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The Flow is non-laminar in a porous coarse aggregate medium due tovelocity increase .Accordingly; the equations based on the layered flowscannot be used as Darcy equation. Thus the equations are required toestimate the hydraulic gradient with respect to the rate of flow andmechanical properties of soil, taking into account the non-linearity of flow.Forchheimer binomial equation is referred to as one of methods which havebeen accepted very much. In this study, the measured values are calculatedusing the different methods of Forchheimer equation coefficients with theExperiments on the flow in porous fine rocks in non-lasting conditions forseven soils with different gradation .The method used in this experimentconsisted of particle swarm algorithm. One of optimization algorithm isextra-search and it is widely used in engineering affairs. This algorithm isdefined based on the movements of birds and fish while hunting. Factorsaffecting on the estimated coefficients are determined in order to calculatethe Forchheimer equation coefficients firstly Using the dimensional analysisand then these coefficients are calculated using the non-dimensionalparameters.

Keywords:Particle SwarmOptimizationForchheimer equation

© 2015 IASE Publisher All rights reserved.
1. Introduction

* Porous coarse grains mediums are very usefulfor coastal development, dams' construction,embankment, rip rap and breakwaters. Penetrationinflux is much more significant than a typical dam ina pebble dam.Also the leakage forces acting on the aggregatewould be quite different with the forces acting on thematerial on which Darcy flow is flown.Leakage flow network through porous mediavaries with flow Reynolds number. Using a non-Darcy reliable equation is important because of non -laminar flow in porous media to determine theleakage forces, flow rate and network flow in theporous structure .Understanding the relationshipbetween velocity and hydraulic gradient is aprerequisite to coarse-grained structuralengineering at the crossing flow .The subject of thisresearch is about finding the best equation todescribe the flow characteristics in the samplestested in this study as well. Experts of various fieldsof science and engineering are certainly looking forthe better and deeper understanding of the complexbehavior of non-laminar flow in porous mediaduring recent decades. The Researchers haveproposed various nonlinear models each of whichhas its own strengths and weaknesses in these years,
* Corresponding Author.

several investigations including laboratory research,medical research, analytical and numericalcalculations. Leakage flow coefficients only dependon the physical parameters of the coarse-grainedmaterials in some provided models such asequations of  Wilkins (1956), Martínez (1990),MacCorkindale (1978), Argon (1952), Stephenson(1979) and Martínez (1990). But in other equationssuch as ward (1964) the coefficients are notdetermined only by the parameters and it will benecessary to determine the hydraulic conductivity inlaboratory. Determination of non-Darcy leakagecoefficients are interested and cared in terms of theknown parameters of pebble stones media due to thehigh cost of testing. Various researchers havestudied various physical parameters of the porousmedium to determine the leak equation coefficientsand they have determined their impact on thevarious experiments with changes on the size, shapeand materials (Ergun, 1952).Since the fluid flow in porous coarse media incommon applications is non-Darcy, therefore a linearequation like Laplacian equation cannot be used forengineering analyses. In other words, a linearequation was not established in the materialbetween flow velocity (V) and hydraulic gradient (i)and equation shall be governed as exponential orquadratic equation. Researchers have proposed thevarious equations to estimate the hydraulic gradientlong ago (i) in terms of the mean flow velocity (V) in
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the aggregates that all provided equations can beclassified into 2 following general forms:(1) Binomial equation 2bVaVi This equation is known Forchheimer equationand a and b are the coefficients in it which are afunction of the flow characteristics and the porousmedium. And they are usually determined bylaboratory methods (Wilkins, 1956).(2) Exponential equation nmVi 
m and n are the values dependent on theproperties of the porous and fluid medium in theequation (McCorquodale et al., 1978). Simply use ofthe exponential equation has led to application ofvarious forms of the equation by various researchers[3-5]. Each of these researchers have made thedetermination of coefficients m and n subject to a setof characteristics of materials, fluid and flow velocity(or Reynolds number). As a result, there is littleconsistency between the values of the coefficientsprovided for a given set of engineering data.Due to these differences, there is widespreadacceptance (regardless of the method used todetermine the coefficients for a given material and inthe relatively certain range of Reynolds numbers)and we can consider the coefficients constant m and

