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Abstract

Multiphase flows are governed by three-dimensional Navier Stokes equations for each involved
phase. Therefore, solution of these cquations for given boundary and initial conditions, in
principle, would delermine the [low lield in lime and space. Generally, boundaries belween
involved phases are not known a priory, but are part of the seolution; or in the case of
Hows in a porous medinm, these boundaries have too complicated geometry to be resolved
mathematically. This resulted into development of simplified models, where the level of
simnplifications determines the model applicability. However, in order to represent sirnulated
Hows accurately, the model should include as much as possible relevant mechanisms and fluid
propertics.

Iun this study, a numerical model is developed based on [inile volume method, in
which the volume averaged governing eqguations are solved. In contrary to the simplified
models, a full momentum equations for each involved phase is ronsidered. Such model is
utilized in the study to investigate commonly adopted simplifications, and their effects on
the mwodel applicability. Namely, for the lows in porous media, the effects of acceleration
terms in momenturn equations are investigated; first for the saturated groundwater How, and
then, for the air/water flow during air injection into initially saturated soil. Tt is revealed
that in the case of saturated flow in homogencous, incompressible, low permeable soils, the
pressure adapts the new imposed boundary conditions instantancously, while the velocities
reach the quasi-steady conditions extremely fast. ln the case of heterogeneous soil, pressure
and velocity field have transient nature, but quickly reach the quasi-steady conditions. Only
during this onset of How, the inertia terms play a role,

In the case of air/water flow during air sparging, it is revealed that acceleration
becomes important for porous medium with average grain size larger than 2 mm. This
implics that simulations of such flow in coarse sands and gravels should include acccleration.
It is explicitly shown that phenomena of flow pulsation, manifesting as steady pulsation at
the constant air-injection How rate, can be modeled only by inclusion of acceleration terms
in paverning equations. Theoretical analysis, conducted by application of one-dimensional
stability analysis, revealed that inertial effects promote the instability, while the capillary
forces oppose it. Ratio of these forces determines the onset of instability. It is showed that
for materials with average grain size smaller than 2 mm, instability can not be expected.

In order to apply the madel for simulation of contaminant removal during air sparg-
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ing, the contaminant transpart model is supplied. Mechanistic humerical models inherently
assume that involved phases are complesely mixed, and by now reported models commonly
assume the local equilibrium of contaminant between the air and water phase. As reported
by many investigators, this leads toward an overestimated contaminant removal. Therefore,
in this model a channel air low pattern is eonsidered, where transfer of contaminant between
the waler and the air phase is modeled according (o two [ilin theory., Dillusive process of con-
taminant transport toward the air phase is modeled by a first order kinetic process between
two water compartments: a immobile compartment in contact with the air phase and mobile
compartment which has no contact with the air phase. Application of the developed model
to reported two-dimensional experiment, showed a good agreement between simulated and
measured transient change of dissolved contaminant in the water.

This study also showed that single numerical model, through the minor refinements,
can be applied to wide variety of hydraulic engincering problems. By inclusion of gas com-
pressibility, and mass exchange between the gas and the water phase in continuity equations,
with adapting the drag term in momentum equations, a bubble plume model is proposed
which can be utilized for simulation of lake amelioration by gas (air or pure oxygen) in-
jection. Model is qualitatively and quantitatively validated by comparison with reported
experiments from the literature. Hypothetical simmulation of pure oxygen injection into 50 m
deep lake showed that, due to ambient water entrainment into the gas plume, a significant
spreading of dissolved oxygen can not be expected. Therefore, a optional gas injection strat-
egy should be considered. Developed model can be utilized in order to propose an optimal
gas injection design.

Finally, the same numerical model is proposed for simulation of flow in complex flow
domains, consisting of bulk water and flow in porous medium with free surface boundary.
Model is formulated in generalized curvilinear coordinates, in order to provide adequate
representation of irregular boundaries. In contrast to earlier proposed boundary conditions
at the two domain interface, in this model a continuity of velocities and stresses is assumed; for
both regions a single set of governing equations is solved. Model application is illustrated by
simulation of embankment overflow and its effect on effective stresses in the porous medium.
It is showed that coupled, bulk water and groundwater flow, significantly influence the slope

failure potential, here quantified by the Coulomb failure coefficient for non cohesive soils.
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Chapter 1

Introduction

1.1 Preliminaries

Multiphase flows are very comunon in many areas of hydraulic engineering, geo-
science or industry. For example, oil/gas extraction, groundwater flow and transport, under-
ground disposal of hazardous materials, soil remediation, etc., involve systems with different
substances or different phases of matter (solid, liquid or gas) in coexistence. A phase in mul-
tiphase system can be dispersed (i.e. not materially connected) such as particles, droplets
or bubbles. Multiphase flows can be also non-dispersed such as fluid flows through a porous
material, or immiscible flows of NAPL (Non-Aqueous Phase Liquid) and water. Saturated
groundwater flow can also be considered as two phase flow, in which one phase (porous
medium) is stagnant.

Flow dynamics of such flows is significantly more complex than single fluid flows,
mainly due to existence of the interphase between the phases. Through the interface several
physical processes appear, such as transfers of energy, mass and momentum. A primary dif-
ficulty is prediction of the shape and position of the interface between different phases. In
general, the geometry and spatial distribution of the interface is not known a priory, but it is
a part of the solution. From the mathematical point of view, the interface represents discon-
Linuivy lor certain quanlilies, e.g. pressure, density or viscosily, [rom which computalional
difficulties arise.

An inherently complex flow structure resulted in model simplifications in order to
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simudate such flows. Therefore, the underlying multiphase character is often neglected, and
the system is treated formally as a single-phase. This leads to so called Homogeneous mod-
els, where the assumption of mechanical equilibriuin (i.e. relative velocity equals zero) is
utilized. Therefore, only one velocity field needs to be computed, with averaging of physical
parameters. This approach is, for example, utilized for modeling of dispersed flows, whete
viscous [orces dominale over inertial and buoyancy lorces. Tn Lhe case of uusalurated lows in
porous medium, the air phase is often neglected, assuming it under a constant (atmospheric)
pressure, i.e. stagnant. Actually, the fact is that air phase has significantly higher mobility
in the porous materials. and its effects on groundwater flow may, under some circumstances,
be neglected. Introduction of constitutive equation for relative velocity between the phases
leads to so called Diffusion models. where difference between the phase velociticos is allowed.
This approach is extensively utilized in modeling of bubble plumes, with constant, vertical
slip velocity of the air phase [e.g. Kobus 1968; McDougall 1977; Milgram 1983; Sokolichin
and Eigenberger 1994: etc.].

Among the different multiphase flow models which can be found in the literature,
multidimensional models with balance equations for cach of the phases, presently allow most
detailed deseription of multiphase flows. This is especially true in the cases where along the
flow, another accompanying processes arc of interest, such as mass transfer and transport.

Multiphase flow and transport processes in subsurface were first modeled in the
petrolenm industry, in order to predict oil recovery as a result of its displacement by gas or
water. The Buckley-Leverett [1941] one-dimensional theory was mainly utilized before occur-
rence of numerical inodels. Recently, as the environmental concerns are growing and as the
NAPL-s are encountered in the subsurface more frequently, numerical modeling of multiphase
systems became very important in the groundwater quality fields. Here, the main objective is
to predict the fate of pollutant in the subsurface and extents of its influence on groundwater
quality. Similar approach in modeling was used in both aforementioned fields [Lake 1989,
Bear and Bachmat 1991], with formally the same continuum balance equations and closure
(constitutive) relations. The common approach in all these models is that acceleration effect
in all involved phases can be neglected.

Togical extension of application of multiphase system modeling is simulation of soil

remediation technologics, such as steam injection [Falta af al., 1992a, 1992b], soil venting
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[Baehr at al., 1989; Gierke at al., 1990; Brusseau, 1991] or air sparging Unger at al., 1995;
Lundegard and Andersen, 1996; McCrey and Falta, 1997]. Howcever, in this case, the lack of

model validation by comparison with measured in situ or laboratory data is evident.

1.2 The Topics to be Studied

The main objective of this study is development a detailed numerical model for
simulation one/two phase flows, capable for simulation of free fluid/porous media flows. It
is assumed that flow field is exactly defined by mass balance and Navier-Stokes equations
accompanied with related boundary conditions, Necessary constitutive relations are taken
from the literature, without analysis of their reliability. Such detailed model enables analysis
of different phenomena encountered in multiphase Hows. For example, effects of acceleration
terms on air fow and distribution during air sparging, which are neglected in all to date
published numerical models. This approach is very important, since multiphase flows involve
complex processes which require understanding of many fundamental mechanisms. This, in
turn, should lead to better handling of realistic problems. In that way, this research can also
be considered as experimental study (numerical, Lhough) in which some aspecls of multiphase
flows in porous media and in free fluid are analyzed.

Development of numerical model involves several topics which require attention.

This includes:
e Thearetical cansiderations
o Model development and verification (discretization methods and solution techniques)
» Methods of dealing with complex flow domains
e Model application

Theoretical background of multiphase flows is well established in the literature,
however, gsome observed phenomena still require theoretical explanation. Example is a phe-
nomena of fow pulsation during the air sparging in coarse materials, which is analytically
and numerically treated in this study.

The governing, volume averaged equations, are discretized by control volumes. This

cnables writing of all governing equations in conservative form and preserving this property in
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discretized form, Model is verified by comparison with analytical solutions, another numerical
mothods or by application on laboratory experiments, where appropriate data were available.

Developed model is further refined by formulation in generalized curvilinear coordi-
nates. This cnables fruitful treatment of complex flow domains, which are often encountered
in real problems. This, of course, has to be paid by more complicated governing and dis-
cretized equations.

It is showed in this study that the same model, through the minor refinements, can
be applied for wide variety of hydraulic problems. Several of them are treated in this study:
simulation of air sparging, modeling of bubble plumes and simulation of flows in a complex

flow domains, consisting of bulk fluid and porous medium with free surface boundaries.

1.3 Scope of the study

Chapter 2 presents theoretical ground of governing cquations for multiphase flows
which are numerically solved in this study. Chapter 3 is devoted in the developient and verifi-
cation of the proposed numerical model. The model validation is firstly accomplished through
comparison of the numerical solution to the analytical solution of the Bucklev-Leverett prob-
lem, and then, by comparison with finite element solution of the free surface flow in porous
medium. Further verification is also provided in the following chapters by comparisons with
analyvtical solutions and laboratory experiments, where different types of flows are treated.

In the Chapter 4, analysis of acceleration terins effects on the pressure redistribution
in a deep, low permeability soil is conducted. Here, numerical results are compared with
derived analytical solutions for homogeneous and heterogeneous cases.

Flow simulations of air sparging is presented in Chapter 5. Also, the role of ac-
celeration terms on flow fields and air distribution in initially saturated soil is analyzed. In
addition, the contaminant transport model is proposed as a component of the developed
multiphase flow model. Comparison with some reported experiments from the literature is
presented.

Chapter 6 is devoted in refinement and application of developed model for sim-
ulations of bubble plumes in a clear water. Simulations of reported experiments in a flat

water tank arc presented, as model validation. Its application to deep lake amclioration is
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illustrated by simulation of pure oxygen injection.

In the Chapter 7 model is further refined by formulation in generalized curvilinear
coordinates. Then, it is applied for simulation of flow in a complex flow domains with free
siurface boundaries. A fundamental analysis of combined effects of bulk fluid and groundwater
How on effective stresses in overflowed emnbankment is presented.

Finally, couclusions and soine recormnendalions are made in Chapler 8.
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Chapter 2

Governing equations of multiphase

flows

2.1 Preliminaries

In order to formulate mathematical model of multiphase flow in porons media, it is
necessary to address several concepts, which will enable us to apply differential apparatus in
describing the flow of muliiphase systems. One of the most important concepts is Condinuurn
approach in dealing with multiphase (solid, air, water, etc.) system. According to this
concept, the system with several phases is veplaced by fictive continmmnm, in which for every
point it is possible to assign any property, of any phasc in the system.

A multiphase system is composed of inter-penetrating phases, with each phase oc-
cupying only part of the whole system. Phases are divided by the highly irregular interphase
boundaries (surfaces), which may have some thermo-mechanical properties, such as surface
tension. Through the interface, there is exchange of extensive quantities (e.g. mass, mo-
mentum, energy). Bach phase is characterized by its thermodynamic quantities, which are
continuous for that phase, but discontinuous over the whole system. Locally, the standard
balance laws can be applied for cach of the phascs. Those cquations, supported by the ap-
propriate boundary conditions and with conditions at the interphase surfaces may provide,
i principle, the state of the systerm.

Since the solution of these equations at this, microscopic scale is a formidable task,

|
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the common procedure is to obtain the governing equations at the macroscopic scale. This
change, from the microscopic to macroscopic scale is accomplished through the application
of appropriate averaging procedure for various types of flows. If we consider only Eulerian
averaging technigues, several averaging procedures can be found in the literature: volume av-
eraging, time averaging, both time and volume averaging and statistical (ensemble) averaging
[e.g. Ishii, 1975; Drew and Prassman, 2000]. Io the theorelical analysis ol [lows in porous
media, the volume averaging over some representative elementary volume (REV) [Bear, 1972,
pp. 19], is the most common way to obtain macroscopic governing equations. This volume
represents mathematical point at the macroscopic scale, at which the quantitics of all avail-
able phases in the system are defined. Through this change of the scale, hydraulic variables
and parameters become continuous variables of time and space. ln fact, obtained fictive
continuum represents the overlapping continuum for every available phase. Fortunately, the
enginecring practice is most often concerned with a gross (macroscopic) properties, without
need to know the exact locations of the particular phase in the system. In addition, the
measurement of specitic properties is only possible as some kind of average (e.g. time, mass
or volume average) of microscopic quantities.

Volume averaging procedure is well established in the literature. Since understand-
ing of origins of several terms in macroscopic balance equations is of great importance in
terms of their numerical modeling, a brief explanation of averaging procedure is ziven in this
chapter. These terms are a consequence of scale change from microscopic to macroscopic, as

il will be showed iu Lhe [ollowing seclions.

2.2 Volume averaging of the balance equations

Volume averaging procedure is presented by several researchers [Slattery, 1969;
Whitaker, 1969; Gray and O'Neill, 1976; Neuman, 1977; ete.]. However, probably the most
general approach is reported by Hassanizadeh and Gray [1979a; 1979b; 1980]. The derivation
presented here, mainly follows the study reported by Hassanizadeh and Gray [1979a/, which
is here slightly adapted for the types of lows which will be numerically treated in this the-
sis. For now, the main concern is mechanical phenomena and therefore, anly derivations of

the macroscopic mass and momentum balance cquations will be presented, under isothermal
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conditions.
At the microscopic scale, single phase flow is governed by the mass and momentuim

balance equations, which in their most general form can be written as [e.g. Aris, 1962]:

dp _ .
B +V-(pv) =0 (2.1)
%+V-(pvv)—pf+V-T (2.2)

where p is the fluid density, v is the velocity vector, £ is the body-force vector per nnit mass,
T is the stress tensor and V represents a divergence operator which in Cartesian coordinates
can be expressed as:

V= (%ET — -a%eg, + %ez (2.3)
where e;, e, and e, are unit vectors in x, y and z directions, respectively.

The first term on the left side of Equation (2.2) represents the acceleration of a fluid
particle, because, at a lixed point in space, the velocity may change with time. The second
term, the advective acceleration, represents the acceleration that a particle may have, even
in a steadv-state flow field, by virtue of moving to a location at which there is a different
velocity. The forcing terms on the right side represent the applied body force, and the surface
forces. Often, the only appreciable body force is gravity, in which case f = —ge,, where e,
is the unit vector in the upward vertical direction and g = 9.81 m/s?,

Equations (2.1) and (2.2) are valid for every subregion of the multiphase systemn
where the the considered phase is available. At the interphase boundaries these equations are
not valid, but appropriate quantities (mass and momentum) have to be conserved. Therefore,
the ”jump” conditions at the boundaries can be formulated as [e.g. Hassanizadeh and Gray,
1979a; Drew and Passman, 2000]:
mass balance:

[p(w —v]]-n =0 (2.4)
momentum balance:
[pv{w—v) +t]-n=0 (2:5]

where w represents the velocity of the intertace and the boldface brackets denote the jump
over the interface. The right side of the equation (2.5) is not zero in the case that interface

has thermodynamic propertics.
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Figure 2.1: Dependence ol averaged quantity on the averaging scale aller Bear [1972].

In order to obtain macroscopic equations. the equations (2.1) and (2.2) are averaged
over the small volume dV which 1s bounded by the surface dA. This volume contains all fluids
of interest and in order that obtained averaged quantities do not depend on the size of this
voluine, it is necessary that the scale of volumme dV satisfies certain conditions. If we denote

this scale by D, condition can be expressed as [Whitaker, 1969]:
l« D& L (2.6)

where [ is the characteristic microscale length and L is the scale of the gross inhomogeneities
which may cause the change of the averaging quantities. This can be seen in Figure (2.1);
if the averaging volume is too small, of the scale [, the local condition affects the averaging
quantity (for example, if the averaging volume contains only one fluid, the averaged quantities
of the other fluids are all zero). If the condition (2.6) can not be fulfilled from some reason,
the averaging procedure can not obtain valid macroscopic equations.

Figure (2.2) shows the volume 4V which is characterized by its center vector x in
some referent coordinate system. Any point in the averaging volume can be referenced with
a vector r in the samne reference, or by the vector € in the local coordinates parallel to referent
coordinates. The center represents the macroscopic point for which the averaged quantities
are defined. Far the sake of simplicity, only two phases [phase « and phase 3) are present

here, however, the following equations are valid for any number of phascs.
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Figure 2.2: A REV containing two phases o and 5.



12 Chapter 2. Goverming equations of multiphese [Tows

There are two types of boundaries for each of the phases. First, the internal bound-
arics botween the phases dA™ and two, a part of the surface dA, here denoted as dA,.
Therefore, dA = dA, UdAz. For the averaging volume, it can also be written dV' = dV,UdV3.
Portion of the volume dV, occupied by the phase o is o = dV,,/dV .

The phase distribution function can be defined to characterize the geometry of the

phase considered [Whilaker, 1969; Hassanizadeh and Gray 197%a]:

1 if rea
BalE L) = (2.7)
0 if reg

Several identities can be derived, using the phase distribution function:

Vi, = ] G dv (2.8)
av
dAy = / Yo da (2.9)
Al
/ e dv = j hapa du (2.10)
JdVy, dV

where du denotes integration over the volume dV in local coordinates, doa the microscopic
element of the area dA and v, represents some extensive quantity of the phase a. Equation
(2.10) shows that the volume integral over the phase a: can be replaced by the integral over
the whole volume dV/ .

Using the phase distribution function, several averaging operators can be defined,

such as volume average, intrinsic volume average, mass average and surface average:

o
Mha) (5, t) = == | alr,)palr. 1) d :
a)xt) = = [ halrtipalr,t)dv 211)
(o) 0e0) = == [ hale,Bhpule, 1) (2.12)

aVey JdV

_ 1 ;

TalXot) = e [, el atr. ) dv (2.13)
% 1 ]

BGet) = -0 [ e tpa(nnds (2.14)
dA Jaa

Comparing the equations (2.11) and (2.12), volume average and intrinsic volume
average can be related by (1) = a{1p,)™ . As pointed out by Hassanizadeh and Gray [1979a],
specific flnid quantities shonld be averaged by appropriate averaging operator, taking into

account the intrinsic nature of the property.
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2.2.1 Averaging of the mass balance equation

In order to obtain averaged forms of balance equations (2.1) and (2.2) for the specific
phase «, after averaging on the REV 4V, the microscopic equations have to be integrated
over the small macroscopic volume V. Applying this procedure on the first term of equation

(2.1) yields:

Tl Opa a1
— n»d “/1 = [ o ] dVT
/1 LW Jav Ot v U] ( v Ot [dV /dvp Pal U]
X 1 r )
—/ {W/ {;)anwda] dVy (2.15)
v dA=E

where dV,, represents integration which is carried out in x coordinates and n*” is the unit
normal veetor of the interphase surface in the direction from phase o to phase f.
After applying equation (2.11) to the first term on the right side, equation (2.15)

can be expressed as:

.k Ipa / 9{pa) [ |: 1 / af :|
— V.. = d e — — [ ‘ 2.16
/\ LIV [m ot ""‘“d”} Wa= | "ot 02" Jo |TF Juas P e @Va (216)

The same procedure for the second term of equation (2.1) yields:

1 1 g
—_— V- (pav, va dVy = f \Y {— 06 Vi d'uJ dVy
/V LIV juﬂt (f I Ut)(lpﬂf @ - AV daie PaVaPa i

1 7
- A ) [W /d oy PaVall Ma] dVy (2.17)

1 "
/ {— V- (pava)cpmdw] dV, = / V- ({pa)Va)dVy
v 4

av Jav
1 af
+./V |:d1/' r/u’.Aﬂ'B PaVall da] dV, (2.18]

Summing equations (2.16) and (2.18) gives a macroscopic mass balance equation in

the integral form:

© 0 | ap ;
/‘ g’;“ dV, + ' vV- ((p)aVa)dV, = /‘ [W /d s P (W —va)n‘*»’du] dV, (2.19)

where the term on the right side represents exchange of the mass through the boundary

hetween the phases «v and 4. In the case of more than two phases, the exchange of the mass

would be integrated over all interfaces of the fluid .
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In equations (2.15) and (2.16) two important theorems were used which relate inte-

gral of a derivative to the derivative of the integral [Whitaker, 1969; Slattery 1969]:

Theorem 1:
[ O\ O . L r ad ‘
(TE) =gl = g [, Yo e el
Theorem II:
/ \ 1 ‘ o
(Vo) = V{tha) + 57 [ $on® da (2.21)
- l;ﬁ

Equation (2.20) represents general transport theorem for the fixed point. In the case
where boundary velocity equals fluid velocity, this becomes Raynolds’ transport theorem [e.g.
Aris, 1962, pp.84]. The proof of these theorems is quite simple, as presented by Gray and
Lee [1977].

In the differential form, equation (2.19) can be expressed as:

I{p)a
ot

+ V- ({(p)aVa) = Mas (2.22)

where M5 represents a mass exchange term.

2.2.2 Averaging of the momentum balance equation

The first term of equation (2.2) can be treated in a similar manner:

1 B(f)crva_) B /' d _
/': L{V Jav ot fpﬂdUJ dVa e " at(<f)m>v;)dvm

1
—f {W[ jpavagwnﬂﬂﬂfa,] dVy (2.23)
v LAV Jaaes

Before applying the above scheme on the second term of equation (2.2), the velocity

of the a phase will be expressed as a sum of a mass average (¥,) and deviation (¥,):

Vo (r, t) = Vo (X, t) + Va(r. t), (2.24)

with valid following identities:
Vo =0 (2.25)
Va¥e =0 (2.26)

Vava = VaVa + ':’a{’a (2-27)



Chapter 2. Governing equations of multiphase flows 15

Expressing the quantity as a deviation from the average value is a common procedure
in analysis of fluid dynamics. The same approach is used in turbulence analysis, where ¥ is
a time average [e.p. Hajdin, 1992]. In the mixture theory this value represents an ensemble
average [Ishii, 1975; Drew and Prassman, 2000]. It can also represent both, the space and
time average [Drew and Prassman, 2000].

