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Abstract: Seepage in a medium packed with particles of variable granular size can be seen in many
fields of engineering applications. Due to the relative complex spatial aspect of pore geometry,
there are notable differences in the critical parameters of flow transition (Reynolds number and
Forchheimer number) between different structures. It is difficult to distinguish the available range of
seepage equations and predict the water flux accurately. This work aims to establish the relationship
between particle size and flow transition. This is conducted according to the results of flow region
division, which obtains the application range for seepage equations. Experiments were carried out
in sand columns with nine different particle sizes of sand with mean diameters of 0.0375, 0.1125,
0.225, 0.45, 0.8, 1.5, 2.18, 3.555 and 7.125 mm. Four flow regimes were identified (pre-Darcy regime,
Darcy regime, Forchheimer regime and turbulent regime). The experimental data indicate that the
permeability increases exponentially and the inertia factor reduces exponentially with an increase in
particle diameter. The inertial effect becomes more significant in the medium with larger particles
than with finer particles when the flow transition occurs.
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1. Introduction

Water flow through a porous medium packed with particles is seen everywhere in engineering
practices. The permeable medium is comprised of loose or consolidated granules with abundant
lithology and a relatively complicated granular composition. For instance, the groundwater flows
towards injection/pumping wells in the multiple-layer system, which is comprised of aquifers and
aquitards [1–3]. In another example, the groundwater rushes in accidents towards the bottom of
the foundation pit, with seepage leaking through the clay or sand-gravel layer, silty clay or silty
soil layer and miscellaneous fill soil layer [4]. Due to the permeability differences in each layer,
the flow is not a simple laminar Darcy flow or inertial Forchheimer flow [5,6]. Furthermore, the rush of
water in a collapsed pillar is a typical physical process of water flow in multi-flow field coupling [7].
The groundwater of the aquifer is able to burst through the water-flowing fractured zone, before
rushing into the roadway [8,9]. The pore volume grows larger, the seepage velocity becomes greater
and the flow regime transitions from laminar to turbulence further down the pathway. Due to the
relatively complex spatial characteristics of pore geometry, a multi-flow field was formed to have a
mutual transformation of flow behavior among three regimes. Therefore, Darcy’s law or Forchheimer
equation may be invalid in the forecasting of water inflow [10,11].
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For the sake of improving the prediction accuracy, non-Darcy equations have been recommended
for numerical calculations and a multiple-region flow field has been established. A considerable
amount of effort has been devoted in studying a two-region model of water flow towards pumping
well, where the critical radius represents the location separating the non-Darcy region and Darcy
region [10–15]. Furthermore, Shi et al. presented a three-region coupled model to simulate the
flow behavior of the water inrush induced by the karst collapse column, where the Darcy flow
occurs in the aquifer, Forchheimer flow begins in fractured rock and the turbulent flow starts in the
roadway [16]. In addition, Ma et al. considered the effect of migration of fine grains on flow type [17].
However, all above-mentioned studies demarcated the flow-filled boundary based on the critical
radius or the spatial position without considering the influence of pore structure. However, the flow
regime transition is significantly dependent on the various pore structures. Thus, a criterion needs to
be established to divide the flow area, which should include the pore structure information.

Particle diameter is one of the most important basic parameters of pore structure for a
particle-packed medium. This is combined with gradation, grain shape and surface roughness of
the granular to describe the pore geometry character [18–20]. Several researchers have tried to quantify
the influence of particle diameter on flow resistance force. For example, Carman et al. depicted
the diameter of grains and porosity as a function of the Kozeny–Carman equation’s coefficient [21].
In another example, the linear term and quadratic term coefficients of the well-known Ergun equation
both can be expressed as a function of the diameter of grains and porosity, which still used the
Kozeny–Carman expression for the linear term coefficient [22]. Numerous semi-empirical non-linear
equations have been presented, which are based on laboratory experiments or investigation of available
data in literature that considered the effect of particle size [22–28]. In addition, porosity can be expressed
as a function of grain diameter [21,26]. Consequently, particle diameter is suitable as an important
criterion for flow field division.

Flow field division relies on flow behavior. Up to now, the relationship of flow behavior and
particle diameter has mainly focused on either the ‘wall effect’ [29–31] or the functional relationship
with linear term and quadratic term coefficients [27,32–34]. Several investigators have studied the
connection of porosity of packed beds and the ratio of bed-to-particle diameter [35,36]. There is a
lack of research examining the relationship between flow transition criterion and particle diameter.
Obviously, the variation of particle size has a significant influence on flow transition [37] and is an
important factor for flow field division. Therefore, more studies of the relationship between flow
transition criterion, especially turbulent onset, and particle diameter should be carried out.

