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Abstract

This work presents the study of fluid flow through a packed bed,
where two fluids were used separately (air and water). The packed bed
contains spherical glass particles distributed randomly.

The packed bed was 7.62 cm in diameter and 57 cm long. The glass
particles were 0.42, 0.50, 0.61, 0.79 and 1.01 cm in diameter. Different flow

rates of fluid were used which expressed by modified Reynolds number. The

experiments were carried out at laboratory temperatures (32°C) for air flow

and at tap water temperature (25 C) for water flow. Many variables were
studied in this work such as fluid type (air or water), flow rate and the packing
porosity (mono, binary, and multi-size mixture), in order to study the effect of
these variables on the pressure drop and friction factor.

The results showed that the pressure drop through a packed bed is
highly sensitive to the packing porosity which has a significant effect on the
friction factor. It was found that as the bed porosity increases from 0.3455 to
0.4359 the friction factor values decrease from 0.808 to 0.366, and the
pressure drop values decrease from 33.8 to 7.1 Pa.

The air flow Reynolds number was ranged from 8.42 to 265.63 which
lead to decrease in the friction factor values from 0.992 to 0.374. For water
flow the Reynolds number range from 38.47 to 1504.22 which lead to
decrease in the friction factor values from 0.456 to 0.284.

It was studied the effect of working fluid (air and water) on the
pressure drop and friction factor through the packed bed. It was found that for
the same packing porosity and fluid flow rate the pressure drop of air flow
was less than the pressure drop of water flow.

Empirical correlations for friction factor as a function of Reynolds

number for air and water flow through packed of multi-sizes particles are:



a. For air flow

f =4.72Re; ' +0.59Re, !

The correlation coefficient was 0.9662 and percentage of average errors was

3.79%.

b. For water flow through packed bed

f =3.73Re; '+0.56Re; !

The correlation coefficient was 0.8994 and percentage of average

errors was 4.16%.
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Chapter One

Introduction

Fluid flow through packed bed has many important applications in
chemical and other process engineering fields such as fixed-catalytic reactor,
adsorption of a solute, gas absorption, combustion, drying, filter bed,
wastewater treatment and the flow of crude oil in petroleum reservoir [1].

A typical packed bed is a cylindrical column that is filled with a
suitable packing material. The packing material may be spheres, cylinders,
irregular particles or various kinds of commercial packing. It should have a
large void volume to allow flow of fluid without excessive pressure drop and
be chemically inert to fluids being processed [2, 3, 4].

One of the problems concerning the flow of fluids through beds of
particles is the manner in which the particles are packed and the distribution
of voids within the packed bed [5].

The particles packed together to form a structure which depends on a
large number of parameters many of them are difficult to measure, or even to
define. These include the shape and size distribution of particles, the way the
packing has put together and the various forces exerted on it afterward [6].

The advantage of using packed column rather than just tank or other
reaction vessel is that the packing affords a large contacting surface area for
fluids [7].

Usually increased surface area provides a high degree of turbulence in the
fluids which are achieved at the expense of increased capital cost and/ or
pressure drop, and a balance must be made between these factors when

arriving at an economic design [8].



The aim of the work is to:

1.

Study the effect of particles size and size distribution on the bed
porosity.

Study the effect of bed porosity on the pressure drop and friction factor
through packed bed.

Study the effect of working fluid (air or water) on the pressure drop and
friction factor through packed bed.

Study the effect of superficial velocity of fluid on the pressure drop and
friction factor through packed bed.

Find empirical correlations between friction factor and Reynolds
number for air and water flow through packed bed, and compare them

with other correlations exist.



Chapter Two

Literature Survey and Theoretical
Background

2.1 The flow of fluid through granular beds

The flow of fluids through beds composed either of irregularly shaped
materials, or of packing of regular geometrical form has attracted
considerable attention from many investigators [9]. Kozeny in 1927 [10],
Carman in 1938 [11], Blank in 1962 [12], Green and Ampts in 1962 [13],
studied the flow of air through columns packed with spherical materials.

Schoenborn and Dougherty in 1944 [14], studied the flow of air,
water, and oil through beds of various commercial ring and saddle packing.

The flow of one or two fluids through packed beds have many
important engineering applications such as adsorption (one phase flow
through the bed), distillation (flow of two countercurrent fluids), and/or
trickle bed reactor (flow of two co-current fluids) [15, 16].

The fluid path is made of many parallel and interconnecting channels.
The channels are not of fixed diameter but widen and narrow repeatedly, and
even twist and turn in varying directions as the particles obstruct the
passageway. The channels do not even have the same average cross section or
total length. The fluid phase is accelerated and/or decelerated and kinetic-
energy losses are repeated. The rough surfaces of the particles produce the
usual drag and skin friction, and the resistance to the fluid flows through the
bed is the resultant of the total drag of all particles in the bed [4, 16].

Owing to the complicated nature of the flow channels in granular bed,
there should not be a sharp transition from laminar to turbulent flow as occurs

in pipe flow. Rather there should be a smooth transition from laminar flow



throughout - to laminar flow in parts of the granular bed and turbulent flow in

other parts - to turbulent flow throughout [17].

2.2 Packing

The packing of particles is of great interest in a variety of scientific
and technological areas. These include production of concrete, coal
technology, packed columns [18].

Many types of packing materials have been used, ranging from simple,
readily available solids such as stones or broken bottles to expensive complex
geometric shapes. In general, the packing material should have the following
characteristics [4]:

1. It should have a large void volume to allow reasonable throughput of phase
without excessive pressure drop.

2. It should be corrosion resistant.

3. It should be relatively inexpensive (represent low cost).

4. It should be chemically inert to fluids being processed.

5. It should have structural strength to permit easy handling and installation
[19].

Actually, no one packing possesses all the above desirable qualities
and so compromises must be made. Although the packing material may be
designed to give excellent phase contacting, the method of packing must be
considered because, if the phases do not contact everywhere within the tower,
the packing is not completely effective [4].

The packing is built under gravity, particle by particle. Each particle is
dropped at a randomly chosen position above the already placed particles, and
rolls down over them until it reaches a stable position with respect to gravity

[20].



The packing of solid particles has been studied more or less
continuously for a number of years [21]. The first study of the modes of
packing of spheres appears to have been undertaken by Sticker in 1899.

Furnas in 1931 [22], Westman and Hugill in 1930 [23], studied the
packing of a bed of different sizes solid particles [24]. Graton and Fraser in
1985 [25] studied the packing of spheres led to the much-quoted limits of
porosity for regular packing of single-size spheres.

An attempt has been made by Yu and Standish in 1989 [26] to
establish general theory of the random packing of particles. They developed

an analytical model based on the experimental results of binary mixtures.

2.3 The packing of beds

The problem of packing particles has received considerable attention
from many investigators such as Graton and Fraser in 1967 [27], and
Slichter in 1987 [28]. It has been shown that the same value of porosity may
be obtained with different arrangements of particles which may lead to
different hydraulic resistances. If the particles are dropped into the column
from a short distance above the packing, a reproducible packing is obtained
which may be called the normal packing for that material. To obtain beds with
porosity less than normal, the particles may be dropped into the column from
greater heights above the bed. To obtain beds with porosity greater than
normal, the particles may be allowed to fall to a measured depth of oil in the
column. An indication of the effect of the height of fall on the porosity is
given in Table 2.1.



Table 2.1 Effect of height of fall on porosity [9]

Material Porosity for depth of fall in Air (inches)
Shape Size 96 72 24 2
Plate 1/16 in 0.33 0.34 0.37 0.46
Plate 5/22 in 0.41 0.42 0.45 0.53
Cube 1/4 in 0.29 0.31 0.32 0.38

Cylinder 1/8 in 0.34 0.34 0.36 0.40
Cylinder 1/4 in 0.33 0.33 0.35 0.38

The shape of the particle has a pronounced influence on the range of
porosity that can be obtained, thus cubes and plates have a wide range of
porosity while with cylinders it is difficult to cover more than a very small

range in particle [9].

2.4 Granular bed
The flow of fluid through bed composed of stationary granular
particles is a frequent occurrence in the chemical industry and therefore
expressions are needed to predict pressure drop across beds due to the
resistance caused by the presence of the particles [8].
Packed system in industry may be divided into the following classes:
1. Fixed beds
a. Solid-gas system.
b. Solid-liquid system:s.
2. Moving beds.
3. Solid-liquid-gas system.
Typical example of solid-gas fixed-bed systems are the catalytic

reactors which were used by the Germans in the Frischer-Tropsch synthesis



retorting of Oil Shale, roasting of ores, combustion of coal and coke in fuel
beds, and blast furnace operations.

The most important solid-liquid fixed-bed applications are water
filtration, flow of oil through sand strata, coal washing, and leaching.

Moving beds are employed in the FCC (fluidized catalytic cracking)
process.

The solid-liquid-gas system comprises fractionating towers, absorbers,

scrubbers, and many other kinds of chemical engineering equipment [29].

2.5 Variables affecting flow through granular bed
The variables affecting resistance to flow through a granular bed can be
classified into two basic categories [30]:
e Variables related to the fluid flowing through the bed such as viscosity,
density, and rate of fluid flow.
e Variables related to the nature of the bed are numerous and to be
considered as shape and size of the particles, container walls effects,
porosity of the bed, surface roughness of the particle, and orientation of

particles.

2.5.1 The shape and size of the particles

To define regular particles such as cube, cylinder or sphere, the width,
length, thickness or diameter are usually used. However the problem becomes
difficult when the particles are irregular. In this case the equivalent particle
size is normally used, i.e., the size of the sphere having the same volume as
the actual particle has. It is further assumed that the size of the particle is
small in comparison with the column size in which the packing is contained;

the ratio of the column diameter to the particle diameter should be a minimum



of 8:1 to 10:1 to attain uniform voids distribution and to reduce wall effects
[3, 31]. Figure 2.1 shows the relationship between bed porosity and the ratio

of particles to column sizes for different types of packing materials.
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Figure 2.1 The relationship between bed porosity and diameter ratio [32]

Particle shape is usually measured by a factor called the shape factor.
This factor is difficult to ascertain, particularly when dealing with small
irregular shapes. The particle shape affects the packed bed resistance in two
ways [30]:
1) The fluid paths in beds of irregular particles are more tortuous than those in
similar beds of spheres (Fig.2.2)
i1) It have voids differing in both size and shape from those of similar beds

consisting of spheres.



= |

a. irregular particles b. regular particles

Figure 2.2 Different shapes of particles [33]

The sphericity shape factor (Q,) of a particle is the ratio of the surface
area of a sphere having the same volume as the particle to the actual surface
area of the particle [3].
wd?

p

S

g, = . (2.1)

where :
d, is the diameter (equivalent diameter) of the sphere having the same volume
as the particle.

S is the actual surface area of the particle.

Table 2.2 Shape factor for different particles [3]

Material Shape Factor
Spheres 1.0
Cubes 0.81
Cylinders, d,=L (length) 0.87
Berl saddles 0.3
Rasching rings 0.3
Sands, average 0.75
Crushed glass 0.65




Table 2.2 summarized values of shape factor for different shapes of
particles. The particles shapes affect the bed porosity, the lower the particle
sphericity the more open is the bed [4].

2.5.2 Container walls effects

The walls retaining a granular packed bed affect the resistance of the
bed in two ways [30]:
1) The particles adjacent to the walls pack more loosely than those more
remote from them thus increasing the porosity of the zone near the walls.
Figure 2.3 shows the fluctuation of porosity in a bed of spheres and cylinders.

1) They create an additional surface area providing additional resistance to

flow.
'S
1
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Figure 2.3 The Fluctuation of porosity in a bed of spheres and cylinders [34]

To decrease wall effects, the particle diameter should be small in

comparison with the column diameter in which the packing is contained [31].

In 1931, Furnas [22] studied the wall effect and found that when the ratio of

10



the column diameter to the particle diameter is greater than 10:1, the wall
effect can be neglected.

Graton and Fraser in 1953 [35] showed that the porosity of the bed is
greater in the layers next to the wall, which lead to increase the fluid
permeability there.

Carman in 1937 [36] and Coulson in 1949 [37] made no correction
for the change in porosity near to the wall. They used the mean porosity and
for low rates added half the area of the walls to the surface area of the
particles. A wall effect correction factor fw for velocity though packed bed

has been determined experimentally by Coulson as [8].

2
S =(1+1—6j ..(2.2)

where:
S. 1s the surface of the container per unit volume of bed.

S is the specific surface area of the particles.

Numerous investigators including Carman in 1937, Sullivan and
Hertel in 1940, Coulson in 1949, and Leva in 1949 have stated that at high
flow rates the wall effect is negligible. On the contrary, Dudgeon in 1964
believed that the wall effect was independent of the flow rate, but his work

has been subjected to considerable criticism by Franzini in 1967 [30].

