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CorSTAR/TTS Project 6280
Quality Control Review
September 1, 1987

Benchmarking of Computer Codes
Quality Control Review

Document Reviewed:

"Benchmarking of Flow and Transport Codes for Licensing Assistance", May
1987, GeoTrans, Inc.

Programs Reviewed:

1. USGS3D
2. PORFLO
3. SWIFT

General Comments.

The documentation, as presented in the GeoTrans report, of the results of
benchmark testing of the three programs mentioned above, was reviewed. The
comments made on each of the test problems that were run, fall into the
following categories:

1. Comments on the formulation of the test problem and its ability to
meet the general objectives as stated in Benchmarking Problems for
Repository Siting Models' (NUREG/CR-3097, 1982).

2. Comments on the discussion of the accuracy of results and com-
parisons with other presented solutions.

3. Comments of an editorial nature, including apparent typographical
errors or inconsistencies in cross-referencing noted in the text.
or in the Tables and Figures.

In general, the organization and presentation of the problems and results
are well made. The theoretical background and problem formulation are
adequately and completely presented with appropriate references provided.

In the introductory section of the report, there are some inconsistencies bet-
ween the codes and problems listed in Table 1.1, the actual benchmark problems
reported, and the table of contents. For example, PORFLO problem 5.3 was not
solved, and CCC problems 5.2 and 5.3 do not appear in the table of contents.
Table 1.1 needs to be revised to reflect the set of problems actually solved.
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Comments on Program USGS3D

Problem 3.2 -- TRANSIENT RADIAL FLOW TO A FULLY PENETRATING WELL IN A LEAKY
AQUIFER SYSTEM.

1. The theoretical development of the problem is adequately presented.

2. Model discretization is appropriate. Considerations of contrast
in discretization at layer interface, different discretizations
for short-term and long-term solution, use of 'adjusted time'
scale for long-term solution which ignores the effect of storage
in the aquitard, were found to be adequately treated.

3. The physical parameters chosen (on p. 16) are not the ones sugges-
ted in NUREG/CR-3097, and no explanation for the variance is
given. Many of the parameters chosen, such as aquitard thickness,
hydraulic conductivity of the aquitard, well discharge Q, and
distance at which drawdown is computed, are different from the
values suggested in the NUREG. An explanation should be provided.

4. If conforming to the NUREG values was not essential for the
benchmark, a test problem with r - lOOm , and time steps in
multiples of 125 sec (with other parameters the same as run),
would have been a very convenient case to run, since it can be
compared with H(u,B) values taken directly from Hantush(1960),
without any interpolation.

5. The time intervals for computation (on p. 19) do not agree with
those recorded in Tables 2.1a and 2.1b. The differences should
be reconciled.

6. Equation at the bottom of p. 14 should read:

u'-(1 1 + S'/3S ) u

Problem 3.3 -- FLOW TO A FULLY PENETRATING WELL IN AN ANISOTROPIC CONFINED
AQUIFER.

1. The problem discretization, both spatially and temporally, appears
adequate. Results for drawdown versus time compare well with
analytical solution.

2. The example problem considers the special case of anisotropic
transmissivity along principal axes i.e. with Txy - 0 . A more
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general benchmark test of the program would have been to run a
case with Txy > , provided the program has this capability.

3. The drawdown distribution along X and Y axes (Fig. 2.6, and Table
2.3 ) appear reasonable. However, analytical values using well
function tables could have been calculated to obtain a more convinc-
ing quantitative comparison.

4. In Table 2.3 the value of drawdown at x - 100 m , given as 6.01 m
should be reconciled with the corresponding result given in Table
2.2 which is 6.10 m . ( One of these values is presumably a typo-
graphical error ).

Problem 3.4 -- AREAL FLOW IN MUSQUODOBOIT RIVER BASIN.

1. The spatial and temporal discretization appear to be adequate,
and the results are in generally good agreement.

2. In Fig. 2.13, comparison with field data appears much too cluttered
because numerous analysis results are superimposed, and graphical
symbols used are all very similar. It is suggested that only a
comparison of USGS3D results and field data be presented in this
figure, and a separate figure be used to USGS3D compare results
with SWIFT results.

3. The variations between computed and field data seem larger in the
initial periods. An explanation or comment on this should be
included in the discussion of results.

4. In Fig. 2.15, the results computed with and without river discharge
cannot be distinguished clearly because of the similarity of plot
symbols.

Problem 3.5 -- THREE-DIMENSIONAL FLOW IN A HYPOTHETICAL BASALT REPOSITORY.

