VOID—is the mean void diameter. This value is used in
calculating the critical head difference from the speci-
fied lower and upper critical Reynolds numbers.

LCRITREY_L—is the lower critical Reynolds number
for switching from turbulent to laminar flow.

TCRITREY_L—is the upper critical Reynolds number
for transitioning from laminar to turbulent flow.

Repeat lines 38 and 39 for each conduit flow layer.

4.3. Conduit Output Control (COC) File

Many results from CFP calculations are written to the
MOFLOW-2005 Listing File. Some results not written to the
Listing File can be output to separate files for post processing
and error checking. The COC File is used to specify the output
desired in addition to the output written to the Listing File. For
example, node heads and flow terms can be written to separate
files for post processing, such as plotting and calculations.
Pipe flow rates and Reynolds numbers also can be written to
separate files for post processing. The COC File specifies the
pipe and node numbers for output as well as the output inter-
val. This file is only used for CFP Modes 1 and 3.

For each simulation, all variables, characters, and arrays
in the COC Input file are read using free format.

0. #Required comment line
1. #Required comment line
2. NNODES (one integer value, one line)
3.  #Required comment line

4. NODE_NUMBERS (one integer value per line,
multiple lines equal to NNODES in data line 2).

5. #Required comment line
6. N_NTS
7. #Required comment line
8. NPIPES
9. #Required comment line

10. PIPE_NUMBERS

Item 10 are pipe numbers for output to files other than
the Listing File. List one pipe number per line.

11. #Required comment line

12. T_NTS

The description of COC data input variables is given
below:

0,1,3,5,7,9, 11—are required comment lines.

2. NNODES—is an integer number equal to the number
of nodes for which flow and head values are desired in
separate output files.

4. NODE_NUMBERS—are integer values of the node
numbers for which flow and head values are desired in
separate output files. List one node number per line.

6. N_NTS—is an integer value equal to the time step
interval for output of node head and flow values. As an
example, N_NTS equal to 2 activates node output at
each NODE_NUMBERS every 2 time steps.

8. NPIPES—is an integer value equal to the number of
pipes for which flow rates and Reynolds numbers are
desired in separate output files.

10. PIPE_NUMBERS—are integer values of the pipe
numbers for which flow and head values are desired in
separate output files. List one pipe number per line.

12. T_NTS—is an integer value equal to the time step
interval for output of pipe flow rates and Reynolds num-
bers. As an example, T_NTS equal to 2 activates node
output at each PIPE_NUMBERS every 2 time steps.

4.4. Conduit Recharge (CRCH) Package

The CRCH Package is a mechanism for routing a frac-
tion of the diffuse areal recharge (assigned in the traditional
MODFLOW RCH Package) into nodes of conduit pipes. This
functionality may be useful in scenarios where rainfall runs
directly into karst features, such as sinkholes or swallets.

If activated for CFPM1 or CFPM3 simulations, the CRCH
Package can route a fraction or all of the diffuse areal recharge
(entered in the standard MODFLOW-2005 RCH package) into
a specified conduit node. The routed direct recharge will be
subtracted from the diffuse recharge for MODFLOW water-
budget calculations. Note the RCH Package must be active
when the CRCH Package is active. This file is only used for
CFP Modes 1 and 3.

For each simulation and stress period, all variables, char-
acters, and arrays in the CRCH Package are read using free
format.

0. #Required comment line

1. TFLAG_CRCH
2. NODE_NUMBERS P_CRCH
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The description of CRCH data input variables is given
below:
0. #Required comment line

1. IFLAG_CRCH—is an integer value that activates or
deactivates the reading of CRCH data.

If IFLAG_CRCH is not equal to -1, NODE_NUM-
BERS and P_CRCH values are read for the total
number of nodes (NNODES) in the simulation. Each
node must be listed with NODE_NUMBERS and
P_CRCH values.

If IFLAG_CRCH equals -1, NODE_NUMBERS
and P_CRCH from the last stress period are used for
the current stress period.

2. NODE_NUMBERS—is an integer value indicating
the node number. P_CRCH is a real number equal
to a fraction of diffuse areal recharge (entered in
the MODFLOW-2005 RCH Package) partitioned
directly into the conduit node NODE_NUMBERS.
If the user, for example, wants the direct conduit
recharge to equal the diffuse recharge rate assigned
for the model cell in which the pipe is located, the
user would enter a value of 1.0 for P_CRCH. In
this case, the diffuse areal recharge for the model
cell would equal zero in MODFLOW water-budget
calculations.

Chapter 5. Guidance on Assignment
of Conduit Flow Process (CFP)
Parameters

Simulating turbulent flow with the CFP requires more
data than traditional MODFLOW simulations. For CFPM1,
additional data requirements include the conduit (pipe) loca-
tions, elevations, lengths, and connections of subsurface voids
conceptualized as conduit flow pipes. Also required are the
temperature of ground water, conduit diameters, tortuosity,
roughness, and lower and upper critical Reynolds numbers.
Finally, pipe conductances must be computed for the exchange
of water between the MODFLOW cell and the pipe network
node. When CFPM1 internally computes pipe conductances,
the additional required data are conduit wall permeability
terms. For CFPM2, additional data requirements include the
temperature of ground water in the preferential flow layers,
mean void diameters, and lower and upper critical Reynolds
numbers. Assigning values for these data requirements can be
challenging. Additionally, one cannot use a quasi-three-dimen-
sional modeling approach for CFPM2 preferential flow layers
because the top and bottom of the preferential flow layer must
be assigned in the DIS Package for use with the BCF, LPF, or
HUF Packages.