Considering identities(2.25-2.27) and the theorem (2.21), the second term in equa-

tion (2.2) can be averaged as follows:

; 1 ¢ ;
/' [_ V- (P(‘uvava)%oadv} dVy = / V- ({0a)¥aVa)dVy
Jv LdV Jav Jv
1 1 ’
T G‘l'ﬂ:‘{l (a1 4 A'}" T Yo Yo o 4 T 2.2
+.[A T I[me.v,v w nda]d —I—[V [dvl[mwp VaVal da] dVy (2.28)

The two terms on the right side of equation (2.2), can be expressed as:

P 4 L
/ [W / paftpadu} dv, = / {pa) FdVy (2.29)
Jv 1dV Jav v

1 1
—_ Ty 7, = L T A,
/; Lﬂf -/d.v(v )tpdv} av, /A [dA I (panda] d

1 f _
- f Tn“-**da] dVy (2.30)
1/'

dV Janes
In deriving of equation (2.30) another theorem is utilized:

Theorem ITT:

_/1' _, {% m v. fdv] Vi, = /‘/ v [% /d ) fd«u] v, = /1 [% | M fnda] dd,  (2.31)
for which the proof is given in Hassanizadeh and Gray [1979a).
Now, using the obtained identities (2.23), (2.28), (2.29) and (2.30), the macroscopic
momentum equation can be written as:

N a _ ;
/ 5{((,0&)17!) dVy + /; V- ({pa)VaVa) dVy = /‘ (Pe) £ dVy

v
1

1 - N ~ 7
+ | [4 {ﬂ- - TﬁPnnda] dA; — jA T /d i pavavanpanda_ d Ay

L af r 1 ‘
-+ /1 {W /M“ﬁ Tn' -jd,rj,] dV, + f1 {W ,/aAu:’f PaVa (W — vﬂ)nﬂﬁ’da

where the third term on the right side represents microscopic inertia effects, the fourth term

dVy (2.32)

reprosents oxchange of momentum through the mechanical interactions and the last term on
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the right side represents the exchange of the momentum between the phases through the
mass oxchange. Hassanizadch and Gray [1979a] showed that force vector t, averaged over
the boundary dA:

i—— [ Tny, da (2.33)

can be expressed as a function of a existent partial stress tensor (T™) and the unit normal
veetor (N):
t = T*N (2.34)

They have grouped together the third and fourth term on the right side of equation
(2.32) into single macroscopic stress tensor. However, T comes from viscous effects and
the fourth term on the right side has a kinematic origin. Since inertia effects become more
significant in the case of higher velocity flows in comparison with viscous effects, here will be

separated and expressed in a body force form:

1 "~
.E* == W m/V(,OqVQVQ(pﬁ) d?) (235)

In addition, it is possible to define fﬂﬂ as:

=3 1 ' ad -
t = — Tn"" da 2.36
(0a)dV Jgpos ( )

If there is no exchange of mass between the phases, (w — v,,) equals zero; as well as

the last term in equation (2.32). In that case, substitution of (2.33-2.36) into (2.32) gives:

o | B -
| i rala)aVe+ [ V- (pa)Va¥a)dVe = [ {pa)Tav,

+ / T*NdA, — / {pa) T dV; + / (pa}t“ﬁdVg (2.37)
4 A Vv SV
which, in differential form, can be expressed as:

—ald

) = . o i
“(;_f'(@rv:'vrr) + V (00} VaVa) = (0ad E+ VT — (pa) b + (pa)t (2.38)

Comparison between obtained macroscopic linear momentum balance equation (2.38)
and starting, microscopic equation (2.2) shows that averaging procedure, or change of the
scale, produced additional two terms. Namely, averaged interaction between the phases and
averaged microscopic inertial effects. Obwviously, these terms have to be experimentally es-
timated for specific multiphage flow. In the case of existence of mass transfer between the

phases, there is an additional momentum cxchange term, as shown in equation (2.32).
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2.3 Saturated flow in porous media

2.3.1 Preliminaries

Saturated fow in porous media can be considered as a special case of multiphase
flow with solid and Auid phase present. Since the establishment of the Darey’s law in 1856,
as a generally accepted cmpirical macroscopic equation of maotion in porous media for small
Reynolds numbers [e.g. Bear, 1972], many authors have reported theoretical studics of flow
in porous media. Some of them tried to derive the Darcy’s law theoretically [Hubbert, 1956;
Hall, 1956; Whitaker., 1966; Gray and O'Neill, 1976; Neuman, 1977] by averaging Navier-
Stokes equations over a representative volume of porous media. Ahmed and Sunada [1969
used the same approach to derive macroscopic equation of motion for flows with greater
Reynolds numbers, where linear dependency of hydraulic gradient and flux is not valid any
more. Probably the most significant step toward theoretical analysis of flow in porous media
was derivation of the theorem which relates volume averages of space derivatives and space
derivatives of volume averages (Slattery, 1967; Whitaker, 1969] (Theorem II in previous
section), as a spatial analog of general transport theorem. Some other authors presented an
alternative approach by treating the flow in porous media as a stochastic process [Scheidegger,
1954; Bachmat, 1965], or by simplifying the structure of the pores (conceptual models) [Bear
1972]. In this case, the porous media is represented as a system of capillary tubes in some
arrangement, with Hagen-Poisseuille’s law as a starting governing equation.

Originally, the Darcy’s law was established as an empirical correlation between the
hydraulic gradient and volmnetric flux for one-dimensional How of a single fluid through the
porous column:

Q= KA% (2.39)

where () is the volumetric flow rate, K is the constant of proportionality, A is the cross-
sectional area of the porous column, Ah is the head difference along the column and L is the

column length. Later, a generalized form of this relation was intuitively formulated as:
¢ = —Kijdj, 14,7=1,2,3 (2.40)

where g; is the i-th component of specific discharge vector of the fluid, /(;; is the hydraunlic

conductivity tensor (assumed as symmetric), and J; is the j-th component of hydraulic gra-
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dient vector. Hydraulic conductivity tensor is often expressed as a function of permeability
tensor as a property of porous media and characteristic fluid properties [Bear, 1972]:
)£ .
K = k24 (2.41)
Br

where py is the fluid viscosity. Symmetrical nature of permeability tensor is proved by

Neuman [1977].

2.3.2 Averaged momentum balance equation and Darcy law

In this section, it will be showed that obtained volume-averaged equation of linear
momentium balance (2.37) can be reduced to Darcy’s law. The following analysis is restricted
to the cuse of an incompressible homogeneous Newtonian fluid moving thorough the voids of
rigid and stationary porous medium under isothermal and steady conditions.

Two constitutive relations have to be obtained for equation (2.37). A constitutive

equation for fluid stress tensor, under incompressibility restriction may be written as:
T = —apafdij + 2fiad; (2.42)

where p, is the macroscopic fluid pressure, [ig, 18 the macroscopic viscosity coefficient (depends
on fluid content) and d is the macroscopic rale of delormation. Fluid content «, in front of
pressure term oceurs since it should produce a force acting on the fluid phase, averaged over
the whole area of elementary volume.

The last term in equation (2.37) represents the resistance of a solid phase present
in averaged volume. Taking into account thermodynamic considerations, Hassanizadeh and

Gray [1980] showed that this term can be divided into a reversible and a dissipative part:
(pa)T% = paVa + RV, (2.43)

where the dissipative part is linearly expanded around the equilibrium (hydrostatic) point
and R represents resistivity coefficient tensor. They also showed that —R > 0.

It is generally accepted that viscous forces are much smaller in comparison with
solid resistance and therefore can be neglected. Assuming the fluid as incompressible, the

intrinsic average of the density equals the intrinsic density of the fluid, which in turn mecans
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that (p,)* = po = {pu)/a. Neglecting, in addition, the inertial effects, equation (2.37) under

steady conditions can be expressed as:

0 = pf — aVp, + RV, (2.44)
or, in the component form:
kij ,
Jai = _i(vjpa - ﬂcvfj) (245]
g
where k/jn = —a?/R., under condition that —R is invertible and g, = o¥.. Obtained

equation (2.45) has the same form as the Darcy law equation (2.40).

2.3.3 High velocity flow in porous media

The limitations of Darcy law are well known [e.g. Bear, 1972]. It is valid for low
Raynolds numbers, where inertial effects are negligible. As velocity increases, the inertial
effects increase, and in turn, deviations from Darcy law become more significant. [n the
carly investigations, this deviation was preseribed to the turbulence by analogy with flow in
pipes, where, aller reaching specilic Raynolds numbers, the hydraulic gradienl has quadralic
dependency in terms of velocity. However. experimental investigations revealed that devia-
tion from Darcy law oceurs significantly earlier in comparison with onset of turbulence (e.g.
Wright, 1968; Bear 1972]. Therefore, this deviation is prescribed to the inertial effects, as a
consequence of curvature of fluid velocity strearmilines on the microscopic level. These effects
on the macroscopic level are contained in the second term on the left side and the third term
on the right side of equation (2.37).

An early and widely applied formula for high velocity Hows in porous media was
proposed by Forchheimer as:

J = ag + bg? (2.46)

where J represents the hydraulic gradient and ¢ and b are the empirical coefficients. Many
empirical relation, derived by other authors have the same form as the equation (2.16) [e.g.
Ergun, 1952, Similar relation is also reported by several authors, based on the theorelical
work [Irmay, 1958; Bachmat, 1965; Ahmed and Sunada, 1969].

Cvetkovie [1986] has conducted a similar volume averaging procednre as other an-

thors in order to obtain macroscopic balance equations. As he pointed out, the form of
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cbtained inertial terms in equation (2.37) is not sufficiently appropriate for theoretical ex-
planation of origins of microscopic inertial cffeets, as well as for deriving cquation (2.46)
from obtained macroscopic momentum balance equation. Instead of variation of microscopic
velocity as given in equation (2.24), he considered variation of velocity magnitude, as well as

tnicroscopic variation of veloeity direction:
v=T+7 (2.47)

o — gk + S,ll (2.48)

where v = |v| and 8 (k = 1,2, 3) are cosines of angles between vector direction and reference

unit vectors (vy — vdg).
In this case, volume averaging of acceleration terms gives additional terms, based

on which he could conclude that inertial forces arise [Cvetkovic, 1986]:
e due to local velocity changes,
e due to microscopic curvature of streamlines, and
» due to difference of macroscopic and microscopic velocity magnitude.

Probably, the most important conclusion of his research is that coefficient b in
quadratic term of equation (2.416) is not a material property of porous media, as in the case
ol coellicient ¢. In [acl, il also depends on macroscopic velocily lield. This poinl is usually
neglected in numerical modeling of this type of flows, since this dependence is probably not

possible to establish.
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2.4 Summary

Volume averaging procedure has obtained macroscopic governing equations of mul-
tiphase flow (equations (2.22) and (2.37)). These equations are valid for a general case of
multiphase flow, however, in many practical cases it is possible to introduce some simplifica-
tions. For the case of incompressible and immiscible flow, these equations can be written in
a component form for each phase as:
mass balance equation:

O d

2 2 (el = 2.4¢
8t+8'r,j(ava") v (2]

momentum balance equation:

0(aVaiJ + ﬁ(anVr_\j) _ _ﬁ% oxs 6(057'3]

- o v Fo; 2.50
N O by G ga:;;,; tVe s + o (2.50)

where « is the phase volumetric content, V,,; is the mass averaged veloeity (for the conve-
nience, the overbars will be omitted onward), v, is the kinematic viscosity of the fluid, I,
is the macroscopic resistance force in the i-th direction comprising the force exerted by the
other phases in the system and microscopic inertial effects, averaged over the REV.

It is shown that equation (2.50}) can be reduced to the Darcy law, after neglecting
inertial and viscous terms and after linear expansion of the resistance term.

Equations (2.49) and (2.50) will be numerically discretized in the following chapter.
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Chapter 3

Development of the numerical

model

3.1 Preliminaries

In this chapter, the development of numerical model for simulation of single phase
flow is presented and in the next chapter, the same model is extended to two-phase fows.
Since the flow in porous media is also considered under assurmption that solid phase is stagnant
and rigid, in that case the models could he also considered as two, or three phase models,
respectively.

The models developed in this study basically rely on the MAC (Marker and Cell)
method, the first method proposed for numerical integration of Navier-Stokes equations for
two-dimensional flows with free surface boundary [Welch et al., 1965; Harlow and Welch,
1965], and later applied for simulation of three-dimensional flow domains [Hirt and Cook,
1972]. In the original MAC method, pressure field is obtained from the Poisson equation,
m which the source term is function of velocity field, formmulated in order to satisfy the
incompressibility condition. From obtained pressure field, the velocity field at the new time
step is explicitly calculated from Navier-Stokes equations. At the end of the time step, the
non-material particles are convected in order to trace the movement of the free surface.

The Poisson eqmation for pressure field required a special care of bonndary conditions

in the original MAC method. This inconvenience was significantly improved in the later

23
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versions of the MAC method. For example, in SMAC (Simplified MAC) method by Amsden
and Harlow [1970], or HSMAC (Highly Simplificd MAC) method [Hirt and Cook, 1972],
which was inspired by the work of Chorin [1968] and Viecelli [1971]. In the latter method, the
solution of Poisson equation is completely avoided by introduction of an iterative procedure in
which the both, pressure and velocity fields are iteratively updated until the incompressibility
condition is achieved. This nmumnerical scheme is used in Lhe thesis, and will be described in

more detail in this chapter.

3.2 Discretization of governing equations

Following the HSMAC method, governing equations (2.49 and 2.50) will be dis-
cretized by the finite volumes, with staggered arrangement of hydraulic variables. This means
that velocity components are defined at the cell boundaries and scalar quantities (pressure,
phase contents, concentrations, ete.) are defined at the cell centers (Figure 3.1). The How
domain is divided on the grid cells by planes parallel to the coordinate axes. It is gener-
ally accepted that staggered arrangement is more aceurate in comparison with ordinary grid
arrangements, and that conservation of extensive quantities (imass, momentum, etc.) is more
easily accomplished. The staggered arrangement is also convenient in terms of imposing
different types of boundary conditions [Ferziger, 1987 .

It should be noted that control volumes, over which the specific terms in governing
equations are integrated, do not necessarily need to coincide with the grid volumes, as shown
in Figure (3.2). For the momentum equations, control volumes are shifted for half of the cell
size, so that corresponding veloeity comes into the center of the control volume.

The continuity equation (2.49) could be discretized as follows:

dov OdﬂJr'I —amt

(@Vai)p — (@Vai o N (aVa2)p — (aVa2)u n (aVaz)p — (aVas)u
AI] A.Ez A.I‘g

Y ; o
——(aVy;) =~ (3.2)

1
or more precisely:

Ly a . 1 :
AV ay 3:—5?_((11/,_[_,-)(1\/' = W/J”V“-")”-fd}l %

(@Va1)p — (@Va)r
Axy
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4 (Vaz)p — (@Vipo)u
A.T;_n

N (eViaa)p — (6Vaa)u
JANIA

(3.3)

where 1 and n 4 1 denote current and the next time step, respectively, and AV is the control
volume. Subseripts D and U denote fluxes through downward and upward face of the control
volume, respectively, considering the orientation of the coordinate axes.

I can be scen (hal e o order Lo estimale [uxes over the boundary surfaces in
equation (3.3), has to be approximated at the cell boundaries from the values at the cell
conters, where it is defined. There are several options to choose an appropriate value of o
It could be chosen by simple averaging; however, it is well known that central differencing
in conjunction with explicit Euler's method for time integration preduce unconditionally
unstable scheme. In the case of different time integration scheme, central differencing can
produce oscillations under certain conditions.

Probably the most often used scheme which avoeids the oscillations produced by
central differencing is so called upwind scheme. Approximated value of convected quantity

(in this case ) depends on direction of velocity component:

W i if V. .1>0

(rlfvczl)j_) _ R idtg it-g (34)
O@prljkaJr;? if VMJFWE <0
1wV, i V. 1 >0

(V) =4 (3.5)
iV 1 it V,_ L <0

and similarly for the other flux directions.

The upwind scheme is first-order accurate and its error contains a significant diffu-
sion term, with artificial viscosity of the order VAz(1 — C)/2, where C' = VAL/Az is the
Cowrant number. Its smoothing effect is especially pronounced in the case when the flow is
at some angle to the grid (the most significant at 45° angle). However, owing to its stability,
it is extensively used in the engineering practice. For the Euler's method of time integration,

the upwind scheme is stable under Courant-Friedrich-Lewy condition:

~ 7 7
Vil | 1V5l IV At <1 (3.6)

CFL=
Ail’fg AILJ A.’L’k
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X1
g & 3
i-1 i-1/2 i i+1/2 i+1

Figure 3.3: Distribution of the advected quantity in the computational cell: dashed line

represenls a conslan, approximalion and the continuous line represeuts a linear approximalion

Artificial diffusion, introduced by the upwind (or upstream) scheme is unacceptable
in the simulations of multiphase flows, where the sharp boundaries between the phases exist.
This leads toward higher order schemes. One of them, the MUSCL (Monotone Upstream-
centered Scheme for Conservation Laws), with a TVD (Total Variation Diminishing) condi-

tion is used in the presented model. This scheme will be briefly explained here.

4.2.1 Discretization of the convective term by higher order scheme

In the upwind scheme, it is implicitly assumed that value of the convected property
is constant in the computational cell. Assuming its value changing linearly, we come to the
second-order spatial accuracy. It is obvious that, in order to establish this linearity, we need
at least two cell averaged values (Figure 3.3). Similarly, the third-order spatial accuracy
would be obtained if the change of convected quantity would be represented as a quadratic
function of space. A MUSCL (after the name of code, developed by Van Leer [1979]) ap-
proach imply variable extrapolation of averaged cell values, providing this way a higher-order
accuracy. Unfortunately, it is shown that simple replacement of first-order upwind scheme by
higher-order upwind scheme leads to similar deficiencies as encountered with censral scheme,
i.e. oscillations around discontinuities. In addition. it can be theoretically shown that lin-
ear, second-order upwind schemes always generale oscillations [Enquist and Osher, 1981].
Therefore, an additional treatment is required.

Harten [1983] introduced the criterion of boumded total variation in order to ensure

that oscillations arc not generated by the numecerical scheme. Here, the total variation, at the
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current time step, is defined ag;
TV(e") =Y |t —afl (3.7)
J
with condition that numerical scheme is a TVD scheme if:
TV (™) < TV(a™) (3.8)

In other words, a TVD condition ensures that scheme is a monotonicity preserving, which
means that monotonicity is preserved during the solution time evolution and oscillations can
not oceur. It can be eagily shown that first-order upwind scheme satisfies the condition (3.8)
for € < 1, and therefore it is a TVD scheme.

The value of the quantity («) at the cell boundaries from the left and the right side

can be approximated as [Hirsch, 1990]:

L € i — | Qiyl — O
s = ; = 1—p)———— 1 | Al;‘ 3.9
afL =i+ g (15 Ao + (1 4 x) gy vi (3.9)
2 2

Q2 — Q]

(= {1 ) Y] —
ol =y — " —_
i3 g A,

| (1| &) Axiq (3.10)

| 4]

A:.r:H%

|

2

where parameter € determines the spatial accuracy. For € = 0, it is first-order approximation,
and for € = 1, the scheme is of higher order. Similarly, parameter £ determines higher order
accuracy. For example, in the case that k = 1/3, (3.9) and (3.10) represent a third-order
Taylor expansion, for s = 1/2 a QUICK scheme [Leonard, 1979] can be obtained, which for

constant space discretization can be written as:

!

N B O,’EQL;_ ﬁ%((lqj"—(l@_y_i)—%((}:?;_Lﬂ—O:v,{_l —2(}:0 if V;m‘—&—% >0 (J 11)
i+t = ) 4
: o:fi}_ = %(U% + 0uy1) — %(0&‘ + G — 20441) if VQH}T <0
al = glai +op) — gloso+ai —205-1) i Vg 1 >0
(k?,—% = R 2 j : - ) 3 (5.12)
ot g = slaig + o) — glaig + @i — 2a5) 0V, 1 <0

and similarly for other directions. This scheme is used for convective term in momentum
equation in this thesis. In the case of K = —1, we obtain a simple linear, one-sided extrapo-
lation of nodal values on the cell boundary.

In the equations (3.9) and (3.10) the second therm on the right side brings higher

order accuracy, but also produces eventual oscillations. In order to cnsure the TVD condition,
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a slope limiters can be introduced in those terms, having the role to restrict the amplitude

of gradients:

| At @ T G-l A= G4l TG i G a
) =y —— | (1 — w0 + (1 4+ w)dr Ay 3.13
3 ( ) - N = y ) i3 Az 1 ' ( )
2 2
i € — 2 — Q4] + O] — &y ;
& =t — = (1 —6)¥ o —————= (1 + &)P | —————| Ay 3.14
2 SR
whoere the limiters \Ifirl are functions of ratio of consecutive gradients:
Az q
o — 1] =it s
OF =t |=w |27 (3.15)
itz itz air1 o Az
3
A
Oy — 1 =it
¢ =U(r )=0|=— —Z (3.16)
+3 it3 Qir) —Q; A, L
2

In order to simplify equations (3.13) and 3.14), the limiters ¥(rL) and ¥(r#) can

o (7'L) =T (rj_%) (3.17)
W (1) = w (,,.H%) (3.18)

be delined as:

and substituted to obtain:

L e B ; L R AN Rl
O:?HL% —Q1+Z {(1*.&)‘1’ (?" ) f(ITLh)T i (.’,_L)] Kﬁr; (319]
€ g ; 1 ipo — Ot
{ij_% = (Y| — Z {(1 — H,J\Ir (7"”) + (]. + h’:)‘?"“lp (JT)} -ZTI%-HATH—J. (320]

Naturally, every function of the ratio r can not be a gradient limiter. A detailed
analysis of required limiter properties is given, for example, in the work of Sweby [1984]. In

short, to satisfy the TVD condition it is necessary that limiter has the following property:
0 < U(r) < min(2r, 2) (3.21)

The region deflined by equation (3.21) on a + — ¥ diagram is shown in Figure 3.4. Iu addition,
in order to ensure a higher order accuracy a more restrictive condition can be established

[Sweby. 1984]:

U(r) = maz(0, min(8r, 1), min(r,5)) 1<3<2 (3.22)
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Figure 3.4: A limiter function region satisfying the TVD condition

for which the region on the r — ¥ diagram is also shown in Figure (3.4). Some of the most
frequently used limiters are shown in Figure 3.5. It can be seen that ¥(r) = minmod(1,r)
limiter represents a lower boundary of marked region in Figure 3.4. Here, a minmaod function

is defined as:
a if la <b| and ab>0
minmod(a,b) = ¢ b if lal > b and ab>0 (3.23)
0 if ab<0
Counsidering definition, given by equation (3.23), an action of a minwrnod limiter
becomes clear. It takes a smaller gradient for extrapolation of variable when consecutive
gradients have the same sign. In the case that subsequent gradients change the sign, an
ordinary upwind scheme is utilized, avoiding occurrence of oscillations.

Approximated values from equations (3.19) and (3.20) give the flux at the cell bound-

ary, considering the velocity direction. In a general form, it can be written as:

(Vo) = 0.5

L R r L K :
Vm‘+% ((_VH_% +(.v1+§) + IL(}H—%‘ (cyz+_ (.v1+§> (3.24)

ra]

(Vo) = 0.5 [Vm_% (ai__l +af ) + [Vip-g (af‘_;_ - af‘_]_)‘ (3.25)

ra]—

with the same scheme for other flux directions.
Several gradient litniters are tested in this thesis for the case of two phase flow in
porous media. Results and appropriate conclusions will be given in the section about model

verification.
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Figure 3.5: Some gradient limiters for second order extrapolation schemes: a) Van Leer’s

limiter; b) Superbee’ limiter; ¢) “minmod’ limiter; d) Chakravarthy and Osher limiter
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3.2.2 Discretization of momentum equation

Additional therms in momentum equations (2.50) which will be considered here,
are the pressure, viscous and resistance term. Discretization of the pressure gradient term is

straightforward for the staggered arrangement of variables:

(%) ~ ('Pa)f+1 - (pcv)i (3 26)
Owi /iy L Ag '

However, treatment of this term in curvilinear coordinate system requires a special attention,
in order to avold occurrence of false flows. This will be explained in the Chapter 7, where
governing equation are discretized in generalized curvilinear coordinate system.

For the viscous term, it is necessary to evaluate gradients of velocities at the control

voluine boundaries. This is also straightforward, due to arrangement of hydraulic variables:

Vai ) ( Vi )
; 1 — ey =
2 ¢ Yar ) (m/o_ er)ip ~ \MoBm )y
= a5 ~
Or; Oz Az
V. - ¥,
. (m}a --“Ldﬁ ) - ((wa -U-awz ) -
Azg
v Vi
((xungﬁil) — ((wm 5-“)
8./ CEYS
4 30 JU (327)
Axa ‘

with the same for other velocity components. Figure (3.2) shows the position of evaluation
of gradients for the 2-D case.

The resistance term F; is usually, depending on the type of flow, some function of
velocly (linear or nounlinear). In some cases it dominates in the momentum equation and
therefore il should be trealed implicilly, due to stabilily considerations. In the simulalion of
flow in porous media, numerical experiments revealed that in the case of explicit evaluation of
this term, required time step was of the order of hydraulic permeability values. If, in general
casge, this term can be expressed as Fy = C;Vy;. where C; is the constant, in the numerical

model 1t 18 evaluated as:

1
Fy = Ciz (v + v (3.28)

or full-implicitly, which increcases the allowed time step.
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3.3 HSMAC iterative procedure

The original HSMAC method for numerical solution of Navier-Stokes cquations is
glightly adapted. due to existence of more than one phase and an additional registance term
in momentum cquation (2.50). Here, the method will be presented for a general case of two-
phase fluid (e.g. water and air) flow in porous media. Extension to saturated flow in porous
media, or multi-phase How in porous media is straightforward.

