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ConnectFlow is the suite of Serco’s groundwater modelling software that combines the NAMMU
continuum porous medium (CPM) module and the NAPSAC discrete fracture network (DFN)
module. ConnectFlow can be used very flexibly to model groundwater flow and transport in both
fractured and porous media on a variety of scales.

The following documentation is available for ConnectFlow:

e ConnectFlow Technical Summary Document;
e ConnectFlow Command Reference Manual;
 ConnectFlow Verification Document;

e ConnectFlow Installation and Running Guide.
The following documentation is available for NAMMU:

< NAMMU Technical Summary Document;
NAMMU User Guide;
- NAMMU Command Reference Manual;

< NAMMU Installation and Running Guide.

The following documentation is available for NAPSAC:

e NAPSAC Technical Summary Document;
e NAPSAC On-line Help;
« NAPSAC Installation and Running Guide.

This document, the Verification Document, provides information on the verification of ConnectFlow,
which builds confidence in its flow and transport models.

COPYRIGHT AND OWNERSHIP OF ConnectFlow
The ConnectFlow program makes use of the TGSL subroutine library.
All rights to the TGSL subroutine library are owned by Serco Limited.

All documents describing the ConnectFlow program and TGSL subroutine library are
protected by copyright and should not be reproduced in whole, or in part, without the
permission of Serco Limited.

ConnectFlow also makes use of the freely available LAPACK linear algebra library.
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ConnectFlow is the suite of Serco’s groundwater modelling software that combines the NAMMU
continuum porous medium (CPM) module and the NAPSAC discrete fracture network (DFN)
module. ConnectFlow can be used very flexibly to model groundwater flow and transport in both
fractured and porous media on a variety of scales.

ConnectFlow models have been used in the following applications:

- safety assessment calculation in support of radioactive waste disposal programmes;
< modelling in support of groundwater protection schemes;

* modelling of landfills;

« regional groundwater flow;

e aquifer contamination;

e site investigation;

* pump test simulation;

- tracer tests;

« saline intrusion;

- design and evaluation of remediation strategies.

Further details of the ConnectFlow’s capabilities can be found in [1] and [2].

The ConnectFlow software has been developed over a period of more than 20 years under a
rigorous quality system that conforms to the international standards 1SO 9001 and TickIT.

The purpose of this document is to present evidence that ConnectFlow is an appropriate tool to use
for modelling groundwater flow and transport. This evidence takes the form of

- Comparison with analytical solutions.
e Comparison of results against other independently written groundwater flow software.

Sections 2, 3 and 4 provide details of a set of verification test cases and associated results. In all
cases the results are considered “good” in terms of agreement with the reference data.

A number of the test cases are re-used to extend the range of capabilities tested. These variations
include boundary condition types, mesh topology and algorithmic choices.

Section 5 references further testing that has taken place on the ConnectFlow suite of software,
which complements and extends the testing covered in the earlier sections.
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A summary of the CPM test cases is given in Table 2-1.

Case Title Overview

2.1 Radial steady state flow. Steady state groundwater flow. Modelled using
hexahedral, prismatic and constrained meshes.
Boundary conditions include mass flux, constant
pressure and point sinks.

2.2 Steady state flow in fractured Steady state groundwater flow. Variations include

rock. mesh aligned with fractures and a regular mesh
with permeabilties modified via an imported
fracture file.

2.3 2D Steady state flow with Steady state groundwater flow with varying

particle tracks. permeability. Forward and backward particle tracks
and conservative and regular particle tracks are
generated.

24 Transient buoyant flow. Transient groundwater flow driven by buoyancy via
the Boussinesq approximation. Decaying heat
source and heat conduction through rock.
Transient particle tracks are generated.

2.5 1D Unsaturated flow. Transient unsaturated groundwater flow. Tested
using both Crank Nicholson and Gears Method
time stepping.

2.6 Henry's salt transport. Steady state ground water flow. Density dependent
on salinity.

2.7 1D Rock matrix diffusion. Transport of salinity allowing for diffusion between
fractured rock and the rock matrix. Tested using
Crank Nicholson and Sequential Iteration solver
options.

2.8 1D Nuclide transport with Steady state groundwater flow with nuclide

sorption and decay. transport. Sorption and decay modelled individually
and combined. Tested using Crank Nicholson and
Fast Linear Transport options.
Table 2-1 CPM verification tests
SA/ENV/CONNECTFLOW/16 Page 7
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2.1 Radial Steady State Flow
2.1.1 Overview
This case models steady groundwater flow in a 2D disk where water is removed from the centre at
a constant rate and the outer disk boundary is maintained at a constant head.
The example has a simple analytical solution, which is used to verify the ground water flow solution
on a range of mesh topologies.
2.1.2  Problem Definition
The problem definition and solution is a variant of that from Feftra [3] and de Marsily [4].
Figure 2-1 Schematic of problem definition
Symbol Parameter Value
h Head at disk circumference oOm
Q Outflow from disk 1.0E-7 m%/s
K Hydraulic Conductivity 1.0E-8 m/s
R Radius of disk 2000 m
d Thickness of disk Im
r Radial distance from axis 0-2000 m
Table 2-2 Input parameters
2.1.3 Variations
2.1.3.1 Mass flux boundary condition
The modelled domain consists of a 15 degree sector, which is truncated at r = 1 m where a mass
flux boundary condition is applied. The mesh consists of a line of 3D hexahedral elements, with the
spacing refined towards the centre of the domain.
Figure 2-2 Hexahedral mesh with sector truncated close to origin
SA/ENV/CONNECTFLOW/16 Page 8
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2.1.3.2 Point sink and prism element

The modelled domain consists of a 15 degree sector, which is composed of a line of hexahedral
elements except at the origin where a prism element is used. The outflow is modelled using point
sinks at the two vertices on the axis.

