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The Dry Cell Problem: Simulation of Solute Transport with MT3DMS Vivek Bedekar, Matthew Tonkin S. S. Papadopulos and Associates, [email protected]; [email protected] Bethesda, MD 20814, USA



ABSTRACT The transport simulator MT3DMS was designed to be compatible with the flow simulator MODFLOW and its various versions. For standard versions of these codes, a cell is deactivated when the calculated head is below the bottom of the cell. Recent advances in MODFLOW do not require deactivation of these “dry” cells. However, without suitable modification, MT3DMS sets the flow entering and leaving “dry” cells to zero: as a result, local flow balance errors can arise when MT3DMS is used with versions of MODFLOW that keep “dry” cells active, leading to erroneous results in adjacent cells. Two options have been added to MT3DMS to handle contaminant transport in the presence of “dry” cells. Option 1 prevents zeroing (elimination) of flow terms for “dry” cells, allowing solute to leave the system and thereby avoid mass accumulation. This option is useful if an insignificant amount of mass is expected in “dry” cells. Option 2 tracks the mass transported into “dry” cells, and a blended concentration based on all mass entering the “dry” cell is calculated. Solute is allowed to reenter the active domain assuming instantaneous mass migration. The amount of mass movement into/through “dry” cells is reported to the global output file as part of the mass balance summary. INTRODUCTION MT3DMS is a multi-species three-dimensional groundwater contaminant transport simulator (Zheng, 2010). MT3DMS was designed to be compatible with MODFLOW and its various versions (Harbaugh, 2005). MODFLOW is a groundwater flow simulator that provides the flow field needed by MT3DMS to compute the fate and transport of solutes in groundwater. The standard versions of MODFLOW deactivate model cells that become dry during a simulation. A model cell is determined as a dry cell when the head within that cell is below the bottom elevation of the cell. During a simulation, MT3DMS also determines a model cell as dry on the basis of its head value relative to the model bottom elevation. MT3DMS then sets all the flow terms into and out of these dry cells to zero. This approach works well with standard versions of MODFLOW since dry cells are deactivated and the calculated flow terms into and out of dry cells in MODFLOW are zero as it is. With recent advances in MODFLOW, there are several approaches available that allow dry model cells to remain active (Bedekar et al. 2011, under review). As a result, flow into and out of dry cells can be simulated and that flow contributes to the flow balance of the solution. Figure 1 shows a schematic illustrating the circumstances under which flow may occur via a dry cell that remains active in a simulation. When MT3DMS is used for transport simulations using one of the versions of MODFLOW that keep dry cells active, setting the flow terms to/from dry cells to zero can create local flow balance errors. The flow balance error can cause erroneous concentrations in model cells adjacent to the dry cells as demonstrated in an example below. Modifications were made to MT3DMS to provide two options to deal with this issue of dry cells in transport simulations as discussed in the following section. The use of the Figure 1. Schematic illustrating flow through two new options is also illustrated with the example a dry cell in a finite difference grid shown below.



SOLUTION OPTIONS Two options were added in MT3DMS to deal with the flow and associated transport into and out of dry cells: 1. Option 1 maintains flow into dry cells and accounts for mass that enters dry cells. This option only permits mass to enter the dry cells but does not allow the mass to reenter the system. 2. Option 2 maintains flow into dry cells and at the same time also allows the mass to reenter the system via dry cells assuming instantaneous mass transfer. Both options are mass conserved and the mass entering and leaving dry cells is reported as part of the global mass balance to the standard output file, mass output file, and a binary output file with cell by cell information on the amount of mass entering dry cells. Since the mass flowing through dry cells, available through option 2, is an internal mass balance component, reporting of that mass as part of the global mass balance summary can be shut-off by setting an appropriate flag as an input. Option 1 allows the flow into dry cells, and therefore avoids the flow balance error in the cell upstream of the dry cell. Mass exiting the system using option 1 becomes an outflow term in the mass balance. Flow rates out of dry cells are set to zero. This option is useful when the mass exiting into dry cells is insignificant. If the flow-through of mass via dry cells is considered significant to the transport simulation and needs to be accounted further, option 2 should be used. Option 2 accumulates all the mass entering into a dry cell from all upstream neighboring cells and inflow boundaries and calculates a blended concentration as shown in equation (1). ∑ ∑



∑



(1)



where, Cdry is the blended concentration as a result of inflow from neighboring cells and boundaries [M/L3]; Cout is the outflow concentration from the dry cell [M/L3]; Qin is the rate of inflow into a dry cell [L3/T]; Cin is the inflow concentration into a dry cell [M/L3]; and Min is the total mass flowing into a dry cell [M/T]. The blended concentration Cdry is assumed to be the concentration of the flow out of the dry cell Cout. Hence, the total mass flowing out of a dry cell is shown in equation (2). ∑



(2)



where, Mout is the total mass flowing out of a dry cell [M/T]; and Qout is the outflow rate from a dry cell into neighboring cells and outflow boundaries [L3/T]. Option 2 provides a mass conserved solution only if the total inflow mass, Min, is equal to the total outflow mass, Mout. Based on equations (1) and (2), it is noted that for Min to be equal to Mout, it is essential that , be equal to the total outflow rate, ∑ , in a dry cell. Therefore, if the flow the total inflow rate, ∑ balance in a dry cell has errors, then the transport mass balance for that cell is also likely to show mass balance errors. The movement of mass using option 2 is an approximate solution and is based on the assumption that the movement of mass through dry cells is instantaneous and that it occurs only through the advection process. Storage, dispersion and diffusion processes are ignored for transport through the dry cells.