The method includes an iterative procedure which consists of two steps. In the first
step predicted values of fluid fluxes are calculated from the discretized form of momentum

equations:

L Co ) C ;
(aV,) Tt (1 At?) = (aVu)" (1 At%) At {(prc.ssm"c term) LT

+ (gravity term)" ™" 4 (inertia term)" ! — (viscous term)”“] (3.29)

:

({J’Vg)n'—i_l’r—'_l (1 + At%) = (I[ﬂ/:rg) (1 — Afcﬁ) — At [(I)P“ﬁssurr-:z tﬁ:‘r“m)nH’T

41

+ (gravity term)" Y 4 (inertia term)" T — (viscous term}”_l} (3.30)

where superscripts » and » 4+ 1 denote the current and the next iteration, respectively. The
inertia and viscous terms at the new time step are estimated using the Adams-Bashforth
scheme:

(term)™™ = 1.5(term)™ — 0.5(term)" " (3.31)

After obtaining predicted fluxes, the divergence for each discretization cell is com-

puted as:

w1+ n+1 | n+1,r+1 \n+| o+l
(O’UQ-);+L ( Lﬂ' ) ((}“[/LI) .T +1 ( ‘:1)

1
DT'+1 _ 3 o 3 + 713 o
£ £2
(O‘W )TL+ g1 ( Wv )n,+1 a1 (BU )rHrl Rt (ﬁb )?L+1 71
+ T+
A.‘E;} A.’L‘l
+ AR i S - (3.32)
Aﬂig A:E;g

In the sccond step, the pressure of one phase (e or ) is corrected in order to vanish
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the diverpgence, e.g.:

n+lr+l _  ntlor 3 r+l _ . n+le DT+1 3.33
@ =Py TPy = Pa W= (3.33)

(anrﬂ)
Ipa

where w is the relaxation coeflicient. The denominator in the second term on the right side

of equation (3.33) can be derived, considering definition of the divergence (equation (3.32))

and expressions for phase fluxes in equations (3.29) and (3.30):

(o) o [y )y By ()

g, (Axp)? + (Amy)?
(Gn)k %+(ﬂ?,,);“1 (%)7 ;_1,+ %)H%
+ (-A’Ig)‘z At (-L\’f»l)z
=) (=) . (3F). (&)
" (”p’)- (%sz)(;i’ﬁ)uﬁa 4 ( M )k(iwg)(:ﬁ)kT% % (3.34)

where M, and My are defined as:

&, Cy
Ma=1+Al— Mz=1+ At—z-fl (3.35)

Momenlbum equations for dillerent pliases are coupled through the pressure lerins,
i.e. the constitutive relation for pressure difference between the phases is needed. For the
case of atr-water flow in porons media, this difference is called a capillary pressure for which
gseveral empirical relations can be found in the literature. If, for example, the pressure of the
fluid e is calculated from equation (3.33), then the pressure of fluid g is calculated from the
constitutive relation. For the numerical cells, in which both fluids exist , formally it has no
importance for which fluid pressure will be calculated from equation (3.33), and which one
will be calculated from the constitutive relation. However, efficiency of the iterative process
may depend on this choice. Here, one can introduce a lower limit for the phase content,
over which pressures of that fluid will be updated from equation (3.33). In some cases this
produced convergence problems if the limit is exceeded during the iterations. Therefore, in
the presented model, two control values are used as a lower and upper limit (e.g. for the
phase a: ap and ar), with a simple control structure before cach iteration [Jacimovic ef al.,

2006:
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IF (& > ap.and. o' > ap) or. " > ar] THEN

1) Pressure p, from the cquation (3.33)

2) Pressure p; from the constitutive relation for pressures
ELSE

1) Pressure pj from the equation (3.33)

2) Pressure p, [rom Lhe constilutive relation [or pressures

ENDIF

In the case that pressure for the g fluid is first corrected, equation (3.34) is slightly

changed:

T(;;)P—-l- + (ﬁ)wr P4 (%)773 + (%)uﬂ
+ —E— 2| 22+ At -
(Az3)? Pa (Axq)?
+ (%)3(;25;—;3))# + (ﬁ%)'ﬂ(iﬁ(}%)k% (3.36)

Above described iterations are repeated until the given divergence criteria is satis-
fied, i.e. |D"TY < eriteria. A graphical representation of the iterative procedure is shown
in Figure 3.6.

The procedure can be now easily adapted for different types of flows. If considered
flow is saturated flow in the fixed porous media, then « is substituted by the porosity, and
3 is zero. If the free, single fluid flow is considered, then o equals one. In this case, there
18 10 resistance term in momentum equations and therefore, the divergence and the pressure

correction terms become a familiar expressions from the standard HSMAC method:

nt1.r+1 1,041 41,041 1,041 fi-1r+1 1,741
U - U % -V W, — W)

_ R jrd k+% —3
Dl‘+l — Ty 2 uE + U3 2 -+ 2 2 3.37
A.ﬁt’,‘] AZEZ A..Eg ( )
1
LIl = Rl gprtl = pitlr _ g, i (3.38)
20t (x5 + ey + mle)
“L(Az)? U (Az)? T [Ama)?
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Figure 3.6: Iterative procedure for calculation of pressure and velocity field of two phase How
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3.4 Treatment of the free surface

In many flow problems, at least one of the domain boundaries represents a free fluid
surface. After obtaining a velocity and pressure field by using an appropriate solver (such as
HSMAC method), the position of the free surface has to be updated. In the original MAC
method a massless markers are used, for which the velocity vectors are interpolated from
the cell boundaries, and used for caleulation of their new position. Cells containing markers
and which are surrounded with empty cells. contain a free surface. 1t is obvious that this
approach suffers from large amount of additional memory required to keep a track of cach
marker and additional computational time required to calculate a new position for the each
marker.

Hirt and Nichols [1981] proposed a Volume of Fluid (VOF) method for free surface
tracking. This was not the first proposed method for volume tracking [Kothe et al., 1996,
however, it is probably the most often used. In the method, a volume fraction occupied by the
fluid is introduced as a new property and which is advected at each time step. Exact geometry
of the free surface inside the cell is not known; it is reconstructed under conservation condition
that free suwrface truncates the cell by the vohune equal to the volume of fluid property. The
method has been later significantly improved [e.g. Youngs, 1982; Kothe et al., 1996; Rider
and Kothe, 1998]. The wain accuracy improvemenl comes [rom the linear recouslruction of
the surface inside the cell, instead the original constant approximation. Nevertheless, the
original method has heen widely nsed with satisfactorily results in many flow problems and
therefore will be used in this study. An exquisite historical review of volume tracking methods

is given by Rider and Kothe [1998].

Outhine of the VOF method

If °f’ denotes the volume fraction occupied by the fluid, then for a given flow field

v, a standard advection eguation governs the time evolution of f:

d_0F v (
= o TV V=0 (3.39)

where d/dt denotes the material derivative. Considering the incompressible flow field (V- v = 0),
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Figure 3.7: VOF approximation of the free surface: a) actual free surface, b) VOF

approximation

(3.39) can be expressed in conservative form as:

ﬁ

5tV (Vi1 =0 (3.40)

Even application of higher order, high resolution numerical schemes to equation (3.40) can
not complelely avoid a nwmerical dissipatiou. Therefore, lhe VOF method introduces Lhe so
alled geometric solution as appropriate combination of upstream and downstream first order
schemes in ovder to preserve discontinuous nature of the f guantity and sharp definition of
the free surface.

Considering a 2D case, the free surface is approximated as shown in Figure 3.7.
T'he truncation line can be either parallel to z; or xy coordinate. Calculation of the Huid
volume f, i.e. whether the upstream or downstream value will be usad in order to calculate
the flux, depends on orientation of the surface with respect of velocity direction. According
to the method, if the surface in the upstream cell is normal to the velocity vector, then the
downstream value is used; if it is parallel, the upstream value is utilized. In addition, if
downstream cell is empty, or upstream cell of current cell is empty, again the downstream
value is used. This ensures that fluid can not exit the cell, until it is full. Described calculation
of the volume flux, at the cell boundary in ; direction can be formulated as [Hirt and Nichols,

1981:

(Uf) = min(f*|U| + CF, fupstream - Az1) Azg Axy
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CF =maz [(1 — f*)U] = (1 — flupstream - &1, 0] (3.41)

where f* is upstream or downstream value of f. depending on the surface orientation. The
man operator ensures that only available amount of fluid in the upstream cell can be trans-
fered, and the rres operator ensures that additional amount of fluid is added in the case that
there is not enough veoid in the upstream cell to be transported. The same can be applied to
other directions. After calculation of fluxes, a f value is updated for each ‘active' cell, where
active cell is considered as cell which containg the free surface (0 < f < 1) and all neighbor
cells, Some additional adjustmenss are also required in order to avoid occurrence of f values
larger than one, or less than zero. The complete VOF procedure can be described through

the following steps:

1. Construction of free surface truncation line for the cells with (0 < f < 1), depending

on the neighbor f gradients.
2. Calulation of the boundary fluxes for each ‘active* cell.
3. Calculation of the new f values for each ‘active cell.

4. Cells with f > (1 — €) are considered as full cells (f = 1), with changing status of all
cmpty, neighbour cells by adding a small amount of fluid volume (f = ¢). Here, ¢ is a

small number, usually e = 1076,

Labog |

Cells with f < e are considered as empty cells (f = 0), with changing status of all full,

necighbour cclls by subtracting a small amount of fluid (f =1 1.1c).

[}

. Calculation of boundary pressure in the free surface cells by interpolation/extrapolation
of pressure from the neighborving full cell and imposed pressure on the free surface (nsn-
ally zero pressure). The full cell, which is used for pressure interpolation/extrapolation,

18 chosen to be normal to the free surface.

Application of the VOF method fo the flow in porons media requires additional

adaption. In the advection equation (3.40)), the porosity has to be involved:

d(nf) o ;
—5 +V-(vaf)=0 (3.42)
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where n is the porosity of the media and nf represents actual fluid content. In this cage [
denotes a fluid saturation. At the boundaries between porous media and free fluid flow, the
model takes the less value of the porosity between two neighboring cells to calculate the flux,
meaning that no more fluid can cross the interface than upstream cell can physically provide
ar downstream cell can receive. The same is applied in the case of heterogeneous porous

media, al Lhe iolerfaces belween dillerent. porosities.

3.5 Validation of the numerical model

In order 1o validate developed numerical model, it will be applied to different types of
flows. First, the problem of free surface flow in homogeneous porous media is simulated, where
the model is compared with the results of the finite element solution of Laplace equation,
obtained after neglecting acceleration and viscous terms in momentim equation. This is also
opportunity to examine the effects of acceleration in these conditions.

Next, model is applied to the well known Buckley-Leverett problem of two-phase
flow in porous media [Buckley and Leverett, 1941|, where the model results are compared with
analytical solution of the problem. Existence of the sharp front between the phase saturations
in this problem is utilized to test the model in terms of numerical dissipation elfects, where
several parameters are tested. Results obtained here are essential for the model applications,
described in the following chapters.

Finally, model is applied to the 1D problem of water infiltration into the unsaturated
soil, where it is compared with available semi-analytical solutions. The effect of air flow on

the water infiltration could be analyzed by using the developed model.

3.5.1 Modeling of saturated, free surface flow in porous media

In order to verify the presented model with VOF method for free surtace tracking,
results are compared with results of finite elexent (FEM) nuinerical solution of governing
equation for 2D Darcy flow (Laplace equation) for homogeneous, isotropic porous media in
vertical plane. Models are applied on the problem of seepage throngh the vertical dam, after

sudden decrease of downstrecam water level, as shown in Figure 3.8.
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Qutline of the FEM solution

This initial houndary value problem, for the rigid porous media considered here,

can be described by the following sct of equations [Neuman and Witherspoon, 1971]:

d oh o
m (Ké?acm) =0 on 2 (3.43)
ki (,:0) = hp (2) (3.44)
f (1'7,” OJ = f() (-'L'??'r) (345)
h{zy,t) = Hy (zp,1) on I (3.46)
h(xm,&,1) = £ (2) on F (3.47)
b ¢ .
K ((fn—:n) P —r)%ng on F (3.48)

dh

K (Wm) Ty = 0 on By (3.49)
h = a2 on S (3.50)

where h is the total head, K is the hydraulic permeability, £ is the elevation of the free
surface from the bottom boundary, ) is the prescribed head, € is the flow domain, B is
prescribed head boundary, By is prescribed flux boundary (zero flux is used), F' is the free
surface boundary and S is the seepage face. It is important to note that equation (3.43)
can be derived from the momentum equation (2.50) and continuity equation (2.49), where
acceleration and viscous terms are neglected and the drag term is expressed according to the
Darcy law.

To obtain a system of algebraic equations with total heads as unknows, the Galerkin's
method of weighted residuals is applied to the system (3.43 - 3.50) [e.g. Pinder and Gray,
1977], with flow domain discretized by linear, quadrilateral elements. Position of the free
surface at the new time step is calculated by iteration, where each iteration consists of two
steps. At the first step, equation (3.43) is solved for prescribed head conditions at the free
surface and seepage face from the previous iteration. At the end of this step, nodal fluxes
on the seepage face are calculated and used at the second step together with fluxes on the
free surface boundary from equation (3.48). In the second step, (3.43) is solved again, but

now with preseribed fluxes on the free surface and scepage face. At the end, the mesh is
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Figure 3.9: Seepage through the vertical dam: FEM mesh (Hy = 0.20n)

deformed in order to satisfy condition expressed by equation (3.47). Iterations are repeated
until the difference between calculated pressure head on the free surface and position of the
free surtace satisty the given criteria. Figure 3.9 shows converged finite element mesh for one
denivelation case. Hiner discretization resulted to change of computed free surface levels by
less than 1%.

Since the finite volume (FV) model is developed as three-dimensional, the two-
dimensional domain is regularly discretized by 5cm x Scm x Bem volumes with 20x20x1 cells

in ¢, ra and x3 direction, respectively. Initially, the whole domain is saturated by the water.
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Figure 3.10: Comparison of calculated water levels (Hy = 0.2m)

Results and discussion

Figures 3.10 and 3.11 show calculated transient surface positions for two cases of
denivelation heights (Ify = 0.2m and IIy = 0.4m). Good agreement between the results
suggests that (VOF) method can adequately track the free surface movement in the porous
media. Inertial effects, in case of flow with small gradients is negligible, but as gradient
increases these terms become more significant and the calculated surface levels slightly differ
from (FEM) solution (Figure 3.12). In such cases, this produces better reconstruction of free
surface boundary. As it was described above, FEM approach requires special freatment of
the seepage face. Here, particular problem represents intersection point of free surface and
seepage face boundary, because calculation of nodal flux at this point include both boundaries
and error has effect on the whole domain. Several approximalions are suggested to treal Chis
problem. One of them is to place this point in the line with the two nearest nodes on
F [Nenman and Witherspoon, 1971], which is nsed here. In FV model, the seepage face

boundary is naturally included by imposing zero pressure at the eells on this boundary.
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Figure 3.11: Comparison of calculated water levels (Hy = 0.4m)
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Figure 3.12: Comparison of calculated water levels (Hy = 0.6m)
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Figure 3.13: The Buckley-Leverett test problem scheme

3.5.2 The Buckley-Leverett problem

The Buckley-Leverett problem [Buckley and Leverett, 1941] deseribes one-dimensional
(horizontal) transient displacement of the oil phase by the water (or gas) in homogeneous
porous media with neglected capillary effects. Under such conditions, the problem allows an
analytical solution. Initially, it is assumed that domain is saturated by the oil phase, with
water at the residual saturation. At the left boundary, a constant water influx is imposed as
a boundary condition (Figure 3.13).

After a minor manipulation, the fractional flow function for the water phase can be

deflined as:

Juw oy Vi Aw (1 i’\w(}w }\UQO) (3 51)
A '

g — = = —
“ Giotal a-wvur + Qa‘/o Am + /\o G + o

where subscripts w and o denote the water and oil phase, respectively, ¢ is the specific flux
of the corespondent phase and A is given as:

oy

M e 0 E

(3.52)

in which &,,, and k,, represent relative permeability function for the water and oil phase, re-
spectively. It is worthwhile to note that from the incompressibility condition g, 18 constant
throughous the domain and equals to the injected flow rate of the water. This injection rate,
in general case, can be function of time, however, in this test case it is taken as constant.
Negleeting acceleration and viscous terms, momentum equation for the horizontal
(z1) direction simplifies to:
Gy = _f)_P (3.53)
d(El
22

iy (3.54)

Q’o)\o = =
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where for the resistance term, the Darcy law with hydraulic permeability is utilized (ex-
pression (2.41), supplemented with relative permeability concept).  Since the capillarity is
neglected, there is no "jump” of pressure at the interface between the water and oil phase
and therefore, subscripts in the pressure terms are ormitted.

Substitution of (3.53) and (3.51) reduces equation (3.51) to:

Aw 1
R TR (

ic. it is only function of the relative permeability funcetions, which, in turn, arc only function
of the water content.
Considering the continuity equation (2.49) for the water phase, expressed in terms

of fractional flow [unction:

08w | Gtotal Ogu _ r
ot + ¢ Odry =6 (3.56)

the fractional How function, conceptually solves the problem, with non dimensional propaga-

tion velocity of specific water saturation given by:

dgy
dSy

vg =

(3.57)

where Y, is the water saturation (S, = ay/9). The advance of specific saturation profile

can be calculated from:

. Trotal 1 ( AGw ) :
o p 3.58
{‘B1 ).‘J'w (}5 0 (dS'w Sw ! ( )

In the case that propagation velocity does not decrease monotonically everywhere
from the initial condition (which is the case here), the nonphysical solution oceurs with mul-
tivalued saturations at specific lengths. Or alternatively, if somewhere in the domain, higher
saturations move faster than lower saturations, the saturation jump must exist. Graphically,
the saturation jump is detined by the tangent line on the g, (5,,) function starting from the
initial saturation. For the test problem considered here, the fractional flow function is shown
in Figure 3.13. Physical parameters are taken from the Wendland and Flensberg [2005] and
summarized in Table 3.1. Relative permeability functions are adopted from the Brooks and
Corey model, defined as:

kpy = SZFI/X (3.59)

ow = (1= Suo)® (1 = SEF0/X) (3.60)



Chapter 3. Deuvelopment of the numerical model 47

Table 3.1: Physical parameters adopted for the test problem.

Parameter Value
Intrinsic permeability 1.0 - 1077 [m?]
Porosity 0.2 [-]

Water residual saturation 0.2 [-]

il residual saturation 0.2 [-]

Density of water and oil 1000.0 [kg/m?3]
Viscosity of water and oil 0.001 [Pa 5]

Parameter x in eqs. (3.59) and (3.60) 2.0 [-]

Table 3.2: Boundary conditions for numerical simulation.

Left honndary: Right: boundary:  Walls:
e =15-10""m/s p=0.0 Ve = 0.0 Wy, = 0.0
go = 0.0 Vo=00W,=0.0
5o =108
1.5 ! 1 : . !

% I R N

| i | | hos

1.0 G T o HEP ==

Figure 3.14: Fractional flow curve for the test problem

where Sy is the effective water saturation (Sye — S — Spesidguat) and x is the fitting para-
meter.
To complete the mathematical description of the test problem. the boundary condi-

tions must be specificd. These are summarized in Table 3.2. Calculated saturation jump



18 Chapter 3. Development of the numericael model

for epecified initial and boundary conditions is S,, = 0.65, with g,(Su,) = 0.92 and

g,’w (Swo) = 2.0455.

Results and discussion

For the numerical solution, a 300m long domain is discretized by cubes, where the
size of cubes is varied: 2mx2mx2m, 4dmxdmxdm and 10mx10mx10m. For all tests, the same
time step of one day adopted as a appropriate value for the simulation. The test problem is
used to investigate effects of different slope limiters on caleulated results.

In addition to limiters shown in Figure 3.5, a limiter function proposed by Mulder
[Wendland and Ilensberg, 2005] is also compared. Llor the linear distribution of convected

property «, the values at the cell boundary are estimated as:

Am,;
by = o+ 5 ~Sy (3.61)
Axipq i
o1y = g1 — 2* gt (3.62)

where the slope S, for the left (L) side, according to the Mulder limiter function is defined

as:
min [ZJLU.%T‘D, L™ Jr(jﬁn)] Cif 0" S0 and 6P >0
S,fnfL = § mazr [25”], gEll, {;(SLU + JLD)] . if U <0 and P <0 (3.63)
0, else
where 8°U = (o — Clli_l)/A.’L'.i,'l/g and 7P = (a4, — (.k;)/A:I;.H]/z.

Similarly for the right (R) side:

man [ZdRU:ZJRDa 3(¢7 + 5RD)] , if >0 and P >0
Sin = max {25‘“’,251’3“? (380 4 n‘fw)] i MY <0 and #P <0 (3.64)

0, clse

where 6% = (a4 — aa)/’/—\iﬂzzﬂp and 6P = (42 — iy )/A%:H/:n

Figures 3.15 - 3.20 show comparison of nunerical and analytical solution of water foil
distribution, where several types of limiter functions are applied and for different size of space
discretization. I can be ohserved that all limiter functions produced very similar results. The

accuracy is significantly inercased with finer space diserctization. With 2m discretization,
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which is reagonable discretization for the most of two phase flows in subsurface applications,
the agreement with analytical solution is almost perfect, with minimal cffects of nmmerical
diffusion.

The mass balance can be critical point in numerical schemes for simulation of two-
phase flow in porous media [Celia ef ol., 1990; Celia and Binning, 1992; Forsyth et al., 1995].
In the presented model, the mass balance accuracy directly depends on adopted convergence
critevia for divergence. In the presented test problem. after 1500 days of simulation, the
mass balance crror was in all cases legss than 0.002%. This crror is calculated as a mass

accumulation divided by net influx through the left boundary.

3.6 Summary

The volume averaged governing cquations for multiphase flow, obtained in the pre-
vious chapter, are discretized by finife volume method with full staggered arrangement of
hydraulic variables. Here, the velocity vectors are defined at cell boundaries and scalars are
defined at cell centers. For reconstruction of scalars at the cell boundaries, a higher order
approach is utilized, with a TVD slope limiters applied in order to avoid numerical diffusive
effects, as well as occurrence of cscillations around the sharp fronts, which is characteristic
for higher order schemes. In the case of existence of free surface, the VOF method is utilized,
which is here slightly adapted for Hows in porous media.

Coupled momentum and mass conservation equations are solved by extending the
HSMAC method to multiphase flows, where special consideration is devoted to efficiency of
iterative procedure.

Developed model is validated by applying to two flow problems. First, to the free
surface flow problem through the vertical dam, where the model is compared with finite
element solution of Darcy flow equation (Laplace equation). The intention was to check the
performance of VOF method in the flow in porous media and also, to examine the role of
acceleration terms on free surface shape, in relatively high permeable soils. The model showed
very good agreement with the FEM results, except in the case of high gradients, where the
difference occurred due to acceleration effect.

In the sceond test problem, the well known Buckley-Leverett problem of two phase
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Figure 3.15: Comparison of numerical and analytical solution - Van Leer's limiter: a) 10m

space discretization, b) 4m space discretization, ¢) 2m space discretization.
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flow through the porous medium is applied. The existence of analytical solution and sharp
fronts of phase saturations is used for testing of different types of lmiter functions. All limiter
functions tested here showed very similar results. Generally, developed model produced
excellent behavior in advective dominated problem, with minimal diffusive effects at sharp
fronts. Therefore, it i assumed that presented model can be applied for reliable analysis of

multiphase [low problems which are described in [ollowing chaplers.



Chapter 4

Model Application: Analysis of
acceleration effects on the low 1in a

low-permeable soil

4.1 Preliminaries

In this chapter the developed model is utilized to analyze the role of acceleration
terms in momentum equations in the process of pressure redistribution during the deep
tunmnel excavation. The role of local acceleration term in flow in porous media is investigated
by several authors [Bear, 1972], and general conclusion can be summarized that this term is
unportant only at the onset of fluid motion, and very fast it becomes negligible. However,
the exact comparisons, where its effects could be clearly seen are lacking.

According to Whitaker [1969, p.25], conceptualizing a saturated flow in porous

media as a creep flow in a fube :

If a tube filled with fluid is subjected to a sudden change in the pressure drop,
essentially steady flow occurs for time greater than #;, where ty = d?/4v. Here
d is the tube diameter and ¢ is the kinemalic viscosity. For the purpose of
estimating microscopic transient times in porous media, a practical lower bound
on v is 1072em? /5, and an upper bound on d might be on the order of 10~ em.

This gives a microscopic transient time time on the order of 1 second, and if the

on
I
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transient time for the macroscopic process is much larger (say on the order of

minutes), we should be able to treat the flow as quasi steady...

Similarly concluded Philip [1957] by analytical analysis of 1D diffusion equation. He found
that the transient time in a saturated porous medium is proportional to the permeahility and
inverscly proportional to the kinematic viscosity. However, he also found that in the case of
periodic change of boundary conditions, the effects of inertia term can be significant, even if
the frequency is quite low, c.g. order of one cyele per minute.

