PNNL-11216
UC-2010

STOMP

Subsurface Transport Over Multiple Phases
Application Guide

W. E. Nichols
N. J. Aimo
M. Oostrom
M. D. White

October 1997

Prepared for the U.S. Department of Energy
under Contract DE-AC06-76RLO1830

This work is funded by the Office of Science and Technology,
within the U.S. Department of Energy’s Office of Environmental
Management, under the Plumes Focus Area.

Pacific Northwest National Laboratory
Richland, Washington 99352






Preface

This Application Guide is a software document written to provide a suite of example
gpplications of the STOMP (Subsurface Trangport Over Multiple Phases) smulator, a scientific tool for
andyzing multiple phase subsurface flow and transport. A description of STOMP s governing
equations and condtitutive functions and numerica solution agorithms are provided in acompanion
document, the STOMP Theory Guide. The use, compilation, and execution of the STOMP smulator
are described in a second companion document, the STOMP User’s Guide. Cregtion of input filesfor
the STOMP smulator with the sTeP utility is described in a third companion document, the sTeP User’'s
Guide. Inwriting these guides to the STOMP simulator, the authors have assumed that the reader or
code user has received training or is knowledgeable on the topics of multiple phase hydrology,
thermodynamics, radioactive chain decay, and nonhysteretic relative permesbility- saturation-capillary
pressure (k-S-P) functions. The authors further assume that the reeder is familiar with the computing
environment on which they plan to compile and execute the STOMP smulator.

Compuiter requirements for the STOMP smulator are strongly dependent on the complexity of
the amulated system and the trandation of the physica domain into acomputationa domain. The
smulator requires an ANSI FORTRAN 77 compiler to generate an executable code. The speed at
which the STOMP smulator solves subsurface-flow and trangport problems depends on the computing
platform, problem complexity, and computationad domain Sze and dimensondity. One-dimensona
problems of moderate complexity can be solved on conventiona desktop computers, but
multidimensiond problems involving complex flow and transport phenomenatypicaly require the power
and memory capabilities of workstation or mainframe computer systems.



Summary

The U.S. Department of Energy (DOE), through the Office of Technology Development, has
requested the demondtration of remediation technologies for the cleanup of volatile organic compounds
and associated radionuclides within the soil and ground water at arid Sites. This demondtration program,
caled the VOC-Arid Soils Integrated Demonstrated Program (Arid-ID), has been initidly directed at a
volume of unsaturated and saturated soil contaminated with carbon tetrachloride on the Hanford Site
near Richland, Washington. A principa subtask of the Arid-ID program involves the development of an
integrated engineering smulator for evauating the effectiveness and efficiency of various remediation
technologies. The engineering smulator’ sintended users include scientists and engineers who are
investigating soil physics phenomena associated with remediation technologies. Principa design gods
for the engineering smulator include broad gpplicability, verified dgorithms, quality assurance contrals,
and vdidated amulations againgt laboratory and field-scae experiments. An important god for the
smulator development subtask involves the ability to scae laboratory and field-scale experiments to full-
scae remediation technologies, and to transfer acquired technology to other arid stes. The STOMP
(Subsurface Transport Over Multiple Phases) smulator has been developed by the Pecific Northwest
Laboratory" for modeling remediation technologies. Information on the use, gpplication, and theoretical
basis of the STOMP smulator are documented in three companion guide guides. This document, the
Application Guide, provides a suite of example gpplications of the STOMP smulator.

The STOMP smulator’ s fundamenta purpose isto produce numerical predictions of thermal
and hydrogeologic flow and transport phenomenain variably saturated subsurface environments, which
are contaminated with volatile or nonvolatile organic compounds. Auxiliary gpplicationsinclude
numerical predictions of solute transport processes including radioactive chain decay processes.
Quantitative predictions from the STOMP smulator are generated from the numerica solution of partia
differentid equations that describe subsurface environment trangport phenomena. Description of the
contaminated subsurface environment is founded on governing conservation equations and condtitutive
functions. Governing coupled flow equations are partia differentid equations for the conservation of
water mass, air mass, volatile organic compound (VOC) mass, and thermad energy. Conditutive
functions relate primary variables to secondary variables. Solution of the governing partid differentia
equations occurs by the integra volume finite difference method. The governing equations that describe
therma and hydrogeologica flow processes are solved smultaneoudy using Newtorn Rgphson iteration
to resolve the nonlinearitiesin the governing equations. Governing transport equations are partiad
differentia equations for the conservation of solute mass. Solute mass conservation governing egquations
are solved sequentidly, following the solution of the coupled flow equations, by adirect application of
the integra volume finite difference method. The STOMP smulator is written in the FORTRAN 77
language, following the American Nationa Standards Ingtitute (ANS) sandard. The smulator utilizesa
variable source code configuration, which alows the execution memory and speed to be tailored to the

! Pacific Northwest National Laboratory is operated for the U.S. Department of Energy by Baitelle
Memorid Ingtitute under Contract DE-AC06-76RLO1830.



problem specifics and essentidly requires that the source code be assembled and compiled through a
software maintenance utility.

KEYWORDS:. subsurface, porous media, multiple phase, groundwater, nonaqueous phase liquid
(NAPL), volatile organic compound (VOC), variably saturated, solute transport, radioactive chain
decay, hysteretic, fluid entrapment, finite difference, Newton-Rgphson, nonlinear, modeling.
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1.0 Introduction

The VOC-Arid Soils Integrated Demondiration Program, abbreviated as Arid-1D and funded
by the U.S. Department of Energy (DOE), Office of Technology Development (OTD), is directed at the
cleanup of volatile organic compounds and associated radionudlides and heavy metasin soils and
ground water at arid Stes. The initia demondration site is located within the 200 West Area on the
Hanford Site near Richland, Washington. The Ste contains a volume of soil contaminated with carbon
tetrachloride, which includes approximately 200 vertica feet of contaminated unsaturated sediments
underlying inactive disposa sites and overlying a 7- square-mile plume of contaminated ground water. A
critica component of the Arid-ID program involves assessng the impact of spatid heterogeneity of
subsurface materials on remediation process and eva uating the effectiveness and efficiency of
demongtrated remedia technologies. Because of the complexity of subsurface flow and heat transport
phenomena, these assessments and evauations will require complex numericd tools for their
completion. Numerica tools dlow scientists and engineers to integrate the current knowledge of
contaminant behavior in the subsurface environment to predict and evauate the performance of
proposed remediation methods against established technologies.

1.1 STOMP Simulator Development

A principa subtask of the Arid-1D program involves the development of an engineering
amulator (numericd toal), which is capable of numericaly smulating proposed remediation processes.
The design godls are that the engineering smulator: 1) be accessible and exploitable to scientists and
engineers familiar with subsurface environment phenomena, but not necessarily numerical modeling
technicalities, 2) have enough generd applicability to recruit a user group that is capable of supporting
training, maintenance, and enhancement activities, 3) be verified by comparison to andyticd solutions
and benchmarked againg existing smulators, 4) be vaidated against germane laboratory and field
experiments, and 5) have controlled configuration and documentation under an gppropriate quality
assurance program. An engineering smulator named STOMP, an acronym for Subsurface Transport
Over Multiple Phases, has been developed by the Pacific Northwest Laboratory which achieves the five
design goas described above. This document, one of three companion documents, has been written to
provide users of the STOMP simulator with examples of gpplications of the smulator to solvedlassica
groundwater problems. Another companion document isthe STOMP User’ s Guide (White and
Oostrom 1997), which provides users of the STOMP simulator with the necessary information for
selecting an gppropriate operation modd, understanding the code flow path and design, creating input
files, dimensioning the executable, compiling and executing, and interpreting the Smulation outputs. The
fina companion document, the STOMP Theory Guide (White and Oostrom 1996), provides users of
the STOMP smulator with information about the solved governing and congtitutive equations, numerica
agorithms, and solution techniques used in the STOMP code.
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1.2 STOMP Application Guide Organization

This guide has been organized into saverd sections that group Smilar classca ground-water
problems and presents their solution using the STOMP smulator. The examplesin this guide were
selected to demondtrate the gpplication of the STOMP smulator to a variety of therma and
hydrogeologic flow and transport problems whileillugtrating arange of features available in the
smulator. Smultaneoudy, the gpplication examples serve as verification and benchmark cases
wherever possible through comparison to anaytic solutions or results reported el sewhere in the literature
for amilar problems solved using other computer codes.

In al gpplications documented in this guide, the STOMP smulator input file used to direct the
executions are shown as "Exhibits," provided at the end of each application example. Any Exhibit in this
guideis averbatim copy of an input or other STOMP-relaed file provided to assist in understanding
how the input fileis prepared for a specific problem and to show complete examples. Line numbers are
provided on the left Side of each exhibit; these are not a part of the actud file, but serveto assst in
reading the input file and referencing portions of it in the discusson.

1.3 References

White MD, and M Oostrom. 1996. STOMP Subsurface Transport Over Multiple Phases Theory
Guide, PNNL-11217, Pecific Northwest National Laboratory, Richland, Washington.

White MD, and M Oostrom. 1997. STOMP Subsurface Transport Over Multiple Phases User's
Guide, PNNL-11218, Pecific Northwest Nationa Laboratory, Richland, Washington.
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2.0 Flow in Saturated Media

STOMP can solve for flow in saturated media using operational mode 1 ("Water"). Solutions
generated with the STOMP simulator for three classic ground-water problems are presented in this
section. Theiss problem examines the classic trangent radid flow problem in which weter is extracted
by awell that fully penetrates a single aquifer, and alows for comparison to an andyticd solution. The
two-aquifer, or leaky aquifer, problemisacase of flow to awel in a confined multiple-layer sysemin
which water is extracted from the lower aquifer by afully penetrating well. Both published numericd
and andyticd solutionsto the two-aquifer problem are available for comparison with the STOMP
solution. Findly, STOMP is used to solve for water flow to two wells in a honhomogeneous domain.
Thisisathree-dimensond (rectangular) problem that illugtrates the effects of pumping in acomplex
confined aquifer made up of severa anisotropic soil/rock types. Thereis no andyticd solution to this
problem (due to the heterogeneous materid distribution and mixed boundary conditions).

2.1 Theis'sProblem

Problem Features: 2.1
Thistest case concernsthe classic trangent radia flow * "Water" operational mode

problem, resulting from pumping afully penetrating well. An * onedimensond
andyticd solution to this problem was obtained by Theis (1935) ||« saturated flow
by analogy to heet transfer (see Cardaw and Jaeger (1959), * confined aquifer

pp.261-262). Here Theiss andytica solution is compared to * radid grid

STOMP smulations. Severd time-stepping schemes are used  homogeneous, isotropic media
to illudtrate the effect of time-step size on accuracy of the
predicted drawdown.

2.1.1 Problem Description and Parameters

The mathematical aquifer is confined, horizontal, with constant thickness, homogeneous,
isotropic, and extends to infinity. For thissmulation of Theiss problem, the aguifer extendsto a
maximum redia disance of 22,254 m. The pump test is conducted so that drawdown at the smulated
aquifer boundariesis negligible. The vaues for permeability, storage coefficient, porosity and aquifer
thickness are: 2.35965x10™ n?, 2.0x10° m*, 0.35, and 50. m, respectively.

A fully screened, fully penetrating well is pumped at a congtant rate Q of 1,000 nr/day, starting
at t>0. In addition, the wdl is of smal diameter, radius 0.001 m, and there are no head |osses due to
we | condruction.

The governing equation for trangent flow in radia coordinatesis
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2
Sfh_ f'h_ 1fh_ Equation 2.1-1

KTt qr? r9qr

where S, K, h, t, and r, are the pecific storage coefficient, hydraulic conductivity, hydraulic head, time,
and radid distance from the well respectively.

The following initid and boundary conditions gpply;

h(¥,t)=h,

lim § ﬂ—hg - Q Equation 2.1-2
r®Oe ﬂr '] 2pT

h(r,0)=h,

2.1.2 Smulation

Simulation of this problem requires a closdy spaced grid near the well, in order to accurately
represent the steep head gradient caused by pumping. Thus, agrid with progressively finer spacing
closetothewdl isused. Theradid symmetry of the problem alows the use of the " Cylindricd Grid"
feature of STOMP to smulate a quas- three-dimensona domain. The aquifer is congtructed as a 90-
degree wedge with 60 nodesin the radia direction and 1 node in the z-direction.

Simulations were performed for maximum pumping times of 5 and 10 days. For each of these
times, Sx smulaions with different time-stepping schemes were made. The time- stepping schemes
differ in the vdue of the initia time-gtep; with dl smulations having atime-step growth factor of 1.5.
Theinitid time-steps used for the 5 day smulations are: 10 min, .25 days, 0.5 days, 1 day, 2.5 days,
and 5 days. For the 10-day amulationsinitid time-steps of 10 min, 0.5 days, 1.125 days, 2.5 days, 5
days and 10 dayswere used. These particular choices pardld those used by Moridis and Redddll
(1991). A copy of the STOMP input and parameters files for this problem are presented in Exhibit
2.1-1 and Exhibit 2.1-2, respectively.

2.1.3 Analysis

The results for 5 days of pumping are compared to Theiss andytica solution in Figure 2.1-1.
The comparison for 10 days of pumping isshown in Figure 2.1-2. Aswould be expected, both figures
show that better accuracy is achieved with smaller initid time-step Sze. In generd, the results from the
STOMP simulations are comparable to the finite difference results reported in Moridis and Reddell
(1991) and Ségol (1994).
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2.1.4 Summary

The classicd trandent radid flow problem is smulated usng STOMP, and the results are
compared to Theiss anaytical solution. The effect time step size has on accuracy of the predicted
drawdown is presented. It was found that the smaller the time- step the more accurate the numerica
predictions. In generd, the results obtained by STOMP are smilar to those obtained with other finite
difference codes.
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Exhibit 2.1-1. STOMP Input Filefor Theis Problem

Line Input Fle

1 HHHHH R R R R A R R R R R R R R R R R
2 # STOVP APPLI CATION GU DE --- Case 2.1 #
3 # #
4 # THEI S' S PROBLEM (Segol 1994, p. 15, 32-45) #
5 # #
6 # Showcased features: radial solution #
7 # Neumann booundary #
8 # confined aquifer #
9 # #

10 # Domai n: One-dinmensional "radial" aquifer with nmaxi mumradius of 22,254 m #

11 # and a depth of 50 m No drawdown allowed at r= 22,254 m #

12 HHHHH R R R AR R R A R R R R R e f

13

14

15 ~Sinmulation Title Card

16 1

17 THEI'S' S PROBLEM (Segol 1994, p. 15, 32-45)
18 NJ Ai o,

19 Paci fic Northwest Laboratory,

20 June 1995,

21 4:00: 00 PM PST,

22 3,

23 Case 2.1 --- STOW Appication CQuide

24 Domai n:  One-di nensional "radial" aquifer with a maxi mrumradius of 22,254 m
25 and a depth of 50 m No drawdown allowed at r= 22,254 m

26

27

28 ~Sol ution Control Card

29 Nor mal ,

30 Wat er,

31 1, Nunber of Simulation periods
32 0.,s,5.,day, 10.,mn, 5., day, 1. 5,18, 1. e- 6, Run #1

33 #

34 1, day, 1, day, 100000, Max. nmachi ne tines

35 0, Vari abl es to average

36

37 ~@id Card

38 Cylindrical,

39 60, 1, 1,

40 .001,m.011,m.031,m.071, m.151, m.311, m.631,m1. 131, m2.131, m4.131, m

41 7.131, m11. 131, m16. 131, m 22. 131, m 30. 131, m 39. 131, m 49. 131, m 64. 131, m 84. 131, m
42 114. 131, m 154. 131, m 204. 131, m 264. 131, m 334. 131, m 414. 131, m 504. 131, m 604. 131, m
43 724.131, m 864. 131, m 1024. 131, m 1204. 131, m 1404. 131, m 1624. 131, m 1864. 131, m

44  2124.131, m 2404. 131, m 2704. 131, m 3024. 131, m 3364. 131, m 3724. 131, m 4104. 131, m

45  4504. 131, m 4924. 131, m 5364. 131, m 5824. 131, m 6304. 131, m 6804. 131, m 7354. 131, m

46 7954. 131, m 8604. 131, m 9304. 131, m 10054. 131, m 10854. 131, m 11704. 131, m

47 12604. 131, m 13554. 131, m 14554, 131, m 15754. 131, m 17254. 131, m 19254. 131, m

48 22254.131, m

49 0., deg, 90., deg,

50 0.,m50., m

51

52 ~Rock/ Soil Zonation Card
53 1,

54 AQFRL, 1,60,1,1,1, 1,

55
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Exhibit 2.1-1. (Contd)

Line Input File
56
57 ~Mechani cal Properties Card
58
59
60 ~Hydraul i ¢ Properties Card
61 AQFR1, 2. 35965E- 11, n*2, , , ,,
62
63 ~Saturation Function Card
64 AQFR1, Nonhystereti c van Genuchten,.133,1/cm 1. 88, 0. 268, ,
65
66 ~Aqueous Rel ative Permeability Card
67 AQFRL, Mual em ,
68
69 ~Initial Conditions Card
70 CGas Pressure, Agueous Pressure,
71 1,
72 Aqueous Pressure, 600000., Pa,,,,,,,1,60,1,1,1,1,
73
74  ~Boundary Conditions Card
75 2,
76 Vst , Neumann,
77 1,1,1,1,1,1,1,
78 0. 0, day, - 0. 03684142201, ' s, , ,
79 East, Dirichlet,
80 60,60,1,1,1,1,1,
81 0. 0, day, 600000. , Pa,
82
83 ~Cut put Control Card
84 2,
85 1,1,1,
86 60, 1, 1,
87 1,1,hr,m®6, 6,6,
88 ,
89 Aqueous Hydraulic Head, m
90 Aqueous Pressure, Pa,
91 Aqueous Saturation,,
92 2,
93 0., day,
94 5., day,
95 3,
96 Aqueous Hydraul i c Head, m
97 Aqueous Pressure, Pa,
98 Aqueous Saturation,,
99

AQFR1, 2. 65E+06, g/ m3, 0. 35,0.35,2. E-06,1/m MIlington and Quirk,
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Exhibit 2.1-2. STOMP Parameters Filefor Thais Problem

Line  PaametersFile
1 O e e e PP P C
2 C STOW Parameter File
3 (O e C
4 C
5 C-- Nunmber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=10, LEPD=2)
9 C
10 C-- Number of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Number of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---
16 C
17 PARAMETER( LFX=60, LFY=1, LFZ=1)
18 PARAMETER( LAN=60, LAD=2, LM\P=60)
19 C
20 C--- Energy equation switch (0 = off, 1 = on)
21 C Water mass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=0, LFC=0, LS=0, LD=0)
30 C
31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 C-- Nunmber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=2, LBTM:1)
41 C
42 C-- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER( LSR=1, LSTM-1)
46 C
47 C-- Nunmber of rock/soil types
48 C Nunmber of sol utes
49 C
50 PARAMETER( LRC=1, LSOLU=1)
51 C
52 C-- Nunber of reference nodes
53 C Nunmber of print tines
54 C Nunmber of integration surfaces ---
55 C
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Exhibit 2.1-2. (Contd)

Parameters File

000 00000

PARAMETER( LREF=10, LPTM-10, LSF=10)

Nunmber saturation and relative perneability table entries
Number of hysteretic scanning paths
Nunber of chem cal reactions

PARAMVETER( LTBL=10, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGHLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2% LFYZ- 2* LFZX) ) ** LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LAN‘LUK + LUMFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCG*LAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGt( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM

PARAVETER( LJHELBDF LANF LUK + LCGH(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* *LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LRCC=LRC*LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN*LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAVETER( LSCHR=18)
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2.2 The Two-Aquifer Problem

Problem Features: 2.2
* "Water" operational mode

Thistest caseilludrates flow to awel in a confined multi- ) ) :
* two dimensona (xz section)

layer system, where two identica aquifers (upper and lower) are

separated by an aguitard. The well produces only from the lower : sﬂ:frat;;i ﬂo‘_’:"
aquifer, whereit isfully penetrating. Thisproblemisknowninthe | fsdialingri ng er

literature as the leaky aquifer problem. Numericd smulations of
this problem have been published by Chorley and Frind (1978)
and Huyakorn et d. (1986), while andytica solutions have been developed by Hantush and Jacob
(1955) and Neuman and Witherspoon ((1969a; 1969b; 1972)).

* layered media

2.2.1 Problem Description and Parameters

Two identicd aquifers, confined, horizontal, homogeneous, isotropic, 5 m thick, with hydraulic
conductivity of 2x10° m/s and a storage coefficient of 10 i, are separated by an aguitard. The
aquitard has a thickness of 10 m, hydraulic conductivity of 10° my/s, and storage coefficient of 8x10* i
! (see Ségol (1994), pp.423-432). Figure 2.2-1 shows a sketch of the conceptua model.

Aquifer K=2x105m/s, S, = 1x 104 m

Aquitard K=1x108m/s,S,=8x 10* m*

T#{;}%Z? Aquifer K=2x10°m/s,S;=1x 10* m*

Figure2.2-1. lllugrative Sketch of the Two-Aquifer Problem
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A pumping well penetrates through to the lower aquifer. The well isonly open to the full
thickness of the lower aquifer, and it is sedled to the aquitard and upper aquifer. In addition, itis
assumed the well is of small diameter, and there are no head losses due to well congruction. Thewel is
pumped a a constant rate Q, for t > 0. Uniform head prevails over theentiredomainatt =0, i.e. zero
drawdown, and no drawdown is dlowed at aradia distance of 10,000 m for t > 0.

The governing equation for trangent flow in radia coordinatesis

2
Sfh_ f'h_ 1fh_ Equation 2.2-1

KTt qr? r9qr

where S, K, h, t, and r, are the specific storage coefficient, hydraulic conductivity, hydraulic head, time,
and radia distance from the well, respectively. The solution obtained by STOMP is compared to that
report by Huyakorn et a (1986), and the andytica solution of Neuman and Witherspoon.

2.2.2 Simulation

Simulation of this problem requires a closdy spaced grid near the well, in order to accurately
represent the steep head gradient caused by pumping. Thus, agrid with progressively finer spacing
closeto thewdl isused in theradia direction. Uniform grid spacing is used to discretize the vertica
direction. The resulting grid has 12 nodes in the radid direction and 20 nodesin the vertica direction.
Theradid symmetry of the problem alows the use of the "Cylindrical Grid" feature of STOMP. An
18° arc is used for the third dimension.

A STOMP smulation was performed with duration of 100,000 hours, initia time-step of 36 s,
and atime-gep growth factor of 1.414. The smulation was started with uniform head initid conditions
(hydrogtatic pressure). Pumping at the well was implemented via a Neumann boundary condition, while
aDirichlet boundary condition was prescribed a r = 10,000 m. A copy of the STOMP input and
parameters files for this problem are presented in Exhibit 2.2-1 and Exhibit 2.2-2, respectively.

2.2.3 Analyss

Figure 2.2-2 shows the results of the STOMP smulation for two locations on the lower
(pumped) aquifer, and one location on the upper (unpumped) aquifer. The results obtained by
Huyakorn et d. (1986), and the andyticd solution predictions are shown in Figure 2.2-3 for the same
locations. Comparison of the results shows some differences. The STOMP smulation predicted more
drawdown a any giventime. The andyticd solution of Neuman and Withergpoon and the numerica
gpproach of Huyakorn et d. both assume the flow within the aquitard is purely vertical because of the
contrast in conductivities and streamline refraction, and do not explicitly
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Figure2.2-2. STOM P-Predicted Drawdown Versus Time in the Pumped (Lower) Aquifer at r =
3.16 mandr = 31.6 m and in the Non-pumped (Upper) Aquifer atr = 3.16 m

account for flow within the aquitard. STOMP, however, takes into consderation the entire domain,
without any assumptions. Figure 2.2-4 shows a contour plot of the final head distribution. 1t is evident
that flow within the agquitard is not vertical for 1,000 < r < 10,000 m; which may account for the
discrepancy between the different predictions. Figure 2.2-5 shows the final drawdown digtribution.

2.2.4 Summary

The leaky aguifer problem is smulated usng STOMP, and the results are compared to previous
work by Huyakorn et d. (1986) and to Neuman and Witherspoon's analytical solution. The difference
between STOMP's predictions and both the andytical solution and the numerica work of Huyakorn et
a. may be attributable to the assumption of vertica flow in the aguitard made by Huyakorn et d. and
Neuman and Witherspoon.
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Exhibit 2.2-1. STOMP Input File for the Two-Aquifer Problem

Line Input Fle

1 HHHHH R R R R A R R R R R R R R R R R
2 # STOVP APPLI CATION GU DE --- Case 2.2 #
3 # #
4 # THE TWO AQUI FER PROBLEM ( Segol 1994, p. 423-432) #
5 # #
6 # Showcased features: radial solution #
7 # Neumann boundary #
8 # confined aquifer #
9 # #

10 # Domai n:  Two-di mensional "radial" aquifers with maxi mumradius of 10,000 m #

11 # Two aquifers (5 m thick) separated by an aquitard (10 m thick). #

12 # Punping well is screened in the lower aquifer only. No drawdown #

13 # all owed at r=10,000 m #

14 HUHH AR R TR R H R H R H R H R H R H R H R H R R R H R

15

16

17 ~Sinmulation Title Card

18 1,

19 TWD AQUI FER PROBLEM ( Segol 1994, p. 423-432)

20 NJ Al no,

21 Paci fic Northwest Laboratory,

22 June 1995,

23 4:00: 00 PM PST,

24 5,

25 Case 2.2 --- STOWP Appication Quide

26 Domai n:  Two-di mensional "radial" aquifers with maxi mumradius of 10,000 m

27 Two aquifers (5 m thick) separated by an aquitard (10 m thick).

28 Punping well is screened in the [ower aquifer only. No drawdown

29 al l oned at r=10, 000 m

30

31 ~Sol ution Control Card

32 Nor mal ,

33 Wat er,

34 1, Nurber of Sirmul ation periods

35 0.,s, 1. E+05, hr, 36., s, 3. 6E+06, s, 1. 414, 24, 1. E- 6,

36 1, day, 1, day, 100000, Max. machi ne tines

37 0,

38

39 ~Qid Card

40 Cylindrical,

41 13, 1, 20,

42 1.0, m 1. 195, m2.365, m 3.955, m7.285,m12. 715, m 22. 885, m 40. 315, m 72. 085, m

43 127. 915, m 504. 485, m 1495. 515, m 4828. 485, m 10000., m

44 0., deg, 18., deg,

45 0.,ml.,m2., m3. , m4., m5 , m6., mMm7.,m8. ,m9., m

46 10., m11. , m12., m13., m14. , m15., m16., m17., m18., m19. , m

47 20., m

48

49 ~Rock/ Soi | Zonation Card

50 3,

51 AQFRL, 1, 13,1, 1, 16, 20,

52 AQFR2,1, 13,1, 1, 6, 15,

53 AQFR3,1,13,1,1,1,5,

54

55 ~Mechani cal Properties Card
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Exhibit 2.2-1. (Contd)

Line Input Fle
56 AQFR1, 2. 65E+06, g/ m*3, 0. 30,0.30,1.E-04,1/m MIlington and Quirk,
57 AQFR2, 2. 65E+06, g/ m*3,0.43,0.43,8.E-04,1/m MIllington and Quirk,
58 AQFR3, 2. 65E+06, g/ m3,0.30,0.30,1.E-04,1/m MIllington and Quirk,
59
60 ~Hydraul i ¢ Properties Card
61 AQFR1, 2. E-05, hc nis, 2. E-05,hc ni's, 2. E-05, hc nis,
62 AQFR2, 1. E-08,hc nmi's, 1. E-08,hc m's, 1. E-08, hc nis,
63 AQFR3, 2. E-05, hc ni's, 2. E-05, hc m's, 2. E-05, hc ni's,
64
65 ~Saturation Function Card
66  AQFR1, Nonhysteretic van Genuchten,.133,1/cm 1. 88, 0. 268, ,
67 AQFR2, Nonhyst ereti c van Genuchten,.133,1/cm 1. 88, 0. 268, ,
68  AQFR3, Nonhysteretic van Genuchten,.133,1/cm 1. 88, 0. 268, ,
69
70 ~Aqueous Rel ative Perneability Card
71 AQFRL, Mual em ,
72 AQFR2, Mual em ,
73 AQFR3, Mual em
74
75 ~Initial Conditions Card
76 Gas Pressure, Agueous Pressure,
77 1,
78 Aqueous Pressure, 688935., Pa,,,,, -9793.5,1/m1,13,1,1,1, 20,
79
80 ~Boundary Conditions Card
81 2,
82 West , Neurmann,
83 1,1,1,1,1,5,1,
84 0. 0, day, - 5. 02929620E- 05, ni s, , ,
85 East, Hydraul i ¢ Gradi ent Aqueous,
86 13,13,1,1,1, 20,1,
87 0. 0, day, 688935. , Pa, , , ,,
88
89 ~Qut put Control Card
90 5,
91 3,1, 3,
92 3,1, 4,
93 7,1, 3,
94 3,1, 18,
95 7,1, 10,
96 1,1, hr,m6,86,6,
97 3,
98 Aqueous Saturation,,
99 Aqueous Pressure, Pa,
100 Aqueous Hydraulic Head, m
101 1,
102 0., s,
103 7,
104 Aqueous Hydraulic Head, m
105 Aqueous Pressure, Pa,
106 XNC Aqueous Vol unetrix Flux, n hr,
107 ZNC Aqueous Vol unetric Flux, n hr,
108 X Aqueous Vol unetric Flux,nhr,
109 Z Aqueous Vol unetric Flux, n hr,
110 Aqueous Saturation,,
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Exhibit 2.2-2. STOMP Parameters File for the Two Aquifer Problem

Line PaameeskFle

N O e e e T C
2 C STOW Parameter File
I G e e e e T C
4 C
5 C-- Nunmber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=10, LEPD=1)
9 C
10 C-- Number of nodes in the x or r coordinate direction
1 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Number of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---
6 C
17 PARAMETER( LFX=13, LFY=1, LFZ=20)
18 PARAMETER( LAN=260, LAD=3, LM\P=13)
19 C
20 G-- Energy equation switch (0 = off, 1 = on)
21 C Water mass equation switch (0 = off, 1 = on)
2 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=0, LFC=0, LS=0, LD=0)
30 C
31 GC-- Banded natrix linear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 G -- Nunber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=30, LBTM:1)
41 C
42 C-- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER( LSR=1, LSTM-1)
6 C
47 G -- MNunmber of rock/soil types
48 C Nunmber of sol utes
49 C
50 PARAMETER( LRC=3, LSOLU=1)
51 C
52 G -- Nunber of reference nodes
58 C Nunmber of print tines
54 C Nunmber of integration surfaces ---
C
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Exhibit 2.2-2. (Contd)

Parameters File

000 00000

PARAMETER( LREF=10, LPTM-10, LSF=10)

Nunmber saturation and relative perneability table entries
Number of hysteretic scanning paths
Nunber of chem cal reactions

PARAMVETER( LTBL=10, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGHLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2% LFYZ- 2* LFZX) ) ** LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LAN‘LUK + LUMFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCG*LAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGt( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM

PARAVETER( LJHELBDF LANF LUK + LCGH(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* *LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LRCC=LRC*LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN*LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAVETER( LSCHR=18)
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Problem Features: 2.3
2.3 Flow to Two Wellsin a Nonhomogeneous | * “"Water" operationa mode

* saturated flow

This test case illustrates the effects of pumping in a * confined aguifer _

complex confined aquifer made up of seven anisotropic soil/rock | ® hqg ogeneous_and QWISOUOIOIC
types. This problem was designed by Moridis and Reddell * uniform Cartesian grid
(1991) (see dlso Ségol (1994)). Two pumping wells produce * pumping wells
only from the bottom fourth of the aquifer. The aguifer is » surface flux history

bounded by amix of fixed head (Dirichlet) and no-flow

(Neumann) boundary conditions. Due to the heterogeneous materid distribution and mixed boundary
conditions, no analytica solution is avallable for comparison (Celiaet al. 1990). The results originaly
published by Moridis and Reddell (1991) arein error (Moridis 1995). However, the problem serves as
agood test for STOMP.

2.3.1 Problem Description and Parameters

A three-dimensiond aquifer 50 m thick and 7,200 m by 4,800 min plan view congds of seven
different anisotropic materid types. The aquifer is surrounded by no-flow boundaries, except for two
gtrips aong the upper fourth of the agquifer where fixed-head boundary conditions are enforced. The
physica parameters of each of the materid types making up the aquifer are presented in Table 2.3- 1,
while aplan view of the aquifer showing the ared didtribution of the materid typesis presented in Figure
2.3-1. Two pumping wellsareturned on a t = 0, and pump a arate of 500 nt/day and 400 nr’/day.
The wells are located aredlly at (2325, 2175) m and at (4875, 3375) m, respectively. Initid conditions
of no drawdown dueto thewellsexis a t = 0.

2.3.2 Smulation

The smulated domain is divided verticaly into 4 blocks of 12.5 m each. In plan view, the
aquifer isdivided into square blocks with 150 m sides. This discretization yields a grid with 48 blocksin
the x-direction, 32 blocks in the y-direction, and 4 blocks in the z-direction, for atotal of 6,144 blocks.
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Table2.3-1. Physical Parameters of Aquifer Materias
for How to Two Wellsin
Nonhomogeneous Domain Problem

Materid K. K. Porositv
1 9.0x10%  7.0x10% 0.43
2 1.0x10"  6.0x10"% 0.38
3 35x10"  10x10™ 0.33
4 50x10%  20x10% 0.43
5 50x 10"  30x10% 0.45
6 80x10%  3.0x10% 0.40
7 1.0x10%  1.0x10™ 0.01

szoo m, MX = 48 equally-spaced subdivisions

Material 1

32 equally-spaced subdivisi 0n59|

|e4,800m,MY

Initial Pressures:
8.0E+05 Pa

Pressuresat B1 & B2:
6.0E+05 Pa

Boundaries:

Constant-head at
Bl1& B2,
No-flow €l sewhere

Welsat (x,y):

{33,23} : Q=400 m 3/day
{16,16} : Q = 500 m 3/day

Figure 2.3-1. Two Wélsin a Nonhomogeneous Domain: Problem Definition
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Dirichlet boundary conditions are specified at the northern edge of the western boundary and at
the western edge of the southern boundary, only for the upper fourth of the aquifer (z layer number 4).
No-flow Neumann conditions exists everywhere dse. Initia conditions of zero drawdown were
specified. Theinitid pressures were assigned so that the aquifer would remain fully saturated (confined)
during the pumping period. Two pumping wells, with (x,y,z) nodd locations (16,15,1) and (33,23,1)
are Smulated using noda sinks. For illugtrative purposes, the amount of water contributed to the aguifer
viathe fixed head boundaries was monitored usng STOMP's Surface Flux Card option.

A STOMP samulation was performed for a maximum smulation time t,., = 2 days, with atime-
step growth factor of 1.5. Initid time-step (?t) of 6.0 swasused. A copy of the STOMP inpuit file for
this problem is presented in Exhibit 2.3-1, and the parametersfile for this problem is presented in
Exhibit 2.3-2.

2.3.3 Analyss

The flow problem presented hereis arbitrary. The domain configuration and hydraulic
parameters are such that a comparison to an anaytical solution is not feasible. However, this problem
illugtrates the use of STOMP to solve flow problems within a complex domain.

Figure 2.3-2 shows the drawdown in the aquifer for a east-west cross-section which intersects
one pumping well (500 nv/day), while Figure 2.3-3 shows the response of each of the two wells during
the pumping interva of 2 days. The three-dimensiond character of the flow-field due to the
heterogeneous domain is evident in the non-symmetric shape of the drawdown cone.

Figure 2.3-3 shows the amount of water supplied by the fixed-head boundaries in response to

the pumping gtress. A time lag between the pumping stress and the boundary response can be
observed by comparison of Figure 2.3-2 and Figure 2.3-3.
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Figure 2.3-3. Response of the Two Wéls During Pumping Interva of 2 Days

222



100 T T T TTTTT T T TTTTITT T T T TTTTT T T T TTTTIT

10 —

Fixed Boundary, South
1~

Fixed Boundary, West
oot L // ary ]
<&

—

0001 | IIIIIII| | IIIIIII| | IIIIIII|

o
[N
I

Inflow Fate (o day)

0.001 0.01 0.1 1 10 100
Time (hr)
Figure 2.3-4. Volume Rate of Water Supplied by Fixed-Head Boundaries in Response to
Pumping Stress
2.3.4 Summary

Confined flow within a highly heterogeneous aquifer, resulting from pumping at two wells was
solved usng STOMP. The results show atime lag between the fixed-head boundary response and the
pumping stress, as would be expected. The heterogeneous nature of the aguifer isaso vishlein the

results.
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Exhibit 2.3-1. STOMP Input File for the Two Wellsin Nonhomogeneous Domain Problem

#
#
#
#
#
#
#
#
#
#
#
#
#

Line Input Fle
1 HHAHHHHBH AR AR R R R R R R R R R R AR R R AR
2 # STOW APPLI CATION QU DE --- Case 2.3
3 #
4 # FLONTO TWDO VEELLS | N A NONHOMOGENEQUS DOMAI N (rect angul ar, 3D)
5 # (Segol 1994, p.439-442)
6 #
7 # Showcased features: Miltiple naterials
8 # Dirichlet Boundaries
9 # ani sotropi c aquifer
10 #
11 # Domai n:  Three-di nensional rectangular aquifer, with 7 nmaterial types, two
12 # punpi ng wells, and mxed Dirichlet and Neumann boundary conditi ons
13 #
14 HHHHHHHHH A A
15
16
17 ~Simulation Title Card
18 1,
19 Flowto Two Wlls in a Non-Honogeneous Donmai n (Segol 1994, p.439-442).
20 NJ Ai no,
21 Paci fic Northwest Laboratory,
22 August 1995,
23  4:00: 00 PM PST,
24 2,
25 Case 2.3 --- STOWP Appication Quide, STOW Mde 1, 3D
26 Domai n:  Three-di mensi onal rectangul ar het er ogeneous aquifer.
27
28
29 ~Sol ution Control Card
30 Nor mal ,
31 Wat er,
32 1, Nunber of Sinmulation periods
33 0.,s,2.,day,6. ,s, 2.,day,1.5,18,1.e-6,
34 1, day, 1, day, 100000, Max. nmachi ne tines
35 0, Vari abl es to average
36
37
38 ~Gid Card
39 Uni form Cart esi an,
40 48,32, 4,
41 150., m
42 150., m
43 12.5, m
44
45
46 ~Rock/ Soi | Zonation Card
47 # the order of specification of materials is critical here, since new
48 # specifications override ol der ones.
49 33, Nunber of specification |ines
50 # begi n w bl anket assi gnment
51 VAT3, 1,48, 1,32, 1, 4,
52 #
53 # overwite previous specification
54 MATL1, 1, 1,25,32,1,4,
55 MAT1, 2, 7,26,32,1,4,
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Input File

MAT1, 8, 9, 27,32
MAT1, 10, 11, 29, 32
MATL, 12, 16, 31, 32
#
MATZ, 1
MAT2, 2
MAT2, 5,
7
8

PR
it

MAT2,

4,1

51

51

51

MAT2, 6,1
MATZ2, 10, 11, 19, 28, 1,
0,1

0,1

2,1

2,1

PrRARARAARAPIDIDID

MATS5, 13,20, 6, 8,1,4
MATS5, 15,24, 9,11,1,4
MATS5, 17, 24,12,12,1,4
MAT5, 17, 28, 13, 18, 1, 4,
MATS, 17, 25,19, 20,1, 4
MATS5, 18, 25, 21,22,1,4
#
MATG, 22, 27, 1,
MAT6, 28, 32, 1,
MATS6, 33,36,1,1
MAT6, 37, 40, 5, 2
MVATG6, 41, 44,5, 2
MATS, 45, 48, 9, 3
4
8

#

~Mechani cal
MAT1, 2. 65E+06, g/ n*3, 0.
MAT2, 2. 65E+06, g/ n*3, 0.
MAT3, 2. 65E+06, g/ 3, 0.
MAT4, 2. 65E+06, g/ n*3, 0.
MATS5, 2. 65E+06, g/ n*3, 0.
MAT6, 2. 65E+06, g/ n*3, 0.
MAT7, 2. 65E+06, g/ n*3, 0.

