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Abstract

The purpose of the Code Verification (COVE) 2A benchmarking activity is to assess the

numerical accuracy of several computer programs for the Yucca Mountain Site Characteri-

zation Project of the Department of Energy. This paper presents a brief description of the

computer program TOSPAC and a discussion of the calculational effort and results gener-

ated by TOSPAC for the COVE 2A problem set. The calculations were performed twice.
• The initial calculations provided preliminary results for comparison with the results from

other COVE 2A participants. TOSPAC was modified in response to the comparison and

the final calculations included a correction and several enhancements to improve efficiency.

MI SIEB
F._.;]STPIIBUTIOI_IOF THi,_ DocUMENT IS UN LiI'V'IITEID



The work described in this report was performed for the
Yucca Mountain Site Characterization Project

under WBS 1.2.1.4.9.

-i

t



Acknowledgments

The authors would like to thank Ralph Peters for his help in initially interpreting the
TOSPAC results and Michael Wilson for his help in modifying the DYNAMICS module
of TOSPAC and his formulation of equations for the mesh spacing and time step.

iii



CONTENTS

1.0 INTRODUCTION 1

1.1 The COVE 2A Activity 1
1.2 The COVE 2A Problem ,c,et 1

1.3 Two Sets of Calculations 4 •

2.0 TOSPAC 7

2.1 General Description 7

2.2 Governing Equations 8

2.3 Numerical Technique 10

2.4 Boundary Conditions 13

2.5 Time-Step Control 14

2.6 Some Notes on Accuracy 16

3.0 INITIAL CALCULATIONS 19

3.1 Changes to the Computational Modules of TOSPAC 19
3.2 Calculational Mesh 19

3.3 Time Step 21

3.4 Run-Time Information 22
3.5 Results 22

4.0 FINAL CALCULATIONS 43

4.1 Changes to the Computational Modules of TOSPAC 43
4.2 Calculational Mesh 44

4.3 Time Step 46
4.4 Run-Time Information 47

4.5 Comparison of Results from Initial and Final Calculations 48

5.0 CONCLUSION 53

6.0 REFERENCES 55

Appendix A. DATA RELEVANT TO THE
REFERENCE INFORMATION BASE 57

A.1 Information from the Reference Information Base Used in this Report 57

A.2 Candidate Information for the Reference Information Base 57

A.3 Candidate Information for the Site and Engineering Properties Data Base 57
f

iV



TABLES

1-1 The COVE 2A problem set 2

1-2 Hydrologic properties used for the COVE 2A calculations 3

1-3 Physical constants used by TOSPAC for the COVE 2A calculations 4

3-1 Number of mesh points for each case of the initial set of calculations 20

3-2 Run-time information for the initial set of calculations 23

4-1 Run-time information for the final set of calculations 47



FIGURES

1-1 The calculational mesh (left-hand column) and the geohydrologic
unit stratigraphy (right-hand column) used for Case 1 of the
initial set of calculations 59

O

1-1/3/5-1 Normalized flux (calculated flux divided by imposed flux) versus
distance above the water table; initial set of calculations;
Cases 1, 3, and 5 60

1-1/3//5-2 Pressure head versus distance above the water table; initial set
of calculations; Cases 1, 3, and 5 60

1-1_/5-3 Matrix saturation versus distance above the water table; initial
set of calculations; Cases 1, 3, and 5 61

1-1/'3//5-4 Hydraulic conductivity versus distance above the water table;
initial set of calculations; Cases 1, 3, and 5 61

1-1//3//5-5 Average linear velocity of water in the matrix versus distance
above the water table; initial set of calculations; Cases 1, 3, and 5 62

1-1//3//5-6 Average linear velocity of water in the fractures versus distance
above the water table; initial set of calculations; Cases 1, 3, and 5 63

1-2/4/6-1 Normalized flux (calculated flux divided by imposed flux) versus
distance above the water table; initial set of calculations;
Cases 2, 4, and 6 64

1-2/4/6-2 Pressure head versus distance above the water table; initial set
of calculations; Cases 2, 4, and 6 64

1-2/4/6-3 Matrix saturation versus distance above the water table; initial
set of calculations; Cases 2, 4, and 6 65

1-2/4/6-4 Hydraulic conductivity versus distance above the water table;
initial set of calculations; Cases 2, 4, and 6 65

1-2/4/6-5 Average linear velocity of water in the matrix versus distance
above the water table; initial set of calculations; Cases 2, 4, and 6 66

1-2/4/6-6 Average linear velocity of water in the fractures versus distance
above the water table; initial set of calculations; Cases 2, 4, and 6 67

lt

vi



FIGURES

(continued)

ea¢
, 1-7-1 Normalized flux (calculated flux divided by imposed flux) versus

distance above the water table at specified times; initial set of

calculations; Case 7 68
Q

1-7-2 Pressure head versus distance above the water table at specified

times; initial set of calculations; Case 7 68

1-7-3 Matrix saturation versus distance above the water table at specified

times; initial set of calculations; Case 7 69

1-7-4 Hydraulic conductivity versus distance above the water table at

specified times; initial set of calculations; Case 7 69

1-7-5 Average linear velocity of water in the matrix versus distance

above the water ta.ble at specified times; initial set of calculations;
Case 7 70

1-7-6 .Average linear velocity of water in the fractures versus distance

above the water table at specified times; initial set of calculations;
Case 7 71

1-7-7 Normalized flux (calculated flux divided by imposed flux) versus

time at specified distances above the water table; initial set of

calculations; Case 7 72

1-7-8 Pressure head versus time at specified distances above the water

table; initial set of calculations; Case 7 72

1-7-9 Matrix saturation versus time at specified distances above the water

table; initial set of calculations; Case 7 73

1-7-10 Hydraulic conductivity versus time at specified distances above the

water ta_le; initial set of calculations; Case 7 73

1-7-11 Averag_ linear velocity of water in the matrix versus time at

specified distances above the water table; initial set of

calculations; Case 7 74

1-7-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; initial set of

calculations; Case 7 75
9

vii



FIGURES

' (continued)

1-8-1 Normalized flux (calculated flux divided by imposed flux) versus

distance above the water table at specified times; initial set of

calculations; Case 8 76
O

1-8-2 Pressure head versus distance above the water table at specified

times; initial set of calculations; Case 8 76

1-8-3 Matrix saturation versus distance above the water table at specified

times; initial set of calculations; Case 8 77 ,

1-8-4 Hydraulic conductivity versus distance above the water table at

specified times; initial set of calculations; Case 8 77

1-8-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; initial set of calculations;
Case 8 78

1-8-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; initial set of calculations;
Case 8 79

1-8-7 Normalized flux (calculated flux divid,_d by imposed flux) versus

time at specified distances above the water table; initial set of

calculations; Case 8 80

1-8-8 Pressure head versus time at specified distances above the water

table; initial set of calculations; Case 8 80

1-8-9 Matrix saturation versus time at specified distances above the water

table; initial set of calculations; Case 8 81

1-8-10 Hydraulic conductivity versus time at specified distances above the

water table; initial set of calculations; Case 8 81

1-8-11 Average linear velocity of water ill the matrix versus time at

specified distances above the water table; initial set of
calculations; Case 8 82

1-8-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; initial set of

calculations; Case 8 83

viii



FIGURES

(continued)

1-9-1 Normalized flux (calculated flux divided by imposed flux) versus
" distance above the water table at specified times; initial set of

calculations; Case 9 84

1-9-2 Pressure head versus distance above the water table at specified

times; initial set of calculations; Case 9 84

1-9-3 Matrix saturation versus distance above the water table at specified
times; initial set of calculations; Case 9 85

1-9-4 Hydraulic conductivity versus distance above the water table at
specified times; initial set of calculations; Case 9 85

1-9-5 Average linear velocity of water in tile matrix versus distance
above the water table at specified times; initial set of calculations;
Case 9 86

1-9-6 Average linear velocity of water in the fractures versus distance
above the water table at specified times; initial set of calculations;
Case 9 87

1-9-7 Normalized flux (calculated flux divided by imposed flux) versus
time at specified distances above the water table; initial set of
calculations; Case 9 88

1-9-8 Pressure head versus time at specified distances above the water
table; initial set of calculations; Case 9 88

1-9-9 Matrix saturation versus time at specified distances above the water
table; initial set of calculations; Case 9 89

1-9-10 Hydraulic conductivity versus time at specified distances above the
water table; initial set of calculations; Case 9 89

1-9-11 Average linear velocity of water in the matrix versus time at
specified distances above the water table; initial set of
calculations; Case 9 90

1-9-12 Average linear velocity of water in the fractures versus time
at specified distances above the water table; initial set of
calculations; Case 9 91

$

ix



FIGURES

(continued)

1-10-1 Normalized flux (calculated ttux divided by imposed flux) versus
distance above the water table at specified times; initial set of °

calculations; Case 10 92

1-10-:_ Pressure head versus distance above the water table at specified

times; initial set of calculations; Case 10 92

1-10-3 Matrix saturation versus distance above the water table at specified

times; initial set of calculations; Case 10 93

1-10-4 Hydraulic conductivity versus distance above the water table at

specified times; initial set of calculations; Case 10 93

1-10-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; initial set of calculations;
Case 10 94.

1-10-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; initial set of calculations;
Case 10 95

1-10-7 Normalized flux (calculated flux divided by imposed flux) versus
time at specified distances above the water table; initial set of

calculations; Case 10 96

1-10-8 Pressure head versus time at specified distances above the water

table; initial set of calculations; Case 10 96

1-10-9 Matrix saturation versus time at specified distances above the water

table; initial set of calculations; Case 10 97

1-10-10 Hydraulic conductivity versus time at specified distances above the

water table; initial set of calculations; Case 10 97

1-10-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; initial set of

calculations; Case 10 98

1-10-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; initial set of

calculations; Case 10 99



FIGURES

(continued)

. 1-11-1 Normalized flux (calculated flux divided by imposed flux) versus
distance above the water table at specified times; initial set of

calculations; Case 11 100

1-11-2 Pressure head versus distance above the water table at specified

times; initial set of calculations; Case 11 100

1-11-3 Matrix saturation versus distance above the water table at specified

times; initial set of calculations; Case 11 101

1-11-4 Hydraulic conductivity versus distance above the water table at

specified times; initial set of calculations; Case 11 101

1-11-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; initial set of calculations;
Case 11 102

1-11-6 Average linear veloci'ty of water in the fractures versus distance

above the water tabl( at specified times; initial set of calculations;
Case 11 103

1-11-7 Normalized flux (calculated flux divided by imposed flux) versus
time at specified distances above the water table; initial set of

calculations; Case 11 104

1-11-8 Pressure head versus time at specified distances above the water

table; initial set of calculations; Case 11 104

1-11-9 Matrix saturation versus time at specified distances above the water

table; initial set of calculations; Case 11 105

1-11-10 Hydraulic conductivity versus time at specified distances above the

water table; initial set of calculations; Case 11 105

1-11-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; initial set of

calculations; Case 11 106

1-11-12 Average linear velocity of" water in the fractures versus time

at specified distances above the water table; initial set of

calculations; Case 11 107

xi



FIGURES

(continued)

Pa_SW
1-12-1 Normalized flux (calculated flux divided by imposed flux) versus

distance above the water table at specified times; initial set of

calculations; Case 12 108

1-12-2 Pressure head versus distance above the water table at specified °

times; initial set of calculations; Case 12 108

1-12-3 Matrix saturation versus distance above the water table at specified

times; initial set of calculations; Case 12 109

1-12-4 Hydraulic conductivity versus distance above the water table at

specified times; initial set of calculations; Case 12 109

1-12-5 Average linear vclocity of water in the matrix versus distance

above the water table at specified times_ initial set of calculations;
Case 12 110

1-12-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; initial set of calculations;
Case 12 111

1-12-7 Normalized flux (calculated flux divided by imposed flux) versus
time at specified distances above the water table; initial set of

calculations; Case 12 112

1-12-8 Pressure head versus time at specified distances above thc water

table; initial set of calculations; Case 12 ].12

1-12-9 Matrix saturation versus time at specified distances above the water

table; initial set of calculations; Case 12 113

1-12-10 Hydraulic conductivity versus time at specified distances above the

water table; initial set of calculations; Case 12 113

1-12-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; initial set of

calculations; Case ]2 114

1-12-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; initial set of

calculations; Case 12 115

xii



FIGURES

(continued)

Pag_

' 2-1 The calculational mesh (left-hand column) and the geohydrologic

unit stratigraphy (right-hand column) used for all Cases of the
• final set of calculations 116

2-1/3/5-1 Normalized flux (calculated flux divided by imposed flux) versus
distance above the water table; final set of calculations;

Cases 1, 3, and 5 117

2-1/3/5-2 Pres:_ure head versus distance above the water table; final set

of calculations; Cases 1, 3, and 5 117

2-1/3/5-3 Matrix saturation versus distance above the water table; final
set of calculations; Cases 1, 3, and 5 118

2-1/3/5-4 Hydraulic conductivity versus distance above the water table;
final set of calculations; Cases 1, 3, and 5 118

2-1/3/5-5 Average linear velocity of water in the matrix versus distance
above the water table; final set of calculations; Cases 1, 3, and 5 119

2-1/3/5-6 Average linear velocity of water in the fractures versus distance
above the water table; final set of calculations; Cases 1, 3, and 5 120

2-2/4/6-1 Normalized flux (calculated flux divided by imposed flux) versus
distance abc_ve the water table; final set of calculations;

Cases 2, 4, and 6 121

2-2/4/6-2 Pressme head versus distance above the water table; final set

of calculations; Cases 2, 4, and 6 121

2-2/4/6-3 Matrix saturation versus distance above the water table; final

set of calculations; Cases 2, 4, and 6 122

2-2/4/6-4 Hydraulic conductivity versus distance above the water table;
final set of calculations; Cases 2, 4, and 6 122

2-2/4/6-5 Average linear velocity of water in the matrix versus distance

above the water table; final set of calculations; Cases 2, 4, and 6 123

2-2/4/6-6 Average linear velocity of water in the fractures versus distance

above the water table; final set of calculations; Cases 2, 4, and 6 124



FIGURES

(continued)

Pag_

2-7-1 Normalized flux(calculatedfluxdividedby imposed flux)versus
distanceabove the water table at specifiedtimes;finalsetof

calculations;Case 7 125 "

2-7-2 Pressure head versusdistanceabove the water tableat specified

times;finalsetof calculations;Case 7 125

2-7-3 Matrix saturationversusdistanceabove the water tableat specified

times;fine,lsetof calculations;Case 7 126

2-7-4 Hydraulic conductivityversus distanceabove the water tableat

specifiedtimes;finalsetof calculations;Case 7 126

2-7-5 Average linearvelocityof water in the matrix versusdistance

above the water tableat specifiedtimes;finalsetof calculations;
Case 7 127

2-7-6 Average linearvelocityof water in the fracturesversus distance
above the water tableat specifiedtimes;finalset ofcalculations;
Case 7 128

2-7-7 Normalized flux(calculatedfluxdividedby imposed flux)versus

time at specifieddistancesabove the water table;finalsetof

calculations;Case 7 129

2-7-8 Pressure head versustime at specifieddistancesabove the water

table;finalsetof calculations;Case 7 129

2-7-9 Matrix saturationversustime at specifieddistancesabove the water

table;finalsetof calculations;Case 7 130

2-7-10 Hydraulic conductivityversus time at specifieddistancesabove the

water table;finalsetof calculations;Case 7 130

2-7-11 Average linearvelocityof water in the matrix versustime at

specified distances above the water table; final set of

calculations; Case 7 131.

