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Standard Guide for
Simulation of Subsurface Airflow Using Ground-Water Flow
Modeling Codes *

This standard is issued under the fixed designation D 5719; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope sent or replace the standard of care by which the adequacy of

1.1 This guide covers the use of a ground-water flow@ given professional service must be judged, nor should this
modeling code to simulate the movement of air in the subsurdocument be applied without consideration of a project’s many
face. This approximation is possible because the form of th&nique aspects. The word “Standard” in the ftitle of this
ground-water flow equations are similar in form to airflow document means only that the document has been approved
equations. Approximate methods are presented that allow tH8rough the ASTM consensus process.
variables in the airflow equations to be replaced with equiva-
lent terms in the ground-water flow equations. The mode
output is then transformed back to airflow terms.

1.2 This guide illustrates the major steps to take in devel-
oping an airflow model using an existing ground-water flow _ o
modeling code. This guide does not recommend the use of a D 5447 Guide for Application of a Ground-Water Flow
particular model code. Most ground-water flow modeling _Model to a Site-Specific Problein
codes can be utilized, because the techniques described in thisP 5490 Guide for Comparing Ground-Water Flow Model
guide require modification to model input and not to the code. Simulations to Site-Specific Informat|6n

1.3 This guide is not intended to be all inclusive. Other E 978 Prqctlce for Evaluating Environmental Fate Models
similar techniques may be applicable to airflow modeling, as  ©f Chemical$
well as more complex variably saturated ground-water flo :
modeling codes. This guide does not preclude the use of otr\:\gr' Terminology

techniques, but presents techniques that can be easily applied3'1 Definitions: i . .
using existing ground-water flow modeling codes. 3.1.1 boundary conditior-a mathematical expression of a

1.4 This guide is one of a series of standards on grounos_tate of the physical system that constrains the equations of the

water model applications, including Guides D 5447 angMathematical model.
D 5490. This guide should be used in conjunction with Guide 3-1-2 computer code (computer programjhe assembly of

D 5447. Other standards have been prepared on environmenfimerical techniques, bookkeeping, and control language that
modeling, such as Practice E 978. represents the model from acceptance of input data and

1.5 The values stated in Sl units are to be regarded as tHBstructions to delivery of output. o
standard. 3.1.3 ground-water flow modetapplication of a math-

1.6 This standard does not purport to address all of the€matical model to represent a site-specific ground-water flow

safety concerns, if any, associated with its use. It is theYStem. _ _ .
responsibility of the user of this standard to establish appro- 3-1-4 mathematical modek( &) mathematical equations

priate safety and health practices and determine the applica€*Pressing the physical system and including simplifying
bility of regulatory limitations prior to use. assumptions, b the representation of a physical system by

1.7 This guide offers an organized collection of information Mathematical expressions from which the behavior of the

or a series of options and does not recommend a specificyStem can be deduced with known accuracy.

course of action. This document cannot replace education or 3-1-5> modei—an assembly of concepts in the form of
experience and should be used in conjunction with professiondl'@thématical equations that portray understanding of a natural
judgment. Not all aspects of this guide may be applicable in alPhénomenon.

circumstances. This ASTM standard is not intended to repre- 32 For definitions of other terms used in this guide, see
Terminology D 653.
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3.3 Symbols:Symbols and Dimensions:

3.3.1 A—cross-sectional area of cell [cfh

3.3.2 g—acceleration due to gravity [cm#

3.3.3 h—air-phase or water phase head [cm].

3.3.4 k—air phase permeability [cfh

3.3.5 K—hydraulic conductivity [cm/s].

3.3.6 P—air phase pressure [g/cri}s

3.3.7 P—reference air-phase pressure [g/cth-s
3.3.8 g—specific discharge vector for air [cm/s].
3.3.9 g—volumetric flow of water through cell [cis].

3.3.10 g*—model-computed term related to airflow in units

g?>-cm/$

3.3.11 g,—volumetric airflow [cm?¥s].

3.3.12 g,,—mass airflow [g/s].

3.3.13 R—universal gas constant = 8.3¥410 “[g-cn?/s*-
mol-K].

3.3.14 S—specific storage of the porous material [¢in
3.3.15 t—time [s].

3.3.16 T—temperature [K].

3.3.17 W—volumetric flux per unit volume [5Y.

3.3.18 z—elevation head [cm].

