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Abstract 

The flow in porosity is one of the hot research topics involved in many engineering 

applications, so there has been extensive research in this field. The flow in porous media is 

either Darcy or non-Darcy, depending on the flow velocities. Therefore, the need for a study 

that effectively: presents an experimental study that captures the complexity of the non-

Darcy flow and calculates the non-Darcy coefficient is crucial. This study provides a 

comprehensive radial flow experimental method focusing on the non-Darcy flow in porous 

media. The study outlines samples preparation, updating the experimental setup, and 

analyzing the experimental data. The porous media samples were prepared from sand 

collected from local sources. The sand was dried, sieved, and classified into different grain 

sizes. The sand was mixed with an appropriate amount of epoxy; seven samples were 

prepared. A perforation was drilled in the center of each sample, and the perforation was 

considered the outlet. The experimental setup has been updated to be suitable for 

conducting single and multiple-phase flow experiments. Pressure sensors and three flow 

lines for water, gas, and oil with non-return valves were added. Three gas, water, and oil 

flowmeters were installed and connected to the DAQ. In this study, three experiments were 

carried out, the first using water as a working fluid, the second for compressible flow using 

air, and finally, multiple flows by mixing water and air. A radial flow experiment was 

conducted to investigate the existence of non-Darcy flow and calculate the non-Darcy 

"inertia" coefficient on seven cylindrical perforated synthetic porous media samples. 

Nonetheless, it was found that the non-Darcy flow exists even in the very low flow rate 

deployed in this study. Three criteria were used to detect the existence of non-Darcy flow: 
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Reynolds number Re, pressure forces vs. inertia forces curve, and hydraulic gradient vs. 

velocity. Reliable correlations for estimating the non-Darcy coefficient are introduced in 

this study, one of which considered tortuosity a vital parameter. The correlations resulted 

from analyzing the beta values obtained from experiments for two types of fluids on a wide 

range of flow rates and compared to other correlations reported in the literature. In 

Addition, an experimental and numerical study of multi-phase flow in porous media near a 

perforation was conducted. The effect of properties on the flow, such as porosity and 

permeability, are crucial for increasing oil and gas production. The numerical validation of 

the two-phase flow experimental results was using ANSYS software. The investigation 

confirms that the flow rate of water mainly determines the steady state, while the flow rate 

of air primarily affects the unstable stage. The equations reached in this study can be relied 

upon in the Forchheimer equation, which is widely used in industrial applications to 

calculate the pressure drop in the oil and gas industry. The limitations of this study are the 

use of only two types of fluids and the number of samples. This study may be more 

comprehensive if more fluids are used and samples with less permeability and porosity than 

the current samples. 
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1. Introduction and overview  
 

1.1 Introduction  

The flow in porous media gained much attention at the beginning of the emergence of 

the oil and gas industry. Fluid flow and transport in porous media are of fundamental 

importance to various systems of scientific interest and application. The flow and the 

pressure drop data are essential for understanding the nature of the flow in porous media 

[1]. A well's productivity and life span depend on the flow behavior and pressure data; 

depending on that data, decisions can be made on whether the well needs to be injected 

with fluids that help increase the reservoir pressure [2]. Other fields, such as extracting 

water from the ground, civil engineering, multiphase flow in packed bed reactors, and 

agricultural irrigation, all deal with the flow in porous media. Studying the flow in porous 

media is also essential in other engineering fields, such as drying biological materials and 

biomedical studies [3]. 

 The flow in porous media is a complex phenomenon where various parameters 

interfere with the process. Each porous media has its own singularity defined by its porous 

geometry and unique nature. To understand the flow in porous media, we need fluid 

mechanics, chemistry, rheology, petroleum engineering, etc. [4]. The flow in porous media 

differs from that in pipes by overlapping properties such as permeability, porosity, and 

tortuosity. In addition, the flow in porous media becomes complex if various physical 

property changes and chemical reactions occur. Properties that could change during the 

flow include viscosity, surface tension, phase state, concentration, and temperature [5].   



 

3 
 

The French engineer Darcy was the first who present an equation describing the flow in 

porous media when he needed to know the amount of sand required to filter a certain 

amount of water, so he obtained this information in the laboratory. Through those 

laboratory experiments, he introduced the famous Darcy equation. Darcy's equation can 

describe the flow and calculate the pressure gradient in the oil industry. However, as the 

flow approaches the well, the pressure decreases, the flow accelerates, and the most 

significant pressure drop occurs [5].  

Darcy simplified his equation by assuming that the viscous forces are much greater than 

the inertia forces and, therefore, the inertia forces can be neglected. This assumption may 

be possible in the slow flow. However, with more deep experimental investigation and field 

measurements, it became clear to the researchers that inertial forces are essential, and the 

relationship between pressure gradient and fluid velocity becomes nonlinear even if the 

velocity is slow in many cases [6]. In general, non-Darcy Flow is the flow that has a non-

linear relationship between flow rate and pressure difference and cannot be described by 

Darcy’s law. 

  In order to address the additional pressure and drop, the Forchheimer equation was 

introduced. The additional term includes the Forchheimer or non-Darcy coefficient [7]. It 

is an empirical value whose physical meaning has not yet been accurately defined, but it 

represents the inertial resistance in a porous medium and depends on the pore geometry 

and fluid properties. Different mechanisms have been presented to explain the non-Darcy 

phenomenon described in the Forchheimer equation, and it was attributed to turbulence [8]. 

However, since the 1970s, many researchers concluded that the non-Darcy flow is not due 
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to turbulence but to inertial effects, as they found that the non-Darcy flow occurs even at a 

low Reynolds number [9]. It can be concluded that the non-Darcy flow is a universal 

phenomenon in oil and gas reservoir development and affects most aspects of reservoir 

engineering analysis, such as reservoir parameter estimation, reservoir development 

planning, and reservoir performance prediction. Field flow and pressure data are not usually 

available. Still, fortunately, this data can be collected in the Lab using artificial or real 

samples with different properties in terms of permeability and porosity 

This study presented a novel experiment for studying the non-Darcy flow in porous 

media using radial flow and cylindrical large synthetic porous media and the two-phase 

flow behavior. The current study also produced novel correlations that calculated the non-

Darcy coefficient β. Moreover, this study will help clarify and understand the flow behavior 

in the porous media.  

This study provides an extensive investigation into the effect of the properties of 

porous media on the non-Darcy flow. Among those critical properties is tortuosity, which 

many researchers neglect due to the difficulty of calculating it mathematically and the lack 

of appropriate devices to measure it.  

There are differences between the non-Darcy coefficient correlations that available in the 

literature. These differences are attributed to several reasons such as permeability, porosity, 

and tortuosity are the three major players in the correlations, the porous media pore 

geometry, the flow direction and the size and the geometry of the samples. Also, most of 

these studies, only incompressible fluids were used, and the experimental runs were few 

[10].   
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The Radial Flow Facility used in this experiment is unique in its design, as the flow 

enters the samples radially, which is the closest to reality. In addition, the design allows 

high pressures and flow rates during the experiment. 

Non-Darcy flow in porous media is studied by recording pressure and flow data under 

various conditions. This data makes it possible to determine the point at which the flow 

begins to transform from a Darcy flow to a non-Darcy flow. 

The main investigative procedures of experimental and numerical analysis have been used 

in this study to reach the following objectives:  

1. Propose a technique for preparing synthetic samples that can be applied to this study 

and oil and gas production research.  

2. Characterization of the non-Darcy flow by providing intensive investigation of the 

significant parameters that affect the flow, such as the permeability porosity and, 

most importantly, the tortuosity.   

3. Accurately calculating the non-Darcy coefficient β using compressible fluid (air), 

where calculating the density and the viscosity is crucial during the experimental 

runs. 

4. Introduce non-Darcy coefficient β correlations; these correlations were reached by 

conducting 381 experiments on two types of fluids (water and air). In total, 14 β 

points were reached. 

5. Introducing a new correlation for the non-Darcy coefficient that includes the 

sample's tortuosity, which is not common in the literature.   
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6. Studying the effect of two-phase flow conditions and sample properties (the liquid 

and gas flow rate, liquid viscosity, permeability, and porosity) on the injection 

build-up pressure and the time needed to reach a steady-state flow condition. 

 

1.2 Methodology 

1.2.1 Sample preparation 

The experimental setup was designed to deal with a specific size of the samples. 

The first of these difficulties was finding a source that could cut samples of the required 

sizes; the other most crucial thing is the properties of those samples in terms of porosity 

and permeability [11]. The properties index of the samples plays an essential role in 

conducting the experiments. The samples must have a suitable gradient in the values of 

porosity and permeability to test the effect of these properties on the flow, for example 

when the value of permeability is small, what is the impact on the flow, and how do the 

pressure drop values change when the permeability increases. The capability of the 

experimental setup to inject the fluid through the samples depends on the sample's 

permeability and porosity; for example, the real samples, which have very low 

permeability, need a pump with high pressure that may not be available in the lab. Thus, 

the prepared synthetic permeable samples are suitable for the experimental setup.  The sand 

was collected, considering that the grains' size is diverse, which allowed the preparation of 

several samples with different properties indexes. The next stage was drying the sand in an 
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oven at high temperatures to facilitate the sieving process and ensure that the small grains 

did not stick to the large ones.  

 

Figure 1. Part of the sieving process results 

The sieving  process resulted in eight sizes; used each size to manufacture a sample so that 

the samples were homogeneous. After sieving and classifying the sizes of the grains, the 

manufacturing process starts with mixing the sand with specific quantities of epoxy enough 

to give the samples the required hardness; at the same time, the pores are not blocked with 

epoxy.  
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Figure 2. Mixing the sand with specific quantities of epoxy 

The mixture was then poured into a cylindrical plastic container with a height of 31.8 cm 

and a diameter of 15.54 cm. A vibrator was used to ensure no voids or holes in the samples. 

The samples are then left to dry for 24 hours. In the drilling lab, a perforation is drilled in 

the sample's center and used as an outlet during the flow experiments. 
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Figure. 3 Drilling a perforation in the drilling Lab. 

 

1.2.2 Measurement of the Properties of the Sample   

Mercury Intrusion Porosimeter (MIP) is a powerful technique wildly used to 

evaluate porosity, permeability, tortuosity, pore size distribution, and characterization of a 

wide variety of solids and materials. Permeability is the quality or state of being 

permeable—able to be penetrated or passed through, especially by a liquid or gas. The 

instrument, known as a porosimeter, employs a pressurized chamber to force mercury into 

the voids in a porous substrate.  As pressure is applied, mercury fills the larger pores first 

[12].  As pressure increases, the filling proceeds to smaller and smaller pores.  Both the 

inter-particle pores (between the individual particles) and the intra-particle pores (within 

the particle itself) can be characterized using this technique. 
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Mercury Intrusion Porosimeter (MIP) was used at the University of Memorial of 

Newfoundland labs to characterize and analyze the synthetic samples' pore morphology 

and index properties. The index properties, including permeability, porosity, median pore 

diameter, and tortuosity, are listed in “Table 2. Chapter 3”.  

1.2.3 Grain Size and the Index Properties for the Samples 

There is a direct relationship between the particle size and the properties of the 

manufactured porous media. The size and shape of the grains, whether rounded or angular, 

for example, determine the porosity of the porous media [13]. Screening the grains and 

classifying them into sizes is one of the critical steps in manufacturing porous media. 

Manufacturing a sample by mixing more than the size of the grains may change the direct 

relationship between the grain size and the properties of the porous media. When 

combining several sizes of grains, the smaller grains fall into the pore, and the spaces 

narrow [14]. As a result, the direct relationship, as in Figures 4/6, is inverse, or there may 

be no relationship, depending on the proportions of mixing small grains with large ones 

and compaction. 
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Figure 4. Effect of median grain size on Permeability 

Figure 4 illustrates the relationship between the size of the grains and the permeability of 

the porous media samples; it can be seen that the permeability is directly proportional to 

the size of the grains. The greater the grain size, the greater the permeability, and vice versa; 

that is true only if one size is used to manufacture each sample. 

 

Figure 5. Effect of median grain size on tortuosity. 
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Tortuosity is an intrinsic property of a porous material usually defined as the ratio of actual 

flow path length to the straight distance between the ends of the flow path. In contrast to 

the permeability, the tortuosity is inversely proportional to the grain size. Figure 5.1 shows 

that the tortuosity value decreases with the increase in median grain size. However, the 

median pore size increases with the median grain size Figure 6.    

 

Figure 6. Effect of median grain size on mean pore diameter. 
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pressure gauges, inlet, and outlet flow boundary, flow control valve, pumps, and 

temperature meters. Switching from a control panel can alter the flow lines for divergent 

flow. An inner chamber for holding samples and a Data Acquisition (DAQ) system. 

Experiments on perforation methods have primarily relied on rather simplistic assumptions, 

such as those presented by Rahman et al. [16]. Moreover, due to laboratory constraints, 

most experimental investigations have neglected key reservoir characteristics, such as 

thermal effects, drawdown pressure, and actual reservoir pressure. 

In the experimental portion of this work, we injected a measured volume of a single-

phase (water or air) or two-phase (air/water) into our core sample. We also used a 

geotechnical radial flow test setup to measure the samples' differential pressure and flow 

rate, with air and water radially injected into cores within the following boundary 

conditions. The outer side of the sample is considered an inlet, while the perforation surface 

is an outlet.  

1.2.5 Numerical Procedure 

ANSYS 18.1 FLUENT (3D) was used to simulate the multiphase flow pattern in 

the porous media. For the multi-phase flow model, the volume of fluid method coupled 

with the RNG k-ε turbulence model has been applied to solve the turbulent air-water flow 

pattern. The Volume Of Fluid method (VOF) is designed for immiscible fluids where it can 

predict the situation of the interface between the immiscible fluids during the flow time. 

