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Abstract 

The present report presents solutions to Hydrocoin Level 1: Case 1, 

3 and 4. Case 1 deals with transient flow of water from a borehole 

which penetrates a confined aquifer consisting of a homogeneous, 

isotropic permeable medium which is underlain by a single horizon

tal fracture. Case 3 deals with a problem of saturated-unsaturated 

flow through a layered sequence of sedimentary rocks. Case 4 deals 

with transient thermal convection in a saturated permeable medium. 

Hydrocoin is an international cooperation project to compare 

different computer models used for describing groundwater flow in 

geological media. The purpose of the project is to improve the 

understanding of various strategies for modelling groundwater flow 

for the safety assessment of final radioactive waste repositories. 

The project is structured in three levels. The object of level 1 is 

to examine the numerical accuracy of the computer models compared. 

The object of level 2 is to study the capability of computer models 

to describe in-situ measurements. Level 3 is concerned with sensi

tivity and uncertainty analysis of groundwater flow. 





SUMMARY 

The present report presents solutions to Hydrocoin Level 1: Case 1, 

3 and 4. Case 1 deals with transient flow of water from a borehole 

which penetrates a confined aquifer consisting of a homogeneous, 

isotropic permeable medium which is underlain by a single horizon

tal fracture. Case 3 deals with a problem of saturated-unsaturated 

flow through a layered sequence of sedimentary rocks. Case 4 deals 

with transient thermal convection in a saturated permeable medium. 

The calculations were carried out using the GWHRT-flow model for 

calculation of coupled flow of groundwater and heat in fractured 

rock. The model is used for the calculation of groundwater flow at 

study sites included in the Swedish research program (Swedish 

Nuclear Fuel Co) for studying the final storage of radioactive 

waste in hard rock repositories. 

The GWHRT-model solves for 

saturated-unsaturated flow of 

one, two or three-dimensional 

water and heat through a fractured 

rock mass, treated either as a single equivalent continuum or as 

two overlapping continua. Fluid density is assumed to be dependent 

of pressure and temperature, while the dynamic viscosity of the 

fluid is assumed to be dependent of temperature only. 

Hydrocoin is an international cooperation project to compare 

different computer models used for describing groundwater flow in 

geological media. The purpose of the project is to improve the 

understanding of various strategies for modelling groundwater flow 

for the safety assessment of final radioactive waste repositories. 

The project is structured in three levels. The object of level 1 is 

to examine the numerical accuracy of the computer models compared. 

The object of level 2 is to study the capability of computer models 

to describe in-situ measurements. Level 3 is concerned with sensi

tivity and uncertainty analysis of groundwater flow. 





Case 

The purpose 

dealing with 
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of this case was to simulate an ideal test problem 

transient saturated flow from a borehole in a 

permeable medium underlain by a single horizontal fracture. 

Initially the head in both the rock matrix and the fracture was 

zero. A time-dependent head was prescribed in the borehole. The 

object was to calculate the head in the rock matrix and to present 

time-dependent solutions for the head at two points and to present 

the head profile at a given depth and point of time accordin~ to 

the specification document. 

The rock matrix is characterized by a hydraulic conductivity and a 

specific storage. The fracture is characterized by a 

transmissivity and a storage coefficient. In the calculations a 

finite width was attributed to the fracture, which was rep

resented by two-dimensional elements. 

The horizontal extent of the flow domain is 10 metres and the 

vertical extent is 5 metres, respectively. Porosity was assumed to 

be 0.1 and the fracture was attributed a width of 0.01 m. The 

parameter data given in the specification document were transformed 

into units suitable for the flow model equation as follows. 

The element mesh was successively densified until good agreement 

between the numerical and the analytical solution values could be 

obtained. The final solution was worked out using a mesh of 195 

8-node quadri-lateral elements and 642 nodes. Time was advanced in 

logarithmically distributed time steps for about 100 time steps. 



- 4 -

Case 3 

The purpose of this case was to simulRte the flow through a layered 

sequence of sedimentary rocks. The flow domain is characterized by 

a strong vertical variation of the flow conditions. The horizontal 

extent of the flow domain is 2000 metres and the maximum vertical 

depth of the flow domain is 1500 metres. 

Unsaturated flow occurs in the upper part of the flow domain. A 

constant infiltration rate is prescribed on the top boundary of the 

flow domain. The lateral boundary is characterized by a seepage 

face and a hydrostatic boundary representing a lake*) 

The object of the present computational exercise was to simulate 

the transient drawdown and the steady state position of the water 

table, which initially was assumed to be located at the top 

surface. The physical properties at unsaturated conditions such as 

the capillary pressure and the relative permeability versus 

saturation were prescribed in the specification document of the 

case. 

A set of preliminary calculations exhibited serious convergence 

problems using the prescribed original parameter data. Obviously, 

the numerical problems were due to the extremely high permeability 

contrasts which occurred when the water table penetrated the 

aquitard located in the flow domain. It was concluded that solving 

the flow problem using the original data would require development 

beyond the considered purpose of the flow model used in the 

calculations. Therefore, it was decided to seek some solutions for 

simplified flow conditions in order to study the applicability of 

the flow model used. 

*) The characteristics of the flow domain considered in this case 

originates from a study site for radioactive waste in Switzerland. 
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The solutions were worked out using the original data until the 
solution was destroyed. This usually occured within one or two 
time steps after the water table had reached the aguitard. 
Therearter restarts were made using the simplified parameter data. 
Usually, the solutions could be advanced 10-15 time steps without 
much problem to a situation with the water table located at about 
375 metres on the lert hand side. 

In a first attempt to achieve a steady state solution to the 
problem the relative permeability was set constant and equal to one 
for all saturations. The simulation was resumed just before the 
solution with the original data failed, i.e. with the water table 
located at about 375 metres on the lert hand side. As a result the 
solution could readily be advanced to steady state and the water 
table reached a position of the water table at about 65 metres on 
the lert hand side. 

In a second attempt to reach steady state the minimum value of the 
relative permeability was set equal to 0.25 when the water table on 
the lert hand side was located at 375 metres. The solution could 
now be advanced fairly easy to a steady state position with the 
water table at a level of about 220 metres on the lert hand bounda
ry. The water table is thus entirely located below the aquitard. 
Some oscillatory behaviour of the water table could be observed at 
the lert hand boundary, but the final flow conditions appeared to 
be quite stable. 

In a third attempt to reach steady state the conditions were the 
same as for in the second attempt, but the solution was advanced 
using much smaller time steps in order to avoid the oscillatory 
behaviour on the lert hand boundary. In this case steady state 
conditions were achieved with the water table located above the 
aquitard on the left hand boundary. It is not yet clear, however, 
whether the contradictions in the solutions obtained here are 
realistic or simply the result of improper numerical treatment of 
the problem. 

Generally, it may be concluded from the previous calculations that 
the problem exactly as defined in the specification document could 
not be solved with the present version of the computer model used 
in the calculations. Furthermore, it may be concluded that sim
plifying assumptions such as those made in the calculations may 
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change the behaviour of the flow problem and lead to erroneous so

lutions. 

Among the features that should be developed or implementerl in the 
present numerical model to facilitate the treatment of unsaturated 
flow could be mentioned time step control algorithms and mesh adap

tive techniques. 

Case 4 

This case deals with transient thermal convection in a saturated 

permeable medium. An analytical solution was also presented and 
the numerical results worked out in the present study are presented 
together with the analytical solution. The purpose of this case is 
to calculate time dependent buoyancy driven flows due to heat 

released from a hypothetical radioactive waste repository. 

The problem is characterized by a low Rayleigh number and it is 

assumed that the heat flow is mainly due to conduction. The 

repository is represented by a spherical exponentially decaying 

heat source. The surrounding rock mass is assumed to be 

homogeneous and isotropic. The same material properties are 

assumed for the repository as for the surrounding rock mass. 

Very good agreement between the results from the numerical and the 

analytical model could be obtained for the main predicted variables 

in the flow model, viz. pressure and temperature. Numerical 

problems were encountered when predicting the long term pathlines. 
It is believed that the pathline tracking problems were mainly due 

to the exceedingly large time steps that were used towards the end 

of the simulation period. In the present time step selection 

scheme no consideration is made with regard to the pathline 
tracking. 

