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ABSTRACT

The Hanford Pathline Calculational Program (HPCP) is a numerical model

developed to predict the movement of fluid "particles" from one location to

another within the Hanford or similar groundwater systems.  As such it can

be considered a simple transport model wherein only advective changes are

considered.  Application of the numerical HPCP to test cases for which semi-

analytical results are obtainable showed that with reasonable time steps

and the grid spacing requirements HPCP gives good agreement with the semi-

analytical solution.  The accuracy of the HPCP results is most sensitive in

areas near steep or rapidly changing potential gradients and may require

finer grid spacing in those areas than for the groundwater system as a whole.

Initial applications of HPCP to the Hanford groundwater flow regime

show that significant differences (improvements) in the predictions of fluid

"particle" movement are obtainable with the pathline approach (changing

groundwater potential or water table surface) as opposed to the streamline

approach (unchanging potential or water table surface) used in past Hanford

groundwater analyses.

Thi s report documents capabil ity developed for estimating groundwater                       .A

travel times from the Hanford high-level waste areas to the Columbia River

at different water table levels.  As such it satisfies in part committments

made  in  ERDA 1538 "Final Environmental Statement - Waste Management Opera-

tions, Hanford Reservation Richland, Washington."  Volume 1, page X-18.

/6
i

1
-



iii , ARH-ST-149

CONTENTS

ABSTRACT .  .  .  .  .  .  .  .  .  .  .  . . . ii

FIGURES  .  .  .  .  .  .  .  .  .  .  .  . . V

TABLES.    .    .    .    .    .    .   ·.    .    . . ,   . , ' .  . . , X

ACKNOWLEDGMENTS.  .  .  .  .  .  .  .  .  . . ..X i i

INTRODUCTION.  .  .  .  .  .  .  .  .  .  . . .       1

PURPOSE ·AND SCOPE  .  .  .  .  .  . . . " .        4

STREAMLINES VS. PATHLINES  .  .  .  .  .  . ·. .        6

ANALYTICAL VS. NUMERICAL SOLUTION METHODS ... . .       8

ANALYTICAL POTENTIAL FUNCTION TEST CASES: . 8

Test Case 1.  .  .  .  .  .  .  . . . 11

' Test Case 2.  .  .  .  .  .  .  . . ..11

HANFORD PATHLINE CALCULATIONAL PROGRAM . . 14

HPCP Numerical Methods i  .  .  . . . 14

Data Storage and Retrieval.  .  . . . 16

SENSITIVITY ANALYSIS .  .  .  .  .  .  .  . . . 17

TEST SURFACE 1  .  .  .  .  .  .  .  . . . 17

TEST SURFACE 2  .  .  .  .  .  .  .  . . . 23

ERROR ANALYSIS .  .  .  .  .  .  .  .  .  . . . 34

HANFORD APPLICATIONS .  .  .  .  .  .  .  . . . 40

DESCRIPTION OF THE VTT FLOW MODEL .  . . . 40

SELECTION· OF PATHLINE STARTING LOCATIONS. . 43

                 METHODS AND INPUT DATA.  .  .  .  .  . . . 44

RESULTS.  .  .  .  .  .  .  .  .  .  . . . 46

EVALUATION.  .  .  .  .  .  .  .  .  . . . 57

4



iv                        ARH-ST-149

CONCLUSIONS .  .                                                           59

RECOMMENDATIONS.

REFERENCES . .Ref-1

APPENDIX A - HPCP Data Storage Timing, Data Storage
Requirements and Program Calculational Timing .  A-1

APPENDIX B - Procedure Used to Calculate Starting Coordinates
of Pathlines Bounding Equal Flow.  .  .  .  . . .  B-1

APPENDIX C - Hanford Pathline Calculational Program
Interpolation Scheme   .  .  .  .  . . .  C-1

APPENDIX D - Predicted Potential Plots for the 21 Year
Hanford Pathline Study for the Large Region
as Well as the Two Small Regions.  ..  .  . . D-1

APPENDIX E - Plots of the Streaml.ines for the 200 West and
200 East Areas Using the 1975, 1980, 1985, 1990
and 1995 Potential Surfaces  .  .  .  .  .  . . .   .  E-1

DISTRIBUTION. Distri-1

.



v                        ARH-ST-149

FIGURES

Figure
.

Number

1      HANFORD AREA MAP.                                            2

2      HANFORD GROUNDWATER SYSTEM TECHNICAL
TECHNICAL EVALUATION AND'MANAGEMENT PROCEDURE .             3

3      GROUNDWATER PATHLINE TEST SYSTEM                            9

4      ANALYTICAL TEST CASE NUMBER 1  .                          12

5      ANALYTICAL TEST CASE NUMBER 2  .                          12

6      TEST SORFACE 1 GRADIENT MAGNITUDE

AT TIME T0 = o.DAYS.  .  .  .  .  .                       18

7      LINE NUMBERS FOR TEST SURFACE 1.  .  .  .  .  .  .        18

t,

8      TEST SURFACE 1, DOWN GRADIENT PATHLINES STARTING

AT   T0   =..O   DAYS       .  ,     .        .        .        .        .        .        .        .        .        .        .                          1 9

9      TEST SURFACE 1, DOWN GRADIENT PATHLINES STARTING
ATT  = 900 DAYS   .  '.  .  .  .  .  .  .  .  .  .        200

10 TEST SURFACE 1, DOWN, GRADIENT PATHLINES STARTING

AT To = 1800 DAYS  .  .  .  .  .  .  .  .  .  .  .        20

11      TEST SURFACE 1, UP GRADIENT PATHLINES STARTING
AT T  - 1800 DAYS  .  .  .  .  .  .  .  .  .  ..  .        21

0

12      TEST SURFACE 1, DOWN GRADIENT STREAMLINES
ON A LARGE GRID . . 22

13      TEST SURFACE 1, UP GRADIENT STREAMLINES
ON A LARGE GRID .  .  .  .  .. ...  .  .  .  .  .        22

14      TEST SURFACE 1, DOWN GRADIENT STREAMLINES
ON A SMALL GRID .  .  .  .  .  .  .  .  .  .  .  „        24

15      TEST SURFACE 1, UP GRADIENT STREAMLINES
ON A SMALL GRID .  .  .  .  .  .  .  .  .  .  .  .        24

-            16      HANFORD SITE GROUNDWATER GRADIENT MAGNITUDE
FOR SEPTEMBER 1973 .  .  .  .  .  .  .  .                25

17      TEST SURFACE 2 GRADIENT MAGNITUDE OF THE

                    ANALYTICAL SURFACE AT TIME T  = 10,575 DAYS.              26



vi                        ARH-ST-149

18      TEST SURFACE 2 GRADIENT MAGNITUDES OF THE STORED

POTENTIALS USED BY THE HPCP AT,TIME T  = 10,575 DAYS.  .  26

19      LINE NUMBERS FOR TEST SURFACE 2'   .  .  .  .  .  . . .  27

20      TEST SURFACE 2, DOWN GRADIENT PATHLINES USING STORED
GRADIENTS AND NOT INTERPOLATING BETWEEN
TIME PLANES  .  .  .  ..  .  .  .  .  .  .  .  .  .  .  29

21      TEST SURFACE 2, DOWN GRADIENT PATHLINES USING STORED
GRADIENTS AND INTERPOLATING BETWEEN
TIME PLANES  .  .  .  .  .  .  .  .  .  .  .  .  . . .  29

22      TEST SURFACE 2, DOWN GRADIENT PATHLINES USING STORED
GRADIENTS AND NOT INTERPOLATING BETWEEN
TIME PLANES  .  .  .  .  .  .  .  .  .  .  .  .  . . .  30

23      TEST SURFACE 2, DOWN GRADIENT PATHLINES USING STORED
GRADIENTS AND INTERPOLATING BETWEEN
TIME PLANES  .  .  .  .  .  .  .  .  .  .  .  .  . . .  30

24      TEST SURFACE 2, DOWN GRADIENT PATHLINES USING 25 DAY
TIME STEPS. TIME PLANE INTERPOLATION IS NOT USED. . .  31

25      TEST SURFACE 2, DOWN GRADIENT PATHLINES USING 25 DAY
TIME STEPS. TIME PLANE INTERPOLATION IS USED . . . .  31'

26      TEST SURFACE 2, DOWN GRADIENT STREAMLINES USING
STORED POTENTIALS ON A LARGE GRID .  .  .  .  .  . . .  33

27      TEST SURFACE 2, DOWN GRADIENT STREAMLINES USING
STORED POTENTIALS ON A SMALL GRID .  .  .  .  .  . . .  33

28      TIME VERSUS DISTANCE CURVE FOR PATHLINE NUMBER 3
(STORED GRADIENT COMPONENTS--NON-INTERPOLATED).  .  .  .  35

29 TIME VERSUS DISTANCE CURVE FOR PATHLINE ,NUMBER 7
(STORED GRADIENT COMPONENTS--NON-INTERpoLATED).  .  .  .  36

30      TIME VERSUS DISTANCE CURVE FOR PATHLINE NUMBER 7
(STORED GRADIENT COMPONENTS--INTERPOLATED) .  .  .  .  .  36

31      TIME VERSUS DISTANCE CURVE FOR PATHLINE NUMBER 7
(STORED POTENTIALS--NON-INTERPOLATED).  .  .  .  .  .  .  37

32      TIME VERSUS DISTANCE CURVE FOR PATHLINE NUMBER 7
.

(STORED POTENTIALS--INTERPOLATED  .  .  .  .  .  .  .  .  37

1



\                                                                P

Vii ARH-ST-149

33       DIAGRAM OF THE LARGE REGION NODE MAP WITH THE
#                    TWO SMALL REGION (200 WEST AND 200 EAST) NODE

MAPS SUPERIMPOSED  .  .  .  .  .  .  .  .  .  .  . . .  41

34      SELECTED PATH-STREAMLINE STARTING LOCATIONS.
FOR HANFORD STUDY  .  .  .  .  .  .  .  .  .  .  . . .  45

35      EXAMPLE OF DATA MATRIX BLOCKING METHOD  .  .  .  . . .  45

36      200 WEST AREA PATH-STREAMLINES .  .  .  .  .  .  . . .  47

37      200 EAST AREA PATH-STREAMLINES .  .  .  .  .  .  . . .  48

38      PLOT OF THE 21 YEAR PATHLINES FOR THE 200 WEST AREA . .  50

39      PLOT OF THE 21 YEAR PATHLINES FOR THE 200 EAST AREA .  .  51

40      PLOT OF THE UP GRADIENT STREAMLINES FROM THE
200 WEST AREA PATHLINE STARTING LOCATIONS  .  .  . . .  53

41      PLOT OF THE UP GRADIENT STREAMLINES FROM THE
200 EAST AREA PATHLINE STARTING LOCATIONS . .  54

B-1 . DIAGRAM ILLUSTRATING HOW THE SIGNED FLOW
AT A NODE IS CALCULATED FOR BOTH THE X AND
Y DIRECTIONS.  .  .  .  .  .  .  .  .  .  .  . . 8-2

8-2 DIAGRAM ILLUSTRATING HOW THE FLOW FROM A & ARC
IS CALCULATED FROM THE ARC PARAMETERS AND THE
X AND Y FLOW FILES .  .  .  .  .  .  .  .  .  .  . . . 8-3

8-3 STEADY-STATE POTENTIAL CONTOURS AND CALCULATIONAL
TYPES FOR TEST SURFACE USED TO CHECK EQUAL FLOW
PROCEDURE .  .  .  .  .  .  .  .  .  .  .  .  .  . . . 8-5

8-4 PLOT SHOWING RESULTS OF EQUAL FLOW PROCEDURE
FOR TEST CIRCLE 1 (SINK) AND TEST CIRCLE 2
(SOURCE)  .  .  .  .  .  .  .  .  ·  ·  ·  ·  ·  ·  ·  ·.8-6

B-5 PLOT SHOWING RESULTS OF EQUAL FLOW PROCEDURE
FOR TEST CIRCLE 3  .  .  .  .  .  .  .  .  .  .  . . . B-6

8-6 DIAGRAM ILLUSTRATING THAT BY USING A REALISTIC HANFORD
SURFACE THE CALCULATED FLOW CLOSELY COMPARES WITH THE
ACTUAL .DISPOSAL RATES  IN  THE  200  EAST  AND  200  WEST  AREA..8-8

J



'                                              ARH-ST-149Viii

8-7 DIAGRAM ILLUSTRATING THE: POSIT,IONS tCHOSEN FOR PATHLINE

STARTING LOCATIONS IN BOTH THE 200 EAST AND 200 WEST

AREAS.  THE BOXES SHOW THE POSITIONS OF THE HIGH
RESOLUTION REGIONS (666.67 FT"NODESSPACING).....  8-9

C-1 DIAGRAM ILLUSTRATING THE INTERPOLATION FORMULA
USED BY HPCP IN CALCULATING VARIABLES AND
GRADIENTS OF VARIABLES.  .  .  .  .  .  .  .  .  . . . C-2

D-1 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR JUNE 1975.  .  .  .  .  .  .  .  .  .  .  .  . . . D-1

D-2 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR JUNE 1980.  .  .  .  .  .  .  .  .  .  .  .  . . . D-2

D-3 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR JUNE 1985.  .  .  .  .  .  .  .  .  .  .  .  . . . D-3

D-4 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FORJUNE 1990.  .  .  .  :  .  .  .  .  .  .  .  . . . D-4

D-5 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FORJUNE 1995.  .  .  .  .  .  .  .  .  .  .  . . .  . D-5

D-6 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 WEST AREA) FOR JUNE 1975  .  . D-6

D-7 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 WEST AREA) FOR JUNE 1980  .  . D-6

D-8 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION'(200 WEST AREA) FOR JUNE 1985  .  . D-7

D-9 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 WEST AREA) FOR JUNE 1990  .  . D-7

D-10 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 WEST AREA) FOR JUNE 1995  .  . D-8

D-11 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 EAST AREA) FOR JUNE 1975  .  . D-9

D-12 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 EAST AREA) FOR JUNE 1980  .  . D-9

D-13 PLOT OF THE VTT PREDICTED· POTENTIAL CONTOURS
FOR THE SMALL REGION (200 EAST AREA) FOR JUNE 1985   .   .D-10



ix                       ARH-ST-149

D-14 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 EASTAREA) FOR JUNE 1990  .  .D-10

D-15 PLOT OF THE VTT PREDICTED POTENTIAL CONTOURS
FOR THE SMALL REGION (200 EAST AREA) FOR JUNE 1995 .D-11

E-1 PLOT OF THE STREAMLINES FOR 200 WEST AREA
ON THE 1975 POTENTIAL SURFACE  .  .  .  . . . E-1

.