3.3.19 oh—hydraulic head difference [cm].

3.3.20 ol—length of model cell [cm].

3.3.21 p—density of air [g/cnT].

3.3.22 g—air-filled porosity [nd].

3.3.23 p—pressure-squared @ [(g/cm-)].

4.2.2 Flow rates computed by the pressure-squared ap-
proach must be transformed into equivalent airflow terms for
volumetric flow ratesd,) or mass flow rates ¢,,,).

4.2.3 No transformation of the output is required by the
pressure substitution technique, although the pressures may be
converted to more convenient units.

5. Significance and Use

5.1 The use of vapor extraction systems (VES), also called
soil vapor extraction (SVE) or venting systems, is becoming a
common remedial technology applicable to sites contaminated
with volatile compoundg€3, 4). A vapor extraction system is
composed of wells or trenches screened within the vadose
zone. Air is extracted from these wells to remove organic
compounds that readily partition between solid or liquid phases
into the gas phase. The volatile contaminants are removed in
the gas phase and treated or discharged to the atmosphere. In
many cases, the vapor extraction system also incorporates
wells open to the atmosphere that act as air injection wells.

Note 1—Few model codes are available that allow simulation of the
movement of air, water, and nonaqueous liquids through the subsurface.
Those model codes that are availafile 6), require inordinate compute
hardware, are complicated to use, and require collection of field data that
may be difficult or expensive to obtain. In the future, as computer
capabilities expand, this may not be a significant problem. Today,
however, these complex models are not applied routinely to the design of

3.3.24 w—average molecular weight of air [g/mol]. vapor extraction systems.

3.3.25 p—dynamic viscosity of air [g/cm-s]. 5.2 This guide presents approximate methods to efficiently

simulate the movement of air through the vadose zone. These

ethods neglect the presence of water and other liquids in the
adose zone; however, these techniques are much easier to
pply and require significantly less computer hardware than

4. Summary of Guide

4.1 The flow of gas (air in this case) through unsaturate
porous media can be approximated using ground-water flo
mpdelmg codes. This is accor_nphshgd through substitution o ore robust numerical models.
air-phase parameters and variables into the ground-water ﬂow5 3 This quide should be used by around-water modelers to
equations. There are two substitution techniques discussed in~"~ . guiae y g S
this guide, the pressure-squared technideand the pressure approximately simulate the movement of air in the vadose

- ; o .~ zone.
substitution techniqué?). These substitutions are summarized . . : .
as follows: qué2) 5.4 Use of this guide to simulate subsurface air movement

4.1.1 The dependent variable, usually head, in the grounoqoes not guarantee that the airflow model is valid. This guide
water flow equation becomes pressure or pressure-squared;s'mply describes mathematical techniques for simulating sub-

4.1.2 Saturated hydraulic conductivityKj, both horizontal SL_"face air movement with ground-water modeling codes. As
and vertical components, becomes air permeabilkyof with any mpdelmg.study, th_e mod.eler must have a thorough
intrinsic permeability) in the pressure-squared technique aanderstandlng of site conditions with supporting data in order

an equivalent air hydraulic conductivity in the pressure substil® ProPerly apply the techniques presented in this guide.

tution technique. .
4.1.3 Storage coefficien§( becomes the air storage coeffi- 6. Pressure-Squared Substitution Procedure

cient S); 6.1 The pressure-squared substitution procedure is adapted
4.1.4 The Vadose zone is considered a confined aquifeffom Baehr and Josgl). The technique allows simulation of

and, the flow of gas (air in this case) through porous media using
4.1.5 All boundary conditions are expressed in terms of aiground-water flow modeling codes. This is accomplished

pressure-squared, although constant flux boundary conditioriBrough substitution of air-phase parameters and variables into

may be used in the pressure substitution technique. the ground-water flow equations. These substitutions are sum-
4.2 The ground-water modeling code is executed usingnarized as follows:

these parameter and variable substitutions. The model results6.2 Airflow Equation—The following presentation outlines

must then be transformed to values representative of air. Thegee essential assumptions of the airflow equation. A more

calculations are summarized as follows: detailed presentation providing justification of the various
4.2.1 If the problem is formulated in terms of air pressure-assumptions is provided by Baehr and H{l).