The k-ε turbulence model is the most common turbulent model used in computational fluid 

dynamics. The k-ε turbulence model derived from Reynolds Averaged Navier Stokes 

(RANS) equations is often applied for simulating multiphase flows, with greater or lesser 
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success rates inaccuracy. Fig. 5 shows the geometry of the area surrounding the perforation; 

the geometry of a cylindrical core sample with a perforated hole at the center is used for 

the numerical simulations. The sample dimensions are 30.48 cm high, 15.24 cm radius, 

2.54 cm radius of the perforation, and 25.4 the depth of the perforation. 

1.3 Uncertainty Analysis 

The approach proposed by Kline and McClintock [17] has been employed to calculate the 

uncertainty in the experiment’s measurements.  This technique is often called the root-sum 

squared (RSS) method. The uncertainty in the results can be estimated from the 

uncertainties in the primary measurements. Assume that experimental measurement of 

independent variables, 𝑉1, 𝑉2, , 𝑉3, … , 𝑉𝑛 are taken, then replicate measurement’s mean 

value 𝑉𝑚 may be expressed as     

 

𝑉𝑚 =
𝑉1, 𝑉2, , 𝑉3, … , 𝑉𝑛

𝑛
=

∑ 𝑉𝑖
𝑛
𝑖=1

𝑛
                                                      (1) 

In statistical parlance, the term “uncertainty” is associated with a measurement that refers 

to the expected variation of the value derived from an average of several readings from the 

true mean of the data set or readings. In other words, the uncertainty can be considered the 

standard deviation of the data set's mean [18]. The formula for uncertainty can be derived 

by summing squares of deviation of each variable from the norm, then dividing the result 

by the product of the number of readings and the number of readings minus one, and then 

computing the square root of the outcome [19]. Mathematically, the Uncertainty Formula 

is represented as, Where  
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𝑈 = √
∑ (𝑉𝑖 − 𝑉𝑚)𝑛

𝑖=1

𝑛 ∗ (𝑛 − 1)
                                                                  (2) 

Where U is the uncertainty, 𝑉𝑖 is a reading, 𝑉𝑚  

 The uncertainty in the experimental measurements of temperature, pressure, and flow rate 

are summarized in Table 1. Furthermore, the uncertainties in the properties of the working 

fluid are ±0.5%. 

Table 1. Uncertainty in Measurements 

Measurement Uncertainty 

Airflow Rate [𝑚3/𝑠] ±0.1 

Water Flow Rate [𝑚3/𝑠] ±0.05% 

Pressure [Pa] ±0.08% 

 
The first strategy involved replacing our sensor with a trusted and more accurate one, after 

which we checked the measurement readings at the same flow boundary conditions and 

210 compared them against earlier readings. In the second strategy, we employed both 

manual and theoretical calculations. Manual calculations were obtained by collecting and 

then measuring liquid quantities at the outlet and calculating the time needed. The 

calculated flow rate results were then compared against the meter readings for the flow 

rates. 
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1.4 Contributions  

This study's main contributions are to present a novel experimental technique by 

creating prototype synthetic samples that mimic near-wellbore conditions and a numerical 

model that can predict the pressure of two-phase flow more accurately. Earlier methods to 

predict the non-Darcy coefficient and characterization of non-Darcy flow remain relatively 

impractical from an applicability perspective when considered for use in different reservoir 

types. This lack of practical applicability is caused by issues around non-Darcy coefficient 

correlation units accuracy, geometrical effects, and the nature of the experiments. 

Therefore, this study will comprehensively analyze non-Darcy fluid flow in the near-

wellbore region and find new correlations that calculate the non-Darcy coefficient 

considering the tortuosity. 

1.5 Industrial applications 

Flow in porous media has many engineering applications starting from the 

petroleum industry, civil engineering, groundwater extraction and agricultural engineering, 

and many other fields. For example, understanding the nature of fluid flow in porous media 

is essential in determining oil tanks' productivity and lifespan. Typical porous media 

applications include catalytic and chromatographic reactions, packed absorption and 

distillation towers, ion exchange columns, and packed filters. 
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1.6 Organization of the thesis  

This thesis has five chapters. The first chapter describes the introduction, the 

literature review, objectives, methodology, contributions, industrial applications, and thesis 

organization. 

In chapter 2, Experimental Investigation of Single Flow Through Porous Media Around 

Perforation Tunnel 

In chapter 3, Estimating of Non-Darcy Flow Coefficient in artificial Porous Media 

In chapter 4, Characterization of a non-Darcy flow and a new correlation of the non-Darcy 

coefficient 

In chapter 5, Investigation of Multiphase Flow in Porous Media Around Perforation Tunnel 

Near Wellbore Region, Experimental and Numerical Study. 

In chapter 6 Conclusion and future work 
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Experimental Investigation of Single Flow Through Porous Media 

Around Perforation Tunnel 

 

Preface 

A version of this chapter has been published in Conference TFEC-2022-40935. I am the 

primary author of this manuscript, along with co-authors Dr. Abobaker, Dr. Faisal Khan, 

Dr. Rahman, Dr. Amer Aborig, and Dr. Butt. Dr. Butt assisted in the design of the setup. I 

proposed the idea and concept and prepared the samples with assistance from Dr. Amer 

and Abobaker; they also helped conduct the experiments. However, I collected and 

analyzed the experimental data. Dr. Aziz evaluated the methodology and reviewed the 

manuscript. I wrote the original manuscript, and Dr. Aziz reviewed the manuscript and 

suggested amendments that significantly impacted this manuscript. 

2.1 Abstract 

The flow near‐well reservoir region during injection or production is not fully understood. 

This flow needs to be characterized and its origins fully understood, as it is critical for a 

well's productivity. This study investigates the existence of non‐Darcy flow by testing a 

wide range of flow rates for compressible and incompressible. The difference in pressure 

squared and mass flow rate calculated from the volumetric flowmeter set at the injection 

pump) would generate a straight line, indicating the linear behavior of Darcy flow. 

However, the test results to check the flow's nonlinearity showed that the trend depicted is 

not linear. One of the assumptions that could justify such a deviation from linearity is that 

permeability does not change with flow rate. Lastly, the mass flow rate is constant across 

the core. Still, the volume flow rate can change even threefold (mainly due to different 

pressure gradients), leading to similar changes in density and viscosity to a certain extent.  
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2.2 Introduction 

 Since the Darcy equation was introduced, it has gained a lot of attention as the Darcy 

equation describes the flow in porous media, especially with the discovery of oil. According 

to Darcy's law, the pressure drop is entirely determined by the viscous resistance between 

the surface of the fluid and the solid [1]. However, some experiments on low-velocity flow 

in low-permeability porous media prove an additional loss in pressure exists. Excess 

pressure drop induced by inertial effects limits Darcy's law's applicability for modeling 

fluid flow through porous media at low and high velocities [2]. Many researchers have 

found that the pressure gradient in a low flow velocity regime is higher than what Darcy's 

law estimates. This low-velocity non-Darcy flow phenomenon exists in low and extra-low 

permeability reservoirs near-wellbore regions. The permeability of a real sample obtained 

from reservoirs is low that it practically cannot measure a minimal steady-state flow rate in 

a Lab experiment [3]. Generally, low-velocity non-Darcy flow is affected by the interaction 

forces between the fluid and tight pores in small pressure gradients and low velocities. The 

interaction forces can be referred to as the boundary layer effect. The fluid within a pore 

can be divided into boundary fluid and inner free fluid. The boundary fluid has a relatively 

higher density and viscosity [4]. The inertia resistance factor, or the so-called factor β, a 

parameter in the Forchheimer equation for quantifying the non-Darcy flow effect, is 

routinely measured for proppant packs. 

The non-Darcy flow in porous media occurs if the flow velocity becomes large 

enough so that Darcy's law for the pressure gradient and the flow velocity is no longer 

applicable [5]. According to the oil and gas industry convention, the β factor is generally 
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deduced experimentally from the slope of the Forchheimer graph (i.e., the plot of the 

inverse of the apparent permeability 1/kapp vs. a dimensional pseudo-Reynolds 

number(ρV/μ). The apparent permeability Kapp is defined as [6]: 

1

𝐾𝑎𝑝𝑝
= −

∇𝑃

𝜇𝑉
=

1

𝐾
+ 𝛽

𝜌𝑉

𝜇
                                                       (1) 

Both Darcy's law and the Forchheimer equation originated empirical equations driven from 

experiments. It is generally agreed that Darcy's law describes the laminar flow regime with 

zero inertia, whereas the Forchheimer equation represents the laminar flow regime with 

inertia effect [7]. The transition from the Darcy flow regime to the Forchheimer regime can 

usually be observed based on pressure drop and flow-rate measurements. However, local 

flow investigations in pore space are necessary to determine the range of applicability for 

the Forchheimer equation and explore the flow behaviors beyond the Forchheimer regime. 

Experimental results on identifying flow regimes using local measurement techniques such 

as electrochemical microprobes are then reviewed [8]. Fritz [9] studied the non-Darcy flow 

experimentally, where nitrogen was injected horizontally at various flow rates in several 

directions into a Berea sandstone core sample. The experimental results found that when 

the flow rate was low, the fluid flow followed Darcy's Law, and when the flow rate was 

high, the fluid flow departed away from the linear relationship between the differential 

pressure and the flow rate. However, that opinion has been doubted as many experimental 

studies found that the pressure losses are higher than Darcy's Equation. Many researchers 

have long been interested in clarifying the physical reason for nonlinearity. Early 

descriptions attributed the nonlinearity to the occurrence of turbulence. However, 

experiments have indicated that when the macroscopic velocity gradually increases, the 
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nonlinear phenomena appear much before the turbulence in porous media flow occurs [10]. 

Thus, it can be concluded that flow regime changes may not initiate deviations from Darcy's 

law if the inertia force is neglected. This paper reports a laboratory study in which the 

existence of non-Darcy flow in compressible and incompressible flow is investigated. 

Three synthetic samples were used in this study, and air and water were used in the flow 

experiments. 

2.3 Experimental procedure: 

The experiments begin with preparing the samples by mixing the sand and epoxy 

in appropriate quantities. Three samples of the proper size were prepared to fit into the 

experimental setup chamber, figure 1. The sample dimensions are 30.48 cm high and 15.54 

cm in diameter, and a perforation tunnel has a 25.54 cm depth and 2.54cm diameter. A 

cylindrical perforation is considered the flow outlet. Mercury Intrusion Porosimetry (MIP) 

was used to characterize and analyze the synthetic samples' pore morphology and index 

properties. The index properties include permeability, porosity, median pore diameter, and 

tortuosity table 1. In the flow test, the air compressor is connected to the setup, ensuring no 

leakage in the lines and connecting all pressure sensors to the DAQ. Radial flow facility 

Fig. 2 has been updated with five pressure sensors that have been calibrated with pressure 

sensors from other experiments. Two pressure sensors were placed on the inlet and outlet, 

and the rest was placed on the fluid mixing lines.   
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Figure 1. Schematic Drawing of the Samples. 

The flow rate ranged from 3 to 50 LPM, the samples were tested one by one, and 

all pressure and flow data were recorded. 

 

Figure 2 shows the experimental setup. (1) water pump. (2) air compressor. (3) flow meters. 

(4) sample chamber. (5) Non-Return valve. (6) pressure sensors. (7) Out-Let. (8) In-Let 
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2.4 Experimental results and analysis 

We tested three cores in this experiment; the results are shown in Fig. 3, 4, 5, and 6. The 

flow rate and pressure gradients in the rectangular coordinate system are the abscissa and 

ordinate, respectively. The figure shows that the pressure gradient and flow rate have a 

better linear relationship when the flow rate is low. As the flow rate increases, the curve 

departs from linearity and tilts towards the pressure gradient axis, i.e., there is an obvious 

non-Darcy. 

2.5 Compressible flow 

Equation (1) is considered for a compressible flow, and the air is an ideal gas. The density 

is a function of pressure and temperature in the case of compressible flow. Assuming mass 

flow rate (Qm), gas density (ρ), and volumetric flow rate (q) can be expressed as follow: 

𝑄𝑚 = 𝜌𝑞            𝜌 =
𝑀𝑃

𝑧𝑅𝑇
                                                                                )2 ( 

Where p=pressure, A=cross-sectional area of fluid flow, 𝑣=fluid velocity. Then it is 

possible to derive the following expression M=molecular weight, z=compressibility factor, 

R=gas constant, T=temperature. For gases, the Equation is best expressed in terms of mass 

velocity Qm= ρv because the mass velocity is constant when the cross-section is constant; 

the Forchheimer equation can be written in the following form [10] 

𝑃1
2−𝑃2

2

𝑧𝑅𝑇𝑄𝑚𝜇

𝑀𝜋ℎ

=
1

𝐾
𝑙𝑛

𝑟2

𝑟1
+

𝛽𝑄𝑚

2𝜋ℎ𝜇
(

1

𝑟1
−

1

𝑟2
)                                     )3( 

Equation (4) describes the non-Darcy flow in porous media, flow data, air compressibility, 

and other parameters obtained at the operating pressure and temperature. The properties of 
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porous media are usually calculated in several ways; one of the most widely used is 

Mercury Intrusion Porosimetry (MIP). The permeability and porosity of the three samples 

were calculated in Memorial University laboratories. Three small pieces were taken from 

each sample; those small pieces were tested, and the results of those tests are recorded in 

the following table (1). The measurement accuracy is ± 2%. 

Table (1) The index properties for the samples 

Sample 

No. 