A further numerical problem associated with the pathline tracking 
are are even further aggravated by the fact that the present 
element type and evaluation of the velocities may lead to intrinsic 

inconsistencies in the velocity field, especially in regions where 

the density gradients are relatively small. 
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Introduction 

The purpose of the present study is to simulate and ideal test 

problem dealing with transient saturated flow from a borehole in a 

permeable medium, which is underlain by a single horizontal 

fracture. The problem together with an analytical solution was 

specified by Hodgkinson and Barker (1). The flow domain considered 

is illustrated in Figure 1. The numerical results carried out in 

the present report are displayed graphically together with the ana

lytical ones. 

Flow model 

The flow model used in the calculations was developed by Thunvik 

and Braester (2). It is assumed that the flow in the rock matrix as 

well as in the fracture can be described by Darcy's law. From 

Darcy's law and the equation for the conservation of mass the 

following equation is used in the calculations 

f f r 
cpp ( C + C ) p' t 

where cp is porosity, cf is fluid compressibility, r . k c is roe com-

pressi bili ty, 
f tensor, p is 

p is 

fluid 

pressure, t is time, k .. is the permeability 
lJ 

density,µ is the dynamic viscosity, g is the 

acceleration of gravity and Q represents a mass source. 

The flow equation is solved numerically using the Galerkin finite 

element method. The algebraic system of equations resulting from 

the Gauss integration over the elements is solved by Gauss elimina

tion using the frontal method. 

Boundary conditions 

Initially the head in both the rock matrix and the fracture is 

zero. The following time-dependent head is prescribed in the bore

hole (see Figure 1) 

h (t) = h (1 - exp(-t/1)) 
a 

where Tisa time constant. No-flow boundary conditions are assumed 

on the top and bottom boundaries respectively and prescribed zero 

head is prescribed at the lateral boundary. 
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Input parameters 

The rock matrix is characterized by a hydraulic conductivity (K) 

and a specific storage (S ). The fracture is characterized by a 
s 

transmissivity (T) and a storage coefficient (S). In the calcula-

tions a finite width is attributed to the fracture, which was rep

resented by two-dimensional elements. Porosity was assumed to be 

0.1 and the fracture was attributed a width of 0.01 m. The parame

ter data given in the specification document are transformed into 

units suitable for the model equation as follows. 

The specific storage is defined as 

S = ~Pgc 
s 

where ~ is porosity, p is the fluid density, g is the acceleration 

of gravity and c is the total compressibility of the rock matrix, 

which then becomes 

The storage coefficient is defined as 

S = ~pgcb 

where bis the fracture width. The compressibility in the fracture 

then becomes 

Hydraulic conductivity and transmissivity are defined as 

K = k pg 
µ , T = kb 

Using these relationships then the rock permeability becomes 

1 * 10-15 
§~ST = 1.0193679*10- 16 m2 
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The fracture permeability becomes 

Symbol 

p 

).l 

<j, 

a 

b 

T 

fracture 

k 

d 

C 

rock matrix 

k 

d 

C 

1 *10-12 --9-;g; 

Table of input data 

Parameter Value 

Density 103 

Dynamic viscosity 10-3 

Porosity 0. 1 

Radius of borehole 0. 1 

Radial distance to boundary 10 

Time constant for borehole 0. 1 
head 

Permeability 1.01936*10-13 

Width 0.01 

Compressibility 1.01936*10-11 

Permeability 1.01936*10-16 

Thickness 5.0 

Compressibility 1.01936*10-10 

Unit 

kgm- 3 

Pas 

m 

m 

s 

2 
m 

m 

Pa -1 

2 
m 

m 

Pa -1 
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Results 

The element mesh was successively densified until it could be ob

served on graphical displays of the results that there was good 

agreement between the numerical and the analytical solution values. 

The final solution was worked out using a mesh of 195 8-node 

quadri-lateral elements and 642 nodes. The mesh used is shown in 

Figures 4 and 5. Time was advanced in logarithmically distributed 

time steps for about 100 time steps. The numerical results were 

found to be in very good agreement with the analytical solution. 

The results of the calculations are shown in Figures 2-4 and Tables 

1-3 in the Appendix. 
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Appendix: Tables of results submitted to the project secreteriat 

Table 1. Numerical solution for the time dependent relative hy
draulic head at r=5 m and z:2.5 m. 

Table 2. Numerical solution for the time dependent relative hy
draulic head at r=5 m and z:5.0 m. 

Table 3. Numerical solution for the relative hydraulic head versus 
distance at z:4 m and t:100 s. 



Table 1 

1 HDRL1C1N: Table 1 - Numerical Solution, R=5m, Z=2.5m 
21 Number of lines to follow 

5.00000E+OO -2.50000E+OO 1.00000E-01 7. 82099E-11 
5.00000E+OO -2.50000E+OO 2.00000E-01 5.67312E-10 
5.00000E+OO -2.50000E+OO 4.00000E-01 -2.69474E-10 

5.00000E+OO -2.50000E+OO 7.00000E-01 1.11385E-10 
5.00000E+OO -2.50000E+OO 1.00000E+OO -1.04301E-09 
5.00000E+OO -2.50000E+OO 2.00000E+OO -8.78910E-09 
5.00000E+OO -2.50000E+OO 4.00000E+OO 1.00970E-08 
5.00000E+OO -2.50000E+OO 7.00000E+OO 3.32533E-08 
5.00000E+OO -2.50000E+OO 1.00000E+01 3-33194E-08 
5.00000E+OO -2.50000E+OO 2.00000E+01 2. 17085E-06 

5.00000E+OO -2.50000E+OO 4.00000E+01 1.18094E-04 

5.00000E+OO -2.50000E+OO 7.00000E+01 1.08800E-03 

5.00000E+OO -2.50000E+OO 1.00000E+02 3.18535E-03 

5.00000E+OO -2.50000E+OO 2.00000E+02 1.58599E-02 
5.00000E+OO -2.50000E+OO 4.00000E+02 4.56031E-02 
5.00000E+OO -2.50000E+OO 7.00000E+02 8.03427E-02 
5.00000E+OO -2.50000E+OO 1.00000E+03 1.03819E-01 
5.00000E+OO -2.50000E+OO 2.00000E+03 1.37160E-01 
5.00000E+OO -2.50000E+OO 4.00000E+03 1.49168E-01 