E-2 PLOT OF THE STREAMLINES FOR 200 WEST AREA
ON THE 1980 POTENTIAL SURFACE  .  .  .  . . . E-2

E-3 PLOT OF THE STREAMLINES FOR 200 WEST AREA
ON THE 1985 POTENTIAL SURFACE  .  .  . . . E-3

E-4 PLOT OF THE STREAMLINES FOR 200 WEST AREA
ON THE 1990 POTENTIAL SURFACE  .  .  . . . E-4

E-5 PLOT OF THE STREAMLINES FOR 200 WEST AREA
ON THE 1995 POTENTIAL SURFACE  .  .  . . . E-5

E-6 PLOT OF THE STREAMLINES FOR 200 EAST AREA
..,

ON THE 1975 POTENTIAL SURFACE  .  .  . . . E-6

E-7 PLOT OF THE STREAMLINES FOR 200 EAST AREA
ON THE 1980 POTENTIAL SURFACE  .  .  . . . E-7 .t        :&

.t'.

E-8 PLOT OF THE STREAMLINES FOR 200 EAST AREA
ON THE 1985 POTENTIAL SURFACE  .  .  .  . . . E-8.iR

, i  .:1,

E-9 PLOT OF THE STREAMLINES FOR 200 EAST AREA
ON THE 1990 POTENTIAL SURFACE  .  .  .  . . . E-9 :.,    jg.

I .  . ··r 'f ·.:

E-10 PLOT OF THE STREAMLINES FOR 200 EAST AREA
ON THE 1995 POTENTIAL SURFACE  .  .  .  . . .E-10

.



x                         ARH-ST-149

TABLES
5

Table
Number

1       ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND
HPCP USING STORED GRADIENT COMPONENTS (NON-INTERPOLATED).  .  .38

2       ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND
HPCP USING STORED GRADIENT COMPONENTS (INTERPOLATED) .  .  .  .38

3       ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND
HPCP USING STORED POTENTIALS (NON-INTERPOLATED)   .  .  .  .  .39

4       ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND
HPCP USING STORED POTENTIALS (INTERPOLATED) .  .  .  .  .  ..39

5       TIME VERSUS DISTANCE SUMMARY FOR THE SEVEN 200 WEST
AREA PATH-STREAMLINES SHOWN IN FIGURE 36 .  .  . . .49

6       TIME VERSUS DISTANCE SUMMARY FOR THE FOURTEEN
200-EAST AREA PATH-STREAMLINES SHOWN IN FIGURE 37 . 49

7       SUMMARY OF THE 200-WEST AREA 21-YEAR PATHLINES
AS SHOWN IN FIGURE 38  .  .  .  .  .  .  .  . . 52

8       SUMMARY OF THE 200-EAST AREA 21-YEAR PATHLINES
AS SHOWN IN FIGURE 39  .  .  .  .  .  .  .  . . 52

9       SUMMARY OF THE 200-WEST AREA UP GRADIENT STREAMLINES
AS SHOWN IN FIGURE 40  .  .  .  .  .  .  .  .  .  .  .         55

10       SUMMARY OF THE 200-EAST AREA UP GRADIENT STREAMLINES
AS SHOWN IN FIGURE 41  .  .  .  .  .  .  .  .  .  .  .         55

11       COMPARISON OF THE AVERAGE TRAVEL TIME (DAYS) AND
TRAVEL DISTANCES (FT) BETWEEN THE 200 EAST AND
200 WEST PATH-STREAMLINES FOR 1975, 1980, 1985, 1990,
AND 1995.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .         56

12       A COMPARISON BETWEEN PATH-STREAMLINE AND STREAMLINES
FOR 1975, 1980, 1985, 1990 AND 1995 ON A LINE BY LINE BASIS

                      FOR THE 200-WEST AND 200-EAST AREAS   .  .  .  .  .  .  .  .   58

A-1 PATHLINE PROGRAM CALCULATIONAL TIMING . .  A-4

72



xi                          ARH-ST-149

IE-1 SUMMARY OF THE 200 WEST AREA STREAMLINE DATA
USING THE 1975 POTENTIAL SURFACE.  .  .  . . .  . E-11

E-2 SUMMARY OF THE 200 WEST AREA STREAMLINE DATA                                4
USING THE 1980 POTENTIAL SURFACE.  .  .  . . . E-11

E-3 SUMMARY OF THE 200 WEST AREA STREAMLINE DATA
USING THE 1985 POTENTIAL SURFACE.  .  .  . . . E-12

E-4 SUMMARY OF THE 200 WEST AREA STREAMLINE DATA
USING THE 1990 POTENTIAL SURFACE.  .  .  . . . E-12

E-5 SUMMARY OF THE 200 WEST AREA STREAMLINE DATA
USING THE 1995 POTENTIAL SURFACE.  .  .  . . . E-13

E-6 SUMMARY OF THE 200 EAST'STREAMLINE DATA
FOR STREAMLINES USING THE 1975 POTENTIAL SURFACE . . E-13

E-7 SUMMARY OF THE 200 EAST STREAMLINE DATA
FOR STREAMLINES USING THE 1980 POTENTIAL SURFACE . E-14

E-8 SUMMARY OF THE 200 EAST STREAMLINE DATA .
FOR STREAMLINES USING THE 1985 POTENTIAL SURFACE . E-14

E-9 SUMMARY OF·THE 200 EAST..STREAMLINE DATA
FOR STREAMLINES USING THE 1990 POTENTIAL SURFACE . . E-15

E-10 SUMMARY OF THE 200 EAST STREAMLINE DATA
FOR STREAMLINES USING THE 1995 POTENTIAL SURFACE . . E-15



Xij
ARH-ST-149         '

                                            ACKNOWLEDGMENTS
1"

The authors wish to express their gratitude to R. A. Deju and

R. E. Gephart of Rockwell Hanford Operations who were involved in initiat-

ing the study.  The review and comments of R. G. Baca, A. G. Law,

K. R. Price, and R. D. Fox of Rockwell are gratefully acknowledged.

The authors are especially indebted to H. P. Foote of Battelle

and R. W. Nelson of Boeing Computer Services who Developed the analytic

test cases used to test the HPCP.

The authors would also like to thank S. R. Gano who provided editorial

assistance and K. A. Kiser, I. B. Daer and M. A. Eierdam who typed the

drafts and final document.

.
.

1



HANFORD PATHLINE CALCULATIONAL PROGRAM - THEORY,

-                                  ERROR ANALYSIS AND APPLICATIONS

INTRODUCTION
.

Since 1944 the Hanford Reservation, located in south-central Washington,

has been a site for radioactive waste storage, reactor development, and

chemical separation facilities for the production and purification of

plutonium. The radioactive waste storage and chemical separation facili-[1 ]

ties are located within the high-level radioactive waste areas labeled 200 W

and 200 E on Figure 1.  The plutonium production reactors (only one is cur-

rently operational) are located along the Columbia River in the 100 Areas.

Laboratory facilities (300 Area), an important reactor testing facility

called the Fast Flux Test Facility (FFTF), and several commercial nuclear

power reactors to be operated by the Washington Public Power Supply

System (WPPSS) are also located on the Reservation.  Waste management prac-

tices have involved the release of some radionuclides to near-surface

disposal sites with a consequent contamination of some aqui fers underlying

the Reservation.  An extensive groundwater monitoring program conducted

over the years at Hanford indicates that the movement of radioactive con-

taminants through the groundwater flow system toward biosphere uptake

points (primarily the Columbia River) is rather limited. Nevertheless,[2]

a program is being conducted to assure continued isolation of such con-

taminants from the biosphere both now and in the future.

From September 3, 1967 to July 1, 1977, the Atlantic Richfield Hanford

Company (ARHCO) operated the waste management activities at Hanford under

contract to the U.S. Atomic Energy Commission and its successor, the U.S.

Energy Research and Development Administration (ERDA).  Subsequent to that
time the Rockwell Hanford Operations of the Atomics International Division

1 of Rockwell International assumed responsibility.  In support of the waste

management activities, a Groundwater Management program has been instituted

to achieve the following management goals:

(1)  identify potential ways in which ground water can come in contact

with high-level radioactive wastes;
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(2)  assess data gathering and computer modeling capabilities. needed
for long-term prediction of.subsurface migration from high-level

D radioactive waste areas into«.and through the groundwater

flow system;

(3)  examine the potential impact to the high-level radioactive waste

areas resulting from past, present, and projected activities at

Hanford, potentially hazardous incidents, and potential or existing

water use activities adjacent to or within the Hanford Reservation;

and

(4)  improve the management of the Hanford flow regime and identify

methods of controlling accidental contaminant releases and pre-

venting the contaminant from reaching the biosphere.

The steps in the technical evaluation and management of the Hanford

groundwater system are depicted in Figure 2.  System characterization is

CONCEPTUAL   ENVIRONMENTAL
MODEL ASSESSMENT

I F

MATHEMATICAL GROUNDWATER
CHARACTERIZATION MANAGEMENT

MODEL AND/OR CONTROL
h

MANAGEMENT
FEEDBACK LOOP   0-- DECISION

-                                            FIGURE 2

HANFORD GROUNDWATER SYSTEM
TECHNICAL EVALUATION AND MANAGEMENT PROCEDURE

t
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established through data tollection and interpretation which ldad to a con-

ceptual model of the system.  Such a conceptual model may be used directly
for environmehtal assessment and management decision. purposes orit may first Z

be translated into mathmatical form amenable to analytical or computer solu-
tion methods.

The current Hanford conceptual model is presented in detail elsewhere

together with a description of a set of ·mathematical models and associated

computer codes applicable to Hanford. Briefly, a complete predictive
[3]

model treatment of groundwater contaminant migration at Hanford consists of

adequately simulating:

(1)  the groundwater flow field, and'

(2)  the contaminant transport within the flow field.

PURPOSE AND SCOPE

This report presents the theory, error analysis and preliminary appli-

cations of a computer model designed to predict the movement of fluid "par-

ticles" from one locatioh to another within the Hanford or similar groundwater

system.  This model is known as the Hanford Pathline Calculational Program

(HPCP).

The HPCP.Model can be considered a simple transport model wherein only
[3]

advective changes are considered. Rather thdn predict the movement of. the

entire contaminant plume as would a complete transport model, the HPCP model

predicts the paths (ignoring dispersion) and travel times (ignoring sorption,

chemical reaction, and radioactive decay) from a contaminant source to the

groundwater discharge area, in this case the Columbia River.  It is used as a

rapid, economical, and convenient means of obtaining a.preliminary estimate of

the contaminant travel direction, travel distance, and travel times under dif-

ferent water table (or potential) conditions.                                       
         '

The contaminant travel time from source to discharge predicted by the

HPCP Model is usually conservative in the sense that lateral dispersion,
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chemical reaction, and decay are ignored.  Ignoring longitudinal dispersion
< will cause the HPCP model to yield nonconservative results which would under

predict the actual rate of contaminant movement.  On the other hand,

.          longitudinal dispersivities will also tend to spread the contamination

and reduce its concentration at discharge.