The index properties for the samples 

Permeability (mD) Porosity (%) Tortuosity Median pore diameter 

(µm) 

Sample1 2035.95 21.5 3.62 25.31 

Sample2 3981.50 26.2 3.19 32.14 

Sample3 6292.66 27.3 2.82 45.27 

 

The other important parameter that must be calculated in Equation (4) is β or the non-Darcy 

flow coefficient. Many equations in the literature are used to calculate β, derived from 

laboratory experiments or field data. There are many differences between these equations 

Because each was extracted using a different sample type. One of the widely used 

correlations is Geertsma’s equation. 

  

𝛽 =
0.005

𝑘0.5×𝜑5.5
                                                                (4) 

Where k and  are permeability and porosity respectively. 
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The following table contains the calculated values for the non-Darcy coefficient; the values 

were calculated using the corresponding permeability and porosity from Table (1). 

Table (2) non-Darcy coefficient 

Sample No β 

Sample1 440041.83 

Sample2 153871.68 

Sample3 122395.33 

 

Results and Discussion  

By considering the validity of Darcy's law and assuming M, R, T, A, and k as constants, 

they are then plotting the difference of pressure squared (𝑃2
2 − 𝑃1

2) vs. Qm μ (where Qm 

mass flow rate calculated from the volumetric flow rate set at the injection pump) would 

generate a straight line, indicating the linear behavior of Darcy flow. Fig. 3 shows the 

results of a test performed to check the nonlinearity of flow. The trend depicted in Fig. 3 is 

not linear. Thus, non-Darcy flow behavior exists in the flow rate range used in this 

experiment. In particular, the data obtained in this experiment better fit a second-order 

polynomial. One of the assumptions that could justify such a deviation from linearity is that 

permeability does not change with flow rate. Lastly, the mass flow rate is constant across 

the core. Still, the volume flow rate can change even threefold (mainly due to different 

pressure gradients), leading to similar changes in density and viscosity to a certain extent. 
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This expansion can also change the temperature locally and affect density, volume, and 

viscosity locally. 

 

Figure (3) Results of a test performed on natural sand samples to check the nonlinearity of Darcy 

flow. 

Figure 4. shows the deviation of Darcy's data from Darcy's law compared to the 

experimental data; we see that as the flow rate increases, the experimental data tend to 

deviate from the linear relation, implying a deviation from Darcy's law. Though Darcy 

recognized in a first approximation a linear relationship between the flow rate and the 

pressure drop, he was also well aware of deviations and tried to ascribe their origin to some 

experimental flows. 
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Figure 4. Deviation of Darcy's data from Darcy's law. Experimental data 

 

Figure. 5 illustrate the departure Forchheimer equation from the experimental data. 

Forchheimer, in his equation, corrected the shortcomings of Darcy's equation as he added 

a term to calculate the inertia force. There is a deviation between the experimental 

Forchheimer equation data. This difference can be attributed to the method of calculating 

the La-Darcy coefficient, as there is a significant difference between the equations available 

in the literature. 
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Figure 6  Pressure gradient vs . velocity, Comparison Forchheimer equation and the experimental 

results. 

2.6 Compressible Flow Test 

The fluid inertia, pressure gradient, and viscous resistance pressure gradient ratio is the 

Forchheimer number defined in (7). Therefore, the Forchheimer number is the ratio of 

inertial resistance and viscous resistance, with the same physical meaning as the Reynolds 

number for the flow in pipes. The Reynolds number for identifying the turbulent flow in a 

pipeline was adapted to describe a non-Darcy flow in porous media. Atmakidis [12] defined 

the Reynolds number as follows: 

𝑅𝑒 =
𝜌𝐷𝑝𝑣

𝜇
                                                                               (5) 

where Dp is the diameter of the particles. The parameter (√
𝑘

∅
) has also been proposed 

instead of the particle diameter, and the Reynolds number was defined as follows [5]: 
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𝑅𝑒 =
𝑣𝜌

𝜇
√

𝑘

∅
                                                                      (6) 

Where the critical Reynolds number is over the range of 0.022 to 0.29, the Forchheimer 

number has been proposed as the critical parameter to estimate the conversion from Darcy flow 

to non-Darcy flow, and it is expressed as follows: 

𝐹𝑜 =
𝑘𝛽𝜌𝑣

𝜇
                                                                     (7) 

The fluid inertia pressure gradient and the viscous resistance pressure gradient ratio is the 

Forchheimer number defined in (8). Therefore, the Forchheimer number is the ratio of 

inertial resistance and viscous resistance, with the same physical meaning as the Reynolds 

number. The inertia coefficient (𝛽) in the case of immobile saturation, many correlations 

exist, like Geertsma's can be used to calculate (𝛽) [13] 

𝛽 =
1

𝑘0.5∅5.5
                                                                       (8) 

The characteristics and flow conditions of liquid and porous media directly affect the 

seepage; we should consider the properties of the porous media, such as porosity and 

permeability. Moreover, characteristic length (√
𝑘

∅
 ) can be used to represent the 

characteristics of the porous media and can be convenient for field applications. For fluid 

flow in porous media, the resistance coefficient f is the function of the Reynolds number 

Re, i.e., f = F (Re). The experimental data can be dimensionless according to the following 

relationship [14]: 

𝑅𝑒 =
𝑞𝜌√

𝑘

∅

𝜇𝐴∅
                                                         (9) 

𝑓 = √
𝑘

∅

∆𝑃

𝜌(𝐿)
(

∅𝐴

𝑞
)                                                         (10) 
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 The resistance coefficient and its corresponding Reynolds number can be calculated by 

inserting the value of the flow rate or pressure gradient and the parameters of fluids and 

samples into the above formulas 9 and 10 for sample 3. The Reynolds number and 

resistance coefficient are set as the abscissa and ordinate, respectively, in the double 

logarithmic coordinate system, and their relationship curve is shown in Fig. 6.  

 

Figure 6 Curve of the resistance coefficient versus the Reynolds number “sample 3. 

The curve of resistance coefficient versus Reynolds number can generally be divided into 

two parts. The first is when the lower flow rate represents a Darcy flow, which represents 

Re from 0.0001 to 0.1. As the Reynolds number increases above 0.1, the slope of the curve 

rises, indicating that the flow is moving away from Darcy's law.  
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2.7 Conclusion  

1. Three cylindrical synthetic samples with perforations have been used to investigate 

the existence of non‐Darcy flow by testing a wide range of flow rates for 

compressible and incompressible.  

2. The existence of a non-Darcy flow regime has been confirmed for all the 

investigated samples by means of the (P1
2−P2

2) vs. Qmμ plot. Thus, non-Darcy flow 

behavior exists in the flow rate range used in this experiment. In particular, the data 

obtained in this experiment better fit a second-order polynomial. The implication 

for the petroleum industry is to handle the extrapolation of laboratory-derived low-

pressure gas permeability to field conditions, involving correction for gas slippage. 

3. A Darcy flow occurs when the Reynolds number is less than the critical Reynolds 

number. A non-Darcy flow occurs when the Reynolds number is above the critical 

Reynolds number. 
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Estimating of non-Darcy flow coefficient in artificial porous media 
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3.1 Abstract.  

This study conducted a radial flow experiment to investigate the existence of non-Darcy 

flow and calculate the non-Darcy "inertia" coefficient; the experiment was performed on 

seven cylindrical perforated synthetic porous media samples. Two hundred thirty-one runs 

were performed, and the pressure drop was reported. The non-Darcy coefficient β was 

calculated and compared with those available in the literature. The results showed that the 

non-Darcy coefficient decreased nonlinearly and converged on a value within a specific 

range as the permeability increased. Nonetheless, it was found that the non-Darcy flow 

exists even in the very low flow rate deployed in this study. The existence of a non-Darcy 

flow was confirmed for all the investigated samples. The Forchheimer numbers for airflow 

at varied flow rates are determined using experimentally measured superficial velocity, 

permeability, and non-Darcy coefficient. 
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3.2 Introduction 

Darcy’s (1856) law has been widely applied in experiments and simulations, and it states 

that the discharge is proportional to the hydraulic gradient. However, this type of flow 

model is only appropriate for low velocity, steadiness, and laminar flow. In the case of 

nonlinear behavior, the Forchheimer equation is used, which has the non-Darcy "inertia" 

coefficient β that can be calculated in the laboratory. The flow of fluids through porous 

media plays a crucial role in understanding the interaction of fluids flow with the porous 

media. Since the flow in porous media differs from that of other types of flow, it was 

necessary to develop a different approach. Darcy's law describes the behavior of fluid flow 

in porous media. According to Darcy's law, the pressure gradient is linearly proportional to 

the velocity of the porous media fluid. The Darcy Equation (1) is an empirical equation 

based on experimental water flow through packed sands at low velocity, Zeng [1]: 

  −𝒈𝒓𝒂𝒅𝑷 = 𝝁/𝒌 �⃑⃑⃑�                                                        (1) 

Where 𝑔𝑟𝑎𝑑𝑃 = pressure, 𝜇 = fluid viscosity,𝑢 = Darcy's velocity, the volumetric flow 

rate per unit flow area, 𝑘 = permeability of the medium. Many efforts have been made to 

derive the Darcy Equation theoretically via different approaches. Using the volumetric 

averaging theory, Stephen et al. [2] derived the permeability tensor for the Darcy Equation 

under low velocities. Following a continuum approach, Hassnizadeh et al. [3] developed a 

set of equations to describe the macroscopic behavior of fluid flow through porous media. 

In the case of converting these equations into linear equations, a suitable equation results 

that work for the flow of porous media at low velocities. Through experiments carried out 

by many researchers and a lot of real field data, it can be concluded that Darcy's Equation 
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works in low velocities. Excess pressure drop induced by inertial effects limits Darcy's 

law's applicability for modeling fluid flow through porous media at high velocities [4]. 

Various terms, such as non-Darcy, turbulent, inertial, high-velocity, etc., have been used to 

address the linear Darcy Equation's deviation. Many efforts have been made to adjust the 

Darcy Equation. Forchheimer (1901) added a second order of the velocity term to represent 

the inertial effect and corrected the Darcy Equation into the Forchheimer Equation [5]:  

 −𝛥𝑃 =
𝜇

𝑘
�⃑� + 𝛽𝜌|�⃑�|�⃑�                                                        (2)  

Where 𝛥𝑃 is the pressure drop, 𝜇 is the fluid viscosity, 𝛽 is the non-Darcy coefficient 𝜌 is 

the fluid density. Non-Darcy behavior has shown a significant influence on well 

performance. Researchers prefer to use the term "turbulent" or "non-Darcy flow" to 

describe the viscous flow at high velocities near the wellborn region, such as Kadi et al. 

[6]. This flow behavior is considered a non-Darcy flow rather than turbulent Belhaj et al. 

[7]; the gas slippage and inertial flow lead to non-Darcy behavior. If they are not taken into 

account, they will undoubtedly cause measurement errors. These result from the flow of 

fluid particles through the throats of twisted rocks of various sizes. In a steady Darcy flow, 

there is an increase in pressure and no corresponding increase in fluid flow velocity [8]. 

In addition, when the liquid particles pass through the throat of smaller pores, their velocity 

increases and slows down when they pass through large pores' throats, which leads to a 

dissipation of inertial energy and an increase in pressure Katz et al., [9]. Holditch et al. [10] 

presented a numerical model to study the non-Darcy effect on effective fracture 

conductivity and gas well productivity. They found that the non-Darcy effect could reduce 
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fracture conductivity by 20% and gas productivity by 50%, the same conclusion reached 

by  [11] and [12]. 

In the reservoir, and especially the area near the well during injection or production, 

deviations from the linear Darcy's Equation often occur due to the high flow velocity as the 

pressure differentials are large and affect the inertia force [13]. The non-Darcy coefficient 

in wells is usually determined by analyzing the multi-rate pressure test results, but such 

data are not always available. The permeability, porosity, and pore size distribution are 

crucial in the Equation for predicting the non-Darcy coefficient developed by many 

researchers. In addition, the permeability heterogeneity and wettability are directly related 

to the effect of capillary number on viscous fingering patterns in porous media. Shiri et al. 

[14,15] studied the fault zone and discontinuity and investigated the impact of wettability 

and permeability heterogeneities in the fluid front and preferential flow pathway. In the 

fault zone, they found that the pattern of the fault zone and the adjacent layer was different 

when the fault zone permeability was less or more than that of the vicinity layer, the sweep 

efficiency, and the fingering pattern. This phenomenon reduces the displacement efficiency 

of the capillary trap mechanism. In addition, they concluded that the wettability difference 

between all the model components led to oil being cut off in wet oil regions. Faez et al. [16] 

studied the effect of fracture geometry on permeability; their results concluded that 

increased fracture orientation would exponentially increase permeability. Namdari et al. 

[17] investigated the effect of the discontinuity direction on fluid flow in porous rock 

masses; they used a hybrid FVM-DFN and streamlined simulation approach. The study 
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results indicated that the FVM-DFN hybrid method is effective if it uses the streamlined 

simulation to study the fluid flow in a large model with discontinuity. 

Many equations of non-Darcy coefficients based on mathematical models were presented; 

for example, [18–25] introduced a mathematical model to evaluate the fracture length and 

the non-Darcy coefficient. Using the model and the data from variable-rate tests from low-

permeability hydraulically fractured wells, they were able to determine the non-Darcy 

coefficients. 

Belhaj et al. [7] derived a diffusivity equation by replacing the Equation derived from 

Darcy's law. The new Equation based on Forchheimer's Equation and Darcy's Equation 

also added a term to capture the effect of the high velocity. Liu et al. [23] plotted equation 

(4) Table 1 developed by Geertsma (1974) against the data obtained by [26–29]. They 

found that Equation (4 Table 1) was inaccurate. While suspecting tortuosity may influence 

data from limestone and sandstone samples measurements, Coles et al. [24] proposed two 

equations (13, Table 1) to calculate the non-Darcy coefficient with the same porosity 

method, where β is expressed in 1/ft and K in MD. Comparing equations (12) and (13) with 

equations developed by other investigators, the flow enters the exponents for porosity in 

equations (12) and (13) in Table 1 are positive instead of negative in other equations. 