2.5.3 The porosity of the bed
The porosity of the bed (¢) is defined as the ratio of the void volume to
the total volume of the bed, or the volume fraction occupied by the fluid

phase, i.e.
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oo Volume of voids in a bed 23)
 total volume of the bed SRR

Other names given the porosity include void fraction, fractional voidage, or
simply voidage [38].

One of the problems concerning the flow of fluids through beds of
particles is the manner in which the particles are packed and the distribution
of voids within the packed bed [5].

Particles stacked directly on top of each other (cubic packing) have higher
porosity (e=0.476) than the particles in a pyramid shape sitting on top of two
other particles (€=0.259) (rhombohedra packing). When smaller particles are
mixed with larger particles, the smaller particles could fill the void spaces

between the larger particles (Cubic packing with smaller grains filling the

v

'

v
|

void space); this would result in a lower porosity as shown in Fig. 2.4 [39].
/(j. L

T y

\ 4

y A 4
P .

Cubic packing Rhombohedral packing
A
o0
b & o

Cubic packing with smaller grains filling the void space

Figure 2.4 Different types of packing [39]
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The porosity has a great effect on the properties of granular media.
There is no doubt that any small change in porosity of the bed leads to a big
change in pressure drop across the bed. Leva in 1951 found that a 1%
decrease in the porosity of the bed produced about an 8% increase in the
pressure drop, whilst Carman in 1956 reported a higher value, 10% increase

in the pressure drop for every 1% decrease in porosity [30].

2.5.4 The surface roughness of the particles

Surface roughness has major effects on flow of fluid through packed
bed [30]:
1) it increases the porosity of the bed.

i1) it increases the resistance of the bed .

The surface roughness of particles in contact with the moving fluid
has a considerable effect upon the friction in the transition and turbulent
region. Roughness does not affect the friction in the laminar region because
the laminar boundary layer completely covers the roughness elements and no

eddies are generated [29, 30].

2.5.5 The orientation of the particles

The orientation of the particles composing the bed with respect to the
direction of flow has a significant effect which depends on the shape and the
arrangement of the particles. Coulson and Gupta in 1949 found that for the
same porosity the resistance to flow changed with the arrangement of the
particles relative to each other [30].

Sullivan and Hertel in 1940 have suggested a factor for the

orientation and their equation for flow through a packed bed is denoted by:
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5=5in 0) vy . (24)

where:
d is the orientation factor
0 is the angle which the normal to the solid-liquid interface makes with the

stream direction.

They have presented data for three specific packings. Table 2.3 shows values

of the orientation factor for different materials.

Table 2.3 Orientation factors for different packing [30]

. Orientation Factor,
Material
o
2
Spheres 3
. . . . 1
Cylinder perpendicular to flow direction )
Cylinder parallel to flow direction 1

2.6 Velocity measurement

The precise measurement of velocities within the packing of bed
would be virtually impossible. Therefore, the flow rate was studied in the
column just downstream from the packing. This meant that the velocities so
obtained were superficial values, which based upon the total void and non-
void area. The objective was to determine the average velocity that would
exist in the bed at a given radial position based upon the total area rather than

the actual void area. Such a measurement is an average velocity because the

14



void fraction varies with distance along the axis of the pipe. In order to attain
this objective, the effect of distance of the measuring device from the packing
must be examined. If this distance is too large, the observed velocity profiles
may be more descriptive of empty column conditions than those existing
within the packed bed. If the distance is too small, velocity components

perpendicular to the direction of flow may be significant [24].

2.7 Prediction of voidage distribution

The characteristics of the flow through packed bed are important in
filter design and an understanding of the relationship between void fraction
and the flow distribution is essential. Figure 2.5 shows a typical radial
voidage distribution (in a bed of 98 mm in diameter packed with 4 mm
spherical beads). It has been shown that, for flow through a fixed bed of
uniform particles that there is a maximum velocity approximately one particle
diameter from the outer wall of the bed, which decrease sharply toward the

wall and more gradually away from it.
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Figure 2.5 Typical radial voidage distribution [40]
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Simple geometrical considerations indicate that near the wall of the
bed the flow are larger and smaller resistances than near the center of the
column. The fraction of the bed influenced by this velocity profile depends on
the ratio of particle to bed diameters [24, 40].

The voidage is found to be a minimum about half a particle diameter
from the wall of the bed and then follow a dumped oscillatory function until it
reaches a constant value about 5 particle diameters from the wall, where the
packing is random [40].

Large randomly packed beds of uniform spheres tend to pack with an
average void fraction of 39% since locally the voidage varies from point to
point. Near the wall of the containing vessel the void fraction will be larger
than near the center of the bed. Immediately adjacent to the wall the void
fraction approach unity and in the center of the bed a minimum voidage

observed (0.215) [41].

2.8 Specific surface area

The general structure of a bed of particles can often be characterized
by the specific surface area of the bed (Sg). Sg is the surface area presented to
the fluid per unit volume of bed when the particles are packed in a bed. Its
units are (length)”. S the specific surface area of the particles is the surface

area of particle divided by its volume. Its units are (Iength)™. For sphere:

nd *
S=— 2 =

6
- (d; /6j i .. (2.5)

It can be seen that S and Sg are not equal due to the porosity occurring

when the particles are packed into a bed. If point contact occurs between
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particles so that only a very small fraction of surface area is lost by

overlapping, then:

Sp =S(1-e) .. (2.6)

where Sy s the specific surface area of packing exposed to fluid flow.

For a given shape of particle S increases as the particle size is reduced

8, 42].

When mixtures of sizes are studied the value of S for spheres of mixed

sizes is given by [43].

S6(1e)z[;" J .. (2.7)

pi

Where x; is fractional weight for particle of size d,;

2.9 Friction factor

The friction factor is determined for the entire Reynolds number. For
Re<10 the flow through packed bed is laminar, the range 10<Re<100 is
commonly referred to as transitional whereas flows characterized by Re>100
are considered turbulent [44].

Amount of work has been done in correlating data for packed columns
at higher fluid velocities where the pressure drop appears to vary with some
power of the velocity, the exponent ranging between 1 and 2. Blanke in 1962
[12] suggested that this change of relationship between pressure drop and
velocity is entirely analogous to that which occurs in ordinary pipes and

proposed a friction factor plot similar to that of commonly friction factor of
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Stanton. The equation used was that for kinetic effect modified by a friction

factor, which is a function of Reynolds number [45].

Ap=2f (pu’/ d,) ... (2.8)

/=4 (Rey) ...(2.9)

Some workers have included the effect of void fraction by the addition of
another factor in equation 2.8. It is usually given in the form (1-g) ™/e’ where
m is either 1 or 2.

Carman and Kozeny in 1938 [11] suggested that the change of
relationship between void fraction, pressure drop and velocity, and proposed a
friction factor for entire Reynolds number by plotting on a logarithmic basis

[46].

A Carman
B Sawistowski
100

\ C Ergun

[N

\ CURVE B
\
S o N
—
CURVE A o . L
CURVE C
lieq 419 =
o
0o
® .0 [SOLID PARTICLES
s |minGs
000l
s 1s1] ol 1 G [+] 100 1000 10000
R61

Figure 2.6 Friction factor versus Reynolds number [§]
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Figure 2.6 is a correlation of the friction factor as a function of the
Reynolds number for condition of fixed bed operation. This figure was found

to work satisfactorily for constant diameter fractions of the glass spheres.

Carman in 1938 correlated data for flow through randomly packed
beds of solid particles by a single curve (curve A, Fig. 2.6), whose general

equation was:

f=5Re; '+0.4Re, ! .. (2.10)

where Re; is the modified Reynolds number.

pu
Re; =——— . (211
€ S(l—e),u ( )

As where p, u, S, e and p are the density of the fluid, fluid velocity,
surface area of particles, porosity of the bed, and the fluid viscosity
respectively.

Sawistowski in 1957 has compared the results obtained for flow of
fluids through beds of hollow packing and has noted that equation 2.10 gives
lower values of friction factor for hollow packing. Thus, Sawistowski

modified equation 2.10 as:

f=5Re; '+Re,; ! .. (2.12)

Equation 2.12 is represented as curve B in Fig. 2.6.
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Ergun in 1952 suggested equation for flow through ring packings as:
f=4.17Re,; ' +0.29 .. (2.13)

Equation 2.13 is plotted as curve C in Fig. 2.6.

As shown in Fig. 2.6, the first term of equations 2.10, 2.12 and 2.13
predominates at low rates of flow (Re < 10) where the losses are mainly skin
friction and the second term is small. At high flow rates (2< Re <100), the

second term becomes more significant and the slope of the plot gradually

changes from -1.0 to about -%. At higher flow rates (Re >100) the plot is

approximately straight. The change from complete streamline flow to
complete turbulent flow is very gradual because flow conditions are not the

same in all the pores [8].

2.10 The surface roughness effect on the friction factor

Attempts to study the effect of surface roughness on the friction factor
have shown that the variable has a significant effect but no quantitative
method of evaluating the effect has been formulated.

Leva in 1949 carried out important experiments using three different
groups of materials. He used glass and porcelain as smooth particles, clay and
Alundum as rough materials, Aloxite and MgO granules as rougher materials.
The degree of the materials roughness was described qualitatively (as a result
of his tests). This method of description does not help in the development of a
quantitative correlation between the relative roughness (¢/d) and the friction

factor.
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Leva expressed equations for the friction factor as a function of
Reynolds number which range from 130 to 7000 for these materials as follow.
For smooth materials the expression was:

fetP L (2.14)
Rel

For rough materials the expression was:

Whilst for rougher materials the expression was:

4, 0
f= . (2.16)
Rel
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Figure 2.7 Friction factor for various materials [14]
Figure 2.7 shows that the friction factor through packed beds is
approximately doubled when the degree of surface roughness was increased

from that represented by porcelain to the roughness of Aloxite granules [14].
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These expressions do not include the relative roughness (¢/d) and can
only therefore be used for the materials that were used. Leva concluded (from
previous expressions) that the degree of surface roughness had no effect on
the slope of the log f—log Re curve between the limits of Re from 130 to 7000

which covered the range was used [30].

2.11 Pressure drop

The pressure drop of fluid flow through the packed bed is an
important issue [2]. It is affected by several factors such as fluid flow rate,
fluid viscosity and density, bed geometry, particle size and size distributions.
A partial relationship was found between these variables and the pressure
drop which was proportional to fluid velocity at low rates, and proportional to
the square of the velocity at high flow rates. Reynolds was the first to
formulate the resistance by friction on the motion of fluid as the sum of these

two conditions [47]:

A—‘D:aujtbpuz .. (2.17)
L
where a and b are representative of packing and fluid properties

Carman and Kozeny derived an expression for pressure drop under
viscous flow as:

Ap 150 (1-e)’ u p

.. (2.18
L S 02d? (2.18)
s P

Burke and Plummer derived an expression for change in pressure at

turbulent flow resulting from kinetic energy losses as [47]:
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A_p:1.75(l—e)pu2

L S0, d
p

.. (2.19)

Ergun found that the total pressure drop is the sum of the viscous and
kinetic forces, and created a general relationship based on equations 2.18 and

2.19 as [15]:

Ap _150(1—e)’ up L L7501 -e)pu’

L dora Bo,d,

.. (2.20)

where AP, e, p, d,, I, u, L, and p are the pressure drop, void fraction

of the bed, density of the fluid, particle diameter, sphericity of the particle,
fluid velocity, height of the bed, and the fluid viscosity respectively.
Ergun equation is unique among many equations because it covers any

flow type and condition (laminar, transitional and turbulent) [7].

For beds consisting of a mixture of different particle diameters, the
average particle diameter (d, ,,) can be used instead of d, (in equation 2.20) as

[16, 48].

d oy = ..(2.21)

where x; 1s the weight fraction for particle of size d,.
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2.12 The relation between depth of bed and pressure drop
From the reading of the manometers, Coulson in 1949 [9] found that

the difference in pressure over varying thicknesses of the packing was

obtained directly.
250
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Figure 2.8 Relation between depth of bed and pressure drop [9]

Some results for bed of spherical particles are shown graphically in
Fig 2.8. The experimental points are seen to lie on straight lines indicating a
linear relation between Ap and L. Figure 2.8 also shows similar results for

beds of other material.

2.13 Theory

The porosity of any mixture in a given particulate system depends on
the proportions of the components present, but not on the total amount of the
mixture. Let q be the number of components and X the proportion of the ith
component in the mixture, so that

Xi>0 (i=1,2,....... ,q)

XitXo+ o +Xq = .. (2.22)
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In the simplex- centroid design, 2% — 1 measurements are taken one on

each of the following. The q pure components, the (Zj binary mixtures with

equal proportions, the (ZJ ternary mixtures with equal proportions, and the g-

nary mixture with equal proportions. This corresponds to the points (X, Xs,....

..., Xg) of the simplex Equation 2.22 by making the following permutations:

q
1

Table 2.4 gives the simplex- centroid design for quinary mixture [49].

