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For non-Darcy flow in coarse porous media, an analytical solution based on the Homotopy
Perturbation Method (HPM) is proposed. Subsurface water profile data of a laboratory model
are used for six different inlet discharges in both rounded and crushed coarse porous media
types. The model slope is S = 0.00001 close to the horizon. Different upstream and downstream
water level boundary conditions are considered. The results of the analytical solution of non-
Darcy flow by the HPM method are compared with experimental data. The normal objective
function (NOF) is used for better comparison between the results of analytical solutions and
experimental data. Results depict that the HPM method provides acceptable solutions in both
rounded and crushed media types. The analytical results of flow rates q = 26.25 lit/s with
NOF of 0.000294586 percent in rounded porous media and q = 30 lit/s with NOF of
0.00028660 percent in crushed one are the most consistent with the experimental data. The
proposed HPM solution performs very well, particularly at higher flow rates, in both rounded
and crushed porous media.

1. Introduction

Darcy equation has many limitations such as linearity between
flow velocity and hydraulic gradient, etc. If the above-mentioned
conditions are not satisfied, the flow regime will be non-Darcy
and the flow enters a new phase called the non-Darcy flow.
Today the rounded and crushed materials are used in hydraulic
structures for filtration, gabion fabrication, canal coating, stilling
basins, and rock fill dams due to their special properties (Sedghi-
Asl, 2010).

The flow behavior in coarse porous media is very complex
because of the large particle size, pores, and the occurrence of
high velocities, and high turbulence (Bear, 1972). Gill (1977)
used the perturbation method to solve the spatially variable flow
equation and converted the spatially variable differential equation
from nonlinear to linear, obtained an algebraic solution for it, and
showed that the results of the perturbation solution for a range of
subcritical flow in the frictionless state give satisfactory results
compared to Li (1955). Stephenson (1979) solved the ordinary

differential equation of constant steady-state variable flow using
analytical integration in rectangular channels. So, there was a
good correlation, comparing the results with the observations of
the experimental flume results. In this way, it became clear that
Stephenson's analytical equation could only be applied if the
turbulent flow was fully developed. Moutsopoulos and Tsihrintzis
(2005) presented an analytical solution for fully-developed turbulent
flows in the finite porous media under short-term and long-term,
inertial, and non-Darcy flow conditions. Hosseini and Joy (2006)
developed a non-linear non-stable model for flow inside gravel
dams and compared the results of their model with experimental
data and observed a good correlation. Sedghi-Asl and Rahimi
(2011) presented a second-order relationship based on the friction
factor and Manning formula for coarse porous media by studying
six diameters of coarse materials with a particle range between
2.83 to 8.56 mm. HPM method was first proposed by He (1999,
2003, 2004 and 2005). Ghotbi et al. (2011) studied infiltration of
the water flow in unsaturated soils using an HPM method. Khan
and Wu (2011) used the Homotopy Perturbation Transform
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Method (HPTM) for nonlinear equations. They showed that
HPTM solves nonlinear problems without the use of Adomian
polynomials. Khan et al. (2011) studied the effects of Reynolds
numbers using various analytical methods, and they solved the
momentum equation using an HPM method and showed the
variations in results of the HPM method are the resultant of an
unknown parameter a. This causes the HPM convergence to be
poor and utmost care must be taken in selecting these unknown
parameters. Khan (2017) introduced a series of solution for
governing Navier-Stokes equations of MHD flow of linear
visco-elastic fluid over a shrinking/stretching sheet by using an
HPM method. Faraz (2011) and Faraz et al. (2019a) studied the
effect of Reynolds (R) numbers on long, circular porous
sliders. Madani et al. (2012) investigated the circular porous
slider by using an HPM method, and also analyzed its lift and
drag. Eck et al. (2012) provided an analytical solution for non-
Darcy flow in sloping porous layers. This solution includes the
complete Forchheimer equation and can be used for an
extensive range of flows. Khan (2013) used the HPTM to solve
the time-dependent nonlinear drainage. Khan et al. (2013)
developed an auxiliary Laplace parameter method (ALPM)
using Adomian and polynomials. The proposed method solves
nonlinear problems without any discretization or limiting
assumption. Sedghi-Asl et al. (2014a) presented an analytical
solution to calculate the subsurface water profile inside a rock
drain layer and they indicated that their solution had a better
correlation than the others, but it was only valid for the horizontal
slopes. Sedghi-Asl et al. (2014b) performed a laboratory packed
column test to study high-velocity flow through granular materials.
They employed six different sizes of rounded aggregates and
applied different hydraulic gradients to assess the non-Darcy
flow behavior. After that, Sedghi-Asl et al. (2014c) and Sedghi-
Asl and Ansari (2016) presented two different analytical
solutions for sloping coarse porous media. Khan et al. (2014)
proposed a modified Homotopy Perturbation Transform Method