Li et al. [30] used a mixture of reservoir simulators and experimental procedures to 

investigate the non-Darcy flow in Berea sandstone cores, where nitrogen was injected at 

various flow rates in several directions. Comparing differential pressures from simulations 

with their counterparts from experiments, they found a β for Berea sandstone. By 

rearranging Cornell's experimental results, Janicek et al. [9] suggested the non-Darcy 
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coefficient equation for fluid flowing through sandstone, limestone, and dolomite porous 

media. Tek et al. [31] used experimental data to generate an equation to evaluate β for any 

porous media system and come up with a correlation, but the tortuosity was not considered 

(8 Table 1). Yuedong et al. [32] investigated sample displacement experimental data based 

on the dimensionless analysis method. They built a new mathematical model to describe 

the seepage of high and high-production reservoirs and formed the following conclusions. 

Whether high-velocity non-Darcy flow occurs is determined by the flow velocity value and 

the displacement medium (fluid) combined action, porous media, and external driving 

force. Studying the flow in porous media is understanding the flow behavior, and it is more 

challenging to inspect the fluid behavior in rock and simulate large-scale models. 

Table (1) List of Non-Darcy correlations available in the literature  

Eq N Ref No 𝜷 𝒎−𝟏  

1 [25] 𝛽 =
4.8 × 1012

𝑘1.176
 

2 [33] 𝛽 =
4.24 × 104

𝑘0.5 × 𝜑1.5
 

3 [19] 𝛽 =
1.81 × 108

𝑘1.25 × 𝜑0.75
 

4 [27] 𝛽 =
0.005

𝑘0.5 × 𝜑5.5
 

5 [34] 𝛽 =
6.15 × 1010

𝑘1.55
 

6 [23] 𝛽 =
8.91 × 108𝜏

𝑘 × 𝜑
 

7 [32] 𝛽 =
1.047 × 102

𝜑6.77 × 𝑘0.5
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8 [31] 𝛽 =
5.5 × 109

𝜑0.75 × 𝑘1.25
 

9 [35] 𝛽 =
4.52 × 104

𝜑1.5 × 𝑘0.5
 

10 [36] 𝛽 =
1.386 × 107

𝜑1.15 × 𝑘0.85
 

11 [37] 𝛽 =
1.55 × 104𝜏3.35

𝜑0.98 × 𝑘0.29
 

12 [37] 𝛽 =
2.49 × 1011𝜑0.537

𝑘1.79
 

13 [24] 𝛽 =
1.07 × 1012𝜑0.449

𝑘1.79
 

 

We have previously performed both single-phase and two-phase flow studies in near-

wellbore regions. Single-phase flow experiments in heterogeneous core samples by Shachi 

et al. [38] and two-phase flow modeling homogeneous core samples [39] were performed. 

We have also completed several studies related to foam flow in heterogeneous core samples 

without the presence of oil [40,41]. We have also created synthetic core samples and a 

perforation tunnel to conduct single-phase flow experiments and model a per-oration tunnel 

[42–45]. This study is based on the non-Darcy flow performed at steady radial pressure 

gradient-flow rate in large cores at a high airflow rate. The available experimental studies 

use relatively small samples without perforation and a linear low flow rate range. This study 

utilizes the Radial Flow Facility "RFC." The RFC allows for performing a radial flow 

experiment on perforated samples, which is very rare in the literature; also, in addition, the 

size of the samples is large enough to allow the flow to develop fully. 
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3.3 Formulation 

Equation (2) is considered for a compressible flow, and the air is an ideal gas. The density 

is a function of pressure and temperature in the case of compressible flow. Assuming mass 

flow rate (𝑸𝒎), gas density (𝝆), and volumetric flow rate (𝒒) can be expressed as follows: 

       𝑄𝑚 = 𝜌𝑞   (1) 

        𝜌 =
𝑀𝑃

𝑧𝑅𝑇
  (2) 

         𝑞 = 𝐴𝑣  (3) 

where 𝒑 =  pressure, 𝑨 =  cross-sectional area of fluid flow, and 𝒗 =  fluid velocity. Then, 

it is possible to derive the following expression: 𝑴 =  molecular weight, 𝒛 = 

compressibility factor, 𝑹 = gas constant, and 𝑻 = temperature. For gases, the Equation is 

best expressed in terms of mass velocity 𝑸𝒎 =  𝝆𝒗 because the mass velocity is constant 

when the cross-section is constant. By substituting Equations (3), (4), and (5) in Equation 

(2) for radial flow, we obtain: 

−
𝑀

𝑍𝑅𝑇
∫ 𝑃𝑑𝑃 =

𝑄𝑚𝜇

2𝜋ℎ𝑘
∫

𝑑𝑟

𝑟
+

𝛽𝑄𝑚
2

4𝜋2ℎ2
∫

𝑑𝑟

𝑟2

𝑟2

𝑟1

𝑟2

𝑟1

𝑃2

𝑃1

 (4) 

where 𝒓𝟏 is the perforation radius, 𝒓𝟐 Sample radius and 𝒉 is the sample height, the 

integration of Equation (6) will result in the following Equation: 

𝑃1
2−𝑃2

2

𝑧2𝑅𝑇

𝑀

=
𝑄𝑚𝜇

2𝜋ℎ𝐾
𝑙𝑛

𝑟2

𝑟1
+

𝛽𝑄𝑚
2

4𝜋2ℎ2
(

1

𝑟1
−

1

𝑟2
)  (5) 
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The last alternative to estimate is 𝜷 to rearrange the Forchheimer Equation in the following 

form: 

𝑃1
2 − 𝑃2

2

𝑧𝑅𝑇𝑄𝑚𝜇
𝑀𝜋ℎ

=
1

𝐾
𝑙𝑛

𝑟2

𝑟1
+

𝛽𝑄𝑚

2𝜋ℎ𝜇
(

1

𝑟1
−

1

𝑟2
) (6) 

The experimental data of ( 
𝑷𝟏

𝟐−𝑷𝟐
𝟐

𝒛𝑹𝑻𝑸𝒎𝝁

𝑴𝝅𝒉

) and (
𝑸𝒎

𝟐𝝅𝒉𝝁
(

𝟏

𝒓𝟏
−

𝟏

𝒓𝟐
)) were obtained in the laboratory and 

utilized linear regression, concluding that the factor 𝜷 is constant for the range of flow 

rates, as in Figure 5. 

3.4 Experimental Procedure 

The experimental procedure was divided into two stages; the first stage was the preparation 

of samples from sand and epoxy and then conducting flow experiments on the Radial Flow 

Cell Facility. The experimental process is briefly described as follows. First, the 

experiments started at a low flow rate, and then the flow rate increased until the non-Darcy 

flow occurred. The air compressor has a large flow rate and continuously works for an 

extended period. High-velocity flow experiments have been performed on synthetic 

samples to simulate the airflow in the near-wellbore region. The samples are cylindrical 

with 15.54 cm in diameter, and the perforation has a 25.54 depth and 2.54 cm in diameter, 

as shown in Figure 2. 
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Figure 1 Seven synthetic samples. 

3.4.1 Preparation of the Samples 

Seven synthetic samples were created in Memorial University laboratories. Both Aziz and 

Ahmed et al. [46] made samples in the labs to produce samples using sand and epoxy. 

Lately, seven synthetic sand samples were created from sand collected from Nova Scotia, 

Canada, in the Memorial University of Newfoundland laboratory. The sand was dried in 

the civil engineering lab using a hot-air oven at 110 C. The sieving process resulted in six 

different sand sizes ranging from 0.18 mm to 1.18 mm. The sand of different sizes mixed 

with epoxy in different quantities; the mixture is then placed in a plastic container for four 

stages, using an electric vibrator to ensure grain distribution with the epoxy glue, and then 

they lift to dry and consolidate for 24 h, as shown in Figure 2. The sample dimensions are 

30.48 cm high and 15.54 cm in diameter, and a perforation tunnel has a 25.54 cm depth and 

2.54 cm diameter Abobaker et al. [47]. 

There are many available ways to measure the properties of the samples. Mercury Intrusion 

Porosimetry (MIP) is one of the most widely used ways at the University of Memorial of 

Newfoundland labs to characterize and analyze the synthetic samples' pore morphology 
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and index properties. The index properties include permeability, porosity, median pore 

diameter, and tortuosity, which are listed in the following Table 2. 

Table 2. The Index Properties for the Samples 

Sample No. 

The Index Properties for the Samples 

Permeability (mD) Porosity (%) Tortuosity MPD (µm) 

Sample 1 2035.95 21.5 3.62 25.31 

Sample 2 3981.50 23.4 3.19 32.14 

Sample 3 6292.66 26.31 2.82 45.27 

Sample 4 8127.04 27.94 2.27 60.6101 

Sample 5 12,281.50 29.3 2.10 81 

Sample 6 16,320.24 31.2 1.96 100 

Sample 7 26,151.72 33.2 1.7765 181.7485 

 

3.5 Performing the Flow Experiments 

At this stage, seven synthetic porous media samples were prepared; the next step was to 

conduct the flow experiments. RFC Figure 2 Ahamed et al. [46] has been updated to be 

suitable for conducting multi-phase flow experiments, as five pressure sensors have been 

calibrated with pressure sensors from other experiments. Two pressure sensors were placed 

on the inlet and outlet, and the rest was placed on the fluid mixing lines. With help from 
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the university's technical department, an air flowmeter was repaired and successfully 

calibrated. In addition, another two lines were added to make the experiment ready to 

perform experiments on a three-phase flow. The experiment begins by placing the sample 

in the cylinder and connecting the air compressor with the injection lines. The pressure 

sensors and flow meters are connected to the data acquisition to monitor the flow rate and 

record the pressure data during the experiment. The airflow rate ranged from 3 to 99 L per 

minute. The outlet inserted into the pack measured line pressures without end effects. Note 

that the flow entered the sample radial direction of gas flow to avoid spurious readings due 

to gas impinging on or accelerating off the probes (pitot effects). 

 

Figure 2. Schematic diagram of the experiment RFC facility: 1. Sample, 2. Inlet, 3. Outlet, 4. 
Pressure Sensors, 5. Water pump, 6. Air compressor, 7. non-Return valves, 8. Airflow meter, 9. 

Water flowmeter, 10. Data Acquisition, 11. Computer, 12. Samples Chamber, 13. Waterline. 

The experimental run starts by installing the sample in the samples chamber (12 Figure 2) 

and then locking the lid tightly to prevent leakage. The pressure sensors and the flowmeters 

are then connected to the Data Acquisition inlet, where each sensor has a specific channel. 

Lab View transferred all the data for each run from the flowmeters and the pressure sensor 
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to digital numbers and charts. The flow starts by adjusting the air compressor at a certain 

pressure and putting the flow rate control valve at the needed flow rate. The flow enters the 

sample radially Figure 2; the outlet is installed at the top of the sample perforation. The 

flow rate range was between 3 and 99 LPM; at each run, the pressure and flow data were 

converted to an Excel table and then later analyzed. 

3.6 Non-Darcy Flow Regime 

If Darcy's law is considered assuming the air properties and k are constants and the term 

(𝑃2
2 − 𝑃1

2) plotted versus (𝑄𝑚 𝜇) would create a straight line. Figures 3 and 4 show the 

results of a test performed to check the nonlinearity of flow. Figures 3 and 4 show that the 

lines are not straight, indicating the presence of non-Darcy flow. Equations of the second 

degree can describe these lines. 

 

Figure 3. The nonlinearity of Darcy flow check of samples 1, 2, and 3. 

A pressure loss occurs during the flow of air through the samples, which decreases the 

volumetric flow rate, but the mass flow rate remains constant. These changes in pressure 

and volumetric flow change air properties such as density and viscosity. 
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Figure 4. The nonlinearity of Darcy flow check of samples 4, 5, and 6. 

4.6.1 Calculating Non-Darcy Coefficient β 

A key to applying the Forchheimer Equation is to estimate a value for β. Methods 

developed to calculate β are based on experimental work, correlations, and the Forchheimer 

Equation. To determine (β) experimentally, the procedure is first to measure each of the 

core samples' absolute permeability and then apply a series of increasing pressure 

differentials across each sample by flowing fluid through the core plugs at ever-increasing 

rates. Knowing the flow rates and pressure differentials across the sample, the inertial 

resistance coefficient can be directly calculated using linear regression of the Forchheimer 

Equation (8). Figures 5, 6, and 7 are the results of the flow experiments. The experimental 

data of ((P_1^2-P_2^2)/((zRTQ_m μ)/Mπh)) and Q_m/2πhμ(1/r_1 -1/r_2 ) were obtained 

in our laboratory and utilized linear regression as in Figures 5, 6, and 7. 
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Figure 5. Calculating the non-Darcy β. Permeability = 2, Darcy. 

 

Figure 6 Calculating the non-Darcy β. Permeability = 12 Darcy. 
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Figure 7 Calculating the non-Darcy β. Permeability = 26 Darcy. 