Figure 2-3 Hexahedral mesh with prism at origin

2.1.4  Constrained mesh
The modelled domain consists of a 15 degree sector, which is truncated at r = 1 m, where a mass
flux boundary is applied. The mesh consists of a line of 3D hexahedral elementsforr=1mtor=
1000 m. The mesh is then refined into two cells circumferentially from r = 1000 m to r = 2000 m.
The meshes are joined using ConnectFlow constraints. This is an advanced technique that allows
grids of different densities to be connected together.
Figure 2-4 Hexahedral constrained mesh
2.1.5 Results
The analytical solution is given by
R
h(r) = h(R) - > 2 In(*)
2pKd
The results from ConnectFlow show very good agreement with the analytical solution in Figure 2-5
and Figure 2-6. The solution for the constrained mesh in Figure 2-7 is a little less accurate as
expected.
SA/ENV/CONNECTFLOW/16 Page 9
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Figure 2-5 Mass flux boundary condition
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Figure 2-6 Point sink and prism element
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Figure 2-7 Constrained mesh
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2.2 Steady Flow in Fractured Rock

2.2.1 Overview
This case is taken from Level 1 of the international HYDROCOIN project for verification of
groundwater flow codes [5]. It models steady state flow in a two-dimensional vertical slice of
fractured rock. The rock contains two inclined fractures which intersect one another at depth, and
have a higher permeability than the surrounding rock.
The topography has been made simple so that it consists of two valleys located where the fracture
zones meet the surface. To simplify the problem definition, the shape of the surface is described by
straight lines. Although the surface topography is symmetric, the flow is influenced by the
asymmetry of the fracture zones.
This problem is based on an idealized version of the hydrogeological conditions encountered at a
potential site for a deep repository in Swedish bedrock. A detailed three-dimensional model of this
was made in a separate study [6].

2.2.2  Problem Definition
Figure 2-8 depicts the modelled domain.

x=800 *=1600
¥=1000 *=1500

Figure 2-8 Fractured rock
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Symbol Parameter Value
Kr Hydraulic conductivity of rock 1.0E-8 m/s
Kt Hydraulic conductivity of 1.0E-6 m/s
fracture
f Porosity 0.03

Table 2-3 Input parameters

2.2.3 Variations

2.2.3.1 Multiple Element Types
In this variation the region is meshed using a mix of hexahedral (CB27) and prismatic elements as
shown in Figure 2-9.
Figure 2-9 Mesh around fractures

2.2.3.2 Hexahedral Elements
In this variant hexahedral elements only are used, and then the element permeabilties are modified
according to the imported fractures. It was found that in this scenario the lower order CB08
elements gave a more accurate solution than the CB27 elements for a given mesh resolution. This
is likely to be due to the rapid change in permeabilties that are not aligned with the grid.
The results presented here are for mesh with 160x80 elements. The representation of the fractures
using this approach is illustrated in Figure 2-10.
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Figure 2-10 Hexahedral elements

2.2.4 Results

The results presented here compare head profile at a height of y=-200. The multiple element type
results show excellent agreement with the HYDROCOIN study. The hexahedral element results
have a head profile that is close to the HYDROCOIN results, but with slightly higher heads across
the range.
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Figure 2-11 Head at height -200m (multiple element types)
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Figure 2-12 Head at height -200m (hexahedral element mesh)

In addition, the ConnectFlow results were compared against the Feftra base case results reported
in [3]. The differences in head between the two codes being less than 1% for the multiple element
type mesh and less than 2% for the hexahedral mesh (relative to the head variation in the surface
boundary condition).

A particle track starting from position (100,-200) also showed good agreement with the Feftra base
case, as illustrated in Figure 2-13.

200
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1400
-100

-200 - —e— ConnectFlow
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-400

-500

-600 -

-700

Xm

Figure 2-13 Particle track from (100,-200) with multiple element types
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In Figure 2-14 the ConnectFlow particle track is overlaid on the geometry, with the track colouring
representing elapsed time. The total time of the track is 5% higher than the Feftra base case.

g
“J

Figure 2-14 Particle track overlaid on geometry
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2.3 2D Steady Flow with Particle Tracks

2.3.1 Overview

This case is taken from Level 3 of the international HYDROCOIN project for verification of
groundwater flow codes [7]. It models steady state flow in a two-dimensional vertical slice of rock,
containing a circular region of higher permeability.

The case has a non-uniform analytical solution and is used in the HYDROCOIN study to test
particle tracking.

2.3.2 Problem Definition

The analytical solution assumes an infinite domain for the low permeability region. The original
HYDROCOIN setup had a disk radius a = 10m, an outer region Lx = 50m, Ly = 30m and used both
calculated and analytically prescribed flow fields.

In the ConnectFlow results presented here both the flow field and particle tracks are calculated.
From initial tests it was found that a larger outer region was required in order to appropriately
model the analytical solution.

l( e A
L L
P=p1 Low Permeability P=p(Q
Ly
High Permeability
¥
Figure 2-15 Schematic of problem definition
Symbol ‘ Parameter | Value
Lx Upstream and downstream 250 m
distances

Ly Vertical outer region distance 240 m
a Radius of inner disk 10m
P1 Upstream pressure 2.5E5 Pa
PO Downstream pressure -2.5E5 Pa
Ko Permeability of outer region 1.0E-15 m?
ki Permeability of inner region 1.0E-13 m®
f Porosity 0.1
r Density 1000 kg/m®
m Viscosity 1.0E-3 Pa.s

Table 2-4 Input parameters

Eight particle tracks are released 50 m upstream of the disk centre and at Y values of 10, 12, 14,
16, 18, 20, 22 and 24 m.

The analytical solution for the pathlines is given in the HYDROCOIN report [7] as

SA/ENV/ICONNECTFLOW/16 Page 17
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—_ 2 (ki_ko)
Y=Y, A+ 45) forr>a

Y=Y, —(k‘zf(k") forr<a

Where r is the distance from the center of the disk and y, is a constant representing the height of
the track a long distance away from the origin.

2.3.3 Variations

2.3.3.1 Wrapped Mesh

In this variation, the mesh is modelled to wrap around the cylinder. A higher quality mesh is
generated, but some vertices are surrounded by 3 elements and others by 5. A mesh of around
3000 elements was used.

Figure 2-16 Wrapped mesh

The mesh topology does not support the mass conserving particle tracking method, so just the
regular particle tracking approach was used.

2.3.3.2 Regular Mesh (Distorted Elements)

In this variation a regular mesh is used where elements always have 4 neighbours, which results in
a distorted mesh inside the cylindrical region. A mesh of around 6000 elements was used. The
mesh is finer in this case, as the refinement of the cylinder propagates to the boundaries.