5.00000E+OO -2.50000E+OO 7.00000E+03 1.50521E-01 

5.00000E+OO -2.50000E+OO 7.60000E+03 1.50551E-01 



Table 2 

2 HDRL1C1N: Table 2 - Numerical Solution, R=5m, Z=5.0m 

21 Number of lines to follow 

5.00000E+OO -5.00000E+OO 1.00000E-01 4.90564E-06 

5.00000E+OO -5.00000E+OO 2.00000E-01 3.39282E-05 

5.00000E+OO -5.00000E+OO 4.00000E-01 2.02450E-04 

5.00000E+OO -5.00000E+OO 7.oooooE-01 6.52311E-04 

5.00000E+OO -5.00000E+OO 1.00000E+OO 1.22039E-03 

5.00000E+OO -5.00000E+OO 2.00000E+OO 3.35000E-03 

5.00000E+OO -5.00000E+OO 4.00000E+OO 7.44226E-03 

5.00000E+OO -5.00000E+OO 7.00000E+OO 1.26974E-02 

5.00000E+OO -5.00000E+OO 1.00000E+01 1.71345E-02 

5.00000E+OO -5.00000E+OO 2.00000E+01 2.81996E-02 

5.00000E+OO -5.00000E+OO 4.00000E+01 4.26957E-02 

5.00000E+OO -5.00000E+OO 7.00000E+01 5.67382E-02 

5.00000E+OO -5.00000E+OO 1.00000E+02 6.66427E-02 

5.00000E+OO -5.00000E+OO 2.00000E+02 8.67254E-02 

5.00000E+OO -5.00000E+OO 4.00000E+02 1.07373E-01 

5.00000E+OO -5.00000E+OO 7.00000E+02 1.23383E-01 

5.00000E+OO -5.00000E+OO 1.00000E+03 1.32767E-01 

5.00000E+OO -5.00000E+OO 2.00000E+03 1.45502E-01 

5.00000E+OO -5.00000E+OO 4.00000E+03 1.50049E-01 

5.00000E+OO -5.00000E+OO 7.00000E+03 1.50561E-01 

5.00000E+OO -5.00000E+OO 7.60000E+03 1.50572E-01 



Table 3 

3 HDRL1C1N: Table 3 - Numerical Solution, Z=5m, T= 100s 

27 Number of lines to follow 

1.00000E-01 -4.00000E+OO 1.00000E+02 1.00000E+OO 

1.50000E-01 -4.00000E+OO 1.00000E+02 8.75023E-01 

2.00000E-01 -4.00000E+OO 1.00000E+02 7.85848E-01 

3.00000E-01 -4.00000E+OO 1.00000E+02 6.61078E-01 

4.00000E-01 -4.00000E+OO 1.00000E+02 5.72357E-01 

5.50000E-01 -4.00000E+OO 1.00000E+02 4.75360E-01 

7.00000E-01 -4.00000E+OO 1.00000E+02 4.02849E-01 

8.50000E-01 -4.00000E+OO 1.00000E+02 3.45878E-01 

1.00000E+OO -4.00000E+OO 1.00000E+02 2.99562E-01 

1.30000E+OO -4.00000E+OO 1 • OOOOOE+02 2.28978E-01 

1.60000E+OO -4.00000E+OO 1.00000E+02 1. 78252E-01 

1.95000E+OO -4.00000E+OO 1.00000E+02 1.35887E-01 

2.30000E+OO -4.00000E+OO 1.00000E+02 1.05759E-01 

2.65000E+OO -4.00000E+OO 1.00000E+02 8.40229E-02 

3.00000E+OO -4.00000E+OO 1.00000E+02 6.79881E-02 

3.50000E+OO -4.00000E+OO 1.00000E+02 5.16189E-02 

4.00000E+OO -4.00000E+OO 1.00000E+02 4.00470E-02 

4.50000E+OO -4.00000E+OO 1.00000E+02 3.15015E-02 

5.00000E+OO -4.00000E+OO 1.00000E+02 2.49267E-02 

5.50000E+OO -4.00000E+OO 1.00000E+02 1.97690E-02 

6.00000E+OO -4.00000E+OO 1.00000E+02 1.56354E-02 

6.50000E+OO -4.00000E+OO 1.00000E+02 1.23006E-02 

7.00000E+OO -4.00000E+OO 1.00000E+02 9.56602E-03 

7.75000E+OO -4.00000E+OO 1.00000E+02 6.33047E-03 

8.50000E+OO -4.00000E+OO 1.00000E+02 3.80637E-03 

9.25000E+OO -4.00000E+OO 1.00000E+02 1. 76593E-03 

1.00000E+01 -4.00000E+OO 1.00000E+02 O.OOOOOE+OO 
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Nomenclature 

symbol 

f 
C 

r 
C 

g 

k 

p 

Q 

s 

s 
t 

T 

u 

V 

' 

Greek 

s 
µ 

p 

description 

compressibility of the fluid 

compressibility of the rock matrix 

acceleration of gravity 

permeability 

pressure 

specific flux 

mass net infiltration rate 

Saturation 

dS/dp 

time 

temperature 

volumetric rate of flow per unit area 

velocity 

description 

coefficient of thermal volume expansion 

dynamic viscosity 

density 

porosity 

superscripts 

f 

r 

fluid 

rock 

dimension 

M-1Lt2 

M-1Lt2 

Lt-2 

L2 

ML-\-2 

Lt-1 

ML-\- 1 

t 

T 
-1 

Lt 
-1 

Lt 

dimension 
T-1 

ML -\-1 

ML-3 
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Introduction 

This case deals with unsaturated flow in a permeable medium. The 

problem was defined by Grundfeldt (1). A sedimentary rock formation 

containing some layers with different hydraulic properties is 

considered to define the present flow domain, which is modelled as 

a vertical cross-section. A schematic illustration of the flow 

domain and the various layers considered is given in Figure 1. The 

object is to determine the position of the water table usin~ the 

parameter data according to the definition of the case (1). 

The regions A and Care permeable relative to the host rock which 

is represented by region D. Region Bis considered to be an aqui

tard between the regions A and C. Region Eis assumed to be very 

pervious and should from a physical point of view partly be con

sidered a seepage face. For a more detailed description of the 

background and assumptions on the flow domain see Grundfeldt (1). 

Flow equations 

The flow model used in the calculations was developed by Thunvik 

and Braester (3). The following equation for the conservation of 

mass of the fluid is considered in the calculations 

f f 
(qi S p ) , t - ( p q . ) . + Q = 0 

1 , 1 

where 

k .. ( f ) 
-1J p . - p gJ. 

).1 'J 

which is analogous to Darcy's law. 

( 1 ) 

(2) 

Fluid compressibility, rock compressibility and the coefficient of 

thermal volume expansion of the fluid are defined as 

f 
C (3a) 

(3b) 
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s = (3c) 

With these definitions the final form of the flow equation becomes 

( f k .. ( 
- p -lJ p . 

µ ,J 
f 

p g,) . + 0 = 0 
J '1 

(4) 

The flow equation is solved numerically using the Galerkin finite 

element method. The algebraic system of equations resulting from 

the Gauss integration over the elements is solved by Gauss 

elimination using the frontal method. 

Boundary conditions 

On top a prescribed flux condition corresponding to the net accre

tion as given in the specification report. The inclined lateral 

boundary should in principle be a seepage face. This type of boun

dary condition is difficult to treat properly in unsaturated flow 

models. Especially in cases where the position of the water table 

is unknown and if the flow conditions along the boundary may change 

from outflow to inflow as a result of accretion to the boundary. 

The lateral vertical boundary should represent a lake so hydrosta

tic pressure was set at this boundary according the elevation of 

the water table in the lake. 

Assumptions 

Some preliminary calculations showed that the flow problem is very 

difficult to solve using the original data in the report defining 

the problem. Therefore, the object of the present study was limited 

to seeking steady state solutions under simplifying assumptions. 

The most serious difficulties in the flow problem are thought to be 

associated with the extremely high permeability contrasts being 

encountered during some stages of the lowering of the water table. 
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The curves for the relative permeability in the the different media 

were therefore modified such that values less the 0.1 were never 

considered. The relationships between the relative permeability and 

saturation were modified such that the lowest relative permeability 

value used in the calculations was in the range between 0.1 and 

0.25. The original curves for region A and Care shown in figure 3 

and the original curves for regions Band Din Figure 4. The modi

fied curves for region A and C are shown in Figure 5 and for 

regions Band Din Figure 6. 

Input data 

The following input parameter values were used in the calculations: 

Table of input data 

Symbol Parameter Value Unit 

fluid properties 
f fluid compressibility 1 o-1 o Pa -1 

C 

f fluid density 1000 kg m -3 
p 

µ dynamic viscosity 10-3 Pas 

rock 
r rock matrix compressibility 10-10 Pa -1

 
C 

4> 
porosity 0.03 

k rock permeability-medium A 10-14 2 
m 

rock permeability-medium B 10-16 2 
m 

rock permeability-medium C 10-14 2 
m 

rock permeability-medium D 10-10 2 
m 

rock permeability-medium D 10-12 2 
m 

Boundary condition on top of medium A 

Q net accretion 3. 17 10-9 -1 
ms 
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Results 

Initially, hydrostatic conditions were assumed to prevail in the 
flow domain and the water table (atmospheric pressure) was assumed 

to be located just below the ground surface. 

Usually, the solutions could be advanced 10-15 time steps without 

much problem to a situation with the water table located at about 

375 metres on the left hand side (see Figure 7). Further advance in 

time of the solution appeared to be very difficult. Tn fact the 

solution could be totally destroyed within a single time step after 

this position. 

