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of Air Channeling on Dissolved Volatile Organic
Compounds Removal Efficiency

DAVID J. WILSON,* CESAR GOMEZ—LAHOZ, and
JOSE M. RODRIGUEZ-MAROTO

DEPARTAMENTO DE INGENIERIA QUIMICA

FACULTAD DE CIENCIAS

CAMPUS UNIVERSITARIO DE TEATINOS

UNIVERSIDAD DE MALAGA

29071 MALAGA, SPAIN

ABSTRACT

A mathematical model for removal of dissolved volatile organic compounds
(VOCs) from contaminated aquifers by in-situ air sparging is described. The model
assumes that the sparging air moves through persistent channels in the aquifer,
and that VOC transport to the sparging air is by diffusion/dispersion and air-
induced circulation of the water in the vicinity of the sparging well. The depen-
dence of model results on the parameters of the model is explored. The use of
pulsed air flow in sparging as a means to increase VOC transport by dispersion
is suggested. An extension and modification of the Sellers—Schreiber preliminary
screening model for in-situ air sparging is also described. The revised model in-
cludes an improved method for calculating bubble residence times in the aquifer,
and also permits the modeling of nonaqueous phase liquid (NAPL) removal.

INTRODUCTION
In-situ air sparging (ISAS) is turning out to be quite effective in the

remediation of hazardous waste sites at which groundwater is contami-
nated with volatile organic compounds (VOCs). Brown has given a rather

* Permanent address: Department of Chemistry, Box 1822, Sta. B, Vanderbilt University,
Nashville, Tennessee 37235, USA.

2387

Copyright © 1994 by Marcel Dekker, Inc.



12: 09 25 January 2011

Downl oaded At:

2388 WILSON, GOMEZ-LAHOZ, AND RODRIGUEZ-MAROTO

complete introduction to sparging (1), Clarke et al. (2) have reviewed the
technique, and an EPA report (3) includes articles on this method. Sellers
and Schreiber (4) have listed a number of sites at which air sparging was
used and at which groundwater cleanup goals were achieved in a year or
less.

In two recent papers (5, 6) we developed mathematical models for de-
scribing ISAS by means of buried horizontal slotted pipes and by single
vertical wells screened for a short distance at the bottom of the well.
These analyses include the modeling of solution/diffusion process Kinetics,
and they permit one to model, for example, groundwater VOC concentra-
tion rebound resulting from diffusion of VOC after system shutdown.

In the sparging of small-scale water-saturated sand beds we have always
noticed a certain persistence in time of the air bubble locations in the
supernatant water at the top of the sand bed which is being sparged. Over
a wide range of air flow rates we observed bubbles appearing over the
surface of the sand bed at relatively random locations which persisted for
extended periods of time. Evidently the bulk of the injected air was being
conducted to the surface of the simulated aquifer along a limited number
of preferred paths even in our highly homogeneous porous medium (plas-
terer’s sand which had been washed free of dirt and clay). This may have
unfortunate implications in terms of reduced VOC mass transfer efficiency
since it implies that VOCs must move in the aqueous phase, probably
mainly by diffusion and dispersion, to these air-carrying tubes in order to
be removed.

In the present paper we develop a mathematical model for sparging in
which the air is carried along persistent preferred channels and the dis-
solved VOC is moved by diffusion/dispersion to these channels for re-
moval. The model follows rather closely along the lines of our previous
work (5, 6), but it deals only with dissolved VOC and uses a quite different
picture of diffusion/dispersion than was used earlier.

Here we first give a somewhat abbreviated derivation of the differential
equations constituting the model in order to avoid repetition of analysis
discussed previously (5, 6). (The new picture of diffusion/dispersion is
discussed in full.) We then examine some results obtained with this model
and indicate a possible technique for improving mass transfer by disper-
sion in sparging.

The paper closes with a discussion of a quite simple sparging model
suitable for use in preliminary screening. This is a modification and exten-
sion of an approach developed earlier by Sellers and Schreiber (4) for
preliminary screening.
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THE MODEL FOR SPARGING WITH DISPERSION
TRANSPORT

The overall geometry is that of a single sparging well, screened at the
bottom and operating in a homogeneous, isotropic aquifer. We use cylin-
drical coordinates R and z; see Fig. 1.

We assume that the sparging air passes through the aquifer in persistent
tubes or charnels, and that dissolved VOC moves from the neighboring
aqueous phase to the border of the tube of air-filled medium by diffusion/
dispersion. Note that the rate of such mass transport by dispersion can
perhaps be substantially enhanced by pulsed air flow. Let the number n;
of such tubes passing through one of the ring-shaped volume elements
AV; be proportional to AV;/Az (the top or bottom surface area of the
volume element) and to the molar air flux in the volume element,

ai = g7 + q%1'?

The proportionality constant, K, is a measure of the ease with which

channels form in the porous medium (and therefore of their number).
Let us focus on one volume element A V;;, of height Az and horizontal

cross-sectional area A; = m(R%, — R?), where R; = (i — DAR. There

—_— ——
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FIG. 1 Geometry and notation for a simple vertical sparging well screened at the bottom.
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are n; tubes passing through this volume element, with
n; = KAuq; (1

We associate with each tube a cylindrical portion of the volume element
of volume A V/n;. The radius of this subunit of AV, is given by

n,-frrbf,- = Aij (2)
and substitution of Eq. (1) into Eq. (2) and rearrangement gives
by = [wKqyl~"? (3)

See Fig. 2.