~Hydraul i c Properties Card

VAT1, 9. O0E- 13, m*2, 7. 00E- 13, m2,
MAT2, 1. OOE- 11, 2, 6. 00E- 12, n1*2,
VAT3, 3. 50E- 11, m*2, 1. 00E- 11, mt2,
MAT4, 5. 00E- 12, m*2, 2. 00E- 12, nf*2,
MATS5, 5. O0E- 13, m2, 3. 00E- 13, m2,
VAT6, 8. 00E- 12, m*2, 3. 00E- 12, mt2,

Properties Card

E-06, 1/ m
E-06, 1/ m
E-06, 1/ m
E-06, 1/ m
.E-06,1/m
E-06, 1/ m
E-06, 1/ m

50E- 14, n*2,
00E- 13, nt'2,
75E-12, 2,
50E- 13, nt*2,
50E- 14, m*2,
00E- 13, nt*2,
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ngt on
ngt on
ngt on
ngt on
ngt on
ngt on
ngt on

and
and
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Exhibit 2.3-1. (Contd)

Line Input File
111 MAT7, 1. 00E- 16, m*2, 1. O0OE- 16, nt*2, 5. O0OE- 18, m\2, , , , ,
112
113
114 ~Saturation Function Card

115 MAT1, Nonhyst ereti ¢ van Genuchten, . 133,1/cm 1. 88, 0. 268,

116 MAT2, Nonhyst ereti c van Genuchten, . 133, 1/cm 1. 88, 0. 268, ,
117 MAT3, Nonhystereti c van Genuchten, . 133, 1/cm 1. 88, 0. 268, ,
118 MAT4, Nonhyst ereti ¢ van Genuchten, . 133,1/cm 1. 88, 0. 268, ,
119 MATS5, Nonhyst ereti c van Genuchten, . 133, 1/cm 1. 88, 0. 268, ,
120 MAT6, Nonhystereti c van Genuchten, . 133, 1/cm 1. 88, 0. 268, ,
121 MAT7, Nonhyst ereti ¢ van Genuchten, . 133,1/cm 1. 88, 0. 268, ,
122

123

124 ~Aqueous Rel ative Permeability Card

125 MAT1, Mial em ,

126 MAT2, Mual em ,

127 MAT3, Mual em ,

128 MAT4, Mual em

129 MAT5, Mual em ,

130 MAT6, Mual em ,

131 MAT7, Mual em

132

133

134 ~lnitial Conditions Card

135 Gas Pressure, Agqueous Pressure,

136 1,

137 Aqueous Pressure, 7. 256619E+05, Pa, ,,,,-9793.52,1/m 1, 48, 1, 32, 1, 4,
138

139

140 ~Boundary Conditions Card

141 2

142 West, Dirichl et

143 1,1,25,32,4,4,1,

144 0., day, 3. 584049E+05, Pa, , ,
145 South, Dirichlet,

146 1,16,1,1,4,4,1,

147 0., day, 3. 584049E+05, Pa,
148

149

150 ~Source Card

151 2,

152 Aqueous Vol unetric, 16, 16, 15, 15,1, 1, 1,
153 0.,s,-500., mM3/day,

154 Aqueous Vol unetric, 33, 33, 23, 23,1, 1, 1,
155 0.,s,-400., m3/ day,

156

157

158 ~Qut put Control Card

159 2,

160 16, 15, 1,

161 33,23, 1,

162 1,1,hr,m®6,6,6,

163 ,

164 Aqueous Hydraul i c Head, m
165 Aqueous Saturation,,
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Line

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

Exhibit 2.3-1. (Contd)

0., s,
1., day,
2., day,

Aqueous Hydraul i c Head, m
Aqueous Pressure, Pa,
Aqueous Saturation,,

~Surface Flux Card,

2,

Aqueous Vol unetric Fl ux, m3/day, 3, South, 1, 16, 1, 1,
Aqueous Vol unetric Fl ux, m3/day, 3, Wst, 1, 1, 24, 32,
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Exhibit 2.3-2. STOMP Parameters File for Two Wells in Nonhomogeneous Domain Problem

Line PaameeskFle

Nunmber of integration surfaces ---

1 O e e e PP P C
2 C STOW Parameter File
3 (O e C
4 C
5 C-- Nunmber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=10, LEPD=1)
9 C
10 C-- Number of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Number of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---
16 C
17 PARAMETER( LFX=48, LFY=32, LFZ=4)
18 PARAMETER( LAN=6144, LAD=3, LM\P=128)
19 C
20 C--- Energy equation switch (0 = off, 1 = on)
21 C Water mass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=0, LFC=0, LS=0, LD=0)
30 C
31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 =on) ---
33 C Unsymmetric-pattern multifrontal package switch (0 = off, 1 =on) ---
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 C-- Nunmber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=24, LBTM-1)
41 C
42 C-- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER( LSR=2, LSTM-1)
46 C
47 C-- Nunmber of rock/soil types
48 C Nunmber of sol utes
49 C
50 PARAMETER( LRC=7, LSOLU=1)
51 C
52 C-- Nunber of reference nodes
53 C Nunmber of print tines
C
C
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Exhibit 2.3-2. (Contd)

Parameters File

PARAMETER( LREF=10, LPTM-10, LSF=10)

Nunmber saturation and relative perneability table entries
Nunmber of hysteretic scanni ng paths
Nunber of chem cal reactions

PARAMETER( LTBL=10, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGFLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7% LFD- 2* LEXY- 2% LFYZ- 2* LFZX) ) ** LUV
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LAN*LUK + LUMFLAN*LUK)

PARAVETER( LIB=( 2* LAN* LUK) **LUM  LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGH( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBWH1) + LCGFLAN*LUK + LUM

PARAMETER( LJHELBD* LANF LUK + LOGF(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* (LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD** LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* *LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LROC=LRC**LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LANFLUK + LCG + (3*LNE+23* LFD* LUK+9) * LUM)
PARAVETER( LSCHR=18)
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3.0 Mass Transport in Saturated Media

Two mass transport gpplications are solved with STOMP to introduce the Smulator’s
capabilitiesin thisarea. One-dimensiond trangport in a uniform steedy flow fidd is examined in Section
0. The patch source problem, involving a fixed concentration boundary condition used as sourcein a
steady, uniform two-dimensond flow fidd, is solved in Section 3.2.

The governing equation for advection-disperson in a saturated porous mediaiis
& ‘HC

™S

where C isthetime (t) and space dependent (x) solute concentration, Ris the retardation factor, g isthe
Darcy velocity, D isthe dispersion tensor, and Q is a sink/source term.

Tre)+ 1 (

T T =Q forij=1,2,3 Equation 3-1
X;

6,C)-

The accuracy of the results obtained from numerical smulation of transport is usudly affected by
the values of the grid Courant Cr and Peclet Pe numbers. The Courant number controls the oscillations
in the solution arisng from the discretization of time derivative, and is defined as

Cr= _ VDt Equation 3-2
Dx

where Dt isthe szeof thetime-step and Dx isthe grid spacing.

The Peclet number is a measure of the ratio between the advective and the dispersive
components of trangport, and controls the oscillations in the solution due to the spatid discretization of
the domain. The Peclet number is defined as

Pe= V[?( Equation 3-3

Stability criteriafor common numerica smulators requirethat Cr = 1, and Pe = 2 (Daus and Frind
1985).

Problem Features; O

3.1 One-Dimensional Transport in a * water operationa mode

Uniform Steady Flow Field * nonreective transport
* one dimensiond

» saturated and confined

* heterogeneous and isotropic
* uniform Cartesian grid

* steady, uniform flow

» stability consderations

Thistest caseilludrates trangport of asolute within a
Seedy date, uniform flow fidd. Aninitid square pulse of
solute mass is ingantaneoudy introduced into the flow field and
trangported downstream. The pulse undergoes advection,
disperson and molecular diffuson. An anaytica solution by

31



van Genuchten and Alves (1982) is used for comparison.

3.1.1 Problem Description and Parameters

Theinitid vaue problem discussed here was recommended by the Convection-Diffuson Forum
during the VII International Conference on Computationa Methods in Water Resources (Baptista et .
1988), with the purpose of having a common comparison. The following numericd vauesfor the
problem dimensions and parameters are those suggested by the Forum. The one-dimensond domain
extends from 0 < x < 12800, the pore water velocity is 0.5 m/day, and the initid pulseislocated at
1400 < x < 2600. Grid spacing is specified as 200 m, time-steps are 96 days, and totad Smulation time
iS9600 days. A dispersion coefficient of 50 nf/day is used, yidding a Peclet number Pe = 2. The
Courant number for this smulation was Cr = 0.24.

An analytica solution given by van Genuchten and Alves (1982) is used for comparison with the
smulated results. The anayticd solution is modified to account for atrandation of theinitid pulsein the
positive x-axis direction. Assuming the solute to be consarvative, and given theinitial and boundary
conditions

C(x,0)=0 for  0=x = 1400 and 2600 = x
C(x0) =1 for 1400 = x = 2600
C(Oop=0 for t>0

ﬂC(¥t)o for  t>0

X

the solution to the advection-dispersion equation is

17 . éx- x,- vtU éx- x, - vtuu 1 ae/XoI ex X, - vtU - X - thU
Cix,t)=—=jeafc egfce—F—— erf
) 21 S o) 4 S oy “i; 2°PED 4 e(4Dt) 4= ey %
Equation 3-4

3.1.2 Simulation

A STOMP smulation was carried out using the parameters suggested for the reference problem
outline above using the Patankar and TV D transport schemes at five different Courant numbers. 0.24,
0.12, 0.06, 0.03, and 0.015. For these smulations, decreasing Courant number implies shorter time
geps. The smulaionswith aCr = 0.24 used atime step of 96 days, whereas the smulations with a Cr
= 0.015 used atime step of 6 days. Additiona smulations were made for Peclet numbers of 0.2 and
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20.0 using the Patankar and TVD transport schemes. All smulations are compared to analytica
solution results.

All three smulations hed atota duration of 9,600 days. Porous media and boundary conditions
for the flow problem were chosen to establish a uniform ve ocity field with pore water velocity of 0.5
m/day (i.e, 0.25 m/day Darcy velocity). A uniform flow field was established by fixing the Darcy flow
velocity on the west boundary with a Neumann type boundary, and maintaining a constant pressure
above the gas pressure on the east boundary with a Dirichlet type boundary condition. Initid conditions
for the solute concentration were specified to duplicate thosein

Equation 3-4 above. An example copy of the STOMP input file for the reference problem is
presented in Exhibit 3.1-1, and a copy of the parameters file used to build the STOMP executable code
isincduded in Exhibit 3.1-2.

3.1.3 Analyss

Simulation results compared againgt the andlytica solution for the defined trangport problem (Pe
=2.0) are shown in Figure 3.1-1 and Figure 3.1-2, respectively for the Patankar and TVD solution
schemes, respectively. The Patankar scheme results show considerable numerica dispersion compared
againg the anaytical result as evidence by the lower peak vaues and broader digtribution. Although
symmetric, the mass midpoint additionaly lags the andytica solution. The solution results improve with
decreasing Courant number but in alimited fashion. The TVD scheme results show marked
improvement over the Patankar scheme compared againgt the andytica solution. Decreasing the
Courant number improves the solution, but decreases below Cr = 0.06 do not yidd sgnificant changes.

Smulaion results for Pe = 0.2 are shown againgt the andyticad solution in Figure 3.1-3 and
Figure 3.1-4, respectively, for the Patankar and TVD solution schemes. Both schemes show good
agreement with the andyticd solution for this diffuson-dominated problem; however, the Patankar
scheme shows dightly more numericd disperson than the TVD scheme. The Patankar scheme
additiondly shows adight time lag compared againgt the analytical solution. Because of the high
dispersonin this problem, some solute exits the physical domain via the west surface (i.e.,, againg the
flow fidd). Matching the andytica solution for this condition requires the use of the “Aqueous
Volumetric Conc.” type boundary condition on the west boundary instead of the Inflow type boundary
condition, which neglects diffusion/dispersion across the boundary.

Simulation results for Pe = 20.0 are shown againg the anaytical solutionin Figure 3.1-5 and Figure
3.1-6, respectively for the Pantankar and TVD solution schemes. For this advection-dominated
problem, the Patankar scheme yields more results compared againgt the anadytica solution, showing
consderable numerica digperson. Although the overal solute mass balance remains accurate, the
solute digtribution is poor. The TVD scheme shows marked improvement in tracking a sharp front,
however, numerica dispersion does cause the solute distribution to be broader than the analytical
solution.
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3.1.4 Summary

One-dimengiond trangport smulations were compared to an anaytica solution. The smulated results
show more spreading of the solute due to numerical disperson and adight trailing of the pesk in time for
the Patankar scheme. The TVD scheme shows greater accuracy than the Patankar scheme acrossthe
range of Peclet numbers. Numerica digperson becomes more important for smulations where the
Peclet number is greater than about 2.
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Figure3.1-1. Concentration Profiles for the Andytical and Patankar Solution Scheme One-
Dimensiond Trangport in a Uniform Steedy Flow Fidd Problem (Pe = 2.0)
0.5_|II”I”IIlI”IIIIIIlI”IIII”|II.I'"I"'!II”|IIIII”II|”IIII”I|I” -
i Pe=20 [
0.4 R
] TVD Transport Scheme B
i — Analytical L
- e Cr = 0.24 -
0373 Cr=0.12 0
3 i - --Cr=0.06 N
5 1 - Cr=0.03 -
02__ —--Cr=0.015 __
0.1 -
0.0 |||||||||||||||||||||".|||||||||||||||||||||||||||.”|'|||||||||||||||

Figure 3.1-2. Concentration Profiles for the Andyticad and TVD Solution Scheme One-

Dimensiond Trangport in a Uniform Steedy Flow Fidd Problem (Pe = 2.0)
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Figure 3.1-4. Concentration Profiles for the Andytica and TVD Solution Scheme One-

Dimensiond Trangport in a Uniform Steedy Flow Fidd Problem (Pe = 0.2)
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Figure 3.1-6. Concentration Profiles for the Andytica and TVD Solution Scheme One-
Dimensiond Transport in a Uniform Steedy How Fed Problem (Pe = 20.0)
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Exhibit 3.1-1. STOMP Input File for 1D Trangport in Uniform Steady Flow Problem

Line Input File

1 HHHHHHHH R R R
2 # STOW APPLI CATION GU DE --- Case 3.1 #
3 # #
4 # 1D TRANSPORT IN A UNI FORM STEADY FLOW FI ELD #
5 # #
6 # Showcased features: Non-reactive transport #
7 # Sol ut e oufl ow boundari es #
8 # #
9 # Domai n:  One-di mensi onal, honbgeneous, i sotropic, #

10 # #

11 R R

12

13

14

15 ~Simulation Title Card

16 R e R TR T

17 1,

18 1D transport verification, FB project, Forum Reference Problem

19 NJ Ai no,

20 Paci fic Northwest Laboratory,

21 August 1995,

22 4: 00: 00 PM PST,

23 1,

24 Case 3.1 --- Initial value problem conparison to analytical solution

25

26

27

28 ~Sol ution Control Card

29 A e R R T T

30 Nor mal ,

31 Water w TVD Transport,

32 1,

33 0, s, 9600, d, 96,d, 96,d, 1., 8, 1. e- 06,

34 1, day, 1, day, 10000,

35 ,

36

37

38

39 ~&id Card

40 R e R TR T

41 Cartesi an,

42 100, 1, 1,

43 0, m 100@00, m

44 O,mil,m

45 oOomil m

46

47

48

49 ~Rock/ Soi |l Zonation Card

50 e e e e

51 1,

52 Sand, 1, 100, 1,1,1,1,

53

54

55
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Exhibit 3.1-1. (Contd)

Line Input File
56
57 ~Mechani cal Properties Card
58 A e e R TR PP
59 Sand,,,0.5,0.5,,,MIlington and Quirk,
60
61
62
63 ~Hydraul i ¢ Properties Card
L e I e
65 Sand, 25000. , hc¢ nl day,,,,,
66
67
68
69 ~Saturation Function Card
70 e e e e P
71 Sand, Nonhyst ereti c van Genuchten, 0. 015, 1/cm 2.0, 0. 05, ,
72
73
74
75 ~Aqueous Rel ative Perneability Card
76 R e e
77 Sand, Mual em ,
78
79
80
81 ~Solute/ Fluid Interaction Card
82 A e e R TR PP
83 1,
84 Sl udge, Conventional , 0. 0, nt*2/ d, Cont i nuous, 1. 0e+12, d,
85 0,
86
87
88
89 ~Sol ut e/ Porous Medi a Interaction Card
90 A e e R TR PP
91 Sand, 100. 0, m 0. 0, m
92 Sl udge, 0., ,
93
94
95
96 ~Initial Conditions Card
97 e e e e
98 Gas Pressure, Aqueous Pressure,
99 2,
100 Aqueous Pressure, 102605., Pa, -0.09794,1/m,,,,1,100,1,1,1, 1,
101 Sol ute Aqueous Vol unetric, Sludge, 1.,1/ m3,,,,,,,8,13,1,1,1,1,
102
103
104
105 ~Boundary Conditions Card
106 A e e R TR PP
107 2,
108 West , Neumann, Aqueous Conc. ,
109 1,1,1,1,1,1,1,
110 0.,hr,0.25,md, 0.0, 1/ m3,
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Exhibit 3.1-1. (Contd)

Line Input Fle

111 East,Dirichlet, Qutfl ow,
112 100, 100,1,1,1,1, 1,
113 0., hr,101425., Pa, ,,

114

115

116

117 ~Qut put Options Card
118 e e e
119 3,

120 13,1,1,

121 34,1,1,

122 35,1,1,

123 10, 10, day, m 6, 6, 6,
124 2

125 X, Aqueous Vol , nl day,
126 Sol ut e Aqueous Conc., Sl udge, 1/ m*3,

127 1,
128 9600, d,
129 2

130 Xl Aqueous Vol , m day,
131 Sol ut e Aqueous Conc., Sl udge, 1/ m3,
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Exhibit 3.1-2. STOMP Parameters File for 1D Transport in Uniform Steady FHow Problem

Line PaameaesFile

1 (O R e C
2 C STOWP Paraneter File

3 (O R e L PP PP C
4 C

5 C-- Nunber of lines of simulation notes

6 C Nunmber of execution periods ---

7 C

8 PARAMETER( LNOTES=10, LEPD=10)

9 C

10 G -- Nunber of nodes in the x or r coordinate direction

11 C Nunmber of nodes in the y or theta coordinate direction

12 C Nunmber of nodes in the z coordinate direction

13 C Nunber of active nodes

14 C Nunmber of active di nensions

15 C M ni num of (LFX*LFY, LFX*LFZ, LFY*LFZ) ---

16 C

17 PARAMETER( LFX=100, LFY=1, LFZ=1)

18 PARAMETER( LAN=100, LAD=1, LM\P=1)

19 C

20 C-- Energy equation switch (0 = off, 1 = on)

21 C Water nmass equation switch (0 = off, 1 = on)

22 C Air mass equation switch (0 = off, 1 = on)

23 C VOC mass equation switch (0 = off, 1 = on)

24 C Solute transport equation switch (0 = off, 1 = on)

25 C Freezing conditions switch (0 = off, 1 =on) ---

26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C

29 PARAMETER(LT=0, LL=1, LG=0, LN=0, LC=1, LFC=0, LS=0, LD=0)
30 C

31 C--- Banded matrix linear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 =on) ---
33 C

34 PARAMETER( LBD=1, LCG=0)

35 C

36 C-- Nunmber of boundary condition surfaces

37 C Nunmber of boundary condition times ---

38 C

39 PARAMETER( LBC=2, LBTM:1)

40 C

41 C-- Nunmber of sources

42 C Nunber of source times ---

43 C

44 PARAMETER( LSR=1, LSTM:1)

45 C

46 C-- Number of rock/soil types

47 C Nunber of solutes

48 C

49 PARAMETER( LRC=1, LSOLU=1)

50 C

51 C-- Nunber of reference nodes

52 C Number of print tines

53 C Nunmber of integration surfaces ---

54 C

55 PARAMETER( LREF=10, LPTM-10, LSF=1)
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Exhibit 3.1-2. (Contd)

Line PaameeasFile
5 ©
58 C-- Nunmber saturation and relative perneability table entries
gg C Nunber of hysteretic scanni ng paths
61 C Nunmber of chem cal reactions
62 C
ZZ PARAMETER(LTBL=1, LPATH=3, LCHEM:1)
65 C
66
67 C-- Computed Paraneters ---
68 C
69 PARAVETER( LUK=LT+LL+LGFHLN+LS+LD, LPHELL+LG+LN, LCMP=LL+LS+LD)
70 PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)
71 PARAVETER( LFD=LFX* LFY* LFZ)
72 PARANVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LFXY- 2* LFYZ- 2* LFZX) ) ** LUM)
73 PARAVETER( LHBWEL UK* LIMNP+LUK- 1)
74 PARAVETER( LJA=LBD + LOG'LAN*LUK + LUMLAN*LUK)
75 PARAVETER( LIB=( 2* LAN* LUK) ** LUM LJC=LAN**LUM)
76 PARAVETER( LID=LBD* ( 3* LHBWH1) + LOGFLAN*LUK + LUM 6* LNE)
77 PARAVETER( LJE=LBD* LAN* LUK + LCGt((2* LAD+1) * LUK+2*LAD) + LUM
78 PARAVETER( LIF=LAN* LUK)
79 PARAVETER( LJG=LBD* ( 3* LHBW1) + LCGrLAN*LUK + LUM
80 PARAVETER( LIHELBD* LAN* LUK + LCGF(2*LAD+1) + LUM
81 PARAVETER( LJJ=LBD* LAN* LUK + LCG + LUM
82 PARAVETER( LSV=LUK+2, LSFV=2*LUK+1)
83 PARANVETER( LSX=( LFX+1) * LFY* LFZ)
84 PARANVETER( LSY=LFX* ( LFY+1) * LFZ)
85 PARAVETER( LSZ=LFX* LFY* ( LFZ+1))
86 PARANVETER( LFDT=LFD** LT, LFDL=LFD** LL, LFDG=LFD* * LG, LFDNELFD**LN)
87 PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
88 PARANVETER( LSXT=LSX* * LT, LSXL=LSX** LL, LSXG=LSX** LG, LSXNELSX**LN)
89 PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)
90 PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYGELSY** LG, LSYNELSY**LN)
91 PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)
92 PARANVETER( LSZT=LSZ** LT, LSZL=LSZ**LL, LSZG=LSZ** LG LSZN=LSZ**LN)
93 PARAVETER( LSZC=LSZ**LC, LSZS=LSzZ**LS, LSZD=LSZ**LD)
94 PARANVETER( LRCT=LRC** LT, LRCL=LRC**LL, LROG=LRC** LG, LRCNELRC**LN)
95 PARAVETER( LROC=LRC**LC, LRC =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
96 PARAVETER( LBCT=LBC** LT, LBCL=LBC**LL, LBOG=LBC** LG, LBCN=LBC**LN)
97 PARAVETER( LBCC=LBC**LC, LBC =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
98 PARAVETER( LBCU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)
99 PARAVETER( LOUPV=200+11* (LSCOLU))
100 PARAVETER( LJI =LBD* LANF LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM
18% PARAVETER( LSCHR=18)
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3.2 The Patch Source

The patch source problem was used by Daus
and Frind (1985) as atest problem for afinite dement
Gadlerkin trangport code, while an analytical solution was
given by Cleary and Ungs (1978). Inthisproblem a
fixed- concentration boundary condition isused as
source in a steedy, uniform two-dimensond flow field.
Results from STOMP simulations are compared to
Cleary and Ungss andyticd solution.

3.2.1 Problem Description and Parameters

Problem Features: 3.2

» Water operational mode

» transport in uniform-steady flow fidd
* two dimensond (xy)

* uniform Cartesan grid

* saturated flow

» confined aquifer

* heterogeneous and isotropic

* Dirichlet solute boundaries

« outflow solute boundaries

The patch source problem exemplifies trangport undergoing longitudina and transverse
digoerson within a uniform steedy flow fied in a plan view aquifer. The governing equation for
advective-dispersive trangport introduced in Section 0 is gpplicable to this problem as well.

The problem domain is rectangular, with the x-axis oriented parald to the direction of flow, and
has dimengions of 200 by 40 arbitrary length units. A solute line-sourceis located on the upstream
boundary (at x =0) fromy=0toy = 6. Fgure 3.2-1 shows a schematic of the problem domain.
Outflow boundary conditions exist everywhere else around the domain. The initid tracer concentration
in the domain is zero. Stated mathematicaly these conditions are:

C(x,y,0)=0

COyt)=1 for O=y=6 andt>0

€ oo for  0=x=200ay=0,40
Ty

E:O for 6=y=40,ax=0
X

1111_C:0 for 0=y =40, at x =200.
X
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Figure3.2-1. Daus and Frind's Representation of the Patch- Source Problem with Dirichlet
Boundary Conditions (Adapted from Daus and Frind (1985))

3.2.2 Smulation

The amulated domain is overlain with a uniform sguare grid, with grid spacing of 2 length units
(meters). Theresulting grid has 100 blocksin the x-direction and 20 blocks in the y-direction for atotal
of 2000 blocks.

The hydraulic parameters and flow boundary conditions were chosen to yield a uniform seepage
veocity of 0.1 (m/day) in afully saturated and confined aquifer (see Exhibit 3.2-1). Generic vauesfor
the saturation-pressure relationship and solute fluid interaction parameters were used. Dispersivity
va ues were chosen 0 that the resulting longitudind and transverse dispersion coefficients each had
vaues of 0.1 (nf/day). A Dirichlet transport boundary condition was applied to the y-axis to smulate
the required line source. A Cauchy boundary condition was not used because the available andytica
solution was derived for a Dirichlet boundary condition.

The smulation was run using STOMP s TVD trangport option (refer to Section 0) for 800 time
units (days) with time steps of 4 units. The resulting Courant and Peclet numbers were Cu = 0.02 and
Pe = 2. Output was requested for the following times. 160, 480, and 800 days. A copy of the
STOMP input file for this problem is presented in Exhibit 3.2-1 and a copy of the STOMP parameters
file used to build the needed STOMP executable code for this problem is shown in Exhibit 3.2-2.

3.2.3 Analysis

A plot showing a comparison of STOMP's predictions and the andytical solution of Cleary and
Ungsisshown in Figure 3.2-2. The plot presents longitudina concentration profilesat y = 1 dong the
x-direction (i.e. directly downsiream from the source) for three different times.
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Figure 3.2-2. Longitudina Concentration Profilesat y = 1 Along the x-Direction for the Petch
Source Problem

For dl threetimes, STOMP's TVD transport predictions show a good match with the andytica
solution, especidly a the leading edge of the plume.

Concentration profilesin the transverse direction are presented in Figure 3.2-3 for x = 41. Comparison

of STOMPs predictions and the andytica solution for show adequate agreement. Overdl, transverse
profiles exhibit dightly steeper fronts.
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Figure 3.2-3. Transverse Concentration Profiles a x = 41 Along the y-Direction for the Patch
Source Problem
3.24 Summary

Two-dimensond trangport in asteady uniform flow field was smulated usng STOMP s TVD
option. The results were compared to an analytical solution for different times. Profiles of concentration
aong the longitudina and transverse flow directions were presented. The comparison showed avery
good agreement between STOMP predictions and andytica results. A dight “flattening” of the plume
was observed in the transverse direction, while preserving the steep front. Mass balance was
preserved.
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Exhibit 3.2-1. STOMP Input File for Patch Source Problem

Line Input File

1 HHHHHHHHH R R R
2 # STOW APPLI CATION GU DE --- Case 3.2 #
3 # #
4 # THE PATCH SOURCE (Segol 1994, p.86-94) #
5 # #
6 # Showcased features: 2D Transport #
7 # #
8 # Domain: Rectangul ar domain with uniformgrid spacing #
9 # #

10 HHHHHHHHHHHHHH R

11

12

13 ~Simulation Title Card

14 1,

15 THE PATCH SOURCE (Segol 1994, p.86-94)

16 NJ Ai no,

17 Paci fic Northwest Laboratory,

18 June 1995,

19  4:00: 00 PM PST,

20 4,

21 Case 3.2 --- STOW Applications Quide

22 Domai n:  Two-di mensi onal rectangul ar confined aquifer, 200 by 40 units.

23 Sol ute source on | eft boundary, y=1 to 6, uniformx-velocity,

24 zero y-velocity.

25

26

27 ~Sol ution Control Card

28 Nor mal ,

29 Water w TVD Transport,

30 1, Number of Simul ation periods

31 0., day, 800., day, 4., day, 4., day, 1., 24, 1. E- 6,

32 1, day, 1, day, 100000, Max. machine times

33 0, Vari abl es to average

34

35

36 ~&id Card

37 Uni form Cart esi an,

38 100, 20, 1,

39 2.0,m

40 2.0,m

41 2.0, m

42

43

44 ~Rock/ Soi | Zonation Card

45 1,

46  AQFR1, 1, 100, 1, 20,1, 1,

47

48

49 ~Mechani cal Properties Card

50 AQFR1, 2. 65E+06, g/ m*3, 0. 30,0.30,1. E-05,1/m MIlington and Quirk,

51

52

53 ~Hydraul i ¢ Properties Card

54 AQFR1, 6. 0003, hc ni day, 0., hc m day, ,,

55
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Exhibit 3.

133, 1/cm 1. 88, 0. 268, ,

1. E-09, n'2/ s, Conti nuous, 1. E+20, yr,

48.9676,1/m,,,,1,100,1,20,1,1

Line Input Fle
56
57
58 ~Saturation Function Card
59 AQFR1, Nonhysteretic van Genuchten,
60
61
62 ~Aqueous Rel ative Perneability Card
63 AQFR1, Mual em ,
64
65
66 ~Solute/Fluid Interaction Card
67 1,
68 SOL1, Conventional Tortuosity Model
69 0,
70
71
72 ~Sol ut e/ Porous Media Interaction Card
73 AQFRL, 1., m1., m
74 sa.i, 0., m3/g,
75
76
77 ~lnitial Conditions Card
78 CGas Pressure, Agueous Pressure,
79 1,
80 Aqueous Pressure, 6. 0979352E+05, Pa, -
81
82
83 ~Boundary Conditions Card
84 3,
85 West, Dirichl et Agueous, Aqueous Conc.,
86 1,1,1,3,1,1,1,
87 0. 0, day, 6. 0979352E+05, Pa, 1. 0, 1/ M3,
88 West, Dirichl et Agqueous,
89 1,1,4,20,1,1,1,
90 0. 0, day, 6. 0979352E+05, Pa, ,
91 East,Dirichl et Agqueous, Qutfl ow Sol ute
92 100, 100,1,20,1,1,1
93 0. 0, day, 6. E+05, Pa, ,
94
95
96 ~CQut put Control Card
97 3,
98 2,1,1,
99 50,1, 1,
100 50, 10, 1,
101 1,1,day, m4,8, 8,
102 4,
103 Aqueous Saturation,
104 Aqueous Pressure, Pa
105 X Aqueous Vol unetric Fl ux, ni day,
106 Sol ute Aqueous Conc., SO.1, 1/ m3,
107 3,
108 160. , day,
109 480. , day,
110 800. , day,
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Exhibit 3.2-1. (Contd)

Line Input Fle

111 1,

112 Sol ute Aqueous Conc., SOL1, 1/ m3,
113
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Exhibit 3.2-2. STOMP Parameters Fle for Patch Source Problem

Line PaameaesFile

1 (O R e C
2 C STOWP Paraneter File

3 (O R e L PP PP C
4 C

5 C-- Nunber of lines of simulation notes

6 C Nunmber of execution periods ---

7 C

8 PARAMETER( LNOTES=5, LEPD=1)

9 C

10 G -- Nunber of nodes in the x or r coordinate direction

11 C Nunmber of nodes in the y or theta coordinate direction

12 C Nunmber of nodes in the z coordinate direction

13 C Nunber of active nodes

14 C Nunmber of active di nensions

15 C M ni num of (LFX*LFY, LFX*LFZ, LFY*LFZ) ---

16 C

17 PARAMETER( LFX=100, LFY=20, LFZ=1)

18

19 PARAMETER( LAN=2000, LAD=2, LM\P=20)

20 C

21 C-- Energy equation switch (0 = off, 1 = on)

22 C Water mass equation switch (0 = off, 1 = on)

23 C Air mass equation switch (0 = off, 1 = on)

24 C VOC mass equation switch (0 = off, 1 = on)

25 C Solute transport equation switch (0 = off, 1 = on)

26 C Freezing conditions switch (0 = off, 1 =on) ---

27 C Di ssol ved salt transport equation switch (0 = off, 1 =on) ---
28 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
29 C

30 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=1, LFC=0, LS=0, LD=0)

31 C

32 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
33 C Conj ugate gradient |inear equation solver switch (0 = off, 1 =on) ---
34 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 =on) ---
35 C

36 PARAMETER( LBD=1, LCG=0, LUM:0)

37 C

38 C-- Number of boundary condition surfaces

39 C Nunmber of boundary condition times ---

40 C

41 PARAMETER( LBC=80, LBTM-1)

42 C

43 C-- Nunber of sources

44 C Nunmber of source tines ---

45 C

46 PARAMETER( LSR=1, LSTM:1)

47 C

48 C-- Nunber of rock/soil types

49 C Nunmber of sol utes

50 C

51 PARAMETER( LRC=1, LSOLU=1)

52 C

53 C-- Nunber of reference nodes

54 C Nunmber of print tines

55 C Nunmber of integration surfaces ---
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Exhibit 3.2-2. (Contd)

Line ParametersFile
56 C
57 PARAMETER( LREF=5, LPTM=3, LSF=1)
58 C
59 C-- Nunmber saturation and relative perneability table entries
60 C Nunber of hysteretic scanning paths
61 C Nunmber of chemi cal reactions
62 C
63 PARAMETER( LTBL=10, LPATH=3, LCHEM:1)
64 C
65 C-- Conputed Paraneters ---
66 C
67 PARAMETER( LUK=LT+LL+LG+LN+LS+LD, LPH=LL+LGHLN, LCWP=2)
68 PARAMETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)
69 PARAMVETER( LFD=LFX* LFY* LFZ)
70 PARAMVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2* LFYZ- 2* LFZX) ) **LUM
71 PARAMVETER( LHBWEL UK* LIMNP+LUK- 1)
72 PARAMETER( LJA=LBD + LOG*LAN*LUK + LUMFLAN*LUK)
73 PARAMVETER( LIB=( 2* LAN* LUK) **LUM LJC=LAN**LUM
74 PARAMETER( LID=LBD* ( 3* LHBW1) + LCG*LAN*LUK + LUM 6* LNE)
75 PARAMETER( LJE=LBD* LAN* LUK + LCG*((2*LAD+1) *LUK+2*LAD) + LUM
76 PARAMETER( LJF=LAN* LUK)
77 PARAMETER( LIG=LBD* (3* LHBW1) + LCG*LAN*LUK + LUM)
78 PARAMVETER( LJHELBD* LAN* LUK + LCOG(2*LAD+1) + LUM
79 PARAMETER( LJJ=LBD* LAN* LUK + LCG + LUM
80 PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)
81 PARAMETER( LSX=( LFX+1) * LFY* LFZ)
82 PARAMVETER( LSY=LFX* ( LFY+1) *LFZ)
83 PARAMVETER( LSZ=LFX* LFY* (LFZ+1))
84 PARAMETER( LFDT=LFD** LT, LFDL=LFD** LL, LFDG=LFD* * LG LFDN=LFD* * LN)
85 PARAMETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
86 PARAMVETER( LSXT=LSX** LT, LSXL=LSX**LL, LSXG=LSX** LG LSXN=LSX**LN)
87 PARAMETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)
88 PARAMVETER( LSYT=LSY**LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
89 PARAMETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)
90 PARAMVETER( LSZT=LSZ** LT, LSZL=LSZ**LL, LSZG=LSZ** LG LSZN=LSZ**LN)
91 PARAMVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)
92 PARAMETER( LRCT=LRC** LT, LRCL=LRC**LL, LRCG=LRC** LG LRCN=LRC* * LN)
93 PARAMETER( LRCC=LRC**LC, LRC =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
94 PARAMVETER( LBCT=LBC**LT, LBCL=LBC**LL, LBCG=LBC** LG LBCN=LBC**LN)
95 PARAMETER( LBCC=LBC**LC, LBC =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
96 PARAMVETER( LBCU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)
97 PARAMETER( LOUPV=200+11* (LSOLU) )
98 PARAMETER( LJI =LBD* LAN* LUK + LCG + ( 3* LNE+23* LFD* LUK+9) * LUV
99 PARAMVETER( LSCHR=18)

100
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4.0 Salt-Water Intrusion and Density-Driven Flow

Sdt-water intruson is the classic problem for a density-dependent ground-water hydrology
case. Inthis section two classic problems are tackled: Henry's Problem, which describes the advance
of adiffused sdt-water wedge in a confined aquifer initidly filled with fresh water, and Elder's Problem,
which is an example of complex natura convection suggested by Voss and Souza (1987) as an exercise
to test the accuracy of models in representing fluid flow driven purely by density differences.