In a first attempt to reach a steady state solution to the problP-m 

the relative permeability was set equal to one for all saturations 
and with the water table located at about 375 metres on the left 

hand side. As a result the solution could readily be advanced to 
steady state and the water table reached a position of the water 

table at about 65 metres on the left hand side. This situation is 

shown in Figure 8. 

In a second attempt to reach steady state the minimum value of the 

relative permeability was set equal to 0.25 when the water table on 
the left hand side was located at 375 metres. The solution could 
now be advanced fairly easy to a steady state position with the 

water table at a level of about 220 metres on the left hand bounda
ry. The water table is thus entirely located below the aquitard. 

This situation is graphically displayed in Fi~ure 9. Some oscilla

tory behaviour of the water table on the left hand boundary could 

be observed, but the final flow conditions appeared to be quite 

stable. 
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In a third attempt to reach steady state the conditions were the 

same as for in the second attempt, but the solution was advanced 

using much smaller time steps in order to avoid the oscillatory 

behaviour on the left hand boundary. In this case steady state con

ditions were achieved with the water table located above the aqui

tard on the left hand boundary. The solution is depicted in Figure 

10. 

Also Noy (2) reported different steady state positions of the water 

table when using different characteristic curves for the unsatu

rated hydraulic conditions. It is not yet clear, however, whether 

the contradictions in the solutions obtained here are realistic or 

simply the result of improper numerical treatment of the problem. 

Generally, it may be concluded from the previous calculations that 

the problem exactly as defined in the specification document could 

not be solved with the present version of the computer model used 

in the calculations (3). Furthermore, it may be concluded that sim

plifying assumptions such as those made in the calculations may 

change the behaviour of the flow problem and lead to erroneous so

lutions. 

Among the features that need be developed or implemented in the 

present numerical model to facilitate the treatment of unsaturated 

flow could be mentioned time step control algoritms and mesh adap

tive techniques. 
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Figures 

Figure 1. Sketch of flow domain (vertical section). 

Figure 2. Element grid. 

Figure 3. Capillary pressure verus saturation and relative permea

bility versus saturation for regions A and C (original 

curves). 

Figure 4. Capillary pressure verus saturation and relative permea

bility versus saturation for regions Band D (original 

curves). 

Figure 5. Capillary pressure verus saturation and relative permea

bility versus saturation for regions A and C (modified 

curves). 

Figure 6. Capillary pressure verus saturation and relative permea

bility versus saturation for regions Band D (modified 

curves). 

Figure 7. Results for the position of the water table at various 

points of the time. During the first stage (the water 

table on the left hand boundary being lowered from about 

500 to 375 m) the relative permeability was in the range 

from 0.1 to 1.0. During the second stage (the water 

table on the left hand boundary being lowered from about 

375 to 65 m) the relative permeability was 1.0 until 

steady state was reached. 
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Figure 8. Results for the position of the water table at various 

points of the time. During the first stage (the water 

table on the left hand boundary being lowered from about 

500 to 375 m) the relative permeability was in the range 

from 0.1 to 1.0. During the second stage (the water 

table on the left hand boundary being lowered from about 

375 to 220 m) the relative permeability was from 0.25 to 

1.0 until steady state was reached. 

Figure 9. Results ~or the position of the water table at various 

points of the time. During the first stage (the water 

table on the left hand boundary being lowered from ahout 

500 to 375 rn) the relative permeability was in the range 

from 0.1 to 1.0. During the second stage (the water 

table on the left hand boundary being lowered from about 

375 to 320 rn) the relative permeability was from 0.25 to 

1 .0 until steady state was reached. 
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Introduction 

This case deals with transient thermal convection in a saturated 

permeable medium. The test problem was defined by Hodgkinson(1). An 

analytical solution was also presented and the numerical results 

worked out in the present study are presented together with the 

analytical solution. A schematic illustration of the flow problem 

considered is given in Figure 1. 

The purpose of this case is to calculate time dependent buoyancy 

driven flows due to heat released from a hypothetical radioactive 

waste repository. The problem is characterized by a low Rayleigh 

number and it is assumed that the heat flow is mainly due to con

duction. The repository is represented by a spherical heat source, 

which is exponentially decaying with time. The surrounding rock 

mass is assumed to be homogeneous and isotropic. The same material 

properties are assumed for the repository as for the surrounding 

rock mass. 

Flow model 

The flow model used in the calculation was developed by Thunvik and 

Braester (2). The following set of equations is used in the calcu

lations 

f ( f 0 r) f f 
~p c + P,t - ~p ST,t ( f k .. ( f ) O 

p ]J-lJ p • - p g..;; = 
'J 

* * 
(pC) 1,t - (;\ T .) . + a = 0 

'J ' J 

where~ is porosity, pf is fluid density, cfis fluid compressibili
f ty, c is rock compressibility, Sis coefficient of thermal volume 

expansion, T is temperature, k .. is the permeability tensor, JJ is 
lJ 

dynamic viscosity, p is pressure and g is the acceleration of gra
* vity. In the heat flow equation (pC) was defined as 

and 

where Af is the thermal conductivity. 
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The flow equation is solved numerically using the Galerkin finite 
element method. The algebraic system of equations resulting from 
the Gauss integration over the elements is solved by Gauss elimina
tion using the frontal method. 

Boundary conditions 

Initially pressure and temperature were set equal to zero all over 
the flow domain. No-flow boundary conditions were set both for the 
fluid and the heat flow. 

Input data 

The heat source was input as a distributed heat source with a 
strength 

w = 
0 

(w ) of 
0 

Q /V = Q /(4,rr3 /3) 
0 

The solution was worked out using a mesh of 216 elements and 715 
nodes. The mesh used is shown in Figure 2 and 3, The element mesh 
was densified around the edge of the heat source and a smooth 
variation of the heat source was applied to describe better the 
transition to the surrounding rock mass and to avoid overestimation 
of the total load of the hypothetical repository. 

The element mesh was constructed by transforming a rectangular grid 
mesh into a half circle. The radial extent of the flow domain was 
3000 metres. Only 8-node quadri-lateral elements were considered. 
Therefore, a small opening was left at the centre of the domain, 
The decay function was 

w = w e 
0 

- at 

where a is the decay constant. 

Results 

Solutions were worked out refining the discretization of the ele
ment mesh until it could be observed from the graphical displays 
that the numerical results were in good agreement with the analy
tical solutions for pressure Rnd temperature. The results of the 
calculations for temperature and dynamic pressure are shown in 
Figures 4-7, Pathlines were also evaluated, but only the short term 
pathlines could be predicted in a reliable way. 
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The main predicted variables in the flow model are pressure and 

temperature. Therefore, pathline tracking is performed by post-pro

cessing of the solution data at successive time intervals. Rather 

large time steps were used to obtain the long term solutions. 

No particular problems because of the large time steps used could 

be observed in the solutions for temperature and pressure being the 

variables considered for judging the quality of the results. How

ever, numerical problems arose when performing pathline tracking in 

the long term flow fields and it was found that too large time 

steps had been used in the calculations. 

In addition to the numerical problems associated with the discreti

zation of the time domain as well as the flow domain, there is also 

a numerical problem associated with the representation of the flow 

velocity. Velocity is evaluated using Darcy's law 

In the present numerical formulation the same basis functions are 

used to evaluate the pressure gradient as well as the fluid density 

in the previous equation. In consequence, the representation of the 

flow velocity will be inconsistent. 

Obviously, the results of the pathlines could be improved by simply 

increasing the resolution of the time domain as well as the flow 

domain and to change the boundary condition for the fluid to pre

scribed zero pressure instead of prescribed zero flux as was used 

in the calculations. It was concluded that in order to make it 

worthwhile the effort of re-calculating the present case that also 

the inconsistency problem should be taken care of in the calcula

tions. 
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Table of input data 

Parameter Value 

Radius of repository sphere 250.0 

Initial total power input 

Initial distributed heat 

Decay constant 

Porosity 

Thermal conductivity 

Density 

Specific heat capacity 

Permeability 

Density 

Expansion coefficient 

Dynamic viscosity 

10.0 

source 0.15289 

7,322*10-10 

0.0001 

2.51 

2.600 

879 
10-16 

992.2 

3,85*10-4 

6.529*10-4 

m 

~] 

W m-3 

-1 s 

-1 -1 Wm K 

kgm -3 

Jkg-1K-1 
2 

m 

-1 -1 kgm s 

1. Hodgkinson,D., 1985, Specification of a test problem for Hydro

coin Level 1 Case 4: Transient thermal convection in a saturated 

permeable medium, AERE -R - 11566, DOE/RW/84.198, 

2. Thunvik,R, and Braester, c., 1980, Hydrothermal conditions 

around a radioactive waste repsitory, Part 1 - A mathematical 

model for the flow of groundwater and heat in fracture rock, 

part 2 - Numerical solutions, Part 3 - Numerical solutions for 

anisotropy, SKBF-KBS-TR:80-19, 



- 7 -

List of figures 

Figure 1. Schematic illustration of the flow problem. 