(MHPTM) for nonlinear boundaries, in which he demonstrated
the convergence of the MHPTM method. Khan (2014) studied
the two-dimensional stable magnetic field of hydrodynamic
chemical reaction (MHD) on a shrinking sheet by suction
injection, in which the flow of the MHD boundary layer was
analyzed analytically and numerically. Similarity conversion
was used to convert partial differential equations, an analytical
solution was obtained, and the validity of the obtained results
was finally confirmed using the HPM method. Faraz et al.
(2019b) studied three-dimensional hydro-magnetic flow in a
long porous slider and a circular porous slider with velocity
sliding using analytical methods and showed that the homotopy
analysis method (HAM) yields a convergent series solution.
Sedghi-Asl and Ansari (2016) presented an analytical solution
for the fully-developed turbulent flow based on the extended
Dupuit-Forchheimer theory. To the best knowledge of the
authors, no analytical solution has been presented by HPM for
non-Darcy flows in porous media. Moreover, the HPM method
capability regarding the porous media grading has not been
investigated yet. In this study, a new HPM solution for non-
Darcy flows in rounded and crushed porous media will be
proposed and evaluated using the experimental data of Sedghi-
Asl (2010). The proposed HPM solution performs very well,
particularly at higher flow rates, in both rounded and crushed
porous media.

2. Materials and Methods

2.1 Laboratory Model

In this study, the laboratory data of Sedghi Asl (2010) from a
laboratory model at the University of Stuttgart, Germany, has
been used. A rectangular flume with length, width, and height
specifications of 6.4, 0.8, and 1 meter, respectively was selected
to investigate the subsurface water profiles in coarse (rounded
and crushed) porous media.

Fig. 1. General View of the Laboratory Flume of Sedghi-Asl (2010)
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This laboratory study was performed on a slope close to the
horizon S = 0.00001 for both rounded and crushed materials.
Subsurface water profile data were obtained in the laboratory by
a calibrated plate attached to the Plexiglas flume wall. The
computed subsurface water profiles of the HPM were compared
with the experimental data, which is presented in other parts of
this study.

2.2 Theory
He (1999) has developed the HPM method to solve equations
and nonlinear problems. This method has been considered by
researchers in mathematics, physics and engineering all over
the world due to its simplicity and high accuracy (He, 1999;
Xu, 2007; He, 2012; He, 2014). The differential equation
which governs the non-Darcy flows in the coarse porous
medium is nonlinear and employing an HPM method we obtain the
Maclaurin expansion of its solution. Indeed, an analytical
solution for the nonlinear differential equation is calculated. In
this paper, a non-Darcy flow equation is considered as follows
(Sedghi-Asl et al., 2014c¢):
3

di:w(y -x tanﬁ)z- (1

dy  aq

In Eq. (1), g is regarded as discharge per unit width, x is
the longitudinal distance, y is the flow depth, € is the bed
slope, and a is the non-Darcy flow coefficient. Suppose x is a
function in terms of y. It is important to point out that angel
theta () is constant and independent of x, and y. Let y — x tan
6=z then:

dz
— 5 —=dy
i sin@(cos@)“ N . 2
-z
aq 2
It is straightforward to check that the solution of this equation
is as follows:

Ja si +
2‘[anh(cose a 212‘9(61 y)qm)
+
sin(26) ©

where ¢ is the constant of integration. Calculating y using this
implicit nonlinear equation is difficult and computationally time-
consuming.

y= (©)

2.2.1 HPM Method for Non-Darcy Flow in Porous
Media

Equation (1) is a nonlinear equation in terms of the variables x
and y. It is simply not possible to work with. Therefore, to find y
as a function in terms of x, in this paper, the HPM method is
selected. To the best of our knowledge, this is the first time this
method has been used to solve Eq. (1).

To show a simpler form of the equation, the following change
of variables is used. Letz=y — x tan 6.

Now using the change of variables, we will have

(dy—dz)cotd _ (cos 6’)322

“4)
dy an
2 .
1 _dz _ cos Hsmezz )
dy aq
2 .
| _cos stmHZz:d_Z‘ ©6)
aq dy
Setting
2 _ cos’Osin @
aq’ ’
We will arrive at the following equation
-0’z = leJZ} . @)
Consider z as a function of y, then indeed we have
z=z(y)and ye Q, ®)

and Q is a set in which y is defined. So Eq. (7) can be rewritten as
follows:

oz =1. )

The resulting equation is a typical nonlinear differential equation.
To solve this equation, the HPM method for y € Q is used. Let

us define the operator A(z) as follows:
A(z)=z'+ o'z .

(10)

According to the HPM Method, here 4 is decomposed into
two linear operators L and nonlinear operator N. Indeed, we
define

Liz)=z, (1)
N =0z . (12)

The right-hand side function f'(y) which usually is considered
in the HPM method, is defined:

fy)=1. (13)
Now, the Homotopy corresponding to Eq. (9) is:
Z(u, P) = L(u(y, P))—L(z)(»)) + PL(zy(¥)) * (14)

P[N(u(y,P))-f1y)] =0,

where is defined as a Homotopy which maps the set Q x [0,1] to
real numbers. In this formula, « is a function of y and P belongs
to the closed interval [0,1]. The function z,(y) is the initial
approximation of the solution of Eq. (9). In differential equations,
we usually see y = y(x) in the literature. For simplicity we use
the familiar notations, actually, we write y instead of z and x
instead of y and so we have:

1— wzyz _

dy
= (15)

Now, we employ the HPM method for Eq. (15) with the initial
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guess for its solution yy(x) = o, where ¢ is an unknown numerical
value that is obtained in the following in a way that the solution
derived by HPM satisfies the upstream and downstream boundary
conditions of the governing equation. Then, we have

Ap) =y +ao’y’ =1, (16)
L) =y, a7
Np) = o'y’ (18)

Y(u, P) = L(u(x, P)) = L(po(x)) + PL(yo(x)) + PIN(u(x, P)~Ax)]
= /() =) (0)+ Py (1) + P(@U' ()= 1) = 0. (19)

Then, the homotopic solution will be a finite series in the
following form:

u(x,P) =37 Puy(x). (20)
The derivative in Eq. (20) is obtained as follows:
u'(x,P) =Y ZoPu/ (x). 21

By substituting this into Eq. (19) we obtain:
Y 0P ux) =y (x)=Pyi (1) + P’y TP ux)’ =11 = 0. (22)
By expanding Eq. (22) one has:
Pluy (x)+P'u! (x)+Puy (x)+ .=y (x)+ Py (x)+...
+ P> (Pug(x)) + P'uy(x) + Prus(x) + Pous(x) +...) 1) = 0.
(23)

By setting the coefficients of common powers P in this
equation to zero, we will finally arrive at the final HPM equation,
which yields a formula for ¥:

lim ¥(u, P) = uy(x) +1u,(X)P +uy(X) PP+ us(x)P P+ ...