Since the study case will be applied for the soil with relatively low hydraulic perme-
abiliry. it is expected that convective inertia term will not play an important role. Choudhary
et al. [1976] have numerically analyzed the role of convective inertia for the steady gas flow
through the packed beds by comparing the streamline patterns and the velocity profiles of two
models: with and without the inertia terms. They used Ergun formula [Ergun, 1952] for the
drag term in momentum equations. In the case of uniform packing, they observed practically
negligible difference. However, in the case of nonuniform packing, they have observed the
effects on the streamlines in the near zone of abrupt change of the packed material, i.e. in the
zone of change of hydraulic permeability. Nevertheless, they concluded that even in highly
permeable packed beds, the convective inertia terms are small enough to be experimentally
detected.

In addition, the intention of this study case was to test the performance of the model
in highly unsteady conditions by comparison with developed analytical solution of transient
pressure distributlion along (he symmetry line above the excavalion and also by comparison
with FEM solution of Darcy-law (Laplace equation). Here, the same finite element model is

nsed as described in the previons chapter.

4.2 Analytical solution of transient pressure distribution

Figure 4.1 schematically shows the flow domain considered in this study. Boundary
conditions are constant hydraulic heads on the vertical domain boundaries, and zero pressure
on the walls of excavation. Initially, hydrostatic pressure distribution is assuined everywhere.

The analytical solution of transient pressure distribution along the symmetry line

is bascd on the assumption that vertical velocity distribution, above the tunnel cxcavation,
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Figure 4.1: Study case of deep tunnel excavation (K = 1z107® m/s, ¢ = 0.5)

is linear:

u(t, y) = vo(t) (1 = %) (4.1)

Here, #(t,y) is the vertical velocity, vo(t) is the vertical velocity at the tunnel boundary
(y = 0), y is the vertical coordinate (positive upward), H is the water height above the
tunnel excavation and £ is the time.

Neglecting the viscous term in momentum equation, and assuming the homogeneous

and rigid porous media, the momentnm equation 2.50 in the y direction can be written as:

v dv 1 0p .
T - U@y =y >y Ryv (4.2)

with, the drag term coeflicient expressed according to the Darcy law:

By = ¢ (4.3)
Substituting (4.1) into (4.2) yields:

(d;% — g + Ryb‘[]) (1 = %) = == %g—i (4.4)
which can be integrated from y = 0(p = 0) to y = H(p = 0) in order to obtain following
ordinary differential equation (ODE) for velocity at the top of excavation:

Hﬂ =g — HRyvy — 29H (4.5)

dt
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Equation (4.5) cen be rewritten in a more appropriate way to obtain a solution:

dug i (4.6)
(vo—a)(vo—b) H '
where a and b are defined as:
(RN 4
= 5= \/ —2- 17 :
p= 2, /(HR'”)QJH)H (48)
T T\ % '

During the calculation of @ and b by computer, it is essential to note that 2gH < (HIY,/ 24,
and that computer roundofl error in this case can produce significant errors. In such cases,
the solution of quadratic equation ax? + bz + ¢ should be obtained from;:

c

q

T = (1.9)

_ 4
Ty ==
7

where ¢ is given as:

1
1=-3 {b + sgn(b)Vb? — dac (1.10)

Now, considering that vy(0) = 0, the solution of equation (4.5) can be easily found

as;
L
1l—e27

to(t) = ab—— (4.17)

5
b — e  7A
in which the coefficient ¢ is defined as:

| —1
r 2
0 s = 2\/(ﬂ) + 2gH (4.12)
b—a 2 :

It can be noted that from equation (4.11) follows that vy — a when ¢ — oo, i.e. that

steady-state velocity at the top of excavation is given by:

HR HR,N\?
vy(oc) = Q?f\/( 2?’) +2gH (4.13)

which is always negative, as it should be.

Now, one can obtain solution for the pressure. From cquation (4.5) it follows that:

day 1}3
—_— = U = —2 4.14
Tl + R0 g ( )
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Integrating (4.4) from y = 0(p = 0) to y = y{p = p), the pressure height can be expressed as:

p(t.y)  ply) Y
= =y— = (4.15)
Pg Pg H

Equation (4.15) shows that, for the incompressible fluid and rigid porous media,
the pressure is adjusted to the boundary conditions instantancously, while the velocity needs
"gome time” to obtain the steady condition. 1t should be also noted that, strictly speaking,
infinity velocity from cquation (4.13) will never be reached, due to change of surface level
with the time. Since this change is very slow process for the most practical cases, this velocity
can be considered as quasi-steady velocity.

Obtained pressure distribution for assumad lincar velocity distribution has parabolic
shape with maximum value at Lhe height /2, where the pressure value is pgH /4, indepen-
dently of soil permeability and porosity. Seil parameters influence, however, the velocity and

time to obtain the quasi-steady conditions.

4.3 Case with the less permeable lining

Similar analysis will be conducted for the case of tunnel excavation lined by less
permeable material (as shown in Figure 4.2). In this case, one more condition is required in
order to obtain the solution. Since the width of the lining is small commparing to tunnel depth
(I). velocity through the lining can be assumed as constant and equal to the velocity vy at
the top of the excavation.

Henece, the velocity distribution can be expressed as:

vlt,y) = vo(t), 0<y<H, (4.16)
H
vlty) = wo(t) =g (1 - %) . H <y<H (4.17)

Substituting (4.16) and (4.17) into equation (4.2) gives:

d 18
% + Bpvo=—g— ——pg 0<y<H (4.18)

dug v H ' 1;) 1dp
gy e (1) =—g— 222, B gy H 4.19
(dt H_d, e H—H1( i HL ¥ (4.19)
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Figure 4.2: Schematic cross-section of tunnel excavation lined by less permeable material

where f2;; and R, are defined as:
g )
Ry=d1=—, Rp=do— 4.20
Y1 = P 7 g2 = @2 e (4.20)
Integrating again along the symmetry line, one obtains:

(] . -
(IT + II,) []—;] — g — v 2Ry II) + Ryp (I = II)) — 2gIT (4.21)

dt i ' :

[or which Lhe solution can be [ound as:

i
1 — ey (H+Hq)

Vg (t) = a1 b ———— (422)
bl — e e (H+Hq)
where parameters aq, b1 and ¢; are defined as:

R, Hy + Ryo (H — H 2R, H) + Ry (H — Hy)1?
0 = 2R, Hy + iyﬂ ( 1)] _ \/{ Ry Hy + fi.ﬂ( 1)] + 29H (4.23)

oR, H o (H — H 2R H o (H — H)1?
= P i P M+VV@.+@A I o o
_ (4.25)
c1 = bl — A

Similarly as in the case without the lining, the quasi-steady velocity is given by vy (f = x) = a;.

Substituting the obtained velocity solution (4.22) and its time derivative inta equa-
tion (4.21), and then integration along the symmetry line, gives solution for the transient
pressure:

P A 1w ) o
e e —bij|y, 0 H 4.26
€ (y " pg) \‘ yl¥o ¥ c1 (II =+ Ifl) —b +ajw (v Y =¥ s ( )
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2H 2
]. T ] Ty
T —H (2 211)

d,
g (y+ ﬁ) = {QH + (ﬂ +Rywo) Hl]

g dt
B %} + (%}"‘Rylvo) oy, Hi<y<H (4.27)
where the term dvy/dl can be expressed as:
dvg  ai(vo — b) FTTEAD

- — 4.28
dt ep (1T + 1Ih) _bl_i_alem?:i—n‘ﬁ ( )

From equations (4.26)and (4.27), it can be concluded that in this, heterogeneous
case, the pressure 1s the function of time, i.e. it is not reached instantaneously as was shown

in the the homogencous case.

4.4 Numerical results and discussion

For the mumerical solution, due to the problem symmetry, only a half of the domain
shown in Figure 4.1 is modeled. Along the symmetry line the slip velocity condition is
imposcd. Discretization of the low domain is shown in Figure 4.3, with the smallest grid size
near the tunnel (10cmx10cm) and gradually increasing size far from the tunnel. In the case of
lined tunnel with lower permeability material, the lining width is 30cm. Similar discretization
is also used for the FEM model.

Figure 4.4 shows calculated pressure distribution for the homogeneous case, where
the quasi-steady pressure distribution is obtained instantaneously. It can be seen that FV
and FEM models produce identical results. 1t can be also noticed that analytical solution
slightly differs from the numerical ones. The deviation can be attributed to the assumed
linear velocity distribution along the symmetry line. Nevertheless, the pressure distribution
near the excavation (about 20m) is in a very good agreement. The maximum pressure is
overestimabed by the analytical solution, and according to the numerical results its position
is approximately at one third of the water depth above the excavation. It can be concluded
that local inertia term does not influence the pressure distribution in a homogeneous porous
media.

Fignre 4.5 shows results comparison of the analytical and the FV model for the

homogencous case, after obtaining the quasi-steady condition. The deviation from the lincar
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Figure 4.3: Flow around the tunnel excavation: discretization and boundary conditions
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Iigure 4.5: Calculated quasi-steady velocity distribution along the symmetry line

velocity distribution, assumed in the analytical solution can be clearly observed. However,
there is an excellent match of the quasi-steady velocity on the top of the excavation.

Significantly more interesting is a diagram of transient velocity change at the top of
the excavation. Time wise development of the velocity vy, for the case of hydraulic perme-
ability K = 1 - 1072, is shown in the Figure 4.6, where numerical and analytical results are
compared. Very good agreement is observed. It can be seen that quasi-steady condition is
achieved very fast. The FEM modecl, naturally, can not predict this transient behavior of ve-
locity due to omission of the local inertia. The FEM quasi-steady solution match completely
with the FV profile shown in Figure 4.5.

Figure 4.7 shows different times required to obtain the quasi-steady velocity at the
top of the excavation for different values of hydraulic permeabilities. It can be concluded
that required time is is increasing with the increase of hydraulic permeability with order of
value of hydraulic permeability, which is in agreement with results of Philip [1957].

For the inhomogeneous case (the case with the low permeable lining), according to
equations (4.26) and (4.27). the pressure distribution is not readily reached. This is showed
in Figure 4.8, where it can be seen that, instantaneously, the pressure distribution as in the
homogeneous case is developed, and afterward, with the increase of the velocity, the pressure
distribution is reaching the quasi-steady condition.

For the higher hydraulic permeabilitics, but with the same ratio of two permeabil-
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ities, the time for reaching the quasi-steady condition is increaged for the exact order as for
which the permeability is increased. This can be seen in Figure 4.9, which shows the ana-
Ivtical results for 100 times increased hydraulic permeabilities of the lining and the soil in
comparison with figure 4.8. The exactly same diagram is obtained, but two orders shifted
in the time. If the ratio of the permeabilities is changed, the final pressure distribusion is
significantly changed, as shown in Figure 4.10.

The proof that the pressure distribution depends only on the ratio of permeabilities
and not. om their absolute valnes, can be easily derived by neglecting the acceleration terms
in equation (4.2) and considering the equations (4.16) and (4.17). For the pressure at the

point A (4 = H1) the obtained pressure expression in this case is:

PA H
. = —1 T — H, (4.29)
@1 Ko 2H,

Figure 4.11 shows comparison of analytical and numerical transient solution. The
deviation can be again prescribed to the assumption of linear velocity distribution in the
soil, but also to some extent, to the additional assumption of constant velocity in the tunnel
lining. Nevertheless, relatively good agreement is obtained in the zone near the excavation.
Similarly as in the homogencous case, the FEM model gives only a quasi-steady solution,
which is in excellent agreement with the FV model due to negligible effect of convective

acceleration term (Figure 4.12).
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Figure 4.12: Comparison of the FEM and F'V solution for the pressure distribution along the
symmetry line (K =1-107", Ky =1-107%, H; = 0.3mn)

4.5 Summary

In this Chapter, the influence of the local inertia term on the process of pressure
redistribution in a deep soil is analyzed numerically and analytically. Two cases are consid-
ered: (1) the case of homogeneous medium and (2) the case with less permeable lining around
the tunnel excavation. For both cases analytical solution for the symmetry line above the
cxcavation has been derived, under assumption that vertical velocity distribution along this
lina is linear and that water and scil are incompressible.

In the homogeneous case it is found that pressure adapts to the new boundary con-
ditions instantancously, while the velocity profile develops from zero to quasi-steady condition
very last. Only during this period, the acceleration term plays a role. It can be concluded
that required time Lo quasi-steady condition is proportional to hydraulic permeability value.
As expected, the pressure distribution is not influenced by soil permeability. Obtained ana-
Iytical pressure distribution is in good agreement with numerical results, especially near the
cxcavation, while the calculated velocitics are in exccllent agreement.

In the heterogeneous case with the less permeable lining, there is a transient pe-
riod for the pressure. as well as for the velocity distribution. Pressure changes fraom the

homogerneous solution toward the quasi-steady distribution in a short time proportional to
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the hydraulic permeability of the scil. It is found that gunasi-steady pressure distribution
depends on the permeability ratio between the lining and the medium, not on their absolute

values. Again, a good agreement between the numerical and analytical results is observed.
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Chapter 5

Model application: Simulation of

air sparging

5.1 Introduction

Introduced in the carly’s 1990’s, the air sparging (AS) is probably the most practiced
engineered remediation option when targeting the treatment of hydrocarbon-contaminated

aguifers

Johnson et al., 2001]. Its widespread use comes from its simplicity, cost effectiveness
and reported atfirmative results. Its principle is quite simple; the air is injected under the
contaminated zone (Figure 5.1), and during its bnoyancy induced flow toward the surface,
there are two mechanisms which promote the remediation: volatilization of contaminants
into the air plume and enhancement of biodegradation processes by increasing the dissolved
oxygen in ground water. As showed in Figure 5.1, the (AS) svstem can be combined with
the soil vapor extraction (SVE) system, in order to remove the contaminated air from the
vadose zone.

Biosparging is practically the name for the same technology, however, it usually
implies low air injection rates, emphasizing the aerohic biodegradation mechanism. The rela-
tive contribution between the volatilization and microbial degradation is influenced by many
factors, such as air velocity, contaminant volatility, microbial preference factors, contaminant
composition and distribution, etc.

In this chapter, the developed model will be applicd for numerical simulation of air

73



T4 Chapter 5. Model application: Simulation of air sparging

Figure 5.1: Conceptual scheme of AS technology with SVE system for remediafion of satu-

rated /unsaturated soils, contaminated by volatile organic compounds, after unknown author

sparging. Ag will be shawn in the literature review of air sparging modeling. the accelera-
tion effects in all, by now reported, models have always been neglected. Due to existence of
strong buoyancy force, here it is assumed that acceleration can influence the model results
and its modeling can provide more reliable simulations. In addition, the air sparging has been
shown to be applicable only in relatively permeable soils [e.g. Johnson et al., 2001, where it
can be expected higher magnitudes of air/water velocities. This, in turn, increases accelera-
tion effects. Therefore, the first motivation of this study was to numerically investigate the

acceleration effects during the air sparging.

Generally, modeling of air sparging includes two issues: modeling of transient air-
water distribution and modeling of contaminant removal. The letter issue is also here consid-
ered by model extension and its verification by cormparison with several reported experiments.
This chapter is therefore divided into two parts: In the next section the problem of air-waler
distribution modeling will be treated where the main goal was to investigate the acceleration
effects, and after that, in the following section, the model extension for the simulation of

contaminant removal will be deseribed and verified.
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5.2 Modeling of air-water distribution during the air sparging

5.2.1 Literature review of applied multiphase models

Probably the first attempt to numerically model the air sparging was by Unger et
al. [1995]. They assumed horizontal sparging wells and analyzed mechanisms which influence
the dense non-aqueous phase liquids (DNAPLSg) removal from heterogencous porous medium,
representative of the Borden aquifer. They used a CompFlow, three-dimensional, three-phase
compositional model for a hypothetical sparging scenario. In their analysis, a heterogencous
permeability leld (10mx10mx5m) with appropriale wean, variance and spalial correlation
was first generated, then, the surface spill of 0.8m” of trichloroethylene (TCE) is simulated,
after which the AS is applied, accompanied with SVE. The simulation resnlts revealed that
the primary mechanism of contaminant removal in the carly stage of air sparging is dircct
volatilization of non-aqueous phase to the air phase. Later, the contaminant removal is
restricted by the dissolution process into the water phase. 'Lhey also found that degree
of heterogeneity impacted the AS performance less in comparison with effects of operating
conditions. It should be noted, however, that they assumed an equilibrium of the contaminant
partitioning between the phases, which has been shown in the later researches as inapplicable
for air sparging simulation.

Lundegard and Andersen 1996] used modified version of the TETRAD finite differ-
ence model to investigate the performance of air sparging systems, measured by the predicted
region of air flow (zone of influence). All reported simulations were applied on axisymmetric
domain with a radius nearly 120m and a depth of about 30m and with neglected capillary
effects. They were able to reconstruct the evolution of air distribution after start of air in-
jection and before the attainment of steady conditions. They defined two distinct stages in
this process: expansion stage and collapse stage. During the expansion stage the region of
air flow increases in volume and reaches the vadose zone. After that, the zone of higher air
saturations is forming around the sparging well, leading to second stage in which the zone
of airflow begins to collapse until reaching the steady condition. Their sensitivity analysis
showed that zone of influence of sparging well will not change with the injection depth, will
increase with an increase of air injection rate and will increase with increase of the anisotropy

ratio.
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McCray and Falta 1997] used a multiphase model T2VOC to simulate the two-
dimensional laboratory experiments reported by Ji et el. [1993]. In a 2D, rectangular domain
with approximately size of (.7 x 0.9 1, several materials. with different sizes of glass beads
were siulated for homogeneous and inhomogeneous cases. Since not all parameters required
for numerical simulation were reported by Ji ef al, authors used semi-empirical methods
Lo esbimnale values of inbrinsic permeabilily [or each specilic size of glass beads. They also
used power function of the respective phase saturation to estimate relative permeabilities
and Van Genuchten’s two-phase formulation for the capillary pressure function. Parameters
for these functions were estimated based on the reported air-entry pressurcs. Qualitative
comparison of caleulated air distributions with the observed ones showed a good agreement.
Due to lack of reported data, no quantitative comparison were possible. ‘They concluded that
multiphase models can he used for simulation of air sparging with appropriately characterized
heterogeneity of the porous media.

Chen et al. [1996] used LD numerical model for interpretation of their experimental
results. Details of used numerical model are referenced in other papers. They nsed tomog-
raphy imaging to measure air distribution during the air sparging in saturated sand packs.
They observed (wo classes of behavior: (1) Lu highly permneable sand packs (106 Darcy) they
cbserved relatively few discrete air pathways with steady conditions rapidly attained, and
(2) in low permeability sand packs (3 Darcy) they observed delayed attainment of steady
statc with higher air saturations. They reported excellent agreement between calculated and
measured air saturations.

Hein ef al. [1997] used the numerical model (T2VOC) for simulation of their own
AS experiments in the cylindrical vessel 1.2m in diameter and lm deep, filled with silica
sand. During the AS experiments, the air flow measurements were conducted above the
water surface, along the two orthogonal transects at six radial distances from the cenfer.
For the numerical model, the capillary pressure parameters were independently measured,
while the relative permeability function was assumed. Comparison of simulated and measured
Nuxes showed that, near the sparging well, model under predicts the air Qux up to 40%, which
authors explained by incorrect representation of capillary pressure - saturation relation. Away
from the sparging well, much better agreement was observed. From the experimental results

they also concluded that zonc of influence of the sparging well increases only slightly with
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increase of injection flow rate,

Van Dijke et al. [1995] used axisyminetric, finite element model based on the mixed
form of the Richards cquation for the air and the water phase, to validate proposed scmi-
analytical model for steady air distribution in the homogeneous media. Proposed analytical
solution can be used for estimation of zone of influence of the sparging well. However,
proposed analytical solution is relatively accurate only in the case of low air saturations.
Later, Van Dijke and van der Zee [1998] proposed similar analytical solution for a layered
soil. In this case, they recognized three air flow regions that occur at the steady state: (1)
the region between the injection point and a lower permeability layer, with primarily vertical
flow, (2) the narrow region below the lower permeability layer where lateral flow dominates
and where capillary forces are of the same order as gravity forces, and (3) the region above
the lower permeability layer and below the water table where also buoyancy-driven vertical
flow dominates.

Dror et al. [2004] utilized MODFLOW (U.S. Geological Survey) code to quantify the
effects of air injection on reduction of hydraulic permeahility and effective porosity in aerated
regions of their experimental sctup. The goal was to investigate applicability of air injection
as an alternative hydraulic barriers in order to prevent saline intrusion in coastal areas, or
to prevent a contaminant transport. They concluded that air injection provides stable, low
conductivity barriers that reduce the water discharge by, at least. an order of magnitude.
However, the question remained whether obtained laboratory results are applicable on the
field scale.

It can be concluded that all aforementioned models are basically very similar. The
main difference is in the numerical method applied to solve governing equations. They all
assume Darcy law as governing relation between the phase lux and hydraulic gradient, where
the effects of other available phases are expressed through the relative permeability concept.
Capillarity coffects are introduced through a smooth empirical functions of phase saturations
(only in the model of Lundegard and Andersen [1996], the capillarity is neglected). In general,
all reported results of application of multiphase models to air sparging have been encouraging.
The air How zone is very well reproduced, in agreement with observed patterns at laboratory
or in situ experiments. However, it is also clear that for acenrate modeling of real sites, the

amount of data required to support the multiphase modcls usually exceeds the available data.
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All of these models neglect in start acceleration effects, and therefore, that was the
motive for this study; to analyze acceleration effeets on the air/water distribution during the

air sparging.

5.2.2 Literature review of experimental facts about air flow pattern during

air sparging

Multiphase models inherently produce continuous air phase distribution in the aer-
ation zone of porous media. However, many experiments, conducted at laboratory or in gitu
scales, revealed that this is not an actual case. Therefore, in this section the reported re-
sults on air flow pattern will be summarized and implications on numerical modeling will he
discussed.

The laboratory study of Ji et al. [1993] was the pioneering work of air low visualiza-
tion after its injection into saturated porons medium. They conducted experiments in a 2D
transparent tank with approximate dimensions of 29 inch x 34 inch x 1 inch. The tank was
filled with various sizes of glass beads in a homogencous or heterogeneous way, with intention
to observe how the injected air is distributed in previously saturated medium, and how is that
distribution influenced by bead size, injection flow rate or heterogeneity. Two different flow
patterns were reported, depending on the size of the glass beads: (1) for the 0.756mm glass
beads or less, the air flows through the bush-like system of discrete channels, and (2) for 4inm
glass beads or larger, they observed bubbly ow characterized by the plume of discrete bub-
bles. The transition zone was reported between 0.70mm and 4mm glass beads implying that
in the most natural subsurface conditions, the channel flow regime can be expected. They
also found that the air flow pattern is strongly influenced on medium heterogeneity. Increase
of the air low rate expands the air flow region up to some extent, after which, the increase of
injection rate increases density of air channels and flux through the existent channels, while
the acrarion region remains nearly the same,

Other air flow visualization studies, conducted on packed beads or granular soils,
are consistent with findings of Ji el al. [1993] [Lundegard and LaBrecque, 1995; Leeson el
al., 1995; Chen et al., 1996; Semer et al., 1998; Roosevelt and Corapcioglu, 19498; Elder and
Bensom, 1999; Peterson ef al., 1999; Marulanda et al., 2000; Kranss et al., 2003]. Brooks et al.

[1999] summarized the published experimental observations and, in addition, conducted their
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own experiments on glags beads. They characterized the flow pattern through the modified,

nondimensional Bond number, as the ratio of buoyancy and capillary forces:

2
_Apgrymy
J T

Na (5.1)

whore 1 is the pore body radius, assumed as equal as the grain radius, ¢ is the air-water
surface tension, and r, is the pore throat radius. According to this theory, in the case where
capillary forces are greater than buoyancy, an additional pressure is required to overcome the
capillarity, which can be provided only through the continual air channel from the sparging
well. They concluded that channel ow occurs in porous media up to 1 mn to 2 mm of grain
size, and for coarser medium the bubble How pattern is to be expected. According to the
Unified Classification System. this transition zone occurs in medinm sand. In addition, they
admitted that identification of air flow pattern is subjective in nature, and cannot alway be
clearly distinguished.

Provided observations have significant implications on numerical modeling of air
sparging: above all, on the contaminant removal modelitig, Since the air and the water phase
are not completely mixed, it is reasonably to expect that the contaminant removal will be
significantly overestimated by the numerical models in which complete mixing is inherently
assumed. Furthermore, an adequate characterization of sitnulated site is critically important
for reliable numerical modeling. Experiments showed that a minor change of soil structure
have significant impact on air distribution. Thig means that considerable amount of data

collection may be required for model input.