Figure 2. Element grid used in the calculations. 

Figure 3, Centre part of element grid. 

Figure 4. Time dependent temperature rise along the vertical 

centre line (r=0) at z= 0,125, 250 and 375 metres. The 

solid lines denote analytical results and the asterisks 

denote numerical solution values. 

Figure 5. Temperature rise profiles along the vertical centre line 

(r=0) at 50, 100, 500 and 1000 years. The solid lines 

denote analytical results and the asterisks denote nume

rical solution values. 

Figure 6. Time dependent dynamic pressure rise along the vertical 

centre line (r=0) at z= 0,125, 250 and 375 metres. The 

solid lines denote analytical results and the asterisks 

denote numerical solution values, 

Figure 7, Dynamic pressure rise profiles along the vertical centre 

line (r=0) at 50, 100, 500 and 1000 years, The solid 

lines denote analytical results and the asterisks denote 

numerical solution values. 

Figure 8. 

Figure 9, 

Pathlines starting at t =100 years. 
s 

Pathlines starting at t =1000 years, 
s 





:Jl 
'
CV 

"'D 
C 
:, 
0 

A 

:r 
0 

<.--
1 
0 
z 

No-flow boundary 

Repository heat aource 

No-flow boundary 

Figyre 1, Schematic i I IYetration of the flow problem 

:, 
'
flJ 

"'D 
C 
:, 
0 

A 

:J: 
0 

c.,.. 
I 
0 

z 



Ul 
Q) 
!--4 
+l 
Q) 

E:: 

N 

9S0-YXPRTHD4 851028 12.16 Graph 
HYCAC(D) - HYOROCOIN - Level 1, Case 4 --- 24 SY 9 --
HYCH4 - Element Mesh Plot 

0 1000 2000 3000 
3 0 0 0 ---~ ---- ! _______ ' -- _,__I-~-~'- 3 0 0 0 

2000 -

1000 -1 
I 

0 

-1000-

-2000 

-3000 -----,-~ 
0 1000 

i-

i 
i-2000 
I 

i 

,-
1 
I 

:- 100 0 
i 
l 
l 

..-:-

i 
I 

1-0 

I 

I 
I--1000 
I 
l 
I 
I ,-

i 
!- -2000 
I 

i 
I 

I 

--~r-3000 I 

2000 3000 

r (metres) 

Figure 2. Element grid used in the calculations. 



949-YXPRTHD4 851028 12.14 Graph 1 
HYCA6(O) - HYDROCOIN - Level 1, Case 4 --- 24 BY 9 --- Test Mesh 
HYCA4 - Element Mesh Plot 

0 1 0 20 
30 I I I 

- ... -·----
"• ------··f 

" 
~ 

............ 

'•y 
' ' 20 I 

i 
/ 

/ 
/ 

-20 
\ 

I 

\ 

/ 

' 

~ 

30 40 

• I --'----'--------If- 3 0 

\ 
/ , 

/ 

\y/ 

\ 
\ 
J.--" 

\ 

I 
-;--·---,, 
/ 

I 

I 

-0 

- -10 

:- -20 

r - 3 0 ..... ---,;c:;1·~-------· I,._ - r --,--·, - - 1 ___ _.I_ - 3 0 

0 10 20 30 40 

r (metres) 

Figure 3. Centre part of the element grid. 



Q) 
U) 

·,-/ 

H 

Q) 
l-l 
::J 
.µ 
I'd 
H 
Q) 

0.. 
8 
Q) 

E-, 

Q) 
U) 

·,-/ 
l-l 

Q) 
H 
::J 
.µ 
I'd 
H 
Q) 

0.. 
8 
Q) 

E-, 

0. 5 s 
0. 1 1 

50 
1 0 100 

500 
1000 

1 0 0 -+---'-- •-_,_I, ,_u I ____ L_L J_J-1_.u,_L ___ L_L_LLuv~l _ ____,__1 ___,_1 ~,J_J_j_L4- 1 B 0 
i 

80 -

40 -

5 50 
X 10 Time (seconds) 

Figure 4. 

0 1~0 200 300 400 500 
100 -t----L ____ !__ ___ t_ ____ l ____ _1 _____ I__ 1 ___ I __ 1_ __ J ____ 1 

8 B J,nrx~ - x 
·-x" 

_, !ll, 

6 0 --------~---)( ~, -i ''x~)C 

- \. 
i \ 

4 0 ~~lt_;< __ )(_ t 
-! '\ 

2 0 -~¥.X X ¥ X , \ 

600 
I 

-I ~~-~~~ 
0 +-,--,-----,---j·---,---,~ Nl =r=t---=r- I 

0 100 200 300 400 500 600 
r (metres) 

Figure 5. 

700 
I 

I ,-

!- 80 
I 

i 

i-€0 
I 
' ·-
;- 40 

I 100 
1-: 
I 
:-80 
I 

I 
:- 60 
I 

' ,_ 
i 
I 
i- 40 

-20 



rd 
0... 

(1) 
Ul 

·.-/ 
H 

(1) 

H 
;:J 
Ul 
Ul 
(1) 
H 
P., 

t) 
·.-/ 
s 
rd 
~ 
>-t 
Cl 

rd 
0... 

(1) 
Ul 

·.-/ 
H 

- (1) 
H 
;:J 
Ul 
Ul 
(1) 
H 
P., 

t) 
·.-/ 
s 
rd 
~ 
>-t 
Cl 

0.5 5 
0. 1 1 

50 
1 0 100 

500 
1000 

20000 - _..,_1 ___,_, __ 1 lu!d ______ J __ _L_1_J ... .u ... ul ______ 1 ...1_1-J _ _u_u.~I -~•-_L..LJ_t.J ... 114_ 2 0 0 0 0 

15000 --, 
-1 _, 

-i 
100 00 -: 

-1 

-1 

5 0 00 =1 

I-
! 
i ,-
1 ,_ 
i-15000 

'-10 0 0 0 
!-
' r 
I-
i-
j-5000 

0 -f::::::::::=----............,.,-r~' "--,--, 'T""1--------r-, TJ'Trr,-~;tJ 0 
0.1 1 10 100 1000 

0.5 5 50 500 
X 10 

Time (seconds) 
Figure 6. 

0 100 200 300 400 500 600 700 
20000 

~1 
I I I L __ _i_ ___ _J_ I I 20000 

I-
1-
I ,_ 

1501:}0 - i- 15000 
r-
I ... 
I ,_ 
I 

)-

10000- ~ 10000 
i r-
I 
I :-,_ 

5000 - I- s000 
I-

I 

0 I I I I I I 
_ _c0 

I I 

0 100 200 300 400 500 600 700 
r (metres) 

Figure 7. 



1786-YXPRTPT1 850916 9.58 GRAPH 1 
HD£R1 - Palhline Trace - Ta• 100 Years 

Pat.hline Trace 

0 200 400 600 800 1000 1200 
1000 1000 

i,; 

- -/. 
,: 

I/ ~ 
' -,i. 

800 
,. 

800 
t~ .,#',, .. 

I 

I ; ~"'"" 
l f .-'' 

I 

' 
,. 

,; 

600 " 600 Ul ' , 
Q) 

H l 
.µ .-
Q) / 
8 i , 

---
, 

/ 
N I 

400 ,-
400 -' ,t , 

~ 

, I 
/ . 

200 i ~' 200 
! 
f . 

