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The effect of the crltlcal path on ﬂmd flow thr@ugh a ﬁqoture
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Abstract: Fluid flow ﬂ:rough a frac o fracture networkas :;?nlxolled lpy the g ometry
of the network and by the distribution: qf voids within each-fracture, "Fh Pcrmg:
i.e., the path of largest apertures across.a fracture, dominates the flowo: fluid. through
fracture. We have directly quan fified thid importance of the critical path'by nsifig Wobd's
metal porosimetry and methane flow rate'méasutements, PFilling the criticalpatll withi:>
Wood's metal reduced flow rates through the fracture by 70% to 98%. X-ray
tf?mographlc scanning and photonncmscopy are used to visualize the void spaces in the
aclure
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Some of richest known gas TESETYOIrs (14 ToF) are lovated-in coal seams. Durmg the
production of methane from ¢oal beds, methane and btine flow: thiough a natural fracture .
network know ag cleats wliich are the pnmmav hydratilic conductors for the coal; “An- - +!
underlying question about the movement of fluids through a' fmctum or-fracturé netw:;rk '
is how the fracture Vdid:géometry affects the permeability of ‘the fracture: Receént . —~
modehng of fluid flow through a single fractire suggests that fluid flow through a fracture
is domiindted by channel flow (Tsan; I.ﬁ & Tsang, 1987), by thé,ctitical path (Pyrak-Nolte et
al., 1988) or by preferential ftow paths (Yang et al., 1993), The crll:lcal path of a fracture
is the path consisting of thie largest aperires; 'I'hrougtg laboratory nments angd .
computer-aided yisualization, we have inyestigated the geomeu:y cleal rletwork and
the critical path in fractures ifi Goal. Safiirating the critical path with a non-welting fluid .
reduces the wetting phase flow rate. We have also examined the relationship between
effective cleat porosity and absolute water permeability by imaging the fracture network in
coal. . .
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Table 1 lists the-dimensions of the coal sam lés uééd nf s study Sample #’?-2-!3 isa
whele drill core from'ihe Plttsburgh sedm of ‘the Northern Appalachian Basin, Wetzel -
County, West Virginia. - TFhis sample way used to-investigate the ge oﬁielry of the-¢ritteal -
path.and the effect ofthe critical path-on fluid flow. “Coal-corey €C and TT are from'Seam
#1 of the Sundance Pit at the'La Plata coal:mine:and: weré cored from Blocksiof coal: - -
Sample CC was drilled perpendicular to the tédding planes and ‘sarmple T was drilled -
parallel to the bedding planes, Samples CC and TT were-used to ivestigate the geomeixy
of the cléat (fracture) net\vork andllhe effect of the dleat netWork on the hydraulic o
properties of the'coal. : e
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T'Table T.. Sample DIEMensIons .- 1; (5 i s 3ig dbe o o 1 <t L il
Sample [Diameter Length Bulk Volume (cm3)
Number {cm) cm) . .. )

(Fr-2-3 3,22 1501 T 10597
CC .89 441 177
TT 8.89 . 11.2 694

Table 2. Bropertics of Wwood's Metal (Cerrosated)
mponents:
Bismuth 425 %
Lead NT%
Tin 113 %
Cadmivm %S_%D
Melting Temperajure Ran (OC) - ; _ o
Sﬁi?acs'l'ens %d&rﬁ%m) AR T |
Contact Angle on S ST (0
Wx’cm$) . [T TV i, -9'46..'3::0'1;6"'-" R I. . . v
oung's | odulus(GPa) CADUDARORIT % RENETIFENE PO

T

Table 3, Experimental Parametess and Results on Coal Sample 7-2-3 irom the Plttsburgh
Seam of the Northern Appatachian Basin, and Coal Samples CC and TT from Seam #1 of
the Sundance Pit at the La Plata Coal Mine, San Juan Bagin, New Mexico, - .
ample Number
Confining Pressure at Solidification (MPa) 1 4.5 . o 4890 -5.54
Nitrogen Presstre avSolidification (MPa). (4] G049 0.44 -
Effective Pressure at Solidification (MPa).- 4.09. . 44 . 51
Weight of Wood's Metal Injected. (gramx) -0.01. ~ 2,14 619
Connecred Void Volume (cm3 )I : 0 00112x10 - 022 & 0.005. gqg? j'h
Bfective Cfeat Porosity o o 001-!-2:;10 'g 082 £ 0.09410.00
Minimuni Apemire Size Acﬂessed mm)? 3 1 47 & 0 7 122 #0.59 - 1.37 +£0.65 -