The current work aims to establish the relationship between particle size and flow transition.
Based on the results of flow region division, we obtained the application range for seepage equations.
Thus, the accuracy of the water flux prediction would be enhanced. According to the purpose of
this work, experimental flows in nine different sizes of granular packed columns are conducted.
Firstly, the flow regimes were divided based on RPD-v (Reduced Pressure Drop plot against superficial
velocity) graphs. Secondly, the function of permeability versus grain diameter and inertia factor versus
particle diameter were both created. Following this, the relationships between each critical parameter
and particle diameter were discussed. Finally, the flow equation of each flow region was verified and
the relationships between particle diameter and flow transition were established.

2. Materials and Methods

2.1. Equipment Set-Up and Method

A schematic diagram of the experimental device is shown in Figure 1. It mainly consists of four
parts: experimental unit, water supply system, data measurement and recording equipment.
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Figure 1. Schematic of the experimental setup. 

The core component of the experimental unit was a vertical cylindrical column made of 
plexiglass. The middle part of column was the test tube (height of 0.2 m, diameter of 0.06 m and wall 
thickness of 0.007 m), which was filled with selected granular materials and compacted uniformly by 
a mallet (Figure 2a). The upper and lower parts of the column were cone-shape reducing pipes 
(Figure 2b), which serve as diffusers to create uniform flow conditions. The porous plates (Figure 2c) 
with a filter cloth in the middle, which has a thickness of 4 mm and bore diameter of 2 or 4 mm, were 
fastened to the bellbottom of the reducing pipe. The bores had a circular arrangement in the plates 
and there were shallow channels between two bores on each ring, which also contribute to the 
creation of a uniform velocity field. At the periphery of the test tube, two piezometer interfaces are 
placed, which form an angle of 90° to the center line of the column. Measurements were carried out 
after a steady state of flow was reached and continues at least one minute. 

 
Figure 2. Accessories and tools: (a) Mallet, (b) Cone-shape joints and (c) porous plate. 

A plunger-type constant pressure water pump was used in the water supply system powered 
by an air compressor. By adjusting the pressure regulating valve, various flow rates and pressure 
gradients were established. The key component of the measurement section was a backpressure 
device, which was connected to the water outlet joint. It has three functions. Firstly, it keeps the air 
bubbles out of the experimental section. Secondly, it contributes to the formation of a stable water 
head difference. Thirdly, it reduces the impact of water on the electronic scales. This quality method 
was adopted for measuring flow rate experimentally. In other words, the flow mass was measured 
using an electronic balance with a storage tank on it. The experimental data were recording by a data 
collection software in the computer every 3 s. 

Water was pumped from the bottom of the experimental column, which flowed upwards 
through the test tube, before falling into the backpressure device. Finally, we swapped out extra water 

Figure 1. Schematic of the experimental setup.

The core component of the experimental unit was a vertical cylindrical column made of plexiglass.
The middle part of column was the test tube (height of 0.2 m, diameter of 0.06 m and wall thickness
of 0.007 m), which was filled with selected granular materials and compacted uniformly by a mallet
(Figure 2a). The upper and lower parts of the column were cone-shape reducing pipes (Figure 2b),
which serve as diffusers to create uniform flow conditions. The porous plates (Figure 2c) with a filter
cloth in the middle, which has a thickness of 4 mm and bore diameter of 2 or 4 mm, were fastened to
the bellbottom of the reducing pipe. The bores had a circular arrangement in the plates and there were
shallow channels between two bores on each ring, which also contribute to the creation of a uniform
velocity field. At the periphery of the test tube, two piezometer interfaces are placed, which form an
angle of 90◦ to the center line of the column. Measurements were carried out after a steady state of
flow was reached and continues at least one minute.
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Figure 2. Accessories and tools: (a) Mallet, (b) Cone-shape joints and (c) porous plate.

A plunger-type constant pressure water pump was used in the water supply system powered
by an air compressor. By adjusting the pressure regulating valve, various flow rates and pressure
gradients were established. The key component of the measurement section was a backpressure device,
which was connected to the water outlet joint. It has three functions. Firstly, it keeps the air bubbles out
of the experimental section. Secondly, it contributes to the formation of a stable water head difference.
Thirdly, it reduces the impact of water on the electronic scales. This quality method was adopted for
measuring flow rate experimentally. In other words, the flow mass was measured using an electronic
balance with a storage tank on it. The experimental data were recording by a data collection software
in the computer every 3 s.
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Water was pumped from the bottom of the experimental column, which flowed upwards through
the test tube, before falling into the backpressure device. Finally, we swapped out extra water into the
tank on the balance. It should be noted that at the beginning of test, the granular medium need to be
completely saturated by distilled water.