squared, the square root of the model-computed dependent6.2.1 The conservation of mass equation for airflow in an

variable is computed at each cell; unsaturated porous medium is given by the following:
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g( 6)+ Vo ~q) = 0 ) pressure differences less than 0.2 atm, but are quite large for
at P P4 pressure differences greater than 0.5 atm. In most cases, the
6.2.2 Darcy’s Law for airflow is assumed as follows: pressure differences will be less than 0.2 atm; therefore, either
substitution may be used in environmental modeling (see
~Qgg= — p_ugm kVh (2)  Section 7 for a description of the pressure substitution tech-
) _nique).
623 Hubbert (1940) defined the head for a COfnpreSSlble 6.2.9 Eq 7 can be direcﬂy Compared to the linear ground_
fluid as follows: water flow equation. The simplifying assumptions needed to
1prl arrive at this linear airflow equation are summarized as
h=z+ @f 5F G follows:

6.2.4 The Ideal Gas Law is assumed to relate pressure and®-2-9-1 Darcy’s law is valid for airflow; _ _
density and thus provides a model for air compressibility as 6-2-9-2 The elevation component of pneumatic head is

follows: neglected;
6.2.9.3 Temperature effects are neglected;
p= ‘;_FT) %) 6.2.9.4 The Ideal Gas law is a valid model for compress-
ibility;

6.2.5 Substituting Eq 4 into Eq 3, assumingand T are 6.2.9.5 The Klinkenberg slip effect is neglected;
constant, neglecting the elevation component of head (that is 6.2.9.6 Water movement and consolidation are neglected,
small for air compared to the pressure component) angherefore porosity is constant with respect to time; and
substituting into Eq 2 gives the following expression for 6.2.9.7$Y?= P, in definition of storage coefficiers,.

Darcy’s Law in terms ofP: 6.2.10 Baehr and Hu(f7) examined the consequences of the
assumptions presented in 6.2.9. The authors found that the
I Ti kvP ®)  Jinear airflow model given by Eq 7 is a good working model for

ssentially all environmental applications.

6.2.6 Substituting Eq 4 and Eq 5 into Eq 1, and then usin X ,
g =d d d ge 6.3 Ground-Water Flow Equation-The following ground-

the following linearizing change of variable suggested by

Muskat and Botse8) for airflow: water flow equation is solved by many ground-water flow
2' models:
¢=P © 9 ( oh\ o/ hy o/ oh ~ _oh
yields the following three-dimensional airflow equation in x (KXXW) oy <KWW> * a_z( Kzza_z> “W=Sg O

Cartesian coordi_nates that is analogous in form to the ground- where:x, y, andz are Cartesian coordinates aligned along the
water flow equation solved by many ground-water flow modelsyajor axes of the hydraulic conductivity tensor with diagonal

(MODFLOW (9), for example): components,, Ky, K o
i(k @) N 3( @) N 3( " a_) _s b @ 6.3.1 The purpose of the procedure presented in this guide is
ax\ "xox ) oy kyyay az\ gz ) Taat to facilitate airflow simulations by matching Eq 7 and Eq 9 so

nentsk ,,, k,,, andk,, with the following parameter matches:

6.2.7 Air-phase permeability is assumed to be independent hd ¢ (10
of P, therefore, the Klinkenberg slip effe€t0) can only be KO k (11)
modeled as constant with respecttoTl he coefficientS;is the sOs (12)

pneumatic equivalent of specific storage and if air-filled
porosity is constant with respect to time (that is, water
movement is neglected) then:

6.3.2 The parameter matching allows the hydraulic head
and flow output from the ground-water model to be interpreted
for the airflow model in accordance with 6.3.

S, = Ly (8) 6.4 Boundary Conditions-There are only two permissible
Ve types of boundary conditions when using the pressure-squared

6.2.8 The change of variablé = P? results in a linear substitution described above. These include constant pressure
equation for steady-state airflow. The transient equation isnd no-flow boundaries.
linearized by assuming®?=P,,, in the definition of S, 6.4.1 Constant pressure cells are actually constant pressure-
whereP,,,, is the prevailing atmospheric pressure. squared cells. Constant pressure cells are used in two ways:

6.2.8.1 Massman(®) describes the errors involved with the  6.4.1.1 Constant pressure cells are set around the perimeter
pressure-squared substitution described above, as well af the model to allow air to flow into the model horizontally,
simply substituting pressure for head. The error in the pressureénd
squared substitution is less than 1% when the pressure 6.4.1.2 Venting wells and trenches are defined as constant
difference between any two points in the flow field is less tharpressure cells where the pressure is the absolute pressure
0.2 atmospheres (atm) and less than 5% when the pressuiguared) maintained in the venting well.
difference is less than 0.8 atm. When substituting pressure 6.4.2 An extra layer of constant pressure cells should be
(instead of pressure-squared) for head, the errors are similar fadded at the top of the model domain to simulate the
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connection between the vadose zone and the atmosphere. The 0= q ( 1 ) (18)
L=

cells in this top layer and the constant pressure cells around the 2/¢

outside of the model are maintained at the prevailing atmo- 6.6.6 Therefore to obtain components of volumetric airflow,

spheric pressure (squared). To make sure that the model COV&RR head output file must be combined with the flow output as
a sufficiently large area around the venting system, at Iea%dicated by Eq 16 Eq 17 Eq 18.

90 % of the air inflow to the model should come from the top 6.6.7 Mass air flow rate is given by:

atmospheric layer (as opposed to the lateral edges of the '

model) (1). Om = POy (19)
6.4.3 Wells and trenches should be maintained at a constant 6.8 Substituting the ideal gas law, Eq 4 into Eq 19 and

value Ofd) The grOUnd-Water flow model will then Compute a then Substituting into Eq 17, y|e|ds the fo”owing

flow rate @*) that must be transformed to a volumetric airflow

rate @,) or mass flow rate ¢, in accordance with Eq 18 and O = —kAPL;I;—T%'ID (20)
Eq 21, respectively.
6.4.4 No-flow boundaries are normally prescribed along the 6.6.9 Thereforeq, is given as follows:
base of the model representing the water table or boundary ®
with the saturated aquifer system. No-flow cells may also be G = 0" (m’) (1)

used to represent foundations, paved areas, or other subsurfac
material impermeable to air.

6.5 Interpretation of Model Head OutputAs a result of the
parameter matches discussed in 6.2, cell valuals oP? will
be computed by the ground-water flow model. Taking the

. 7. Pressure Substitution Procedure
square root of the head output values gives the pressure

distribution for the airflow simulation. 7.1 The pressure substitution technique is adapted from

6.6 Interpretation of Model Flow OutputGround-water Massmann(2) and is simpler to apply than the pressure-
flow models Compute cell by cell Components of flow Vectorssquared substitution teChnique. As stated in 6.8.2.1 s however,
that need to be interpreted to obtain airflow rates. Mosthe pressure substitution technique is only valid when the
ground-water flow modeling codes (MODFLOW®), for  Pressure difference between any two points in the system is less
example) calculate components of airflow rates as follows: than about 0.2 atm.

%.6.10 Therefore to obtain components of mass airflow, the
ground-water flow output values fa* is multiplied by the
term appearing in Eq 21.

h 7.2 The pressure substitution technique makes the following
a=—KA5 (13)  substitutions into Eq 9 (the ground-water flow equation):
6.6.1 Based on the transformations given by Eq 10 and Eq K = pgk (22)
11, flow output corresponds to the following terms for an H
airflow simulation: _ gub
” T RT
q = —kAp (14) . P
where: g* is the flow term computed by the model and P9
related to airflow in units gcm/s'. 7.3 These substitutions are straightforward; however, gas
6.6.2 To relatay* to air flow, recognize that: composition is often unknown. In that case, the densily (
) 5 viscosity (1), and molecular weighb) of air may be assumed
"a_‘:’ - % = ng @as5)  as follows:
o _ . 7.3.1 p (air) = 1.3x 10 3 g/cnt.
6.6.3 Substituting Eq 15 into 14 gives: 7.3.2 | (air) = 1.8 10 ~* g/cm/s (0.018 cP).

o . 7.3.4 Also note that g = 980 cmfsandk may be obtained
6.6.4 From Eq 5, Darcy’s Law for volumetric airflow is as from estimates of saturated hydraulic conductivity las

follows: =1.02x 10 K.
kAP
& ="rar A7) 8. Keywords
6.6.5 Therefore, the ground-water model flow outgtiis 8.1 airflow; computer model; ground water; simulation; soil
converted as follows: venting
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