T

| 4

lII

i

>
L

ri

I I

O

I
[FIEN

i

Figure 2-17 Regular mesh

Both regular particle tracking and the mass conserving method were used.
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2.3.4 Results
The calculated particle tracks were within 1% of the analytical solution, both in terms of location at
each point and in terms of overall travel from x = -50m to x = +50m.
Calculation method % Error in Location % Error in Travel Time
Wrapped mesh, regular tracks 0.96% 0.44%
Regular mesh, regular tracks 0.41% 0.17%
Regular mesh, mass conserving | 0.27% 0.20%
tracks
Table 2-5 Particle tracking results
Backward particle tracks from x = 50m to x = -50m were also calculated and were again within 1%
of the analytical values.
Calculation method % Error in Location % Error in Travel Time
Wrapped mesh, regular tracks 0.93% 0.45%
Regular mesh, regular tracks 0.41% 0.17%
Regular mesh, mass conserving | 0.27% 0.21%
tracks
Table 2-6 Backward particle tracking results
—_— e
e - e
wrﬂ‘fjﬂ——-—-‘_’_——-—_
%//// ——
Time (s)
0.0E0 2.5E9 5.0E9 7.5E9 1.OE10
[ D e - s
Figure 2-18 Particle tracks for wrapped mesh
In addition, the volumetric flow rate through the inner disk was calculated for variation 1, using the
“calculate conserved mass flux” option.
_ N o k.k;  (P1-P0)
The flow through the disk from [7] has a constant velocity in the X direction of —.
(ki + ko) ZLxm.I
For the values in Table 2-4, this gives a flow rate of 1.9801E-7 m®/s. The calculated ConnectFlow
value is 1.9834E-7 m®/s which is within 1% of the analytical solution.
SA/ENV/CONNECTFLOW/16 Page 19
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Transient Buoyant Flow

Overview

This case is taken from Level 1 of the international HYDROCOIN project for the verification of
groundwater flows [5]. It models the flows arising from an exponentially decaying heat source and
has an analytical flow solution.

This type of problem is relevant when considering the disposal of heat emitting radioactive waste,
where buoyancy induced flows can last for thousands of years.

Problem Definition

r=12000 m

r=250m
P=0

) st surce

large expanse of
surrounding rock

Axis of sphere

Figure 2-19 Schematic of problem definition

The test problem models transient heat flow through the rock only and ignores advection of heat.
The viscosity is taken to be constant and the density variation is only applied to the buoyancy term
of the equations.

The modelled domain consists of a thin one cell thick segment of the sphere. The analytical
solution assumes an unbounded region of surrounding rock. Following some initial test runs, a
surrounding region of 12000 m was selected as having a minimal impact on the solution.

A relatively fine mesh of 26000 elements was used. Coarser meshes of around 5000 elements give
good results for the temperature and pressure profiles but have larger errors on particle tracking
positions and travel times.

Symbol Parameter Value
Wo Initial power output 250 MW
Decay constant in heat source 7.3215E-10 1/s

Rock density 2.6E3 kg/m®

N | -

Rock specific heat 8.79E2 J/kg K
Rock thermal conductivity 2.51 W/m K

[oREKS)

SA/ENV/CONNECTFLOW/16 Page 20
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k Permeability 1.0E-16 m*

f Porosity 1.0E-4

Ss Specific storage coefficient 2.0E-6 1/m

r Density 992.2 kg/m®
m Viscosity 6.529E-4 Pa.s
b Expansion coefficient of water 3.85E-4 1/K

Table 2-7 Input parameters

2.4.3 Results
The comparison of results includes temperature profiles Figure 2-20, pressure profiles Figure 2-21
and transient particle tracks Figure 2-22 and Figure 2-23.
The results are all within 7% of the analytical solution, including the particle travel times.
90.0
80.0 ==
N\
70.0 3
2 | \ ConnectFlow t=50
g 60.0 = \\ — Analytical t=50
EE 50.0 - \\\\ ConnectFlow t=100
é ' —— Analytical t=100
S 400 . \\ ConnectFlow t=500
£ 30.0 - N — Analytical t=500
2 0.0 '\ \ ConnectFlow t=1000
' AN Analytical t=1000
10.0 \\*\*\ -
N \\ T a
0.0 T =Tt 3 3y P i —
0 200 400 600 800
Radius [m]
Figure 2-20 Vertical temperature rise along the vertical sphere centreline
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Figure 2-21 Vertical pressure rise along the vertical sphere centreline
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Figure 2-22 Particle tracks originating from z = 0 starting at t = 100 years
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Figure 2-23 Particle tracks originating from z = 0 starting at t = 1000 years
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2.5 1D Transient Unsaturated Flow

2.5.1 Overview

This case models transient flow in a 50 m horizontal section of clay, where the initial pressure is
constant and the ends are maintained at a different pressure.

For small variations in pressure the problem has a semi-analytical solution.

2.5.2 Problem Definition

P =-1.0E7 Po=-1.1E7 P=-1.0E7

Figure 2-24 Schematic of problem definition
The region was meshed using a line of 40 hexahedral elements.

The unsaturated behaviour for relative permeability and capillary pressure were modelled using
Van Genuchten functions.

Symbol Parameter Value

K Hydraulic Conductivity 5.0E-14 m/s
f Porosity 0.18
Ss Specific storage coefficient 2.0E-6 1/m
r Density 1000 kg/m®
M Viscosity 1.0E-3 Pass
Van Genuchten n Exponent 15

Pr Entry pressure 8.0E6 Pa

Sy Residual Saturation 0.01

Table 2-8 Input parameter values

As the variation in saturation across the model is small (<3%), we can approximate the equations
for transient unsaturated flow as a diffusion equation, so that, in 1D

P_, TP
fit Ix?
where
a is the diffusivity [m°s™];
X is distance [m];
P is pressure;
t istime.

and &is given by

SA/ENV/ICONNECTFLOW/16 Page 24
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kK

5,5+ Fry 1>

1P
where S is the liquid saturation and K, is the relative permeability and g is gravity.

For the case considered here, the values in the above equation are averaged between the initial
conditions and the boundary conditions to provide an approximate constant diffusivity.

Given this approximate constant diffusivity, a semi-analytical solution can be obtained from

¥ 4
n=0 (2n

-(2n+1) plat

+1) o 2 (2n + 1)
o L

P:Pl+(P0_Pl)

Where P, is the uniform initial pressure field -1.1E7, P1 the boundary pressure of -1.0E7, and L the
domain length of 50 m.