2.2. Experiment Materials and Scheme

Nine different size granular media were selected for the seepage test. The wind-blown sand,
river sand and crushed quartz specimens were used in the seepage properties test, as shown in Figure 3,
which were separated by a high-frequency vibration screening test sieve machine [38]. The material
properties of the specimens are shown in Table 1.
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As mentioned above, the “wall effect” should be considered as an important factor in water flow
through the particle-packed type of medium. The void distribution within a particle-packed bed is
essentially dependent on the ratio of bed-to-particle diameter. The porosity oscillates around the mean
value (e.g., 39% with a randomly packed bed of uniform spheres [39]), and dampens out from the wall
to the center of the bed [35]. Thus, the ratio of bed-to-particle diameter has a great influence on the
permeability of a particle-packed porous medium. Beavers et al. indicated that the permeability was
not apparently influenced by the “wall effect” when the diameter of the bed was greater than 12 times
of the particle diameter [36]. Hayes et al. suggested that the ratio should be about 10 [29]. That means
the wall effect should be ignored when the ratio of column diameter to particle diameter was no less
than 10. Accordingly, the mean specimen granular size in this study were basically smaller than 6 mm
to minimize the wall effect.

Table 1. Material properties.

Material Particle Packed Column Particle Diameter
Range (d/mm)

Mean Particle
Diameter (mm) Density (kg/m3)

Fractional Void Volume of
Packing Column (%)

Wind-blown sand

a 0–0.075 0.0375 2620 35.19
b 0.075–0.15 0.1125 2620 35.33
c 0.15–0.3 0.225 2620 35.56
d 0.3–0.6 0.45 2620 35.94

River sand
e 0.6–1.0 0.8 2650 44.78
f 1.0–2.0 1.5 2650 44.28
g 2.0–2.36 2.18 2650 44.58

Crushed quartz h 2.36–4.75 3.555 2820 45.06
i 4.75–9.5 7.125 2820 44.63

It should be noted that the target zone of hydraulic gradient was between 0 and 50.
However, in practice, the seepage velocity in 0–0.075 mm of wind-blown sand packed into a column
was too small to be measured until the hydraulic gradient reaches 25. Consequently, we enhanced the
water pressure to make sure that the value of velocity belongs to the best measurement range.
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3. Flow Regime Identification

In order to describe the flow character in each seepage field accurately, the seepage equation should
be confirmed, which is primarily dependent on the identification of flow regimes. In experimental
studies, some investigators distinguished the flow pattern by the graphical demarcation method.
For instance, Basak et al. and Soni et al. used the hydraulic gradient i versus velocity v curve (i-v graph)
to define the flow regime [32,40]. Darcy’s law expressed a linear relationship between velocity and
gradient, while the non-Darcy flow under low and high gradients exhibited pre-linear and post-linear
characters, respectively.

Unfortunately, with the development of non-Darcy flow investigations, some researchers pointed
out that superficial velocity alone cannot regarded as a criterion for characterizing the non-Darcy
behavior [41]. In the majority of situations, the Reynolds number (Re) would be used as a criterion
for flow regime division. The Reynolds number is usually defined as: Re = ρdv/µ, where v is the
superficial flow velocity, d is the characteristic diameter of the particles that constitute the porous
column, ρ is the fluid density and µ is the fluid dynamic viscosity [42].

Curves of the friction factor (f ) plotted against the Reynolds number (Re) in a double logarithmic
coordination (Moody-type diagram for short) were used as a flow regime–division scheme to identify
the flow regime. Three flow regimes could be distinguished from the Moody-type diagram. (1) At the
low Reynolds numbers, there is a straight-line portion of the curve, where the Darcy law is valid.
(2) As Re increases, the flow behavior deviates from linear, where Forchheimer equation is more
suitable. (3) When Re is high, the friction factor approached an asymptotic value independent of Re,
where turbulent flow appeared [43–46]. Nevertheless, the flow region before Darcy regime could not
be traced from the Moody-type diagram, which could be identified in the RPD-v curve.

Various researchers have proposed using the curve of dimensionless pressure drop versus
Reynolds number or reduce pressure drop (RPD)-velocity v as the criterion to distinguish flow
regimes [47–51]. The formula was derived from Darcy’s law and Forchheimer equation. Taking the
RPD-v curve for instance, flow patterns can be divided by observing the change in the slope of the
curve. When RPD remains constant with an increase in v, Darcy’s law is suitable where the slope is
equal to zero. Pre-Darcy regime is located before the upper boundary of Darcy regime. A positive
slope can be observed in the post-linear regimes. Furthermore, comparing with turbulent regime a
steeper slope should be found in Forchheimer regime.

The flow regimes would be marked by Reynolds number, Forchheimer number or Knudsen
number in different research fields [52,53]. In the current work, the flow regime has been identified
based on RPD-v curves (see Figure 4) and the flow regimes had been marked by the Reynolds number
and Forchheimer number (see Figure 2). It is widely accepted that transitions in particle-packed
medium are expected to be gradual. Consequently, in our study, it is appropriate to select the stationary
points (the peak points) as the lower boundary of Forchheimer regime and the upper boundary of the
turbulent onset.