Table 2.4 Experimental design of quinary mixture [49]

No. Xi X5 X; X4 X
1 1 0 0 0 0
2 0 1 0 0 0
3 0 0 1 0 0
4 0 0 0 1 0
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5 0 0 0 0 1
6 1/2 1/2 0 0 0
7 172 0 172 0 0
8 172 0 0 172 0
9 1/2 0 0 0 1/2
10 0 172 172 0 0
11 0 172 0 172 0
12 0 1/2 0 0 1/2
13 0 0 12 12 0
14 0 0 172 0 1/2
15 0 0 0 12 1/2
16 1/3 1/3 1/3 0 0
17 1/3 1/3 0 1/3 0
18 1/3 1/3 0 0 1/3
19 1/3 0 1/3 0 1/3
20 1/3 0 0 1/3 1/3
21 1/3 0 1/3 1/3 0
22 0 1/3 1/3 1/3 0
23 0 1/3 1/3 0 1/3
24 0 1/3 0 1/3 1/3
25 0 0 1/3 1/3 1/3
26 1/4 1/4 1/4 1/4 0
27 1/4 1/4 1/4 0 1/4
28 1/4 1/4 0 1/4 1/4
29 1/4 0 1/4 1/4 1/4
30 0 1/4 1/4 1/4 1/4
31 1/5 1/5 1/5 1/5 1/5
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2.14 Fluid flow through randomly packed columns
Many attempts have been made to obtain general expressions for
pressure drop and mean velocity for flow through packing in terms of voidage

and specific surface, as these quantities are often known or can be measured.

A horizontal pipe with a concentric element marked ABCD is shown in
Fig. 2.9.
The forces acting are the normal pressures over the ends and shear

forces over the curved sides.

Force over AB=pns?

Force over CD= —(p +%8]jns2

Force over curved surface =2nsdl R y

Where the shear stress Ry is given by:

du du
R, = L =— 2 .. (2.23
y —H s [dyj (2.23)
I Y Ry

r > D
S WU P P—ids_ _ _ _ _Je=_Ptddpdh_ ¥

A C

——51—»

Figure 2.9 Flow through pipe [50]

Taking force balance:

d
pns2 —(p+%5[jns2 + 271sdlu :sx =0
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From equation 2.23

du

x—_

du,
dy ds

and hence in equation 2.24

i _(_d_l’ji
dy dl )2n

and the shear stress at the wall is given by

(%) Ch 0
dy y=o dl )2 u dl )4 u

. (2.24)

.. (2.25)

The velocity at any distances s from the axis of the pipe can now be

found by integrating equation 2.24
Thus:

1 dp 5?2
u, =——— + Constant
2u dl 2

At the wall of the pipe (where s=r) the velocity u, must be zero to satisfy the

condition of zero wall slip. Substituting the value u,=0 when s=r we get

2
Constant =L(— d—pjr—
2u\ dl) 2

and therefore
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T

Thus the velocity over the cross-section varies in parabolic manner
with distance from the axis of the pipe. The velocity of the flow is seem to be
a maximum when s=0. Thus, the maximum velocity at the pipe axis, is given

by u.; where [50].

2
Umax = Ul :L(_d_pjrz :(_d_p)d_ .. (2.26)
4u\ dl dl )16u

umax .
Where u= — for laminar flow

Hagen-Poiseuille equation for laminar flow through pipe was:

2
u _—4pd; .. (2.27)
32Lu

If the free space in the bed is assumed to consist of a series of tortuous
channels, equation (2.27) for flow through a bed may be rewritten as:

2
u :M ... (2.28)
K ulL

In a cube of side x, the volume of free space is ex’ so that the mean
cross- sectional area for flow is the free volume divided by the height, or ex”.
The volume flow rate thought this cube is ux’, so that the average linear

velocity through the porous uy, is given by Depuit as:

2
==t . (2.29)
ex e
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Although equation 2.29 is reasonably true for random packing, it does
not apply to all regular packing.

The equivalent diameter of pore space (d,,) could be taken as:

d =— = .. (2.30
"Sp S(l-e) (230)
Then taking u; = % and L'ooL equation 2.28 becomes
e
3 p—
e )} . (2.31)
K Szul

Equation 2.31 (Kozeny equation) applies to stream flow condition, but
Carman and others have extended the analogy with pipe flow to cover both
streamline and turbulent flow conditions through packed bed. In this

treatment a modified Reynolds number Re,, is plotted against a modified

Ry
>
puj

friction factor

The modified Reynolds number Re; is obtained by taking the same
velocity and characteristic linear dimension d,, as were used in driving
equation 2.31 thus:

uep

Re, =———F
o eS(1-e)u

___rr .. (232
S(-e)u (232
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The friction factor, which is plotted against the modified Reynolds

Ry
2 9
puj

number is

where R, is the component of the drag force per unit area of

particle surface in the direction of motion. R; can be related to the properties
of the bed and pressure gradient as follows. Consider the force acting on the
fluid in a bed of unit cross sectional area and thickness L. The volume of
particle in the bed is L(1-e) and therefore the total surface is SL(1-e). Thus the
resistance force = R;SL(1-¢). This force on the fluid must be equal to that
produced by a pressure difference of Ap across the bed. Then, since the free

cross- section of fluid is equal to e.

(~Ap)e=R,SL(1-e)

_ e(-Ap)
R = Sdt .. (2.33)
Thus
R, _ £(-ap) . (2.34)

pu12 S(1 —e)Lpu2

Carman in 1938 [8] plotted Rlz against Re; using logarithmic

pU

coordinates, the general equation was:

R . _
L =5Re;'+04Re, ™! .. (2.10)
pUy
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Sawistowski in 1957 [51] compared the result obtained for flow of
fluids through beds of hollow packing and has noted that equation 2.10 gives

as consistently low result for these materials. He proposed:

R _ _
L =5Re,” +Re; ! .. (2.12)
pUy

Ergun in 1952 [52] obtained a good semi-empirical correlation for
friction factor. He proposed [8]:
Ry

2
pUy

=4.17Re; ' +0.29 - (2.13)
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Chapter Three

Experimental Work

3.1 Aim of the work

This work represents the flow of single phase through a bed of
spherical particles, where two fluids are used separately (either air or water).
The aim of this work is to:

1. Study the effect of particles size and size distribution on the bed
porosity.

2. Study the effect of bed porosity on the pressure drop and friction factor
through the packed bed.

3. Study the effect of working fluids (air or water) on the pressure drop
and friction factor through the packed bed.

4. Compare the experimental results with those of Carman, Ergun and

Sawistowski correlations.

3.2 Description of materials
In this work five sizes of spherical glass particles were used. The
spherical particles diameters were 0.42, 0.51, .61, 0.79 and 1.01cm.

The fluids used were air and water, and their properties were taken at

laboratory temperature (32°C) for air flow, and at tap water temperature

(25°C) for water flow. Table 3.1 shows the physical properties (density and

viscosity) for air and water.
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Table 3.1 The physical properties of fluids [53]

Type of fluid | Density, kg/m’ | Viscosity, kg/m.s
Air 1.1582 1.88%107
Water 997.07 0.89%10

3.3 Description of the apparatus used for packed bed

A schematic diagram of the apparatus used is shown in Fig. 3.1, and
photographic pictures are shown in Figs. 3.2 and 3.3 respectively.

The packed bed column was made of glass tube (Q.V.F) 7.62 cm inside
diameter and 57 cm height. The Q.V.F glass contains two pressure taps. The
pressure taps were chosen to be small in diameter (2 mm) and inserted flush
to the inside wall of the tube to avoid fluid turbulence and determine the static
pressure accurately. The first tap was placed down stream at a distance of 1
cm from the sieve, and the second was placed at a distance of 1cm from the
top of the packing. The distance between the inlet of the column and the sieve
(packing rest) was 25 cm to avoid fluid turbulence at the bed inlet.

The fluids used were air and water, and each of them has its own

apparatus as follows.

a. Air flow system

1. Air-flow is produced by a compressor to the packed column. The
compressor contained a vane rotary type driven by AC motor. The
compressor is used to supply the air to the packed bed at constant pressure.

2. A storage tank is used to receive air from the compressor and provide it to

the rotameter. It is also used to regulate the flow of air and avoid disturbances.
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3. A calibrated rotameter is used for measuring air flow rate with range up to
16 cubic meters per hour.
4. U-tube manometer (with ethanol) is used for measuring the pressure drop

across the bed.

b. Water flow system

1. A glass (Q.V.F) storage tank with capacity of 100 liter is used to provide
water for pumping.

2. A centrifugal pump with power of 1.5 kW is used for pumping water from
the storage tank to the test section.

3. A calibrated rotameter is used for measuring water flow rate with range up
to 5 cubic meters per hour.

4. U-tube manometer (with mercury) is used for measuring the pressure drop

across the bed.

3.4 Experimental procedure
The particles were poured into the column and the bed porosity was

determined using equation 3.1 [54].

e=1_Po - (3.1)
P,

where

p, is the true density of the particles, (kg/m’)
Py is the apparent bulk density, (kg/m’)
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a. Air flow system

The fluid used was air provided by the compressor and its flow rates
were up to 16 cubic meters per hour, and its flow was regulated by means of a
regulating valve at the inlet of the rotameter. The average velocity of the fluid

was obtained from the rotameter using equation 3.2.

.. (32)

e

where:
Q is the volumetric flow rate of fluid, (m’/h)

A is the bed cross-sectional area, (m?)

The rotameter valve was opened for air flow. The rotameter float was ensured
to achieve steady state, and the pressure drop across the bed was measured
using U-tube manometer. The friction factor was obtained from the pressure
drop using equation 2.34.

_ e(-4p)
f= S - (2.34)

b. Water flow system

The fluid used was water provided by the pump and its flow rates
were up to 5 cubic meters per hour, and its flow was regulated by means of a
regulating valve at the inlet of the rotameter. The average velocity of the
water flow was obtained from the rotameter using equation 3.2. The rotameter
valve was opened until the bed was filled with water and the column became
free from bubbles. The pressure drop across the bed was measured using U-
tube manometer. The friction factor was obtained from the pressure drop

using equation 2.34.
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3.5 Test method
3.5.1 True density of particle

The true densities of particles (p;) were determined using shifted water
method. A known weight of particles was immersed in a graduated cylinder
filled with water. The weight of the container was measured using a sensitive
balance first when the container filled with water only and second when it
contains the particles besides the water. In both cases, water level inside the
container was carefully maintained at its permissible full mark level. Using

the following equation, the true density of particles was determined as [32].

Wy X w
py =P . (3.3)
Wy _W3 +W1

where:

p,, is the density of water at laboratory temperature, (kg/m’).
wy 1s the weight of the particles, (kg)

w, 1s the weight of cylinder filled with water, (kg)

ws 1s the weight of cylinder with water and particles, (kg)

Table 3.2 The true densities of particles

Particle size, cm | True density, kg/m’
1.01 2.5538
0.79 2.5289
0.61 2.5345
0.50 2.5411
0.42 24741
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Table 3.2 shows the true densities of the particles. Each measurement was
repeated three times for each tested particle to determine the true density
value.

For mixture of particles, the true density of mixture (pu,) was

determined from the following equation [9].

. (34

As where
x; 1s the weight percent of component 1

pi 1S the true density of component i

3.5.2 Bulk density
The bulk density (py) is defined by the following expression:

_ Weight of particles comping the bed
’ Volume of bed

.. (3.5)

For cylindrical bed

Volume = %DzL

where:
D is inside diameter of the bed, (m)
L is the level of particles in the bed, (m)
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Figure 3.1 Apparatus diagram
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Figure 3.2 Photographic picture of air flow through packed bed
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Figure 3.3 Photographic picture of water flow through packed bed
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Chapter Four

Results and Discussion

4.1 Packing of mono sizes particles
4.1.1 Air flow

The values of friction factors for air flow through beds of mono sizes

particles are plotted versus Reynolds numbers as shown in Figs. 4.1 to 4.5.
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Figure 4.1 Friction factor versus Reynolds numbers for particles
diameter of 0.42 cm and porosity of 0.3746 (Appendix A.1)

These Figs. show that the friction factor decreases as Reynolds number

Increases.
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Figure 4.2 Friction factor versus Reynolds numbers for particles
diameter of 0.51 cm and porosity of 0.3999 (Appendix A.2)
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Figure 4.3 Friction factor versus Reynolds numbers for particles
diameter of 0.61 cm and porosity of 0.4112 (Appendix A.3)
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Figure 4.4 Friction factor versus Reynolds numbers for particles
diameter of 0.79 cm and porosity of 0.4225 (Appendix A.4)
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Figure 4.5 Friction factor versus Reynolds numbers for particles
diameter of 1.01 cm and porosity of 0.4359 (Appendix A.5)
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The wall affects the bed porosity and increases its value. This appears
in Fig. 4.5 where the bed porosity increases to a value of 0.4359, this wall
effect may be due to the ratio of bed diameter (7.62cm) to the particles
diameter (1.01 cm) which is less than the supposed ratio (column diameter to
the particle diameter should be greater than 10:1) [22].