2-7-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; final set of

calculations; Case 7 132 ,

xiv_



F I (; U RE S

(continued)

Pag__

" 2-8-1 Normalized flux (calculated flux divided by imposed flux) versus
distance above the water table at specified times; final set of

calculations; C_se 8 133

2-8-2 Pressure head versus dist_mce above the water table at specified

times; final set of calculations; Case 8 133

2-8-3 Matrix saturation versus distance above the water table at specified

times; final set of calculations; Case 8 134

2-8-4 Hydraulic conductivity versus distance above the water table at

specified times; final set of calculations; Case 8 134

2-8-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; final set of calculations;
Case 8 135

2-8-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; final set of calculations;
Case 8 136

2-8-7 Normalized flux (calculated flux divided by imposed flux) versus

time at specified distances above the water table; final set of

calculations; Case 8 137

2-8-8 Pressure head versus time at specified distances above the water

table; final set of calculations; Case 8 137

2-8-9 Matrix saturation versus time at specified distances above the water

table; final set of calculations; Case 8 138

2-8-10 Hydraulic conductivity versus time at specified distances above the

water table; final set of calculations; Case 8 138

2-8-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; final set of

calculations; Case 8 139

2-8-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; final set of

calculations; Case 8 140

X V



FIGURES

(continued)

2-9-1 Normalized flux (calculated flux divided by imposed flux) versus

distance above the water table at specified times; final set of

calculations; Case 9 141
¢

2-9-2 Pressure head versus distance above t],e water table at specified

times; final set of calculations; Case 9 141

2-9-3 Matrix saturation versus distance above the water table at specified

times; final set of calculations; Case 9 142

2-9-4 Hydraulic conductivity versus distance above the water table at

specified times; final set of calculations; Case 9 142

2-9-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; final set of calculations;
Case 9 143

2-9-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; final set of calculations;
Case 9 144

2-9-7 Normalized flux (calculated flux divided by imposed flux) versus

time at specified distances above the water table; final set of

calculations; Case 9 145

2-9-8 Pressure head versus time at specified distances above the water

table; final set of calculations; Case 9 145

2-9-9 Matrix saturation versus time at specified distances above the water

table; final set of calculations; Case 9 146

2-9-10 Hydraulic conductivity versus time at specified distances above the

water table; final set of calculations; Case 9 146

2-9-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; final set of

calculations; Case 9 147

2-9-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; final set of

calculations; Case 9 148

xvi



FIGURES

(continued)

Pag_

, 2-10-1 Normalized flux (calculated flux divided by imposed flux) versus

distance above tile water table at specified times; final set of

• calculations; Case 10 149

2-10-2 Pressure head versus distance above the water table at specified

times; final set of calculations; Case 10 149

2-10-3 Matrix saturation versus distance above the water table at specified

times; final set of calculations; Case 10 150

2-10-4 Hydraulic conductivity versus distance above the water table at

specified times; final set of calculations; Case 10 150

2-10-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; final set of calculations;
Case 10 151

2-10-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; final set of calculations;
Case I0 152

2-10-7 Normalized flux (calculated flux divided by imposed flux) versus

time at specified distances above the water table; final set of

calculations; Case 10 153

2-10-8 Pressure head versus time at specified distances above the water

table; final set of calculations; Case 10 153

2-10-9 Matrix saturation versus time at specified distances above the water

table; final set of calculations; Case 10 154

2-10-10 Hydraulic conductivity versus time at specified distances above the

water table; final set of calculations; Case 10 154

2-10-11 Average linear velocity of water in the matrix versus time at ,,

specified distances above the water table; final set of

calculations; Case 10 155

2-10-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; final set of

calculations; Case 10 156
¢

xvii

=



FIGURES

(continued)

Pag__

2-11-1 Normalized flux (calculated flux divided by imposed flux) versus

distance above the water table at _pecified times; final set of

calculations; Case 11 157 ,

2-11-2 Pressure head versus distance above the water table at specified

times; final set of calculations; Case 11 157

2-11-3 Matrix saturation versus distance above the water table at specified

times; final set of calculations; Case 11 158

2-11-4 Hydraulic conductivity versus distance above the water table at

specified times; final set of calculations; Case 11 158

2-11-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; final set of calculations;
Case 11 159

2-11-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; final set of calculations;
Case 11 160

2-1.1-7 Normalized flux (calculated flux divided by imposed flux) versus
time at specified distances above the water table; final set of

calculations; Case 11 161

2-11-8 Pressure head versus time at specified distances above the water

table; final set of calculations; Case 11 161

2-11-9 Matrix saturation versus time at specified distances above the water

table; final set of calculations; Case 11 162

2-11-10 Hydraulic conductivity versus time at specified distances above the

water table; final set of calculations; Case 11 162

2-11-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; final set of

calculations; Case 11 163

2-11-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; final set of

calculations; Case 11 164

xviii



FIGURES

(concluded)

" 2-12-1 Normalized flux (calculated flux divided by imposed flux) versus
distance above the water table at specified times; final set of

, calculations; Case 12 165

2-12-2 Pressure head versus distance above the water table at specified

times; final set of calculations; Case 12 165

2-12-3 Matrix saturation versus distance above the water table at specified

times; final set of calculations; Case 12 166

2-12-4 Hydraulic conductivity versus distance above the water table at

specified times; final set of calculations; Case i2 166

2-12-5 Average linear velocity of water in the matrix versus distance

above the water table at specified times; final set of calculations;
Case 12 167

2-12-6 Average linear velocity of water in the fractures versus distance

above the water table at specified times; final set of calculations;
Case 12 168

2-12-7 Normalized flux (calculated flux divided by imposed flux) versus

time at specified distances above the water table; final set of

calculations; Case 12 169

2-12-8 Pressure head versus time at specified distances above the water

table; final set of calculations; Case 12 169

2-12-9 Matrix saturation versus time at specified distances above the water

table; final set of calculations; Case 12 170

2-12-10 Hydraulic conductivity versus time at specified distances above the

water table; final set of calculations; Case 12 170

2-12-11 Average linear velocity of water in the matrix versus time at

specified distances above the water table; final set of

calculations; Case 12 171

2-12-12 Average linear velocity of water in the fractures versus time

at specified distances above the water table; final set of

calculations; Case 12 172

×i×



NUMBERING CONVENTION FOR THE FIGURES

The figures are placed after the text and are numbered as follows.

1) The first digit in the figure number is either 1, indicating the initial set of calcula-

tions, or 2, indicating the final set of calculations.

2) After a dash, the second digit, or set of digits, indicates the case number. Because

steady-state plots contain 3 cases, they are indicated by a series of digits, either

1/3/5, for Cases 1, 3, and 5, or 2/4/6, for Cases 2, 4, and 6. Transient-flow cases are

indicated by a single digit, either 7, 8, 9, 10, 11, or 12.

3) After a dash, the third digit is an ordinal number for the figure in its calculation set
and case.

For example, Figure 1-1/3/5-6 refers to the initial set of calculations, the steady-state

Cases 1, 3, and 5, and the sixth figure in this group. Figure 2-7-5 is the fifth figure for
the transient-flow Case 7 of the final set of calculations.

The only exceptions to the above numbering scheme are Figures 1-1 and 2-1. They are

illustrations of the calculational mesh and problem geometry for the initial and final sets

of calculations, respectively.

XX



1.0 INTRODUCTION

1.1 The COVE 2A Activity

The Yucca Mountain Site Characterization Project (YMP) of the U. S. Department of

. Energy (DOE) is investigatiag the geologic formations in the unsaturated zone at Yucca
Mountain, Nevada, as the site of a potential repository for high-level radioactive waste.

To assess the long-term safety issues associated with such a potential repository, com-
puter programs are used to model present and possible future groundwater-flow systems
to predict the movement of water and radionuclides through the geologic media. The nu-
merical accuracy and physical validity of such programs must be demonstrated for the

types of geologic conditions they are usea to model, as specified in 10 CFR 60 (60.21
and 60.101) (NRC, 1986) and NUREG-0856 (II.D) (Silling, 1983).

Benchmarking is the comparison of numerical solutions generated by different but equiv-
alent computer programs. It is a method of demonstrating the numerical accuracy of
these programs, particularly when modeling complex systems.

This report deals with the Code Verification (COVE) benchmarking effort, one of a se-
ries of problems being defined to compare and evaluate the flow-and-transport computer
programs that may be used for Yucca Mountain performance-assessment calculations in
support of a license application. COVE 2A only addresses hydrology. The COVE 2A
activity is defined in Benchmarking of Flow and Transport Codes: COVE 2A--Yucca
Mountain Hydrology, YMP Problem Definition Memo 72-6, S_ndia National Laborato-
ries, Albuquerque, New Mexico, 10 January 1986. The major purpose of the COVE 2A
effort is to test the capabilities of hydrologic programs on isothermal problems that are

representative of the conditions expected at Yucca Mountain.

This report presents a description of the calculational effort and the results obtained by
applying the computer program TOSPAC (Dudley et al., 1988) to the COVE 2A prob-
lems.

1.2 The COVE 2A Problem Set

The COVE 2A problem set has been selected to investigate the ability of the programs
• being benchmarked to accurately model water flow in a partially saturated regime. Ta-

ble 1-1 presents the 12 cases of the COVE 2A problem set.
a



TABLE l-1

THE COVE 2A PROBLEM SET

Flux at Ground CalicoHills Time
Case Surface(mm/yr) (CHn) Property Domain

1 0.1 zeolitic steady ,
2 0.1 vitnc steady
3 0.5 zeolitic steady
4 0.5 vitnc steady
5 4.0 zeolitic steady
6 4.0 vitric s_ady
7 0.1 --_ 0.2 zeolitic nonsteaJv
8 0.1 --* 0.2 vitric nonsteady
9 0.5 --+ 1.0 zeolitic nonsteady

10 0.5 --_ 1.0 vitric nonsteady
11 4.0 --+ 8.0 zeolitic nonsteady
12 4.0 --_ 8.0 vitric nonsteady

The problems examine one-dimensional, vertical, isothermal flow through a stratigraphy

of five fractured materials. The stratigraphy is a simplified representation of drill hole

USW G-4 at Yucca Mountain (Ortiz et al., 1985). The stratigraphy is presented in Fig-

ure 1-1 and repeated in Figure 2-1.

Sensitivity of the numerical solution techniques to sharp contacts between materials with

very different hydrologic characteristics is investigated by comparing calculations that

use the properties of either the zeolitized Calico Hills Unit (CHnz) or the vitrified Calico

Hills Unit (CHnv). At USW G-4, the Calico Hills Unit is primarily zeolitized.

The media through which flow occurs are described with a composite-porosity model

(Peters and Klavetter, 1988). Hydrologic properties are specified by saturation and
hydraulic-conductivity characteristic ctxrves. These curves are defined according to a

method derived by Mualem (1976) and applied in a form developed by van Genuchten

(1980). Hydrologic properties are defined separately for the matrix and the fractures;

the bulk properties are calculated as the area-weighted average of the two. Table 1-2

presents the hydrologic properties assigned to the various geologic units in tile COVE 2A

stratigraphy.

The hydrologic cases are defined for both steady and nonsteady flow. The range of

fluxes prescribed at the ground surface has been selected to simulate different combi-

nations of matrix and fracture flow. A flux of 0.1 mm/yr (Cases 1 and 2) should pro-

duce flow predominantly in the matrix; 4 mm/yr (Cases 5 and 6) s',lould produce flow

predominantly in the fractures. The 0.5 mm/yr flux (Cases 3 and 4) is close to the tran-
I

sition between matrix and fracture flow in most of the geohydrologic units. The 0.5 to

1 rnm/yr transient-flow cases (Cases 9 and 10) cross from predominantly matrix flow to



TABLE 1-2

HYDROLOGIC PROPERTIES USED FOR THE COVE 2A CALCULATIONS

Matrix Properties

Grain ttydraulic Residual van Genuchten

Sample Density Porosity Conductivity Saturation Parameters

Unit Code {l_/c,n3_ .n_n_m_ K..,, (!n/s) _SL.. c_ (10-2/m) _ft_._
TCw G4-1 2.49 0.08 9.7 × 10-12 0.002 0.821 1.558
P'_ GU3-7 2.35 0.40 3.9X 10 -07 0.I00 1.50 6.872

TSwl G4-6 2.58 0.Ii 1.9>;l0-ll 0.080 0.567 1.798

TSw2-3 G4-6 2.58 0.11 1.9x 10-11 0.080 0.567 1.798

CHnv GU3-14 2.37 0.46 2.7× 10-07 0.041 1.60 3,872

CHnz G4-11 2.23 0.28 2.0x I0-II 0.ii0 0.308 1.602

Fracture Properties

Horizontal Fracture Fracture Fracture Fracture Fracture Bulk Fracture

Sample Stress Aperture Conductivity Density Porosity Compressibility Conductivity

Unit Code _ _ (10-Sm/s) (No./m3_). n! (10 -s) On t/Oa' (10-8/m) K!_h (10-°m/s)
TCw O4-2F 1.1 6.74 3.8 20 14. 132. 5.3

PTn G4-3F 3.3 27.0 61. 1 2.7 19. 16.
TSwl G4-2F 9.5 5.13 2.2 8 4.1 5.6 0.90
TSw2-3 G4-2F 21.9 4.55 1.7 40 18. 12. 3.1
CHnv G4-4F 34.3 15.5 20. 3 4.6 2.8 9.2
CHnz G4-4F 34.3 15.5 20. 3 4.6 2.8 9.2

Fracture-saturation coefficients are Sr = 0.0395, c_= 1.2851/m, and /_ - 4.23.

Bulk-Rock Compressibilities

Unit TCw PTn TSw i TSw2-3 CHnv CHnz
Coefficient of
Con solid at ion 6.2 82. 12. 5.8 39. 26.
O_tbutk (i0-7,/m)

The compressibility of water (til,) is 9.8 x 10- 7/m.



predominantly fracture flow. The other nonsteady cases examine transient flow predomi-
nantly in the matrix (Cases 7 and 8) or in the fractures (Cases 11 and 12).

The physical constants used by TOSPAC for the COVE 2A calculations are presented in
Table 1-3.

TABLE 1-3

PHYSICAL CONSTANTS USED BY TOSPAC FOR THE COVE 2A CALCULAT!ONS

Acceleration Resulting from Gravity 9.8 m/s 2

Density of Water (implicit in _w)
Viscosity of Water (implicit in the characteristic curves)

Seconds per Year 3.15576 x 107
Days per Year 365.25

Problem Definition Memo 72-6 requires that results be generated at a number ot speci-

fied problem times and 75 specified elevations so that results from different participants

can be compared. The Problem Definition Memo does not specify a flow model, a solu-

tion technique, or parameters associated with a solution technique: time step, the degree

of implicitness in the equations, mesh-point spacing, etc., are left to the discretion of the

participant.

1.3 Two Sets of Calculations

The COVE 2A problem set was taken from a number of problems that TOSPAC had

already solved. TOSPAC was being developed at the time and was primarily being used
to better understand the highly nonlinear differential equations that model flow in an

unsaturated regime. When the COVE 2A benchrnarking activity began, the algorithms

within TOSPAC were becoming finalized. TOSPAC was included in COVE 2A, not to

determine if it could perform the calculations, but to measure its accuracy and efficiency

with respect to other programs.

After the COVE 2A participants performed the calculations, it was discovered that the
TOSPAC calculations could be improved in several areas. First, an error existed in the

calculation of the water velocity in the fractures. Second, the transient-flow calculation

was marginally stable, resulting in long computer run times for the transient-flow solver

(the DYNAMICS module) when compared with some of the other participating pro-

grams. Finally, work on another project led to analytic formulas for selecting appropri-
ate mesh-point spacings and time steps. The formulas indicated that the mesh spacings



used in the transient-flow calculations were too large to guarantee accuracy. The formu-

las also indicated that, if the calculations were more stable, the time steps could have
been longer and still preserved accuracy.

. The TOSPAC hydrology modules were modified to correct the water velocity error and

improve efficiency. The input data files were modified to incorporate a new calculational

mesh. The COVE 2A problems, still as originally defined, were then recalculated. The

first set of calculations is described in Section 3, and the second set of calculations is
described in Section 4.





2.0 TOSPAC

2.1 General Description

TOSPAC is a computer program that models partially saturated groundwater flow with

• the transport of contaminants• TOSPAC is an acronym for the "Total Systems Perfor-

mance Assessment Code•" The program was written at Sandia National Laboratories for

the Nevada Nuclear Waste Storage Investigations project, the predecessor to the YMP.

TOSPAC incllldes three calculational modules: a steady-state-flow solver (STEADY)

that solves Dare, " law; a transien.t-tlow solver (DYNAMICS) that solves Richards'

Equation; and a transport solver (TRANS) that solves a general advection/dispersion
equation.

Ali three calculational nlodules of TOSI)AC configure tile differential equations as

boundary value problems. All three modules use the finite-difference method on an

Eulerian mesh. The hydrology modules, STEADY and DYNAMICS, solve for pressure

head, with hydraulic conductivity and water storage capacity (capacitance) specified as

functions of pressure head. The transport module solves for contaminant concentration.

TRANS uses the average linear water velocity and saturation results from STEADY as

the hydrologic background for transI)ort.

The STEADY and DYNAMICS modules were designed to handle site-scale problems in-

volving flow through partially saturated, fractured, stratified media. DYNAMICS allows

boundary conditions to change with time.

TRANS was designed to handle transport of multiple, decaying contarninants (e.g., ra-

dionuclides) with the matrix and fractures coupled. Contaminants can be introduced
at a boundary or at an internal source region, and time-dependent transport bound-

ary conditions aic allowed. Solubility-dominated or congruent-leach source terms can

be specified. Adsorption and precipitation of contaminants are modeled. TRANS com-

putes both the amount of contaminants that cross problem boundaries and, if the con-

taminant decays, the actual amount ttla.t is outside problem boundaries at a given time

(i.e., TRANS (:ontiriucs to comt)ute decay aiid generation of daughter f_rodtlct,s of tile

d ep ar ted (:on t arn in ant).

In the interes_ of (,fticiency, and in the at)senc(_, of sorn(.' basic physics, TOSI)A(: incorpo-

• _ r _ ) , )rates simpli[yirig assumptions First I ( SI AC does not han(ile teiiJp(,rature effects, tlys-

• tercsis eft'cots, two-.p,_ase flow, or colloidal transport. At pre:sent oilly ()ne-(tirI_(,nsiotlal,

vertical I)roblems can t)c solved (a version of TOSI)AC that solves pr()bl(_r,ls with art_i-

• trary fiow paths exists, but has not })(,en fully t(:.ste(t), axlrt transt)ort is only sirntllat(,d

7

, ,, p_



with steady-state-flow fields. Also, the composite-porosity model used by TOSPAC as-

sumes that the pressure heads in the matrix and the fractures are equal. This condi-

tion is not valid for ali transient flow conditions; however, it is valid for many problems

(Dudley et al., 1988).

The mathematical and physical bases of TOSPAC are described by Dudley et al. (1988).

A user's manual, Total System Performance Assessment Code (TOSPAC) Volume 2:

User's Guide, SAND85-0004, by J.tI. Gauthier, M.L. Wilson, R.R. Peters, and A.L.

l)udley, is in preparation. A compendium of analyses :ising TOSPAC for the YMP is

reported by Peters (1988).

The TRANS module in TOSPAC was not used in the COVE 2A project and is not dis-

cussed filrther in this report. Dudley et al. (1988) provide more information about this
:no(It:le.

