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Abstract ヱン 

A pore-network model (PNM) was developed to simulate non-Darcy flow through porous ヱヴ 

media. This paper investigates the impact of micro-scale heterogeneity of porous media on the ヱヵ 

inertial flow using pore-network modelling based on micro X-ray Computed Tomography ヱヶ 

(XCT) data. Laboratory experiments were carried out on a packed glass spheres sample at flow ヱΑ 

rates from 0.001 to 0.1 l/s. A pore-network was extracted from the 3D XCT scanned volume ヱΒ 

of the 50 mm diameter sample to verify the reliability of the model. The validated model was ヱΓ 

used to evaluate the role of micro-heterogeneity in natural rocks samples. The model was also ヲヰ 

used to investigate the effect of pore heterogeneity on the onset of the non-Darcy flow regime, ヲヱ 

and to estimate values of the Darcy permeability, Forchheimer coefficient and apparent ヲヲ 

permeability of the porous media. The numerical results show that the Reynold’s number at ヲン 

which nonlinear flow occurs, is up to several orders of magnitude smaller for the heterogeneous ヲヴ 

porous domain in comparison with that for the homogeneous porous media. For the Estaillades ヲヵ 

carbonate rock sample, which has a high degree of heterogeneity, the resulting pressure ヲヶ 

distribution showed that the sample is composed of different zones, poorly connected to each ヲΑ 

other. The pressure values within each zone are nearly equal and this creates a number of ヲΒ 

stagnant zones within the sample and reduces the effective area for fluid flow. Consequently, ヲΓ 

the velocity distribution within the sample ranges from low, in stagnant zones, to high, at the ンヰ 

connection between zones, where the inertial effects can be observed at a low pressure gradient. ンヱ 

 ンヲ 



  ヲ 
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1. Introduction ンヵ 

Many engineering transport phenomena are controlled by flow through porous media. To ンヶ 

reliably predict the flow, it is important to understand pore-scale factors and determine the ンΑ 

boundaries between different flow regimes. Neglecting the non-linear inertial effects according ンΒ 

to Stokes law, flow through porous media is usually modelled using Darcy’s law (Equation 1) ンΓ 

(Darcy, 1856). ヴヰ 

伐 ッ鶏詣 噺 航計帖 懸 (1) 

Darcy’s law is a linear relationship between the pressure drop (〉P) between two points ヴヱ 

separated by distance (L) and the superficial or Darcy velocity (懸 噺 槌凋), where q is the ヴヲ 

volumetric fluid discharge, A is the whole cross-sectional area perpendicular to the flow ヴン 

direction, µ is the fluid dynamic viscosity and 計帖 is the Darcy permeability. However, for ヴヴ 

higher velocities, i.e. when the pressure drop due to inertial effects is ≥ 1% of the total pressure ヴヵ 

loss (Section 2.2.2), Equation 1 is no longer valid, and the inertial terms cannot be neglected. ヴヶ 

Hence, the relationship between the pressure gradient and the superficial velocity becomes ヴΑ 

non-linear. ヴΒ 

In porous media, inertial effects can be expressed in the form of drag forces, and as was shown ヴΓ 

by experiments, the pressure drop in such case is proportional to the summation of two terms; ヵヰ 

one term includes the fluid velocity and represents the force exerted to overcome fluid ヵヱ 

viscosity, whilst the other term includes the squared value of fluid velocity and represents the ヵヲ 

force exerted to overcome fluid-medium interactions. The second term represents the inertial ヵン 

effects which is a function of pore geometry, permeability and Reynold’s number (Vafai & ヵヴ 

Tien, 1981; Zeng & Grigg, 2006). Flow through the hyporheic zone, near groundwater wells, ヵヵ 

or within hydraulic fractures in underground reservoirs are examples of flow in real ヵヶ 

environment that show non-Darcy behaviour. For the non-Darcy flow regime, normally the ヵΑ 

Forchheimer’s equation is applied (Forchheimer, 1901). Forchheimer’s equation (Equation 2) ヵΒ 

is an extension to Darcy’s law and was developed by adding a quadratic velocity term to ヵΓ 

account for the non-linear inertial effects:  ヶヰ 

伐 ッ鶏詣 噺 航計庁 懸 髪 貢紅懸態 (2) 



  ン 

where 計庁 is the Forchheimer permeability, that is very close to, but not the same as, Darcy ヶヱ 

permeability (計帖), and ȡ is the fluid density. ȕ is the non-Darcy coefficient, also known as ヶヲ 

Forchheimer coefficient, which is a medium dependent value similar to permeability. The non-ヶン 

Darcy coefficient accounts for the inertial effects due to convergence, divergence and tortuosity ヶヴ 

in the flow path geometry (Thauvin & Mohanty, 1998; Balhoff & Wheeler, 2009). Normally, ヶヵ 

the ȕ coefficient and the onset of non-Darcy flow regime are determined experimentally, ヶヶ 

whereas some authors developed empirical relationships that predict ȕ as a function of the ヶΑ 

medium permeability, porosity and tortuosity (e.g. Thauvin and Mohanty (1998) and Liu et al. ヶΒ 

(1995)).  ヶΓ 

To determine ȕ and 計庁 from Forchheimer’s equation, a linearized form of Equation 2 can be Αヰ 

used to determine the relation between ッ牒挑禎塚 or 怠懲尼妊妊, where 計銚椎椎 is the apparent permeability, Αヱ 

against 諦塚禎 . This should result in a straight line with slope ȕ and intercept な【計庁 (Equation 3). Αヲ  ッ鶏詣航懸 噺 な計銚椎椎 噺 な計庁 髪 紅 貢懸航  (3) 

All experimental work has limitations, either due to difficulties or uncertainties in measuring Αン 

some quantities, mainly rooted from the complexity of the process. In such cases, Αヴ 

computational methods provide an alternative tool to gain insight into the processes. The Αヵ 

computational methods used for studying flow in porous media can be divided into Αヶ 

conventional continuum-scale numerical models and pore-scale models. Pore-scale models ΑΑ 

have advantages over the continuum-scale numerical models as they provide details of the ΑΒ 

physical process occurring at pore-scale, and their consequence at macroscale (Joekar-Niasar  ΑΓ 

& Hassanizadeh, 2012). Moreover, the medium parameters estimated from pore-scale studies Βヰ 

can be used to parameterize macro-scale equations (e.g. El-Zehairy et al., 2018). Βヱ 

To simulate single phase, incompressible, non-Darcy flow in a fully-saturated porous medium Βヲ 

at the macro-scale, typically the Navier-Stokes equations are used, simplified, averaged over Βン 

the simulation domains (fluid and solid phases), and then solved numerically. For example, Βヴ 

Zimmerman et al. (2004) and Zhang and Xing (2012) solved Navier-Stokes equations for Βヵ 

nonlinear flow using a finite-element mesh; Aly and Asai (2015) simulated non-Darcy flow Βヶ 

through porous media by the incompressible smooth particle hydrodynamics method and ΒΑ 

Belhaj et al. (2003) used the Forchheimer equation to derive a finite difference model for Darcy ΒΒ 

and non-Darcy flow in porous media. Many Computational Fluid Dynamics (CFD) software ΒΓ 

packages such as ANSYS CFX, Fluent, and OpenFOAM solve these equations. However, there Γヰ 



  ヴ 

are other models that can be used to simulate non-Darcy flow such as the Barree and Conway Γヱ 

model, the hydraulic radius model, A. V. Shenoy’s Model, and the Fractal Model. Further Γヲ 

details about these models can be found in the review by Wu et al. (2016). Γン 

1.1. Pore-scale modelling:  Γヴ 

Pore-scale models can be subdivided into six different groups: Lattice-Boltzmann (LB) models Γヵ 

(e.g., Kuwata and Suga, 2015), smoothed particle hydrodynamics (SPH) approach (e.g., Γヶ 

Bandara et al. 2013), level-set models (e.g., Akhlaghi Amiri and Hamouda, 2013), percolation ΓΑ 

models (e.g., Wilkinson, 1984), pore-network models (e.g., Bijeljic et al., 2004; Joekar-Niasar ΓΒ 

et al. 2009) (Joekar-Niasar  & Hassanizadeh, 2012) and direct numerical simulation (DNS) ΓΓ 

(e.g., Raeini et al., 2012; Bijeljic et al., 2013b;  Aziz et al., 2018). Percolation models cannot ヱヰヰ 

reveal any transient processes information and all other methods are computationally more ヱヰヱ 

expensive compared to pore-network models (Celia et al., 1995; Wang et al., 1999; Bijeljic et ヱヰヲ 

al., 2004; Bijeljic & Blunt, 2007; Joekar-Niasar  & Hassanizadeh, 2012; Blunt et al., 2013; ヱヰン 

Oostrom et al., 2016). The SPH approach is a particle-based method, which although it has the ヱヰヴ 

advantage of not being constrained by lattice points (e.g. similar to Lattice Boltzmann), it is ヱヰヵ 

computationally more expensive (Tartakovsky et al., 2015). Dealing with a wide range of ヱヰヶ 

contact angles in the level set method is challenging and significant efforts are spent on that. ヱヰΑ 

DNS has been used mainly to simulate creeping flow through porous media, however, it could ヱヰΒ 

also be used to simulate other flow regimes (e.g. Muljadi et al., 2015). Using DNS, the Navier-ヱヰΓ 

Stokes equations are solved numerically on a mesh based on the voxelised X-ray Computed ヱヱヰ 

Tomography (XCT) data of the medium. Using large mesh elements or large time steps will ヱヱヱ 

lead to some errors at the small scales which will be transferred to the large scale and corrupt ヱヱヲ 

the solution (Poinsot et al., 1995; Moin & Mahesh, 1998; Alfonsi, 2011; Mousavi Nezhad & ヱヱン 

Javadi, 2011; Mousavi Nezhad et al., 2011). ヱヱヴ 

In pore network modelling (PNM), the large pores constrained between the grains are referred ヱヱヵ 

to as pore bodies (PB). The pore bodies are connected to each other by narrow paths which are ヱヱヶ 

referred to as pore throats (PTh). Generally, the pore bodies are represented using spheres and ヱヱΑ 

the pore throats are represented by cylinders or conical shapes. However, there are some studies ヱヱΒ 

that considered other shapes for pore bodies and pore throats to enhance the accuracy of model ヱヱΓ 

predictions (e.g. Joekar-Niasar et al., 2010). Connectivity is defined by the coordination ヱヲヰ 

number which is the number of pore throats connected to a pore body. The PNM approach can ヱヲヱ 

provide a simplified structure of complex porous media and allow the investigation of pore-ヱヲヲ 



  ヵ 

scale processes. It can also provide details of flow velocities and pressure fields for complex ヱヲン 

heterogeneous pore spaces. Such information is essential to understand the flow behaviour and ヱヲヴ 

for studying solute transport in heterogenous porous media.  ヱヲヵ 

Although many researchers have used pore-network modelling to investigate flow through ヱヲヶ 

porous media, few have studied the flow within the laminar non-Darcy regime. The first study ヱヲΑ 

was conducted by Thauvin and Mohanty (1998) and was limited to 3D regular lattice pore-ヱヲΒ 

networks. To simulate the converging-diverging flow behaviour, Thauvin and Mohanty (1998) ヱヲΓ 

used modified forms of two equations originally proposed by Bird et al. (1960) for modelling ヱンヰ 

pressure loss due to sudden expansion (diverging) and contraction (converging). Wang et al. ヱンヱ 

(1999) extended Thauvin and Mohanty’s work for modelling non-Darcy flow through ヱンヲ 

anisotropic pore-networks, which was also limited to regular structured pore-networks. Later, ヱンン 

Lao et al. (2004) performed a study of non-Darcy flow using the Forchheimer equation ヱンヴ 

implemented in a two-dimensional random irregular pore-network with the maximum ヱンヵ 

coordination number of three. In another study, Lemley et al. (2007) used the Forchheimer ヱンヶ 

equation to simulate flow in a random unstructured three-dimensional (3D) pore-network, with ヱンΑ 

the upper limit of the coordination number in their network also three. The most recent study ヱンΒ 

for non-Darcy flow through 3D irregular unstructured pore-networks using the Forchheimer ヱンΓ 

equation is the work of Balhoff and Wheeler (2009). They argued that the equations presented ヱヴヰ 

by Bird et al. (1960), are valid only for turbulent flow, despite the fact that these equations can ヱヴヱ 

be derived from Bernoulli, continuity and momentum equations, so they are valid for all flow ヱヴヲ 

conditions including laminar flow. Balhoff and Wheeler (2009) approximated the geometry of ヱヴン 

pore throats by axisymmetric sinusoidal ducts and calculated the pressure loss through these ヱヴヴ 

throats by solving the Navier-Stokes equations using a finite element method (FEM). After ヱヴヵ 

doing the FEM simulations for pore throats with different dimensions, they provided a ヱヴヶ 

relatively complex approximated equation that describes the pressure loss due to expansion ヱヴΑ 

and contraction through each pore throat. Their equation depends on the flow rate and the pore ヱヴΒ 

throat and the pore body geometries. However, their equation was developed for axisymmetric ヱヴΓ 

ducts, and they defined the geometries of these ducts by a sinusoidal equation that implies the ヱヵヰ 

pore bodies at the two ends of a pore throat to have an equal size, which is not likely to happen ヱヵヱ 

in real porous media. None of these mentioned previous studies investigated the effect of pore ヱヵヲ 

body and pore throat shape factors (G) on the flow simulation, which is considered of high ヱヵン 

importance for natural porous media containing pores with irregular shapes. It is also necessary ヱヵヴ 

for simulating two or multi-phase flow within the non-Darcy flow regime.   ヱヵヵ 



  ヶ 

In porous media, heterogeneity can be expressed as the variation in shapes, sizes and ヱヵヶ 

interconnectivity of the pores. Sahimi (2011) divided the heterogeneity of natural media into ヱヵΑ 

four main categories; microscopic heterogeneities, macroscopic heterogeneities, field-scale ヱヵΒ 

heterogeneities and gigascopic heterogeneities. Large-scale reservoirs can only be fully ヱヵΓ 

determined if their measurable properties and features are detected at these different length ヱヶヰ 

scales. With the help of modern imaging techniques, the internal morphologies of highly ヱヶヱ 

complex material can be visualized and quantified in 3D. These geometric properties can be ヱヶヲ 

detected at the resolution of few microns, with a field of view of a few millimetres (Knackstedt ヱヶン 

et al., 2001). ヱヶヴ 

In this paper, a 3D pore-network model was developed to simulate non-Darcy laminar flow ヱヶヵ 

through porous media to address the impact of pore heterogeneity on the inertial flow and ヱヶヶ 

hydraulic properties of the porous media. The model has been verified against experimental ヱヶΑ 

data from packed glass spheres and some numerical results achieved through direct numerical ヱヶΒ 

simulations. This work particularly focuses on the simulation of flow through natural porous ヱヶΓ 

media using micro XCT 3D images. The effect of pore-scale flow processes (e.g. expansion ヱΑヰ 

and contraction of flow) on macro-scale inertial flow behaviour has been investigated. It is ヱΑヱ 

important to determine the velocity threshold above which the Darcy’s law is not valid and a ヱΑヲ 

non-Darcy model should be applied. Therefore, the model is applied to four porous media with ヱΑン 

different structures and degrees of heterogeneity. The onset of a non-Darcy flow regime for ヱΑヴ 

each sample has been determined, discussed and compared to previous research.  ヱΑヵ 

2. Methodology  ヱΑヶ 

2.1. Pore-network extraction  ヱΑΑ 

The reliability of predictions from pore-network modelling depends on firstly how accurately ヱΑΒ 

the approximated pore-network represents the porous medium; and secondly, on the accuracy ヱΑΓ 

of equations and the numerical schemes used for simulating the physical or chemical process ヱΒヰ 

in the porous medium (Balhoff & Wheeler, 2009).  ヱΒヱ 

Pore-networks can be generated in three ways. The first approach is to extract the pore-network ヱΒヲ 

directly from 3D images obtained using imaging technologies, such as XCT imaging, focused ヱΒン 

ion beams, scanning electron microscopy and nuclear magnetic resonance (Xiong et al., 2016). ヱΒヴ 

The second approach generates a representative pore-network using (geo)statistical ヱΒヵ 

information such as pore body and pore throat size distributions, throat length distribution, ヱΒヶ 

coordination number distribution and spatial correlation length (Al-Raoush et al., 2003; Gao et ヱΒΑ 



  Α 

al., 2012; Babaei & Joekar-Niasar, 2016). The third approach, the grain-based model, generates ヱΒΒ 

a pore-network based on the solid phase properties such as grain diameters and grain positions ヱΒΓ 

(Bryant & Blunt, 1992). This approach was further extended to generate pore-networks from ヱΓヰ 

grains affected by swelling, compaction or sedimentation (e.g. Bryant et al., 1993). ヱΓヱ 