4.1 Henry'sProblem (Salt Water Intrusion) | Problem Features: 4.1

» Water-Sdt operationad mode
Henry’ s problem addresses the steady- state solution « two dimensiond

of adiffused sdt-water wedge within a confined aquifer o saturated flow

baanced againgt aflowing freshwater field. Fresh water « confined aquifer

enters the confined aquifer at a congtant rate from a « heterogeneous and anisotropic
hypothetical inland boundary and dischargesinto a « uniform Cartesian grid

hypothetica coastd boundary. Sdt water from the cogtal
boundary advances and mixes againgt the discharging fresh
water. Because both the inland and costal boundary conditions are invariant a steady-state condition is
reached, which balances the intruding sea- water wedge againg the fresh-water flow field. Henry
(1964a; 1964b) published an andyticd solution to this problem in aU.S. Geologica Survey publication,
and the problem has henceforth become a classicdl test for numerical smulators with sol ute dependent
dengty capabilities. Unfortunately, no other numerical method has been able to successful in duplicating
Henry’ s solution, which accordingly resulted in some doubt about its vaidity. Ségol (1994) revisited
Henry’ s solution and noted severd discrepancies in the published solution. Ségol’ s revisited solution to
this dasscd problem shows close agreement with the numerica solution of V oss and Souza (1987).
Comparisons for this gpplication problem will be made againt the revisited solution of Ségol (1994).

» variable dengty and viscosity

4.1.1 Problem Description and Parameters

Henry's problem involves atwo-dimensiond rectangular domain with no flow conditions aong
the top and bottom boundaries to Smulate a confined aguifer of infinitesma width, as shown in Figure
4.1-1. This problem description follows that developed by Voss and Souza(1987) from Henry’s
origind formulation. The rectangular domain has dimengons of 2 min the horizontal directionand 1 m
in the verticd direction, which is digned with the gravitationd vector. The computationa grid comprises
200 sguare nodes of uniform 9ze. A congant fresh-water flux (Neumann condition) isimposed on the
inland (west) boundary; whereas, a hydrostatic pressure boundary (hydraulic gradient condition) of sat
water isimposed on the costd (east) boundary. Parameters used in thissmulaion are givenin Table
4.1-1 and are consstent with the non-dimengond parameters chosen by Henry (1964a; 1964b).
Initidly the aquifer was filled with freshwater under hydrogtatic conditions. The pressure boundary
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Figure4.1-1. Henry's Problem and Computationa Grid

conditions on the costa boundary were hydrostatic conditions for seawater. The STOMP input and
parameters files for this application problem are shown in Exhibit 4.1-1 and Exhibit 4.1- 2, respectively.

4.1.2 Smulation

Henry’ s problem was solved with the STOMP smulator by executing from freshwater
hydrostatic conditions in the aquifer until steady state conditions were reached. A totd smulation time
period of 1000 yr was chosen to assure steady- state conditions had been reached. The time step
acceleration factor of 1.25 alows the user to over specify the time required to reach steady- state
conditions without excessive execution time costs. As the smulation gpproaches steedy-state
conditions the number of NewtonRaphson iterations will diminish to one, and al of the output varigbles
will become invariant with time. Steady-gtate conditions for this problem were achieved roughly after 1
day of amulaiontime. Therdatively smdl initid time step of 1.0 swas chosen to prevent convergence
failures during the first time step. No convergence failures were noted during the entire smulation.
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Table4.1-1. Parametersfor Henry’s Problem

Parameter Description Vdue

Intrinsic Permesbility 1.020408x10° n?

Selt-Water Density ri = r} +0.6829C;

Sdt-Water Viscosity 1.0176x10° Pas

Sea-Water Concentration 0.0357 kg dissolved salt / kg seawater
Porosity 0.35

Dispersivity 8L, aT 0.0m

Sdit Diffusion Coefficient 18.8571x10° nf/s

Fresh-Water Inflow 6.6x10° /s

Grid Spacing 0.1m

Two modifications were made to the source coding of the STOMP smulator to execute this
goplication. Both modificationsinvolved the computation of sdt-water properties. Salt-water dendty in
the STOMP smulator is normally computed using the function of Leinjse (1992), according to Equation
4.1-1. For our application this function was replaced with the one specified by Henry, as shown in
Equation 4.1-2. The varidion in sdt-water viscodty was ignored in Henry' s problem; therefore, the
expression for sat-water viscosity was modified from the function of Leinjse (1992), according to
Equation 4.1- 3 to that shown in Equation 4.1-4.

re=r"exp(0.7w) Equation 4.1-1

ry=r/+0.6829C; Equation 4.1-2

= mfll.O+1.85Wf raafwsf +44.5(w;)3] Equation 4.1-3

m =m/ Equation 4.1-4
4.1.3 Analyss

STOMP smulation results for the steady- state solution to Henry’ s problem in terms of isochlor
contours are shown in Figure 4.1-2 as solid lines. For comparison, results from Ségol’s andytica
solution of Henry’ s problem are shown in Figure 4.1-2 as dashed lines. The STOMP numerical
solution and the analyticd solution of Ségol gppear to be in close agreement. Ségol has noted that the
andytica solution isinaccurate in the high and low concentration regions, with smal but non-negligible
over- and undershoots. Both Henry and Segol comment on these inaccuracies and attribute them to
truncations of the Fourier series used to approximate the andytical solution. For comparison purposes,
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STOMP smulation results for Henry’ s problem using Lejnse' s sat-water dendity and viscosty
functions (the sandard STOMP functions for brines) is shown in Figure 4.1- 3 as olid lines, againg the
andytica solution of Ségol, shown as dashed lines. This numerica solution aso appears to be close
agreement with the andytica solution.

4.1.4 Summary

This gpplication was chosen to demongtrate the coupled flow and transport capabilities of the
STOMP smulator. Although these capabilities have been specificdly written for sdt-water brines,
other solutes could be considered by changing the agorithms for computing the brine properties (e.g.,
density and viscosity). The core capabilities of the STOMP smulator only address coupled flow and
trangport for solutes which are soluble in the aqueous phase (i.e., gas- phase soluhility is neglected and
coupled flow and trangport is not available for the operationad modesinvolving NAPL. Solution of
Henry’ s problem has been rather usive until the recent work of Ségol (1994), which provides an
excdlent review of previous numerica solutions and a complete discusson and andysis of Henry’s
andyticd solution.

Yertical Distance , mn

-00 02 04 06 08 10 12 14 16 18 20
Horizontal Distance, m

Figure4.1-2. Steady- State Concentration Distribution from the STOMP Solution (Solid Lines)
with Henry’s Sdt-Water Density and Viscosity Functions and from the Ségol
Andytica Solution (Dashed Lines)
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Figure4.1-3. Steady- State Concentration Distribution from the STOMP Solution (Solid Lines)
with Leijnse's Sdt-Water Density and Viscosity Functions and from the Ségol
Andyticd Solution (Dashed Lines)
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Exhibit 4.1-1. STOMP Input File for Henry's Problem

Line Input Fle
1 ~Sinmulation Title Card
2 1,
3 Henry's Problemfor Salt Water |ntrusion,
4 MD Wite,
5 Paci fi c Northwest Laboratory,
6 August 9 1995,
7 8:30: 00 AM PDT,
8 1,
9 STOWP Application GQuide Problem4.1
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Water-Sal t,
14 1

15 0.0,yr,1.e+3,yr,1,s, 1. e+3,yr, 1. 25,8, 1. e-6,
16 1 hr, 1, hr, 1000,
17 o

19 ~Qid Card
20 Uni form Cart esi an,
21 20,1, 10,

22 10, cm

23 10, cm

24 10, cm

25

26 ~Rock/ Soi | Zonation Card

27 1,

28 Ceol ogi ¢ Medi a, 1, 20, 1,1, 1, 10,
29

30 ~Mechani cal Properties Card
31 Ceol ogi ¢ Medi a,,,0.35,0.35,,, Constant Diffusion,1.0,

33 ~Hydraul i c Properties Card
34 Ceol ogi ¢ Medi a, 1. 020408e-9, m*2,,, 1. 020408e-9, M2,

36 ~Saturation Function Card
37 Ceol ogi ¢ Medi a, Nonhysteretic van Genuchten,0.2,1/cm1.8,0.0,,

39 ~Aqueous Rel ative Perneability Card
40 Ceol ogi ¢ Medi a, Mual em ,

42 ~Salt Transport Card
43 Const ant Diffusion, 18. 86e-6, m2/s,
44 Ceol ogic Media,0.0,m0.0, m

45

46 ~lnitial Conditions Card

47 CGas Pressure, Agueous Pressure,

48 1,

49 Aqueous Pressure, 121325., Pa,,,,,-9793.5331,1/m1, 20,1, 1, 1, 10,
50

51 ~Boundary Conditions Card

52 2

53 W,ést , Neumann, Aqueous Conc. ,
54 1,1,1,1,1,10,1,
55 0,yr,6.6e-5ms,0.0, kg/ M3,

Exhibit 4.1-1. (Contd)
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Line Input Fle
56 East, Hydraul i ¢ G adi ent, Aqueous Conc.,
57 20,20,1,1,1,10,1,
58 0, yr, 121557. 98, Pa, 36. 5921, kg/ m3,
59
60 ~CQut put Control Card
61 4,
62 20,1,1,
63 20,1, 3,
64 20,1, 6,
65 20, 1, 10,
66 1,1, yr,m,,,
67 4,
68 Salt Aqueous Concentration, kg/ m3,
69 Aqueous Pressure, Pa,
70 Aqueous Saturation,,
71 X Aqueous Vol unetric Flux, ns,
72 0,
73 4,
74 Salt Aqueous Concentration, kg/ m3,
75 Aqueous Density, kg/ m3,
76 Aqueous Pressure, Pa,
77 Aqueous Saturation,,
78
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Exhibit 4.1-2. STOMP Parameters File for Henry's Problem

Line ParameersFile
1 (O R e C
2 C STOWP Paraneter File
3 (O R e L PP PP C
4 C
5 C-- Nunber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=1, LEPD=1)
9 C
10 G -- Nunber of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunmber of nodes in the z coordinate direction
13 C Nunber of active nodes
14 C Nunmber of active di nensions
15 C M ni num of (LFX*LFY, LFX*LFZ, LFY*LFZ) ---
16 C
17 PARAMETER( LFX=20, LFY=1, LFZ=10)
18 PARAMETER( LAN=200, LAD=2, LM\P=10)
19 C
20 C-- Energy equation switch (0 = off, 1 = on)
21 C Water nmass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=0, LL=1, LG=0, LN=0, LC=0, LFC=0, LS=1, LD=0)
30 C
31 C--- Banded matrix linear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C
35 PARAMETER( LBD=1, LCG=0, LUM-0)
36 C
37 C-- Nunber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=20, LBTM-1)
41 C
42 G -- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER(LSR=1, LSTM1)
46 C
47 C-- Nunber of rock/soil types
48 C Nunber of solutes
49 C
50 PARAMETER( LRC=1, LSOLU=1)
51 C
52 C--- Nunmber of reference nodes
53 C Nunmber of print tines
54 C Nunmber of integration surfaces ---
55 C
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Exhibit 4.1-2. (Contd)

Parameters File

000 00000

PARAMETER( LREF=4, LPTM-1l, LSF=1)

Nunmber saturation and relative perneability table entries
Nunmber of hysteretic scanni ng paths
Nunber of chem cal reactions

PARAMVETER( LTBL=1, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGHLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2* LFYZ- 2* LFZX) ) ** LUV
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LAN‘LUK + LUMFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCG*LAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGt( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM

PARAVETER( LJHELBDF LANF LUK + LCGH(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* * LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LRCC=LRC*LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN*LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAVETER( LSCHR=18)
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Problem Features: 4.2

4.2 Elder's Problem (Density Driven Flow) * Water-Sdlt operationdl mode
* two dimensond (x2)
The origina problem described by Elder (1967) * saturated flow
addresses trangent thermal convection in porous media. Elder » confined aquifer
considered a two-dimensiona rectangular enclosure filled with * heterogeneous and isotropic

porous media. The bottom surface was heated over asegment of |+ uniform Cartesian grid
its horizontal extent and the remaining walls were held a constant || * density-driven flow
temperature conditions. All surfaces of the enclosure were » salt transport
conddered impermeable to fluid flow and thermally conducting.
Isotherma and hydrodtatic initid conditions are assumed. Elder showed generdly close agreement
between |aboratory observations and the numerica solutions. This gpplication problem involves the
solution of an analogous problem to Elder’ s problem, which was first formulated by V oss and Souza
(1987) as averification exercise for numericd smulators to represent bulk fluid flow driven only by
dengty differences. Dengty-driven advection in Elder’ s problem occurs thermaly; whereas the Voss
and Souza formulation involves coupled flow and solute transport, where agueous phase density is
dependent on the solute concentration. Either Elder’ s origind thermally driven density problem or Voss
and Souza ol ute-driven dengty problem could have been selected for inclusion in this gpplication guide.
The latter was chosen as an additiond coupled flow and solute transport problem.

4.2.1 Problem Description and Parameters

Voss and Souza version of Elder’s problem involves a two-dimensond rectangular domain
(600 m width, 150 m height) with no flow conditions, as shown in Figure 4.2-1. Boundary surfaces are
conddered impermesable to fluid flow, but permeable to solute diffuson. Solute enterstheinitidly pure
water through diffusion over a portion of the upper boundary surface by imposing saturated solute
conditions on this surface. The lower boundary surface is maintained at zero solute concentration. The
two verticad wadls are consdered impermeable. Solute that diffuses through the upper boundary
increases the density of the agueous phase, thus beginning the circulation process. The computationa
domain used for this application followed that of Voss and Souza, conssting of 44 uniform horizonta
nodes and 25 uniform vertica nodes for 1100 nodes total. Saturated conditions were maintained by
fixing the agueous pressure a the corners of the top boundary to 1bar above atmospheric pressure (i.e.,
the gas pressure). Parameters used in this simulation are givenin Table 4.2-1 and are consistent with
the non-dimensional parameters chosen by Voss and Souza. The STOMP input and parametersfiles
for this gpplication problem are shown in Exhibit 4.2-1 and Exhibit 4.2-2, respectively.
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C=0 \

< 600 m
Figure4.2-1. Schematic Definition for Elder’s Problem

Y

4.2.2 Smulation

Elder’s problem was solved with the STOMP smulator as atransgent problem using uniform
time steps of 1/12 yr, garting from hydrogtatic and zero solute concentration initial conditions. Plot files
were generated at selected times (1, 2, 4, 10, 15, and 20 yr). No convergence failures occurred during
the amulation, therefore the uniform time stepping was maintained and the time step acceleration factor
was not used. Hydrogtatic initid conditions were established by specifying an aqueous pressure
gradient in the verticd direction on the Initid Conditions Card that matched the boundary pressures
specified in the upper corners of the domain. Solute concentrations along the bottom boundary surface
were maintained at zero, and those along the center haf of the upper surface where maintained at solute
saturated conditions (i.e., 0.2605 kg solute/kg solution or 312.6 kg solute/nT solution at 1200 kg/n).

Two modifications were made to the source coding of the STOMP smulator to execute this
gpplication. Both modifications involved the computation of agueous phase properties. Aqueous-phase
dengty as afunction of solute concentration in the STOMP smulator is normaly computed using the
function of Leinjse (1992), according to Equation 4.2-1. For this gpplication, this function was replaced
with the one specified by Voss and Souza, shown in Equation 4.2-2. The variation in aqueous-phase
viscosity with solute concentration wasignored in Elder’ s problem, therefore the expression for
agueous- phase viscosty was modified from the function of Leinjse (1992), according to Equation 4.2-3
to that shown in Equation 4.2-4.

rp=r) exp(O.?vv,? ) Equation 4.2-1
s_ow,on W 0 :
r,=r, +200§0 2605% Equation 4.2-2
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Table4.2-1. Parametersfor Elder’s Problem

Parameter Description Vdue

Intrinsic Permesbility 4.845x10™" nt

Fresh-Water Density 1000 kg/n?

SAt-Water Dengity W @& ws 0
re=r)+ 20020.2&053 kg/n?

Sdt-Water Viscosity 1.0 x 10° Pas

Sea-Water Concentration Concentration 0.0357 kg dissolved sdlt / kg seawater

Porosity 0.1

Digpersvity a  ,a; 0.0m

Sdit Diffusion Coefficient 3.565x10° nf/s

Horizontal Grid Spacing 13.636 m

Verticd Grid Spacing 6.0m

Time Step 0.08333 yr

= m|1.0+1.85w? +4.1{w f +44.5(u: )| Equation 4.2-3

nf =10 103 Equation 4.2-4
4.2.3 Analyss

Simulation results using the agueous- phase property relations shown in Equation 4.2-2 and
Equation 4.2-4 are shown in Figure 4.2- 2 through Figure 4.2-4, respectively, for time equd to 2, 4, and
10 years. Solute concentration in these figures represents the fractiond saturation concentrations, where
saturated conditions are 0.2605 kg solutelkg aqueous solution. For visudization, the vertica incomplete
source smal eddies form near the ends of the boundary source for solute. These eddies scae has been
doubled for these plots. Elder’ s results at the corresponding times are shown in Figure 4.2-5 through
Hgure 4.2-7. Theflow fieldsthat evolve during Elder’ s problem comprise a series of transient vortices,
which cause the concentration plumes to descend in a complex manner. At fird, the solute transport is
dominated by diffusion from the boundary source. Because of the advect away the solute, which in turn
increases the diffusion rate of solute from the boundary source. The compounding growth of eddies
near the end of the boundary source dso induce eddies to form beneath the middle region of boundary
source. Elder noted that this evolution of flow patterns was observed both in the laboratory and in the
numerical Smulations.
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Figure 4.2-2. Contours of Solute Concentration at 2 yr (STOMP Results with Voss and Souza
Aqueous Property Functions)
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Figure4.2-3. Contours of Solute Concentration at 4 yr (STOMP Results with Voss and Souza
Aqueous Property Functions)
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Figure4.2-4. Contours of Solute Concentration at 10 yr (STOMP Results with Voss and Souza
Aqueous Property Functions)
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Figure4.2-5. Contours of 0.2 and 0.6 Solute Concentration at 2 yr Results from Elder’s
Anaogous Therma Problem
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Figure 4.2-6. Contours of 0.2 and 0.6 Solute Concentration a 4 yr Results from Elder’s
Anaogous Therma Problem
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Figure 4.2-7. Contours of 0.2 and 0.6 Solute Concentration at 10 yr Results from Elder’s
Anaogous Therma Problem

The STOMP solute trangport results generaly agree with Elder’ sresultsin terms of the
concentration plume extent and shape. The STOMP smulation preserves the symmetry of the problem,
but two descending concentration lobes gppear in the center portion of the plumes compared with the
single lobe observed in the results of Elder and Voss and Souza. Differences in plume structure may be
attributed to the computationa domain. Elder’ s finite-difference based numerica solution used afiner
mesh than that of the STOMP smulation; wheress, Voss and Souza used afinite-element based
solution with 1170 nodes and 1100 eements. For comparison purposes, STOMP simulation results for
Elder’ s problem using Leijnse’s sdlt-water dengity and viscosity functions (the ssandard STOMP
functions for brines) are shown in Figure 4.2-8 through Figure 4.2- 10 againgt those using the property
functions of Vossand Souza. The Lejnse’ s sdt-water viscosty function gives agueous-phase
viscosities at saturated conditions that are nearly double that for pure water. The affect of increased
viscosity with sdt concentration can be seen in Figure 4.2-8 through Figure 4.2-10; where the
descending solute plumes are ddayed and increasingly uniform. The increased uniformity semsfrom
the decreased vortex velocities because of the increased resistance to flow with viscosity.
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Figure 4.2-8. Contours of 0.2 and 0.6 Solute Concentration at 2 yr (Solid Liness STOMP with
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4.2.4 Summary

This application problem was chosen to demonstrate the accuracy of the STOMP smulator in
representing bulk fluid flow driven purely by fluid density differences. This problem, along with Henry's
problem, comprises two of the three problems suggested by Voss and Souza for verifying variable-
dengty smulators. The close agreement between the STOMP generated results and those of Elder and
Voss and Souza lends confidence in the capability for the smulator modd coupled flow and solute
transport.
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Exhibit 4.2-1. STOMP Input File for Elder's Problem

Line Input File
1 ~Simulation Title Card
2 1,
3 El der's Probl em
4 MD Wite,
5 Paci fi c Northwest Laboratory,
6 Sept enber 21 1995,
7 10: 00: 00 AM PDT,
8 1,
9 STOWP Application Quide Problem4.2
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Water-Salt,
14 1,
15 0, yr, 20, yr, 0. 08333333, yr, 0. 08333333, yr, 1. 25,8, 1. e- 6,
16 1, hr, 1, hr, 1000,
17 0,
18
19 ~Gid Card
20 Uni form Cart esi an,
21 44, 1, 25,
22 13. 636363, m
23 1, m
24 6.0, m
25
26 ~Rock/ Soi | Zonation Card
27 1,
28 Ceol ogic Media, 1,44,1,1, 1, 25,
29
30 ~Mechani cal Properties Card
31 Ceol ogic Media,,,0.1,0.1,1.e-9,1/ mConstant Diffusion, 1.0,
32
33 ~Hydraul i c Properties Card
34 Ceol ogi ¢ Medi a, 4. 845e-13, n'2, , , 4. 845e- 13, m*2,
35
36 ~Saturation Function Card
37 Ceol ogi ¢ Medi a, Nonhysteretic van Genuchten,0.2,1/cm1.8,0.0,,
38
39 ~Aqueous Rel ative Perneability Card
40 Ceol ogi ¢ Medi a, Mual em ,
41
42 ~Salt Transport Card
43 Constant Diffusion, 3. 565e-6, m2/s,
44 Ceol ogic Media,0.0,m0.0, m
45
46 ~Initial Conditions Card
47 Gas Pressure, Aqueous Pressure,
48 1,
49 Aqueous Pressure, 1643395.0, Pa,,,,,-9810.0,1/m1,44,1,1,1, 25,
50
51 ~Boundary Conditions Card
52 4,
53 Bot t om Zer o Fl ux, Aqueous Conc.,
54 1,44,1,1,1,1,1,
55 0,yr,,,0.0, kg/ M3,
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Exhibit 4.2-1. (Contd)

Line Input Fle
56 Top, Zero Fl ux, Aqueous Conc. ,
57 12,33,1,1, 25, 25, 1,
58 0,yr,,,312. 6, kg/ 3,
59 Top, Dirichl et, Zero Fl ux,
60 1,1,1,1, 25, 25,1,
61 0, yr, 201325, Pa, , ,
62 Top, Dirichl et, Zero Fl ux,
63 44,44,1, 1, 25, 25, 1,
64 0, yr, 201325, Pa, , ,
65
66 ~CQut put Control Card
67 4,
68 22,1, 25,
69 22,1,1,
70 1,1, 25,
71 44,1, 25,
72 1,1, yr,m,,,
73 ,
74  Salt Aqueous Concentration, kg/ n*3,
75 Aqueous Density, kg/ m'3,
76 Aqueous Pressure, Pa,
77 Aqueous Saturation,,
78 5,
79 1, yr,
80 2,yr,
81 4,yr,
82 10, yr,
83 15, yr,
84 4,
85 Salt Aqueous Concentration, kg/ m3,
86 Aqueous Density, kg/ m3,
87 Aqueous Pressure, Pa,
88 Aqueous Saturation,,
89

4.21



Exhibit 4.2-2. STOMP Parameters File for Elder's Problem

Line ParameersFile
1 O e e P P P P C
2 C STOW Paraneter File
3 O e e C
4 C
5 G -- Nunber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=1, LEPD=1)
9 C
10 C-- Nunmber of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Nunber of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ) ---
16 C
17 PARAMETER( LFX=44, LFY=1, LFZ=25)
18 PARAMETER( LAN=1100, LAD=2, LM\P=25)
19 C
20 C-- Energy equation switch (0 = off, 1 = on)
21 C Water nass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=0, LFC=0, LS=1, LD=0)
30 C
31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugat e gradi ent |inear equation solver switch (0 = off, 1 =on) ---
33 C Unsymetric-pattern nultifrontal package switch (0 = off, 1 =on) ---
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 C-- Nunber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=68, LBTM-1)
41 C
42 C-- Nunber of sources
43 C Nunmber of source tines ---
4 C
45 PARAMETER( LSR=1, LSTM-1)
46 C
47 C-- Nunber of rock/soil types
48 C Nunber of solutes
49 C
50 PARAMETER( LRC=1, LSOLU=1)
51 C
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52
53
54
55

C--
C
C
C

Nurber of
Nurber of
Nurber of

reference nodes
print tines
integration surfaces
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Exhibit 4.2-2. (Contd)

Parameters File

000 00000

PARAMETER( LREF=4, LPTM=5, LSF=1)

Nunmber saturation and relative perneability table entries
Nunmber of hysteretic scanni ng paths
Nunber of chem cal reactions

PARAMVETER( LTBL=1, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGHLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2* LFYZ- 2* LFZX) ) ** LUV
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LAN‘LUK + LUMFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCG*LAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGt( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM

PARAVETER( LJHELBDF LANF LUK + LCGH(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* * LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LRCC=LRC*LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN*LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAVETER( LSCHR=18)
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5.0 Flow and Transport in Unsaturated Porous Media

Unsaturated, or variably saturated, flow is concerned with the motion of weter in a porous
medium in which the pore pace dso contains air in gas phase. Traditiondly, the two- phase flow
problem involving air and water is reduced to a Sngle- phase problem using the assumption thet the air
phaseisat constant atmospheric pressure. In this section, STOMP solutions to severd classical
problems that treat unsaturated flow in this manner are presented. One case is presented (Section 5.3)
that contrasts a solution for the constant atmospheric pressure assumption with one obtained by
modeling air and water explicitly as atwo-phase system. More practical gpplication examples are
provided in Sections 5.2 and 5.4, which illudrate the use of the STOMP smulator in andyssof an
underground waste storage tank leak and in vapor phase transport of radon from ground water to a

resdential basement space.
Problem Features: 5.1
» Water operationa mode
5.1 Haverkamp et al.'sInfiltration « one dimensiond (2)
Experiments « unsaturated infiltration
e dry initid conditions
S&gol (1994) introduced Haverkamp et d.'s (1977) « heterogeneous, isotropic
infiltration experiments with the fallowing informetion: « uniform Cartesian grid
« tabular function input
Haverkamp et a. (1977) investigated  comparison with published solutions

experimentally theinfiltration of water into a
uniform laboratory-scale soil column, and used the results of these experimentsto evaluate six
discrete approximations of Richards' equation. Hillset al. (1989), in turn, used Haverkamp et al.'s
problem definition and results to test alternative pressure-based and moisture content-based
formulation for infiltration, with the ultimate objective of developing an agorithm capable of
handling infiltration into very dry soils.

In this problem, we use the STOMP smulator to solve for the infiltration in Haverkamp et d's (1977)
experiments, and compare the results to the experimental data provided by Seégol (1994).

5.1.1 Problem Description and Parameters

This problem concerns the smulation of infiltration of weter into a uniform |aboratory- scae soil
column reported by Haverkamp et d. (1977). Hillset d. (1989) used Haverkamp et al.'s problem
definition and results to test dternative pressure-based and moisture-content-based formulations for
infiltration, with the ultimate objective being the development of an dgorithm capable of addressing
infiltration into very dry soils.

The s0il column modded is 70 cm high, with aninitid condition of uniform moisture content
equal to 0.10, or a pressure equa to -61.5 cm tension head. A congant flux of 13.69 crv/hr is gpplied
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a the top of the column during the experiment while the base of the column is maintained at the initid
moisture content value.

Haverkamp et d. provided andytica expressions of the pressure, moisture content, and
hydraulic conductivity relationships for the soil in the column (sand), which were obtained by aleas-
squares fit through al the data points. These expressions are written as

qly )=a(qs—_qbr)+0|r Equation 5.1-1
a -+ |
A .
K =K Equation 5.1-2
(y ) s A+L/ |b q

where K isthe saturated hydraulic conductivity (34 c/hr in this case), g, isthe resdud moisiure
content (0.075), and ¢ is the saturated moisture content (0.287). The coefficients have values A =
1.175x10°% a = 1.611x10°% b = 3.96, and g = 4.74. The STOMP smulator does not include the
Haverkamp et d. (1977) expressonsin Equation 5.1-1 and Equation 5.1-2. To specify these
congdlitutive relations, we use the tabular festure in STOMP. The expressonsin Equation 5.1-1 and
Equation 5.1-2 were evaduated over arange of data valuesto generate atable that wasincluded in the
STOMP input file for this problem. STOMP would then linearly interpolate from the vauesin thistable
to determine needed vaues of pressure, saturation, or hydraulic conductivity.

Hillset d. (1989) contrasted a number of smulation test cases involving various agorithms
(one-step, pressure-head, moisture-content), nodal spacing, and time increments. The two test cases
akin to STOMP's dgorithm (pressure-based) that we duplicate in this effort are Test Cases 3 and 6.
Case 3 cdlsfor a1.0 cm nodal spacing and 0.005-day time increment, while Test Case 6 involved a
5.0 cm noda spacing and 0.020-day time increment. The full input parameter description is provided in
Table 5.1-1 for these Smulations.

The STOMP input file for Test Case 3isshown in Exhibit 5.1-1, and for Test Case 6 in Exhibit
5.1-2. A sngle STOMP parametersfile (Exhibit 5.1-3) was sized to the larger case (3) and used for
both cases.

5.1.2 Simulations

The solutions obtained using the STOMP simulator for test cases 3 and 6 are displayed in
Figure 5.1-1, dong with the computationd results reported in Ségol (1994) attributable to a persona
communication from Hills (Ségol 1994) for the same test cases. Hills et d. (1989) was searching for an
optimum agorithm to ded with infiltration into very dry soils, SO we expect that
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Table5.1-1. Input Parameters for the Haverkamp et d. Infiltration Experiment Problem

Domain Vertical column of depth 100 cm, containing homogeneous
sand
Porosity
Saturated Moisture Content g 0.287
Residual Moisture Content g, 0.075

Aqueous saturation
Tabular input of Haverkamp et a. (1977) Equation (5.1-1)
Parameters for Equation (5.1-1):
a 1.611x10°
b 3.96
Aqueous permeability, k,
Saturated permeability (Kg), cm/hr A
Tabular input of Haverkamp et a. (1977) Equation (5.1-2)

Parameters for Equation (5.1-2):

A 1.175x10°
g 474
Boundary conditions Constant flux of 13.69 cm/hr at the top surface. Constant
moisture content of 0.10 or pressure head of -61.5 cm at the
base.
Initial saturation 0.10 throughout.
Grid characteristics One-dimensional uniform finite-difference grid with 70

blocks (case 3) or 14 blocks (case 6).
Nodal spacing, ?z 1.0 cm (case 3) or 5 cm (case 6).

Timeincrement, ?t 5.0x10" day (case 3) or 2.0x107 day (case 6).

STOMP, designed as a multiphase code and not specificaly optimized for such conditions, will perform
less efficiently than the resultsreported by Hillset d. (1989). Figure 5.1-1 reflects this.
5.1.3 Analyss

In Case 3, STOMP performed nearly aswell as Hills et d.'s solution, with only adightly less
sharp infiltration front. 1n Case 6, STOMP shows obvioudy less adequate results.  In judging
STOMP's performance, bear in mind that Case 3 uses 1.0 cm grid spacing and 0.012 hr time
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increments, but Case 6 is much more severe with 5 cm time increments and 0.5 hr. In other words,
case 6 demands the infiltration front be solved for in agngle time step with only 14 grid nodes.
Therefore, if greater accuracy were demanded, less severe time and spatial discretization would be
necessary for the STOMP smulator.

Volumetric Water Content (cm 3/cm3)

0.00 0.10 0.20 0.30
0 | |
STOMP Simulator Solutions
—O- Case 3
10 - -A- Case b6
Hills et al. (1989) Solutions
—o— Case3 e
-A- Caseb 1 o
A D
20 - !
- 30 —
g
=
=
= 404
50
60 -
70

Figure5.1-1. Comparison of STOMP and Hills et a. Solutions to the Haverkamp et dl.
Infiltration Problem
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Exhibit 5.1-1. STOMP Input File for Haverkamp et d.'s Infiltration Experiment - Case 3

Line Input Fle

1 ~Sinmulation Title Card

2 1,

3 Haverkanp et al.'s Infiltration Experinents <Test Case 3>,

4 W E. N chols,

5 Paci fic Northwest Laboratory,

6 Sept enber 1 1995,

7 1: 30: 00 PM PDT,

8 3,

9 Simul ation of infiltration follow ng Haverkanp, Vauclin, Touma, Werenga, and
10 Vachaund, "A Conparison of Nunerical Sinmulation Mdels for One-D nmensional
11 Infiltration," Soil Sci. J. Am, 41:285-294, 1977. The Water node i s used.
12
13 ~Sol ution Control Card
14 Nor mal ,

15 Wat er,

16 1,

17 0.0, hr, 0.5, hr, 0. 005, day, 0. 005, day, 1.1, 8, 1. Oe- 6,
18 1.0, hr, 1.0, hr, 100,

19 1,

20  Aqueous Rel ative Permeability, Geonetric,
21

22 ~@id Card

23 Uni form Cart esi an,

24 1,1, 70,

25 1.0,cm

26 1.0,cm

27 1.0,cm

28

29 ~Rock/ Soi |l Zonation Card
30 1,

31 Sand, 1,1,1,1,1, 70,

32

33 ~Mechani cal Properties Card
34 Sand, , , 0. 287, 0. 287, ,,

35

36 ~Hydraul i ¢ Properties Card
37 Sand, ,,,, 34, hc cnl hr,

38

39 ~Saturation Function Card
40 Sand, Tabul ar, 28,

41 0.1,cm1,

42 1, cm 0. 99999954,

43 5,cm 0. 99973139,

44 10, cm 0. 99584179,

45 16, cm 0. 97404972,

46 20, cm 0. 94019083,

47 24, cm 0. 88660008,

48 26, cm 0. 85273806,

49 28, cm 0. 81508485,

50 30,cm 0. 77470758,

51 32,cm 0. 73283084,

52 33,cm 0. 71172015,

53 34,cm 0. 69069223,

54 36, cm 0. 64941392,

55 38, cm 0. 60991315,

55



Exhibit 5.

Input Fle

40, cm 0. 57286002,
42,cm 0. 53867726,
44, cm 0. 50756937,
46, cm 0. 47956669,
50, cm 0. 43240839,
55, cm 0. 38783491,
60, cm 0. 35567031,
65, cm 0. 33251134,
75, cm 0. 30347337,
100, cm 0. 27535923,
500, cm 0. 26134845,
1000, cm 0. 26132561,
10000, cm 0. 26132404,

~Aqueous Rel ative Permeability Card
Sand, Tabul ar, 28,

1, 1,

. 99999954, 0. 99999915,
. 99973139, 0. 99825289,
. 99584179, 0. 95532021,
. 97404972, 0. 69734952,
. 94019083, 0. 4444818,

. 88660008, 0. 25214657,
. 85273806, 0. 18746012,
. 81508485, 0. 13968957,
. 77470758, 0. 10480905,
. 73283084, 0. 07937937,
. 71172015, 0. 06935323,
. 69069223, 0. 06075824,
. 64941392, 0. 04701641,
. 60991315, 0. 036778186,
. 57286002, 0. 02907107,
. 53867726, 0. 02320803,
. 50756937, 0. 01870137,
. 47956669, 0. 01520242,
. 43240839, 0. 0102903,

. 38783491, 0. 00657437,
. 35567031, 0. 00436217,
. 33251134, 0. 00298902,
. 30347337, 0. 0015191,

. 27535923, 0. 00038893,
. 26134845, 1. 892E- 07,

. 26132561, 7. 0801E- 09,
. 26132404, 1. 2884E- 13,

[eleojojololojooNolooooloojloolojlolojoNololoNoNeNe)

~Initial Conditions Card

Gas Pressure, Aqueous Saturation,

2,

Gas Pressure, 101325.0, Pa, 0.0, 1/ mO.
Aqueous Saturation,0.34843,,0.0,1/c

~Boundary Conditions Card
2,

Top, Neumann Aqueous,
1,1,1,1,70,70,1,

1-1. (Contd)

0,1/m0.0,1/m1,1,1,1,1,
mO0.0,1/cm©0.0,1/cm1, 1,
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Exhibit 5.1-1. (Contd)

Line Input Fle

111 0.0, hr,-13.69,cn hr,

112 Bottom Dirichl et Aqueous,
113 1,1,1,1,1,1,1,

114 0.0, hr, 95301. 98569, Pa,

115

116 ~Qut put Control Card
117 3,

118 1,1, 70,

119 1,1, 60,

120 1,1, 50,

121 1,1, hr,cm3,5,5,

122 4

123 Aqueous Pressure, Pa,

124 Aqueous Saturation,,

125 Aqueous Mbi sture Content,,

126 Aqueous Rel ative Perneability,,

127 1,

128 0. 50, hr,

129 1,

130 Aqueous Mbi sture Content,,
131
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Exhibit 5.1-2. STOMP Input File for Haverkamp et a.'s Infiltration Experiments - Case 6

Line Input Fle

1 ~Sinmulation Title Card

2 1,

3 Haverkanp et al.'s Infiltration Experinents <TEST CASE 6>,

4 W E. N chols,

5 Paci fic Northwest Laboratory,

6 Sept enber 1 1995,

7 1: 30: 00 PM PDT,

8 3,

9 Simul ation of infiltration follow ng Haverkanp, Vauclin, Touma, Werenga, and
10 Vachaund, "A Conparison of Nunerical Sinmulation Mdels for One-D nmensional
11 Infiltration," Soil Sci. J. Am, 41:285-294, 1977. The Water node i s used.
12
13 ~Sol ution Control Card
14 Nor mal ,

15 Wat er,

16 1,

17 0.0, hr, 0.5, hr, 0.02, day, 0. 02, day, 1. 1, 8, 1. Oe- 6,
18 1.0, hr, 1.0, hr, 100,

19 1,

20  Aqueous Rel ative Permeability, Geonetric,
21

22 ~@id Card

23 Uni form Cart esi an,

24 1,1, 14,

25 1.0,cm

26 1.0,cm

27 5.0,cm

28

29 ~Rock/ Soi |l Zonation Card
30 1,

31 Sand, 1,1,1,1,1, 14,

32

33 ~Mechani cal Properties Card
34 Sand, , , 0. 287, 0. 287, ,,

35

36 ~Hydraul i ¢ Properties Card
37 Sand, ,,,, 34, hc cnl hr,

38

39 ~Saturation Function Card
40 Sand, Tabul ar, 28,

41 0.1,cm1,

42 1, cm 0. 99999954,

43 5,cm 0. 99973139,

44 10, cm 0. 99584179,

45 16, cm 0. 97404972,

46 20, cm 0. 94019083,

47 24, cm 0. 88660008,

48 26, cm 0. 85273806,

49 28, cm 0. 81508485,

50 30,cm 0. 77470758,

51 32,cm 0. 73283084,

52 33,cm 0. 71172015,

53 34,cm 0. 69069223,

54 36, cm 0. 64941392,

55 38, cm 0. 60991315,
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Exhibit 5.