5.1. Parameter Guidance for the Conduit Flow
Process Mode 1 (CFPM1)

Subsurface caverns, such as Wakulla Springs in north-
ern Florida, Mammoth Cave in Kentucky, and Jewel and
Wind Caves in the Black Hills of South Dakota, are com-
monly mapped in National or State Parks. These maps could
be used to assign CFPM1 conduit pipe locations, elevations,
lengths, and inter-connections. Ground-water temperature is
a relatively easy quantity to measure using water temperature
probes. Maps of subsurface caverns also could be used to
assign pipe diameters and tortuosity. Measurements of pipe
roughness can be obtained by sampling and averaging the
height of the conduit wall microtopography. The height of the
mean microtopography is used to calculate the roughness. As
stated earlier, the tortuosity is set to adjust the straight-line
length between the nodes as defined from the centroid of the
MODFLOW cells to the total length of the actual cave or
submerged cave passage. As discussed below, N, and mean
conduit wall permeability terms (K) are the most difficult val-
ues to assign for CFPM1 simulations because both can only be
known through controlled laboratory or field measurements.

The typical range in the lower N, for determining when
flow in a pipe becomes turbulent is 2,000 to 4,000 (Vennard
and Street, 1975, chap. 7-9). What is known from numer-
ous studies of circular and other pipe shapes is that the N,,
decreases as the: (1) pipe walls become rougher, (2) pipe
or conduit is more tortuous, and (3) more abrupt changes in
diameter or shape occur between conduit passages. Because
natural cave conduits are very rough and of irregular shape, the
lower N, for determining turbulent flow could be at the lower
range of the value for pipes (Dreybrodt, 1988). The N, for
natural conduits could be set to at least an order of magnitude
higher than that of porous media; specifically, greater than
1,000 if the conduits are pipe like (not small interconnected
vugs as shown in fig. 6B). Unfortunately, the exact value of
the N, used will be uncertain. The previous versions of CAVE
set the lower N, to about 2,000 for large conduits. The upper
N, can be experimented with during calibration. Upper N, for
circular and smooth pipes can be as high as 12,000 (Vennard
and Street, 1975, p. 301).

The order of magnitude for the mean conduit wall perme-
ability term likely is determined by the hydraulic conductivity
of the geologic material encompassing CFPM1 pipes (that is,
the rock matrix, not the conduits). More complicated formula-
tions for pipe conductance can be derived; for example, Bauer
and others (2000; 2003) concluded that the pipe conductance
should be a function of: (1) the hydraulic conductivity of the
lower permeability diffuse-flow rock at the location of the cell,
(2) the surface area of the conduits within the cell, and (3) a
geometry factor representing the fracture spacing in the rock
adjacent to the conduit in the cell. The pipe conductance limits
the exchange of water and can effectively decouple the laminar
flow model from the pipe network when values are assigned
close to zero. In these cases, the exchanged water is much
smaller than the volume of water in the conduit system, and
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thus, little influence is found when varying pipe conductance.
If the pipe conductance is increased, then the exchanged water
becomes similar to the volume of water in the pipe network
and the system becomes sensitive to the pipe conductance.
For values of the conduit wall permeability term similar to the
hydraulic conductivity of the porous media, the flow resis-
tance in the laminar flow model limits exchange between the
two systems and exchange flow may not be sensitive to the
exchange coefficient. Bauer and others (2003, fig. 8) presented
these findings and also reported convergence problems for
large values of the pipe conductance. This potentially results
from the fact that very large conductance values tend to force
the head in MODFLOW to equal the head in the pipe and
allow a large exchange volume.

5.2. Parameter Guidance for the Conduit Flow
Process Mode 2 (CFPM2)

For CFPM2, additional data for turbulent simulations
include the top and bottom elevations of preferential flow
layers specified as part of the MODFLOW-2005 discretiza-
tion file input, as well as the temperature of ground water,
mean void diameters, and lower and upper critical Reynolds
numbers (N, ) for all the preferential flow layers. The lami-
nar horizontal hydraulic conductivities, K, , also need to be
assigned in the BFC, HUF, of LPF packages. Top and bottom
elevations for preferential flow layers can be determined using
geologic mapping, well lithology data, and borehole and (or)
surface geophysics. Again, the temperature of ground water
should be relatively easy to quantify using water temperature
probes. Mean void diameters could be assigned based on
visual inspection of geological cores or images of the bore-
hole. The upper and lower critical Reynolds numbers and
laminar horizontal hydraulic conductivity, K o ATE the most
difficult properties to assign for CFPM?2 simulations.

Values for upper and lower critical Reynolds numbers
and laminar horizontal hydraulic conductivities depend on the
geology of each preferential flow zone. When borehole flow
meter logging is used in conjunction with traditional aquifer
tests, an estimate of laminar hydraulic conductivity can be
obtained for the preferential flow layers (Paillet, 1998; Reese
and Cunningham, 2000; Cunningham and others, 2006). These
data can be used as a starting point for estimating K, . For the
gray limestone aquifer in southern Florida, Reese and Cun-
ningham (2000) estimated K N large as 3,700 to 15,000 m/d
in preferential flow zones of 1.5 to 3 m thick. If the thickness
of the preferential flow zone is determined from flow meter
logs, then the estimate of K, for that preferential layer can be
estimated as described in Paillet (1998).

