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Application of hydraulic fracturing in conjunction with. groundwater remediation 
may result in detrimental mobilization of the target contaminants. This paper 
extends earlier analyses of this process to the case of non-aqueous phase liquid 
(NAPL) contaminants. A solution which couples fracture extension to groundwater 
flow and. the capillary response of NAPL contaminants is developed. The solution 
is based on asingle set of dimensionless parameters which can be scaled to 
match a given set of in situ parameters. This allows the procedure to be readily 
applied to -a useful range of assessment scenarios. A characteristic sequence of 
calculations reveals a relatively small potential for detrimental contaminant 
mobilization. This observation can be confirmed on a case by case basis through 
the application of the procedure to the relevant parameters. 

This paper is likely to representthe completion of this line of investigation as a 
t_horough suite of results have now been developed.
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Abstract . 

The potential for detrimental mobilization of non-aqueous phase liquid (NAPL) contaminants during 

hydraulic fracturing for groundwater remediation is examined. An analytical model of the fluid flow regime 

resulting from the extension ‘of a PKN hydraulic fracture subject to high fracturing fluid loss is linked to a 

capillary model of the mobility of NAPL contaminants. The upper-bound displacement of a NAPL by the 

flow regime is used to index the potential for detrimental mobilization. Limiting conditions of fracture 

extension and fluid diffusion regulated flow are identified and used to simplify subsequent calculations. 

NAPL displacement occurs when the hydraulic gradient applied to the constituent exceeds a critical Value 
defined by parameters of the NAPL, groundwater, fracture treatment, and porous medium. Displacement 

is determined by integrating advective groundwater transport during the period that the hydraulic gradient 

exceeds this critical value. ‘Mobilization is estimated for trichloroethene (TCE), a common NAPL 
groundwater contaminant, using a characteristic set of pa]'3_lTle,t_6I_'S. These example calculations indicate. 

that diffusion limited conditions are predoif1i'r'ia_nt and that NAPL d_i_splacement is limited to the immediate 

vicinity of the fracture. The computed d_is'placements are small relative to the length of the fracture and 

the‘r‘ef<'i>Ir‘e it is reasonable to assume that detrimental mobilization of the TCE is unlikely...
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Introduction
4 

Hydraulic fracturing is an established method of hydrocarbon reservoir stimulation that is currently 

being evaluated for application in conjunction with groundwater remediation. Briefly, hydraulic fracturing 

involves the injection of fracturing fluid into a formation at a rate that generates fluid pressures that are 

sufficient to initiate a fracture and then propagate the fracture away from the wellbore. Paniculate and fluid 

additives may be added to the fracturing fluid to act in conjunction .with various methods of groundwater 

remediation. For example, sand can be added to the fluid such that the fracture is propped open following 

pressure decline. This improves hydraulic access into the formation in pump-and-treat remediation 

strategies and may increase the performance of the procedure by accelerating contaminant recovery. 

injecting fluid i_nto a contaminated formation to form a hydraulic fracture induces groundwater flow 

within-t_he formation through fracturing fluid .loss and poroelastic effects (Piggott and E_lsworth, 1996), 

Logically, mobilization of contaminants across an expanded volume of groundwater by the induced ‘flow 

may restrict the application of hydraulic fracturing within contaminated formations. lt is plausible that the 

expanded volume of contaminated groundwater may translate to an increase in the cost of remediation that 

is not offset by savings achieved through accelerated contaminant recovery. A series of studies have 

addressed mechanistic and computational aspects of calculating the potential for detrimental mobilization 

of aqueous phase groundwater contaminants by hydraulic fracturing (Piggott, 1996a,b; Piggott and 

Elsworth, 1994; Piggott and Elsworth, 1996). This paper extends these results to the important case of the 

impact of hydraulic fracturing on non-aqueous phase liquid (NAPL) contaminants. K 

' 