Input Fle

40, cm 0. 57286002,
42,cm 0. 53867726,
44, cm 0. 50756937,
46, cm 0. 47956669,
50, cm 0. 43240839,
55, cm 0. 38783491,
60, cm 0. 35567031,
65, cm 0. 33251134,
75, cm 0. 30347337,
100, cm 0. 27535923,
500, cm 0. 26134845,
1000, cm 0. 26132561,
10000, cm 0. 26132404,

~Aqueous Rel ative Permeability Card
Sand, Tabul ar, 28,

1, 1,

. 99999954, 0. 99999915,
. 99973139, 0. 99825289,
. 99584179, 0. 95532021,
. 97404972, 0. 69734952,
. 94019083, 0. 4444818,

. 88660008, 0. 25214657,
. 85273806, 0. 18746012,
. 81508485, 0. 13968957,
. 77470758, 0. 10480905,
. 73283084, 0. 07937937,
. 71172015, 0. 06935323,
. 69069223, 0. 06075824,
. 64941392, 0. 04701641,
. 60991315, 0. 036778186,
. 57286002, 0. 02907107,
. 53867726, 0. 02320803,
. 50756937, 0. 01870137,
. 47956669, 0. 01520242,
. 43240839, 0. 0102903,

. 38783491, 0. 00657437,
. 35567031, 0. 00436217,
. 33251134, 0. 00298902,
. 30347337, 0. 0015191,

. 27535923, 0. 00038893,
. 26134845, 1. 892E- 07,

. 26132561, 7. 0801E- 09,
. 26132404, 1. 2884E- 13,

[eleojojololojooNolooooloojloolojlolojoNololoNoNeNe)

~Initial Conditions Card

Gas Pressure, Aqueous Saturation,

2,

Gas Pressure, 101325.0, Pa, 0.0, 1/ mO.
Aqueous Saturation,0.34843,,0.0,1/c

~Boundary Conditions Card
2,

Top, Neumann Aqueous,
1,1,1,1, 14, 14,1,

1-2. (Contd)

0,1/m0.0,1/m1,1,1,1,1, 14
mO0.0,1/cm©0.0,1/cm1, 1,
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Exhibit 5.1-2. (Contd)

Line Input Fle

111 0.0, hr,-13.69,cn hr,

112 Bottom Dirichl et Aqueous,
113 1,1,1,1,1,1,1,

114 0.0, hr, 95301. 98569, Pa,

115

116 ~Qut put Control Card
117 3,

118 1,1, 14,

119 1,1, 13,

120 1,1,12,

121 1,1, hr,cm3,5,5,

122 4

123 Aqueous Pressure, Pa,

124 Aqueous Saturation,,

125 Aqueous Mbi sture Content,,

126 Aqueous Rel ative Perneability,,

127 1,

128 0. 50, hr,

129 1,

130 Aqueous Mbi sture Content,,
131
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Exhibit 5.1-3. STOMP Parameters File for Haverkamp et d.'s Infiltration Experiments

Line PaametersFile
1 O e e e PP P C
2 C STOW Parameter File
3 C STOWP Application Quide Case 5.1
N O e T P C
5 C
6 C Nunber of |ines of simulation notes
7 C Nunmber of execution periods ---
8 C
9 PARAMETER( LNOTES=10, LEPD=10)
10 C
11 G Nunber of nodes in the x or r coordinate direction
12 C Nunmber of nodes in the y or theta coordinate direction
13 C Nunmber of nodes in the z coordinate direction
14 C Nunber of active nodes
15 C Nunber of active di mensions
16 C M ni num of (LFX*LFY, LFX*LFZ, LFY*LFZ) ---
17 C
18 PARAMETER( LFX=1, LFY=1, LFZ=70)
19 PARAMETER( LAN=70, LAD=1, LM\P=1)
20 C
21 (o3 Energy equation switch (0 = off, 1 = on)
22 C Water nass equation switch (0 = off, 1 = on)
23 C Air mass equation switch (0 = off, 1 = on)
24 C VOC mass equation switch (0 = off, 1 = on)
25 C Sol ute transport equation switch (0 = off, 1 = on)
26 C Freezing conditions switch (0 = off, 1 =on) ---
27 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
28 C Di ssolved oil transport equation switch (0 = off, 1 =o0n) ---
29 C
30 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=0, LFC=0, LS=0, LD=0)
31 C
32 (o3 Banded matrix |inear equation solver switch (0 = off, 1 = on)
33 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
34 C Unsymetric-pattern nultifrontal package switch (0 = off, 1 = on) -
35 C
36 PARAMETER( LBD=1, LCG=0, LUM-=0)
37 C
38 (o3 Nunmber of boundary condition surfaces
39 C Nunmber of boundary condition times ---
40 C
41 PARAMETER(LBC=2, LBTM-1)
42 C
43 G Nunber of sources
44 C Nunber of source times ---
45 C
46 PARAMETER( LSR=1, LSTM-1)
47 C
48 (o3 Number of rock/soil types
49 C Nunber of solutes
50 C
51 PARAMETER( LRC=1, LSOLU=1)
52 C
53 (o3 Nunmber of reference nodes
54 C Nunmber of print tines
55 C Nunmber of integration surfaces ---
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Exhibit 5.1-3. (Contd)

Line ParametersFile
56 C
57 PARAMETER( LREF=10, LPTM=10, LSF=10)
58 C
59 C-- Nunber saturation and relative perneability table entries
60 C Nunmber of hysteretic scanni ng paths
61 C Nunber of chem cal reactions
62 C
63 PARAMETER( LTBL=56, LPATH=3, LCHEM:1)
64 C
65 C-- Computed Paraneters ---
66 C
67 PARAMETER( LUK=LT+LL+LGFLN+LS+LD, LPH=LL+LG+LN, LCVP=LL+LS+LD)
68 PARAMVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)
69 PARAMETER( LFD=LFX* LFY* LFZ)
70 PARAMETER( LNE=( LUK* LUK* ( 7* LFD- 2* LFXY- 2* LFYZ- 2* LFZX) ) ** LUV
71 PARAVETER( LHBWEL UK* LMNP+LUK- 1)
72 PARAMETER(LJA=LBD + LCG*LAN*LUK + LUMLAN*LUK)
73 PARAMVETER( LIB=( 2* LAN* LUK) ** LUM LJC=LAN**LUM
74 PARAMETER( LID=LBD* ( 3* LHBW1) + LCG*LAN*LUK + LUMF6* LNE)
75 PARAMETER( LJE=LBD* LAN* LUK + LCG*((2*LAD+1) *LUK+2*LAD) + LUM
76 PARAMETER( LIF=LAN* LUK)
77 PARAMETER( LIG=LBD* ( 3* LHBW1) + LCG*LAN*LUK + LUM
78 PARAVETER( LJH=LBD* LANF LUK + LCG(2*LAD+1) + LUM
79 PARAMETER( LJJ=LBD* LAN* LUK + LCG + LUM
80 PARAMETER( LSV=LUK+2, LSFV=2* LUK+1)
81 PARAVETER( LSX=( LFX+1) * LFY* LFZ)
82 PARAMETER( LSY=LFX* (LFY+1) * LFZ)
83 PARAMETER( LSZ=LFX* LFY* (LFZ+1))
84 PARAMVETER( LFDT=LFD** LT, LFDL=LFD**LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
85 PARAMETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
86 PARAMETER( LSXT=LSX** LT, LSXL=LSX**LL, LSXG=LSX** LG, LSXN=LSX**LN)
87 PARAMETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)
88 PARAMETER( LSYT=LSY**LT, LSYL=LSY**LL, LSYG=LSY**LG LSYN=LSY**LN)
89 PARAMETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)
90 PARAMETER( LSZT=LSZ** LT, LSZL=LSZ**LL, LSZG=LSZ** LG LSZN=LSZ** LN)
91 PARAMETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)
92 PARAMETER( LRCT=LRC** LT, LRCL=LRC**LL, LRCG=LRC** LG, LRCN=LRC**LN)
93 PARAMETER( LRCC=LRC**LC, LRC =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
94 PARAMETER( LBCT=LBC** LT, LBCL=LBC**LL, LBCG=LBC** LG, LBCN=LBC* *LN)
95 PARAMETER( LBCC=LBC**LC, LBC =LBC**LFC, LBCS=LBC**LS, LBCD=LBCt*LD)
96 PARAMETER( LBCU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)
97 PARAMETER( LOUPV=200+11* (LSQLU))
98 PARAMETER( LJI =LBD* LAN* LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUV
99 PARAMETER( LSCHR=18)

100

512



5.2 Tank Leak Simulation Problem Features. 5.2
This problem illustrates a hypothetical but practical case. | * tWo dimensiond (x2)

The bottom of aliquid storage tank sits a ground level abovea || * dilute species transport

sandy soil. Thetank isarepository for liquid waste and has * steedly, nonuniform flow field

been lesking for along time. On acertainday (t = 0), anew * variable saturation

waste/solute i introduced to the tank, at which point it beginsto | * Unconfined aquifer

leak into the underlying soil. The sandy soil containsisolated * heterogeneous, isotropic

lenses of dither day or gravel, and the water table below hasa || * uniform Cartesian grid

gradient from west to east. The development of the resuiting » hydraullic gradient boundaries

contaminant plume is Imulated here,

5.2.1 Problem Description and Parameters

The smulated domain isatwo dimensond X - z (vertical) cross-section, 100 mlong and 15 m
high. Two lenses, one of clay and the other of grave, lie within the sandy unconfined aquifer directly
below thetank. Theday lensis20 mlong and 1 m thick, while the gravd lensis15mlongand 1 m
thick. The water tableis below the lenses at gpproximatdy 12 m below ground surface, and has a left-
to-right gradient of 0.005. Figure 5.2-1 shows a schematic of the problem. Vauesfor the porous
media parameters for the three soil types are given in Table 5.2-1. The van Genuchten (1980) function
was used to describe the pressure-saturation behavior for the three soil types, while the saturation
permesbility function is determined viaMuaem's (1976) rdation. All three soils are consdered
isotropic. The tank has been legking for anumber of years at a congtant rate of 20 |/day, resulting ina
steady-date flow fidd.

5.2.2 Simulation

Discretization of the problem domain was achieved with auniform grid with block szeof 1 m
by 0.25 m, which resulted in 12,000 nodes (200 by 60). Three materid types are defined for the sand
matrix and the clay and gravel lenses. The complete smulation for this problem involves two steps. The
first step requires that a steady flow field be established; the second step smulates the transient
trangport of the contaminant within the steady flow field. The tank leak was smulated viaa Neumann
boundary condition with aflux of 0.02 m/day, while the doping water table was implemented with
STOMP's Hydraulic Gradient boundary condition.
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Figure5.2-1. Tank Lesk Smulation Domain Schemdtic

The trangport smulation was performed for a Peclet (Pe) number of 2.0, which yielded a
longitudinal dispersivity value of 0.5 m. A transverse dispersivity value of 1/10™ the longitudind value
was used. The smulation was run for five years, with output requested a 1.0, 2.0, and 5.0 years. A
copy of the STOMP input files for this problem are presented in Exhibit 5.2-1 and Exhibit 5.2-2, and a
copy of the 'parameters file used to build the STOMP executable is shown in Exhibit 5.2-3.

5.2.3 Analysis

Theresulting flow field and water content distribution are shown in Figure 5.2-2 and Figure 5.2-
3, respectively. Figure 5.2-3 shows leakage from the tank being diverted around both the clay and
gravel lenses. The water diverson on top of the clay layer isadirect result of the low permeshility of
the clay, while the diverson on top of the gravel lens can be atributed to the capillary barrier effect
between the gravel and the sand. The water pressuresimmediately adjacent to the gravel are not large
enough to dlow for sgnificant amounts of water to enter the large poresin the gravel.

Shown in Figure 5.2-4 is the contaminant distribution after two years, while Figure 5.2-5 shows
the didtribution after five years. The contaminant leaches from the tank and eventualy reaches the water
table where it is transported down gradient. Note the contaminant is dready moving down gradient
within the capillary zone above the water table.
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Table5.2-1. Input Parameters for the Tank Leak Smulation

Parameters Sand Clay Gravel

Domain Rectangular area 100 m by 15 m, xz alignment, of
sand with alens of sand and alens of clay (see
Figure 5.4-1)

Porosity

Saturated Moisture Content gs
Residual Moisture Content g,

Aqueous saturation
Function: van Genuchten (1980)
Fitting Parameter a, cmi*
Fitting Parameter n
Fitting Parameter m=1-1/n

Aqueous permeability, k,
Saturated permeability (K¢), cm/day

Function: Mualem (1976)_with van Genuchten (1980)

Transport
Dispersivity (Longitudinal)
Dispersivity (Transverse)

Boundary conditions

Initial saturation

Grid characteristics

Nodal spacing, ?x, ?z

Timeincrement, ?t

0.3 0.3 0.3
0.0 0.0 0.0
0.015 0.005 10
20 15 15
05 03334 03334
10x10™ 10x10™ 1.0x10°
05 05 05
0.05 0.05 0.05

Hydraulic gradient boundaries on east and west
faces, with a0.2-m/day constant infiltration rate
into the top boundary.

Obtained by simulation of Step | (refer to Exhibit
54-1

One-dimensional uniform finite-difference 200x60
grid, total of 12,000 blocks.

1 m uniform horizontal, 0.25 m uniform vertical

?2t=5yr(Stepl), 2t =0.1yr (Step I1)
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5.2.4 Summary

A redigtic problem consisting of transport in a heterogeneous, variably saturated aguifer is
dmulated. Theflow fidd isnon-uniform and is a Steady state. The contaminant sourceis a point
source. The results show the effects contrasting unsaturated properties have on transport, as well as
trangport down gradient within the capillary zone of the water table.

5.18



Exhibit 5.2-1. STOMP Input Filefor Tank Lesk Smulation, Step |

Line Input Fle

1 HHHRH R R R R R R R R R R R R R R R R R R R R
2 # STOWP APPLI CATION GU DE --- Case 5.2 Achieve Initial Conditions (I.Cs) #
3 # #
4  # 2D TRANSPORT I N A HETEROGENEQUS UNSATURATED FLOW FI ELD #
5 # #
6 # Showcased features: Non-reactive transport #
7 # Sol ut e oufl ow boundari es #
8 # #
9 # Domai n:  Two-di nensi onal, heterogeneous, variably saturated #

10 # #

11 HHHHHHHHHHH R

12

13

14 ~Simulation Title Card

15 A e e R TR PP

16 1,

17 Tank | eak sinulation,

18 M Qostrom N no Al no,

19 Paci fic Northwest Laboratory,

20 Decenber/ January 1994,

21 13: 00 PM PDIT,

22 1,

23 Simulation to establish flow field,

24

25

26 ~Sol ution Control Card

27 e e e e P

28 Nor mal ,

29 Water w Transport,

30 1,

31 0, hr, 200,yr,1,s,5,yr,1.25,8, 1. e-06,

32 1, day, 1, day, 10000,

33 )

34

35

36 ~@id Card

37 e e e

38 Cartesi an,

39 200, 1, 60,

40 0, m200@. 5, m

41 oOomil m

42 0, m60@. 25, m

43

44

45 ~Rock/ Soi |l Zonation Card

46 e e e e

47 3,

48 Sand, 1, 200, 1, 1, 1, 60,

49 d ay, 41, 80, 1, 1, 37, 40,

50 G avel, 71, 100, 1, 1, 23, 26,

51

52

53 ~Mechani cal Properties Card

Y e e e

55 Sand,,,0.3,0.3,,,MIlington and Quirk,
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Exhibit 5.2-1. (Contd)

Line Input Fle
56 Cay,,,0.3,0.3,,,MIllington and Quirk,
57 Gavel,,,0.3,0.3,,,MIllington and Quirk,
58
59
60 ~Hydraul i c Properties Card
61
62 Sand, 1. Oe- 11, m*2,,, 1. Oe- 11, m2,
63 d ay, 1. Oe- 15, n*2,,, 1. Oe- 15, m\2,
64 G avel , 1. 0e-9, m'2,,, 1. 0e-9, m2,
65
66
67 ~Saturation Function Card
68
69 Sand, Nonhysteretic van Genuchten, 0.015,1/cm 2.0
70 Cl ay, Nonhysteretic van Genuchten, 0.005,1/cm 1.5
71 G avel , Nonhysteretic van Genuchten,1.0,1/cm 1.5
72
73
74 ~Aqueous Rel ative Perneability Card
75
76 Sand, Mual em ,
77 d ay, Mial em,
78 QG avel , Mual em,
79
80
81 ~CGas Rel ative Permeability Card
82
83 Sand, Mual em
84 d ay, Mual em ,
85 G avel , Mial em,
86
87
88 ~Solute/Fluid Interaction Card
89
90 1,
91 Sl udge, Conventional , 1. 0e-9, m2/s,, 1. 0e+12, d,
92 0,
93
94
95 ~Sol ut e/ Porous Media Interaction Card
96
97 Sand, 0. 5, m 0. 05, m
98 Sl udge, 0, ,
99 Cay,0.5 m0.05 m
100 Sl udge, 0, ,
101 Gravel ,0.5, m0.05 m
102 Sl udge, 0, ,
103
104
105 ~Initial Conditions Card
106
107 Gas Pressure, Agueous Pressure,
108 1,
109 Aqueous Pressure, 130704. 31, Pa,-50.,1/m,,-9789. 24,1/ m 1, 200, 1, 1, 1, 60,
110
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Exhibit 5.2-1. (Contd)

Line Input Fle

111

112 ~Boundary Conditions Card

R R R e R e R
114 3

115 Top, Neurmrann, Sl udge Aqueous Conc.,

116 70,71,1,1, 60, 60, 1,

117 0, hr,-0.02, mday, 1.0, 1/ m3,

118 West , Hydraul i ¢ Gradi ent, Sl udge Qutfl ow,
119 1,1,1,1,1,60,1,

120 0, hr, 130704. 31, Pa, , ,

121 East, Hydraul i ¢ Gradient, Sl udge Qutfl ow,
122 200, 200,1,1,1,60,1,

123 0, hr, 125704. 31, Pa, , ,

124

125

126 ~Qut put Options Card

127 e e e
128 4

129 70, 1, 60,

130 70, 1, 59,

131 60, 1, 59,

132 80, 1, 59,

133 1,1,yr,m6, 4,6,

134 2,

135 XNC Aqueous Vol , ni day,
136 ZNC Aqueous Vol , ni day,

137 1,
138 5,yr,
139 3

140 XNC Aqueous Vol , ni day,
141 ZNC Aqueous Vol , ni day,
142 Aqueous Saturation,,
143

521



Exhibit 5.2-2. STOMP Input Filefor Tank Leak Smulation, Step |1

Line Input Fle

1 HHHRH R R R R R R R R R R R R R R R R R R R R
2 # STOW APPLI CATION QU DE --- Case 5.2 Restart froml.Cs #
3 # #
4  # 2D TRANSPORT I N A HETEROGENEQUS UNSATURATED FLOW FI ELD #
5 # #
6 # Showcased features: Non-reactive transport #
7 # Sol ut e oufl ow boundari es #
8 # #
9 # Domai n:  Two-di nensi onal, heterogeneous, variably saturated #

10 # #

11 HHHHHHHHHHH R

12

13

14 ~Simulation Title Card

15 A e e R TR PP

16 1,

17 Tank | eak sinulation,

18 M Qostrom N no Al no,

19 Paci fic Northwest Laboratory,

20 Decenber/ January 1994,

21 13: 00 PM PDIT,

22 1,

23 Transport part of problem Restart froml.C s.

24

25

26 ~Sol ution Control Card

27 e e e e P

28 Restart,

29 Water w Transport,

30 1,

31 0,hr,5yr,1,s,0.1,yr,1.25,8, 1. e-06,

32 1, day, 1, day, 10000,

33 ,

34

35

36 ~@id Card

37 e e e

38 Cartesi an,

39 200, 1, 60,

40 0, m200@. 5, m

41 oOomil m

42 0, m60@. 25, m

43

44

45 ~l nactive Domain Card

46 e e e e

47 1,

48 61, 80, 1, 1, 57, 60,

49

50

51 ~Rock/ Soi | Zonation Card

52 R e R TR T

53 3,

54 Sand, 1, 200, 1, 1, 1, 60,

55 d ay, 41, 80, 1, 1, 37, 40,

5.22



Exhibit 5.2-2. (Contd)

Line Input Fle
56 G avel, 71, 100, 1, 1, 23, 26,
57
58
59 ~Mechani cal Properties Card
60 e e TR
61 Sand,,,0.3,0.3,,,MIlington and Quirk,
62 Cay,,,0.3,0.3,,,MIlington and Quirk,
63 Gavel,,,0.3,0.3,,,MIllington and Quirk,
64 ~Hydraul i ¢ Properties Card
65 e e e
66 Sand, 1. Oe- 11, m‘2,,, 1. Oe- 11, M2,
67 d ay, 1. Oe- 15, m*2,,, 1. Oe- 15, m\2,
68 @ avel , 1. 0e-9,n2,,,1.0e-9, M2,
69
70
71 ~Saturation Function Card
72 e R
73 Sand, Nonhyst ereti c van Genuchten, 0.015,1/cm 2.0, 0. 05, ,
74 Cl ay, Nonhysteretic van Genuchten, 0.005,1/cm1.5,0.2,,
75 Gravel , Nonhysteretic van Genuchten,1.0,1/cm1.5,0.0,,
76
77
78 ~Aqueous Rel ative Permeability Card
79 e e
80 Sand, Mual em
81 d ay, Mual em ,
82 G avel , Mial em ,
83
84
85 ~CGas Relative Perneability Card
86 e e
87 Sand, Mual em ,
88 d ay, Mial em,
89 G avel , Mual em ,
90
91
92 ~Solute/Fluid Interaction Card
93 i
94 1,
95 Sl udge, Conventional , 1. 0e-9, m2/s,, 1. 0e+12, d,
96 0,
97
98
99 ~Sol ut e/ Porous Media Interaction Card
100 e e TR
101 Sand, 0.5, m0. 05, m
102 Sl udge, 0, ,
103 Cay,0.5 m0.05 m
104 Sl udge, 0, ,
105 Gravel ,0.5, m0.05 m
106 Sl udge, 0, ,
107
108
109 ~Initial Conditions Card
110 e e
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Exhibit 5.2-2. (Contd)

Line Input Fle

111

112

113 ~Boundary Conditions Card

D14 # oo m s e oo
115 3

116 Top, Neurmann, Sl udge Aqueous Conc.,

117 70,71,1,1, 56, 56, 1,

118 0, hr,-0.02, mf day, 1.0, 1/ m'3,

119  West, Hydraul i c G adient, Sl udge CQutfl ow,
120 1,1,1,1,1,60,1,

121 0, hr, 130704. 31, Pa, , ,

122 East, Hydraul i ¢ G adi ent, Sl udge Qutfl ow,
123 200, 200, 1, 1,1, 60, 1,

124 0, hr, 125704. 31, Pa, , ,

125

126 ~Qut put Options Card

127 e e e
128 4

129 70, 1, 56,

130 70, 1, 38,

131 120, 1, 12,

132 196, 1, 6,

133 1,1,yr,m6, 4,6,

134 1,

135 Sol ute Conc. Aqueous, Sl udge, 1/ m3,
136 3,

137 1,yr,

138 2,yr,

139 5,yr,

140 4,

141 Aqueous Saturation,,

142 Aqueous Gauge Pressure, m wh,
143 XNC Aqueous Vol , ni day,

144 ZNC Aqueous Vol , ni day,

145

524



Exhibit 5.2-3. STOMP Parameters File for Tank Leak Smulation

Line PaameeskFle

1 O e e e PP P C
2 C STOW Parameter File

3 (O e C
4 C

5 C-- Nunmber of lines of simulation notes

6 C Nunmber of execution periods ---

7 C

8 PARAMETER( LNOTES=1, LEPD=1)

9 C

10 C-- Number of nodes in the x or r coordinate direction

11 C Nunmber of nodes in the y or theta coordinate direction

12 C Nunber of nodes in the z coordinate direction

13 C Number of active nodes

14 C Nunber of active di mensions

15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---

16 C

17 PARAMETER( LFX=200, LFY=1, LFZ=60)

18 PARAMETER( LAN=12000, LAD=2, LM\P=60)

19 C

20 C--- Energy equation switch (0 = off, 1 = on)

21 C Water mass equation switch (0 = off, 1 = on)

22 C Air mass equation switch (0 = off, 1 = on)

23 C VOC mass equation switch (0 = off, 1 = on)

24 C Solute transport equation switch (0 = off, 1 = on)

25 C Freezing conditions switch (0 = off, 1 =on) ---

26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C

29 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=1, LFC=0, LS=0, LD=0)

30 C

31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C

35 PARAMETER( LBD=1, LCG=0, LUM=0)

36 C

37 C-- Nunmber of boundary condition surfaces

38 C Nunmber of boundary condition times ---

39 C

40 PARAMETER( LBC=122, LBTM-1)

41 C

42 C-- Nunber of sources

43 C Nunber of source times ---

44 C

45 PARAMETER( LSR=1, LSTM-1)

46 C

47 C-- Nunmber of rock/soil types

48 C Nunmber of sol utes

49 C

50 PARAMETER( LRC=3, LSOLU=1)

51 C

52 C-- Nunber of reference nodes

53 C Nunmber of print tines

54 C Nunmber of integration surfaces ---

55 C
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Exhibit 5.2-3. (Contd)

Paraneters File

PARAMETER( LREF=4, LPTM=3, LSF=1)

Nunmber saturation and relative perneability table entries
Nunber of hysteretic scanning paths
Nunmber of chemi cal reactions

PARAMETER(LTBL=1, LPATH=7, LCHEM:1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGFLN+LS+LD, LPHELL+LG+LN, LOWP=LL+LS+LD)
PARAVETER( LFXY=LFX* LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARANETER( LFD=LFX* LFY* LF2)

PARAVETER( LNE=( LUK* LUK* ( 7* LED- 2% LEXY- 2% LFYZ- 2* LFZX) ) * *LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LANFLUK + LUVFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV

PARAVETER( LJD=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LAN* LUK + LOG((2* LAD+1) * LUK+2*LAD) + LUV
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* ( 3* LHBWH1) + LOGFLAN*LUK + LUM

PARAVETER( LJHELBD* LAN* LUK + LOGt(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1))

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD** LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX* * LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXNELSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG, LSYNELSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ** LT, LSZL=LSZ** LL, LSZG=LSZ* * LG, LSZN=LSZ* *LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC** LT, LRCL=LRC* * LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAMETER( LROC=LRC**LC, LRO =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC* * LT, LBCL=LBC* * LL, LBOG=LBC* * LG, LBCNELBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOUELUK+LPH+LT+2, LBCV=LBOU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN* LUK + LOG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAMETER( LSCHR=18)

5.26



Problem Features: 5.3
5.3 Two-Phase, One-Dimensional Infiltration * Water and Water-Air modes

* onedimensiond (2

Toumaand Vaudin (1986) demongtrated, both * unsaturated infiltration

experimentaly and numericaly, the effects of arflow on water * gngle- and two- phase flow
infiltration in @ 93.5-cm column of soil. Toumaand Vaudin * homogeneous, isotropic
applied three types of boundary conditions to the top of the soil * uniform Cartesan grid
column: 1) positive time—congtant liquid heed, 2) postive time— » van Genuchten function
constant aqueous-phase liquid flux less than the saturated ol * tabular permesbility input
hydraulic conductivity, and 3) positive time—constant aqueous- * comparison to published
phase liquid flux grester than the saturated hydraulic conductivity. experimental data and
In this section, the positive time—congtant agueous-phase liquid numerica solution

head (referred to as ponded infiltration) Smulations of Toumaand
Vaudin (1986) are repeated usng STOMP to demondtrate the impact of air flow on water infiltration
rates and compare solutions with the previoudy published experimental and numericd results. Two
cases are described: a column open to air flow at the base, and a column closed at the base so thet air
must flow out the top of the column asit is displaced by infiltrating water.

5.3.1 Problem Domain and Input Parameters

The problem domain is a column of soil of height L = 93.5 cm for which hydraulic properties
were experimentally determined by Toumaand Vauclin (1986). Input parameters are summarized in
Table 5.3-1. The experimenta data for the relationship between capillary pressure head and water
content were gatigticaly fit by Toumaand Vaudin (1986) with the van Genuchten (1980) andytica
expresson shown in Figure 5.3-1(a). Toumaand Vauclin fitted andyticad expressonsto the
experimenta data to describe aqueous and gas relative permesability relationships (functions specified in
Table 5.3-1). Because the expressions used by Toumaand Vauclin were not available in STOMP, the
tabular option was used to specify the rlative permesabilities using 33 points generated from Touma and
Vauclin's expressions. The relationships between agueous and gas relative permesbility and agqueous
saturation are shown in Figure 5.3-1(b). No digtinction was made between drainage and infiltration in
this expression (i.e.,, hysteresis was not model ed).

Thefirgt case isfor an open column, which represents the traditiona single-phase solution for
water infiltration neglecting airflow effects. The STOMP input file for this problem is provided in Exhibit
5.3-1. The Water operational mode (Mode 1) isused in thissolution. The top boundary is specified as
aDirichlet condition equivaent to a congtant hydraulic head of 2.3 cm while the lower boundary is
gpecified as a Dirichlet condition equd to theinitid condition (Exhibit 5.3-1, Boundary Conditions Card,
lines 84-91). Toumaand Vaudin (1986) specified that the initid condition of the soil column be
reached by draining the saturated column to the static equilibrium corresponding to a piezometric leve at
120 cm below the top of the column. The initid hydrologic conditions are specified as auniform gas
pressure of 101,325 Paand an
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Table5.3-1. Input Parametersfor the Touma and Vaudlin (1986) Infiltration Problems

Domain

Porosity

Aqueous saturation

Aqueous permeability, k,

Gas permeability, kg

Boundary conditions

Initial saturation

Grid characteristics
Nodal spacing, ?z

Timeincrement, ?t

Vertical column of depth 93.5 cm
Saturated Moisture Content gs = 0.312
Residual Moisture Content g, = 0.0265
Function: van Genuchten (1980)
Fitting Parameter a = 0.044 cmi*
Fitting Parameter n =2.2
Saturated permeability: 15.4 cm/hr

Relative permeability function: Tabular, with 33 points computed from analytical
expression fitted to experimental data by Toumaand Vauclin (1986):

— B
kré - Al\g
where A, =1176.2012
B,,=6.07

Function: Tabular, with 33 points computed from analytical expression fitted to
experimental data by Toumaand Vauclin (1986):

« - A
rg — Ba

Aty

where A, =3.86x10°

B,=-24

Aqueous boundaries: ponded condition equivalent to a constant hydraulic head of 2.3
cm at top of the column and base held constant at initial saturation. Gas boundaries:
constant atmospheric pressure (101,325 Pa) at top of column, and either constant
101,325 Paor zero-flux for base of column.

Reached by draining the saturated column to the static equilibrium corresponding to a
piezometric level at 120 cm below the surface (top) of the column.

One-dimensional uniform finite-difference grid with 94 blocks.
lcm

1s
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agueous pressure that is computed directly from the van Genuchten relation for a zero hydraulic gradient
(pressure head and eevation head equa throughout). Examine the actud input card (Exhibit 5.3-1,
Initia Conditions Card, lines 78-82) to see how the input condition is specified usng the gradient festure
of the Initid Conditions card. The STOMP parameters file used for this smulation is shown in Exhibit
5.3-2.

The second smulation includes the effects of arflow in the column. The Water-Air mode
(mode 2) is used and the gas boundary conditions are defined to address thisissue. Exhibit 5.3-3
shows the STOMP inpuit file for thissmulation. Note that the STOMP parametersfile shown in Exhibit
5.3-2 for the open column problem can be used for the bounded column problem with one modification
(changing air mass equation switch, parameter LG, from 0to 1 inline 30 of Exhibit 5.3-2). A longer
time is smulated than for the open column case (1.2 hour rather than 0.4 hour) because the inclusion of
arflow dows the wetting front greetly, as reported by Toumaand Vauclin (1986). Toumaand Vauclin
aso reported that the air-entry pressure was estimated to be 14 cm for this problem. Hence, the gas
pressure a the upper boundary is specified as the pressure equivaent of the liquid pressure boundary
(2.3 cm) plusthe air-entry pressure (14.0 cm), or 101,550.25 Pa (Exhibit 5.3-3, Boundary Conditions
card, lines 122-129).

5.3.2 Simulations

The agueous moisture content profiles for the opencolumn case, which represents traditiona
sngle-phase infiltration models, are depicted in Figure 5.3-2. The aqueous moisture content profiles for
the bounded- column case are depicted in FHgure 5.3-2. Comparing the two figures, we observe as
Toumaand Vaudlin (1986) reported that the rate of advance of the wetting front is dragtically reduced
when air cannot escape. Notice aso the reduction in the maximum saturation of the water content
profiles from 0.312 crr/en? in the open-column case to approximately 0.27 cr/ent in the bounded-
column case, an effect caused by the flow of escaping ar. Findly, we note that the wetting fronts shown
in Fgure 5.3-2 for the bounded- column case are less stegp than for the opencolumn case shown in
Fgure5.3-2.
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5.3.3 Analyss

Comparing with graphica results reported in Touma and Vauclin (1986) and repeated here as
Fgure 5.3-4, we observe quditatively that STOMP appearsto predict adightly dower infiltration front
advance in the open column than Touma and Vauclin did (at t = 1.20 h, Toumaand Vauclin show a
furthest advance of gpproximately 50 cm, while STOMP isroughly 0.45 cm). STOMP predicted
amilar infiltration rates for the bounded column case. Touma and Vaudlin did not report the reduction in
saturation at the base of the column in the bounded column case due to gas pressure increase that
STOMP showsin Figure 5.3-3.