In this study, for verification purposes, the first method is used to extract the pore-networks ヱΓヲ 

from four XCT 3D images: one packed glass spheres with average diameter (davg) = 1.84 mm, ヱΓン 

which is the same sample used in the experimental work, and the three other samples of ヱΓヴ 

beadpack, Bentheimer sandstone, and Estaillades carbonate published in Muljadi et al. (2015) ヱΓヵ 

using the pore-network extraction code developed by Raeini et al. (2017). The pore-network ヱΓヶ 

extraction code can generate pore bodies and pore throats with triangular, square or circular ヱΓΑ 

cross-sections. The shape of the pore cross-sections is selected based on the level of irregularity ヱΓΒ 

over the wall of the narrow pores, which is quantified with shape factor, G. The shape factor is ヱΓΓ 

a dimensionless parameter, defined as 罫 噺 銚椎鉄 , where a is the average cross-sectional area of ヲヰヰ 

the pore throat or the pore body and p is the average perimeter (Mason & Morrow, 1991; ヲヰヱ 

Valvatne & Blunt, 2004). The value of the shape factor decreases when the shape of the surface ヲヰヲ 

of the pore space wall becomes irregular. According to geometrical definitions of 2D ヲヰン 

geometries, the value of shape factor ranges from zero, for a slit shape triangle, to ヂ戴戴滞 for ヲヰヴ 

equilateral triangle, whilst for squares and circles, the shape factor has values of 怠怠滞 and 怠替訂, ヲヰヵ 

respectively (Oren et al., 1998; Valvatne & Blunt, 2004). The shape factor definition for more ヲヰヶ 

complex geometries such as hyperbolic polygonal cross-sections can be found in Joekar-Niasar ヲヰΑ 

et al. (2010). ヲヰΒ 

2.2. Mathematical modelling  ヲヰΓ 

2.2.1. Darcy flow modelling ヲヱヰ 

 ヲヱヱ 

Fig. 1 Schematic of a pore throat (i-j) and two pore bodies (i and j). ヲヱヲ 



  Β 

In Darcy flow, the inertial effects are neglected and the flow rate (圏沈貸珍) between two pore ヲヱン 

bodies i and j is given analytically by Hagen–Poiseuille equation (Hagen, 1839; Poiseuille, ヲヱヴ 

1841) ヲヱヵ 

圏沈貸珍 噺 計沈貸珍┸痛墜痛 弘鶏沈貸珍塚 噺 訣沈貸珍┸痛墜痛詣沈貸珍┸痛墜痛 弘鶏沈貸珍塚  (4) 

Where 計沈貸珍┸痛墜痛 噺 直日貼乳┸禰任禰挑日貼乳┸禰任禰 , 訣沈貸珍┸痛墜痛 is the fluid conductance, 詣沈貸珍┸痛墜痛 is the length between the ヲヱヶ 

two pore body centres and 弘鶏沈貸珍塚  represents the viscous pressure drop between the two pore ヲヱΑ 

bodies i and j. The conductance between the two pore bodies i and j is defined as harmonic ヲヱΒ 

mean of the conductances through the pore throat and the connected pore bodies (Oren et al., ヲヱΓ 

1998; Valvatne & Blunt, 2004), given by ヲヲヰ  詣沈貸珍┸痛墜痛訣沈貸珍┸痛墜痛 噺 詣沈訣沈 髪 詣沈貸珍訣沈貸珍 髪 詣珍訣珍 (5) 

where i-j indicates the connecting throat, Li-j is the pore throat length excluding the lengths of ヲヲヱ 

the two connected pore bodies i and j, Li and Lj are the pore body lengths from the pore throat ヲヲヲ 

interface to the pore centre (Fig. 1). For laminar flow in a circular tube the conductance gpore is ヲヲン 

given analytically by the Hagen–Poiseuille equation (Hagen, 1839; Poiseuille, 1841)  ヲヲヴ 

訣椎墜追勅 噺 倦 欠態罫航 噺 なに 欠態罫航  (6) 

For equilateral triangular and square cross-sections, analytical expression can also be ヲヲヵ 

developed (Patzek & Silin, 2001; Valvatne & Blunt, 2004) with k equal to 3/5 and 0.5623 ヲヲヶ 

respectively. It has been also found that the conductance of irregular triangles can be ヲヲΑ 

approximated by equation (6), using the same constant (k = 3/5) as for an equilateral triangle ヲヲΒ 

(Oren et al., 1998; Valvatne & Blunt, 2004). The pore cross-sectional area (欠) can be related ヲヲΓ 

to the shape factor as 欠 噺 追鉄替弔, where r is the radius of the inscribed circle inside the pore (Oren ヲンヰ 

et al., 1998). ヲンヱ 

For each pore body i, considering incompressible steady flow, the mass conservation can be ヲンヲ 

expressed as ヲンン  布 圏沈貸珍珍樺朝日 噺 ど (7) 

where 軽沈 is the coordination number of pore body i. ヲンヴ 
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For the whole pore-network, Equation 4 is applied for each pore throat and Equation 7 is ヲンヵ 

invoked at each pore body. In all simulations, no-flow boundary condition is applied for all ヲンヶ 

pore-network boundaries except the inlet and outlet boundaries where constant pressure values ヲンΑ 

are applied. This process results in a system of N linear equations, where N is the total number ヲンΒ 

of pore bodies in the pore-network. Solving this system of equations using the method ヲンΓ 

described in Babaei and Joekar-Niasar (2016), the pressure value at each node can be obtained ヲヴヰ 

and by applying Equation (4), the discharge through each pore throat can be estimated. Finally, ヲヴヱ 

the overall permeability (KD) of the pore-network can be obtained by applying Darcy’s law ヲヴヲ 

(Equation 1) for the whole pore-network.  ヲヴン 

In all simulations, the same fluid parameters used by Muljadi et al. (2015) are applied, water is ヲヴヴ 

considered as the working fluid with dynamic viscosity ȝ = 0.001 kg/ms and density ȡ = 1000 ヲヴヵ 

kg/m3. The overall volumetric fluid discharge q is obtained by summing all pore throat ヲヴヶ 

discharges either at the inlet or the outlet of the pore-network, while the flow superficial ヲヴΑ 

velocity (懸) is estimated as 懸 噺 槌凋 . However, for highly heterogeneous media such as ヲヴΒ 

Estaillades carbonate, the pore’s cross-sectional area may differ significantly from one location ヲヴΓ 

to another, so using the whole cross-sectional area will cause uncertainties in q and KD values. ヲヵヰ 

For that reason, for Estaillades carbonate, the average pore velocity is estimated, then the ヲヵヱ 

superficial velocity (懸) is derived as the average pore velocity times the medium porosity (剛). ヲヵヲ 

2.2.2. Non-Darcy flow modelling ヲヵン 

Following Muljadi et al. (2015) and Comiti et al. (2000), the onset of non-Darcy flow is ヲヵヴ 

assumed to be the point at which the pressure drop due to the linear term becomes less than ヲヵヵ 

99% of the total pressure drop. Using 紐計帖 to replace the characteristic length (Lcharc) in the ヲヵヶ 

conventional Reynold’s number 岫迎結挑岻, so   ヲヵΑ  迎結挑 噺 諦 塚 挑冬塘倒梼冬禎   (8) 迎結懲 噺 諦 塚 紐懲呑禎   (9) 

where 紐計帖 is the Brinkman screening length (Durlofsky & Brady, 1987), i.e. the characteristic ヲヵΒ 

length is replaced by the square root of Darcy permeability to give the permeability based ヲヵΓ 

Reynold’s number 岫迎結懲岻.  ヲヶヰ 

For relatively high flow velocities, the inertial effects cannot be neglected as in the Darcy ヲヶヱ 

creeping flow regime. To consider the inertial effects due to expansion, when flow moves from ヲヶヲ 



  ヱヰ 

a pore throat to a connected pore body, and contraction, when flow moves from a pore body to ヲヶン 

a connected pore throat, the pressure loss due to these two processes should be considered in ヲヶヴ 

the calculation of total pressure drop through any pore throat. In the developed model, the ヲヶヵ 

pressure losses due to the inertial effects, expansion and contraction, are expressed using ヲヶヶ 

equations 10 and 11 (Kays, 1950; Abdelall et al., 2005; Guo et al., 2010; Momen et al., 2016).  ヲヶΑ 

ッ鶏沈貸珍勅掴椎 噺 計勅 諦塚日貼乳鉄態 噺 峪磐銚日貼乳銚乳 卑態 盤に 倦穴珍 伐 糠珍匪 髪 糠沈貸珍 伐 に 倦穴沈貸珍 磐銚日貼乳銚乳 卑崋 諦塚日貼乳鉄態   (10) 

where ッ鶏沈貸珍勅掴椎 is the pressure loss due to expansion, 計勅 is the expansion coefficient, 欠沈貸珍 and 欠珍 ヲヶΒ 

are the cross-sectional areas of the pore throat and the connected pore body j, and 懸沈貸珍 is the ヲヶΓ 

average fluid velocity through pore throat that connects the two pore bodies i and j. kd and Į ヲΑヰ 

are the dimensionless momentum and kinetic-energy coefficients which depend on the velocity ヲΑヱ 

profile in each pore. For laminar flow, when the velocity is low and its profile is parabolic, kd ヲΑヲ 

is equal to 1.33, 1.39 and 1.43 for circular, square and equilateral triangular cross-sections ヲΑン 

respectively, while Į is equal to 2 for circular cross-sections. For turbulent flow, when the ヲΑヴ 

velocity is high and its profile is almost uniform, kd and Į are equal to ~1.0 (Kays, 1950).  ヲΑヵ 

ッ鶏沈貸珍頂墜津痛 噺 計頂 諦塚日貼乳鉄態 噺 畔怠貸煩底日貼乳 峭尼日貼乳尼乳 嶌鉄貸態 賃鳥日貼乳袋怠貸峭尼日貼乳尼乳 嶌鉄晩寵頂鉄貸態寵頂寵頂鉄 販 諦塚日貼乳鉄態     (11) 

系潔 噺 な 伐 怠貸 尼日貼乳尼乳態┻待腿 峭怠貸 尼日貼乳尼乳 嶌袋待┻泰戴胎怠    (12) 

where ッ鶏沈貸珍頂墜津痛 is the pressure loss due to contraction, 計頂 is the contraction coefficient, 欠沈 is the ヲΑヶ 

cross-sectional area of the connected pore body i, Cc is the dimensionless jet contraction-area ヲΑΑ 

ratio (Vena-contraction) which can be estimated using Equation 12 (Geiger, 1964). ヲΑΒ 

It has been found that using kd and Į equal to 1.0 provides better representation of the non-ヲΑΓ 

Darcy flow which is characterised by higher velocities compared to the Darcy flow. This also ヲΒヰ 

agrees with the experimental findings of Abdelall et al. (2005) and Guo et al. (2010) performed ヲΒヱ 

on small channels. They showed that when using kd = 1.33 or Į = 2.0 in equations 10 and 11, ヲΒヲ 

this result in overestimation of Ke and Kc in most of the cases they tested. Moreover, when flow ヲΒン 

passes through a sudden expansion or contraction, this creates eddies and turbulence that make ヲΒヴ 

a flat velocity profile a better approximation for the flow. Using kd and Į equal to 1.0, equations ヲΒヵ 

10 and 11 can be simplified and this results in the well-known Borda-Carnot equations (Crane, ヲΒヶ 

1942; Bird et al., 1961). ヲΒΑ 



  ヱヱ 

The total pressure loss for any pore throat in the network can be given according to Equation ヲΒΒ 

13 as follows: ヲΒΓ 

ッ鶏沈貸珍痛墜痛 噺 ッ鶏沈貸珍塚 髪 ッ鶏沈貸珍勅掴椎 髪 ッ鶏沈貸珍頂墜津痛 噺 釆挑日貼乳┸禰任禰直日貼乳┸禰任禰挽 圏沈貸珍 髪 計勅 諦槌日貼乳鉄態銚日貼乳鉄 髪 計頂 諦槌日貼乳鉄態銚日貼乳鉄  , 

which can be written as 
(13) 

畦墜 圏沈貸珍態 髪 稽墜 圏沈貸珍 髪 系墜 噺 ど┻ど   (14) 

where  ヲΓヰ 

畦墜 噺 岷計勅 髪 計頂峅 諦態銚日貼乳鉄  , 稽墜 噺 釆挑日貼乳┸禰任禰直日貼乳┸禰任禰挽, 系墜 噺 伐 ッ鶏沈貸珍痛墜痛 ヲΓヱ 

To apply the continuity equation at each node, Equation 13 is rewritten in the form of a simple ヲΓヲ 

quadratic equation (Equation 14), its positive root is equal to 圏沈貸珍 噺 貸喋任袋謬喋任鉄貸替凋任寵任態凋任 . For the ヲΓン 

whole pore-network, Equation 13 is applied for each pore throat and Equation 7 is invoked at ヲΓヴ 

each pore body. This process results in a system of N non-linear equations, where N is the total ヲΓヵ 

number of pore bodies in the pore-network. A FORTRAN code was developed with the use of ヲΓヶ 

HSL NS23 routine (HSL, 2013) to solve the resulting system of equations. The initial guess of ヲΓΑ 

the pressure values at each node is provided from the Darcy flow case, then the HSL NS23 ヲΓΒ 

routine iterates until the final solution is achieved within an acceptable predefined error ヲΓΓ 

criterion (until the sum of squares of residuals is less than 10-10). By solving this nonlinear ンヰヰ 

system of equations, the pressure value at each node can be obtained and the discharge through ンヰヱ 

each pore throat is estimated by applying Equation 13. Finally, the non-Darcy coefficient (ȕ) ンヰヲ 

and Forchheimer permeability (計庁) can be obtained by fitting a linear relationship to the ンヰン 

obtained results when 怠懲尼妊妊 is plotted against 諦塚禎  (see Equation 3).  ンヰヴ 

2.3. XCT-scanning and experimental work  ンヰヵ 

To validate the proposed model, a porous medium sample (referred to as “packed spheres”) ンヰヶ 

composed of uniform spherical glass beads, with an average diameter (davg) of 1.84 罰 0.14 mm ンヰΑ 

was packed in a Perspex circular pipe of 300 mm length and 50 mm internal diameter. The ンヰΒ 

porous sample was placed in a recirculating pipe system with a sump of approximately 2.5 m3. ンヰΓ 

Water was used as a working fluid at different discharges ranging from 0.001 to 0.1 l/s. For ンヱヰ 

each run, the discharge was measured manually. The head loss measurements were performed ンヱヱ 

using two manometer tubes located 50 mm distance after the sample inlet and before the sample ンヱヲ 

outlet to eliminate the effect of boundaries on the flow, i.e. the head loss was measured through ンヱン 



  ヱヲ 

a distance of 200 mm in the porous medium. To ensure the accuracy of manometric ンヱヴ 

measurements at low pressure gradients, an SPI digital depth gauge with accuracy 罰 0.01 mm ンヱヵ 

was used to measure the manometric heads inside fixed, 25 mm wide manometric tubes. ンヱヶ 

Moreover, before taking any measurements, water was allowed to run through the recirculating ンヱΑ 

system for a period sufficient to remove any air from the system. ンヱΒ 

The middle part of the packed spheres sample used in the experimental work, which has the ンヱΓ 

dimensions of 50 mm  50 mm  177 mm, was scanned to determine the representative ンヲヰ 

elementary volume (REV) and to extract the equivalent pore-network. An REV can be defined ンヲヱ 

as a representative portion or subvolume of the medium, when selecting such volume at ンヲヲ 

different location in the sample, the resulting parameters (剛, KD or ȕ) of the subvolumes should ンヲン 

not vary significantly (Bear, 1972). To find an REV of the sample, a conventional approach ンヲヴ 

was followed, a code was written to generate random coordinates of cubic subvolumes with ンヲヵ 

different cube lengths (5, 10, 15, 20, 25, 30, 35 and 50 mm), and 10 different crops at random ンヲヶ 

locations have been tested for each cube size. For each single crop, a pore-network was ンヲΑ 

extracted, and the proposed pore-network model was used to estimate the porosity (剛), Darcy-ンヲΒ 

permeability (KD) and non-Darcy coefficient (ȕ), as in Section 3.3.  ンヲΓ 

Four XCT scans were performed to examine the packed spheres sample utilising Nikon XT H ンンヰ 

225/320 LC. The XCT settings were chosen to achieve optimum penetration and minimise ンンヱ 

noise based on the grey values of the radiographs. A physical radiation filter of Tin (Sn) was ンンヲ 

used to reduce beam hardening and cupping errors. The resolution of the scans was achieved ンンン 

based on the diameter of the specimen. The scans were combined to provide the full volume of ンンヴ 

the medium.  ンンヵ 

3. Results and discussion ンンヶ 

3.1. Determining the representative elementary volume (REV) ンンΑ 

Fig. 2 shows the effect of cube lengths on determining the porous medium properties. It can be ンンΒ 

produced by applying the proposed model to the pore-networks extracted from all subvolume ンンΓ 

crops of the packed spheres CT-image. In Fig. 2, it is observed that a suitable REV might be a ンヴヰ 

cube with length of 30 mm, which is a common value of the plateaus in figures 2a, 2b and 2c ンヴヱ 

associated with minimum fluctuation, i.e. minimum standard deviation. However, this is not ンヴヲ 

the case for the relatively small sample of 50 mm diameter used in the laboratory, considering ンヴン 

its large average bead diameter of 1.84 mm. For this specific case, using REV length less than ンヴヴ 

50 mm will result in eliminating the effect of the containing pipe wall or boundaries. Due to ンヴヵ 



  ヱン 

the small size of the sample, the boundaries of the containing pipe have an effect on the ンヴヶ 

estimated medium parameter as shown in Fig. 2. For that reason, an REV cube length of 50 ンヴΑ 

mm was selected to consider the effect of external pipe on the medium structure and on the ンヴΒ 

flow behaviour through the medium.               ンヴΓ 

 ンヵヰ 
Fig. 2 Variation of a) porosity, b) Darcy-permeability and c) non-Darcy coefficient for different ンヵヱ 
cubic subvolumes (10 crops for each REV length). The error bars represent the standard ンヵヲ 
deviation of the estimated parameter for each REV length.  ンヵン 

   ンヵヴ 



  ヱヴ 

3.2. Extracted pore-networks from CT-images ンヵヵ 

Properties of the CT-images used to extract each of the four pore-networks shown in Fig. 3 are ンヵヶ 

provided in Table 1.  ンヵΑ 

 ンヵΒ 

Fig. 3 The pore spaces of (a) beadpack, (b) Bentheimer, (c) Estaillades and (d) packed ンヵΓ 

spheres (davg = 1.84 mm), and the equivalent pore-networks (e), (f), (g) and (h) respectively. ンヶヰ 

  ンヶヱ 



  ヱヵ 

 ンヶヲ 

Table 1*: The properties and characteristics length of the samples.  ンヶン 

Sample Resolution 
(µm) 

Porosity, 剛 
Characteristic 

length, Lcharc (µm) Total voxels Pore voxels 

計帖 抜 など貸怠態 
(m2) 
obtained by 
Muljadi et 
al. (2015) or 
in the 
experiments. 