2.2 Governing Equations

The STEADY module inTOSPAC solves the divergence of Darcy's law, which is equiva-
lent to the conservation-of-nlass formulation:

().......V .q - _V/e •q

' Koz-" " -_........c)z '_-'fi(,,K oz) ......Oz _- 1 , (1)

where (1 is rh(,. flux (also known as the I)arcy velocity or specific discharge), fl_wthe

water-coriiprcssibilitv, coeflicient, "_pthe pr(..,ssure head, Ii the tlydraulic conductivity, and
z is the elevation above tt_e water table.

The water-co_:t)ressibility coefficient is defined by Peters and Klavetter (1988) as the

f<>llowing:

Op

....!(i?i :), :21i3,',, r, .

wilc,re p is the density of water. (For the initial calculatioiis of the steady-state cases,

!f_,. was O; i.e., tile t,ftocl, of water coiiipressibility on the tiydraulic coriductivity was iiot

consider(:d, l.'or the, :iiili_:tl calculatioris of the transient-flow cases,, w was specified in
the wal_'r-sl_>sage-cat_acii.y (:oeflicieiit C'. _tefined in t';qliatiori 5, but again, ilot iii l,tie



hydraulic conductivity. For the final calculations,/3_ was specified in both the water-
storage capacity coefficient and the hydraulic-conductivity term.)

. The hydraulic conductivity is calculated as a function of pressure head as follows (van
Genuchten, 1980):

K(¢) = Ks(1 + la_,l_) -_ 1 - 1 + Ic_¢[f_ ' (3)

where K8 is the hydraulic conductivity at saturation, a and/3 are curve-fit parameters,
and A is 1 - 1/ft.

The DYNAMICS module in TOSPAC solves a generalization of Richards' equation,
written as follows:

C 0¢ K 02 ¢ 0K ' K 0¢ 0¢
i)t _5"z2+( + )(+1) , (4)_= -_-z _ _

where C is the water-storage-capacity coefficient and t is time. Notice that, written in
this form, the right-hand side of Equation 4 is the same as the right-hand side of Equa-
tion 1. C is defined as follows (Peters and Klavetter, 1988)"

OSm i)S f I
C = n._ 0¢ + '_-_ + fl_(Sm'_m + S_nl)

, (Sm_m+ SS_)[Sm--._(S..--S_)]

O,,_(Sm"m+ S_,,_)(Sm--Sr) (5)ao' (nra + n:)

where n is the porosity, S is the saturation, (3tbulkt is the coefficient of consolidation of
the medium, and i)nf/i)a _ is the fracture-compressibility term. The subscripts m and f
indicate matrix and fracture, respectively.

In Equation 5, the saturation is also a function of pressure head and is calculated as fol-
• lows (van Genuchten, 1980)"

9



[ 1 ]s(¢) = (s_- s_) , + i_¢1a +s_, (6)

where S. is the full saturation (typically 1) and Sr is the residual saturation.
t

2.3 Numerical Technique

This section presents a very brief description of the numerical techniques used in
TOSPAC. Dudley et al. (1988) give a more complete discussion.

The STEADY and DYNAMICS modules both use the finite-difference technique with
the physical domain represented by a one-dimensional Eulerian mesh. Equation 1
(STEADY) and Equation 4 (DYNAMICS) are spatially center-differenced using three
mesh points. Equation 1 is differenced as follows:

0 = 2Kj /(ACs+,
ACj

zj+l - zj-1 Az;'+l Azj

Z i..t_ 1 -- Zj_ 1 AZj+I

AKj +

/______Ky____/_2A Cj' (_-,,zyACj 1)
,,_ + , (7)

+ zj+1- zy-x

where ACj = ¢1 - _D3"-l, gj+l/2 -'- (g3"[- gJ+l)/2, etc.

The differencing of Equation 4 adds forward differencing in time:

Cj,n+l -- Cj,n 2Kj,_+n ( A¢i+l,n+n ACy,n+n
Cj,n+f2 : _ --

tn+l -- tn Zj..f-1 -- Zj--1 AZj..bl AZj
]

AKj+I,n+Q.-k +l/2,n+f_ 1,n+f_ ( )/_'wKi ACy+ A¢/-l-l,n+n + 1+
Zj+I -- Zj--1 AZj+I

+ ( )+ + 1 . (8)
Zj+ 1 -- gj_ 1 AZj

IU



The subscript n refers to values at the nth time, t,_. Most quantities have tixne sub-

scripts n + 12, which is meant to indicate a value at time tn+n. A value at an interme-

diate time is obtained by a weighted average of the values at t_ and t,_+l" Kj,,_+n =

(1 - fl)Ki,,_ + 12Kj,n+l, with 12 between 0 and 1. Values at intermediate spatial positions
,- 1

• - l(Ki,n+n + ,_+n) = _((1 -12)Ki,_ +are then handled as follows: Kj+l/2,n+fl - -_ Nj+l,
f_Kj,_+l+ (I- 12)Kj+,,,+ 12Ky+l,n+1),

Centered spatialdifferencingisused fortwc reasons.First,when the mesh pointsare

equallyspaced,the truncationerrorisleastforcentereddifferencing(however,thisre-

sultdoes not hold formesh-point spacingsthat are nonuniform). Second, centereddif-

ferencingallowswater fluxto be calculatedin a self-consistentmanner. For example,

with an upstream-differencingscheme, the first-derivativeterm in Equations 1 and 4 is

differencedacrossdifferentmesh pointsfrom the second-derivativeterm, and no method

existsto balance the contributionof the variousmesh pointswhen calculatingthe flux.

The fluxcalculationused in TOSPAC isshown in Equation II.

The implicitnessfactorf_isadded to forward time differencingbecause itisimportant

to the stabilityand the accuracy of the numericalsolution.The greateststability.is

achievedwith 12 = 1. Unfortunately,thisstabilitydoes not come without a price,and

considerablenumerical dispersioncan oftenbe observed. Truncation errorisminimized,

at ]eastto firstorder,by calculatingthe time-dependent variablesat tilemiddle of the

time step (12- 0.5).

For the initialcalculations,a Picard-iterationscheme in which every iterationisa time

step was used and f_was equal to 0. For the finalset ofcalculations,a Picard iteration

with 12 = 0 was used forthe firstguess at a new time step,then a Newton subitera-

tionwas performed to refinethe solutionat the new time step. The Newton subiteration

used f_= 0.6for Cases 7 and 8 (instabilitiesoccurred when thesecaseswere solvedwith

f_= 0.5),and 12= 0.5 forCases 9 through 12.

To solveEquations 7 and 8,a linearsystem Ag2 = d was constructed,where A isa

tridiagonalmatrix,• isthe pressurehead vectorto be solvedfor,and d isthe inho-

mogenous vector.The equationsthat definethe components of A and d are given by

Dudley et al.(1988).In STEADY, the linearsystem issolved,reconstructed,and re-
solvedto convergence,with stabilitycontrolsinterferingwhere necessary.In DYNAM-

ICS, each solutionof the linearsystem corresponds to a time step. (The subiteration

formulationused in DYNAMICS forthe finalcalculationsisgiven in Equation 9.)

STEADY isdesigned as a hybrid boundary-value problem (BVP) and initial-valueprob-

, lem (IVP). STEADY attempts to solve each geologic unit as a BVP; however, when sta-
bility problems occur, STEADY fixes a new boundary immediately below tile instability

and forms a new BVP, thus marching up tile nlesh in t,he manner of an 1VP.o

!!



Indeed, the steady-st.ate cases can be solved using only IVP techniques. The hybrid iin-

plementation used in STEADY allows a consistent and stable steady-state solution to

be calculated on a mesh defined primarily for a transient-flow calculation. Thus the

STEADY solution can be used immediat ly as an initial condition for a DYNAMICS
calculation. :.

DYNAMICS is set up as a BVP in _,ace and an IVP in time. As mentioned, the ver- B
sion of the DYNAMICS module used for the initial calculations uses a Picard itera-

tion at each time step. DYNAMICS was then modified for the final set of calculations

to perform a subiteration based on Newton's method (although the initial time step is

still made with a Picard iteration). The general form of Newton's method (also called a

Newton/Raphson iterative method) is as follows:

• - - (9)

where _k is the pressure head solution at the k th iteration, J (_)- 1 is the inverted Jaco-

bian matrix of _, and G(_k) is a root of the equation we are trying to solve (Richards'

equation); i.e.,

g (_b) : K 6-_z2 -_ -_z + 1 -C(g2) Ot (10)

Although the addition of Newton subiteration causes DYNAMICS to perform more work

at each time step, it allows much longer time steps (Section 4).

The convergence criterion for both the steady-state and transient-flow cases of the initial

calculations was that the pressure head could not vary at any mesh point by more than
10 -° from one iteration to the next. For the final calculations this tolerance was relaxed

to 10 -2 for the steady-state cases only. The weaker tolerance caused less interference by

STEADY's stability controls; execution times were shorter with no loss of accuracy.

Two major dependent variables, the flux and the average linear velocity, are calculated

using the above solutions. The flux is calculated from the pressure head and the hy-

draulic conductivity using Darcy's law, averaging over three mesh points in a manner

consistent with the difference equations (Equations 7 and 8), as follows:

1 Kj+I/2 ..... + 1 + Ki_I/2 Azj----?.-qJ = 2 Azj__..1
t

where qj is the flux at mesh point j, Kj___/2 =- (Ki+ _ + Kj)/2, A_bj_ 1 -: _/:j+_ --_j, etc.

12



Equation 11 calculates the composite flux, i.e., the flux through both the matrix and
the fractures. The flux through only the matrix is calculated in the same manner, using

the hydraulic conductivity in the matrix, i.e., Km,j+l. The flux through the fractures is
calculated similarly, using the hydraulic conductivity in the fractures, i.e., Kfd+l.

J

The average linear velocity of a particle of water at mesh point j is calculated as the flux

(ai, taken from Equation 11) divided by the area available for flow (Ai)"

qJ (12)
vj- Ai .

In one dimension, flux has units of length over time (L/T). For Equation 12 to return
a velocity, flux must have units of L3/T. The assumption is that flux occurs through
a unit area. Conceptually, flow is not rigorously one-dimensional, but rather through
a column, or a "flow tube." The area available for flow is the fraction of this unit area
through which flow actually occurs. Aj is calculated by averaging over three mesh points
in a manner consistent with the difference equations, as follows:

Ai= _- nj+x(Sj+, - S,-,j+I) + 2nj(Si - Sr,j) + nj-l(Sj-x -- Sr,j-x) , (13)

where nj+l is the porosity at mesh point j + 1, Sj+I is the saturation at the mesh point,
and Sr,j+l is the residual saturation.

Again, this equation is used for the average linear velocity of water in the composite ma-
terial. To calculate the average linear velocity in the matrix, the flux in the matrix is
divided by the area available for flow in the matrix; to calculate the average linear veloc-
ity in the fractures, the flux in the fractures is divided by the area available for flow in
the fractures.

2.4 Boundary Conditions

Both STEADY and DYNAMICS allow boundary conditions to be specified either in

terms of flux or pressure head. However, STEADY requires that the boundary condi-
tions be consistent. For example, if in a steady-state calculation a flux is specified at the

- top boundary and a different flux is specified at the bottom boundary, STEADY will re-
port an error.

e

For the COVE 2A problems, boundary conditions are defined as follows"

13



where the subscript jmin indicates the mesh point at the lower boundary, jmax indi-
cates the mesh point at the upper boundary, and jmax - 1 indicates the mesh point im-
mediately below the upper boundary. The lower boundary condition corresponds to the
water table. For the upper boundary condition, the flux q is specified and bounds on the
pressure head are set. An iterative bisection scheme is then used to settle on an accurate

answer. This technique is necessary because Kjmaz is a nonlinear function of Cjmaz, the
value we are trying to find.

In the version of DYNAMICS used for the final calculations, the specification of both
flux and pressure-head boundary conditions is included irl tile Newton-subiteration
scheme (Dudley et al., 1988).

2.5 Time-Step Control

STEADY solves for the steady-state pressure head directly; it does not include a time-
dependent term and therefore has no time-step control.

The time step in DYNAMICS was controlled differently for the initial and final sets of
calculations. For the initial calculations, the time step was based on a Courant condi-
tion. The algorithm is as follows.

The first time step is supplied by the user; subsequent time steps are increased by a fac-
tor of 1.5 until a Courant condition is reached. This Courant condition limits the time

step to some fraction of the minimum cell-transit time and is calculated using the follow-
ing equation'

Azj ) (15)At,_+l =min fvj-1/2,n '

where At=+l is the next time step (the time between time step n and time step n + 1);
f is the Courant factor, discussed below; Azj is the distance between adjacent mesh
points; and vj-1/2,n is the average linear velocity between adjacent mesh points at timc
step n.

14



In classical flow problems with explicit difference equations, tile Courant factor is usu-
ally set to 0.5, meaning that a given particle of fluid can traverse, at most, one-half the
distance between mesh points which have the shortest transit time of the entire prob-

. lem during any time step. When the COVE 2A problem set was being conceived, f was
set equal to 10 for predominantly matrix-flow conditions and to 0.05 for predominantly
fracture-flow conditions. For the initial set of calculations, the fracture flow f was re-

" laxed slightly to 0.1 and the matrix flow f was kept at 10. (Section 3.3 contains a dis-
cussion of the subsequent degradation in behavior of the solution process.)

"Predominance" of matrix or fracture flow is determined as follows' if the flux in the

fractures is > 1% of the imposed flux, then fracture flow is said to predominate; other-
wise matrix flow is said to predominate. The 1% value is arbitrary.

In the interests of efficiency, Equation 15 is not calculated for every mesh point, but
rather only for mesh points at which total flux has changed over the previous time step.
If the flux changes more than 1% in any given mesh point, then that point is used as one
of the set to calculate the next time step.

The above algorithm is insufficient for preventing instabilities in the solution when used
with a Picard-iteration scheme, as in the initial calculations. To control instabilities, the
following algorithm works in concert with the Courant-condition time-step control"

1) instabilities are identified when the Courant condition indicates a spike in the veloc-
ity (i.e., a plunge in the calculated time step when compared with the previous time

step, specifically when Atn+l < ½At,_);

2) the pressure-head solution is returned to that used in the previous time step (the
last time at which a stable solution is known), and the time step is repeated with a
time step of one-half the previous time step;

3) for five iterations the time step is not allowed to exceed the reduced time step;

4) after five iterations the qme step is allowed to become up to 50% greater than the
previous time step until instabilities again occur.

In the initial calculations, for a predominantly fracture-Ilow problem, an instability typ-
ically appeared before the true Courant condition was realized; thus the time step was
controlled for the most part by the stability-control algorithm.

• For the final calculations, the Courant-condition control and the stability controls were
retained in DYNAMICS, but in a subordinate role. The dominant time-step control

. was--and still is--based on limiting the temporal change of the major variables in Equa-
tion 4 (tile pressure head and the hydraulic conductivity) as shown in tile following
equation:
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At_+x = rain f Ky,_ - Ky,,_, ' f Cy,n "Cy,n x '

where Kj,,_ - Kj,,_, is an approximation for the time derivative of the hydraulic conduc-

tivity (also noted as/_), Cj,,_ - _j,... is an approximation for the time derivative of the

pressure head (also noted as ¢), and f is now the "time-step factor," set to 0.1 for the
COVE 2A problems.

Because the hydraulic conductivity is typically more nonlinear than the pressure head in

an unsaturated-flow problem, the first term in Equation 16 should prevail. The pressure-

head term is a precaution for situations where the derivative of the hydraulic conductiv-

ity approaches 0, such as near saturation.

This derivative-based time-step control also includes a precaution against taking time

steps so long that an excessive number of subiterations are performed to converge on a

solution: if more than five Newton subiterations are performed at any single time step,

the previous time step is repeated with a reduced time step. This additional control was

never required in the final calculations.

The derivative-based time-step control requires that the first time step be specified; the

Courant-condition time-step control is used for this purpose. Thereafter the Courant

condition and its stability-control algorithm are used only when they produce a time

step greater than the K/K or _/_ value. The reason for retaining these time-step con-

trois is that near a pressure head of 0, the _b/¢ term goes to 0, while the K/[4 term goes
to infinity because the derivative of the hydraulic conductivity goes to 0--both unde-

sirable situations. After the first time step in the final set of calculations, however, the

time step was never set by the Courant condition or its stability-control algorithm.

2.6 Some Notes on Accuracy

The intent of this section is to specify what an accurate solution is for both the steady-

state and the transient-flow COVE 2A cases, and then to determine what mesh-point

spacings and time steps guarantee this accuracy.

In steady-state flow in one dimension, the calculated flux should exactly match the irn-

posed flux. Therefore, to assess the accuracy of a calculation, one need only check the

agreement between the calculated and the imposed flux. With STEADY, deviations be-

tween the calculated and the imposed flux can be minimized by closer spacing of mesh

points. If the accuracy of a solution is not acceptable, the calculational mesh can be
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modified and a new solution can be calculated. This process can be repeated until an

acceptable solution is found.

Section 4.2 describes analytic inequalities that were developed by Dudley et al. (1988)

, to bound the mesh-point spacing for steady-state calculations. These inequalities do not

depend on the solution technique (other than the assumption that a calculational mesh

. is required), and errors introduced by the solution technique are not considered. Fur-

ther, the inequalities show that infinitesimal mesh-point spacings are required at mate-

rial boundaries while arbitrarily large spacings are acceptable in other regions--mesh

designs that are difficult to implement. However, with the exception of the regions near

the boundaries between adjacent, geologic units, the calculational meshes constructed for

both the initial and final sets of calculations were acceptable for accurate steady-state

calculations, based on the inequalities in Section 4.2.