V 

In keeping with several of the previous studies, this effort assumes the PKN model of hydraulic 
fracture evolution (Perkins and Kem, 1961; Nordgren, 1972) subject to a high rate of fracturing fluid loss 

to the surrounding formation. Frac'tu_ring fluid loss occurs as the result of the difference between the fluid 

pressure inside the fracture and the ambient fluid pressure in the formation. The analytical solutions for 

fracture extension that are embedded in the relations developed in this paper assume that fluid loss occurs 

at a rate that is very nearly equal to the rate of fluid injection. This implies a fracture of n_om_i_nal volume and 

concentrates fluid loss over a relatively small area, resulting in a pessi_m_isti_c (conservative) estimate of the
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potential for contaminant mobil_iza't_ion. Figure 1 illustrates the extension of ac PKN hydraulic fracture. The 

fracture evolves vertically in the plane of the x and "z axes with two symmetric wings of length‘ L and spans 

the thicknessofthe formation with a constant height of H_. The stcrata above and below the fractured horizon 

are assumed i_rhp'ermeable, resulting in a two-dimensional flow regime in the plane ofthe x and y axes. The 

width of the fracture is regulated by elasticity considerations over the height of the fracture and by viscous 

flow considerations along the length of the fracture (Sneddon and Elliott, 1946; Nolte, 1990). Again, in this 

application, the volume and therefore the width of the fracture are nominal. Fluid loss to the formation 

spreads outward from the wellbore along the extending fracture and is both temporally and spatially 

variable. Fluid loss ceases at the end of fluid injection with the rapid closure of the flracture as the result 

of the high rate of fluid loss and the nominal accumulated volume of fracturing fluid. ‘

' 

The assumption of high fracturing fluid lossto theformation is an endpoint mode of hydraulic fracture 

evolution. The contrasting mode is characterized by minimal fluid loss and, in this case, groujnclwater flow 

within the contaminated formation is induced solely by the poroelasticity effects that accompany the 

compression of the formation in proportion to the width of the fracture. Previous calculations (Piggoti and 

Elsworth, 1996) have indicated a similarity of the mobilization impacts corresponding to fluid loss and 

poroelasticity effects. This similarity exists when the results are examined in dimensionless form, 

independent of the details of the formation and fracture treatment. ln dimensional form, the flow regime 

resulting from poroelasticity effects persists over a larger area at lesser rates than that resulting from fluid 

loss effects. This is a result of the fact that fractures that develop under conditions of mini_rna_l fluid loss are 

longer than those that develop subject to high fluid loss. 

Calculation of Advective Velocity and Hydraulic Gradient 

The fluid flow regime resulting from the fluid loss effects associated with the extension of a PKN 

hy'dra'ulic- fracture subject to high fracturing fluid loss may be modelling by distributing fluid loss along the 

length of the fracture i_n accordance with relations for fracture length as a function of time (Nordgren, 1972) 

and fluid loss as a function offlthe exposure of the formation to fracturing fluid (Carter, 1957). Flow maythen

3

/



> 

be determined by the temporal and spatial superposition of the fundamental solution for instantaneous, 

point fluid injection within a saturated, homogeneous, isotropic, porous, two-_di_r_nensional domain. This
\ 

modelling approach is developed in detail by Piggott (1996b) and leads to relations for the advective flow 

velocities in the directions of the x and y axes, vi and vy, (see Figure 1) which have the form 
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Here, Q is the rate of fracturing fluid injection, L, is the length of the fracture at the end of fluid injection, 
H and n are the thickness and porosity of the formation, and tm and xm and gym denote the timing and 

positioning of an infinitesimal point fluid injection event with ym = O. Further, xd and yd indicate the position 

of an observation location and rm, is the distance between the point source and obsen/ation location with 

. 

rid : l/(7"<17"é._¢)2 ‘*(Yd '-V1.92 (2) 

and um is the. dimensionless quantity

2 

u,-J = ii (3) 
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where D, is the dimensionless diffusivity of the formation

I 0,=I; 0. (4)
P 

measured relative to the duration of fluid injection, tp, and the hydraulic diffusivity of the formation, D. Time 

and position are indicated in dimensionless form as 
. , 

~
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1 r=_ 5 d tp_ () 

and
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The limits of integration with respect to the timing of fluid injection are tm = 0 and tu, = t,_,* where t,_d" is the
\ 

lesserof the current_ time, t-d = t/tp, and the time atrthe end of fluid injection, td = 1. The lirriits of integ'rat_ion 

with respect to the positioning of fluid injection are x-M, = —xL,,' and xm = xi_,,* where xi; is the lesser of the 

current length oi the fracture, L, = t,|,"', and the length of the fracture at the end of fluid injection, Ld = 1, 

with L, defined as

L L = _.. . d 
LP 

(7) 

Given this distribution of advective velocity, the distribution of the principal hydraulic gradient may be 

determined from the known advective velocities as (e.g., Freeze and Cherry, 1979) 

1-, = ,/V3 W; <8) I
\ 

where K is the hydraulic conductivity of the formation. It is convenient to define dimensionless flow
/ 

velocities, vm, and vm. These dimensionless values are related to the dimensional equivalents using 

V, = ii- V“ 2LpHn ‘ 

. (9) 
Q , V = \/yd I Y .