Beadpack 2.0 0.359 100 300300300 9,700,082 5.57 
Bentheimer 3.0035 0.211 139.9 500500500 26,413,875 3.50 
Estaillades 3.3113 0.108 253.2 500500500 13,522,500 0.17 
Packed 
spheres 
(davg =1.84 
mm)  

65.99 0.364 1,837 758758758 124,612,700 2250 

*For the first three samples, the characteristic length (Lcharc) values are obtained from Muljadi et al. (2015); for ンヶヴ 
the unconsolidated beadpack they chose Lcharc = 100 µm, while for consolidate porous media (Bentheimer and ンヶヵ 
Estaillades) they followed the methodology in Mostaghimi et al. (2012) to determine Lcharc as a function of the ンヶヶ 
specific surface area of the pore-grain interface (the surface area divided by the whole volume including pores ンヶΑ 
and grains). For the packed spheres (davg = 1.84 mm) sample, the characteristic length (Lcharc) is the beads average ンヶΒ 
diameter (davg).  ンヶΓ 
 ンΑヰ 

The 300300300 voxels beadpack image (Fig. 3a) represents a random packing of spheres of ンΑヱ 

uniform size. The image was created by Prodanović and Bryant (2006) to represent the ンΑヲ 

experimental measurements of the sphere centres obtained by Finney (1970). The only ンΑン 

available CT-image of Bentheimer sandstone sample used by Muljadi et al. (2015) is a ンΑヴ 

100010001000 voxels image. Unfortunately, the 500500500 voxels cropped image used ンΑヵ 

in their work is not available. Few trials were performed to crop that large image into a ンΑヶ 

500500500 voxels image at arbitrary locations, but this resulted in properties different to ンΑΑ 

those reported by Muljadi et al. (2015). To cope with that, the first 500 voxels in X, Y, and Z ンΑΒ 

directions of the large image (100010001000 voxels) were arbitrary cropped, then the pore-ンΑΓ 

network was extracted from that cropped image. This process will result in some uncertainties ンΒヰ 

with respect to the Bentheimer sandstone sample. The extracted pore-network properties of the ンΒヱ 

beadpack, Bentheimer sandstone, Estaillades carbonate and REV of the packed spheres (davg = ンΒヲ 

1.84 mm) samples are shown in Table 2 and Fig. 3e-h. The histograms of inscribed pore body ンΒン 

and pore throat radii distributions for the four samples are shown in Fig.4.   ンΒヴ 

Investigations on pore-scale flow behaviour and the morphological characteristics of ンΒヵ 

Bentheimer sandstone and Estaillades carbonate, have revealed that Estaillades is more ンΒヶ 
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heterogeneous than Bentheimer (Bijeljic et al., 2013a; Bijeljic et al., 2013b; Guadagnini et al., ンΒΑ 

2014; Muljadi et al., 2015). This was also confirmed by plotting the semi-variograms of pore ンΒΒ 

body radii and coordination numbers of each sample (Figure S1 and S2 in supplementary ンΒΓ 

materials).  ンΓヰ 

Table 2: The properties of the extracted pore-networks.  ンΓヱ 

Sample Beadpack Bentheimer 

(500500500 

voxels) 

Estaillades Packed 

spheres (davg 

= 1.84 mm)  

Number of PBs 347 1033 954 10315 

Number of PThs 1424 2418 1649 53960 

Average coordination number 7.9 4.5 3.4 10.4 

Maximum coordination number 21 23 19 30 

Maximum inscribed PB radius (mm) 0.0344 0.0862 0.0692 0.7673 

Average inscribed PB radius (mm) 0.0178 0.0231 0.0196 0.4103 

Minimum inscribed PB radius (mm) 0.0051 0.0058 0.0064 0.1408 

Maximum inscribed PTh radius (mm) 0.0287 0.0571 0.0575 0.6958 

Average inscribed PTh radius (mm) 0.0089 0.0122 0.0116 0.1952 

Minimum inscribed PTh radius (mm) 0.0009 0.0015 0.0016 0.0320 

 ンΓヲ 



  ヱΑ 

 ンΓン 
Fig. 4 Histograms of inscribed pore body and pore throat radii for the four samples; a) ンΓヴ 
beadpack, b) Bentheimer, c) Estaillades and d) packed spheres. ンΓヵ 
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3.3. Darcy permeability (KD) and the non-Darcy coefficient (ȕ)   ンΓヶ 

The Darcy permeability (KD) values obtained from PNM, by applying Darcy’s law while ンΓΑ 

neglecting the inertial effects, are in a good match (varying less than 15.2%) with the ンΓΒ 

corresponding values in Muljadi et al. (2015) or obtained from experiments, as presented in ンΓΓ 

Table 3. Relatively large discrepancies (14% and 15.2%) are observed for Bentheimer and the ヴヰヰ 

packed spheres (davg=1.84 mm) because the large Bentheimer image was cropped in an ヴヰヱ 

arbitrary location and because the packed spheres sample was scanned prior to experiments, so ヴヰヲ 

during experiments the position of some particles might have changed slightly under the effect ヴヰン 

of flow at large velocities. Also, the pore-network extraction code defines the parameters of ヴヰヴ 

pore-network elements using single phase direct numerical simulation on the CT-image, these ヴヰヵ 

details can be found in Raeini et al. (2017) and Raeini et al. (2018). That is why the PNM ヴヰヶ 

simulations can accurately reproduce the results predicted with direct simulation (by Muljadi ヴヰΑ 

et al., 2015) and differ from the results achieved by experiments.  ヴヰΒ 

Fig. 5 shows a Forchheimer plot which is a plot of the inverse of apparent permeability 磐 怠懲尼妊妊卑 ヴヰΓ 

versus 岾諦塚禎 峇. The slope of each graph represents the non-Darcy coefficient (ȕ) and it is equal to ヴヱヰ 

1.49×105, 4.67×106, 2.82×108 and 5.232×103 (1/m) for Beadpack, Bentheimer, Estaillades and ヴヱヱ 

packed spheres, respectively. The corresponding ȕ values obtained from Muljadi et al. (2015) ヴヱヲ 

and in the Laboratory are 2.57×105, 2.07×106, 6.15×108 and 10.87×103 (1/m), see Table 3. It ヴヱン 

is noticeable that ȕ values from PNM are in good match (within the same order of magnitude ヴヱヴ 

and with maximum variation of 54%) with the values obtained by Muljadi et al. (2015) except ヴヱヵ 

Bentheimer which has larger discrepancy (126%) because the cropped image used differs from ヴヱヶ 

the image used by Muljadi et al. (2015). These discrepancies related to ȕ values might be ヴヱΑ 

because of the simplifications of pore shapes during the pore-network extraction. The shift in ヴヱΒ 

the horizontal part of each curve when comparing PNM results to these by Muljadi et al. (2015), ヴヱΓ 

or from experiments, are due to the difference in KD obtained from different methodologies, ヴヲヰ 

whilst the trend of each curve depends mainly on the pressure losses obtained at different ヴヲヱ 

velocities.    ヴヲヲ 



  ヱΓ 

 ヴヲン 

 ヴヲヴ 
Fig. 5 Forchheimer plot for a) Beadpack, b) Bentheimer c) Estaillades and d) experimental ヴヲヵ 

work vs. PNM. The vertical dashed lines represent the onset of non-Darcy flow.  ヴヲヶ 

Table 3: The permeability (KD) and Forchheimer coefficient (ȕ) for the four samples compared ヴヲΑ 

to those obtained by Muljadi et al. (2015) and by experiments.  ヴヲΒ 

Sample Image total 
voxels 

計帖 抜など貸怠態 
(m2), 
PNM 

計帖 抜など貸怠態 
(m2) by 
Muljadi et 
al. (2015) 
or from 
Lab. 

計帖 
difference 
[%] 

ȕ×105 
(m-1), 
PNM 

ȕ×105 (m-

1) by 
Muljadi et 
al. (2015) 
or from 
Lab.  

ȕ 
difference 
[%], 

Beadpack 300300300 5.43 5.57 2.5 1.49 2.57 42 
Bentheimer 500500500 3.01 3.50 14.0 46.7 20.7 126 
Estaillades  500500500 0.19 0.170 11.8 2820 6150 54 
Packed 
spheres 758758758 2593 2250 15.2 0.0523 0.1087 52 

 ヴヲΓ 

3.4. Onset of non-Darcy flow  ヴンヰ 

Fig. 6 shows the pressure gradient versus superficial velocity at different Reynold’s numbers, ヴンヱ 

the figure indicates also the onset of non-Darcy flow. The figure shows a good match with the ヴンヲ 

previous results obtained by Muljadi et al. (2015) for Beadpack, Bentheimer and Estaillades ヴンン 

whilst there are larger discrepancies between PNM and laboratory results. A main cause of ヴンヴ 



  ヲヰ 

these larger discrepancies between PNM and laboratory is that the pores of the packed spheres ヴンヵ 

sample used in the experiments are significantly larger than the other three samples. When a ヴンヶ 

fluid enters a pore, its velocity profile is more likely to be uniform. The fluid then travels a ヴンΑ 

specific distance, known as the entrance length (Lh), until its velocity profile becomes fully ヴンΒ 

developed, i.e. parabolic velocity profile in case of pores with circular cross-section. In the ヴンΓ 

entrance length, the friction between the pore walls and the fluid is higher compared to fully ヴヴヰ 

developed flow, and the Hagen–Poiseuille equation is not valid. For laminar flow, Lh is a ヴヴヱ 

function of Reynold’s number and the pore diameter. It can be estimated as 詣竪 簡 ど┻どの 迎結 経椎墜追勅 ヴヴヲ 

(Çengel & Cimbala, 2006), where Re is the pore Reynold’s number and Dpore is the pore ヴヴン 

diameter which is considered as the characteristic length of the pore. For small pores, Re is low ヴヴヴ 

and Lh is small and can be neglected compared to the total pore length. For that reason, the flow ヴヴヵ 

in the majority of pores in the packed spheres sample is a developing flow, i.e. the pore ヴヴヶ 

diameters are large and their lengths are not sufficiently long for a fully developed flow to be ヴヴΑ 

achieved. This causes an underestimation of the friction factor of each pore in the sample if ヴヴΒ 

Hagen–Poiseuille equation is used. This explains why the pressure losses obtained by PNM are ヴヴΓ 

less than those obtained in the lab (Fig. 6d). ヴヵヰ 

By estimating the average values of the entrance region (Lh) for all pore throats in the four ヴヵヱ 

samples within the applied ranges of pressure gradients, it was found that Lh increases when ヴヵヲ 

the applied pressure gradient increases. At the maximum applied pressure gradients, the ヴヵン 

average values for Lh as a percentage of the average pore throats length were equal to 29%, ヴヵヴ 

11% and 3% for the Beadpack, Bentheimer, and Estaillades, respectively. For the packed ヴヵヵ 

spheres sample, at the maximum applied pressure gradients, the average value of Lh, as a ヴヵヶ 

percentage of the average pore throats length, reached 374%, which means that the pore lengths ヴヵΑ 

are very short and even shorter than Lh. This demonstrates that the PNM approach has ヴヵΒ 

limitations and the proposed set of equations cannot be applied for coarse media with large ヴヵΓ 

pores. ヴヶヰ 

Another possible reason for the discrepancy between the predicted results and those achieved ヴヶヱ 

in the laboratory or through direct numerical simulations presented by Muljadi et al., (2015) is ヴヶヲ 

the simplification that was implemented by PNM to describe the geometry of the samples. ヴヶン 

Also, the mesh size used by Muljadi et al., (2015) may have effects on the accuracy of their ヴヶヴ 

results. ヴヶヵ 

According to the Forchheimer equation, the fluid velocity at any pressure gradient is a function ヴヶヶ 

of two parameters (KD and ȕ) which are dependent on the geometry of the porous samples. The ヴヶΑ 



  ヲヱ 

superficial velocities calculated using the PNM at the onset of non-Darcy flow are 0.018, 0.001, ヴヶΒ 

0.0001 and 0.0005 m/s for Beadpack, Bentheimer, Estaillades and packed spheres (davg = 1.84 ヴヶΓ 

mm) sample respectively, while the corresponding values presented in Muljadi et al. (2015) ヴΑヰ 

and measured in the lab are 0.0279, 0.0014, 0.000227, and 0.004 m/s, see Table 4. It is ヴΑヱ 

noticeable that the onset of non-Darcy flow by PNM is in a good match with that obtained by ヴΑヲ 

Muljadi et al. (2015), but one order of magnitude lower than the values obtained from ヴΑン 

experimental measurements which is attributed to the large pore sizes for packed spheres ヴΑヴ 

sample and the large entrance length of its pores are explained earlier. In general, it is noticeable ヴΑヵ 

that the onset of non-Darcy flow occurs earlier, at lower velocities, when the medium has ヴΑヶ 

higher degree of heterogeneity. This is due to a reduction in the effective area for fluid flow in ヴΑΑ 

heterogeneous media, as shown in Section 3.5. ヴΑΒ 

 ヴΑΓ 
Fig. 6 The pressure gradient versus superficial velocity for both linear Darcy flow and ヴΒヰ 

nonlinear Forchheimer flow compared to the results by Muljadi et al. (2015) and laboratory ヴΒヱ 

measurements; a) is Beadpack, b) is Bentheimer, c) is Estaillades and d) is the packed spheres ヴΒヲ 

sample. The error bars show the difference between the pressure gradient (at specific velocity ヴΒン 

values) for the Forchheimer flow case and the corresponding values obtained either by Muljadi ヴΒヴ 

et al. (2015) or via experimental measurements.   ヴΒヵ 

Considering the dimensionless apparent permeability (K*) as  ヴΒヶ 



  ヲヲ 

計茅 噺 懲尼妊妊懲呑    (15) 

and following the same definition for the onset of non-Darcy flow in Section 2.2.2., from ヴΒΑ 

equations 1 and 3, the onset of non-Darcy flow can be determined when K* is equal to 0.99 in ヴΒΒ 

Figs. 7 and 8. The predicted superficial velocities and Reynold’s number values for the onset ヴΒΓ 

of non-Darcy flow and the corresponding values obtained either in Muljadi et al. (2015) work ヴΓヰ 

or in the laboratory are shown in Table 4.  ヴΓヱ 

In Fig. 7 and Fig. 8, the dimensionless apparent permeability (K*) is plotted against ReK and ヴΓヲ 

ReL while using the same characteristic lengths (Lcharc) used in Muljadi et al. (2015). PNM ヴΓン 

curves in Fig. 7 and Fig. 8 have similar trends to those in Muljadi et al. (2015) and in the ヴΓヴ 

laboratory, but a better match is obtained, especially for Estaillades, in Fig. 7 when ReK is used ヴΓヵ 

instead of ReL. According to equations 3, 8, 9 and 15 this mismatch is attributed either to the ヴΓヶ 

change in superficial velocities or pressure losses in both studies. Therefore, these ヴΓΑ 

discrepancies are attributed to the difference between PNM Darcy flow and Forchheimer flow ヴΓΒ 

curves in Fig. 6 compared to the difference between the two curves in Muljadi et al. (2015) or ヴΓΓ 

in the experimental results. Fig. 7 and Fig. 8 also confirm that the onset of non-Darcy flow ヵヰヰ 

occurs earlier, at low Reynold’s number, in highly heterogenous media as in the case of ヵヰヱ 

Estaillades carbonate. After determining the non-Darcy coefficients (ȕ) for each sample (as ヵヰヲ 

shown in Section 3.3), and when the dimensionless apparent permeability (K*) is plotted versus ヵヰン 

Forchheimer number 岾繋墜 噺 懲呑 庭 諦 蝶禎 峇 in Fig. 9, the curves of all the samples coincide. This ヵヰヴ 

unique relationship can be derived mathematically from the Forchheimer Equation (Ruth & ヵヰヵ 