TError from déviations I thie dehsity r}fWaod‘s mﬂm‘ zError from deviations Ik the strfce tenston *
and the contact dhgle o Woud's metal G e e : -
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3 WOOD'S METAL INJECTION

A Wood's metal injection technique (Pyrak-Nolte et al., 1987; Pyrak-Nolte, 1990) is .
used to measure the effective cleat porosity of a coal core and capture the geometry of the
cleat network. The properties of Wood's metal are listed.in Table 2. In this technique.a
low melting point metal is injected into a sgmple subjected to a conﬁmng pressure. The
sample is heated t0-95.0C and molten metal'is injected into the sample using a pressure...
generator; A nitrogen backpressure is applied during the injection;process and maintained
during cooling ofithe: sample. . After injection, the sample is allowed,to cool:and the metal
to solidify. Gravimetric. data and.pressure;data are used to determine the volume of voids
injected, the effective cleat porosity, andithe.minimnin aperture penetrated by. the metal;

- The geometry-of the injected flow paths are examined using X-ray: tomography, (CT).and
photomicroscopy. The pressures used during injection of the samples-and the results of .
the metal injection experiment are given in Table 3,
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Figures 1 & 2. Three dimensional reconstruction of the cleat networks in coal core TT (a)
and ceal core CC (b).

4 GEOMETRY OF THE CLEAT NETWORK

The three-dimensional geometry of the cleat or cleat network is reconstructed from the
two-dimensional x-ray tomographic (CT) data. The reconstructed fracture networks for
coal cores TT and CC are shown in Figures | & 2. The fracture network in core TT
which was oriented parallel to the bedding planes, and is dominated by a bedding plane
fracture which is the horizontal fracture in the Figure 1. The observed fractures in core
TT are planar and rectilinear in shape. The fractures in core CC are curvi-linear and show
the tortuosity of the cleat network. The geometry of flow paths in the cleats in these coal
cores are anisotropic as observed by comparing the reconstructed fracture networks in
Figure 1 and Figure 2. The disconnected voids observed in the Figures are a result of the
coarse spacing of the CT scans. The scans were taken every 12 mim and 5 mm for cores
TT and CC, respectively.

5 GEOMETRY OF THE CRITICAL PATH

Coal core #7-2-3 was injected while subjected to a high confining pressure (4.5 MPa) to
examine the geometry of the critical path of the fracture. The critical path of the fracture is
the path of largest apertures across the fracture. Figure 3 shows the three-dimensional
reconstruction of the cleat in coal core #7-2-3 based on two-dimensional CT data. For this
sample, the reconstruction shows a single vertical cleat and shows the spatial relationship
between the cleat and a bedding plane with high density minerals (Horizontal structure in
Figure 3).

Figure 4 is a composite map of the Wood's metal-filled void spaces (represented by
black) in the fracture based on photomicroscopy of the metal casts in the fracture. The
white regions of the map represent coal to coal contact or inaccéssible voids. The
direction of metal injection into the core is noted in Figure 4. A swatch of large voids is
located in the center of the fracture and is oriented perpendicular to the divection of metal
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injection. The disconnected void spaces in the map can be a result of (a) the resolotion of
the composite map {~ 70 microns); or () the solidification pressure of the Wood's metal,
if it is lower than the Wood's metal pressure during injection so that the Wood's metal
retreats from the small connective pathways between portions of the flow paths.

A comparison of the composite map (Figure 3) of the Wood's metal-filled void spaces
and the three dimensional reconstruction of the void space (Figure 4) suggests that the

Figure 3. Three dimensional reconstruction of a fracture in coal sample #7-2-3,
Horizontail plane featuares is a region of minerals with high density.

Dhireciion of fnjection
< S

Coal Sample 7-2-3

Figure 4, Compasile image of the void space in a single cleat in coal sample #7-2-3.
Black represents the void spaces. Notice preferential low path is perpendioular Lo the
direction of the metal inpection.
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- three dimensional reconstruction givesilé ﬁross ouiline.of the.flow paths. However, the .
CT scans for this sample were taken every three millimeters while the structure in the
composite map is observed to vary.on lexgth scales much:smaller than that.: The three~ - -
dimensional reconstruction would be improved by:using a smaller spacing between scans.
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6 PERMEABILITY-POROSITY PARADOX -~ -+ ...