In this research, water flow through particle-packed bed experiences four different regions:
(i) pre-Darcy region, (ii) Darcy region (or linear laminar region), (iii) Forchheimer region (or non-linear
laminar region) and (iv) turbulent region (shown in Figure 4). Under the given water pressure range,
the main flow behavior in a finer granular packed medium (particle size 0–0.6 mm) change between
pre-Darcy flow, Darcy flow and Forchheimer flow. The regime of water flow in a coarser granular
packed column (particle diameter range of 0.6–9.5 mm) changes from Forchheimer flow to turbulent
flow. The onset points of each regime of nine group tests are shown in Table 2.
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As shown in Table 2, the flow behavior is dominated by viscous forces during the creeping
flow (pre-Darcy and Darcy flow) stage, while the critical pressure gradient of flow transition reduces
with an increase in particle diameter. This is the case with flow transition columns (a)–(c) with the
porosity of 0.35 ± 0.01. Column (c) is packed with larger granules and thus, the critical pressure value
was 0.125 MPa. Column (b) is packed with smaller granules and thus, critical pressure value was
0.0175 MPa. Column (a) with the smallest granules has the largest value of critical water pressure
of 0.0814 MPa. As the flow velocity increases, the flow pattern transitions from the Darcy regime
to Forchheimer regime. In this process, the inertial resistance is comparable to viscous resistance
and gradually becomes more pronounced. The critical pressure value of column (c) and (d) are both
0.03 MPa. In comparison, the critical pressure values of columns (e)–(i) were much smaller in the
range of 0.009–0.01 MPa. When the flow pattern transformed into turbulence, the viscous resistance
should be neglected and the critical pressure value of columns (e)–(i) were practically same at around
0.045 MPa.

There are three transition zones included in the whole flow domain:

• Transition from pre-Darcy flow to Darcy flow;
• Transition from Darcy flow to Forchheimer flow;
• Transition from Forchheimer flow to turbulent flow.

The constitution of seepage resistance significantly depends on the particle size. When flow
transition begins, the critical Reynolds number and Forchheimer number value increase with an
increasing particle size when the porosity remains constant. These data lead us to a conclusion that
for critical flow transition, the inertia effect is more pronounced for a column with larger grains
than that with finer grains. In comparison, the friction factor increased with an increase in grain
diameter for columns (e)–(i), when there is turbulence. A similar behavior has been reported by
some investigators, which will be discussed later. In the next section, the relationship between four
parameters (e.g., permeability, inertia factor, Reynolds number and Forchheimer number) and particle
diameter will be exhibited, while the illustration of affection on flow transition by pore structure will
be discussed.
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Table 2. Onset of Darcy/Forchheimer/turbulent flow experimental data points.

Particle
Packed
Column

Onset of Darcy Flow Onset of Forchheimer Flow Onset of Turbulent Flow

Pressure
Drop/∆P (MPa)

Superficial
Velocity/v (m/s)

Reynolds
Number/Re

Forchheimer
Number/Fo

Friction
Factor/f

Pressure
Drop/∆P (MPa)

Superficial
Velocity/v (m/s)

Reynolds
Number/Re

Forchheimer
Number/Fo

Friction
Factor/f

Pressure
Drop/∆P (MPa)

Superficial
Velocity/v (m/s)

Reynolds
Number/Re

Forchheimer
Number/Fo

Friction
Factor/f

a 0.0814 2.39 × 10−4 0.019 0 196,653.2 - - - - - - - - -
b 0.0175 0.00137 0.33 0.092 387.89 - - - - - - - - -
c 0.0125 0.00495 2.39 0.18 43.22 0.03 0.011 5.22 0.39 21.78 - - - -
d - - - - - 0.03 0.018 17.31 0.41 15.83 - - - -
e - - - - - 0.01 0.0136 18.58 0.38 19.50 0.045 0.0310 42.39 0.87 22.23
f - - - - - 0.009 0.0131 33.86 0.42 29.36 0.045 0.0339 87.59 1.09 34.33
g - - - - - 0.01 0.0179 66.73 0.58 44.19 0.045 0.0341 127.32 1.10 49.87
h - - - - - 0.009 0.0155 95.72 0.61 60.41 0.045 0.0345 212.64 1.36 77.54
i - - - - - 0.009 0.0147 179.68 0.92 124.57 0.045 0.0341 322.55 2.13 163.12
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4. Influence of Particle Diameter on Key Parameters

4.1. Influence of Particle Diameter, Shape and Roughness on Permeability k and Inertia Factor β

Permeability k and inertia factor β are the natural properties of porous media, which describe the
microstructure characteristics. In addition, they are also the key parameters for the development of
Forchheimer equation presentation [43]. Many researchers have proposed the general formula of k
and β. One of the most well-known equations was the Kozeny–Carmen equation. Carman discussed
that the permeability derived from Darcy’s law relies on four factors, such as particle diameter
d, porosity n, the sinuous track of length Le and particle shape (or called surface factor) φ.
Eventually, the permeability could be summarized as a function of particle diameter and porosity [21].
As the fluid flow deviates from Darcy’s law, one of the most famous extension of the Kozeny–Carmen
equation was made by Ergun (1952), which is suitable in the Forchheimer regime [22]. Ergun followed
the representation of the viscous term in the Kozeny–Carman equation and added one inertia term that
was closely analogous to the viscous term. The main drawback to both above-mentioned expressions
is the basic assumption of the granular bed being equivalent to a bunch of capillary. Thus, a series of
modified equations has been proposed with abundant geometrical characteristics, while the empirical
formula of permeability and inertia factor are exhibited in Table 3 [23,24,26,28].

