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Abstract

Introduction: The behavior of non-Darcy flow in gravel materials depends on the physical properties
of the aggregate, the fluid properties, and the flow characteristics. Non-Darcy flow in inhomogeneous
media also depends on the physical properties of each of the components of the said media, and the
coefficients of the Forschheimer equation equivalent to the entire inhomogeneous media are a function
of the aforementioned coefficients of each of the components of the media.

Due to the large use of aggregate materials in the construction of hydraulic structures, the study of the
flow conditions occurring in such structures is one of the most important hydraulic topics at present.

Methodology: The present research was conducted in the Hydraulic Laboratory of Zanjan University
in a channel with a length of 5 meters, a width of 30 centimeters, and a height of 30 centimeters for
three aggregates: fine, medium, and coarse. For this purpose, 30 tests were conducted at different
discharge rates for homogeneous conditions and 60 tests at different discharge rates for vertical

inhomogeneous conditions.

The Forschheimer equivalent coefficient relationships of the vertical inhomogeneous environment were
determined by three different methods. In the first method, the sum of the losses of each of the
components of the environment was equal to the total loss of the inhomogeneous environment, in the
second method, the friction force values of each of the components were equal to the total friction force,
and the third method was estimated as an empirical relationship and developed into different
relationships.

Results and Discussion: After collecting the laboratory data and comparing the calculated and observed
values, the results show that the average error of the coefficient a in the first, second and third methods
respectively was 87.32, 87.91 and 48.41 percent, and the average error of the coefficient b in the first,
second and third methods respectively was 34.78, 32.31 and 33.24 percent. The average relative error of
the hydraulic gradient estimated by the first, second and third methods will be 8, 8.77 and 5.7 percent,

respectively.
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Conclusion: The mean relative error (MRE) between the observed and calculated hydraulic gradient
values in the vertical inhomogeneous environment for the three methods mentioned respectively are 8
and 8.77 percent for the first and second methods, and 5.70 percent when the relationship presented in
this study is used, which results in a 29 and 35 percent improvement in MRE compared to the other
two methods, respectively. Also, the studies conducted show that the average errors of the coefficient a
in the first and second methods respectively are 87.32 and 87.91, and 48.41 percent when the
relationship presented in this study is used, which results in a 38 and 39.5 percent improvement in MRE
compared to the other two methods, respectively. Similarly, the average errors of the coefficient b in the
first and second methods respectively were 34.78 and 32.31, and in the case of using the relationship
presented in this study, it was 33.24 percent, which resulted in an improvement of 1.5 percent compared
to the first method, and for the second method, we achieved a desirable result with a difference of 0.9
percent.

Keywords: Steady flow, non-Darcy flow, Binomial Equations, hydraulic gradient, inhomogeneous
porous media.
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Fig. 1 schematic view of the experimental flume: A) Side view of the experimental flume B) Piezometers installed on the
flume bed
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Table 2 Steady flow discharges considering a homogeneous medium with different materials and a length of 1 m

Length Discharge (L/s)

(m) Small Medium Large
046 0.51 0.69

0.58 0.73 086

0.76 0.83 1.04

0.88 1.01 123

1.11 122 145

1 126 138 171
1.55 1.63 1.94

1.77 1.84 212

1.89 2.09 25

226 2.54 276
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Table 3 Steady flow discharges considering a vertical non-homogeneous medium
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Fig. 5 Changes in hydraulic gradient in terms of steady flow velocity measured in the laboratory in a vertically non-
homogeneous medium
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Table 4 Experimental values of coefficients a and b for homogeneous porous medium of tested aggregates

. L b a Forschheimer Equation
material Location in the flume s 2 s X 2
*/m) (*/m) (i=av+ bv?)
1m upstream 214.3 0.53 y = 0.53v + 214.3v?
Small
1 m downstream 133.68 297 y = 2.97v + 133.68v2
1m upstream 155.67 1.42 y = 1.42v + 155.67v2
medium
1 m downstream 139.76 1.65 y = 1.65v + 139.76v2
1m upstream 111.06 1.49 y = 1.49v + 111.06v2
Large
1 m downstream 50.01 3.09 y = 3.09v + 50.01v?
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Table 5 Observational and computational values of coefficient a obtained for vertical non-homogeneous porous media

Method 1 Method 2 Method 3
Hydraulic model Obs
(hyp) Error (%) (Fy) Error (%) (o) Error (%)
Large-Small 0.48 2.14 342.28 2.16 346.66 1.26 160.45
Large-medium 0.84 1.57 85.51 1.59 87.43 0.98 16.46
Medium-Small 2.61 2.14 17.96 2.16 17.29 2.17 16.83
Medium-Large 2.67 2.40 10.31 2.53 5.34 1.79 32.98
Small-medium 0.81 1.13 39.40 1.21 49.26 0.64 21.04
Small-Large 2.85 2.04 28.44 2.24 21.38 1.63 42.66
3 @ Obs
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Fig. 6 Comparison of the observational and computational values of coefficient a with each of the presented methods
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Table 6 Observational and computational values of the coefficient b obtained for the vertical non-homogeneous porous

medium
Method 1 Method 2 Method 3
Hydraulic model Obs
Chyp) Error (%) (Fp) Error (%) (a) Error (%)
Large-Small 169.50 121.41 28.36 120.61 28.84 133.15 21.44
Large-medium 158.04 125.83 20.38 128.77 18.51 138.01 12.67
Medium-Small 131.22 146.84 11.91 145.98 11.25 131.71 0.36
Medium-Large 54.454 87.63 60.93 85.59 57.18 94.77 74.04
Small-medium 169.47 172.61 1.85 171.08 0.95 153.31 9.54
Small-Large 57.81 107.06 85.21 102.34 77.04 104.86 81.39
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Fig. 7 Comparison of the observational and calculational b coefficient values with each of the presented methods
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Table 7 Observational and calculational hydraulic gradient values

Hydraulic model AV i obs i Method 1 (hf) i Method 2 (F f) i Method 3 (o)
Large-Small 0.024 0.11 0.12 0.12 0.12
Large-medium 0.023 0.11 0.11 0.10 0.10
Medium-Small 0.020 0.10 0.10 0.10 0.10
Medium-Large 0.026 0.11 0.12 0.12 0.13
Small-medium 0.023 0.10 0.11 0.11 0.11
Small-Large 0.025 0.11 0.12 0.12 0.13
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Table 8 Error percent of hydraulic gradient values using each of the calculation methods considering the vertical non-
homogeneous medium

Hydraulic model RE1 (%) RE2 (%) RE 3 (%)
Large-Small 10.53 10.49 8.23
Large-medium 0.89 0.98 1.20
Medium-Small 2.84 2.84 4.20
Medium-Large 16.70 14.80 19.65
Small-medium 9.24 8.30 9.16
Small-Large 12.41 10.57 17.01
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Fig. 8 Changes in hydraulic gradient versus flow velocity in the vertical non-homogeneous medium
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