Examining Figs. 4.1 to 4.5 show that the values of friction factor of
Fig. 4.1 decrease sharply with increasing Reynolds numbers while that of
Fig. 4.5 decrease slightly with increasing Reynolds number, because the fluid
flow of Fig. 4.1 is at the laminar and transition regions (where the friction
factor-Reynolds number curve is of slope of -1) while the fluid flow of Fig.
4.5 is at the transition and turbulent regions (where the friction factor-
Reynolds number curve become straighter) [8].

The best fitting of the experimental results for air flow through beds of

mono-sizes particles is represented by the following equation.

f =4.43Re;*+0.55Re, ¥t .. (4.2)

With the correlation coefficient is 0.9742 and percentage of average errors is
4.66 %.

4.1.2 Water flow

The friction factor values of water flow through beds of mono sizes

particles are plotted versus Reynolds numbers in Figs. 4.6 to 4.10.
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Figure 4.6 Friction factor versus Reynolds numbers for particles
diameter of 0.42 cm and porosity of 0.3793 (Appendix B.1)
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Figure 4.7 Friction factor versus Reynolds numbers for particles
diameter of 0.51 cm and porosity of 0.4051 (Appendix B.2)
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Figure 4.8 Friction factor versus Reynolds numbers for particles
diameter of 0.61 cm and porosity of 0.4156 (Appendix B.3)
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Figure 4.9 Friction factor versus Reynolds numbers for particles
diameter of 0.79 cm and porosity of 0.4265 (Appendix B.4)
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Figure 4.10 Friction factor versus Reynolds numbers for particles
diameter of 1.01 cm and porosity of 0.4321 (Appendix B.5)

Figures 4.6 to 4.10 show that as the particle size increases from 0.42
to 1.01 cm, the bed porosity increase from 0.3793 to 0.4321 and the Reynolds
number values increase from the range of 38.5- 384.2 (Fig. 4.6) to the range
of 100.5-1004.0 (Fig. 4.10) which lead to decrease in the friction factor values
from the range of 0.456-0.288 (Fig. 4.6) to the range of 0.394-0.279 (Fig.
4.10).

The best fitting of the experimental results for water flow through

beds of mono-sizes particles is represented by the following equation.

f =3.51Re, *+0.53Re, ** .. (4.2)
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With the correlation coefficient is 0.97406 and percentage of average errors is
2.44%.

Comparison the results of air and water flow shows that the values of
water flow friction factor are close to those of air flow for approximately near
values of Reynolds numbers and bed porosities, e.g., at near values of
Reynolds number 38.5 (Fig. 4.6) and 37.9 (Fig. 4.1), the friction factor values
are 0.456 (Fig. 4.6) and 0.470 (Fig. 4.1) approximately close to each other.

4.2 Packing of binary sizes particles
4.2.1 Air flow

The values of air flow friction factors through beds of binary sizes particles

are plotted versus Reynolds numbers as shown in Figs 4.11 to 4.20.
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Figure 4.11 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42 and 0.51 cm and porosity of 0.3577 (Appendix A.6)
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Figure 4.12 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42 and 0.61 cm and porosity of 0.3622 (Appendix A.7)
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Figure 4.13 Friction factor versus Reynolds numbers for bed with particles
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diameters of 0.42 and 0.79 cm and porosity of 0.3589 (Appendix A.8)
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Figure 4.14 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42 and 1.01 cm and porosity of 0.3455 (Appendix A.9)
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Figure 4.15 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51 and 0.61 cm and porosity of 0.3709 (Appendix A.10)
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Figure 4.16 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51 and 0.79 cm and porosity of 0.3879 (Appendix A.11)
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Figure 4.17 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51 and 1.01 cm and porosity of 0.3733 (Appendix A.12)
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Figure 4.18 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.61 and 0.79 cm and porosity of 0.4042 (Appendix A.13)
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Figure 4.19 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.61 and 1.01cm and porosity of 0.3901 (Appendix A.14)
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Figure 4.20 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.79 and 1.01cm and porosity of 0.4220 (Appendix A.15)

It can be noticed that the values of friction factor of binary sizes
system are less than those of mono sizes system for approximately near values
of bed porosity. For example, Fig. 4.17 (binary system) shows that the values
of friction factor range from 0.707 to 0.393 are less than those of Fig. 4.1
(mono system) which range from 0.992 to 0.412, because the values of
Reynolds number of this binary size system which range from 21.3 to 170.6
are greater than those of mono size system which range from 8.4 to 67.4 (at
the same volumetric flow from 2 to 16 m*/hr). This is due to the fact that the
contacting surface area of this binary size system (561.95 m™) is less than it

of mono size system (1425.178 m™).
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As the flow rate of fluid increases the pressure drop across the bed
increases, e.g., table A.6 shows that the pressure drop values increase from
38.5 to 1178.7 Pa with increasing the fluid rate from 2 to 16m®h [19].

The best fitting of the experimental results for air flow through beds of

binary-sizes particles is represented by the following equation.

f =5.22Re; '+0.59Re; ! .. (4.3)

With the correlation coefficient is 0.9710 and percentage of average errors is
3.89%.

4.2.2 Water flow

The values of water flow friction factors are plotted versus Reynolds

numbers as shown in Figs. 4.21 to 4.30.
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Figure 4.21 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42 and 0.51 cm and porosity of 0.3551 (Appendix B.6)
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Figure 4.22 Friction factor versus Reynolds numbers for bed with particles
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diameters of 0.42 and 0.61 cm and porosity of 0.3650 (Appendix B.7)
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Figure 4.23 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.42 and 0.79 cm and porosity of 0.3590 (Appendix B.8)
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Figure 4.24 Friction factor versus Reynolds numbers for bed with particles
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diameters of 0.42 and 1.01 cm and porosity of 0.3484 (Appendix B.9)
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Figure 4.25 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.51 and 0.61 cm and porosity of 0.3681 (Appendix B.10)
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Figure 4.26 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51 and 0.79 cm and porosity of 0.3882 (Appendix B.11)
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Figure 4.27 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51 and 1.01 cm and porosity of 0.3730 (Appendix B.12)
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Figure 4.28 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.61 and 0.79 cm and porosity of 0.4019 (Appendix B.13)
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Figure 4.29 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.61 and 1.01cm and porosity of 0.3904 (Appendix B.14)
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Figure 4.30 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.79 and 1.01cm and porosity of 0.4223 (Appendix B.15)

The porosities of binary size systems are less than those of mono size
systems, because for binary system the particles with smaller sizes tend to fill
the void spaces between the larger sizes particles [5].

Comparison of the results of air and water flow show that the values
of water flow pressure drop are greater than those of air flow, because the
physical properties of water (density and viscosity) are greater than those of
air, e.g., the pressure drop values of table B.13 (water flow) which range from
5.69 to 31.9kPa are greater than those of table A.13 (air flow) which range
from 12.6 to 59.7 Pa at the same fluid velocity (0.1218-.3046 m/s).

The best fitting of the experimental results for water flow through beds

of binary-sizes particles is represented by the following equation.

f =5.56Re; *+0.55Re, . (4.9
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With the correlation coefficient is 0.9351 and percentage of average errors is
3.46%.

4.3 Packing of ternary sizes particles
4.3.1 Air flow
The values of air flow friction factors through beds of ternary sizes

particles are plotted versus Reynolds numbers as shown in Figs 4.31 to 4.40.
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Figure 4.31 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51 and 0.61cm and porosity of 0.3598 (Appendix A.16)
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Figure 4.32 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51 and 0.79cm and porosity of 0.3620 (Appendix A.17)
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Figure 4.33 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51 and 1.01cm and porosity of 0.3561 (Appendix A.18)
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Figure 4.34 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.42, 0.61 and 0.79cm and porosity of 0.3668 (Appendix A.19)
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Figure 4.35 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.42, 0.61 and 1.01cm and porosity of 0.3636 (Appendix A.20)
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Figure 4.36 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.42, 0.79 and 1.01 cm and porosity of 0.3682 (Appendix A.21)
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Figure 4.37 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.61 and 0.79cm and porosity of 0.3827 (Appendix A.22)
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Figure 4.38 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.61 and 1.01cm and porosity of 0.3746 (Appendix A.23)
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Figure 4.39 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.79 and 1.01cm and porosity of 0.3868 (Appendix A.24)
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Figure 4.40 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.61, 0.79 and 1.01cm and porosity of 0.3935 (Appendix A.25)

Although the bed porosity highly affects the pressure drop and
inversely proportional to it, but table A.18 shows that for bed porosity of
0.3561 the pressure drop values which range from 30.7 to 1021.5 Pa are less
than those of table A.16 which for larger value of bed porosity of 0.3598 the
pressure drop values range from 33.0 to 1100.0 Pa, this is may be due to that
the average particles diameter (dpayg) Of table A.18 (0.499 cm) is less than of
table A.16 (0.559 cm) ( the pressure drop inversely proportional to particles
diameters) [16].

Figures 4.31 to 4.40 show that as the bed porosity increase from
0.3561 (Fig. 4.33) to 0.3935 (Fig. 4.40) the Reynolds number values increase
from the range of 16.9-135.1 (Fig. 4.33) to the range of 26.2-209.8 (Fig.
4.40), which lead to decrease in the friction factor values from the range of
0.770-0.401 to the range of 0.628-0.380.
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The Dbest fitting of the experimental results for air flow through beds

of ternary-sizes particles is represented by the following equation.

f =5.45Re, *+0.58Re, ... (4.5)

With the correlation coefficient is 0.9898 and percentage of average errors is
2.30%.
4.3.2 Water flow

The values of water flow friction factors through beds of ternary sizes

particles are plotted versus Reynolds numbers as shown in Figs 4.41 to 4.50.

Present work
Carman

Ergun

A K

Sawistowski

0.10 I B T T I B B B B

4 5 6 7 3 4 5 6 7

8 9 8 9
100.00 1000.0t

Re
Figure 4.41 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51 and 0.61cm and porosity of 0.3600 (Appendix B.16)
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Figure 4.42 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51 and 0.79cm and porosity of 0.3648 (Appendix B.17)
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Figure 4.43 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51 and 1.01cm and porosity of 0.3562 (Appendix B.18)
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Figure 4.44 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.61 and 0.79cm and porosity of 0.3695 (Appendix B.19)
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Figure 4.45 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.42, 0.61 and 1.01cm and porosity of 0.3665 (Appendix B.20)
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Figure 4.46 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.42, 0.79 and 1.01 cm and porosity of 0.3712 (Appendix B.21)
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Figure 4.47 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.61 and 0.79cm and porosity of 0.3854 (Appendix B.22)
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Figure 4.48 Friction factor versus Reynolds numbers for bed with particles

diameters of 0.51, 0.61 and 1.01cm and porosity of 0.3771 (Appendix B.23)
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Figure 4.49 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.79 and 1.01cm and porosity of 0.3895 (Appendix B.24)
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Figure 4.50 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.61, 0.79 and 1.01cm and porosity of 0.3962 (Appendix B.25)

It can be noticed that the porosity of ternary size packings are
generally close to each other, since the voids could be filled with different
sizes of particles [14].

It can be noticed that the pressure drop of tables B.19 and B.20 have
the same values (the pressure drop of table B.19 range from 0.77 to 52.67kPa,
and those of table B.20 range from 0.77 to 52.79kPa), because they have

approximately close values of bed porosities and mean particles diameter.

The best fitting of the experimental results for water flow through

beds of ternary-sizes particles is represented by the following equation.

f =3.63Re, *+0.58Re; .. (4.6)

With the correlation coefficient is 0.9015 and percentage of average errors is
4.08%.
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4.4 Packing of quaternary sizes particles
4.4.1 Air flow

The values of air flow friction factors through beds of quaternary sizes

particles are plotted versus Reynolds numbers as shown in Figs. 4.51 to 4.55.
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Figure 4.51 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.61 and 0.79cm and porosity of 0.3713 (App. A.26)
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Figure 4.52 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.61 and 1.01cm and porosity of 0.3754 (App. A.27)
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Figure 4.53 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.79 and 1.01cm and porosity of 0.3647 (App. A.28)
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Figure 4.54 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.61, 0.79 and 1.01cm and porosity of 0.3772 (App. A.29)
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Figure 4.55 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.61, 0.79 and 1.01cm and porosity of 0.3915 (App. A.30)
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The values of friction factor of Figs. 4.51, 4.52 and 4.53 were
approximately close to each other (range from 0.721-0.391, 0.708-0.396 and
0.720-0.399 respectively) since they have close values of Reynolds numbers
(range from 17.4-139.4, 18.3-146.7 and 18.7-149.7 respectively) and
porosities (0.3713, 0.3754 and 0.3647 respectively) in spite of different
diameters of particles. Figs. 4.54 and 4.55 show that the values of friction
factor (range 0.665-0.381and 0.612-0.387) are less than those of Figs. 4.51,
4.52 and 4.53, because of the increase in the values of porosities (0.3772 and
0.3915) and Reynolds numbers (20.6-164.8 and 22.9-183.7).