5.2.3 Capillary pressure and relative permeability models

Governing equations of motion of the air and the water phase in porous mediwm are

coupled through the capillary pressure, defined as:

Pe = Pa — Puw (52)

where p. is the capillary pressure, p, is the air pressure and p,, 1s the water pressure.
At the pore scale, the capillary pressure is a function of curvature radii of the air-
water interface. However, at the macroscopic scale, the capillary pressure fumetion ig nsnally

given as a empirical function of phase saturation and should be measured for cach specific
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location. There are a number of available capillary pressure functions that can be found in
the literature, but most frequently used in multiphase models are expressions proposed by
van Genuchten [1980] (VG) and Brooks and Corey [1964] (BC). Van Genuchten’s expression

has a form:

Pg = Pud (Sfl/m - l)l/” (5.3)

we
QG-TU
where ni,, and m = 1—1/n are the fitting parameters and S, is the effective water saturation

given by:

Sw - S‘wr i
Sy = —m————— 5.4
e 1 — Sw'r ( )

where 8, is the water saturation and Sy, is the residual, or irreducible water saturation.

Brooks and Corey model has a form:

=i
{abi g

= /‘uw
pC:pdswéS (

where py is the air entry pressure and (g, is the fitting paramecter.

Figure 5.2 shows comparison of VG and BC capillary pressure curves, fitted for
the measured drainage data of Borden sand Demond and Roberts, 1992]. It can be seen
that the greatest difference between these two curves is in the zone of full saturation (near
Sy = 1). A BC curve has clearly defined air entry pressure, that must be exceeded before
air can penetrate., In contrast, according to the VG curve, for any capillary pressure higher
than zero, some amount of the air will enter the porous region. In the specific case of Borden
sand, the BC curve clearly overestimates the air entry pressure, which will as a consequence
in mumerical simulations, have smaller capillary spreading of air. Rathfelder and Abriola
[1998] have numerically analyzed the influence of two curves on the long term simulations of
NAPL redistribution in saturated soils. They found that two curves yield different solution
behavior, where BC solutions generally produced grater spreading of NAPL. less inclination
to penctrate less-permeable layers and poorer spafial convergence behavior.

During the air sparging, air saturations are near full water saturation zone and
therefore it can be expected that choice of representative capillary pressure model will have
a greal wnpact on sitnulation results. However, such analysis is lacking in the literature and
it is not clear which curve is more appropriate for air sparging simulations.

FExpressions for the relative permeability can be obtained by nsing the capillary

pressure/saturation function in hydraulic permeability model of Burdine [1953], or Mualem
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Figure 5.2: Comparison of VG and BC curves with measured capillary pressure/saturation

data [or Bordine sand
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[1976]. VG and the Mualem model produce the following expression for the relative perme-

ability [van Genuchsen, 1980):

bur = 42 1= (1 - S;{?m)m]') (5.6)
Far = (1= Sue)/* [1 - 85" (5.7

where k. and £, are relative permeability functions for the water and the air phase, respec-
tively.

BC and the Burdine model produce:
k:‘w‘r’ o S‘l(’”zfl dinrz )/ L (5.8)

b = (1 — 8ue)'? (1 — S HFawilfan) (5.9)

In figure 5.3 the above given relative permeability relations are compared for the
Bordine sand. The influence of one phase on the mobility of the other phase is introduced
through the nonlinear dependency of phase saturation and its mobility. At the pore space
il 18 a function of fluid properties of both phases, as well as the properties of the porous

medium.

5.2.4 Numerical simulation of air sparging laboratory experiments

Numerical model developed in Chapter 3 will be applied for simulation of two di-
mensional air sparging experiments reported by Ji ef of. [1993], with intention to analyze the
acceleration effects on air flow and distribution. For the convenience, the governing equations

solved here arc written in the following form:

de d
Tt”- T Z((,ypvm) =0 (5.10)
O(Vyi) OV o, Opg, dzrs i Vi o .
Cp EY) + G’p‘/bja—% = p_pa_.;[l = apgag_ﬁi + E Aplip—— (9 )\pﬂ.’me’ (:)11)

where subscript p denotes the phase (a - for the air and w - for the water). According to the

relative permeability concept the parameter in the drag term in equation (5.11) is defined as:

1
— (5.12)
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Table 5.1: Hydraulic paramcters for 0.76 mm and 4.0 mm glass beads after MceCray and

Falta [1997).

Paraweter/bead diameter 0.75 1w 4.0 mn Ulils
Intrinsic permeability 49-1071% 1.0-1077  [m?
Porosity 0.35 0.35 -

Water residual saturation 0.15 0.1 -
Air residual saturation 0.0 0.0 -
Parameter n in VG model 23.6 22.0 -

Parameter oy, in VG model 5.99 150.0 (1]

The homogeneous experiments with 0.75 mm and 4.0 i glass beads diameter are
chosen for numerical simmulation. Hydraulic parameters, essential for numerical simulation,
are taken from McCray and Falta [1997] and are shown in Table 5.1. As it can be seen from
the presented parameters, the VG model for constitutive relations of capillary pressure and
relative permeabilitics 1s utilized.

i should be noted thal iu the original paper of Ji ef al. [1993], there was no reported
data about hydraulic propertics of the glass beads used, except the bead size and porosity.
The parameters nsed here are obtained by semi-empirical methods described in MeCray and
Falta [1997]. Namely, the intrinsic permeabilities are estimated utilizing the "ratio” method,

according to which two perineabilities of different bead diameters are related as:

1. 2
ks = ki (;—2) (5.13)
L

where &y is the known intrinsic permeability of glass beads with diameter d; and ks is the
unknown intrinsic permeability of glass beads with diameter do. Here, known values of
perteabilities [rom the literature were used. Paramelers [or capillary pressure/saturalion
relations where obtained from reported air entry pressures and utilizing the scaling method
of Leverett [1941] on referenced data from the literatnre. Leverett [1941] established the

following relation between the capillary pressure, permeability and porosity:

. 1k
ey = % /_ (5.14)

Vo

where penv 18 a dimensionless capillary pressure.
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Simulation of 0.75mm glass beads experiment

In the case of 0.75mm glass beads experiment, the tank was uniformly filled up to
25 inch from the bollom and additional 4 inches of 4.0mm glass beads were added on the top
to prevent the fluidization. From the reported drawings, initial water level is assumed at 24
inch from the tank bottom. The air injection rate chosen for simulation was 10.00 T./min.

For numerical solution, the domain is discretized by 1 inch cubes. To obtain the
balance between gravity and capillary forces prior to air injection, the static water level
was imposed at the 24 inch level and simulation without air injection was conducted until
the equilibrium was reached. This state represented initial condition for the air sparging
simulation. The bottom and the side walls are treated as "no flow” boundary condition. The
nozzle cell at the bottom is treated as "inactive” cell with constant air flux at the upper face
and no fluxes at the remaining faces.

In the experiments, depending on air injection rate and bead size, the water could
exit the porous media at the top boundary and form a free water layer above the packing,
To simulate this condition, after complete saturation of upper layer, the cutwards flux is
calculated and accordingly. the free water height above the domain is obtained. Under
assumption of hydrostatic pressure in above free water layer, the pressure at the top boundary
was lmposed.

Figures 5.4 - 5.7 show simulation results of transient air/water distribution after start
of air injection. The transient periods of air plume developinent, described by Lundegard and
Andersen [1996]. can be clearly observed from these figures: (1) an expansion stage until the
air phase reaches the free surface (figures 5.4 and 5.5) and (2) an contraction stage, observed
after reaching the free surface (figures 5.6 and Figh-0-75-4). Tt can be also noted that the zone

near injection point reaches the steady condition faster than the zone near the free surface.
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Figure 5.4: Simulation of air injection into saturated 0.75mm glass beads; 0.2s after start of
injection: a) air saturation contours and velocity vectors, b) water saturation contours and

velocity vectors
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Figure 5.5: Simulation of air injection into saturated 0.75mm glass beads; 2s after start of

injection: a) air saturation contours and velocity vectors, b) water saturation contours and

velocity vectors
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Figure 5.6: Simulation of air injection into saturated 0.75mm glass beads; 4s after start of
injection: a) air saturation contours and velocity vectors, b) water saturation contours and

velocity vectors
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Figure 5.7: Simulation of air injection into saturated 0.75mm glass beads; 138 after start of
injection: a) air saturation contours and velocity vectors, b) water saturation contours and

velocity vectors
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Figure 5.8: Comparison of observed flow pattern and numerical results for 0.75mm glass beads
- steady conditions: a) observed flow pattern from Jiet al. [1993], b) numerical simulation -

steady state air saturation contours (gqs, = 10.0 L/min).

Qualitative comparison of steady condition air distribution with observed air distri-
bution by Ji ef al. 1993] is shown in Figure 5.8. Figure 5.4 a) is a drawing taken from the
paper of Ji ¢t al. [1993] which schematically represents air flow pattern and air phase distrib-
ution. The figure also shows initial water level condition. At the steady state, the glass beads
above this level (4mm beads) are saturated and water layer over packing is formed. This can
be clearly seen from the photographs in the paper. Iigure 5.8 b) shows air phase saturation
contours from the simulation. The air spreading area has a parabolic shape through the
(.75mm beads, very similar to the observed one. After reaching the 4.0mm beads, due to

higher permeability, the air zone is contracted with decrease of air saturation.

Numerical simulations conducted with and wilhout inclusion of acceleration terins
revealed that, in this case, acceleration terms in momentum equations (5.11) have negligible
influence on air saturation distribution (less than 1%), neither during the transient period of

air plume development, or at the steady conditions.
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Figure 5.9: Comparison of observed flow pattern and numerieal simulation results for 4.0mm
glass beads: a) observed flow pattern from Ji et al. [1993], b) numerical simulation without
acceleration terms in equations (5.11), ¢) steady pulsation - simulation with acceleration

terms. (Contours in b) and ¢) represent air saturations)

Simulation of 4.0mm glass beads experiment

In the 4mm glass beads experiment, the packing was homogeneous with initial
water level at 24 inch from the tank bottom. Simulated injection air flow rate was again
¢air = 10.0 L/min, with the same houndary conditions as in the previous case. In this case
the bubbly flow pattern is reported. After incrcasing the air flow rate and reaching the specific
value, the steady pulsation was observed. Pulsation manifested as bubbly stream oscillation

shown in Figure 5.9-a). Authors described this behavior as a jet pulsation.

Here, two numerical simulations were conducted: (1) without modeling the acceler-
ation terms in equations (5.11), and (2) simulation with included acceleration terms. Figures
5.9-b) and 5.9-¢) show simulation results Hs after the start of air injection for two cases,
respectively. The pulsation, observed in experiments, could only be produced by modeling
the acceleration terms (Fig. 5.9-¢)). Comparison of the figures also shows higher air satura-
tions in the letter case and wider zone of aeration. which better reproduce the experimental
resnlts. Numerical results clearly show that inertial forces have the key role in the inception

of instability.
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Figure 5.10: Macroscopic water velocities in a case of pulsasing air flow. Contour lines

represent air saturations from Fig. 5.9-a)

Without the pulsation, the steady state implies that water phase is at hydrostatic
condition. However, in the pulsation case, water oscillates as air pulses are passing. At the
front of the air pulse, water is moving upward, circulating around the pulse, and replacing
the air at the pulse tail. This is shown in Figure 5.10, where the macroscopic fluxes of the
water phase are drawn. This behavior certainly has consequences on contaminant removal,
due 1o promoted mechanical mixing,

Inception of instability is reported at air injection rate of about 10 L/min. How-
ever, numerical model produced instability significantly earlier, at about 2 L/min. This is
attributed to modeling of drag term in momentum equations. As discussed in Chapter 2
of this thesis, it is well known that at higher Raynold’s numbers, which can be expected in
coarser materials, the Darcy law does not describe well the relation between the hydraulic
gradient and fluid velocities. Therefore, the drag term is changed by using the Ergun’s [1952]
expression which combines Kozeny-Carman equation for viscous loss and DBurke-Plummer
equation for kinetic loss. The relative permeability function is kept in order to express the

influence of other present fluids on the drag term:

R;n-.i il 150I/p(1 = (‘{))2 ]_75(]_ — qb)
. T B 37 : i Vo Vo) 5.15
£p Ko $3D? * D |Vl | (g Vi) (5.15)
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where D represents the bead diameter.

It should be emphasized here that reliable expressions for the drag force in the case
of high velocity multiphase flows and bubbly flows in porous media are still lacking, and that
additional experimental work is required to obtain such relations. In the theoretical study of
Corapcioglu et al. [2001], forces on single bubble in porous media are analyzed and the relative
permeabilily lunction is taken as a conslant. However, in avalysis of gas-liquid concurrent
flow, Seaz and Carbonell [1985] concluded hat relative permeability is exponential function
of the phase content. Wu [2001] obtained analytical solution for a Buckley-Leverett problem
for the conditions of non-Darcy flow of immiscible fluids, where he utilized Forchheimer-type
equasion for the drag terms, very similar in form to equation (5.15). The main difference is
that for the viscous torm is used a standard relative permeability funetion and for the kinetic
loss term, a empirical expression which is a function of permeability, relative permeability,
porosity and effective phase saturation. Equation (5.15) represents extension of Darcy-law
equation and can be easily replaced in the developed model with, eveuntual, more reliable
eXPIession.

It is also of interest to examine the influence of instability modeling on the amount
of dynamically trapped air as a result of siinulation, since it has a great importance in overall
efficiency of air sparging technology. Here. three models are compared, which differ only in

momentum equations:

Model I (full equations):

O( Vi) OVyi o, Opy, Iz 9 8V
o Vi e il iy ,
P ot + pVpj 01, 2y Oz; g o, -+ 7 ety 52,
1 [150m,(1 — )% 1.75(1 — ) .
K [ (:;3]’)2 l > D oVl | (Vi) (5.16)
-

Model IT (acceleration terms neglected):

ap Ip. 3 o OV 1 | 150p,(1 )2
0=_BZ2P 4 g2 4 — et ' | IR
s B, Gpg B + 3133- (ap?p 8&63) k_p?_ [ qb!aDz
1.75(1 — ¢) _
—5D !%le] (04 Vi) (5.17)
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Figure 5.11: Calculated dynamically trapped air volume: a) effect of acceleration terms in
momentum equations, b) comparison of Model I, Model II and Model III for different air

injection flow rates

Model III (acceleration terms and kinetic drag term neglected):

cp Oy ozy O AV, 1 [1500,(1 — $)2 . :
= ———— _ —_— s T S a— ni ek
0 o O2; Qpd o + o1 Qplp O ey 3 D2 (cup Vi) (5.18)

Calenlated results are compared in Figure 5.11. It can be seen that effects of ac-
celeration terims start with inception of instability and increase with higher air flow rate and
that Model ITI significantly underestimates dynamically trapped air velume. Inceptlion of
instability, which is experimentally observed around 10 L/min of air flow rate, is now in
agreement with numerical results. The mechanism of inception of instability will be theoret-

ically analyzed in the following section.
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5.2.5 An one-dimensional linear stability analysis of air sparging

A similar instability phenomena, as described in the previous section, has been
observed au the downward cocurrent flow of gas and liquid through packed columuns, ollen used
in chemical engineering for reactions such as oxidation or hydrogenation [e.g. Grosser et ol.,
1988; Dankworth =t al., 1990]. A lincar stability analysis of an one-dimensional macroscopic
model deseribed by equations very similar to equations numerically sclved in this study,
first conducted by Grosser et al. [1988] and later in a more detail by Dankworth et al.
[1990], revealed the role of inertial terms on inception of the instability. They concluded
that acceleration promotes growth of perturbations while capillary pressure counteracts the
incrtial cffects. At sufficiently high flow rates, when incrtial effects become dominant, the
ingtability occurred. Similar analysis will be conducted here, for the case of air sparging.

Starting point for the stability analysis are 1D governing cquations for the air and

the water phase in vertical direction:

Jex o) ,
—at” - B (cpVps) =0 (5.19)
6(1/;33) C)Vpg Uy Bpp R.pg
L09) en, a0 o BB e o T0 —w, a 5.20
ap 5t ap V3 rm oy D5 ctpy . (p =w, a) (5.20)

where @3 is the vertical axis (positive upward), and V3 is the vertical velocity of phase p.

System of equations is closed by inclusion of two additional conditions:
Olg + tyy = ¢ (5.21)

Pa — Pw = Pe — f(af'w) (5.22)
Now, an uniform, steady state can be assumed, around which a perturbation will be
imposed. The steady state for the case of air sparging implies that water phase is stagnant,

and can be characterized by following set of equations:

Vs =0 (5.23)
4 &y )=0 (5.24)
i —_— 9]
d:L'_j-} ava3
0o _Tadpe R (5.25)
Pu dT‘,’S Pu

where the overline represents a steady variable value.
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A perturbation around the uniforin, steady condition can be imposed by introducing:

op(zs, 1) = T + og (23, 1) (5.26)
Vps(xa. 1) = jJr 1/;3(.’1:3,75} (5.27)
Pplzs.t) = Py + 1), (23, 1) (5.28)

where o; V and p;) are infinitesimal disturbances for phase content, veloeity and pressure,
respectively.

By substitution of equations (5.26) ... (5.28) into equations [5.19) and (5.20) and
after linearisation, two continnity and two momentum equations can be reduced to a single

equation, e.g. in terms of perturbation from the uniform state of the water content:

daiz dor ;n ()2 “Iw du m 32041“ o £ o
A= +Bdm +OGpt + Dyt + 7 =" (5.29)

where cocfficients A ... E depend on uniform state variables and are given as:

. 1 BRMJ 1 aR(L{E) F o

A= Offu) (quJ3> 04_{1.2 (({)L{nﬁ (050)
B = L(aﬂuﬁ) B _(aRaﬂ) Rus  HRez  Wu (aRui)
@y \ Oy, W, \ Oy T W, gl \ OViys

V ang) )
531
(¥{L (()‘fﬂ‘} ( ? )
g=E B (5.32)

a’!ﬂ aﬂ,
B = (ng"’ﬂ + Iag—) (5.33)
Ciyys Gy
oA vy ARl < (dp") (5.34)
T TP Doy

A perturbation from the uniform state can be imposed in a sinusoidal form as:

oy = @ oxp [i{xrs — wt)] (5.35)
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where y is the wave number of the perturbation, w is the frequency and ¢ = +/—1. By requiring
that imaginary part of w cquals zero, and taking into account that uniform condition implics

stagnant water phase, a neutral condition can be obtained in a form:

A’E— ABD + B*’C = (5.36)
or, by substitution of equalities (5.30) ... (5.34) into (5.36), the same can be expressed as:
2 ; i 0 i i
Lk W (f—i + f’_—'_) 4 ( e ) _orlay— o (5.37)
T, W, iy Oy v,

in which ' = B/A.

Analysis of terms in equation (5.37) shows that first two terms are always positive,
promoting the instability, and that last two terms on the left side are always negative, op-
posing the instability. It can be concluded that significance of these terms, in each spocific
case, determines the ccewrrence of the instability.

Denoting the left side of equation (5.37) as €2, its value can be calculated for several
air injection flow rates. This is shown in Figure 5.12, where caleulation is conducted for
0.75mm and 4.0mm glass beads. Uniform, steady state variables are obtained numerically,
solviug the equalions (5.23) ... (5.25).

From the Figure 5.12, it can be concluded that for the 0.7bmm glass beads case,
the flow is always stable, regardless of air flow injection rate. However, in the case of 4.0mm
glass beads, instability occurs for the air pore velocities higher than ~ 0.156m/s. This is in
accordance with numerical experiments, but also with experimental results where no pulsation
is reported for 0.76mm gzlass beads.

In order to delineate more precisely the bead sizes associated with instability, the
same procedure is conducted for 2mm and 3mm beads. Parameters for capillary pressure
and relative permeability curves are scaled from the estimated values for 0.75mm beads, by
using the Leverett [1941] scaling procedure. Obtained values of those parameters, as well as
the value of estimated permeabilities, are shown in Table 5.2. The permeability is calculated
from the Ergun equation of viscous drag in a packed bed, assuming the same porosity as in

the case of 0.75mm beads:
D2 ¢3

k= T (5.38)
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Figure 5.12: Diagram of Q values in function of air pore velocity for 0.76mm and 4.0mm glass

beads

Table 5.2: Approximated parameter values for 2mm and 3mm glass beads.

Parameter/bead diameter 2.0 mm 3.0 mm Units
Intrinsic permeahility 271-107% 6.1-1077  [m?]
Porosity 0.35 0.35 ]
Water residual saturation 0.1 0.1 -]
Air residual saturation 0.0 0.0 -]
Parameter n in VG model 23.0 23.0 -]
Parameter agqy, in VG model  16.0 23.0 m~']
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Figure 5.13 shows calculation of € for 2mm and 3mm beads. Values of specific
terms on the left side of equation (5.37) arc also shown, where " Term1” ... " Term4” denote
the first, second, third and the fourth term, respectively. It can be observed that the first
and the fourth term are negligible in comparison with the second and the third, where the
second term comprises inertial and drag forces, and the third term represents the capillary
[oree.

According to Figure 5.13, the instability may occur for beads larger than 2mm. For
3mm glass beads, the instability occurs for air pore velocity larger than 0.3m/s, which is
quite large for flow in porous medinm. As the bead diameter increases, the critical pore air
velocity decreases (0.3m/s for 3mm beads and 0.15m/s for 4mm beads), as indeed should be,
due to lower capillary forces for larger beads. The role of capillary pressure in prevention of
instability can easily be proved by neglecting the third term in equation (5.37), which shows
that the flow would always be unstable.

Numerical experiments, for the conditions as in the experiments of Ji ef al. [1993],
revealed that instability occurs for bead diameters larger than 3mm. Considering that theo-
retical analysis was conducted for 1D case, and that numecrical selution inherently dampens
the occurrence of instability, the agreement can be considered as quite encouraging.

Clearly, the shape (gradient) of the capillary pressure curve has important role
on instability inception. Moreover, the shape in the near full saturation zone is the most
important for the coarser materials, where instability can be expected. As it has been shown
earlier, the most significant difference between BC and VG functions is exactly in this zone.
Since the above analysis was conducted using the VG curve, the applicability of the BC
curve will also be examined. Parameters for the BC capillary pressure curves are fitted to
best match with obtained VG curves. Table 5.3 shows fitted parameters for 0.75 mm, 2.0
mm, 3.0 mm and 4.0 mm glass beads, respectively. Comparison of capillary curves for 0.75
mm heads is shown in Figure 5.14. Relative permeability curves are kept the same as before,
in order to analvze only the effects of capillary model on calculated results. Therefore, only
the third term in equation (5.37) is changed, while the other, unform, steady state variables
are the same as in the previous calculations with VG model. The fact that steady variables
do not change with the change of capillary pressure curve can be easily seen from equation

(5.25).
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Figure 5.13: Diagram of & values in function of air pore velocity for 2.0mm and 4.0mm glass

beads: a) 2.0mm glass beads, b) 3.0mm glass beads.
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Table 5.3: Fitted paramcters of the Brooks-Corey capillary pressure curve for 0.75mm, 2mm,

3mm and 4mm glass beads.

Parameter/bead diameter 0.7 mm 20mm 3.0mm 4.0 mm
Parameter p; in BC model 0.15 (0.055 0.037 (0.028
Parameter Sq, in BC model 9 9 9 9
0.4
'gl j VG model
o I === = BC model
0.3F
—‘,
0.2,

0.1

0 1 I T L [ |
0 0.2 0.4 06 0.

8 1
S, [
Figure 5.14: Comparison of fitted VG and BC capillary pressure curves for 0.75mm glass

beads.
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Figure 5.15: Calculaled values of neutral stabilily function for dillerent diameter glass beads,

using the BC capillary pressure model.

Figure 5.15 shows calculated values of £2 function for different sizes of glass beads.
Generally, eritical values of air pore veloeities are decreased in comparison with VG model.
This was expected, considering the shapes of characteristic capillary pressure curves. How-
ever, the general conclusion remains the same, that instability may occur for 2mm beads and
larger. Recalling reported transition zone between the channel and the bubble How between
Imm and 2mm bead size [Brooks ef al., 1999], it can be concluded that instability can be

cxpected in the bubble flow regime only.

Considering experimentally obtained capillary pressure curves for different types of
materials e.g. van Genuchten, 1980], especially in the zone near complete saturation, it is
reasonable to assume that the VG model produces better matching. Therefore, here obtained

results, using this model can be considered as more reliable in comparison with the BC model.