Table 3. Formulas for the estimation of permeability and inertial factor.

Permeability k (m2) Inertial Factory β (m−1)

Ergun (1952) k = n3·d2

150(1−n)2 β = 1.75(1−n)
n3·d

Ward (1964) k = d2

360 β = 10.44
d

Irmay (1964) k = n3·d2

180(1−n)2 β = 0.6(1−n)
n3·d

Kovács (1981) k = n3·d2

144(1−n)2 β = 2.4(1−n)
n3·d

Fand and Thinakaram (1990) k = n3·d2

214(1−n)2·
(

1+ 2
3 ·

d
D(1−n)

)2 β = 1.57(1−n)
n3·d ·

(
1 + 2

3 · d
D(1−n)

)
Kadlec and Knight (1996) k = n3.7·d2

255(1−n) β = 2(1−n)
n3·d

In this study, nine groups of tests were carried out, while k and β were obtained.
The graphical presentation of results for various empirical formulas compared to our experimental
data are presented in Figures 5 and 6, respectively. Due to these equations being based on assumptions
and simplifications of the geometry of the pore space, there are varying degrees of accuracy in their
applications. For instance, compared with the other five formulas in Table 3, Ward’s equation had
the biggest difference from the measured data. The major reason for this great difference lies in Ward
considering k and β to depend solely on the particle diameter. The other factors mentioned above are
not taken into account.
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Moreover, as the particle diameter increases, the differences become more significant. As shown in
Figure 5, there is little difference between the measured and calculated values for the wind-blown sand
columns (a)–(d). In comparison, for the river sand columns (e)–(g) and crushed quartz columns (h) and
(i), the formulae presented in Table 3 are overestimating the permeability. The possible reason for this
behavior is related to the particle shape of the porous medium. Due to the formation of boundary layer
separation and recirculation eddies, the particle shape has a significant effect on the flow character. It is
important to consider that the equations mentioned above are based on simplifications of the geometry.
Consequently, comparing these three types of sand granules, crushed quartz had the roughest surface
and most irregular non-spherical shape particles, which exhibit the maximum errors of permeability
between experimental and computational values.

The inertia factor is negatively correlated to the permeability (see Table 2) [54]. The results of
the inertia factor had an inverse correlation to the permeability (Figure 6). The particle shape plays a
crucial role for the inertia effect. Fourar et al. indicated that the major influence on inertia forces in
porous media is derived from asymmetric streamlines induced by formation of eddies in re-circulation
zones [55]. Another theoretical analysis suggested that the inertial energy losses strongly localized
around the boundary layer [56]. Chen et al. and Tzelepis et al. point out that a rough surface will
lead to the chaotic flow being more easily formed and results in more inertia energy losses than
smooth surfaces [46,57]. Consequently, the inertia effect had a greater impact on a rough pore space,
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i.e., the measurement results within rough particles should be larger than empirical values based on
assumptions and simplification of the geometry of pore structure.

The flow resistance, imposed to a fluid by any solid surface, is caused by two distinct physical
origins [58]:

• Fluid adherence, no-slip resistance between fluid and solid surface; as well as
• Form force, responsible for the quadratic term of Forchheimer equation.

The coefficient of the quadratic term, also known as the inertia factor, is related to the geometry
of the solid porous medium, which contains the information of tortuosity in flow path [59]. For the
case of the porosity media in the matrix of spheres, the denser packing in smaller spheres results
in smaller flow passages and larger solid surfaces, even though the porosity remains practically the
same as the porous media with larger spheres, which is likely to increase fluid adherence to flow.
In addition, the winding of flow passages is considerably greater within smaller spheres, which is
likely to increase form force to flow. Hence, the permeability k is proportional to the particle diameter
square d2. In contrast, the inertia effect reduced with an increase in particle diameter, i.e., the inertia
factor β is inversely proportional to the particle diameter d. These relationships had been verified by
Huang et al. [33] (see their Figures 7 and 8) in their experiment for the case of fluid flow in cubic arrays
of smooth spheres. A similar result has been reported by Sedghi-Asl et al. [34] (see their Figure 5) for
the case of rounded aggregates packed into a column.