For transient-flow calculations, the generally accepted measure of accuracy is mass bal-

ance. The weakness of relying on mass balance is that it can be constant for a given cal-

culation, and yet essential elements of the dynamics (e.g., speed of propagation) may be
incorrect.

A mass-balance measure has not been implemented in DYNAMICS. The measure of

accuracy chosen for transient-flow calculations is the shape of the flux front as it pro-

ceeds down the column. Dudley et al. (1988) give a formula for calculating the shape of

a pressure-head pulse passing through a single material, when beginning at a flux of q0

and ending at a flux of ql. Because flux is calculated from pressure head, the formula

indirectly gives the shape of a flux front:

d___¢_¢= 1 + qo + (0(¢) -Oo)vlr (17)
du K(¢) '

where 0(¢) is the moisture content at a given pressure head, 00 is the initial moisture

content of the material, K(¢) is the conductivity at a given pressure head, vlr is the

velocity of the flux front, and u = -z + vl_t. In general, for a flux front through a single

material, vfr can be described as follows:

Vyr = (qx - qo)/(01 - 00) , (lS)

where 01 is the moistlare content after the front passes.
4

Equation 17 can be solved by a numerical integration for pressure head at various ele--

" vations. Pressure-head solutions were calculated using Equation 17 for several different

pairs of fluxes through several different materials. The calculations were repeated using

DYN _MICS. Agreement between the flux-front shape calculated by Equation 17 and by
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DYNAMICS was generally excellent given the following conditions on the DYNAMICS
solution:

1) the time step was sufficiently small,
2) the mesh spacing was sufficiently small, and •
3) the truncation error of the difference equations was minimized.

s

Analytic inequalities were developed to determine what is "sufficiently small" for time
steps and mesh spacings. These inequalities, given in Sections 4.2 and 4.3, should be
useful for any finite-difference or finite-element solution technique used on these prob-
lems.

According to these inequalities, the mesh-point spacings used for the initial transient-
flow calculations were too coarse to ensure accuracy. The time steps, however, were sat-

isfactory. (Actually, the time steps were shorter than necessary, resulting in too much
computer time being used. These small time steps were caused by numerical instabilities
in the solution. If a finer mesh had been used, the instabilities could possibly have been
reduced and the time steps could possibly have been lengthened.)

For the final calculations, mesh spacings and time steps were defined on the basis of
these inequalities. Indeed, the mesh developed for Case 12 was satisfactory for all the
cases and was used in all the final calculations.

The COVE 2A Problem Definition Memo requires that values for each hydrologic vari-
able be saved at 75 locations in the mesh. Plots based on these 75 data points lack reso-
lution and can be misleading in two respects:

1) numerical instabilities, such as those evident in Figure 1-!2-1, can be lost, and
2) the true steepness of the flux front--our measure of accuracy--can be lost.

The plots contained in this report show values taken at every mesh point. A report com-
paring the results produced by ali the COVE 2A participants is planned, and that report
will base the comparison on values taken at the 75 data locations. Thus the plots herein
will appea r different from the plots in the comparison report.
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3.0 INITIAL CALCULATIONS

3.1 Changes to the Computational Modules of TOSPAC

When the initial calculations were performed, TOSPAC was still under developement.

• No modifications were made to the computational sections of the version of STEADY

that existed at the time; a single modification was made to the computational sections of
DYNAMICS.

DYNAMICS was "vectorized" so that it could take advantage of pipeline processing on

a CRAY computer. The vectorized version of DYNAMICS was only used on Cases 9

through 12; Cases 7 and 8 were executed on a VAX 8650 computer with a nonvectorized

version of DYNAMICS. Vectorizing includes removing conditional statements, subrou-

tine and function calls, and array dependencies from FORTRAN DO loops. Then, upon

compilation, passes through th,- DO loop can be separated and sent to different proces-

sors where they can be executed in parallel. A preliminary calculation of the Case 10

problem indicated that, if solved on the VAX 8650, it would take approximately 50

hours of central processing unit (CPU) time. The vectorized version took less than 1

hour on a CRAY X/MP. Of this improvement, approximately half was due to the inher-

ently faster processing of the CRAY and half was due to the vectorizing.

DYNAMICS was not very efficient at the beginning of the COVE 2A project; it was vec-

torized in a piecemeal fashion. First, the matrix setup subroutine (PICARD) was vec-
torized with surprisingly little improvement _n execution speed. Next, the subroutine

that calculates flux and average linear water velocity (GETOUT) and then the time-step

control subroutine (TMCNTL) were vectorized. Finally, the subroutine that computes

the van Genuchten functions for saturation, hydraulic conductivity, and their deriva-

tives (GETCRV) was vectorized; here the largest increase in speed was realized: approx-

imately a factor of seven. Minimizing the repetition of mathematical operations in these

same subroutines made up for some of the improvement in run times. However, the im-

portant lesson learned from vectorizing was that computing the van Genuchten functions

for saturation and hydraulic conductivity (and their derivatives), with ali their divisions
and exponentiations, for every mesh point at every iteration takes approximately 80% of

the CPU time on a VAX 8650 computer.

3.2 Calculational Mesh

Table 3-1 presents the number of mesh points used to define tile calculational meshes irl

• the initial COVE 2A calculations. Figure 1-1 shows the calculational mesh as well as tile

geologic units and material assignments that con_pose the problem geometry for Case 1.

.,Jt,_a,,_o .,,.pa L,,x,,.. _.puaabJ x.._t.,L) vv_J_. ,_llllllctl l y k.*,)JIII_A_IALUU. Ill l' I[:_Ul(::: l-l, (2d.(..l[ it?l..bcl.ll_:._l(_ 11 lC
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mesh column indicates ten mesh points. The bottoms of the columns (-0.1 m) corre-

spond to the bottom of the mesh. (The water table corresponds to an elevation of 0.0

m. The version of TOSPAC used in the initialcalculations imposed the lower-boundary

condition at the second mesh point; TOSPAC was modified for the finalcalculations to

impose the lower-boundary condition at the firstmesh point.) The tops of the columns

(530.4 m) correspond to the top of the mesh, the ground surface.

TABLE 3-1

NUMBER OF MESH POINTS FOR EACH CASE OF THE INITIAL SET OF CALCULATIONS

Number of Number of
Case Mesh Points Submeshes a

1 811 16
2 813 16
3 811 16
4 813 16

5 893 b 16

6 895 b 16
7 811 16
8 811 16
9 811 16

10 811 16

11 847 ° 16
12 522 c 21

a. Submeshes are regions of the mesh with mesh points spaced differently from adjacent re-
gions.

b. The increase in the number of cells was due to fine tuning the mesh.

c. Mesh for Case 12 was constructed with a reduced number of mesh points because of ex-
tremely long run times.

The calculational meshes were created as follows. A uniform mesh was created as a

' starting point. It was known from previous experience that the transient-flow cases re-

quire a large number of mesh points. Because the fractures tend to desaturate over an

interval from 0 to -1 meters of pressure head, it was deduced that the maximum mesh-

point spacing to resolve this desaturation should be 1 meter. Hence the uniform mesh

used 531 mesh points, spaced 1 meter apart.

Previous experience also suggested that to achieve satisfactory steady-state results, mesh

points must be spaced closer together in two regions:
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I) atinterfacesbetweengeologicunitswhere materialhydrologicpropertiesarediscon-
tinuousand

t
2) immediatelyabove interfaceswhere relativelyimpermeablegeologic:unitslieon top

' ofhighlyconductiveunits(asymptotesinthepressure-headsolutionoccurinthese
regions,forexample,intheregionimmediatelyabovetheTSw2/CHnv interfaceand

- theregionimmediatelyabovetheTCw/PTn interfaceinFigure1-12-2).

Therefore,beginningwiththeuniformmesh, more mesh pointswere insertedinthese

regions.Then thesteady-statecaseswere executedone ata time.For thesteady-state
casesthereisa checkon theaccuracyoftheanswer--thefluxcalculatedateachmesh

pointshouldbe thesame _ theimposedflux.Each steady-statesolutionwas examined
fordeviationsinthecalculatedfluxfrom the imposedflux,and when a deviationwas

deemed significant(typicallyabove10%),more mesh pointswereadded intheregionof
thedeviation.Then theprocesswas repeated,untilby trialand errora suitablemesh

consistingof811 mesh pointswas createdforthe steady-statecases.(The 813-point

mesh was virtuallyidentical--theadditionaltwo pointswereinsertedby mistake.)

The steady-flowcaseswere alsotheinitialconditionsforthetransient-flowcases.Thus

thesteady-statesolutionsofthefinaltransient-flowfluxes(0.2mm/yr forCases7 and 8,

1 mm/yr forCases9 and 10,and 8 mm/yr forCases 11 and 12)were alsocalculatedto
determinesuitabilityofthemesh.

Originally,the intentionwas tohavea singlemesh touseinallthecalculations.How-
ever,theuseofa singlemesh became lessofa priorityatthispoint,and themeshes for
Cases5,6,11,and 12were changedwithoutrunningtheothercasesagain.

The :mmber ofmesh pointsforCase 12was arbitrarilyreducedbecausethecomputer

timetoexecuteitwas projectedtobe extremelylong.The greatermesh-pointspac-
ingledtosomewhat poorerresults,asshown inFigure1-12-1,but theresultscompare

favorablywiththoseforCase 11,asshown inFigure1-11-1.(Infact,accordingtothe

inequalitiesgiveninSection4.2,themesh usedforCase 11was alsotoocoarse.)

3.3 Time Step

As discussed in Section 2.5, DYNAMICS incorporates an automatic time-step controller.
For the initial set of calculations the controller responded to two requirements:

,#

1) Courant condition, and
• 2) stability.
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In practice, for predominantly matrix flow, times .vere controlled by a Courant con-
dition. Equation 13 and the discussion in Section 2.5 provide information about the
Courant condition.

The Courant-condition factors for the initial calculations were set as follows:

matrix flow: f = 10,
fracture flow: f = 0.1.

A more conservative f = 0.05 for fracture flow was used in the original solution of these
problems (before the COVE 2A project began). It was hoped that the f = 0.1 setting
would result in longer time steps and, therefore, shorter run times. However, the at-
tempt to take longer time steps resulted in greater numerical instability. And, in prac-
tice, for predominantly fracture flow, the time step was dominated by stability controls.
The algorithm given in Section 2.5 provides information about the stability controls.

For Cases 7 and 8, which exhibit predominantly matrix flow, time steps were on the
order of several hundred years when the time-step controller was using mesh points
in TSw2. For Cases 11 and 12, which exhibit predominantly fracture flow, time steps
were on the order of a few hours when the time-step controller was using mesh points in
TSw2. These very small time steps were caused by the stability controls in the time-step
controller. The result was over 100,000 iterations in some of the problems with fracture
flOW.

3.4 Run-Time Information

Table 3-2 shows run-time information for the initial set of calculations. The transient-

flow cases involving fracture flow were executed on a CRAY X/MP computer because of
excessive run times on a VAX 8650 computer (it was estimated that Case 10 would take
approximately 50 hours of VAX CPU time).

3.5 Results

This subsection contains a brief interpretation of the results from the initial set of calcu-
lations. The emphasis is on tying significant features of the results back to the governing
equations (Section 2.1). A similar problem set was used in the example section of the
report by Dudley et al. (1988), and a more complete discussion is contained therein.
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TABLE 3-2

RUN-TIME INFORMATION FOR TtIE INITIAL SET OF CALCULATIONS

Number of Number of CPU Time
Case Mesh Points Computer Time Steps _(_

• 1 811 VAX 8650 16" 35
2 813 VAX 8650 25* 44
3 811 VAX 8650 105' 99
4 813 VAX 8650 95* 110
5 893 VAX 8650 140" 204
6 895 VAX 86,'50 105" 155
7 811 VAX 8_50 515 714
8 811 VAX 8650 496 676
9 811 CRAY X/MP 49,540 875

10 811 CRAY X/MP 164,136 2885
11 847 CRAY X/MP 6315 120
12 522 CRAY X/MP 213,914 3070

* Iterations rather than time steps (STEADY does not implement time). Also, because
STEADY iterates over only a portion of the mesh at one time, this number has been ad-
justed to represent iteration over the entire mesh.

Examination of the results of the initial calculations as part of the COVE 2A bench-

marking activity revealed several problems.

1) The average linear velocity of water in the fractures was calculated incorrectly,

most significantly in the 0.1 mm/yr flux cases (Figures 1-1/3/5-6, 1-2/4/6-6, 1-7-6,

and 1-8-6).

2) In the transient-flow cases the flux upper-boundary condition is unstable. The in-

stability is most noticeable in Figures 1-7-1 and 1-8-1, but also is apparent in Fig-

ures 1-9-1 and 1-10-1).

3) In Case 6 the calculated flux deviates markedly from the imposed flux near the

TSw2/CHnv interface (Figure 1-2/4/6-1).

The average linear velocity is calculated by dividing the flux by the area available for

flow (Equations 12 and 13). In TOSI=AC, for the initial COVE 2A calculations, the
area available for flow was calculated using an approximation for the residual satura-

tion parameter (Sr in Equation 13). The value was approximated because, at the time,

" TOSPAC allowed a number of different methods for specifying hydrologic-property data

and not all methods required specifing tile residual saturation explicitly. The approxima-

, tion consisted of identifying a saturation level that caused a hydraulic conductivity close

to the lowest machine precision available--in practice, a value in tile neighborhood of

10 -2s This saturation was approximately 0.1% above the exact residual saturation. At
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very low pressure heads, when saturation approached residual saturation, the slight inac-
curacy inherent in the residual-saturation approximation caused errors of several orders
of magnitude in the average linear velocities.

The error had not been discovered because it was only apparent at the extreme lower
values of the velocity of water in the fractures. Investigation of results in this region of
the solution are easily dismissed as insignificant, or in the province of numerical noise

(errors caused by round-off of numbers or loss of precision when very small numbers are
added or subtracted from very large numbers). Tile error was only discovered after the
preliminary results from all the participants had been plotted together, lt is unlikely
that the error would have been found without having gone through this process of direct

comparison of results from the same problems.

The velocity calculation was corrected for the final set of calculations by modifying
TOSPAC to require that the exact value of the residual saturation be entered explicity
irl ali hydrologic-property data, and to use this exact value in calculating the area avail-
able for flow.

The flux boundary-condition instability was caused by a combination of the implemen-
tation and the Picard-iteration solution technique. As shown in Equation 14, the flux
boundary condition was actually calculated as a pressure head, linearly interpolated
from the next interior mesh point, jrrtax - 1. ttence, the boundary-condition pres-
sure head was not actually the pressure head at the the uppermost mesh point, jrnax,
but rather the pressure head at a midpoint between the uppermost mesh point and the
next interior mesh point. Thus, when a Picard iteration was taken, an inaccuracy was
added to the calculation. The inaccuracy tended to be self-correcting, however, because
when tile pressure head at the next interior mesh point was perturbed in one direction,
the boundary-condition error was in the other direction. Further, the inaccuracy devel-
oped only when the solution dictated different pressure-head values at th_ uppermost
and the next-interior mesh points. If the pressure heads were tile same (as in Cases 9

through 12) there was no error.

When a Newton-subiteration technique was added for tile final calculations, it was im-

plemented so that tile boundary mesh points were included irl the subiteration. The
subiteration caused the inaccurate pressure head to settle on a more accurate value. Es-

sentially, the boundary condition was moved to the outer mesh point, and the instability
was cured. Section 4 covers this modification more fully.

The spike in tile Case 6 flux profile was a mesh-refinement problem. The introduction of
more mesh points irt this area reduced the magnitude of the deviation. (Other Project
participants used coarser meshes and some of their solutions did not exhibit these spikes
in tile steady-state cases or oscillations in the transient-flow (:ases. Other solution tech-
niques can inherently perform more smoothing or aw'.raging across mesh points than
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three-point finite differencing does. Also, if only a subset of data points are plotted m

e.g., 75Jthese spikes or oscillations can disappear.)

4

3.5.1 Cases 1, 3, and 5

Figure 1-1/3/5-1 shows the normalized flux (the calculated flux at a point divided by

the imposed flux) plotted against distance above the water tablemi.e., elevation_for

Cases 1, 3 and 5. For one-dimensional, steady-state calculations such as these, the flux is

a check of the correctness of the solution; the calculated flux should equal the flux im-

posed at the boundary. The flux is also a sensitive measure of the smoothness of tile

pressure-head solution_tiny variations, oscillations, or spikes in the pressure head are

magnified in the flux.

Figure 1-1/3/5-1 indicates that the solutions are correct to within approximately 5%. The
single notable deviation in flux occurs in Case 5 results at the interface between units

PTn and TSwl. A finer mesh spacing in this region would have reduced this spike.

Figure 1-1/3/5-2 shows the corresponding plot of pressure head versus distance above the
water table for Cases 1, 3, and 5. In general, the pressure head decreases to large neg-

ative values as the flux is decreased. Rapid changes in pressure head can be seen at in-

terfaces between units that have very different hydraulic conductivities, such as at the

TCw/PTn interface and the PTn/TSwl interface. For a flux of 4 mm/yr the pressure

head change at the TCw/PTn interface is almost discontinuous. For a 4 mm/yr flux,

Unit TCw with its saturated conductivity of 0.6 mm/yr is saturated in the matrix, and
the pressure head is near 0 in this unit. The PTn unit with saturated conductivity of

approximately 10,000 mm/yr would be near residual saturation if not for the influence of

TSwl, and the pressure head tends toward very negative values. The pressure-head dis-

continuity moderates as the flux is reduced to 0.1 mm/yr, which is less than the matrix

conductivities of both of these units, neither unit being saturated at this flux. Note that,

for a flux of 4 mm/yr, the pressure head is near 0 in all the units (except PTn) indicat-
ing that both the matrix and the fractures are carrying water.

