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Modeling Vadose Zone Hydrology: Lecture Notes
Derek M. Heeren and Dean E. Eisenhauer
Department of Biological Systems Engineering

University of Nebraska Lincoln
June 2021

Abstract

Modeling Vadose Zone Hydrology is a graduate-level course offered biennially in the
Department of Biological Systems Engineering. Topics included hydraulic properties of porous
media, application of Darcy's Law in variably saturated media, hydrologic and transport
processes in the vadose zone, and solution of steady and unsteady flow problems using
numerical techniques. A graphical approach for characterizing vertical one-dimensional
problems with energy head profiles was emphasized. Common one-dimensional flow and
transport problems were solved analytically. The course was taught using a combination of
lecture notes and PowerPoint presentations. The lecture notes from 2021, captured using the
Microsoft Whiteboard app with a Microsoft Surface, are presented here. The lecture notes are
open access (CC BY-NC 4.0) and may be useful to other instructors in vadose zone hydrology or
soil physics.

Background

The Modeling Vadose Zone Hydrology course was initially developed by Dean Eisenhauer and
Derrel Martin; it was subsequently taught by Dean Eisenhauer for many years. Derek Heeren
began teaching the course in 2014 and updated the course materials. The lecture notes
presented here represent how the course was taught until 2021. The course is now taught by a
different instructor and contains notably different course contents and structure.
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Syllabus and Schedule
Modeling Vadose Zone Hydrology
AGEN/BSEN/CIVE/GEOL 957
Spring 2021

Instructor:

Derek M. Heeren, Ph.D., P.E., Associate Professor
241 LW. Chase; Office Phone: 472-8577

E-Mail: derek.heeren@unl.edu

Prerequisites:
MATH 221/821 Differential Equations or equivalent

BSEN 350 Soil and Water Resources Engineering, or NRES 453/853 Hydrology, or equivalent

Course Description:

Principles and modeling of fluid flow and solute transport in the vadose zone. Topics include hydraulic
properties of variably saturated media, application of Darcy's Law in variably saturated media, hydrologic
and transport processes in the vadose zone, and solution of steady and unsteady flow problems using
numerical techniques including finite element methods. Contemporary vadose zone models will be
applied to engineering flow and transport problems. Review and synthesis of classic and contemporary
research literature on vadose zone hydrology will be embedded in the course.

Educational Objectives:
Students who complete this course will be:

e Lliterate in their understanding of the vadose zone and its importance in hydrologic processes,
agriculture, and environmental issues.

e Literate in their understanding of the key properties of fluids, porous media and solutes, and
how the properties are estimated and described mathematically, including a graphical approach
for characterizing problems with energy head profiles.

e Competent in formulating and analytically solving commonly encountered steady and transient
one-dimensional isotropic fluid flow and solute transport problems in the vadose zone.

e Competent in using numerical methods and models (HYDRUS 1D) to model fluid flow and solute
transport in the vadose zone.

e Familiar with a base of key classic published research literature, and a selection of current
research literature pertaining to vadose zone hydrology.

Text:
Radcliffe, D. E., & Simtnek, J. 2010. Soil Physics with HYDRUS. CRC Press.

Software:
HYDRUS 1D (public domain), https://www.pc-progress.com/
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Course Schedule:

form)

. Readiness .
Date Modules (topics) Tests Reading
Jan. 26 Introduc’Flon to Vadose Zong HquoIogy (vadose Ch. 1
zone defined, vadose zone significance)
Section 1: Fluids in Porous Media
Jan. 28 SO|I‘ano-I Wate'r Properties (soil solid phase, Ch.1,2.4,2.7
capillarity, fluid energy states)
Hydrostatic equilibrium (hydrostatic equilibrium, | RT 1 (Ch. 1, 2.4,
Feb. 2 . Ch.2
tensiometers, lab tour) 2.7)
h. 2.9;
Soil Water Retention Curves (retention curve ¢ 9; van
Feb. 4 . . . Genuchten
principles, lab tour, retention curve hydrostatics)
(1980)
Ch. 2.10; Schaap
Feb. 9 Retention Curve Models (equations and RT 2 (Ch. 2, et al. (2001),
’ parameters, pedotransfer functions) except 2.6) Saxton & Rawls
(2006)
Section 2: Steady Water Flow
Darcy’s Law (Henry Darcy and the making of a Ch. 3.1, 3.2;
Feb. 11
law, lab tour) Brown (2002)
L L . RT 3 (Ch3.1,
Feb. 16 :O'SI?C‘;'EZ:'SOW i‘rﬁsu(sﬂ:e';ci’se”"'e equation, 3.2; Brown, Ch.3.2,3.6
PP P 2002)
. e Ch.3.2,3.4, 3.6;
s |V e o
’ y Nielsen (1994)
RT 4 (Ch. 3.2,
. 3.4, 3.6; Kutilek
Feb. 23 [no new material] & Nielsen,
1994)
Unsaturated Hydraulic Conductivity [K(h)
Feb. 25 defined, lab tour, K(h) equations] Ch.3.3,34
Mar. 2 SteadY Unsaturated Elow (I.3uck|ngham—Darcy Ch 3.3
equation, macroscopic capillary length)
Mar. 4 !\lumerlcal Int'egratlon'for.Unsaturated Flow (the Ch.3.3
integral solution, application to a lagoon)
Graphical Approach for Steady Flow (vertical
Mar. 9 flow above a water table, downward RT 5 (Ch. 3.3) Ch. 3.3
unsaturated flow in layered media)
Section 3: Transient Water Flow
Mar. 11 Richards Equation (introduction, water content Ch.5.1,5.2;