In this study, fitting curves of k–d2 and β–1/d are presented in Figures 7 and 8. Apparently, the directly
proportional relationship was not available, which is caused by two elements: the arrangement and
roughness. For the case of a medium consisting of a random arrangement of sand particles with coarse
surfaces, the fluid adherence would be more evident than that in medium with smooth and well-arranged
spheres, which means a ‘discount effect’ for permeability. At the same time, the form force would be
higher and an ‘additive effect’ for inertia factor will be revealed. We presented the relationship of k–d2

and β–1/d as:
k = a + b · (d2)

α
, (1)

β = c · (1/d)γ, (2)

where a, b and c are constant; α is discount effect coefficient; and γ is additive effect coefficient.
Table 4 represented the fitting results of α and γ for three different porous mediums cited by

Huang et al., Sedghi-Asl et al. (recalculated k and β based on existing data in their Table 1) and our
research [33,34]. The discount effect and additive effect could be observed clearly.

Table 4. Fitting result of discount effect for permeability and additive effect for inertia factor.

Data Source Medium Character m n

Huang et al. (2013) Cubic arrays of smooth sphere 1 1
Sedghi-Asl et al. (2014) Random arrays rounded aggregates 0.631 1.02

Our research Random arrays sand and crushed stone 0.076 2.49

In summary, the arrangement and roughness of the particle could actually discount or add
to the value of permeability and inertia factor, respectively. However, the main tendency is that
permeability increases with increasing particle diameter and inertia factor decreases with an increase
in grain diameter. Permeability and inertia factor describe the flow characters from the microstructure
perspective. For the micro- or macroscopic mechanical perspective, the transformation between viscous
force and inertia force could be expressed by Re and Fo, which is also used as critical criteria of flow
regime transition.
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4.2. Influence of Particle Diameter on Friction Factor

When the flow becomes completely turbulent, the friction factor f becomes independent of Re
and tends to remain constant [44]. As mentioned above in Section 3, even though the inertia effect
was more pronounced for columns with larger particles, the friction factor of the turbulent onset point
increased with an increasing grain size.

A similar behavior to this is essentially depicted in Figure 3 of Sedghi-Asl et al. and Rahimi et al. [60].
They suggested that the voids and the angular sediment edges become larger, which leads to an increase
in flow resistance. Furthermore, some similar reports have been presented by Chen et al. [46] (see their
Figures 2–4) and Tzelepis et al. [57] (see their Figure 3) for the case of fluid flow through fractures.
Their experimental data show that the friction factor become larger within wider fractures when turbulence
occurred, while it becomes easier to have turbulence when there is a rougher surface.

In our study, although the porosity of the columns (e)–(i) is roughly equal, larger granules created
a larger pore body and more sharper corners, as suggested by Chaudhary et al. [61]. Thus, there are
more obstructions, which occupied part of the pore space and constrict the seepage path. Thus, the flow
resistance increased.

4.3. Influence of Particle Diameter on Critical Re and Fo

In Figure 9, friction factor is plotted as a function of Reynolds number by experimental data of
columns (e)–(i). The red data points represent turbulent onset. As depicted in Figure 9, friction factor
does not depend monotonically on the Re. The friction factor increases with an increase Re for a narrow
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range. A similar situation has been reported by many investigators. They suggested that the behavior
represents the transition zone between Forchheimer and turbulent regimes [57,62,63].

According to Figure 9, the critical Re (Reynolds number values of turbulent onset) increasing
with an increase in granular size. A similar behavior for the case of deviation point from Darcy flow
has been reported by Li et al. (e.g., the critical Re = 3.90, 7.08, 9.1 and 10.78 corresponds to particle
diameters of 1.075, 1.475, 1.85 and 2.5 mm) [37]. In current work, the values of critical Re were 42.39,
87.59, 127.32, 212.64 and 322.55 in the case of turbulent onset. Obviously, the flow transition comes
faster for fine particle-packed columns, which might be as a result of energy transfer occurring faster
in small-scale pore structure [64].

A larger Reynolds number means a stronger inertial effect. It can be found that the inertia effect is
more pronounced for the column with larger grains than that with finer grains when the flow regime
transitions from Forchheimer to turbulence.
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This behavior can also be described with Forchheimer number Fo. Following Ruth and Ma [65],
it can be expressed as:

Fo =
βρkv

µ
, (3)

This could be explained as the ratio of liquid–solid interaction to viscous resistance by Zeng et al.
and Grigg et al. [42], which is derived from Forchheimer equation. As mentioned above in Table 3,
k and β could be written as a function of d and n. Taking Ergun’s expression for instance, the Fo
number could re-written as:

Fo = C · d
(1 − n)

· ρv
µ

, (4)

where C is constant.
Equation (3) indicates that the grain diameter, porosity and flow velocity are the main contributing

factors for the value of critical Fo. In our research, the porosity of columns (e)–(i) roughly remain
constant. As shown in Table 2, the superficial velocity is nearly equal when turbulent flow begins.
Consequently, the critical Fo increases with an increase in particle diameter, i.e., inertia effect becomes
more pronounced for the column with larger granules when the flow transitions from the Forchheimer
to turbulent regime.