We analyze diffusion transport from the small water-filled annular do-
main surrounding one of the air channels on the axis of this domain to
the air-filled channel, as illustrated in the blow-up in Fig. 2. The subscripts
i and j will be dropped for the moment. The water-filled domain is parti-
tioned into a set of n, concentric annular volume elements (shells) as
indicated in Fig. 3. Here

Au =24 (later, Auy = 22— ) @)

"

re=a+ (k— 1DAu (5)
Ave = TAZ(FF+1 — r}) = ©wAzZ[2aAu + Ck — D(Au)?] 6)

air channels

%
N« 1 NN

Az

o\
bij

see Fig. 3

FIG. 2 Representative air channels and an associated domain in AV,
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FIG. 3 Partitioning of the domain surrounding a single channel.

and v = porosity of the medium
Cy = dissolved VOC concentration in the kth annular volume
element
D = diffusivity/dispersivity of VOC in the water-saturated porous
medium

Then

dcy 2wAzD g '
dtk ’"Au [rk(C;'f_l - Z’) + rk+1(C;:+1 - C;:)]’ (7)

k=23,...,n, —1

vA Uk

and

dCy _ 2mAzD
dt ~ vAulu

For the outermost shell
acr, 2wAzD

[r(CE-1 — C¥) + re(CEr — G ®

dt - VAvau rnu( ;;/u—l - C‘;m) (9)
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For the innermost shell

_c_i_Ci _ 2mAzD

dt  vAuviAu [2a(C8/Kxg — CY) + r(CY¥ — CY)] (10)

where C# = vapor phase concentration of VOC in the air-filled tube
Ky = Henry’s constant of VOC (dimensionless)

This completes the analysis of diffusion/dispersion transport in the aque-
ous phase.

We next turn to the examination of advective transport by the circulat-
ing water. Here we are dealing with large-scale circulation rather than
small-scale eddies and turbulence which are handled by the dispersion
treatment just completed. We re-introduce the subscripts i, j for the large
ring-shaped volume elements A V;. In this subscript-laden notation, our
previous equations become

at d V(l‘gz,',k+1 - ”z,sz) (1n
X [rilCiix—1 — CHix) + ryu+1(Chrer — Cii)l
acl")"_nu _ 2D/A MU " iy
l: ot j'd sp - V(’%.nu#‘-l - r%f,nu) [r"jﬁ"(cif-"”_l CU-’”’)] (12)
BC;} _ 2D/A uij W W W
[ Py L = W = 20 2r1(CE/ Ky — CH1) + rip(C — CiD1 - (13)
Define
> AvgCli
k=
Cy = ——— (14)

E A Vijk

=1

as the average aqueous VOC concentration in the ijth volume element
A V. Then, on the scale of these large volume elements, advective trans-
port is described by

aC“. " L1
V[leadv = —V'(V C ) (15)
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where v = superficial water velocity, so

oC™ 1 o

[at] = —;V-(v c*) (16)

adv

Let us assume that

aC”k I W W

[ o, = —vV(v Cy) (17

e., that the large-scale advection affects all the small shells around an

air tube equally. Let

Su) =0, u=0

=1u>0

Al = area of inner surface of AV; = 2nR:Az
A = area of outer surface of AV; = 27R;, 1Az

Al = AP = areas of top and bottom surfaces of AV,

= w(R¥4, — R?)
vh = v¥l(i — DAR, (j — DAZ]
v§ = vliAR, (j — AZ]
v8 = wl(i — DAR, (j — DAz]
vl = v2l(i — DAR, jAz]

where v and v are the r and z components of the superficial water
velocity. As discussed in more detail in previous papers (Ref. 6, for exam-
ple), the finite difference approximation to Eq. (16) is then given by

aCHx
ot

AV

{AU“U,J[S('UB)C, j-1 + S(_UB)C,!})

AL - 8(=vD)CY; 10 — SE@NHCH] (18)
+ A!,-v;j[S(v )CF 1 + S(—vH)Cy)
AGVZ[—S(=v°)C¥r.; — S@O)CH]

Here S(»®) is to be read as S(vd), etc.
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The final expression which controls the C}j is then

dCyi  [aCH AC
dt B |: ot }disp * l: ot adv (19)

The movement of VOC in the advecting gas is described as follows.
First, there is a source term corresponding to diffusion/dispersion of VOC
into the gas from the water surrounding the air tubes. This is given by

e 2wAzD ,
n,_-,~v1'raLAz [W{l = —hy TrA—ja 2(C§/KH - C;;|)
= disp v
or
aC¢ 4D ,
[6—11] - VvaAu-,— (Cﬁ/KH - C:}l) (20)
disp £

The terms associated with advective air transport are as follows. Let
the volumetric air fluxes at the Inner, Outer, Bottom, and Top of AV,
be U}, U2, U, and U}, where these are calculated as described earlier
(6). We assume that the total pressure at the point (R, z) is given by the
ambient plus the hydrostatic pressure, so

PR, z) = P(z) = Po + o(h — 2) @n
where b = aquifer thickness and o = 0.09675 atm/m. Then

aCE
at

ngyma®Az [ ] = ALUMS(UMCE 1, + S(—UNCE]
adv

+ ARQUZ[~S(—UP)C%.1; — S(UP)CE]

Pl(j — DAZ]

+ AJUy [S(UB) 3
P[(j — 2)AZ]

ceyr + S(-um B = D2 cg]

Pl(j — DAz "

__Iifﬁf#cﬁm _ S(UT)LAIU g}
Pl(j + 3)Az] Pl(j — 2)Az]

(22)

+ A},?U,Tj[—S(—UT)

describes VOC advective transport in the gas phase. So

1
= npymaPAz {A’IfUtI'j[S(UI)C?u + S(—UMHCE)

ot

adv
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+ AQUGL-S(~ U°)Cser; — S(UO)CH]