Ma, 1992; Ruth & Ma, 1993). In petrophysics, the relationship shown in Fig. 9 can be used to ヵヰヶ 

predict the apparent permeability for media with known KD and ȕ, without the need to perform ヵヰΑ 

laboratory experiments at different flow rates. KD and ȕ can be determined using literature data ヵヰΒ 

or empirical relationships such as those proposed by Kozeny (1927), Carman (1937), Ergun ヵヰΓ 

(1952), and Janicek and Katz (1955). In Fig. 9, the onset of non-Darcy flow occurs when K* = ヵヱヰ 

0.99, and this corresponds to 繋墜 蛤 ど┻どな for all PNM simulations and 繋墜 噺 ど┻な for experimental ヵヱヱ 

results. These Fo values are in agreement with the range (0.01-0.1) proposed by Andrade et al. ヵヱヲ 

(1999).   ヵヱン 

It is importance to take into consideration the non-Darcy coefficient (ȕ) when determining the ヵヱヴ 

onset on non-Darcy flow for different media. For that reason, in Fig. 10, the pressure gradient ヵヱヵ 

is plotted versus Forchheimer number, as this is a better comparison tool for follow up studies. ヵヱヶ 

The resulting plots are straight lines as expected according to Forchheimer equation (Equation ヵヱΑ 



  ヲン 

2). The onset of non-Darcy flow shown in the figure is determined using the superficial velocity ヵヱΒ 

at K* = 0.99.  ヵヱΓ 

 ヵヲヰ 

 ヵヲヱ 
Fig. 7 The dimensionless permeability K* versus ReK (Equation 9), compared to the results ヵヲヲ 

from Muljadi et al. (2015) and experiments. ヵヲン 

 ヵヲヴ 

 ヵヲヵ 
Fig. 8 The dimensionless permeability K* versus ReL (Equation 8), compared to the results ヵヲヶ 

from Muljadi et al. (2015) and experiments. ヵヲΑ 

 ヵヲΒ 



  ヲヴ 

 ヵヲΓ 
Fig. 9 The dimensionless permeability K* versus Fo, compared to the results from ヵンヰ 

experiments. ヵンヱ 

 ヵンヲ 
Fig. 10 The pressure gradient versus Forchheimer number (Fo); a) Beadpack, b) Bentheimer c) ヵンン 

Estaillades and d) glass-bead packing experiments vs. pore-network modelling results.  ヵンヴ 

  ヵンヵ 



  ヲヵ 

Table 4: Reynold’s number and superficial velocity values for the onset of non-Darcy flow. ヵンヶ 

Sample Onset of non-Darcy 

flow (pore-network 

modelling) 

Onset of non-Darcy flow 

obtained by Muljadi et al. 

(2015) or in the 

experiments. 

Difference [%], 

v 

(mm/s) 

ReK ReL v (mm/s) ReK ReL v 

(mm/s) 

ReK ReL 

Beadpack 17.83 4.15 

× 10-

2 

1.78 27.9 6.64 × 

10−2 

2.79 36 38 36 

Bentheimer 0.99 1.72 

× 

10−3 

0.14 1.4 2.64 × 

10−3 

0.196 29 3 29 

Estaillades 0.11 4.79 

× 

10−5 

0.028 0.227 9.4 × 

10−5 

0.023 52 5 22 

Packed 

spheres 

(davg=1.84 

mm) 

0.51 2.60 

× 10-

2 

0.94 4.09 1.94 × 

10-1 

7.54 88 87 88 

 ヵンΑ 

3.5. Effect of heterogeneity on Pressure distribution ヵンΒ 

One of the advantages of the pore-network modelling approach is that it provides a detailed ヵンΓ 

overview of the pressure field at the pore-scale as presented in Fig. 11. Fig. 11 shows the ヵヴヰ 

pressure value at each pore body versus distance (X) along the flow direction when applying ヵヴヱ 

10000 Pascal pressure drop. The 3D pressure distribution at each pore body is shown at the top ヵヴヲ 

right corner for each sub-figure. The dotted black curve represents the average pressure value ヵヴン 

at any cross-section perpendicular on the flow direction. Inspection of Fig. 11 shows that for ヵヴヴ 

the media with low degree of heterogeneity, i.e. beadpack, Bentheimer and packed spheres, ヵヴヵ 

there is a regular change of pressure over distance. At any vertical cross-section perpendicular ヵヴヶ 

to the flow direction, the maximum pressure variation between pores remains within 25% of ヵヴΑ 

the overall pressure drop in the case of beadpack, 10% in the packed spheres and 45% in the ヵヴΒ 

Bentheimer. Nevertheless, for highly heterogeneous media, Estaillades, the pressure variation ヵヴΓ 



  ヲヶ 

between pores at one cross-section may extend up to 98% of the overall pressure drop. This is ヵヵヰ 

mainly caused by the medium heterogeneity that creates some stagnant zones with low pressure ヵヵヱ 

values next to the zones with high pressure. The pressure distribution in Fig. 11c shows that ヵヵヲ 

the sample is composed of several zones, poorly connected to each other. Therefore, the ヵヵン 

pressure values within each zone are nearly equal and are significantly different from the ヵヵヴ 

pressure values of other zones. Consequently, the velocity distribution within the sample ranges ヵヵヵ 

from low in stagnant zones to high at the connection between zones where the inertial effects ヵヵヶ 

can be observed even at low pressure gradients. ヵヵΑ 

 ヵヵΒ 

Fig. 11 Pressure values at each pore body vs. distance (X) along the flow direction when ヵヵΓ 
applying 10000 Pascal pressure drop; a) Beadpack, b) Bentheimer, c) Estaillades and d) Packed ヵヶヰ 
spheres. The 3D pressure distribution at each pore body is shown at the top right corner of each ヵヶヱ 
sub-figure. The dotted black curve represents the average pressure value at any cross-section ヵヶヲ 
perpendicular on the flow direction. The flow direction is from left to right.  ヵヶン 

3.6. Friction factor ヵヶヴ 

Similar to Hagen–Poiseuille equation (Hagen, 1839; Poiseuille, 1841) for laminar flow through ヵヶヵ 

pipes, Moody chart (Moody, 1944) is the most widely used chart for designing flow through ヵヶヶ 

pipes in all flow regimes. It is used to estimate the dimensionless friction factor (f) of a pipe at ヵヶΑ 



  ヲΑ 

specific Reynold’s number, and from this friction factor, the pressure needed to pass the flow ヵヶΒ 

at specific rate through the pipe can be determined. Thinking of porous media as a group of ヵヶΓ 

connected pipes, (Carman, 1937) developed a similar chart that relates the dimensionless ヵΑヰ 

friction factor to Reynold’s number for porous media in all possible flow regimes (Holdich, ヵΑヱ 

2002). This friction factor can be used to evaluate the medium resistance to flow, or in other ヵΑヲ 

words, it can be used to estimate the pressure needed to pass flow at a specific rate through the ヵΑン 

porous medium within any flow regime (Hlushkou & Tallarek, 2006). ヵΑヴ 

The friction factor (f) in porous media can be determined by neglecting the small difference ヵΑヵ 

between KD and KF, then Equation 2 can be rewritten as 血 噺 怠庁任 髪 な, where 血 噺 ッ牒挑庭諦塚鉄 and 繋墜 噺ヵΑヶ  懲呑庭諦塚禎  (Macdonald et al., 1979; Macedo et al., 2001; Pamuk & Özdemir, 2012). Fig. 12 shows ヵΑΑ 

that the friction between the medium particles and the fluid decreases with increasing the ヵΑΒ 

Forchheimer number, i.e. when the fluid velocity increases. Friction factor and Forchheimer ヵΑΓ 

number predictions for all samples are in excellent agreement with each other and in agreement ヵΒヰ 

with the experimentally measured values. This agreement is because all the parameters (f, KD ヵΒヱ 

and ȕ) used to develop the figure are predicted from Forchheimer equation. However, this is ヵΒヲ 

not the case when the friction factor is plotted versus Reynold’s number (not presented), and ヵΒン 

this shows that Forchheimer number is a better dimensionless parameter that can be used to ヵΒヴ 

describe flow through porous media. The resulting friction factor versus Forchheimer number ヵΒヵ 

curve is a unique relationship that agrees very well to the results presented by Geertsma (1974) ヵΒヶ 

and can be used for all samples regardless of its degree of heterogeneity.   ヵΒΑ 

 ヵΒΒ 
Fig. 12 The medium friction factor (f) versus Forchheimer number (Fo). ヵΒΓ 
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3.7. Tortuosity   ヵΓヰ 

Wang et al. (1999) defined tortuosity in isotropic media as  ヵΓヱ  酵 噺 挑侮挑楓賑  (16) 

where 詣侮 is the average streamwise flow path or the actual distance including any encountered ヵΓヲ 

curves between two points and 詣楓奪 is the straight distance between these two points. Other ヵΓン 

authors define tortuosity as the square of this ratio (Dullien, 1992). Thauvin and Mohanty ヵΓヴ 

(1998) and Wang et al. (1999) investigated the effect of tortuosity on the non-Darcy coefficient ヵΓヵ 

and concluded that its effect is negligible. As it is difficult to obtain tortuosity either ヵΓヶ 

experimentally or numerically, Muljadi et al. (2015) used the method proposed by Duda et al. ヵΓΑ 

(2011) and Koponen et al. (1996) to obtain tortuosity from the fluid velocity field without the ヵΓΒ 

need to determine flow paths as follows: ヵΓΓ  酵 噺 極】塚日韮禰賑認濡】玉極塚猫玉 半 な  (17) 

where 極】懸辿樽担奪嘆坦】玉 is the average magnitude of interstitial velocity over the entire volume and ヶヰヰ  極懸掴玉 is the volumetric average of its component along the macroscopic flow direction. ヶヰヱ 

In the proposed PN model, the discharge through each pore throat can be easily determined ヶヰヲ 

after solving the pressure value at each node, then the velocity of flow in each pore throat can ヶヰン 

be determined by dividing the discharge value in each pore throat by the cross-sectional area ヶヰヴ 

of that throat. The velocity through the connected pore bodies can be determined by dividing ヶヰヵ 

the pore throat discharge by the cross-sectional area of the pore body as well. Then the overall ヶヰヶ 

average fluid velocity (懸沈貸珍┸痛墜痛) through the pore throat and the two connected pore bodies can ヶヰΑ 

be estimated as the length harmonic average of the velocities (Equation 18, Fig. 1). ヶヰΒ  詣沈貸珍┸痛墜痛懸沈貸珍┸痛墜痛 噺 詣沈懸沈 髪 詣沈貸珍懸沈貸珍 髪 詣珍懸珍 (18) 

where vi-j is the velocity of flow through the pore throat that connects the two pore bodies i ヶヰΓ 

and j, vi and vj are the fluid velocity through the pore bodies i and j.   ヶヱヰ 

Finally, the volumetric average interstitial velocity 極】懸沈津痛勅追鎚】玉 can be obtained as   ヶヱヱ 

極】懸沈津痛勅追鎚】玉 噺 デ盤塚日貼乳┸禰任禰 銚日貼乳匪デ 銚日貼乳   (19) 

Similarly, 懸掴 for each pore throat can be estimated as the X-component, along the macroscopic ヶヱヲ 

flow direction, corresponding to each 懸沈貸珍┸痛墜痛. Then, 極懸掴玉 can be obtained by replacing ヶヱン 



  ヲΓ 

懸沈貸珍┸痛墜痛 by 懸掴 in Equation 19. Fig. 13 shows that tortuosity increases slightly with increasing ヶヱヴ 

the Reynold’s number, this is due to the increase in velocities and the possible occurrence of ヶヱヵ 

some eddies. All samples in Fig. 13 have a trend similar to that obtained by Muljadi et al. ヶヱヶ 

(2015) and Chukwudozie et al. (2012) and are in agreement (varying with in less than 8%) with ヶヱΑ 

the values obtained by Muljadi et al. (2015). It is noticeable that in Fig. 13c, the increasing ヶヱΒ 

trend of 酵 is delayed compared to Muljadi et al. (2015), this is attributed to some discrepancies ヶヱΓ 

in predicting the flow velocities and pressures loss (as in Fig. 6c) for Estaillades. Due to the ヶヲヰ 

heterogeneity of Estaillades, its tortuosity is larger than other samples. This is due to the poor ヶヲヱ 

connectivity between different zones in the sample, as in Section 3.5., so each fluid particle ヶヲヲ 

may need to travel a longer path.    ヶヲン 

 ヶヲヴ 
 ヶヲヵ 

Fig. 13 Tortuosity versus ReL for; a) Beadpack, b) is Bentheimer, c) Estaillades and d) Packed ヶヲヶ 

sphere samples. ヶヲΑ 

4. Conclusion ヶヲΒ 

In this work, Darcy permeability, apparent permeability, non-Darcy coefficient and tortuosity ヶヲΓ 

were estimated for four porous samples (beadpack, Bentheimer sandstone, Estaillades ヶンヰ 

carbonate and packed spheres) with different degrees of heterogeneity using pore-network ヶンヱ 

modelling and applying the Forchheimer equation. The proposed model overcomes most of the ヶンヲ 

limitations in previous studies that used pore-network modelling to simulate non-Darcy flow; ヶンン 

limited coordination number, 2D simulations only, inaccuracy of some equations, limitation ヶンヴ 
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regarding the use of regular structured networks only and lack of calibration. In addition, the ヶンヵ 

onset of non-Darcy flow was fully investigated in detail for all samples.  ヶンヶ 

Based on findings of this research, it is concluded that Forchheimer number (Fo), instead of the ヶンΑ 

permeability-based Reynold’s number (ReK) or standard Reynold’s number (ReL), can be used ヶンΒ 

as a criterion to determine the onset of non-Darcy flow. This is because Forchheimer number ヶンΓ 

accounts for Darcy permeability, the Forchheimer coefficient and the medium degree of ヶヴヰ 

heterogeneity. The onset of non-Darcy flow, determined at K*=0.99 and using ReK, is highly ヶヴヱ 

dependent on the degree of heterogeneity. For Bentheimer sandstone the onset of non-Darcy ヶヴヲ 

flow is one order of magnitude smaller than in the case of beadpack, and for Estaillades the ヶヴン 

onset of non-Darcy flow is three orders of magnitudes smaller than in the case of beadpack. ヶヴヴ 

Nevertheless, the Forchheimer number values for the onset of non-Darcy flow for the four ヶヴヵ 

samples ranged from 0.01 to 0.1 and this is in agreement with Andrade et al. (1999).   ヶヴヶ 

The Darcy Permeabilities (KD) and Forchheimer coefficients (ȕ) for all samples are in a good ヶヴΑ 

agreement (varying within 15.2% and 54% respectively) with the values obtained either in the ヶヴΒ 

laboratory or by Muljadi et al. (2015) for the same samples, except in the case of Bentheimer, ヶヴΓ 

its ȕ value varied 126%.   ヶヵヰ 

The medium friction factor is a good feature that can be used to calculate the pressure gradient ヶヵヱ 

at different velocities for different flow regimes, regardless the heterogeneity of the medium, ヶヵヲ 

if the Darcy permeability and Forchheimer coefficient are known. It was found that the medium ヶヵン 

friction coefficient decreases when the fluid velocity increases. Following the Forchheimer ヶヵヴ 

equation, the medium friction factor versus Forchheimer number curve is identical for all media ヶヵヵ 

regardless of their degree of heterogeneity. Tortuosity was found to increase slightly with ヶヵヶ 

increasing the flow velocity, in all samples.  ヶヵΑ 

For highly heterogeneous media, i.e. Estaillades, the pressure variation between pores at one ヶヵΒ 

cross-section (perpendicular to the flow direction) may extend up to 98% of the overall pressure ヶヵΓ 

drop. This is mainly caused by the medium heterogeneity that creates some stagnant zones with ヶヶヰ 

low pressure values next to other zones with high pressure values. ヶヶヱ 

The pore-network modelling approach has been shown to be computationally more efficient in ヶヶヲ 

comparison with direct flow simulations and could dramatically reduce the running time from ヶヶン 

few hours (3 hours and 37 minutes for the Estaillades model in Muljadi et al. (2015) work) ヶヶヴ 

using 16 parallel computer nodes to less than one minute using a standard PC, but it is still ヶヶヵ 

relatively memory demanding when a large number of pore bodies is used, especially for non-ヶヶヶ 
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linear flow simulations. For instance, a pore-network with 120,000 pore bodies requires 185 ヶヶΑ 

GB Ram. Nevertheless, in terms of pore geometries, direct numerical simulation is believed to ヶヶΒ 

be more accurate than pore-network modelling which simplifies the irregular pore shapes into ヶヶΓ 

pores with simple geometries for which the analytical flow equations can be applied.   ヶΑヰ 
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Fﾉ┌ｷS Fﾉﾗ┘ デｴヴﾗ┌ｪｴ DｷゲﾗヴSWヴWS Pﾗヴﾗ┌ゲ MWSｷ;く Pｴ┞ゲｷI;ﾉ RW┗ｷW┘ LWデデWヴゲが Βヲふヲヶぶが ヵヲヴΓどヵヲヵヲく ヶΓヴ 
SﾗｷぎヱヰくヱヱヰンっPｴ┞ゲRW┗LWデデくΒヲくヵヲヴΓ ヶΓヵ 