5.34 Summary

Solutions for one-dimensiond (verticd) infiltration in open and bounded columns were
amulated, and the difference in wetting fronts with respect to time shown. The results obtained for these
cases using STOMP compare favorably with the experimenta and numericaly smulated results
reported in Toumaand Vauclin (1986) and the numerica solution obtained with MSTS by Nichols and
White (1993).
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Figure5.3-4. Ponded infiltration: water content profilesin the open (a) and bounded (b) columns.
Horizontal bars represent experimenta uncertainties (SOURCE: Toumaand Vauclin
(1986))
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Exhibit 5.3-1. STOMP Input File for Two-Phase Infiltration Problem: Open Column

Line Input Fle

1 ~Simulation Title Card

2 1,

3 Tounma & Vauclin (1986) 1D Ponded Boundary Infiltration in Qpen Col um,

4 W E Nchols,

5 Paci fic Northwest Laboratory,

6 August 10 1995,

7  4:15:00 PM PDT,

8 3,

9 Simul ation of infiltration in an open colum after numerical and experinental
10 results reported in Touma and Vauclin (1986). Initial conditions are conputed
11 fromthe zero-hydraulic-gradient condition. The Water node is used.
12
13 ~Sol ution Control Card
14 Nor mal ,

15 Wt er,

16 1,

17 0.0,hr,0.40,hr,1.0,s,1.0,s,1.5,8, 1. Oe-6,
18 1.0, hr, 1.0, hr, 2000,

19 1,

20  Aqueous Rel ative Permeability, Geonetric,
21

22 ~Gid Card

23 Uni form Cart esi an,

24 1, 1,94,

25 1.0,cm

26 1.0,cm

27 1.0,cm

28

29 ~Rock/ Soi | Zonation Card

30 1,

31 Sand, 1,1,1,1,1, 94,

32

33 ~Mechani cal Properties Card

34  Sand, 2650. 0, kg/ M3, 0. 370, 0. 312, ,,
35

36 ~Hydraul i ¢ Properties Card

37 Sand,,,,,4.2778e-3, hc cni s,

38

39 ~Saturation Function Card

40 Sand, Nonhysteretic van Genuchten, 0.044,1/cm2.2,0.0,,
41

42 ~Aqueous Rel ative Pernmeability Card
43 Sand, Tabul ar, 33,

44 3. 5026E- 09, 3. 1593E- 07,

45 0. 01225919, 6. 7082E- 07,

46 0. 02977233, 1. 7099E- 06,

47 0. 04728546, 3. 8458E- 06,

48 0. 0647986, 7. 8611E- 06,

49 0.08231173, 1. 4901E- 05,

50 0.117338, 4. 5067E- 05,

51 0. 15236427, 0. 00011488,

52 0. 18739054, 0. 00025837,

53 0. 22241681, 0. 00052812,

54  0.25744308, 0. 00100111,

55 0. 29246935, 0. 0017854,
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Exhibit 5.3-1. (Contd)

Line Input Fle
56 0. 32749562, 0. 00302769,
57 0. 36252189, 0. 00492173,
58 0. 39754816, 0. 00771754,
59 0.43257443, 0. 01173155,
60 0. 4676007, 0. 01735761,
61 0. 50262697, 0. 02507879,
62 0. 53765324, 0. 03548017,
63 0. 57267951, 0. 04926245,
64 0. 60770578, 0. 06725641,
65 0. 64273205, 0. 09043837,
66 0. 67775832, 0. 11994642,
67 0. 71278459, 0. 15709761,
68 0. 74781086, 0. 20340604,
69 0. 78283713, 0. 26060184,
70 0. 8178634, 0. 330651,
71 0. 85288967, 0. 41577624,
72 0. 88791594, 0. 51847864,
73 0. 92294221, 0. 64156028,
74 0. 95796848, 0. 78814774,
75 0. 99299475, 0. 96171657,
76 1,1,
77
78 ~lnitial Conditions Card
79 CGas Pressure, AQueous Pressure,
80 2,
81 Gas Pressure, 101325.0,Pa,0.0,1/m0.0,1/m0.0,1/m1,1,1,1, 1, 94,
82 Aqueous Pressure, 98729. 71741, Pa,0.0,1/cm0.0,1/cm-97.935192,1/cm1,1,1,1,1, 94,
83
84 ~Boundary Conditions Card
85 2,
86 Top, Di richl et Aqueous,
87 1,1,1,1,94,94,1,
88 0.0, hr, 101550. 25, Pa,
89 Bottom Dirichl et Aqueous,
90 1,1,1,1,1,1,1,
91 0.0, hr, 98778. 685, Pa,
92
93 ~Qut put Control Card
94 1,
95 1, 1,94,
96 1,1,hr,cm3,5,5,
97 ,
98 Aqueous Pressure, Pa,
99 Aqueous Saturation,,
100 Aqueous Mbi sture Content,,
101 Aqueous Rel ative Perneability,,
102 9,
103 0. 00, hr,
104 0. 05, hr,
105 0. 10, hr,
106 0. 15, hr,
107 0. 20, hr,
108 0. 25, hr,
109 0. 30, hr,
110 0. 35, hr,

5.36



Exhibit 5.3-1. (Contd)

Line Input Fle

111 0. 40, hr,

112 3,

113 Aqueous Pressure, Pa,

114 Aqueous Saturation,,

115 Aqueous Mbi sture Content,,
116
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Exhibit 5.3-2. STOMP Parameters File for Two-Phase Infiltration Problem: Open Column

Line PaametersFile
1 O e e e PP P C
2 C STOW Parameter File
3 C Tourma and Vauclin Problens (Application Quide Section 5.5)
N O e T P C
5 C
6 C Nunber of |ines of simulation notes
7 C Nunmber of execution periods ---
8 C
9 PARAMETER( LNOTES=10, LEPD=10)
10 C
11 G Nunber of nodes in the x or r coordinate direction
12 C Nunmber of nodes in the y or theta coordinate direction
13 C Nunmber of nodes in the z coordinate direction
14 C Nunber of active nodes
15 C Nunber of active di mensions
16 C M ni num of (LFX*LFY, LFX*LFZ, LFY*LFZ) ---
17 C
18 PARAMETER( LFX=1, LFY=1, LFZ=94)
19 PARAMETER( LAN=94, LAD=1, LM\P=1)
20 C
21 (o3 Energy equation switch (0 = off, 1 = on)
22 C Water nass equation switch (0 = off, 1 = on)
23 C Air mass equation switch (0 = off, 1 = on)
24 C VOC mass equation switch (0 = off, 1 = on)
25 C Sol ute transport equation switch (0 = off, 1 = on)
26 C Freezing conditions switch (0 = off, 1 =on) ---
27 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
28 C Di ssolved oil transport equation switch (0 = off, 1 =o0n) ---
29 C
30 PARAMETER(LT=0, LL=1, LG=0, LN=O, LC=0, LFC=0, LS=0, LD=0)
31 C
32 (o3 Banded matrix |inear equation solver switch (0 = off, 1 = on)
33 C Conj ugate gradient |inear equation solver switch (0 = off, 1 =on) ---
34 C Unsymetric-pattern nultifrontal package switch (0 = off, 1 =on) ---
35 C
36 PARAMETER( LBD=1, LCG=0, LUM-=0)
37 C
38 (o3 Nunmber of boundary condition surfaces
39 C Nunmber of boundary condition times ---
40 C
41 PARAMETER(LBC=2, LBTM-1)
42 C
43 G Nunber of sources
44 C Nunber of source times ---
45 C
46 PARAMETER( LSR=1, LSTM-1)
47 C
48 (o3 Number of rock/soil types
49 C Nunber of solutes
50 C
51 PARAMETER( LRC=1, LSOLU=1)
52 C
53 (o3 Nunmber of reference nodes
54 C Nunmber of print tines
55 C Nunmber of integration surfaces ---
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Exhibit 5.3-2. (Contd)

Line ParametersFile
56 C
57 PARAMETER( LREF=10, LPTM=13, LSF=10)
58 C
59 C-- Nunber saturation and relative perneability table entries
60 C Nunmber of hysteretic scanni ng paths
61 C Nunber of chem cal reactions
62 C
63 PARAMETER( LTBL=66, LPATH=3, LCHEM:1)
64 C
65 C-- Computed Paraneters ---
66 C
67 PARAMETER( LUK=LT+LL+LGFLN+LS+LD, LPH=LL+LG+LN, LCVP=LL+LS+LD)
68 PARAMVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)
69 PARAMETER( LFD=LFX* LFY* LFZ)
70 PARAMETER( LNE=( LUK* LUK* ( 7* LFD- 2* LFXY- 2* LFYZ- 2* LFZX) ) ** LUV
71 PARAVETER( LHBWEL UK* LMNP+LUK- 1)
72 PARAMETER(LJA=LBD + LCG*LAN*LUK + LUMLAN*LUK)
73 PARAMVETER( LIB=( 2* LAN* LUK) ** LUM LJC=LAN**LUM
74 PARAMETER( LID=LBD* ( 3* LHBW1) + LCG*LAN*LUK + LUMF6* LNE)
75 PARAMETER( LJE=LBD* LAN* LUK + LCG*((2*LAD+1) *LUK+2*LAD) + LUM
76 PARAMETER( LIF=LAN* LUK)
77 PARAMETER( LIG=LBD* ( 3* LHBW1) + LCG*LAN*LUK + LUM
78 PARAVETER( LJH=LBD* LANF LUK + LCG(2*LAD+1) + LUM
79 PARAMETER( LJJ=LBD* LAN* LUK + LCG + LUM
80 PARAMETER( LSV=LUK+2, LSFV=2* LUK+1)
81 PARAVETER( LSX=( LFX+1) * LFY* LFZ)
82 PARAMETER( LSY=LFX* (LFY+1) * LFZ)
83 PARAMETER( LSZ=LFX* LFY* (LFZ+1))
84 PARAMVETER( LFDT=LFD** LT, LFDL=LFD**LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
85 PARAMETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
86 PARAMETER( LSXT=LSX** LT, LSXL=LSX**LL, LSXG=LSX** LG, LSXN=LSX**LN)
87 PARAMETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)
88 PARAMETER( LSYT=LSY**LT, LSYL=LSY**LL, LSYG=LSY**LG LSYN=LSY**LN)
89 PARAMETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)
90 PARAMETER( LSZT=LSZ** LT, LSZL=LSZ**LL, LSZG=LSZ** LG LSZN=LSZ** LN)
91 PARAMETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)
92 PARAMETER( LRCT=LRC** LT, LRCL=LRC**LL, LRCG=LRC** LG, LRCN=LRC**LN)
93 PARAMETER( LRCC=LRC**LC, LRC =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
94 PARAMETER( LBCT=LBC** LT, LBCL=LBC**LL, LBCG=LBC** LG, LBCN=LBC* *LN)
95 PARAMETER( LBCC=LBC**LC, LBC =LBC**LFC, LBCS=LBC**LS, LBCD=LBCt*LD)
96 PARAMETER( LBCU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)
97 PARAMETER( LOUPV=200+11* (LSQLU))
98 PARAMETER( LJI =LBD* LAN* LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUV
99 PARAMETER( LSCHR=18)

100
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Exhibit 5.3-3. STOMP Input File for Two-Phase Infiltration Problem: Bounded Column

Line Input Fle

1 ~Simulation Title Card

2 1,

3 Touma & Vauclin (1986) 1D Ponded Boundary Infiltration in Bounded Col um,

4 W E. N chols,

5 Paci fic Northwest Laboratory,

6 August 17 1995,

7 12: 15: 00 AM PDT,

8 3,

9 Simulation of infiltration in a bounded colum after numerical and experinental
10 results reported in Touma and Vauclin (1986). Initial conditions are conputed
11 fromthe zero-hydraulic-gradient condition. The Water-Air node is used.
12
13 ~Sol ution Control Card
14 Nor mal ,

15 Water-Air,

16 1,

17 0.0,hr,1.20,hr,1.0,s,1.0,s,1.5, 8, 1. Oe-6,
18 2.,hr, 2., hr, 5000,

19 Zer o,

20 Zer o,

21 1,

22 Aqueous Rel ative Perneability, Geonetric,
23

24 ~@id Card

25 Uni form Cartesian,

26 1, 1,94,

27 1.0,cm

28 1.0,cm

29 1.0,cm

30

31 ~Rock/ Soi | Zonation Card

32 1,

33 Sand, 1,1,1,1, 1, 94,

34

35 ~Mechani cal Properties Card

36 Sand, 2650. 0, kg/ m*3, 0. 370, 0. 312, , ,
37

38 ~Hydraul i ¢ Properties Card

39 Sand, ,,,,4.2778e-3, hc cnm s,

40

41 ~Saturation Function Card

42 Sand, Nonhysteretic van Genuchten, 0. 044, 1/cm 2. 2, 0. 08494, ,
43

44 ~Aqueous Rel ative Perneability Card
45 Sand, Tabul ar, 33,

46 3. 5026E- 09, 3. 1593E- 07,

47 0. 01225919, 6. 7082E- 07,

48 0. 02977233, 1. 7099E- 06,

49 0. 04728546, 3. 8458E- 06,

50 0. 0647986, 7. 8611E- 06,

51 0. 08231173, 1. 4901E- 05,

52 0.117338, 4. 5067E- 05,

53 0. 15236427, 0. 00011488,

54  0.18739054, 0. 00025837,

55 0. 22241681, 0. 00052812,
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Exhibit 5.3-3. (Contd)

Input Fle

. 25744308, 0. 00100111,
. 29246935, 0. 0017854,

. 32749562, 0. 00302769,
. 36252189, 0. 00492173,
. 39754816, 0. 00771754,
. 43257443, 0. 01173155,
. 4676007, 0. 01735761,

. 50262697, 0. 02507879,
. 53765324, 0. 03548017,
. 57267951, 0. 04926245,
. 60770578, 0. 06725641,
. 64273205, 0. 09043837,
. 67775832, 0. 11994642,
. 71278459, 0. 15709761,
. 74781086, 0. 20340604,
. 78283713, 0. 26060184,
. 8178634, 0. 330651,

. 85288967, 0. 41577624,
. 88791594, 0. 51847864,
. 92294221, 0. 64156028,
. 95796848, 0. 78814774,
. 99299475, 0. 96171657,
1,

mielelelololololojooNoloooololooN ol oo Ne]

~Gas Rel ative Perneability Card
Sand, Tabul ar, 33,

1,

. 98774081, 0. 99999139,
. 97022767, 0. 99994918,
. 95271454, 0. 99987151,
. 9352014, 0. 99975797,

. 91768827, 0. 99960795,
. 882662, 0. 99919528,

. 84763573, 0. 99862545,
. 81260946, 0. 99788751,
. 77758319, 0. 99696733,
. 74255692, 0. 99584706,
. 70753065, 0. 99450437,
. 67250438, 0. 99291148,
. 63747811, 0. 99103385,
. 60245184, 0. 98882835,
. 56742557, 0. 98624081,
. 5323993, 0. 98320258,

. 49737303, 0. 97962579,
. 46234676, 0. 9753964,

. 42732049, 0. 97036419,
. 39229422, 0. 96432763,
. 35726795, 0. 95701052,
. 32224168, 0. 94802483,
. 28721541, 0. 93680881,
. 25218914, 0. 92251973,
. 21716287, 0. 90383668,
. 1821366, 0. 87857318,

. 14711033, 0. 84284783,
. 11208406, 0. 78910152,

[ejejojojojojojojojojojojojojojojojojojojojoojofojoioNal o
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Exhibit 5.3-3. (Contd)

Line Input Fle

111 0. 07705779, 0. 70059708,
112 0. 04203152, 0. 53266493,
113 0. 00700525, 0. 13244732,

114 0,0,

115

116 ~Initial Conditions Card

117 Gas Pressure, AQueous Pressure,
118 2,

119 Gas Pressure, 101325.0,Pa,0.0,1/m0.0,1/m0.0,1/m1,1,1,1, 1, 94,
120 Aqueous Pressure, 98729. 71741, Pa,0.0,1/cm0.0,1/cm-97.935192,1/cm1,1,1,1,1, 94,
121

122 ~Boundary Conditions Card

123 2,

124  Top,Dirichlet Aqueous,Drichlet Gas,

125 1,1,1,1,94,94,1,

126 0.0, hr, 101550. 25, Pa, , 102921. 343630, Pa, ,

127 Bottom Dirichl et Aqueous, Zero Fl ux Gas,

128 1,1,1,1,1,1,1,

129 0.0, hr,98778. 685, Pa, , , ,,

130

131 ~CQut put Control Card
132 1,

133 1,1, 94,

134 1,1, hr,cm3,5,5,

135

136 Gas Pressure, Pa,

137 Aqueous Pressure, Pa,

138 Aqueous Saturation,,

139 Aqueous Rel ative Perneability,,

140 13,

141 0. 00, hr,
142 0. 10, hr,
143 0. 20, hr,
144 0. 30, hr,
145 0. 40, hr,
146 0. 50, hr,
147 0. 60, hr,
148 0. 70, hr,
149 0. 80, hr,
150 0. 90, hr,
151 1. 00, hr,
152 1.10, hr,
153 1. 20, hr,
154 5

155 Gas Pressure, Pa,

156 Aqueous Pressure, Pa,

157 Aqueous Saturation,,

158 Aqueous Mbi sture Content,,

159 Aqueous Rel ative Perneability,,

160

161 ~Surface Flux Card

162 1,

163 Aqueous Vol unetric Flux, m3/s,n3, Top, 1,1, 1,1, 94, 94,
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Problem Features: 5.4
5.4 Radon Vapor Transport into Dwellings * Water-Air operational mode
* vapor-phase transport
Investigators (e.g., Narasimhan et a. (1990)) have shown ||+ two dimensional
that subsurface air advection patterns can significantly affect radon || variable saturation
entry into buildings. Nero (1989) reports that when structuresare ||« homogeneous, isotropic
located on soilswith large intringc permegbilities, extraordinarily * nonuniform Cartesan grid
high indoor radon concentrations can occur even when theradium || * van Genuchten expresson
content of the soil islow. Other researchers have documented * solute gas source
high radon activity in ground water. The combination of these two
factors poses an interesting question of whether degassing of radon from ground water may contribute
to indoor radon levels, especidly when the structures are dightly under pressurized with respect to
atmospheric conditions. In previous modding efforts, the source of radon is assumed to be from evenly
distributed radon-producing radium in the soil (e.g., Holford et d. (1993)); no consideration was given
to ground water as a potential source of radon.

To investigate whether the radon that partitions from ground water to soil gas can contribute to
indoor radon levels, multiphase flow models need to be used that congder interphase mass partitioning.
Predictive tools that only consider a subset of the governing trangport mechanisms will likely result in
inaccurate predictions.  In this example, the distribution of radon under a structure is predicted for two
different intringc permesbiilities. The production of radon from decaying radium in the solid phaseis
ignored for illugrative purposes. The radon in the unsaturated regions of the subsurface is assumed
transported from the ground water. The structures are assumed to have a dight under pressure relative
to atmospheric conditions, which causes advective arr fluxes in the subsurface. Under gppropriate
conditions, the flux of radon into structures can result in concentrations above the suggested
Environmental Protection Agency action limit of 148 Boy/n, when ground water is considered the only
radon source.

5.4.1 Problem Description and Parameters

For the gpplications in this section, the mass conservation equations for air and water are
solved smultaneoudy, assuming isothermd conditions. The radon transport equation, which accounts
for advection, diffusion/dipersion, retardation, production and decay, is solved sequentialy using the
computed water and gas velocity filds asinputs. For unsaturated conditions, radon is transported in
the water and gas phase. The concentration in the air phaseis related through the concentration in the
water phase by a temperature-dependent didtribution coefficient. The condtitutive rdations for fluid-
phase saturations and relative permeabilities follow those described by van Genuchten (1980) and
include expressons for the gas phase.

In the example, steady- state subsurface radon concentration profiles and indoor radon
concentrations are computed for two-dimensiona scenarios. The conceptual modd, Smilar to the one
used by Tsang and Narasmhan (1992), isdepicted in Figure 5.4-1. The ground water tablelies10 m
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below the land surface and 8 m below the 10-m-wide basement floor. The plane of symmetry isat x =
Om. A congtant atmospheric pressureis assumed at the land surface, and the basement has a constant
5.0 Paunder pressure. This configuration forces air to move from the land surface into the subsurface
and flow into the basement. The soil is assumed to not generate any radon; the only source of radon is
the ground water with aradon concentration of 11.1 kBg/n.

5.4.2 Simulations

The smulations are conducted using 900 nodes (30 x 30). The grid is more refined near the
basement of the dwelling. In the smulations, radon could be transported through either advection by
gradientsin the gaseous phase or by molecular diffusion. For the smulations shown in thisexample, it is
assumed that a fractured concrete foundation is present with one 0.5 cm crack per meter. To model
cracks accurately, equations representing the continuum approach (Nitao 1988) have been implemented
inthe code. The STOMP input and parametersfile are shown in Exhibit 5.4-1 and Exhibit 5.4-2,

respectively.

Basement
(5 Paunder
ressure
o P ; ) |
| Variably |
Saturated |
] T Porous Medium
= ] Basement Floor :
— 59 (Fractured :
N1 Concrete) i
: Water Table |
O T T T T I T T T T I T 'i T T I T T T T |
0 5 10 15 20
X (m)
Figure5.4-1.  Radon Concentration Profiles for Porous Medium Permesbility of (g) 10™° n and
(b) 10™ n?
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5.4.3 Analysis

In Figure 5.4-2(a) and Figure 5.4-2(b), the subsurface radon concentration profiles are shown
for apermesbility of 10™* and 10° n?, respectively. For the lower permesbility (i.e., equivaent to a
medium sand), only adight increase in the radon concentrations is predicted near the plane of
symmetry. For the higher permesbility (i.e., equivdent to a very coarse sand), sgnificant amounts of
radon are drawn into the dwelling. The concentration profiles shown in Figure 5.4-2(a) yields an indoor
radon concentration of 8.2 Bg/nT, assuming aventilation rate of 0.1/hr. The situation depicted in Figure
5.4-2(b) yields an indoor radon concentration of 394 Boyn’, for the same ventilation rate. These results
show that in relaively high permeable soils, sufficient amounts of radon may be transported into
dwelings from the ground weter, if the water table depth is 10 m or less from the land surface.

5.4.4 Summary

Our smulations suggest that radon degassing from ground water may contribute to indoor radon
concentrations. This may have important implications for regions where the aquifer that underlies
dwdlings passes through geologic materias high in radium content and the subsurface materids
overlying the aquifer is composed of very coarse sands and gravels, such asis common in many fast
flowing dluvid deposts. The degassng of radon from ground water may help to explain how some
dwellings may have high indoor radon concentrations when the radium content of the underlying
geologic drataislow.
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Figure5.4-2.  Radon Concentration Profiles for Porous Medium Permesbility of (a) 10™° n? and
(b) 10™ n?.
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Exhibit 5.4-1. STOMP Input File for VVapor Transport of Radon into Dwellings Problem

Line Input Fle

1 e
2 ~Sinmulation Title Card

3 e e R
4 1,

5 Radon fl ow and transport (2D),

6 M Qost rom

7 Paci fic Northwest Laboratory,

8 Decenber/ January 1994,

9 13: 00 PM PDT,
10 1,
11 2d radon tranport, diffusion/advection,
12 e e I
13 ~Sol ution Control Card
14 e T R
15 Nor mal ,
16 Water-Air w Transport,
17

1,
18 0, hr, 200, d, 60, s, 5,d, 1. 25, 8, 1. e- 06,
19 1, day, 1, day, 10000,
20 Vari abl e Aqueous Phase Diffusion,
21 Vari abl e Gas Phase Diffusion,

22 0,

23 e
24 ~@id Card

4T
26 Cartesi an,

27 30, 1, 30,

28 0,m20@. 5, m10@., m
29 O,mil m
30 0,mld4@D.5 M2@.3, M1@.2, m4@. 05, m7@. 25 m2@. 125, m

33 e e L
34 1

35 1,10,1,1, 22, 30,

36 e e I
37 ~Rock/ Soi |l Zonation Card

38 e T R
39 1

40  sand, 1,30, 1,1, 1, 30,
41 Fractured Concrete, 1, 10, 1, 1, 20, 21,
42  Qavel, 1,10 1,1, 18 109,

A3 e e
44 ~Mechani cal Properties Card
L R I T

46 Sand,,,0.4,0.4,,,Mllington and Qirk,,,
47 Fractured Concrete,,,0.25,0.25,0.01,0.01,,,MIlington and Quirk,
48 Gavel,,,0.4,0.4,,,MIlington and Quirk,

o
50 ~Hydraul i c Properties Card
A e R L LR T T

52 Sand, 4.e-11, M2, ,,4.e-11, m\2,
53 Fractured Concrete, 4. 4e-16, M2, ,, 4. 4e-16, m*2, 1. Oe-6, m'2, ,, 1. Oe- 6, n*2,
54 G avel , 1. Oe-8,n2,, 1. Oe- 8, n'2,
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Exhibit 5.4-1. (Contd)

Line Input Fle

56 ~Saturation Function Card

57 e i

58 Sand, Nonhysteretic van Genuchten,. 146,1/cm2.5,0.0,,

59 Fractured Concrete, Nonhysteretic van

60 Cenuchten, . 146,1/cm2.5,0.0,14.0,1/m?2.5,0.0,,,

61 Gravel , Nonhysteretic van Genuchten,.146,1/cm2.5,0.0,,

62 e

63 ~Aqueous Rel ative Perneability Card

64 i

65 Sand, Mual em ,

66 Fractured Concrete, Mial em,,

67 G avel , Mual em,

68 e i I

69 ~CGas Relative Perneability Card

70 e

71 Sand, Mual em ,

72 Fractured Concrete, Mial em,,

73 G avel , Mual em ,

74 e e R

75 ~Solute/Fluid Interaction Card

76 e i I

77 1,

78 Radon, 1. 0e-9, m2/ s, 1. 0Oe-5, m2/ s, Const ant, 4. 12, , Cont i nuous, 3. 8, d,

79 0,

80 e e L

81 ~Sol ut e/ Porous Medi a Interaction Card

82 e e R

83 Sand, 0.0, m 0.0, m

84 Radon, O, ,

85 Gavel ,0.0,m0.0,m

86 Radon, 0, ,

87 Concrete, 0.0, m0.0, m

88 Radon, 0, ,

89 Fractured Concrete,0.0,m0.0, m

90 Radon, 0, ,

91 e e I

92 ~lnitial Conditions Card

93 e T R

94 Gas Pressure, Aqueous Pressure,

95 4,

96 Aqueous Pressure, 96654. 454, Pa, ,,,,-9793.54,1/m 1, 30, 1, 1, 1, 30,

97 Gas Pressure, 101439. 21, Pa,,,,,-11.7137,1/m 1, 30,1, 1, 1, 30,

98 Tenperature, 20,C,,,,,,,1,30,1,1,1, 30,

99 Sol ute Aqueous Vol unetric, Radon, 0, 1/ m3,,,,,,,1,30,1,1,1, 30,
100 e i I
101 ~Boundary Conditions Card
102 e
103 3,

104 Top, Zero Flux, Dirichlet, Radon Gas Conc.,
105 1,10,1,1, 21, 21,1,

106 0, hr,,,,101343.43,Pa,1.0,0.0, 1/ m3,

107 Top, Zero Flux, Dirichlet, Radon Gas Conc.,
108 11, 30, 1, 1, 30, 30, 1,

109 o, hr,,,,101325.,Pa, 1.0,0.0, 1/ m3,

110 Bottom Dirichlet,Drichlet, Radon Gas Conc.,
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Exhibit 5.4-1. (Contd)

Line [nput Fle

111 1,30,1,1,1,1,1,

112 0, hr, 100325, Pa, , 101442. 185, Pa, 1.0, 1. 0, 1/ m*3,

113 e T R
114  ~CQutput Options Card

115 e i R
116 4,

117 20,1, 1,

118 20,1, 5,

119 20, 1, 10,

120 5,1, 21,

121 1,1, day, m6, 6, 6,

122 ,

123 X Gas Vol , ni day,

124 Z Gas Vol , ni day,

125 Sol ut e Gas Conc, Radon, 1/ m'3,

126 1,

127 200, d,

128 3,

129 X Gas Vol , ni day,

130 Z Gas Vol , ni day,

131 Sol ut e Gas Conc, Radon, 1/ m'3,

132 e e L
133 ~Surface Flux Card

134 e e R
135 1,

136 Sol ute Fl ux, Radon,,, Top, 1, 10, 1, 1, 21, 21,

137

549



Exhibit 5.4-2. STOMP Parameters File for Vapor Transport of Radon Problem

Line PaameeskFle

1 O e e e PP P C
2 C STOW Parameter File

3 (O e C
4 C

5 C-- Nunmber of lines of simulation notes

6 C Nunmber of execution periods ---

7 C

8 PARAMETER( LNOTES=10, LEPD=10)

9 C

10 C-- Number of nodes in the x or r coordinate direction

11 C Nunmber of nodes in the y or theta coordinate direction

12 C Nunber of nodes in the z coordinate direction

13 C Number of active nodes

14 C Nunber of active di mensions

15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---

16 C

17 PARAMETER( LFX=30, LFY=1, LFZ=30)

18 PARAMETER( LAN=810, LAD=2, LM\P=30)

19 C

20 C--- Energy equation switch (0 = off, 1 = on)

21 C Water mass equation switch (0 = off, 1 = on)

22 C Air mass equation switch (0 = off, 1 = on)

23 C VOC mass equation switch (0 = off, 1 = on)

24 C Solute transport equation switch (0 = off, 1 = on)

25 C Freezing conditions switch (0 = off, 1 =on) ---

26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C

29 PARAMETER(LT=0, LL=1, LG=1, LN=O, LC=1, LFC=0, LS=0, LD=0)

30 C

31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C

35 PARAMETER( LBD=1, LCG=0, LUM=0)

36 C

37 C-- Nunmber of boundary condition surfaces

38 C Nunmber of boundary condition times ---

39 C

40 PARAMETER( LBC=60, LBTM=50)

41 C

42 C-- Nunber of sources

43 C Nunber of source times ---

44 C

45 PARAMETER( LSR=900, LSTM:=10)

46 C

47 C-- Nunmber of rock/soil types

48 C Nunmber of sol utes

49 C

50 PARAMETER( LRC=3, LSOLU=1)

51 C

52 C-- Nunber of reference nodes

53 C Nunmber of print tines

54 C Nunmber of integration surfaces ---

55 C
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Exhibit 5.4-2. (Contd)

Paraneters File

PARAMETER( LREF=5, LPTM-1, LSF=10)

Nunmber saturation and relative perneability table entries
Nunber of hysteretic scanning paths
Nunmber of chemi cal reactions

PARAMETER(LTBL=1, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGFLN+LS+LD, LPHELL+LG+LN, LOWP=LL+LS+LD)
PARAVETER( LFXY=LFX* LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARANETER( LFD=LFX* LFY* LF2)

PARAVETER( LNE=( LUK* LUK* ( 7* LED- 2% LEXY- 2% LFYZ- 2* LFZX) ) * *LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LANFLUK + LUVFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV

PARAVETER( LJD=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LAN* LUK + LOG((2* LAD+1) * LUK+2*LAD) + LUV
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* ( 3* LHBWH1) + LOGFLAN*LUK + LUM

PARAVETER( LJHELBD* LAN* LUK + LOGt(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1))

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD** LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX* * LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXNELSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG, LSYNELSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ** LT, LSZL=LSZ** LL, LSZG=LSZ* * LG, LSZN=LSZ* *LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC** LT, LRCL=LRC* * LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAMETER( LROC=LRC**LC, LRO =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC* * LT, LBCL=LBC* * LL, LBOG=LBC* * LG, LBCNELBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOUELUK+LPH+LT+2, LBCV=LBOU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN* LUK + LOG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAMETER( LSCHR=18)
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6.0 Mass and Energy Conservation Tests

Applicationsin this example are Smple conservation checks that test the mass and energy
conservation of the STOMP smulator for phase changes. The objective in each case is to demongtrate
that the total quantity of mass and energy in asingle, closed, adiabatic volume of partidly saturated
porous media node remains the same before and after a smulated phase change. Five cases are
presented: evaporation and condensation (vaporization point: agueous/gas), and freezing and thawing
(fuson point: solid/agueous), plus asmulation of flow from hot two- phase conditions used to test
energy conservation.

6.1 Single Node Evaporation Problem Features: 6.1
 Water-Air-Energy operation mode

The single node evaporation problem involvesthe * liquid-vapor phase change
evaporation of aqueous phase water within adosed adisbatic | ® Sndlenode
volume of partialy saturated porous medium. The * varidble saturation
evaporation process occurs through the addition of heet into || * NOMOgeneous, isotropic
the control volume. Sufficient heet is added tothe systemto | Cartesangrid _
desaturate the porous medium. Because the control volume || * Van Genuchien function
surfaces are dlosed and adiabatic, the initid quantiiesof sir |2 eSS balance test
and water mass will remain congtant throughout the smulation.
Upon desaturation of anode, STOMP switches the primary variable for the water mass conservation
equation from the liquid pressure to the water-vapor mass fraction. This problem demondratesthis
numerica trangtion from two- phase conditions to gas-phase-only conditions. The problem requiresthe
coupled solution of the water mass, air mass, and energy conservation equations.

6.1.1 Problem Description and Parameters

Thistest problem involves a 10-n cube of porous media, with atotal porosity of 0.50, rock
dengity of 2650 kg/n?, and specific heat of 1000 Jkg K. Theinitia gas pressure, liquid saturation, and
temperature are 10° Pa (absolute), 0.01, and 90°C, respectively. A constant internal heat source of 2.0
MW was applied. All boundary surfaces are adiabatic, no-flow surfaces. Theinput file for the sngle-
node-evaporation problem is shown in Exhibit 6.2-1.

6.1.2 Simulation

Simulation results in terms of the system temperature and liquid saturation are shown in Figure
6.1-1. Thesysem beginsat an initidly fully saturated sate, and liquid saturation declineswith timeto a
completdy desaturated State as water undergoes phase change with increasing temperature. The
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amulation is hdted at 1875 seconds a afind temperature of 363.9°C, which isdightly below the
critica temperature for water.

6.1.3 Analysis (Mass Balance Check)

This problem concerns a closed systemn in which mass must be conserved while smulating a
vaporization phase change. A mass balance check was performed, comparing the total mass of water
in the cube represented by the single node at the initid conditions to the total mass of water a 1875
seconds, the end of the smulation. The total mass of water in the node (my') isthe sum of the water in
the agueous (m,") and vapor (mgv ) phases. The mass of water in the aqueous phase is given by

m" =hgVr, =(n, - n, +sn, Vr, Equation 6.1-1

and the mass of water in the gas phase by

400 Freect T T | T — T T T m— T T T I 0.010
iy . .| Sauration
- I L 0.008
300 [ =
i X Temperature 2
0 - 2
e - - 0.006 E
5 i 5
E 200 - g
oy o 0,004 &
= - g
100 F= g
O — 0.002
0 i— Ly [Pt peeeqesaapenepesedicseecnstecedese | [L (0.000
0 500 1000 50 2000

Smulaion Time (9

Figure6.1-1. STOMP-Predicted Temperature and Aqueous-Phase Saturation Variation with
Time for the Single Node Evaporation Problem
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my = (1- s Jnvxr o Equation 6.1-2
In mathematica terms, the totd mass in the domain is the sum of the water in each phase:
my =m’ +m] Equation 6.1-3

Theinitia conditions were derived from the problem definition and the fina conditions were obtained
from the plot file generated by the STOMP code; both are shownin Table 6.1-1. Subdtituting the
vauesfrom Table 6.1-1 into Equation 6.1- 1, the total water mass in the agueous phase at time zero
(initid) is

w

m, (nT - Np +85,1N, )Vr ‘

= [0.5- 0.5+(0.01)(0.50)](10 m* F965.12 %}9
e a

Equation 6.1-4

= 48.256 kg

Subgtituting vauesfrom Table 6.1-1 into Equation 6.1-2, the water massin the gas phase a time zero is

Table6.1-1. Snge-Node Evaporation Problem Initid and Final Conditions

Vaidde Units Initid Conditions Find Conditions

\Y nt 10.0 10.0

n, - 0.50 0.50

N - 0.50 0.50

T °C 90.0 363.92

S - 0.01 3.5284 x 10°
r, kg/nt® 965.12 473.58

r kg/n 0.72078 10.348

X" - 0.57360 0.97059
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my =(1- s, )nyVxXir
= (1- 0.02)(0.50)(10 m* {0.57360)%0.72078 %9 Equetion 6.1-5
e (4]

= 2.04653kg

Therefore, the totd water mass in the node a time zero is 50.303 kg. When the smulationis
completed, the temperature is 363.92°C and the water mass in the aqueous phase is

\f,N :(nT - Np +Sf,nD)vr ’
kgg

= [0.50- 050+ (3.5284" 10-%)(0.50)i0 m?* FA73.5 52 Eqaion6.1-6
e %]

= 0.08355kg

(i.e, thereis essentialy no water mass in the agueous phase) and the water massin the gas phase is

my = (- s, )npVx!'T
kg ¢

= (1- 3.5284" 10°°)0.50)(0 m*)(0.97059)%10.348 52 Equation 6.1-7
e %]

=50.217 kg

These two values sum to atotal water mass in the node at find conditions of 50.300kg. The mass
difference between initid and find conditionsis therefore 50.303 - 50.300 = 0.003 kg, or 0.006%.

6.1.4 Summary

This problem represents and interna consistency check to confirm that mass was conserved
during a phase change smulétion. Error in mass balance was less than 0.01%. This problem was aso
reported in Nichols and White (1993) for the MSTS code; the MST'S code yielded a mass baance
error of 0.10%.
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Exhibit 6.1-1. STOMP Input File for Single Node Evaporation Problem

Line Input Fle
1 ~Simulation Title Card
2 1,
3 Si ngl e Node Evaporation Probl em
4 WE. Nchols,
5 Paci fic Northwest Laboratory,
6 July 19 1995,
7 11:14: 00 AM PDT,
8 1,
9 Si ngl e Node Evaporation Problemto Test STOWP Mass and Energy Conservation
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Wt er - Ai r - Ener gy,
14 1

15 0: s, 1875,s,25,s,25,s5,1.0, 8, 1. e-6,
16 1, hr, 1, hr, 100,

17 Zer o,
18 Zer o,
19 0,

20

21 ~@id Card
22 Cartesi an,
23 1,1,1,

24 0.0, m2.1544, m

25 0.0, m 2. 1544, m

26 0.0, m2.1544, m

27

28 ~Rock/ Soil Zonation Card
29 1,

30 Ceneric Sand, 1,1,1,1,1,1,
31

32 ~Mechani cal Properties Card
33 Ceneric Sand, 2650. 0, kg/ n*3,0.5,0.5,1.e-7,1/m

35 ~Hydraul i ¢ Properties Card
36 Ceneric Sand, 1. 0e-14, m'2, 1. Oe- 14, nt*2, 1. Oe- 14, m\2,

38 ~Thernmal Properties Card
39 Generic Sand, Constant, 2.10, Wm K, 2. 10, Wm K, 2. 10, Wm K, 1000. 0, J/ kg K

41 ~Saturation Function Card
42 Ceneric Sand, Nonhysteretic van Genuchten, 0.5,1/m2.0,0.0,,

44 ~Aqueous Rel ative Perneability Card
45 Ceneri ¢ Sand, Mual em 0. 5,

47 ~Gas Rel ative Perneability Card
48 Ceneric Sand, Mual em 0. 5,

49

50 ~Initial Conditions

51 Gas Pressure, Aqueous Saturation,
52 3

53 G:as Pressure, 1. 0E+5,Pa, ,1/m,1/m, 1/ m1,
54 Aqueous Saturation,0.01,,,1/m,1/m,1/m
55 Tenperature,90.0,C, ,1/m,1/m,1/m1,1,1
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Exhibit 6.1-1

Line Input File
56
57 ~Source Card
58 1,
59 Power Density,1,1,1,1,1,1,1,
60 0, s, 2. 0E+5, Wnt3,
61
62 ~Qut put Control Card
63 1,
64 1,1,1,
65 1,1,s,m3,3,5,
66 4,
67 Aqueous Pressure,,
68 Gas Pressure,,
69 Tenperature, ,
70 Aqueous Saturation,,
71 1,
72 1875, s,
73 10,
74 Aqueous Pressure,,
75 Gas Pressure, ,
76 Tenperature,,
77 Phase Conditi on,,
78 Aqueous Saturation,,
79 Gas Saturation,,
80 Water Gas Mass Frac.,,
81 Wat er Aqueous Mass Frac.,,
82 Aqueous Density,,
83 Gas Density,,
84
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Problem Features: 6.2

6.2 Single Node Condensation * Water-Air-Energy operation mode
* vapor-liquid phase change
_ _ ) * single node
The single node condensation problem involves the « variable saturation
condensation of water vapor within a closed adigbatic volume |, homogeneous, isotropic
of porous medium initidly desaturated. The condensation « Cartesian grid

process occurs through the remova of heat from the control
volume. Sufficient heet is removed from the system to cause
condensation and partidly saturate the porous medium.
Because the control volume surfaces are closed and adiabdtic, the initid quantities of air and water mass
should remain constant throughout the smulation. Upon partid saturation of a desaturated node,

STOMP switches the primary variable for the water mass conservation eguation from the water-vapor
meass fraction to the agueous pressure. This problem demonsgtrates this numerica trangtion from gas-
phase-only conditions to two- phase conditions. The problem requires the coupled solution of the water
mass, alr mass, and energy conservation equations.

* van Genuchten function
* mass balance test

6.2.1 Problem Domain and Input Parameters

This problem involves a 10-n7 cube of porous media, with atotal porosity of 0.50, rock density
of 2650 kg/n, and specific heat of 1000 Jkg K. Theinitial gas pressure, agueous saturation, and
temperature are 6.5 MPa (absolute), 0, and 280°C, respectively. A constant internal heat removal rate
of -0.5 MW isapplied. All boundary surfaces are adiabatic, no-flow surfaces. The STOMP input file
isshownin Exhibit 6.2-1.

6.2.2 Simulation

Simulation results in terms of the system temperature and agqueous saturation are shown in
Fgure6.2-1. Theliquid saturation increases nonlinearly from zero (the initid condition) 0.0005 at the
end of 7200 seconds when the fina temperature of 12.0°C.