-

limIY(u,P) = a—(ao+1)(ao—-1)(x—a)P+ o (ao+1)+
a(aa)—1)(x—a)2P2—(a2a)2—%)(aa)+l)a)z(aa)—l)

(x—a)'P+a(aw+ 1)@4(052&)2—%)(0:@— Dx—a)'P-

<a4a147a2a12+12—5)(aa)+ 1)0)4(aa)71)(x705)5P5. (24)
Y(u,P) = a—(ao+1)(ao-1)(x—a)+ a)z(aa)Jr 1)
a(aw—-1)(x— a)z—(aza)z—%)(aw+ l)a)z(aa)— 1)
(25)

(x—a)’+ a(aw+ 1)a)4(a2wzf§)(aa}f 1)(xfoz)‘L
(a4a)4fa2w2+1—2§)(aa)+ 1)a)4(0m)7 Dx-a)’.

In order to obtain the solution in the form of the original
variables, we set y instead of x and z instead of Y in Eq. (25) and
then we set y — x tand instead of z. The final formula which is
calculated by the HPM method for Eq. (1) is:

y—xtanf= a—(aw+1)(ao-1)(y-a)+ o' (aw+1)

o aw— I)U—a)z—(azwz—%)(anr Do’ (ao-1)(y-a)

+ao(aw+ l)af(aza)zf%)(aa)f 1)(yfa)4f(a4m4fazm2+12—5)
(ao+ o' (ao-1)(y-a), (26)
a—(ao+1)(ao-1)(y—-a)+ wz(aa)Jr 1)a(aa)—1)(y—a)2—
(azwz—%)(aaﬂr 1 )wz(aa)—l)(y—a)3+ a(aw+1 )a)4
(aza)z—%)(aa)— 1)(y—a)4—(a4a)4—a2a)2+12—5)
(aw+ o' (ao—1)(y-a)’ —y+x tand= 0. 27

To find the subsurface water profile by the HPM method, first
we apply one of the upstream or downstream boundary conditions
in Eq. (27) and let = 15.57. Comparing the realistic values of the
flow depths and the values x from the above or the downstream
to the other side, the values of the subsurface water profiles are
calculated. The results of the depths obtained by the HPM method
will be then compared with the experimental data of Sedghi-Asl
(2010).

2.3 Justification of the HPM Solution

In this part of the study, results of the depths obtained by the
HPM method are evaluated using Sedghi-Asl (2010) laboratory
data. The NOF is the ratio of Root Mean Square Error (RMSE)
to the overall mean X of the experimental data, which is expressed
as (Moutsopoulos, 2009):

NOF = RMSE 5 -
N ’
RMSE = /\/zil(yubs(i)_yHPM(i)) s )
N
|
X= ]_\fzi:lYobS(i) . -

In which, y,s; are the experimental values of subsurface water
profiles depth (observed depths); yupu are the values computed
by Eq. (27), and N is the total number of values. In order to find
an excellent match, NOF should be less than 1.0. In such a case,
the theoretical method is still reliable and can be used with
acceptable accuracy (Moutsopoulos et al., 2009; Gikas et al.,
2006).

3. Results and Discussion

In this section of the paper, we evaluated the HPM method's
generated findings using Sedghi-Asl (2010)'s experimental data
(see Figs. 2 to 7). As can be seen in Figs. 2 — 4, the obtained
subsurface water profiles from the HPM method are compared to
the observed subsurface water profiles (Sedghi-Asl, 2010) for
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Fig. 2. Comparison of the Experimental Data (subsurface water profiles) of
Sedghi-Asl (2010) with the HPM Results on a Slope Close to
Horizon S = 0.00001 with Flow Rate q = 26.25 lit/s in Rounded
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Fig. 3. Comparison of the Experimental Data (subsurface water profiles) of
Sadghi-Asl (2010) with the HPM Results on a Slope Close to
Horizon S = 0.00001 with Flow Rate q = 21.25 lit/s in Rounded
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Fig. 4. Comparison of the Experimental Data (subsurface water profiles) of
Sadghi-Asl (2010) with the HPM Results on a Slope Close to
Horizon S = 0.00001 with Flow Rate q = 15.62 lit/s in Rounded
Materials