A┣ｷ┣が Rくが JﾗWﾆ;ヴどNｷ;ゲ;ヴが Vくが わ M;ヴデｷﾐW┣どFWヴヴWヴが Pく ふヲヰヱΒぶく PﾗヴWどゲI;ﾉW ｷﾐゲｷｪｴデゲ ｷﾐデﾗ デヴ;ﾐゲヮﾗヴデ ;ﾐS ﾏｷ┝ｷﾐｪ ヶΓヶ 
ｷﾐ ゲデW;S┞どゲデ;デW デ┘ﾗどヮｴ;ゲW aﾉﾗ┘ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ;く IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa M┌ﾉデｷヮｴ;ゲW Fﾉﾗ┘が ヶΓΑ 
ヱヰΓが ヵヱどヶヲく SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくｷﾃﾏ┌ﾉデｷヮｴ;ゲWaﾉﾗ┘くヲヰヱΒくヰΑくヰヰヶ ヶΓΒ 

B;H;Wｷが Mくが わ JﾗWﾆ;ヴどNｷ;ゲ;ヴが Vく ふヲヰヱヶぶく A デヴ;ﾐゲヮﾗヴデ ヮｴ;ゲW Sｷ;ｪヴ;ﾏ aﾗヴ ヮﾗヴWどﾉW┗Wﾉ IﾗヴヴWﾉ;デWS ヮﾗヴﾗ┌ゲ ヶΓΓ 
ﾏWSｷ;く AS┗;ﾐIWゲ ｷﾐ W;デWヴ RWゲﾗ┌ヴIWゲが Γヲが ヲンどヲΓく Αヰヰ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃく;S┗┘;デヴWゲくヲヰヱヶくヰンくヰヱヴ Αヰヱ 

B;ﾉｴﾗaaが Mく Tくが わ WｴWWﾉWヴが Mく Fく ふヲヰヰΓぶく A PヴWSｷIデｷ┗W PﾗヴWどSI;ﾉW MﾗSWﾉ aﾗヴ NﾗﾐどD;ヴI┞ Fﾉﾗ┘ ｷﾐ Pﾗヴﾗ┌ゲ Αヰヲ 
MWSｷ;く SPE Jﾗ┌ヴﾐ;ﾉが ヱヴふヰンぶが ヵΑΓどヵΒΑく  Αヰン 

B;ﾐS;ヴ;が Uく Cくが T;ヴデ;ﾆﾗ┗ゲﾆ┞が Aく Mくが Oﾗゲデヴﾗﾏが Mくが P;ﾉﾏWヴが Bく Jくが Gヴ;デWが Jくが わ )ｴ;ﾐｪが Cく ふヲヰヱンぶく Αヰヴ 
SﾏﾗﾗデｴWS ヮ;ヴデｷIﾉW ｴ┞SヴﾗS┞ﾐ;ﾏｷIゲ ヮﾗヴWどゲI;ﾉW ゲｷﾏ┌ﾉ;デｷﾗﾐゲ ﾗa ┌ﾐゲデ;HﾉW ｷﾏﾏｷゲIｷHﾉW aﾉﾗ┘ ｷﾐ Αヰヵ 
ヮﾗヴﾗ┌ゲ ﾏWSｷ;く AS┗;ﾐIWゲ ｷﾐ W;デWヴ RWゲﾗ┌ヴIWゲが ヶヲが P;ヴデ Cが ンヵヶどンヶΓく Αヰヶ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃく;S┗┘;デヴWゲくヲヰヱンくヰΓくヰヱヴ ΑヰΑ 

BW;ヴが Jく ふヱΓΑヲぶく D┞ﾐ;ﾏｷIゲ ﾗa Fﾉ┌ｷSゲ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;く EﾉゲW┗ｷWヴが NW┘ Yﾗヴﾆく ΑヰΒ 
BWﾉｴ;ﾃが Hく Aくが Aｪｴ;が Kく Rくが Nﾗ┌ヴｷが Aく Mくが B┌デデが Sく Dくが V;┣ｷヴｷが Hく Hくが わ Iゲﾉ;ﾏが Mく Rく ふヲヰヰンぶく N┌ﾏWヴｷI;ﾉ ΑヰΓ 

MﾗSWﾉｷﾐｪ ﾗa FﾗヴIｴｴWｷﾏWヴろゲ Eケ┌;デｷﾗﾐ デﾗ DWゲIヴｷHW D;ヴI┞ ;ﾐS NﾗﾐどD;ヴI┞ Fﾉﾗ┘ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;く Αヱヰ 



  ンヲ 

P;ヮWヴ ヮヴWゲWﾐデWS ;デ デｴW SPE Aゲｷ; P;IｷaｷI Oｷﾉ ;ﾐS G;ゲ CﾗﾐaWヴWﾐIW ;ﾐS E┝ｴｷHｷデｷﾗﾐが J;ﾆ;ヴデ;が Αヱヱ 
IﾐSﾗﾐWゲｷ;く ｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヲヱヱΒっΒヰヴヴヰどMS Αヱヲ 

BｷﾃWﾉﾃｷIが Bくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヰΑぶく PﾗヴWどゲI;ﾉW ﾏﾗSWﾉｷﾐｪ ﾗa デヴ;ﾐゲ┗WヴゲW SｷゲヮWヴゲｷﾗﾐ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ;く Αヱン 
W;デWヴ RWゲﾗ┌ヴIWゲ RWゲW;ヴIｴが ヴンふヱヲぶが WヱヲSヱヱく SﾗｷぎヱヰくヱヰヲΓっヲヰヰヶWRヰヰヵΑヰヰ Αヱヴ 

BｷﾃWﾉﾃｷIが Bくが Mﾗゲデ;ｪｴｷﾏｷが Pくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヱン;ぶく Iﾐゲｷｪｴデゲ ｷﾐデﾗ ﾐﾗﾐどFｷIﾆｷ;ﾐ ゲﾗﾉ┌デW デヴ;ﾐゲヮﾗヴデ ｷﾐ Αヱヵ 
I;ヴHﾗﾐ;デWゲく W;デWヴ RWゲﾗ┌ヴIWゲ RWゲW;ヴIｴが ヴΓふヵぶが ヲΑヱヴどヲΑヲΒく Sﾗｷぎヱヰくヱヰヰヲっ┘ヴIヴくヲヰヲンΒ Αヱヶ 

BｷﾃWﾉﾃｷIが Bくが M┌ｪｪWヴｷSｪWが Aく Hくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヰヴぶく PﾗヴWどゲI;ﾉW ﾏﾗSWﾉｷﾐｪ ﾗa ﾉﾗﾐｪｷデ┌Sｷﾐ;ﾉ SｷゲヮWヴゲｷﾗﾐく ΑヱΑ 
W;デWヴ RWゲﾗ┌ヴIWゲ RWゲW;ヴIｴが ヴヰふヱヱぶが Wヱヱヵヰヱく SﾗｷぎヱヰくヱヰヲΓっヲヰヰヴWRヰヰンヵヶΑ ΑヱΒ 

BｷﾃWﾉﾃｷIが Bくが R;Wｷﾐｷが Aくが Mﾗゲデ;ｪｴｷﾏｷが Pくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヱンHぶく PヴWSｷIデｷﾗﾐゲ ﾗa ﾐﾗﾐどFｷIﾆｷ;ﾐ ゲﾗﾉ┌デW ΑヱΓ 
デヴ;ﾐゲヮﾗヴデ ｷﾐ SｷaaWヴWﾐデ Iﾉ;ゲゲWゲ ﾗa ヮﾗヴﾗ┌ゲ ﾏWSｷ; ┌ゲｷﾐｪ SｷヴWIデ ゲｷﾏ┌ﾉ;デｷﾗﾐ ﾗﾐ ヮﾗヴWどゲI;ﾉW ｷﾏ;ｪWゲく Αヲヰ 
Pｴ┞ゲｷI;ﾉ RW┗ｷW┘ Eが ΒΑふヱぶが ヰヱンヰヱヱく  Αヲヱ 

BｷヴSが Rく Bくが SデW┘;ヴデが Wく Eくが わ Lｷｪｴデaﾗﾗデが Eく Nく ふヱΓヶヰぶく Tヴ;ﾐゲヮﾗヴデ ヮｴWﾐﾗﾏWﾐ;く NW┘ Yﾗヴﾆぎ Jﾗｴﾐ WｷﾉW┞ ;ﾐS Αヲヲ 
Sﾗﾐゲく Αヲン 

BｷヴSが Rく Bくが SデW┘;ヴデが Wく Eくが わ Lｷｪｴデaﾗﾗデが Eく Nく ふヱΓヶヱぶく Tヴ;ﾐゲヮﾗヴデ ヮｴWﾐﾗﾏWﾐ;が Jﾗｴﾐ WｷﾉW┞ ;ﾐS Sﾗﾐゲが IﾐIくが Αヲヴ 
NW┘ Yﾗヴﾆ ふヱΓヶヰぶく ΑΒヰ ヮ;ｪWゲく ガヱヱくヵヰく AICｴE Jﾗ┌ヴﾐ;ﾉが Αふヲぶが ヵJどヶJく Sﾗｷぎヱヰくヱヰヰヲっ;ｷIくヶΓヰヰΑヰヲヴヵ Αヲヵ 

Bﾉ┌ﾐデが Mく Jくが BｷﾃWﾉﾃｷIが Bくが Dﾗﾐｪが Hくが Gｴ;ヴHｷが Oくが Iｪﾉ;┌Wヴが Sくが Mﾗゲデ;ｪｴｷﾏｷが Pくが P;ﾉ┌ゲ┣ﾐ┞が Aくが わ PWﾐデﾉ;ﾐSが Cく Αヲヶ 
ふヲヰヱンぶく PﾗヴWどゲI;ﾉW ｷﾏ;ｪｷﾐｪ ;ﾐS ﾏﾗSWﾉﾉｷﾐｪく AS┗;ﾐIWゲ ｷﾐ W;デWヴ RWゲﾗ┌ヴIWゲが ヵヱが ヱΓΑどヲヱヶく ΑヲΑ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃく;S┗┘;デヴWゲくヲヰヱヲくヰンくヰヰン ΑヲΒ 

Bヴ┞;ﾐデが Sくが わ Bﾉ┌ﾐデが Mく ふヱΓΓヲぶく PヴWSｷIデｷﾗﾐ ﾗa ヴWﾉ;デｷ┗W ヮWヴﾏW;Hｷﾉｷデ┞ ｷﾐ ゲｷﾏヮﾉW ヮﾗヴﾗ┌ゲ ﾏWSｷ;く Pｴ┞ゲｷI;ﾉ ΑヲΓ 
RW┗ｷW┘ Aが ヴヶふヴぶが ヲヰヰヴどヲヰヱヱく  Αンヰ 

Bヴ┞;ﾐデが Sく Lくが MWﾉﾉﾗヴが Dく Wくが わ C;SWが Cく Aく ふヱΓΓンぶく Pｴ┞ゲｷI;ﾉﾉ┞ ヴWヮヴWゲWﾐデ;デｷ┗W ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉゲ ﾗa Αンヱ 
デヴ;ﾐゲヮﾗヴデ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ;く AICｴE Jﾗ┌ヴﾐ;ﾉが ンΓふンぶが ンΒΑどンΓヶく Sﾗｷぎヱヰくヱヰヰヲっ;ｷIくヶΓヰンΓヰンヰン Αンヲ 

C;ヴﾏ;ﾐが Pく Cく ふヱΓンΑぶく Fﾉ┌ｷS aﾉﾗ┘ デｴヴﾗ┌ｪｴ ｪヴ;ﾐ┌ﾉ;ヴ HWSゲく CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ RWゲW;ヴIｴ ;ﾐS DWゲｷｪﾐが Αンン 
Αヵが SンヲどSヴΒく SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっSヰヲヶンどΒΑヶヲふΓΑぶΒヰヰヰンどヲ Αンヴ 

CWﾉｷ;が Mく Aくが RWW┗Wゲが Pく Cくが わ FWヴヴ;ﾐSが Lく Aく ふヱΓΓヵぶく RWIWﾐデ ;S┗;ﾐIWゲ ｷﾐ ヮﾗヴW ゲI;ﾉW ﾏﾗSWﾉゲ aﾗヴ Αンヵ 
ﾏ┌ﾉデｷヮｴ;ゲW aﾉﾗ┘ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ;く RW┗ｷW┘ゲ ﾗa GWﾗヮｴ┞ゲｷIゲが ンンふSヲぶが ヱヰヴΓどヱヰヵΑく Αンヶ 
SﾗｷぎヱヰくヱヰヲΓっΓヵRGヰヰヲヴΒ ΑンΑ 

ÇWﾐｪWﾉが Yく Aくが わ CｷﾏH;ﾉ;が Jく Mく ふヲヰヰヶぶく Fﾉ┌ｷS ﾏWIｴ;ﾐｷIゲぎ F┌ﾐS;ﾏWﾐデ;ﾉゲ ;ﾐS ;ヮヮﾉｷI;デｷﾗﾐゲく Bﾗゲデﾗﾐぎ ΑンΒ 
MIGヴ;┘どHｷﾉﾉHｷｪｴWヴ ES┌I;デｷﾗﾐく ΑンΓ 

Cｴ┌ﾆ┘┌Sﾗ┣ｷWが Cく Pくが T┞;ｪｷが Mくが SW;ヴゲが Sく Oくが わ WｴｷデWが Cく Dく ふヲヰヱヲぶく PヴWSｷIデｷﾗﾐ ﾗa NﾗﾐどD;ヴI┞ Αヴヰ 
CﾗWaaｷIｷWﾐデゲ aﾗヴ IﾐWヴデｷ;ﾉ Fﾉﾗ┘ゲ Tｴヴﾗ┌ｪｴ デｴW C;ゲデﾉWｪ;デW S;ﾐSゲデﾗﾐW Uゲｷﾐｪ Iﾏ;ｪWどB;ゲWS Αヴヱ 
MﾗSWﾉｷﾐｪく Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;が Γヵふンぶが ヵヶンどヵΒヰく SﾗｷぎヱヰくヱヰヰΑっゲヱヱヲヴヲどヰヱヲどヰヰヶヲどヵ Αヴヲ 

Cﾗﾏｷデｷが Jくが S;Hｷヴｷが Nく Eくが わ MﾗﾐデｷﾉﾉWデが Aく ふヲヰヰヰぶく E┝ヮWヴｷﾏWﾐデ;ﾉ Iｴ;ヴ;IデWヴｷ┣;デｷﾗﾐ ﾗa aﾉﾗ┘ ヴWｪｷﾏWゲ ｷﾐ Αヴン 
┗;ヴｷﾗ┌ゲ ヮﾗヴﾗ┌ゲ ﾏWSｷ; ね IIIぎ ﾉｷﾏｷデ ﾗa D;ヴI┞ろゲ ﾗヴ IヴWWヮｷﾐｪ aﾉﾗ┘ ヴWｪｷﾏW aﾗヴ NW┘デﾗﾐｷ;ﾐ ;ﾐS Αヴヴ 
ヮ┌ヴWﾉ┞ ┗ｷゲIﾗ┌ゲ ﾐﾗﾐどNW┘デﾗﾐｷ;ﾐ aﾉ┌ｷSゲく CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ SIｷWﾐIWが ヵヵふヱヵぶが ンヰヵΑどンヰヶヱく Αヴヵ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっSヰヰヰΓどヲヵヰΓふΓΓぶヰヰヵヵヶどヴ Αヴヶ 

Cヴ;ﾐWく ふヱΓヴヲぶく Fﾉﾗ┘ ﾗa aﾉ┌ｷSゲ デｴヴﾗ┌ｪｴ ┗;ﾉ┗Wゲが aｷデデｷﾐｪゲ ;ﾐS ヮｷヮWく CｴｷI;ｪﾗが IIIぎ Cヴ;ﾐW Iﾗく ΑヴΑ 
D;ヴI┞が Hく ふヱΒヵヶぶく LWゲ Fﾗﾐデ;ｷﾐWゲ P┌Hﾉｷケ┌Wゲ SW ﾉ; VｷﾉW SW Dｷﾃﾗﾐく VｷIデﾗヴ D;ﾉﾏﾗﾐSが P;ヴｷゲく  ΑヴΒ 
D┌S;が Aくが Kﾗ┣;が )くが わ M;デ┞ﾆ;が Mく ふヲヰヱヱぶく H┞Sヴ;┌ﾉｷI デﾗヴデ┌ﾗゲｷデ┞ ｷﾐ ;ヴHｷデヴ;ヴ┞ ヮﾗヴﾗ┌ゲ ﾏWSｷ; aﾉﾗ┘く Pｴ┞ゲｷI;ﾉ ΑヴΓ 