If the CFPM2 preferential flow zone is similar to that of
the Biscayne aquifer (fig. 6B), then upper and lower critical
Reynolds numbers could be closer to that for porous media
(perhaps greater than 50 but probably less than 1,000 and
would have a high degree of uncertainty). Until laboratory
experimentation with physical models of the secondary vuggy

porosity of the Biscayne aquifer can be accomplished, the
lower and upper critical Reynolds numbers will remain uncer-
tain model parameters. If the preferential flow layer resembles
a pipe, then the lower N, e would be closer to values of 2,000
for a very rough pipe.

The laminar hydraulic conductivity, K, , of a circular
conduit can be estimated from the resistance terms in the
Darcy-Weisbach as:

_gd’
lam = 30y, 51
where
g  1isthe gravitational acceleration constant,
d  is the diameter of the conduit,
and

v is the kinematic viscosity.

With very large diameter conduits, the estimated hydraulic
conductivity is millions of L/T (for example, meters per day)
and may at a certain point seem unreasonably high when
compared to results from traditional aquifer tests. Traditional
aquifer tests, however, generally assume that ground water
flows uniformly along the entire thickness of the aquifer, when
in reality flow can be concentrated within preferential flow
zones that are present within 10 percent or less of the entire
thickness of the aquifer. The K, estimated with equation 51
will be more consistent with results from aquifer tests that
assume flow is restricted to a percentage of the total thickness
of the aquifer.

Extremely large changes in hydraulic conductivity may
cause some numerical problems for MODFLOW convergence
(Kuniansky and Danskin, 2003). Thus, the final value
used in the model may be less than the original estimate.
Another method to estimate the laminar horizontal hydraulic
conductivity for carbonate rock aquifers with preferential
layers like the Biscayne aquifer, in which interconnected
vugs create the preferential flow layer, uses the average pore
diameter of the vugs and the effective porosity (interconnected
void space). Additionally, the average temperature should be
known in order to calculate viscosity. This estimate is based on
the assumption that the interconnected vugs are circular and
the hydraulic conductivity at laminar flow can be computed
from equation 51; that the hydraulic conductivity of the
rock matrix is essentially zero; and that the vugs are evenly
distributed through the rock matrix of the preferential flow
layer. In a given cross section of unit width and height, the
effective porosity provides the estimate of the thickness of the
pipes in the preferential flow layer and one minus the porosity
provides the estimate of the thickness of the rock matrix. In
equation 52 below, it is assumed that the rock matrix has a
hydraulic conductivity of approximately zero. The horizontal
hydraulic conductivity for the layer is computed with the
following simplified equation for calculation of horizontal
hydraulic conductivity modified from Bouwer (1979):



gd’
K =
lam 321/77’

(52)

where K, is the estimated laminar hydraulic conductivity
for the preferential flow layer and 7 is the effective porosity
(percent volume of interconnected vugs). For example,

K.J. Cunningham (U.S. Geological Survey, written commun.,
2007) examined 240 core samples from 23 wells that
penetrated preferential flow layers in the Biscayne aquifer

of southern Florida, and estimated a mean vug diameter of
0.9 cm and a mean effective porosity of about 12 percent.
Using equation 52, the mean laminar hydraulic conductivity
equals about 200,000 m/d. This simple equation for estimating
laminar hydraulic conductivity compared favorably with
results from a more complex method of lattice Boltzmann
modeling of fluid flow through a specimen of the Biscayne
aquifer (Alvarez, 2007).

When using CFPM2, even for steady-state simulation,
specify multiple time steps in the steady-state stress period.
Set the head closure criteria for the solvers to less than
0.0001 to ensure that both the head converges and the F, i
converges. If the iterative solver does not converge initially,
then try changing some of the solver parameters. For example
with the pre-conditioned conjugate gradient solver pack-
ate (PCG2), frequently the dampening factor must be set to
0.98 or less rather than leaving it at the default value of 1.0.
Additionally, remember that preferential flow layers should
not dewater, even though it is required that these be specified
as convertible layers.

Chapter 6. Conduit Flow Process (CFP)
Example Problems

An example problem is presented that consists of four
model rows and columns, three model layers, and five stress
periods. Model cells are 10 m in length and width and 1 m
thick. A constant-head boundary is assigned along column 1
for all three model layers, with a value equal to 20.0 m above
an arbitrary datum. No-flow boundaries exist around the outer
edges of the model domain. Each layer was assigned as a con-
vertible layer in the LPF package with constant horizontal and
vertical hydraulic conductivity equal to 1,000 and 200 m/d,
respectively. Specific yield and storage coefficient for each
layer were assigned values of 0.2 and 0.00002, respectively.
Head and velocity vectors were computed with the CFP inac-
tive (fig. 15), so the effects of activating the CFP are clear.

6.1. Conduit Flow Process Mode 1 (CFPM1)
Example Problem

For the CFPM1 example problem, conduit pipes were
activated, and five nodes and four pipes (10 m in length)
were designed with the geometry and connections presented
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in figure 16. Mean pipe water temperature was assigned a
value of 25°C. The elevations of the pipes were assigned as

4.5 m above the datum, and SA_EXCHANGE was set to 1

so the CFP would use the surface area of pipes in cells to
compute the pipe conductance. Solution controls for the pipe
flow equations included a value of 0.000001 for convergence
criterion (EPSILON), 100 maximum iterations (NITER),

and the relaxation parameter (RELAX) equal to 1.0. Each
pipe diameter, tortuosity, and roughness heights were set

to constant values of 0.1, 1.0, and 0.01 m, respectively.

