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Analysis of applicability of continuum fluid flow model in fractured media

Da Hye Lee

Department of Energy Resources Engineering, The Graduate School,

Pukyong National University

Abstract

Studies on fluid flow characteristics in fractured media are important in many
fields such as hydrogeology, rock engineering, and petroleum engineering. The
fluid flow of a single joint has been studied by a conventional continuum
analysis method. In the field scale of the complex fractured rock masses, the
analysis using the discrete fracture network (DEFN) flow model is more
appropriate, but there are limitations in time, cost, and computer system. So, if
a continuum model considering the characteristics of the jointed rock mass is
applicable, it can be a effective tool to replace the DFN flow model. The
correlation analysis between the results obtained from DFN flow model and
equivalent continuum flow model were conducted on total of 72 DFN blocks
having various fracture geometry and domain size. A strong linear relation
seems to exist between the two approaches under condition that normalized
relative error for continuum behavior (ER) is less than 0.2, and the results
from both methods are found to almost  identical. To explore the field
applicability of equivalent continuum flow model in DFN media, a total of 48
numerical schemes related to inflow of underground circular openings were
implemented under various DFN configurations. The equivalent continuum flow
model in DFN media with a constant hydraulic aperture was evaluated as valid.
However, as the anisotropy increases due to variation of the hydraulic aperture,
the results are likely to be overestimated compare to the DFN flow model. It is
considered that the DFN system which is not suitable to apply the
continuum flow model can effectively perform the analysis through the
cut—off of lower limit of the joint size distribution. Also, this study
addresses applicability of upscaling using the fabric tensor parameters for

DFN fluid flow analysis in field scale.
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Table 1. Summary of fracture geometry parameters and ER values for
the generated DFN systems (after Han and Um, 2015)

DFN  Orientation L ER
ID (degrees) U o0 5mxbm 10m x 10m 15m x 15m 20m x 20m
DFN1-1 45 and 135 2 0.8 1.6 0.2185 0.3042 0.2060 0.1579
DFN1-2 45 and 135 2 1.5 2.0 0.0971 0.0829 0.0509 0.0168
DFN1-3 45 and 135 2 2.0 1.5 0.0773 0.0910 0.0517 0.0383
DFN1-4 45 and 135 4 0.8 1.6 0.0765 0.0368 0.0937 0.0790
DFN1-5 45 and 135 4 1.5 2.0 0.0475 0.0448 0.0634 0.0169
DFN1-6 45 and 135 4 2.0 1.5 0.0545 0.0561 0.0546 0.0215
DFN2-1 60 and 120 2 0.8 1.6  0.3160 0.1671 0.2294 0.1840
DFN2-2 60 and 120 2 1.5 2.0 0.1137 0.0631 0.0184 0.0141
DFN2-3 60 and 120 2 2.0 1.5 0.1413 0.0463 0.0365 0.0242
DFN2-4 60 and 120 4 0.8 1.6 0.1654 0.0586 0.1577 0.0686
DFN2-5 60 and 120 4 1.5 2.0 0.0727 0.0224 0.0506 0.0273
DFN2-6 60 and 120 4 2.0 1.5 0.0963 0.0344 0.0329 0.0356
DFN3-1 75 and 105 2 0.8 1.6  0.2690 0.1865 0.8414 0.3651
DFN3-2 75 and 105 2 1.5 2.0 0.1178 0.1437 0.0864 0.0868
DFN3-3 75 and 105 2 2.0 1.5 0.0678 0.1599 0.1210 0.0711
DFN3-4 75 and 105 4 0.8 1.6 0.1413 0.2324 0.3712 0.1108
DFN3-5 75 and 105 4 1.52.0 0.0903 0.0795 0.0383 0.0627
DFN3-6 75 and 105 4 2.0 1.5 0.0793 0.0771 0.0460 0.0732

note: d=joint density(no.