I 
, , 

,-- -•-·~ - ,,.. ,.. ___ ....... -' --... 

i 

0 1 0 

The d iet.ance between conaecut.iue markers 
on the path l f ne:5 corresponds lo a t.rauel 
Tirae ol 10000 Hear a 

-200 I I I I I -200 
0 200 400 680 800 1000 1200 

r (metres) 
Figure 8. 



CJ) 
(I) 
H 
.µ 
(I) 

s 

N 

124-VXPRTPT2 850927 9.18 GRAPH 1 
HD4R1 - Pathl!ne Trace - Ta• 1880 Years 

Pathllne Trace Cyeara) 6911 
0 208 400 680 

1000 I I , I I 
I 

I 

+ ! ~ 

1 I I l 
I 
! j ,'#( 

I : 

800 I ; 
/ ~ 

;' 

I 
l I r 

' 
i 

I l 
r/ 

600 / i 
! f 
l / 

/ 

I 
l 

/ 
400 I 

I 

' I 
I l ' I I 

200 I 
/ 
I 
f 

l I 

I I 
' 

0 
/ 

The dht.ance bet.ween conaecut.iue 
on the pathlfnes corresponds t.o 
T!11e of 1800 yeara 

-200 I I I 
0 200 408 680 

Figure 9. 

800 1000 1200 
I I . 1000 

800 

600 

400 

200 

0 
marker-a 

a t.ravel 

I I -200 
880 1800 1280 

r (metres) 





Appendix: Tables of results submitted to the project secreteriat 

Table 1. Time dependent temperature and dynamic pressure rises 

along the vertical centre line (r=0) at z= 0 metres. 

Table 2. Time dependent temperature and dynamic pressure rises 

along the vertical centre line (r=0) at z= 125, metres. 

Table 3. Time dependent temperature and dynamic pressure rises 

along the vertical centre line (r=0) at z= 250 metres. 

Table 4. Time dependent temperature and dynamic pressure rises 

along the vertical centre line (r=0) at z= 375 metres. 

Table 5. Temperature and dynamic pressure rise profiles along the 

vertical centre line (r=0) at 50 years. 

Table 6. Temperature and dynamic pressure rise profiles along the 

vertical centre line (r=0) at 100 years. 

Table 7. Temperature and dynamic pressure rise profiles along the 

vertical centre line (r=0) at 500 years. 

Table 8. Temperature rise and dynamic pressure rise profiles 

along the vertical centre line (r=0) at 1000 years. 

Table 9. Pathlines starting at t =100 years. 
s 

Pathlines starting at t =1000 years. 
s 

Pathlines starting at t =10000 years. 





Table 1 

HDRL1C4N: Numerical Solution for Time-dep. T and Pat R=Z=0 

37 Number of lines to follow 

5,00000E-01 2.50000E-01 5.25918E-01 2.57695E-01 
5.00000E-01 5.00000E-01 1 • 04881E+00 5.13900E-01 
5.00000E-01 1.00000E+00 2.08556E+00 1.02161E+00 
5.00000E-01 2.00000E+00 4.12348E+00 2.01851E+00 
5.00000E-01 3.00000E+00 6.11485E+00 2.99130E+00 
5.00000E-01 4.00000E+00 8.06070E+00 3.94072E+00 
5.00000E-01 5.00000E+00 9.96211E+00 4.86740E+00 
5.00000E-01 7.00000E+00 1. 36356E+01 6.65481E+00 
5.00000E-01 1.00000E+01 1.88372E+01 9 • 17 9 11 E+00 
5.00000E-01 2.00000E+01 3.37831E+01 1.63894E+01 
5,00000E-01 3.00000E+01 4.56403E+01 2.20655E+01 

5,00000E-01 4.00000E+01 5.50433E+01 2.65419E+01 

5.00000E-01 5.00000E+01 6.24622E+01 3.00610E+01 
5.00000E-01 7.00000E+01 7.28383E+01 3.49676E+01 
5.00000E-01 1.00000E+02 8.07873E+01 3.87202E+01 
5.00000E-01 1.10000E+02 8.20341E+01 3.93096E+01 
5.00000E-01 1.25000E+02 8.28972E+01 3.97200E+01 
5.00000E-01 1.50000E+02 8.23147E+01 3.94541E+01 
5.00000E-01 1.75000E+02 8.02183E+01 3.84761E+01 

5.00000E-01 2.00000E+02 7.72213E+01 3.70726E+01 

5.00000E-01 3.00000E+02 6.27657E+01 3.02677E+01 

5.00000E-01 4.00000E+02 4.99765E+01 2.42093E+01 

5.00000E-01 5.00000E+02 4.03683E+01 1.96342E+01 
5.00000E-01 7.00000E+02 2.77548E+01 1.35995E+01 
5.00000E-01 1.00000E+03 1.77469E+01 8. 79648E+00 
5.00000E-01 2.00000E+03 7.38096E+00 3.86434E+00 
5.00000E-01 3,00000E+03 4.28926E+00 2.45505E+00 
5.00000E-01 4.00000E+03 2.82338E+0O 1.82233E+00 

5.00000E-01 5.00000E+03 2.01845E+00 1.53002E+00 

5.00000E-01 7.00000E+03 1.20563E+00 1.34325E+00 

5.00000E-01 1.00000E+04 7.07534E-01 1.35282E+00 

5.00000E-01 2.00000E+04 2.63225E-01 1.94741E+00 

5.00000E-01 3.00000E+04 1.48953E-01 2.74604E+00 
5.00000E-01 4.00000E+04 1.00003E-01 3.65156E+00 
5.00000E-01 5.00000E+04 7.66941E-02 4.58760E+00 
5.00000E-01 7.00000E+04 5,90947E-02 6.59912E+00 
5.00000E-01 9.50000E+04 5 .39693E-02 8.84127E+00 