2.5.3 Variations
2.5.3.1 Crank Nicholson
The transient behaviour is modelled using Crank Nicholson with 150 time steps of size 1.0E11
seconds.
2.5.3.2 Gears method
The transient behaviour is modelled using Gears predictor-corrector time stepping method with an
initial time step of 1.0E11 seconds. A total of 23 time steps were used.
2.5.4 Results
The results show good agreement with the semi-analytical solution. The small differences are due
to the semi-analytical model assuming constant saturation with time.
-1.00E+07 ‘ ‘ ‘ ‘ y
DR 10 20 30 4 750
1016407 1\ e
\ ¢ W
-L.O2E+07 —\ A ’ /
= Ve e 08
= ConnectFlow 5.0E12 seconds
< 1.03E+07 \ f
% - \ / —— Semi analytical 5.0E12 seconds
7 \ / ConnectFlow 1.0E13 seconds
$ -1.04E+07 - \ /
E \ / —— Semi analytical 1.0E13 seconds
g ConnectFlow 5.0E13 seconds
S -1.05E+07 ) )
'g \ / ——— Semi analytical 5.0E13 seconds
© 106E+07 A /
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N /
-1.07E+07 A N o
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Figure 2-25 Crank Nicholson - Transient unsaturated pressures
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ConnectFlow 5.0E12 seconds
—— Semi analytical 5.0E12 seconds
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—— Semi analytical 5.0E13 seconds

Figure 2-26 Gears method - Transient unsaturated pressures

An additional comparison was made with Tough2v2 software [8].

Calculation method Pressure at x=25, t=1.0E13 ‘

ConnectFlow — Crank Nicholson -1.0426E7
ConnectFlow — Gears Method -1.0421E7
Semi analytical -1.0438E7
Tough2 -1.0423E7

Table 2-9 Comparison with Tough2v2

Both ConnectFlow and Tough2 show the same behaviour relative to the semi analytical solution.
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2.6 Henry’s Salt Transport
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2.6.1 Overview
This case considers salt water intrusion into a vertical slice of an isotropic homogeneous confined
aquifer.
The variant modelled is a modified version of the original Henry's test case, as recommended in
[9]. The modified case halves the fresh water inflow rate, which increases the sensitivity of the
solution to the variation in density.
2.6.2  Problem Definition
A schematic of the test case is shown in Figure 2-27 and the input parameters are given in Table
2-10.
Impermeable
(x=2,y=1)
Freshwater Seawater at constant
T hydrostatic pressure
(x=0.y=0)
Impermeable
Figure 2-27 Henry's Problem
A uniform hexahedral grid was used of size 80x40 elements.
Symbol ’ Parameter Value
K Hydraulic conductivity of rock 1.0E-2 m/s
D Coefficient of molecular 1.886E-5 m’/s
diffusion
Q Freshwater inflow per unit 3.3E-5 m?/s
depth
r, Reference density 998 kg/m*
I, Saltwater density 1023 kg/m®
a, Longitudinal dispersivity Om
a, Transverse dispersivity Om
f Porosity 0.35
Table 2-10 Input parameters
The model makes use of the ConnectFlow “reference waters” capability which allows fluids with
different properties to be defined. The steady solution is obtained by running a transient solution
until the steady state is reached.
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2.6.3 Results

The test case has an analytical solution, represented by an infinite double Fourier series. A
truncated form of the series gives a non-linear system which can then be iteratively solved. Results
from this process are reported in [9] and these are used for the comparisons in Figure 2-28. The
maximum error in contour location is less than 3%.

1.00 / —r
o /
0.90 ConnectFlow 25%
Semi analytical 25% / /
0.80 —— ConnectFlow 50% / 7 n
0.70 Semi analytical 50% [ ]

Semi analytical 75% /
0.50

0.40 - / /

0.30

0.20 | / / /
0.10 / / /
[ [ [

0.00 T T T T T T T T
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

X [m]

y [m]

—— ConnectFlow 75% / /
0.60

Figure 2-28 Non-dimensional concentration of salinity
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2.7 1D Rock Matrix Diffusion (RMD)

2.7.1  Overview

This case considers the transient one dimensional transport of salinity through fractured rock where

diffusion between the fractured rock and the adjacent rock matrix is modelled. This test case

assumes a constant density.
The test case is taken from the SKB R-04-78 report [10] and has a semi-analytical solution.

2.7.2  Problem Definition
Figure 2-29 depicts the modelled 1D domain.

C= C=0att=10 Flusx
H=50.0m H=00m

1.0E4 m

4l
-

¥

Figure 2-29 Schematic of problem definition

C = Zero Dispersive

Symbol Parameter Value
k Rock permeability 1.0E-11 m?
D Salt diffusion coefficient 1.0E-9 m’/s
r Density 998.3 kg/m®
. Saltwater density 998.3 kg/m®
a, Longitudinal dispersivity 100 m
a, Transverse dispersivity 10m
f Fracture porosity 0.01
m Viscosity 1.0E-3 Pass
t Tortuousity 1.0
’m Matrix porosity 0.1
D, Intrinsic diffusion coefficient 5.0E-11 m?/s
S Fracture surface area per unit 2m*t

volume.

Table 2-11 Input parameters

In this case the rock matrix diffusion slows down the increase in salinity in the fractured rock,

asa

proportion of the salinity is diffusing into the surrounding rock matrix. The time taken for the mid-

point relative concentration to reach 0.99 is increased by more than a factor 10 due to RMD.
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Variations
Crank Nicholson

In this variation the non-linear system is solved using Newton iteration on each time step for all
variables as a single group. Automatic time stepping is used to gradually increase the time step
size from its initial value of 1.0E6 seconds.

Sequential Inner Iteration

Sequential inner iteration solves the non-linear system of equations that arise at each time step
according to a user-specified sequence of Newton iterations on subgroups of the full system of
equations. In this test the pressure field is time independent, so just the salt concentration is solved
for.

This setup also uses nodal quadrature in order to allow an optimized fast equation assembly
process. Both the fast assembly and normal assembly were tested.

Automatic time stepping is used to gradually increase the time step size from its initial value of
1.0E6 seconds.

Increased Salt Diffusion Coefficient
The effective dispersion of concentration is given by

jr(% +a,v)

Where V is the pore water velocity in the fractured rock, which for this case has a constant value of

D
4.981E-5 m/s. This means that 7 =1.0E-9and &,V =4.981E-3.