..t          ..46

" g

.
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STREAMLINES VS. PATHLINES

For a given two-dimensional representation of a groundwater potential

surface, the groundwater velocity vector is perpendicular to the potential

contour lines and points in the direction of lower hydraulic potential (water

table elevation).  Therefore, for any instantaneous groundwater potential dis-

tribution (potentiometric map in two dimensions) flow directions can be drawn

illustrating the direction of groundwater movement at a specific point in

time.  A line which is everywhere tangent to velocity vectors is an instan-

taneous streamline.  Such a streamline is only the path of a fluid

particle as long as the potential surfaces do not change with time or is

at "steady state. "

A changing water table configuration or transient condition will cause

that parcel of water to move always parallel to consecutive instantaneous

streamlines.  Its resulting path through the flow system is called a pathline.

A pathline of a fluid particle is therefore the locus or path of a fluid par-

ticle through the flow system as time passes.  Instantaneous streamlines in

the general transient case are theoretical abstractions of limited practical

usefulness only as indicators of direction of movement.

The use of streamlines is not new in the analysis of groundwater systems

and some of their applications can be found in previous documents.
[4,5]  A

pathline, the true path of a particle in a transient or changing flowfield,

can only be determined if a tagged particle can be followed.  Calculation

of pathlines in a changing flowfield is relatively complex.  Pathlines are nor-

mally determined only in closed-form mathematical solutions.  The use of a series

of discrete potential surfaces (water tables) is not easily adapted to pathline

calculations.  However, computerized groundwater flow models permit develop-

ment of closely spaced consistent surfaces so that pathline calculations can be

performed.  The accuracy of the predicted potential surfaces, and consequently

the accuracy of the pathline calculations is dependent upon the precision             o

of the source terms and boundary conditions.
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When an analytical function of a time varying potential function is

available, a set of differential equations for pathlines can be solved via a

numerical integration technique.  In the past, many attempts were made to
-

fit analytical functions to the Hanford groundwater potentials.  However, the

complexity of this system has prevented the successful application of satis-

factory analytical functions.

In the Final Environmental Statement, Hanford Waste Management Operations,

ERDA-1538,[51 the groundwater travel pathways and travel times from the

200 Areas to the Columbia River (Figure 1) were estimated with the streamline

approach using the 1972 water table surface.  In a comment letter on the draft

of ERDA-1538 the following question was asked:

"What estimated travel times are predicted for other water table

conditions (i.e., higher or lower water table levels)?

The response in the final version of ERDA-1538 stated that

"predictive capabilities are being developed for estimating

travel times at higher and lower water table levels."

The capability described in this document is in partial fulfillment of the              z

committment made in ERDA-1538.

A numerical technique must be used to predict pathlines both at discrete

time steps and intervals when, as is the case with the Hanford system, all

that is available is the predicted potential distribution over a fixed set of

nodes.  Consequently a numerical technique was developed for the HPCP to

predict pathlines within the Hanford site.

Since the HPCP numerical method and the analytical method of computing

pathl ines  are di fferent and since  the HPCP method for Hanford pathl ines  is

more approximate, a study was required to identify and quantify possible

-          errors due strictly to calculational technique.  This study was designed to

examine possible calculational errors as well as to determine the degree of

improvement in contaminant movement predictions that a practical pathline

approach might yield over the streamline approach.
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ANALYTICAL VS. NUMERICAL SOLUTION METHODS '

Since..an analytical function of the time varying potential function was

not.available for the Hanford saturated groundwater system, it was necessary

to produce a simplified comparison test function which would have characteris-

tics similiar to those of the Hanford site.  It was particularly important to

produce potentials and potehtial gradi*nts comparable with those from the 200
East Ared to the Columbia River as this section represents one of the shortest

travel times and distances from radioactive waste disposal sites to the river.

Pathlines generated using this function could then be compared with the results

produced by the numerical technique used' in the HPCP.

Two test cases  we're  employed  in this study usibg  the same analytical

function with different values for the parameters. Extensive tasting was[6]

performed using both: test cases to determine the· comparative accuracy of the.
numerical method and. to establish parameter values which would most closely

represent the section of the Hanford Reservation from the 200 East Area to the
river.

., .

ANALYTICAL POTENTIAL FUNCTION TEST CASES

The analytical expressio'n for the potential 0(x,y)' for the test system

shown in Figure '3 '16 given by:

2                H              / <2  +52  U (ro) X 0  1 n V
$=H -Uo X + °o   -

0                          (x=   +  52)         ln(L)         \        ro         /ro

i=N M. ,  A x   -   x j)2   +   Cy   - .Y< )2

-   '£       *      l n  V   .          (x j 2   +   y j 2)
J    '  N,= 3; :

.       (1)

j =1:

where                                                                    Units

0  is-the groundwater potential FL/f
...,

Ho is the head in the reservoir..with center at x=0, y=0        ,L
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----3-><12--%- STORAGE
-                       .H          RESERVOIR

--                                                         10-

PUMPED WELL- AT x1. Yl4------- (WITHDRAWAL RATE, Ql)

CYCLIC SOURCE0#*-I--1--=I- AT x3· Y3
(INFLOW RATE, Q3 

1 NJECTI ON WELL

AT x2· Y2

(I NFLOW RATE,  Q2)

I.
D           -/\ >15«///
4 0      -5 4694- -9-7

FIGURE 3

GROUNDWATER PATHLINE TEST SYSTEM

Uo is gradient of the uniform lateral flow L/L

ro is the radius of the cylindrical reservoir                       L

R is large radial distance to the remote outer boundary            L

th                               3  /2M = _1_ , strength of the j pumped or injection well L /T/L /T
j   Ko Do

-                                                                .th
X. is the x coordinate of the center of the J pumped or

3
injection well                                                    L

.th

yj is the y coordinate of the center of the J   pumped or
injection well                                                  L
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j as an index denotes the particular well described

i.e. j = 1,2,3 none

Ko is the uniform hydraulic conductivity value
L3/T/ .3                           -

Do is the uniform strata thickness                                  L

Two flow rates at the injection/pumped wells which permit analytical

solutions of the potential are the serpentine and cyclic options.

(1) Time dependent (Serpentive) well iriflow (-) or well outflow

(+) rate                                                        L3/T

Serpen-  2 C Qm,j     -     Q o j  )      [t -j     +     11

tine   1   Qj = Qj (t) = Qo j +
Option C                  t    -,2

» .11 ,1n,j

(2)  cyclic inflow or outflow rate L /T
3

Qj = fj  if  fj > 0

and

Cyclic
Option    Qj = 0  if  fj i 0

where          _             1

fj = Qo,j sin w    t- to,j  

_(tm, j   -   to, j /-

Note:  0 has singularities at x=O,y=O and at all x= xj, y= yj.

Except at the singularity points Equation 1 can be evaluated at discrete

intervals  to  give  0  values  such as those produced  from a numerical groundwater
flow model.  Thus, a consistent comparison between the analytical and numerical

pathline solution methods can be obtained.

.
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Test Case 1

The first test (Figure 4) used the following Input Parameters:

Ho = 30 ft

Uo = 0.002 ft/ft
.

ro = 300 ft

R = .15840 ft

Ko = 150 ft/day

Do = 100 ft

j = 1 (Serpentine opt) j = 2 (Serpentine opt) j = 3 (Cyclic opt)

x  = 4920 ft x  = 4920 ft x  = 10,520 ft
1                                                           2                                                        3

 1 = 692
ft V2 = -692

ft N3 = 2,020 ft

r.,1 = 200
ft ro'2 = 200

ft Q.,3 = 548,000 ft3/day

Q°,1 = -13,700
ft3/day

Q°,2 = -13,700 ft /day to'3 = 1,440 days
3

Q    = -658,000 ft /day
= 685,000 ft /day        t = 5,040 days

m'l m'2 m'3

tn,1 = 360
days tn,2 = 360 days

Test Case 2

The second test case (Figure 5) used the following Input Parameters:
\

Hb = 30 ft

Uo = 0.0005 ft/ft

ro = 300 ft

R = 70,000 ft

Ko = 500 ft/day

Do = 100 ft

4

1.-
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.1-5000, 10000) (15840, 10000)

AQUIFER PROPERTIES TIME VARYING SOURCE FUNCTIONS

CONFINED R - CYLINORICAL RESERVOIR (300 FT RADIUSIHELD AT + 30 FT ICONSTANT HEAD)

PERMEABILITY ·  150 FT/DAY
SI Q ,Tl,DAYI . .i.500 , 24- 685.0[10 + 13.5Wlt,165 + 1) , t · TIME IN DAYS

AOUIFER THICKNESS · 100 FT (t865 + 11  + 1

_                                                                                                             52 01 IDAYI  ·'- 13,500 +2168.500  13.300)
  TIMEINDAYSPOROSITY · 0.1

UNIFORM GRADIENT · 0.002 FT/FT {1/365 + 11  + 1

53'Q] F13#DAYI ·O I F I S O                                                                                                                e
COMPARI SONS ARE TO BE MADE AT TIME MULTIPLES OF 30 DAYS

·1IF 1.20

WHERE: 1 · 548.000 sin  1111-3  ' ,t • TIME IN DAYS

S
3

S                        
       (10520,20201

:
(4920,6921

(0,01
52'
(4920.-6921

(-5000,-55001 (15840, -5500)

FIGURE 4

ANALYTICAL TEST CASE NUMBER 1

(-10000, 20000) (70000, 20000)
1

1

AQUIFER PROPERTIES                                                                                                     |

•CONFINED

· PERMEABILI TY  · 500 FT/DAY

· AOUIFER THICKNESS · 100 Fl

, POROSITY#  1                                                                                                                                    53 0
• UNIFORM GRADIENT · 0.0005 FT/FT

(44500, 10500)

• COMPARI SONS ARE TO BE MADE AT TIME MULTIPLES OF 30 DAYS

SO
TIME VARYING SOURCE FUNCTIONS

RO (20000, 35001

(0,0)
R  - CYLINDRICAL RESERVOIR 1300 FT RADIUSI HELD AT + 30 FT ICONSTANT HEADI

S e Si -0&FT3/DAYI ·
- 13.700

+2(-685.000 +

13,7001(1060.+ 11. 1 · TII,IE IN DAYS

2                                                            18

(20500, -3500)
52-02AFT3/DAY) · - 13. /00 + 21685,000 + 13.700*t/360 + 11

t · TIME IN DAYS ·
It/360 + 112 + i

53-03<FT3/DAY 1 · 0 IF f SO

·tiff>0

WHERE: 1 ·

548,000 sin' 01 11.,i El).t . TIME IN DAYS

1-10000, 20000) (70000, -20000)

FIGURE 5

ANALYTICAL TEST CASE NUMBER 2
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j = 1 (Serpentine opt) j = 2 (Serpentine opt) 3 = 3 (Cyclic opt)

r           xl = 20,500
ft x2 = 20,500

ft
x3  6-44,500  ft  -

yl   =  3,500 ft  2 = 3,500
ft

Y3   =   10;500  ft  -

r.,1 = 200
ft ro'2 = 200

ft Q°,3 = 548,000 ft3/day

Q°,1 = -13,500 ft3/day    Q.,2 = -13,500 ft
-

to'3 = 1,460 days

Q :. 6 -685,000 ft3/day   Q ,2 = 68,500 ft t    = 5,110 daysm- 1 m'3
t    = 365 days t    = 365 daysn'l n'2

The individual velocity,-components.are defined as:

dx     K 30                                                           (2)
dE= --Eax

dz  =_Ka#     '                                                                                                                                         (3)
dt                a.ay

where:

dt = velocity in x direction

dldt = velocity in y direction

K    hydraulic conductivity

a    effective porosity

.Rk x gradient component calculated from analytic function3x

k&. = y gradient component calculated from analytic function3y

-               A fourth order Runge Kutta method was used to integrate the above dif-

ferential equations for the reference pathlines.
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HANFORD PATHLINE CALCULATIONAL PROGRAM

Extensive testing was conducted on the HPCP to determine its,limitations .4

and sensitivity to input and control parameters.  This included,a systematic

error analysis and sensitivity studies using the two analytical test surfaces

described earlier.  The results of these studies show that the HPCP can accu-

rately reproduce the results of an analytical surface which closely resembles

that of the Hanford unconfined aquifer.  At the same time,  the HPCP is

sensitive in regions of high gradient or rapidly changing gradient.  However,

this is not a limitation if these regions can be defined and the potential

distribution determined in such regions with a reduced grid spacing.

HPCP Numerical Methods

The HPCP can operate in two modes:  1) calculation of accumulated time

along a pathline with a constant step size, or 2) calculation of accumulated

distance along a pathline with a constant time increment.  Both modes may be

operated so that pathlines travel either down or up gradient.

The equations used by the Program are:

1)  Constant Step Size

N

T   =-         L                                                                                                                                            (4)
Ld  v.
i=1

1

Since velocity = vi =

/2  1              K.  
Dsli i j                                                             (5)

\ai  /

Equation (4) can be written

 / ci \              (6) .

T    =    -s       Z.'\301            K.      )
i=l asli 1/
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where:

T    = total time
'5

s    = constant step size along pathline:
0. = effective porosity at position i

1

Ki   = hydraulic conductivity at position i

3$I
-  = hydraulic gradient at position i.3s li

2)  Constant Time Increment

N

S  =  -   v.  t
6-d 1                                                            (7)
i=1

Substituting Equation (5) into Equation (7) gives

N  /345

S = -, E C »,1,   'i)                                                           (8)\     1
i=l  ,

where:

S = total distance along pathline

t = constant time increment.