Table 2 

2 HDRL1C4N: Numerical Solution for Time-dep. T and Pat R=O,Z:125 

37 Number of lines to follow 

1.25000E+02 2.50000E-01 5.25843E-01 8.21640E+01 

1.25000E+02 5,00000E-01 1.04864E+OO 1.63855E+02 

1.25000E+02 1.00000E+OO 2.08509E+OO 3,25758E+02 

1.25000E+02 2.00000E+OO 4.12176E+OO 6.43737E+02 

1.25000E+02 3,00000E+OO 6.11161E+OO 9,54121E+02 

1,25000E+02 4.00000E+OO 8.05665E+OO 1,25713E+03 

1,25000E+02 5,00000E+OO 9,95789E+OO 1.55298E+03 

1.25000E+02 7.00000E+OO 1. 36320E+01 2.12389E+03 

1.25000E+02 1.00000E+01 1.88327E+01 2.93072E+03 

1,25000E+02 2.00000E+01 3,37368E+01 5.23756E+03 

1 • 25000E+02 3,00000E+01 4.54559E+01 7.05183E+03 

1.25000E+02 4.00000E+01 5,45532E+01 8.47224E+03 

1,25000E+02 5,00000E+01 6.14023E+01 9.56518E+03 

1.25000E+02 7.00000E+01 7.00904E+01 1.10157E+04 

1.25000E+02 1.00000E+02 7 .48365E+01 1.19515E+04 

1 • 25000E+02 1.10000E+02 7.50259E+01 1.20457E+04 

1.25000E+02 1.25000E+02 7.44701E+01 1.20449E+04 

1.25000E+02 1.50000E+02 7.21491E+01 1.17877E+04 

1.25000E+02 1.75000E+02 6.89401E+01 1.13558E+04 

1.25000E+02 2.00000E+02 6.53744E+01 1.08368E+04 

1.25000E+02 3,00000E+02 5.19510E+01 8.70235E+03 

1.25000E+02 4.00000E+02 4.16153E+01 6.96490E+03 

1.25000E+02 5.00000E+02 3.41249E+01 5.68538E+03 

1.25000E+02 7.00000E+02 2.41978E+01 3.99264E+03 

1.25000E+02 1.00000E+03 1.59995E+01 2.61385E+03 

1.25000E+02 2.00000E+03 6.94796E+OO 1. 12681E+03 

1.25000E+02 3.00000E+03 4.10850E+OO 6.68956E+02 

1.25000E+02 4.00000E+03 2.73277E+OO 4.48942E+02 

1.25000E+02 5.00000E+03 1.96678E+OO 3.27137E+02 

1.25000E+02 7.00000E+03 1.18395E+OO 2.03330E+02 

1.25000E+02 1.00000E+04 6.98636E-01 1.27038E+02 

1.25000E+02 2.00000E+04 2.61469E-01 5.91532E+01 

1 • 25000E+02 3.00000E+04 1.48290E-01 4.22673E+01 

1.25000E+02 4.00000E+04 9.97064E-02 3.55877E+01 

1.25000E+02 5.00000E+04 7.65499E-02 3.29097E+01 

1.25000E+02 7,00000E+04 5.90574E-02 3.21916E+01 

1.25000E+02 9,50000E+04 5.39621E-02 3.36387E+01 



Table 3 

3 HDRL1C4N: Numerical Solution for Time-dep. T and Pat R=O,Z:250 

37 Number of lines to follow 

2.50000E+02 2.50000E-01 2.59913E-01 1 • 61277E+02 

2.50000E+02 5.00000E-01 5.16662E-01 3.20225E+02 

2.50000E+02 1.00000E+OO 1.02159E+OO 6.31526E+02 

2.50000E+02 2.00000E+OO 2.00527E+OO 1.23467E+03 

2.50000E+02 3.00000E+OO 2.95726E+OO 1.81469E+03 

2.50000E+02 4.00000E+OO 3.87841E+OO 2.37230E+03 

2.50000E+02 5.00000E+OO 4.77203E+OO 2.91059E+03 

2.50000E+02 7.00000E+OO 6.48122E+OO 3°93325E+03 

2.50000E+02 1.00000E+01 8.86387E+OO 5.34445E+03 

2.50000E+02 2.00000E+01 1.54471E+01 9 .14782E+03 

2.50000E+02 3.00000E+01 2.03880E+01 1. 18981E+04 

2.50000E+02 4.00000E+01 2.40874E+01 1.38763E+04 

2.50000E+02 5.00000E+01 2.68202E+01 1.52671E+04 

2.50000E+02 7.00000E+01 3.02424E+01 1.68415E+04 

2.50000E+02 1.00000E+02 3.22519E+01 1. 74273E+04 

2.50000E+02 1.10000E+02 3.24301E+01 1.73564E+04 

2.50000E+02 1.25000E+02 3.24235E+01 1.71150E+04 

2.50000E+02 1.50000E+02 3.19442E+01 1.65010E+04 

2.50000E+02 1.75000E+02 3.11382E+01 1.57515E+04 

2.50000E+02 2.00000E+02 3.01891E+01 1.49674E+04 

2.50000E+02 3.00000E+02 2.63344E+01 1.21843E+04 

2.50000E+02 4.00000E+02 2.30028E+01 1.00668E+04 

2.50000E+02 5.00000E+02 2.02544E+01 8.49260E+03 

2.50000E+02 7.00000E+02 1.59999E+01 6.30592E+03 

2.50000E+02 1.00000E+03 1.17321E+01 4.37041E+03 

2.50000E+02 2.00000E+03 5.80213E+OO 2.02940E+03 

2.50000E+02 3.00000E+03 3.61353E+OO 1.24197E+03 

2.50000E+02 4.00000E+03 2.47920E+OO 8.48874E+02 

2.50000E+02 5.00000E+03 1.82007E+OO 6.25801E+02 

2.50000E+02 7.00000E+03 1 • 12136E+OO 3.94104E+02 

2.50000E+02 1.00000E+04 6.72642E-01 2.48229E+02 

2.50000E+02 2.00000E+04 2.56279E-01 1.15584E+02 

2.50000E+02 3.00000E+04 1.46320E-01 8.15644E+01 

2.50000E+02 4.00000E+04 9.88238E-02 6.74800E+01 

2.50000E+02 5.00000E+04 7.61208E-02 6. 12617E+O 1 

2.50000E+02 7.00000E+04 5.89465E-02 5.78652E+01 

2.50000E+02 9.50000E+04 5.39408E-02 5.85317E+01 



Table 4 

4 HDRL1C4N: Numerical Solution for Time-dep. T and Pat R=O,Z=375 

37 Number of lines to follow 

3.75000E+02 2.50000E-01 1.26001E-05 7.32301E+01 

3.75000E+02 5.00000E-01 2.78626E-05 1.46064E+02 

3.75000E+02 1.00000E+OO 8.03844E-05 2.90419E+02 

3.75000E+02 2.00000E+OO 2.94557E-04 5.73962E+02 

3.75000E+02 3.00000E+OO 5.68396E-04 8.50768E+02 

3.75000E+02 4.00000E+OO 7.65597E-04 1.12101E+03 

3.75000E+02 5.00000E+OO 9.04909E-04 1.38487E+03 

3.75000E+02 7.00000E+OO 1.22616E-03 1.89403E+03 

3.75000E+02 1.00000E+01 2.51886E-03 2.61363E+03 

3.75000E+02 2.00000E+01 1.65861E-02 4.67284E+03 

3.75000E+02 3.00000E+01 5.27350E-02 6.29756E+03 

3.75000E+02 4.00000E+01 1.31931E-01 7.57867E+03 

3.75000E+02 5.00000E+01 2.85417E-01 8.58157E+03 

3.75000E+02 7.00000E+01 7.66357E-01 9.97086E+03 

3.75000E+02 1.00000E+02 1.79123E+OO 1.10415E+04 

3.75000E+02 1.10000E+02 2.17362E+OO 1.12237E+04 

3-75000E+02 1.25000E+02 2.75386E+OO 1.13847E+04 

3.75000E+02 1.50000E+02 3.67094E+OO 1.14420E+04 

3.75000E+02 1.75000E+02 4.50225E+OO 1.13437E+04 

3.75000E+02 2.00000E+02 5.23309E+OO 1.11560E+04 

3.75000E+02 3.00000E+02 7.14295E+OO 1.01021E+04 

3.75000E+02 4.00000E+02 8.00975E+OO 9.02790E+03 

3.75000E+02 5.00000E+02 8.27028E+OO 8.08009E+03 

3-75000E+02 7.00000E+02 8.01548E+OO 6.54785E+03 

3.75000E+02 1.00000E+03 7.01587E+OO 4.94255E+03 

3.75000E+02 2.00000E+03 4.31262E+OO 2.57320E+03 

3.75000E+02 3.00000E+03 2.92499E+OO 1.65206E+03 

3.75000E+02 4.00000E+03 2.11104E+OO 1.16268E+03 

3.75000E+02 5.00000E+03 1.60096E+OO 8.73598E+02 

3.75000E+02 7.00000E+03 1.02471E+OO 5.62642E+02 

3.75000E+02 1.00000E+04 6.31562E-01 3.60030E+02 

3.75000E+02 2.00000E+04 2.47875E-01 1.70107E+02 

3.75000E+02 3.00000E+04 1.43106E-01 1.20133E+02 

3.75000E+02 4.00000E+04 9.73778E-02 9.90450E+01 