RW┗ｷW┘ Eが Βヴふンぶが ヰンヶンヱΓく  Αヵヰ 
D┌ﾉﾉｷWﾐが Fく Aく Lく ふヱΓΓヲぶく Pﾗヴﾗ┌ゲ MWSｷ;ぎ Fﾉ┌ｷS Tヴ;ﾐゲヮﾗヴデ ;ﾐS PﾗヴW Sデヴ┌Iデ┌ヴWく S;ﾐ DｷWｪﾗぎ AI;SWﾏｷI PヴWゲゲく Αヵヱ 
D┌ヴﾉﾗaゲﾆ┞が Lくが わ Bヴ;S┞が Jく Fく ふヱΓΒΑぶく Aﾐ;ﾉ┞ゲｷゲ ﾗa デｴW Bヴｷﾐﾆﾏ;ﾐ Wケ┌;デｷﾗﾐ ;ゲ ; ﾏﾗSWﾉ aﾗヴ aﾉﾗ┘ ｷﾐ ヮﾗヴﾗ┌ゲ Αヵヲ 

ﾏWSｷ;く TｴW Pｴ┞ゲｷIゲ ﾗa Fﾉ┌ｷSゲが ンヰふヱヱぶが ンンヲΓどンンヴヱく SﾗｷぎヱヰくヱヰヶンっヱくΒヶヶヴヶヵ Αヵン 
Eﾉど)Wｴ;ｷヴ┞が Aく Aくが L┌HI┣┞ﾐゲﾆｷが Mく Wくが わ G┌ヴ┘ｷﾐが Jく ふヲヰヱΒぶく IﾐデWヴ;Iデｷﾗﾐゲ ﾗa ;ヴデｷaｷIｷ;ﾉ ﾉ;ﾆWゲ ┘ｷデｴ Αヵヴ 

ｪヴﾗ┌ﾐS┘;デWヴ ;ヮヮﾉ┞ｷﾐｪ ;ﾐ ｷﾐデWｪヴ;デWS MODFLOW ゲﾗﾉ┌デｷﾗﾐく H┞SヴﾗｪWﾗﾉﾗｪ┞ Jﾗ┌ヴﾐ;ﾉが ヲヶふヱぶが ヱヰΓどΑヵヵ 
ヱンヲく SﾗｷぎヱヰくヱヰヰΑっゲヱヰヰヴヰどヰヱΑどヱヶヴヱど┝ Αヵヶ 

Eヴｪ┌ﾐが Sく ふヱΓヵヲぶく Fﾉ┌ｷS Fﾉﾗ┘ デｴヴﾗ┌ｪｴ P;IﾆWS Cﾗﾉ┌ﾏﾐゲく CｴWﾏく Eﾐｪく Pヴﾗｪくが ヴΒが ΒΓにΓヴく  ΑヵΑ 
FｷﾐﾐW┞が Jく Lく ふヱΓΑヰぶく R;ﾐSﾗﾏ ヮ;Iﾆｷﾐｪゲ ;ﾐS デｴW ゲデヴ┌Iデ┌ヴW ﾗa ゲｷﾏヮﾉW ﾉｷケ┌ｷSゲく Iく TｴW ｪWﾗﾏWデヴ┞ ﾗa ヴ;ﾐSﾗﾏ ΑヵΒ 

IﾉﾗゲW ヮ;Iﾆｷﾐｪく PヴﾗIWWSｷﾐｪゲ ﾗa デｴW Rﾗ┞;ﾉ SﾗIｷWデ┞ ﾗa LﾗﾐSﾗﾐく Aく M;デｴWﾏ;デｷI;ﾉ ;ﾐS Pｴ┞ゲｷI;ﾉ ΑヵΓ 
SIｷWﾐIWゲが ンヱΓふヱヵンΓぶが ヴΑΓどヴΓンく SﾗｷぎSﾗｷぎヱヰくヱヰΓΒっヴゲヮ;くヱΓΑヰくヰヱΒΓ Αヶヰ 



  ンン 

FﾗヴIｴｴWｷﾏWヴが Pく ふヱΓヰヱぶく W;ゲゲWヴHW┘Wｪ┌ﾐｪ S┌ヴIｴ BﾗSWﾐく ZWｷデゲIｴヴｷaデ SWゲ VWヴWｷﾐゲ SW┌デゲIｴWヴ IﾐｪWﾐｷW┌ヴW Αヶヱ 
ヴヵが ﾐﾗく ヱぎ ヱΑΒヲにヱΑΒΒく  Αヶヲ 

G;ﾗが Sくが MWWｪﾗS;が Jく Nくが わ H┌が Lく ふヲヰヱヲぶく T┘ﾗ ﾏWデｴﾗSゲ aﾗヴ ヮﾗヴW ﾐWデ┘ﾗヴﾆ ﾗa ヮﾗヴﾗ┌ゲ ﾏWSｷ;く Αヶン 
IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ aﾗヴ N┌ﾏWヴｷI;ﾉ ;ﾐS Aﾐ;ﾉ┞デｷI;ﾉ MWデｴﾗSゲ ｷﾐ GWﾗﾏWIｴ;ﾐｷIゲが ンヶふヱΒぶが ヱΓヵヴどΑヶヴ 
ヱΓΑヰく Sﾗｷぎヱヰくヱヰヰヲっﾐ;ｪくヱヱンヴ Αヶヵ 

GWWヴデゲﾏ;が Jく ふヱΓΑヴぶく Eゲデｷﾏ;デｷﾐｪ デｴW CﾗWaaｷIｷWﾐデ ﾗa IﾐWヴデｷ;ﾉ RWゲｷゲデ;ﾐIW ｷﾐ Fﾉ┌ｷS Fﾉﾗ┘ Tｴヴﾗ┌ｪｴ Pﾗヴﾗ┌ゲ Αヶヶ 
MWSｷ;く SﾗIｷWデ┞ ﾗa PWデヴﾗﾉW┌ﾏ EﾐｪｷﾐWWヴゲ Jﾗ┌ヴﾐ;ﾉが ヱヴふヰヵぶが ヴヴヵどヴヵヰく SﾗｷぎヱヰくヲヱヱΒっヴΑヰヶどPA ΑヶΑ 

GWｷｪWヴが Gく Eく ふヱΓヶヴぶく S┌SSWﾐ Iﾗﾐデヴ;Iデｷﾗﾐ ﾉﾗゲゲWゲ ｷﾐ ゲｷﾐｪﾉW ;ﾐS デ┘ﾗどヮｴ;ゲW aﾉﾗ┘く ふPｴくDく デｴWゲｷゲぶが ΑヶΒ 
Uﾐｷ┗Wヴゲｷデ┞ ﾗa PｷデデゲH┌ヴｪｴが PｷデデゲH┌ヴｪｴが PAく      ΑヶΓ 

G┌;S;ｪﾐｷﾐｷが Aくが Bﾉ┌ﾐデが Mく Jくが Rｷ┗;が Mくが わ BｷﾃWﾉﾃｷIが Bく ふヲヰヱヴぶく Sデ;デｷゲデｷI;ﾉ SI;ﾉｷﾐｪ ﾗa GWﾗﾏWデヴｷI ΑΑヰ 
Cｴ;ヴ;IデWヴｷゲデｷIゲ ｷﾐ MｷﾉﾉｷﾏWデWヴ SI;ﾉW N;デ┌ヴ;ﾉ Pﾗヴﾗ┌ゲ MWSｷ;く Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;が ヱヰヱふンぶが ΑΑヱ 
ヴヶヵどヴΑヵく SﾗｷぎヱヰくヱヰヰΑっゲヱヱヲヴヲどヰヱンどヰヲヵヴどΑ ΑΑヲ 

G┌ﾗが Hくが W;ﾐｪが Lくが Y┌が Jくが YWが Fくが M;が Cくが わ Lｷが )く ふヲヰヱヰぶく LﾗI;ﾉ ヴWゲｷゲデ;ﾐIW ﾗa aﾉ┌ｷS aﾉﾗ┘ ;Iヴﾗゲゲ ゲ┌SSWﾐ ΑΑン 
Iﾗﾐデヴ;Iデｷﾗﾐ ｷﾐ ゲﾏ;ﾉﾉ Iｴ;ﾐﾐWﾉゲく FヴﾗﾐデｷWヴゲ ﾗa EﾐWヴｪ┞ ;ﾐS Pﾗ┘Wヴ EﾐｪｷﾐWWヴｷﾐｪ ｷﾐ Cｴｷﾐ;が ヴふヲぶが ヱヴΓどΑΑヴ 
ヱヵヴく SﾗｷぎヱヰくヱヰヰΑっゲヱヱΑヰΒどヰヰΓどヰヰヶヰどΑ ΑΑヵ 

H;ｪWﾐが Gく ふヱΒンΓぶく UWHWヴ SｷW BW┘Wｪ┌ﾐｪ SWゲ W;ゲゲWヴゲ ｷﾐ WﾐｪWﾐ I┞ﾉｷﾐSヴｷゲIｴWﾐ RﾜｴヴWﾐく Aﾐﾐ;ﾉWﾐ SWヴ ΑΑヶ 
Pｴ┞ゲｷﾆが ヱヲヲふンぶが ヴヲンどヴヴヲく Sﾗｷぎヱヰくヱヰヰヲっ;ﾐSヮくヱΒンΓヱヲヲヰンヰヴ ΑΑΑ 

Hﾉ┌ゲｴﾆﾗ┌が Dくが わ T;ﾉﾉ;ヴWﾆが Uく ふヲヰヰヶぶく Tヴ;ﾐゲｷデｷﾗﾐ aヴﾗﾏ IヴWWヮｷﾐｪ ┗ｷ; ┗ｷゲIﾗ┌ゲどｷﾐWヴデｷ;ﾉ デﾗ デ┌ヴH┌ﾉWﾐデ aﾉﾗ┘ ｷﾐ ΑΑΒ 
aｷ┝WS HWSゲく Jﾗ┌ヴﾐ;ﾉ ﾗa Cｴヴﾗﾏ;デﾗｪヴ;ヮｴ┞ Aが ヱヱヲヶふヱにヲぶが ΑヰどΒヵく ΑΑΓ 
SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくIｴヴﾗﾏ;くヲヰヰヶくヰヶくヰヱヱ ΑΒヰ 

HﾗﾉSｷIｴが Rく Gく ふヲヰヰヲぶく F┌ﾐSWﾏWﾐデ;ﾉゲ ﾗa ヮ;ヴデｷIﾉW デWIｴﾐﾗﾉﾗｪ┞く MｷSﾉ;ﾐS Iﾐaﾗヴﾏ;デｷﾗﾐ TWIｴﾐﾗﾉﾗｪ┞ ;ﾐS ΑΒヱ 
P┌Hﾉｷゲｴｷﾐｪが SｴWヮゲｴWSく ΑΒヲ 

HSLく ふヲヰヱンぶく A IﾗﾉﾉWIデｷﾗﾐ ﾗa Fﾗヴデヴ;ﾐ IﾗSWゲ aﾗヴ ﾉ;ヴｪW ゲI;ﾉW ゲIｷWﾐデｷaｷI Iﾗﾏヮ┌デ;デｷﾗﾐく ΑΒン 
ｴデデヮぎっっ┘┘┘くｴゲﾉくヴﾉく;Iく┌ﾆく  ΑΒヴ 

J;ﾐｷIWﾆが Jくが わ K;デ┣が Dく ふヱΓヵヵぶく AヮヮﾉｷI;デｷﾗﾐゲ ﾗa ┌ﾐゲデW;S┞ ゲデ;デW ｪ;ゲ aﾉﾗ┘ I;ﾉI┌ﾉ;デｷﾗﾐゲく Iﾐぎ PヴﾗIWWSｷﾐｪゲ ﾗa ΑΒヵ 
Uﾐｷ┗Wヴゲｷデ┞ ﾗa MｷIｴｷｪ;ﾐ ヴWゲW;ヴIｴ IﾗﾐaWヴWﾐIWく  ΑΒヶ 

JﾗWﾆ;ヴどNｷ;ゲ;ヴ が Vくが わ H;ゲゲ;ﾐｷ┣;SWｴが Sく Mく ふヲヰヱヲぶく Aﾐ;ﾉ┞ゲｷゲ ﾗa F┌ﾐS;ﾏWﾐデ;ﾉゲ ﾗa T┘ﾗどPｴ;ゲW Fﾉﾗ┘ ｷﾐ ΑΒΑ 
Pﾗヴﾗ┌ゲ MWSｷ; Uゲｷﾐｪ D┞ﾐ;ﾏｷI PﾗヴWどNWデ┘ﾗヴﾆ MﾗSWﾉゲぎ A RW┗ｷW┘く CヴｷデｷI;ﾉ RW┗ｷW┘ゲ ｷﾐ ΑΒΒ 
Eﾐ┗ｷヴﾗﾐﾏWﾐデ;ﾉ SIｷWﾐIW ;ﾐS TWIｴﾐﾗﾉﾗｪ┞が ヴヲふヱΒぶが ヱΒΓヵどヱΓΑヶく ΑΒΓ 
SﾗｷぎヱヰくヱヰΒヰっヱヰヶヴンンΒΓくヲヰヱヱくヵΑヴヱヰヱ ΑΓヰ 

JﾗWﾆ;ヴどNｷ;ゲ;ヴが Vくが PヴﾗS;ﾐﾗ┗ｷJが Mくが WｷﾉSWﾐゲIｴｷﾉSが Dくが わ H;ゲゲ;ﾐｷ┣;SWｴが Sく Mく ふヲヰヱヰぶく NWデ┘ﾗヴﾆ ﾏﾗSWﾉ ΑΓヱ 
ｷﾐ┗Wゲデｷｪ;デｷﾗﾐ ﾗa ｷﾐデWヴa;Iｷ;ﾉ ;ヴW;が I;ヮｷﾉﾉ;ヴ┞ ヮヴWゲゲ┌ヴW ;ﾐS ゲ;デ┌ヴ;デｷﾗﾐ ヴWﾉ;デｷﾗﾐゲｴｷヮゲ ｷﾐ ｪヴ;ﾐ┌ﾉ;ヴ ΑΓヲ 
ヮﾗヴﾗ┌ゲ ﾏWSｷ;く W;デWヴ RWゲﾗ┌ヴIWゲ RWゲW;ヴIｴが ヴヶふヶぶが Wヰヶヵヲヶく SﾗｷぎヱヰくヱヰヲΓっヲヰヰΓWRヰヰΒヵΒヵ ΑΓン 

JﾗWﾆ;ヴ Nｷ;ゲ;ヴが Vくが H;ゲゲ;ﾐｷ┣;SWｴが Sく Mくが P┞ヴ;ﾆどNﾗﾉデWが Lく Jくが わ BWヴWﾐデゲWﾐが Cく ふヲヰヰΓぶく Sｷﾏ┌ﾉ;デｷﾐｪ Sヴ;ｷﾐ;ｪW ΑΓヴ 
;ﾐS ｷﾏHｷHｷデｷﾗﾐ W┝ヮWヴｷﾏWﾐデゲ ｷﾐ ; ｴｷｪｴどヮﾗヴﾗゲｷデ┞ ﾏｷIヴﾗﾏﾗSWﾉ ┌ゲｷﾐｪ ;ﾐ ┌ﾐゲデヴ┌Iデ┌ヴWS ヮﾗヴW ΑΓヵ 
ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉく W;デWヴ RWゲﾗ┌ヴIWゲ RWゲW;ヴIｴが ヴヵふヲぶが Wヰヲヴンヰく SﾗｷぎヱヰくヱヰヲΓっヲヰヰΑWRヰヰヶヶヴヱ ΑΓヶ 

K;┞ゲが Wく Mく ふヱΓヵヰぶく Lﾗゲゲ CﾗWaaｷIｷWﾐデ aﾗヴ AHヴ┌ヮデ Cｴ;ﾐｪWゲ ｷﾐ Fﾉﾗ┘ Cヴﾗゲゲ SWIデｷﾗﾐ ┘ｷデｴ RW┞ﾐﾗﾉSゲ N┌ﾏHWヴ ΑΓΑ 
Fﾉﾗ┘ ｷﾐ SｷﾐｪﾉW ;ﾐS M┌ﾉデｷヮﾉW M┌HW S┞ゲデWﾏゲく Tヴ;ﾐゲ;Iデｷﾗﾐゲ ﾗa デｴW AﾏWヴｷI;ﾐ SﾗIｷWデ┞ ﾗa ΑΓΒ 
MWIｴ;ﾐｷI;ﾉ EﾐｪｷﾐWWヴゲが Αヲが ヱヰヶΑどヱヰΑヴく  ΑΓΓ 

Kﾐ;IﾆゲデWSデが Mく Aくが SｴWヮヮ;ヴSが Aく Pくが わ S;ｴｷﾏｷが Mく ふヲヰヰヱぶく PﾗヴW ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉﾉｷﾐｪ ﾗa デ┘ﾗどヮｴ;ゲW aﾉﾗ┘ Βヰヰ 
ｷﾐ ヮﾗヴﾗ┌ゲ ヴﾗIﾆぎ デｴW WaaWIデ ﾗa IﾗヴヴWﾉ;デWS ｴWデWヴﾗｪWﾐWｷデ┞く AS┗;ﾐIWゲ ｷﾐ W;デWヴ RWゲﾗ┌ヴIWゲが ヲヴふンにΒヰヱ 
ヴぶが ヲヵΑどヲΑΑく SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっSヰンヰΓどヱΑヰΒふヰヰぶヰヰヰヵΑどΓ Βヰヲ 