The new coordinates are calculated as follows

3 0-
3x i

xi+1    =   x i   -   s i      30--                                                                                                                                     (9)
Bs i

3$

3Y 1
Yi+1 = Yi - si 30 (10)

-                                35 i
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4

where:

3$
-  = x gradient component at position i3 x i

3$
-  = y gradient component at position i
3y i

Xi   = x coordinate at position i

yi   = y coordinate at position i
.th

Si   -
1 step length along pathline.

If the program uses time plane interpolation, all of the data in two time

planes are used and the above values are interpolated between these time planes.

Data Storage and Retrieval

Two data calculational methods were used by the HPCP Model.  The first

method calculated gradient components at each node for each calculated poten-

tial surface and stored these values in a data base for each time plane.  The

second method simply stored the potential values for each calculated potential

surface, and the HPCP used the actual potential values to calculate the gra-

dient components at each step as a function of the potential surface.  While

the results of thorough testing determined that the second method was more

accurate, both methods are discussed in Appendix A.

.-
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-                                     SENSITIVITY ANALYSIS

The two test surfaces used to study the HPCP are shown in Figures 4 and

5.  The test cases used on each test surface required reference pathlines or

streamlines to be used as a standard for comparing the results of the HPCP.

These reference lines were generated using the fourth order Runge Kutta method

as mentioned earlier.  All of the cases for each surface with the same path-

line or streamline starting time (T ) use the same set of reference lines.

When T  is changed a new set of reference lines is generated.

The HPCP uses a set of potential surfaces generated at even increments

of time.  These will be referred to as time planes.  Also the coordinate

positions along a pathline or streamline are generated at even increments of

time, referred to as time steps.  As an example, if the potential surfaces had

been  created  at  30  day time planes and pathl ines were being generated using: .      4.

10 day time steps, the pathline would take three time steps using one poten-         A

tial surface then on the fourth step would retrieve and use a new potential

surface. .A»

The following analysis shows the effects of changing the data storage and         '0
.&calculational methods and various calculational parameters used by the HPCP.

The resulting pathlines or streamlines produced by the HPCP after each change

were then compared with the corresponding reference lines to determine the

effect of the change upon the accuracy of the HPCP solution.

TEST SURFACE 1

The HPCP used stored gradients and did not interpolate between time

planes on the cases run using Test Surface 1 shown in Figure 4.  The gradient

magnitude for this surface at time To = 0 days is shown in Figure 6.  Figure 7

shows the line numbers assigned to each of the 15 pathlines or streamlines

referred to in the following text for Test Surface 1.

Several cases, using 15 pathlines per case, were run starting at different

times and traveling both up and down gradient.  These cases used 10-day time

steps and tick marks were plotted every 300 days.  Thirty-day time planes

were used by the HPCP for a period of 25 years.

4
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Figures 8, 9 and 10 show three down gradient cases fpr 0, 900 and 1800

days, respectively.  Up gradient cases were run in conjunction with all of

the down gradient cases.. The accuracy of the HPCP numerical method may be

judged by comparing the semi-analytical results which are also presented in
.

the figures.  The starting x,y positions and times were taken from the

reference pathline and the HPCP calculated the numerical pathline solution.

A considerable improvement was noted for each up gradient case when compared

to its corresponding down gradient case.  Figure 11 shows a typical up gra-

dient case which can be compared with Figure 10.  -It can be seen from these

two figures. that the pathlines caltulated by the HPCP compare better with the

reference pathlines· in the up gradient direction (Figure 11 ) than they do in

the down gradient direction (Figure 10).  All of the up gradient cases showed

the same improvements, and this was found to be true in all cases where a

pathline or streamline started some distance away from an area of steep or

rapidly changing gradient.

K.--
-K

S TAR T T I M E  ,  0 DA YS
TIME STEP · 10 DAYS
GRID SPACING , 500 FEET                                              -            

///
t

I 4
1

1
t
i

1

1

\'                           ----
.                                     -I--            .        /.35-1.Z.

»
--

'''''   XT- --
1                                                      ./
/.      I

..                                                                                                                                                                              --

- ---

\ -
-

- ANALYTIC SOLUTION                                             s
--- PATHLINE ISTORED GRADIENTSI

FIGURE 8

                             TEST SURFACE 1, DOWN GRADIENT PATHLINES
STARTING AT T  =0 DAYS  

0
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..+ 1-, .
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/
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-                                                                                              \                                                                                                        -

- ANALYTIC SOLUTION

---- PATHLINE *STORED GRADIENTS)

FIGURE 9

TEST SURFACE 1, DOWN GRADIENT PATHLINES

STARTING AT T  = 900 DAYS
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FIGURE 10

TEST SURFACE 1, DOWN GRADIENT PATHLINES STARTING AT T  = 1800 DAYS

4
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START TIME . 1800 DAYS                                                                                                                                                      
                         

TIME STEP · 10 DAYS                                                                                              -
.GRID SPACING· 500 FEET                                                                                                               -

(UP GRADIENTI

0 -
...                             ---

-*. --

-

- - ANALYTIC SOLUTION

--- PATHLINE,STORED GRADIENTSI

FIGURE 11

TEST SURFACE 1, UP GRADIENT PATHLINE STARTING AT T, = 1800 DAYS

All of these cases also show that as the intensity of the cyclic source

decreases over time, the pathlines near this source begin to more accurately

agree with those of the analytical solution.  In addition, it was found that

the results agreed more closely if the starting coordinates of the pathlines

were more than one nodal .spacing away from,a source or sink.

The arrows on Pathlines' 8 and 9 shown in Figures 8, 9 and 10 indicate

when pathlines have exceeded the stored time planes,and have become streamlines.

In all the cases, the actual times calculated by the analytical solution

and the HPCP agreed very well.  This can be seen by the 300-day tick marks

shown on the pathlines in Figures 8 through 11.
-

Several additional cases, using 15 streamlines per case, were run to show

the effects of grid spacing.  Figures 12 and 13 show the down and up gradient

cases, respectively, using  a  500-ft grid spacing  for  time  T   =  0  days.
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FIGURE 13

TEST SURFACE 1, UP GRADIENT STREAMLINES ON A LARGE GRID -
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Figures 14 and 15 show.the down and up gradient cases, respectively, using a

250-ft grid spacing for the same time period (T  = 0 days).  There is a marked
£6.

improvement in the cases with the smaller grid spacing; however, it should be

noted that the streamlines for both the up gradient 500-ft case (Figure 13)

and the up gradient 250-ft case (Figure 15) agree with the reference stream-

lines until the streamlines. approach areas of rapidly changing gradient.  When

this happens the smaller grid produces more accurate results.

When comparing the two down gradient cases (Figures 12 and 14), the

streamlines produced using the 250-ft grid spacing (Figure 14) show a much

closer agreement with the reference streamlines than those produced using the

500-ft grid (Figure 12).  This is because the streamlines are started very
close to the sources where the higher gradients occur.  The larger grid

spacing is unable to produce accurate enough gradient components required

at the start to keep the streamlines on the true path.

Finally, the gradient magnitude of Test Surface 1 (Figure 6) can be com-

pared with the September 1973 Hanford gradient magnitude shown in Figure 16.

This comparison shows that the average magnitude of gradient of Test Surface 1

is considerably larger than that of Hanford.

TEST SURFACE 2

Some of the results using Test Surface 1 indicate that.greater accuracy

could be obtained by lowering the gradient magnitude to more closely repre-

sent that of the Hanford Reservation:. ' The uniform gradient was therefore

decreased from 0.002 ft/ft to 0.0005 ft/ft in Test Surface 2 shown in Figure 5.

Figure 17 shows the gradient magnitude of the analytical surface about half-

way into the studied time period, while Figure 18 shows the gradient magnitude

of the pathline surface for the same time period.  Comparing Figures 17

and 18 with Figure 16 shows that the gradient magnitudes of Test Surface 2 more

closely resemble those of Hanford than .do'Test Surface 1.
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Nine pathlines or streamlines were used to study Test Surface 2.  The

line numbers assigned and referred to in the following text for this test

surface are given in Figure 19.
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LINE NUMBERS FOR TEST SURFACE 2

As with Test Surface 1, several cases were studied using Test Surface 2.

Pathlines and streamlines were run starting at different times and traveling

both up and down gradient.  The up gradient cases starting away from the

sources showed the same improvement in accuracy over the corresponding down

gradient as those·run on. Test Surface 1 i.·these figures have been excluded

to permit presentation of a :more detailed examination on the less accurate and

more meaningful down gradient oases.

Two different data algorithms were used on Test Surface 2 by the HPCP:

(1) stored gradients 14 the master data file and·

(2)  stored potentials in the master data file.  It was believed that

more accurate gradient components could be obtained by calculating

-                    the actual gradient at each step from the four surrounding poten-

tial 'values«ih the matrix rather than by interpolating the gradient

components from the stored gradients.  This belief was verified as

will be shown.  In addition, data storage was reduced by· half;
initial data setup- time wai reduced by one third; and pathline cal-

culational time was reduced by about 10%.

 L
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The potential surfaces for the HPCP Model were generated at 30-day time

periods for a total period of 53 years, 9 months (644 time planes).  In

addition to using either stored gradients or stored potentials,  the HPCP

also used two different calculational techniques: one interpolated between

time planes and the other did not.

The cases shown in Figures 20 and 21 used stored gradients for the path-

line analysis with 10-day pathline time steps.  These and all of the following

cases have tick marks plotted every 300 days along the pathlines. For Figure 20,

interpolation between time planes was not used, whereas time plane interpolation

was used for Figure 21.

For Figures 22 and 23 stored potentials were used and from these the

gradient components  for the pathl ine analysis were calculated. Ten-day time.
steps were also used by the Pathlines with these cases.  Figure 22 did not

interpolate between time planes, while time plane interpolation was used in

Figure 23.  Comparing the interpolated cases with the corresponding non-

interpolated cases shows no appreciable difference.  This is probably due to
the rather small potential surface time plane spacing (30 days).  It would be

expected that interpolation between time planes would prove to be an advan-

tage in cases where the time planes were further apart.  However, because

normal Hanford groundwater modeling procedures for predicting changing poten-

tial distributions usually involves 30-day time planes, the value of using

periods between time planes longer than 30 days was not investigated as part

of this study.

When comparing the two cases using stored gradients (Figures 20 and 21)

with the two cases using stored potentials (Figures 22 and 23) improvements

can be seen in almost all of the pathlines using the stored potential

procedure.

Since the previous studies showed that the stored potential method was

more accurate than the stored gradient method, additional test cases were

run to show the effects of changing the pathline time step.  The cases illus-

trated in Figures 24 and 25 use stored potentials with the pathline step
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size increased from 10 days to 25 days.  Figure 24 used no interpolation

between time planes and can be compared with Figure 22.  Figure 25«used

time interpolation and can be compared with Figure 23. No appreciable

difference in accuracy could be found by increasing the pathline step size,

but the cases using the 25-day steps took less calculational time than those

using 10-day pathline steps.

Several cases were also run for Test Surface 2 using streamlines to

show the effects of grid spacing.  The time plane selected for the cases

in Figures 26 and 27 was at 10,560 days because the cyclic source was almost

at maximum strength and showed the most dramatic effects of reduced grid

spacing.

Since the previous studies showed that stored potentials produced more

accurate results than stored gradients, the.stored potential method was

used on both of the cases in Figures 26 and 27.  A 2000-ft grid spacing was

used for Figure 26, with a much smaller grid spacing (500 ft) used for

Figure 27.  These tests again demonstrated more accurate results with

reduced grid spacing. By examining Figure 26 it can be seen that the major
streamline inaccuracies again occur near the areas where sources or sinks

are located.  By reducing the grid spacing, Figure 27 shows that the stream-

lines calculated by the HPCP agree much better with the reference streamlines

than those of Figure 26.
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ERROR ANALYSIS

An error analysis was performed on Test Surface 2 using the four

down gradient pathline cases with 10-day time steps (Figures 20, 21, 22,

and 23). These cases were chosen because the down gradient cases had .·

shown greater errors than the up gradient cases.  In addition, down

gradient will be used in most modeling studies.

Time versus distance plots were made for each of the nine pathlines

for each of the down gradient cases.  These showed the variance in time

along the entire length of a HPCP pathline with respect to its reference

pathline. In all four cases the variance between the HPCP solution and the

analytical solution is very small for eight of the nine pathlines, the

exception is Pathline 7.  Figure 28 is a typical example of one of the eight

pathlines where the variance is small.

A somewhat larger variance was produced for Pathline 7 when the HPCP

used stored gradients (Figures 29 and 30).  When Pathline 7 was generated

using stored potentials, the agreement with its reference pathline was very

good (Figures 31 and 32).