- 

and therefore are equal to the integral quantities in (1'). It is also convenient to express hydraulic g'radient 

in ajn alternate dimensionless form, im, where 

7 

Q I 
ir = W ind. (10) 

The dimensionless hydraulic gradient is related to the dimensionless flow velocities via

5 

- 11 
'T.a =_VV1.a2*Vy.u2 ' - 

( ) I



, . 

Figure 2 shows the variation of the dimensionless hydraulic gradient with dimensionless time fortwo 

observation locations and a range of dimensionless diffusivities. Observation locations 1 and 2 are situated 

in the imfmediate vicinity of the fracture at xd = 0.5 and yd = 0.1 and remotely at xd = 4.0 and yg = 4.0. The 

results shown in Figufre 2 migrate between two li_mit_i_ng conditions (the dashed lines) as a function of 

diffusivity. At large values of diffusivity, the hydraulic response becomes independent of diffusivity and the 

traces of dimensionless hydraulic gradient with dimensionless _time approach an asymptote which 

corresponds to fracture extension regulated flow. Here, fluid .diffusion is ijnsta_nta_neous with respect to 

fracture extension and the gradient is govemed solely by the varying length of the fracture and distribution 

of fluid loss along this length. In other words, a steady state flow regime develops such that the temporal 
‘ 

~. / 

variation of the regime is due to varying boundary conditions. At small values of diffusivity, the results are 

congruent and would superimpose if translated according to diffusivity. This diffusion regulated condition 

implies that fracture extension is instantaneous with respect to diffusion and therefore the temporal variation 

of the flow regime is govemed solely by the diffusion of the injected volume of fluid away from the fracture. 

These limiting conditions allow (1) to be reduced to considerably simpler forms which are more 

suitable for subsequent calculations. Assuming fracture extension limited conditions results in 
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Similarly, assuming fluid diffusion limited conditions results in
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Equations (12) and (13) are plotted in Figure 2 as dashed lines and compare favourably with the 

detailed solution (1) at the upper and lower ends of the indicated ranges of diffusivity, respectively. Both 
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relations involve integration with respect to a single variable and therefore require considerably less 

computational effort to evaluate t_han (1). Also, the integrand relations are more unifonn and can be 
’

l 

accurately evaluated using fewer quadrature points, further expediting evaluation of the functions.
u 

The transition between extension and diffusion limited conditions may be illustrated in a continuous 

form by determining a characteristic hydraulic gjradierit as a function of diffusivity. Here, the peak hydraulic 

gradient apparent in each of the sets of results shown in Figujre 2 is selected as the characteristic value. 

This peak value may be determined numerically using a univariate optimization algorithm Figure 3 shows 

the relation between the peak hydraulic gradient and diffusivity for obsen/ation locations 1 and 2 and the 

range of diffusivities shown in Figure 2. Again, the solid lines indicate the results returned by the detailed 

solution and the dashed lines indicate the results for extension and diffusion limited conditions. The bilinear 

relations defined by the latter two solutions accurately represent the detailed solution over all but a narrow 

region. It is possible to characterize the transition between the limiting conditions as the diffusivity at the 

intersection of the two linear segments. This value may be computed for any location using 
\

. 

0, = 
r 

<14) 
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where iT_,n,nsmm,_d is the result for extension limited conditions evaluated using (12) and iT_d-musionlpeau is the 

result for diffusion limited conditions evaluated using (13) and a unit dimensionless diffusivity. 