The critical Reynolds numbers (N,,) for each pipe were
assigned constant values equal to 10.0 for LCRITREY_P

and 20.0 for TCRITREY_P. These values may be lower than
generally expected for straight, nontortuous, and rough pipes;
nevertheless, they were chosen so that both laminar and
turbulent pipe flow equations could be demonstrated using this
example problem. A constant node head equal to 20.0 m above
the datum was assigned for node 2, and a solution was desired
for the remaining node heads. Conduit wall permeabilities
were assigned values of 5.0 m/d. The transient model
boundary is net recharge. Values of 0.003, 0.001, 0.002, 0.003,
0.002 m/d were assigned for net recharge to the uppermost
active model layer for stress periods 1 through 5, respectively,
using the RCH Package. The CRCH Package was employed,
which routed all of the net recharge assigned to MODFLOW
cell 3,3,1 (j,i,k) into conduit node 4.

6.2. Conduit Flow Process Mode 1 (CFPM1) Input
Files for Example Problem

The example CFP input files include the CFP Input File,
CRCH Package, and COC File. The example CFPM1 input
files and the results plotted for the CFPM1 example problem
are presented herein.

6.2.1. Example CFPM1 Input File

# mode

1

#data for mode 1 conduit pipe system

#number of nodes / pipes / layers

543

#mean ground-water temperature in pipes

25.

#No mc mr ml Nb1 Nb2 Nb3 Nb4 Nb5 Nb6 pb1 pb2 pb3 pb4 pb5 pb6

12213 0 0 0 0 0 1 0O0O0 00O
21313 0 0 0 0 0 2000 0O
32311 2 4 0 0 O 1 23 0 0O
43313 5 0 0 0 0 3400 00
54314 0 0 0 0 0 4000 00

#node elevations, two possibilities

#1. node #, elevation (1 line for each node)

#2. number of nodes, distance from vertical centroid (only one
line used to assign constant value)
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145

245

345

445

545

#SA_EXCHANGE, CFP pipe conductance (set 1) or user
computes pipe conductance (set 0)

1

#criterion for convergence

1.0D-6

#maximum number of newton raphson iterations

100

#parameter of relaxation

1.0

#newton raphson print flag

1

#pipe parameters:

#no. diameter tortuosity roughness 1Reynolds tReynolds

1 0.1 1.0 0.01 10.0 20.0
2 0.1 1.0 0.01 10.0 20.0
3 0.1 1.0 0.01 10.0 20.0
4 0.1 1.0 0.01 10.0 20.0

#node heads (if head unequal -1, then head is fixed)
1 -1

2 200
3 -
4 -1
5 -1

#pipe conductance (SA_EXCHANGE=0) or conduit wall
exchange term (SA_EXCHANGE=1).

1 5.0
2 5.0
3 5.0
4 5.0
5 5.0

6.2.2. Example CFPM1 Conduit Recharge (CRCH)
Package

#Conduit Recharge Package

1
1 .00
2 .00
3 .00
4 1.00 (all diffuse net recharge assigned in the RCH

Package will be routed into node 4)
5 .00
#recharge data for stress period:2
-1
#recharge data for stress period:3
-1
#recharge data for stress period:4
-1
#recharge data for stress period:5
-1

6.2.3. Example CFPM1 Conduit Output Control
(COC) File

#Mode 1 time series output
#Number of nodes for output
5

#Node numbers, one per line
1
2
3
4
5

#Output each n time steps

1

#Number of pipes for output
4

#Pipe numbers, one per line
1

2

3

4

#Output each n time steps

1

6.2.4. Results for CFPM1 Example Problem

Results plotted for the CFPM1 example scenario
include porous media heads and velocity vectors and volu-
metric water budgets, as well as pipe node heads, Reynolds
numbers (R ), pipe flow rates, and pipe water budgets. As
expected, porous media heads were affected by the presence
of conduit pipes; porous media heads in cells surrounding and
adjacent to the conduit pipes suggest that the pipes are a drain
on the aquifer system (fig. 16). An exception is pipe 1; specifi-
cally, porous media heads were less affected in the vicinity of
pipe 1. Ground-water matrix exchange flow occurred between
pipe 1 and the porous media; however, this matrix exchange
flow was not substantial enough to considerably alter porous
media heads. Experimental simulations were performed in
which the pipe 1 conductance was increased. Porous media
heads were more considerably affected as the pipe conduc-
tance was increased.

Porous media water budgets also were affected by
the conduit pipes; specifically, about 5 percent of the total
recharge entering the porous media was drained into the con-
duit pipes (table 2). The remaining net recharge that infiltrates
the porous media exited the constant-head boundary on col-
umn 1. Greater amounts of net recharge could be routed into
the conduit pipes by increasing conduit wall permeability.

Minor spatial variability existed in the CFPM1 node head
solution (table 3). With the exception of node 2, surrounding
porous media heads were always greater than pipe node heads,
forcing matrix exchange flow from the porous media system
into the conduit pipe system. Note that in cases where node
heads are greater than heads in the surrounding porous media,
matrix exchange flow would be forced from the conduit pipes
into the porous media system.
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Table 2. Volumetric budget for the Conduit Flow Process Mode 1 (CFPM1) example

problem.