1. In describing the discretization data there is no mention of ap-
proximating the hypothetical basin, including inclined aquifers,
by an orthogonal block or grid. If the approximation is considered
not significant to the benchmarking, this should be stated.

2. For discussion of results with reference to Fig. 2.21 and 2.22, it
it would help the reader if some frame of reference was provided
on the figures. Suggestions are to superimpose the coordinate
axes, show a North arrow, and possibly indicate the boundaries
that correspond to the crush zone, the recharge area, and the river.
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Comments on Program PORFLO

Problem 3.2 -- FLOW TO WELL IN A LEAKY AQUIFER SYSTEM.

1. In Fig. 3.1, providing only the results from PORFLO compared with
the analytical solution would allow an uncluttered comparison, and
would be consistent with the discussion in paragraph 3.2.3.

Problem 3.3 -- FULLY PENETRATING WELL IN A HORIZONTAL ANISOTROPIC AQUIFER.

1. The discussion of results (section 3.3.3) compares PORFLO results
with USGS3D results. First, it is unnecessary to compare Fig. 3.2
with Fig. 2.5 , since both PORFLO and USGS3D results are shown in
Fig. 3.2 itself. Second, the explanation for the poorer accuracy
of PORFLO, based on the differences in time-stepping techniques,
appears to be the predominant factor. However, the approximation
involved in running PORFLO with equivalent isotropic transmissivity
(using the geometric mean of the orthogonal transmissivities), and
adjusting time scale factors to present equivalent anisotropic'
results should be noted as an additional factor in the comparison
of accuracy.

2. Fig. 3.2 should be moved to follow the discussion of results of
problem 3.3, i.e., after p. 61 .

Problem 5.1a -- RADIAL HEAT TRANSPORT DURING WELL INJECTION.

1. For this problem, both the radial grid refinement and the two
different vertical grid refinements for the case with and without
boundary thermal conduction, were selected to obtain good agreement
with the analytical solutions. It was also demonstrated by com-
parison with analytical solution that the time discretization was
adequate to get stable solutions.

2. Fig. 3.4 and Fig. 3.5 show results obtained using program CCC in
addition to PORFLO results and analytical solutions. However, no
discussion or comparison with CCC results are made. Such com-
parisons would have been helpful, particularly with respect to
relative time intervals and computer run times required to obtain
the more accurate solutions with CCC. If these discussions are
deferred to the section of the report on CCC (which we are not
reviewing), then the Figs. 3.4 and 3.5 need not show the CCC
results.
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Problem 5.1b -- LINEAR HEAT TRANSPORT DURING INJECTION.

1. There is no discussion of the CCC results presented in Fig. 3.7 and
Fig. 3.8 . It might, therefore, be best to eliminate these results
from these figures so that the four PORFLO cases can be compared
without the additional clutter.

2. In explaining the accuracy of solutions for the various cases shown
in Fig. 3.8, there may be some inconsistencies in the discussion in
Section 3.5.3 (on p. 77a). Firstly, it is not clear that the
disagreement for case I is generally greater than case 2.
Secondly, the explanation for the disagreement for case 1 is not
consistent with the previous discussion of the radial heat transport
results, shown in Fig. 3.7, in which an explanation is provided
for case 1 results (with heat conduction) being better simulated
by the program.

3. The equation for initial condition, Eq. (3.8b) on p. 72 should be
corrected to: u(O,O,t) - 1 .

4. Equations (3.10b) and (3.l0c) on p. 74a were in draft form. These
need to checked and finalized.

5. All the figures and tables in this section should refer to problem
5.1b and not 5.la as shown at present.

6. Fig. 3.9 does not belong to this problem. This figure is a dupli-
cate of Fig. 3.5, which belongs to problem 5.1a. The figure and
reference to it on p. 79a, second para, should be deleted.

7. In Table 3.10 the vertical discretization should be shown as z-
coordinates to be consistent with Table 3.5 and the discussion of
the problem statement in Section 3.5.1 .

Problem 5.2 -- HEAT TRANSPORT BETWEEN INJECTION AND WITHDRAWAL WELLS.

1. It appears from the assumptions and limitations stated in Section
3.6.4 , that the benchmark problem 5.2 is not a suitable problem
to test the capabilities of PORFLO, or conversely PORFLO does not
have the capabilities to meet the objectives as given in NUREG/CR-
3097 for solving problem 5.2 . The reasons for this are:

a. The problem needs a three-dimensional simulation, but the
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program is restricted to two-dimensional for the heat
conduction effect.

b. The zero-conductivity boundary within the aquifer has to
be approximated by a small value in PORFLO.

c. Only one of four cases suggested by the NUREG could be
simulated, and even this was only an approximate match
for the case of L - 300.

d. The PORFLO solution scheme is unable to predict stable
results using time-steps which are computationally
feasible. It is suggested that an explicit concluding
statement be inserted in the discussion of results in
Section 3.6.4 that this problem is unsuitable for PORFLO.