(m), u=mean,

o=standard deviation,

continuum behavior

of joint/m%/set), L=gamma distributed trace length

ER=normalized

relative

error

for



Fig. 1. The scheme of the numerical analysis to determine the flow
quantity (Qc) at the lower head boundary (after Lee and Um, 2017)
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Table 2. The linear regression models according to ER ranges for DFN
blocks in Table 1

ER Regression Equation R?
0<ER=<0.1 Qc=0.99560Qp 0.9884
0.1<ER<0.2 Qc=0.95630Qp 0.9726
0.2<ER<1 Qc=1.0036Qp 0.8428
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Table 3. Summary of fracture geometry parameters, ER values and
anisotropy for the generated DFN systems of the CASE 1 (after Han
and Um, 2016)

DFN Orientation Aperture d L ER Anisotropy

D (degrees) ratio n o Ki: Kx» e)
DEFN1-D1 45 and 135 1 2 15 20 00168 1.581E-06 1.296E-06 126.47
DEFN1-D2 45 and 135 2 2 15 20 00231 7.711E-06 2.152E-06 45.83
DEN1-D5 45 and 135 5 2 15 20 01179 5.020E-05 8411E-06 47.24
DEFN2-D1 60 and 120 1 2 15 2.0 00141 1.952E-06 7.149E-07 91.18
DEFN2-D2 60 and 120 2 2 15 2.0 0.0550 8.035E-06 1.376E-06 66.44
DEFN2-D5 60 and 120 5 2 15 20 01964 5.047E-05 4.831E-06 65.35
DEFN3-D1 75 and 105 1 2 15 2.0 00868 1.496E-06 1.244E-07 87.94
DEFN3-D2 75 and 105 2 2 15 2.0 00851 5.172E-06 2.344E-07 81.30
DEFN3-D5 75 and 105 5 2 15 2.0 01107 2.737E-05 1.670E-06 79.23

note: Aperture ratio=SET1/SET2

Table 4. Summary of fracture geometry parameters, ER values and
anisotropy for the generated DFN systems of the CASE 2 (after Han
and Um, 2016)

DEFN Orientation L Aperture ER Anisotropy

ID (degrees) Ll i o Kn Koo S/
DFN1-LN1 45 and 135 1.5 2.0 0.1 0.0000 0.0168 1.581E-06 1.296E-06 126.47
DFNI1-LN2 45 and 135 1.5 2.0 0.1 0.0025 0.0965 2.081E-06 1.792E-06 110.91
DFN1-LN3 45 and 135 1.5 2.0 0.1 0.0100 0.2653 2.644E-06 2.191E-06 111.27
DFN2-LN1 60 and 120 1.5 2.0 0.1 0.0000 0.0141 1.952E-06 7.149E-07 91.18
DFN2-LN2 60 and 120 1.5 2.0 0.1 0.0025 0.0585 2.404E-06 8.452E-07 91.56
DFN2-LN3 60 and 120 1.5 2.0 0.1 0.0100 0.1816 2.537E-06 1.043E-06 84.94
DFN3-LN1 75 and 105 1.5 2.0 0.1 0.0000 0.0868 1.496E-06 1.244E-07 87.94
DFN3-LN2 75 and 105 1.5 2.0 0.1 0.0025 0.2587 1.639E-06 2.622E-07 87.46
DFN3-LN3 75 and 105 1.5 2.0 0.1 0.0100 0.4632 1.957E-06 2.901E-07 &89.51

o,

DO DN NN DN NN DN DD

note: Aperture in mm
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Fig. 3. Flow quantities obtained from DFN (Qp) and continuum (Qc)
flow model for all DEN blocks in Table 3 and Table 4
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Table 5. The linear regression models according to ER ranges for DFN
blocks in Table 3 and Table 4

ER Regression Equation R?
0<ER=<0.1 Qc=0.95990Qp 0.9970
0.1<ER<1 Qc=0.86290Qp 0.9959
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Fig. 4. Calculated directional conductivity, k™, (m/s) and theoretical

directional conductivity, k:(p), (m/s) in different flow directions for the
selected DFN systems of Table 3; (a) aperture ratio=1, (b) aperture
ratio=2 and (c) aperture ratio=5 (after Han and Um, 2016)
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Fig. 7. Tunnel inflow obtained from DFN (Qrp) and continuum (Qrc)
flow model for DFN blocks in Table 3; (a) aperture ratio=1, (b)

aperture ratio=2 and (c¢) aperture ratio=>5
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Table 6. Summary of fracture geometry parameters for the generated