PI(j — 1)Az] PI(j - DAZ]
+ ABUB [S UB) LT 28 e 4 s~y S 2 A ]
O oG —9ag S * SV o oa, ¢

P[jAz] ) P[jAz)
+ Agug.[—S(-Ur ——2 g, — S(UT ———c,s]}
)P[(J + A7) o Pl(j — DAz] ¥

(23)

describes the effect of advective transport on the gas phase VOC concen-
tration in the ijth volume element. Finally,

dt—[at]. +[at 24)
disp adv

The model then consists of the following equations. First, dispersion
in the aqueous phase is described by Eqgs. (11), (12), and (13). Advection
in the aqueous phase is described by Eqgs. (14) and (18). The master equa-
tion for VOC concentrations in the aqueous phase is Eq. (19). Dispersion
of VOC to the gas phase is described by Eq. (20); advective transport
of VOC in the gas phase, by Eq. (23). The master equation for VOC
concentrations in the gas phase is Eq. (24).

The equations for the molar air flux, the volumetric air flux, and the
superficial water circulation velocity were discussed in detail previously
(5, 6). We give them here, and refer the reader to the earlier papers for
their development. Symbols are as follows.

Q = molar air flow rate of sparging well, mol/s

h = thickness of aquifer, m

ao = maximum radial distance from the sparging well at which gas is
flowing at the top of the aquifer, m

R = gas constant, m?-atm/mol-deg

T = temperature, °K

P(z) = pressure at cylindrical coordinates (r, z), atm; see Eq. (22)

The r and z components of the molar air flux are given by

ar = gh_;} [ad(2h) — ] (25)

wag

20h?
q. = ﬂgﬁzz lad(z/h) — r?] (26)
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The r and z components of the volumetric air flux are then given by
U, = q.RT/IP(z)
U, = q.RT/P(2)

The r and z components of the superficial velocity associated with the
water circulation induced by the injected air are taken to be

v = —(BbRYh — 2z)r-exp(—2rib) (28)
vy = Bz(h — z)(b — r)-exp(—2rlb) (29)

where B = a scale factor measuring the coupling between the air flow
and the water circulation rate, 1/(s-m?)
b = distance from the well at which v} changes from positive to
negative, m

27

When the model was run it was found that the differential equations
describing the change with time of the gas-phase VOC concentrations
were extremely stiff, permitting the use of values of Ar no larger than
0.05-0.1 second. This led to extremely lengthy computer runs, since typi-
cally time periods of a month or more needed to be simulated. We there-
fore made the steady-state approximation for the equations describing the
evolution of the gas-phase VOC concentrations, namely

ay_ _ [ [oc
dt_o_[at]d+[at . 30)
adv isp

This equation is then solved for C% in terms of C%;_, C4_1;, and C}.
Conveniently for ease of computation, the coefficients of C#;.; and
C%, 1., vanish for the gas flow field used. The result is that the stiff differen-
tial equations are replaced by a very tractable set of algebraic equations.
We have utilized the steady-state approximation a number of times previ-
ously (Refs. 8 and 9, for example) and found it to be extremely useful.
Use of the steady-state approximation permitted the use of A¢ values of
25 to 100 seconds. Runs required from 20 minutes to 1 hour and 30 minutes
on a personal computer equipped with an 80486 microprocessor and run-
ning at 50 MHz.

RESULTS

Runs were made to explore the dependence of the modeling results on
the parameter K, which controls the number of air channels per unit area
(see Eq. 1); the dispersion constant D; the Henry’s constant of the VOC
Ky ; the parameter B controlling the rate of air-induced water circulation
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(see Eqgs. 28 and 29); and the linked air flow rate ¢ and water circulation
rate (assumed proportional to the air flow rate). Default values of the
parameters for the runs shown in Figs. 4-8 are given in Table 1; other
parameters are as indicated in the figure captions.

In Fig. 4 plots of normalized total residual mass VOC M(¢)/M, are plot-
ted versus time to show the effect of K, the proportionality constant
governing the number of air channels per unit area in the domain of inter-
est. The larger the value of K, the larger the number of air channels and
the smaller the distances between them. In these runs the water circulation
parameter B was set equal to zero. The larger the value of K, the shorter
the distances across which dispersion must move VOC in order for it to
reach an air channel and be removed, and the more efficient the dispersion
process will be. As expected, we find that cleanup rates are drastically
increased as K increases.

Figure 5 illustrates the effect of the diffusion/dispersion constant D on
the rate of VOC removal by sparging. For these runs the cleanup rate is
essentially proportional to the value of D. One cannot control the rate of
molecular diffusion, but one can probably increase the rate of dispersion
quite substantially by pulsing the air flow rate in the sparging well. This
appears to have the potential for greatly accelerated remediations at very
little cost; such extra costs as one might expect should be more than
compensated for by decreased cleanup times.

TABLE 1
Default Parameters Used in the Model Calculations
Radius of the domain of interest 10 m
Thickness of the aquifer 8 m
Radius of influence of the sparging gas at the surface of the
aquifer 8§ m
Temperature 15°C

Volumetric air flow rate ¢ in sparging well 5 SCFM, 0.00236 m’/s

Water circulation length parameter b

Water circulation air flow coupling parameter B
Air channeling parameter K

Mean diameter of air channels in the aquifer
Porosity of aquifer medium, dimensionless
Henry’s constant of VOC (TCE), dimensionless
Dispersivity of VOC in aquifer during sparging
Initial concentration of VOC in groundwater
Radius and depth of contaminated zone

Ry, Az, Ry,

At

Initial total mass of VOC

Sm

Om 25!