Two service laboratories made measurements of absolute water pertneability. and. porosity
on samples CC and:TT from the San Juan Basin. iniNew Mexico.(Pyiak-Nolte, 1992),
Each laboratory used the unsteady-state:method: whiere the coal core:is saturated with brine
that is subsequently displaced with humidified helium. The-volumes of helium and brine
produced are recorded and used.in-models o determine the relative. permeability-of the ..
sample (Gash, 1991; Gash.et al,, 1992). The effective.cleat porosity and absolute water
permeabllity are shown.in Figure 5. CGore CC was orjented perpendicular to the bedding
lanes (paraliel o.the face gleats) and.core TT was oriented parallel toithe bedding planes.
ntrary {0 expectation, the.core with.the higher permeability (I'T) had the smaller
porosity (Figure.5). .. i L o w e e

" @ Porostty (%) [J Permeability (md)
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Figure 5. Porosity and absolute water permeability for coal cores CC and TT from the
San Juan Basin, ’ '

This apparent paradox in the permeability and porosity relationship for these two coal
cores was resolved using information from the geomelry of the cleats obtained from the
Wood' metal injection experiments. The ratio of the effective cleat porosity determined
from the Wood's metal method to the effective cleat porosity determined from unsteady-
state method gives the fraction of cleat porosity with apertures greater thdn two microns.
This ratio revealed that 36 % of the fracture network porosity in coal core CC consisted of
aperiures greater than 2 microns. For coal core TT, 76 % of the fracture network porosity
consisted of apertures greater than 2 microns. While coat core CChad a higher porosity
than coal core TT, the porosity was mainly from small apertures (< 2 microns) which
support less flow. Thus, the permeability is controlled by the geometry and
interconnectedness of the void spaces within the cleat network structure. Three-
dimensional reconstructions (Figures 1 & 2) of the x+ray-tomographic images of the
fractures illustrate the anisotropy in the fracture networkdncoal. - .. -



7 ‘BFFECT-OF THE CRITICAL PATHON FLOW:RATES:. ~ » v - owev s

AT i L RTEENRE VUL et i, T b

- Flow mgasuréments were miade oit-coal sample #7-2+3 using methane for-arange'of - -
confining pressures (.69 MPa -+ 4,2:MPa) and avangsicf pore pressures (0,069 MPBa -
0.34 MPa) prior to injection of the sample with Wood's metal. Figure 6 shows that the
pre-injection flow rates of methane through the sample (for pore pressures of 0.14 MPa
and 0.28 MPa) decrease with increasing confining pressufe arid ineréase with increasing .-
pore pressure,

-  'To'determing the-effeot of the critical path on flow:through a-fracture, coal sample #7-
2-3 was-injectedt with-Wood's metal- while subjected to & stress of 4.5 MPa. . The-total - -
volume of Wood's metalinjected was-0.00195 of the totalibulk volume of the:sample.! ..
Apertures.as small as 3'microns were: penetrated with thé'metal,. Photomicroscopy ofithe
sample has:sliown that.rﬂow-tpaths?tltrough-'tlie ftactire have varidble aperiures-an n:ﬂpear:
0 be spatially cotrelated Attér-ibjeetion, mettiane: flow rate measuremeiits were made. . -
Figure 6 showsthe effect-of fijlingthe critical path with'a:non-wetting phase-onthé flow -
rates:of the wetting phiasé!(methane); ‘Theflow rate. is markedly decrodsed andflow does :
not occur-for-confining pregsuresigreaten than 2,1:MPd:  Forputposes of comparison,
the ratio of the post-injection flow rate to pre-injection flow rate was taken‘and is shown
in Figure 7 as a function of confining pressure. The post-injection flow rates are
observed to be much lower, and were determined to be 70% to 98% lower than the pre-
injection flow rates. In addition, the ratio of pre- to post-injection flow rates decreases
with increasing stress.

R N ENC

Figure 1, Three dimensional reconstruction of Wood'§ btal ﬁo‘#'baths through a
fracture in coal sample 7-2-3. The image is based on iwg:timensional x-ray tomographic
scans, T
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Figure 6.' Methane flowsrates thmughcoal saniple#?z-3forpom pressures of 0.14. MPa
and 0.28 MPa prior to and.after ihjection of the sample:with Wood'smetal. - =+ -
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Figure 7. Ratio of post-injection flow rates to pre-inf'ection flows for pore pressures
ranging from 0,069 MPa to 0.34 MPa for coal sample #7-2-3.

§ CONCLUSIONS

The dramatic reduction in flow rates is a direct result of obstructing the critical path, The
data show that if the critical path of the fracture is saturated with a non-wetting fluid the
wetting phase flow rate is greatly reduced. In addition, the effect on the flow rate is not
constant as the stress is increased. The reduction in flow rate increases with increasing
stress until no flow occurs. - These ?;{)emmntal results are significant because they
illustrate the dominance of the critical path on fluid flow through a fracture,
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