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the flow rate. There are two coefficients have effect on non-Darcy flow regime
(Reynolds number, Forchheimer number) at the same time depends it’s on properties
of media; one of them is determined by using linear regression model to predicts the
Forchheimer numbers. The permeability, porosity and Tortuosity are determined
theoretically and all of them depend on properties of fluid and media. the test result
shows the theoretical analysis from the Forchheimer number is directly proportional
with effect of post-Darcy flow regime, and that non-Darcy behavior has good value
with glass media (0.5166 porosity) .Porous media properties shows the permeability
and non-Darcy coefficient have effect on non-Darcy behavior and inertia coefficient
depends on porosity and properties of permeable bed.
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1. Introduction

A property of multi size of material as porous medium have effects on the regime of flow and is
one of application reservoir engineering, packed beds in petroleum industries and can be used in
wide variety of engineering applications [1]. The fluid behavior inside porous material changing with
material properties in three zones start from pre-Darcy zone then Darcy zone and post-Darcy zone at
turbulent flow. The types of flow occurring according to how fast the fluid is moving relative to how
viscous it is, properties of material have effects on the flow of behavior for different particle size and
type of fluid. The studies illustrate uses in the porous media as in, Bded [2] who studied the gas flow
performance through porous media, and as a result the gas flow rate was an important parameter
influencing bed for single size of backing.
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Some of parameters have effects on the post-Darcy zone behavior in porous media, so the known
them is very important [3]. researcher studied the flow through granular materials using different
rounded aggregates sizes and hydraulic gradients in order to assess the fluid flow behavior at high
velocity, the media characteristics with high porosity values and large pores, for such conditions; the
linear theories applicability to characterize flow of water has been calculated comprehensively. So,
he studied the non-Darcy flow coefficients with increase in grain diameter, their results are valid for
uniform materials only. Mohammed N. Abbas [4] developed an equation of porosity as a function of
parameters affecting the water flow porosity during medium bed of spherical particles for uniform
permeable media.

When the flow be turbulent (post-Darcy flow) the regime of flow be non-Darcy, and there are
parameters having effects on the non- Darcy and this clear in some of studies like Jan H. Roy Snoeijers
[5]. Their studies gave new experimental information for non-flow behavior in different porous
materials changing from medium sands to gravel. Their studies show that fluid flow resistance in
permeable media can be predicted by the pore structure geometry and the equations relate the
Forchheimer parameters to the porosity and characteristic pore length. This study shows that the
geometry of the pore comes from the uniform size and non-uniform particle size and leads to change
in the path of flow from linear to nonlinear. Wojciech S., Anna T. [6] studied some of flow parameters
such as permeability, Forchheimer coefficient, based on pressure drop and flow rate for flow rates
measurements exceed the linear Darcy’s flow regime. The results showed that a greater work
dedicated to simulate the fluid flow through porous media with specific benefit in granular beds.
Hidayah et al., [7] showed that the porosity is an important factor in blocks performance. Razali and
Sadikin [8] studied the prediction of flow in the microchannel and gives offered advantages in using
microchannel based on pressure and velocity of fluid through porous media. Kumar [9] suggest the
relation equivalent for Reynolds number with Forchheimer number to show the flow system at
different points. and find Forchheimer number takes into smooth change of flow in two zone from
transition and inertia regimes.

From previous studies we can conclude the problem in this study by divided the regimes of flow
at four sections started from Darcy flow and throughout to the section of Forchheimer flow to reach
for the nonlinear relation under turbulent flow (non-Darcy flow) proportional to the velocity square,
this will help us to determine the purpose of this study.

The aim of research is to show the effect of multi particle size to shape uniform and non-uniform
from porous media (gravels, glass bed, SiLibeads) by viscose fluid (crude oil) on the non-Darcy
behavior regime, and effect of Properties system on its behavior.

2. Regimes of Flow in The Permeable Media

Many of different flow regimes can be distinguished for the flow in porous media. Started from
Darcy flow zone behavior for dominant of viscous forces with linear pressure gradient as in
Forchheimer suggestion [10]. The second zone after increasing Reynolds number is Forchheimer flow
(transition zone), this flow had effect from laminar inertia flow and the inertial forces to give
nonlinear relation between pressure gradient and Darcy velocity. The third zone is turbulent flow
(non-Darcy flow) which is highly unstable and disorder flow system at high Reynolds number and
dominated by eddies and the inertial forces become strong, pressure gradient is proportional to the
velocity square [10,11].

Forchheimer suggested the flow within porous media in the below form and can collect all three
zones in the following equation:
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The pressure gradient in the zone of porous media can be characterized by several factors, as in the

Eqg. (2). In general:

(Ap)total = (Ap)viscous + (Ap)inertial (2)

In this study the third zone is important and non-Darcy behavior occurs at it, so the assumptions of
Eqg. (1) identify the two criterions of Reynolds number and the Forchheimer number. Forchheimer
number has related to the effect of non-Darcy. It equals the ratio of pressure gradient to viscous
resistance [12].