In Figure 1-1/3/5-3 matrix saturation is plotted against distance above the water table

for Cases 1, 3, and 5. The pressure-h,. _.dsolution was used to calculate the matrix sat-

uration directJy using the van Genuchten formulation for the saturation characteris-

tic curves. For a flux of 4 mm/yr, t'_e matrix is near full saturation in all regions ex-

cept at the interface of PTn and T'_w. Matrix saturation drops sharply in Unit PTn for

this flux, corresponding to the alm st discontinuous drop in pressure head in this unit.

In general, matrix saturation does ,lot change significantly in TCw, TSwl, TSw2, and

CHnz, because these units have similar saturation characteristic curves and the pressure
" head does not vary much in them.
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Figure 1-1/3/5-4 shows hydraulic conductivity versus distance above the water table for
the three CHnz cases. The hydraulic conductivity is for the composite (matrix and frac-
tures) material; it was calculated separately for the matrix and the fractures from tile
van Genuchten formulation for the characteristic curves, and these values were area-
weighted for the composite value. Large sections of tile column show a constant hy-
draulic conductivity, which not coincidentally equals the flux. These areas also show a
constant pressure head (Figure 1-1/3/5-2) and are termed the "characteristic solution"
by Dudley et al. (1988). This solution is also sometimes called the "unit head gradient."
Sharp changes in hydraulic conductivity occur at the interfaces of PTn with TCw and
TSwl.

The spikes visible at the unit interfaces of the 4 mm/yr profile are an adjustment needed
to maintain the characteristic solution over a discontinuous change in hydrologic proper-
ties. At these points the term describing spatial change in pressure head in Equation 1
is significant, and thus the value of the conductivity coefficient decreases. The 4 mm/yr
case involves the most nonlinear part of the hydraulic-conductivity characteristic curve
for Units TSwl, TSw2, and CHnz, and thus the adjustment is most noticeable in this
profile.

Figures 1-1/3/5-5 and 1-1/3/5-6 are plots of the average linear velocity of water in the ma-
trix and in the fractures, respectively, versus distance above the water table for Cases 1,
3, and 5. As seen in Figure 1-1/3/5-3, matrix saturation does not change much for most
cases as the flux is varied. The water velocity in the matrix thus varies approximately
linearly with the flux until the matrix is saturated. PTn is the exception to this situa-
tion. For a flux of 0.1 mm/yr, PTn has a very low saturation resulting in a high matrix
water velocity. The water velocity of the matrix decreases for a flux of 0.5 mm/yr be-
cause PTn now becomes nearly saturated. It increases again for 4 mm/yr because the
saturation has not changed but the flux has increased.

Regardless of flux, there is some water movement in the fractures near the water table,
where the prescribed boundary condition of 0 pressure head causes the fracture satura-
tion to increase as the water table is approached. At a flux of 0.1 mm/yr, fracture flow
is negligible except near the water table. At 0.5 mm/yr, fracture flow becomes signif-
icant in TCw, which has a matrix conductivity of 0.3 mm/yr. At 4 mm/yr, the water
velocity is much greater in the fractures than in the matrix in the units with matrix
conductivities are less than 4 mm/yr (TCw, TSwl, TSw2, and CHnz). (As mentioned
above, the velocity of water in the fractures as shown in these plots is only qualitatively
correct.)



3.5.2 Cases 9 4 and 6

Normalized flux versus distance above the water tabl."e for Cases 2, 4, and 6 is shown in

Figure 1-2/4/6-1. These curves are similar to those irl Figure 1-1/3/5-1, and show that the

calculated flux generally agrees with the imposed flux, indicating accurate pressure-head

solutions. In Case 6 (CHnv, 4 mm/yr flux), there is sLspike representing a0proximately

" an 8% discrepancy between calculated and imposed flux (the guideline used was that

any disagreement should be less than 10_{)). This deviation can be controlled by using a

finer mesh spacing, as shown in the final set of calculations.

Figure 1-2/4/6-2 shows pressure head plotted against distance above the water table for

Cases 2, 4, and 6. These plots are generally similar to those for the CHnz cases (Fig-

ure 1-1/3/5-2) except in the lower part of TSw2 and into CHnv. CHnv has a large satu-

rated matrix conductivity (8,400 mm/yr) compared with the applied flux (the saturated

matrix conductivity of CHnz is 0.6 mm/yr), which causes the pressure head to decrease

rapidly above the water table. Note the almost discontinuous change in pressure head at

the interface between TSw2 and CHnv for an imposed flux of 4 mm/yr; this effect has

already been discussed for the TCw/PTn interface.

Matrix saturation versus distance above the water table is shown in Figure 1-2/4/6-3.

Compared with Figure 1-1/3/5-3, the major difference is that CHnv is much less saturated

than CHnz. At pressure heads between -10 and -100 meters, the characteristic curves

for the CHnv matrix show much greater hydraulic conductivity and much less satura-

tion that the characteristic curves for the CHnz matrix. (The saturation curve for the
CHnv matrix shows a rapid decrease in saturation beginning at approximately -10 me-

ters, whereas the curve for the CHnz matrix shows a more gradual decrease beginning at

approximately -100 meters. The hydraulic conductivity curve for the CHnv matrix also

shows an abrupt decrease at -10 meters; however, the saturated hydraulic conductivity

for the CHnv matrix is much greater than it is for the CHnz matrix, and therefore, the

hydraulic conductivity for the CHnv matrix remains greater than that of the CHnz rna-

trix over most of the -10 to -100 meter range in pressure head.) Because the hydraulic

conductivity is greater, Cttnv retains less water than CHnz. Less water corresponds to

lower pressure heads. Lower pressure heads correspond to even lower saturation values
to be taken from the saturation characteristic curve.

The composite hydraulic conductivity curves f()r the three CHnv cases shown in Fig-

ure 1-2/4/6-4 are essentially identical to those for the CHnz cases, except near and below

the TSw2/CHnv interface. As is expected, a comparison of these plots to the pressure-

head plots reveals a discontinuity at this interface for a flux of 4 mm/yr.

Figures 1-2/4,/6-5 and 1-2/4/'6-6 show the average linear velocities in the matrix and in the
• fractures, respectively. When compared w,itll the CHnz cases, the water velocity in the

CIlnv matrix is greater than that in CHnz, primarily because the average linear veloc-

it3' is calculated by dividing the flux by the ar(:a available for flow, and for a given flux,

")'7,
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CHnv has less area available for flow than CHnz. (The area available for flow is calcu-

lated as the porosity times the saturation minus the residual saturation. Although the

porosity of CHnv is almost twice the porosity of CHnz, the saturation values are much

lower in CHnv at the pressure heads being considered.) In the CHnv fractures, there is

virtually no water movement at any of the fluxes (except near the water table, where the

boundary condition encroaches).

3.5.3 Case 7

Figures 1-7-1 through 1-7-12 are the output plots for (;ase 7, where the C[tn unit is ze-

olitized, and tile tlux change is from 0.1 to 0.2 mm/yr. Throughout this flux range flow

occurs predominantly in tile matrix (except near the water table).

Figure 1-7-1 shows the normalized flux versus distance above the water table for this

case. The flux is increased instantaneously at the top of TCw and is seen to disperse

quickly as it passes throllgh Units TCw and PTn. The front appears to pause and I'('.-

build itself at thel)Tn/TSwl interface. It again disperses aftere_teringTSwl, and the

ttux cllange thereafter ()(:curs almost simultaneously in the lower three units.

lt can be seen from Figure. 1-7-1 that, as the flux approaches the new steady state of

0.2 mm/yr, the rate of approach decreases. This occurrence can be explained by the de-

creasing gradient of the pressure head with time, as seen in Figure 1-7-2.

A slight instability can be noticed at the upper flux boundary of 0.2 inm/yr. The in-

stability has been corrected, as can be seen in the corresponding plot for the tinal set of

calculations (Figure 2-7-1).

The plot of pre.ssure head versus distance at progressive times for (/ase 7 is seen in Fig-

ure. 1-7-2. The pressure head incre.ases in concert with the flux. This change is marked

in the TSw units, where the magnitude of the pressure htad at 200,000 years is approx-

imately half its initial value. The hydraulic conductivity characteristic curve for TSw is

relatively linear for this range in pressure head, which would indicate that the press_re

head should vary with the flux, i.e. t)y a factor of 2. Smaller chanlzes irl pressure hea(t

occur in Cltnz and TCw, partly because of the greater variability in hydraulic condt|c-

tivity with re.spect to pressure head and, in Cltnz, partly because the pressure head is

co|lst, raine.d at the water table. Dudley et al. (1988) give more details on the con(tuc-
:lr

tivity curves, t I'n, however, has a fairly large increase in pressure hea(t, necessitated

by the. large pressure head change required to increase, the flux from 0.1 to 0.2 mrn/yr

in the TSw units below ii,. Overcoming this pressure-head "dam" is the reason that the

flux front attetnpts to rebuild in PTn.
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Figure 1-7-3 _hows the matrix saturation profiles over distance above the water table.

The general tendency is for the saturation to slowly increase over time. This increase
is slight in CI tnz and greater in the TSw units. PTn shows the greatest change going

from approxbnately 10% to 60% saturation at 200,000 years. This effect is due to the
, influence of tlm TSw units below, where large pressure head changes occur, as seen in

Figure 1-7-2. This jump in pressure head causes a large increase in saturation at the

, PTn/TSwl interface, which extends into the PTn layer. The saturation increase in

CHnz is moderated by the fixed saturation at the bottom (a pressure head of 0 forces

complete saturation).

To a large extent, the time needed to fill PTn to the new saturation level determines

the 200,000 years required to go from one steady state to another. Because the poros-

ity of the PTn matrix is approximately 50% and the change in saturation is approx-

imately 40%, approximately 20% of the total volume of PTn fills with water. PTn is

about 40 meters thick; thus, in a one-dimensional column a meter square, approximately

8 cubic meters of water must be added to PTn. At an infiltration of 0.2 mm/yr, or

6.34 x 10-x2 m/s (over a square meter), it should take approximately 1012 seconds, or
300,000 years, to fill PTn.

The next plot, Figure 1-7-4, shows profiles of the hydraulic conductivity versus distance.

These results follow the same pattern as the pressure-head and matrix-saturation plots,

with the greatest increase occurring in PTn, where the TSwl-induced increase in pres-

sure head raises the conductivity more than might have been anticipated.

The average linear velocities o' water in the matrix and in the fractures for Case 7 are

shown in Figures 1-7-5 and 1 7-6. For the matrix water, the increase in the average lin-

ear velocity occurs relatively abruptly in TCw, then more gradually in the lower four

units. The behavior is similar to that shown in the flux profiles (Figure 1-7-1), except in

PTn. The velocity decreases downward through PTn because the pressure head (and

hence the saturation) at the lower boundary is determined by TSwl. Figures 1-7-2

and 1-7-3 show how the interface with TSwl acts like an internal boundary condition

on PTn. The unusual behavior, however, is not the spatial decrease in velocity, but

rather the temporal decrease. Close examination of Figure 1-7-5 shows that the veloc-

ity of water in PTn first increases in time, then decreases significantly. The decrease is

attributable to the increase in the area available for flow in PTn. At the PTn/TSwl in-
terface, the saturation in PTn goes from less than 15%--residual saturation is 10%--to

over 60% (Figure 1-7-3). From Equation 12, when the flux increases by a factor of 2 and

the area available for flow increases by almost a factor of 20, the average linear velocity

decreases by almost an order of magnitude.

For the low fluxes in Case 7, water flow is predominantly in the matrix, not the fractures

(except near the water table). Figure 1-7-6 reflects this factmqualitatively. Because of

" tile error in the velocity calculation discussed at the beginning of this subsection, the

lowest velocity values are approximately five orders of magnitude too low.
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Figures 1-7-7 through 1-7-12 show the flux, pressure head, saturation, hydraulic conduc-
tivity, and average linear velocity plotted against time at specified elevations above the
water table. The first such plot, Figure 1-7-7, shows the normalized flux profiles. The
increase in flux can be seen advancing progressively down the mountain with time. At
the bottom of the topmost unit (TCw), the calculated flux becomes equal to the im-
posed flux in approximately 3,000 years; the new steady state of 0.2 mm/yr occurs in
ali units at around 200,000 years.

Instabilities are noticeable in the 465.7-m (0.2 meters above the lower boundary of PTn)
and 503.4-m (0.2 meters below the upper boundary of PTn) elevation lines. Tile insta-
bilities are the result of the Picard-iteration solution technique being inadequate to cal-
culate an accurate solution near major discontinuities in the material properties (the
TCw/PTn interface). As discussed in Section 2.5, the time-step length for the initial
calculations was determined primarily by the stability-control algorithm, and these insta-
bilities are signs of why the stability-control algorithm was operating.

Figure 1-7-8 shows the pressure head versus time plots. As in the normalized flux
plots, this plot also shows agreement with the plot of pressure head versus distance
(Figure 1-7-2). The greatest pressure-head change is in the TSw units. Notice that the
instabilities in the 465.7- and 503.4-m lines in Figure 1-7-7 are not apparent in Figure 1-
7-8, an indication of the sensitivity of the flux.

Temporal change in matrix saturation at different elevations is shown in Figure 1-7-9.
All the units except PTn show a slow, gradual increase in saturation as the ftux front
disperses through them. In PTn the change is more dramatic: the 465.7-m line rises
sharply beginning at approximately 2,000 years and lasting until 200,000 years. This
response is explained by the large pressure-head increase occurring in the TSw units be-
low.

Figure 1-7-10 shows hydraulic conductivity versus time. In keeping with the trend
shown in the pressure-head plot, hydraulic conductivity increases with time as the units
become more saturated.

Figure 1-7-11 shows the average linear velocity of water in the matrix. For the most
part, as time progresses, the flux increases more than the area available for flow, and
therefore the average linear velocity of water in the matrix increases. The large increase
in saturation in PTn, as detailed in the discussions of Figures 1-7-3 and 1-7-5, causes the
average linear velocity of water in the matrix to decrease, as is evident in the curves rep-
resenting elevations of 503.4 and 465.7 m.

The average linear velocity of water in the fractures is seen in Figure 1-7-12. Although
quantitatively the velocities are in error, qualitatively they indicate the correct situation.
The only significant water flow occurs at the water table; there is no appreciable fracture
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flow in any of the units for the fluxes considered in this case. (Figures 2-7-6 and 2-7-12

show the quantitatively correct fracture-water velocities.)

J

3.5.4 Case 8

b

Figure 1-8-1 shows the normalized flux plotted against distance for a flux change of 0.1

to 0.2 mm/yr, where the bottom unit is vitric (CHnv). The characteristic curves for

CHnv and CHnz are significantly different, although Figure 1-8-1 is quite similar to Fig-

ure 1-7-1. The flux change in the lower units in both Cases 7 and 8 is dominated by the

pressure-head change at the PTn/TSwl interface. The large pressure-head change at

this interface causes a substantial change in saturation in PTn, and as explained in the

discussion of Figure 1-7-3, it is this change in saturation that determines that time scale

for this problem. Thus, the flux-change profiles are virtually independent of whether
CHnv or CHnz is considered as the lowest unit.

Figures 1-8-2, 1-8-3, and 1-8-4 show the pressure head, matrix saturation, and hydraulic

conductivity, respectively, versus distance above the water table. These plots are similar

to the corresponding CHnz plots (Figures 1-7-2, 1-7-3, and 1-7-4) except in CHnv and

the lower part of TSw2. In CHnv there is no visible change in these three quantities as

time progresses. Matrix saturation and hydraulic conductivity do not visibly change in

time, because pressure head does not Visibly change in time. Examination of Equation 4

shows that the O¢/i)z derivative and second derivative account for most of the necessary
change in flux.

Figures 1-8-5 and 1-8-6 present the average linear water velocity in the matrix and

the fractures, respectively, plotted against distance above the water table at successive

times. The primary difference in matrix-water velocities between the CHnz and CHnv

cases occurs in the CHn unit. At the top of the CHnv unit, matrix-water velocities are

greater than in the CHnz unit (approaching an order of magnitude greater). Because

the flux through the matrix is approximately the same in both cases, the different veloc-

ities can be attributed to differences in the area available for flow. In the upper part of

CHnv, the area available for flow is constrained by the low matrix saturation. Near the

water table, where both CHnz (Case 7) and CHnv (Case 8) are saturated, the water ve-
locity is approximately a factor oi 2 greater in CHnz. This difference occurs because at

full saturation the area available for flow is constrained by the porosity, and the porosity

of CHnz is approximately half the porosity of CHnv.

Velocity of the fracture water (in Case 8 as in Case 7) remains negligible in ali units,,p

because although the fractures are desaturated and have very little area available for

flow, the flux in the fractures is vanishingly small (Equation 12). (Figure 2-8-6 shows

" fracture-water velocities that are more quantitatively correct.)
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Figures 1-8-7 through 1-8-12 show the same quantities discussed above, plotted against

time at specified elevations. The normalized flux profiles shown in Figure 1-8-7 are simi-

lar to those for the CHnz case (as compared with Figure 1-7-7). The flux change occurs

slightly faster at tile lower elevations in (;ase 8. Indeed, the. flux change occurs simul-

taneously at elevations of 0 and 130.5 m in Figure 1-8-7. These elevation lines overlap

in Figure 1-8-7, but are distinct ill Figure 1-7-7, indicating that the flux front passes

through Cllnv faster than through Clinz (although both are dominated by the rate at

which the new flux exits PTn).

