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1- Geometric models
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1- Pore scale network models
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1- Seepage face
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1- Stephenson equation
2- Darcy-Weishach equation
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1. Introduction

An equivalent pipe network model (EPNM), is proposed in this study for analysis of steady two-dimensional
(2D) nonlinear flow with free surface through structures made of coarse granular porous media. Pipe network used
for modeling the pores and throats within the porous media, consists of orthogonal pipelines in which flow through
the pipelines simulates flow through porous media. Physical and geometrical characteristics of the pipe network
model such as diameter, length and friction factor of pipes are determined based on porous media characteristics e.g.
porosity, mean particle size and friction factor in the turbulent region of flow. Since there is not a unique structure
for an EPNM, performance of three different structures of the developed EPNM with different pipe diameters is
investigated. A set of available experimental data for a physical model made of rockfill is used to compare the
performance of different structures of EPNM.

2. Methodology
2.1. General considerations

Fig. 1 shows an equivalent pipe network consisting of orthogonal pipes where flow through the pipes simulates
flow through a rectangular rockfill structure which is L m long, H m high and W m wide. Reservoirs with the
elevation head of H, and Hy are connected to the upstream and downstream faces of the hydraulic system shown in
Fig. 1, respectively to simulate flow through the rockfill structure. In the presence of a seepage face, reservoirs with
water levels equal to the elevation of the nodes (Z) are connected to the nodes to satisfy the atmospheric pressure
boundary condition.
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Fig. 1. General scheme of an equivalent pipe network model used in this study
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2.2. Geometrical characteristics of EPNM

In the first place, it seemed reasonable to consider a width equal to the pipe diameter (d). In this study, three
structures corresponding to three different pipe diameters were introduced. For the first one, the diameter was
assumed to be the same as mean hydraulic radius of porous media (d, = Rp)- For the second structure, since the

mean hydraulic radius controls fluid conductance [1], it was considered to be the same in both EPNM and porous
media. In this regard, the following equation can be used to find d.

d,=4R -=—2 _p @

where d is pipe diameter, D, is mean particle size, ¢ is porosity and r. is relative surface area efficiency, a

coefficient that accounts for the deviation from a smooth spherical shape (= 1 for sphere, = 1.6 for crushed
limestone, up to 2 for crushed rock).

Further, mean particle size is used in many hydraulic relations such as Reynolds number, in which D, is
considered to be characteristics length. The pipe diameter was assumed to be D, for the third structure (d, = Dp)- In

the proposed model, the number of pipes in each direction (i.e. the length of pipes in vertical and horizontal
directions), was calculated by considering the fact that the areal porosity of the pipe network model and porous
media must be the same in each direction. This approach results in Eq. (2) for finding the length of the pipes (1).

o (2
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Further, friction factor of pipes (f) in equivalent pipe network, a function of flow velocity, is updated in every
iteration in the process of network analysis, in such a way that the head loss in a unit length of pipes be the same as
that in a unit length of porous media. The following equation is used to find f.

¢ _16008d  2dk, 3)
Dv D,

where f is friction factor of pipes, v is bulk velocity, 4 is kinematic viscosity, and k; is friction factor in the
turbulent region of flow (=1 for smooth polished marbles, =2 for semi rounded stone, =4 for angular stone).

2.3. Procedure used to analyze EPNM

In this paper, a new method inspired by the Kani method, which is widely used for analysis of structural frames,
was employed for the analysis of the EPNM [2]. The new method is an iterative procedure which does not need to
simultaneously solve the nonlinear system of equations inherent in the problem. Relative simplicity in formulation
and programming and the smooth convergence for all initial assumptions are the main advantages of this method.

3. Results and discussion

3.1. Experimental data

To investigate the performance of the developed EPNM, a set of available experimental data for a physical
model made of rockfill was used [3, 4]. The laboratory rockfill was 150.0 cm long, 40.0 cm high and 60.3 cm wide
and made of coarse materials. The mean particle size of the materials and the media porosity were 26.9 mm and
0.443, respectively. Three laboratory tests named as T;, T, and T corresponding to three different boundary
conditions applied to the laboratory rockfill were used in this study (Table 1).

Table 1. Boundary conditions and discharges for different laboratory tests [3, 4]

Upstream water depth Downstream water .
Test No. m) depth (m) Discharge (L/s)
T, 0.191 0.0805 2.89
T, 0.228 0.0835 3.84

Ts 0.353 0.0965 7.67
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3.2. EPNM results

To investigate the performance of the EPNM, for each laboratory test defined above, three scenarios Tj;, where i
and j refer to test number and structure number, respectively, corresponding to three different boundary conditions
reported in Table 1 were introduced and analyzed. The pressure heads at different pressure transducer locations
resulting from EPNM analysis and the corresponding measured values are shown in Table 2.

Table 3 compares the measured and calculated discharges, and presents the relative error values in percentage
(EQ). It also compares the measured and calculated pressure heads, and reports the mean absolute relative error in
percentage (MARE). The last row of Table 3 presents the summation of EQ and MARE for all investigated scenarios
(EC). The results presented in Table 3 show a good agreement between the measured and calculated values. The
results indicate that the second structure (T;,, i=1, 2, 3) in which the hydraulic radius of the pipes is equal to the
hydraulic radius of the porous media, more accurately determines both the water surface profile and discharge.

Table 2. Measured pressure heads and discharges and corresponding calculated values

Distance Pressure head (mm)
from Test T, Test T, Test Ty

upstream Calculated Calculated Calculated
m) Measured T T ™ Measured T T ™ Measured T T o
0.00 191 191 191 191 228 228 228 228 353 353 353 353
0.05 191 188.3 1887 1883 227 2247 225 2249 352 348  348.3 348.6
0.25 186 1771 179.2 1774 220 2108 2129 2124 337 3274 3291 330.3
0.45 175 165.2 1682 166.5 207 196.0 200.2 199.9 317 305.0 308.2 309.3
0.65 165 152.6 156.7 155.6 193 180.2 1856 186.1 292 280.6 285.0 286.7
0.85 150 139.3 1433 1441 175 163.3 1695 168.9 265 2534 2585 259.8
1.05 137 1247 1287 1279 158 1445 1510 1515 232 2219 2273 2285
1.25 120 108.0 1106 1113 138 1226 1279 1283 191 182.6 186.9 187.9
1.45 90 87.0 87.2 88.5 95 93.3 94.6 96.6 114 121.6 1222 1191
1.50 80.5 80.5 80.5 80.5 83.5 83.5 83.5 83.5 96.5 96.5 965 965

D'?Er/‘gge 280 301 291 305 384 410 388 416  7.67 820 802 815

Table 3. EQ (%), MARE (%) and EC (%) for all scenarios
Error criteria Ty T T3 Tn Ty T Ty T3 Tas

EQ (%) 415 069 554 677 104 833 691 456  6.26
MARE (%)  4.88 353 362 453 265 277 315 224  1.69
EC (%) 9.03 422 916 1130 369 1110 1006 6.80  7.95

4. Conclusions

The results obtained from analysis of different structures support the accuracy of the proposed EPNM. The
results indicate that more accuracy could be obtained when the hydraulic radius of the pipes is considered to be
equal to the hydraulic radius of the porous media. It can be concluded that the proposed EPNM, as a new approach
for the 2D analysis of flow through coarse porous media, can employ methods developed for analysis of water
distribution networks, and be used as a numerical tool for modeling free surface flow through rockfill structures.
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