rounded materials under approximately horizontal slope conditions.
The HPM results show acceptable values when compared to the
Sedghi-Asl data. We can see better approximations of the subsurface
water profiles for higher flow rates (26.25 lit/s) compared to
lower flow rates (15.62 lit/s) for round materials.

Figures 5 to 7 show the comparison of the HPM results with
the observed water surface profiles (Sedghi-Asl, 2010) for
crushed materials under approximately horizontal slope condition.
The results of the HPM method show acceptable values, compared

Table 1. Assessment of HPM Solutions by NOF for Rounded Porous Media
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Fig. 5. Comparison of the Experimental Data (subsurface water profiles) of
Sadghi-Asl (2010) with the HPM Results on a Slope Close to
Horizon S = 0.00001 with Flow Rate q = 30 lit/s in Crushed
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Fig. 6. Comparison of Experimental Data Water Level Profiles of Sadghi-
Asl (2010) with the HPM Results on Slope Close to Horizon S
= 0.00001 with Flow Rate q = 25 lit/s in Crushed Materials
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Fig. 7. Comparison of the Experimental Data (subsurface water profiles) of
Sadghi-Asl (2010) with the HPM Results on a Slope Close to
Horizon S = 0.00001 with Flow Rate g = 18.75 lit/s in Crushed
Materials

to the observed data of Sedghi-Asl (2010). It can be seen that the
HPM results provide more accurate water level profiles for
higher flow rates (30 lit/s) compared to lower flow rates (18.75
lit/s) for crushed materials. The flow rate in the crushed material
exceed to that of the round porous medium due to its high
porosity. Therefore, the crushed materials have a greater capacity

NOF % Downstream water level (m) Upstream water level (m) Information

0.000294586 0.14 0.535 Rounded aggregates, q = 26.25 lit/s
0.00033766 0.13 0.47 Rounded aggregates, q = 21.25 lit/s
0.00044695 0.09 0.35 Rounded aggregates, q = 15.62 lit/s




1556  A. Arvin et al.

Table 2. Assessment of HPM Solutions by NOF for Crushed Porous Media

NOF % Downstream water level (m) Upstream water level (m) Information

0.00028660 0.13 0.542 Crushed aggregate, q = 30 lit/s
0.00032011 0.11 0.489 Crushed aggregate, q =25 lit/s
0.00034620 0.09 0.452 Crushed aggregate, q = 18.75 lit/s

for conveyance of water through the pores.

Table 1 shows the NOF criterion between the HPM solution
of subsurface water profile in rounded porous media with various
boundary conditions and slope close to the horizon. As it is seen,
the NOF in the rounded porous media are 0.000294586, 0.00033766
and 0.00044695 when q = 26.25 lit/s, q = 21.25 lit/s and q = 15.62
lit/s, respectively. The results reveal that NOF in the rounded
porous medium increases with the decreasing flow rate.

Table 2 shows the NOF % of the HPM solutions of water surface
in crushed porous media with various boundary conditions and a
slope close to the horizon. Similar to the rounded materials, NOF
increases with the reduction in flow rate.