6.2.3 Analysis (Mass Balance Check)

Asfor the single node evaporation problem, this problem concerns a closed system in which
mass must be conserved. The mass balance check is repeated for the condensation problem usng
Equation 6.1- 2 through 6.1-4 with vaues from the single node condensation problem Table 6.2-1. For
theinitia conditions, the mass of water in the agueous phase is computed as
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Table 6.2-1. Single Node Condensation Problem Initid and Find Conditions

Vaidble Units Initid Conditions Find Conditions

vV nt 10.0 10.0

n, - 0.50 0.50

N, - 0.50 0.50

T °C 280.00 12.032

s, - 0.0 0.00050357
r, kg/nt® 751.46 1001.2

r kg/n? 43.791 43.323

X" - 0.99836 0.99915

= (nT -Np t SﬂnD)\/r ’
= [0.50- 0.50+(0.0)(0.50)](10 m* E751.46
e

my’
k—%g Equation 6.2-1
m- g

=0.0kg

(i.e, thereis no water in the agueous phase), while the water messin the gas phase & time zero is

m = (1- s, )nyVx!'r

= (- 0.0)(0.50)(10 m’ )(1.0)8%3.791%9 Equation 6.2-2
e (%]
= 218.955 kg

Therefore, the total water mass at the start of the smulation period is 218.955 kg. At the end of the
smulation (after 7200 seconds), the temperature is reduced to 12.0 °C and the water massin the
aqueous phase is
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w

m, :(nr - Np +S(nD)\/ré

=10.50 - 0.50 + (0.00050357)(0.50)||10 m? Jc1001. ﬁg Equation 6.2-3
[ ( Jo.50)](
e m- g

=2.521kg

while the water mass remaining in the gas phaseis
my =(1- s, )nyVX'r
= (1- 0.00050357)(0.50)(L0 m® {0.99915)%43.323 %9 Equation 6.2-4
é 2

= 216.322 kg

Summing, the total water massin the system at the end of the smulation is 2.521 + 216.322 = 218.843
kg. The difference between initid and fina massis 218.955 - 218.843 = 0.122 kg, which is 0.05% of
theinitid mass

6.2.4 Summary

This problem represents and internal consistency check to confirm that mass was conserved
during a phase change smulation (in this case, in the reverse direction of the phase change examinein
the previous problem, Section 6.1). Error in mass balance was 0.05%. This problem was aso
reported in Nichols and White (1993) for the MSTS code; the MSTS code yielded a mass balance
error of 0.71%.
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Exhibit 6.2-1. STOMP Input File for Single Node Condensation Problem

Line  Input Fle
1 ~Simulation Title Card
2 1,
3 Si ngl e Node Condensati on Probl em
4 WE. N chols,
5 Paci fic Northwest Laboratory,
6 July 19 1995,
7 12: 50: 00 PM PDT,
8 1,
9 Si ngl e Node Condensati on Problemto Test STOWP Mass and Energy Conservation
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Wt er - Ai r - Ener gy,
14 1

15 0: s, 7200, s, 25,s,25,s,1.1, 8, 1. e-6,
16 1, hr, 1, hr, 1000,

17 Zer o,
18 Zer o,
19 0,

20

21 ~@id Card
22 Cartesi an,
23 1,1,1,

24 0.0, m2.1544, m

25 0.0, m 2. 1544, m

26 0.0, m2.1544, m

27

28 ~Rock/ Soil Zonation Card
29 1,

30 Ceneric Sand, 1,1,1,1,1,1,
31

32 ~Mechani cal Properties Card
33 Ceneric Sand, 2650. 0, kg/ n*3,0.5,0.5,1.e-7,1/m

35 ~Hydraul i ¢ Properties Card
36 Ceneric Sand, 1. 0e-14, m'2, 1. Oe- 14, nt*2, 1. Oe- 14, m\2,

38 ~Thernmal Properties Card
39 Generic Sand, Constant, 2.10, Wm K, 2. 10, Wm K, 2. 10, Wm K, 1000. 0, J/ kg K

41 ~Saturation Function Card
42 Ceneric Sand, Nonhysteretic van Genuchten, 0.5,1/m2.0,0.0,,

44 ~Aqueous Rel ative Perneability Card
45 Ceneri ¢ Sand, Mual em 0. 5,

47 ~Gas Rel ative Perneability Card
48 Ceneric Sand, Mual em 0. 5,

49

50 ~Initial Conditions Card

51 Gas Pressure, Aqueous Saturation,
52 3

53 G:as Pressure, 7. 0E+6,Pa, ,1/m,1/m, 1/ m1,1,1,1,1, 1,
54 Tenperature, 280.0,C,,1/m,1/m,1/m1,1,1,1,1,1,
55 Aqueous Saturation,0.0,,,1/m,1/m,1/m1,1,1,1,1,1,
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Exhibit 6.2-1

Line Input File
56
57 ~Source Card
58 1,
59 Power Density,1,1,1,1,1,1,1,
60 0,s,-5.0E+4, W3,
61
62 ~Qut put Control Card
63 1,
64 1,1,1,
65 1,1,s,m3,5,5,
66 4,
67 Aqueous Pressure,,
68 Gas Pressure,,
69 Tenperature, ,
70 Aqueous Saturation,,
71 1,
72 7200, s,
73 10,
74 Aqueous Pressure,,
75 Gas Pressure, ,
76 Tenperature,,
77 Phase Conditi on,,
78 Aqueous Saturation,,
79 Gas Saturation,,
80 Water Gas Mass Frac.,,
81 Wat er Aqueous Mass Frac.,,
82 Aqueous Density,,
83 Gas Density,,
84
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Problem Features: 6.3

6.3 Single Node Freezing * Water-Air-Energy operation mode
* liquid-solid (ice) phase change

The single-node freezing problem involves the * 9ngle node

fuson of initidly unfrozen, agueous phase water within a * variable saturation

closed adiabatic volume of porous medium. The fuson * homogeneous, isotropic

process occurs through the remova of heat from the * Cartesian grid

control volume. Sufficient heat is removed from the system || » van Genuchten function

to cause the formation of ice in the porous medium. * mass balance test

Because the control volume surfaces are closed and
adiabatic, theinitid quantities of air and water mass should remain congtant throughout the smulation.
This problem demondrates this numericd trangtion from two-phase (aqueous/gas) conditions to three-
phase (ice/aqueous/gas) conditions. The problem requires the coupled solution of the water mass, air
meass, and energy conservation equations with the lce Option.

6.3.1 Problem Domain and Input Parameters

This problem involves a 10-n7 cube of porous media, with atotal porosity of 0.50, rock dengity
of 2650 kg/n, and specific heat of 1000 Jkg K. Theinitial gas pressure, agueous saturation, and
temperature are 1.5 MPa, 0.30, and 10°C, respectively. A constant internal heat remova rate of -0.5
MW is applied for 30 minutes. All boundary surfaces are adiabatic, no-flow surfaces. The STOMP
input fileisshown in Exhibit 6.3-1.

6.3.2 Simulation

Simulation results in terms of the system temperature, agqueous saturation, and ice saturation are
shownin Figure 6.3-1. Aqueous saturation is nearly congtant as the temperature is decreased linearly
from 10°C to the freezing point. As freezing commences, the temperature remains congtant during the
phase change (see Figure 6.3- 1), while agueous saturation decreases and ice saturation increases (i.e.,
water mass undergoes phase change from aqueous to ice phase). After nearly al of the water mass has
been frozen, the temperature begins to decrease again with no sgnificant change in phase saturations,
until the end of the 30 minute smulated time when the fina temperatureis-12.3°C. Table 6.3-1 lidsthe
values of parameters necessary to perform the mass baance check for this problem at initid and find
conditions. These vaues were obtained from the plot files generated by STOMP using the STOMP
input file shown in Exhibit 6.3-1 (initid conditions obtained by repeating the smulation with the " Initid"
rather than "Norma™ execution mode).
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Table6.3-1. Single Node Freezing Problem Initid and Fina Conditions

Vaidble Units Initid Conditions Fina Conditions
\Y n 10.0 10.0
n, - 0.50 0.50
N, - 0.50 0.50
T °C 10.000 -12.297
S - 0.00 0.32640
S, - 0.30 0.00017647
r. kg/n? - 918.71
r, kg/n? 1000.5 997.77
ry kg/n? 18.453 19.332
X" - 0.99964 0.99965
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6.3.3 Analysis (Mass Balance Check)

Asfor the previous single node phase-change problems, this problem concerns a closed system
in which mass must be conserved. The mass of water in the ice phase is computed as

m" = snyVr, Equation 6.3-1
while in agqueous phase the mass of water is given by
m" =hVr, =(n, - ny +sn, Vr, Equation 6.3-2

and the mass of water in gas phaseis
my = (1- s - 5)novx'r : Equation 6.3-3

and of course, the summation of the above mass terms for each phase is the total water massin the
sysem:

m=m"+m’+m; Equation 6.3-4

For theinitia conditions, thereis no ice phase because the temperature is well above freezing
(10°C), so s = 0. Initid water mass in agqueous phaseis

" =(n - ng +s,ny M,
= [0.50- 0.50+(0.30)(0.50)](10 m )8'1000 5 r':]g ; Equation 6.3-5
=1500.75 kg
and the initid water massin gas phaseis
my =(1- s, - s)NVX'r
= (L- 0.30- 0.00)(0.50)(10 m*)(0.99964 a9‘?8 453199 Equetion 6.3-6

m®g
= 64.5623 kg

Thus, the total water mass for the initiad conditionsis 0 kg + 1500.75 kg + 64.56 kg = 1565.31 kg.
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At the end of the 1-hour smulation, nearly dl of the aqueous phase water has been frozen into
ice phase at temperature -12.3°C. Thewater massin ice phaseis

m" =sn,Vr,
= (0.32640)(0.50)(10 m ﬁs 7 r:g ; Equation 6.3-7
=1499.33 kg
The remainder of agqueous phase water has mass
Y= (- np +snpvr,
= [0.50- 050 +(0.00017647)(0.50)](10 m )2397 77 r:% Z Equation 6.3-8
= 0.83038 kg

and the final gas water phaseis
my =(1- s, - s)n,VX'r
= (1- 0.00017647 - 0.32640)(0.50)(10 m*)(0.99965)%.332 %9
e

= 65.07034 kg

Equation 6.3-9

The totd water mass a the end of the sSmulated time is 1499.33 kg + 0.88 kg + 65.07 kg = 1565.28
kg. Thedifferencein total water mass computed for initid and final conditions, 1565.31 kg -1565.28
kg = 0.03 kg, represents a mass balance error of only 0.0019%.

6.3.4 Summary

This problem represents and internd consistency check to confirm that mass was conserved
during a phase change smulation that involved soil water freezing phenomena. Error in mass balance
was shown to be less than 0.002%.
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Exhibit 6.3-1. STOMP Input File for Single Node Freezing Problem

Line Input Fle
1 ~Simulation Title Card
2 1,
3 Si ngl e Node Freezing Problem
4 WE. Nchols,
5 Paci fic Northwest Laboratory,
6 July 27 1995,
7  9:40: 00 AM PODT,
8 1,
9 Singl e Node Freezing Problemto Test STOWP Mass and Energy Conservation
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Wat er- Ai r - | ce- Ener gy,
14 1

15 0: s, 1800, s, 25,s,25,s,1.1, 8, 1. e-6,
16 1, hr, 1, hr, 1000,

17 Zer o,
18 Zer o,
19 0,

20

21 ~@id Card
22 Cartesi an,
23 1,1,1,

24 0.0, m2.1544, m

25 0.0, m 2. 1544, m

26 0.0, m2.1544, m

27

28 ~Rock/ Soil Zonation Card
29 1,

30 Ceneric Sand, 1,1,1,1,1,1,
31

32 ~Mechani cal Properties Card
33 Ceneric Sand, 2650. 0, kg/ n*3,0.5,0.5,1.e-7,1/m

35 ~Hydraul i ¢ Properties Card
36 Ceneric Sand, 1. 0e-14, m'2, 1. Oe- 14, nt*2, 1. Oe- 14, m\2,

38 ~Thernmal Properties Card
39 Generic Sand, Parallel,2.10, WmK, 2. 10, Wm K 2. 10, Wm K, 1000. 0, J/ kg K,

41 ~Saturation Function Card
42 Ceneric Sand, Nonhysteretic van Genuchten, 0.5,1/m2.0,0.0,1.0,2.36,0.5,

44 ~Aqueous Rel ative Perneability Card
45 Ceneri ¢ Sand, Mual em 0. 5,

47 ~Gas Rel ative Perneability Card
48 Ceneric Sand, Mual em 0. 5,

50 ~Initial Conditions Card

51 Gas Pressure, Appar ent Aqueous Sat urati on, Tenper ature,

52 3,

53 Gas Pressure, 1. 5E+6,Pa,,1/m,1/m,1/m1,1,1,1,1, 1,

54 Tenperature, 10.0,C,,1/m,1/m,1/m1,1,1,1,1,1,

55 Appar ent Aqueous Saturation,0.3,,,1/m,1/m,1/m1,1,1,1,1,1,
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Exhibit 6.3-1

Line  Input Fle
56
57 ~Source Card
58 1,
59 Power Density,1,1,1,1,1,1,1,
60 0,s,-5.0E+4, W3,
61
62 ~Qut put Control Card
63 1,
64 1,1,1,
65 1,1,s,m3,5,5,
66 ,
67 Tenperature,,
68 Il ce Saturation,,
69 Aqueous Saturation,,
70 1,
71 1800, s,
72 12,
73 Aqueous Pressure,,
74 Gas Pressure,,
75 Tenperature,,
76 Phase Condition,,
77 | ce Saturation,,
78 Aqueous Saturation,,
79 Gas Saturation,,
80 Gas Water Mass Fraction,,
81 Aqueous Water Mass Fraction,,
82 Ice Density,,
83 Aqueous Density,,
84 Gas Density,,
85
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Problem Features: 6.4

6.4 Single Node Thawing * Water-Air-Energy operation mode
* s0lid (ice)-liquid phase change
_ _ _ _ » single node
The single-node thawing probleminvolvesthemelting |, | yi=pje saturation
of ice within aclosed adiabatic volume of porous medium « homogeneous, isotropic
initially desaturated. The thawing process occursthroughthe |, ~qteqan grid

removd of heat from the control volume. Sufficient hegt is
removed from the system to cause medting and partidly
saturate the porous medium. Because the control volume
surfaces are closed and adiabdtic, the initid quantities of air and water mass should remain constant
throughout the smulation. This problem demondrates this numericd trangtion from frozen to unfrozen
conditions. The problem requires the coupled solution of the water mass, air mass, and energy
conservation equations with the Frozen Water Option.

* van Genuchten function
* mass balance test

6.4.1 Problem Domain and Input Parameters

This problem involves a 10-n7 cube of porous media, with atotal porosity of 0.50, rock density
of 2650 kg/n®, and specific heat of 1000 Jkg K. Theinitia ges pressure, aqueous saturation, ice
saturation, and temperature are 1.5 MPa, 0.0001, 0.40, and -10°C, respectively. A congtant interna
heat addition rate of 0.5 MW is gpplied for 30 minutes. All boundary surfaces are adiabatic, no-flow
surfaces. The STOMP input fileis shown in Exhibit 6.4-1.

6.4.2 Simulation

Simulation results in terms of the system temperature, agqueous saturation, and ice saturation are
illugrated in Figure 6.4-1. Aqueous saturation is nearly constant as the temperature isincreased linearly
from 10°C to the freezing point. As thawing commences, the temperature remains congtant with time
during the phase change (see Figure 6.4- 1), while aqueous saturation decreases and ice saturation
increases (i.e., water mass undergoes phase change from aqueous to ice phase). After nearly dl of the
water mass has been frozen, the temperature begins to decrease again with no sgnificant changein
phase saturations, until the end of the 1 hour smulated time when the find temperatureis 10.0°C. Table
6.4-1 ligs the vaues of parameters necessary to perform the mass baance check for this problem at
initid and find conditions. These values were obtained from the plot files generated by STOMP using
the STOMP input file shown in Exhibit 6.4-1 (initial conditions obtained by repesting the smulation with
the "Initid" rather than "Normad"™ execution mode).
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Figure6.4-1. STOMP Predicted Temperature and Phase Change with Time for the Single Node

Thawing Problem

Table6.4-1. Single Node Freezing Problem Initid and Fina Conditions

Vaidble Units Initid Conditions Fina Conditions
\Y n 10.0 10.0
n, - 0.50 0.50
Ny - 0.50 0.50
T °C -10.000 5.4545
S - 0.39973 0.00000
s, - 0.00026696 0.36726
r kg/nt® 918.38 -
r, kg/nt® 998.39 1000.5
r kg/m? 14.563 13.663
XY - 0.99974 0.99974
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6.4.3 Analysis (Mass Balance Check)

Mass is conserved within the closed volume of this problem. The expressions for water massin
each phase and mass baance are the same as for those for the preceding Single-Node Freezing

Problem (Section 6.3), expressed in m" = sV, Equetion 6.3-1 through Equation 6.3-4.
For this problem, we cd culate the mass baance as follows.

At the start of the 30-minute Smulation, most of the water massisin ice phase, and the mass of
water iniceis

m" =snyVr,
= (0.39973)(0.50)f10 m* jFis.38 X9 9 Equation 6.4-1
e m- g
=1835.52 kg

The smal amount of agueous phase water has mass

w

m, = (nT - Np +SénD)vr ‘
=[0.50- 0.50+(0.00026696)(0.50)|(10 m* [998.3 ﬂg Equation 6.4-2
[ ( (o50)itom* %
e

mSQ

=1.33265 kg

and the initid gas water phaseis
my =(L- s, - s )npVX!T
= (1- 0.00026696 - 0.39973)(0.50)(10 m*)0.99974)%.563 %9
e 9

= 43.6779 kg

Equation 6.4-3
and the sum of these three phase masses yidlds atotal of 1880.53 kg of water.

After 30 minutes of heating, the temperature has risen to 5.5°C and iceis no longer present in
the system. (s =0). Find water massin agueous phase a thistime is
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m;’ :(nr - Np +S(nD)vré

=[0.50- 0.50+ (0.36726)(0.50)](10 m*&000.05 X9 2
e

— = Equation 6.4-4
m-g

=1837.22 kg

and the final water massin gas phaseis

mY =(1- s, - s )noVX!T
= (1- 0.36726- 0.00)(0.50)(10 m*)(0.99974)%3.663 %9 Equetion 6.4-5
e 4]

= 43.2144 kg

Thus, the total water mass for theinitid conditionsis 1880.43 kg. The differencein tota water mass
computed for initid and find conditions, 1880.53 kg -1880.43 kg = 0.10 kg, represents a mass balance
error of 0.0053%.

6.4.4 Summary

This problem represents and internal consistency check to confirm that mass was conserved
during a phase change smulaion involving freezing phenomena (in this case, the reverse of the phase
change examine in the previous problem, Section 6.3). Error in mass baance was less than 0.006%.
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Exhibit 6.4-1. STOMP Input File for Sngle Node Thawing Problem

Line Input Fle
1 ~Sinmulation Title Card
2 1,
3 Si ngl e Node Thawi ng Probl em
4 WE. N chols,
5 Paci fic Northwest Laboratory,
6 August 1 1995,
7 9: 25: 00 AM PODT,
8 1,
9 Si ngl e Node Thawi ng Problemto Test STOW Mass and Energy Conservation
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Wat er- Ai r - | ce- Ener gy,
14 1,
15 0,s, 1800, s, 25,s,25,s,1.1,8,1. e-6,
16 1, hr, 1, hr, 1000,
17 Zer o,
18 Zer o,
19 0,
20
21 ~@id Card
22 Cartesi an,
23 1,1,1,
24 0.0, m2.1544, m
25 0.0, m 2. 1544, m
26 0.0, m 2.1544, m
27
28 ~Rock/ Soi | Zonation Card
29 1,
30 Ceneric Sand, 1,1,1,1,1,1,
31
32 ~Mechani cal Properties Card
33 Ceneric Sand, 2650. 0, kg/ n*3,0.5,0.5,1.e-7,1/m
34
35 ~Hydraul i ¢ Properties Card
36 Generic Sand, 1. 0e-14, M2, 1. Oe- 14, n*2, 1. Oe- 14, M2,
37
38 ~Thernmal Properties Card
39 Ceneric Sand, Parallel,2.10,WmK 2.10, Wm K, 2. 10, Wm K, 1000. 0, J/ kg K,
40
41 ~Saturation Function Card
42 Ceneric Sand, Nonhysteretic van Genuchten, 0.5,1/m2.0,0.0,1.0,2.36,0.5,
43
44 ~Aqueous Rel ative Perneability Card
45 Ceneri ¢ Sand, Mual em 0. 5,
46
47 ~Gas Rel ative Perneability Card
48 Ceneric Sand, Mual em 0. 5,
49
50 ~lnitial Conditions Card
51 Gas Pressure, Apparent Aqueous Saturation, Tenperature,
52 3,
53 Gas Pressure, 1. 1E+6,Pa,,1/m,1/m,1/m1,1,1,1,1, 1,
54 Tenperature,-10.0,C ,1/m,1/m,1/m1,1,1,1,1,1,
55 Appar ent Aqueous Saturation,0.40,,,1/m,1/m,1/m1,1,1,1,1,1,
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Exhibit 6.4-1

Line Input File
56
57 ~Source Card
58 1,
59 Power Density,1,1,1,1,1,1,1,
60 0,s,5. 0E+4, Wnt3,
61
62 ~Qut put Control Card
63 1,
64 1,1,1,
65 1,1,s,m3,5,5,
66 ,
67 Tenperature,,
68 Il ce Saturation,,
69 Aqueous Saturation,,
70 1,
71 1800, s,
72 12,
73 Aqueous Pressure,,
74 Gas Pressure,,
75 Tenperature,,
76 Phase Condition,,
77 | ce Saturation,,
78 Aqueous Saturation,,
79 Gas Saturation,,
80 Gas Water Mass Fraction,,
81 Aqueous Water Mass Fraction,,
82 Ice Density,,
83 Aqueous Density,,
84 Gas Density,,
85
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Problem Features: 6.5

6.5 Flow from Hot Two-Phase Conditions * Water-Air-Energy operation mode
* two-phase flow

* one dimensiond (x)

* variable saturation

» homogeneous, isotropic

* Cartesian grid

* van Genuchten function

This problem is concerned with two- phase flow
between two adjacent cubes of porous medium with sharply
differing initid conditions. The problem starts with both nodes
in two- phase conditions; however, one node is nearly
saturated with rdatively cool water and the other is nearly
desaturated at an elevated temperature. The problem involves
smulating imbibition and vaporization of the liquid water from relatively cool saturated conditions to hot
dry conditions. The control volume surfaces surrounding the two nodes are adiabatic and impermeeble
to fluid flow. The problem proceeds until equilibrium conditions are reached. This smulation
demondtrates the conservation of water mass, ar mass, and therma energy by the STOMP smulator
for two-phase flow conditions. An energy baance error analysisis presented.

* energy conservation test

6.5.1 Problem Domain and Input Parameters

The problem involves two cubes of porous medium, each with porosity 0.50, volume 10 i,
and hydraulic conductivity 1.0x10™ n?. The rock thermal conductivity, density, and specific heat are
2.10 W/m K, 2650 kg/n?, and 1000 Jkg K, respectively. Theinitia conditions for the first (west)
cube are: gas pressure, 1.0x10° Pa (absolute); liquid saturation, 0.999; temperature, 99.5°C. For the
second (east) cube, theinitia conditions are; gas pressure, 9.9x10° Pa (absolute); liquid saturation,
0.001; temperature, 310.0°C. Theinput file used in this gpplication is shown in Exhibit 6.5-1.

6.5.2 Simulation

The asmulation performed with STOMP using the input filein Exhibit 6.5-1 yidded thefind
variadle vaues reported in the "Find Conditions' columnsof Table 6.5-1. Vaduesin Table 6.5-1 were
taken from the STOMP plot file generated during the smulation.

6.5.3 Analysis(Energy Conservation Check)

Let g represent the therma energy in computationa nodei; g; is the sum of the rock or soil
interna energy, agqueous-phase-water internd energy, water-vapor internd energy, and air interna
energy (the contribution from air dissolved in the aqueous phase is negligible):
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Table6.5-1. Hot Two-Phase Flow Problem Initia and Find Conditions

Initial Conditions Find Conditions

Vaiddle Units West Node  EastNode  WestNode  East Node

Cs Jkg K 1000.0 1000.0 1000.0 1000.0

Ny nt/n?  0.50 0.50 0.50 0.50

rs kg/n? 2650.0 2650.0 2650.0 2650.0

r, kg/n? 958.47 690.65 902.81 902.81

lg kg/n? 0.59551 38.426 8.0980 8.0980

S, - 0.999 0.001 0.54789 0.54788

Sy - 0.001 0.999 0.45211 0.45212

T °C 99.5 310.0 164.87 164.87

u” kJkg 416.83 1387.1 696.00 696.00

ug kJkg 2505.91 2546.4 2572.39 2572.39

ug kJkg 266.39 421.96 313.89 313.89

XZ; - 0.97177 0.88704 0.42657 0.42657

q={- n)er T+sr,hou”+ SyF o XgNplUg +S,T (1 x;V)nDu;l Equation 6.5-1

Thetota energy in the problem domain at timet isthe sum of al computationa nodes, or Sgj.
Table 6.5-1 ligsthe vaues of dl of the parametersrequired by Equation 6.5-1 for bath initid and find
conditions. All parameter values except the interna energies (u,’, uy’, u;) were obtained from STOMP-
generated "plot” files using the STOMP input file shown in Exhibit 6.5-1. The plot filefor initid
conditions was obtained by changing the Operationd Mode Option in the input file (Exhibit 6.5-1, line
13 in the Solution Control Card) from "Normad" to "Initid" and running STOMP again. The vauesfor
the internd energies of water in the agueous and gas phases were obtained from steam tables (Table
A.1, van Wylen and Sonntag (1985)). The vauesfor theinternd energy of air in the gas phase were
obtained from atable of ided gasintegralsfor air (van Wylen and Sonntag (1985), Table A.10).

Computing the totd internd energy per unit volume for the west node & initia conditions:
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Q= (1- o.5o)§iooo—%%65o “9957265K)
(4]

+(0. 999)8558 47 9(0 50)%16,830 -2
kg g
+(0. 001)36 59551 9(0 97177)(0. 50)?2 050,910 kig Equation 6.5-2
(4]
+(0. 001)"% 59551—g 9(1 0.97177)(0. 50)%366 39022
kg g

=6.9332" 10° %

which, when multiplied by the node volume (10 n), yields the total node energy at time zero of
6.9332x10° J. Repesating for the east node, we obtain

g = (1- o.so)gioooki%%so 9(583 15K)

9K e
+ (o.001)¢°%90.65k—93%.50)§L387,100 33
é m°g kg g

" (0.999)8%8.426k—%9(0.88704)(0.50)? 546,400 -2 Equation 6.5-3
é m* g kg g
+(o. 999)8%8 426 9(1 0.88704)(0. 50)@421 96022

kgg
=8.1742" 10° %

for which the total energy is therefore 8.4258x10° J. Thetota energy in the problem domain isthe sum
of these 2 nodes, or 15,107 MJ. For the find conditions, the two nodes are in equilibrium; hence, only
one caculation is necessary:
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" = (1- oso)gi L%‘i%o  9438.02K)
kgK g m’ 2

+(0. 54789)3%02 81 —(o 50)%%96 000 ng 9
(%]

4 (O.45211)8%.0980m—939(0.42657)(0.50)? 57239022  Equation 6.5-4
e

Kd g
J O

+ (0.45211)3%.0980 9(1 0.42657)(0. 50)%%13 890 —
kg g

e

=7.5485" 10° %

This applies for either nodes, or atota volume of 20 n; hence, the tota energy in the system predicted
by STOMP at the end of the smulation for equilibrium conditionsis 15,097 MJ. The difference
between the total energy in the domain at the beginning and at the end of the Smulation (10 MJ) isthe
error introduced during the smulation by STOMP through numerica gpproximation, and is equd to
0.07% of theinitid tota energy.

6.54 Summary

This problem represents and internal consistency check to confirm energy conservetion only.
Error in the energy balance for this problem was 0.07%. This problem was aso reported in Nichols
and White (1993) for the MSTS code; the MST'S code yielded an energy balance error of 0.013%.
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Exhibit 6.5-1. STOMP Input File for Hot Two-Phase Problem

Line Input Fle
1 ~Sinmulation Title Card
2 1,
3 FIl ow From Hot Two- Phase Conditi ons,
4 WE. N chols,
5 Paci fic Northwest Laboratory,
6 July 26 1995,
7 10: 35: 00 AM PDT,
8 1,
9 Fl ow from hot two-phase conditions
10
11 ~Sol ution Control Card
12 Nor mal ,
13 Wt er - Ai r - Ener gy,
14 1

15 0: s, 1. 875E+8, s, 10.0, s, 1. 875E+8, s, 1. 1, 8, 1. Oe- 6,
16 1, hr, 1, hr, 5000,

17 Zer o,
18 Zer o,
19 0,

20

21 ~@id Card
22 Cartesi an,
23 2,1,1,

24 0.0, m 2. 15443, m 4. 30887, m
25 0.0, m 2. 15443, m

26 0.0, m 2.15443, m

27

28 ~Rock/ Soil Zonation Card
29 1,

30 Ceneric Sand, 1,2,1,1,1,1,
31

32 ~Mechani cal Properties Card
33 Ceneric Sand, 2650. 0, kg/ n*3,0.5,0.5,1.e-7,1/m

35 ~Hydraul i ¢ Properties Card
36 Ceneric Sand, 1. 0e-14, m'2, 1. Oe- 14, nt*2, 1. Oe- 14, m\2,

38 ~Thernmal Properties Card
39 Generic Sand, Constant, 2.10, Wm K, 2. 10, Wm K, 2. 10, Wm K, 1000. 0, J/ kg K

41 ~Saturation Function Card
42 Ceneric Sand, Nonhysteretic van Genuchten, 0.5,1/m2.0,0.0,,

44 ~Aqueous Rel ative Perneability Card
45 Ceneri ¢ Sand, Mual em 0. 5,

47 ~Gas Rel ative Perneability Card
48 Ceneric Sand, Mual em 0. 5,

49

50 ~Initial Conditions

51 Gas Pressure, Aqueous Saturation,
52 6

53 G:as Pressure, 1. OE+5,Pa, ,1/m,1/m,1/m1,1,1,1,1, 1,
54 Gas Pressure, 99.0E+5,Pa,,1/m,1/m,1/m2,2,1,1,1,1,
55 Aqueous Saturation,0.999,,,1/m,1/m,1/m1,1,1,1,1,1,
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Exhibit 6.5-1. (Contd)

Line Input Fle
56 Aqueous Saturation,0.001,,,1/m,1/m,1/m2,2,1,1,1,1,
57 Tenperature,99.5,C,,1/m,1/m,1/m1,1,1,1,1,1,
58 Tenperature, 310.0,C,,1/m,1/m,1/m2,2,1,1,1,1,
59
60 ~Sources & Sinks
61 0,
62
63 ~Qut put Control Card
64 1,
65 1,1,1,
66 1,1,s,m3,3,5,
67 4,
68 Aqueous Pressure,,
69 Gas Pressure, ,
70 Tenperature, ,
71 Aqueous Saturation,,
72 1,
73 1. 875E+8, s,
74 10,
75 Aqueous Pressure,,
76 Gas Pressure,,
77 Tenperature, ,
78 Phase Condition,,
79 Aqueous Saturation,,
80 Gas Saturation,,
81 Water Gas Mass Frac.,,
82 Wt er Agqueous Mass Frac.,,
83 Aqueous Density,,
84 Gas Density,,
85
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7.0 Heat Pipe Effect

The hegt pipe problem isaclassic test of anumerical Smulator's ability to smulate
countercurrent hydrothermal flow in geologic media. The problem typicdly conssts of a heat source
and aheat sink separated by a partidly saturated porous media. Two specific heat pipe problems are
solved and discussed in this Section; the firgt is the more common heet pipe involving evaporation of
water into gas phase at the heat source and condensation into aqueous phase at the heat sink, with
countercurrent flow and heet transfer between. The second problem is a heat pipein adifferent
temperature regime: between freezing and thawing conditions to demondirate the ice phase capability of
the STOMP smulator.

_ _ _ Problem Features: 7.1

7.1 Evaporation / Condensation Heat Pipe | . water-Air-Energy operationd mode
* countercurrent flow in two phases

* one dimensiond (x)

* uniform Cartesan grid

Hydrogeologic hegt pipes have been shown to
occur in partidly saturated soils subjected to thermal
gradients. For example, radia hest pipes have been « variable saturation
cregted around the nuclear waste packag_&s emplaced in « homogeneous, isotropic
variably saturated and fractured rock during the « Fatt and Klikoff functions
Engineering Barrier Design Test at the Y ucca Mountain
Exploratory Shaft Test Site (Buscheck and Nitao 1988). The generd requirements for cresting
countercurrent hydrothermal (i.e., heat pipe) flow in geologic media are a heet source and heat sink
separated by partially saturated porous media. The heat source causes pore water to evaporate,
creating alocdly eevated gas pressure and water vapor concentration. Evaporation of the pore water
reduces the saturation near the heat source, which in turn eevatesthe loca capillary pressure. The hest
sink causes water vapor to condense, creating alocaly reduced gas pressure and water vapor
concentration. The condensing water vapor also increases the local saturation. The pressure and water
vapor gradients in the gas phase produce a flow of water vapor and associated heet from the heat
source to the heat sink. Conversdly, the capillary draw created by the elevated capillary pressures near
the heat sink produces flow of liquid water towards the heat source. This countercurrent flow of water
vapor in the gas phase and liquid water in the aqueous phase yields a net flow of heat from the heat
source to the heat Sink. Because of the importance of heat pipe flow to the overdl heet transfer of
engineered geologic systems, the ability of the numerical smulator to accurately and efficiently predict
these complex and multiple-phase flow structuresis imperative. The heat pipe problem chosen for
solution isamodified verson of the problem posed and solved by Udell and Fitch (1985).

7.1.1 Problem Description and Parameters

The heet pipe problem solved by Udell and Fitch involved a one-dimensond horizonta cylinder
(length 2.25 m) of porous media, which was assumed perfectly insulated on the Sdes, subjected to a
congtant hest flux (100 W/n?) on one end, and maintained at a constant temperature (70°C) on the
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other end. The heat flux end of the cylinder was seded and the constant temperature end was
maintained under tota-liquid saturation conditions. Initid conditions for the porous media were atotd-
liquid saturation of 0.7, atemperature of 70°C, and an absolute gas pressure of 101,330 Pa.  Initid
conditions and boundary conditions are listed for referencein Table 7.1-1.

The condtitutive functions used in this problem differ dightly from those used by Udell and Fitch.
The s0il-moaisture retention function was the van Genuchten relation modified to extend the curve below
resdua saturations as shown in Equation 7.1-1. Thisform alows the liquid saturation to drop below
the residual saturation for high capillary pressures, as expected near the heat source. The aqueous- and
gas-phase rdative permeshility functions were the Fait and Klikoff relations and the effective thermd
conductivity function followed the model of Somerton, refer to the STOMP Theory Guide (White and
Oostrom 1996). Congtants for the soil-moigture retention, relative permegbility, and thermd
conductivity condtitutive functions and other physical propertiesareligted in Table 7.1-2. Gasand
aqueous phase properties were computed as functions of temperature and pressure; refer to the
STOMP Theory Guide (White and Oostrom 1996). The STOMP input file for this problem is shown
in Exhibit 7.1-1.

s, = [1+ (ahgz)”]_ m(l- §m)+§m Equation 7.1-1

where,

- _= Infhy)o

Sm = gl- S Equation 7.1-2
In(h, )

7.1.2 Simulation

Simulation results in terms of temperature, total-liquid saturation, and water vapor mass fraction,
as afunction of distance from the saturated boundary, are shown in Figure 7.1- 1 through Figure 7.1-5,
at times of 2, 5, 10, 50, and 876.6 days, respectively. After 2 days (Figure 7.1-1), the temperature on
the heated boundary has risento near 97°C and water has started to imbibe from the saturated
boundary. Because the temperature on the heated boundary has not risen above the boiling point, the
temperature profile has little influence on the totd-liquid saturation profile. After 5 days (Figure 7.1-2),
the temperature on the heated boundary has risen to the boiling point of 102°C and the elevated gas
pressures are forcing the total- liquid saturation to fall. The gas phase near the heated boundary
comprises nearly al water vapor with smal amounts of norn condensable matter. After 10 days (Figure
7.1-3), the trends established after 5 days continue to develop. The heated boundary temperature has
risen dightly to 102.5°C and the liquid saturation continues to fall because of the elevated gas pressures
forcing both liquid water and water vapor towards the saturated boundary. A portion of the
temperature profile near the heated boundary remains nearly constant with a sharp decline near the 1.25
m point from the
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Table7.1-1. Initid and Boundary Conditions for the Evaporation /

Condensation Heat Pipe Problem

Property Description Symbol Property Vadue
Initial Condition Parameter Values

Total Agueous Saturation S, 0.7

Gas Pressure lg 101,330. Pa

Temperature T 70.°C
Heated Boundary Parameter Values

Aqueous Flux 0.n?/nfs

Gas Flux 0.nPInts

Energy Flux 100. W/n?
Saturated Boundary Parameter Values

Total Aqueous Saturation S 1

Gas Pressure lg 101,330. Pa

Temperature T 70.0° C

Table7.1-2. Conditutive Function and Physica Parametersfor
the Evaporation / Condensation Heat Pipe

Problem

Property Description Symbol Property Vdue
Dry Therma Conductivity 0.582 W/m K
Wet Therma Conductivity 1.130 W/mK
Intrinsic Permesbility K 1.0 x 10 n?
Porosity n 0.4

Soil Grain Density Ms 2650. kg/n?®
Soil Grain Specific Heet Cs 700. Jkg K
Gas Tortuosity t 0.5

van Genuchten a Parameter a 1.5631 m*
van Genuchten n Parameter n 54
Resdud Saturation O 0.15
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saturated boundary. Condensation of the water vapor is occurring on the saturated boundary side of
this point as evidenced by the dight bulge in the total-liquid saturation profile. After 50 days (Figure
7.1-4), conditions in the heet pipe are nearing steady- state conditions. The temperature profile has
three digtinct sections. Nearest the heat boundary the temperature profile is linear with distance
indicating that the heat transfer is dominated by therma conduction through the nearly dry soil. Inthe
middle section of the heat pipe the temperature profile is congtant indicating that heet transfer is
occurring through countercurrent flow of gas and liquid with condensation and evaporation. The
saturated boundary portion of the heat pipe shows combined conduction and advection-diffuson heat
transfer. Steady-state conditions were reached after 876.6 days (Figure 7.1-5), usng 94 time steps.
The profiles resemble those at 50 days indicating that near steady-state conditions were reached after
50 days. Thetotd liquid saturation profile near the heated boundary shows a marked decrease
followed by a more gradua decrease with distance from the saturated boundary. All saturationsin this
region are below the residual saturation of 0.15 and are computed according to the saturation function
extensons, refer to the STOMP Theory Guide (White and Oostrom 1996).

7.1.3 Analyss

The heat- pipe problem, which was solved using a semi-anaytica gpproach by Uddl and Fitch
(1985), differs from the current problem in severd aspects. Firg, the Udell and Fitch problem used
congtant physical properties, whereas the STOMP smulation included temperature and pressure
dependent physical properties for the gas and agueous phases. Second, nitrogen gas, instead of air,
was used as the noncondensable matter in the Uddl and Fitch problem. Third, the saturation-capillary
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function in the Uddl and Fitch formulation used the Leverett function (Leverett 1941) without extensgons
below the resdud saturation, whereas the STOMP simulation used a van Genuchten function, which
closely matched the Leverett function. In spite of these differences, the results show good agreement
between the solution of Udell and Fitch and the STOMP smulation for the steedy- state conditions; the
Udd| and Fitch solution isvdid only for the steady-state solution. Both results show temperature
profiles with mixed conduction and advection/diffuson heat transport near the saturated boundary and
nearly pure countercurrent gas and aqueous flow hest transport in the center portion of the hest pipe.
The Uddl and Fitch solution stops short of the dry-out region with the minimum saturation being the
resdua saturation level. The STOMP solution allows a region near the heated boundary to dry out,
thus creating eevated temperatures, in comparison to the Udell and Fitch results.

7.1.4 Summary

The heat-pipe problem was selected as a classica problem because it represents a class of
nonisotherma hydrologic systems that produce hest- pipe type conditions. Hest-pipe flows that develop
in naturd systems, however, are generdly three-dimensiond. A key component of these smulations are
the use of amodified van Genuchten saturation function (Fayer and Simmons 1995) to represent ol
moigture retention at dl matric suctions. This modification retains the form of the origind van Genuchten
function in the wet range and transforms to an adsorption equation in the dry range. This gpproach
dlows the use of conventionally determined van Genuchten function parameters to obtain a reasonable
representation in the high matric suction range, therefore allowing saturations to decrease below the
resdua saturation level. For nonisotherma conditions, the residua saturation becomes solely afunction
fitting parameter and does not represent alower saturation limit.
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Exhibit 7.1-1. STOMP Input File for Evaporation/Condensation Heat Pipe Problem

Line Input Fle
1 ~Simulation Title Card
2 1,
3 Evapor ati on/ Condensat i on Heat Pi pe,
4 MD. Wite,
5 Paci fic Northwest Laboratory,
6 June 18 1994,
7 10: 04 AM PODIT,
8 4,
9 This application problemfollows the heat-pipe problem sol ved

10 sem -anal ytically by Udell and Fitch. The soil noisture retention
11 function has been changed to a nodified van Genuchten function to
12 allow saturations for all matric suctions.