The best fitting of the experimental results for air flow through beds of

quaternary-sizes particles is represented by the following equation.

f =4.86Re; '+0.58Re, .. (4.7)

With the correlation coefficient is 0.9907 and percentage of average errors is
1.84%.

4.4.2 Water flow

The values of water flow friction factors are plotted versus Reynolds
numbers as shown in Figs 4.56 to 4.60.

These Figs. show that the friction factor decreases as Reynolds

number increases.
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Figure 4.56 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.61 and 0.79cm and porosity of 0.3714 (App. B.26)
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Figure 4.57 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.61 and 1.01cm and porosity of 0.3754 (App. B.27)
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Figure 4.58 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.79 and 1.01cm and porosity of 0.3671 (App. B.28)
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Figure 4.59 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.61, 0.79 and 1.01cm and porosity of 0.3767 (App. B.29)
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Figure 4.60 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.51, 0.61, 0.79 and 1.01cm and porosity of 0.3891 (App. B.30)

The curves representing the experimental results of friction factor for
water flow are straighter than those of air flow where the curvatures of the
curves indicate that the air flow was intermediate between the turbulent and
laminar regions while water flow was at the turbulent region (at the turbulent
region the Reynolds number have insignificant effect on the friction factor
values) [8].

Examining the experimental results it can be seen that the pressure drop
in the bed is inversely proportional to bed porosity for the same velocity of
the fluid entering the bed [55].

The best fitting of the experimental results for water flow through beds

of quaternary-sizes particles is represented by the following equation.

f =4.93Re; *+0.56Re; .. (4.8)
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With the correlation coefficient is 0.9797 and percentage of average errors is
1.79%.

4.5 Packing of quinary sizes particles
4.5.1 Air flow

The values of air flow friction factors through beds of quinary sizes

particles are plotted versus Reynolds numbers as shown in Fig. 4.61.
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Figure 4.61 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.61, 0.79 and 1.01cm and porosity of 0.3646
(App. A.31)

The values of friction factor of Fig. 4.61 (range from 0.721 to 0.396)

are close to those of Fig. 4.53 (range from 0.720 to 0.399) because they have

close values of Reynolds numbers (Reynolds numbers of Fig. 4.56 range from
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18.8 to 150.1 and those of Fig.4.53 range from 18.7 to 149.7) and bed
porosities (the porosity of Fig. 4.60 equal to 0.3646 and of Fig.5.53 equal to
0.3647).

The best fitting of the experimental results for air flow through beds of

quinary sizes particles is represented by the following equation.

f =5.35Re; *+0.58Re; .. (4.9)

With the correlation coefficient is 0.9977 and percentage of average errors is
1.15%.

The experimental results of friction factor-Reynolds number curves lie
among the results of Sawistowski, Carman and Ergun (above the results of
Carman and Ergun, and below those of Sawistowski); this is due to the
differences in beds dimensions, packings shapes and sizes.

Ergun and Sawistowski used hollow packings which have certain
values of sphericity and porosity (the lower the particle sphericity the more

open is the bed) while Carman used sphere packing [4, 8].

4.5.2 Water flow
The values of water flow friction factors through beds of quinary sizes

particles are plotted versus Reynolds numbers as shown in Fig. 4.62.

The friction factor values for water flow decrease slightly with
increasing Reynolds number, because the water flow is at the turbulent
region where the high rate velocity of fluid behaves as a slip velocity and

has insignificant effect on the friction values [5].
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Figure 4.62 Friction factor versus Reynolds numbers for bed with particles
diameters of 0.42, 0.51, 0.61, 0.79 and 1.01cm and porosity of 0.3624
(App. B.31)

The best fitting of the experimental results for water flow through beds

of quinary sizes particles is represented by the following equation.

f =5.67Re; '+0.54Re, ... (4.10)

With the correlation coefficient is 0.9926 and percentage of average errors is
1.10%.

It can be noticed from the experimental results that the values of
Reynolds number are different from system to system in spite of the same
flow rate; this is due to the change in porosity and specific surface area of the

particles.
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A generalized equation for friction factor as a function of Reynolds

number for a bed of multi sizes spherical particles was found as:

a. For air flow

f =4.72Re; *+0.59Re; ! .. (4.12)

The correlation coefficient was 0.9662 and percentage of average

errors was 3.79%.

b. For water flow

f =3.73Re; '+0.56Re; .. (4.12)

The correlation coefficient was 0.8994 and percentage of average

errors was 4.16%.

Table 4.1 summarized the correction factors values and percentage of

errors for air and water flow through beds of mono- multi sizes particles.

Table 4.1 The correction factors and percentage of errors for air and

water flow through beds of mono- multi sizes particles.

System Correction Factor Error%
Air flow | Water flow | Air flow | Water flow

Mono 0.9742 0.9741 4.66 2.44
Binary 0.9710 0.9351 3.89 3.46
Ternary | 0.9898 0.9015 2.30 4.08
Quaternary | 0.9907 0.9797 1.84 1.79
Quinary 0.9977 0.9926 1.15 1.10
Multi 0.9662 0.8994 3.79 4.16
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Chapter Five

Conclusions and Recommendations for future work

5.1 Conclusions

1.

The experimental results of friction factor for water flow show
more linear behavior than those of air flow; because the range of
Reynolds number of water flow is at the turbulent region while for
air flow it is at the laminar, transition the onset of turbulent region.
The friction factor values for water flow decrease slightly with
increasing Reynolds number values, because the water flow is at
the turbulent region where the high rate velocity of fluid behaves as
a slip velocity and has insignificant effect on the friction values.
Comparing the experimental results of the present work with those
of Sawistowski, Carman and Ergun, it can be noticed that the
curves of the present work lie among the results of Sawistowski,
Carman and Ergun; this is due to the differences of beds
dimensions, packings shapes and sizes.

The particle size and size distribution highly affected the bed
porosity. For mono size packing, the lower the particle size, the
lower is the bed porosity. The porosity of multi- size systems are
generally less than those of mono size systems, because the
particles of smaller sizes tend to fill the void spaces between the
larger sizes particles.

The bed porosity is greatly influences the pressure drop which also
depends on several parameters as bed height, fluid velocity, mean
particles diameter and the physical properties of fluid. Water flow
shows high values of pressure drop compared with air flow for

close values of bed porosities and at same volumetric flow rates.
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6. Increasing the Reynolds number values lead to decrease in the
friction factor values for all size distributions.
For close values of Reynolds number the air and water flow show

close values of friction factor.

5.2 Recommendations for further work
The following suggestions are to be considered in greater detail for
further work.
1. Study the effect of the shape and material of packing on the
pressure drop and friction factor through packed bed.
2. Study the possibility of developing a large scale of packed bed.
3. Study the flow of two phases through the packed bed.
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Appendix A

Air flow through packed bed

A.1 packing of mono sizes particles

Table A.1 For spherical particles diameter of 0.42 cm and bed porosity of

0.3746
Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 8.423 39.289 0.992
3 0.1827 12.635 68.363 0.767
4 0.2436 16.846 102.152 0.645
5 0.3046 21.065 149.298 0.603
6 0.3655 25.277 196.445 0.551
7 0.4264 29.488 251.450 0.518
8 0.4873 33.700 314.312 0.496
9 0.5482 37.911 377.175 0.470
10 0.6091 42.123 471.469 0.476
11 0.6700 46.335 550.047 0.459
12 0.7309 50.546 636.483 0.446
13 0.7918 54.758 715.061 0.427
14 0.8528 58.976 832.928 0.429
15 0.9137 63.188 935.079 0.419
16 0.9746 67.399 1045.089 0.412
Table A.2 For spherical particles diameter of 0.51 cm and bed porosity of
0.3999
Q(m*hr) | wu(m/s) Re AP (Pa) f
2 0.1218 10.448 23.573 0.885
3 0.1827 15.673 41.646 0.695
4 0.2436 20.897 63.648 0.597
5 0.3046 26.130 92.722 0.557
6 0.3655 31.354 121.796 0.508
7 0.4264 36.578 157.156 0.481
8 0.4873 41.803 196.445 0.461
9 0.5482 47.027 243.592 0.451
10 0.6091 52.251 298.597 0.448
11 0.6700 57.475 353.602 0.439
12 0.7309 62.700 408.606 0.426
13 0.7918 67.924 471.469 0.419
14 0.8528 73.157 534.331 0.409
15 0.9137 78.381 612.909 0.409
16 0.9746 83.605 683.630 0.401
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Table A.3 For spherical particles diameter of 0.61 cm and bed porosity of

0.4112
Q(m’hr) | u@m/s) Re AP (Pa) f
2 0.1218 12.999 15.716 0.781
3 0.1827 19.499 28.288 0.625
4 0.2436 25.999 44.004 0.547
5 0.3046 32.509 62.862 0.500
6 0.3655 39.009 86.436 0.477
7 0.4264 45.509 110.009 0.446
8 0.4873 52.008 141.441 0.439
9 0.5482 58.508 168.943 0.414
10 0.6091 65.008 204.303 0.406
11 0.6700 71.507 243.592 0.400
12 0.7309 78.007 282.881 0.390
13 0.7918 84.507 322.170 0.379
14 0.8528 91.017 377.175 0.382
15 0.9137 97.517 424.322 0.375
16 0.9746 104.017 479.326 0.372
Table A.4 For spherical particles diameter of 0.79 cm and bed porosity of
0.4225
Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 17.154 10.215 0.711
3 0.1827 25.731 18.859 0.584
4 0.2436 34.308 29.074 0.506
5 0.3046 42.899 42.432 0.473
6 0.3655 51.476 58.934 0.456
7 0.4264 60.053 77.007 0.438
8 0.4873 68.629 94.294 0.410
9 0.5482 77.206 117.867 0.405
10 0.6091 85.783 145.370 0.405
11 0.6700 94.360 172.872 0.398
12 0.7309 102.937 204.303 0.395
13 0.7918 111.514 235.734 0.389
14 0.8528 120.105 267.166 0.380
15 0.9137 128.682 306.455 0.379
16 0.9746 137.259 345.744 0.376
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Table A.5 For spherical particles diameter of 1.01 cm and bed porosity of

0.4359
Q(m’hr) | u@m/s) Re AP (Pa) f
2 0.1218 22.030 7.072 0.659
3 0.1827 33.045 13.358 0.553
4 0.2436 44,059 21.216 0.494
5 0.3046 55.092 31.431 0.468
6 0.3655 66.107 44.004 0.447
7 0.4264 77.122 56.576 0.430
8 0.4873 88.137 71.506 0.416
9 0.5482 99.152 86.436 0.397
10 0.6091 110.167 106.080 0.395
11 0.6700 121.181 125.725 0.387
12 0.7309 132.196 149.298 0.386
13 0.7918 143.211 172.872 0.381
14 0.8528 154.244 196.445 0.373
15 0.9137 165.259 220.019 0.364
16 0.9746 176.274 251.450 0.366

A.2 packing of binary sizes particles

Table A.6 For spherical particles with diameters of 0.42 and 0.51 cm and

bed porosity of 0.3577

i

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 13.878 38.503 0.800
3 0.1827 20.817 70.721 0.653
4 0.2436 27.757 110.009 0.571
5 0.3046 34.707 157.156 0.522
6 0.3655 41.646 212.161 0.490
7 0.4264 48.585 275.023 0.466
8 0.4873 55.524 345.744 0.449
9 0.5482 62.464 416.464 0.427
10 0.6091 69.403 510.758 0.424
11 0.6700 76.342 597.194 0.410
12 0.7309 83.281 699.345 0.404
13 0.7918 90.220 809.354 0.398
14 0.8528 97.171 919.364 0.390
15 0.9137 104.110 1052.947 0.389
16 0.9746 111.049 1178.672 0.383




Table A.7 For spherical particles with diameters of 0.42 and 0.61 cm and

bed porosity of 0.3622

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 15.341 33.003 0.780
3 0.1827 23.012 59.719 0.628
4 0.2436 30.682 94.294 0.557
5 0.3046 38.366 137.512 0.520
6 0.3655 46.036 184.659 0.485
7 0.4264 53.707 243.592 0.470
8 0.4873 61.377 306.455 0.453
9 0.5482 69.048 373.246 0.436
10 0.6091 76.719 447.895 0.423
11 0.6700 84.389 534.331 0.418
12 0.7309 92.060 628.625 0.413
13 0.7918 99.731 730.776 0.409
14 0.8528 107.414 832.928 0.402
15 0.9137 115.084 950.795 0.399
16 0.9746 122.755 1076.520 0.398