This variation sets the dispersion length &, to zero, and the salt diffusion coefficient D to

4 .981E-3. This results in a modified test with the same effective diffusion and hence the same
semi-analytical solution.

Results

The semi-analytical solution is derived using Laplace transforms, which are then inverted
numerically. The details of this process are covered in [10].

The results show good agreement with the semi-analytical solution, the ConnectFlow
concentrations being within 1% of the semi-analytical solution for all variations. The concentration
profiles for three time values are shown in Figure 2-30.
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Figure 2-30 Crank Nicholson - Relative concentration
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—— Semi analytical 5.0E7 seconds
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2.8 1D Nuclide Transport with Sorption and Decay
2.8.1 Overview
This case considers transient one-dimensional nuclide transport due to advection and diffusion.
Both sorption and decay are considered.
The test case is taken from [11] and has an analytical solution.
2.8.2  Problem Definition
Figure 2-29 depicts the modelled 1D domain.
NT =001 —:34355? /s N1=0,N2=0att=0 N1=00
N2 =0.0 HEREE IS = R ESLARS N2 =0.0
_).
Figure 2-31 Schematic illustration of the problem definition
Symbol Parameter Value
k Rock permeability 1.24E-9 m?
U Darcy velocity 3.486E-7 m/s
D Nuclide diffusion coefficient 1.162E-7m’/s
a, Longitudinal dispersivity Om
a, Transverse dispersivity Om
R Retardation factor nuclide 1 2.0
R Retardation factor nuclide 2 1.0
1, Decay constant nuclide 1 4.011E-7 1/s
1, Decay constant nuclide 2 1.0E-20 1/s
t Tortuousity 1.0
r Density 1000.0 kg/m®
1 Viscosity 1.0E-3 Pa.s
f Porosity 0.3
Table 2-12 Input parameters
Constant pressure boundary conditions are applied to generate the desired Darcy velocity. The
timescale modelled is 20 days which also corresponds to the half life of the parent nuclide N1.
The mesh consists of 100 CB08 elements along the length of the flow domain, and the time step is
taken to be 1E4 seconds.
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2.8.3 Variations
2.8.3.1 Fast Linear Transport
Four runs are carried out to illustrate the effect of sorption and decay on the solution.
* No decay or sorption
e Sorption only
e Decay only
e  Sorption and decay
2.8.3.2 Crank Nicholson

This variation repeats the sorption and decay case using the Crank Nicholson transient solver.

2.8.4 Results

The results show excellent agreement with the analytical solution [12]. The concentration of the
parent nuclide N1 is compared with the analytical solution for each of the four fast linear transport
runs in Figure 2-32, Figure 2-33, Figure 2-34 and Figure 2-35.

The Crank Nicholson results were very close to the Fast Transient results, with the peak daughter
nuclide concentration being 1% higher and the parent nuclide concentration being identical.

Figure 2-36 shows the ConnectFlow daughter nuclide N2 concentration for the sorption and decay
case.

0.01 .

0.009 NN
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Distance [m]

Figure 2-32 N1 concentration with no sorption or decay
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Figure 2-33 N1 concentration with sorption only
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Figure 2-34 N1 concentration with decay only
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Figure 2-35 N1 concentration with both sorption and decay
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Figure 2-36 Parent and daughter concentrations for the sorption and decay case
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A summary of the DFN test cases is given in Table 3-1.

Case
3.1

Title
3D Fracture distributions

Overview

Generation and export of random fractures. The
exported fractures are analysed to check the
orientation and side length against the expected
values.

3.2

3D Fracture connectivity.

Evaluation of the critical areal density in connecting
1 m square fractures, with a uniform distribution of
orientations within a cube.

3.3

3D Fracture connectivity, power
law distribution.

Evaluation of the critical areal density as a function
of domain size for square fractures with a power
law distribution exponent of 2.5 for fracture size
and uniform distribution for orientation.

3.4

Upscaling from DFN to CPM.

Calculation of permeability distribution from a DFN
model with and without guard zones. Import of
permeability data into CPM model. Comparison of
steady state flow distributions.

3.5

Radial steady state flow.

Steady state groundwater flow with a borehole
used to apply the required mass flow boundary
condition.

3.5

Three fracture intersections.

Steady state groundwater flow between three
intersecting fractures. Forward and backward
particle tracks are generated.

3.7

Steady state flow in fractured
rock.

Steady state groundwater flow through intersecting
fractures within a rock matrix. Rock matrix is
modelled using an imported IFZ lattice and also via
the in built matrix lattice option.

3.8

Henry's salt transport.

Steady state groundwater flow. Density dependent
on salinity. Two variants are modelled, the first
modelling the transport of salinity and the second
using an imported density field.

Table 3-1 DFN verification tests
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3.1 3D Fracture Distributions

3.1.1 Overview
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This case generates sets of random fractures using a number of commonly used distributions for
length and orientation. The fractures are exported and analysed to verify that the observed
distribution matches the expected values.

3.1.2 Problem Definition

Random fractures are generated in a 100 m x 100 m x 100 m cube. Six variations are considered

with the following combination of properties.

Symbol Parameter Value
Dip angle Uniform distribution 0-180
degrees
Dip direction Uniform distribution 0-180
degrees
Orientation Uniform distribution 0-180
degrees
fq Fracture density 0.02
L1 Fracture side length 1 Truncated power law
distribution
Minimum 1m
Maximum 150 m
Exponent 2.5, 3.0, 3.5 corresponding
to variations 1-3
L2 Fracture side length 2 Truncated power law

distribution
Minimum Im
Maximum 150 m
Exponent 2.5, 3.0, 3.5 corresponding

to variations 1-3

Table 3-2 Input parameters for variations 1-3

The range of exponents in Table 3-2 covers cases where large fractures dominate (exponent 2.5)
and also where small fractures dominate (exponent 3.5). This is illustrated in Figure 3-1, Figure 3-2

and Figure 3-3.
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Figure 3-1 Fractures for exponent of 2.5, connectivity dominated by large fractures
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Figure 3-2 Fractures for exponent of 3.0

SA/ENV/ICONNECTFLOW/16 Page 38
Serco Public



SA/ENV/ICONNECTFLOW/16

0.0 40.0

Area (m*2)

80.0

120.0 160.0

serco

200.0

Figure 3-3 Fractures for exponent of 3.5, connectivity dominated by small fractures

Symbol

Parameter
Dip angle

Value

Fisher distribution with
dispersion 5.0, 20.0, 100.0
corresponding to variations
4-6

Dip direction

Uniform distribution 0-180
degrees

Orientation

Uniform distribution 0-180
degrees

fq

Fracture density

0.02

Fracture side length of square
fractures

Log normal distribution

Mean of log(length)

2

Standard deviation of
log(length).