[End of time step 10, stress period 5. Percent discrepancy is 0.0]

Cumulative volumes

Time-step rate

Parameter (L) Parameter (L)
IN
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 0.0000 CONSTANT HEAD 0.0000
RECHARGE 1,210.0000 RECHARGE 2.2000
PIPES 0.0000 PIPES 0.0000
TOTAL IN 1,210.0000 TOTAL IN 2.2000
ouT
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 1,142.4295 CONSTANT HEAD 2.0771
RECHARGE 0.0000 RECHARGE 0.0000
PIPES 67.5670 PIPES 0.1229
TOTAL OUT 1,210.000 TOTAL OUT 2.2000
IN-OUT 0.0000 IN-OUT 0.0000

In stress period 5, flow in conduit pipes 1 to 4 ranged
from about 0.014 to -0.32 m?/d (table 4). Positive pipe
flow indicates the head difference between node in and the
connecting node is positive, while negative pipe flow indicates
the head difference between node in and the connecting node
is negative. Specifically, the head difference between nodes 1
and 3 positive, creating positive flow in pipe 1 from node 1 to
node 3 (fig. 16). The head difference between nodes 2 and 3 is
negative, creating negative pipe flow in pipe 2 from node 3 to
node 2 (fig. 16). Flow in conduit pipes 2 and 3 was turbulent,
indicating that the Darcy-Weisbach pipe flow equation was
employed. Reynolds numbers for pipes 1 to 4 ranged from
about 2 to 53. Note the volumetric flow rate in pipe 2 is
-0.32287 m?/d (table 4). Pipe 2 is the final drainage location
for all the matrix exchange (table 3) and net recharge routed

directly into node 4. Specifically, the total matrix exchange
rate is about 0.12 m?/d (table 3) and net recharge routed
directly into node 4 equals 0.2 m%/d (table 3). The sum of
the total matrix exchange and direct recharge equals the
volumetric flow rate in pipe 2, specifically, about 0.32 m?/d.

Pipe water budgets also were computed with CFPM1
simulations (table 5). For this example case, about 60 percent
of the ground water discharging at the pipe constant-node
boundary was recharge routed directly into node 4, whereas
the remaining 40 percent was diffuse matrix exchange from
the porous media system (MATRIX EXCHANGE). Finally,
node water budgets were computed with CFPM1 simula-
tions. These water budgets identify the relative magnitudes
of sources and sinks of water for each node in the CFPM 1
example simulation (table 6).

Table 3. Node head and ground-water exchange for the Conduit Flow Process Mode 1 (CFPM1) example

problem.
[Stress period 5]
Node number Pipe head Cell head M_atrix exchange Direc_t conduit recharge
(meters) (meters) (cubic meters per day)  (cubic meters per day)
1 20.00000 20.00018 -0.0140 0.000000
2 20.00000 (fixed) 20.00000 0.0000 0.000000
3 20.00000 20.00017 -0.0401 0.000000
4 20.00000 20.00027 -0.0417 0.2000000
5 20.00000 20.00034 -0.027 0.000000
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Table 4. Pipe flow and Reynolds numbers for the Conduit Flow
Process Mode 1 (CFPM1) example problem.

[Flow in pipe 1 was laminar; flow in pipes 2 to 4 was turbulent; stress period 5]

Volumetric flow rate

Pipe number (cubic meters per day) Reynolds number
1 0.014 2317
2 -0.323 53.27
3 -0.2687 44.33
4 -0.027 4.46

Table 5. Water budget for the conduit pipes.

[End of time step 10, in stress period 5. Total simulation time is 500 seconds]

Cumulative volumes

Time-step rate

Parameter (L) Parameter ()
IN

CONSTANT HEAD 0.0000 CONSTANT HEAD 0.0000

PIPE RECHARGE 110.00 PIPE RECHARGE 0.2000

MATRIX EXCHANGE 67.5669 MATRIX EXCHANGE 0.1228

STORAGE 0.0000 STORAGE 0.0000

TOTAL IN 0.3228

ouT

CONSTANT HEAD 177.5669 CONSTANT HEAD 0.3229

MATRIX EXCHANGE 0.0000 MATRIX EXCHANGE 0.0000

STORAGE 0.0000 STORAGE 0.0000

TOTAL OUT 0.3229

IN-OUT 0.0000 IN-OUT 0.0000

PERCENT ERROR 0.0000 PERCENT ERROR 0.0000

Table 6. Water budget for the conduit nodes.
[Time step 10, in stress period 5. Total simulation time is 500 seconds. Flow to the node, in cubic meters per day]
Node number  Fixed head Recharge Matrix exchange Storage Tube in Tube out In-out

1 0.0000000 0.0000000 0.014 0.0000000 0.0000000 -0.014 0.0000000
2 -0.3229 0.0000000 0.0000000 0.0000000 0.3229 0.0000000 0.0000000
3 0.0000000 0.0000000 0.04012 0.0000000 0.2827 -0.3229 0.0000000
4 0.0000000 0.20000000 0.04169 0.0000000 0.02701 -0.2687 0.0000000
5 0.0000000 0.0000000 0.02701 0.0000000 0.0000000 -0.27014 0.0000000




6.3. Conduit Flow Process Mode 2 (CFPM2)
Example Problem

Preferential flow layers were demonstrated using
CFPM2. Each CFPM2 model layer was assigned as a pref-
erential flow layer, with mean water temperature equal to
25.0°C. Mean void diameters for each conduit layer were set
to a constant value of 0.5 m, and critical Reynolds numbers
(N,,) for each conduit layer also were assigned constant values
equal to 1.0 for LCRITREY_L and 2.0 for TCRITREY_L.
These relatively small N, create conditions that demonstrate
both laminar and turbulent flow calculations for this example
problem. Note the CRCH Package was deactivated in the
Name File, because no pipes existed in this example problem
for recharge partitioning. The example CFPM2 Input File
and the results plotted for the CFPM2 example problem are
presented herein.