Table A.8 For spherical particles with diameters of 0.42 and 0.79 cm and

bed porosity of 0.3589

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 16.735 31.431 0.792
3 0.1827 25.102 58.934 0.660
4 0.2436 33.470 94.294 0.594
5 0.3046 41.851 137.512 0.554
6 0.3655 50.218 188.587 0.528
7 0.4264 58.586 243.592 0.501
8 0.4873 66.953 306.455 0.482
9 0.5482 75.320 373.246 0.464
10 0.6091 83.688 447 895 0.451
11 0.6700 92.055 534.331 0.445
12 0.7309 100.423 620.767 0.434
13 0.7918 108.790 722.919 0.431
14 0.8528 117.717 817.212 0.420
15 0.9137 125.538 927.222 0.415
16 0.9746 133.906 1045.089 0.411
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Table A.9 For spherical particles with diameters of 0.42 and 1.01 cm and

bed porosity of 0.3455

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 17.342 33.809 0.808
3 0.1827 26.014 63.642 0.676
4 0.2436 34.685 102.096 0.610
5 0.3046 43.370 150.209 0.574
6 0.3655 52.041 202.712 0.538
7 0.4264 60.713 262.559 0.512
8 0.4873 69.384 330.189 0.493
9 0.5482 78.055 397.534 0.469
10 0.6091 86.726 487.625 0.466
11 0.6700 95.397 571.017 0.451
12 0.7309 104.068 668.993 0.444
13 0.7918 112.740 772.743 0.437
14 0.8528 121.425 886.137 0.432
15 0.9137 130.096 1012.508 0.430
16 0.9746 138.767 1131.546 0.422

Table A.10 For spherical particles with diameters of 0.51 and 0.61 cm

and bed porosity of 0.3709

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 17.418 26.717 0.770
3 0.1827 26.126 48.718 0.624
4 0.2436 34.835 78.578 0.566
5 0.3046 43.558 110.009 0.507
6 0.3655 52.267 149.298 0.478
7 0.4264 60.976 196.445 0.462
8 0.4873 69.685 251.450 0.453
9 0.5482 78.394 298.597 0.425
10 0.6091 87.102 361.459 0.417
11 0.6700 95.811 440.037 0.419
12 0.7309 104.520 510.758 0.409
13 0.7918 113.229 597.194 0.407
14 0.8528 121.952 675.772 0.397
15 0.9137 130.661 777.923 0.398
16 0.9746 139.370 872.217 0.393




Table A.11 For spherical particles with diameters of 0.51 and 0.79 cm

and bed porosity of 0.3879

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 20.497 18.091 0.684
3 0.1827 30.746 34.609 0.582
4 0.2436 40.994 55.060 0.520
5 0.3046 51.259 78.657 0.476
6 0.3655 61.508 110.119 0.462
7 0.4264 71.757 146.301 0.451
8 0.4873 82.005 184.843 0.437
9 0.5482 92.254 220.238 0.411
10 0.6091 102.502 267.432 0.404
11 0.6700 112.751 322.492 0.403
12 0.7309 122.999 385.417 0.405
13 0.7918 133.248 440.477 0.394
14 0.8528 143,513 503.402 0.388
15 0.9137 153.762 582.059 0.391
16 0.9746 164.010 652.850 0.386

Table A.12 For spherical particles with diameters of 0.51 and 1.01 cm

and bed porosity of 0.3733

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 21.318 19.645 0.707
3 0.1827 31.977 36.932 0.590
4 0.2436 42.636 60.505 0.544
5 0.3046 53.312 86.436 0.497
6 0.3655 63.971 119.439 0.477
7 0.4264 74.630 157.156 0.461
8 0.4873 85.289 196.445 0.441
9 0.5482 95.948 239.663 0.426
10 0.6091 106.607 290.739 0.418
11 0.6700 117.266 349.673 0.416
12 0.7309 127.925 408.606 0.408
13 0.7918 138.584 471.469 0.401
14 0.8528 149.260 542.189 0.398
15 0.9137 159.919 612.909 0.392
16 0.9746 170.578 699.345 0.393




Table A.13 For spherical particles with diameters of 0.61 and 0.79 cm
and bed porosity of 0.4042

Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 24.328 12,573 0.619
3 0.1827 36.491 25.145 0.550
4 0.2436 48.655 40.861 0.503
5 0.3046 60.839 59.719 0.470
6 0.3655 73.003 83.293 0.455
7 0.4264 85.167 111.581 0.448
8 0.4873 97.330 141.441 0.435
9 0.5482 109.494 168.943 0.411
10 0.6091 121.658 204.303 0.402
11 0.6700 133.822 243.592 0.396
12 0.7309 145.986 290.739 0.397
13 0.7918 158.150 337.886 0.394
14 0.8528 170.333 385.033 0.387
15 0.9137 182.497 432.180 0.378
16 0.9746 194.661 495.042 0.381

Table A.14 For spherical particles with diameters of 0.61 and 1.01 cm
and bed porosity of 0.3901

Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 25.599 14.144 0.677
3 0.1827 38.398 27.502 0.585
4 0.2436 51.197 44.004 0.527
5 0.3046 64.018 66.006 0.505
6 0.3655 76.817 90.365 0.481
7 0.4264 89.617 117.867 0.461
8 0.4873 102.416 149.298 0.447
9 0.5482 115.215 180.730 0.427
10 0.6091 128.015 220.019 0.421
11 0.6700 140.814 267.166 0.423
12 0.7309 153.613 314.312 0.418
13 0.7918 166.413 361.459 0.410
14 0.8528 179.233 416.464 0.407
15 0.9137 192.033 471.469 0.401
16 0.9746 204.832 526.473 0.394




Table A.15 For spherical particles with diameters of 0.79 and 1.01cm and

bed porosity of 0.4220

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 33.197 7.858 0.585
3 0.1827 49.796 15.716 0.520
4 0.2436 66.394 25.931 0.482
5 0.3046 83.02 39.289 0.467
6 0.3655 99.619 53.433 0.441
7 0.4264 116.218 70.720 0.429
8 0.4873 132.816 86.436 0.402
9 0.5482 149.415 108.438 0.398
10 0.6091 166.013 133.583 0.397
11 0.6700 182.612 157.156 0.386
12 0.7309 199.211 188.587 0.390
13 0.7918 215.809 212.161 0.373
14 0.8528 232.435 251.450 0.382
15 0.9137 249.034 282.881 0.374
16 0.9746 265.632 322.170 0.374

A.3 packing of ternary sizes particles

Table A.16 For spherical particles with diameters of 0.42, 0.51 and
0.61cm and bed porosity of 0.3598

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 15.250 33.003 0.767
3 0.1827 22.876 61.291 0.633
4 0.2436 30.501 102.152 0.593
5 0.3046 38.138 141.441 0.526
6 0.3655 45.764 196.445 0.507
7 0.4264 53.389 251.450 0.477
8 0.4873 61.040 322.170 0.468
9 0.5482 68.639 385.033 0.442
10 0.6091 76.264 463.611 0.431
11 0.6700 83.889 557.905 0.428
12 0.7309 91.515 660.056 0.426
13 0.7918 99.140 754.350 0.415
14 0.8528 106.777 864.359 0.410
15 0.9137 114.403 982.226 0.406
16 0.9746 122.028 1100.093 0.399




Table A.17 For spherical particles with diameters of 0.42, 0.51 and 0.79

cm and bed porosity of 0.3620

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 16.369 29.860 0.755
3 0.1827 24553 56.576 0.636
4 0.2436 32.737 86.436 0.547
5 0.3046 40.935 125.725 0.508
6 0.3655 49.120 172.872 0.486
7 0.4264 57.304 227.877 0.470
8 0.4873 65.448 282.881 0.447
9 0.5482 73.673 345,744 0.432
10 0.6091 81.857 416.464 0.421
11 0.6700 90.041 495.042 0.414
12 0.7309 98.226 557.905 0.392
13 0.7918 106.410 667.914 0.400
14 0.8528 114.608 762.208 0.393
15 0.9137 122.792 856.501 0.385
16 0.9746 130.977 974.368 0.385

Table A.18 For spherical particles with diameters of 0.42, 0.51 and 1.01

cm and bed porosity of 0.3561

Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 16.878 30.645 0.770
3 0.1827 25.317 58.148 0.650
4 0.2436 33.757 90.365 0.568
5 0.3046 42.210 133.583 0.537
6 0.3655 50.649 180.730 0.505
7 0.4264 59.088 235.734 0.484
8 0.4873 67.527 298.597 0.469
9 0.5482 75.966 361.459 0.449
10 0.6091 84.405 440.037 0.442
11 0.6700 92.844 526.473 0.437
12 0.7309 101.284 620.767 0.433
13 0.7918 109.723 691.487 0.411
14 0.8528 118.176 801.497 0.411
15 0.9137 126.615 911.506 0.407
16 0.9746 135.054 1021515 0.401




Table A.19 For spherical particles with diameters of 0.42, 0.61 and 0.79

cm and bed porosity of 0.3668

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 17.755 25.931 0.734
3 0.1827 26.632 48.718 0.613
4 0.2436 35.510 75.435 0.534
5 0.3046 44.402 110.009 0.498
6 0.3655 53.279 149.298 0.469
7 0.4264 62.157 188.587 0.435
8 0.4873 71.034 243.592 0.431
9 0.5482 79.912 298.597 0.417
10 0.6091 88.789 361.459 0.409
11 0.6700 97.667 432.180 0.404
12 0.7309 106.544 510.758 0.401
13 0.7918 115.422 589.336 0.395
14 0.8528 124.314 660.056 0.381
15 0.9137 133.191 762.208 0.383
16 0.9746 142.069 856.501 0.379

Table A.20 For spherical particles with diameters of 0.42, 0.61 and 1.01

cm and bed porosity of 0.3636

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 18.524 25.931 0.752
3 0.1827 27.787 48.718 0.628
4 0.2436 37.049 74.649 0.541
5 0.3046 46.326 110.009 0.510
6 0.3655 55.589 149.298 0.481
7 0.4264 64.851 196.445 0.465
8 0.4873 74.113 243,592 0.441
9 0.5482 83.375 298.597 0.428
10 0.6091 92.638 361.459 0.419
11 0.6700 101.900 432.180 0.414
12 0.7309 111.162 495.042 0.399
13 0.7918 120.424 581.478 0.399
14 0.8528 129.702 660.056 0.391
15 0.9137 138.964 754.350 0.389
16 0.9746 148.226 848.644 0.384
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Table A.21 For spherical particles with diameters of 0.42, 0.79 and 1.01

cm and bed porosity of 0.3682

Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 20.303 22.002 0.720
3 0.1827 30.455 40.861 0.594
4 0.2436 40.607 66.791 0.547
5 0.3046 50.775 98.223 0.514
6 0.3655 60.927 133.583 0.486
7 0.4264 71.079 172.872 0.462
8 0.4873 81.231 220.019 0.450
9 0.5482 91.382 267.166 0.432
10 0.6091 101.534 330.028 0.432
11 0.6700 111.686 377.175 0.408
12 0.7309 121.838 447.895 0.407
13 0.7918 131.989 518.616 0.402
14 0.8528 142.158 589.336 0.394
15 0.9137 152.309 675.772 0.393
16 0.9746 162.461 762.208 0.390

Table A.22 For spherical particles with diameters of 0.51, 0.61 and 0.79

cm and bed porosity of 0.3827

i

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 20.131 19.645 0.704
3 0.1827 30.196 36.932 0.588
4 0.2436 40.262 58.148 0.521
5 0.3046 50.344 86.4359 0.495
6 0.3655 60.409 117.867 0.469
7 0.4264 70.474 157.156 0.460
8 0.4873 80.540 196.445 0.440
9 0.5482 90.605 235.734 0.417
10 0.6091 100.671 290.739 0.417
11 0.6700 110.736 353.602 0.419
12 0.7309 120.801 408.606 0.407
13 0.7918 130.867 471.469 0.400
14 0.8528 140.949 542.189 0.396
15 0.9137 151.014 605.051 0.385
16 0.9746 161.080 691.487 0.387
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Table A.23 For spherical particles with diameters of 0.51, 0.61 and 1.01

cm and bed porosity of 0.3746

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 20.757 20.430 0.720
3 0.1827 31.135 37.717 0.591
4 0.2436 41.514 62.862 0.554
5 0.3046 51.910 91.151 0.514
6 0.3655 62.288 121.796 0.477
7 0.4264 72.667 165.014 0.475
8 0.4873 83.045 196.445 0.433
9 0.5482 93.424 235.734 0.410
10 0.6091 103.802 298.597 0.421
11 0.6700 114.180 353.602 0.412
12 0.7309 124.559 416.464 0.408
13 0.7918 134.938 471.469 0.393
14 0.8528 145.333 550.047 0.395
15 0.9137 155.712 620.767 0.389
16 0.9746 166.090 707.203 0.389

Table A.24 For spherical particles with diameters of 0.51, 0.79 and 1.01

cm and bed porosity of 0.3868

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 23.478 15.716 0.676
3 0.1827 35.218 29.860 0.571
4 0.2436 46.957 48.718 0.524
5 0.3046 58.715 72.292 0.497
6 0.3655 70.455 100.580 0.480
7 0.4264 82.194 125.725 0.441
8 0.4873 93.933 157.156 0.422
9 0.5482 105.672 196.445 0.417
10 0.6091 117.412 243.592 0.419
11 0.6700 129.151 282.881 0.402
12 0.7309 140.890 337.886 0.403
13 0.7918 152.629 385.033 0.392
14 0.8528 164.388 440.037 0.386
15 0.9137 176.127 518.616 0.396
16 0.9746 187.866 565.762 0.380
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Table A.25 For spherical particles with diameters of 0.61, 0.79 and
1.01cm and bed porosity of 0.3935