n with appropriate approximation coefficients(Garga, 1998).The following individuals each presented amodel for nonlinear but lasting analyses in theporous coarse media with personal taste. Laps, 1972,, Senie 1978, Felton and Hara 1995, Furar et al 2004,motsopolos et al. 2005, Cheng et al., 2008.Khalife and colleagues (2000) studied the impactof porous medium pollution on the permeabilitycoefficient of the material and they provided anequation based on the Hazen formula for it.(Moutsopoulos and Tsihrintzis, 2005). Martinez(2007) conducted a study on the morphology ofpores and channels. He realized that the flowcharacteristics inside the media with sphericalparticles vary in proportion to the space size and itsdistribution in the medium. (Cheng et al., 2008).Rocha and Cruise 2010 began a study in whichthey had solved the three-dimensional non-compressible fluid leakage inside the porousmedium by analytical and literary methods (Georgeand Hansen, 1992).Belhof et al. 2010 conducted a study about apolynomial equation to describe the flow in porousmedia in the low Reynolds number range that theproposed equation was as an infinite series ofpolynomials in terms of flow velocity (Felton andHerrera, 1995).Zikzing in 2011 investigated the leakagecharacteristics in the sandstone media with differentporosities in laboratory. The result showed that theleakage is closely related to the materials size andrate of pressure on it and structure of pores (Fouraret al., 2004).Qazi Moradi (2005) conducted a study of thehydraulic gradient in the calculation of aggregateand fragment structures (Cheng et al., 2008).

Azizi et al. (2008) studied the effect of porosityparameters on the hydraulic gradient in Gabion andstepped spillways. They concluded that the porosityeffects on the flow pressure drop greater than thedownstream slope and energy drop increases withdecreasing porosity (Rocha and Cruz, 2010).Bazargan and Shoaei (2007) conducted a study ofnon-Darcy flow analysis in the gravel materials usingphase variable flow theory. The result is a newequation to obtain the hydraulic gradient used in thephase variable flows theories (Xiexing et al., 2011).Maliknezhad Yazdi and colleagues (2010) conducteda study on the application of adaptive neural fuzzyinference system for hydraulic analysis of flow in thefragment porous media. They came to the conclusionthat the model is able to identify the law behindthem due to its intelligent structure by calculatingthe numerical data or examples, without theknowledge of nature and how they function (Balhoffet al., 2010).Shokri et al. (2011) examined the unsteady flowthrough a porous pebbles medium experimentallythat an equation was proposed in its result (Khalifaet al., 2000).
2. Materials and methods

2.1. Laboratory set in useThe aggregate and gradation curves wereprepared to determine the physical parameters. Themain components of the device used in this studyshown schematically in Figure 1 were: Cistern with alength 13 cm, height 85 cm, width 80 cm, which hada capacity of 10 cubic meters of water. A non-tiltconcrete flume was used to the length of 15 m,height 60 cm, width 60 cm, with glass walls andequipped to side overflow with a distance of 4meters from the top of the flume to provide theconstant head on the glass flume and to determinethe outflow of the glass flume from triangularoverflow with an angle of 90 degrees to do theexperiments which the reason of using this type ofoverflow is a measurable height at low flows. APump with a flow rate of 25 liters per second is usedto create the flow in the flume. Flow control is doneby a micro molinete. The board of this laboratoryflume Piezometers consists of 13 piezometers. Thedistance between piezometers is equal to 20 cm.Tools of Grading materials include the balance andShaker shown in Fig.4.
3. Forchheimer modelTwo general methods are used to estimate thehydraulic gradient in terms of velocity, Forchheimerand exponential equation. The equation Forchheimerwas used in this study. Forchheimer expressed forthe first time the equation between the hydraulicgradient and mean flow velocity in 1901 with thefollowing equation.