5 x 107* s/m?-mol
1 cm

0.3

0.2821

2 X 1077 m¥s

100 mg/L

Sm,4m

10, 8, 6

25, 50, 100 seconds
9.421 kg




12: 09 25 January 2011

Downl oaded At:

2398 WILSON, GOMEZ-LAHOZ, AND RODRIGUEZ-MAROTO

1.0
2
2.5
0.5 F
3.5
M (t)
M, 5
8
0 15 days 30

FIG. 4 Plots of normalized mass of residual VOC versus time; effect of K, which controls
the number of air channels per unit area. From top to bottom, K = 2, 2.5, 3.5, 5, and 8 X
10~ % s/m?-mol; other parameters as in Table 1.

1.0

0.5

M (t)
M,

1

0 15 days 30

FIG. 5 Plots of normalized mass of residual VOC versus time; effect of D, the dispersion
constant of the VOC during sparging. From top to bottom, D = 2, 4, 8, and 12 x 10"’
m?/s; other parameters as in Table 1.
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Under the operating conditions modeled here, the effect of the Henry’s
constant of the VOC is rather slight, as seen in Fig. 6. This is in agreement
with the findings of the Sellers—Schreiber model (4), which predicts that
cleanup rates should be independent of Henry’s constant. Their model
assumes that the sparging system is in the diffusion-limited regime of
operation. We explore this point further later in this paper.

The proportionality constant B, which links the air flow rate to the
magnitude of the water circulation rate, is a parameter which would be
quite difficult to measure experimentally or to calculate theoretically. The
results plotted in Fig. 7 are therefore very opportune, since they indicate
that the dependence of cleanup rate on the value of B is quite weak. We
see that the removal rate which results when B = 0 is not much less than
that obtained when B = 1 X 107*m~2-s~!, which is in turn indistinguisha-
ble from that for B = 2 x 10~*. This result is in agreement with the
results of an earlier more detailed study of the effect of B on VOC removal
rates by sparging for a long horizontal well configuration (5).

The effects of changes in volumetric air flow rate g and proportional
changes in water circulation parameter B are seen in Fig. 8. Linked in-
creases in air flow and water circulation yield increased VOC removal
rates because of the increased number of air channels and smaller domain

1.0
0.5
.001
M (t)
M,
.005
10
i J
0 15 days 30

F1G. 6 Plots of normalized mass of residual VOC versus time; effect of Henry’s constant
of the VOC, Ky. From top to bottom, Ky = 0.001, 0.005, and 10; other parameters as in
Table 1.
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1.0

Y 15 days 30

FIG. 7 Plots of normalized mass of residual VOC versus time; effect of the parameter B
linking air flow rate to the water circulation rate. From top to bottom, B = 0, 1, and 2 X
1074 m~2:s~" (superimposed).

radii implied by Egs. (1) and (3). The increase in VOC removal rate with
air flow in this model does not, however, necessarily indicate that the
system is not diffusion-limited.

A SIMPLE SCREENING MODEL

Use of this model or others like it involves considerable effort, perhaps
more than justified if only preliminary screening of sparging for use at a
particular site is desired. Sellers and Schreiber have presented a simple
screening model for getting upper limits to cleanup rates by sparging (4).
Here we extend their treatment to cases in which the sparging is not
strictly diffusion-controlled, and we use an improved method for calculat-
ing bubble residence times in the aquifer. The treatment is also extended
to include the presence of nonaqueous phase liquid.

Contaminant Present Only as Dissolved VOC

This model, like that of Sellers and Schreiber, is a simple lumped param-
eter, one-compartment model for the preliminary screening of air sparging
for in-situ groundwater remediation. It assumes that the contaminant is



12: 09 25 January 2011

Downl oaded At:

GROUNDWATER CLEANUP BY IN-SITU SPARGING. ViIi 2401

1.0

0.5+

M )

0]

1 ]

0 15 days 30

FIG. 8 Plots of normalized mass of residual VOC versus time; effect of linked volumetric

air flow rate g and water circulation rate parameter B. From top to bottom. (g, B) = (2.5,

0.0001), (3.5, 0.00014), (5.0, 0.0002), and (7.5, 0.0003) (SCFM, m~2-s~!). Other parameters
as in Table 1.

present only as dissolved VOC. The model assumes an even distribution of
air bubbles throughout the domain of influence of the well or, equivalently,
complete mixing of the groundwater within the domain of influence. That
is, the aquifer has a high permeability and a low chemical sorption capac-
ity, and it is sufficiently homogeneous that good mixing of the groundwater
in the domain of influence can be assumed. The model also assumes that
there is no mixing of waters within and outside of the domain of influence,
which is defined by the extent to which the bubbles spread laterally as
they rise through the contaminated aquifer. This must be estimated experi-
mentally. The sparging air is assumed to be incompressible. Lastly, the
model assumes that there is no removal of VOC by biodegradation.
Terms are defined as follows:

t; = bubble transit time across the aquifer, seconds, to be estimated later
a = bubble radius, m

b — a = boundary layer thickness around bubble, m

g = volumetric air flow rate, m%/s

V = volume of the domain of influence, m?
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v = porosity of aquifer

Ky = Henry's constant of VOC, dimensionless

Co = initial average VOC concentration in the domain of influence,
kg/m? of water

The number of bubbles generated per second, #, is given by
g = n(dwa’l3)
sO
n = 3g/(4wa®) (31)
We focus on a single bubble as it transits the domain of influence.

m(t) = mass of VOC in bubble at time r; bubble is formed and released
from the sparger at ¢t = 0

Let us assume that there is equilibrium between the air in the bubble
(assumed well-mixed) and the immediately adjacent portion of the sur-
rounding water boundary layer with respect to VOC transport; see Fig.
9. Then