Table 3 contains the calculated values for the non-Darcy coefficient. The non-Darcy 

coefficient was compared with values obtained from models available in the literature. The 

closest result to the current study is the Geertsma [27] model; the difference's value is about 

0.6 to 4.0%. It is clear from the table that there is a large discrepancy between the results 

obtained from this study and the results of previous studies. This discrepancy can be 

attributed to several reasons, the first of which is the size and nature of the samples. Studies 

use small samples during which the flow cannot reach full development. The sample sizes 

in the literature reviewed in this study ranged from 2.5 cm x 6 cm up to 4 cm x 8 cm. The 

other possible reason is that the current study benefits from the radial flow and the 

perforation, which is the outlet of the flow. As Zeng et al. [1] and others mentioned, the 

flow accelerates due to pressure differences when approaching the perforation, thus 

increasing the velocity and turbulence. The results obtained from the experiment were 
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compared with previous studies in which the porous media used was similar to the current 

study samples. 

Table 3. Non-Darcy coefficient calculated from the current experimental. 

Sample No β 𝑐𝑚−1 Geertsma [27] Tek [31] 

Sample 1 276,180.32 440,041.83 14,556.91 

Sample 2 210,821.61 153,871.68 5708.06 

Sample 3 169,710.87 122,395.33 2954.77 

Sample 4 119,204.17 29,141.28 1957.57 

Sample 5 73,103.274 17,068.78 1117.16 

Sample 6 38,663.54 10,077.68 742.99 

Sample 7 19,589.15 4165.19 377.27 

 

3.6.2 Effect of Permeability, Porosity, Median Pore Diameter 

Figure 8 reveals the variation of the non-Darcy according to the permeability from the 

modified Forchheimer plot of each synthetic sample. The plot illustrates the direct effect of 

permeability on the non-Darcy coefficient; with permeability increases, the non-Darcy 

coefficient decreases dramatically. These results show that the non-Darcy behavior is more 

severe in low-permeability porous media. That can be explained as the pressure drop 

increases with the permeability decrease. Thus, the superficial velocity rises and leads to a 
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more turbulent flow. The curvature of the aspect of decline is definite by increased 

permeability. Some previous studies proposed defining the Equation of the non-Darcy 

coefficient with permeability. They attempted linear regression analysis on the 

experimental data set of the coefficient despite the curvature noted of transition [27]. 

 

Figure 8. The effect of permeability inertia coefficient β. 

It can be seen from Figure 9 that the non-Darcy coefficient decreases with the increase of 

median pore diameter. The non-Darcy coefficient decreases slowly in the bigger pore 

diameters, and that is because the flow cross-section area is larger in the porous media with 

a large pore. 
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Figure 9. The effect of Median pore diameter on inertia coefficient β. 

Figure 10 shows the non-Darcy coefficient versus the tortuosity of the samples. The graphs 

indicate that the non-Darcy coefficient is directly proportional to the tortuosity. The non-

Darcy coefficient increases with the increase in tortuosity. The higher the tortuosity, the 

higher the flow path, increasing inertia.  

 

0.0E+00

5.0E+04

1.0E+05

1.5E+05

2.0E+05

2.5E+05

3.0E+05

0 20 40 60 80 100 120 140 160 180 200

β
 𝑐
𝑚

-1

Median pore diameter (µm)

0.0E+00

5.0E+03

1.0E+04

1.5E+04

2.0E+04

2.5E+04

3.0E+04

3.5E+04

4.0E+04

4.5E+04

1 1.5 2 2.5 3 3.5 4

β
 𝑐
𝑚

-1

Tortuosity



 

57 
 

Figure 10. The effect of tortuosity on inertia coefficient β. 

3.6.3 Forchheimer Number 𝐅𝐨 

Forchheimer number 𝐹𝑜, is the ratio of pressure drop caused by fluid-solid interactions to 

that by viscous and inertia resistances, which is used instead of the Reynolds number, which 

indicates when nonlinear effects occur, is given as the following: 

𝐹𝑜 = 𝛽𝑘𝜌𝑣/𝜇 (9) 

Where 𝒗 is the Darcy velocity, the superficial velocity. 𝒗 for the sample is calculated for 

each flow rate as follows: Assuming there is no loss of air in the flow system due to leakage, 

reaction, or any other reasons, the mass flow rate in the air compressor is the same as that 

in the core sample at flow equilibrium, though the volumetric flow rates can be different 

due to the change in pressures. On the other hand, the mass flow rate equals the product of 

the density and the volumetric flow rate. Similar to the calculation of 𝒛 and 𝝁, the 𝝆 density 

of air in the sample is calculated using the pressure data[1]. This behavior implies that the 

superficial velocity alone, as in the Reynolds number, is not a criterion for identifying the 

non-Darcy flow behavior; therefore, the Forchheimer number can be calculated. Analyzing 

the data in Table 4. it can be observed that Fo increases nonlinearly with the flow rate 

increase. The nonlinearity increases in the 𝑭𝒐 indicate that the superficial velocity is not 

the only reason. However, interestingly, when comparing 𝑭𝒐 with permeability, it is 

noticed that the divergence in 𝑭𝒐 values is more significant with the increase in 

permeability values at the same velocity. That conclusion is consistent with the non-Darcy 

behavior is more severe in low permeability porous media. 
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Table 4. Forchheimer Number Fo 

Forchheimer Number 𝐹𝑜 

Q LPM/s Sample 3 Sample 4 Sample 5 Sample 7 

3 0.0682 0.0573 0.0124 0.0073 

9 0.2041 0.1708 0.0369 0.0146 

15 0.3389 0.2829 0.0613 0.0218 

21 0.4729 0.3938 0.0854 0.0291 

27 0.606 0.5033 0.1093 0.0362 

33 0.738 0.6116 0.1329 0.0434 

39 0.869 0.7185 0.1564 0.0506 

45 1.000 0.8243 0.1797 0.0578 

51 1.129 0.9288 0.2027 0.0649 

57 1.258 1.032 0.2256 0.0720 

63 1.386 1.134 0.2483 0.0791 

69 1.512 1.235 0.2707 0.0862 

75 1.638 1.335 0.2929 0.0932 
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81 1.764 1.434 0.3150 0.1003 

87 1.888 1.531 0.3369 0.1073 

93 2.0116 1.628 0.3586 0.1143 

99 2.1344 1.723 0.3801 0.1213 

 

3.7 Conclusions 

This study conducted a radial flow experiment to investigate the existence of non-Darcy 

flow and calculate the non-Darcy "inertia" coefficient. Seven synthetic samples were used. 

The flow rate of the air ranged from 3 LPM to 99 LPM, and in total, 231 runs were 

conducted. 

Using the mean of pressure square difference versus 𝑸𝒎𝝁 plot the non-Darcy behavior 

conformed. This resulted in lines better fitting to a polynomial. 

The non-Darcy coefficient β was calculated for each sample from the experimental results 

of the pressure gradient and using linear regression. The β measurement results were 

between 276,180.32 𝒄𝒎−𝟏 and 19,589.15 𝒄𝒎−𝟏. 

The non-Darcy coefficient decreases with the median pore diameter and porosity increase. 

When the median pore diameter at 25.31 µm non-Darcy coefficient β 276,180.32 𝒄𝒎−𝟏 

and at median pore diameter 181 µm, non-Darcy coefficient β = 19,589.15 𝒄𝒎−𝟏. 
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Forchheimer numbers for airflow at varied flow rates are determined using experimental 

permeability and non-Darcy coefficient data. The non-Darcy flow were  
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Characterization of a Non-Darcy Flow and Development of New 

Correlation of NON-Darcy Coefficient 

 

Preface 

A version of this chapter has been published in Energies 2022, 15, 1197. I am the primary 

author of this manuscript, along with co-authors Dr. Abobaker, Dr. Faisal Khan, Dr. 

Rahman, Dr. Amer Aborig, and Dr. Butt. Dr. Butt assisted in the design of the setup. I 
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and Abobaker; they also helped conduct the experiments. However, I  collected and 

analyzed the experimental data. Dr. Aziz evaluated the methodology and reviewed the 

manuscript. I wrote the original manuscript, and Dr. Aborig, Dr. Faisal Khan, and Dr . 

Aziz reviewed the manuscript and suggested amendments that had a significant impact on 

enriching this manuscript. 

4.1 Abstract 

Non-Darcy behavior is important for describing fluid flow in porous media in situations 

where high velocity occurs. A criterion to identify the beginning of non-Darcy flow is 

needed as well. In this study, the characteristics of the non-Darcy flow were analyzed by 

presenting the corresponding pressure and velocity gradient curves for each pressure. 

Extensive analysis indicates that many of the correlations available in the literature either 

have defective units or are the product of a small number of experiments. In this study, we 

benefit from relatively large samples, the radial flow, and the perforation in the middle of 

the samples. The properties of the samples were measured using mercury intrusion 

porosimetry. It was found that there is a direct relationship between the porosity and the 

grain’s size; the greater the size of the grains, the greater the porosity, and vice versa. The 
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non-Darcy coefficient term, β, is found to be inversely proportional to the porosity and 

permeability. In a previous study, the β was investigated for compressible flow scenarios; 

however, this study calculated it for an incompressible flow. Finally, by analyzing the β 

values of both studies, we could deduce new novelty correlations for the β coefficient term, 

where the permeability, porosity, and tortuosity are included. 

4.2 Introduction 

Fluid particles passing through a porous bed are subject to accelerations and decelerations 

as alternately pass-through contraction and expansion tortuous [1]. The particle’s kinetic 

energy is interchanged with the pressure energy during the acceleration and deceleration 

processes. This interchange includes significant irreversibility at the velocity where the 

pressure drop becomes more than proportional to the velocity [2]. Some investigators refer 

to this phenomenon as kinetic effects, and the researchers agree that the extra fluid motion 

is caused primarily by the inertial effects in the deceleration process and quiet in the 

absence of turbulent eddies. Some investigators have referred to this phenomenon as “non-

Darcy” flow. If one assigns the extra motion of the fluid as the cause of the additional 

pressure loss, then the term “turbulent flow” is justified because, in actual turbulent flow 

in pipes, it is the extra ammunition of energy that is significant to the engineer [3]. Hence, 

many investigators in the field use the term “turbulent flow” to designate a condition of 

velocity such that increases in pressure drop for liquids or differences of squares of 

pressures for gases are more than proportional to increases in flow rates [4]. That is the 

procedure followed here; flow in porous media is present in many applications and 

engineering industries. The flow in porous media is essential in agricultural engineering as 
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it helps make the most of irrigation water. In hydrology, it is critical to the process of 

extracting groundwater [5]. In civil engineering, studying porous media is fundamental to 

building design and safety and is becoming increasingly crucial in oil and gas production 

[6]. Flow in porous media is a complex phenomenon because of many factors, such as the 

nature of fluid and porous media nature. So, there are many differences in understanding 

and characterizing the flow [7]. In the case of low flow velocity, Darcy’s law can describe 

the flow in the porous media as follows. 

𝑄 =
𝑘𝐴

𝜇𝐿
∆𝑃                                                               (1)  

Q is the flow rate, k is the media permeability, A is the flow rate cross-section, μ is the 

viscosity and sample length (L), and ΔP is the pressure drop. The non-Darcy flow is the 

flow that has a nonlinear relationship between flow rate and pressure difference and cannot 

be described by Darcy’s law. The Forchheimer equation was introduced that included an 

extra term to address the additional pressure losses due to the inertia forces; thus, for one-

dimensional flow, the Forchheimer has the following form [8]: 

∆𝑃

∆𝑋
=

(𝜇)

(𝑘)
𝑉 + 𝛽𝜌𝑉2                                                                  (2) 

∆P pressure drop, ∆X flow distance, μ viscosity, k permeability, V flow velocity, β non-

Darcy coefficient, and ρ the density. Even though the flow velocity is low, some researchers 

still argue that the non-Darcy flow excites even in the low flow velocities. Previously, the 

nonlinearity between the pressure gradient and the flow rate was attributed to turbulence. 

Nowadays, many researchers agree that the nonlinearity is not due to turbulence only but 

to inertial effects too [9]. The inertia term of the Forchheimer equation included the 
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coefficient β, which measures the deviation from the linearity. It has been concluded that 

the non-Darcy effect occurs because the microscopic inertial effects alter the velocity and 

pressure fields. The above example implies that tortuosity should be one of the critical 

factors determining the non-Darcy coefficient [10]. The non-Darcy coefficient in wells is 

usually determined by analysis of many correlations in the literature [11]. Both empirical 

correlations and theoretical equations of the non-Darcy coefficient will be reviewed. For 

the empirical correlations, reviews will be done on one-phase and two-phase bases [12]. So 

far, no theoretical equations in two or more phases have been found, so the study will be 

limited to a one-phase case for theoretical equations [13]. 

The critical parameter in β correlations that predicts the non-Darcy is permeability. Ergun 

developed a theoretical equation by analyzing lab data collected from his experiments and 

data from the literature and came up with an empirical equation, which included spheres of 

different sizes, sand, and the following gases: carbon dioxide, nitrogen, methane, and 

hydrogen [14]. Comparing the Ergun empirical flow equation with the Forchheimer 

equation leads to [15]: 

𝛽 = 𝑎𝑏−1/2(10−8𝑘)−1/2𝜙−3/2                                   (3) 

 

Where a = 1.75, b = 150 constants, k is the permeability expressed in Darcy, β is 1/cm, and 

ϕ is the porosity. Equation (3) analyzed for particles of different roughness and found that 

b = 180, while “a” ranges from 1.8 to 4 [16]. Another equation proposed by Janicek et al. 

[17] related the permeability and the porosity in order to predict the non-Darcy coefficient 

for real porous media, as shown below: 
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𝛽 = 1.82 × 108𝑘−5/4∅−3/4                                       (4) 

K is expressed in mD, and β in 1/cm. 