2bVaVi  (3)
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Fig. 1: Wave flume plane used in this study (values in meters)

Fig. 2: Section B-B (transverse) of flume and its cistern

Fig. 3: Section A-A (Longitudinal) flume and its cisternFig.4: balance and Alignment of sieves and shakefor shaking, Figure 5: Viewing the freatik line of flowcrossing through the material

In the above equation, i: hydraulic gradient, V:velocity and a and b of equation Forchheimercoefficients. Later it was confirmed by severalresearchers from the viewpoint of theoreticalvalidity. They attempted to link the parameters aand b to the physical properties of the fluid andporous media in their research and their workoutcome is presented in the form of multipleequations (Martins et al., 2007).4. Dimensional analysisThe purpose of this study in equationForchheimer is to present the coefficients a and b.Forchheimer considered these two parameters asconstant numbers in their equations , Since otherparameters involved in determining the hydraulicgradient other than velocity . Effective Parametersare considered in determining two parameters a and
b in this study and effective parameters are assumedusing dimensional analysis using dimensionalanalysis. And then some parameters are useddirectly after performing the sensitivity analysis onthe equation. And some parameters also show theireffect on other parameters indirectly. Importantparameters in determining the hydraulic gradientcan be represented as the following equation:

)C,C,D,D,Dn,f,D,,k,g,,V,f(R,i cu603010 (4)
In the above equation: I- hydraulic gradient. R -Hydraulic radius. V- Velocity of flow through thechannel. μ- Fluid dynamic viscosity. G- Accelerationof gravity. K- intrinsic permeability of materials. ρ -fluid density. D -hydraulic diameter. F- frictioncoefficient. N- Porosity. D10, D30 and D60,respectively diameters of 10, 30 and 60 percent oftheir smaller units. Cu form factor. Cc Curvaturecoefficient. Dimensionless parameters from the

above equation can be represented as the followingequation:
n),C,CVDf(i cu


 (5)Since the Reynolds number 

 VD is not ofconsiderable importance in open channel flow.Therefore, this parameter is not intended to estimatethe hydraulic gradient. In this study, equation belowis used to estimate the coefficients that can be



Julio Markez, Enrique Pique / International Journal of Advanced and Applied Sciences, 2(3) 2015, Pages: 15-23

18

expressed in three different structures. And theconstant coefficients are estimated using particleswarm optimization algorithm.
)C,Cn,f(&a cub (6)The objective function definition is the first stepin numerical analysis that we measure the level ofcompetence of the proposed formula by it. Thepurpose used in this research is function squaresroot mean error which is a criterion accepted andwidely used in adaptive computing and dataprocessing.
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(7)xlab and xformula in the above formula arelaboratory data and the result obtained from theproposed structure respectively . N are the totalnumber and the data value will be equal to seven inthe research given the 7 laboratory data.  The

equation calculates the errors between thelaboratory value and the resulting formula for allseven materials and it collects them together andreports the results in the general case. We expect (asthe objective function) the reduced amount of errorfor the proposed structures. Then, differentstructures are available to provide differentstructures due to the nonlinearity of the equationused in this study to determine the coefficients a and
b. There are several structures as first and secondstructure to provide these structures by consideringthe effective parameters and using dimensionalanalysis. And other structure is provided aspolynomial whose structure is also proposed basedon algorithm in this study (Particle swarm).Analysis and discussion
5. First structureThis is the first and simplest structure in terms ofappearance. The following equations are Proposedfor the coefficients Forchheimer

cu CXCXDXDXDXnXa 656043031021  cu CYCYDYDYDYnYb 656043031021 Parameters X1, X2 ... Y6 are the decision variablesof optimization process or the same unknowns toobtain the best values in the above equations. n(porosity) is a linear combination of independentparameters. Cu Form factor and Cc curvaturecoefficient and D10, D30 and D60 (diameters thatten percent, thirty percent, and sixty percent ofmaterials are its smaller units). Particle swarmalgorithm is used in this step. The unknowncoefficients objective function equation is obtainedaccording to the program written in BASIC. Table 1shows the results of an evolutionary algorithmproposed in this study (Particle Swarm) for thecoefficients a and b as given equations. All otherparameters are zero in the A parameter shownexcept coefficients X1 and X 5. Coefficients Y2 and Y6have values in the parameter b. The followingequations can be written as the following withgeneral form of equation Forchheimer for calculation

of hydraulic gradient according to the valuespresented in the above table for the particle swarmalgorithm.
5.1. Particle swarm algorithm:

(9) uCna 295.218.79 (10) cCDb 361.0076.0 10 (11)
    2

10 361.0076.0295.218.79 VCDVCni cu Based on the following results table, the values ofsome X and Y in these structures have become zerousing the particle swarm algorithm because of lackof impact of their coefficients.
Table 1: Optimized values of unknown parameters of first proposed structure equationsParticle swarmoptimization (PSO) Particle swarmoptimization (PSO )