Im
C(a) = 4TTH3KH (32)
At steady state the VOC concentration in the boundary layer is given by
C(ry = Alr + B (33)

Co

Water boundary

FIG. 9 Geometry and notation for mass transport of VOC through a boundary layer to a
bubble.
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where C(r) = VOC concentration a distance r from the bubble center, a
< r < b. Then
C(a) = Ala + B
and
Co = C(b) = Alb + B

from which we obtain

ab
A= —[Co — Cla)] P (34)
and
dC _ ab[Co — C(a)] 1
dr b —a r? (35)
Fick’s first law of diffusion then gives
dm 5 ablCo — Cla)] 1
dt 4ma D b—a a?
or
dm  4mabD
= e [Co - C@) (36)
From Eq. (32) we have
m = (4mwa*/3)KuCla) (37)
which on substitution into Eq. (36) and simplification yields
dC(a) 36D a
dt - aZ(b _ a)KH [CO C(a)] (38)
Let
3bD
“ = @b - oKa 49

Then the solution to Eq. (38) which satisfies the requirement that C(a)
=0att =0is

Cla) = Co[l — exp(—at)] (40)

The concentration of VOC in the bubble as it leaves the aquifer at time
t, is readily obtained from Eq. (40); substitution of this result into Eq. (37)
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gives

e 3bD1,
mii) = =5~ KuCy {1 ) exp[— 2?2(7;-—;)@]} (41)

Equation (41) gives the mass of VOC removed by one bubble; n bubbles
are released per second, where # is given by Eq. (31). Let M = total mass
of VOC in the domain of influence, kg. Then

M(t) = vVC(1) 42)

where C(t) = average VOC concentration in the domain of influence at
time ¢, kg/m> of water, and

dMidt = —nm(t,) (43)
Substitution of Eqs. (31), (41), and (42) into Eq. (43) and rearranging then
yields
dC(t)  qKn B 3bDt,
a W {1 e"p[“ (b — a)KH]} ¢ “4
Let
y qKH _ _ 3th1
B ="y {1 e"p[ (b - a)KH]} “3)
Then integration of Eq. (44) yields
C(1) = Coexp(—p't)) (46)
In the limit as
3bD1, <l
az(b - a)KH

(i.e., strict diffusion control), we obtain from Eq. (45)

3gbDt,

B =Vah - o “7

which is Sellers and Schreiber’s result; the removal rate of the VOC is
independent of Ky under these conditions. If

3bDt, > 1
a2(b - a)KH
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that is, the process is equilibrium-controlled, we have
B' = gKuhV (48)

and find that the removal rate is independent of D, b, and a, as expected.

A procedure somewhat different than that employed by Sellers and
Schreiber is used to estimate the bubble rise velocities, needed to obtain
the bubble transit times ¢,. Bubble rise velocities were calculated as fol-
lows. Let

u = bubble rise velocity, cm/s

p = density of water, g/cm?

p = viscosity of water, poise

a = bubble radius, cm

g = gravitational constant, cm/s?

Ngre = bubble Reynolds number, dimensionless
C = drag coefficient, dimensionless

The Reynolds number, bubble rise velocity (in free water), and drag coeffi-
cient are related as follows:

Nre = 2aup/p. (49)
u = (8ag/3C)'? (50)
X

logie C = c’ (51)

T+ explBX — Xo] T
where X = logyo Nge

B = 0.560
C' = 1.4976
Xo = 3.6725

Equation (50) is obtained from Perry and Chilton’s Eq. (5-211) by assuming
that the density of air is negligible compared to that of water, and that
the bubbles are spherical; see Reference 7. Equation (51) was obtained
by a numerical least-squares fit to the graph of log,o C versus log,o Nge
provided in Perry and Chilton (7); the plot was fitted over the range —4
< logw NRe < 4.

Equations (49)—(51) were solved iteratively to generate a plot of bubble
rise velocity in free water versus bubble diameter d = 2a for 0 < d < 0.5
cm; see Fig. 10. Stokes’ law does not provide an adequate approximation
for bubbles of realistic size, as seen in Fig. 11. A commonly used approxi-
mation for the drag coefficient in the transition flow region, C =
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40 r cm/sec

] 1 1 1 i

0 0.1 02cm 0.3 0.4 0.5
d

FIG. 10 Dependence of bubble rise velocity u (cm/s) on bubble diameter d (cm). Equations
(49). (50), and (51) were solved simultaneously by interation for the Reynolds number, the
bubble rise velocity, and the drag coefficient C.

18.5/(Nge)™®, fares somewhat better, as shown in Fig. 12, and would prob-
ably be regarded as adequate for d < 0.2 cm.

Another aspect of the bubble rise velocity which must be addressed is
the effect of the finite sizes of the apertures in the aquifer through which
the bubbles are moving. This point is discussed by Perry and Chilton (7).
Figure 13 shows a plot of the wall correction factor, K., versus the ratio
of bubble diameter d to aperture diameter d, for bubbles in the Stokes’
law regime. K, is the factor by which the bubble rise velocity in free
water must be multiplied to obtain the bubble rise velocity in an aperture.
Figure 13 also shows a plot of the wall correction factor K., for bubbles
in the Newton’s law (turbulent flow) region. These plots indicate that use
of velocities calculated for freely rising bubbles is very likely to seriously
underestimate the transit time ¢, of the bubbles moving across the aquifer.
This, in turn, may lead to substantial underestimates of the efficiency of
sparging. A reasonable but conservatively low estimate of the transit time
would be obtained by using K. in Fig. 13 for the wall correction factor.
Since low transit times result in low sparging efficiencies, this aspect of
the modeling calculation would not be overoptimistic.
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2.4 - cm/sec

1.8F

06}

1 1 )
0 .005 cm 010 015 020
d

FIG. 11 Comparison of bubble rise velocities u calculated by Stokes’ law and by Egs.
(49), (50), and (51). Note that the scales of this figure and of Fig. 12 differ from that of
Fig. 11.