2. In Section 3.6.3, the discussion of grid representation uses the
phrase "upper half of the flow region". This suggests a vertical
division and is thus slightly confusing. It might be better to
say "one half of the flow region' in this paragraph and in the title
of Fig. 3.12.

3. Fig. 3.13 does not show the analytical curve for the case of
infinite lambda-D, and therefore the discussion in Section 3.6.3,
second paragraph, is not consistent with the presented data.
Either the figure or the discussion should be revised.

4. In Table 3.13 the units for 'Specific volume heat capacity' should
be: BTU/(ft .OF).

5. Some corrections on page 81 are marked on the attached copy of this
sheet.

Problem 8.1 -- ONE-DIMENSIONAL RADIONUCLIDE MIGRATION WITH CHAIN DECAY AND
CONSTANT MIGRATION FACTORS.

1. It is noted that for this problem results are presented with only
a brief discussion. It would be helpful to provide some elabora-
tion on the comparison of these results with analytical results
and/or results using other codes.

2. Some discussion or recommendation on the application of this code
for problems of this nature should be provided, citing the ad-
vantages of using this code for a specific application despite its
limitations; for example, obtaining approximate breakthrough
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curves for the slowest decaying component at comparatively low
computational cost.

3. In Tables 3.19a through 3.19h, there is inconsistency in the
exponent of C MAX values as compared with the maximum values In
Table 3.18.

4. In Tables 3.19a through 3.19h it would be helpful to clarify that
the BENCHMARK CASE: 1 referred to is an INTRACOIN case.

Problem 8.2 -- TWO-DIMENSIONAL RADIONUCLIDE MIGRATION WITH CHAIN DECAY.

1. In Section 3.8.2, the discussion of grid representation uses the
phrase 'upper half of the flow region'. This suggests a vertical
division and is thus slightly confusing. It might be better to say
'one half of the flow region" in this paragraph and in the title
of Fig. 3.18, and Table 3.22.

2. The left hand side of Equation (3.22b) should be Fr(Ot), similar
to Eq. (3.18b) in Problem 8.1.

3. There is an inconsistency in the units for Concentration between
Fig. 3.20 and Table 3.23.

4. There are no other substantive comments on this problem. The
development of the problem, model parameters used in PORFLO, and
comparison of results appear satisfactory.

Problem 8.3 -- ONE-DIMENSIONAL RADIONUCLIDE MIGRATION WITH CHAIN DECAY.

1. The formulation of this problem on PORFLO with spatial discretiza-
tion as selected, and the two different temporal discretizations
for the two cases with differing retardation factors, gives
generally satisfactory predictions for breakthrough curves.

2. It would be informative to mention in Section 3.9.3 that PORFLO
predicts a lower value for time of occurence of peak concentration
compared to other codes.

3. Can an explanation be offered for the better match for case I
than for case 2, using PORFLO ?

4. In Tables 3.26a and 3.26b, it would helpful to clarify that the
BENCHMARK CASE: 2 referred to is an INTRACOIN case.
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Problem 9.1 -- ONE-DIMENSIONAL ADVECTION-DISPERSION IN A FRACTURED POROUS
MEDIA.

No comments. It appears from the simulation results obtained that the
PORFLO code is not suitable for this problem.
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Comments on Program SWIFT

Problem 3.2 -- FLOW TO A WELL IN A LEAKY AQUIFER SYSTEM.

1. Given the choice of aquifer boundary at a large radius compared to
the distance of observation, the effect on the results of the
Carter-Tracy option is probably minimal. Was any attempt made to
observe the effect of this boundary by applying it at a smaller
radius ?

2. Fig. 4.2 appears very cluttered with results from numerous programs
superimposed. It would be helpful to present results for only the
SWIFT code for comparison with the analytical results.

Problem 3.4 -- AREAL FLOW IN MUSQUODOBOIT RIVER BASIN.

1. Spatial and temporal discretization appear adequate for comparable
accuracy of results with USGS3D results.

2. Fig. 4.4 displays too much data to permit distinguishing between
results obtained by the different programs and cases. See also
comment no. 2 on USGS3D Problem 3.4.

3. In the discussion of the results some explanation should be added
for the not-so-good correlation with the reference solution during
the first 100 minutes.