6.3.1. Example CFPM2 Input File

# mode

2

#data for mode 2 conduit layer system
#number of conduit layers

3

#conduit layer #’s

123

#water temperature, in degrees Celsius
25.0

#mean void diameter and lower and upper critical Reynolds
numbers for conduit layers

Table 7.
problem.
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#conduit layer 1
0.501.02.0
#conduit layer 2
0.501.02.0
#conduit layer 3
0.501.02.0

6.3.2. Results for CFPM2 Example Problem

Plotted results for the CFPM2 example scenario include
conduit layer heads, velocity vectors, and tabulated water bud-
gets (table 7). As expected, lines of equal conduit layer head
in layer 1 stress period 1 were parallel with the constant-head
boundary condition assigned along column 1 (fig. 17). The
net recharge assigned to the uppermost active layer mounds
ground-water heads farther above the vertical datum with
distance away from the constant-head boundary. Turbulence
codes for CFPM2 simulations are automatically written to an
output file named turblam.txt. For each conduit layer during
each stress period, these codes indicate whether flows at the
right and front sides of conduit layer model cells are laminar
or turbulent. These codes can be color coded during post-pro-
cessing to visualize the distribution of laminar and turbulent
flow within preferential flow layers (fig. 17).

Turbulent conduit layer heads (fig. 17) are greater than
laminar heads calculated with CFPM2 inactive (fig. 15). In
column three, for example, turbulent head differences from
laminar elevations are about 0.003 m. Head differences can be
explained by the approach for simulating turbulent flow, which
reduces laminar conductances to turbulent conductances.
Specifically, when net flows to a cell are positive, reduced

Volumetric budget for the Conduit Flow Process Mode 2 (CFPM2) example

[End of time step 10, in stress period 5. Percentage discrepancy is 0.00]

Cumulative volumes

Parameter

Parameter Time-step rate

(L) (L3)
IN
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 0.0000 CONSTANT HEAD 0.0000
RECHARGE 1,320.0000 RECHARGE 2.4000
TOTAL IN 1,320.0002 TOTAL IN 2.4000
ouT
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 1,320.0000 CONSTANT HEAD 2.4000
RECHARGE 0.0000 RECHARGE 0.0000
TOTAL OUT 1,320.0000 TOTAL OUT 2.4000
IN-OUT 0.0000 IN-OUT 0.0000
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conductances create greater positive head differences to bal-
ance the net volume of water entering the cell. Conversely,
when net flows to a cell are negative, reduced conductances
create greater negative head differences to balance the net
volume of water leaving the cell. Similar results were observed
in experimental CFPM?2 simulations of the Biscayne aquifer,
where head differences from laminar elevations ranged from
about -0.26 to +0.95 m.

6.4. Conduit Flow Process Mode 3 (CFPM3)
Example Problem

The CFPM3 example problem combines conduit pipes
and conduit layers into a single simulation. The CFP conduit
pipes and layers can be assigned within independent model
cells or within the same model cell. For example, conduit lay-
ers can exist in model cells that do not contain conduit pipes,
and likewise, conduit pipes can exist in model cells that are
not conduit layers. This example problem demonstrates a case
where all conduit pipes occur in model cells that are assigned
as conduit layers. The CFPM3 Input File is presented below;
however, the COC File and CRCH Package are not presented
because their formats are identical to the formats presented
for the CFPM1 example problem. The conduit pipe and
layer input data for CFPM3 are identical to the conduit pipe
and layer input data for CFPM1 and CFPM2. The example
CFPM3 Input File and the results plotted for the CFPM3
example problem are present herein.

6.4.1. Example CFPM3 Input File

# mode

3

#data for mode 1 conduit pipe system
#number of nodes / pipes / layers

543

#mean ground-water temperature in pipes

25.

#No mc mr ml Nb1 Nb2 Nb3 Nb4 Nb5 Nb6 pb1 pb2 pb3 pb4 pb5 pb6
12213 0 0 0 0 0O 1 0O0O0 00O
21313 0 0 0 0 0O 2000 00
32311 2 4 0 0 0 1230 00
4 3313 5 0 0 0 0 3400 00O
54314 0 0 0 0 0 4000 00

#node elevations, two possibilities

#1. node #, elevation (1 line for each node)

#2. number or nodes, distance from vertical centroid (only one
line used to assign constant value)

145

245

345

445

545
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#SA_EXCHANGE, CFP computes pipe conductance (set 1)
or user computes pipe conductance (set 0)

1

#criterion for convergence

1.0D-6

#maximum number of newton raphson iterations

100

#parameter of relaxation

1.0

#newton raphson print flag

1

#pipe parameters:

#no. diameter tortuosity roughness IReynolds tReynolds

1 0.1 1.0 0.01 10.0 20.0
2 0.1 1.0 0.01 10.0 20.0
3 0.1 1.0 0.01 10.0 20.0
4 0.1 1.0 0.01 10.0 20.0

#node heads (if head unequal -1, then head is fixed)
1 -1

2 200
3 -
4 -1
5 -1

#pipe conductance (SA_EXCHANGE=0) or conduit wall
exchange term (SA_EXCHANGE=1).

1 5.0
2 5.0
3 5.0
4 5.0
5 5.0

#data for mode 2 conduit layer system
#number of conduit layers
3
#conduit layer #’s
123
#water temperature, in degrees Celsius
25.0
#mean void diameter and critical Reynolds numbers for con-
duit layers
#conduit layer 1
0.50 1.0 2.0
#conduit layer 2
0.50 1.0 2.0
#conduit layer 3
0.50 1.0 2.0

6.4.2. Results for CFPM3 Example Problem

Results for the CFPM3 example scenario include conduit
layer heads, velocity vectors, turbulence codes, and volumetric
water budgets as well as pipe heads, Reynolds numbers (R ),
flow rates, and pipe water budgets. Conduit layer heads were
affected by the presence of conduit pipes (fig. 18). Conduit
layer heads in this example are partly a function of reduced
conductances along rows and columns when flow switches
to turbulent.
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Conduit layer water budgets were affected by conduit
pipes. Specifically, about 6 percent of the cumulative volume
of recharge entering the CFPM3 simulation was drained
into the conduit pipes (see cumulative values in table 8).
Ultimately, this drainage exited at the constant node boundary.
The 94 percent of cumulative recharge remaining in the porous
media exits the constant head boundary assigned along the
entire length of column one.