Tables 1 through 4 give the errors in time and in distance at the

end of each pathline where the pathlines using the analytical solution and the

pathlines using the HPCP were terminated at the same total length.  In

the cases using stored gradient components, the maximum error in distance

at the end of the pathlines is 8. 4%; the minimum error is 0.09%.  The

maximum error in time at the end of the pathlines is -12.8% and the

minimum error is 0.1%.  In contrast, the cases using stored potentials

have a maximum error in distance at the end of the pathlines of 1.5% and

a minimum error of 0.1%, while the maximum error in time at the end of

the pathlines is -1.2% and the minimum error is 0.03%.

The final investigation involved a study of the data storage require-

ments, data storage timing and program calculational times utilized by

the various HPCP methods.  This information can be found in Appendix A.
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TABLE- 1.

ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND HPCP
USING STORED GRADIENT .COMPONENTS  

(NON-INTERPOLATED)
*

Total Distance Maximum Error In Total Time For Total Time For
Pathline  Along Pathlines  Distance Between Distance Analytic Solution  Numerical Solution Error In Time
Number (FT) Pathlines (FT) (Percent) (Days) (Days) (Percent)

1 68591. 317. 0.46 19742. 19720. O.11

2 67471. 366. 0.54 19350. 19253. O.50
3 17110. 351. 2.05 3063. 3100. -1.21

4 18465. 183. 0.99 3450. 3500. -1.44
5 58934. 61. 0.09 20022. 19940. 0.41

6 ·51798. 758. 1.46 15000. 14918. 0.55
7 29818. 2508 8.41 10050. 11340. -12.83
8 49600. 311. 0.63 16097. 16160. -0.39
9 49384. 200. 0.41 15975. 16036. -0.38

TABLE 2

ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND HPCP
USING STORED GRADIENT COMPONENTS (INTERPOLATED)

Total Distance Maximum Error In Total Time For Total Time For
Pathline Along Pathlines Distance Betv'een Distance Analytic Solution  Numerical Solution Error In Time
Number (FT) Pathlines (FT) (Petcent) (Days) (Days) (Percent)

1 68590. 301. 0.44 19741. 19720. 0.11

2 67417. 378. 0.56 19350. 19254. 0.50

3 17097. 352. 2.06 3061. 3100. -1.28

4 18453. 179. 0.97 3448. 3500. -1.51

5 68921. 67. 0.10 20017. 19940. 0.39

6 51798 749. 1.45 15000. 14919. 0.54

7 29802. 2518. 8.45 10045. 11340. -12.89

8 49641. 336. 0.68 16098. 16160. -0.39

9 49384. 184. 0.37 15975. 16036. -0.38

4.
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TABLE 3

ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND HPCP
USING STORED POTENTIALS-(NON-INTERPOLATED)

Total Distance Maximum Error In Total Time For Total Time For
Pathline Along Pathlines Distance Between bistance Analytic Solution Numerical Solution Error In Time
Number (FT) Pathlines (FT) (Percent) (Days) (Days) (Percent)

1 68615. 194. 0.28 19750. 19737·. 0.07

2 67417. 631. 0.94 19350. 19346. 0.02

3 17125. 258. 1.51 3065. 3100. -1.13

4 18547. 103. 0.56 3467. 3500. -0.94

5 69215. 298. 0.43 20050. 20012. 0.19

6 61794. 406. 0.78 15000. 14996. 0.03

7 30126. 322. 1.07 10150. 10043. 1.05

8 49588. 296 0.60 16093. T6160. -0.41

9 49380. 50. 0.10 15975. 16038. -0.40

TABLE 4

ERRORS IN TIME AND DISTANCE BETWEEN ANALYTIC SOLUTION AND HPCP
USING STORED POTENTIALS (INTERPOLATED)

Total Distance Maximum Error In Total Time For Total Time For

Pathline   Along Pathlines Distance Between Distance Analytic Solution Numerical Solution Error In Time

Number. (FT) Pathlines (FT). (Percent) (Days) (Days) . (Percent)

1 66615. 183. 0.27 10750. 19737. 0.07

2 67417. 623. 0.92 19350. 19345. 0.03

3 17114. 260. 1.52 3064. 3100. -1.19

4 18525. 105. 0.57 3463. 3500. -1.07

5 59015. 281. 0.41 20050. 20017. 0.16

6 51798. 401. 0.77 15000. 14996. 0.03

'4· 7 32126. 310. 1.03 10150. 10048. 1.00

8   < 49590. 322. 0.65 16094. 16160. -0.41

9 49384. 67. 0.14 15975. 16038. -0.40
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HANFORD APPLICATIONS

Once it was shown that the HPCP could accurately calculate pathlines for

a calculated transient surface, it was applied to the Hanford site.  The

purpose of this application was to determine the 21-year prediction for the

two-dimensional contaminant pathlines from high-level radioactive waste storage

areas to the Columbia River, and to make comparisons between the 21-year

pathline prediction and instantaneous streamlines.

The HPCP used with the previously discussed test surface study would only

allow calculation within one region with a fixed spatial resolution. However,
the result of this study showed that closer nodal spacing was required near

sources in order to more accurately determine the pathlines.  To provide these

more accurate calculations for use with the Hanford study, the HPCP was

modified to work in conjunction with the Variable Thickness Groundwater Flow
Model[7l which can supply potential surfaces divided into multiple regions with

different nodal spacing.  To facilitate higher resolution areas, these modi-

fications were made to. all ow use of one large region and.up to nine 'individ-
ual or overlapping subregions with up to three spatial resolutions.

As the HPCP calculates the steps. along a pathline it determines the

highest resolution area·that exists for the current location and uses that

set of data to calculate the next pathline locatidn.  Figure 33 shows the

-      three regions selected for use with the Hanford study.  The pathline program

uses the highest resolution potential data in doing its calculations and

switches from one region to another as it follows a flow path.

DESCRIPTION OF THE VTT FLOW MODEL

The Variable Thickness Transient (VTT) Flow Model was used to provide[7]

input to the HPCP.  The VTT model calculates the changes in the water table

and produces time variant data matrices by simulating the flow of an incom-

pressible fluid that saturates a rigid, porous soil matrix.  In this model the          -

hydraulic conductivity (K) is assumed to be isotropic but heterogeneous (K

dependent upon location) and the flow is presumed to obey Darcy's law.
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Basically, the model is constructed on the Boussinesq equation of unsteady

flow.  This formulation assumes that a two-dimensional (areal) formulatioh is

adequate and, consequently, all of the aquifer properties are represented by

their average over the saturated thickness of the aquifer.  The variations of

the aquifer thickness with space are considered, however, and the free-

surface boundary condition with accretion is incorporated into the differen-

tial equation.  Seepage surfaces are neglected in this model in order to

carry out the averaging in the vertical direction.

The basic computer model based on the above assumptions and equation is
[7]

described in detail by Kipp et al., with the exception of some recent

improvements.  The model provides a means of applying a specific set of

boundary conditions to the above equations in order to produce a transient

simulation.

The VTT model uses data on a square grid pattern (Figure 33).  For the

Hanford study the Columbia River bounds the region on the north and east. The

western and southern sides are bounded irregularly by the Umtanum, Yakima,

and Rattlesnake ridges and are broken by two alluvial valleys and the Yakima

River in the southernmost part.  The east-west trending void areas in the

northern portion of the Reservation, as shown in Figure 33, are basaltic out-

crops and as such are assumed to be no-flow areas.  Water entering the region

from the valley alluvium is accounted for in the model as a flux across the

boundary such that the proper water table elevation is maintained.

The VTT Model can operate in a regional (far-field mode) as well as a

subregional (near-field mode).  Data utilized in the model have been developed

over an extensive period of time as part of the Hanford Waste Management Pro-

gram.  Modeling consists of one or more computer runs for each case examined.

A regional simulation over the large region reflects the effective aquifer

stresses and yields a potentiometric surface from which boundaries may be

interpolated for a subregional model.  The subregional model may be used to

resolve the detail of a local area such as that immediately surrounding the

vicinity of a recharge/discharge site.
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.

The hydraulic conductivity is assumed to be heterogeneous over the

Hanford Reservation.  Its spatial distribution was determined from pump test
-         data and numerous measurements of aquifer water levels.  These data were used

in a computer routine which makes it possible to estimate the distribution of

hydraulic conductivity throughout large areas of the Hanford Reservation.
[8]

Due to limited field data the storage coefficient is assumed to be constant at
0.1.[81  The aquifer bottom, necessary input to the model, is generally con-

sidered to be the top of the basalt or the top of an overlying clay unit.

The VTT model stores all of the potential data for each time step. These

data can then be used to calculate the boundaries and potential distribution

for as many small regions as desired.  For the Hanford study, the 21 years

from 1975-1995 were run with the latest projections for waste discharges for

this time period.  The large region (68 x 87 grid - 2000-ft node spacing)

simulation and two small regions, one around 200 East area and one around 200

West area, were run to obtain the necessary resolution for the pathline study.

Figure 33 indicates the large region and the positions of the two small regions.

The 200 West region node spacing is 666.67 ft and the lower left coordinates

in the large region nodal system are 13x, 5Oy.  The upper right coordinates in

the large region are 25x, 65y making the 200 West region a 37x46 node system

as pictured in Figure 33.  The 200-East region is also a 37x46 node system

with a 666.67 ft node spacing where the lower left and upper right large

region coordinates are 25x, 5Oy and 37x, 65y, respectively.

SELECTION OF PATHLINE STARTING LOCATIONS

The primary applications of the HPCP model at Hanford result in pre-

dictions of travel time and Columbia River arrival locations of contaminated

ground water originating beneath the high-level waste areas (200-East and

-         200-West Areas).  Thus, the starting locations of a series of pathlines or

streamlines are often grouped around a particular radioactive waste discharge

site.  In order to make the application of multiple pathlines more meaning-
".

ful, a method was devised to calculate the starting coordinates in a uniform

manner.
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The method chosen spaces the pathline starting coordinates equally in

the flow field so that between any two adjacent pathline starting coordinates
-

there will be equal flow (i.e., the pathline or streamline starting points

will bound flow tubes having equal flow).  Most often this procedure involves

defining a circle or circular arc which intersects all groundwater flow                -

lines leaving the vicinity of a given site.  A groundwater flow rate incre-

ment between adjacent pathlines is specified and the program determines the

number of.pathlines and their starting locations along the circular arc.

The starting locations as determined by the above procedure for the Hanford

unconfined aquifer applications are given in Figure 34.  The details of the

starting location procedure and values of the input parameters for the Han-

ford application can be found in Appendix B.

METHODS AND INPUT DATA

Once the VTT model has been run, the resulting potential time plane

data stored and the pathline starting locations determined for the modeled

region, one additional step is required prior to operating the HPCP.  This

step involves setting up blocked data for rapid access by the HPCP.

The data required by the HPCP include:  1) VTT generated-time dependent

potential surface(s), 2) hydraulic conductivity distribution and 3) storage
coefficient distribution.  To conserve computer core requirements these data

are restructured into blocks and stored in random access form for use[9]

by the HPCP. Figure 35 shows an example of this blocking method.

The only differences  in the procedure described in Reference 10 and

the data storage technique utilized by the HPCP are: 1) the addition of

separate blocked data files to allow use of multiple regions, 2) automatic

adjustment of the individual data files according to the size of the region

or subregion, 3) use of input command files to describe the region to be

stored and 4) addition of a random access header file containing information

describing each region and subregion that has been stored.
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When all of the preceding procedures have been completed, the Program

may be utilized.  As mentioned previously, the HPCP can use several different

regions of different resolution to produce more accurate pathlines.  As the -

program follows along a pathline it must determine the highest resolution

area that exists for the current pathline location and use that set of data

in its calculations.  The earlier studies using the test surfaces were made

on rectangular regions,  and bilinear interpolation was sufficient; however,

the odd-shaped region of the Hanford groundwater system required that linear

interpolation on triangles be added in order for the HPCP to properly inter-

polate data needed in the pathline calculations.  Appendix C illustrates the

procedure that was added to the HPCP to allow for triangular interpolation

where required.

Potential surfaces were generated for the Hanford study for the 21 years

from 1975 to 1995 with 30 day time planes for a total of 252 time planes and

the pathlines were calculated at 10 day time steps.

Appendix D contains.plots of the Large Region, 200 West Region and

200 East Region potential contours for the years 1975, 1980, 1985, 1990

and 1995.  These plots show the effects on the groundwater system by the

reduction of crib discharge flow rates over this 21 year period of time.

The Hanford 21 year study entailed the evaluation of both the 200 East

and 200 West Areas and shows the results of both streamlines and pathlines

originating in these areas.  All of the streamlines and pathlines originate

at the starting locations shown in Figure 34, these line numbers are referred

to in the following text.