The pressure-head plots are also similar in the CHnv and CHnz cases (Figures 1-8-8

and 1-7-8). In Figure 1-8-8, immediately above the TSw2/CHnv interface (130.5-m el-

evation), the pressure head is more negative than in Figure 1-7-8, and it is nearly con-
stant over time. That the influence of CHnv extends well into TSw2 is evinced by the

219.5-m elevation line, which is also more negative than the corresponding line in Fig-
ure 1-7-8.

Matrix saturation versus time is seen in Figure 1-8-9. The matrix is approximately 80

to 90% saturated irl the welded units (TCw, TSwl, _,nd TSw2), with a slight increase in

saturation as time progresses. The 130.5- and 219.5-m lines indicate lower saturation at

these elevations than in the Cllnz case. The greatest increase in saturation occurs im-

mediately above the PTn/TSwl interface at the 465.8-m ele,,ation line, and the change
in saturation at this elevation lasts almost the duration of the problem, from approxi-

i_ately 2,000 to 200,000 years.

Figure 1-8-10 shows the hydraulic-conductivity plots. The 130.5- and 219.5-m elevation

lines are somehwat different from the corresponding lines in Figure 1-7-10, showing how

the influence of the highly-conductive CHnv Unit extends into TSw2. The increase in

hydraulic conductivity in PTn (465.7- and 503.4-m elevation lines) is significant because

of the large jump in pressure head (and hence, saturation) in this unit.

The average linear velocity of water in the matrix and the fractures over time is pre-

sented in Figures 1-8-11 and 1-8-12. Because flow is primarily in the matrix, the average

linear velocities respond primarily to the level of matrix porosity and saturation. The

only significant fracture-water velocities are seen at the water table, where the fractures

are fully saturated. (Figures 2-8-6 and 2-8-12 contain the quantitatively correct fracture-

water velocities.)

2.5.5 Case 9 q,

Figures 1-9-1 through 1-9-12 present the required output plots for COVE 2A Case 9.

This case h_s CHnz as the bottom unit and a ttux of 1 mm/yr imposed at the top of

the vertical column, on an initial steady-state flux of 0.5 mm/yr. This change in flux

32



causes a transition from predominantly matrix to predominantly fracture flow in TSwl,
TSw2, and CHnz. TCw begins in predominantly fracture flow; PTn begins in predomi-
nantly matrix flow and, because its saturated matrix conductivity is sufficiently large, it
remains in predominantly matrix flow.

The plot of normalized flux versus distance above the water table is shown in
Figure 1-9-1. Contrasting this plot with the corresponding plots for the flux change from
0.1 to 0.2 mm/yr, the most obvious difference is the time required to go from the initial
to the final state. This process takes approximately 450 years in Case 9 as opposed to
approximately 200,000 years in Case 7.

Another significant difference between this case and Case 7 is that the flux pulse does
not disperse down the mountain, but rather proceeds as a near step function. The steep-
ness of the flux front is dependent to a certain extent on scaling (flux is calculated from
pressure head: the pressure-head change is only 8 meters in TSwl for Case 9, whereas
in Cases 7 and 8 it is approximately 40 meters), but other factors are also involved, as
indicated in Equation 17. For a discussion of flux-front shape, see Dudley et al. (1988).

The shape of the flux front in PTn is the exception to the step-function shape. This
situation should be analogous to the situation that exists in Case 7ma large pressure
head jump required to support the flow in TSwl should cause a significant pressure head
jump in PTn, and therefore, a long filling time to increase the saturation in this unit.
Examination of Figure 1-9-1 reveals that it takes approximately 250 years of the total
problem time of 450 years for the flux pulse to pass through PTn. However, because the
lower half of PTn is nearly saturated at the beginning of the problem (Figure 1-9-3), the
damming effect occurs near the top of PTn. Although the flux front begins to disperse
in TSwl similarly to the situation in Case 7 when the flux at the PTn/TSwl interface
reaches approximately 0.6 mm/yr (a normalized value of approximately 0.6 on the plot,
corresponding to a pressure head of-1 meter), incipient fracture flow causes an abrupt
change in the hydraulic conductivity and capacitance for TSwl. The wetting of PTn
ceases because the pressure-head change is virtually complete. The flux in PTn and the
upper part of TSwl (where the matrix is saturated) rapidly climbs to the imposed value
of i mm/yr, and the flux front forms a step-function shape immediately above the point
in TSwl where the matrix is not yet fully saturated. The pulse then proceeds through
the lower units as a sharp front, with predominantly matrix flow ahead c_fthe front and
significant fracture flow behind it.

The pressure-head profiles for Case 9 are presented in Figure 1-9-2. The change in pres-
sure head is quite small compared to Cases 7 and 8. For the TSwl unit in Case 9, the
difference between the initial and final states is typically 8 meters of pressure head; in
Cases 7 and 8, the difference is approximately 40 meters. In upper TCw, the pressure
head change is not visible at the scale of the plot. The TCw matrix has a saturated con-

" ductivity of approximately 0.3 mm/yr; at the initial condition of 0.5 mm/yr, there is
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already flow in the fractures. To go from 0.5 to 1 mm/yr in _ fracture-flow regime re-
quires a pressure-head change of only about 0.1 meters with the characteristic curves
being used.

The hydraulic-conductivity plot (Figure 1-9-4) shows that the conductivity doubles with
the flux in most units, indicating that the conductivity term in Equation 4 is the major
contributor to the doubling of the flux in this case. Again, an exception is PTn, which
has a conductivity several orders of magnitude greater than the imposed flux. Flow in

this unit is controlled by the cg_b/i)z term from Equation 4, and the PTn/TSwl dam (ef-
fectively an interior boundary condition), and no change in conductivity is required. An-
other exception occurs at the hydrologic-unit interfaces, where the pressure head must
adjust between discontinuous hydrologic properties. At these interfaces, the cg_b/i)z term
in Equation 4 becomes significant, and there is a drop in the va_ne of the conductivity
coefficient. The decrease in conductivity is most noticeable at values where it varies
most nonlinearly with pressure head--i.e., during fracture flow. The spikes in conduc-
tivity at the TSwl/TSw2 and TSw2/CHnz interfaces in Figure 1-9-4 reflect this observa-
tion. Note that the spikes only occur at conductivities reflecting predominantly fracture
flow and not at conduc_ivities reflecting matrix flow.

The average linear velocities of water in the matrix and the fractures versus distance
above the water table are shown in Figures 1-9-5 and 1-9-6. In the lower units, the
matrix-water velocity shows a curious pattern of increase as time progresses: the velocity
doubles with the doubling flux, then abruptly drops back to a lower level, forming the
"fins" shown in Figure 1-9-5. As the pressure-head pulse passes, the pressure head goes
from -8 to near 0 meters and the water velocity is doubled. This doubling takes place
almost entirely in the matrix, because there is insignificant saturation in the fractures
over most of this pressure-head change. Insignificant saturation implies insignificant con-
ductivity. However, at about -1 meters the fractures begin to wet, and substantial flow
initiates. At this point, matrix-water velocity subsides, and fracture-water velocity in-
creaSes abruptly as shown in the sudden jump in the velocity curves in Figure 1-9-6.

Neither TCw nor PTn shows the velocity fins, because TCw starts and stays in predom-

inantly fracture flow (except near the interface with PTn) and PTn starts and stays in
predominantly matrix flow. Fracture velocity approximately doubles in TCw; matrix ve-
locity approximately doubles in PTn.

Figure 1-9-6 indicates qualitatively that fracture flow initially occurs only in the upper
reaches of TCw and in the lowermost reaches of CHnz, near the water table. In TSwl,
TSw2, and CHnz, fracture flow is abruptly initiated as the flux front passes through the
column. If this figure is superimposed on Figure 1-9-5, it can be seen that the fracture
velocity initiates exactly as the matrix velocity begins to fall after the crest of the ma-
trix/fracture transfer fin. There is no appreciable fracture flow in PTn, hence nc appre-
ciable fracture-water velocity.

_
_
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The same six physical quantities discussed above are plotted against time at specified

elevations in the next six figures. Normalized flux versus time is shown in Figure 1-9-7.

At all elevations, the value of the normalized flux jumps from 0.5 to 1 as the flux front

passes down the mountain. (Elevations 503.4 and 503.8 m appear to show a more grad-
4

ual climb than the others; however, the reduced slope is an artifact of the logarithmic

time scaling.) The wetting of PTn is evinced by the long leading edges to the 465.3- and
' 465.7-m elevation lines. When the flux reaches the value of the saturated matrix conduc-

tivity in TSwl--about 0.6 mm/yr, coincidentally matching the nondimenional 0.6 value

on the normalized scale--the abrupt transfer to fracture flow causes an abrupt increase

in the flux. It is interesting to contrast this plot and its abrupt change in flux over time

with Figure 1-7-7 and its gradual flux change over time.

Figure 1-9-8 presents pressure head plotted against time. At the 503.8-m elevation line,

no perceptible change in pressure head occurs until about 30 years have elapsed. A

gradual increase in the pressure head is then shown by the elevations in the neighbor-

hood of PTn. This gradual increase corresponds to the 250 years it takes to wet PTn.

More abrupt jumps in pressure head occur in the units below PTn.

Figure 1-9-9 presents matrix saturation versus time. The plot shows how near to com-

plete saturation the matrix is throughout the problem. The 503.4- and 503.8-m elevation

lines (immediately below and above the TCw/PTn interface) are farthest from complete
saturation, but they are still over 90% saturated, and during the course of the problem

the saturation increases only a few percent in this area. (The matrix is unsaturated at

this interface because the large matrix conductivity of PTn drains TCw.)

Hydraulic conductivity versus time is shown in Figure 1-9-10. Elevation lines 465.7 and

503.4 m, within PTn, show the greatest conductivity. Conductivity changes little over

time at these elevations; the conductivity at 503.4 m increases slightly with the increased

matrix saturation beginning at about 50 years. The 503.8-m elevation line shows a sim-

ilar increase, but the conductivity of the welded TCw Unit is much lower. Figure 1-9-2

shows the steep pressure-head gradient needed to support 0.5 to 1 mm/yr flow with the

low conductivity at this elevation. The lower elevations, 130.5,219.5,335.6, and 465.3 m

show sharp increases in conductivity as the flux front passes. The 219.5- and 465.3-m

elevation lines increase to a greater conductivity than the 130.5- and 335.6-m eleva-

tion lines because both are immediately adjacent to interfaces where the pressure head

changes with distance, thus mitigating the conductivity term in Equation 4 (as discussed

previously).

Figures 1-9-11 and 1-9-12 show the time plots of the average linear velocity of water in

• the matrix and the fractures. The matrix/fracture transfer fins in the matrix velocity,

evident in Figure 1-9-5, are less evident in Figure 1-9-11. Because the transient-flow

, cases with fracture flow took tens of thousands of time steps (Table 3-2), only every hun-
dredth time step was recorded to produce these plots; therefore resolution suffered.
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In Figure 1-9-11, however, a matrix/fracture transfer fin can be seen at the 219.5-m el-
evation line, and a vestigial fin can be seen at the 465.3-m elevation line (a large fin

would not be expected so close to PTn because there is not enough space for it to de-

velop). (In the final set of calculations every tenth time step was recorded, and the fins
are clearer in Figure 2-9-11.) Fins are not expected to be seen in the 0-, 465.7-, 503.4-, •
or 503.8-m elevation lines because these elevations exhibit no switch from predominantly

matrix flow to predominantly fractu. _ flow.

For the fractures, the sudden jump in average linear velocity is pronounced at ali ele-

vations shown in Figure 1-9-12, except in the neighborhood of tile TCw/PTn interface

where fracture flow is negligible. Note that the fracture-water velocity doubles at the

0-m elevation (the water table), as it should for a saturated regime. Again, more ac-
curate fracture-water-velocity values, especially at elevations with low saturations, are

given in Figures 2-9-6 and 2-9-12.

3.5.6 Case 10

The next set of Figures, 1-10-1 through 1-10-12, shows the elevation and time plots for

Case 10, where a flux of 1 mm/yr is imposed on an initial steady state of 0.5 mm/yr and
the bottom unit is now CHnv. Unlike the cases for a flux change of 0.1 to 0.2 mm/yr,

where the water flow histories for CHnz and CHnv were similar, the CHnz and the

CHnv cases are considerably different.

Normalized flux versus distance above the water table at different times is presented

in Figure 1-10-1. The influence of CHnv can be seen at the TSw2/CHnv interface and

extending upwards into TSw2. The flux change is retarded as the front approaches

this interface. Overall, approximately 1,500 years elapse before the new steady state is

reached, as compared to 450 years for the CHnz case.

Examination of the pressure-head profiles in Figure 1-10-2 and the matrix-saturation

profiles in Figure 1-10-3 helps to explain the retardation of the flux front. The pressure

head at the TSw2/CHnv interface is almost -130 meters, which means that CHnv is

strongly draining the TSw2 Unit. Figure 1-10-2 indicates that the influence actually

extends up into TSwl. The matrix saturation drops dramatically at the TSw2/CHnv

interface (Figure 1-10-3), and creates a region in the lower half of TSw2 that must be
filled with water in order for the flux to change. In Case 9 only one region, in the neigh-

borhood of tile TCw/PTn interface, must fill with water to support the new flux (Fig-

ure 1-9-3); in Case 10 there are two regions. Thus the flux pulse takes almost 1,000

years longer to traverse the column in Case 10 than it does in Case 9.

The flux pulse not only takes longer to cross Cttnv than it does to cross CHnz, but it

also changes character. Across Cllnv the flux front spreads until the change in flux is
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nearly simultaneous through most of the unit. Much of the spreading is caused by the

filling of the lower region of TSw2, which imposes a water-flow constraint. However,

using Equation 17 it can be shown that the width of the flux front in CHnv should be

approximately 40(} meters; using Equation 18 the transit time is shown to be on the or-

der of 1,000 years. Thus, even without the TSw2/CHnv interface, the flux front would

spread in CHnv.

ltydraulic conductivity versus elevation is presented in Figure 1-10-4. The upper three

units in this case and Case 9 show similar conductivity levels. In Case 10 the conduc-

tivity is much lower at the TSw2/(:|lnv interface than at the TSw2/Cttnz interface in

Case 9. The low conductivity impedes tile filling of the lower half of TSw2 and further

slows the flux pulse.

Interestingly, matrix saturation and conductivity levels in Cttnv are quite similar to lev-

els shown in CHnv in Case 8 (Figures 1-8-3 and 1-8-4), despite an order of magnitude
difference in flux. The fluxes being considered are still far removed from the saturated

conductivity of Cttnv (8,400 rnm/yr), and the discussion of behavior of CIInv in Case

applies for this case.

Matrix-water and fracture-water average linear velocities are presented in Figures 1-10-5

and 1-10-6, respectively. In Figure 1-10-5, as in Figure 1-9-5, matrix/fracture transfer

fins are visible, although not in PTn or CHnv because no appreciable fracture flow oc-

curs in these units (except near the water table in CHnv). As shown in Figure 1-10-6,

fracture-water velocity in CHnv is negligible. (Figure 2-10-6 shows fracture-water veloc-

ity values that are more accurate than those shown in Figure 1-10-6.) The discussion of

the average linear water velocity in CHnv given for Case 8 also applies here.

Figure 1-10-7 shows normalized flux plotted against time at specified elevations. Of note
is the 300-year-long ramp on the leading edge of the 465.3- and 465.7-m elevation lines.

These lines occur near the bottom of PTn, and the ramp corresponds to the wetting

of PTn. The elevation lines at 503.4 and 503.8 m, near the top of PTn, do not reach

the final flux level until PTn is fully saturated. The change from initial to final state

in the TSw units is rapid (219.5- and 335.6-m elevation lines); the change in CHnv is
nlore gradual, and occurs at nearly the sarn(_ time throughout the unit, as evinced by the

130.5-m elevation line (immediately above C ltnv) and the 0-m elevation line. The simul-
taneous nature of tile flux change over the width of unit shows the spreading of the flux
front described above.

Ii'igllre 1-10-8, the change in pressure head with time, shows that the pressure head just

• at,(,ve the TSw2/CHnv interface (at an elevation oi" 130.5 m) is about -130 meters, i_di-

eating that, Cttnv is exert, ing a strong s_ction on TSw2. The pressure head change itself

is seen to be sligt_t al, nearly ali the selected elevations; only the 219.5-m curve in TSw2iP

shows any significant change over time.



Matrix saturation and hydraulic conductivity are shown in Figures 1-10-9 and 1-i0-10.

For the upper units, the discussion for the corresponding figures for Case 9 suffices. For

the lower units, the discontinuity in hydrologic properties at the TSw2/CHnv interface

is of interest. Immediately above CHnv (the 130.5-m elevation line), the pressure head
is -130 meters, but the matrix saturation is still 83%. Just 0.2 meters away, in CHnv

proper, the matrix saturation is approximately 10% (Figure 1-10-3).
Q

Figures 1-10-11 and 1-10-12 present average linear velocities in the matrix and in the

fractures versus time. Again the discussion for the corresponding figures for Case 9 is

applicable for the upper units. In Figure 1-10-11, the 130.5-m line shows a gradual dou-

bling of matrix velocity with no matrix/fracture transfer fin. (Figures 2-10-6 and 2-10-12

show the quantitatively correct fracture-water velocities.)