4. Conclusions

The governing equation of non-Darcy flow in porous aggregate
media was solved in this paper by the HPM method for the first
time. In addition, results are compared with the results of Sedghi-
Asl (2010) under the upstream and downstream conditions for
different rates and slope S = 0.00001 close to the horizon. NOF
criterion has been employed to find out the accuracy of the
presented HPM solutions. According to NOF results, HPM solutions
resulted in more precise solutions for higher flow rates. Results
depicted quite acceptable accordance between HPM solutions
and the experimental data, even in crushed porous media. This
result promises the HPM method applicability in porous media
of high-velocity flow rates. Best result for crushed porous media
was obtained at flow rate g = 30 lit/s with NOF of 0.00028660.
The subsurface water profiles calculated using the HPM method,
illustrates greater precision in crushed porous media with the
experimental data when compared to rounded porous media.
Besides, HPM method results depicts quite acceptable results for
rounded porous media. Adopting the HPM method for non-
Darcy governing equation in this research, presents remarkable
accurate solutions for water movement in both, rounded and
crushed porous media.
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Yurmp= Values computed by the final HPM solution

ORCID

Mohammad Hadi Fattahi @ https://orcid.org/0000-0003-3855-3383
Mohammad Sedghi-Asl @ https://orcid.org/0000-0002-9159-251X
Seyyed Abbas Mohammadi @ https://orcid.org/0000-0002-3339-
4929

References

Bear J (1972) Dynamics of fluids in porous media. Elsevier Science,
New York

Eck BJ, Barrett ME, Charbeneau RJ (2012) Forchheimer flow in gently
sloping layers: Application to drainage of porous asphalt. Water
Resources Research 48(1):1530-1554, DOI: 10.1029/2011WRO010837

Faraz N (2011) Study of the effects of the Reynolds number on circular
porous slider via variational iteration algorithm-II. Computers &
Mathematics with Application 61(8):1991-1994, DOI: 10.1016/
j.camwa.2010.08.048

Faraz N, Khan Y, Anjum A, Kahshan M (2019b) Three-dimensional
hydro-magnetic flow arising in a long porous slider and a circular
porous slider with velocity slip. Mathematics 7(8):748, DOI: 10.3390/
math7080748

Faraz N, Khan Y, Lu DC, Goodarzi M (2019a) Integral transform
method to solve the problem of porous slider without velocity slip.
Symmetry 11(6):791, DOI: 10.3390/sym11060791

Ghotbi AR, Omidvar M, Barari A (2011) Infiltration in unsaturated soils
— An analytical approach. Computers and Geotechnics 38(6):777-
782, DOI: 10.1016/j.compgeo.2011.05.007

Gikas GD, Yiannakopoulou T, Tsihrintzis VA (2006) Modeling of non-
point source pollution in a Mediterranean drainage basin. Environmental
Modeling and Assessment 11(3):219-233, DOI: 10.1007/s10666-
005-9017-3

Gill MA (1977) Perturbation solution of spatially varied flow in open
channels. Jouwrnal of Hydraulic Research 15(4):337-350, DOL:
10.1080/00221687709499639

He JH (1999) Homotopy perturbation technique. Computer Methods in
Applied Mechanics and Engineering 178(3):257-262, DOI: 10.1016/
S0045-7825(99)00018-3

He JH (2003) Homotopy perturbation method: A new nonlinear analytical


https://doi.org/10.1029/2011WR010837
https://doi.org/10.1016/j.camwa.2010.08.048
https://doi.org/10.1016/j.camwa.2010.08.048
https://doi.org/10.3390/sym11060791
https://doi.org/10.1016/j.compgeo.2011.05.007
https://doi.org/10.1007/s10666-005-9017-3
https://doi.org/10.1007/s10666-005-9017-3
https://doi.org/10.1080/00221687709499639
https://doi.org/10.1080/00221687709499639
https://doi.org/10.1016/S0045-7825(99)00018-3 
https://doi.org/10.1016/S0045-7825(99)00018-3 
https://doi.org/10.3390/math7080748
https://doi.org/10.3390/math7080748

KSCE Journal of Civil Engineering 1557

technique. Applied Mathematics& Computation 135(1):73-79, DOI:
10.1016/S0096-3003(01)00312-5