RESULTS

Figures 36 and 37 show the predicted path-streamlines (with tick marks at

5 year intervals) from each of the associated areas in 200-West and 200-East

Areas to termination at a model boundary.  When the year 1995 is reached the
-

pathlines revert to streamlines using the predicted 1995 potential surface for

the period beyond 1995. The apparent "crossing" of the pathlines in Figure 37
is possible because of the changing potential surface.  Liquid particles travel-

ing along different pathlines of a two-dimensional surface may pass through the

same point but not at the same time.  The discharges to the Hanford unconfined

aquifer from man-related activities are estimated to be over 80% of the total
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TABLE 5

8 TIME VERSUS DISTANCE SUMMARY FOR THE SEVEN 200 WEST AREA
PATH-STREAMLINES SHOWN IN FIGURE 36

,/1

Path-Streamline Total Distance Total Time
Number in Ft in Days

1 105,600 58,790
2 104,261 52,400
3 98,572 30,530
4 98,745 31,880
5 103,200 47,090
6 70,244 50,590
7 17,221 27,460

Average Distance = 85,406 ft
Average Time = 42,677 days

TABLE 6

TIME VERSUS DISTANCE SUMMARY FOR THE FOURTEEN 200 EAST AREA
PATH-STREAMLINES SHOWN IN FIGURE 37

Path-Streamline Total Distance Total Time
Number in Ft in Days

1 16,217 1,450
2 51,048 15,580
3 31,082 15,670
4 63,487 29,630
5 96,357 76,240
6 95,263 45,820
7 82,691 45,550
8 76,104 25,840
9 74,129 26,020

10 70,556 59,230
11 52,106 89,920
12 45,594 14,230
13 41,573 10,000
14 38,443 11,170

Average Distance = 59,604 ft

Average Time = 33,310 days
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TABLE 7

4

SUMMARY OF THE 200-WEST AREA 21-YEAR PATHLINES AS SHOWN IN FIGURE 38

Pathline Total Distance Total Time

Number in Ft in Days

1 11,371 7,660
2 20,159 7,660
3 28,871 7,660
4 27,037 7,660
5 6,684 7,650
6 3,329 7,650
7 3,110 7,650

Average Distance = 14,366 ft

Average Time = 7,655 daysr-

TABLE 8

SUMMARY OF THE 200-EAST AREA 21-YEAR PATHLINES AS SHOWN IN FIGURE 39

Pathline Total Distance Total Time
Number in Ft in Days

1 16,217 1,450
2 27,229 7,660
3 24,952 7,660
4 20,214 7,670
5 41,135 7,660
6 37,356 7,660
7 40,101 7,660
8 38,121 7,660
9 33,676 7,660

10 28,022 7,660
11 24,529 7,660
12 28,476 7,660
13 31,092 7,660
14 25,751 7,660

Average Distance = 29,777 ft
Average Time = 7,217 days
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TABLE 9

a                     SUMMARY OF THE 200 WEST AREA UP GRADIENT STREAMLINES
AS SHOWN IN FIGURE 40

Streamline
 

Total Distance Total Time
Number            i        in· Ft in Days

1 8,511 6,210
2            * 7,715 5,310
3 7,296 5,760
4 7,873 10,260
5 9,936 15,210
6 12,844 20,250
7 16,160 27,270

Average Distance = 10,048 ft
Average Time = 12,895 days
1975 Surface

TABLE 10

SUMMARY OF THE 200 EAST AREA UP GRADIENT STREAMLINES
AS SHOWN IN FIGURE 41

Streamline Total Distance Total Time
Number in.Ft in Days

1 4,428 360
2 5,530 360
3 6,219 450
4 5,405 450
5 23,714 23,410
6 22,641 17,290
7 18,681 1,530
8 11,451 1,800
9 11,555 1,170

10 11,089 900
11 8,760. 540
12 5,078 450
13 6,008 540

-                           14 4,166 630

Average Distance = 10,337 ft
Average Time = 3,562 days
1975 Surface
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flow in the aquifer; thOs, changes in the operation of the Hanford facilities,

and consequently the discharge flow rate to the ponds and cribs, are likely to

have an important effect upon the groundwater potential.  Worthwhile estimates

of discharge to gr6undwater for periods greater than about 20 years into the

future are not available.  For this reason, the VTT model predictions were not

extended beyond 1995, and the pathlines become streamlines after that date.

Tables 5 and 6 contain the total time and distance traversed by these path-

streamlines.

Figures 38 and 39 show the paths that would be traversed in the 21 years

from January 1975 to December 1995.  Summaries for the pathlines shown in

Figures 38 and 39 are contained in Tables 7 and 8, respectively.  Figures 40
and 41 illustrate the up gradient streamlines from the 200-West and 200-East

Area starting points, while Tables 9 and 10 contain the respective streamline

summaries.  The tick marks along the pathlines or streamlines are at 5 year
intervals.

Comparisons between pathlines and streamlines were also made.  Appendix E

contains the plots and summaries of the streamlines which were run for both

the 200-West and 200-East Areas.for 1975, 1980, 1985, 1990, and 1995.
Table 11 contains a comparison of the average times and distances, and

TABLE 11

THE AVERAGE TRAVEL TIME (DAYS) AND TRAVEL DISTANCES (FT), TO THE
COLUMBIA RIVER.  COMPARISON BETWEEN THE 200 EAST AND 200 WEST PATH-
STREAMLINES AND THE STREAMLINES FOR 1975, 1980, 1985, 1990 AND 1995

Path- 1975 1980 1985 1990 1995

Comparison Streamlines Streamlines Streamlines Streamlines Streamlines Streamlines

Average
Time ·· 42677 36583 33589 40106 48939 46123

200 West (-14%) (-21%) (-6%) (+15.7) (:ad)

Average
Distance 85407 84585 71908 72626 82237 85901

200 West (-15) (-16%) (-15%) (-45) (+15)

Average  .
Time 33311 23655 21404 25493 24606 24599

200 East (-29%) (-36%) (-23%) (-266) (-26.)

Average
Distance 59604 59902 57224 55369 54903 55187

200 East (+.5%) (-4%) (-7%) (-8::) (-7.)
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2           Table 12 shows a streamline.by streamline comparison.  From a look at the

streamline and path-streamline plots it becomes apparent that 200 East line 1

<.         should not be used for comparison because of its premature termination.  In

addition, 200-West lines 6 and 7 comparisons are not useful because they both

sometimes terminate prematurely.

The averages shown in Table 12 then become from top to bottom:

200-West Area travel time +7% greater for streamlines and -2. 6% shorter dis-

tances; 200-East Area travel times 13% shorter for streamlines and 2.8%

shorter distances.  200-West travel times for streamlines vary between 34.9%

longer and 15. 6% shorter than the 200-West path-streamline travel times.

Distances traveled for the 200-West streamlines vary from 4. 3% greater to

24.5% lesser than the path-streamline distances.  200-East Area travel times

for streamlines vary between 77.5% longer to 69.3% shorter than the 200-East          t.

Area path-streamline travel times.  Distances traveled by the 200-East stream- "   f....
:.  ..;. k

lines vary from 53. 5% more to 38. 7% less than the 200-East Area path- . po

streamline distances.

In general, there is a significant variation between pathlines and stream-

lines.  As the only fundamental difference between the two approaches is the       :,e

elimination of the steady-state assumption used in calculating stream
lines, I

the variations described above represent the improvement obtained in predic-

tions using pathlines.

EVALUATION

The predictions of fluid "particle" movement can be significantly improved

by using dynamic pathlines over those obtained from static streamlines.  How-

ever adequate pathline calculations are limited to the quality of the basic

data, i.e., hydraulic potentials, hydraulic conductivity and storage coeffi-

cients.  Also in areas of steep or rapidly changing gradients the pathline

predictive capabilities tend to deteriorate.  The results of the HPCP can be

-           no better than the input data, however; this study does show that given ade-

quate input data the HPCP can produce very accurate results.  The HPCP can be

used in conducting management studies such as evaluating the impact of aquifer

pumping or recharge to divert waste from a path with a relatively short travel

time into one with a longer travel time.
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TABLE 12

A COMPARISON BETWEEN PATH-STREAMLINE AND STREAMLINES FOR 1975, 1980
1980, 1985, 1990 AND 1995 ON A LINE BY LINE BASIS FOR THE 200 WEST

AND 200 EAST AREAS (PLOTS AND DATA SUMMARIES FOR THE STREAMLINES ARE                <
ARE IN APPENDIX V)

TRAVEL TIME PATH 1975 1980 1985 1990 1995 AVERAGE .
1daysl STREAM STREAMLINES STREAMLINES STREAMlINES STREAMLINES STREAMLINES DI FFERENCE

200 WEST UNE 1 '8,90. 33410. 36830. 57980. 5.24.. 60500.
...'.'.1 (-37.411    C -t,all ( 0.8,1 { 2.9:) (-19.6:3

2 ,4408. 2961.. 58163. .9610. 38000.  5530.
/43.1/1 , 11.01, ( -5.311 (-27.5/1 ( 6.0,) (-11.81)

1 '.,„. $.2/e. .2.80. 29/... 32ts.. .3.90.
t ".„, ( 39.811    C -3.8:) ( 5.3,3 , .2.5/1 ( 19.2,)

4 ,„... 4.300. 31,20. 61130. .5,80.  2330.
( 39.es) , ..1.1,1 ( 91.8,1 ( .3..1 1 1.4,) 1 34,9/1

5 4,39'. 68,80. 2/69/. 229,0. 84•30. •8440.
/ ...1.1 (-87.6,1 (-51.2/1 ( 91.01) ( 2.4/1 ( 8.21)

6 ,/5./. &99 0. 17'OIl 35•20. 51310. 54010.
1....'., (-6.. "1 (-2 e.011 ( 1.as) E ..OS) (-29.31)

-  7 2'..3. 2'.... 23,00. 237,0. 26200. 28450.
t •e.6,1 (-1...El (-13.4,1 . C -4.6:3 ( 3.6Zl ( -7.1/)

DISTANCE                                                                                                        '
TRAVELED {ftl AVG 420

200 WEST LINE 1 1.5600. 112,3.. 11/959. 106285. 1.'692. 1"713.
..,/1 ...,1 ( 0,6E) '.t" C e.„1 / 2.7:)

2 1.6262. "'639. 109975. 100790. 10.359. /0.370.
'.'., 5.,1, ...) , .'.'.1    t ..„, , '.Ill

/ 98'72. 11,3.3. ;04575. ..244. 98120. 800,54.
, 13..1, ..'., 0.7,) ( -0.5:) { 2.0El , 4.3,1

4 98/66. 11/.3.. tel583. 9/th. 9932'. 98304.
/ 12.3/1 ( 2.9:) ( ./.6:) C 0../) ( -0.4,) C 2.7/)

5 1.,2.1. tt,d68. .2.91. 06591. 8.0/8. 10#978.
I.'., ( 58.DE) (.5..9/1 (-10.6:) t -0.2,1 (-2..5,1

6 1•24'. 15'.'. 1528.. 36718. '0673. "795.
(-7..bE) (-18.211 (-47.71) ( 0.6/) ( 2.2:) (-40.3/)

1,"'. ,"'.. 1.98'. 17715. 1' -3. 17391.
../.1    C ./..., ( 2.91) 1.8,1 , 2.1" '...,

TRAVEL TIME
AVG -7.5%

Idays)

200 EAST LINE 1 14'.. .H.       1  ...       . 4. ,  ...         3 90.
t.,9.3.1   , ".. ( 18. ( 9.1 (161.0 ) (t...0:1

2 /,58'. 1J•2e. " ...... "... 11 /0.
1..".4,1 (-20.2 { 3.. 1-35.2 (,23.7 ) (.11.7:)

3 15610. ..".     "  e.         e.     H '. 17 50.
4-6/.9 3 , ..'.,      < I. ( 2., ( 12.• 1 / .9..El

4 'gb,/. „ i..     I I.     / I. „ '. 29 20,
(-3..2 ) (.6..0 (•56. (-/8.6 (-15.2 1 (-00.9/3

5 7./60. .1 „.    '0 I. I. .. 0. 25 00.
..5.9 1 (..,3.9 (-26. (-39.8 (.6..8 ) (-50.31)

6 8/020. 33 u. „  * 1'. 0  0.       26 00.
C..".9 1 ,-1./1 (-50. (-05.4 (-62.8 1 (-36.Ii)

7 •5590. 38 00.       31 ,0. 2 .0. .0 10. 23 80.
(-1..8 1 (.29.  (-8'. (..6.2 (-88.0 ) (-37.41)

8  /,8.2.      11 10.      1. .0. I. 36 3. .5 00.
, .... 1 (-28.2 t./2. , 39.4 ( 7..5 1 ( 12./"

9 2,02'. it 70. 33 ·0. '., e. 69 0. 69 94
(-19.. ) ( 29.7 1 .28': (168.1 0.'., 1 ( '7.ls)

to '9/3.. .7 20. '. I. 829 0. 38 0. .0 30.
t.„., 1    , '., ( 00.0 (-35.1 (-31.9 1 C -9.2/1

It ..920. 52 60.        28 10. '.  4      '. /0 15 00.
'.01., 1 (.61.9 (-,0.2 (-8..2 1-82.9 3 (-69.3,)