It is well known that the capillary pressure function is a multiple value function,
depending on saturation history, i.e. of wetting/drying process [e.g. Luckner et al., 1989].
Therefore, the question arises which particular curve is relevant in terms of instability in-

coption, since different eurve would produce different stability eriteria (as showed previously
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for VG and BC models). Argumentation presented by Grosser et al. [1988] for trickling to
pulsing transition during the downward, cocurrent gas/water flow can be also applied for the
air sparging analysis. They concluded that drainage curve produces the loss of stability for
the lowest gas/water fluxes, and therefore, should be taken as adequate. Indeed, the term
m in equation (5.37) has minimal values for the drainage curve, and therefore will

provide (he minimal stabilizing resislance (o inerlial ellecls.

5.3 Modeling of contaminant removal during air sparging

In order to simulate application of the air sparging (AS) system, an appropriate
contaminant transport model has to be applied concurrently with the air/water How model.
This is the topic of this section; firstly, the literature review of reported modeling and ex-
perimental studies of mass transfer during AS will be presented, and secondly, the presented
model will be extended by inclusion of all important phenomena in relation with contaminant

transport during the AS,

5.3.1 Literature review of reported numerical models

There are gencerally two categories of models for simulation of contaminant removal
during AS [Rabideau and Blayden, 1998; McCray, 2000]: (1) mechanistic, multiphase models,
based on multidimensional governing flow and transport equations, and (2) simplified, so
called "reactor” models, where mass removal is related to the quantity of fluids circulating
in the reactor zone. Both approaches offer some advantages, but also have some inherent
drawbacks.

Multiphase (mechanistic) models potentially offer better understanding and more
accurate air/water flow and transport processes under sparging conditions. However, they
require a substantial amount of input data, which include detailed physical soil properties,
such as porosity, permeability, relative permeability characteristics and capillary pressure
functions. Reliable parameters of contaminant transfer belween the phases are also required,
although some processes, such as diffusion/dispersion of contaminant toward air channels,
are not resolved satisfactorily at the pore scale yet. Farlier mentioned maodels of Unger ef al.

[1995], and MeCray and Falta [1996] arc mechanistic ones. In these models, hydrodynamics
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and mags transport within each phase is simulated for hypothetical (study) cases with in-
tention to resolve the main mechanisims which influence the effectiveness of the AS system.
Although, the applications of these models have provided a valuable insight into govern-
ing mechanisms of contaminant removal, both are based on assumption of complete mixing
and equilibritun partitioning of contaminant between the phages, which can be expressed by

Henry's law:

Cp— Ky Gy (5.39)

where C, and (), are the contaminant concentrations in the air and the water phase, re-
spectively, and K; is the Ilenry’s constant (nondimensional). [t has been showed in several
studies that equilibrium partitioning assumption may not be applicable [e.g. Cho and Jatfe,
1990; Elder ef al., 1999; Rabideau et al., 1999].

Reactor (lumped parameter) models are significantly simpler. Generally in models
reported in the literature, the AS zone is divided into two or three compartments, for which
a simple mass conservation equations are solved. Compartments represent a water, air (two
compartments) and mass interchange compartment (three compartments). Mass interchange
compartment is usually introduced in order to account some processes, such as diffusion
toward air channels, biodegradation, sorption and desorption from the soil phase ete. Transfer
of contaminants between the phases are modeled by equilibrium assumption, or through the
lumped parameters of mass transfer rate between the compartments.

Rabideau ef al. [1999] proposed a reactor model which takes into account diffusion of
contaminant toward the air channels. They succeeded to reconstruct source zone tailing and
rebound behavior, often observed at the air sparging sites, as well as in laboratory experiments
[Semmer and Reddy, , 1998; Chao et al., 1998; Adams and Reddy, 1999; Kirtland and Aelion,
2000; Benner ef al., 2000; Peterson et al., 2000; Braida and Ong, 2000, Rogers et ol., 2004]. In
this model the sparging region is modeled as a reactor consisting of two mixed compartments,
where only one of these compartments exchanges mass with the air phase. They assumed two
main processes affecting the mass removal: desorption from the soil phase and diffusion of
contaminant in the water phase. Model was applied on in situ AS system, where the system
of 36 sparging wells, distributed en approximately 2500 m?, is simulated as a single one.

Model paramcters were calibrated from the carly stage of air sparging course, and applied for
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prediction of sparging effects over 3-years operating period. They concluded that about 18%
of pore space was influenced by AS, and the remaining was not, with the diffusion toward air
channel as limiting factor. They also showed that pulsing strategy of AS system is beneficial
in terms of remediation efficiency. Proposed model, however, does not include (as the most
of other reported reactor models) transport of contaminants by the air phase and advection
by (he waler phase.

Somewhat different approach is proposed by Elder ef al. [1999]. This model consid-
ers air How in discrete air channels, diffusion between the air channels and rate limited mass
transfer into the air phase. Water phase is assumed as stationary and sorption is neglected.
Air phase distribution is assumed in this model, based on air injection flow rate. Model
wag applied to simulate reported experimental air sparging results from literature, where it
showed a good agreement with measured mass removal. In the model, water phase is also
considered as stagnant.

Several lumped-parameter models were proposed o simulate one-dimensional lab-
oratory experiments conducted on soil columns., By their calibration with measured mass
removal, important model parameters can be obtained, such as air-water mass transfer coef-
ficient [e.g. Chao et al., 1998; Braida and Ong, 2000] , or diffusion/dispersion coefficient of
contaminants in saturated soil.

Described models proposed by Rabidean et al. [1999 and Elder et al. [1999] are
typical reactor models, and models proposed by other authors are conceptually very similar.
Some of them include an additional processes which may effect contaminant removal. Wilson
et al. [1994] and Wilson et al. [1997]. for example, accounted a dissolution process of NAPL
droplets into the water phase and its diffusion toward the air channels.

These models, inherently cannot predict air distribution in the zone of aeration,
and therefore, it has to be assumed. This in turn, may produce difficulties in the cases
with significant heterogeneity. In addition, water phase is treated as stagnant and effects of
groundwater flow can not be simulated; for example, when air sparging also serves to prevent
migration of contaminant due to existence of natural hydraulic gradient.

Many laboratory and in-situ experimental studies conducted since the early 1990°s
provided hetter ninderstanding on factors and mechanisms controlling mass removal of con-

taminants during the AS. Some of them were focused on removal of trapped. non-aqucous
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phase [Braida and Ong, 2000; Rogers ¢t al., 2004] and some were focused on remediation of
dissolved contaminants [Chao ef ol., 1998; Reddy and Adams. 2000; Peterson et ol., 2000;
Braida and Ong, 2001]. Considering reported experimental results, several common points

can be emphasized:

» Air sparging is more effective in coarser soils. Chao ¢t al. [1998] argued that this can be
attributed to higher number of air channcls which develop in coarser soil in comparison

with fine materials, and faster diffusion of VOCs in coarser materials.

o In the carly stage of air sparging, contaminants within air channels are removed first.
Therefore, volatility characteristics of contaminants (vapor pressure, Henry's constamnt)

govern sparging efficiency.

e After an initial period, contaminant removal is limited by in water mass transport.
Here, most of rescarches agree that contaminant diffusion in water phase is limiting
process. Therefore, the volatility of contaminant does not significantly influence sparg-

ing cfficiency, but dissolved contaminant concentrations [Johnson et al., 2001].

e Increase of the air flow rate, enhances sparging efficiency up to some limit. After that,

the mass removal is not influenced by air injection rate.

5.3.2 Model formulation

Mechanisms affecting volatile contaminant removal during an in-situ AS include: air
advection, air diffusion/dispersion, volatilization, water advection, water diffusion/dispersion,
sorption/desorption and chemical/biological reactions. Depending on soil and contaminant
properties, as well as sparging strategy, some of these processes can be more or less significant.

It is assumed that a continuous film of water, as a wetting fluid, coats the soil
grains sot that mass transfer between the soil and air is possible only via the water phase
[e.g. Armstrong et ol., 1994]. Water phase is divided into two compartments, which coincide
with the "clear™ and the "dirty™ zones in the conceptual model of Rabideau et al. [1999].
As shown in Figure 5.16, the immobile water compartment is in contact with the air phase,
while the mohile water compartment is not. Partitioning of contaminant between the water

and the soil phase is assumed as an instantancous cquilibrium for both water compartments.
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Figure 5.16: Schematic representation of air channels and air (a), immobile (im) and mobile

water (w) phases.

The mass conservation equations for the air, immobile water and mobile water phase

in Cartesian coordinates can be written as:

Na,Cu)  A(CotrgVii)

P o r
(r)t = 0.’!31' = Kwa.A(KHsz Cn) (‘)40]
DA Cin) — KgAK Com — Ca) + K (G — Cim) — o f S (s.a1)

where C,, C;y,, and C,, are the air, immobile water and mobile water contaminant concen-
trations, K. is the alr-water mass transter coefficient, A is the contact surface between air
and water phase, per unit volume of porous media, Ky is the Henry’s constant, K is the
immobile-mobile waler transfer coellicient, gy, is the soil dry bulk densily and D;; is the waler
dispersion tensor. The contaminant dispersion tensor in the water phase is given by [Bear,

1972k
oy Vi (aw ij )
Iaw Va |

e Dij = (a7 — ay) + g |ty Vi | 04 + ey D* 855 (5.43)

where @; and a; are the longitudinal and transverse dispersivities, respectively, and d;; is the
Kronecker delta. The product 710* represents the effective diffusion coefficient for the porous

media, comprising the cffects of nonlincarity of diffusive paths, where the tourtosity factor
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(7) can be calculated according to Millington and Quirk [1959] expression:
r =l (5.44)

As can be scen from equations (5.41) and (5.42), the transfer of mass between
the innnobile and wobile waler comparbiment is represented by [rsi-order kinelic relation,
where the driving force is concentration gradient between two compartments. Since the
thickness of immobile zone can not be explicitly measured, the mass transfer coefficient K
represents a lumped paramecter, comprising all nonlincaritics and non-cquilibrium processes
in this diffusive transport of contaminant toward the air phase.

The air-water mass transfer coefficient can be estimated (K,,) according to the
two-film theory [Elder e al., 1999]. According to this theory, the resistance for mass transfer
at the interface comprise the resistance of the air and the water film. The air film resistance
can be calculated from the empirical function of the Sherwood number:

kod de\/? ;
TRl (f) (NieeNso) ' (5.45)
a

Nsp =

s

where k, is the mass transfer coefficient of the air film. d,. is the air channel diamecter, L is
the air channel length, D, the air diffusion coellicient, and Ng., Ng. are the Reynolds and

Schmidt numbers. respectively, defined as:

Npe = (5.46)
i
Ny = 5.47)
e PnDn (

where p, 18 the air viscosity, p, the air density and .
Tor the calculation of the water film resistance, the penetration theory (Bird et al.,

1960) can be utilized:

L ( - )w (5.48)
ko 4 \Dra,Va s
Now, the air-water mass transfer coefficient can be derived as:
oin - —1
1 Kuy\! d2 s dom K L 2
K(.!.’{L‘: (—+—H') == £ 173 += £ 2 ( _) (549)
ko Ky 1.615D, (NgeNse) /3 4 DoV,

The air-water interface arca can be estimated by assumption that air channels are
eveuly distribuled in the horizontal plane of one calculation cell:

4oy,

A= —
der/Te
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where 7. it the channel tortuosity, the ratio of the effective linear channel length and its
apparent length [Elder and Benson, 1999].
Equilibrium partitioning between the dissolved and the solid phase (sorpiton/desorption)

is modeled as a Freundlich 1sotherm:
Cs = Ky | fCim + (1 — f)Cy) (5.51)

whoere Oy is the soil concentration (mass per unit mass), Ky is the distribution coetlicient,
usually expressed as a product of mass fraction of organic carbon in the soil and organic
carbon partitioning cocflicient (Ky = focfoe). It is also assumed that sorbent is uniformly
distributed between immaobile and mobile water, resulting that traction of sorbent associated

with immobile water can be calculated as:

) X,
f=— (5.52)
Qi T Oy

The immobile water compartment, conceptually introduced in this model, mimics
the mass transfer zone (MTZ), or zone directly influenced by the air channel. This zone is
experimentally investigated by Braida and Ong [2001] on a single air channel experimental
setup. Their unique setup consists of an air tunnel (representing the air channel), 1.58mm
high, over saturated, uniformly contaminated porous media placed in an acryl tank, so that
air-water contact surface is known. For given air flow rate, transient concentration changes
were measured at the different lengths from the air channel. They arbitrarily defined this
zone as a distance from the air channel to where the contaminant concentration was 90%
of the bulk concentration for quasi-steady conditions. Reported MTZ ranged from 17mm
to 41mm. However, in another paper [Braida and Ong, 2000], authors tried to numerically
simulate conducted experiments on a soil column, by simulation of a system of air channels.
Reported MTZ zone was about an order of magnitude less than in the single air channel case.
Considering that both experiments were conducted with stagnant water phase (no mixing by
advection), with saturated air (no water advection toward air channels due to evaporation),
it is reasonable to assume that in near field conditions, the M'TZ zone is significantly smaller.
Therefore, in the presented model, the immobile watler compartment is taken as the residual
water content.

As it can be seen from equation (5.40), the diffusion transport in the air phase is

not included, although, the diffusion coefficient in the air is usually three orders of magnitude
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higher than in the water phase. Conceptually, presented model doeg not treat the air phase
as completely continuous, but distributed in a number of discrete air channels, surrounded
by the water phase. Therefore, there is no contaminant diffusion/dispersion between the
channels. Considering the longitudinal dispersion, and recalling that concentration source is
distributed along the air channel, it 18 assumed as negligible in comparison with air advection,

which was conlirmed by numerical experiments.

5.3.3 Validalion of Lhe air-waler mass transler eslimate

There are two important parameters in the mass transport /transfer model: the air-
water mass transfer coefficient (K,.,) and mobile-immobile water mass transfer (K). Gener-
ally, the air-water interface area (A) ean not be experimentally determined. Therefore, it is a
cominon practice to measure the lumped value of mass transfer (K,,A). The same approach
for the Ky, A modeling is used in the conceptual model of Elder et al. (1999), however, no
explicit validation of equations (5.49) and (5.50) is published in the literature yet. That was
the main motive of the study described in this section.

In order to validate adopted method for estimation of the air-water mass transfer, it
will be applied on published experimental results. Chao ef al. [1998] reported one-dimensional
experiments in order to investigate air-water mass transfer of VOCs. Their experimental
setup consisted of a Plexiglas column, 9.5 ¢m in diameter and 40.6 ¢m in height, in which
the clean soil was placed. The soil was then saturated with contaminated water, sealed and
allowed to equilibrate before air injection. Air was injected into the bottom of the column
and concentration of VOCs in the effluent air was measured periodically. From the simple
mathematical model, the best fitting values of the air-water mass transter were reported. For
model validation in this study, the experiments with coarse sand are used.

The one-dimensional numerical model is used to calculate a steady air saturation
for a given air injection flow rate. The hydraulic permeahility and porosity of the soil are
reported by the authors, however, parameters of capillary pressure and relative permeability
curves are calibrated [rom the reported values of total volume of air channels for a given air
flow rate. For example, in the case of coarse sand, at the air low rate of 5.0 L/min, reported
total volume of the air channels was 0.089 1.. The VG model is utilized for these functions,

and adopted paramcters arc shown in Table 5.4.
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Table 5.4: Soil parameters used for calculation of air-water mass transfer coefficients.

Parameter Value
Hydraulic permeability 549 - 1071 [m/s
Porosity 0.41 |

-]
Residual water content 0.06 [-]

Oy parameter in the VG model  10.0 [1/m]

r parameter in the VG model 1.2 []
Soil column length 0.305 m]
Air channel diameter 0.01 [m]
Air chanmnel tortuosity 0.9 []
Organic carbon content ( fo) 0.3 [%]

Assmining the average value of the air channel diameter from the reported values
in the literature, the air-water interface area is calculated from equation (5.50) and transfer
coefficient from the equation (5.49). Figure 5.17 shows comparison between calculated and
measured values of lumped mass transfer coefficients as a function of air Darcy-velocities
for several VOCUs. Considering complexity of the process and a number of approximations
adopted, a good overall agreement is achieved. Sensitivity analysis showed that air channel
diameler has (he grealest inlluence on oblained resulls. In the experimental work ol Elder
and Benson [1999], reported air channel diameters for several types of the soil were between
Tmm and 11.5mm. In the absence of more reliable information, it can be recommended to

usc a higher values, in which case the error is conscrvative.

5.3.4 Simulation of a two-dimensional air sparging experiment

Presented model is verified by application on 2D air-sparging experiments reported
by Reddy and Tekola [2004]. Their 2D apparatus consisted of 111em x 72cm x 10cin Plexiglas
tank which was divided into three compartinents. The middle compartment was soil chamber,
Ylem in length. 'I'wo other compartments, each measuring 10 cim in length, were placed on
two sides of the middle one, representing reservoirs with fixed water level (Figure 5.18). By

changing the water level in the reservoirs, natural groundwater flow can be simulated in the
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Figure 5.17: Comparison of calculaled (lines) and weasured (dols) values of luiuped air-waler

mass transfer coetficients.

soil chamber.

Uniform coarse sand with hydraulic permeability of 0.05 cin/s and porosity 0.4 was
used. As VOC contaminant, trichloroethylene (TCE) solution was prepared and injected into
the =il profile prior the air sparging. During the air sparging course, a TCE concentration
was measured in the sampling points (SP) showed in Fig. 5.18.

The numerical grid consists of elements that represent one-inch squares. Constant
atmospheric gas pressure is maintained at the top boundary and hydrostatic pressure is im-
posed at the side walls of the soil chamber. The initial condition for air sparging simulation is
obtained by imposing prescribed water level and running the simulation until the equilibrium
between gravity and capillary forces is reached. Soil parameters, which are not reported by
the authors are assumed as typical for the sand soil (Table 5.5), and calibrated to obtain an
agreement of calculated lateral spreading of air phase with reported one. Characteristics of

a TCE contaminant are taken the same as in the previous section.

The only calibrated parameter is the mobile-immobile water transfer coefficient (K).

This paramcter represents diffusion and advection of the contaminants toward the air chan-
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nels, Since the representative diffusion length depends on the number of air channels, i.e. the
distance between them, the K coefficient must depend on the air saturation. Approximating
the K as a inversely proportional to the square of channel distance [Rabidean et al., 1999
and the air channels as uniformly distributed in the horizontal plane of calculation cell, it can
be eagily shown that K is proportional to the air phase content. Theretore, here is proposed
[ollowing dependence [or the coellicient K:

BE=K; (1 Fie )
g0

(5.53)

where K is a mass transfer coefficient, calibrated at the referent air phase content (a,g) for

specific soil.

(1) Simulation in static groundwater conditions

[Yirstly. model is applied to the case of static groundwater condition. Iigure 5.18
shows SP initial concentrations [Reddy and Tekola, 2004]. In this study, an air injection rate
of 7.125 L /min is simulated, for which the steady air saturation distribution is shown in Figure
5.19. Calibrated value of mobile-immobile transfer coeflicient is estimated as Ky — 2.1210—4
1/s at the air phase content of ag — 0.11.

Comparison of simulated and measured TCE concentrations at SP ’s12” and ‘s13’
is shown in Figure 5.20. As it can be scen from the Figure 5.20-b), the agreement of simu-
lated concentrations at the point "s13’ is very good. At the SP ’s12’, however, there is somne
discrepancy, but overall agreement is still very well. There are two possible reasons for this
discrepancy: (1) values of initial concentrations between sampling points are linearly inter-
polated, which probably was not the real case; (2) initial concentrations between sampling
points and the free surface is unknown and it is possible that density driven flow occuired,
which caused aliost conslanl concenlralion in the period belween 20 and 100 min. aller
start of air injection.

As a comparison, the same scenario is simulated with instant equilibrinm assnmption
between air and the water phase ("Eq. model”). Results for the SP 's12” arc showed in Fig,
5.20-a). At the SP 's13" the mass removal is even faster, because of higher air saturation at
this point. T'he assumption of equilibrium partitioning produced a significant overestimate

of contaminant removal, and therefore, it is inapplicable for simulation of AS systems.
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Table 5.5: Soil parameters used for simulation
Parameter

Value
Residual water content

0.06 |-|
g parameter in the VG model

9.0 [1/m]
n paramneter in the VG model
Air channel diameter

3.2 [1/m]

Alr channel tortuosity

0.01 [m]
0.9 [-]
Longitudinal dispersivity 0.01 [m]
Longitudinal dispersivity 0.001 [m]
Organic carbon content ( fo.) 0.1 [%]
50~
[cm] Soil level
40 - o
L ] L] L [ ] L]
S =
301= =512 sI3 =
@ . "o ®
20- f (30.13) (699.0) (5.56)
] L ] [ ] L ] ([ ]
10+ Sample points (21.3)
L] e [ ]
0-

L] [ ]
O« Air inj. point
-40 -20 0 20

40 [cm]
Figure 5.18: Laboratory setup for air sparging simulation. Values in brackets represent initial

TCE concentrations (mg/T.) for air sparging simulation (Reddy and Tekola, 2004)
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Figure 5.19: Calculated steady-state air saturation contours for no groundwater flow

conditions
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Figure 5.20: Comparison of calculated and measured TCE transient concentrations in water:

a) Sampling point 's12’, b) Sampling point ’s13’.
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Figure 5.21: Calculated steady-state air saturation contours for groundwater flow conditions

(2) Simulation in groundwater flow conditions

As an illustration of the groundwater flow effect on air sparging performance, two
simulations are conducted with different air injection How rates. Initial counditions, as well
as computational parameters are the same as the previous case with stagnant groundwater.
The only ditference is the 0.03 hydraulic gradient. imposed by rising the water level ot the
left veservoir. Two air injection flow rates are simulated: 1.5 L/min and 4.0 L/min. Air
saturation contours for the case of 4.0 L/min air flow rate is shown in Fig. 5.21. It can be
observed that water flow slightly affects air distribution, so it is not symmetric. Concentration
distribution, 2.5 hours alter start of air sparging, is shown in Fig. 5.22. It can be seen thal
some amount of contamination "escapes” the zone of influence of the sparging well. At the
air flow rate of 1.5 L/min the observed concentrations are about 70% higher than in the case
of 4.0 L/min air flow rate. Clearly, natural ground water flow has to be considered in the air
sparging simulations.

In another paper, Reddy and Adams [2000] have reported air sparging experiments
in the groundwater flow conditions. In the same laboratory setup as described above, benzene-
contaminated uniform sand (K = 4.64 - 107" m/s) was subjected to groundwater hydraulic
gradient and two air injection flow rates (2.5 L/min and 4.75 L/min). For both experiments,
hydraulic gradient of 0.011 was applied by increasing the water level in the left reservoir.

These experiments are utilized in this study in order ta investigate applicability

of proposed modcl for simulation of air sparging in groundwater flow conditions. The first
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Figure 5.22: Comparison of calculated TCE concentrations (mg/L), 2.5h after start of air
injection in groundwater flow conditions: a) 1.5 L/min air flow rate, b) 4.0 L/min air flow

rate.
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Table 5.6: Soil paramcters used for simulation of benzene removal in groundwater How con-

ditions.
Parameter Value
Hydraulic permeability 4.64-10"% [m/s]
Porosity 0.40 [-]
Residual water content 0.06 [-]
Glgye paranieter in the VG model 6.0 [1/m]
n parameter in the VG model 2.7 [-]
Air channel diameter 0.01 [m]
Air channcl tortuosity 0.9 [-]
Longitudinal dispersivity 0.01 [m)]
Transverse dispersivity 0.001 |m]|
Organic carbon content (f,.) 0.7 %]

experiment (2.5 T/min air flow rate) is used for calibration of the mass transfer cocfficient
between mobile and immobile water compartments, while the second experiment (4.75 L/ min
air flow rate) is utilized for model validation. Characteristic parameters, used in simulations,

are shown in Table 5.6

Figure 5.23 shows 1mitial benzene concentrations for lower air injection experiment.
Contaminant plume is concentrated in the center region with initial dissolved benzene con-
cenbrations up (o 193 mg/L. For numerical simulation, values belween sampling poinls are
linearly interpolated. Comparison of measured and simulated transient contaminant con-
centrations 18 shown in Fig. 5.24. Calibrated value of the mobile-immobile mass transfer
coefficient is Kg = 8.1 -107> 1/s at the air phase content of g = 0.04. Figure 5.24-a) shows
comparison of measured and simulated initial benzene mass remaining in the soil, as well as
the mass of the benzene volatilized into the air plume. 1t is worthwhile to note that sum of
these two curves is not 100% soon after start of air injection, meaning that some amount of
benzene is transporied downstream by groundwater.

Initial concentrations for increase air flow rate experiment (gu; = 4.75 L/min) is
shown in Fig. 5.25. Tn the numerical simulation, increased air flow rate only slightly increased

sparging zonc of influence, while the air saturations arc incrcased. This is in agreement with
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Figure 5.23: Initial benzene concentrations (mg/L) for air sparging simulation in groundwater

flow conditions (g.;; = 2.5 L/min) (Reddy and Adams, 2000).

visunally observed experimental air plume. All parameters of the model are kept as saimne as
in the previous case.