3.5.7 Case 11

The Case 11 problem consists of a flux of 8 mm/yr imposed at the upper boundary on a

steady-state flow of 4 mm/yr, with CHnz as the lowermost unit. Fracture flow predomi-

nates through ali the units except PTn throughout the course of the problem.

The normalized flux versus elevation at specified times is presented in Figure 1-11-1.

The time taken for the transition from 4 to 8 mm/yr for the entire column is approxi-

mately 3 years. The flux front proceeds abruptly in both time and space, except in PTn

and TSwl. The constriction in flow at the TCw/PTn interface and the wetting of PTn

are discussed above for Cases 9 and 10 and are similar for this case. However, the time

scale for the process is greatly reduced, primarily because the changes in pressure head

and saturation in PTn are slight (as discussed for Figures 1-11-8 and 1-11-9).

Several instabilities are seen in the flux profiles in Figure 1-11-1: at the TSwl/TSw2

interface, at the water table, and at the peak of the flux front in the lower geologic

units. The instabilities at the flux-front peak are caused by the inability of the differ-

ence equations to track a change that occurs at a smaller scale than the spacing of the

mesh points; the effect (sometimes called Gibb's phenomenon) can be mitigated by a

finer mesh spacing. The other instabilities are inherent in highly nonlinear problems be-

ing solved with a Picard-iteration scheme; these have been eliminated by the use of New-

ton's method in the final set of calculations (Figure 2-11-1).

Figure 1-11-2 presents the plot of pressure head versus distance above the water table.

At this scale, there is no perceptible change in pressure head in any of the units. In fact,
in the TSw units, the pressure head changes approximately 0.1 meters to cause the flux

to double. This effect is caused by the highly nonlinear characteristic curves being used
to model the fractures.
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The plots of matrix saturation versus elevation, Figure 1-11-3, show that the matrix is

essentially saturated, except at the TCw/PTn interface. Saturation change is primarily

in the fractures: the fractures occupy approximately 0.01% of the volume, and therefore,

any change would be undectable at this scale. It also follows that a doubling in flux oc-

" curs with the introduction of only a small amount of water.

. Figure 1-11-4 shows the hydraulic conductivity change with distance above the water

table. In all units except PTn, the conductivity doubles with the flux (and therefore the

conductivity term dominates in Equation 4); in PTn, the conductivity is much greater
than the flux and, as in Cases 7 and 8, flow is primarily driven by the spatial change irl

pressure head--i.e., small changes in a near-zero gradient. The discussion of Figure 1-9-4

includes an explanation of the spikes at the TSwl/TSw2 and TSw2/CHnz interfaces. At

the TCw/PTn interface the conductivity values are relatively low because the suction of

PTn partially desaturates the bottom of TCw.

The variation of matrix-water velocities with distance above the water table is shown in

Figure 1-11-5. The average linear velocity in the matrix is essentially constant for each

unit, because flow is predominantly in the fractures. In PTn, the flow is predominantly

in the matrix, and the velocity increases irl proportion to the flux. The velocity spike at

the TCw/PTn interface is in response to the decreased area available for flow caused by
PTn draining TCw.

The average linear velocity of water in the fractures is shown in Figure 1-11-6. In the

units where significant fracture flow occurs (TCw, TSwl, TSw2, and CHnz) the wa-
ter velocities are much greater in the fractures than in the matrix. The maximum area

available for flow in the fractures is between two and four orders of magnitude lower

than the maximum area available for flow in the matrix, and much of difference be-

tween fracture-water and matrix-water velocity is attributable to this disparity in area

(at higher fluxes, however, the flux component of the velocity equation would begin to

dominate). PTn, with its highly conductive matrix, does not show fracture flow.

Figure 1-11-6 also shows that velocity in the fractures approximately doubles as the flux

doubles, indicating that the saturation of the fractures is not changing significantly (i.e.,

that the area available for flow is not changing significantly).

The normalized flux versus time at specified elevations is presented in Figure 1-11-7. All

elevations show a relatively quick transition from the initial to the final flux (differences

in the slope of the elevation lines are due primarily to the logarithmic time scale). The
leading edge of each elevation line shows less radius of curvature than the trailing edge;

i.e., the flux change initially proceeds quickly but slows as the flux approaches 8 mm/yr.

Capacitance increases as the fractures increase in saturation (in TSw2 at -0.95 meters

of pressure head, corresponding to 4 mm/yr of flux, the capacitance coefficient is approx-

" irnately 2.3 × 10-4; at -0.85 meters of pressure head, corresponding to 8 mm/yr of flux,

the capacitance coefficient is approximately 2.6 × 10-4). However, the slowing irl the
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flux change in TSw2 is probably due to a slowing in the flux change in PTn, as can be

surmised from the shape of the 6-month time line in Figure 1-11-1.

The plot of pressure head versus time is shown in Figure 1-11-8. At the scale used for

the pressure-head axis, the pressure-head change is virtually imperceptible for most of .L

the elevation lines. The exception is at an elevation of 503.8 m, in TCw, where PTn ap-

plies suction that desaturates the lov.' "_ part of the unit and forces predominantly matrix

flow. At an elevation of 503.4 m the pressure head changes slightly as PTn is wetted.

The other elevations are predominantly experiencing fracture flow, and the pressure-

head change is only about 0.1 meters.

Matrix saturation versus time is presented in Figure 1-11-9. Confirming what has al-

ready been seen in Figure 1-11-3, the matrix-saturation changes are imperceptible at

most elevations, with the exception of the TCw/PTn interface. The 503.8-m elevation

line immediately above the TCw/PTn interface shows an increase in saturation of ap-

proximately 1%.

The hydraulic-conductivity change over time is presented in Figure 1-11-10. At most el-

evations presented, the hydraulic conductivity doubles in concert with the flux, implying

that the spatial derivative of pressure head is a constant (i.e., the characteristic solution

or unit-head gradient). The conductivity change is imperceptible at elevations in the

neighborhood of PTn, where flow is controlled by the spatial derivative of the pressure
head.

Figures 1-11-11 and 1-11-12 show the average linear water velocities in the matrix and in

the fractures, respectively. The changes in matrix-water velocity over time occur at ele-

vations of 0, 465.7,503.4, and 503.8 m. The doubling of the matrix-water velocity at ttle

water table is an indication that the pressure-head gradient doubles at this point. (In

a saturated-flow problem, the conductivity is a constant and the area available for flow

is virtually a constant; hence the velocity could only vary with the pressure-head gradi-

ent.) At the 130.5-, 219.5-, and 335.6-m elevations the change in velocity is reflected in
the fracture water. The fracture-water velocity doubles at ali elevations shown; however,

some of the velocities are minuscule--notably, those at the elevations in or just above

l'Tn--and have no effect on the overall flow. Again, see the corresponding figure in the

final set of calculations for more quantitatively correct values.

3.5.8 Case 12

The last case considers transient flow with a flux change from 4 to 8 mm/yr and a vit-
ric bottom unit, Cttnv. As in tile previous case, flow is predominantly in the fractures

in units other than the high-conductance and high-capacitance units, PTn and, in this

instance, C:lt nv.
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Normalized flux versus distance above the water table is shown in Figure 1-12-1. As in

Case 11, there are instabilities (notably in the 1.5-year time line). As in the contrast be-
tween Cases 10 and 9, the flux front is greatly retarded in Case 12 in CHnv when com-

pared with Case 11 in CHnz. Transition from initial to final state in the column takes

150 years for this case, whereas it takes 3 years for Case 11.

, The plot of the pressure head versus distance above the water table, shown in

Figure 1-12-2, is different from the corresponding plot for Case 11 (Figure 1-11-2) start-

ing at the TSw2/CHn interface and continuing into CHn. The pressure head drops from
near 0 to about -120 meters at the TSw2/CHnv interface. The effect is similar to the

TCw/PTn interface where a highly conductive unit applies a suction force on a rela-
tively impermeable unit, as presented in the discussion of Figure 1-9-1. The large spa-

tial change in pressure head seen in CHnv is a major factor in determining the flux when

Equation 4 is solved. Figure 1-12-2 is similar to Figure 1-11-2 in that temporal changes

in pressure head are for the most part indiscernible at the scale of the plot. (This scaling

was necessary to show the extreme values.)

The matrix-saturation plot (Figure 1-12-3) shows that the matrix is saturated except at

the TCw/PTn and TSw2/CHnv interfaces. The only changes in saturation over time
are visible in the neighborhood of the TSw2/CHnv interface. The change in saturation

corresponds to the slight change in pressure head at this same interface. The matrix is

approximately 25% saturated at the top of CHnv. Contrast this value with the values in

CHnz (Figure 1-11-3), which is saturated at these fluxes.

Figure 1-12-4 presents the hydraulic conductivity change over distance above the water
table. Conductivity does not change significantly with time in PTn and CHnv, for rea-

sons discussed in Case 9. The conductivity in CHnv does change spatially because of the

increasing saturation caused by the presence of the water table. In the other units, the

conductivity doubles with the doubling flux, and the conductivity spikes noticeably at

several unit interfaces (Section 3.5.1).

Figure 1-12-5 shows the average linear velocity profiles for water in the matrix. The ve-

locity of the matrix water does not change significantly in the predominantly fracture-

flow units (TCw, TSwl, and TSw2). In PTn and CHnv, the velocity doubles as the flux
doubles. In this instance, the doubling is expected because the matrix saturation does

not change.

Average linear water velocity in the fractures is shown in Figure 1-12-6. The water ve-

locity doubles with the flux in TCw, TSwl, and TSw2, indicating that the saturation

in the fractures changes little. Fracture-water velocity is negligible in PTn and CHnv;

" however, the velocity also doubles in these units. (Figures 2-12-6 and 2-12-12 present the

quantitatively correct fracture-water velocities.)
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Figures 1-12-7 through 1-12-12 present the time plots for the variables specified above.

These plots are virtually identical to the corresponding Case 11 plots, except at tile

130.5-m elevation where the vitric properties used for CHn exert their influence. (Notice

the difference in time scales between the Case 11 and the Case 12 plots.)

Figure 1-12-7 presents normalized flux with respect to time. Although the upper

four elevations are similar to those shown in the corresponding plot for Case 11

(Figure 1-11-7), the resolution is poor because only every hundredth time step was

recorded. The lower two elevations (130.5 m and 219.5 m) show tile prolonged times as-

sociated with the constriction in flow at the TSw2/CHnv interface.

Contrasting Figures 1-12-8, 1-12-9, and 1-12-10 with the corresponding figures for

Case 11 shows that the major difference is in the position of the 130.5-m elevation line.

This elevation is immediately above the TSw2/CHnv interface and reflects the tremen-

dous suction exerted by CHnv; pressure head, matrix saturation, and hydraulic conduc-

tivity are all significantly reduced from the values in the Case 11 figures. The 130.5-m

elevation line in the three figures also tends to mimic (at a later time) the shape of

the 503.8-m elevation line, which occurs in similar circumstances immediately above

TCw/PTn interface.

The plots of average linear velocity versus time (Figures 1-12-11 and 1-12-12) show that

matrix-water velocity is significant at both the 0- and 130.5-m elevation lines when com-

pared with the corresponding Case 11 figures; however, fracture-water velocity at these

elevations is greatly reduced. The increased matrix-water velocity at the water table is

attributable to the greater matrix conductivity term for the CHnv unit in Equation 4.

The fracture-water velocity is less because more of the flux is therefore carried by the
matrix.



4.0 FINAL CALCULATIONS

4.1 Changes to the Computational Modules of TOSPAC

Errors and peculiarities in the initial set of calculations led to several changes in the
" computational modules of TOSPAC. These errors and the resulting modifications were

discussed in Section 3.5.

In addition, the initial calculations showed that TOSPAC was inefficient. For the final
calculations, efficiency was important for two reasons. First, a new analytic formula
for calculating mesh-point spacing (Section 4.2) indicated that over 2,000 mesh points
were necessary to ensure an accurate solution--raising the prospect of increasing com-
puter times by a factor of three. Second, the compressibility-of, water coefficient (fl_) in
both the capacitance terms and the conductivity terms in Equations 1 (STEADY) and 4
(DYNAMICS) were activated. (The improvement in accuracy for the COVE 2A prob-
lems was insignificant, as a comparison of thc results of the initial and final calculations
shows; however, the solution required approximately twice as many evaluations of the
van Genuchten functions and therefore approximately twice as much computer time.)

Efficiency modifications made to STEADY before beginning the final set of calculations
were as follows.

1) The region of the mesh being iterated as a boundary-value problem (Section 2.3)
was restricted to a maximum of 120 mesh points. This modification caused the so-
lution technique to look more like an initial-value problem and minimized the work
done in slowly converging regions of the mesh.

2) The convergence criterion for the region of the mesh being iterated as a boundary-
value problem was increased from 10-° to i0 -2. At first glance, this modification
appeared to be self-defeating, potentially causing errors in the solution. However,
the stability controls introduce an error whenever they are enacted; this modifi-
cation allows the region of the mesh being iterated to "converge" more easily, and
the stability controls are not enacted unnecessarily. Thus, STEADY executes faster
with no degradation in accuracy.

Efficiency-related modifications made to DYNAMICS before the final set of calculations
were more significant than those made to STEADY:

• 1) The solution technique used in DYNAM1CS was modified by the implementation of
Newton's method (Section 2.3). Newton's method allowed greater stability in the

o calculations. This stability was a mixed blessing: greater stability allows larger time
steps and greater mesh point spacing; however, what is allowed is much greater than
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what is required for an accurate solution. With _] - 1 and large time steps, a signif-

icant amount of spreading could be seen in the flux profiles of the cases dominated

by fracture flow. The final set of calculations were executed with fl - 0.5 for the

predominantly fracture-flow cases, with time steps and mesh-point spacing bounded
as discussed below.

2) Analytic bounds on the time step and the mesh spacing were developed (Sections

4.2 and 4.3). The time-step bounds were used to develop a new time-step controller

for DYNAMICS (Section 2.5). The mesh-spacing bounds created a need to rethink

the question of accuracy and efficiency. The number of mesh points required for an
accurate solution demanded a more efficient solution technique for DYNAMICS.

However, a large number of mesh points do not guarantee an accurate solution. The

Picard-iteration technique used in the initial set of calculations was assumed to be

accurate primarily because its unstable nature caused exceedingly small time steps.

The implementation of Newton's method allowed very large time steps to be taken,

and when fl > 0.5, exceedingly large time steps can be taken, thus requiring the

time-step bounds.

Because of the vectorization effort in the initial set of calculations, it was known that

improving the evaluation of the van Genuchten functions could significantly aid effi-

ciency. Unfortunately, there was not enough time before the final calculations to inves-

tigate this matter. After performing the final calculations, DYNAMICS was modified
to create a table of tile van Genuchten-function values. Rather than evaluate the van

Genuchten functions at each iteration, a table look-up and linear interpolation was per-

formed. Preliminary results show that run times could have been decreased by a factor

of four from those presented in Section 4.4.

4.2 Calculational Mesh

For the final set of calculations, the mesh was created using analytic formulations based

on length scales inherent in Equations 1 and 4. This section gives a brief overview of

tile subject. Dudley et al. (1988) give a more rigorous treatment in Section 2.3 of their

report.

4, )yFor Sri EAI calculations Darcy's law yields two restrictions for selecting appropriate,

gelicral mesh-point spacings"

Az < and
1 +q/K
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I K/K'

< t +q/K ' (19)

" where Az is the mesh-point spacing and K _ is the derivative of hydraulic conductivity
with respect to pressure head.

These two restrictions work best for the case where the pressure-head solution ap-
proaches the characteristic solution (the pressure head at which the hydraulic conductiv-
ity equals the flux, also called the unit head gradient) in a nonlinear manner, i.e., where
A_b >> Az. This situation occurs in a geologic unit that must carry the imposed flux at
high pressure heads immediately above a geologic unit that can carry the imposed flux

at very low pressure heads, e.g., Case 6 at the TSw2/CHnv interface where CHnv is ap-
plying a suction to drain TSw2 (Figure 2-2/4/6-2).

For the special case where the pressure-head solution asymptotically approaches the

characteristic solution (the transition point between A_ >:> Az and AC = 0) the fol-
lowing equation holds:

Az<l q ' (20)

where K _c is the derivative of hydraulic conductivity with respect to the pressure head
at the characteristic solution. (Steady-state solutions in one dimension always reach the
characteristic solution if the geologic unit is thick enough.)

Sometimes a steady-state solution offers no appropriate length scale. Where the
pressure-head solution changes in a linear manner (most obviously where AC _ -Az
and /xC = 0) any two points can determine a line, and the length scale is undefined.
The AC _ -Az situation occurs in a geologic unit that can carry the imposed flux at
very low pressure heads immediately above a geologic unit that must carry the imposed
flux at high pressure heads. Consider, for example, Case 6 where TSwl is applying a
pressure to dam PTn immediately above it. The AC = 0 situation occurs at the charac-
teristic solution. Also consider Case 5, where most of TCw, TSwl, TSw2, and CHnz are
at a constant pressure head.