5. Determination of Various Flow Domain Equations

The well-known Darcy’s law (Equation (5)) is applicable in Darcy regime. There are two different
types of formula have been proposed to describe the non-linear flow through particle-packed media:
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the Forchheimer equation, also known as quadratic law (Equation (6)), and Izbash’s equation or namely
power law (Equation (7)):

i = Kv, (5)

i = Av + Bv2, (6)

i = λvm, (7)

where A, B and λ are constant. Although the empirical Forchheimer equation has been shown to be
derived from a theoretical point of view [66,67], the power law is more of the empirical nature and is
likely to fit well for the high-velocity flow in many experimental studies [34,68,69]. The exponential
value of the power law is mostly related to the flow regime: m = 1 for case of the Darcy regime, while m
reaching 2 indicates that the flow has become fully turbulent [58,68,70].

Figure 10 presents the hydraulic gradient i compared to superficial velocity v, which is correlated
using three fulmars: Darcy’s law (Equation (5) shown in Table 5), Forchheimer equation (Equation (6))
and power law (Equation (7)). It is worth noting that in our test, the flow regime of packed column
(a) is mostly pre-Darcy regime with a particle diameter range of 0–0.075mm. To date, there is no
precise information regarding the lower boundary and there is a lack of experimental data for the
pre-Darcy regime. Fand et al. [47] point out that the published data indicated that the lower limit
of Darcy region is less than Re = 10−5. Some investigators suggest that the pre-Darcy regime has a
wider range than Darcy’s law and proposed the upper limits based on seepage tests in columns packed
with spheres of different sizes (e.g., Re < 0.3 for 3 mm beads; Re < 0.6 for 6 mm beads obtained by
Kececioglu et al. and Jiang et al. [48]; and Re < 0.72 for 3 mm spheres and Re < 9.65 for 1 mm spheres
obtained by Bağcı et al. [50]). However, the lower limits and the expression of the pre-Darcy regime is
still controversial. Therefore, we described the pre-Darcy regime using Darcy’s law for the meantime,
with the results listed in Table 5.
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Figure 10. Relationships between hydraulic gradient and superficial velocity: (a) 0–0.075 mm;
(b) 0.075–0.15 mm; (c) 0.15–0.3 mm; (d) 0.3–0.6 mm; (e) 0.6–1.0 mm; (f) 1–2 mm; (g) 2–2.36 mm;
(h) 2.36–4.75 mm; and (i) 4.75–9.5 mm.

Table 5. Fitting results with the experimental data.

Sample Number Darcy’s Law i = Kv (Equation (5)) Forchheimer Equation i = Av + Bv2 (Equation (6)) Power law i = λvm (Equation (7))

a i = 198.152v R2 = 0.999 i = 164.182v+152.506v2 R2 = 0.983 — —
b i = 8.05v R2 = 0.998 i = 6.86v+0.346v2 R2 = 0.995 — —
c i = 1.889v R2 = 0.993 i = 1.246v+0.045v2 R2 = 0.996 — —
d — — i = 0.5694v+0.0247v2 R2 = 0.988 i = 0.27v1.462 R2 = 0.987
e — — i = 0.0966v+0.0236v2 R2 = 0.993 i = 0.040v1.884 R2 = 0.992
f — — i = 0.0703v+0.0204v2 R2 = 0.991 i = 0.0321v1.899 R2 = 0.991
g — — i = 0.0182v+0.0210v2 R2 = 0.980 i = 0.0253v1.955 R2 = 0.980
h — — i = 1 × 10−5v+0.0216v2 R2 = 0.980 i = 0.0214v2 R2 = 0.981
i — — i = 1 × 10−5v+0.0222v2 R2 = 0.977 i = 0.0221v2 R2 = 0.978



Energies 2017, 10, 1401 16 of 21

From the presented results in Figure 10, it is evident that for the experimental data of
column (a) and (b), the hydraulic gradient increases in a linear relationship with velocity and
Darcy’s law was more suitable than the Forchheimer equation. Thereafter, for the rest of the
columns, there are non-linear relationships between the hydraulic gradient and superficial velocity.
Furthermore, the non-linear effect becomes more remarkable with an increase in granular size,
which corresponds with the change in critical Forchheimer number Fo and the critical Reynolds
number. As shown in Table 5, an excellent agreement for the Forchheimer equation with column (b) to
sample (e) was obtained; the power law is more suitable for columns (h) and (i); while Forchheimer
equation and power law are both applied for columns (f) and (g).