Contaminant Present as Dissolved VOC and NAPL

In this section we extend the sparging screening model to permit its
application to situations in which nonaqueous phase liquid is present in
the aquifer. Notation is as in the last section, with the following additions.

CY = initial NAPL concentration, kg/m> of medium
CN = NAPL concentration at time ¢, kg/m* of medium

p = density of NAPL, kg/m?

oo = initial NAPL droplet radius, m

NAPL droplet radius at time 7, m

— a = diffusion boundary layer thickness around a NAPL droplet, m
= one-half the distance between droplets, m

. = aqueous solubility of VOC, kg/m>? of water

mp = initial mass of a NAPL droplet, kg

m = mass of a NAPL droplet at time ¢, kg

n = number of NAPL droplets per m* of medium, m~

A S SR

3
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75 - cm/sec

_ 0.6
C= 18.5/NRe

Eq. (51)
25

1 4 1 1 j

0 0.1 02 em 0.3 0.4 0.5
d

FIG. 12 Comparison of bubble rise velocities « calculated using a simple approximation
for the drag coefficient (C = 18.5/NR$) and using Eq. (51).

The solution of a spherical NAPL droplet in contact with an aqueous
phase is handled as follows. The steady-state concentration of VOC in
the vicinity of the droplet is readily shown to be given by

C(r) = Alr + B, a<r<bh (52)

where r is the distance from the center of the droplet. The boundary
conditions are

Clw) = G, (53)
cb) = Cv (54)

where C* is the bulk aqueous VOC concentration, kg/m*. Use of the
boundary conditions in Eq. (52) gives

A= (C_’bﬂ (55)
- Q
Then dC/dr is given by
ac (C;, — C)ab 1
&= b-a P (56)

Use of Fick’s law of diffusion then gives for the rate of mass loss of a
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1.0

1

0.5 1.0

B= d/id_

FIG. 13 Plots of wall correction factors K., (for the Stokes’ law regime) and K. (for the

Newton’s law regime) versus the ratio § of bubble diameter d to aperture diameter d,. The

rise velocity of a bubble in an aperture is obtained by multiplying the rise velocity of a freely
rising bubble by the appropriate value of X,. or K,.

droplet,
dd_r;z _ _411'[)((];5_— OLC")OLIJ s7)
after some cancellation.
The mass of a droplet is given in terms of its radius by
m = (4m/3)pa’® (58)
and initially
mo = (41/3)pad (59)
from which we obtain
a = ag(m/me)'? (60)
Substitution of this result in Eq. (57) then gives
dm 4nD(Cy — C*)agh(m/mg)'"?
dar b — ao(m/m)'’ (61)

for the rate of change of droplet mass with time due to solution.
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The number of droplets per m* of medium, n, is given by
Cév = nMy, or n = C()N/mo (62)

where myq is given by Eq. (59). We note that m/mg = CN/CY and that
dC™ldt = n-dmldt; substitution of these in Eq. (61) then gives

@ — CN/ )4"71'D(C‘3 — C‘V)aob(CN/C{)V)l/B
dt - (Co'/mg h — ao(CN/CON)l'/3

The quantity b (related to the diffusion boundary layer thickness) is
calculated as follows. First,

(63)

n(dn/3)b*> = 1 (64)
Use of Eqgs. (60) and (62), followed by solution for b, then yields
b = a(p/CH)H'? (65)

An alternative approach, which assumes that the droplets are placed in
a cubic grid array, yields a very similar result,

b' = ao(wpl6CH)'? = 0.806b (66)

We are now in position to complete the model. A mass balance on
dissolved VOC developed along the lines described in the preceding sec-
tion gives

dc” s dCN
V—CFZ—VBC T 67
where
. qgKu B _ 3b,Dt, ,
"= N% {] exp[ ai(b, — a;,)KH]} (45°)
and

ap, = bubble radius, m
b, — a, = bubble boundary layer thickness, m

So the modeling equations are

dcvy N 4nD(C; — C™)aoh(CN/CHH?
ar = (Cme) T NNy 68)
and
dcv dcN

7 -p'CcY — (l/v)—‘a,—t— (69)
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One can make an assumption about the initial distribution of the VOC
between the aqueous and NAPL phases, or one could make measurements
of the initial values of CV and C*. The results of the modeling calculations
appear to be quite insensitive to how one handles the initial distribution,
so the following prescription has been used in the results presented below.
Here C, is the initial average total concentration of VOC in the aquifer,
kg/m?® of medium. Then

Co = C¥ + vC¥ (70)

If we assume that the distribution of VOC between the aqueous and non-
aqueous phases is at equilibrium, we can proceed as follows.

If Co = vCy, then C§ = Co/v and C} = (71)
If C° > vC,, then C§ = C,and CY = Cy — vC, (72)

This assumption of equilibrium is often not valid, so it is fortunate that
the modeling results are not sensitive to the initial distribution of VOC
between the phases.

Equations (68) and (69) are strongly coupled, and Eq. (68) is nonlinear,
so the prospects of an analytical solution for the model are poor. However,
the system is quite easily and rapidly integrated numerically. The model
was implemented in TurboBASIC and run on 80386 NX (20 MHz) and
80486 DX (50 MHz) microcomputers without any attempt at optimization
of the time increment At used in the numerical integration; a typical run
took a fraction of a minute of computer time.