KﾗヮﾗﾐWﾐが Aくが K;デ;ﾃ;が Mくが わ TｷﾏﾗﾐWﾐが Jく ふヱΓΓヶぶく Tﾗヴデ┌ﾗ┌ゲ aﾉﾗ┘ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ;く Pｴ┞ゲｷI;ﾉ RW┗ｷW┘ Eが Βヰン 
ヵヴふヱぶが ヴヰヶどヴヱヰく  Βヰヴ 

Kﾗ┣Wﾐ┞が Jく ふヱΓヲΑぶく ÜHWヴ ﾆ;ヮｷﾉﾉ;ヴW LWｷデ┌ﾐｪ SWゲ W;ゲゲWヴゲ ｷﾏ BﾗSWﾐく Aﾆ;Sく Wｷゲゲく WｷWﾐが ヱンヶが ヲΑヱどンヰヶく Βヰヵ 
SﾗｷぎIｷデW┌ﾉｷﾆWど;ヴデｷIﾉWどｷSぎヴヱヵヵヲヵΒ Βヰヶ 

K┌┘;デ;が Yくが わ S┌ｪ;が Kく ふヲヰヱヵぶく L;ヴｪW WSS┞ ゲｷﾏ┌ﾉ;デｷﾗﾐゲ ﾗa ヮﾗヴWどゲI;ﾉW デ┌ヴH┌ﾉWﾐデ aﾉﾗ┘ゲ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ; ΒヰΑ 
H┞ デｴW ﾉ;デデｷIW Bﾗﾉデ┣ﾏ;ﾐﾐ ﾏWデｴﾗSく IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa HW;デ ;ﾐS Fﾉ┌ｷS Fﾉﾗ┘が ヵヵが ヱヴンどヱヵΑく ΒヰΒ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくｷﾃｴW;デaﾉ┌ｷSaﾉﾗ┘くヲヰヱヵくヰヵくヰヱヵ ΒヰΓ 



  ンヴ 

L;ﾗが Hく Wくが NWWﾏ;ﾐが Hく Jくが わ P;ヮ;┗;ゲゲｷﾉｷﾗ┌が Dく Vく ふヲヰヰヴぶく A ヮﾗヴW ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉ aﾗヴ デｴW I;ﾉI┌ﾉ;デｷﾗﾐ ﾗa Βヱヰ 
ﾐﾗﾐどD;ヴI┞ aﾉﾗ┘ IﾗWaaｷIｷWﾐデゲ ｷﾐ aﾉ┌ｷS aﾉﾗ┘ デｴヴﾗ┌ｪｴ ヮﾗヴﾗ┌ゲ ﾏWSｷ;く CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ Βヱヱ 
Cﾗﾏﾏ┌ﾐｷI;デｷﾗﾐゲが ヱΓヱふヱヰぶが ヱヲΒヵどヱンヲヲく SﾗｷぎヱヰくヱヰΒヰっヰヰΓΒヶヴヴヰヴΓヰヴヶヴヲヰヰ Βヱヲ 

LWﾏﾉW┞が Eく Cくが P;ヮ;┗;ゲゲｷﾉｷﾗ┌が Dく Vくが わ NWWﾏ;ﾐが Hく Jく ふヲヰヰΑぶく NﾗﾐどD;ヴI┞ Fﾉﾗ┘ PﾗヴW NWデ┘ﾗヴﾆ Sｷﾏ┌ﾉ;デｷﾗﾐぎ Βヱン 
DW┗WﾉﾗヮﾏWﾐデ ;ﾐS V;ﾉｷS;デｷﾗﾐ ﾗa ; ンD MﾗSWﾉく P;ヮWヴ ヮヴWゲWﾐデWS ;デ デｴW ASMEっJSME ヲヰヰΑ ヵデｴ Βヱヴ 
Jﾗｷﾐデ Fﾉ┌ｷSゲ EﾐｪｷﾐWWヴｷﾐｪ CﾗﾐaWヴWﾐIWく Βヱヵ 

Lｷ┌が Xくが Cｷ┗;ﾐが Fくが わ E┗;ﾐゲが Rく Dく ふヱΓΓヵぶく CﾗヴヴWﾉ;デｷﾗﾐ ﾗa デｴW NﾗﾐどD;ヴI┞ Fﾉﾗ┘ CﾗWaaｷIｷWﾐデく Jﾗ┌ヴﾐ;ﾉ ﾗa Βヱヶ 
C;ﾐ;Sｷ;ﾐ PWデヴﾗﾉW┌ﾏ TWIｴﾐﾗﾉﾗｪ┞が ンヴふヱヰぶが ヶく SﾗｷぎヱヰくヲヱヱΒっΓヵどヱヰどヰヵ ΒヱΑ 

M;ISﾗﾐ;ﾉSが Iく Fくが EﾉどS;┞WSが Mく Sくが Mﾗ┘が Kくが わ D┌ﾉﾉｷWﾐが Fく Aく Lく ふヱΓΑΓぶく Fﾉﾗ┘ デｴヴﾗ┌ｪｴ Pﾗヴﾗ┌ゲ MWSｷ;どデｴW ΒヱΒ 
Eヴｪ┌ﾐ Eケ┌;デｷﾗﾐ RW┗ｷゲｷデWSく IﾐS┌ゲデヴｷ;ﾉ わ EﾐｪｷﾐWWヴｷﾐｪ CｴWﾏｷゲデヴ┞ F┌ﾐS;ﾏWﾐデ;ﾉゲが ヱΒふンぶが ヱΓΓどヲヰΒく ΒヱΓ 
SﾗｷぎヱヰくヱヰヲヱっｷヱヶヰヰΑヱ;ヰヰヱ Βヲヰ 

M;IWSﾗが Hく Hくが Cﾗゲデ;が Uく Mく Sくが わ AﾉﾏWｷS;が Mく Pく ふヲヰヰヱぶく T┌ヴH┌ﾉWﾐデ WaaWIデゲ ﾗﾐ aﾉ┌ｷS aﾉﾗ┘ デｴヴﾗ┌ｪｴ Βヲヱ 
SｷゲﾗヴSWヴWS ヮﾗヴﾗ┌ゲ ﾏWSｷ;く Pｴ┞ゲｷI; Aぎ Sデ;デｷゲデｷI;ﾉ MWIｴ;ﾐｷIゲ ;ﾐS ｷデゲ AヮヮﾉｷI;デｷﾗﾐゲが ヲΓΓふンにヴぶが Βヲヲ 
ンΑヱどンΑΑく SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっSヰンΑΒどヴンΑヱふヰヱぶヰヰヲヵΑどヶ Βヲン 

M;ゲﾗﾐが Gくが わ Mﾗヴヴﾗ┘が Nく Rく ふヱΓΓヱぶく C;ヮｷﾉﾉ;ヴ┞ HWｴ;┗ｷﾗヴ ﾗa ; ヮWヴaWIデﾉ┞ ┘Wデデｷﾐｪ ﾉｷケ┌ｷS ｷﾐ ｷヴヴWｪ┌ﾉ;ヴ Βヲヴ 
デヴｷ;ﾐｪ┌ﾉ;ヴ デ┌HWゲく Jﾗ┌ヴﾐ;ﾉ ﾗa CﾗﾉﾉﾗｷS ;ﾐS IﾐデWヴa;IW SIｷWﾐIWが ヱヴヱふヱぶが ヲヶヲどヲΑヴく Βヲヵ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっヰヰヲヱどΓΑΓΑふΓヱぶΓヰンヲヱどX Βヲヶ 

Mﾗｷﾐが Pくが わ M;ｴWゲｴが Kく ふヱΓΓΒぶく DIRECT NUMERICAL SIMULATIONぎ A Tﾗﾗﾉ ｷﾐ T┌ヴH┌ﾉWﾐIW RWゲW;ヴIｴく ΒヲΑ 
Aﾐﾐ┌;ﾉ RW┗ｷW┘ ﾗa Fﾉ┌ｷS MWIｴ;ﾐｷIゲが ンヰふヱぶが ヵンΓどヵΑΒく Sﾗｷぎヱヰくヱヱヴヶっ;ﾐﾐ┌ヴW┗くaﾉ┌ｷSくンヰくヱくヵンΓ ΒヲΒ 

MﾗﾏWﾐが Aく Mくが SｴWヴｷaが Sく Aくが わ LW;ヴが Wく ふヲヰヱヶぶく Aﾐ Aﾐ;ﾉ┞デｷI;ﾉどN┌ﾏWヴｷI;ﾉ MﾗSWﾉ aﾗヴ T┘ﾗどPｴ;ゲW Sﾉ┌ｪ ΒヲΓ 
Fﾉﾗ┘ デｴヴﾗ┌ｪｴ ; S┌SSWﾐ AヴW; Cｴ;ﾐｪW ｷﾐ MｷIヴﾗIｴ;ﾐﾐWﾉゲく Jﾗ┌ヴﾐ;ﾉ ﾗa AヮヮﾉｷWS Fﾉ┌ｷS MWIｴ;ﾐｷIゲが Βンヰ 
Vﾗﾉく Γが Nﾗく ヴが ヮヮく ヱΒンΓどヱΒヵヰく  Βンヱ 

MﾗﾗS┞が Lく Fく ふヱΓヴヴぶく FヴｷIデｷﾗﾐ F;Iデﾗヴゲ aﾗヴ PｷヮW Fﾉﾗ┘く Tヴ;ﾐゲ;Iデｷﾗﾐゲ ﾗa デｴW AﾏWヴｷI;ﾐ SﾗIｷWデ┞ ﾗa Βンヲ 
MWIｴ;ﾐｷI;ﾉ EﾐｪｷﾐWWヴゲが ヶヶが ヶΑヱどヶΒヱく  Βンン 

Mﾗゲデ;ｪｴｷﾏｷが Pくが BｷﾃWﾉﾃｷIが Bくが わ Bﾉ┌ﾐデが Mく ふヲヰヱヲぶく Sｷﾏ┌ﾉ;デｷﾗﾐ ﾗa Fﾉﾗ┘ ;ﾐS DｷゲヮWヴゲｷﾗﾐ ﾗﾐ PﾗヴWどSヮ;IW Βンヴ 
Iﾏ;ｪWゲく SﾗｷぎヱヰくヲヱヱΒっヱンヵヲヶヱどPA Βンヵ 

Mﾗ┌ゲ;┗ｷ NW┣ｴ;Sが Mくが わ J;┗;Sｷが Aく Aく ふヲヰヱヱぶく SデﾗIｴ;ゲデｷI FｷﾐｷデWどEﾉWﾏWﾐデ Aヮヮヴﾗ;Iｴ デﾗ Q┌;ﾐデｷa┞ ;ﾐS Βンヶ 
RWS┌IW UﾐIWヴデ;ｷﾐデ┞ ｷﾐ Pﾗﾉﾉ┌デ;ﾐデ Tヴ;ﾐゲヮﾗヴデ MﾗSWﾉｷﾐｪく Jﾗ┌ヴﾐ;ﾉ ﾗa H;┣;ヴSﾗ┌ゲが Tﾗ┝ｷIが ;ﾐS ΒンΑ 
R;Sｷﾗ;Iデｷ┗W W;ゲデWが ヱヵふンぶが ヲヰΒどヲヱヵく SﾗｷぎSﾗｷぎヱヰくヱヰヶヱっふASCEぶH)くヱΓヴヴどΒンΑヶくヰヰヰヰヰヵヵ ΒンΒ 

Mﾗ┌ゲ;┗ｷ NW┣ｴ;Sが Mくが J;┗;Sｷが Aく Aくが わ RW┣;ﾐｷ;が Mく ふヲヰヱヱぶく MﾗSWﾉｷﾐｪ ﾗa Iﾗﾐデ;ﾏｷﾐ;ﾐデ デヴ;ﾐゲヮﾗヴデ ｷﾐ ゲﾗｷﾉゲ ΒンΓ 
IﾗﾐゲｷSWヴｷﾐｪ デｴW WaaWIデゲ ﾗa ﾏｷIヴﾗど ;ﾐS ﾏ;IヴﾗどｴWデWヴﾗｪWﾐWｷデ┞く Jﾗ┌ヴﾐ;ﾉ ﾗa H┞Sヴﾗﾉﾗｪ┞が ヴヰヴふンぶが Βヴヰ 
ンンヲどンンΒく SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくﾃｴ┞Sヴﾗﾉくヲヰヱヱくヰヵくヰヰヴ Βヴヱ 

M┌ﾉﾃ;Sｷが Bく Pくが Bﾉ┌ﾐデが Mく Jくが R;Wｷﾐｷが Aく Qくが わ BｷﾃWﾉﾃｷIが Bく ふヲヰヱヵぶく TｴW ｷﾏヮ;Iデ ﾗa ヮﾗヴﾗ┌ゲ ﾏWSｷ; Βヴヲ 
ｴWデWヴﾗｪWﾐWｷデ┞ ﾗﾐ ﾐﾗﾐどD;ヴI┞ aﾉﾗ┘ HWｴ;┗ｷﾗ┌ヴ aヴﾗﾏ ヮﾗヴWどゲI;ﾉW ゲｷﾏ┌ﾉ;デｷﾗﾐく AS┗;ﾐIWゲ ｷﾐ W;デWヴ Βヴン 
RWゲﾗ┌ヴIWゲく SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃく;S┗┘;デヴWゲくヲヰヱヵくヰヵくヰヱΓ Βヴヴ 

Oﾗゲデヴﾗﾏが Mくが MWｴﾏ;ﾐｷが Yくが RﾗﾏWヴﾗどGﾗﾏW┣が Pくが T;ﾐｪが Yくが Lｷ┌が Hくが Yﾗﾗﾐが Hくが K;ﾐｪが Qくが JﾗWﾆ;ヴどNｷ;ゲ;ヴが Vくが Βヴヵ 
B;ﾉｴﾗaaが Mく Tくが DW┘Wヴゲが Tくが T;ヴデ;ﾆﾗ┗ゲﾆ┞が Gく Dくが LWｷゲデが Eく Aくが HWゲゲが Nく Jくが PWヴﾆｷﾐゲが Wく Aくが Βヴヶ 
R;ﾆﾗ┘ゲﾆｷが Cく Lくが RｷIｴﾏﾗﾐSが Mく Cくが SWヴﾆﾗ┘ゲﾆｷが Jく Aくが WWヴデｴが Cく Jくが V;ﾉﾗIIｴｷが Aく Jくが WｷWデゲﾏ;が Tく ΒヴΑ 
Wくが わ )ｴ;ﾐｪが Cく ふヲヰヱヶぶく PﾗヴWどゲI;ﾉW ;ﾐS Iﾗﾐデｷﾐ┌┌ﾏ ゲｷﾏ┌ﾉ;デｷﾗﾐゲ ﾗa ゲﾗﾉ┌デW デヴ;ﾐゲヮﾗヴデ ΒヴΒ 
ﾏｷIヴﾗﾏﾗSWﾉ HWﾐIｴﾏ;ヴﾆ W┝ヮWヴｷﾏWﾐデゲく Cﾗﾏヮ┌デ;デｷﾗﾐ;ﾉ GWﾗゲIｷWﾐIWゲが ヲヰふヴぶが ΒヵΑどΒΑΓく ΒヴΓ 
SﾗｷぎヱヰくヱヰヰΑっゲヱヰヵΓヶどヰヱヴどΓヴヲヴどヰ Βヵヰ 

OヴWﾐが Pく Eくが B;ﾆﾆWが Sくが わ Aヴﾐデ┣Wﾐが Oく Jく ふヱΓΓΒぶく E┝デWﾐSｷﾐｪ PヴWSｷIデｷ┗W C;ヮ;HｷﾉｷデｷWゲ デﾗ NWデ┘ﾗヴﾆ MﾗSWﾉゲく Βヵヱ 
SﾗｷぎヱヰくヲヱヱΒっヵヲヰヵヲどPA Βヵヲ 

P;ﾏ┌ﾆが Mく Tくが わ Ö┣SWﾏｷヴが Mく ふヲヰヱヲぶく FヴｷIデｷﾗﾐ a;Iデﾗヴが ヮWヴﾏW;Hｷﾉｷデ┞ ;ﾐS ｷﾐWヴデｷ;ﾉ IﾗWaaｷIｷWﾐデ ﾗa Βヵン 
ﾗゲIｷﾉﾉ;デｷﾐｪ aﾉﾗ┘ デｴヴﾗ┌ｪｴ ヮﾗヴﾗ┌ゲ ﾏWSｷ; ﾗa ヮ;IﾆWS H;ﾉﾉゲく E┝ヮWヴｷﾏWﾐデ;ﾉ TｴWヴﾏ;ﾉ ;ﾐS Fﾉ┌ｷS Βヵヴ 
SIｷWﾐIWが ンΒが ヱンヴどヱンΓく SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくW┝ヮデｴWヴﾏaﾉ┌ゲIｷくヲヰヱヱくヱヲくヰヰヲ Βヵヵ 