DFN systems to investigate cutoff effect

Gamma distributed

DFN Orientation Density
ID (degrees) (#/m?/set) GAGeNength (m)
Mean Std.
DFN1-0 45 and 135 2 1.5 1.5
DFN2-0 60 and 120 2 1.5 1.5
DFN3-0 75 and 105 2 1.5 1.5
DNF1-3 45 and 135 2 2 1.5
DFN2-3 60 and 120 2 2 1.5
DFN3-3 75 and 105 2 2 1.5
DNF1-6 45 and 135 4 2 1.5
DFN2-6 60 and 120 4 2 1.5
DFN3-6 75 and 105 4 2 1.5
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Fig. 14. Calculated directional conductivity, k®, (m/s) in different flow
directions for DFN1—0 with cutoff of 10%, 20%, 30%, 40% and 50%
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Fig. 16. Calculated directional conductivity, k®, (m/s) in different flow
directions for DFN1—6 with cutoff of 10%, 20%, 30%, 40% and 50%

_39_



20.0 -©-DFN1-0O -DFN2-0 -&DFN3-0
' -O-DFN1-3 {F+DFN2-3 ~DFN3-3
-X-DFN1-6 -X-DFN2-6 <>-DFN3-6
16.0
=
¥
~
¥ 120
>
o
o
o
5 80
a
2
<
40
T = i IF: X %/gié
p¢ ¢ ¢ R R X R X
0.0

0 10 20 30 40 50 60 70 80 90
CUTOFF (%)

Fig. 17. Anisotropy, Kii/Kss of all DFN blocks in Table 6 with respect

to cutoff value
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Table 7. Summary of fracture density and length for the DFN systems

before and after Fo correction

DFN before correction DFN after correction

DFN ID Density Density
Length (m) Length (m)

(#/m?/set) (#/m?/set)
DFN1-3 2 2.0 1 2.4
DFN1-4 4 0.8 2 1.4
DFN1-5 4 1.5 2 2.0
DFN2-3 2 2.0 1 2.4
DFN2-4 4 0.8 2 1.4
DFN2-5 4 85 7 2.0
DFN3-3 2 2.0 1 2.4
DFN3-4 4 0.8 2 1.4
DFN3-5 4 15 2 2.0
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Table 8. Summary of block conductivity parameters for the DFN

systems before and after Fo correction

before Fy correction (m/s after Fy correction (m/s
DEN 1D 0 (m/s) 0 (m/s)

Kt K22 Ko Ki K2 Kor

DFN1-3 2.041E-06 1.780E-06 1.911E-06 1.585E-06 1.261E-06 1.423E-06
DFN1-4 1.428E-06 1.176E-06 1.302E-06 1.394E-06 1.174E-06 1.284E-06
DFN1-5 3.929E-06 3.603E-06 3.766E-06 3.150E-06 2.852E-06 3.001E-06

DFN2-3 2.612E-06 8.891E-07 1.751E-06 1.911E-06 6.072E-07 1.259E-06
DFN2-4 1.654E-06 6.291E-07 1.142E-06 1.756E-06 6.342E-07 1.195E-06
DFN2-5 5.012E-06 1.792E-06 3.402E-06 4.038E-06 1.380E-06 2.709E-06

DFN3-3 1.792E-06 1.732E-07 9.827E-07 1.465E-06 7.927E-08 7.723E-07
DFN3-4 1.201E-06 2.280E-07 7.143E-07 1.337E-06 1.265E-07 7.315E-07
DFN3-5 4.605E-06 3.945E-07 2.500E-06 3.801E-06 2.908E-07 2.046E-06
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Fig. 19. Calculated directional conductivity, k®, (m/s) in different flow

directions for DFN1—-3 with Fo correction
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180°

Fig. 20. Calculated directional conductivity, k®, (m/s) in different flow

directions for DFN1—4 with Fo correction
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90°

Fig. 21. Calculated directional conductivity, k®, (m/s) in different flow

directions for DFN1—-5 with Fo correction
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