4. Can any general conclusion be drawn regarding the overprediction
of drawdown by both USGS3D and SWIFT, particularly SWIFT, for wells
1 and 2, as seen in Fig. 4.5. ?

Problem 3.5 -- THREE-DIMENSIONAL FLOW NEAR A HYPOTHETICAL BASALT REPOSITORY.

1. Section 4.4.1 and 4.4.2 should refer back to Section 2.5 (not 2.4).

2. Some comment should be provided on approximating inclined aquifers
by vertical layers in the simulaiton grid. See also comment no.
I on USGS3D Problem 3.5.

3. Contour plots of hydraulic head (Figs. 4.6 and 4.7) agree generally
well with those obtained from USGS3D. Can these be plotted to
identical scales so that they might be superimposed for comparison?
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4. Some
help

Problem 3.6 --

reference axes should be provided on Figs. 4.6 and 4.7 to
orient the reader. See comment no. 2 on USGS3D Problem 3.5.
TWO-DIMENSIONAL FLOW NEAR A HYPOTHETICAL BEDDED SALT REPOSI-
TORY.

1. Model spatial discretization (250m horizontal by 50m vertical) seem
adequate and consistent with other problems solved by SWIFT.

2. For this problem no comparable results from other programs were
available. Any validation checks that were performed to increase
the confidence in the results should be discussed in Section 4.5.4.

Problem 5.2 -- HEAT TANSPORT BETWEEN INJECTION AND WITHDRAWAL WELLS.

1. In the discussion of simulation results (Section 4.6.4), It would
be helpful, if possible, to give some quantitative comparisons
between SWIFT results and those of the analytical solution.

2. A qualitative discussion of the relative effort involved in data
preparation for the rectangular and curvilinear models e.g.precal-
culation of pore volumes for each grid block for SWIFT, may be
helpful in emphasizing the effort required to get more accurate
results using the curvilinear model.

3. On Fig. 4.17, the quantities 'Dimensionless Temperature' and 'Dimen-
sionless Time" are not defined in the related section. Either the
definitions should be provided, or reference should be made to Fig.
3.11 which is for PORFLO Problem 5.2.

4. Some typographical corrections on pages 174 and 175 are marked on
attached copies of these sheets.

Problem 5.3 -- FLOW AND HEAT TRANSPORT INDUCED BY A DECAYING SOURCE IN A
HYPOTHETICAL BASALT REPOSITORY.

1. For this problem, taking a two-dimensional approach may be a good
engineering solution but does not meet the objectives of this
benchmark problem, as stated in NUREG/CR-3097, to exercise all
segments of the code logic needed to simulate buoyancy induced
three-dimensional transient and fluid flow.

2. In Section 4.7.3, the discussion of the validity of the 2-D approach
states that at 1000 years the repository is 100C higher. A more
realistic measure of the accuracy might have been obtained by

10



CorSTAR/TTS Project 6280
Quality Control Review
September 1, 1987

stating that the difference was 100C in a total of 80C, or 12.5%.

3. For temperature contours shown on p. 199-201, comparisons with
other programs e.g. CCC, should have been provided, if possible,
to validate the accuracy of SWIFT, and the 2-D assumption along a
selected inclined plane. Similarly, Darcy velocities should also
have been compared to satisfy the output requirements in the
NUREG.

4. In Table 4.23, the value for thermal conductivity for Aquifers 1
and 2, are not in agreement with that specified in NUREG/CR-3097,
p. 70, but appears to be the more reasonable value. Please verify.

5. On p. 197, the discusssion on the time after which the velocities
near the repository begin to decrease should be 1 year rather than
10 years, referring to Fig. 4.24 for loacations A and B.

6. Some typographical corrections on p. 186 are marked on the attached
copy.

7. In Fig. 4.24, the logarithmic scale markings along the two un-
labeled edges of the figure are on a reciprocal scale compared to
the Time and Velocity axes. This is probably unintended.

Problem 7.1 -- COUPLED FLUID FLOW, SOLUTE TRANSPORT, AND HEAT TRANSPORT
NEAR A HYPOTHETICAL BEDDED-SALT REPOSITORY.

1. Discussion of simulation of results in Section 4.8.4 on p. 212
provides a qualitative result for the distribution of overall
salinity during the 1000-yr period. Since the output specifica-
tion for Problem 7.1 (NUREG/CR-3097, p. 86), requires salt con-
centration as a function of time at six specific locations, a
more quantitative result would have been appropriate.