VERIFICATION EXAMPLE A synthetic example is presented here to demonstrate the errors introduced in MT3DMS due to the use of a modified version of MODFLOW that avoids deactivating dry model cells in an unconfined aquifer system. The applicability of the two new options in MT3DMS to avoid the occurrence of these errors is also demonstrated. The modified version of MODFLOW used here incorporates a linear saturation function, upstream weighting, and numerical schemes that allow dry cells to remain active (Bedekar et al. 2011, under review). A simple two dimensional example is considered as shown in Figure 2. Grid properties, hydraulic properties, and boundary conditions of the example model are also summarized in Figure 2. A steadystate flow solution is obtained using a modified version of MODFLOW. The steady state flow solution used in this example is shown in Figure 2.



Figure 2. Model setup with steady-state flow field and transient transport. Grid and hydraulic properties, and boundary conditions used in the model are also summarized. The following three cases are examined for the transport simulation. 1. Original MT3DMS. 2. MT3DMS with option 1. 3. MT3DMS with option 2. The original version of MT3DMS, when used with a modified version of MODFLOW (Bedekar et al. 2011, under review) eliminates the flow into a dry cell and therefore accumulates mass in the upstream model cell. Figure 3 shows the result of the MT3DMS simulation. The constant concentration boundary is set to 100 mg/L, whereas the cell upstream of a dry cell shows an erroneous concentration of 219 mg/L. The unexpectedly high concentration is a result of accumulation of mass due to a flow balance error caused by the elimination of flow into the dry cell. This high concentration is a function of time and increases as the simulation progresses. With option 1, the flow term into the dry cell is maintained and the mass that is otherwise accumulated in the upstream cell is allowed to exit into the dry cell. Figure 4 shows the concentration distribution resulting from MT3DMS with the use of solution option 1. Comparing Figures 3 and 4 also show that the accumulated mass in Figure 3, also makes its way to downstream cells in layer 2 and eventually more mass leaves the system through downstream constant head cells. The mass balance summary shown in Figure 4 shows the mass exiting into the dry cells.



Figure 3. Concentration profile and mass balance at the end of a 100 day simulation using MT3DMS with a modified version of MODFLOW



Figure 4. Concentration profile and mass balance at the end of a 100 day simulation with option 1 introduced in MT3DMS in this work



Figure 5. Concentration profile and mass balance at the end of a 100 day simulation with option 2 introduced in MT3DMS in this work



Figure 5 shows the concentration distribution that is obtained by using option 2 with MT3DMS that allows transport of mass through dry cells. It is noted that more mass is seen downstream of the dry cell with option 2, as compared to option 1. Mass balance summary at the end of 100 days shows that the mass entering dry cells reenters the system and as a result more mass exits via the downstream constant head boundary. The working of options 1 and 2 were independently verified using hand calculations but the hand calculations are not presented here. SUMMARY Two new options are proposed in this study for MT3DMS to deal with mass flowing into dry cells. These options are pragmatic solutions that provide special treatment of dry cells within MT3DMS when modified versions of MODFLOW are used that allow dry cells to remain active. In summary, the original MT3DMS keeps all mass active in a system, but can lead to erroneous concentrations in cells upstream of dry cells due to mass accumulation. Alternative option 1 allows the mass to escape into dry cells and reports the exited mass as an outflow term in the mass balance summary. Mass exiting the system using option 1 is lost from the system and therefore should be used when the mass ending up in dry cells is expected to be insignificant. Alternative option 2 allows the exited mass to reenter the system by flowing through the dry cells. The original MT3DMS, and options 1 and 2, are mass conserved. REFERENCES Bedekar, V., Niswonger, R., Kipp, K., Panday, S., Tonkin, M., 2011, Approaches to the Simulation of Unconfined Flow and Perched Groundwater Flow in MODFLOW, accepted by Ground Water, in press. Harbaugh, A.W., 2005, MODFLOW-2005, the U.S. Geological Survey modular ground-water model -- the Ground-Water Flow Process: U.S. Geological Survey Techniques and Methods 6-A16, variously p. Zheng, Chunmiao, 2010, MT3DMS v5.3 Supplemental User's Guide, Technical Report to the U.S. Army Engineer Research and Development Center, Department of Geological Sciences, University of Alabama, 51 p.
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