3. Crude Oil and Media Properties
3.1 Properties of Iraqi Crude Oil

The crude oil used as fluid in this research and all physical properties are tested in lab of
petroleum properties in Petroleum Engineering Department (University of Kerbala) as shown in Table
1.

Table 1

The Physical properties of fluid at (40 °C)

Physical properties Value Method of test

Density (gm/ml) 0.693 Pycnometer
method ASTM-
D-1217

Kinematic viscosity 8.64045 viscometer

(m?/s) *10° method ASTM

Dynamic viscosity 0.005988 D-445

(kg/m.s)

3.2 Media Properties

Three type of material used as porous media for different size and shape, two of them uniform
in particle size and one non uniform in the size and shape (Gravels, Glass bed, SiLibeads) as shown in
Figure 1. The permeability, porosity and Tortuosity are determined theoretically and experimentally
and all of them depend on properties of media for each one, as shown in Table 2.

Table 2

Properties of three types of media

Type of medium Diameter Weight Porosity
(mm) (gm)

Gravels 14.86421 425.23 0.407605

Glass balls 20 378.01 0.5166

SiLibeads 1.65 500 0.3866
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(a) (Gravel) collected with different diameters

and sizes to form an irregular porous medium

=

il
: (C) SiLibeads medium
> T

(b) Glass Balls medium

Fig. 1. Type of material used as porous medium

4. Experimental and Theoretical Procedures
4.1 Experimental Part

In this paper we have relied on the experiments that available in the fluid laboratory in Petroleum
Engineering Department as a source to conduct our own calculations, the following device was used

in the laboratory, as shown in Figure 2.
l Silibeads

Perspex column 38 mm bore, 500
mm long with inlet and outlet

Gravels

Glass ball

0.5 mm gauze mesh toretain
granular media

Fig. 2. The experimental Rig

To prepare the porous media, it should be determine the porosity and permeability, the first
material is (SiLibeads) well rounded quartz grains sand have the density of sand equal to 2650 kg/m3
with mass of sand equal to 0.54 kg, the level of the media (permeable bed) length equal to 300 mm
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for all three type putted in cylindrical with diameter equal to 38 mm. we can determine the porosity
() for each media from the following Eq. (3) [13]:

Volume of voids in a bed

¢ (3)

"~ Total volume(voids and solids)

For the second media, the gravel was collected with different diameters and sizes to form an irregular
porous media to study the effect of regularity of porous medium on the nature and characteristics of
the flow. Then divided it into three sections as shown in Figure 2. To compute the equivalent diameter
for the gravel media, Eq. (4) used to find equivalent diameter:

dofs = (4)

i=1 d;
where: xi = particle fractional weight, d;= particle diameter

The third media is a glass balls of equal diameter to form a regular porous media having the
diameter of 20 mm with weight equal to 378.01 gm at same length of bed (L= 300 mm). For all types
of media weighted by a sensitive balance.

For different flow rate (Q), read on the flow meter, the readings increasing from laminar to
turbulent flow, the crude oil initially passes up through the porous bed grains, under these condition
Darcy's law and Kozeny-Carman equation applies to determine the head loss or pressure drop from
Eq. (5):
dh _ 5uVs (1-0)? (6)?
= o (a) s)

Then under each condition, can be calculate Reynolds number from Eq. (6):

__pudp
Re = 0 (6)

The pressure gradient should be calculated and Reynolds number will help us to determine the
boundary of non-Darcy zone.

4.2 Theoretical Part

Forchheimer number can be defined as the ratio of interaction liquid with solid pressure gradient
to the viscous resistance [1]:

Forchheimer number=kii (7)

This is coming from Eq. (1), in which the right-hand side (pu/k) is viscous resistance and the term (B
pu?) liquid/solid interactions [1], so the determination of the Forchheimer number needed to the
permeability and non-Darcy coefficient also to crude oil physical properties. Can get these
parameters from the Darcy Eq. (1) after rewritten as:
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% _ 1, gpu
T - x T B " (8)
where: 8 = non-Darcy coefficient, k = permeability

By applying one of the numerical methods which known by (Linear Regression Model), so Eq. (8)
should be linearized to find the value of k and 3 to get Eq. (9).

Y = -+BX (9)

Eq. (8) became linear equation and easy to find the value of slope B and intersection 1/k at different
flow rates, and may be applied to all types of porous medias [1,14].

4.3 Tortuosity Determination

Tortuosity is calculated from the tortuosity and porosity relationship for a permeable bed with
mixed in particles depends on packing preparation applied:

Tortuosity = ﬁ (10)

where (n) represents a numerical value, and it ranges from 0.4 to 0.5 for bed of loose permeable and
dense permeable, respectively [13,15].