13

14 ~Sol ution Control Card
15 Nor mal ,

16 Wt er - Ai r - Ener gy,

17 1

18 0, day, 876. 6, day, 10, s, 100, day, 1. 25, 16, 1. e- 06,
19 1, day, 1, day, 1000,

20 Vari abl e Aqueous D ffusi on,

21 Vari abl e Gas D ffusion,

22 0,

24 ~@id Card

25 Uni form Cart esi an,
26 50,1, 1,

27 4.5, cm

28 10.0,cm

29 10.0,cm

30

31 ~Rock/ Soil Zonation Card
32 1,

33 Sand, 1,50,1,1,1, 1,

34

35 ~Mechani cal Properties Card
36  Sand, 2650, kg/ n*3, 0. 4, 0. 4,,, Constant, 0.5, 0.5,

38 ~Hydraul i ¢ Properties Card
39 Sand, 1.e-12,m2,,,,,

40

41 ~Thernmal Properties Card

42 Sand, Sonerton, 0.582, WmK, ,,,,1.13,WmK,,,,,700,J/ kg K
43

44 ~Saturation Function Card
45 Sand, Nonhysteretic van Genuchten, 1.563, 1/ m5. 4, 0. 15,,

47 ~Aqueous Rel ative Permeability Card
48 Sand, Fatt and Kl i koff,

50 ~CGas Relative Permeability Card
51 Sand, Fatt and Klikoff,

52

53 ~Initial Conditions Card

54 Aqueous Saturation, Gas Pressure,
55 3,
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Exhibit 7.1-1. (Contd)

Line Input Fle
56 Aqueous Saturation,0.5,,,,,,,,1,50,1,1,1,1,
57 Gas Pressure, 101330, Pa,,,,,,,1,50,1,1,1,1,
58 Tenperature, 70.0,C,,,,,,,1,50,1,1,1,1,
59
60 ~Boundary Conditions Card
61 2,
62 West,Drichlet Energy,Dirichlet Aqueous,Drichlet Gas,
63 1,1,1,1,1,1,1,
64 0, day, 70, C, 101330, Pa, , 101330, Pa, 1,
65 East, Neunmann Ener gy, Zero Fl ux Aqueous, Zero Fl ux Gas,
66 50,50,1,1,1,1,1,
67 0, day, -100,Wm2,,,,,,,
68
69 ~Qut put Options Card
70 2,
71 1,1,1,
72 50,1, 1,
73 1,1,day,mb5,5,5,
74 ,
75 Tenperature, ,
76 Aqueous saturation,,
77 Phase condition,,
78 Water gas nass frac.,,
79 Aqueous pressure,,
80 Gas pressure,,
81 4,
82 2, day,
83 5, day,
84 10, day,
85 50, day,
86 )
87 Tenperature,,
88 Aqueous saturation,,
89 Phase condition,,
90 Water gas nmass frac.,,
91 Aqueous pressure,,
92 CGas pressure,,
93
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Exhibit 7.1-2. STOMP Parameters File for Evaporation/Condensation Heat Pipe Problem

Line PaameeskFle

Nunmber of integration surfaces ---

1 O e e e PP P C
2 C STOW Parameter File
3 (O e C
4 C
5 C-- Nunmber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=4, LEPD=1)
9 C
10 C-- Number of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Number of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---
16 C
17 PARAMETER( LFX=50, LFY=1, LFz=1)
18 PARAMETER( LAN=50, LAD=1, LM\P=1)
19 C
20 C--- Energy equation switch (0 = off, 1 = on)
21 C Water mass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=1, LL=1, LG=1, LN=O, LC=0, LFC=0, LS=1, LD=0)
30 C
31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 =on) --
33 C Unsymmetric-pattern multifrontal package switch (0 = off, 1 =on) ---
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 C-- Nunmber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=2, LBTM:1)
41 C
42 C-- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER( LSR=1, LSTM-1)
46 C
47 C-- Nunmber of rock/soil types
48 C Nunmber of sol utes
49 C
50 PARAMETER( LRC=1, LSOLU=1)
51 C
52 C-- Nunber of reference nodes
53 C Nunmber of print tines
C
C
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Exhibit 7.1-2. (Contd)

Paraneters File

PARAMETER( LREF=2, LPTM-4, LSF=1)

Nunmber saturation and relative perneability table entries
Nunber of hysteretic scanning paths
Nurmber of chem cal reactions

PARAMETER(LTBL=1, LPATH=3, LCHEM-1)

Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGHLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2% LFYZ- 2* LFZX) ) ** LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOGFLAN‘LUK + LUMFLAN* LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCG*LAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGt( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM

PARAVETER( LJHELBDF LANF LUK + LCGH(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* (LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* *LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LRCC=LRC*LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN*LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM)

PARAMETER( LSCHR=18)
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Problem Features: 7.2

7.2 Freezing/ Thawing Heat Pipe * Water-Air-Enegy [Ice] operational mode
* |ce (frozen water) phase

* countercurrent flow in two phases

* one dimensiond (x)

* uniform Cartesan grid

Frozen soil barriers, referred to as cryogenic
barriers, have been proposed for temporarily containing
plumes of radioactive and/or organic contamination

o . i « variable saturation
within the subsurface environment. Prediicting the « homogeneous, isotropic
effectiveness of cryogenic barriers and near-surface « van Genuchten function

barriers in temperate or arctic climates requires
cgpabilities for numericaly modding subsurface flow
and trangport for freezing soil conditions. Field-scae experiments of frozen soil barriers require
ggnificant investments in refrigeration and monitoring equipment and time for planning and executing.
Numericd modeing of cryogenic barrier sysems with proven, physcaly based smulators can cut the
requirements for field-scae testing, by providing mechanisms for appropriately scaling laboratory
experiments to field gpplications. Criticd components of a physicaly based smulator for freezing
conditions are the condtitutive relaions for predicting liquid water and ice saturations and aqueous
relative permegbilities as a function of temperature, interfacid pressure differences, and osmotic
potentid. This problem demonstrates the application of the STOMP smulator to a problem involving
hydrothermd flow in a horizontd cylinder where one end of the cylinder is held below the freezing point.

* Mudem function

7.2.1 Problem Description and Parameters

This problem follows the laboratory experiments of Jame (1977), where different temperature
gradients were imposed across aradiadly insulated horizontal Lucite tube (0.3 minlengthand 0.1 min
diameter) filled with partially saturated porous media. Both ends of the tube were sedled to prevent
water flow across these boundaries. Gas pressures were maintained at atmospheric conditions. The
porous medium was silica flour (dry bulk density of 1.335 g/cn) of which 72% passed a#325 sieve
(0.044 mm). Initid conditions for the experiments were uniform temperatures and saturations aong the
tube length. Each experiment was initiated by lowering the temperature of the cool end below the
freezing point and maintaining the temperature of the warm end a the initia temperature. During the
course of the experiments, which each lasted 72 hr; congtant temperature conditions were maintained at
both ends of the tube. Initid conditions and boundary conditions are listed in Table 7.2-1.

To numericaly smulate these laboratory experiments, Jame and Norum (1980) used experimentdly
determined data to relate liquid water content as a function of temperature for freezing conditions. For
the present gpplication, van Genuchten moisture retention function parameters were estimated from
grain sSze digtribution data reported by Jame (1977) for the sllicaflour according to the technique by
Mishraet d. (1989). These parameters were then used in the modified van Genuchten functions for
soil-moigture retention and unfrozen water fraction (refer
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Table 7.2-1. Initid and Boundary Conditions for Freezing/Thawing Heat Pipe Problem

Property Description Symbol Property Vaue
Initial Condition Parameter Values
Total Aqueous Saturation S 0.4203 (15.6% dry weight)
Gas Pressure Pqy 101,325. Pa
Temperature T 20.°C
Warm Boundary Parameter Values
Aqueous Flux 0.m/nt's
Gas Flux 0.nP/n?s
Energy Flux 20. W/nt
Cold Boundary Parameter Values
Aqueous Flux 0.m/nt's
Gas Flux 0.nP/n?s
Temperature T -10.°C

to the STOMP Theory Manua (White and Oostrom 1996), to compute the unfrozen water content as
afunction of temperature for freezing conditions for totaly saturated conditions. The resulting function
and associated van Genuchten parameters are compared againgt the experimenta data of Jame (1977)
inFgure 7.2-1. The method of Mishra et d. was additionaly used to estimate a saturated soil hydraulic
conductivity of 3.07x10™°m/s, which compared well with the value of 3.45x107°m/s, extracted from the
diffusvity data reported by Jame (1977). Aqueous- and gas- phase relaive permesbility were
computed using the Muaem porosty digtribution modd. The effective therma conductivity was
computed using the de Vries model with al weight factors set equa to 1.0. Parametersfor the soil-
moisture retention, relative permesbility, and key physica propertiesarelisted in Table 7.2-2. Gas,
aqueous, and ice properties were computed as functions
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Problem

Table7.2-2.  Conditutive Function and Physical Parameters for Freezing /

Thawing Heet Pipe Problem
Property Description Symbol Property Vadue
Soil Grain Thermd Conductivity k 2.3 W/mK
de Vries Weight Factors 1.0
Hydraulic Conductivity k 256. or 25.6 cm/day
Porosity n 0.496
Soil Grain Dengty s 2650. kg/n?®
Soil Grain Specific Hest Cs 837. Jkg K
Gas Tortuosity Millington & Quirk Modd
van Genuchten a Parameter a 0.279 1/m
van Genuchten n Parameter n 1.64
Air-Water Scaling Factor 1.0
|ce-Water Scaling Factor 2.36
Residud Saturation S 0.
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of temperature and pressure, refer to the STOMP Theory Guide (White and Oostrom 1996) for
specifics on these functions.

This gpplication, actudly involves two smulaions that differ only in the hydraulic conductivity of
the porous media. These smulations were generaly designed to follow the experiments of Jame and
Norum (1980), however the lack of complete information on the soil therma conductivity characteristics
no direct comparisons are poss ble between the experimenta and numerical results. In both smulations,
ahorizonta tube of soil a uniform liquid water content (15.6% dry weight) and temperature (+20°C)
was cooled on one end to -10°C and held at that temperature while the other end remained at +20°C.
Both simulations were executed over a 72-hr period using 233 nonuniform time seps. Thefirgt
amulation used a saturated hydraulic conductivity of 256 c/day; whereas, the second used a reduced
vaue of 25.6 cm/day.

The STOMP input file for this gpplication problem is shown in Exhibit 7.2-1. Thissmulation
was executed with four execution periods as shown under the Solution Control Card input. This
gpproach was used to control the maximum time step size during the trangent portion of the smulation.
For the first 6 hours of the smulation time steps were restricted to 5 minutes, followed by increases to
15, 30, and 60 minutes for the next 18, 12, an 36 hours, respectively. Under thistime stepping scheme
no non-convergent time steps occurred. Because this problem only involved trangport in the x-
direction, hydraulic conductivities and therma conductivities values for the y- and z-directions were not
entered under the Hydraulic Properties Card and Therma Properties Card, respectively. Formatting
requirements, however, require the use of acomma ddimiter for al entries, including null entries. To
match the experimentd variaions in boundary conditions, time varying boundary conditions were
gpplied on the cold boundary, as shown on the Boundary Condition Card for the West boundary
surface. The temperature on the cold end varied linearly from 0°C to -5°C over thefirst 2 hours, then
from -5°C to -10°C over the next 10 hours, and then was maintained at - 10°C for the remainder of the
amulation period. Specification of these boundary variations requires four boundary condition input
lines. Requested output for these simulations differed between the Reference Nodes and Plot files.
Output for the reference nodes was restricted to agueous saturation, ice saturation, and temperature
with dl output units defaulting to Systemeé Internationale (S) units. Output for the plot files, which
wererecorded & 1, 2, 6, 12, 24, and 72 hours, included the gas pressure, aqueous saturation, ice
saturation, temperature, agueous density in units of g/en?, and ice density in units of g/ent; where dll
unspecified units were default to Sl units. Time and length output gppeared in units of hours and cm,
repectively.

7.2.2 Simulation

Simulation results in terms of total moisture content and temperature as a function of distance
from the cold boundary are shownin Figure 7.2-2 and Figure 7.2- 3 for the soil with higher hydraulic
conductivity (i.e., 256. cm/day). Total moisture content refers to the percent dry weight of total water
(ligud and frozen) within the soil pore spaces. The results demondirate the experimentaly observed
phenomena of freezing-induced redigtribution of soil moisture. The zone of freezing acts as a srong sSink
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for liquid water by effectively reducing the agqueous pressure, which induces liquid water to flow into the
zone of freezing. Water vapor diffusion through the gas phase a'so occurs, but the quantities of
redistributed water greatly exceed that which can be accounted for by water vapor diffuson. At each
point in time, the freezing point isotherm (0°C) occurs in distance between the two points that bracket
the abrupt changein total moisture content.

Totd moisture content and temperature profiles for the Smulation with the soil of lower
hydraulic conductivity are shown in Figure 7.2-4 and Figure 7.2-5. These results differ markedly in the
total moisture content profiles. The lower hydraulic conductivity of the soil inhibits the freezing-induced
flow of liquid water to the freezing zone, thus yielding lower tota moisture contents nearer the cold end.
Near the tube midpoint, however, the total moisture contents are gregter than for the higher permegbility
soil, thus producing a U-shaped profile. These U-shaped profiles have been observed experimentally
(Dirksen and Miller 1966) and occur as the temperature profile approaches steady state and the
freezing front dowsto ahdt. Aswith the smulation results for higher permesability soil, the freezing
point isotherm occurs within the sharp discontinuity in tota moisture content.

7.2.3 Analyss

The freezing/thawing hest pipe problem was designed to modd the experiments of Jame and
Norum (1980). Wheresas the results agree with the trends observed in terms of ice formation and
moisture redistribution, the position of the freezing point dong the hest pipe wasin error by rough 1.5
cm. Theratio of therma diffusivity to soil hydraulic conductivity and therma conductivity function
strongly influence the structure and profile of theice dong the heat pipe. The therma conductivity of
frozen soil is afunction of the conductivities and volume fractions for the soil grains, liquid water, ice,
and gas phase. Thede Vriesmode for therma conductivity aso includes weighting factors as shown in
Equation 7.2-1:

[o]
a. WnnDSnkn

k=1l Equation 7.2-1
a WnpS,

n=s,/,g,i

The amulaions shown for this application used unit weighting factors, which yielded only fair agreement
with the thermd conductivity functions for unfrozen porous media reported by Jame and Norum (1980).
The results from this study and gpplication therefore indicate the importance of accurately modding the

thermal conductivity function to the prediction of frozen barrier profiles.
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7.2.4 SUmmary

This application was chosen to demongtrate the capabilities for the STOMP smulator to model
frozen soil conditions. The condtitutive functions for frozen soilsin the STOMP smulator predict phase
saturations and fluid- phase relative permeabilities for variably saturated air-water systemsin porous
media as afunction of phase pressures, temperature, and sat concentrations. The current configuration
of the smulator does not consider heaving phenomena. Although discussed in the STOMP Theory
Guide (White and Oostrom 1996), the theory behind these condtitutive functions is based on relaing the
scaed ar-water capillary head to the agueous saturation and the scaled ice-water capillary head to the
unfrozen water fraction. This approach alows equilibrium saturations as a function of temperature,
phase pressure, and solute concentration for different soils to be computed through conventional soil-
moisiure retention functions (e.g., van Genuchten and Brooks & Corey). Aqueous-phase rdative
permeghility functions were derived for variably saturated, freezing conditions using inverse van
Genuchten and Brooks & Corey moisture retention functionsin conjunction with the Muadem and
Burdine moded s for predicting the relaive permesbility from knowledge of the soil-moigture retention
curve. These formulations have been shown (White 1995) to capture the essential features of moisture
redistribution and ice formation observed experimentaly. Further investigations and gpplications will be
required, however, to determine whether the freezing-induced capillary draw forces predicted by the
proposed formulations agree with experimenta measurements for avariety of soils. Given the
appropriateness of the proposed functions, the numerical Smulations reveded that affective cryogenic
barrier formation would be dependent on soil therma and moisture-oil retention propertiesin addition
to cooling rates and freezing front migration rates.
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Exhibit 7.2-1. STOMP Input Filefor the Freezing/ Thawing Heat Pipe Problem

Line Input Fle
1 ~Simulation Title Card
2 1,
3 Freezi ng/ Thawi ng Heat Pi pe,
4 Mark D. Wite,
5 Paci fi c Northwest Laboratory,
6 February 8 1995,
7 14: 30 PM PST,
8 1,
9 Freezi ng/ t hawi ng heat pi pe probl em of Janme and Norum
10
11 ~Sol ution Control Card
12 Nor mal ,
13  Water-Air-Energy W lce,
14

4,
15 0,hr,6,hr,1,s,5 mn,1. 25,16, 1.e-6,
16 6, hr,24,hr,5 mn,15,mn, 1.25,16,1.e-6
17 24, hr,36,hr,15,mn,30,mn, 1.25,16,1. e
18 36, hr, 72, hr,30,mn,60,mn, 1. 25 16,1. e
19 1, day, 1, day, 1000,
20 Vari abl e Aqueous Diffusi on,
21 Variable Gas D ffusion,
22 0,

6
6,

24 ~Qid Card

25 Uni form Cart esi an,
26 60,1, 1,

27 0.5,cm

28 8.8623,cm

29 8.8623,cm

30

31 ~Rock/ Soi | Zonation Card
32 1,

33 Silica Flour,1,60,1,1,1,1,
34

35 ~Mechani cal Properties Card
36 Silica Flour, 2.650,gmcn3, 0.496,0.496,1.e-8,1/mMIlington and Quirk Tortuosity,

38 ~Hydraul i c Properties Card
39 Silica Flour,256., hc cmday,,,,,
40 Silica Flour,25.6,hc cmday,,,,,

41

42 ~Thernmal Properties Card

43 Silica Flour,Parallel, 2.3, WmK,,,,,837.0,J/ kg K,
44

45 ~Saturation Function

46 Silica Flour, Nonhysteretic van Genuchten, 0.279,1/m1.64,0.0,1.0,2.36,,

48 ~Aqueous Rel ative Permeability Card
49 Silica Flour, Mial em,

51 ~Gas Rel ative Perneability Card
52 Silica Flour, Mial em,

54 ~lnitial Conditions Card
55 Gas Pressure, Apparent Aqueous Saturation, Tenperature,
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Exhibit 7.2-1. (Contd)

Line Input File
56 3,
57 Gas Pressure, 101325.0, Pa,,,,,,,1,60,1,1,1,1,
58 Appar ent Aqueous Saturation, 0.4203,,,,,,,,1,60,1,1,1, 1,
59 Tenperature, 20,C,,,,,,1,60,1,1,1,1,
60
61 ~Boundary Condition Card
62 2,
63 West, Dirichlet, Zero Fl ux, Zero Fl ux,
64 1,1,1,1,1,1, 4,
65 0.0,hr,0.0,C,,,,,,
66 2.0,hr,-5.0,C,,,,,,
67 12.0, hr,-10.0,C,,,,,,,
68 72.0,hr,-10.0,C,,,,,,,
69 East,Dirichlet,Zero Flux,Zero Flux,Drichlet,
70 60,60,1,1,1,1,1,
71 0.0, hr,20.0,C,,,,101325.0, Pa, 1.0,
72
73 ~Qut put Control Card
74 3,
75 1,1,1,
76 30,1,1,
77 60,1, 1,
78 1,1,hr,cm6, 6, 6,
79 )
80 Aqueous Pressure, Pa,
81 Gas Pressure, Pa,
82 Aqueous Saturation,,
83 | ce Saturation,,
84 Tenperature,,
85 5,
86 1.0, hr,
87 2.0, hr,
88 6.0, hr,
89 12.0, hr,
90 24.0, hr,
91 6,
92 Gas Pressure,,
93 Aqueous Saturation,,
94 lce Saturation,,
95 Tenperature, ,
96 Aqueous Density, gm cnf3,
97 Ice Density,gnicnt3,
98
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Exhibit 7.2-2. STOMP Parameters File for the Freezing/Thawing Heat Pipe Problem

Line PaametersFile
1 O e e e PP P C
2 C STOW Parameter File
3 (O e C
4 C
5 C-- Nunmber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=1, LEPD=4)
9 C
10 C-- Number of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Number of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---
16 C
17 PARAMETER( LFX=60, LFY=1, LFZ=1)
18 PARAMETER( LAN=60, LAD=1, LM\P=1)
19 C
20 C--- Energy equation switch (0 = off, 1 = on)
21 C Water mass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=1, LL=1, LG=1, LN=O, LC=0, LFC=1, LS=1, LD=0)
30 C
31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsymmetric-pattern multifrontal package switch (0 = off, 1 =on) -
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 C-- Nunmber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=2, LBTM:=4)
41 C
42 C-- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER( LSR=1, LSTM-1)
46 C
47 C-- Nunmber of rock/soil types
48 C Nunmber of sol utes
49 C
50 PARAMETER( LRC=1, LSOLU=1)
51 C
52 C-- Nunber of reference nodes
53 C Nunmber of print tines
54 C Nunmber of integration surfaces ---
55 C
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Exhibit 7.2-2. (Contd)

Parameters File

000 00000

PARAMETER( LREF=3, LPTM=5, LSF=1)

Nunmber saturation and relative perneability table entries
Number of hysteretic scanning paths
Nunber of chem cal reactions

PARAMVETER( LTBL=1, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGHLN+LS+LD, LPHELL+LGFLN, LCMP=LL+LS+LD)
PARAVETER( LFXY=LFX*LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARAVETER( LFD=LFX* LFY* LFZ)

PARAVETER( LNE=( LUK* LUK* ( 7* LFD- 2* LEXY- 2% LFYZ- 2* LFZX) ) ** LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LAN‘LUK + LUMFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV)

PARAVETER( LID=LBD* (3* LHBW-1) + LCG*LAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LANF LUK + LCGt( (2% LAD+1) * LUK+2*LAD) + LUM)
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM

PARAVETER( LJHELBDF LANF LUK + LCGH(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1) )

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD* * LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX** LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXN=LSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG LSYN=LSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ**LT, LSZL=LSZ**LL, LSZG=LSZ* * LG LSZN=LSZ** LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC**LT, LRCL=LRC* *LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAVETER( LRCC=LRC*LC, LRCI =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC** LT, LBCL=LBC* * LL, LBCG=LBC* * LG, LBCN=LBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOU=LUK+LPH+LT+2, LBCV=LBCU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN*LUK + LCG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAVETER( LSCHR=18)
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8.0 Nonaqueous Phase Liquid Flow and Transport

Ground-water contamination as a result of subsurface leskage or surface spills of immiscible
organic liquids, such as solvents and hydrocarbon products, is awidespread problem in the
industridlized world. Many organic liquids exigting as a separate phase are in fact often dightly miscible
with water and their solubility often exceeds the drinking water sandards by orders of magnitude. To
accurately describe the movement of such liquids in the subsurface, separate Nonagueous Phase Liquid
(NAPL), agueous, and, in the case of volatile organic liquids, gas phase flow has to be considered.
Three examples are presented in this chapter: the behavior of nonvolatile organic liquid spillsina
hypothetical aquifer, infiltration and redigtribution of Soltrol® and carbon tetrachloride in one-
dimensiond |aboratory columns, and an investigation of dengity-dependent gas advection of
trichloroethylene (TCE) in atwo-dimensond flow container.

8.1 Infiltration and Redistribution of Qil in a |Problem Features: 8.1
Hypothetical, Two-Dimensional Aquifer | * Water-Oil operational mode

* VOC migration
The objective of thisexampleisto investigete the * two-dimensond (x2)
effects of fluid dengty and viscosity on the movement of * variable saturation

NAPLs after aspill in apartly saturated, hypothetica, aquifer. ||« uniform Cartesan grid
Infiltration and redistribution of afinite quantity of oil (7.5 nT) » homogeneous, isotropic media
inavertica section are consdered. STOMP generated results |« hydraulic gradient boundary

are compared with smulations conducted with the MOFAT » Benchmark with MOFAT code
code (Kauarachchi and Parker 1989). The MOFAT
smulations have been included in Ségol (1994).

8.1.1 Problem Description and Parameters

The conceptuad modd is amilar to the problem presented by Kauarachchi and Parker (1989).
The geometry of the flow domain, which has a hydraulic gradient of 2/23, isshownin Figure 8.1-1. The
problem domain is discretized into 750 cells (50x15). For the water phase, hydraulic gradient boundary
conditions were imposed for the saturated zone on the west and east boundaries. Zero-flux boundaries
were used on al other boundaries. A tota of 7.5 m/m of oil was dlowed to infiltrate the system from a
5-m-wide source area at the top boundary under awater equivaent oil head of 1 cm. No ail flow was
permitted across any other boundary. Four cases (labeled A through D) are conddered, involving
vaidionsin the oil dendty and viscosty (Table 8.1-1).
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Figure8.1-1. Conceptua Modd of the Flow Doman

The smulations are performed using the van Genuchten-Mudem capillary pressure-saturation
relative permesbility modd with a = 0.007 /cm, n= 2.1, and s, = 0.02. Thefluid dependent scaling
factorsb,, and by, are 1.8 and 2.25, respectively. The STOMP input file for the high oil density and
viscosity case (case A) isshown in Exhibit 8.1-1.

8.1.2 Simulations

Smulation results for the Cases A through D are shown in Figure 8.1-2, Figure 8.1-3, Figure
8.1-4, and Figure 8.1-5, respectively. Each figure shows the results at 25, 50, and 100 days following
the start of infiltration. Theinfiltration times for the Cases A through D were 4.25, 1.10, 5.86, and 1.47

days, respectively.

Table8.1-1. NAPL Dendtiesand Viscodties

Case  Densty (kgnf)  Viscosity (Pas)
A 1200 0.0020
B 1200 0.0005
C 800 0.0020
D 800 0.0005
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The results show that, according to expectation, both DNAPL plumes (Case A and B) reach
the bottom of the aquifer. Both LNAPL plumes (Case C and D) only partialy penetrate the water
table. The viscogity of the NAPL has alarge influence on the movement of the plumes. The two low-
viscosty plumes (Case B and D) move much faster in both the vadose and the saturated zone than the
two high-viscosity plumes (Case A and C).

8.1.3 Analysis

The smulations were originaly conducted with agrid identica to the 23x15 grid used by
Kauarachchi and Parker (1989). The flow domain defined by these authors was 23 m long in the
horizontal and 10 min the vertical direction. In contrast with the MOFAT smulations, results with
STOMP indicated that low-viscosity plumes reached the west and east boundaries somewhere between
50 and 100 days after initiation of the surface spill. The MOFAT smulations show that the plumesin al
four cases remain eadly within the two vertica boundaries. To dlow for alonger smulation time, the
horizontal dimension of the mode was increased to 50 m. In addition, the source was moved 5 mto
avoid interference of the NAPL plumes with the west boundaries.

Even after expansion of the computational domain, the differences between the STOMP- and
MOFAT-generated plumes are Sgnificant. In generd, the STOMP plumes move much faster than the
MOFAT plumes. The reasons for the discrepancy between the results of both smulators were largely
explained in aletter send by Kauarachchi and Parker to the editor of Water Resources Research
(Kauarachchi and Parker (1994)). In that |etter, the authors indicated that the results published in their
1989 paper were highly erroneous because of the usage of a gplit time derivative formulation. For two-
phase flow, the Solit time derivate formulation has the form

fih Th,_T¢€ afh, & .
Cown——+C,p— :—AKW +U Equation 8.1-1
it e e g !
Th fh, 1 é &fh '
COW—W +Coo—0- = éK Mol 3 Equation 8.1-2
Tt IR T %

where C,q isthe pq phase fluid capacity for p = o (ail) or w (water), t istime, x; isthei-direction
coordinate, K isthe p phase conductivity tensor for phase p, h, isthe water height equivaent head of
p phase, r ,, isthe dendty of water, g isthe gravitational accderation, r 1, is the pecific gravity of ail, u;
isthe unit gravitationd vector where z is the eevation, and
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)[S :
C_.=n—" Equdion8.1-3
Th,

where n isthe porosity, S, isthe p phase fluid saturation, and p,g = o,w.

Cdiaet d. (1990) and Katya and Parker (1992) demongtrated that a mixed form of the
governing equations gives results that are superior to those from the split time derivative. The STOMP
amulator uses the mixed form, which avoids expanding the time derivative term (White and Oostrom,
(1996)). Kduarachchi and Parker (1994) sdected Case B (high dendity and low viscosity) to compare
the mixed formulation with their previoudy reported results. The plume generated with the mixed
formulation looks smilar to the plume generated with STOMP for the same case.

8.1.4 Summary

Four NAPL spillsin ahypothetical aguifer were smulated and compared with results produced
with the MOFAT code (Kauarachchi and Parker). 1t was observed that the plumes computed with the
STOMP code move much faster than the plumes produced with the MOFAT code. In arecent paper,
Kauarachchi and Parker indicated that the results of their 1989 paper were erroneous.
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Exhibit 8.1-1. STOMP Input File for Oil Redigtribution in 2D Aquifer

Line Input Fle

1 ~Sinmulation Title Card
2 1,
3 Kal uarachi and Parker (1989 and 1994),
4 STOWP Application Quide,
5 Paci fic Northwest Laboratory,
6 June 1995,
7 9: 30 AM PST,
8 1,
9 Van CGenuchten, Mial em

10

11 ~Sol ution Control Card

12 Nor mal ,

13 VWater-O |,

14 1

15 0:5,60, hr,0.01, hr, 2.5, hr, 1. 04, 8, 1. e- 06,
16 1, day, 1, day, 20000,

17 Vari abl e Aqueous D ffusi on,

18 0,

20 ~Qid Card

21 Cartesi an,

22 50, 1, 15,

23 0, m50@.0, m

24 O0,ml1.0,m

25 0, m 15@. 66666667, m

28 ~Rock/ Soil Zonation Card
29 1,
30 Fine Sand, 1,50, 1, 1, 1, 15,

32 ~Mechani cal Properties Card
33 Fi ne Sand, 2650, kg/ n*3, 0. 43,0.43,,,MIlington and Quirk,

35 ~Hydraul i ¢ Properties Card
36 Fine Sand,2.1,hc cmhr,,,2.1, hc cnl hr,

38 ~Saturation Function Card
39 Fi ne Sand, Nonhysteretic Van Genuchten, 0.007,1/cm2.1,0.0,1.0,1.8,2.25,,

41 ~Aqueous Rel ative Permeability Card
42 Fi ne Sand, Mual em ,

44 ~NAPL Rel ative Perneability Card
45 Fi ne Sand, Mual em,

46
47 ~Vol atil e O ganic Conmpound Properties Card
48 Soltrol,

49 170. 34, g/ nmol , - 9. 55, C, 225. 35, C, 385. 05, C,
50 18. 2, bar, 713, cm*3/ nol , 0. 24, 0. 0, O, debyes,
51 -9.328, 1. 149, -0. 0006347, 1. 359e-07,

52 Equation 2, 77.628,10012. 5, - 9. 236, 10030. 0,
53 Const ant, 1200. , kg/ m3,

54 Const ant, 0. 002, Pa s,

55 1. 0elO, Pa,
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Exhibit 8.1-1. (Contd)

Line Input Fle
56
57 ~lnitial Conditions Card
58
59 NAPL Pressure,-1.€9,Pa,,,,,,,1,50,1,1,1, 15,
60
61 ~Boundary Conditions Card
62 2,
63 Top, Zero Flux, Dirichlet NAPL, 11, 15,1, 1, 15, 15, 2,
64 0,s,-1.e9, Pa, 0.0, 101425, Pa,
65 4,.25,d,-1.e9, Pa, 0.0, 101425, Pa,
66 West , Hydraul i c Gradi ent, Zero Fl ux NAPL,
67 1,1,1,1,1, 15,1,
68 0,s,151114.2,Pa, 0.0, -1. €9, Pa,
69 East, Hydraul i ¢ Gradient, Zero Fl ux NAPL,
70 50,50,1,1,1,15,1,
71 0,s,110052.2,Pa, 0.0,-1.¢€9, Pa,
72
73 ~CQut put Options Card
74 5,
75 13,1, 15,
76 13,1, 13,
77 13,1, 11,
78 13,1, 9,
79 13,1, 7,
80 1,1,s,cm4, 4, 4,
81 ,
82 Aqueous Saturation,,
83 NAPL Saturation,,
84 4,
85 25, d,
86 50, d,
87 100, d,
88 200, d,
89 2,
90 Aqueous Saturation,,
91 NAPL Saturation,,
92
93 ~Surface Flux Card
94 1,
95 NAPL Vol unetric Flux,|/mn,|, Top, 11, 15, 1, 1, 15, 15,
96

Aqueous Pressure, 151114. 2, Pa, -851. 24,1/ m,,-9789.284,1/ m1,50,1, 1, 1, 15,
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Exhibit 8.1-2. Parameters Filefor Oil Redidribution in 2D Aquifer

Line PaameeskFle

1 O e e e PP P C
2 C STOW Parameter File

3 (O e C
4 C

5 C-- Nunmber of lines of simulation notes

6 C Nunmber of execution periods ---

7 C

8 PARAMETER( LNOTES=10, LEPD=10)

9 C

10 C-- Number of nodes in the x or r coordinate direction

11 C Nunmber of nodes in the y or theta coordinate direction

12 C Nunber of nodes in the z coordinate direction

13 C Number of active nodes

14 C Nunber of active di mensions

15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---

16 C

17 PARAMETER( LFX=50, LFY=1, LFzZ=15)

18 PARAMETER( LAN=750, LAD=2, LM\P=15)

19 C

20 C--- Energy equation switch (0 = off, 1 = on)

21 C Water mass equation switch (0 = off, 1 = on)

22 C Air mass equation switch (0 = off, 1 = on)

23 C VOC mass equation switch (0 = off, 1 = on)

24 C Solute transport equation switch (0 = off, 1 = on)

25 C Freezing conditions switch (0 = off, 1 =on) ---

26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C

29 PARAMETER(LT=0, LL=1, LG=0, LN=1, LC=0, LFC=0, LS=0, LD=0)

30 C

31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C

35 PARAMETER( LBD=1, LCG=0, LUM=0)

36 C

37 C-- Nunmber of boundary condition surfaces

38 C Nunmber of boundary condition times ---

39 C

40 PARAMETER( LBC=35, LBTM:=4)

41 C

42 C-- Nunber of sources

43 C Nunber of source times ---

4 C

45 PARAMETER( LSR=1, LSTM-1)

46 C

47 C-- Nunmber of rock/soil types

48 C Nunmber of sol utes

49 C

50 PARAMETER( LRC=1, LSOLU=1)

51 C

52 C-- Nunber of reference nodes

53 C Nunmber of print tines

54 C Nunmber of integration surfaces ---

55 C
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Exhibit 8.1-2. (Contd)

Paraneters File

PARAMETER( LREF=5, LPTM=6, LSF=5)

Nunmber saturation and relative perneability table entries
Nunber of hysteretic scanning paths
Nunmber of chemi cal reactions

PARAMETER(LTBL=1, LPATH=3, LCHEM-1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGFLN+LS+LD, LPHELL+LG+LN, LOWP=LL+LS+LD)
PARAVETER( LFXY=LFX* LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARANETER( LFD=LFX* LFY* LF2)

PARAVETER( LNE=( LUK* LUK* ( 7* LED- 2% LEXY- 2% LFYZ- 2* LFZX) ) * *LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LANFLUK + LUVFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV

PARAVETER( LJD=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LAN* LUK + LOG((2* LAD+1) * LUK+2*LAD) + LUV
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* ( 3* LHBWH1) + LOGFLAN*LUK + LUM

PARAVETER( LJHELBD* LAN* LUK + LOGt(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1))

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD** LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX* * LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXNELSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG, LSYNELSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ** LT, LSZL=LSZ** LL, LSZG=LSZ* * LG, LSZN=LSZ* *LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC** LT, LRCL=LRC* * LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAMETER( LROC=LRC**LC, LRO =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC* * LT, LBCL=LBC* * LL, LBOG=LBC* * LG, LBCNELBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOUELUK+LPH+LT+2, LBCV=LBOU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN* LUK + LOG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAMETER( LSCHR=18)
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Problem Features; 8.2

8.2 Infiltration and Redistribution of Denseand ||* Water-Oil operationd mode
Light Nonaqueous Phase Liquidsin Partially * LNAPL and DNAPL transport

* onedimensiond (2)
Saturated Sand Columns « varicble sturation
In this section, STOMP generated data are compared * uniform Cartesian grid
with experimentally determined fluid saturations during the * van Genuchten function
infiltration and redistribution of a LNAPL (Soltrol®) and a * Brooks & Corey function

DNAPL (carbon tetrachloride) in a partly saturated one- * Burdine and Mudem functions

dimensional column (Oostrom et . (1995)). The main objective | * MOogeneous, isotropic media
* experimenta data comparison

is to evaluate the performance of the Brooks and Corey and the
van Genuchten pressure-saturation relations in combination with ether the Burdine of Muadem pore-sze
digribution modd (White and Oostrom 1996). The experimentaly determined fluid saturations are
compared with smulated results from four relative permesability- saturation- pressure (k-S-p) models.
The four models are the Brooks and Corey-Burdine (BCB), Brooks and Corey-Muadem (BCM), van
Genuchten-Burdine (VGB), and van Genuchten-Mudem (VGM) models.

8.2.1 Problem Description and Parameters

The experiments were conducted in a 1-m columnwith a 7.6 cm insde diameter. For each
experiment, the column was filled with 80 cm of uniform 40/50 sand under water-saturated conditions.
After the packing process, the column was dowly drained in small increments until the water table was
70 cm below the sand surface. During drainage, water pressures and saturations were obtained
experimentally at severa locations. The saturations and the pressures were used to determine two-
phase (air-water) van Genuchten and Brooks-Corey parameters using the RETC code (van Genuchten
1980). After water drainage has ceased, adug of either dyed CCl, or Soltrol® was applied uniformly
at a congtant rate (2 ml/min) to the sand surface. The downward movement of the dyed NAPL was
monitored visudly and by determining fluid saturetions.