These situations do not necessarily imply that mesh points can be spaced as far apart
as possible. Prudence dictates a reasonable spacing to ascertain that areas where lin-

• earity may be violated have not been missed. Also, there could be length scales in the
transient-flow or transport solution (these calculations could use the same mesh) that
should not be overlooked.
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For DYNAMICS calculations, the mesh-point spacing can be approximated in terms of
the radii of curvature of the leading and trailing edges of a flux pulse. This approxima-
tion is as follows:

II a0 I I/Az<min K_ + Covf,. ' K_ + ClVf,. '

where z is elevation, Az is a measure of the mesh-point spacing, q is flux, K _ is the
derivative of hydraulic conductivity with respect to pressure head, C is storage capacity,

v fr is the velocity of the flux front, and the subscripts 0 and 1 imply that these parame-
ters occur at the leading and trailing edges of the flux front, respectively.

It should be noted that in Equations 19 through 21 several variables appear that can
only be exactly defined when a solution is known.

By using Equations 19 through 21 and information gained during the initial set of cal-
culations, a single mesh was defined for all cases--steady-state and transient--of the
final set of calculations. Requiring the finest mesh were Cases 9, 10, 11, and 12 in the
welded units, with the radii of curvature being approximately 0.3 meters. The mesh was
constructed with an average spacing of 0.25 meters and contained 2303 mesh points, ap-
proximately ,hree times as many as used in the initial calculation3.

The calculational mesh is presented in Figure 2-1, along with the geologic units and ma-
terial assignments that compose the problem geometry. Each rectangle in the mesh col-
umn indicates ten mesh points. The bottoms of the columns (0.0 m on the plot) corre-
spond to the water table; the tops (530.4 m) correspond to the ground surface.

4.3 Time Step

Given the above bound on the mesh spacing for a transient-flow calculation, the follow-
ing upper bound on the time step can be calculated:

Az

/kt < r[tVf--" (22)

This inequality states that the time step should be less than the amount of time it takes
the flux front to cross the distance between adjacent mesh points.
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It is not possible to calculate t?fr for the general case. However, using this inequality,
time-step controllers based on several different time-dependent characteristics of tile

unsaturated-flow model were tested. The time-step controller that most closely follows

the upper bound in Equation 22 is as follows"
I,

K
" At, :-= f_ , (23)

with f = 0.1. Implementation of the entire time-step controller is discussed in Sec-
tion 2.5. The transient-flow cases in the final calculations used this time-step controller

almost exclusively, despite other facets of the implementation.

For Case 11 with the mesh defined in Section 4.2, Equation 22 specifies that the time

step when the flux front is in Unit TSwl should be less than 0.8 days. Using Equa-

tion 23, the time step is 0.7 days.

' 4.4 Run-Time Information

Table 4-1 presents the run-time information for the final calculations.

TABLE 4-1

RUN-TIME INFORMATION FOR THE FINAL SET OF CALCULATIONS

Number of Number of CPU Time
Case Mesh Points Computer Time Step_s __sec:)__.

$

1-6 2303 VAX 8650 _ 200 < 160
7 2303 VAX 8650 12,t 1056
8 2303 VAX 8650 124 985
9 2303 VAX 8650 2327 24,142

10 2303 VAX 8650 1672 17,389
11 2303 VAX 8650 861 7301
12 2303 VAX 8650 1070 9164

* Iterations rather than time steps (STEADY does not irnplement time). Also, because
STEADY iterates over only a portion of the mesh at one time, this number has bccn ad-
justed to represent iteration over the entire mesh.



Cases 1 through 12 were run on a VAX 8650 computer. All 12 cases used the same cal-

culational mesh with 2303 mesh points; this mesh is approximately three times as large
as the mesh used in the initial calculations and would have led to a factor of three in-

crease in run time if the efficiency of STEADY and DYNAMICS had not been improved.

(With a general linear-system solver this mesh increase would cause a factor of nine in-

crease in run time--a quadratic function of the size of the mesh. However, TOSPAC

uses a simple tridiagon_l-matrix solv '_ that allows an increase in run tima that is a lin-

ear function of the size of the the mesh.)

In general, the final steady-state runs took approximately one-half as long as tile initial

runs, and the final transient-flow runs took approximately one-eighth the time of the

initial runs (corrected for the different speeds of the CRAY X/MP and the VAX 8650).

The number of time steps given in Table 4-1 for the transient-flow cases is not the total

number of iterations: at each time step the Newton's method performed approximately
four subiterations.

The time-step factor was 0.1 for ali the transient-flow cases; however, the impliciti_css

factor was set to 0.6 for _ases 7 and 8, and 0.5 for Cases 9 through 12. The implicitness _

factor _ = 0.5 minimizes truncation error, but is less stable than larger factors. This

setting caused spikes in the flux profiles in Cases 7 and 8 (and these cases should have

been the most stable, which is somewhat of a paradox). Two calculations were made for

Case 7, one with a reduced time-step factor (0.05) and the other with an increased im-

plicitness factor (0.6). In both calculations the spikes disappeared and virtually identical
results were returned. Because the increased implicitness factor required much less com-

puter time to be used, these calculations are the ones reported.

As mentioned in Section 4.1, using a table look-up method to evaluate the van

Genuchten functions should reduce computer times by another factor of four.

4.5 Comparison of Results from Initi_! and Final Calculations

The results of the final set of calculations are virtually identical to the results oi" tlm ini-

tial set of calculations. The major exception to this statement is that tile error i_ calcu-

lating the average linear water velocity in tlm fractures was corrected, leading to quan-

titatively different results at low pressure heads. Qualitatively, the results are the same.

Improvements in numerical stability also improved the appearance of the results, but

improvement in the accuracy of the initial calculations was minimal.

The remainder of this section examines each COVE 2A case, and discusses any visible

difference between the corresponding figures for the initial and final calculations.
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4.5.1 Cases 1, 3, and 5

The normalized-flux profiles presented in Figures 1-1/3/5-1 and 2-1/3/5-1 show minor dif-
ferences in the placement and magnitude of the deviations between the calculated and

" the imposed flux. The largest improvement was in the 4 mm/yr case, where the initial
calculation deviated by about 8%, while the final calculation deviated by about 1.5%.

:t_he deviations in the calculated flux signal inaccuracy in the pressure-head solution.

Flux is very sensitive to inaccuracy in the pressure head, and in these cases the pressure-

head inaccuracies are imperceptible (Figures 1-1/3/5-2 and 2-1/3/5-2).

The mesh spacing for the final calculations was finer than for the initial calculations, and

hence, the results were slightly more accurate. However, inaccuracy in the calculated

flux can also be an artifact of the stability controls and the stepwise solution technique

used in STEADY (Section 2.3). The stability controls were activated less often in the

final calculations, reducing the magnitude of the deviations, but the stepwise solution

technique was activated more often, increasing the number of deviations.

The improved accuracy in the pressure head translates into better hydraulic con-

ductivity and velocity profiles (Figures 1-1/3/5-4 through 1-1/3/5-6 and 2-1/3/5-4

through 2-1/3/5-6).

4.5.2 Cases 2, 4, and 6

The differences between the initial and final calculations are substantially the same for

Cases 1, 3, and 5. The improvement in the magnitude of the calculated-flux deviations

was the same as in the CHnz cases, but the placement of the deviations differed (Figures

1-2/4/6-1 2-,/3/5-1.)

4.5.3 Case 7

Figure 2-7-1 lacks the instability in the imposed flux noticeable in Figure 1-7-1 at the

upper boundary. This instability is even more pronounced in Figure 1-7-7, as is an in-

stability at the PTn/TSwl interface that had not been apparent in Figure 1-7-1. Fig-
ure 2-7-7 shows no instabilities.

The upper boundary instability was caused by the application of the boundary condi-

tion in the Picard-iteration technique (as discussed at the beginning of Section 3.5);
• implementation of Newton's method, with the inclusion of the boundary condition in

cach Newton subiteration, fixed this problem. The instabilities in PTn were also caused
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by the Picard-iteration technique and were present when this problem was solved using
Newton's method with a 0.5 implicitness factor. Using Newton's method with a 0.6 im-
plicitness factor allowed the stable calculation shown in Figures 2-7-1 and 2-7-7.

Although the instabilities in the initial calculation of Case 7 are quite noticeable in the
flux profiles, they are not noticeable in the other plots. By comparing Figure 1-7-1 with
Figure 2-7-1, it can be seen that the instabilities have no obvious effect on the flux-pulse
shape or flux-pulse propagation.

The remaining figures containing the final Case 7 results are virtually identical to the
corresponding figures containing the initial results.

4.5.4 Case 8

Other than the correction in the boundary-condition instability exhibited in the initial
Case 8 flux profiles, the final Case 8 figures show no apparent differences between the
initial and final calculations.

4.5.5 Case 9

With the exception of the correction of the fracture-water-velocity calculation, the dif-
ferences in results between the initial and final calculations for Cases 7 and 8 were pri-
marily superficial. Figure 2-9-1, however, when compared with Figure 1-9-1, shows a
different propagation speed for the flux pulse as it passes through PTn. The time line
showing the flux pulse at 300 years is approximately 10 meters further down the column
in Figure 1-9-1 than it is in Figure 2-9-1. Because the velocity of the flux pulse is ap-
proximately 1 m/yr (it can be estimated by taking the distance between the 300-year
and the 350-year time lines--approximately 50 m--and dividing by 50 years), the dif-
ference is approximately 10 years. Because the pulse spends somewhat over 100 years
passing through PTn, the difference is approximately 10%. Based on the finer mesh in
the final calculations, plus the minimization of the truncation error (to first order) with
the implementation of Newton's method, it is assumed that the final results are more
accurate (as discussed in Section 2.6). A more thorough investigation would involve per-
forming both calculations again with finer mesh spacings and shorter time steps, and
then determining to what solution the different methods are converging (if they are in-

deed converging).

The shift in time lines after 300 years is reflected in the other elevation plots (Fig-
ures 1-9-2 through 1-9-6 and Figures 2-9-2 through 2-9-6). The time plots (Figures 1-9-8
through 1-9-12 and Figures 2-9-7 through 2-9-12) show little difference.

-
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For tile final calculations, the time-data points were saved at every 10 iterations, as

opposed to being saved at every 100 iterations for the initial calculations; because

fewer time steps were taken in the final calculations, the time-data curves of the two

calculationai sets have approximately the same resolution. Notice, however, that the

- matrix/fracture-transfer fins are evident in Figure 2-9-11 at the appropriate elevations.

4.5.6 Case 10

The results of the final and initial calculations for Case 10 are essentially identical. The

Case 9 results showed a difference between flux-pulse velocities in the initial and fina',

calculations through PTn. This difference is not evident in the Case 10 results. Compar-

ison of Figures 1-9-2 and 1-10-2 (or Figures 2-9-2 and 2-10-2) shows that the CHnv unit

applies a suction that extends virtually to the PTn/TSwl interface. This suction keeps

the flow predominantly in the matrix for a longer period of time in Case 10. Except at
complete saturation_ the characteristic curves for TSwl are less nonlinear for a matrix-

flow solution than a fracture-flow solution (as is the case for all the characteristic curves
in this problem set). Given the same mesh and time step, the Case 10 results should be

slightly more accurate than the the Case 9 results. Thus the results of the initial calcu-

lations and the results of the final calculations present a closer match irl Case 10 than in
Case 9.

4.5.7 Casell

The most noticeable difference between the results of the initial and final calculations

for Case 11 is the "wiggles" in the time lines of the initial-calculation results. These

instabilities are evident in most of the elevation plots (Figures 1-11-1 through 1-11-6)

and the plot of normalized flux versus time (Figure 1-11-7). The 1.5-year time line in

Figure 2-11-1 shows an incipient in ,tability in the form of a slight irregularity imme-

diately above the inflection point in the flux pulse. This irregularity disappears with

> 0.5 or with the time-step factor f < 0.1. Most of the plots of the final calculations,

however, are free of any sign of instability. The instabilities were discussed in Section
3.5. The corrective measures were discussed in Section 4.1.

Perhaps the most surprising observation concerning the Case 11 results is the lack of

significant differences between the final and initial calculations given the instabilities in
the initial results.
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4.5.8 Case 12

The comparison of the Case 11 initial and final calculations is also valid for the Case 12

calculations. The time plots for the initial calculations of Case 12 (Figures 1-12-7

through 1-12-12) show very coarse spacing of data points at early times. The time plots
for the final calculations of Case 12 show coarse spacing of data points at late times.

Time results were not taken at evcr'" time step; however, the initial calculations were_o

probably taking too few time steps at early times and too many at late times. The rc-
sults of the initial set of calculations still compare well with the results of the final set of

calculations.
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5.0 CONCLUSION

Because TOSPAC was used to define the COVE 2A problems, there was never a ques-
tion that it would be able to solve the complete problem set. The questions about
TOSPAC participation in the COVE 2A activity involved whether it was correct, ac-
curate, and efficient when compared with other computer programs that model unsatu-

" rated flow.

TOSPAC did contain a major flaw in calculating the average linear velocity of water in
fractures. It is unlikely that this flaw would have been detected without COVE 2A or a
similar benchmarking effort.

With the exception of the velocity error, the accuracy of TOSPAC was generally accept-
able, though not outstanding, for the initial calculations. The accuracy of TOSPAC was
improved for the final calculations with the improved mesh-point spacing, with the im-
proved time-step control, and with the consideration of the water compressibility in the
conductivity term of Equations 1 and 4 (although water compressibility is not a signifi-
cant factor for the COVE 2A problems).

The initial calculations were marginally efficient. Improved efficiency became necessary
when TOSPAC was modified to include the compressibility of water and when it was
discovered that the mesh should contain several thousand points to ensure accuracy.
The major obstacle to an efficient calculation, however, was still numerical stability.

Most of the work done in the DYNAMICS module of TOSPAC was in evaluating the
Mualem-based, van Genuchten-defined functions for saturation, hydraulic conductivity,
and their derivatives. In the initial calculations, numerical instability caused DYNAM-
ICS to evaluate these functions more often than they would have to be evaluated in a
stable calculation. DYNAMICS was modified for efficiency by implementing a subit-
eration scheme based on Newton's method, which directly improved stability. Indeed,

complete foward-differencing in time created a very stable calculation--at the expense
of accuracy. Center-differencing in time afforded the best accuracy with acceptable sta-
bility. Execution times on a VAX 8650 computer were decreased by approximately an
order of magnitude.
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Appendix A

DATA RELEVANT TO THE REFERENCE INFORMATION BASE

A.1 Information from the Reference Information Base Used in this Report
t

This report contains no information from the Reference Information Base.

A.2 Candidate Information for the Reference Information Base

This report contains no candidate information from the Reference Information Base.

A.3 Candidate Information for the Site and Engineering Properties Data
Base

This report contains no candidate information from the Site and Engineering Properties
Data Base.
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Figure 1-7-9. Matrix saturation versus time at spec-
ified distances above the water table; initial set of
calculations; Case 7.
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Figure 1-7-12. Average linear velocity of water in
the fractures versus time at specified distances above
the water table; initial set of calculations; Case 7.
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Figure 1-8-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; initial set of calcula-
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Figure 1-94. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; initial set of calcula-
tions; Case 9.
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Figure 1-9-9. Matrix saturation versus time at spec-
ified distances above the water table; initial set of
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Figure 1-10-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; initial set of calcula-
tions; Case 10.
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Figure 1-10-8. Pressure head versus time at spec-
ified distances above the water table; initial set of
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,p
C_

._ ................................................ ,. -.._. _ -, zz ,,., a,.lp_ + a__ o..zau,n,,++

C.S..._,_ -
_C_ '
._...- ,.....+
,......, --

_> "-' _ LEP,END

. ]30.5 m

cn,P - -_+.,_,,
_C3

•-,- :335._":-Z _

C_ 465.3 m
C._ 465.7 m

_- '"_'+:_";,""_=

.......

+ .,-...n I I I'I IIII I I I I I Jill I I I I lllli I I I I I lllI|

10 ° 10 _ 10 _ 10 _ 10 4
TIME IN YEARS

Figure 1-10-10. Hydraulic conductivity versus time
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Figure1-11-7.Normalizedflux(calculatedfluxdi-
videdby imposed flux) versus time at specified dis-
tances above the water table; initial set of calcula-
tions; Case 11.
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Figure 1-11-8. Pressure head versus time at spec-
ified distances above the water table; initial set of
calculations; Case 11.
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Figure 1-11-g. Matrix saturation versus time at
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Figure I-II-II. Average linearvelocityof water in
the matrix versus time at specifieddistancesabove
the water table;initialset of calculations;Case 11.
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Figure 1-12-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; initial set of calcula-
tions; Case 12.
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Figure 2-1. The calculational mesh (left-hand column) and the geohydrologic unit stratigraphy
(right-hand column) used for ali Cases of the final set of calculations.
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Figure 2-7-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; final set of calcula-

o tions; Case 7.
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tions; Case 7.
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Figure 2-7-9. Matrix saturation versus time at spec-
ified distances above the water table; final set of
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¢ Figure 2-7-11. Average linear velocity of water in
the matrix versus time at specified distances above
the water table; final set of calculations; Case 7.
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Figure 2-9-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; final set of calcula-

o tions; Case 9.
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Figure 2-9-9. Matrix saturation versus time at spec-
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Figure 2-10-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; final set of calcula-
tions; Case 10.
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Figure 2-10-9. Matrix saturation versus time at

specified distances above the water table; final set
of calculations; Case 10.
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Figure 2-11-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; final set of calcula-
tions; Case 11.
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Figure 2-12-7. Normalized flux (calculated flux di-
vided by imposed flux) versus time at specified dis-
tances above the water table; final set of calcula-

tions; Case 12.
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Figure 2-12-9. Matrix saturation versus time at
specified distances above the water table; final set
of calculations; Case 12.
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