Minor spatial variability existed in the CFPM3 node head
solution (table 9). With the exception of node 2, surrounding
porous media heads were always greater than pipe node heads,
forcing matrix exchange flow from the porous media into
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the conduit pipe system. Flow in conduit pipes 1 to 4 ranged
from about 0.013 to -0.322 m*d (table 10). As previously
mentioned, positive pipe flow indicates the head difference
between node in and the connecting node is positive, while
negative pipe flow indicates the head difference between node
in and the connecting node is negative. Note the volumetric
flow rate in pipe 2 is -0.3223 m*d (table 10). Pipe 2 is the
final drainage location for all the matrix exchange and net
recharge routed directly into node 4 (table 9). Flow in conduit
pipes 2 and 3 was turbulent, indicating that the Darcy-
Weisbach equation was employed. The Reynolds numbers
(R,) for pipes 1 to 4 ranged from about 2 to 53.

Table 8. Volumetric budget for the Conduit Flow Process Mode 3 (CFPM3) example problem.

[End of time step 10, in stress period 5. Percentage discrepancy is 0.00]

Cumulative volumes

Time-step rate

Parameter (L) Parameter (L)
IN
STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 0.0000 CONSTANT HEAD 0.0000
RECHARGE 1,210.0000 RECHARGE 2.2000
PIPES 0.0000 PIPES 0.0000
TOTAL IN 1,210.0000 TOTAL IN 2.2000
ouT

STORAGE 0.0000 STORAGE 0.0000
CONSTANT HEAD 1,134.6423 CONSTANT HEAD 2.0777
RECHARGE 0.0000 RECHARGE 0.0000
PIPES 75.352 PIPES 0.1223
TOTAL OUT 1,210.0013 TOTAL OUT 2.2000
IN-OUT -0.0161 IN-OUT 0.0000

Table 9. Node head and ground-water exchange for the Conduit Flow Process Mode 3 (CFPM3) example problem.

Pipe head Cell head Matrix exchange flow Direct recharge
Node number . .
(meters) (meters) (cubic meters per day) (cubic meters per day)
1 20.00000 20.00018 -0.0139 0.000000
2 20.00000 (fixed) 20.00000 0.0000 0.000000
3 20.00000 20.00017 -0.0399 0.000000
4 20.00000 20.00027 -0.0415 0.200000
5 20.00000 20.00034 -0.0269 0.000000




44 Documentation of a Conduit Flow Process (CFP) for MODFLOW-2005

Table 10. Pipe flow and Reynolds numbers for the Conduit Flow Pipe water budgets also were computed with CFPM3
Process Mode 3 (CFPM3) example problem. simulations (table 11). For this example case, about 60 percent
of the ground water discharging at the pipe constant-node
boundary (fig. 18) was recharge routed directly into node 4,
whereas the remaining 40 percent was diffuse matrix exchange

[Flow in pipe 1 was laminar; flow in pipes 2—4 was turbulent]

Volumetric flow

Pipe number (L°T) Reynolds number (MATRIX EXCHANGE) from the porous media system
(table 11). Finally, node water budgets were computed
! 0.014 23 with CFPM3 simulations (table 12). These water budgets
2 -0.322 53.18 summarize the sources and sinks of water for each node in the
3 -0.268 44.28 CFPM3 example simulation.
4 20.027 4.44 Turbulence codes also were automatically written to

an output file named turblam.txt for CFPM3 simulations.
Turbulence codes for conduit layer 1 were color coded to
visualize the distribution of laminar and turbulent flow
(fig. 19). Flow at the right face for all cells in columns one
to three was turbulent.

Table 11. Pipe water budget for the Conduit Flow Process Mode 3 (CFPM3) example problem.

[Time step 10, in stress period 5. Total simulation time is 500 seconds]

Parameter Cumula_tive volumes Parameter 'I_'ime-step rate
(cubic meters) (cubic meters per day)
IN

CONSTANT HEAD 0.0000 CONSTANT HEAD 0.0000
PIPE RECHARGE 110.0 PIPE RECHARGE 0.2000
MATRIX EXCHANGE 75.352 MATRIX EXCHANGE 0.12
STORAGE 0.0000 STORAGE 0.0000

TOTAL IN 0.32

ouT

CONSTANT HEAD 185.35 CONSTANT HEAD 0.322
MATRIX EXCHANGE 0.0000 RECHARGE 0.0000
STORAGE 0.0000 TOTAL OUT 0.322
IN-OUT 0.0000 IN-OUT 0.0000
PERCENT ERROR 0.0000 PERCENT ERROR 0.0000

Table 12. Node water budget for the Conduit Flow Process Mode 3 (CFPM3) example problem.