He JH (2004) The homotopy perturbation method for nonlinear oscillators
with discontinuities. Applied Mathematics& Computation 151(1):
287-292, DOI: 10.1016/S0096-3003(03)00341-2

He JH (2005) Homotopy perturbation method for bifurcation of nonlinear
problems. International Journal of Nonlinear Science and Numerical
Simulation 6(2):207-208, DOTI: 10.1515/IJNSNS.2005.6.2.207

He JH (2012) Homotopy perturbation method with an auxiliary term.
Abstract and Applied Analysis Atticle ID 857612:1-7, DOIL: 10.1155/
2012/857612

He JH (2014) Homotopy perturbation method with two expanding
parameters. Indian Journal of Physics 88(2):193-196, DOIL: 10.1007/
s12648-013-0378-1

Hosseini SM, Joy DM (2006) Calibration of hydraulic parameters for
flows through. Rock-fill Structures. Dam Engineering 17(2):85-111

Khan Y (2013) A method for solving nonlinear time-dependent drainage
model. Neural Computing & Applications 23(2):411-415, DOI:
10.1007/s00521-012-0933-2

Khan Y (2014) Two-dimensional boundary layer flow of chemical
reaction MHD fluid over a shrinking sheet with suction and injection.
Journal of Aerospace Engineering 27(5), DOI: 10.1061/(ASCE)AS.
1943-5525.0000274

Khan Y (2017) Magneto hydrodynamic flow of linear visco-elastic fluid
model above a shrinking/stretching sheet: A series solution. Scientia
Iranica 24(5):2466-2477, DOI: 10.24200/SCI1.2017.4305

Khan Y, Faraz N, Yildirim A, Wu Q (2011) A series solution of the long
porous slider. Tribology Transactions 54(2):187-191, DOI: 10.1080/
10402004.2010.533818

Khan Y, Usman M (2014) Modified homotopy perturbation transform
method: A paradigm for nonlinear boundary layer problems.
International Journal of Nonlinear Science and Numerical Simulation
15(1):19-25, DOLI: 10.1515/ijnsns-2011-0065

Khan Y, Vazquez-Leal H, Faraz N (2013) An auxiliary parameter
method using Adomian polynomials and Laplace transformation for
nonlinear differential equations. Applied Mathematical Modelling
37(5):2702-2708, DOI: 10.1016/j.apm.2012.06.026

Khan Y, Wu Q (2011) Homotopy perturbation transform method for
nonlinear equations using He’s polynomials. Computers and
Mathematics with Applications 61(8):1963-1967, DOI: 10.1016/
j.camwa.2010.08.022

Li WH (1955) Open channels with non-uniform discharge. Transactions
of the American Society of Civil Engineers 120(1):255-274, DOL:
10.1080/00221687709499639

Madani M, Khan Y, Mahmodi G Faraz N, Yildirim A, Nasernejad B (2012)
Application of homotopy perturbation and numerical methods to the
circular porous slider. International Journal of Numerical Methods for
Heat & Fluid Flow 22(6):705-717, DOIL: 10.1108/09615531211244844

Moutsopoulos KN (2009) Exact and approximate analytical solutions
for unsteady fully developed turbulent flow in porous media and
fractures for time dependent boundary conditions. Journal of
Hydrology 369(1-2):78-89, DOI: 10.1016/j.jhydrol.2009.02.025

Moutsopoulos KN, Tsihrintzis VA (2005) Approximate analytical solutions
of the Forchheimer equation. Journal of Hydrology 309(1-4):93-
103, DOI: 10.1016/j.jhydrol.2004.11.014

Sedghi-Asl M (2010) Investigation of dupuit approximate limits for
gradually varied flow in coarse grained porous media. PhD Thesis,
Department of Irrigation and Reclamation, College University of
Agriculture and Natural Resources, University of Tehran, Iran