5. Results and Discussion
5.1 Effect of Media Properties on Post-Darcy Flow

From theoretical analysis of permeability and post Darcy (non-Darcy) coefficient by using Linear
Regression Model with Eq. (8), the value of slope B and intersection 1/k are determined as shown in
Figure 3(a) and Figure 3(b) for gravels and glass balls material, but in SiLibeads material there is no
boundary of non-Darcy zone. Because of the linear relationship between head loss and flow rate, this
is deal with [10,11]. Table 3 illustrate the permeability and non-Darcy coefficient values for each type
of media, viscous resistance in the gravels more than glass balls material and SiLibeads, because of
porosity of each one, but at Inertial Resistance (non-Darcy coefficient) for gravels material have value
equal to 1040 at porosity 0.407 more than glass material at porosity 0.51, and at porosity 0.3866 the
non-Darcy coefficient was 238.034.

Table 3
Permeability and non-Darcy coefficient values
Type of porous Viscous Inertial Porosity, ¢
media Resistance Resistance Non-

Permeability, k, Darcy coefficient,

m? B, m?
Gravels 8*107 1040 0.407605
Glass balls 6*107 306.8 0.5166
SiLibeads 1.55157*10°® 238.0399 0.3866
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Fig. 3. Prediction of coefficient of post-Darcy and permeability, (a) Gravels, (b) Glass
material

5.2 Criterion of Forchheimer Number for The Flow in Post-Darcy Regime by Multi Porous edia

By applying Eq. (7) the Forchheimer number will determine point of effect on the non-Darcy in
three porous media as shown in Table 4 which is illustrate Forchheimer number in the gravel
particles, glass particles and SilLibeads at different flow rate. Figure 4 shows the relation between
non-Darcy flow and velocity in three porous media, Forchheimer number takes place at progressive
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and smooth replacing in the flow zone between transition and inertia resistance regimes, this point
deals with suggestion of Kumar [9], so it is more clear from Figure 4 that the Forchheimer number
have directly effect on Post-Darcy (non-Darcy) as on Z. Zeng [1]. That means the non-Darcy effect is
more acute in low value of permeable porous media.
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Fig. 4. lllustrate relation between Forchheimer number and flow rate
(velocity m/s)

Table 4
Values of Forchheimer number at different flow rate (velocity m/s) in
Gravel particles, glass particles and SiLibeads

v(m/s) Forchheimer Number

Gravel Particles Glass Particles SiLibeads
0.0001 0.009642 0.002133 0.00428
0.001 0.096417 0.021332 0.0428
0.01 0.96417 0.21332 0.428
0.05 4.82085 1.0666 2.14
1 96.417 21.332 42.8
1.5 144.6255 31.998 64.2
2 192.834 42.664 85.6
2.5 241.0425 53.33 107
3 289.251 63.996 128.4
35 337.4595 74.662 149.8
4 385.668 85.328 171.2
4.5 433.8765 95.994 192.6
5 482.085 106.66 214
5.5 530.2935 117.326 235.4
6 578.502 127.992 256.8
6.5 626.7105 138.658 278.2
7 674.919 149.324 299.6
7.5 723.1275 159.99 321
8 771.336 170.656 342.4
8.5 819.5445 181.322 363.8
9 867.753 191.988 385.2
9.5 915.9615 202.654 406.6
10 964.17 213.32 428
11 1060.587 234.652 470.8

70



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 68, Issue 1 (2020) 63-72

5.3 Effect of Permeable Bed Properties on Tortuosity Factor

The tortuosity of sphere material can be considered as a main parameter affecting on the flow
within different porous media. Table 5 shows the value of tortuosity dependence on porosity from
Eqg. (10) for three porous materials, and we can see in the uniform media which give us the value of
tortuosity dependent on the dense permeable bed same of study [4], but at the gravel media, the
value of tortuosity was more than SiLibeads and glass balls material, because of non-uniform shape
of the gravel media, that is mean that the inertia coefficient depends on porosity and properties of
permeable bed.

Table 5

The tortuosity and porosity of three porous
materials

Type of porous  Porosity Tortuosity
media

Gravels 0.407605 1.566

Glass balls 0.5166 1.391
SiLibeads 0.3866 1.4626

6. Conclusions

Effect of multi size porous media properties on the flow of non-Darcy regime was studied at three
type of material (gravels, glass balls, SiLibeads) with change in flow rate of crude oil through porous
media.

Three zone appears in medias changing from linear equation to nonlinear between flow rate and
pressure gradient, this help us to determine the non-Darcy flow and point of start for Forchheimer
number. Forchheimer number takes place in the flow zone between transition and inertia resistance
regimes after changing in flow rate, so it is more clear that the Forchheimer number have directly
effect on Post-Darcy (non-Darcy), that means the non-Darcy effect is more acute in low value of
permeable porous media and at the same time the properties of multi size have effect on the
tortuosity factor.
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