Coeffic
ient a

X1 79.117

Coeffic
ient b

Y1 0X2 0 Y2 0.0760X3 0 Y3 0X4 0 Y4 0X5 2.295 Y5 0X6 0 Y6 0.3609RMSEerror value 1210.694 RMSEerror value 1.808The proposed equations of First structure can beused to calculate the Forchheimer coefficients andcomparing the results with experimental dataobtaining the unknown values by particle swarmmethod.Table 2 the coefficients obtained by usingalgorithm shows the particle swarm   for every sevensoils used in this study. Thus the modified

Forchheimer equation can be provided forcalculating the hydraulic gradient by means ofequation Forchheimer as i = av + bV2 and use ofbelow table for each of the proposed gradations.Fig. 1 comparison of experimental data and theresults from the first coefficient estimate of equationForchheimer (a) is shown for different soils in thefirst structure using evolutionary algorithms.
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According to the figure, it is observed that the resultsare in good agreement with the experimentalpresented values using particle swarm algorithmexcept the soil type 1 and type 7.
Table 2: Calculation of Forchheimer coefficients values by optimized parametersSoil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7Laboratory values ofcoefficient a 79.89 25.34 31.78 24.34 34.06 39.79 76.21Computational value of a(Particle swarmoptimization) 41.21 31.98 36.86 32.51 36.70 36.67 36.80Laboratory values ofcoefficient b 0.9946 1.347 0.82 3.159 0.8758 0.504 0.8631Computational value of b(Particle swarmoptimization) 0.7823 1.3348 0.8130 1.0179 1.1122 0.7848 1.0030

Fig. 4: Comparison of the results of the first structure formulas for first Forchheimer coefficientsFig.2 particle Swarm is shown by comparing theexperimental data and the results from theestimation of the second coefficient of equationForchheimer (b) for the first structure using thealgorithm method. According to this figure, it can be
seen that the estimates are done accurately. Asroughly estimated values and the values of theexperimental results are nearly equal except theamount determined for the soil 4.

Fig. 5: Comparison of the results of first structure formulas for the second Forchheimer coefficients
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6. Second structureWe test the exponent 2 for the inputcharacteristics in the second structure that the shapeof this structure is similar to the first structure. Onlydifference of the second order (or structure) is the

effective parameters in the estimation of coefficientsa and b are defined as following.The results from evolutionary algorithm offer theparticle swarm. The purpose of this algorithm is tocalculate the coefficients a and b are given in thefollowing equations.
2
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2

1 cu CXCXDXDXDXnXa  (12)
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1 cu CYCYDYDYDYnYb According to the table it can be seen that theparameter of coefficients X1 and X5 (coefficients ofparameters n and Cu) and the parameter b ofcoefficients Y2, Y5 and Y6 have a value. So accordingto the values presented in this table and equations,we can write the following equations for the particleswarm algorithm in the following figure keeping thegeneral form of equation Forchheimer to calculatethe hydraulic gradient:Particle swarm algorithm:
uCna 407.002.186 

)13(

cu CCDb 14.082.0007.0 10 
)14(

    2
10 14.082.0007.0407.002.186 VCCDVCni cuu 

)15(The results presented in the following tables areshown using the particle swarm algorithm. As perboth equations, the coefficients a and b in theoptimization algorithm are related to the sameparameters. And the coefficients Xi and Yi providedfor each of them are also relatively equal.
Table 3: Optimized values of the unknown parameters of 2nd proposed structural equationsParticle swarmoptimization (PSO) Particle swarmoptimization (PSO )

Coeffic
ient a

X1 186.019

Coeffic
ient b

Y1 0X2 0 Y2 0.0070X3 0 Y3 0X4 0 Y4 0X5 0.407 Y5 0.081655X6 0 Y6 0.1401RMSEerror value 2659.269 RMSEerror value 3.904One of the main objectives of the research is toprovide the coefficients of equation Forchheimer aand b (table 4) for different soils given themechanical characteristics and soil gradation.Therefore the following equations are used to
calculate the hydraulic gradient using the equationForchheimer and following table for each providedgradations.