2. The NUREG requires two components of ground velocity at six
locations as a function of time. The results presented in Table
4.33 are for only the vertical component of velocity for locations
A and E. For the other components and locations, either the
computed results should have been presented, or some explanation
for not presenting this information should have been given.

3. It is noted that for this problem the results are not compared with
any other solution, nor is any discussion provided on the accuracy
of the results. Can some comparisons or discussion be provided in
the text to increase confidence in these results ?
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4. In Table 4.28, should the value for Thermal Conductivity of the
Rubble Zone have been 20 W/(m-OC), as given on p. 73 of the NUREG?
What value was actually used in SWIFT ?

5. Some typographical corrections on pages 207, 211, and 212, are
shown on attached copies of these sheets.

Problem 8.2 -- TWO-DIMENSIONAL RADIONUCLIDE MIGRATION WITH CHAIN DECAY AND
CONSTANT RETARDATION FACTORS AND DISPERSIVITY

1. Selection of boundaries of the model at x x and y yl does not
have any supporting material to show that the target line concentra-
tions are not influenced. Parametric studies or other arguments
that were used to justify the selection of these boundary positions
should be presented.

2. The discussion of simulation results notes, correctly, that use of
curvilinear simulation is advantageous with respect to computer
efficiency. It might be informative to mention, however, that the
effort of input preparation e.g. calculation of pore volumes, is
somewhat more for this case.

3. For results in the form of release rates across the target line,
it should be mentioned that twice the tabular values (Table 4.40),
should be used for comparison, since symmetry about the x-axis was
employed. Also, reference should be made to comparison of results
with other codes e.g. NUTRAN.

4. Some typographical corrections on pages 216, 220, 222, 224, 228,
229, and 230 are shown on attached copies of these sheets.

5. Tables 4.40 through 4.48 which present results, appear to be
copies of pages from some other report, and therefore need to be
be given correct Table numbers and paginated. Copies of these
pages are attached.

Problem 8.4 -- TRANSPORT OF A THREE-MEMBER CHAIN OF RADIONUCLIDES FROM A
HYPOTHETICAL BASALT REPOSITORY

1. It was assumed, for this problem solution, that the radionuclide
transport is one-dimensional following the basic streamline and
neglecting lateral dispersion. Regardless of the accuracy of this
assumption, the objective of this benchmark problem as stated in
NUREG/CR-3097 was to test the capacity of the code to simulate

12



CorSTAR/TTS Project 6280
Quality Control Review
September 1, 1987

transport in a three-dimensional flow field. By reducing the
problem to considering only one streamline, the capacity of the
program to simulate three-dimensional transport is not checked.

2. In the streamline considered only Aquifer 1 is contaminated as seen
in Fig. 4.32, but the NUREG (p. 70 and p. 97) requires that changes
be made to parameters to ensure that both aquifers are contaminated.

3. The results have not been compared with those of other programs,
and therefore the accuracy of the predictions are not evident.

4. Since only a single streamline has been considered, the discharge
rate per unit length along the river as a function of position
cannot be given, though this was required by the NUREG output
specification (p. 97). Some explanation for not addressing the
objectives stated in the NUREG should be provided.

5. On p. 236, transverse dispersion is assumed to be 10 percent of
longitudinal. However, for SWIFT Problem 5.3, in Table 4.23 a
value of 20 percent is used for transverse. Do these two cases
need to be consistent?

6. In Table 4.49, the Retardation factors for Basalt are all given as

1. Based on NUREG/CR-3097, p. 96, and Table A-2 1 .134, Retarda-
tion Factors for Basalt should be 300 for 4U 20,000 for
230Th, and 10,000 for 226Ra. What values were actually used
in SWIFT ?

7. Some typographical corrections on pages 233, 235, and 236 are
marked on attached copies of these sheets.
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ATTACHMENT

COPIES OF GEOTRANS REPORT PAGES HARKED
WITH TYPOGRAPHICAL CORRECTIONS
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previously.
The initial and boundary conditions may be represented by



Figure 4.15. Schematic drawings of typical grid blocks in
Cartesian and curvilinear geometries for use with
SWIFT and problem 5.2.
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Here is the porosity, and the quantities h are the scale factors

(See the discussion of Margenau and Murphy (1956) on bipolar coordi-

nates for a derivation of these scale factors.) Table 4.17 contains

the pore volume of each grid block. These values were precalculated
using equations (4.14 and 4.15) and then inserted directly into the
code.