3.75000E+02 5.00000E+04 7.54164E-02 8.94544E+01 

3.75000E+02 7.00000E+04 5.87642E-02 8.34976E+01 

3.75000E+02 9.50000E+04 5.39058E-02 8.34166E+01 



Table 5 

5 HDRL1C4N: Numerical Solution for T and Pat R=O,T=50 Years 

24 Number of lines to follow 

5.00000E-01 5.00000E+01 6.24622E+01 3.00610E+01 

1.00000E+01 5.00000E+01 6.24603E+01 7.70672E+02 

2.00000E+01 5.00000E+01 6.24544E+01 1.54143E+03 

3.00000E+01 5.00000E+01 6 .24436E+01 2.31195E+03 

5.00000E+01 5.00000E+01 6.24050E+01 3.85216E+03 

7.00000E+01 5.00000E+01 6.23184E+01 5.38905E+03 

9.75000E+01 5.00000E+01 6.20765E+01 7.49557E+03 

1.25000E+02 5.00000E+01 6.14023E+01 9.56518E+03 

1.52500E+02 5.00000E+01 5.98510E+01 1.15691E+04 

1.80000E+02 5.00000E+01 5.62451E+01 1.33618E+04 

2.05000E+02 5.00000E+01 4.98986E+01 1.46723E+04 

2.30000E+02 5.00000E+01 3.91405E+01 1.53579E+04 

2.50000E+02 5.00000E+01 2. 68202E+01 1.52671E+04 

2.70000E+02 5.00000E+01 1.53669E+01 1.45080E+04 

2.90000E+02 5.00000E+01 8.21701E+OO 1.33740E+04 

3.10000E+02 5.00000E+01 4.09815E+OO 1 • 21180E+04 

3.42500E+02 5.00000E+01 1.18416E+OO 1.01992E+04 

3.75000E+02 5.00000E+01 2.85417E-01 8.58157E+03 

4.37500E+02 5.00000E+01 1.42281E-02 6.34307E+03 

5.00000E+02 5.00000E+01 1.04531E-02 4.87125E+03 

5.62500E+02 5.00000E+01 6.52237E-04 3.86354E+03 

6.25000E+02 5.00000E+01 3.60506E-04 3.14469E+03 

6.87500E+02 5.00000E+01 3.01754E-05 2.61358E+03 

7.50000E+02 5.00000E+01 1.08449E-05 2.21196E+03 



Table 6 

6 HDRL1C4N: Numerical Solution for T and P at R=O,T:100 Years 

24 Number of lines to follow 

5.00000E-01 1.00000E+02 8.07873E+01 3.87202E+01 

1.00000E+01 1.00000E+02 8.07641E+01 9.93918E+02 

2.00000E+01 1.00000E+02 8.06936E+01 1.98719E+03 

3.00000E+01 1.00000E+02 8.05715E+01 2.97811E+03 

5.00000E+01 1.00000E+02 8.01593E+01 4.95040E+03 

7.00000E+01 1.00000E+02 7.94370E+01 6.89479E+03 

9.75000E+01 1.00000E+02 7.77704E+01 9.50427E+03 

1.25000E+02 1.00000E+02 7 .48365E+01 1.19515E+04 

1.52500E+02 1.00000E+02 7.01185E+01 1.41603E+04 

1.80000E+02 1.00000E+02 6.29451E+01 1.59457E+04 

2.05000E+02 1.00000E+02 5 .39395E+01 1.70778E+04 

2.30000E+02 1.00000E+02 4.26166E+01 1.75652E+04 

2.50000E+02 1.00000E+02 3.22519E+01 1.74273E+04 

2.70000E+02 1.00000E+02 2.26118E+01 1.68133E+04 

2.90000E+02 1.00000E+02 1.51972E+01 1.58722E+04 

3.10000E+02 1.00000E+02 9.80286E+OO 1.47510E+04 

3.42500E+02 1.00000E+02 4.43666E+OO 1.28401E+04 

3,75000E+02 1.00000E+02 1.79123E+OO 1.10415E+04 

4.37500E+02 1.00000E+02 2.71354E-01 8.30525E+03 

5.00000E+02 1.00000E+02 4.95566E-02 6.39256E+03 

5.62500E+02 1.00000E+02 7.83242E-03 5. 07 417E+03 

6.25000E+02 1.00000E+02 1.60338E-03 4.13076E+03 

6.87500E+02 1.00000E+02 2.31591E-04 3.43321E+03 

7.50000E+02 1.00000E+02 6.25192E-05 2.90562E+03 



Table 7 

7 HDRL1C4N: Numerical Solution for T and P at R=0,T=500 Years 

24 Number of lines to follow 

5.00000E-01 5.00000E+02 4.03683E+01 1.96342E+01 

1.00000E+01 5.00000E+02 4.03256E+01 5.01484E+02 

2.00000E+01 5.00000E+02 4 .o 1971E+01 1.00138E+03 

3.00000E+01 5.00000E+02 3.99840E+01 1.49717E+03 

5.00000E+01 5.00000E+02 3.93068E+01 2.47151E+03 

7.00000E+01 5.00000E+02 3.83122E+01 3.40676E+03 

9.75000E+01 5.00000E+02 3.64584E+01 4. 61106E+03 

1.25000E+02 5.00000E+02 3.41249E+01 5.68538E+03 

1.52500E+02 5.00000E+02 3. 13939E+01 6. 61175E+03 

1.80000E+02 5.00000E+02 2.83865E+01 7.36724E+03 

2.05000E+02 5.00000E+02 2.55028E+01 7.90214E+03 

2.30000E+02 5.00000E+02 2.25748E+01 8.28736E+03 

2.50000E+02 5.00000E+02 2.02544E+01 8.49260E+03 

2.70000E+02 5.00000E+02 1. 79974E+01 8.60977E+03 

2.90000E+02 5.00000E+02 1.58379E+01 8.64596E+03 

3.10000E+02 5.00000E+02 1.38041E+01 8.60748E+03 

3.42500E+02 5.00000E+02 1.08182E+01 8.41077E+03 

3.75000E+02 5.00000E+02 8.27028E+OO 8.08009E+03 

4.37500E+02 5.00000E+02 4.61368E+OO 7.21239E+03 

5.00000E+02 5.00000E+02 2.35314E+OO 6.22798E+03 

5.62500E+02 5.00000E+02 1.11642E+OO 5.28788E+03 

6.25000E+02 5.00000E+02 4.89342E-01 4.46372E+03 

6.87500E+02 5.00000E+02 2.03407E-01 3.78056E+03 

7.50000E+02 5.00000E+02 7.95094E-02 3.22720E+03 



Table 8 

8 HDRL1C4N: Numerical Solution for T and P at R=O,T:1000 Years 

24 Number of lines to follow 

5.00000E-01 1.00000E+03 1.77469E+01 8.79648E+OO 

1.00000E+01 1.00000E+03 1.77352E+01 2.22224E+02 

2.00000E+01 1.00000E+03 1.76999E+01 4.43950E+02 

3.00000E+01 1.00000E+03 1.76413E+01 6.64538E+02 

5.00000E+01 1.00000E+03 1.74547E+01 1.10094E+03 

7.00000E+01 1.00000E+03 1.71792E+01 1.52645E+03 

9.75000E+01 1.00000E+03 1.66614E+01 2.08869E+03 

1.25000E+02 1.00000E+03 1.59995E+01 2.61385E+03 

1.52500E+02 1.00000E+03 1.52098E+01 3.09618E+03 

1.80000E+02 1.00000E+03 1.43164E+01 3.52726E+03 

2.05000E+02 1.00000E+03 1.34325E+01 3.87223E+03 

2.30000E+02 1.00000E+03 1.25005E+01 4.16849E+03 

2.50000E+02 1.00000E+03 1.17321E+01 4.37041E+03 

2.70000E+02 1.00000E+03 1.09535E+01 4,54050E+03 

2.90000E+02 1.00000E+03 1.01734E+01 4.67947E+03 

3.10000E+02 1.00000E+03 9.40005E+OO 4.78744E+03 

3.42500E+02 1.00000E+03 8.17584E+OO 4.90102E+03 

3.75000E+02 1.00000E+03 7,01587E+OO 4.94255E+03 

4.37500E+02 1.00000E+03 5.03385E+OO 4.85287E+03 

5.00000E+02 1.00000E+03 3.44077E+OO 4.59525E+03 

5.62500E+02 1.00000E+03 2.24429E+OO 4.23541E+03 

6.25000E+02 1.00000E+03 1.39700E+OO 3.82895E+03 

6.87500E+02 1.00000E+03 8.33468E-01 3.41890E+03 

7.50000E+02 1.00000E+03 4.75818E-01 3.03192E+03 



Table 9 

9 HDRL1C4N: Numerical Solutions for Pathlines 
100. o. 1603. 24. 

100. 125. 39400. 1102. 

100. 250. >100000. 923. 
1000. o. 2500. 13. 
1000. 125. 3193. 326. 

1000. 250. 6396. 643. 

10000. o. >100000. 2. 

10000. 125. > 100000. 135. 
10000. 250. >100000. 268. 
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