Comparison of measured and simulated results for increased air flow rate are shown
in Fig. 5.26. It can be seen that overall model results are in very well agreement with
measured ones. Comparison of measured and simulated initial benzene mass removal and
benzene mass volatilization is shown in Fig. 5.26-a). By comparison with lower air injection
rate (5.24-a) it can be seen that higher air flow rate did not accelerate overall benzene removal
from the soil. However, the amount of volatilized benzene has been increased (from about
68% to nearly 80%). This implies that increased air flow has as a consequence higher air
saturations, and in turn, reduced hydraulic permeability, due to which the amount of benzene
transported downstream has been decreased. Nevertheless, in in-situ application, one has to
be carcfull with increase of air flow rate, which can eventually cause the contaminat plume
to circumvent the zone of aeration due to significant reduction of hydraulic permeability.

Application of obtained mobile-immobile mass transfer coeflicient for the conditions
with groundwater fow to experiment without hydraulic gradient could not reproduce well
observed benzene removal. Tt can be concluded that natural groundwater How significantly
affects diffusive transport of contaminants toward the air channels. This, however, is to be

expeeted, due to inereased advective/dispersive transport processes. This also means that
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Figure 5.25: Initial benzene concentrations (mg/L) for air sparging simulation in groundwater

flow conditions (g = 4.75 L/min) (Reddy and Adams, 2000).

laboratory transport parameters estimated in laboratory conditions with stagnant water are
inapplicable for sites with natural hydraulic gradients. Further experimental and numerical

investigations are required in order to characterize this dependence.

5.4 Summary

In this chapter, developed multiphase model is applied for simulation of air sparg-
ing. Two related topics are covered: (1) modeling of air flow and distribution in satu-
rated /unsaturated soils, and (2) modeling of contaminant transport. In the former case
presented model extends the traditional multiphase theory by inclusion of acceleration terms
in governing equations, with intention to expand the applicability of the model to porous me-
dia with higher hydraulic permeability, such as medium to coarse sands or gravels. Accuracy
of the presented model is verified on the benchmark test problem, earlier in the thesis, where
it showed excellent agreement with analytical solution.

The simnulation of two-dimensional laboratory experiments for homogeneous porous
media is used to investigate the role of acceleration terms in governing equations. 'l'wo ex-
periments are simmlated. In the case of 0.75mm glass beads, the effect of acceleration terms

on dynamically trapped air volume is found te be negligible. However, in the case of 4mm
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glagss beads, the effect is significant with difference exceeding 20% in total air volume for sim-
ulated air flow rates. Knowing that the dynamically trapped air volume is in dircet relation
with efficiency of air sparging, these results have significant practical consequences. It can
also be noted that acceleration effects coincide with a change of air flow pattern. Compari-
son of simulated and observed air distributions are encouraging and indicate that presented
model can be used for simulation of botlt air low patterns recognized in the literature: Lhe
channel and bubble air How pattern. In addition, the instability, observed at experiments
as steady pulsation, can be reproduced by presented modeal. The ohserved instahility is also
theoretically analyzed. It is shown that instability can be expected in materials with particle
diameter greater than 2 mm. Both used models for capillary pressure function confirmed this
coneclusion.

A novel, mechanistic model for simulation of mass transfer/transport during air
gparging has been proposed. Model combines the multiphase model for prediction of air sat-
urations, and three compartment approach to sitnulate contaminant transport. Application
to reported experiments showed capability of the presented model to simulate observed con-
taminant removal. It is confirmed that equilibrium assumption is inadequate for air sparging
simulations. 1t is also shown that natural groundwater flow has to be considered during the

design of optimal air sparging systemn.
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Chapter 6

Model application: Modeling of
bubble plumes

6.1 Preliminaries

Thermal stratification is a common problemn in terms of water quality in deep lakes
and reservoirs [Shladow, 1992; Wuest et al., 1992; Sahoo and Luketina, 2003]. Generally,
it produces three layers: (1) a well mixed top. surface layer, (2) deep hypolimnion layer
with relatively uniform temperature and density, and (3) middle metalimnion barrier which
prevents mixing between the top and the bottom layer. A metalimnion layer is characterized
by strong thermal and density gradients. As a consequence, the concentrations of oxygen in a
bottom layer becomes low due to biochemical consumption, and eventually, becomes anoxic.

A restoration technology, often used as artificial destratification, is injection of com-
pressed air or oxygen inte hypolimnion, inducing a buoyancy driven bubble plume which in
time attenuates the thermal gradient. The induced plume entrains the ambient, heavy water
and earries it toward the surface. At the same time, oxygen from the injected gas is dissolved
in the water. There are two reported strategies for lake restoration [Wuest et al., 1992]: (1)
mixing of the water during the cold season (o promote and extend the natural mixing, and (2)
injection of oxygen for hypolimnion oxygenation during the hot season in a way to preserve
the strafification. These ftwo strategies, obviously, have different goals in terms of mixing.

In the former case, the air injection flow rate, and designed bubble size have to provide the

125
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complete mixing, up to the water surface. In the letter case, however, the bubble size has to
be minimal in order to provide complete dissolution before reaching the surface. Numerical
modeling potentially represents a valuable tool for optimal design of bubble plume strategy.

In this chapter, developed numerical model will be applied for simulation of bubble
plumes. Problem requireg several model refinements in order to simulate involved processes.
Firstly, the assumption of gas/air incompressibility does not hold in the case of deep lakes
which greatly affects the numerical procedure described earlier, and secondly, the mass trans-
fer/dissolution of one phase (air/oxygen) to water phase has to be considered, and appropriate

change of the continuity equations has to be considered.

6.2 Literature review

FProbably the first theoretical analysis of bubble plumes has been reported by Kobus
[1968]. where he utilized the assumption of Gaussian distribution of water velocity, spreading
lincarly in vertical direction. His theoretical conclusions were supported by experimental
investigations of round bubble plumes in a laboratory basin, 8 m wide and 4.7 m high.
He also found as necessary to average experimental data over five-minute intervals, due to
significant fluctuations. These Huctuations were caused by turbulence, but also by lateral
wandering of the plime [Milgram, 1983].

Ditmars and Cardewall [1974] developed and integral theory of bubble plumes, based
cn horizontal integration of conservation equations for mass, momentum and buoyancy. The
main hypothesis in this, and later developed similar theories, is that entrainment of ambient
water is proportional to the centerline velocity of the plume and to the plume circumference.

Milgram [1983] extended the same theory by inclusion of turbulent transport, defin-
ing the momentum amplification factor as the ratio of total momentum flux to the momen-
tum flnx of the mean flow. The same, a horizontal integration of conservation equations,
approach was utilized by McDougall [1978] to consider bubble plumes in stratified ambient
walber. He introduced a double-plume model, consisling of inuer circular plume, and ouler
annular plume. As also shown in experiments, in stratified environment there is an eventual
terminal height to which the buoyant plume will rise. Due to nentral buayancy, at some

point, the water phase is detrained, while the gas phase starts to build a new plume. This
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phenomena may be repeated, before reaching the water surface [McDougall, 1978; Asaeda
and Imberger, 1989]. The model proposed by McDougall, is utilized by Schladow [1992] to
analyze dynamics of cascade plumes, and its effects on mixing efficiency.

The same model formulation, with some improvements, has heen used by many
authors for simulation of lake restoration. Wuest ¢t al. [1992], for example, included exchange
of gascs (oxygen and nitrogen) between bubbles and water, and conscrvation of dissolved
gases in the water phase. They assumed an uniform distribution of plume water velocity,
temperature and dissolved pases in horizontal plane. Similar model, but with Gaussian
distribution of these variables is proposed by Sahoo and Luketina [2003].

Although this approach provided a valuable insight of governing mechanisms in
bubble plumes, some phenomena can not be simulated with these models, such as effects
of moving air source on water restoration, or simnulation of multiple injection points with
overlapping zones of influence. I'or simulation of these effects, a multidimensional approach
is required.

Multidimensional, mechanistic models for simulation of bubble plumes are success-
fully utilized for simulation of flows in bubble column and loop reactors, used in chemical en-
gineering [Durst et al., 1984; Becker et al., 1994; Sokolichin and Eigenberger, 1994; Scokolichin
and Eigenberger, 1999; Borchers ef al., 1999]. A comprehensive review of these models is
given hy Sokolichin ef al. [2004]. As they concluded, the main open question in modeling of
bubble plumes is proper treatment of turbulence. The importance of this issue is emphasized
by Sokolichin and Eigenberger [1999], where they showed that only a full 3D turbulent model
produced a zood agreement with measurements of bubble plume in a experimental water

tank with dimensions B0em x 150em x 8em.

6.3 Refinements of the numerical model

6.3.1 Refinement of the HSMAC iterative procedure

Assuming the gas (air/oxygen) phase as compressible, and considering the mass

transfer between the gas and water phase, continuity equations (2.49) can be rewritten as:

3, (pa.ofa) + a (Paﬂdavai)

ot s = *Gaw (B-l]
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O | OV  Gaw N
ot i a'ﬂz B P (62)

g + Gy = 1 (6.3)

where Gy, represents a mass (ransler belween the gas and liquid, per unit time. Subscriptls
a and w denote the gas and the water phase, respectively.

I7 can be assimed that density of the pas phase comply to ideal gas law:

g
Pa = % (6.4)

where p, is the gas pressure, 1, is the gas molar mass, 1’ is the absolute temperature, and
R is the gas constant (= 0.08206 L atm K “mol ).
Summation of equations (6.1) and (6.2), with minor manipulation, gives the follow-

ing expression equivalent to divergence, defined in Chapter 3. of this thesis:

'd Viﬁ a 1 I/m«' a t 8 o 1 1
(aﬂ ”) + (aj J) =+ a_a ( f)( - Vs .'0 ) + Gmn (_ - _) =D=0 [65)
o sy Pa \ 01 Ow; Po Pu

where the third term is introduced due to compressibility of the gas phase, and the fourth
term due to mass transfer.

Recalling the pressure corrveclion equation in the HSMAC ileralive procedure:

11 1 D
pg'i' 1 i = p2+ s W._ [6.6)
(0113*1 )
the divergence derivative has to be obtained as:
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where the first term on the right side is the same as in the incompressible case. Two additional

terms, for convenicnce here denoted by (I1) and (I11), can be expressed as follows:

‘ 1 mg\? Ap ap 1 m, « 8 (g Vi) Op,
II = _ [£3 ) |: Yo a :(L Val : (1] . (11 \‘_ﬂ avar : a 6.8
( ) (Pa RT @ ot ol f).’f»’«; * Pa RT | At w 0p3’+1 f).‘I;i ( )
G g ( 1 1 ) G oy My
(ITI) = —— — |+ 6.9)
' ) GPE'JFI Pa P P% nr (



Chauter 6. Model opplication: Modeling of bubble plumes

129

Mg Vi) = : : & ;
The term Jr%éél in equation (6.8) can be expressed as in the incompressible case,
v a7

£ A * 13 a + . . .
and the lerm 2% in equalion (6.9) depends on modeling formulation of (he wass Lransler
Pl -

process. Usually, it is a first-order kinetic formulation:

Gaw = Ku.-wA (Kﬂpw Cuw)

(6.10)

whoere K, 1s the mass transfor coefficient (funetion of bubble size), A is the air-water surface

area, Ky is the dimensional Henry’s constant, and €, is the gas concentration in the water

phase. Therefore:
0G g .
dpﬂn‘i; = KowAKpy
In the discretized form, the divergence derivative is now:
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where M, and M,, are defined as same as in the incompressible case:

M, =1+AlC, My, =1+AlC,

(6.11)

(6.12)

(6.13)

These expressions for M, and M, are slightly different in comparison with eqnationg in

Chapter 3.

(the factor 0.5 is omitted), since in the case of bubble low the resistance foree
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Figure 6.1: Mass transfer coellicient for oxygen measured in tap water as a function of bubble
radius. Dots represent measured values, and line represents approximation used by [Wuest

et al., 1992

has several components which are not constanss. This will be clarified in the next scetion, in
which refinement of the momentum equations will be discussed.

Pressure space derivatives in equation (6.12)can be approximated as:

e 1 .
Opa 08 = 007y (6.14)
Jzx; Tit]l — Tj—1

Calculation of mass transfer is introduced in each iteration and therefore, when
D71 gatisfy given criteria, the value of mass transfer at each time step is alrcady obtained.

As stated earlier, the K, parameter in a mass transfer calculation (Eq. 6.10) is
a function of bubble diameter, as shown in Figure 6.1 [Wuest ef ol., 1992] for oxygen in a
tap water. Figure also shows linear approximation used by authors. Tt can be seen that for
bubble diameter larger than ~1.4 mm, this coefficient is nearly constant (0.04 cm/s).

Henry’s constant for oxygen can also be found in chemical literature. In this study,

a terperature functional is utilized in a form [Wuest ef al., 1992]:
Ky(T)= Kyo+ Ky1 - T+ Kypp - T (6.15)

where Kgy = 2125 mol bar= ™3, Kz = —0.05021 ol bar= =3 °C~', and
Ko = 5.77- 10 * mol bar ' m—3°C 2.
In order to allow the change of bubble diameter, due to density change and loss

of mass by dissolution, a number of bubbles is tracked by solution of following advection
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equation:

agb % 6(2&;?") =0 (6.16)
where Ny is the number of bubbles in caleulation cell. It is essential here to avoid numerical
dispersion as much as possible, and therefore, the higher order approach with TVD limiter is
utilized as described in Chapter 3. of this thesis. From calculated gas content and advected

number of bubbles, the bubble diameter 1s given by:

(6.17)

PR v, Axy Axo Aas 6
6= Nb w

Coalescence and bubble break-up are neglected in presented model.

6.3.2 Formulation of momentum equations

Application of momentum equation (2.50) on bubble plume flow gives for the gas

and the water phase as follows:

0 (pucia Vi) + A (pacaVai V:Lj ) . dp, O3

o 9 9% _ @ 6.18
ot dz; = 8 A Jr; “ (6.18)
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where T:j in general case, may include viscous and turbulent stresses,

The only difference in above two equations is in sign of the momentum interaction
term F,,. This term comprises interaction of bubbles and water, due to local variation of
pressure and shear stress at the air/water interface. The resulting force can not be resolved
al this (micro) scale lor a general case, bul averaged ellects can be estimated [rom empirical
correlations. In the literature, this term is usually divided into three components: drag force,

added mass force and lift force:
How = J!"‘rz'.7L1'1rmh'n + (6.20)

The drag force represents a resistance to the bubble due to presence of the water
phase. Both. the pressure and the shear stresses, contribute to the drag force and usually, it

is expressed as a function of relative bubble velocity in respect to the water:

L1 dz ,
Fg= Eodﬂwﬂ'z Vo — Vil (Va — Vi) (6.21)
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where € is the nondimensional drag coeflicient. There are several empirical expressions for

this cocfficient utilized in the literature [Sokolichin et al., 2004]:

21 (1+ U.ISR(:U'687) il Re <1000

=g % (6.22)
0.44 if Re > 1000
24 sy 8 Eo
Oy = maz | — (1 + 0.15ReV7T)  — ] 6.23
5 ma,fr{Re( G Re )‘3, ot ( )
0.622
m—l' L2390
24/ Re, if Re <049
20.68/Re™%43, if 0.49 < Re < 100
Cq=4q 6.3/Re®,  if Re>100, We<8 and Re < 2065.1/We?° (6.25)
We/3, if Re>100, We<8 and Re> 2065.1/We?°
8/3. if Re>100, We > 8
2
Co= 5 Fo (6.26)

where nondimensional Eotwos and Weber numbers are defined as Ko = &;dé and
f v 12,
We = Pf|\'c-:r'vw| -ib.

Sokolichin et al. analyzed these relations for the case of stagnant water and found
that correlation (6.21) significantly overestimates the terminal velocity of the bubbles larger
than 3 mm in diameter, while other expressions produce similar results.

When bubbles accelerate in respect to the water, there is additional force required
to accelerate the ambient water around the bubbles. This force is callaed an added mass force,

and it can be estimated by following relation [Drew and Lahey, 1987]:

(6.27)

DV, DV,
-Frzdm. - aupwaa, ( i )

Dt Dt
where Cy is the parameter (0.5), and D/Dt is the material derivative. For the sake of
simplicity, in presented numerical model evaluation of this term was conducted under incom-
pressibility assumption. This way, the equation (6.27) can be expressed in term of fluxes (e.g.
a,Vy) instead of velocities, which is more convenient for programming:

1 [0 (Vi) y
Caw [T +v- (%V)] (6.28)

DVe DVu _ 1 [d(aaVa) )
Dt Dt ay ot v (O“V”)
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Knowing that the drag force is the dominant force, it is reasonable to assume that this
approximation docs not influence the resulting force significantly.

The 1ift force is directed perpendicular to the main flow direction, and is the con-
sequence of bubble rotation (Magnus force) and asymmetrical pressure distribution around

the bubble. It can be described s [Drew and Lahey, 1987]:
b= Cypyeey (Vi — Vig) X (V X V) (6.29)

For example, in the dircetion x, this force is calculated as:

anZ éﬂ/ru,l i anl 8Vw3 T
faa — Vi S TR - a3 — J‘-Jf T .
(Vag — Vie2) ( o5 O ) (Vaz — Vis) ( ars  On )] (6.30)

Fi = Cpputre

In the numerical model, the Fj is calculated at each iteration (implicitly), the
convective part of Fyq,, is calculated the same as the momentum advection (Adams-Bashforth

scheme) and for the drag term an implicity factor pp is introduced, such as;
Fo=pwF}+(1- pp)Fé”H (6.31)

Cocflicients C, and (), in equations (6.13) can now be defined as:

3C [y
Co=(1—-pp )ﬂl——“’ |V — Vis| + Gt (6.32)
Pa 4 Pa
. @w3Ca . L.«
(/?l_l — {1 = p'p)_a__ |Va, == le 2 (}'”_a_ (b'dé]
Q4 dy o

6.3.3 Turbulence model

As pointed out by Sokolichin and Figenberger [1999], in order to simulate conducted
experiments of bubble How in flat tanks, it is nccessary to apply a fully 3D turbulent model.
Therefore, here presented model is extended by inclusion of a standard & — € model of surbu-
lence [e.g. Ferziger, 1987]. The turbulent kinetic energy and dissipation equations, utilized

herein, are as follows:

ok 8 (Viyik) - T (dlm av, J) d vr ok

= , — —_—— 6.34
ot du; witwi \ gy i dz; e dw; oy, 0z ( )

Oe _ 0(Vuye) - e _mror) [ OVui OV €?' d vr Ok e
Y B _O“'k( ‘ustJ') B + B — Clye— A da’,& Py C):LJ (6.35)
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where k ig the turbulent kinetic energy, ¢ is the dissipation rate and vp is the eddy viscosity
defined as:

vp = CA,,? (6.36)

Incorporated constants are taken as: ¢, = 1.4, C, = 1.92, 0. = 1.0, v, = 1.3 and
G’u = U-Ug.
Raynold’s stress tensor in equations (6.34) and (6.35) is calculated as:

AV, 2 v, J) 2

_I/rr:‘fv:,dl =i ( (637)

3

At this stage. the bubble induced turbulence is not inclnded in the presented model.

— =kd
0:13 g (r):Eq'

Since usually bubble plumes imply a small volume fraction of the air phase, this effect is
probably not significant in such cases. Since (his point is not satisfactorily resolved yet in

the literature, model extension requires further experimental and numerical research.

6.4 Simulation of reported laboratory experiments

In this section, the performance of developed model will be validated by comparison
of simulation results with reported experimental data. Sokolichin and Eigenberger [1999],
and Borchers el ol. [1999] reported experiments ol gas-liquid bubble flow in a [lat bubble
colunn with rectangular cross-section. The column was 50cm wide, 200cm high and 8cm
deep, in which different, water levels were imposed.  Air sparger was centered at the tank
bottom, through which different air injection flow rates were applied. Bubble plumes were
visually observed through transparent column walls, but also a Laser Doppler Anemomeler
(LDA) was used to measure velocity magnitude of the water in the mid-plane of column
depth (4em from the walls), at regular grid points (10 or 20em apart).

The same sctup was also used by Becker ef al. [1994] to conduct similar experi-
ments, but with shifted injection point from the bottom center. This experiment will also be

simulated herein.
Case 1:

The experiment in which the tank is filled with water up to 50cm is firstly simulated.
For numerical simulation, the flow domain is discretized hy 25x4x25 cells in, 21, 79 and @3

direction, respectively. The adopted time step is 0.001 sce.
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Figure 6.2: Schematic representation of simulated experiments, after Becker et al., [1994]

Depending on the start-up conditions, in this case authors reported formation of a
single vortex, near the center of the flow domain, in clockwise or counterclockwise direction.
Figure 6.3 shows simulated water phase flow field at different times, in a process of reaching
the steady conditions. Figure 6.4 compares observed bubble swarm, and simulated one for
steady state. Although the agreement could be considered as very well, slightly larger volume
of bubble swarm in the bottom part of the tank is a consequence of space discretization (2cm
cubes). Finer discretization would probably produce even better agreement. It can be seen

that simulation reproduced actual air distribution very well.

Quantitative comparison of simulated and measured velocities for steady conditions
15 shown in Figure 6.5. A very good overall agreement of developed flow field can be observed.
Flow is characterized by single, almost in center placed vortex, with near-stagnant water in
top and bottom right corners,

The same experiment is used to compare results of different numerical scheines
utilized for convective acceleration terms in momentum equations for both phases. Figure
6.5 - a) shows results obtained with a MUSCT-TVD scheme described in Chapter 3. of this

thesis, and Figure 6.5 - b) shows results with QUICK scheme. Despite quite similar results,
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Figure 6.3: Simulation of 0.5m x (.5m air injection experiment at air flow rate 1L/min: a)

t=4 sec, b) t=20 sce, ¢) t=40 sec and ¢) t=60 sec.

it can be observed slightly better performance of the former scheme. In the letter case,
the vortex is more centered, which is not observed experimentally. Also, the upper part of
the low Lleld is beller reproduced by Lhe MUSCL-TVD scheme, where in the QUICK case
the flow pattern is more horizontal directed. Therefore, for further simulations, the former
scheme will be used.

Comparison of sirmilated and measured bubble swarm and water velocity distribu-
tion for the case of 2L /miin air flow rate is shown in Fignre 6.6. More intensive civenlation

can be observed, as well as increased air spreading, especially near the water surface.
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|

a) b)

Figure 6.4: Comparison of observed air plume and simulated one for steady conditions: a)
experimental observation [Borchers ef al., 1999], b) contours of simulated volume of the air

plume.
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Figure 6.5: Comparison of observed and simulated velocity mid-profile for steady condi-
tions: a) measured water phase velocities [Borchers et al., 1999], b) simulation using the
MUSCL-TVD scheme for convective acceleration, ¢) simulation using the QUICK scheme for

convective acceleration.
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MEASUREMENT SIMULATION
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Figure 6.6: Comparison of cbserved and simulated air distribution and velocity mid-profile for
steady conditioms (Q . = 21 /min): a) comparison of observed and simulated air distribution,

b} comparison of velocity mid-profiles.

Simulations without turbulence modeling revealed that previously showed steady
states, for both air flow rates, can not be obtained. This is in accordance with conclusions of

Sokolichin and Eigenberger [1999].
Case 2:

Iu this case water column is 100 cm high, i.e. height/width = 2, with 1 L/min air
flow rate. It is reported that for this case, no steady state could be established. Transient,
periodic flow with two staggered rows of vorticies moving downward was observed. Due to

moving vorticies, the bubble plume also periodically bends. Figure 6.7 shows observed and
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Figure 6.7: Comparison of observed and simulated bubble plumes for two time sections.

simulated bubble plumes at two time sections. Velocity profiles clearly show vorticies causing

plume wandering.
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Air Content

Figure 6.8: Comparison of observed and simulated bubble plumes for 1.5m water column
and shifted air injection point (G = 8L/min): a) observed image, [Becker et al., 1994], b)

siimulation - steady state.