P;デ┣Wﾆが Tく Wくが わ Sｷﾉｷﾐが Dく Bく ふヲヰヰヱぶく Sｴ;ヮW F;Iデﾗヴ ;ﾐS H┞Sヴ;┌ﾉｷI CﾗﾐS┌Iデ;ﾐIW ｷﾐ NﾗﾐIｷヴI┌ﾉ;ヴ Βヵヶ 
C;ヮｷﾉﾉ;ヴｷWゲく Jﾗ┌ヴﾐ;ﾉ ﾗa CﾗﾉﾉﾗｷS ;ﾐS IﾐデWヴa;IW SIｷWﾐIWが ヲンヶふヲぶが ヲΓヵどンヰヴく ΒヵΑ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヰヶっﾃIｷゲくヲヰヰヰくΑヴヱン ΒヵΒ 
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Pﾗｷﾐゲﾗデが Tくが C;ﾐSWﾉが Sくが わ Tヴﾗ┌┗Yが Aく ふヱΓΓヵぶく AヮヮﾉｷI;デｷﾗﾐゲ ﾗa SｷヴWIデ ﾐ┌ﾏWヴｷI;ﾉ ゲｷﾏ┌ﾉ;デｷﾗﾐ デﾗ ヮヴWﾏｷ┝WS ΒヵΓ 
デ┌ヴH┌ﾉWﾐデ IﾗﾏH┌ゲデｷﾗﾐく PヴﾗｪヴWゲゲ ｷﾐ EﾐWヴｪ┞ ;ﾐS CﾗﾏH┌ゲデｷﾗﾐ SIｷWﾐIWが ヲヱふヶぶが ヵンヱどヵΑヶく Βヶヰ 
SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっヰンヶヰどヱヲΒヵふΓヵぶヰヰヰヱヱどΓ Βヶヱ 

PﾗｷゲW┌ｷﾉﾉWが Jく Lく Mく ふヱΒヴヱぶく RWIｴWヴIｴWゲ W┝ヮYヴｷﾏWﾐデ;ﾉWゲ ゲ┌ヴ ﾉW ﾏﾗ┌┗WﾏWﾐデ SWゲ ﾉｷケ┌ｷSWゲ S;ﾐゲ ﾉWゲ デ┌HWゲ Βヶヲ 
SW デヴXゲ ヮWデｷデゲ Sｷ;ﾏXゲデヴWゲく MWﾏﾗｷヴWゲ PヴWゲWﾐデWゲ ヮ;ヴ Dｷ┗Wヴゲ S;┗;ﾐデゲ ; ﾉ AI;SWﾏｷW Rﾗ┞;ﾉ SW ﾉ Βヶン 
Iﾐゲデｷデ┌デ SW Fヴ;ﾐIWがΓぎ ヴンンどヵヴヴく  Βヶヴ 

PヴﾗS;ﾐﾗ┗ｷJが Mくが わ Bヴ┞;ﾐデが Sく Lく ふヲヰヰヶぶく A ﾉW┗Wﾉ ゲWデ ﾏWデｴﾗS aﾗヴ SWデWヴﾏｷﾐｷﾐｪ IヴｷデｷI;ﾉ I┌ヴ┗;デ┌ヴWゲ aﾗヴ Βヶヵ 
Sヴ;ｷﾐ;ｪW ;ﾐS ｷﾏHｷHｷデｷﾗﾐく Jﾗ┌ヴﾐ;ﾉ ﾗa CﾗﾉﾉﾗｷS ;ﾐS IﾐデWヴa;IW SIｷWﾐIWが ンヰヴふヲぶが ヴヴヲどヴヵΒく Βヶヶ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくﾃIｷゲくヲヰヰヶくヰΒくヰヴΒ ΒヶΑ 

R;Wｷﾐｷが Aく Qくが BｷﾃWﾉﾃｷIが Bくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヱΑぶく GWﾐWヴ;ﾉｷ┣WS ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉｷﾐｪぎ NWデ┘ﾗヴﾆ W┝デヴ;Iデｷﾗﾐ ;ゲ ΒヶΒ 
; Iﾗ;ヴゲWどゲI;ﾉW SｷゲIヴWデｷ┣;デｷﾗﾐ ﾗa デｴW ┗ﾗｷS ゲヮ;IW ﾗa ヮﾗヴﾗ┌ゲ ﾏWSｷ;く Pｴ┞ゲｷI;ﾉ RW┗ｷW┘ Eが Γヶふヱぶが ΒヶΓ 
ヰヱンンヱヲく SﾗｷぎヱヰくヱヱヰンっPｴ┞ゲRW┗EくΓヶくヰヱンンヱヲ ΒΑヰ 

R;Wｷﾐｷが Aく Qくが BｷﾃWﾉﾃｷIが Bくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヱΒぶく GWﾐWヴ;ﾉｷ┣WS ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉｷﾐｪ ﾗa I;ヮｷﾉﾉ;ヴ┞どSﾗﾏｷﾐ;デWS ΒΑヱ 
デ┘ﾗどヮｴ;ゲW aﾉﾗ┘く Pｴ┞ゲｷI;ﾉ RW┗ｷW┘ Eが ΓΑふヲぶが ヰヲンンヰΒく SﾗｷぎヱヰくヱヱヰンっPｴ┞ゲRW┗EくΓΑくヰヲンンヰΒ ΒΑヲ 

R;Wｷﾐｷが Aく Qくが Bﾉ┌ﾐデが Mく Jくが わ BｷﾃWﾉﾃｷIが Bく ふヲヰヱヲぶく MﾗSWﾉﾉｷﾐｪ デ┘ﾗどヮｴ;ゲW aﾉﾗ┘ ｷﾐ ヮﾗヴﾗ┌ゲ ﾏWSｷ; ;デ デｴW ヮﾗヴW ΒΑン 
ゲI;ﾉW ┌ゲｷﾐｪ デｴW ┗ﾗﾉ┌ﾏWどﾗaどaﾉ┌ｷS ﾏWデｴﾗSく Jﾗ┌ヴﾐ;ﾉ ﾗa Cﾗﾏヮ┌デ;デｷﾗﾐ;ﾉ Pｴ┞ゲｷIゲが ヲンヱふヱΑぶが ヵヶヵンどΒΑヴ 
ヵヶヶΒく SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくﾃIヮくヲヰヱヲくヰヴくヰヱヱ ΒΑヵ 

R┌デｴが Dくが わ M;が Hく ふヱΓΓヲぶく Oﾐ デｴW SWヴｷ┗;デｷﾗﾐ ﾗa デｴW FﾗヴIｴｴWｷﾏWヴ Wケ┌;デｷﾗﾐ H┞ ﾏW;ﾐゲ ﾗa デｴW ;┗Wヴ;ｪｷﾐｪ ΒΑヶ 
デｴWﾗヴWﾏく Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;が Αふンぶが ヲヵヵどヲヶヴく SﾗｷぎヱヰくヱヰヰΑっHaヰヱヰヶンΓヶヲ ΒΑΑ 

R┌デｴが Dく Wくが わ M;が Hく ふヱΓΓンぶく N┌ﾏWヴｷI;ﾉ ;ﾐ;ﾉ┞ゲｷゲ ﾗa ┗ｷゲIﾗ┌ゲが ｷﾐIﾗﾏヮヴWゲゲｷHﾉW aﾉﾗ┘ ｷﾐ ; Sｷ┗WヴｪｷﾐｪどΒΑΒ 
Iﾗﾐ┗Wヴｪｷﾐｪ RUCく Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;が ヱンふヲぶが ヱヶヱどヱΑΑく SﾗｷぎヱヰくヱヰヰΑっHaヰヰヶヵヴヴヰΒ ΒΑΓ 

S;ｴｷﾏｷが Mく ふヲヰヱヱぶく Cﾗﾐデｷﾐ┌┌ﾏ ┗Wヴゲ┌ゲ DｷゲIヴWデW MﾗSWﾉゲく Iﾐ Fﾉﾗ┘ ;ﾐS Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ; ;ﾐS ΒΒヰ 
Fヴ;Iデ┌ヴWS RﾗIﾆく ΒΒヱ 

T;ヴデ;ﾆﾗ┗ゲﾆ┞が Aく Mくが Tヴ;ゲﾆが Nくが P;ﾐが Kくが JﾗﾐWゲが Bくが P;ﾐが Wくが わ Wｷﾉﾉｷ;ﾏゲが Jく Rく ふヲヰヱヵぶく SﾏﾗﾗデｴWS ヮ;ヴデｷIﾉW ΒΒヲ 
ｴ┞SヴﾗS┞ﾐ;ﾏｷIゲ ;ﾐS ｷデゲ ;ヮヮﾉｷI;デｷﾗﾐゲ aﾗヴ ﾏ┌ﾉデｷヮｴ;ゲW aﾉﾗ┘ ;ﾐS ヴW;Iデｷ┗W デヴ;ﾐゲヮﾗヴデ ｷﾐ ヮﾗヴﾗ┌ゲ ΒΒン 
ﾏWSｷ;く Cﾗﾏヮ┌デ;デｷﾗﾐ;ﾉ GWﾗゲIｷWﾐIWゲが ヱどヲΒく SﾗｷぎヱヰくヱヰヰΑっゲヱヰヵΓヶどヰヱヵどΓヴヶΒどΓ ΒΒヴ 

Tｴ;┌┗ｷﾐが Fくが わ Mﾗｴ;ﾐデ┞が Kく Kく ふヱΓΓΒぶく NWデ┘ﾗヴﾆ MﾗSWﾉｷﾐｪ ﾗa NﾗﾐどD;ヴI┞ Fﾉﾗ┘ Tｴヴﾗ┌ｪｴ Pﾗヴﾗ┌ゲ MWSｷ;く ΒΒヵ 
Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;が ンヱふヱぶが ヱΓどンΑく Sﾗｷぎヱヰくヱヰヲンっ;ぎヱヰヰヶヵヵΒΓヲヶヶヰヶ ΒΒヶ 

V;a;ｷが Kくが わ TｷWﾐが Cく Lく ふヱΓΒヱぶく Bﾗ┌ﾐS;ヴ┞ ;ﾐS ｷﾐWヴデｷ; WaaWIデゲ ﾗﾐ aﾉﾗ┘ ;ﾐS ｴW;デ デヴ;ﾐゲaWヴ ｷﾐ ヮﾗヴﾗ┌ゲ ΒΒΑ 
ﾏWSｷ;く IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa HW;デ ;ﾐS M;ゲゲ Tヴ;ﾐゲaWヴが ヲヴふヲぶが ヱΓヵどヲヰンく ΒΒΒ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっヰヰヱΑどΓンヱヰふΒヱぶΓヰヰヲΑどヲ ΒΒΓ 

V;ﾉ┗;デﾐWが Pく Hくが わ Bﾉ┌ﾐデが Mく Jく ふヲヰヰヴぶく PヴWSｷIデｷ┗W ヮﾗヴWどゲI;ﾉW ﾏﾗSWﾉｷﾐｪ ﾗa デ┘ﾗどヮｴ;ゲW aﾉﾗ┘ ｷﾐ ﾏｷ┝WS ┘Wデ ΒΓヰ 
ﾏWSｷ;く W;デWヴ RWゲﾗ┌ヴIWゲ RWゲW;ヴIｴが ヴヰふΑぶが WヰΑヴヰヶく SﾗｷぎヱヰくヱヰヲΓっヲヰヰンWRヰヰヲヶヲΑ ΒΓヱ 

W;ﾐｪが Xくが Tｴ;┌┗ｷﾐが Fくが わ Mﾗｴ;ﾐデ┞が Kく Kく ふヱΓΓΓぶく NﾗﾐどD;ヴI┞ aﾉﾗ┘ デｴヴﾗ┌ｪｴ ;ﾐｷゲﾗデヴﾗヮｷI ヮﾗヴﾗ┌ゲ ﾏWSｷ;く ΒΓヲ 
CｴWﾏｷI;ﾉ EﾐｪｷﾐWWヴｷﾐｪ SIｷWﾐIWが ヵヴふヱヲぶが ヱΒヵΓどヱΒヶΓく SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっSヰヰヰΓどΒΓン 
ヲヵヰΓふΓΓぶヰヰヰヱΒどヴ ΒΓヴ 

Wｷﾉﾆｷﾐゲﾗﾐが Dく ふヱΓΒヴぶく PWヴIﾗﾉ;デｷﾗﾐ ﾏﾗSWﾉ ﾗa ｷﾏﾏｷゲIｷHﾉW Sｷゲヮﾉ;IWﾏWﾐデ ｷﾐ デｴW ヮヴWゲWﾐIW ﾗa H┌ﾗ┞;ﾐI┞ ΒΓヵ 
aﾗヴIWゲく Pｴ┞ゲｷI;ﾉ RW┗ｷW┘ Aが ンヰふヱぶが ヵヲヰどヵンヱく  ΒΓヶ 

W┌が Jくが H┌が Dくが Lｷが Wくが わ C;ｷが Xく Iく Nく ふヲヰヱヶぶく A ヴW┗ｷW┘ ﾗﾐ ﾐﾗﾐどD;ヴI┞ aﾉﾗ┘どFﾗヴIｴｴWｷﾏWヴ Wケ┌;デｷﾗﾐが ΒΓΑ 
H┞Sヴ;┌ﾉｷI ヴ;Sｷ┌ゲ ﾏﾗSWﾉが aヴ;Iデ;ﾉ ﾏﾗSWﾉ ;ﾐS W┝ヮWヴｷﾏWﾐデく Fヴ;Iデ;ﾉゲが ヲヴふヰヲぶが ヱヶンヰヰヰヱく ΒΓΒ 
SﾗｷぎヱヰくヱヱヴヲっSヰヲヱΒンヴΒXヱヶンヰヰヰヱヴ ΒΓΓ 

Xｷﾗﾐｪが Qくが B;┞IｴW┗が Tく Gくが わ Jｷ┗ﾆﾗ┗が Aく Pく ふヲヰヱヶぶく RW┗ｷW┘ ﾗa ヮﾗヴW ﾐWデ┘ﾗヴﾆ ﾏﾗSWﾉﾉｷﾐｪ ﾗa ヮﾗヴﾗ┌ゲ ﾏWSｷ;ぎ Γヰヰ 
E┝ヮWヴｷﾏWﾐデ;ﾉ Iｴ;ヴ;IデWヴｷゲ;デｷﾗﾐゲが ﾐWデ┘ﾗヴﾆ Iﾗﾐゲデヴ┌Iデｷﾗﾐゲ ;ﾐS ;ヮヮﾉｷI;デｷﾗﾐゲ デﾗ ヴW;Iデｷ┗W Γヰヱ 
デヴ;ﾐゲヮﾗヴデく Jﾗ┌ヴﾐ;ﾉ ﾗa Cﾗﾐデ;ﾏｷﾐ;ﾐデ H┞Sヴﾗﾉﾗｪ┞が ヱΓヲが ヱヰヱどヱヱΑく Γヰヲ 
SﾗｷぎｴデデヮぎっっS┝くSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくﾃIﾗﾐｴ┞SくヲヰヱヶくヰΑくヰヰヲ Γヰン 

)Wﾐｪが )くが わ Gヴｷｪｪが Rく ふヲヰヰヶぶく A CヴｷデWヴｷﾗﾐ aﾗヴ NﾗﾐどD;ヴI┞ Fﾉﾗ┘ ｷﾐ Pﾗヴﾗ┌ゲ MWSｷ;く Tヴ;ﾐゲヮﾗヴデ ｷﾐ Pﾗヴﾗ┌ゲ Γヰヴ 
MWSｷ;が ヶンふヱぶが ヵΑどヶΓく SﾗｷぎヱヰくヱヰヰΑっゲヱヱヲヴヲどヰヰヵどヲΑヲヰどン Γヰヵ 

)ｴ;ﾐｪが Jくが わ Xｷﾐｪが Hく ふヲヰヱヲぶく N┌ﾏWヴｷI;ﾉ ﾏﾗSWﾉｷﾐｪ ﾗa ﾐﾗﾐどD;ヴI┞ aﾉﾗ┘ ｷﾐ ﾐW;ヴど┘Wﾉﾉ ヴWｪｷﾗﾐ ﾗa ; Γヰヶ 
ｪWﾗデｴWヴﾏ;ﾉ ヴWゲWヴ┗ﾗｷヴく GWﾗデｴWヴﾏｷIゲが ヴヲが ΑΒどΒヶく ΓヰΑ 
SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくｪWﾗデｴWヴﾏｷIゲくヲヰヱヱくヱヱくヰヰヲ ΓヰΒ 



  ンヶ 

)ｷﾏﾏWヴﾏ;ﾐが Rく Wくが AﾉどY;;ヴ┌Hｷが Aくが P;ｷﾐが Cく Cくが わ Gヴ;デデﾗﾐｷが Cく Aく ふヲヰヰヴぶく NﾗﾐどﾉｷﾐW;ヴ ヴWｪｷﾏWゲ ﾗa aﾉ┌ｷS ΓヰΓ 
aﾉﾗ┘ ｷﾐ ヴﾗIﾆ aヴ;Iデ┌ヴWゲく IﾐデWヴﾐ;デｷﾗﾐ;ﾉ Jﾗ┌ヴﾐ;ﾉ ﾗa RﾗIﾆ MWIｴ;ﾐｷIゲ ;ﾐS Mｷﾐｷﾐｪ SIｷWﾐIWゲが ヴヱが ヱヶンどΓヱヰ 
ヱヶΓく SﾗｷぎｴデデヮゲぎっっSﾗｷくﾗヴｪっヱヰくヱヰヱヶっﾃくｷﾃヴﾏﾏゲくヲヰヰヴくヰンくヰンヶ Γヱヱ 

 Γヱヲ 
 Γヱン 