0.2, 0.4, 0.6 corresponding
to variations 4-6

Table 3-3 Input parameters for variations 4-6

As the fisher parameter increases in variations 4-6, the fractures become increasingly parallel. At
the same time the standard deviation of the log of the length is increasing in the log normal

distribution which gives rise to an increased number of larger fractures. This is illustrated in Figure
3-4, Figure 3-5 and Figure 3-6.
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Figure 3-4 Fractures for fisher dispersion 5.0
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Figure 3-5 Reduced range of angles for fisher dispersion 20.0
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Figure 3-6 Reduced range of angles for fisher dispersion 100.0 and larger fractures due to
increased standard deviation in log normal distribution.

3.1.3 Results
All results agree to within 5% of the expected values.
3.1.3.1 \Variations 1-3
The volume of the region is 1.0E6 m®, given a point density of 0.02 the expected number of
generated fractures is 20000. The results for variations 1-3 are shown in Table 3-4.
Variation Expected Value Measured Value Error
Variation 1 20000 19743 1.29%
Variation 2 20000 20116 0.58%
Variation 3 20000 20015 0.08%
Table 3-4 Number of randomly generated fractures
In each of these variations the fracture normal is uniformly distributed over all possible directions.
This is tested by calculating the average unit normal vectors over all fractures. The magnitude of
the resulting vector should approach zero as the number of fractures increases (a value of 1 would
correspond to all fractures being parallel). The results for variations 1-3 are shown in Table 3-5.
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Variation Expected Value Measured Value Error
Variation 1 0.0 0.0031 0.31%
Variation 2 0.0 0.0095 0.95%
Variation 3 0.0 0.0065 0.65%

Table 3-5 Magnitude of Average Fracture Normal

For a set of n fractures of side length |, and minimum side length | ;. an estimate for the power
law distribution exponent £ is given in [13] as

n

h=1+n m-l;

i=1

Applying this to variations 1-3, gives the results shown in Table 3-6 and Table 3-7.

Variation ‘ Expected Value | Measured Value ’ Error
Variation 1 25 2.513 0.52%
Variation 2 3.0 3.035 1.16%
Variation 3 3.5 3.510 0.29%
Table 3-6 Estimated power law exponent for fracture side length 1

Variation Expected Value Measured Value Error
Variation 1 2.5 2.513 0.52%
Variation 2 3.0 3.017 0.57%
Variation 3 3.5 3.514 0.40%

Table 3-7 Estimated power law exponent for fracture side length 2

3.1.3.2 Variations 4-6
The volume of the region is 1.0E6 m>. Given a point density of 0.02, the expected number of
generated fractures is 20000. The results for variations 4-6 are shown in Table 3-8.
Variation Expected Value Measured Value Error
Variation 4 20000 19740 1.30%
Variation 5 20000 19896 0.52%
Variation 6 20000 19771 1.15%
Table 3-8 Number of randomly generated fractures
For a set of n fractures with angle g to the average normal, an estimate for the fisher dispersion
parameter K is given in [14] as
R(3-R? 10
k:—L—lemmR=— cos(q)
1-R =1
Applying this to variations 4-6, gives the results shown in Table 3-9
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Variation Expected Value Measured Value Error
Variation 4 5.0 5.14 2.90%
Variation 5 20.0 20.11 0.55%
Variation 6 100.0 100.06 0.06%

Table 3-9 Fisher distribution parameter

For a log normal distribution, the arithmetic mean and standard deviation are given in [15] as

2 2
m+=- m+2
m=e 2 ands=e °?

2

et -1

Where /77, and S, are the mean and standard deviation of the log of the distribution. Applying this
to the fracture length distribution in variations 4-6 gives the results shown in Table 3-10 and Table

3-11.

Variation ‘ Expected Value | Measured Value ’ Error
Variation 4 7.53 7.48 0.68%
Variation 5 8.00 7.96 0.62%
Variation 6 8.85 8.73 1.29%
Table 3-10 Average side length for log normal distribution

Variation Expected Value Measured Value Error
Variation 4 1.52 1.54 1.17%
Variation 5 3.33 3.29 1.20%
Variation 6 5.82 5.59 3.92%
Table 3-11 Standard deviation of side length for log normal distribution
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3.2 3D Fracture Connectivity
3.2.1 Overview
The DFN software has the ability to create networks of random fractures with specified properties.
This case uses percolation theory to check the generation and connectivity of random fractures
within a cube.
3.2.2  Problem Definition
The modelled domain is a cube of side length 20 m. This is filled with randomly generated square
fractures with side length 1 m and with random orientation and position. This is illustrated in Figure
3-7.
Symbol ’ Parameter ‘ Value
Dip angle Uniform distribution 0-90
degrees
Dip direction Uniform distribution 0-90
degrees
Orientation Uniform distribution 0-90
degrees
| Fracture side length 1m
L Cube side length 20m
Table 3-12 Input parameters
The critical areal density at which all surfaces of the cube should be connected by the fracture
network is given in [16] as 1.23.
3.2.3 Results
Thirty different random numbers seeds were used. For each seed a progression of areal densities
were used in order to estimate the critical density. The average resulting critical density was 1.32,
7.3% higher than in [16].
Figure 3-7 Fractures at critical areal density
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3.3 3D Fracture Connectivity with a Power Law Size Distribution
3.3.1 Overview
This case considers the connectivity of random fractures within a cube, where the fracture lengths
follow a power law distribution. The solution is taken from [17].
3.3.2  Problem Definition
The modelled domain is a cube for a range of increasing sizes. This is filled with randomly
generated square fractures with side length corresponding to a truncated power law.
Symbol ‘ Parameter ‘ Value
Dip angle Uniform distribution 0-90
degrees
Dip direction Uniform distribution 0-90
degrees
Orientation Uniform distribution 0-90
degrees
a Exponent in power law 25
L Cube side length 5-300m
Table 3-13 Input parameters
When the exponent is less than 3 the critical fracture density varies with domain size and the
connectivity is dominated by the larger fractures. This is illustrated in Figure 3-9.
For large values of the exponent the connectivity of the smaller fractures dominates and the critical
density does not vary with domain size for sufficiently large domains. This is similar to case 0
3.3.3 Results
A comparison of the dependence of the critical density on domain size is shown in Figure 3-8. The
reference data is taken from [16].
The results from ConnectFlow show good agreement, particularly in terms of the slope which, as
discussed in [16], varies significantly with the exponent a.
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Figure 3-8 Critical fracture density variation with domain size