Fluid flow U is calculated by the code. It is directed along a

streamline and is constant for a given stream tube All. Darcy flux is

obtained for the output and for the calculation of dispersion. It

should be determined as follows:



4.7 PROBLEM 5.3: FLOW AND ASSOCIATED HEAT TRANSPORT INDUCED BY A

DECAYING SOURCE IN A HYPOTHETICAL BASALT REPOSITORY

o to determine temperature contours, in vertical cross-section,

for the times t = 10, 100, and 1000 yr, and

o to determine Darcy velocities at the four points shown in

Figure 4.20.

4.7.2 Input Specifications
Initially the temperature is assumed to be uniformly constant T -

20'C) over the entire system. The thermal loading values given in

Table 4.22 provide the heat source with the thermal properties of Table

4.23, determing the heat transport. The hydraulic conductivity is
provided in able 2 Water dependent properties are.provided in

Table 4.24.
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For the second step, the system was observed (via computer

simulation) as it evolved transiently under the influence of the

thermal source. Here, both the Darcy velocity at the repository and

the rate of dissolution of the intact salt bed are of interest. The
latter, of course, is controlled by diffusion and is of importance in

analyzing the stability of the remaining portion of the salt bed.
Discretization. Spatially, the disturbed system was simulated

with the same 28 x 20 grid as that used for the undisturbed system (see
Figure 4.11). Temporally, the grid of Table 4.31 was employed.
Backward differencing was applied in both space and time domains.

4.8.4 Simulation Results

To implement the first part of the two-step procedure discussed

above, a steady-state solution for coupled flow and brine transport was

obtained for the disturbed system. The flow rates obtained for the

sandstones were not significantly different from those of the

undisturbed system (Figure-4.12). However, for the rubble zone, the

flows generally exhibited a U-tube structure as shown by the stream

lines of Figure 4.25. At Position E, within the repository, the Darcy

velocity was directed upward rather than downward as in the undisturbed

case, with a magnitude three times grea than for the undisturbed

case. The concentration isopleths Figure 4.25 focused about the

two intact zones of the salt, as expected However the concentration

at the river did show a decrease of 21 percent relative to that of the
undisturbed system. Perhaps the most significant effect of the rubble

zone was a decrease in travel time. For the undisturbed case over 200

million years was required for a fluid particle to travel from

repository to river. After rubblization time required, although

variable, was decreased substantially. Travel times ranged from one to

50 thousand years depending on the point of release (Table 4.32). (See

Table 4.31 and Figure 4.25 for added specificity.)

To implement the second step, heat loading was added to the

repository. Then a transient pressure, heat and brine-transport

calculation was performed using the step one steady-state result as an

207



Table 4.32. Fluid-particle travel times from repository to.
river calculated using SWIFT for problem 7.1.

Streamline* Travel Time

A 5140
B 1740
C 1205
D 6180
E 1230
F 47410
G 52 00

H 5260
1 4690
J 5010
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initial condition on the system. Figure 4 shows the growth of one

isotherm as a function of time. At the earlier times, the isotherm is

symmetric, indicating the dominant role of thermal conduction through

the rock. At the later times, however, the isotherm shows some

convection in that its shape is modified by the flow field within the

rubble zone. The U-shape of the flow field is maintained through the

transient response to the change in temperature and is basically the

same as that shown in Figure 4.27 However, the magnitudes of the
Darcy velocity at Positions A and E within the repository do vary with
time as given in Table 4.33. The velocity at point E is increased as a
result of the heat, sometimes by as much as a factor of two.

The thermal loading in the repository produces little change in
the overall salinity distribution during the 1000-year time period
(Figure 4.27). In contrast to the undisturbed system, there is
approximately 30 percent less salt available for dissolution (38 versus
54 blocks, 250 m x 50 m) because of the presence of the rubble zone.
In the disturbed system (with the rubble zone), the steady-state
dissolution rate is only 21.3 percent less. In other words, for the
case where rubble zone is included, although additional area is
available for dissolution, the total rate of salt dissolution is less.
This is expected because the steady-state rate of dissolution for this
problem is strongly related to the molecular diffusion and
concentration gradients in the vicinity of the salt. This observation
is also true for the transient results. The variation in the rate of
dissolutioning in the presence of the thermal load was calculated to be
less than one percent.

The discharge of saline water to the river was not found to vary
significantly from the steady-state rate (Figure 4.28). The rate did
decrease to a minimum rate after approximately 600 years. The effect
is a delayed response of the thermal plume rising in the rubble zone.
After one thousand years the thermal gradients have dissipated
significantly, thus velocities and brine discharge rates begin to
return slowly to steady-state values.
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4.9 PROBLEM 8.2: TWO-DIMENSIONAL RADIONUCLIDE MIGRATION BETWEEN

INJECTION AND WITHDRAWAL WELLS WITH CHAIN DECAY AND CONSTANT

RETARDATION FACTORS AND DISPERSIVITY

4.9.1 Problem Statement and Objectives

This problem, which is also known as INTRACOIN Case 4b (INTRACOIN,

1984), is defined in Section 3.6.