However, Geertsma [18] developed an empirical relationship between the skin coefficient, 

permeability, porosity, and the skin factor. The dimensionally consistent equation is of the 

form: 

𝛽 =
0.005

∅5.5𝑘0.5
[

1

(1−𝑆𝑤)5.5𝑘𝑟
0.5]                                           (5) 

Additionally, he presented another correlation based on 180 β data labs from different 

experiments. Although the points were collected from experiments on many types of porous 

media and tests of liquids and gases, these laboratory data did not include data on tortuosity: 

𝛽 =
20.6

∅4.62√𝑘
                                                                            (6) 

Jones [19] conducted experiments on 355 sandstone and 29 limestone cores in different 

core types. By analyzing the data from his experiments, he came up with a correlation to 

estimate the non-Darcy coefficient, 

𝛽 =
6.15 × 1010

𝑘1.55
                                                              (8) 

It can be noted that the β units are not correct. From the initial assessment, we have 

observed that the existing correlations show a significant deviation. The first reason is the 

relativity of the flow direction to the porous channels (i.e., tortuosity) can affect the 

correlation of the non-Darcy coefficient. The second reason is that different parameters are 

considered when developing the correlations and the fluid used in the experiments. Umair 
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Khan [21] presented a study on the effects of velocity and thermal slip conditions on the 

stagnation-point mixed convective flow of cross liquid moving over a vertical plate 

entrenched in a Darcy–Forchheimer porous medium. The study concluded that the 

permeability parameter decelerates the drag forces and declines the heat transfer rate. 

Jamshaid ul Rahman [22] investigated the Darcy–Forchheimer effects on the 3D nanofluid 

flow with engine oil as a base fluid containing suspended carbon nanotubes mathematically. 

The outcome of his study indicated that a higher slip parameter boosts the axial velocity, 

whereas the fluid temperature lowers for a sturdier relaxation parameter. Metib Alghamdi 

[23] numerically examined the dynamical behavior and thermal transportation feature of 

an enhanced MHD convective Casson bi-phasic flow of sodium alginate-based nanofluids 

in a Darcy–Brinkman medium bounded by a vertical elongating slender concave-shaped 

surface, and the results showed that the wall heat transfer rate and the frictional effect are 

strengthened with the loading of nanoparticles and weakened with the mounting values of 

the heat source parameters. Previous studies on single-phase flow using modeling and 

experiments were conducted in a near wellbore and perforation tunnel [24–27]. In addition, 

multiphase flow studies in perforation tunnels and porous media were also conducted [11–

17,28–32]. In the current study, we will examine the validity of the existing correlations 

reported in the literature. This study will propose a novel correlation considering sample 

permeability, porosity, and tortuosity. These are the essential correlation factors in 

developing a reliable model for β. 
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4.3 Experimental Methodology 

The experimental method begins with the preparation of samples from sand collected from 

local sources. The sample preparation passes through several stages, the first of which is 

sieving the sand and classifying it into sizes. Then mixing each of these sizes with an 

adhesive substance takes place to obtain the required hardness sample, which helps to 

stabilize the properties during the experiment; more details will be provided in the next 

section. The flow experiment is carried out on seven samples that have been prepared, 

where the sample is placed in the chamber (Figure 1); the fluid is then injected radially into 

the sample, as depicted in Figure 2, and the pressure is measured. 

 

Figure 1. Experiment Setup, Radial Flow Facility. 
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Figure 2. Schematic diagram of the experiment R.F.C. facility: 1. Sample, 2. Inlet, 3. Outlet, 4. Pressure 

Sensors, 5. Water pump, 6. Air compressor, 7. non-Return valves, 8. Airflow meter, 9. Water flowmeter, 10. 

Data Acquisition, 11. Computer, 12. Samples Chamber, 13. Waterline. 

 

4.3.1 Experimental Setup 

In the Memorial University of Newfoundland Laboratories, the experimental setup was 

developed to conduct experiments [33,34]. It comprises four functional units: water supply, 

experimentation, measurement, and data acquisition. A schematic diagram of the 

experimental setup is depicted in Figure 2. 

As a result of the difficulties faced by non-Darcy flow tests, such as providing samples and 

various working fluids as well as high speeds and pressures, many researchers resort to 

measurements of individual cores or sand-packed models. Therefore, the resulting 

equations are not general. The current laboratory experiment begins with placing the 

sample in the sample chamber, as shown in Figures 1 and 2, and connecting all pressure 

sensors that are able to measure up to 300 psi; and the flow rate meters connected to the 

data acquisition. The flow test was repeated several times to ensure that the collected data 
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were correct. The experiment was designed to start with a water flow rate of 0.333 LPM, 

and the flow increased by 0.333 LPM each time to 6 LPM. The pressure drop data were 

recorded for each run, and the fluid temperature was observed and kept constant at 20 °C. 

4.3.2 Porous Media Selection 

This type of experiment in which the non-Darcy flow is investigated requires high fluid 

flow velocity. Under laboratory conditions, high pressures that can push fluids at a high 

flow velocity through porous media with low permeability may not be available. 

Therefore, the production of porous media with high permeability was resorted to in the 

laboratory because it is not easy to obtain real porous media with high permeability. 

4.3.3 Core Preparation 

Since the setup was designed to be suitable for cylindrical samples, the samples were 

manufactured in a cylindrical shape (Figure 3). It was taken into account that the outer 

surfaces of the samples are free from defects such as cracks or corroded holes; the outer 

surface of the samples is considered to be the inlet to the fluid flow. The appropriate outer 

diameter of the samples in this experiment is 15.54 cm and has a height of 31 cm. The 

samples have a perforated hole in the middle, 25 cm deep and 2.54 cm in diameter, and it 

is considered the outlet of the flow, as shown in Figure 3 above. The samples manufactured 

in the Memorial University Laboratories consisted of sand collected from local sources; the 

sand was dried and then sieved and classified according to the size of the sand grains, from 

the smallest to the largest. Each of these sizes was used to create the samples after mixing 

the sand with an adhesive liquid and placing it in specific molds to dry within 24 h. The 
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samples are cylindrical in shape, as well as perforated. Table 1 shows the properties of the 

samples that were measured in the laboratories. 

 

Figure 3. Porous medial samples. 

Table 1. The index properties for the samples 

Sample No. Permeability (mD), k 
Porosity (%),  

∅ 
Tortuosity, τ 

Mean Pore Diameter 

M.P.D (µm) 

Sample 1 2035.95 21.5 3.62 25.31 

Sample 2 3981.50 23.4 3.19 32.14 

Sample 3 6292.66 26.31 2.82 45.27 

Sample 4 8127.04 27.94 2.27 60.61 

Sample 5 12,281.50 29.3 2.10 81 

Sample 6 16,320.24 31.2 1.96 100 

Sample 7 26,151.72 33.2 1.7765 181.74 

 

4.4 The Determination of a Non-Darcy Flow 

From the literature, it can be noticed that a significant discrepancy exists in determining the 

point at which the Darcy flow turns into a transitional phase and a non-Darcy flow, which 

is attributed to the unique nature of the porous media. The results were different when 
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comparing two samples with the same permeability and porosity and when tested with the 

same fluid for the same flow rate. However, a Reynolds number and a Forchheimer number 

can be used in determining the flow type in porous media. 

4.4.1 Hydraulic Gradient-Velocity 

The non-Darcy flow results from increased fluid velocity, excessive momentum, and 

irregularities. The following formula can be used to describe the non-Darcy flow, which is 

known as the Izbash form [35]: 

𝑖 = 𝑎𝑉𝑏                                                                             (9) 

In which a and b are constants that can be determined from the conducted experiments, V 

is average bulk flow velocity (m/s), and i is hydraulic gradient. The previous formula 

showed shortcomings in calculating all pressure values, so another side was added to 

Equation (9) to become a quadratic equation. The Forchheimer equation is presented as 

follows: 

𝑖 = 𝐴𝑉 + 𝐵𝑉2                                                                          (10) 

A is a Darcy flow coefficient that depends on the properties of the porous medium, and B 

is a coefficient that depends on the characteristics of the porous media. Sedghi-Asl and 

Rahimi [36] conducted experiments on porous media with particle sizes between 55 and 

79 mm as well as using six different sizes of coarse materials (2.83–56.8 mm); the 

experiment was carried out on a wide range of Reynolds numbers, and they obtained a 

quadratic relationship as follows: 

𝑖 =
𝑏𝑣

2𝑔𝑛𝑑2
𝑉 +

𝑎

2𝑔𝑛𝑑
𝑉2                                                             (11) 
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𝑓 = 𝑎 +
𝑏

𝑅𝑒
                                                                      (12) 

𝑅𝑒 =
𝑉𝑑

𝑛𝑣
                                                                           (13) 

In which a, b are constants, n (-) is the porosity, f (-) is the friction factor, υ (L2 T−1) is the 

kinematic viscosity, Re (-) is the Reynolds number, d (L) is the grain diameter of 

aggregates, V(LT−1) is the bulk flow velocity, and g(LT−2) is the gravity acceleration. 

Additionally, Salehi et al. [37] investigated experimentally with a non-Darcy flow through 

a packed column test for rounded aggregates with domains between 2.83- and 56.8-mm. 

Ergun [14] suggested the following quadratic equation for both Darcy and non-Darcy flow 

regimes: 

𝑖 =
150𝑣(1 − 𝑛)2

𝑔𝑛3𝑑2
𝑉 +

1.75(1 − 𝑛)

𝑔𝑛3𝑑
𝑉2                                           (14) 

Mc Corquodale et al. [38] presented the following relationship by means of 1,250 

experimental data as 

𝑖 =
70𝑣

𝑅2𝑔𝑛
𝑉 +

0.81

𝑅𝑔𝑛
1
2

 𝑉2                                                                  (15) 

Where R is the hydraulic mean radius, which is defined as 

𝑅 =
𝑛𝑑

6(1 − 𝑛)𝑟𝑒
                                                                                  (16) 

In which (r_e) is the shape factor efficiency, which for spherical grains is equal to 1, and 

which represented the following relationship by means of 300 experimental data: 

𝑖 =
144𝑣(1 − 𝑛)2

𝑔𝑛3𝑑2
𝑉 +

2.4(1 − 𝑛)

𝑔𝑛3𝑑
𝑉2                                   (17) 

Kadlec and Knight [39] also suggested the following equations: 
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𝑖 =
255𝑣(1 − 𝑛)2

𝑔𝑛3.7𝑑2
𝑉 +

2.4(1 − 𝑛)

𝑔𝑛3𝑑
𝑉2                                         (18) 

4.5 Experimental Results and Analysis 

In this section, the results and analysis of data obtained from laboratory experiments will 

be presented. The flow results will be analyzed, and the non-Darcy flow will be verified, 

as well as the interaction between the velocity and the hydraulic gradient, to arrive at a 

proper formula for non-Darcy’s coefficient. 

4.5.1 Hydraulic Gradient-Velocity 

One of the methods used to determine whether the flow is Darcy or non-Darcy is the 

relationship between hydraulic gradient (i) and flow velocity (V); Figures 4–7. The flow 

can be considered a Darcy flow if the relationship is linear, but if the relationship is non-

linear, this indicates the presence of a non-Darcy flow. The following figures show the 

nonlinear relationship between the flow velocity and the hydraulic gradient. 

 

Figure 4. Hydraulic Gradient vs. Velocity for samples 1 and 2, respectively. 
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Testing and plotting the relationship between the velocity and the hydraulic gradient makes 

it easy to observe whether the relationship is linear or nonlinear. It can be noted that all 

samples have a nonlinear relationship, even though in varying proportions, as the samples 

with high permeability and porosity have less resistance and fewer pressure losses, and 

therefore the flow behavior is close to that of the Darcy flow. 

 

Figure 5. Hydraulic Gradient vs. Velocity for samples 3 and 4, respectively. 

The figures of all flow samples clearly show the relationship between the velocity and the 

hydraulic gradient. It is easy to see that all samples’ relationships are nonlinear, although 

the variance varies from sample to sample. Samples with low porosity and permeability 

have more curved lines, indicating that the flow is moving away from the Darcy flow 

performance compared to samples with high porosity and permeability. 
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Figure 6. Hydraulic Gradient vs. Velocity for samples 5 and 6. 

 

Figure 7. Hydraulic Gradient vs. Velocity for samples 7. 
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Seven large cylindrical cores were experimentally tested; the results are displayed in Figure 

8, where the flow rate and pressure gradients are the abscissa and ordinate, respectively. 
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linearity and tilts towards the pressure gradient axis, i.e., there is an obvious non-Darcy 

flow when the flow rate is higher. 

 

Figure 8. Pressure Gradients vs. Velocity. 

4.6 Porosity Effect 

The porous media porosity plays a significant role in determining the non-Darcy 

coefficient. The non-Darcy coefficient is a function of the porosity derived from the 

Mercury Intrusion Porosimeter (M.I.P.) test, as illustrated in Figure 9. The graph indicated 

that the coefficient is inversely proportional to the porosity. Significantly, the coefficient 

decreases sharply with the increase in the mean pore diameter and seems to be conversing 

at a lower limit. 
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Figure 9. Non-Darcy coefficient vs. porosity. 

Porosity is one characteristic that determines whether the flow is Darcy or non-Darcy. 

Therefore, it found that most coefficients of Darcy’s empirical equations are based mainly 

on porosity and permeability. In general, it can be said that there is a direct relationship 

between the porosity and the grain’s size; the greater the size of the grains, the greater the 

porosity, and vice versa. Synthetic sample porous media may deviate from this rule, as 

using pistons to compress samples or mixing more than one size of grains may make the 

relationship between grain size and porosity inverse. The relationship between porosity and 

grain size is presented in Figure 10, as each sample used a one-grain size, and no pressing 

tools were used during the manufacturing stages. 
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Figure 10. Relationship between the porosity of the samples and the grain size. 