[Time step 10, in stress period 5. Total simulation time is 500 seconds. Flow to the node, in cubic meters per day]

Node number  Fixed head Recharge Matrix exchange Storage Tube in Tube out In-out
1 0.0000000 0.0000000 -0.1398 0.0000000 0.0000000 -0.01398 0.0000000
2 -0.322 0.0000000 0.0000000 0.0000000 0.322 0.0000000 0.0000000
3 0.0000000 0.0000000 -0.0399 0.0000000 0.2823 -0.322 0.0000000
4
5

0.0000000 0.20000000 -0.04148 0.0000000 -0.0269 -0.2684 0.0000000
0.0000000 0.0000000 -0.0269 0.0000000 0.0000000 -0.027 0.0000000
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Chapter 7. Benchmark Testing

Because MODFLOW is a widely used computer program
for ground-water flow simulation, benchmark testing was not
performed for the MODFLOW parts of the CFP. The conduit
pipe flow solutions were tested using simple benchmark test
problems with known solutions to help verify CFP accuracy.

A simple test problem was designed to test the accuracy
of CFP laminar flow calculations. This test problem consisted
of a CFP pipe that was 1.0 m diameter, 10 m in length, with
internal roughness height equal to 0.00001 m, and water
temperature equal to 10°C. The test pipe was decoupled from
the porous media system by setting the pipe conductance
equal to zero. Head differences along the test pipe varied
from relatively small values of -5.0 x 10 to +5.0 x 10®* m to
create laminar flow. Laminar flows computed by the CFP and
the Hagen-Poiseuille equation were equal (table 13), which
supports the accuracy of laminar pipe flow computations in
the CFP.

Table 13. Comparison of laminar pipe flow computed with the
Conduit Flow Process (CFP) and Hagan-Poiseuille equation.

[Values shown in cubic meters per second, except where noted]

Head difference CFPM1 Hagen-Poiseuille
(meters) (laminar) 9
-5.00 x 10°® -9.20 x 10* -9.20 x 10*
-4.00 x 108 -7.36 x 10* -7.36 x 10*
-3.00 x 10°® -5.52 x 10* -5.52 x 10*
-2.00 x 10°® -3.68 x 10* -3.68 x 10*
-1.00 x 108 -1.84 x 10* -1.84 x 10*
1.00 x 10°® 1.84 x 10* 1.84 x 10*
2.00 x 10°® 3.68 x 10* 3.68 x 10*
3.00 x 10°® 5.52x 10* 5.52x 10*
4.00 x 10 7.36 x 10* 7.36 x 10*
5.00 x 10°® 9.20 x 10* 9.20 x 10*

Another test problem was designed to test CFP turbulent
flow computations. This test problem also consisted of a CFP
pipe that was 1.0 m diameter, 10 m in length, with internal
roughness height equal to 0.00001 m, and water temperature
equal to 10°C. The test pipe was decoupled from the porous
media system by setting the pipe conductance equal to zero.
Head differences along the test pipe varied from relatively
large values of -10 to +10.1 m to create turbulent flow. Tur-
bulent flows computed by the CFP and the Darcy-Weisbach
equation were equal (table 14), which supports the accuracy of
turbulent pipe flow computations in the CFP.

A final test problem was designed to test the accuracy of
CFP exchange flow computations. Cases were tested for con-
ditions in which the pipe conductance was internally computed
by the CFP (SA_EXCHANGE=1). Also tested were cases
when the pipe conductance is externally computed by users
(SA_EXCHANGE=0). The surface area of the test pipe was
computed as the product of a pipe with a diameter equal to
I m and a length equal to 2.5 m in the encompassing MOD-
FLOW cell, giving a surface area of about 15.71 m? The pipe
was set as fully saturated, and the head difference between
the porous media and pipe varied from -0.5 to +0.5 m. In both
cases, the exchange flows computed by the CFP equaled the
flows computed with the linear exchange equation (table 15),
which supports the accuracy of these CFP calculations.

Table 14. Comparison of turbulent pipe flow computed with the
Conduit Flow Process (CFP) and the Darcy-Weisbach equation.

[Values shown in cubic meters per second, except where noted]

Head difference CFPM1

(meters) (turbulent) Darcy-Weisbach

-10 -38.01 -38.01
-8 -33.93 -33.93
-6 -29.30 -29.30
-4 -23.81 -23.81
-2 -16.68 -16.68
0.1 3.48 3.48
2.1 17.10 17.10
4.1 24.12 24.12
6.1 29.55 29.55
8.1 34.14 34.14
10.1 38.20 38.20
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Table 15. Comparison of exchange flows computed with the Conduit Flow Process (CFP) and the linear exchange equation.
[Values shown in cubic meters per second]
Head difference Exchange flow user- CFP exchange flow user- Exchange flow CFP- CFP exchange flow CFP-
(meters) defined pipe conductance  defined pipe conductance  defined pipe conductance  defined pipe conductance
-0.5 -5.00 x 107 -5.00 x 107 -7.85 % 10+ -7.85 % 10+
-0.4 -4.00 x 10 -4.00 x 10 -6.28 x 10+ -6.28 x 10
-0.3 -3.00 x 107 -3.00 x 107 -4.71 x 10 -4.71 x 10+
-0.2 -2.00 x 10 -2.00 x 10 -3.14 x 10+ -3.14 x 10+
-0.1 -1.00 x 107 -1.00 x 107 -1.57 x 10* -1.57 x 10*
0.1 1.00 x 10° 1.00 x 10° 1.57 x 10* 1.57 x 10*
0.2 2.00 x 10° 2.00 x 10° 3.14 x 10* 3.14 x 10*
0.3 3.00 x 10° 3.00 x 10° 471 x 10* 471 x 10*
0.4 4.00 x 10° 4.00 x 10° 6.28 x 10 6.28 x 10
0.5 5.00 x 10° 5.00 x 10° 7.85 % 10* 7.85 % 10*
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