Results Obtained with the Simple Screening Model

The dependence of the behavior of the simple screening model (with
NAPL present) on several of the model parameters was explored. As
mentioned earlier, one does not expect the screening model (which is a
one-compartment model) to give highly realistic, quantitative results. It
should, however, be useful in getting an intuitive, semiquantitative picture
of what is going on and how changes in the various parameters describing
a sparging operation can be expected to affect the rate of cleanup. Default
values of the parameters used in these calculations are given in Table 2;
when other values are used, they are given in the legends to the figures.

In Fig. 14 we see the effect on VOC removal rate of the depth into the
aquifer to which the sparging well is drilled. Well depths in the aquifer
are 6, 8, 10, and 12 m. The transit time ¢, of a bubble in the aquifer is
directly proportional to this well depth, and, as seen from Eq. (45), the
longer the transit time, the more VOC is removed per bubble. The relation-
ship is not a direct proportion, however, as was obtained by Sellers and
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TABLE 2

Default Parameters Used in the Simple Screening Model for In-Situ Air Sparging
Volume of domain of influence 4000 m*®
Porosity of the aquifer domain 0.4
Pore diameter in aquifer 0.2cm
Density of aquifer medium 1.7 g/cm?
Depth of well in aquifer 10 m
Air flow rate S SCFM, 0.002360 m’/s
Air bubble diameter 0.15cm
Temperature 15°C
VOC simulated Trichloroethylene, TCE
Solubility of VOC in water 1100 mg/L
Density of VOC 1.46 g/cm?
Henry’s constant of VOC, dimensionless 0.2821
Diffusion/dispersion constant of VOC in aquifer 2.0 x 1072 m¥s
NAPL droplet diameter 0.1, 04 cm
Initial VOC concentration 2000 mg/kg
At 50 seconds
Duration of run 750, 400 days, as indicated

1.0
0.5}
M (t)
o
1
0 200 days 400

FIG. 14 - Plots of residual reduced mass of VOC M(#)/M(0) versus time; effect of aquifer

thickness. NAPL droplet diameter = 0.1 cm; aquifer thickness = 6, 8, 10, and 12 m, top

to bottom; other parameters as in Table 2. Bubble rise velocity in free water = 16.06

cm/s; wall correction factor K\, = 0.381; bubble transit times 7, = 98.0, 130.7, 163.3, and
196.0 seconds.
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Schreiber, since their model includes the simplifying assumption that the
system is strictly diffusion-limited, unlike the present model.

The effect of aquifer pore diameter (a measure of the coarseness of the
sand or gravel of which the aquifer is composed) is shown in Fig. 15. Pore
diameters of 0.175, 0.20, 0.25, 0.30, 0.40, 0.60, and 1.00 cm were used,
and the bubble diameter was 0.15 cm. As the pore diameter increases,
the ratio of bubble diameter to pore diameter decreases, and the bubble
rise velocity in the porous medium increases; see the plot of K, in Fig.
13. The transit time ¢, is inversely proportional to the bubble rise velocity,
and VOC removal rate increases with increasing t,, so we find that in-
creased aquifer pore size results in decreased removal rates. As seen in
Fig. 15, the plots of M(t)/Mg approach a limiting form as the pore diameter
increases, since K, approaches a limiting value of unity.

One expects that increasing the NAPL droplet initial diameter aq at
constant initial NAPL concentration C4 should decrease the rate of re-
moval, since this results in a decrease in the NAPL-aqueous phase interfa-
cial area, which in turn reduces the rate of solution of the NAPL. The
results plotted in Fig. 16 show that this is indeed the case. Initial NAPL

1.0
05|
M (t)
Mo
1
0 375 days 750

FIG. 15 Plots of residual reduced mass of VOC M(1)/M(0) versus time; effect of aquifer
pore diameter. NAPL droplet diameter = 0.4 cm; aquifer pore diameter = 1.0, 0.60, 0.40,
0.30, 0.25, 0.20, and 0.175 cm, top to bottom; other parameters as in Table 2. Bubble rise
velocity in free water = 16.06 cm/s; (K., ;) = (0.977, 63.7), (0.936, 66.6), (0.851, 73.2),
(0.728, 85.6), (0.602, 103.4), (0.381, 163.3), and (0.214, 291.3 seconds), top to bottom.
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1.0
05}
M (t)
M,
0 375 days 750

FIG. 16 Plots of residual reduced mass of VOC M(¢)/M(0) versus time; effect of NAPL

droplet diameter. NAPL droplet diameter = 0.75, 0.50, 0.40, 0.30, 0.20, and 0.10 cm; other

parameters as in Table 2. Bubble rise velocity in free water = 16.06 cm/s; K. = 0.381, 1,
= 163.3 seconds.

droplet diameters here are 0.75, 0.5, 0.4, 0.3, 0.2, and 0.1 cm. For the
smaller droplets the rate of solution appears to be sufficiently rapid that
diffusion of dissolved VOC to the air bubbles is the principal rate-limiting
factor, as indicated by the quite small difference between the plots for
droplet diameters of 0.2 and 0.1 cm. We note that “‘droplet’” should not
be interpreted too literally here, especially when the “‘droplet diameters™’
are larger than the aquifer pore diameters. A more descriptive term might
be “‘globs’’ or ‘*ganglia’” when the NAPL is squeezed into irregular shapes
interstitially in the aquifer.