Sedghi-Asl M, Ansari E (2016) Adoption of extended dupuit—forchheimer
assumptions to non-Darcy flow problems. Transport in Porous
Media 113(3):457-468, DOI: 10.1007/s11242-016-0703-1

Sedghi-Asl M, Farhoudi J, Rahimi H, Hartmann S (2014c) An analytical
solution for 1-D Non-Darcy flow through slanting coarse deposits.
Transport in Porous Media 104(3):565-579, DOI: 10.1007/s11242-
014-0350-3

Sedghi-Asl M, Rahimi H (2011) Adoption of Manning’s equation to 1D
non-Darcy flow problems. Journal of Hydraulic Research 49(6):
814-817, DOI: 10.1080/00221686.2011.629911

Sedghi-Asl M, Rahimi H, Farhoudi J, Hoorfar A, Hartmann S (2014a)
1-D fully-developed turbulent flow through coarse porous medium.
Journal of Hydrologic Engineering 19(7):1491-1496, DOI: 10.1061/
(ASCE)HE.1943-5584.0000937

Sedghi-Asl M, Rahimi H, Salehi R (2014b) Non-Darcy flow of water
through a packed column test. Transport in Porous Media 101(2):
215-227, DOI: 10.1007/s11242-013-0240-0

Stephenson D (1979) Rockfill in hydraulic engineering. Elsevier Scientific,
Amsterdam

Xu L (2007) Homotopy perturbation method for a boundary layer
equation in unbounded domain. Computers and Mathematics with
Applications 54(7):1067-1070, DOI: 10.1016/j.camwa.2006.12.052


https://doi.org/10.1016/S0096-3003(01)00312-5
https://doi.org/10.1016/S0096-3003(01)00312-5
https://doi.org/10.1016/S0096-3003(03)00341-2
https://doi.org/10.1515/IJNSNS.2005.6.2.207
https://doi.org/10.1155/2012/857612
https://doi.org/10.1155/2012/857612
https://doi.org/10.1007/s12648-013-0378-1
https://doi.org/10.1007/s12648-013-0378-1
https://doi.org/10.1007/s00521-012-0933-2 
https://doi.org/10.1007/s00521-012-0933-2 
https://doi.org/10.24200/SCI.2017.4305
https://doi.org/10.1080/10402004.2010.533818
https://doi.org/10.1080/10402004.2010.533818
https://doi.org/10.1016/j.apm.2012.06.026
https://doi.org/10.1016/j.camwa.2010.08.022
https://doi.org/10.1016/j.camwa.2010.08.022
https://doi.org/10.1080/00221687709499639
https://doi.org/10.1080/00221687709499639
https://doi.org/10.1108/09615531211244844
https://doi.org/10.1016/j.jhydrol.2009.02.025
https://doi.org/10.1016/j.jhydrol.2004.11.014
https://doi.org/10.1007/s11242-016-0703-1
https://doi.org/10.1007/s11242-014-0350-3
https://doi.org/10.1007/s11242-014-0350-3
https://doi.org/10.1080/00221686.2011.629911
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000937
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000937
https://doi.org/10.1007/s11242-013-0240-0
https://doi.org/10.1016/j.camwa.2006.12.052
https://doi.org/10.1061/(ASCE)AS.1943-5525.0000274
https://doi.org/10.1061/(ASCE)AS.1943-5525.0000274
https://doi.org/10.1515/ijnsns-2011-0065

	Adoption of Homotopy Perturbation Method (HPM) for non-Darcy Flow in Porous Media
	ARTICLE HISTORY
	ABSTRACT
	KEYWORDS
	1. Introduction
	2. Materials and Methods
	2.1 Laboratory Model
	2.2 Theory
	2.2.1 HPM Method for Non-Darcy Flow in Porous Media

	2.3 Justification of the HPM Solution

	3. Results and Discussion
	4. Conclusions
	Acknowledgments
	Nomenclature
	ORCID
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