Figure 4 shows the spatial variation of the dimensionless diffusivity at the transition from extension 

to diffusion limited conditions. Given an arbitrary dimensionless diffusivity, the region interior to the 

corresponding contour in Figure 4»will be subject to extension lirn_it_ed conditions and the region exteriorto 

the contour will be subject to diffusion l_im_ited conditions. Figure 5 shows the spatial variation of" the peak 

hyd_rau_lic gradient for extension and diffusion limited conditions where the latter set of results were again 

computed using a_ unit dimensionless diffusivity. Peak hydraulic gradients for-T diffusion regulated flow and 

an arbitrary value of diffusivity‘ (Let, D, ¢ 1) may be scaled using ' ‘ 

in, = 0,1,; 
' 

(15) 

where in,’ denotes the value computed for Dd = -1 and shown in Figure 5. The peak values of the induced 
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hydraulic gradient decrease with increasing distance from the fracture and assume an axisymmetric form 

at greater than two fracture lengths from the Wellbore, indeed, resu_lts determined using (12) and (13) may 

be accurately approximated at relatively remote obsenration locations-(i.e., locations positioned at greater 

than two fracture lengths from the wellbore) by assigning fluid injection at the wellbore. The shapes of the 

distributions differ due to the contrasting modes of transmission of the hydraulic gradient. Specifical_ly, the 

results for diffusion limited conditions more closely parallel the fracture in the vicinity of the fracture, and 

decrease more rapidly with distance from the wellbore, than do the results for extension limited conditions, 

Conceptual Model of NAPL Mobilization 

Analyses of the impact of hydraulic fracturing on contaminant mobillization reported previously 

(Piggott, 1996a,b; Piggott and Elsworth, 1994; Piggott and. Elsworth, 1996) considered aqueous phase 

contaminants and indexed the potential for detrimental mobilization as the displacement of the contaminants 

in proportion to the induced motion of the groundwater. The response of a NAPL contaminant to
I 

groundwater flow differs from that of aqueous phase contaminants due to the capillary behaviour of the 

NAPL. As n_on=wetting fluids, NAPL contaminants remain immobile when subject to less than a critical 

hydraulic gradient within an othervvise flowing groundwater) regime. The maximum fluid 'press'ujre difference 

or capillary pressure, pc, that the meniscus between a wetting and non-'wetti_ng fluid may support within an 

idealized porous medium may be approximated by (e.g.-, Bear. 1972)

2 
. pa = TOcos9 (16)

\ 

where o and 6 are the interfacial tension and contact angle between the fluids with cos 9 = 1 and rc is the 

effective capillary radius of the medium. This assumes that the three-dimensional curvature of the meniscus 

at the contact between the pore and grain may be approximated with cylindrical symmetry. This approach 

has demonstrated adequate correspondence with laboratory data, including the influence of distributed pore 

geometries (Ftose and Bruce, 1949) and the influence of hysteretic effects (Leverett, 1941). lf this pressure 

difference is applied over a capillary of length Le (e.g., the effective length of a NAPL ganglia); then the

8



equivalent hydraulic Qiffldient is 
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where p is the density of the groundwater and g is gravitational acceleration. This is ”appa'rent from a 

treatment. of the concepts of hydraulic potential originally identified by Hubbert (1.953) and applied forboth 

vertical (Berg, 1975) and horizontal (Villaume, 1985) displacement of ganglia. ln this, the effects of the 

double curvature of the meniscus are neglected as this represents a second order effect relative to the 

influence of distributed pore radii within the medium and all displacement is. assumed within the horizontal 

plane. Following (10), this critical hydraulic gradient can be related in dimensionless form as 

. Q . 

e 

re = (18) 

The following calculations assume that a NAPL is mobile if the hydraulic gradient applied to the 

constituent is greater than the critical magnitude determined using (17). Further, it is assumed that the 
‘

. 

NAPL is transported at the advective flow velocity of the surrounding groundwater. This is predicated on 

the observation that ganglia are typically sparsely distributed and fully surrounded by the aqueous phase. 

Mobilization in the horizontal plane can attain a maximum velocity corresponding to the advective velocity, 

assuming that the distribution of pore diameters is sensibly unifomi. Thus, the displacement magnitudes 

evaluated in the following represent an upper-bound and provide a pessimistic“ estimate. Notably, 

mobilization in the vertical plane triggered by lateral displacement is not evaluated. Finally, the mobilization 

of the NAPL as the result of hydraulic fracturing, and the potential that this motion leads to a detrimental 

impact, may be indexed using the total displacement of the NAPL, Displacement is determined by 

integrating the advective velocities applied to the NAPL during the period that the hydraulic gradient 

exceeds the critical va__lue,_ Displacement magnitudes that are small relative to the dimension of the hydraulic 

fracture, .or the dimension of the contaminant plume, are not likely to hamper the remediation effort. 