The one-dimengiona domain was discretized into 160 0.5 cm long cells. The lower boundary
was assumed to be permeable to water flow and impermesble to the movement of the NAPLs. The
initid conditions were obtained by alowing the saturated column to drain from z= 80 cm to z= 10.
After equilibrium had been reached, the NAPL dug was added by using a Neumann flux- specified
boundary condition a the top. Input vaues for the permeshility of the porous medium, the interfacia
tensgons of thefluid pairs, and the viscosity of the fluids were obtained in independent experiments. The
operationa modes of STOMP used for the smulations reported in this report, the Nonvolatile Three-
Phase (NVTP) mode and the VVolatile Three-Phase (VTP) mode, have been designed to solve
subsurface flow and trangport problems involving multiphase systems with isotherma conditions. The
NV TP mode is most gppropriate for systems involving organic compounds with low vapor pressures,
such as Soltrol®, while the VTP mode is appropriate for VOCs with moderate to high vapor pressures,
such as CCl,, where gas- phase transport through advection or diffuson may be sgnificant. The
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STOMP input files for a Soltrol® and carbon tetrachloride case are shown in Exhibit 8.2-1 and Exhibit
8.2-2, repectively.

8.2.2 Smulations

In Figure 8.2-1 and Figure 8.2-2, the measured and smulated Soltrol® saturations are shown as
afunction of devationa t = 4 hr and t = 72 hr, respectively, after alowing 100 ml of Soltrol® to
infiltrate with arate of 2 ml/min. A plot of measured and smulated carbon tetrachloride saturations
veraustime a z= 74 cm (6 cm below the surface). In this case, atotd of 60 ml was alowed to
infiltrate with arate of 2 ml/min. In Figure 8.2-4, measured and smulated carbon tetrachloride
saturations are shown as afunction of devationat t = 4 hr.

8.2.3 Analyss

Visud observations and gamma system measurements show that the Soltrol® moves down
rather uniformly through the unsaturated part of the column. Later, the Soltrol® collects in the upper
part of the capillary fringe. Both the BCB and VGB modd's predict the Soltrol® distribution with
reasonable accuracy. The VBM and BCM models alow the Soltrol® to move considerably faster
through the unsaturated zone. After 4 hours, the latter models predict that the Soltrol® is aready
collecting in the top of the capillary fringe (Figure 8.1-1). At the end of the experiment, a t = 72 hours
(Figure 8.2-2), movement of the Soltrol® has virtualy cessed. The Smulated results of dl four models
at=72hraeclose. The VGB and VGM modds show sometailing in the lower part of the column.
At even later times, the smulations indicate that with the VGM and VGB moddls, the Soltrol® continues
to move dowly to the bottom of the column.  With the BCB and BCM models, the fluid distributions
depicted in Figure 8.2-2 remain undtered. The difference between the van Genuchten and Brooks-
Corey models at |ater times can be explained by the non-wetting fluid (Soltrol®) pressures required to
replace the wetting fluid (=water) a a certain elevation. 1n the van Genuchten models, the Soltrol®
pressure only has to be greater than the water pressure in order to replace the water. In the Brooks-
Corey models, the Soltrol® pressure has to exceed the water pressure by an amount whichisa
reflection of the pore size ditribution of a porous medium.

With ardaively smdl infiltration rate of 2 ml/min, the carbon tetrachloride moved uniformly
through the unsaturated zone of the column. A plot of the carbon tetrachloride saturation versustime at
z =74 cm (6 cm below the top), for an experiment with atotal dug of 60 ml, indicates that the
movement through the unsaturated regionis described best with the BCB mode (Figure 8.2-3). This
model captures both the peak saturation and the decrease in saturation for later times accurately. The
BCM and VGM modds predict smaler NAPL saturations during and after front passage.
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Figure 8.2-3.
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In Figure 8.2-4, measured and Smulated saturations are shown as afunction of devationat t =
4 hr. Again, the BCB modd shows the best results, dthough the predicted depth of infiltration with this
moddsis somewhat larger than what is experimentally observed. Att =4 hr, the BCM and VGM
models aready predict penetration into the capillary fringe. In the experiments, carbon tetrachloride
showed atendency to ‘finger’ in the capillary fringe and even below the water table before relatively
large amounts collected at the interface of the very fine sand and the 40/50 sand.

8.2.4 Summary

STOMP generated data were compared with experimentaly determined fluid saturations during
the infiltration and redigtribution of aLNAPL (Soltrol®) and a DNAPL (carbon tetrachloride) in a partly
saturated one-dimensona column. It was shown that Brooks-Corey capillary-pressure relaionsin
combination with the Burdine pore size ditribution mode yield the best agreement between
experimental and smulated NAPL saturations for infiltration and redistribution of Soltrol® and carbon
tetrachloride in the unsaturated zone of avariably saturated 40/50 sand. Carbon tetrachloride has a
tendency to finger in the capillary fringe and the below the water table. This phenomenon can not be
predicted accurately with the code.
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Exhibit 8.2-1. STOMP Input File for LNAPL and DNAPL Problem (Soltrol®)

Line  Input Fle
1 ~Simulation Title Card
2 1,
3 Soltrol infiltration 1-D experinment,
4 M Qost rom
5 Paci fic Northwest Laboratory,
6 Sept enber 1994,
7 13: 00 PM PDIT,
8 1,
9 Si mul ati on of experinment conducted in 331 building,
10 ~Sol ution Control Card
11 Nor mal ,
12 Water-Ql,,
13

4,
14 0,hr,50,mn,1,s,60,s,1.25,8,1.e-06,
15 50,mn,72,hr,1,s,60,s,1.25,8,1.e-06,
16 1, day, 1, day, 10000,
17 Vari abl e Aqueous Phase Diffusion,
18 0,
19 ~@id Card
20 Uni form Cart esi an,
21 1,1, 160,
22 0,cm 6.9125,cm
23 0,cm 6.9125,cm

24 0.5,cm
25 ~Rock/ Soi |l Zonation Card
26 1

27 Sand 40/50,1,1,1,1,1, 160,

28 ~Mechani cal Properties Card

29 Sand 40/ 50, 2650, kg/ m3,0.35,0.35,0,1/mMIlington and Qirk,
30 ~Hydraul i ¢ Properties Card

31 Sand 40/ 50, 0, m*2, 0, 2, 120. , hc ni day,

32 ~Aqueous Rel ative Perneability Card

33 Sand 40/ 50, Bur di ne, ,

34 ~NAPL Rel ative Perneability Card

35 Sand 40/ 50, Bur di ne, ,

36 ~Vol atil e O ganic Conmpound Properties Card
37 Soltrol 220,

38 170. 34, g/ nol , - 9. 55, C, 225. 35, C, 385. 05, C,

39 18. 2, bar, 713, cm*3/ nol , 0. 24, 0. 0, O, debyes,
40 -9.328, 1. 149, - 0. 0006347, 1. 359e- 07,

41 Equation 2,77.628,10012. 5, -9. 236, 10030. 0,
42 Const ant , 807. 4, kg/ m3,

43 Const ant, 0. 0047, Pa s,

44 1. 0el0, Pa,

45 ~Saturation Function Card

46 Sand 40/ 50, Nonhystereti c Brooks and Corey, 19. 366, cm 6. 175,0.0, 1. 0, 1. 8, 2. 25,
47 ~lnitial Conditions Card

48 2,

49 Aqueous Pressure, 108667, Pa, ,,,,-9789.284,1/m1,1,1,1,1, 160,
50 NAPL Pressure, -1.0e+09, Pa,,,,,,,1,1,1,1,1, 160,

51 ~Boundary Conditions Card

52 3

53 Tlop, Zer o Fl ux, Neunmann,
54 1,1,1,1, 160, 160, 2,
55 0.,hr,-1.e9, Pa,,-0.0418553,cm m n,

818



Exhibit 8.2-1. (Contd)

Line Input Fle
56 50, mn,-1.e9, Pa,,-0.0418553, cm ni n,
57 Top, Zero Fl ux, Zero Fl ux,
58 1,1,1,1, 160, 160, 2,
59 50,nmin,-1.€9, Pa,,,,
60 72,hr,-1.€9, Pa,,,,
61 Bottom Diri chl et, Zero Fl ux,
62 1,1,1,1,1,1, 2,
63 0, hr, 102206. 04, Pa, , ,,,,,
64 72, hr, 102206. 04, Pa, ,,,,,,
65 ~CQut put Options Card
66 8,
67 1,1, 158,
68 1,1, 142,
69 1,1, 122,
70 1,1, 102,
71 1,1, 82,
72 1,1,62,
73 1,1,42,
74 1,1, 22,
75 1,1, sec,cm6, 6, 6,
76 4,
77 total saturation,,
78 aqueous saturation,,
79 NAPL saturation,,
80 NAPL gauge pressure, cm wh,
81 ,
82 4, hr,
83 12, hr,
84 24, hr,
85 72, hr,
86 4,
87 agueous gauge pressure,cm wh,
88 aqueous saturation,,
89 NAPL gauge pressure,cm wh,
90 NAPL saturation,,
91 ~Surface Flux Card
92 1
93
94

NAPL Vol uretric Flux,m/hr, i, Top, 1,1, 1,1, 160, 160,
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Exhibit 8.2-2. STOMP Input File for LNAPL and DNAPL Problem (Carbon Tetrachloride)

Line Input Fle
1 ~Simulation Title Card
2 1,
3 Carbon tetrachl oride 1-D experinment,
4 M Qost rom
5 Paci fic Northwest Laboratory,
6 Sept enber 1994,
7 13: 00 PM PDIT,
8 1,
9 Si mul ati on of experinment conducted in 331 building,
10 ~Sol ution Control Card
11 Restart,
12 Water-Ql-Air,,
13

2,
14 0,hr,0.5,hr,1,s,30,s,1. 25,16, 1. e- 06,
15 0.5, hr, 40, hr, 1, s, 3600, s, 1. 25, 16, 1. e- 06,
16 1, day, 1, day, 10000,
17 Vari abl e Aqueous Phase Diffusion,
18 Vari abl e Gas Phase Diffusion,
19 0,
20 ~Qid Card
21 Uni form Cart esi an,
22 1,1, 160,
23 6.9125,cm
24 6.9125,cm

25 0.5,cm
26 ~Rock/ Soi |l Zonation Card
27 1

28 Sand 40/50,1,1,1,1,1, 160,

29 ~Mechani cal Properties Card

30 Sand 40/ 50, 2650, kg/ m3,0.35,0.35,0,1/mMIlington and Quirk,
31 ~Hydraul i ¢ Properties Card

32 Sand 40/ 50, 0, n*2, 0, M2, 120, hc cni hr,

33 ~Aqueous Rel ative Permeability Card

34 Sand 40/ 50, Bur di ne, ,

35 ~NAPL Rel ative Perneability Card

36 Sand 40/ 50, Burdi ne, ,

37 ~CGas Relative Permeability Card

38 Sand 40/ 50, Burdi ne, ,

39 ~Vol atil e O ganic Conmpound Properties Card

40 Car bon tetrachl ori de,

41 153. 823, g/ nol , 250, K, 349. 9, K, 556. 4, K,

42 45. 6, bar, 275. 9, cn*3/ nol e, 0. 272, 0. 193, 0, Debyes,
43 40. 072, 0. 2049, - 0. 000227, 8. 843e- 08,

44 Equation 1,-7.07139, 1. 71497, - 2. 8993, - 2. 49466,
45 Const ant , 1594, kg/ m3,

46 Const ant, 0. 00097, Pa s,

47 3. 2e+07, Pa,

48 ~Saturation Function Card

49 Sand 40/ 50, Nonhysteretic Brooks and Corey, 22.2,cm6.52,0.06,1.0, 1.6, 2. 6666666,
50 ~Initial Conditions Card

51 5,

52 Aqueous Pressure, 109156. 43, Pa,,,,,-9789.284,1/m1,1,1,1,1, 160,
53 NAPL Pressure, -1.0e+09, Pa,,,,,,,1,1,1,1,1, 160,

54 Gas Pressure, 101325, Pa,,,,,,,1,1,1,1,1, 160,

55 Tenperature, 22.0,C,,,,,,,1,1,1,1,1, 160,

8.20



Exhibit 8.2-2. (Contd)

Line Input Fle

56 Air Partial Pressure, 96800,Pa,,,,,,,1,1,1,1,1, 160,

57 ~Boundary Conditions Card

58 3,

59 Top, Zero Flux, Di ri chl et, Neurmann,

60 1,1,1,1, 160, 160, 2,

61 0., hr,-1.e9, Pa, 101325, Pa, - 0. 0418553, cm m n, 1.0, 1. 0,

62 0.5, hr,-1.e9, Pa, 101325, Pa, - 0. 0418553, cnim n, 1. 0, 1. 0,

63 Top, Zero Flux, Dirichlet, Zero Fl ux,

64 1,1,1,1, 160, 160, 2,

65 0.5, hr,-1.e9, Pa, 101325, Pa, -1. €9, Pa, 1. 0, 1. 0,

66 40, hr,-1. €9, Pa, 101325, Pa,-1.€9, Pa, 1.0, 1. 0,

67 Bottom Dirichlet, Zero Fl ux, Zero Fl ux,

68 1,1,1,1,1,1, 2,

69 0, hr, 102206. 04, Pa, - 1. €9, Pa,-1. €9, Pa, 1. 0, 0. 0,

70 40, hr, 102206. 04, Pa, -1. €9, Pa, -1. €9, Pa, 1.0,0.0,

71 ~CQut put Options Card

72 7,

73 1,1, 158,

74 1,1, 142,

75 1,1,122,

76 1,1,102,

77 1,1, 82,

78 1,1,62,

79 1,1, 2,

80 10, 10, hr,cm 6, 6, 6,

81 4,

82 agqueous saturation,,

83 agueous gauge pressure,cm wh,

84 NAPL saturation,,

85 NAPL gauge pressure, cm wh,

86 ,

87 4, hr,

88 8, hr,

89 12, hr,

90 24, hr,

91 40, hr,

92 4,

93 agueous gauge pressure, cm wh,

94 aqueous saturation,,

95 NAPL gauge pressure, cm wh,

96 NAPL saturation,,

97 ~Surface Flux Card

98 1,

99 NAPL Vol unetric Flux,m/hr,n, Top,1,1,1,1, 160, 160,
100
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Problem Features; 8.3

8.3 Density-Dependent Gas Advection of * Water-Gil-Air operational mode
Trichloroethylene (TCE) * VOC transport
* two dimensond (X,2)
In this section, results obtained with STOMP are * variable saturation
compared to experimentally determined TCE gaseous « uniform Cartesian grid

concentrations. The experimental investigation was conducted to || * Van Genuchiten function
evaluate whether vapor-density effects areimportantinmoving  [|* Mudem function

contaminant vapors through the subsurface. TCE was studied * homogeneous, isotropic media
because it represents a volatile organic compound (VOC) that » experimental data comparison
has a high vapor pressure and molecular weight and it isa

ubiquitous contaminant in the subsurface. VOCs such as solvents and hydrocarbon fuels are commonly
found in the subsurface at many sites. Typicdly, industrid VOCs have entered the subsurface as
nonagueous- phase liquids (NAPLS) via chemicd spills, lesksin storage or transmisson structures, and
direct disposa to waste sites. VOCs have characterigticaly ahigh vapor pressure at normal
temperatures and pressures near the earth's surface; therefore, a substantial mass of VOCswill likely be
present in the gaseous phase of the subsurface.

Once in the subsurface, VOCs can exist as a separate phase (i.e., aNAPL), as acomponent of
the gaseous phase, and as a component of the aqueous phase. VOCs may aso be adsorbed on solid
materid, either organic or inorganic. The movement of VOCs in the subsurface can occur by advective,
diffusve, and digpersive fluxes of the separate fluid phases. Therefore, to modd VOC transport in the
gaseous phase, advection, diffusion, and dispersion processes need to be considered.

Gas-phase advection is controlled by the network of pores that contain gas, the viscosty of the
gaseous phase, and a spatia difference in the gas-phase totd potentia, which is commonly defined as
the sum of the gas-pressure potentid and the gravitationd potentid. Very smdl gradientsin the gas-
phase totd potentia can yidd sgnificant advective fluxes because the resstance to gas flow isamdl (i.e,
negligible gas-phase viscosities), and the gaseous phase is contained in the largest pores of liquid-
unsaturated porous media.

8.3.1 Problem Description and Parameters

The experiment was conducted in an intermediate-scale experimentd cell. The cdl hasa
porous-media chamber that was 2-m-long by 1-m-high by 7.5-cm-thick (Figure 8.3-1). Stainless-sted
screens separate the porous medium from the fluid reservoir chambers, which are located on each side
of the porous-media chamber. Thefluid levelsin the reservoir chambers could be adjusted via outlets a
the base of the reservoirs so that a flowing groundwater regime could be smulated. The cell can dso be
rotated verticaly to adlow coring (i.e., sampling) of the porous media following an experiment. The top
of the cell can be sealed to prevent vapors from escaping into the work place. Thereisan outlet in the
top cover that can be connected to tubing to maintain atmaospheric gas conditionsin the flow cdl. The
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cdl walls were metd- bar-reinforced plexiglas that had 55 sampling ports for extracting gas or water
(Figure 8.3-1). The sand was packed in the flow cell by pouring through a 6-8 cm layer of water. The
water layer was assumed not to cause any Sze segregation of the sand grains. The sand was mixed
periodicaly to didodge any entrapped air and to provide some degree of homogenization to the
packing. Therefore, an initidly water-saturated condition was assumed with a constant bulk dengty.
Messurements of bulk densities following the experiment yidded an average value of 1.40 gcmi® with a
coefficient of variability of 3.2 per cent. Thefind thickness of the sand in the flow cdl was 1 m.

During packing the flow cell, a chamber was placed in the flow cdll that was used to direct TCE
vaporsinto the sand. The chamber was 27-cm long by 10-cm high by 7.5-cm wide and was
congtructed with metal. There was a 8.5-cm-long by 7.5-cm-wide opening at the base of the chamber.
This opening was the source area for TCE vapors entering the packed sand. The chamber and sand
were placed in the flow cdll at the same time to ensure that the sand was packed adjacent to the
chamber wals. A 12-cm+long by 7.5-cm-wide metd section that was attached to each side of the
opening in the chamber base to direct vapors downward (Figure 8.3-1).

Approximately 24 hours after the packing was completed, the water table was lowered from
dightly above the upper sand surface (i.e., an elevation of 102 cm) to an devation of 15.5 cm at the
water-supply fluid reservoir chamber and at an evation of 15 cm at the outlet fluid reservoir chamber.
A 0.5 cm height difference in fluid levels was maintained over the 2-m cdll length to cause water to flow
at rates comparable to field velocities.  Asthe water drained, sand was evacuated from the chamber
and aglass container, filled with dry sand, was placed on posts and centered in the source chamber.
Sand was placed in the glass container to increase the surface area of the liquid TCE-air interfaces. The
surface of the sand directly below the chamber was at an elevation of 90 cm, and the surface of the
sand elsawhere was at an eevation of 100 cm (Figure 8.3-1). Three sampling ports were located within
the domain of the source chamber. One port was used to supply liquid TCE to the glass container, one
port was used to characterize TCE vapor concentrations in the supply chamber, and the other port was
used to investigate if there would be any increase in total gas pressure, viaa manometer, because of
TCE volatilization and source chamber design. The TCE-vapor concentrationsin the void spaces of the
sand were characterized by extracting 25-m gas samples from the measurement ports using a gas-tight

syringe.
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Figure8.3-1. [llugtration of the Configuration of the Flow Cdll Including the Measurement Ports

with Associated Numbers, the Vapor Chamber, and the Water Table

In the smulations with STOMP, the lower gas-phase boundary condition was no-flow, as were
the sde boundary conditions. The upper gas-phase boundary condition was atmaospheric pressure with
time-dependent TCE concentrations equa to those measured above the sand during the experiment
(measurement port not shown in Figure 8.3-1). Boundary conditions corresponding to the vapor-
source chamber were no-flow aong the chamber boundaries and the vertical 12-cm-long metd sections
that were used to direct the vapors downward, except for the 8.5-cm opening at the base of the
chamber. At thisinterface, the boundary conditions were atmospheric pressure and time-dependent
TCE concentrations measured via port 15 (Figure 8.3-1). These conditions more accurately matched
the experimenta conditions, i.e., the TCE concentrations in the vapor chamber did not instantaneoudy
achieve their saturated values and TCE concentrations above the sand were not zero (there was some
out-gassing). The upper and Sde agueous- phase boundary conditions were no-flow. The lower
aqueous- phase boundary condition was constant pressures that caused water to flow at arate equd to
areduction in head of 0.5 cm over a2-m length. The two-dimensiond domain was discretized into 880
(40 x 22) cells. The smulations conssted of two parts. In thefirg part the initid steady state conditions
were created. The second part, the actua TCE distribution was smulated. The STOMP input file for
the second part is shown in Exhibit 8.3-1. The parametersfile of this problem is shown Exhibit 8.3-1.
The experiment and numerical Smulations are described in detall by Lenhard et d. (1995).
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8.3.2 Smulations

In Figure 8.3-2 through Figure 8.3-4 , the measured and smulated TCE concentrations are
shown for three locations (port 6, port 9, and port 45, respectively), as afunction of time. The
measured concentrations are compared with numerical Smulations conddering diffusion only and with
smulations consdering both diffuson and gaseous advection because of density differences. To ignore
vapor density effectsin the smulations, it was assumed that the molecular weight of TCE was such that
its vapor densties were not sgnificantly higher than that from subsurface ambient conditions.

8.3.3 Analysis

For port 6 (refer to Figure 8.3-1 for location of ports), which is directly below the source
chamber, the agreement between the experimenta data and the smulation results when vapor-dengty
effects are consdered are very good. The agreement between the experimenta data and the smulation
results when vapor-density effects areignored are very poor. This suggeststhat, for at least directly
below the source chamber, density-driven vapor advection isimportant and should be considered when
modeling vapor transport. For port 9, which isto the right of the source-chamber base, the results are
gmilar to that of port 6. Thisimpliesthat good agreement was obtained between the experimenta data
and TCE-concentration predictions when vapor-density effects were considered. Conversdly, poor
agreement was obtained between the experimenta data and TCE-concentration predictions when
vapor-dengty effects wereignored. For port 45, which islocated dightly above the water- saturated
capillary fringe to the right of the source chamber, the results are smilar to ports 6 and 9.

The reason why better agreement was obtained with smulations that include vapor-density
effects for ports below the source chamber and for ports to the Sides of the chamber isthat whole
domain of the flow cell is being affected by vapor-dengty effects. Because of spatid differencesin
vapor dengties, there will be gradientsin the tota gas potentid (i.e., sum of the gas pressure and
gravitationd potentids), which will induce advective gas flow and the TCE concentrations of dl of the
portswill be affected. The gas-flow regime, as obtained from the smulation results when vapor-density
effects are consdered, are shown in Figure 8.3-5 for t = 1 hour and t = 180 hours. The sze of the
arrowsin Figure 8.3-5 reflect the magnitude of the Darcian gas velocities; the larger isthe arrow, the
greater isthe gas velocity. It can be seenin Figure 8.3-5 that gas-flow convection cdlls develop. For
port 6, the gas velocities are moderate and are always directed downward. At port 9, for early times,
there are moderate gas velocities, but at later times, there are only minor to negligible gas velocities. For
port 37, which isin the upper right corner of the flow cell, there are minor gas velocities at early times,
and moderate gas velocities at later times, which are dways directed upward. The development of
convection cells because of vapor-dengty effectsis not unique for the experimental design we
employed. Hence, spatid TCE concentrations are likely to be dso affected in the fidd as they werein
our experiment. Therefore, for VOCs with mass densties sgnificantly larger than ambient conditions,
vapor-dengty effects need to be considered when evauating VOC vapor transport through the
subsurface, a least for porous media smilar to that used in the experiment.
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Figure 8.3-2. Comparison between Experimental TCE Concentrations and Predictions Made by
STOMP when Vapor Dengty is Consdered (solid lines) and Ignored (broken lines)
for Port 6.
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Port 9
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Figure 8.3-3. Comparison between Experimental TCE Concentrations and Predictions Made by
STOMP when Vapor Density is Considered (solid lines) and Ignored (broken lines)
for Port 9
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Port 45
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Figure 8.3-4. Comparison between Experimental TCE Concentrations and Predictions Made by
STOMP when Vapor Density is Considered (solid lines) and Ignored (broken lines)
for Port 45
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8.3.4 Summary

The experimental and modeling results suggest that vapor-dengty effects may be very important
for moving gaseous compounds through the subsurface and should therefore be included in Smulations
of vagpor movement for compounds and conditions in which vapor dendties may deviate from ambient
vapor dengties. To accurately predict VOC vapor distributions in sandy subsurface media, density-
driven advection must be considered.
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Exhibit 8.3-1. STOMP Input File for Two-Dimensiona Vapor FHow Problem

Line Input Fle
1 e e
2 ~Sinmulation Title Card
3 e e
4 1,
5 Vapor fl ow experinment simulations,
6 M Qostrom
7 Paci fic Northwest Laboratory,
8 January 1994,
9 10: 00 AM PDT,
10 1,
11 TCE vapor experinent in 2D fl ow contai ner
12 R R e
13 ~Sol ution Control Card
e e e e T T T
15 Restart,

16 VWater-Gl-Ar,,

17 0,s,180,hr,1,s, 4, hr, 1. 25, 8, 1. Oe- 06,
18 1, day, 1, day, 5000,

19 Vari abl e,

20 Const ant, 0. 9e- 06, n'2/ s,

21 0,

22 e e
23 ~Qid Card

24 # eeemmeee e eeeeeaeeeeeeeeeeeeeeeaaaan
25 Cart esi an,

26 40, 1, 22,

27 0,cm5,cm 10, cm 15,cm 20, cm 25, cm 30, cm 35, cm 40, cm 45, cm

28 50, cm 55, cm 60, cm 65, cm 70,cm 77.5,cm 80, cm 85,cm 87.5,cm 95, cm

29 100, cm 105, cm 110, cm 115, cm 120, cm 125, cm 130, cm 135, cm 140, cm 145, cm

30 150, cm 155, cm 160, cm 165,cm 170, cm 175, cm 180, cm 185, ¢cm 190, cm 195, cm

31 200, cm

32 0,cm7.5,cm

33 0,cm2.5,cm7.5,cm12.5,cm22.5,cm25,cm27.5,cm 32.5,cm 37.5,cm42.5,cm

34 47.5,cm52.5,cm57.5,cm62.5,cm67.5,cm72.5,cm77.5,cm82.5,¢cm 87.5,¢cm 90, cm
35 92.5,cm 97.5,cm 100, cm

36 e e I
37 ~l nactive Domain Card

38 e T R
39 3

40 16,16,1,1, 19, 19,
41 18,1811 19 10
42 1519.1.1 20 22

A3 H e e
44 ~Rock/ Soi | Zonation Card

L R I~
46 1,

47 Coarse Sand, 1,40,1,1,1, 22,

A8  # e eeeeeeeeeeeeeeeeeeeeeaaaaa-
49 ~Mechani cal Properties Card

BO  # mm e

55 Coarse Sand, 175.0, hc m day, 0, m2, 175. 0, hc n day,

Exhibit 8.3-1. (Contd)
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Line Input File
56 e i I
57 ~Aqueous Rel ative Perneability Card
58 e
59 Coar se Sand, Mual em,
60 i L T
61 ~CGas Relative Permeability Card
62 e e R
63 Coar se Sand, Miual em
64 e i I
65 ~NAPL Rel ative Perneability Card
66 e
67 Coar se Sand, Mual em,
68 i L T
69 ~Vol atil e O ganic Conmpound Properties Card
70 e e R
71 Tri chl or oet hyl ene,
72 131. 4, g/ nol , 186. 8, K, 360. 4, K, 572. 0, K,
73 50. 5, bar, 256. 0, 0. 265, 0. 213, 0. 9, Debyes,
74 30. 17, 0. 2287, - 0. 0002229, 8. 244e- 08,
75 Equation 1,-7.3819, 1. 94817, - 3. 03294, - 5. 345365,
76 Const ant, 1460. 0, kg/ m3,
77 Const ant, 0. 00057, Pa s,
78 2.4167e+07, Pa,
79 e e I
80 ~Saturation Function Card
81 e T R
82 Coar se Sand, Nonhysteretic,0.156,1/cm4.28,0.0, 1.0, 1. 89, 2.4,
83 e i R
84 ~Initial Conditions Card
85 e i
86 4,
87 Aqueous Pressure, 102680. 9, Pa, -25,1/m,,-9789.284,1/m1,40,1,1,1, 22,
88 NAPL Pressure, -1.0e+09, Pa,,,,,,,1,40,1,1,1, 22,
89 Gas Pressure, 101336. 47, Pa,,,,,-11.619,1/m1,40,1,1, 1, 22,
90 Tenperature, 22.0,C,,,,,,,1,40,1,1,1, 22,
91 e i R
92 ~Boundary Conditions Card
93 e i
94 5,
95 Top, Zero Flux, Dirichlet, Zero Fl ux,
96 1,14,1,1, 22, 22,5,
97 0,s,-1.e9, Pa,,,101325,Pa, 1.0,0.0, -1. €9, Pa,
98 24, hr,-1.e€9, Pa,,, 101325, Pa, 1.0,0.0, -1. €9, Pa,
99 48, hr,-1.€9, Pa,,, 101325, Pa, 1.0, 0. 05, - 1. €9, Pa,

100 120, hr,-1.€9, Pa,,, 101325, Pa, 1.0, 0. 11, -1. €9, Pa,

101 180, hr,-1.€9, Pa,,, 101325, Pa, 1.0, 0. 11, -1. €9, Pa,

102 Top, Zero Flux, Dirichlet, Zero Fl ux,

103 16, 18,1, 1, 19,19, 5,

104 0,s,-1.e9,Pa,,,101326. 161873769, Pa, 1.0, 0.0, - 1. €9, Pa,

105 0.5,hr,-1.€9, Pa,,, 101326. 161873769, Pa, 1. 0, 0. 75, - 1. €9, Pa,

106 6.0, hr,-1.€9, Pa,,, 101326. 161873769, Pa, 1. 0, 0. 85, - 1. €9, Pa,

107 48, hr,-1.€9, Pa,,, 101326. 161873769, Pa, 1.0, 1.0, - 1. €9, Pa,

108 180, hr,-1.e9, Pa,,, 101326. 161873769, Pa, 1.0, 1.0, - 1. €9, Pa,

109 Top, Zero Flux, Dirichlet, Zero Fl ux,

110 20,40,1,1,22,22,5,
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Exhibit 8.3-1. (Contd)

Line Input Fle
111 0,s,-1.e9,Pa,,,101325,Pa, 1.0,0.0,-1. €9, Pa,
112 24,hr,-1.€9, Pa,,, 101325, Pa, 1.0,0.0, -1. €9, Pa,
113 48, hr,-1.€9, Pa,,, 101325, Pa, 1.0, 0. 05, - 1. €9, Pa,

114 120, hr,-1.€9, Pa,,, 101325, Pa, 1.0, 0. 11, - 1. €9, Pa,
115 180, hr,-1.€9, Pa,,, 101325, Pa, 1.0, 0. 11, - 1. €9, Pa,
116 West , Hydraul i ¢ Gradi ent, Zero Fl ux, Zero Fl ux,
117 1,1,1,1,1,5,1,

118 0, s, 102680.9, Pa,,,-1.e9,Pa, 1.0,0.0, -1. €9, Pa,
119 East, Hydraul i ¢ Gradi ent, Zero Fl ux, Zero Fl ux,
120  40,40,1,1,1,5, 1,

121 0, s, 102630. 958, Pa, ,,-1.e9,Pa, 1.0,0.0, -1. e9, Pa,

122  H s
123  ~CQutput Options Card

124 e oo
125 46,

126 3,1,21,

127 3,1, 16,

128  3,1,13,

129 3,1, 10,

130 3,1,7,

131 11,1, 21,
132 11,1, 16,
133 11,1, 13,
134 11,1, 10,
135 11,1, 7,

136 15,1, 16,
137 15,1, 13,
138 15, 1, 10,
139 15,1, 7,

140 17,1, 16,
141 17,1, 13,
142 17,1, 10,
143 17,1,7,

144 19, 1, 16,
145 19, 1, 13,
146 19, 1, 10,
147 19,1, 7,

148 22,1, 21,
149 22,1, 16,
150 22,1, 13,
151 22,1, 10,
152 22,1,7,

153 24,1, 16,
154 24,1, 13,
155 24,1, 10,
156 24,1,7,

157 26,1, 21,
158 26,1, 16,
159 26,1, 13,
160 26,1, 10,
161 26,1, 7,

162 30, 1, 21,
163 30, 1, 16,
164 30, 1, 13,
165 30, 1, 10,
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Exhibit 8.3-1

Line  Input Fle
166 30,1, 7,
167 39, 1, 21,
168 39, 1, 16,
169 39, 1, 13,
170 39, 1, 10,
171 39,1, 7,
172 1,1, hr,m
173 3,
174 X gas vol , m day,
175 z gas vol, nf day,
176 gas voc conc, kg/ nt3,
177 6,
178 4, hr,
179 8, hr,
180 12, hr,
181 24, hr,
182 48, hr,
183 180, hr,
184 1,
185 gas phase voc conp, kg/ n*3,
186
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Exhibit 8.3-2. STOMP Parameters File for Two-Dimensiond Vapor Flow Problem

Line PaametersFile
1 O e e e PP P C
2 C STOW Parameter File
3 (O e C
4 C
5 C-- Nunmber of lines of simulation notes
6 C Nunmber of execution periods ---
7 C
8 PARAMETER( LNOTES=10, LEPD=10)
9 C
10 C-- Number of nodes in the x or r coordinate direction
11 C Nunmber of nodes in the y or theta coordinate direction
12 C Nunber of nodes in the z coordinate direction
13 C Number of active nodes
14 C Nunber of active di mensions
15 C M ni mum of (LFX*LFY, LFX*LFZ, LFY*LFZ2) ---
16 C
17 PARAMETER( LFX=40, LFY=1, LFZ=22)
18 PARAMETER( LAN=863, LAD=2, LM\P=22)
19 C
20 C--- Energy equation switch (0 = off, 1 = on)
21 C Water mass equation switch (0 = off, 1 = on)
22 C Air mass equation switch (0 = off, 1 = on)
23 C VOC mass equation switch (0 = off, 1 = on)
24 C Solute transport equation switch (0 = off, 1 = on)
25 C Freezing conditions switch (0 = off, 1 =on) ---
26 C Di ssolved salt transport equation switch (0 = off, 1 =on) ---
27 C Di ssolved oil transport equation switch (0 = off, 1 =on) ---
28 C
29 PARAMETER(LT=0, LL=1, LG=1, LN=1, LC=0, LFC=0, LS=0, LD=0)
30 C
31 C-- Banded nmatrix |inear equation solver switch (0 = off, 1 = on)
32 C Conj ugate gradient |inear equation solver switch (0 = off, 1 = on)
33 C Unsynmretric-pattern nultifrontal package switch (0 = off, 1 = on)
34 C
35 PARAMETER( LBD=1, LCG=0, LUM=0)
36 C
37 C-- Nunmber of boundary condition surfaces
38 C Nunmber of boundary condition times ---
39 C
40 PARAMETER( LBC=12, LBTM:=17)
41 C
42 C-- Nunber of sources
43 C Nunber of source times ---
4 C
45 PARAMETER( LSR=1, LSTM=10)
46 C
47 C-- Nunmber of rock/soil types
48 C Nunmber of sol utes
49 C
50 PARAMETER( LRC=1, LSOLU=1)
51 C
52 C-- Nunber of reference nodes
53 C Nunmber of print tines
54 C Nunmber of integration surfaces ---
55 C
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Exhibit 8.3-2. (Contd)

Paraneters File

PARAMETER( LREF=46, LPTM=6, LSF=1)

Nunmber saturation and relative perneability table entries
Nunber of hysteretic scanning paths
Nunmber of chemi cal reactions

PARAMETER(LTBL=1, LPATH=7, LCHEM:1)
Conput ed Paraneters ---

PARAVETER( LUK=LT+LL+LGFLN+LS+LD, LPHELL+LG+LN, LOWP=LL+LS+LD)
PARAVETER( LFXY=LFX* LFY, LFYZ=LFY*LFZ, LFZX=LFZ*LFX)

PARANETER( LFD=LFX* LFY* LF2)

PARAVETER( LNE=( LUK* LUK* ( 7* LED- 2% LEXY- 2% LFYZ- 2* LFZX) ) * *LUM)
PARAVETER( LHBWEL UK* LMNP+LUK- 1)

PARAVETER( LJA=LBD + LOG*LANFLUK + LUVFLAN*LUK)

PARAVETER( LIB=( 2* LANF LUK) **LUM LJC=LAN** LUV

PARAVETER( LJD=LBD* (3* LHBW-1) + LCGFLAN*LUK + LUM 6* LNE)
PARAVETER( LJE=LBD* LAN* LUK + LOG((2* LAD+1) * LUK+2*LAD) + LUV
PARAVETER( LJF=LAN* LUK)

PARAVETER( LJG=LBD* ( 3* LHBWH1) + LOGFLAN*LUK + LUM

PARAVETER( LJHELBD* LAN* LUK + LOGt(2*LAD+1) + LUV

PARAVETER( LJJ=LBD* LAN*LUK + LCG + LUV)

PARAVETER( LSV=LUK+2, LSFV=2* LUK+1)

PARAVETER( LSX=( LFX+1) * LFY* LFZ)

PARAVETER( LSY=LFX* ( LFY+1) * LFZ)

PARAVETER( LSZ=LFX* LFY* ( LFZ+1))

PARAVETER( LFDT=LFD** LT, LFDL=LFD* * LL, LFDG=LFD* * LG, LFDN=LFD** LN)
PARAVETER( LFDC=LFD**LC, LFDI =LFD**LFC, LFDS=LFD**LS, LFDD=LFD**LD)
PARAVETER( LSXT=LSX* * LT, LSXL=LSX* * LL, LSXG=LSX* * LG, LSXNELSX* * LN)
PARAVETER( LSXC=LSX**LC, LSXS=LSX**LS, LSXD=LSX**LD)

PARAVETER( LSYT=LSY** LT, LSYL=LSY**LL, LSYG=LSY** LG, LSYNELSY**LN)
PARAVETER( LSYC=LSY**LC, LSYS=LSY**LS, LSYD=LSY**LD)

PARAVETER( LSZT=LSZ** LT, LSZL=LSZ** LL, LSZG=LSZ* * LG, LSZN=LSZ* *LN)
PARAVETER( LSZC=LSZ**LC, LSZS=LSZ**LS, LSZD=LSZ**LD)

PARAVETER( LRCT=LRC** LT, LRCL=LRC* * LL, LRCG=LRC* * LG, LRCN=LRC* * LN)
PARAMETER( LROC=LRC**LC, LRO =LRC**LFC, LRCS=LRC**LS, LRCD=LRC**LD)
PARAVETER( LBCT=LBC* * LT, LBCL=LBC* * LL, LBOG=LBC* * LG, LBCNELBC* * LN)
PARAVETER( LBCC=LBC**LC, LBCI =LBC**LFC, LBCS=LBC**LS, LBCD=LBC**LD)
PARAVETER( LBOUELUK+LPH+LT+2, LBCV=LBOU+LSOLU)

PARAVETER( LOUPV=200+11* ( LSOLU))

PARAVETER( LJI =LBD* LAN* LUK + LOG + (3* LNE+23* LFD* LUK+9) * LUM)
PARAMETER( LSCHR=18)
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