4.7 Correlation of Non-Darcy Coefficient 

The non-Darcy coefficient β can be expressed with the hydraulic conductivity and porosity 

in another form and shown as follows by Yuedong [40]: 

𝛽 =
𝑐

√𝑘𝜑1.5
                                                                            (19) 

This paper used water as a working fluid, and non-Darcy’s coefficient was calculated in the 

seven synthetic  

samples. In previous work, the air was used [41], the non-Darcy flow was characterized, 

and the calculation of the non-Darcy coefficient was calculated. In general, the non-Darcy 

coefficient β is determined based on the following expression: 

𝛽 =
𝑎

𝑘𝑐∅𝑏
                                                                          (20) 
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If both sides are logarithm taking, draw the relationship between Log(βk^0.5 ) and (log⁡∅) 

as in Figure 11. It is possible to put the relationship as follows, converting the natural 

logarithm to the base ten logarithms. 

 

Figure 11. The non-Darcy coefficient for the seven samples resulted from two different air 

and water experiments. 

𝐿𝑜𝑔 (
𝛽𝑘0.5

107 ) = 𝑙𝑜𝑔∅−2.0 − 𝑙𝑜𝑔31622.77                                                  (21) 

With further simplifications, the final form is: 

𝛽 =
4.5

𝑘0.5∅2
                                                                      (22) 

Although it is considered a preliminary study, it produced reliable correlations for 

calculating the non-Darcy flow coefficient. The units in this equation are identical to the 

non-Darcy coefficient unit. 
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4.8 Tortuosity 

Tortuosity is an important parameter in the oil and gas industry. The concept of tortuosity 

is used to characterize the structure of porous media, estimate their hydraulic conductivity, 

and study the travel time and length for tracer dispersion. Therefore, it is essential to include 

tortuosity within the correlation. The general expression for the non-Darcy coefficient with 

respect to tortuosity is: 

𝛽𝑘0.5

𝜏
=

𝑎

∅𝑏
                                                                                     (23) 

where τ is the tortuosity. 

The tortuosity of the samples was obtained from the mercury intrusion porosimetry (M.I.P.) 

as given in Table 1; using the data of β, φ, k, and τ Figure 12 can be generated, and the 

obtained correlation is as follows: 

𝛽 =
6.5 𝜏

𝑘0.5∅4.4
                                                                               (24) 

 

Figure 12. The non-Darcy coefficient with the effect of tortuosity for the seven samples 

resulted from two different air and water experiments. 
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Finally, both obtained novelty correlations, as illustrated in Equations (22) and (24), not 

only distinguished that they are consistent in terms of units; but in addition, they are correct 

compared to many correlations found in the literature. It was noted that many of them are 

incorrect in terms of units. However, our reliable experimental results, as shown in Figures 

13 and 14, were obtained based on radial flow experiments and large samples. 

 

Figure 13. Comparison of a correlation equation (23) with Geertsma and Tek correlations. 

 

Figure 14. Comparison of a correlation equation (24) including tortuosity effect with 

Thauvin and Evans correlations. 
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4.9 Conclusions 

In this study, the non-Darcy flow was characterized by means of the hydraulic gradient 

using seven large synthetic porous media. In addition, non-Darcy co-efficient data were 

collected from our experiment. As a result, imperative correlations were generated with 

respect to unit consistency and the influence of porosity and tortuosity. 

• There are many methods for calculating the non-Darcy coefficient in the literature 

using flow velocity and the combined action of the displacement medium (liquid) and the 

porous media. This includes using the Reynolds number, the Forchheimer number or 

analyzing pressure and flow data. 

• The data were collected using seven large samples in this paper, and the flow was 

radially considered uncommon in the literature. In total, 358 experiments were conducted. 

Water and air were used as operating fluids. 

• This study produced two reliable correlations, one of which considered tortuosity 

an important parameter. Many researchers have recently argued that it should be included 

in the correlations. This work can be extended by experimenting with other fluids such as 

oil, CO2, etc. Additionally, more samples with different porosity and permeabilities will 

produce more β points. 
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Investigation of Multi-phase flow in porous media around perforation tunnel Near 

Wellbore region, Experimental and Numerical Study 

 

Preface 

A version of this chapter has been published in OMAE 2021- 62915. I am the primary 

author of this manuscript, along with co-authors Dr. Abobaker, Dr. Faisal Khan, Dr. 

Rahman, Dr. Amer Aborig, and Dr. Butt. Dr. Butt assisted in the design of the setup. I 

proposed the idea and concept and prepared the samples with assistance from Dr. Amer 

and Abobaker; they also helped conduct the experiments. However, I collected and 

analyzed the experimental data. Dr. Aziz evaluated the methodology and reviewed the 

manuscript. I wrote the original manuscript, and Dr. Aziz reviewed the manuscript and 

suggested amendments that significantly impacted this manuscript. 

5.1 Abstract:  

Understanding the multi-phase flow behavior in the porous media near the wellbore region 

is essential for increasing wells' productivity and recovery. An experimental and numerical 

study of multi-phase flow in porous media near a perforation tunnel is presented. The effect 

of properties on the flow, such as porosity and permeability, are crucial for increasing oil 

and gas production. Five synthetic samples were created at Memorial university labs, the 

sample dimensions are 30.48 cm high and 15.54 cm diameter, and a perforation tunnel has 

a 25.54 cm depth and 2.54cm diameter. The air and water were injected into the sample 

radially at different flow rates, the water flow rate ranged from 1 to 3 LPM, and the air was 

3 to 9 LPM. The simulation using ANSYS-Fluent 18.1 commercial software simulates the 
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volume of fluid method VOF coupled with the different turbulent models used to simulate 

the flow. The results showed that the pressure buildup in the porous media is greatly 

affected by the gas flow rate and permeability. The porosity have less effect on the pressure 

buildup profile in the porous media. The gas flow rate is the dominant factor for the 

breakthrough of a fluid in a core sample. Incorporating the gas flow in a porous system will 

reduce hydrostatic pressure loss, and less time is required to activate the breakthrough time. 

5.2 Introduction 

Multi-phase flow in porous media is encountered in chemical, petroleum, 

groundwater, soil contamination, subsurface remediation, and environmental engineering 

problems. The development in modeling and characterizing the multi-phase flow in porous 

media over a hierarchy of scales (pore-to-core, core-to-reservoir) showed encouraging 

theoretical and experimental results. The numerical and mathematical models are based on 

porous media's properties, including permeability, pore size, and other properties [1]. The 

permeability of porous media is an important parameter where its value determines the 

flow's type and behavior. It is an important parameter that helps to understand the behavior 

of transporting the gas mass in tight porous media. Relative permeability combines the 

properties of porous media, and fluids passing through the media are employed in some 

models; it is reasonable to consider wettability as an element that impacts the relative 

permeability. Wettability is a property related to the material surface nature, so the change 

in wettability effect on how the relative permeability changes the surfaces become more 

hydrophobic, the relative permeability of water increases significantly [2]. The 

determination of the permeability in porous media is combination of mathematical and 
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experimental methods under steady-state conditions at different pressure. Several factors, 

including absorption and slippage at the surfaces, influence permeability. Therefore, the 

actual and apparent permeability can be calculated using models derived from the 

laboratory experiment [3] [4] [5] [6] [7]. Porous media is not always homogenous, so it is 

no easy task to drive a mathematical model to represent two-phase flow in heterogeneous 

porous media because the size and path of the pores are not uniform. [8]. Therefore, most 

mathematical models presented in heterogeneous porous media are found for single-phase 

flow [9] [10]. Increasing oil reservoir production is a major goal for all oil producers; 

therefore, the interest in horizontal wells increased. The horizontal wells are characterized 

by their high productivity, especially in low reservoir pressure drawdown Figure 1. The 

method used in drilling the oil wells plays an important role in the left side effect on the 

porous media area surrounding the well. Rahman et al. compared the perforation by drilling 

technique with the traditional perforation technique by shooting (PS) for single-phase flow. 

Further, Rahman et al. studied the skin effect due to perforation with the same approach. In 

both works, it is found that during the PS technique, fine particles get redistributed around 

the perforation tunnel. The redistribution reduces the pore throat size, which is liable for 

permeability reduction significantly. As a result, the flow rates decrease at the same level 

of differential pressure. However, the reduction of permeability by the traditional 

perforation techniques has not been thoroughly investigated with the multi-phase flow in 

petroleum production engineering, especially in gas reservoirs. Rahman and Zheng 

investigated numerically and experimentally the formation damage of petroleum wells due 

to shooting in well completion [11] [12] [13]. The experimental study presented by 

Ahammad considered one-phase flow, while the numerical study investigated two-phase 
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flow. The first is based on ANSYS-CFX and the second is a computational methodology 

based on the weight residual collocation method. The effects of different Petro-physical 

properties, such as permeability, porosity, fluid viscosity, flow rates, and injection pressure, 

are analyzed in the simulations. In his numerical study, Ahammad concluded that the 

pressure buildup in the porous media is greatly affected by the gas flow rate, the media's 

permeability, and the fluid's temperature. The wellbore pressure and porosity have less 

effect on the pressure buildup profile in a porous media; the dominant factor for the 

breakthrough of a fluid in a core sample is the gas flow rate. Incorporating the gas flow in 

a porous system will reduce hydrostatic pressure loss, and less time is required to activate 

the breakthrough time [14]. The current workis  a continuation of [14] work, and an 

experimental investigation will be presented to extend one phase of the experiment into 

two phases of flow, as will using different synthetic samples. As shown in Fig. 1, the 

horizontal oil wells are drilled horizontally. The wells' production can be increased by 

drilling perforations on both sides of the well's top and bottom sides. 
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Figure 1. Horizontal Wellbore, 1, formation damage zone. 2, Perforation tunnel. Three 

undamaged zones. 4, Vertical Wellbore. 5, Horizontal Wellbore. 

5.3 Experimental Procedure: 

The experimental procedure of this work is divided into two stages, the first stage is the 

preparation of samples from sand and epoxy, and the second part is conducting two-phase 

flow experiments on the Radial Flow Cell facility. 

5.3.1 Preparation of the Samples: 

In the laboratory, five synthetic samples were created from sand collected from local 

sources. Using a hot-air oven, the sand was then dried in the civil engineering lab. The oven 
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is thermostatically controlled at temperatures between 105° C and 110° C. The sand was 

dried for 24 hours and then sieved Figure 2. 

 

Figure 2. Sieving and Classification of the sand 

The sand was then analyzed and categorized to measure the size of the sand grains 

quantitatively. At this stage, the sand was ready to create the samples. The sand and epoxy 

were mixed in different quantities (depending on the size of the sand) by using an electric 

mixer for 10 minutes. The mixture is then placed in a plastic container, and an electric 

vibrator is used to ensure the distribution of grain with the epoxy glue (Fig. 3). The sample 

dimensions are 30.48 cm high, 15.54 cm diameter, and a perforation tunnel has a 25.54 cm 

depth and 2.54cm diameter. 
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Figure 3. Synthetic Porous Media Samples 

 

Table 1. The index properties for the samples. 

Sam No Permeability (mD) Porosity (%) Tortuosity MPD (µm) 

Sample 1 2035.95 21 3.62 25.31 

Sample 2 6292.66 26 2.82 45.27 

Sample 3 8127.04 27 2.27 60.61 

Sample 4 16320.24 31 1.96 100 

Sample 5 26151.72 33 1.7765 181.74 
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5.3.2 Performing the Flow Experiment 

At this stage, five synthetic porous media samples were prepared: the next step is to conduct 

experiments. RFC Figure  4 [15] has been updated to be suitable for conducting multi-phase 

flow experiments, as five pressure sensors have been repaired and calibrated with pressure 

sensors from other experiments. Two pressure sensors were placed on the inlet and outlet, 

and the rest was placed on the fluid mixing lines. With help from the university's technical 

department, an air flowmeter was repaired and successfully calibrated. Also, another two 

lines were added to make the experiment ready to perform experiments on three phases 

flow. The experiment procedure begins by placing and fixing the sample in the cylinder, 

connecting the waterline, and connecting the air compressor with the mixing lines. The 

pressure sensors and flow meters are connected to the data acquisition to monitor the flow 

rate and record the pressure data during the experiment. The water flow rate was chosen to 

be from 1 to 3 liters per minute, and the airflow rate was 3 to 9 liters per minute. The main 

objective is to test the effect of changing the air flow rate on the pressure data and the shape 

of the pressure curve. 
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Figure 4. RFC facility 

5.4 Numerical Procedure  

ANSYS 18.1 FLUENT (3D) was used to simulate the multiphase flow pattern in the porous 

media. For the multi-phase flow model, the volume of fluid method coupled with the RNG 

k-ε turbulence model has been applied to solve the turbulent air-water flow pattern. The 

volume of fluid method (VOF) is designed for immiscible fluids where it can predict the 

situation of the interface between the immiscible fluids during the flow time. The k-ε 

turbulence model is the most common turbulent model used in the computational fluid 

dynamics field. The k-ε turbulence model derived from Reynolds Averaged Navier Stokes 

(RANS) equations is often applied for simulating multiphase flows, with greater or lesser 

success rates inaccuracy. Fig. 5 shows the geometry of the area surrounding the perforation; 

the geometry of a cylindrical core sample with a perforated hole at the center is used for 

the numerical simulations. The sample dimensions are 30.48 cm high, 15.24 cm radius, 

2.54 cm radius of the perforation, and 25.4 the depth of the perforation. 
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Figure 5. The sample geometry 

 

5.4.1 CFD Simulation Technique 

ANSYS is a well-known commercial software that assists in modeling fluid flow and other 

related fluid phenomena. ANSYS Fluent is a high-performance simulation tool that has 

been applied to solve wide-ranging fluid flow problems with reliable and accurate 

solutions. ANSYS fluent 18.1 for numerical simulations through a perforated tunnel in a 

reservoir well. A finite volume mesh with a smaller grid size and higher smoothing is used 

for more accurate results; the total number of the grid is 32000. The representation of the 

perforation in the formation pay zone and the simulated sample is presented in Fig. 6, with 

the cross-section of the domain mentioning possible damage. The validation of the CFD 

simulations for the perforation by drilling is performed with the experimental results. For 

meshing, ANSYS is used to generate a hexahedral mesh with no inflation Fig 6. 
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Figure 6. The Mesh distribution. 