Q(m’hr) | u(m/s) Re AP (Pa) f
2 0.1218 26.226 12,573 0.628
3 0.1827 39.338 23.573 0.523
4 0.2436 52.451 40.861 0.510
5 0.3046 65.585 59.719 0.477
6 0.3655 78.698 78.578 0.436
7 0.4264 91.811 106.080 0.432
8 0.4873 104.924 133.583 0.417
9 0.5482 118.037 166.586 0.411
10 0.6091 131.149 204.303 0.408
11 0.6700 144.262 243592 0.402
12 0.7309 157.375 284.453 0.395
13 0.7918 170.488 330.028 0.3901
14 0.8528 183.622 369.317 0.376
15 0.9137 196.735 432.180 0.384
16 0.9746 209.848 487.184 0.380

A.4 packing of quaternary sizes particles

Table A.26 For spherical particles with diameters of 0.42, 0.51, 0.61 and

0.79cm and bed porosity of 0.3713

Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 17.421 25.145 0.721
3 0.1827 26.131 47.147 0.601
4 0.2436 34.841 78.578 0.563
5 0.3046 43.566 110.009 0.505
6 0.3655 52.276 157.156 0.501
7 0.4264 60.896 196.445 0.460
8 0.4873 69.697 251.450 0.451
9 0.5482 78.407 298.597 0.423
10 0.6091 87.117 369.317 0.424
11 0.6700 95.828 440.037 0.417
12 0.7309 104.538 510.758 0.407
13 0.7918 113.248 605.051 0.411
14 0.8528 121.973 675.772 0.395
15 0.9137 130.683 770.065 0.393
16 0.9746 139.393 872.217 0.391
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Table A.27 For spherical particles with diameters of 0.42, 0.51, 0.61 and

1.01 cm and bed porosity of 0.3754

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 18.330 22.788 0.708
3 0.1827 27.496 43.218 0.597
4 0.2436 36.661 73.863 0.574
5 0.3046 45.841 102.152 0.507
6 0.3655 55.006 145.370 0.501
7 0.4264 64.171 188.587 0.478
8 0.4873 73.336 227.877 0.442
9 0.5482 82.502 275.023 0.422
10 0.6091 91.667 345.744 0.429
11 0.6700 100.832 400.748 0.411
12 0.7309 109.997 471.469 0.407
13 0.7918 119.162 550.047 0.404
14 0.8528 128.342 628.625 0.398
15 0.9137 137.508 715.061 0.395
16 0.9746 146.673 817.212 0.396

Table A.28 For spherical particles with diameters of 0.42, 0.51, 0.79 and

1.01 cm and bed porosity of 0.3647

Q(m*hr) | u(m/s) Re AP (Pa) f
2 0.1218 18.712 24.359 0.720
3 0.1827 28.680 45,575 0.599
4 0.2436 37.424 73.863 0.546
5 0.3046 46.795 110.009 0.520
6 0.3655 56.151 149.298 0.490
7 0.4264 65.507 188.587 0.455
8 0.4873 74.862 243.592 0.450
9 0.5482 84.218 298.597 0.436
10 0.6091 93.574 361.459 0.427
11 0.6700 102.930 424.322 0.415
12 0.7309 112.286 502.900 0.413
13 0.7918 121.642 589.336 0.412
14 0.8528 131.013 675.772 0.408
15 0.9137 140.369 746.492 0.392
16 0.9746 149.725 864.359 0.399
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Table A.29 For spherical particles with diameters of 0.42, 0.61, 0.79 and

1.01 cm and bed porosity of 0.3772

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 20.591 18.859 0.665
3 0.1827 30.887 35.360 0.554
4 0.2436 41.183 56.576 0.499
5 0.3046 51.496 86.436 0.487
6 0.3655 61.791 113.938 0.446
7 0.4264 72.087 157.156 0.452
8 0.4873 82.383 188.587 0.415
9 0.5482 92.679 235.734 0.410
10 0.6091 102.974 290.739 0.410
11 0.6700 113.270 345.744 0.403
12 0.7309 123.566 408.606 0.400
13 0.7918 133.862 463.611 0.387
14 0.8528 144.174 526.473 0.379
15 0.9137 154.470 612.909 0.384
16 0.9746 164.766 691.487 0.381

Table A.30 For spherical particles with diameters of 0.51, 0.61, 0.79 and

1.01cm and bed porosity of 0.3915

T

Q (m’/hr) u (m /s) Re AP (Pa)
2 0.1218 22.962 14.144 0.612
3 0.1827 34.443 27.502 0.529
4 0.2436 45.924 45,575 0.493
5 0.3046 57.424 66.791 0.462
6 0.3655 68.905 92.722 0.445
7 0.4264 80.386 125.725 0.444
8 0.4873 91.867 157.156 0.425
9 0.5482 103.348 192.516 0.411
10 0.6091 114.829 243.592 0.421
11 0.6700 126.310 282.881 0.404
12 0.7309 137.791 330.028 0.396
13 0.7918 149.272 385.033 0.394
14 0.8528 160.771 440.037 0.388
15 0.9137 172.252 510.758 0.392
16 0.9746 183.733 573.620 0.387
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A.5 packing of quinary sizes particles

Table A.31 For spherical particles with diameters of 0.42, 0.51, 0.61,
0.79 and 1.01cm and bed porosity of 0.3646

Q (m’hr) | wu(m/s) Re AP (Pa) f
2 0.1218 18.756 24.359 0.721
3 0.1827 28.134 45,575 0.600
4 0.2436 37.512 73.863 0.545
5 0.3046 46.905 106.080 0.502
6 0.3655 56.283 145.370 0.478
7 0.4264 65.661 188.587 0.456
8 0.4873 75.039 235.734 0.436
9 0.5482 84.417 290.739 0.425
10 0.6091 93.794 353.602 0.419
11 0.6700 103.172 424.322 0.415
12 0.7309 112.550 495,042 0.407
13 0.7918 121.928 581.478 0.407
14 0.8528 131.321 667.914 0.403
15 0.9137 140.699 746.492 0.393
16 0.9746 150.077 856.501 0.396
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Water flow through packed bed

Appendix B

B.1 packing of mono sizes particles

Table B.1 For spherical particles diameter of 0.42 cm and bed porosity of

0.3793
Q (m’hr) | u(m/s) Re AP (kPa) f
0.5 0.0305 38.467 0.940 0.456
1 0.0609 76.807 3.091 0.376
15 0.0914 115.273 6.429 0.348
2 0.1218 153.614 10.633 0.324
25 0.1523 192.080 16.567 0.323
3 0.1827 230.421 22.872 0.309
3.5 0.2132 268.887 30.291 0.301
4 0.2436 307.228 38.698 0.295
4.5 0.2741 345.694 48.465 0.291
5 0.3046 384.161 59.097 0.288

Table B.2 For spherical particles diameter of 0.51 cm and bed porosity of

0.4051
Q(m*hr) | u(m/s) Re AP (kPa) f
05 0.0305 47.771 0.606 0.445
1 0.0609 95.385 1.978 0.364
15 0.0914 143.156 4.204 0.344
2 0.1218 190.770 7.047 0.325
25 0.1523 238.541 10.633 0.313
3 0.1827 286.155 14.836 0.304
35 0.2132 333.926 19.905 0.299
4 0.2436 381.540 25.469 0.293
45 0.2741 429.311 31.774 0.289
5 0.3046 477.082 38.945 0.287
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Table B.3 For spherical particles diameter of 0.61 cm and bed porosity of

0.4156
Q(m*hr) | u(m/s) Re AP (kPa) f
05 0.0305 59.362 0.433 0.414
1 0.0609 118.530 1.484 0.356
15 0.0914 177.892 3.091 0.330
2 0.1218 237.060 5.316 0.319
25 0.1523 296.422 8.036 0.309
3 0.1827 355.590 11.374 0.304
35 0.2132 414.952 15.331 0.298
4 0.2436 474.120 19.534 0.293
45 0.2741 533.482 24.356 0.289
5 0.3046 592.845 29.672 0.285

Table B.4 For spherical particles diameter of 0.79 cm and bed porosity of

0.4265
Q (m’hr) | u(m/s) Re AP (kPa) f
0.5 0.0305 78.291 0.297 0.394
1 0.0609 156.325 1.051 0.350
15 0.0914 234.615 2.176 0.322
2 0.1218 312.649 3.833 0.319
25 0.1523 390.940 5,811 0.309
3 0.1827 468.974 8.160 0.302
3.5 0.2132 547.264 10.880 0.296
4 0.2436 625.298 13.971 0.291
45 0.2741 703.589 17.556 0.289
5 0.3046 781.879 21.389 0.285
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Table B.5 For spherical particles diameter of 1.01 cm and bed porosity of

0.4321
Q(m*hr) | u(m/s) Re AP (kPa) f
05 0.0305 100.533 0.223 0.394
1 0.0609 200.737 0.754 0.335
15 0.0914 301.27 1.607 0.317
2 0.1218 401.474 2.782 0.309
25 0.1523 502.008 4.204 0.299
3 0.1827 602.212 5,811 0.287
35 0.2132 702.745 7.913 0.287
4 0.2436 802.949 10.262 0.285
45 0.2741 903.482 12.982 0.285
5 0.3046 1004.016 15.702 0.279

B.2 packing of binary sizes particles

Table B.6 For spherical particles with diameters of 0.42 and 0.51 cm and bed

porosity of 0.3551
Q (m’hr) | u(m/s) Re AP (kPa) f
0.5 0.0305 62.39594 1.137 0.427
1 0.0609 1245873 3.709 0.349
15 0.0914 186.9832 7.789 0.325
2 0.1218 249.1746 12.982 0.305
2.5 0.1523 311.5706 19.411 0.292
3 0.1827 373.7619 27.447 0.287
3.5 0.2132 436.1579 36.349 0.279
4 0.2436 498.3492 46.363 0.273
4.5 0.2741 560.7452 57.861 0.269
5 0.3046 623.1411 70.225 0.264




Table B.7 For spherical particles with diameters of 0.42 and 0.61 cm and bed

porosity of 0.3650
Q(m*hr) | u(m/s) Re AP (kPa) f
05 0.0305 70.147 0.964 0.434
1 0.0609 140.065 3.276 0.370
15 0.0914 210.212 6.924 0.347
2 0.1218 280.130 11.622 0.328
25 0.1523 350.277 17.680 0.319
3 0.1827 420.194 24.851 0.312
35 0.2132 490.342 33.010 0.304
4 0.2436 560.259 42.036 0.297
4.5 0.2741 630.407 53.287 0.297
5 0.3046 700.554 64.785 0.293

Table B.8 For spherical particles with diameters of 0.42 and 0.79 cm and bed

porosity of 0.3590
Q(m’hr) | u(m/s) Re AP (kPa) f
0.5 0.0305 75.873 0.989 0.462
1 0.0609 151.497 3.338 0.391
15 0.0914 227.369 6.924 0.360
2 0.1218 302.993 11.745 0.344
25 0.1523 378.866 17.433 0.327
3 0.1827 454.490 24.727 0.322
3.5 0.2132 530.363 33.010 0.316
4 0.2436 605.987 42.159 0.309
45 0.2741 681.859 52.421 0.303
5 0.3046 757.732 63.672 0.298
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Table B.9 For spherical particles with diameters of 0.42 and 1.01 cm and bed

porosity of 0.3484
Q (m’hr) | u(m/s) Re AP (kPa) f
0.5 0.0305 79.304 1.014 0.462
1 0.0609 158.348 3.338 0.382
15 0.0914 237.652 7.171 0.364
2 0.1218 316.696 11.993 0.343
2.5 0.1523 396.000 17.927 0.328
3 0.1827 475.044 25.469 0.324
3.5 0.2132 554.349 33.876 0.316
4 0.2436 633.393 43.272 0.309
4.5 0.2741 712.697 53.905 0.304
5 0.3046 792.001 65.279 0.298

Table B.10 For spherical particles with diameters of 0.51 and 0.61 cm and

bed porosity of 0.3681

Q (m’hr) | u(m/s) Re AP (kPa) f
0.5 0.0305 78.246 0.816 0.424
1 0.0609 156.235 2.720 0.354
15 0.0914 234.481 5.811 0.336
2 0.1218 312.470 9.767 0.318
25 0.1523 390.716 14.960 0.312
3 0.1827 468.705 21.018 0.304
3.5 0.2132 546.951 28.065 0.298
4 0.2436 624.941 35.978 0.293
45 0.2741 703.186 44.879 0.289
5 0.3046 781.432 55.265 0.288