4.9.2 Input Specification
Table 3.14 of Section 3.6 provides geometrical and transport

parameters. (Table 3.10 of Section 3.6 specifies the radionuclide
inventory 1 and the retardation set R2 which are to be used.

4.9.3 Discretization Data
Because of the nature of the doublet flow field, a finite-

difference solution of the radionuclide transport on a rectangular
Cartesian grid may exhibit grid-orientation effects. This is a
numerical dispersion lateral to the flow lines attributable to the
orientation of the grid. Consequently, the decision was made here to
use both Cartesian and natural, curvilinear coordinates. The latter
take the actual potential contours and streamlines of the doublet flow
field as coordinate axes and, as such, cause no grid-orientation
effects. As an added benefit, simulation in both systems of
coordinates provided an excellent demonstration efficiency of
curvilinear coordinates as compared to Cartesian coordinates.

Cartesian-Grids. The partial system shown in Figure 4.29 was
chosen for the simulation in a Cartesian geometry. The two lines of
symmetry would permit solution of only one fourth of the two-well flow
system. However, the objective is to determine radionuclide transport
and, more specifically, to characterize breakthrough at the target line
x = 0. A half-system boundary x x shown in Figure 4.29 was placed
at a sufficient distance to the right of the centerline that the
convective boundary condition
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were reproduced by the numeric flow field to within a few percent.
Secondly, the mesh in the x direction between source and target ines

was constructed in such a manner that the analytic source-to-target

travel time for the streamline y = 0 was reproduced to within a few

tenths of a percent. Thirdly, the remaining grid in the y direction

was fixed so as to characterize the source streamtube and neighboring

streamtubes which might reasonably be expected to carry laterally

dispersed constituents to the target line during the time period to be

considered.

The time grid was established by considering grid-block throughput

times for the most direct streamline along the line y = 0. Within the

time regime that radionuclide fronts are within the near vicinity of

the source, throughput travel times are relatively short and backward-

in-time (BIT) differencing is the least restrictive (see Reeves et al.,

1986b). For the time regime during which radionuclide fronts are a
sufficient distance from the source (and the injection well),

throughput times are relatively long, and centered-in-time (CIT)

differencing is the least restrictive. Based on these considerations

the temporal grid of Table 4.35 was adopted.

Curvilinear Grids. The partial system shown in Figure 4.30a was

chosen for the simulation in a curvilinear geometry. As shown, th

system is confined to the region

For the dimensionless potential coordinate the lowe bound was
determined by the position of the source, i.e., the gr block

was centered about the source, as shown in Figure .30, The upper

bound 1 was then chosen using the same consideration transport

boundary conditions as that used in fixing the right-hand boundary

x = x for the Cartesian case. For the dimensionless streamline

coordinate the upper bound are fixed at the line of symmetry.

The lower bound then was chosen by considering the largest

streamline travel time which might contribute significantly to the

radionuclide breakthrough at the target line.
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Curvilinear coordinate geometry of flow region used
in SWIFT for problem 8.2.

Figure 4.30a.



To simulate the flow system, the specified injection strength Q
was partitioned among the individual streamtubes via Q&E/2x . These

injection rates were then applied at the boundary To remove

these flows, equal rates were then applied at the boundary

Since theoretically there can be no lateral flow across streamtube

boundaries, no-flow conditions were prescribed along the boundaries

and

Spatially, the curvilinear system was discretized by the grid

defined in Table 4.36. Darcy velocities from source to target line are
maintained automatically at their analytic values in the curvilinear

system. Thus, only two criteria were considered for the

discretization. First, a spatial resolution of one percent or less was
adopted for the source relative to the source-to-target disance.

Secondly, the maximum length for a streamtube segment

was selected, where

A factor-of-two violation of the centered-in-space (CIS) (i.e., Peclet
number) criterion (Lantz, 1971; Reeves et a1., 1986b) was therefore

permitted for the outermost streamtube AE, in the vicinity of the

target line.
n fixing the AE discretization, the resolution of the expected

breakthrough profile was considered just as in the case of the
Cartesian grid. Here, however, it was unnecessary to consider an

additional refinement in the vicinity of the injection well since this

is done automatically in curvilinear coordinates. Due to the fact that

the chosen curvilinear coordinates are specially adapted to the two-

well flow field, only 17 x 8 (136) grid blocks were required as

compared to 50 x 18 (900) grid blocks for the Cartesian grid.