5.4.2 Governing Equations 

fluids are entering from the reservoir to the perforated tunnel, so this is convenient to 

consider non-Darcy flow [16]. In the homogeneous multiphase flow system, a common 

flow field has the same characteristics as all fluids and other relevant fields, such as 

temperature. Therefore, the homogeneous model assumes that the transported quantities for 

that process remain the same for all phases. For porous regions in multiphase flow, ANSYS 

FLUENT calculations rely on volumetric flow rate. If we then assume isotropic porosity 

and multiphase flow, momentum and continuity equations describing two-phase flow in a 

porous region could be expressed, respectively, as (ANSYS, 2016) 

𝜕

𝜕𝑡
(𝛾𝛼𝑞𝜌𝑞) + ∇(𝛾𝛼𝑞𝜌𝑞�⃑�𝑞 ) = 𝛾 ∑(�̇�𝑝𝑞

𝑛

𝑝=1

− �̇�𝑞𝑝) + 𝛾𝑆𝑞                                          (1) 
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𝜕

𝜕𝑡
(𝛾𝛼𝑞𝜌𝑞�⃑�𝑞  ) + 𝛻(𝛾𝛼𝑞𝜌𝑞�⃑�𝑞�⃑�𝑞 )
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− (𝛼𝑞
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2
) + 𝛾 ∑(�⃑�𝑝𝑞

𝐷 + �⃑�𝑝𝑞
𝑇𝐷

𝑛

𝑝=1

+ �̇�𝑝𝑞�⃑�𝑝𝑞

+ �̇�𝑞𝑝�⃑�𝑞𝑝) + 𝛾(�⃑�𝑞 + �⃑�𝑞
𝐿 + �⃑�𝑞

𝑣𝑚)                                                                      (2) 

Darcy and Forchheimer's forces are coupled with the momentum sink through Fi. The 

boundary conditions are the same as the experimental runs. The outer surface of the samples 

is considered the inlet, while the perforation is the outlet. The water's initial velocity ranged 

from 1 to 3 LPM while the air from 3 to 12 LPM. The air is considered an ideal gas, while 

the water is incompressible.   

5.5 Results and Discussion 

This research investigated a specific liquid and gas volume that was injected into the 

samples to determine the differential pressure of these samples and the time needed to 

achieve a steady state under various tested boundary conditions. The distribution of the 

injection build-up pressure for the two-phase flow through the perforation tunnel is shown 

in Figure 7. The comparison between the experimental, numerical, and two correlations 

results with the same flow boundary conditions is shown in Figure 8. The experimental 

data and numerical results are in good agreement. 
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Figure (7) Sample No 5 k= 26 D 1LPM Water and 3-9LPM Air. 

The addition of more water will eventually result in the formation of bubbles. This causes 

an intensification of the Jamin effect, where capillary pressure hinders the flow of bubbles 

and droplets past the narrow throat. The Jamin effect can critically impact two-phase flows 

occurring in reservoir porous substances at specific velocities.  
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Figure (8) Sample No 5 k= 26 D 2LPM Water and 3-9LPM Air. 
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Figure (9) Sample No 5 k= 26 D 3LPMWater and 3-9LPMAir 

5.5.1 Porosity Effect 

Figure 10 describes how porosity influences the injection pressure for the mixture fluid. 

The porosity has fewer effects on the pressure after the steady-state condition is achieved. 

This is because porosity does not influence the injection pressure of any mixture of fluids. 

However, the porosity affects the pressure profile before the steady state for a lower 

porosity sample. The pressure profile achieves a higher value in the case of the low porosity 

sample compared to the other high porosity samples. The Jamin effect is dominant in the 

case of a low porosity sample before the steady-state condition is achieved. 
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Figure 10 Porosity Effect on the pressure profile.Water 1LPM, Air 6 LPM  

5.5.2 The effect of airflow rate on the pressure profile 

The experimental results showed that the water flow rate affects steady-state flow while the 

airflow rate determines the pace of reaching the steady state. Figure (11) show the 

experimental results of the pressure profile of air-water two-phase flow. The water flow 

rate was fixed at 2 LPM while the airflow rate ranged from 3 – 12 LPM; the experimental 

run was on sample No 5, the permeability was 26 Darcy, and the porosity was 28 %. The 

time required for reaching steady-state conditions will be shorter with the higher airflow 

rate. Air helps to reduce the frictional pressure and static pressure loss in the porous 

medium. 
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Figure (11) The effect of the airflow rate on the pressure profile, Sample 3. 

5.5.3 Pressure distribution contours 

Figure (12) illustrates the pressure distribution during the simulation starting at 2 sec from 

the beginning of the air-water injection. It can be seen that the pressure distribution starts 

to be uniform. With progressing in time, the effect of perforation depth does not reach the 

bottom of the sample begins to appear. When the flow reaches a steady state, the pressure 

at the bottom looks higher, as the perforation sealing causes the flow to tend to the top; as 

a result, the pressure rises. 
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Figure (12) Pressure distribution during the simulation. Duration of 22 Sec 

 

5.6 Conclusion 

an experimental and numerical study of two-phase flow in porous media near a 

perforation tunnel is presented. The effect of properties, such as porosity and permeability, 

are crucial for increasing oil and gas production. Two-phase flow through a cylindrical 

porous media with a perforation tunnel sample experimentally and numerically tested. The 

proportion or fraction of the two phases is considered for calculating the mixture density. 

The two-phase flow was investigated considering the water flow rate as constant and 

changing the flow rate of air. A radial Flow Facility (RFC) was used to conduct the study's 

experimental part. ANSYS is a well-known commercial software that assists in modeling 

fluid flow and other related fluid phenomena. ANSYS Fluent is a high-performance 

simulation tool that has been applied to solve wide-ranging fluid flow problems with 

reliable and accurate solutions. The results showed that the pressure buildup in the porous 

media is greatly affected by the gas flow rate and its permeability. The wellbore pressure 
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and porosity have less effect on the pressure buildup profile in the porous media. The gas 

flow rate is the dominant factor for the breakthrough of a fluid in a core sample. 
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Conclusion and future work 

This study's overall objective is to present a better understanding of the fluid flow behavior 

in porous media and pressure gradient as a function of single and two-phase flow rate 

conditions. The presence of inertia forces characterizes the non-Darcy flow; the 

Forchhiemer equation is the mathematical model used that represents the relationship 

between the pressure and inertia forces. The non-Darcy or the inertia coefficient β is the 

key constant representing the inertial resistance in a porous medium and depends on the 

pore geometry and fluid properties. Therefore, the study assessed how different porous 

media properties index and the flow conditions affect the non-Darcy flow. In addition, the 

pressure and flow data and synthetic porous media properties were used to introduce 

correlations through which the non-Darcy flow coefficient can be calculated. The study 

methodology included sample preparation, updating the experimental setup, conducting the 

flow experiments, analyzing the collected data, verifying the non-Darcy flow, and finally 

investigating the two-phase flow. 

A new technique has been presented to prepare homogenous synthetic samples used in this 

study and can be applied in hydrocarbon recovery projects. The sand was mixed with epoxy 

in appropriate quantities so that the samples acquired a suitable hardness and, at the same 

time, the epoxy did not close the pores of the porous media.  

Mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM) have been 

used first to characterize and analyze the pore morphology and index properties of the 
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synthetic samples. The experimental results indicated that mixing and grain size strongly 

affects weak solidified index characteristics.  

An experimental study investigated the single-phase flow in porous media around a 

perforation was presented. Compressible and incompressible fluids experimented on a wide 

range of flow rates. Different approaches were used to detect the non-Darcy flow; for the 

compressible flow, the square pressure differences vs. the flow rate curve, and Reynolds 

number vs. friction factor for incompressible flow. The results showed that the non-Darcy 

flow behavior exists in the flow rate range used in this experiment. 

The non-Darcy coefficient is essential to the Forchhiemer equation, representing 

the inertia forces. Therefore, an experimental study was conducted to calculate the non-

Darcy coefficient, seven synthetic porous media were prepared, and the air was used in the 

flow experiments. The study concluded that the non-Darcy coefficient decreases with the 

median pore diameter and porosity increase. The existence of a non-Darcy flow was 

confirmed for all the investigated samples. The Forchheimer numbers for airflow at varied 

flow rates are determined using experimentally measured superficial velocity, 

permeability, and non-Darcy coefficient.  

The non-Darcy flow in incompressible flow was analyzed. The data were collected 

using seven large samples, and the flow was radially injected, which is uncommon in the 

literature; the flow rate ranges from 0.33 to 6 LPM. The hydraulic gradient was employed 

to determine the non-Darcy flow in the samples where the water (incompressible) was used 

in the experiment runs. The hydraulic gradient vs. velocity curve revealed that the non-

Darcy flow is more apparent in the samples with low permeability; however, as the 
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permeability increases, the flow tends toward the Darcy flow. This study produced two 

reliable correlations, one of which considered tortuosity a critical parameter. 

The study also aimed to enhance oil recovery by modeling a two-phase flow in the 

near-wellbore region, thereby expanding industry knowledge about wells’ performance. An 

experimental procedure investigated two-phase flow behavior through a cylindrical 

perforation tunnel. The experimental data were validated to the numerical results, and the 

comparison of results was in good agreement. The numerical analysis demonstrated each 

investigated parameter's effect. The permeability, flow rate, and viscosity of the liquid 

significantly affect the injection pressure build-up profile, and porosity and gas flow rate 

substantially affect the time required to attain steady-state conditions. 

Future Work 

This study can be extended to many applications related to flow in porous media. 

The RFC is unique because it enables us to inject the fluids radially, which is close to the 

real situation in the near wellbore region. The experimental setup has been updated to be 

suitable for three-phase flow experiments, opening many research doors in this field. In 

addition, in this research, the sample preparation technique was developed where samples 

can be easily prepared without needing real samples, which cost a lot. It isn't easy to obtain 

real samples with suitable permeability for laboratory experiments. This work can extend 

the testing of other fluids, such as nitrogen, carbon dioxide, and oil, that we could not test 

due to the pandemic and lack of time and funding. Non-Newtonian fluids, which are 

involved in many engineering applications, are another option that can be tested on this 
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device. Chemical and hazardous materials used in cleaning and removing impurities are 

one of the hot research topics possible on this device if it is correctly updated. 
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Appendix  

1. Uncertainty Calculation for Chapter 5  

The sixth chapter presented a laboratory study on biphasic flow. Water and air were mixed 

with different flow rates, and the pressure data was recorded each time. The water flow rate 

ranged from 1 to 3 liters per minute, while the air flow rate ranged from 3 to 12 liters per 

minute. In all, 180 laboratory experiments were performed. The following is the uncertainty 

calculation for the five samples at a water flow rate of 2 liters per minute and air at 9 liters 

per minute. 

The uncertainty in the results can be estimated from the uncertainties in the primary 

measurements. Assume that experimental measurement of independent variables, 

𝑉1, 𝑉2, , 𝑉3, … , 𝑉𝑛 are taken, then replicate the measurement’s mean value 𝑉𝑚 may be 

expressed as     

 

𝑉𝑚 =
𝑉1, 𝑉2, , 𝑉3, … , 𝑉𝑛

𝑛
=

∑ 𝑉𝑖
𝑛
𝑖=1

𝑛
                                                      (1) 

In statistical parlance, the term “uncertainty” is associated with a measurement that refers 

to the expected variation of the value derived from an average of several readings from the 

true mean of the data set or readings. In other words, the uncertainty can be considered the 

standard deviation of the data set's mean. The formula for uncertainty can be derived by 

summing squares of deviation of each variable from the norm, then dividing the result by 

the product of the number of readings and the number of readings minus one, and then 
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computing the square root of the outcome. Mathematically, the Uncertainty Formula is 

represented as, Where  

 

𝑈 = √
∑ (𝑉𝑖 − 𝑉𝑚)𝑛

𝑖=1

𝑛 ∗ (𝑛 − 1)
                                                                  (2) 

Where U is the uncertainty, 𝑉𝑖 is a reading, 𝑉𝑚  

 The uncertainty in the experimental measurements of temperature, pressure, and flow rate 

are summarized in Table 1. 

Table 1. Uncertainty in Measurements 

Measurement Uncertainty Pressure [Pa] 

Sample 1 ±0.1% 

Sample 2 ±0.42% 

Sample 3 ±0.18% 

Sample 4  ±0.25% 

Sample 5 ±0.9% 
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CFD Calculations Mesh Independence  

In the fifth chapter, laboratory results were compared with numerical simulations. The 

volume of Fluid The numerical simulation method was used to produce the numerical 

model in the ANSYS software. Ensuring that the numerical simulation results are 

independent of the grid number is essential. The different mesh numbers are used to 

simulate the flow rate through sample 4, the airflow rate is 9 LPM, and the water flow rate 

is 1 LPM. The mesh number has been chosen to be 45k, 50k, and 55k. Figure 1 shows the 

results of the pressure calculations in sample 5. 

 

Figure 1. Mesh independency calculations 

As can be seen, increasing the mesh number has a minimal effect on the numerical 

simulation, where the change is about ± 0.06%. 
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