12   '.1,6.       9 ,0.      10 1 0. 11 ·.0. 1'.0.      11 60.
(-3... 3 HY      (-20. (-to.1 t..... 1 (...3,/,3

11  '.'.'.       1 4. .   ..              ...          " 0. 11 .0.
(..24. i ) (.18.9             ( t. , 1,/3 { 12.6 1 , -2.7/

. 14 1//1/. 1.... .  ...       1. I. 1. .. 1 7 23.
(-1..' 3 t.,/.,     , '.,/ ( 1.1 (el.. ) , 1../I)

DISTANCE
TRAVELED (Ill AVG -2.70

200 EAST LINE 1 16/16. .6 8.. , .'.     " -2. „. B  t.
1„'., ,    t .'., , (.16.9 (.2.. 1.2 ( 29.6,)

2 516•9. 53 78. 53 60. .9 5. .....  '.
, '., 1 , '.1 3 t.1'.3 ( .... 1 ( .5.6 ( ..2,51)

3 8,0,2. 28 98. 95 35. 52  8. 8. St  t.
E .7.8 1 , ".1 ,    t '.., ( .8. ( 69.8 ( ,3.SK)

4  .'....     „ ". 29 51. "  '.         ..      "  a.
(..... ) t.,3.0 3 (.49.8 (-20. (-/0.7 (-38.1/1

5 9,397. 99·/5. 87 60. el .0. 4.       ......
... 1 C -9.3 ) C./'., 0.,I. (.10.0 (It.7,)

6 9,264. 95 56.      89 03. .3  '.      /   9.      8,  5
( d.. 3 ( -6.6 1 (-12.7 (-13. (-12.• C ....e/)

7 8/691. 82 95.      80 15. .  1. .. . ·1.
( .... 3 ( -3.1 ) , ....      1 -1.       C ..., C -5.311

8 '610•, " 77. , 32. 7. 2. 7 9. 74  3.'., 1 , ./., ,    C ./.,      t .'. ( -1.5 ( ..0.6,)-9 1/1/'. '5 72. '.3..      „  '. 6. 66  3.
'.'' , '.0 1    C ... (-10.  -10.2 ( ..3.9,1

10 "556. .8 .7. 60 99. .3 89. ./.      ". '.
( -2.0 3 , .... , C -9.5 (-250 K-2..t (..&..BE)

11 52/0.. S. ... 5, /2. 50  3. ...... ,5  5.
'., I , ..3 3 c -3.4 (-12. (-11.9 ( -5.01)

12 03395. 45 ". ...'.      '.  S.      I  .'.      ., ...
e.. 1 C .'.' 1    C ./.'      C .5.       C .'.. ( .3.ts)

11   •l"i.       .1 10.       .1 01.       .1 ..1.       0   .'.       00  .3.
..3 1    1  0.1 1    ( -1.0 C -2. C -2.8 , -1.")

14 38.... 38.88. 38 39. 38_.7. 3   7.       3, /3.
Il- , ...."3 .../) , ...61)    I -2.       ( -2.9 ) C -1.")

AVG -{17'16

.,
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This study shows that the use of stored potentials by the HPCP produces

more accurate results than stored gradient components and also that predictive

6         capabilities can be improved in areas. of steep or rapidly changing gradients

by reducing the grid spacing in these areas.

t"
The use of potential surfaces generated at 30 day time planes and path-

lines calculated at 10 day time steps appears to be adequate for the Hanford

groundwater analysis.

CONCLUSIONS

The extensive testing of the HPCP has shown that this method can be used

to accurately calculate times of travel and direction of flow of fluid

"particles" for a two-dimensional transient groundwater potential surface.
These results lead us to conclude that given accurate input data, an improved

estimate of the paths (ignoring dispersion) and travel times (ignoring sorption,

chemical reaction, and radioactive decay) from a contaminant source to a

groundwater discharge area can be obtained for the Hanford or similar ground-

water system. .:'

The Hanford Pathline Calculational Program can be used as a rapid,

economical, and convenient means of obtaining a preliminary comparison of the
: ,

contaminant travel direction, travel distance, and travel times under different .«
.

water table (or potential ) conditions and as  such can  be a valuable  tool  for                ' '·
··f:

management of groundwater resources. ...: :

..
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APPENDIX A
a7                                                                                                                                                                                                                                               1

During the evaluation of the Hanford Pathline Calculational Program,4
two methods of data storage were used: 1) stored gradients and 2) .stored

potentials.  The results of interpolating between time planes were also com-

pared with those obtained by not interpolating between time planes.  This

appendix describes these techniques and the timing and storage requirements

used by each method.

STORED GRADIENTS

345     30
This method calculates the gradient components - and - and stores

3 x     3y
these in two separate files for each time plane.  The gradient at a given

node is calculted by a simple interpolation formula which uses the two poten-

tial values on either side of the node. In mathematical terms this formula

can be expressed by:

a.1 =
(A-1)(ei+1 - Di-1)

3xli 2Ax

3.1  - (tj+1 - 0j-1) (where j = i) (A-2)

aFlj 28y

where:

3$1 .th
-1. =x gradient component  at 1 node
3x i i

3$ 1
.th

-L = y gradient component at 1 node
ay  11

0    = hydraulic potential
.-1

Ax   = node spacing in x direction

Ay   = node spacing in y direction.

:

The x,y coordinate position is then used to calculate the pathline position in

the matrix and from this all data for the four surrounding nodes are retrieved
30  30

from data storage (i.e.  -- -, a, K).
' Dx' gy
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Once the program  has this informati:oopavailable a simple interpolation

is performed on each set of data to get the values at the x,y coordinate

position.                                                                                 I

STORED POTENTIALS                                                                        &

This method stores the actual«potential values ($) for each calculated

time plane.  These $ values along with a and K are retrieved the same way as

described above.

The actual gradient components are now calculated at the x,y coordinate

position as a function. of $.

(x3, Y3' 03)     *b                   (x4' Y4' 04 
0

Ay

I  0(x,y)

C

Cxl, yl, 01)     *                    (x2' y2' 02)a4.-'-9/--9
8x

(Y - Yl)

0(x,y) = *a      Ay+          C0b - 0a 
(A-3)

where
IX - Xl\ (A-4)

*a = *1  (  Ax  ) C 2 - 01 

and

/X - Xl\ (A-5)
*b = 03 +   Ax    (04 - 03)
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Substituting Equations (A-4) and '1(Ar-59' tinto. Equation A-3 results  in an equation

in terms of x and y:
3                                                                       ·

ix - Xl\ CY - Yl)
4 -'.1

  (02 - 01) +(  Ay  10(x,y)    1   \  Ax

/X X X-X\

103 't  x ') (04 - 03 ) - 01 < 4x 1j  (02 - 0 )  (A-6)
1 1

and differentiating Equation (A-6) results in:

81= $2 - $1  +(Y - Nl \ -( 4 - *3\   ( 2 - *1                  (A-7)3 x     Ax         Ay  / \ Ax  / -\ AX  /

and
-                                -

80  =  03  -  01     .1.  t x  -  xl  1   (0 4  -  03 j       02  -  01  1 (A-8)
3 y           8y          \    Ax    1_ \      Ay    / - \ Ay  /

which are the x and y gradient components at location (x,y).

TIMING

From the various tests, the results obtained by the HPCP using stored

potentials are better than the results using stored gradients.  However, other

factors to consider include:  1) time involved in storing the potential or

gradient surfaces in the data base used by the program, 2) the amount of

space required to store these data and 3) the calculational time required by

the program to operate on these different data.

DATA STORAGE TIMING AND DISC ALLOCATION

The second test surface was used for timing both the data storage and

calculational times.  The surface was generated using a 41 x 21 node matrix

-           with 644 time planes.  The time required to calculate and store the gradient

»           components (30/3x and 30/gy) into the data base was 1 hr, 30 min, while the

time required to store potentials into the data base was 26 min.
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4-

The amount of space required to store both gradient components was

approximately ten thousand 256-word blocks, while the amount of space required         i

to store the potentials was just five thousand 256-word blocks.  The method I

using stored potentials requires only half the storage required by the stored

gradient method.

PROGRAM CALCULATIONAL TIMING

Internal clock timing was used by the program to monitor the times

required to retrieve data and calculate pathlines.  These tests involved a

set of nine pathlines for eight separate cases.  Table A-1 lists the results.

These results indicated that use of stored potentials is approximately

10% faster than use of stored gradient components in all cases.  Where time

plane interpolation was examined as a timing parameter interpolation between

time planes was approximately 65% slower than not interpolating for similar

cases (Table A-1).

TABLE A-1

PATHLINE PROGRAM CALCULATIONAL TIMING

Data Type
Gradient Time Plane Direction Time

Test Components Potentials Interpolation Down   UR    (Seconds)

1         X                                        X             165

2        X                                             X       189

3         X                              X            X              242

4         X                             X                 X       283

5                      X                          X             148

6                     X                               X       173
-

7                       X               X           X             230

8                        X               X                  X       266
L
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APPENDIX B

Procedure Used to Calculate Starting Coordinates

of Pathlines Bounding Equal Flow

-
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APPENDIX B

8e               The procedure described here was designed to calculate pathline starting

         coordinates in
a uniform manner by spacing the coordinates in a flow field so

that equal flow exists between any two adjacent pathlines.  To accomplish

this it is necessary to:  1) calculate the signed flows in the x and y direc-

tion and build a binary data file for each, 2) use these data files to calcu-

late the starting coordinates and 3) plot the resulting coordinates along

with the associated circular arc.

To produce the binary data files, the desired potential matrix is gen-

erated using the source term in the selected region and calculations are

performed to produce the signed flows in the x and y direction at each VTT
node which does not have a 01 calculational type.(a   A y direction flow from

low to high y node numbers has a positive sign as does an x direction flow

from low to high x node numbers.  The transmissivity, gradients and flow

channel widths are the same as used by the VTT calculational codes.  Figure B-1

illustrates the method used to calculate the signed x flow (Fx) and signed y

fl ow   ( Fy) at a VTT node.

The pathline starting locations are calculated by beginning at the

specified location on the circumference of the circle which has its center at

(Xc, Yc) and a radius, R.  The starting location on the circle is specified

in the local Cartesian coordinate system with the (0,0) at (Xc, Yc).  A delta

angle increment is also specified.  The initial starting point is taken as

the first pathline starting point, a delta angle increment of arc is added,

and the flow through that portion of arc is calculated and added to a running

sum. Delta arc increments and their flow contributions are added until the

running sum has equalled or just surpassed the desired flow spacing between

pathlines specified in the input file.  The current location on the circum-

ference is then taken as the next starting point; the running sum is set to

zero; and the process is repeated until all the desired pathline starting

points have been defined.

.'

(a)W· V. DeMier, A. E. Reisenauer and K. L. Kipp, "Variable Thickness
Transient Groundwater Flow Model User's Manual," BNWL-1704, Battelle,
Pacific Northwest Laboratories, 1974.
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81(
FX3

F)(4 0      (x, Y) ; EY3

F,4

(X'.Y') fy LY.                    4
//                   >AY*,

/   sts,Y @1 3
AL

1
                   O FX14-  Lx -1                      0-FYI                       ID(2

FY2

/ 02 03 01

where:

Lx = width of y flow channel· =
abs(x4-xl)

L  = width of x flow channel = abs(y0-yl)

FRCx = fraction of interpolated x flow for point (x', y') passing through

the arc = -1
Ay

L

FRCy = same as FRCx but for y flow = s 

FY'·= bilinear interpolated Y flow at (x', y') from FY1+FY4 values

FX' = bilinear interpolated X flow at (x',y') from FX1+FX4 values

then:

fx = FY' * FRC  * SIGNY (quadrant)

fy = FX' * FRCx * SIGNX (quadrant)

where:

SIGNX (quadrant) = +1 (quadrant 1 and 4)

-1 (quadrant 2 and 3)

SIGNY (quadrant) = +1 (quadrant 1 and 2)

-1 (quadrant 3 and 4)

TOTAL ARC FLOW = fy + fx

S

FIGURE B-1

4
DIAGRAM ILLUSTRATING HOW THE SIGNED FLOW AT A NODE

IS CALCULATED FOR BOTH THE X AND Y DIRECTIONS
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0                           0 NODE
5

 

9 FLOW CHANNEL 4

1 2            71 i NODE 2  S NODENODE 4      24 0  1°. .3 0'
M                                         P
I. -

AY
< FLOW CHANNEL 2

NODE

 3           0\ -

hx

Ti • (5 - h ) Ki  (i = 1,5)
where:

T = transmissivity

h = hydraulic potential

ho = aquifer bottom elevation

K = vertically averaged hydraulic conductivity

i = node number

"=1(»} (»1 "'
f/T, + T,\ <h, -- hl \1

F2. ll-*-r=.j <--Ryjj  A24,

01  +  T4  /h4  -  hl \1
'3  = 11-2      / lax     ] '345

r/Tl + TA /hl - h5\1
'4 = Il--r-y l     Ay       A,Ax

Fl + F3 F2 + F4
Fx =2· ,  Fy=-2

where:

Fi = signed flow

Ai - function of calculational type of node

(= fraction of total width available for flow)

i  = flow channel  (1 ·4)
8x = grid spacing in y direction

8y - grid spacing in x direction

t-                                                                                           Fx -''total signed  flow  in x direction
Fy = total signed flow in y direction

FIGURE 8-2
. '.