Richards (1931)
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Mar. 16 [prep for exam]
Mar. 18 Midterm Exam ch. 1_3'. related
materials
Mar. 23 SoIV|r.1g. RE over a Domain (initial and boundary Ch.5.2
conditions)
- . Ch.5.4.1,5.5;
Mar. 25 HYDRUS.for Flow (|nf|Itr‘at|on example, deep HYDRUS-1D
percolation demonstration)
Manual
Numerical Methods for RE (discretization, | precp 51 | ch.5.3; cellaet
Mar. 30 practical guidelines, numerical stability, explicit 5.2,5.4.1) al. (1990)
method, implicit method) e )
Horizontal Infl‘lt.ratlon / Imbibition (Bruce-Klute Klute & Dirksen
Apr. 1 lab test, sorptivity, water content form ODE,
. e o (1986)
measuring diffusivity)
Apr. 6 Infiltration (overview, Green & Ampt, Mein & BT 7 (Ch 5.3, Ch 5.4
Larson) imbibition)
Apr. 8 Preferential Flow (overview, Source-Responsive RT 8 (Ch. 5.4) Ch.5.8
Model)
Section 4: Solute Transport
Solute Transport Processes (advection and
Apr. 13 diffusion, thought experiment, hydrodynamic Ch.6.1,6.2
dispersion)
Advection-Dispersion Equation (derivation,
Apr. 15 analytical solutions, nitrate leaching example, Ch.6.3.1-6.3.3
lab tour)
N.umer'icaI'Methods.for Tr:?msp')ort (ADE RT 9 (Ch. 6.1 —
Apr. 20 discretization, practical guidelines, HYDRUS 6.3.3) Ch. 6.5-6.7
demo)
Apr. 22 Ads.orptlon (|soth§rms, ADE, HYDRUS demo) ch 6.3.4
Project Presentations
Ch. 6.3.8;
SimGnek & van
h
Preferential Transport (nonequilibrium, RT 10 (Ch. Genuchten
Apr. 27 hosphorus leaching example) 6.3.4,6.5) (2008), Heeren
phosp e etal. (2017),
Freiberger et al.
(2018)
Apr. 29 Project Presentations
May 4 (3:30 - ) Ch. 5-6; related
5:30) Final Exam materials
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Section 1: Fluids in Porous Media
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Section 2: Steady Water Flow
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Section 3: Transient Water Flow
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N leaching problem
April, 2021
100 Ib/ac Nitrate, c (ppm)
43560 ft2/ac 0 20 40 60
0.002296 Ib/ft2 0
30.48 cm/ft ~~— >
2.47105E-06 Ib/cm2
4536 g/lb
0.0011 g/cm?2
1.1209 mg/cm?2 —
1121 pg/cm2 = m, = total mass of solute per unit area of land surface E 100
2242 pg/cm2 =m,/¢ = total mass of solute per (horizontal) unit area of water A
N
100 cm, length of problem I
10 A, dispersivity {cm) g
2 Jw, water flux (cm/hr) = precipitation rate T
05 . 2 200
4 v, average pore water velocity (cm/hr) -
40 D,, dispersian coefficient (cm2/hr) g
o —_—=
Table: uhn t=3hr
t(hr) 3 10 30 60 2 ——t=10hr
Zpaak (cM) 12 40 120 240 o 300 — t=30hr | |
Cmax (pg/cm3) 57.7 31.6 18.3 12.9 g
= et = 60 hr
=)
. . Qo
Profiles: Concentration, ¢ (ug/cm3 = mg/L = ppm) Q
7 (cm) c(z,3) c(z,10) c(z,30)  c(z,60) (a]
0 42.8 11.6 0.9 0.0
1 44.9 12.2 1.0 0.0 400
2 46.9 12.8 1.0 0.0
3 48.8 13.4 1.1 0.0
4 50.5 14.1 1.1 0.0
5 52.1 14.7 1.2 0.0
[+ 536 15.4 1.2 0.0
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