serco

¢ ConnectFlow

—a— Reference Data

Figure 3-9 Fracture network generated using a power law size distribution (a=2.5)
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3.4 Upscaling from DFN to CPM
3.4.1 Overview
This case is taken from the DECOVALEX Task C [18] and calculates the permeability through a
20 m x 20 m region of fractured rock, generated from fracture mapping data from Sellafield UK.
The fracture set consists of 7797 fractures, with lengths varying from 0.5 to >30 m, and apertures
varying from 1 to 200 microns.
The upscaled permeabilties are then used in a CPM calculation and the mass flows are compared.
3.4.2 Problem Definition
The modelled domain consists of a 20 m x 20 m x 1 m region with an applied horizontal pressure
gradient of 1.0E4 Pa/m, as illustrated in Figure 3-10.
98 1074
ax
z=10
Flow
ar _ x=-10 x=10 | 2 _ 1054
= =10E4 <4 -1
z=-10
22 _10E4
dx
Figure 3-10 Schematic of problem definition
The fracture distribution is shown in Figure 3-11 and the input parameters in Table 3-14.
Symbol Parameter Value
r Density 1000 kg/m®
m Viscosity 1.0E-3 Ns/m?
Table 3-14 Input parameters
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Figure 3-11 Fractured Rock

The DFN permeabilities are calculated on a regular grid of cells and the CPM calculation uses a
regular grid of the same resolution. The finest grid resolution tested was 400x400 cells.

3.4.3 Variations

3.4.3.1 Cellular Model Calculation
The DFN region is overlayed with a grid of cells of the required resolution. This is used for all
results except Figure 3-14.

3.4.3.2 Cellular Model with Guard Zone
Each cell is stretched by a factor 3 in the x and z directions and then the middle section is used to
export permeabilities for the area of interest. This helps improve accuracy where single fractures
intersect more than one of the cells sides.

3.4.3.3 Regional Model Calculation
The DFN model region is used to define the grid of cells.
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344 Results

The overall flow through the left hand boundary x=-10 is compared against the stress free TUL
results from [18] and the upscaled NAMMU results. All results agree to within 6%.

Approach ‘ Flow X=-10
TUL 9.40E-5 m*/s
ConnectFlow DFN 9.62E-5 m%/s
ConnectFlow CPM (400 x 400 upscaling) 9.96E-5 m*/s

The distribution of outflow at x = -10 m is compared between NAPSAC and NAMMU in Figure 3-12
for a range of upscaling resolutions. The data is averaged over 1 m intervals in order to better
compare the bulk profile. Flow orthogonal to the pressure gradient at the outflow boundary z = 10
m is shown in Figure 3-13.
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Figure 3-12 Outflow distribution at left boundary (X=-10 m) for cellular model upscaling with
no guard zone
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Figure 3-13 Outflow distribution at top boundary (Z=10 m) for cellular model upscaling with
no guard zone

The overall outflow through the 20 m top surface is 5.45E-6 m3/s as computed by the DFN model
and 6.01E-6 m3/s as computed by the CPM 400x400 model. This is around 1/20™ of the outflow in

the direction aligned with the pressure gradient.

Figure 3-14 compares the outflow distribution across the three variations in 3.4.3 for an upscaling
resolution of 100x100. The Cellular and Model Region variations are virtually identical as expected.
Use of the guard zone improves the agreement as compared with the DFN solution.
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Figure 3-14 Comparison of outflows at left boundary (X=-10m) using a CPM resolution of
100x100
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3.5 Radial Steady State Flow
3.5.1 Overview
This case models steady groundwater flow in a 2D disk where water is removed from the centre at
a constant rate and the outer disk boundary is maintained at a constant head.
The example has a simple analytical solution and can be used to test a range of modelling choices.
3.5.2 Problem Definition
This case is the DFN equivalent of case 0.
/,--"" EIIH‘\
[ g , -
| ? R |
([ R M
/
h
Figure 3-15 Schematic of problem definition
For a fracture, the aperture, e, is related to the hydraulic conductivity, K by
12Km
e= /—
rg
The values in Table 3-15 have scaled Q from 1.0E-7 in case 0 to give an equivalent head
distribution.
A 5 degree sector of the disk is modelled and is tessellated using 100 single fractures along its
length. As these fractures are not rectangular, ConnectFlow breaks them up into right angle
triangles as illustrated in Figure 3-16.
Figure 3-16 Fractures in sector of disk
The fractures used model the circumference of the sector as a straight line. As a result the
accuracy of the simulation increases as the angle of the sector decreases.
The outflow at the axis is modelled using a borehole with a specified flow rate which has direction
orthogonal to the disk.
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Symbol Parameter Value
h Head at disk circumference Om
Q Outflow from disk 1.11E-14 m%/s
K Hydraulic Conductivity 1.0E-8 m/s
R Radius of disk 2000 m
e Aperture of fracture 1.11E-7m
r Radial distance from axis 0-2000 m
r Density 1000 kg/m®
m Viscosity 1.0E-3 Pa.s
g Gravity 9.8 m/s®

Table 3-15 Input parameters

Results

The analytical solution is given by

Q h®

h(r) = h(R) - e

The results from ConnectFlow show good agreement with the analytical solution, as illustrated in

Figure 3-17.