Table 4: Calculating the values of Forchheimer coefficients by optimized parametersSoil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7Laboratory values ofcoefficient a 79.89 25.34 31.78 24.34 34.06 39.79 76.21Computational value of a(Particle swarmoptimization) 42.72 25.43 31.95 26.37 34.70 32.86 32.74Laboratory values ofcoefficient b 0.9946 1.347 0.82 3.159 0.8758 0.504 0.8631Computational value of b(Particle swarmoptimization) 0.3099 0.3383 0.3475 0.3272 0.3142 0.3099 0.3664
Figure 8 comparisons of experimental values andthe results from first coefficient of equation Forchheimer (a) is calculated in the second structureusing particle swarm algorithm. The Results ofestimates conducted by this algorithm is similar to
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the first given the figure. This figure does not enjoythe relatively good estimates for the soils 1 and 7.While there is a good agreement for other soilsroughly in the estimated values with actual values.Fig. 7 comparison of experimental data and theresults from estimate of the second coefficient ofequation Forchheimer (b) in the second structureshows the particle swarm for seven soils withdifferent gradation using the algorithm. According tothe figure, the estimated results of this coefficient byused algorithm are the same with the laboratoryresults almost for all soils except the soil 4.

7. Third structureOnly parameters n (porosity) and Cu (formfactor) effect on the equation and other parametershave zero coefficient to define the third structureAccording to the results obtained from both previousstructures. It can be seen in the equation ofForchheimer first coefficient i.e. coefficient a in bothprevious structures. Thus, these two quantities areused for coefficient a in the third proposed structure.

Fig. 6: Comparison of the results of the secondary structure formula for Forchheimer first coefficient

Fig. 7: Comparison of the results of second structure formula for Forchheimer second coefficientAnd in this phase, their coefficient and exponentcan be considered unknown. In addition, the productof these quantities is included in the new structureto get the better fit in the evolutionary algorithm.Equation b is defined by the same reasoning:(16) u
X

u
X nCXCXnXa 531

42 

(17) 42
3101

Y
c

Y CYDYb The results of the optimization process on thementioned equations are as following:
Table 5: Optimized values of the unknown parameters of third proposed structureParticle swarmoptimization (PSO) Particle swarmoptimization (PSO )

Coeffic
ient a

X1 10228549

Coeffic
ient b

Y1 0.076X2 16.56019 Y2 0.9880X3 1.258109 Y3 0.3599X4 0.5019981 Y4 0.9807X5 46.890 Y5X6 Y6RMSEerror value 523.138 RMSEerror value 1.831
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Table 6: Calculation of values of Forchheimer coefficients by optimized parametersSoil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7Laboratory values of coefficient a 79.89 25.34 31.78 24.34 34.06 39.79 76.21Computational value of a(Particle swarm optimization) 80.41 25.67 46.72 26.15 34.29 40.24 42.20Laboratory values of coefficient b 0.9946 1.347 0.82 3.159 0.8758 0.504 0.8631Computational value of b(Particle swarm optimization) 0.7727 1.3044 0.8018 1.0010 1.0912 0.7747 0.9865
Fig.10 Particle swarm is shown for sevendifferent soils by comparing the experimental resultswith those values obtained from the first coefficientestimates of equation Forchheimer usingevolutionary algorithms. Accuracy of estimates of the

third structure is more than the first and secondstructures depending on the figure. And relativelygood results are provided for most soils andLaboratory values and estimated values are in goodagreement in all soils except 3 and 7.

Fig. 8: Comparison of the results of the tertiary structure formulas for Forchheimer first coefficientsFig.11 the particle swarm is shown by comparingthe experimental results with the values obtainedfrom second coefficient estimate of equation
Forchheimer using the third structure provided inthis study and evolutionary algorithm. The resultsare the same nearly for other soils except the soil 4according to the Fig.4.

Fig. 9: Comparison of the results of tertiary structure formulas for Forchheimer second coefficients
8. Conclusion

The best equations for Forchheimer coefficientscan be chosen exploring the three structuresdescribed in this study that the first coefficient ofequation Forchheimer (a) is worth to mention using
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the third structure and the second coefficient of thisequation (b) using the first structure. Theseequations can predict the values of the first andsecond coefficients of the equation Forchheimer interms of materials mechanical properties. Theseequations are provided as follows:(18)
uu nCCna 46.4081.25910220420 0.50116.56 (19) cCDb 0.36430.0767 10 

i=         (
 VnCCn uu )46.4081.259(10220420 0.50116.56

)0.3643(0.0767 10 cCD  2V )20
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