Table 4.38. Pore volumes used in SWIFT for problem 8.2.



Table 4.39. Darcy velocity throughout area modifiers used in
SWIFT for problem 8.2.



Figure 4.31. Target-line profiles of 234U at times of maximum

discharge for Cartesian and curvilinear simulations

of problem 8.2 using SWIFT.
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BENCHMARK CASE :
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BEN CHM ARK CASE : 4B
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Breakthrough Tabulations for the Curvilinear Simulation..

BENCHMARK CASE : 4B

CODE : SWIFT-I1



.

BENCHMARK CASE : 49

CODE : SWIFT-11



Target-Line Distribution of 234U at T(MAX) a 108,500 y
for the Cartesian Simulation:



-
Target-Line Distribution of 230Th at T(MAX) = 150,000 y

for the Cartesian Simulation.



Target-Line Distribution of 226Ra at T(MAX) = 140.000 y
for the Cartesian Simulation.



Target-Line Distribution of 234U at T(MAX) = 95,000 y

for the Curvilinear Simulation.



Target-Line Distribution of 230 Th at T(MAX) = 140,000 y

for the Curvilinear Simulation.



Target-Line Distribution of 226Ra at.T(MAX) = 133,330 y

for the Curvilinear Simulation.



4.10 PROBLEM 8.4: TRANSPORT OF A THREE-MEMBER CHAIN OF RADIONUCLIDES

FROM A HYPOTHETICAL BASALT REPOSITORY

4.10.1 Problem Statement and Objectives

The physical system is the same as tha of problem 3.5 Insofar

as the flow is concerned, there are several important unit of the

system, all of which are shown in Figure 2 throug 2 They

include two aquifers separated by an aquitard, zones of recharge and
high permeability caused by the uplift of ridges, an ancient river bed

and a river. All of these features influence the flow within the

entire basalt basin.

Within this hypothetical system, a repository is located as shown
in Figures 4.I8 nd 4.19. The heat generated influences the flow

field, particularly within the immediate vicinity of the repository.

As discussed in Section 4.7, the presence of the heat significantly

enhances the upwardly directed Darcy velocities passing through the

repository. Based on simulations extending beyond 10,000 years, it was

found that these velocities return effectively to their isothermal

values after 725,000 years.

The objective of this problem is to follow the movement of a

three-member actinide chain as it is transported from repository to

river by the nonisothermal, transient flow field. The desired output

is the breakthrough of each species at the river.



4

r

Table 4.50. Dispersivity and porosity values used in SWIFT for
problem 8.4.



four corners of the repository were obtained and travel times from

repository to river were evaluated. The smearing resulting from this

effect was found to be negligible comparison to the longitudinal

dispersion prescribed in Tabl Secondly, transverse dispersion,

assumed to be 10 percent of longitudinal dispersion, was examined.

Since the river serves as a lateral integrator for the breakthrough,

there was concern that material would be dispersed laterally to a

streamline with a substantially different travel time from that of the

basic path. Thus lateral dispersion is negligible. Thirdly, and

finally, dimensional effects arising from the thermal plume (see Figure

4.22) were also considered. These appeared to be negligible. Thus the

radionuclide transport was assumed to be one-dimensional following the

basic streamline of the repository center.

The one-dimensional system adopted for this simulation is shown in

Figure 4.32. As indicated, it consists of nine separate legs, one for

each velocity zone within the basic streamline. To establish the

desired interstitial velocities within the upper aquifer, an injection

well is used, and the cross-sectional areas of the various legs are

adjusted. Table 4.51 provides the details. To establish the flow

within the aquitard, an injection well is also used. Here, however, in

order to characterize thermal effects, the velocity is varied in

accordance with the averages curve generated for problem 5.3 (see

Figure 4.24). Table 4.52 provides the injection schedule. A constant

pressure (p - 0) is imposed at the river boundary, and the individual

legs are gridded as shown in Table 4.53.

4.10.4 Simulation Results

Two breakthrough curves were determined, one for the nonisothermal

case and, for comparison, one for the isothermal case. For the latter

the Darcy velocity in the aquitard was fixed at u, = 2.78 x 10-6 m/yr.

Otherwise the two simulations were identical. The two breakthrough

curves are summarized in Table 4.54 and tabulated in Table 4.55 and

4.56. The heat source produces an earlier breakthrough (by roughly 10

percent) and a reduced maximum (by roughly 10 percent).
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