The runs plotted in Fig. 17 exhibit the effect of the initial average con-
centration of VOC, Cy, in the aquifer; values of Cy are 2000, 1000, 500,
and 250 mg/kg of aquifer medium. Note that the ordinate of these plots
is M(t)/M(0), so all plots start at (0, 1) even though the initial total masses
M(0) of VOC present are different. As expected, decreases in Cy result
in decreases in cleanup time. Cleanup time is not proportional to C,,
however, since the number of droplets, and therefore the NAPL-aqueous
phase interfacial area, decrease proportionally with decreasing Cy. This,
in turn, decreases the rate at which NAPL is dissolved. The plots for the
higher values of C, exhibit a long linear or nearly linear region during
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1.0

0 375 days 750

FIG. 17 Plots of residual reduced mass of VOC M(1)/M(0) versus time; effect of initial

VOC concentration. Initial NAPL droplet diameter = 0.4 c¢m; initial average total VOC

concentration Co = 2000, 1000, 500, and 250 mg/kg of aquifer medium, right to left; other

parameters as in Table 2. Bubble rise velocity in free water u = 16.06 cm/s; K|, = 0.381:
t, = 163.3 seconds.

which NAPL is being dissolved, followed by an exponential tail after
virtually all of the NAPL has been removed. At lower values of C,, where
less NAPL is present, the exponential tail becomes more and more impor-
tant in determining the shape of the plots of M(7)/M(0). No NAPL is
present initially in the run for which Co = 250 mg/kg, and this plot shows
the exponential decay which one would expect from Eq. (67) on setting
dCMdt = 0.

Figures 18 and 19 show the effects of air bubble diameter on removal
rate. In Fig. 18 the initial NAPL droplet diameter is 0.4, while in Fig. 19
it is 0.1 cm. Aquifer pore diameter is 0.20 cm for the runs in both figures,
and the bubble diameters are 0.05, 0.10, 0.15, 0.175, and 0.19 cm. One
expects that VOC removal rate should decrease with increasing bubble
diameter, since the bubble rise velocity in free water increases with bubble
diameter (see Fig. 10), so the transit time 7, should decrease. VOC removal
rate decreases with decreasing ¢, and decreasing air-water interfacial area,
so it is not surprising that VOC removal rates decrease with increasing
bubble diameter for bubble diameters of 0.05, 0.10, 0.15, and 0.175 ¢m.
However, the VOC removal rate when the bubble diameter is 0.19 ¢m
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0 375 days 750

FIG. 18 Plots of residual reduced mass of VOC M(1)/M(0) versus time; effect of air bubble

size. Initial NAPL droplet diameter = 0.4 cm; air bubble diameter = 0.05, 0.19, 0.10, 0.15,

and 0.175 cm, left to right. Other parameters as in Table 2. (u, K}, #,) = (5.59, 0.936, 191.2),

(19.51, 0.0724, 708.1), (11.17, 0.728, 123.0), (16.06, 0.381, 163.3), (18.26 cm/s, 0.186, 294.3
seconds), left to right.

reverses this trend, and is almost as fast as the removal rate when the
bubble diameter is 0.05 cm. The reason for this apparent paradox is readily
seen on examination of Fig. 13. For this run the bubble diameter (0.19
cm) is almost as large as the aquifer pore diameter (0.20 cm), and the wall
correction factor K, for the bubble rise velocity is equal to only 0.0724.
The bubble transit time for this run is 708 seconds, while the bubble transit
times for the other runs range from 123 to 294 seconds.

Decreasing the NAPL droplet size from 0.4 to 0.1 cm and then varying
the air bubble size produces the results shown in Fig. 19. Note the differ-
ence in time scale in the two figures; 400 days in Fig. 19, 750 days in Fig.
18. The same general tendency of VOC removal rate to decrease with
increasing air bubble diameter that was seen in Fig. 18 is observed here,
and again we see that the curve for which the bubble diameter is 0.19 cm
is out of order in the sequence. The effect of bubble diameter is somewhat
larger in Fig. 19 than in Fig. 18. This is presumably due to the fact that
the rate of solution of VOC from the NAPL droplets is more rapid in the
runs shown in Fig. 19 (droplet diameter 0.1 cm) than in the runs shown
in Fig. 18 (droplet diameter 0.4 cm), so that the rate of diffusion of dis-
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FIG. 19 Piots of residual reduced mass of VOC M(¢)/M(0) versus time; effect of air bubble
size. Initial NAPL droplet diameter = 0.1 cm; air bubble diameter = 0.05, 0.19, 0.10, 0.15,
and 0.175 cm, left to right. Other parameters as in Table 2. (u, K|, t,) as in Fig. 18.

solved VOC to the air bubbles becomes more important as a rate-limiting
factor.

CONCLUSIONS

A mathematical model for in-situ air sparging of dissolved organics from
aquifers has been developed which includes the effects of air channeling
along preferred paths in the aquifer. The dependence of the calculated
results on the parameters of the model indicates that 1) wells should be
designed to generate the maximum possible number of such air paths, and
2) wells should be operated in such a way as to generate the maximum
amount of dispersive mixing. This second objective could probably be
accomplished by pulsed air flow in the wells. A model parameter B, which
links the air flow rate to the rate of water circulation and which would be
difficult to measure or calculate, is shown to have rather little effect on
calculated sparging cleanup rates, and can probably be assigned ade-
quately by rough estimation.

The Sellers—Schreiber model for the preliminary screening of in-situ air
sparging has been extended and modified to include the joint effects of
Henry’s law equilibrium and of diffusion transport, and to use an improved
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method for calculating the bubble transit times across the aquifer. It also
permits one to describe the removal of NAPL by sparging. The new ver-
sion, a lumped parameter model like that of Sellers and Schreiber, is easily
used and should be a useful tool for preliminary screening of the sparging
technique. As is the case with other screening methods, it contains simpli-
fying assumptions which limit its accuracy, and it should not be viewed
as a substitute for the more detailed approaches needed for more precise
evaluations and for design work.
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