Case 3:

In this experiment the water column ig 150 ¢cm high, and air injection peint is shifted form the
center for 10cm toward left wall. Simulated air injection flow rate is 8L/min. A circulation
is observed which forces the bubble plume to one side. Near the water surface, some amount
of bubbles is driven hy strong water vortex downward, toward the colimn hottom. Ratio
of buoyancy force and vortex drag determines the depth to which the air will be driven.
Comparison of observed and simulated air distribution is shown in Figuwre 6.8. A good
agreement of depth up to which the air is driven by the vortex can be seen, as well as general
shape of the air plume. However, madel produced more imiform air distribution in this zone

in comparison with observed distribution.
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6.5 Simulation of oxygen dissolution

Developed and, in previous section, verified numerical model is applied on hypo-
thetical case of pure oxygen injection at the bottom of 50m-deep lake. Oxygen injection rate
of 2L/man 18 adopted for simulation. In order to simulate dissolved oxygen transport in the
water phase, an additional equation of mass conservation in water phase is solved:

0 (chc(jz) 3 3] (Goga.wl/;vj} 0 8602

z " =3 Dy ——
Jt 0w O O

+ Gg_q” (638]

where Cg, is the dissolved oxygen (DQ) and D, is the oxygen diffusion coefficient in water
(1.97 - 10~ %em? /s). Again, the MUSCL-TVD numerical scheme is applied for calculation of

the advective term.

Two simulation approaches are compared: (1) simnlation with equilibrinm assump-
tion, where concentration in the water phase is determined by the gas phase pressure and
Henry's constant, and (2) simulation with non equilibrivin mass transfer, according to equa-
tion (6.10). In the former case, the mass transfer rate at each time step, required in the
coutinuity equations is calculated from equation (6.38). Initial bubble diameter is assumed
as 0.1lmm.

Figure 6.9 shows DO concentrations at three time sections after start of oxvegen
injection for the case of equilibrium assumption. Due to large dissolution rate, in this case
the whole amount of injected oxygen is dissolved within first one meter from the injection
point. Further DO spreading is a consequence of imposed momentum, as well as diffusion
process.

Completely different behavior is observed with non equilibrium mass transfer calcu-
lation (Figure 6.10). which is a more realistic case. Significantly smaller, approximately an
order of magnitude, concentrations of DO are observed. Due to entrainment of ambient wa-
ter into the bubble plume, a minimal spreading of DO can be expected. Therefore, different
injection strategy should be considered, such as moving injection point or pulsed injectiorn.
Presented numerical model can be utilized to analyze these options in terms of finding the
optimal amelioration strategy. Equilibrium agsumption obviously significantly overestimates

dissolution rate, and should not be used for simulation of oxygen dissolution.
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Figure 6.9: Simulated DO concentrations for 2L/min pure oxygen injection and equilibrinm
oxygen dissolution assumption: a) ¢t = Imin, b) ¢ = 3min and ¢) t = 4min after start of

oxygen injection.
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Iigure 6.10: Simulated DO concentrations for 2L/min pure oxygen injection and non-

equilibrium oxygen dissolution rate.
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6.6 Summary

In this scction, the applicability of developed numerical model to simulation of bub-
ble plumes with/without mass exchange is examined. The model required several refinements
to account important mechanisms involved in gas/water lows. This included additional terms
in continuity equations, where compressibility of the air phase is introduced, as well as mass
exchange between the phases. The drag term in momentum equations is also adjusted, accord-
ing to reparted relations for the drag, added ass and lift forces. In addition, it is confirmed
that inclusion of a full 3D turbulence model is essential in order to simmilate experiments in
flat water tanks.

A modified HSMAC method is proposed, in order to obtain flow fields for both
phases. Model is firstly applied to several reported experiments of bubble plumes in a flat
water column. Simulation results showed good overall agreement with observations for both
observed flow conliguralions: where the steady state is achieved, and cases where steady
conditions can not develop. Based on these regults, it is reasonable to assume that proposed
maoadel can reliably simulate amelioration of deep lakes hy gas injection.

Hypothetical case of pure oxygen injoction is simulated. 'I'wo models of oxvgen
dissolution are compared: (1) model based on equilibrium mass transfer, and (2) wore realistic
model of non-equilibrium dissclution, defined by equation (6.10). The equilibrium model
produced approximately an order of magnitude higher DO concentrations. Simmulation also
revealed that, due to ambient water plume entrainment, significant spreading of dissolved
oxygen concentrations can not be expected. Therefore, an alternative injection strategy

should be considered.
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Chapter 7

Model Application: Simulation of

flows in complex flow domains

7.1 Preliminaries

Many practical problems involve complex flow domains consisting of clear fluid
and flow through the porous media. Applications include ground water / surface water
pollution and How problems, geophysical systems, oil production, etc. Penetration of fluid
from reservoir into some kind of porous media is also significant phenomena in various fields
of industry (e.g. ink jet technologies), where the accompanying process of heat transfer can
also be of interest. In practice, problem involves coupling of equations describing fluid region
flow (Navier-Stokes equations) and flow through porous media, usually described by some
form of Darcy-law equation. Due to different structure of these equations, some empirical
conditions on the interface between regions are required. Beavers and Joseph [1967], amongst
the [irst, proposed a "slip-llow” condilion al the interlace. Based oun experimental resulls,
they concluded that slip velocity is proportional to the shear rate on the interface.

After Wooding [1957], who introduced convective inertia term in the Darcy law
equation, resembling in that way Navier-Stokes equations, Beckermann et al. [1988] solved
coupled equations (for fluid and porous region) numerically in two dimensions. Their set
of poverning equations nunder steady state condition introduces binary parameter, through

which transition from porous to fluid region is achicved. On the other hand, inertia cffects

145
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in the porous region were introduced using Brinkman and Forchheimer extensions of Darcy
law cquation.

In this Chapter, the developed multiphase model will be applied for simulation of
flow in complex flow domaing with free surface boundary. Both flow domains, the clear fluid
and porous media, arc represented by single set of equations, which arc solved simultancously.
Continuity of velocities and stresses across the interface of two regions is assumed.

One of possible applications of presented model is simulation of an embankment
overflow. in order to analyze cffeets of coupled free water and groundwater flow on effective
stresses in the soil, However, such application, as well as many others, include ow domains
with irregular boundaries. Since the developed model is formulated on finite volumes, cne
approach could be to discretize the slope of embankment with fine enough stair-stepped
¢uadrilateral volumes. This would lead to poor resolution due to coarse grid discretization,
or increased computational cost as a result of mesh refinement. Nevertheless, a more fruitful
approach is to formulate model in generalized curvilinear coordinates, so discretization grid

can be adapted to any flow domain. The latter approach will be applied herein.

7.2 Model formulation

Simultaneous clear fuid and ground water How can be described by single set of
governing cquations, expressed in generalized curvilinear coordinates [Kimura ef al.. 2002]:

1 0 (awV?\/g)

VAT =0 (7.1)

3(}{1[,1«’r7: s N o T g . - , 1 . .
S (aww w) -~ ?ng PV, (awg”"vkvj i awgﬂ'*v;v*) 4 ;R-' (7.2)

where ¢’ is the generalized curvilinear coordinate, V? is the contravariant component of pore
velocity vector, G is the contravariant component of gravitational acceleration, g and g9 are
the covariant and contravariant components of metric tensor, respectively, with g = det(g;;),
R* ig the contravariant component of the total drag force of porous media, and V; indicates
the covariant differential. The drag force exists only in the porous region and it is modeled
according (o the Darcy law:

2
R = pr%Vf (7.3)
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Figure 7.1: Physical (a) and computational (b) mesh.

The relation of Cartesian and generalized curvilinear coordinate systems is shown

in Figure 7.1. Covariant and contravariant components of the metric tensor are defined as:

dx' Oz’
e — 5% gl (7.4)
sl el
w97 O (7.5)

9 = 9 o2
where 2" are coordinates in Cartesian coordinate system. The summation convention of
repeated indicies in above expressions is implied.

Coutravariant component of velocity vector in curvilinear coordinate system is trans-
formed from the vector defined in Cartesian coordinates, and vice-versa as (Figure 7.2):

aei ) ey
_ 9¢ Ui = a_‘ETV‘I (7.6)

Vi= =
dxd agt

where U7 are components of velocity vector in Cartesian coordinate system.
The covariant derivative of the contravariant vector, figuring in momentum equa-
tions (7.2) is defined as:
v

ViVi= o + VT, (7.7)

where P;k is the Riemann-Christoffel symbol, defined as:

i 1 (agkﬂ g, aé’jiﬂ) _og 9 (B“TJ o B B {80 (7.8)

Similarly, the second term in equation (7.2) can be expressed as:

e, VIV

T oy, VVIT); + 0, VV'TY, (7.9)

V; (V)
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-
-

Figure 7.2: Dechinition of the contravariant components of velocity vector in two dimensions.

Bl

V = V'g + V*2ge. where covariant base veetors are defined as g; = H—g—;cj.

The free surface boundary is tracked utilizing the VOF method, herein adapred for
curvilinear coordinates. I'he according advective equation of fluid volume is expressed as:

O () i 19 (00 V7/9)
ot VI des

=10 (7.10)

It should be noted that curvilincar coordinates may introduce a false pressure gra-
dients, if the pressure term is not treated carefully. For example, for hydrostatic pressure

distribution, one can write for horizontal direction:

% —0 (7.11)

However, discretized equations in curvilinear coordinates, in general case will produce a false

gradient: )
ap £
A& Dt

due to which the false How may occur for hydrostatic conditions. Therefore, in presented

(7.12)

model the pressure gradients are firstly caleulated in the Cartesian coordinates, and then
transformed to contravariant components in curvilinear coordinates. In other words, the
pressure lerm in equalion (7.2) is calculated as:

~ dp 0€

i‘j y — . .
iP= D7 029

(7.13)

In order to calculate pressure sradients in Cartesian coordinates (dp/da?), pressures

have to be interpalated on respective planes, as shown in Figure 7.3. Referring to the Figure,
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e known pressure
O interpolated pressure

Figure 7.3: Caleulation of pressure terms in curvilinear coordinates in order to aveid oc-
currence of false gradients: Example for the momentum equation of velocity V* for a two-
dimensional case. Pressures are firstly interpolated on ' and 2% lines passing through the
point where the velocity is defined. Gradients from interpolated pressures are estimated in

Cartesian coordinales, and then conlravarianl compounenls are calculaled.

where a two-dimensional example is shown, pressure gradients in Cartesian coordinates are

estimated as;

I _ppi—pnn Op _ pp2—po2 ”
Al L gl Sne gt = ul (7.14)
e D 71 e D2 U2

7.3 Simulation of embankment overflow and its application on

the slope failure potential estimation

7.3.1 Flow simulation

A simple low domain is adopted for analysis of effects of combined free surface and
ground water flow on slpe failure potential. The slope value of 1:2 us adopted with the slope
height of 0.5m. Simulated porous medium is extended to three slope heights below the slope
toe. At the porous medium vertical boundaries, the zero pressure gradient is applied on the
left side , and hydrostatic pressure at the right side as a boundary condition. After reaching
the full embankment saturation, the hydranlice head at the soil surface, at the right domain

side is applicd, in order to provide realistic conditions.
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Figure 7.4: Calculation mesh, boundary and initial conditions for embankment overflow

simdation.

For the bulk water How, the constant influx on the left boundary is applied and a
"free exit” boundary condition is applied on the right side. Iigure (7.4) schematically shows
the simulated flow domain with discretization mesh, initial and boundary conditions. All
lengths in the figure are scaled with the embankment height. Hydraulic conductivity of the
porous medium is adopted as K — 1 - 10*37??,/5, and porosity ¢ — 0.4.

The intention of the simulation is to demonstrate ability of developed model to
simulate flow in complex flow domains with irregular boundaries. Capillarity is neglected
in this simulation; however, since the hydraulic permeability is adopted as quite high, these
cffects can be considered as negligible.

Figures 7.5 and 7.6 show simulalion resulls for several Lime seclions aller slarl ol
discharge (¢ = 100 L/m s) from the left side. The steady conditions for the bulk fluid overflow
is approached very fast, while the infiltration into the embankment continues for longer time
period. At the upstream side, this process is faster, due to higher pressures on the surface,
while on the downstream side this process is slower. The HQow field in the embankment after
full saturation is shown in Figure 7.7. Hydraulic gradient toward the slope surface can be

seen at the downstream slope of the embankment.
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Figure 7.5: Simulation of embankment overflow: a) (.5 sec. after start of simulation, b) 5

sec, after start of simulation.
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min. after start of simulation.
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Figure 7.7: Simulation of embankment overflow: Steady conditions with full embankment

saturation.

7.3.2 Effective stresses and slope failure potential analysis

As an application, results of flow simulation of coupled, clear water and groundwater
flow, can be utilized for analysis of effective stresses in the soil. A traditional approach in
analysis of the slope stability (a limit equilibrium approach) implies analysis of total forces
acting on the assumed failure surfaces. In this study, a different approach will be utilized,
where effective stresses in the porous medium will be calculated, and effects of groundwater

and surtace flow on slope failure potential will be quantified.

A fundamental, illustrative analysis will be conducted herein, without considering
many lmportant issues, such as soil cohesion, capillary pressure and slope erosion by the
surface fow.

In order to analyze the effects of water flow on effective stresses in the porous media,
numerical model for waler ow is coupled with a FEM numerical model for elastic stress-
strain calculation in porous medium, based on Hooke’s law. Traditional Cauchy’s equations
for a static continuum [e.g. Malvern, 1969] in Cartesian coordinates, which are solved herein,

arc derived from the momentum cquation (2.49), written for the fixed, incompressible and
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gaturated scil phase:

dxs dp
= (1= @)ps G2 — (1 — )L
d (1=l Gé):r:.b ( f)(‘).‘fjt *

% + F; (7.15)
where 7/, is the effective stress tensor in the soil phase, p; is the soil density, ¢ is the porosity,
and F; is the drag force. The 23 axis is considered as oriented vertically upward.

Now, the drag force, can be expressed from the momentum equation for the water

phase, in which the inertial and viscous terms are neglected:

o3 dp
)= -, G—— —p— — F; 7.16
PP 9L; OC')‘.’IE-;, ) ( i)

and fluid pressure can be expressed via the hydraulic head:

p
h=—+23 7.17)
PHJG ( ‘

Summation of equations (7.15) and (7.16), with substitution of (7.17) gives:

d(1-9)7; dwy h

in which py is the bulk density of the porous medium (solid-fluid mixture). In all these
cquations, normal stresses are defined as positive in tension. From equation (7.18) it is clear
that existence of water in the porous medium affects the effective stresses in two ways: (1)
through the buoyancy (the first term on the right side), and (2) through the seepage forces
expressed through the second term on the right side.
Since in this study a two-dimensional problem in vertical plane is considered, equa-
-

tion (7.18) will be written in Cartesian coordinates, for horizontal and vertical direction,

respectively:

dl—g)r., d(l—a)r, oh
S = mfG_ ?-19
o + e P O ( )
O —¢)rh, 01— )7, \ Jh
= = = - 3 T w "",‘— 2
o + 5 (pt — pu) G + puG P (7.20)

In order to calculate effective stresses in porous medium, it is necessary to include

relations between stresss and strains [Iverson and Reid, 1992]:

; H duy v o, Ou, ) o
1-— L= = — — — 21
S (1—19) ( oz ) (1—29)(1+4) ( dr 0Oz (7:21)
i o E du vE Ay i‘)uz) .
(1= &7, = (1+4) ( Jz ) (1—29)(1+9) ( 5z " Bz ; \i22)
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vE (d‘uT . (‘)uz)
1+d)\ 0z o

where u; and u, are infinitesimal displacements in z and z directions, respectively, I is the

(1 - qb)'r.-;:z - (1 - (fb)T;;v - 2(

Young's modulus and 4 is the Poisson’s ratio of the porous material.

Substitution of equations (7.21) ... (7.23) into (7.19) and (7.20) gives:

FPuy  Puy Pu,  u, dh
Al — B| —= wT— 7.24
( dax? - 022 ) > ( Ox? ¥ 8:1762) pram K
FPu,  O%u, P, Py dh
A - o Bl oa—7+—7|= — pw) G+ ppG— 7.25
( Ox? N 0z? + dz? + ozr dz (= pu) G+ p 0z (7.25)
where parameters A and B are defined as:
E E vE

Sy e) P aise) | T_28)(119)

For given boundary conditions in terms of infinitesimal soil displacements, as showed
in Figure 7.4, imposed shear stress at the surface due to bulk water How, and hydraulic gradi-
ents due to groundwater flow, equations (7.24) and (7.25) are solved numerically. For obtained
displacements, corresponding normal and shear stresses are calculated from equations (7.21)

...{7.23). Now, principal stresses can be calculated from the Mohr's circle:

! ! ! ! 2
Tox T To / Tex — Tzz) ;2
- = —— - 7.27
ol (Tt (7.27)
' ! ! ! 2
Tex Bl T2z /(T?:.’I‘ B Tzz) ;2 -
(Fg = —/————=% — === T, 7.28
2 2 \/ 5 + Ti ( )
where directions of principal stresses are rotated from the x-z axis by an angle ~:
1 Pl
v = = arctan (A) (7.29)
2 ::':1: o T;f';:

An slope failure potential will be guantiied by the Coulomb failure rule for the
cohesionless material [Iverson and Reid, 1992]:

I

[ (7.30)

—Tin

b —

where ® is the slope [ailure potential, 7,

mag 18 the maximuimn shear stress, and oy, is the mean

principal stress. Theoretically, ® has the value between zero and one; the latter implying the
failure. In the case of tension, the value of & has no meaning, since the soil is considered as

cohesionless.
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Figure 7.8: DPrincipal stresses and failure potential coefficients for the dry soil case: (a)
principal stresses (all compressional), scaled by p,,GH, and b) calculated failure potential

coeflicients.

Figure 7.8 - a) shows principal stresses for the dry soil case, scaled by the factor
pwGH. Soil parameter values are adopted as follows: p;(dry)= 1600kg/m?, p(saturated)=
2000kg/m?, py = 1000kg/m?, and ¢ = 0.333. Maximum compressive sbresses are oriented
parallel to the surface in the zone near the slope surfaces. With the depth, maximum stresses

hecome vertical, aligned with direction of the gravity.

Corresponding failure potential contours for the dry soil case, is shown in Figure 7.8
- b). 1t can be seen that maximum values ocenr near the slope surface, and that the zone of

high @ values is relatively shallow.
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Figure 7.9 shows comparison of the failure potential contours at the downstream
slope, for dry soil condition and after obtaining total saturation of the porous medium. It can
be observed that combined effects of buoyancy. seepage forces and shear forces of the surface
flow, generally increased the failure potential values. This increase is especially significant
in the zane of the slope surtace, near the slope toe, where it almost reached the theoretical
maxitnum of one. In addilion, the zone ol higher @ values is increased in comparison with the
dry conditions. Figure 7.10-a) shows the increase expressed in percents. Effects of water flow
on principal effective stresses can be seen in Figure 7.10-h). The zone of principal stresses
parallel to the surface slope is increased in comparison with dry soil case.  Also, due to
hydraulic gradients near the slope toe, principal stresses are significantly rotased in this zone.

Based on these results, it can be speculated that surface crosion along the slope
increases the hydraulic gradients toward the slope surface, which in turn, increases the failure
potential cocfficients in this zone. This again, promotes the erosion. It can be concluded that

overall process is self-amplitying, which ultimately leads toward the embankment tailure.

7.4 Summary

In this chapter, developed numerical model is further refined in order to simulate
flows in complex flow domains, consisting of bulk fluid and flow in porous media. In addi-
tion, by formulation in boundary-fitted, curvilinear coordinates, model can be applied for
simulation of flow domains with irregular boundaries.

Assuming the continuity of velocities and stresses at the boundary between two re-
gions, the problem of coupled flow domains is formulated by single set of governing equations.
Model is applied for hypothetical simulation of embankment overflow, where the combined
effects of free surface and groundwater flow on effective stresses in porous media are analyzed.
It is found that the water flow significantly influences the failure potential, which is quantified

by calculation of the Coulomb failure potential.
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Figure 7.10: Increase of the failure potential (%) due to combined clear water and ground-
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Chapter 8

Conclusions and Recommendation

8.1 Conclusions

In this study a mechanistic numerical model for simulation of multiphase flows in
porous media and/or bulk fluid has been developed. After its validation, model is applied for
simulation of a variety of hydraulic engineering problems.

Firstly, developed model is utilized to investigate the role of local acceleration in the
process of pressure redistribution in a deep porous media. This term is commonly neglected
in the simulation of saturated flows in porous media. A simple example of flow nitiated
after tunnel excavation is considered, where two cases are analyzed: (1) the case of homoge-
neous medium and (2) the case with less permeable lining around the tunnel excavation. For
both cases analytical solution for the symmetry line above the excavation has been derived,
under assumption that vertical velocity distribution along this line is linear and that water
and soil are incompressible. In the homogeneous case, it is found that pressure adapts to
the new boundary conditions instantaneously, while the velocity profile develops from zero
to quasi-steady condition very fast. This change of the velocity is numerically reproduced
very well. Only during this period, the acceleration term plays a role. It is observed that
required time (o gquasi-steady condition is proportional to hydraulic permeability value. Ob-
tained analytical pressure distribution is in good agreement with numerical results, especially
near the excavation, while the caleunlated velocities are in excellent agreement. Deviation in

the analytical solutions is prescribed to the assumption of lincar velocity distribution along

161
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the symmetry line. In the heterogenecous case, however, there is a transient period for the
pressure, as well as for the velocity distribution. Pressure changes from the homogencous
solution toward the quasi-steady distribution in a short time, proportional to the hydraulic
permeahility of the soil. It is revealed that quasi-steady pressure distribution depends on the
permeability ratio between the lining and the medium, not on their absclute values.

Model has been successfully used for simulation of air/water How during the air
sparging. Here also, the traditional modcling approach excludes accecleration terms in mo-
mentum equations. Therefore, an analysis was conducted in order to analyze conditions for
which this approximation can be valid. Numerical experiments showed that inertial effects
become significant in the porous media with averaged grain diameter larger than 2 .
This limit coincides with the transition from the channel air flow pattern toward the bub-
ble flow pattern in previously saturated porous medium. Model is also used to simulate
experimentally observed pulsation phenomena, where it was showed that only by modeling
of acceleration terms this can be reproduced. The pulsation is also analyzed from the the-
oretical point by conducting a one-dimensional linear stability analysis. It is showed that
aceeleration promotes the instability, while the capillary forces oppose it. The ratio of these
forces determines an onset of instability.

The numerical model for air sparging simulation has been also extended by inclusion
of contaminant transport/transfer mechanisms in the air and water phase. In a traditional
mechanistic model, a common approach is to consider air and water phases as completely
mixed. Presented model, in contrast, considers the channel air flow pattern, which can be
expected in the most of practical applications. Model has been validated by comparison
with two-dimensional experiment, reported in the literature. Very good agreement between
calculated and measured contaminant concentrations is observed.

Developed model has been further refined in order to simulate bubble plumes, oc-
curring after air/gas is injected into clear water. The model required several refinements to
account important mechanisms involved in gas/water fows. This included additional terms
in continuity equations, where compressibility of the air phase is introduced, as well as mass
exchange between the phases. The drag term in momentum equations is also adjusted, ac-
cording to veported relations for the drag, added mass and lift forces. In addition, it is

confirmed that inclusion of a full 3D turbulence model is essential in order to simulate ex-
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periments in flat water tanks, The bubble plume model showed very good quantitative and
qualitative agreement between simulated and experimentally reported results. Therefore, it
is assumed that model can be reliably used for simulation of gas injection into deep lakes for
amelioration purposes. Simulation of hypothetical pure oxygen injection showed that, due to
ambient water plume entrainment, significant spreading of dissolved oxygen concentrations
can nol be expeclted. Therelore, an allernalive injection strategy should be cousidered.
Additional model refinement is conducted in order to provide an application to flow
domains with irregular boundaries. The model is applied for simulation of coupled, clear
water and groundwater flow during the embankment overflow. The How in complex flow
domain is modeled by solving a single set of governing equations, valid in both regions.
Results of How simulation are utilized to analyze effects on effective stresses in an clastic soil.
It is found that coupled buoyancy, hydraulic gradient and surface shear stress significantly

influence slope failure potential, herein quantified by Coulomb failure cocflicient.

8.2 Recommendation

In the case of air sparging simulations in coarse soils, the further numerical and
experimental investigations of the drag term in momentum equations is required. This issue
is not regolved satisfactorily in the literature yet. In the presented model, the modified Exgun
resistance is used. However, it is not clear whether it holds for the air/water bubbly flow,
Considering the contaminant removal modeling, a further model validation on the laboratory
and in-situ scales is required. Since it is confirmed that limiting process of contaminant
removal is the diffusive transport of contaminants toward the air phase, the purpose of these
simulations would be to further examine the dependence of mass transfer coefficient between
the immobile and the mobile water phase on other involved variables, such as soil physical
and hydraulic parameters, contaminant characteristics, air distribution etc,

Simulations of laboratory experiments of bubble plumes in clear water showed that
turbulence modeling has a great impact on obtained results. In presented model. a standard
k — € model is utilized. This model does not include the bubble induced turbulence, which
may play an important role, especially for higher air injection flow rates. Further research

(experimental and numerical) is required for appropriate modeling of this term.
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