Table B.11 For spherical particles with diameters of 0.51 and 0.79 cm and

bed porosity of 0.3882

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 92.992 0.581 0.407
1 0.0609 185.680 1.978 0.348
1.5 0.0914 278.672 4.204 0.328
2 0.1218 371.360 7.047 0.310
2.5 0.1523 464.352 10.880 0.306
3 0.1827 557.040 15.207 0.297
3.5 0.2132 650.032 20.523 0.294
4 0.2436 742.720 26.334 0.289
45 0.2741 835.712 33.134 0.287
5 0.3046 928.705 40.429 0.284

Table B.12 For spherical particles with diameters of 0.51 and 1.01 cm and

bed porosity of 0.3730

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 96.529 0.643 0.427
1 0.0609 192.742 2.225 0.371
1.5 0.0914 289.271 4.451 0.329
2 0.1218 385.484 7.789 0.324
2.5 0.1523 482.013 11.622 0.310
3 0.1827 578.225 16.567 0.307
3.5 0.2132 674.754 22.131 0.301
4 0.2436 770.967 28.312 0.295
45 0.2741 867.496 35.607 0.293
5 0.3046 964.025 43.149 0.287




Table B.13 For spherical particles with diameters of 0.61 and 0.79 cm and

bed porosity of 0.4019

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 109.416 0.457 0.409
1 0.0609 218.474 1.545 0.346
1.5 0.0914 327.891 3.276 0.326
2 0.1218 436.948 5.687 0.318
2.5 0.1523 546.365 8.654 0.310
3 0.1827 655.422 11.993 0.298
3.5 0.2132 764.839 16.320 0.298
4 0.2436 873.896 20.894 0.293
45 0.2741 983.313 26.334 0.291
5 0.3046 1092.729 31.898 0.286

Table B.14 For spherical particles with diameters of 0.61 and 1.01 cm and

bed porosity of 0.3904

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 116.138 0.457 0.407
1 0.0609 231.896 1.607 0.359
1.5 0.0914 348.034 3.338 0.331
2 0.1218 463.791 5.811 0.324
2.5 0.1523 579.930 8.531 0.305
3 0.1827 695.687 12.116 0.301
3.5 0.2132 811.825 16.443 0.300
4 0.2436 927.583 21.018 0.293
45 0.2741 1043.721 26.458 0.292
5 0.3046 1159.859 32.021 0.286




Table B.15 For spherical particles with diameters of 0.61 and 1.01 cm and

bed porosity of 0.3904

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 150.620 0.284 0.393
1 0.0609 300.746 0.989 0.343
1.5 0.0914 451.366 2.102 0.324
2 0.1218 601.492 3.709 0.322
2.5 0.1523 752.112 5.440 0.302
3 0.1827 902.238 7.789 0.300
3.5 0.2132 1052.858 10.509 0.297
4 0.2436 1202.984 13.353 0.289
45 0.2741 1353.604 16.938 0.290
5 0.3046 1504.224 20.523 0.284

B.3 packing of ternary sizes particles

Table B.16 For spherical particles with diameters of 0.42, 0.51 and 0.61cm

and bed porosity of 0.3600

Q (m’hr) | u(m/s) Re AP (kPa) f
05 0.0305 69.164 1.014 0.437
1 0.0609 138.101 3.338 0.361
15 0.0914 207.265 7.047 0.339
2 0.1218 276.203 11.745 0.318
25 0.1523 345.367 17.680 0.306
3 0.1827 414.304 24.480 0.294
35 0.2132 483.468 32.269 0.285
4 0.2436 552.406 41.665 0.282
4.5 0.2741 621.570 52.050 0.278
5 0.3046 690.734 62.807 0.272




Table B.17 For spherical particles with diameters of 0.42, 0.51 and 0.79 cm

and bed porosity of 0.3648

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 74.845 0.890 0.429
1 0.0609 149.445 2.967 0.359
1.5 0.0914 224.291 6.429 0.345
2 0.1218 298.891 11.003 0.332
2.5 0.1523 373.736 16.443 0.318
3 0.1827 448.336 23.120 0.310
3.5 0.2132 523.181 30.909 0.305
4 0.2436 597.781 39.687 0.300
45 0.2741 672.627 50.319 0.300
5 0.3046 747 472 61.076 0.295

Table B.18 For spherical particles with diameters of 0.42, 0.51 and 1.01 cm

and bed porosity of 0.3562

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 76.523 0.952 0.444
1 0.0609 152.795 3.338 0.390
1.5 0.0914 229.319 7.418 0.385
2 0.1218 305.591 12.611 0.369
2.5 0.1523 382.114 18.792 0.351
3 0.1827 458.386 26.581 0.345
3.5 0.2132 534.909 36.225 0.346
4 0.2436 611.181 45.868 0.335
45 0.2741 687.705 56.625 0.327
5 0.3046 764.228 68.370 0.320




Table B.19 For spherical particles with diameters of 0.42, 0.61 and 0.79 cm

and bed porosity of 0.3695

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 81.163 0.767 0.413
1 0.0609 162.061 2.596 0.351
1.5 0.0914 243.224 5.440 0.326
2 0.1218 324.121 9.396 0.317
2.5 0.1523 405.285 14.466 0.312
3 0.1827 486.182 20.276 0.304
3.5 0.2132 567.346 27.200 0.300
4 0.2436 648.243 34.865 0.294
45 0.2741 729.406 43.643 0.291
5 0.3046 810.570 52.668 0.284

Table B.20 For spherical particles with diameters of 0.42, 0.61 and 1.01 cm

and bed porosity of 0.3665

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 84.731 0.767 0.424
1 0.0609 169.184 2.596 0.360
1.5 0.0914 253.915 5.564 0.343
2 0.1218 338.368 9.520 0.330
2.5 0.1523 423.099 14.465 0.321
3 0.1827 507.553 20.400 0.314
3.5 0.2132 592.284 27.323 0.309
4 0.2436 676.737 34.989 0.303
45 0.2741 761.468 43.767 0.300
5 0.3046 846.199 52.792 0.293
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Table B.21 For spherical particles with diameters of 0.42, 0.79 and 1.01 cm

and bed porosity of 0.3712

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 92.904 0.680 0.425
1 0.0609 185.503 2.349 0.368
1.5 0.0914 278.407 5.316 0.370
2 0.1218 371.007 8.902 0.349
2.5 0.1523 463.911 13.600 0.341
3 0.1827 556.510 19.287 0.336
3.5 0.2132 649.414 25.469 0.326
4 0.2436 742.013 33.010 0.323
45 0.2741 834.917 39.563 0.306
5 0.3046 927.821 49.578 0.311

Table B.22 For spherical particles with diameters of 0.51, 0.61 and 0.79 cm

and bed porosity of 0.3854

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 92.045 0.593 0.404
1 0.0609 183.788 2.102 0.359
1.5 0.0914 275.833 4574 0.347
2 0.1218 367.575 7.913 0.338
2.5 0.1523 459.620 11.993 0.328
3 0.1827 551.363 16.691 0.317
3.5 0.2132 643.408 22.996 0.321
4 0.2436 735.151 28.683 0.306
45 0.2741 827.196 36.225 0.306
5 0.3046 919.240 44.261 0.302
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Table B.23 For spherical particles with diameters of 0.51, 0.61 and 1.01 cm

and bed porosity of 0.3771

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 94.836 0.606 0.405
1 0.0609 189.361 2.102 0.352
1.5 0.0914 284.197 4.698 0.350
2 0.1218 378.722 8.036 0.337
2.5 0.1523 473.558 12.611 0.338
3 0.1827 568.083 17.309 0.323
3.5 0.2132 662.919 22.996 0.315
4 0.2436 757.444 29.796 0.312
45 0.2741 852.280 37.090 0.307
5 0.3046 947.117 45.127 0.303

Table B.24 For spherical particles with diameters of 0.51, 0.79 and 1.01 cm

and bed porosity of 0.3895

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 107.358 0.495 0.404
1 0.0609 214.364 1.855 0.380
1.5 0.0914 321.721 3.956 0.360
2 0.1218 428.727 6.553 0.336
2.5 0.1523 536.085 10.385 0.340
3 0.1827 643.091 14.218 0.324
3.5 0.2132 750.448 19.163 0.320
4 0.2436 857.454 24.356 0.312
45 0.2741 964.812 31.156 0.315
5 0.3046 1072.170 38.080 0.312
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Table B.25 For spherical particles with diameters of 0.61, 0.79 and 1.01cm

and bed porosity of 0.3962

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 119.931 0.433 0.411
1 0.0609 239.468 1.484 0.353
1.5 0.0914 359.398 3.215 0.340
2 0.1218 478.936 5.440 0.324
2.5 0.1523 598.866 8.407 0.320
3 0.1827 718.403 12.240 0.324
3.5 0.2132 838.334 15.949 0.310
4 0.2436 957.871 20.400 0.304
45 0.2741 1077.802 25.840 0.305
5 0.3046 1197.732 31.156 0.296

B.4 packing of quaternary sizes particles

Table B.26 For spherical particles with diameters of 0.42, 0.51, 0.61 and

0.79cm and bed porosity of 0.3714

Q(m’hr) | u(m/s) Re AP (kPa) f
05 0.0305 78.983 0.791 0.421
1 0.0609 157.706 2.658 0.355
15 0.0914 236.689 5.564 0.330
2 0.1218 315.412 9.644 0.322
25 0.1523 394.395 14.589 0.311
3 0.1827 473.118 20.400 0.302
35 0.2132 552.101 27.941 0.304
4 0.2436 630.825 35.483 0.296
4.5 0.2741 709.807 44.879 0.296
5 0.3046 788.790 54.152 0.289
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Table B.27 For spherical particles with diameters of 0.42, 0.51, 0.61 and

1.01cm and bed porosity of 0.3754

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 83.081 0.729 0.420
1 0.0609 165.889 2.473 0.357
1.5 0.0914 248.970 5.193 0.333
2 0.1218 331.778 9.025 0.326
2.5 0.1523 414.859 13.600 0.314
3 0.1827 497.667 18.916 0.303
3.5 0.2132 580.748 25.592 0.301
4 0.2436 663.556 33.134 0.299
45 0.2741 746.637 40.923 0.292
5 0.3046 829.717 49.948 0.288

Table B.28 For spherical particles with diameters of 0.42, 0.51, 0.79 and

1.01cm and bed porosity of 0.3671

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 85.454 0.767 0.430
1 0.0609 170.628 2.596 0.365
1.5 0.0914 256.082 5.564 0.347
2 0.1218 341.255 9.520 0.335
2.5 0.1523 426.709 14.589 0.328
3 0.1827 511.883 20.152 0.315
3.5 0.2132 597.337 27.447 0.315
4 0.2436 682.511 35.236 0.310
45 0.2741 767.965 43.890 0.305
5 0.3046 853.419 53.410 0.300
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Table B.29 For spherical particles with diameters of 0.42, 0.61, 0.79 and

1.01cm and bed porosity of 0.3767

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 93.180 0.631 0.409
1 0.0609 186.053 2.164 0.352
1.5 0.0914 279.233 4574 0.331
2 0.1218 372.107 7.913 0.322
2.5 0.1523 465.287 12.116 0.316
3 0.1827 558.161 16.814 0.304
3.5 0.2132 651.340 22.625 0.301
4 0.2436 744.214 29.301 0.298
45 0.2741 837.394 36.596 0.294
5 0.3046 930.573 44.632 0.291

Table B.30 For spherical particles with diameters of 0.51, 0.61, 0.79 and

1.01cm and bed porosity of 0.3891

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 103.257 0.519 0.407
1 0.0609 206.176 1.916 0.377
1.5 0.0914 309.433 3.833 0.334
2 0.1218 412.351 6.553 0.322
2.5 0.1523 515.608 10.014 0.315
3 0.1827 618.527 13.847 0.302
3.5 0.2132 721.784 18.669 0.299
4 0.2436 824.702 24.232 0.298
45 0.2741 927.959 30.291 0.294
5 0.3046 1031.216 36.720 0.288
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B.S packing of quinary sizes particles

Table B.31 For spherical particles with diameters of 0.42, 0.51, 0.61, 0.79
and 1.01cm and bed porosity of 0.3624

Q (m’/hr) u (m /s) Re AP (kPa)
0.5 0.0305 84.423 0.767 0.412
1 0.0609 168.570 2.596 0.350
1.5 0.0914 252.994 5.687 0.340
2 0.1218 337.140 9.644 0.325
2.5 0.1523 421.564 14.465 0.312
3 0.1827 505.710 19.905 0.298
3.5 0.2132 590.134 26.334 0.290
4 0.2436 674.281 34.000 0.286
45 0.2741 758.704 42.159 0.280
5 0.3046 843.128 52.050 0.280
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Appendix C
Calibration of Rotameters

A. for air flow
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Figure C-1 show the calibration of air rotameter
B. for water flow
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Figure C-2 show the calibration of water rotamet
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