DIAGRAM ILLUSTRATING  HOW  THE  FLOW  FROM  A A ARC IS CALCULATED
FROM THE ARC PARAMETERS AND THE X AND Y FLOW FILES

L
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Figure 8-2 shows the mathematics used to calculate the flow through any
Fii

delta arc segment. Del.ta arc steps are taken whenever possible unless the            r

delta step crosses the boundary between nodes.  The delta step is then cut
.

back so that the entire arc length lies within one set of four nodes as shown

in Figure 8-2.

Once the x and y flow files have been calculated these data are used to

calculate the pathline starting coordinates along the circumference of an arc

with specified center and radius and a specified flow increment in ft3/day

between locations.  Three cases were used in this study.  The first case used

a VTT-generated surface with one source and one sink with three test circles;

the second case used a VTT-generated Hanford potential surface to determine

if the procedure could reproduce.the calculated flow at 200-East and 200-West

Areas; and the final case used the same VTT-generated Hanford potential

surface to produce the starting locations of the pathlines used in the

Hanford study.

The potential plot in Figure 8-3 illustrates the steady-state potential

contours and calculational types for the first test problem used.to analyze

this procedure.  This test problem is for·a 1000-ft 35x35 grid system with a

uniform K of 5000 ft/day, held node potentials at 100-ft and bottom elevation

a t   1 ft. There is one source and one sink. The source is at line 17 column
3

20 at 300,000 ft /day and the sink is at line 17 column 14 at -300,000

ft3/day.  This test problem was set up and run to steady state with the VTT

calculational code, and then the x flow data file and y flow data file were

created.  Three circles were then used to demonstrate the procedure.  The

first test circle (Figure 8-4) was centered at the sink location with a

radius 3000 ft so the source would not be included. The total flow calcu-

lated was -298,800 ft3/day (only 0.4% in error).  The second test circle

(Figure 8-4) was centered at the source location with a 3000-ft radius and              r
the calculated flow was 298,300 ft3/day (only.0.6% in error).  The third test

circle (Figure 8-5) was centered between the source and sink with a radius of           1

6000 ft so b6th the source and sink would be included and.the calculated flow

was 584 ft3/day (less than 1% error when compared to the magnitude of the

source and sink values).
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Irt
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-

FIGURE B-3

STEADY-STATE POTENTIAL CONTOURS AND CALCULATIONAL TYPES
'                       FOR TEST SURFACE USED TO CHECK EQUAL FLOW PROCEDURE
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35

-                                                                                                                                                                                                                              1.

30-

.1.

25 -

20 - TEST CIRCLE 1 IEST CIRCLE 2

-  ASINK) -
5-4.- ,       4/3-2\< ISOURCEl

- GPM 6  Atis  GPAI
1.- 31.74 1     012134' 0

12-j 1.  30.75

15 - 2.- 30.55 7 11-7 Y
1 - 31.90 \»8_.  37  \21.-1/    1  3
4.- 31.43 4.   32.26

5.- 29.97 5.  32.73

6.- 30.65 6. 3104

7.- 31.17 7.   33.14

& -   3a 86 &   32.31

9.- 30.44 9.  31.48

la - 33.09 la  31.12

11.- 33.97                                                    11.  30.09

12.-  06.65                                                                                  12.    03.43
5 - TOTAL FLOW--1552.44 gpm,-2.988 x 105 Yt day TOTAL FLOW • 1549.42 gpm , 2.983 x 105 It day

0 1 1 1 111 1 1' ' ' ' ' ' " ' ' ' ' ' ' 'I' ' , ' ' , ' ' , ' '
0            5            10            15             20            25            30            35

FIGURE 8-4

PLOT SHOWING RESULTS OF EQUAL FLOW PROCEDURE
FOR TEST CIRCLE 1 (SINK) AND TEST CIRCLE 2 (SOURCE)

35

30 -

25 -

 %-2- 
20 -                                                                1

15 E                      1
»

C
-- -1 TEST CIRCLE 3

GPM
10-                                                                 '7

1.  130.44

2.-131. 79
1- 13Q 34
4.  131.14

5- 5. 3.58                   :

TOTAL FLOW . 3.03 gpm · 584 ft /day

0
'1,1 11t  1 t 11 I  11t 11 t 11

0                 5                 10                 15                  20                25                 30                35
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PLOT SHOWING RESULTS OF EQUAL FLOW PROCEDURE FOR TEST CIRCLE 3
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These two plots  show  for  each-circle the requested arc, pathline start-

ing locations, the flow exiting between pathline starting points, the loca-

2          tion of the center of the circle and the total flow exiting the arc requested.
The input parameters and resulting equally spaced flow locations for these

,'          three test circles are shown in Table 8-1.

In the second test case the Hanford 1974 average Q's were used and a

steady-state solution was obtained.  The results of this test are shown in

Figure 8-6.  The total 200-West and 200-East disposal rates were summed by

hand and compared to the results obtained from the computer calculated

methods.  As with Test Case 1, the Q's agreed to within 1%.

Since the test cases proved this method to be effective it was used to

determine the starting pathline location in the 200-East and 200-West Areas

for the Hanford study.  Figure 8-7 shows a plot illustrating the position of

the 200-West Area and 200-East Area pathline starting points and associated

area boundaries used in the Hanford Pathline Study.
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Hanford Pathline Calculational Program Interpolation Scheme
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APPENDIX C  -

b Hanford Pathlines Calculational Program Interpolation Scheme  ./'·,:

I.   When all four nodal values of the parameter to be interpola ted are >0

normal bilinear interpolation on rectangles is used.

II.  If only 2 nodal values are >0 the pathline or streamline is terminated.

III. If 3 nodal values exist linear interpolation on triangles is used if

the point to be interpolated lies within the triangle defined by the

nodal values which exist.

IV. The triangular interpolation formula for the parameter and the x and

y gradients of the parameter are:

VAL = VALl (1 -6-n) + VAL2 (E) + VAL3 (n)

3 VAL 9-6  +  VAL2  2&- = -VALl
3x 3X 3X

8.YAL  = -VALl 38 + VAL3 iII
BY ·3Y 3Y VAL3

DY Point to be
.- -* interpolated

n l

VALl  -
E         VAL2

'     DX     '

V.   For the four possible triangles that might exist Figure C-1

defines the variables for the formula in IV above.

.t

,,
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VAL3 Point (X,Y) within the triangle if a +B i l

(X3,Y3)
e. a = (X-Xl)/DX                                                                           7
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11   -   .  DY        '    4    -   -OX       ' 3 X DX ' DY   DY
0              VAL3
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FIGURE C-1                                            -
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DIAGRAM ILLUSTRATING THE INTERPOLATION FORMULA USED BY HPCP IN
CALCULATING VARIABLES AND GRADIENTS OF VARIABLES                          4
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APPENDIX D

Predicted Potential Plots for the 21 Year Hanford Pathline Study
for the Large Region as Well as the Two Small Regions

(200 West and 200 East)
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APPENDIX E

Plots of the Streamlines for the 200 West and 200 East Areas
Using the 1975, 1980, 1985, 1990 and 1995 Potential Surfaces

This Appendix Also Contains the Summary Data for These Streamlines

I.
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«-TABLE E-1

,*                          SUMMARY OF THE 200'WEST AREA STREAMLINE DATA
USING THE 1975 POTENTIAL SURFACE

Fl Path-Streamline Total Distance Total Time
Number in Ft in Days

1 112,630 33,410
2 111,834 29,810
3 111,362 34,220
4 110,935 44,300
5 112,048 68,780
6 15,043 19,900
7 17,239 25,660

Average Distance = 84,584
Average Time = 36,582

TABLE E-2

SUMMARY OF THE 200 WEST AREA STREAMLINE DATA                            s
USING THE 1980 POTENTIAL SURFACE

Path-Streamline Total Distance Total Time
Number in Ft in Days .

1 111,958 36,830
2 109,975 58,160
3 104,574 42,608
4 101,583 31,520
5 42,991 24,690
6 15,285 17,740
7 16,986 23,500

Average Distance = 71,907

Average Time = 33,588

6,
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TABLE:E·13.

SUMMARY OF THE 200 WEST AREA STREAMLINE DATA
USING THE 1985 POTENTIAL SURFACE

Path-Streamline Total Distance Total Time

Number in Ft in Days

1 106,284 57,980
2 104,750 49,610
3 99,244 29,360
4 97,120 61 ,130

5 46,551 22,970
6 36,718 35,920
7 17,715 23,770

Average Distance = 72,626

Average Time = 40,105

TABLE E-4

SUMMARY OF THE 200 WEST AREA STREAMLINE DATA
USING THE 1990 POTENTIAL SURFACE

Path-Streamline Total Distance Total Time
Number      -       in Ft in Days

1 115,691 59,240
2 100,358 38,000
3 98,119 32,150
4 99,325 45,740
5 84,028 89,930
6 70,672 51,310
7 17,462 26,200

Average Distance = 82,237
Average Time = 48,938

.J

6

-41
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TABLE E-5-,

SUMMARY OF THE 200 WEST AREA.STREAMLINE DATA

9                             USING THE 1995 POTENTIAL SURFACE

, Path-Streamline Total Distance Total Time
r Number in Ft in Days

1 105,712 60,500
2 104,369 55,550

3 100,554 43,490
4 98,303 32,330
5 102,977 48,440
6 71,795 54,010
7 17,590 28,540

Average Distance = 85,900

Average Time = 46,122

TABLE E-6
lt'.        .:'

SUMMARY OF THE 200 EAST STREAMLINE DATA
<

FOR STREAMLINES USING THE 1975 POTENTIAL SURFACE                          s

Path-Streamline Total Distance Total Time

Number in Ft in Days

1 46,983 8,110
2 53,977 13,420
3 28,657 6,130
4 32,016 18,020
5 99,225 41,230
6 95,255 33,040
7 82,195 38,800
8 77,076 23,410
9 75,072 21,070

10 68,847 47,620
11 54,043 52,840
12 45,380 9,910
13 41,710 7,570
14 38,187 10,000

Average Distance = 59,902
V. Average Time = 23,655

*
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TABL'EF_El-*f.9.:

SUMMARY OF THE;;2bbE*ST 'STREAMLINE DATA .
FOR STREAMLINES USING THE' 1·980 POTENTIAL SURFACE 9,
Path-Streamline Total Distance Total.Time                        -

Number in Ft in Days

1 ,15,982 1,630
2 53,664 12,430
3, 55,035 15,310
4 29,850 9,190
5 87,363 20,620
6 89,003 39,340
7 80,115 31,960
8 75,231 18,550
9 74,154 33,760

10 64,899 59,680
11 51,412 28,900
12                 44,387 10,360
13 41,600 8,110
14 38,438 9,820

Average Distance = 57,224
Average Time = 21,404

TABLE E-8

SUMMARY OF THE 200 EAST STREAMLINE DATA
FOR STREAMLINES USING THE 1985 POTENTIAL SURFACE

Path-Streamline Total Distance Total Time
Number in Ft in Days

1 13,472 1,720
2 45,295 20,980
3 52,358 15,760
4 31,879 12,880
5 84,659 56,170
6 83,129 22,780
7 77,040 23,680
8 74,961 22,600
9 74,461 37,000
10                 63,868            82,900
11 50,332 26,830                                                                    v

12 44,334 11,350
13 41,160 10,180
14 38,206 12,070                                                                            73

Average Distance = 55,368
Average Time = 25,492

1
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TABLE E-9

SUMMARY OF THE 200 EAST STREAMLINE DATA

                       FOR STREAMLINES USING THE 1990 POTENTIAL SURFACE

Path-Streamline Total Distance Total Time

(,* Number in Ft in Days

1 12,211 2,440
2 47,763 10,090
3 50,997 16,120
4 50,644 22,330
5 86,701 46,180
6 82,609 25,030
7 76,238 24,490
8 75,839 36,010
9 66,118 69,760

10 52,507 38,440
11 45,759 14,230
12 42,907 11,620
13 40,751 11,530
14 37,596 16,210

Average Distance = 54,903
Average Time = 24,605

TABLE E-10

SUMMARY OF THE 200 EAST STREAMLINE DATA
FOR STREAMLINES USING THE 1995 POTENTIAL SURFACE

Path-Streamline Total Distance Total Time
Number in Ft in Days

1 16,411 3,790
2 48,211 11,890
3 51,547 17,650
4 50,328 25,120
5 86,735 25,300
6 83,267 26,200
7 75,950 23,680
8 74,953 45,100
9 66,562 69,490

10 52,170 40,330
11 45,895 15,400
12 42,833 11,260
13 40,423 11,260
14                 37,333            17,920

Ty

Average Distance = 55,187
Average Time = 24,599

L.
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