Conversely, magnitudes that significantly ex'pa'nfd the region of NAPL con_tam_inant might be regarded as 

detrimental and may restrict the application of hydraulic fracturing.

9
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If the displacement of the NAPL is of relatively small magnitude, then integration of the advective 

velocities may be performed without regard for the motion of the particle within the time interval of 

integration (Piggott, 1996b). Expressed in terms of dimensionless parameters, this translates to 

‘M-1
. 

Ax,d = J‘ vx,d dtd 

I ~ 

I 
<19) 

Am = I vjqd did 
. ‘ma 

where t,,M is the dimensionlesstime at which the_hydraulic gradient first exceeds the critical value and tmm, 

is the time at which the hydraulic gradient decreases‘ to less than the critical value. These limits may be 

calculated by determining the roots of the equation . 

inid
= 

where im is the net hydraulicgradient applied to the NAPL relative to the critical hydraulic gradient. If net 

gradient and ganglia length are known, then the actual displacement velocity of the NAPL may be 

estimated if relative perjrneability and saturation data are available for the NAPL, These are often not 

available and a_n upper-bound displacement is obtailned by assuming that the ganglia move at the advective 

velocity of the s_urrou_nd_ing groundwater. The total displacement of the particle is then given by 

. 
Am: = VAx.a2 +Ax,d2 (21) 

which is related to a dimensional equivalent via 

Qt
P 

Figure 6 shows conjtoujred distlributions of the total dimensionless displacement computed for fracture 

extension and fluid diffusion lim_ited conditions and at range of dimensionless critical hydraulic gradients. 

The shaded portions of the tiles indicate the regions where the peak hydraulic gradient is less than the 

critical hydraulic gradient and therefore the displacement of any NAPL at that position is zero. The values
\ 
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of the critical hydraulic gradients listed in Figure 6 were selected such that displacement is observed over 

10, 50, 90,- and 100 percent of the indicated domain. The fluid displacement distributions computed for 

extension and diffusion limited conditions for iq, = O are equivalent, however, the distributions diverge as 

the critical value of the hydraulic gradient increases. The positions of the contours respond to the critical 

hydraulic gradient only in the vicinity of the transition from zero to non-zero displacement. Thus, the role 

of the critical hydraulic gradient is principally to delineate regions where displacement occursfrom regions 

where displacement is zero. When displacement is non-zero, the magnitude is principal_ly a function of the 
position of the observation location and is evaluated from either the fracture extension or fluid diffusion 

limited results shown in Figure 6, depending on the regime predominating at that |ocat_io_n;.
1 

Example Calculation of the Potential for NAPL Mobilization 
The potential for NAPL contaminant mobilization by hydraulic fracturing is a function of numerous 

parameters of the NAPL, groundwater, fracture-treatment, and porous medium. As a result, it is necessary 

to evaluate the potential fordetrimental mobilization of a NAPL on a case by case basis. The following 

paragraphs outline this evaluation for a hypothetical but plausible scenario. ‘ 

For a Pl(N hydraulic fracture developed in a reservoir stimulation context, ~a reasonable set of fracture
o 

treatment parameters are a fluid iniectionrate and duration of Q = 0.0795 ma/s and tp = 12,000 s applied 
to a formation of thickness H = 45.7 m and resulting in a fracture of length L, = 77.0 m. These would likely 
be characteristic of a large scale fracture treatment in a groundwater remediation context and should 

translate to a pessimistic estimate of the potential for NAPL mobilization. A porosity of n = 0.2, a hydraulic 
conductivity of K = 10*‘ m/s, and diffusivity of D = 10" m2/s are reasonable formation parameters for a low 
penneability, confined fomtation. Hydraulic fracturing is generally reserved for low permeability formations 

as more conductive formations are normally adequately productive. Also, there is an upper limit to the 

permeability of formations that can be hyd_raulic'a_lly fractujr'ed_. This limit corresponds to the situation where 

the combinatio'n of the rate of fracturing fluidinjection and the viscosity of the fluid is not sufficient to 

generate the fluid pressures that are required to initiate and propagate a hydraulic fracture.
1
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This set of parameter values translates to a dimensionless diffusivity of Dd = 2-.0x10'3. Comparing this 

magnitude to the values shown in Figure 4 i_ndica_'tes that fluid diffusion limited conditions persist even in 

the immediate vicinity of the fr‘act‘u‘re., An increase of more than two orders of magnitude would be required 
i 

T 
T t 

for fracture extension limited conditions to develop over a measurable portion of the domain. Regardless, 

results for both limiting conditions will be ‘presented to illustrate the implications of the limiting conditions. 