) 500

1000 0 20

Head [m]
A

Radius [m]

+ ConnectFlow
—— Analytical Solution

Figure 3-17 Variation of head with distance from the axis with an outflow modelled with a

borehole
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3.6 Three Fracture Intersections
3.6.1 Overview
This case models steady groundwater flow and particle tracking in a simple two dimensional
fracture network.
3.6.2  Problem Definition
The problem is a variant of test C1 from DarcyTools [19]. Three fractures are placed in a
rectangular region as shown in Figure 3-18.
b
h=0 =1
a - \
Figure 3-18 Three fracture intersections
A 3x3 system of linear equations is derived by applying mass conservation at the three fracture
intersections. This is used to calculate the heads at a, b and ¢ and hence the flow rates in each
fracture segment.
The fracture geometry used for this test is defined in Table 3-16.
X Start Y Start X End Y End
0 2 12
0 3 12
0 5 12
Table 3-16 Fracture locations
3.6.3  Variations
3.6.3.1 Symmetric
For the symmetric case, the fracture aperture is set to 1.0E-4 m for all three fractures. This gives
an analytical flow field where the flow rates along each fracture are almost identical.
3.6.3.2 Non-symmetric
In the non-symmetric case, the fracture apertures are set to 1.0E-4 m for the fracture passing
through section bc, 2.0E-4 m for section ac and 4.0E-4 m for section ab. In addition, the section of
fracture passing through ab is removed as shown in Figure 3-19.
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Figure 3-19 Non symmetric fractures

This arrangement means that the flow at b splits, with some of it moving to ¢ and then a, and the
rest moving directly towards the left hand boundary.

The particle tracking is tested by releasing 10000 particles at the h=1 surface, with the fraction of
particles in each fracture distributed in proportion to the analytical inflow rate.

The proportion of particles leaving the geometry at Y=2, 3 and 5 should correspond to the ratio of
the analytically predicted outflow rates.

Analytical inflow

Analytical outflow

distribution at X=12 distribution at X=0

2 7.9% 77.3%
3 64.9% 10.0%
5 27.2% 12.7%

Table 3-17 Analytical inflow/outflow

For this test, the APPROXIMATE PARTICLE TRACKING model is used, with forward tracking to
track from inflow to outflow and backward tracking to track from outflow to inflow.

3.6.4 Results
3.6.4.1 Symmetric
The predicted results for head are within 1% of the analytical values.
Intersection | ConnectFlow ‘ Analytical ‘ % Error
a 0.333 0.333 0.19%
b 0.496 0.500 0.89%
c 0.667 0.667 0.10%
Table 3-18 Heads at fracture intersections
3.6.4.2 Non Symmetric
The ConnectFlow head distribution for this case is shown in Figure 3-20. Predicted results for the
head and particle flows are within 5% of the analytical values.
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Head (m)
25E-1 5.0E-1 7.5E-1 1.0E0
Figure 3-20 Head distribution
Intersection | ConnectFlow ‘ Analytical ‘ % Error
a 0.062 0.061 1.49%
b 0.937 0.968 3.23%
c 0.599 0.600 0.15%
Table 3-19 Heads at fracture intersections
Y at Exit ConnectFlow Analytical Error
2 7.4% 7.9% 0.5%
3 65.6% 65.0% 0.6%
5 27.0% 27.2% 0.2%
Table 3-20 Particle flow rates (Backwards)
Y at Exit ConnectFlow Analytical Error
2 77.6% 77.3% 0.3%
3 9.5% 10.0% 0.5%
5 12.9% 12.7% 0.2%
Table 3-21 Particle flow rates (forwards)
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3.7 Steady Flow in Fractured Rock
3.7.1  Overview
The example is taken from Level 1 of the international HYDROCOIN project for verification of
groundwater flow codes [20] and is the same problem as CPM case 2.2.
It models steady state flow in a two-dimensional vertical slice of fractured rock. The rock contains
two inclined fractures which intersect one another at depth, and have a higher permeability than the
surrounding rock.
The topography has been made simple so that it consists of two valleys located where the fracture
zones meet the surface. To simplify the problem definition, the shape of the surface is described by
straight lines. Although the surface topography is symmetric, the flow is influenced by the
asymmetry of the fracture zones.
This problem is based on an idealized version of the hydrogeological conditions encountered
at a potential site for a deep repository in Swedish bedrock. A detailed three-dimensional
model of this was made in a separate study [21].
3.7.2  Problem Definition
Figure 3-21 depicts the modelled domain.
x=800 x=1600
x=1000 x=1500
Figure 3-21 Fractured rock
Symbol ‘ Parameter ‘ Value
K, Hydraulic conductivity of rock 1.0E-8 m/s
Kyt Hydraulic conductivity of CPM 1.0E-6 m/s
fractured region
e, Thickness of fracture F1 2.053E-4 m
e, Thickness of fracture F2 2.620E-4 m
Table 3-22 Input parameters
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The fracture apertures have been derived to match the transmissivities of the fracture regions in
case 2.2.2. For the DFN model, the transmissivity is proportional to aperture cubed and for the

CPM model it is proportional to the cross sectional thickness of the region representing the
fracture.

The rock is modelled using an array of fractures as shown in Figure 3-22. The figure is drawn in
perspective to make it easier to visualise.
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Figure 3-22 Modelled fractures

3.7.3 Variations

3.7.3.1 IFZ Rock Matrix

In this variant, the rock matrix is modelled using a two dimensional grid of fractures that are read in
as an Implict Fracture Zone (IF2) file.

3.7.3.2 Matrix Lattice Option

In this variant, the rock matrix is modelled using a three dimensional grid of fractures generated by
the command GENERATE MATRIX LATTICE. In this case, the fracture widths are set

automatically and are approximately twice as wide as that set manually in the IFZ Rock Matrix
variant.
3.7.3.3 Current Value

In this variant, a subset of the domain is modelled, x = 100 to 1500 m and y = -300 to -100 m. This
is illustrated in Figure 3-23.The boundary pressure is taken from the CPM solution 2.2.3.1 and
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applied using the >>CURRENT VALUE boundary condition option. The rock matrix is modelled
using the same IFZ approach as in 3.7.3.1.

Figure 3-23 Current Value

3.7.4 Results

The results presented here compare the head profile at a height of y=-200 m and show excellent
agreement with the HYDROCOIN study.
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Figure 3-24 Head at height -200 m (IFZ Rock Matrix)
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Figure 3-25 Head at height -200 m (Matrix Lattice)
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Figure 3-26 Head at height -200 m (Current Value)

In addition, the ConnectFlow results were compared against the Feftra base case results [3], with
the differences in head between the two codes being less than 0.5% for the IFZ Rock Matrix and
Reduced Domain variants and less than 1% for the Matrix Lattice.

The latter is marginally less accurate due to the increased permeability contribution of the wider
rock matrix fractures. This was checked by making the fractures in the IFZ Rock Matrix variant
deliberately wider and the same trend was seen.

Figure 3-27 shows the head distribution through the fracture network.
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Figure 3-27 Fractures coloured by head (IFZ Rock Ma  trix)
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