SCIENCE AND EDUCATION
nnnnnn US.A

@ d SCIENTIFIC REVIEW OF THE PROBLEMS AND PROSPECTS OF MODERN E
EZXC-

FINITE VOLUME SIMULATION OF COUPLED GROUNDWATER FLOW
AND SOLUTE TRANSPORT THROUGH HIGHLY HETEROGENEOUS
POROUS LAYERS

Munisbek Botirov

Karshi State Technical University, Master’s student
munisbekb26@gmail.com

+998939333319
https://orcid.org/0009-0002-0632-2601

Abstract. A cell-centered finite volume model couples groundwater flow and non-
reactive solute transport in heterogeneous layers. Conservative interface fluxes and a
TVD limiter reduce numerical diffusion and oscillations. Simulations show preferential
migration in permeable strata and retention followed by back-diffusion in low-
permeability layers, extending remediation times.
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Introduction. Layered aquifers are vulnerable to dissolved contaminants [1, 5].
Preferential advection and diffusion into low-permeability beds produce delayed
release and plume tailing [4, 5]. Central differences may oscillate when Pe > 2, while
first-order upwinding introduces numerical diffusion [2, 3].

Heterogeneous filtration [6], reservoir simulation [7], and non-Fickian, fractional,
and double-relaxation transport [8—10] provide related context.

This study applies a conservative finite volume scheme with a TVD limiter to
coupled flow and transport.

Methods. Steady groundwater flow obeys:

V.-q=0, q=-K(x,2z)Vh

Here g = (u,w)" is Darcy flux [m/s], K conductivity, h head [m], 8 porosity,
and v = q/6 pore velocity.

Non-reactive solute concentration C obeys:

a2(6C)

T-FV' (gC) =V -(6DVC)

C is measured in kg/m3 or mg/L. The dispersion tensor D is:

u? w? .
Dxx=aL' m +0(T- m +Dm
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u? w?
DZZ:aT'<m>+aL'<m>+D;1

u-w
Dy, = Dyy = (“L - aT) : (W)

a; and a are dispersivities [m]; D7, is effective molecular diffusion [m?/s].

Integration over V; ; = AxAz gives:

(¢ = ciy)
At
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0, - AxAz + z (Faav.r — Faises) = 0
fefe,w,n,s}
Face fluxes are F4, r = (q - n)sCr and Fyr = (6DVC - n) fAr. The Superbee
reconstruction is:
Cit1/2; = Cy +0.5- () (Cp — Cy)
For upwind U and downwind D cells:

(CU - CU—l) . .
r= , @(r) = max(0,min(2r, 1), min(r, 2))
(Cp — Cy)

Harmonic transmission conditions conserve diffusive flux at layer interfaces.

Results and Discussion. The domain (L = 200 m, H = 20 m) contains:

« Strata A (z = 12 to 20 m): Coarse sand (K; = 5.0 x 107* m/s, 6; = 0.32,
a; = 1.0m, a; = 0.1 m).

« Strata B (z = 8 to 12 m): Silt-clay lens (K, = 2.0 x 10~7 m/s, 6, = 0.45,
a; =0.1m, ar = 0.01m, D}, = 1.2 X 107° m?/s).

e Strata C (z = 0 to 8 m): Mediumsand (K3 = 1.2 X 10™* m/s, 85 = 0.35, a; =
0.8 m, ap = 0.08 m).

Heads: h(0,z) = 22 m; h(L,z) = 20m; ] = 0.01.

Atx =0, z=10-18m, C, = 100 mg/L is injected for 15 days, followed by
clean-water flushing (C = 0).

Stratum A transports solute at v, ~ 1.56 X 107> m/s (1.35 m/day), reaching
x =200m in about 145 days. Stratum B has v, = 0.0004 m/day; diffusion
dominates its uptake.

Table 2. Concentration (mg/L) at x = 100 m across the layers.

Time (Days) StrataA(z=15m) | StrataB (z = 10m) Strata C (z = 5m)
10 0.00 0.00 0.00
30 12.45 0.02 0.00
60 78.10 1.84 0.15

90 (Flushing) 18.20 6.72 1.82

150 (Flushing) 1.15 4.85 1.20

300 (Tail) 0.08 1.42 0.34
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After t > 90 days, upper-aquifer concentrations fall, but back-diffusion from
Stratum B sustains tailing at C ~ 0.08-1.15 mg/L.

The TVD limiter avoids oscillations at Pe = 18.2. First-order upwinding
overestimates aquitard penetration by 42%.
Low-permeability beds prolong cleanup; their characteristic diffusion timescale is:

b2
T @Dy

For b = 4 m, T4 exceeds several years.

Conclusion. Conservative finite volume discretization with TVD limiting
resolves transport across permeability contrasts. Matrix storage and back-diffusion
must be included in remediation estimates.
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