If the position xd = 1 and yd =1 is used as a reference locajtion, then the peak dimensionless hydraulic 

gradients plotted in Figure 5 are 2.3x10" fcr extension limited conditions and 2.5x1'0" for diffusion limited 

conditions. The first of these results translates to a dirnensional value of 2;.6x10z, the second to 5 .2x1 0". 

Trichloroethene (TCE) is a common g‘mundwater contam_inant.that is a dense non-aqueous phase 

liquid or DNAPL. "TCE migrates downward through groundwater in response to gravitational forces, and 

often forms a residual of discontinuous ganglia that are constrained by small diameter porestructures. The 

remediation of residual TCE by capturing and treating the dissolved phase plume that develops around the 

residual is a scenario where hy'_djraulic~fractufring might be used to expedite the recovery of the contaminant. 

The interfacial tension of TCE in contact with water is 0 = 3.45 x10" N/m (Cohen and Mercer, 1993). 

A cehara,cterist_ic capi_ua_ry radius a_nd length for residual TOE may be on the order of rc = 1.0x10'° m and 
Le =t 1 rn, respectively. These values result in a critical hydraulic gradient of in = 7.0. This quantity is subject 

to the greatest degree of uncertainty in this analysis because of the assumed and rather arbitrary values 

for the capillary radiusand length. Variations of more than an order of magnitude are entirely possible. The 

peak hydraulic gradient corresponding to extension limited conditions is much larger than the critical value 

for TCE mobility and therefore any TCE residual located at the reference position would be mobile during 

fracture extension. This condition persists over the entire domain shown in figure 5. ln contrast, the peak 

hydraulic g'radient correspo_ncj_ing to diffusion limited conditions is much smaller than the critical value and 

any TCE rfesidlual located at the referenceposition would not be mobile during fracture extension. Residual 

TCE located in the immediate vicinitythe fracture would, however, be mobile due to the marked increase 

in the peak hydraulic gradient with decreasing distance from the fracture.

12
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Expressed i_n.di_mension|ess form", the critical hydraulic gradients are 6.2x10'3 and 3.08x10° for 

extension and diffusion limited conditions, respectively. Calculating displacement in the manner described 

for Figure 6 and t_ra_jnslat_iAng the results into dimensional form returns displacements adjacent to. the fracture
1 

of app_rox_imately 0.39 and 0.29 rn for extension and diffusion limited conditions. The difference between 

these two values is the result of integrating the velocity functions over differing durations. For diffusion 

limited conditions, non-zero fluid displacements are estimated only in the immediate vicinity of the fracture;
\ 

namely, within one-half of "the length of the fracture or 38 m. Thus, because the assumption of diffusion 

limited conditions appears to be mostappropriate, NAPL mobilization would be confined to a small region 

surrounding the fracture and the peak magnitude of the displacement would be relatively small at. 0.4 

percent of the length of the fracture. The assumption of extension regulated conditions is less optimistic 

in that it predicts NAPL mobilization over a much larger region. Regardless, the calculated displacement 

magnitude remains small relative to the length of the fracture. 

. - Summary and Conclusions _ 

Hydraulic fracturing is a petroleum engineering technology that appears to have considerable 

potential when applied in conjunction with methods of groundwater remediation. The application of hydraulic 

fracturing in this context may, however, result in the mobilization ofthe target contaminants across a larger 

volume of groundwater than effected prior to fracturing. This is not likely‘ to be an acceptable outcome if 

the expansion of the con_tarni_nated volume sig'n_ifti¢ent|y harnpers the remediation effort. 