Taking into account the results of flow regime identification and the inertia effect analysis in
Section 4.3, it can be concluded that Darcy’s law was suitable for the wind-blown sand packed columns
(a) and (b) with the particle size of 0–0.15 mm. The Forchheimer equation should be selected for
columns (c)–(g) with the granular size of 0.15–2.36 mm. As the flow behavior becomes completely
turbulent in columns (h) and (i), we suggest using the power law with exponential equals 2.0 describing
flow character and the expression could be written as:

i = ψv2, (8)

where ψ represents the turbulence coefficient.
It is important to notice that there is a conspicuous ‘sunken region’ of experimental data below

the fitting lines for columns (g)–(i) and an inconspicuous ‘sunken region’ for columns (e) and (f) in
Figure 10. Compared with the flow regime identification results (in Figure 4), the data of the sunken
region basically correspond to the flow transition zone between the Forchheimer and turbulent regimes.
When there is only turbulence, the inertia force dominates and leads to energy loss and an increase in
pressure, i.e., the hydraulic gradient is proportional to the flow velocity squared. A higher hydraulic
gradient is required for this turbulent regime. Thus, a ‘sunken region’ was revealed just before this
turbulent regime.

6. Flow Region Division and Seepage Equation Selection

In the engineering practices, the particle diameter and fluid flow velocity are easily accessible.
For the current work, a relationship between the critical velocity of flow transition and the mean
particle diameter is displayed in Figure 11, with three flow fields exhibited. The Darcy’s law region
has very low velocity in the range of 0 < v < 0.015 m/s. As the velocity gradually increases,
the Forchheimer equation begins to dominate with the lower boundary being v = 0.018 m/s and the
upper boundary being 0.035 m/s. However, the critical velocity begins earlier (e.g., at v = 0.011 m/s)
for finer particles. Following the upper boundary of the Forchheimer region, the flow regime moves
gradually into turbulent flow and the velocity becomes larger than 0.031–0.0345 m/s, which is more
suitable for Equation (8). According to the changes in trends displayed in Figure 11, the critical
velocity of the Forchheimer flow or turbulent flow might be lower when there are finer granules.
However, by increasing the particle diameter, the critical velocity tends to remain constant.
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Flow fields based on the critical pressure drop against particle diameter are displayed in Figure 12.
The critical pressure drop between Darcy flow and Forchheimer flow was 0.03 MPa for the wind-blown
sand (0–0.6 mm granular size) and 0.009–0.01 MPa for the river sand and crushed quartz (0.6–9.5 mm
granular size), respectively. As the flow pattern becomes completely turbulent, the values of pressure
drop criterion was 0.045 MPa for a granular size of 0.6–9.5 mm. Furthermore, the value should
be much higher than 0.06 MPa for the wind-blown sand (0–0.6 mm granular size). Concerning the
results displayed in Figure 12, we could conclude that the particle-packed medium with finer particles
consumed much higher energy than that with larger granules during the flow transition.
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7. Conclusions

The present study deals with nine groups of experimental investigations that arise from granular
size influencing flow regime transition in particle-packed media. The relationship between critical
parameters of flow transition and the granular size of particle-packed medium was discussed.
The equations used to describe various flow domains were determined. The following can be stated:

1. The permeability increases exponentially with particle diameter for the case of fluid flow
through a particle-packed medium. A ‘discount effect’ for permeability should be caused by
the non-spherical shape and roughness of the particle. A suitable equation of permeability was
obtained experimentally:

k = −4.46 × 10−4 + 6.93 × 10−4(d2)
0.076

, (9)
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2. In contrast with permeability, the inertia factor reduces exponentially with an increase in particle
diameter. An ‘additive effect’ should be caused by the non-spherical shape and roughness of
particles for the inertia factor. The relationship between inertia factor and mean particle diameter
was obtained:

β = 1.26 × 105 + 3.37 × 10−4(d−2.49), (10)

3. Three different flow regions have been divided. The availability range of seepage equation was
verified based on the division results, which is shown in the graph of superficial velocity against
mean particle diameter. The Darcy region is located at the creeping velocity in the range of
0 < v < 0.011 m/s with Darcy’s law being more suitable (Equation (5)). The Forchheimer region
is found at 0.018 < v < 0.0345 m/s with the quadratic law suitable in this case (Equation (6)).
The turbulent flow domain occurred at v > 0.0345 m/s with the power law being applied in this
case with an exponential value of 2 (Equation (8)).

4. According to the results of flow region–division, the availability range for seepage equation
was obtained, which is shown in the curve of pressure drop (∆P) plot against mean grain
diameter. The Darcy domain should be found at ∆P < 0.03 MPa for a granular size of 0–0.6 mm
and at ∆P < 0.009–0.01 MPa for a granular size of 0.6–9.5 mm. The Forchheimer domain is
located in 0.01 < ∆P <0.045 MPa for a granular size of 0.6–9.5 mm. Turbulent flow occurred at
∆P ≥ 0.045 MPa for a granular size of 0.6–9.5 mm.

5. The inertia effect becomes more pronounced with an increase in the particle diameter when the
flow transition occurs. Furthermore, the particle-packed medium with smaller granules had a
greater energy loss during this process.
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