' 

t 

This paper presented a method of estimating the impact ofthe extension of a hydraulic fracture on 

the mobiligati_on of NAPL groujndwater contaminants. The approach is based on a’ capillary model ofthe 

response of the NAPL to groundwater flow that defines a critical hydraulic gradient required for mobility of 

the constituent. This critical hydraulicgradient is linked to the calculation of the distance that the NAPL is 

displaced as the result of fracture. extension. Limiting conditions of fracture extension and fluid diffusion 
,,- / 

reguelated flow were detected and used to reduce the analysis to a' dimensionless form that is suitable for 

practical application. A transition value of d.iflusivit‘y’ distijnguishes between these limiting conditions. Two 

. 
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mobilization behaviours were identified representing, respectively, no displacement of the NAPL in cases 

where the Peak hydraulic gradient does not exceed the critical value required for mobility, and advective 

transport’ of the NAPL ‘during the period that the hydraulic gradient exceeds, the critical value. 

It is ne'cessary- to estimate diffusivity in order to assess NAPL mobilization subject to diffusion limited 

conditions. This may be a difficult task in some settings as it requires knowledge of the storativity of the 

formation in addition to the numerous other requisite NAPL, groundwater, fracture treatment, and porous“ 

medium parameters. lf the diffusivity of the fomation cannot be estimated with reasonable accuracy, then 

it is only possible to proceed by reverting to the assumption of extension limited flow. This may 

overestimate both the peak hydraulic gradient applied to the NAPL and the displacement of the constituent. 

A typical set of parameters were used to conduct an example calculation. The results indicated fluid 
diffusion limited conditions with NAPL displacement limited to the immediate vicinity of the fracture with 

magnitudes that are small relative to the length of the fracture. Thus, while the application of hydraulic 

fracturing within the contaminated formation may result in the displacement of the contaminants, the 

displacements may be sufficiently small that the mobilization of the NAPL will not. have a detrimental impact 

on the remediation effort. These findings are case specific and must be confirmed for other combinations 

of the input parameters._
' 

The results reported in this paper‘ are most aPP|.icab_le to a PKN h'ydia_'ul_icfractu1re subiect to’a high 

rate of fractjui'i_ng_ fluid lzosse. A satujrated, homogeneous, isotjropic, porous formation of unifoerm thickness and 

bounded by impermeable strata is also required. More detailed modes of fracture extension and geologic 

settings may be assessed by a_dapti_ng the an_aly‘sis to reflect the evolution of the fractufre and the response 
of the groundwater environment. It is also assumed that the flow regime resulting from fracture extension 

is not impacted by the distribution of the NAPL. For example, groundwater flow in the vicinity of NAPL 

ganglia is not measurably influenced by the ganglia. Hnally, the calculations are performed independently 

of the ambient groundwater fl_ow _regirne.; This is co'nsis‘tent with calculating the impact of hydraulic fracturing 

on contarnina_nt mobilization but does not reflect the possibility that the ambient and induced hydraulic 

gradients may combine to exceed the critical value required for NAPL mobility. Thus, the results reported 
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in this paper are most applicable when the induced flow regime is dominant relative to the ambient regime. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

I

E
1 

Illustration of the extension of a PKN hydraulic fracture. 

Hydraulic gradient calculated at two observation locations as a function of time and diffusivity. 

Each trace is labelled with the corresponding value of diffusivity. The solid and dashed lines 

indicate the detailed and simplified solutions, respectively. 

Peak hydraulic gradient calculated at two obseniation locations as a function of diffusivity. The 

solid and dashed lines indicate the detailed and simplified solutions, respectively.
\ 

Contoured distribution of diffusivity at the transition from fracture extension to fluid diffusion 

limited conditions. Extension limited conditions persist interior to the contours; diffusion limited 

conditions persist exterior to the contours. Th_e length of the hydraulic fracture is shown along 

the horizontal axis.
' 

Contoured distributions of peak. hydraulic gradient for fracture extension (top) and fluid diffusion 

(bottom) limited conditions. The length of the hydraulic fracture is shown along the horizontal 

axis. 
i i

. 

Contoured distributions of displacement for fracture extension (left) and fluid diffusion (right) 

limited conditions and a range of critical hydraulic gradients. Shading indicates the region of 

gero displacement. Adjacent tiles represent equivalent areal proportions of zero displaceme_nt_. 

The length of the hydraulic fracture is shown along thehorizontal axis. 
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