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ABSTRACT

AN ANALYSIS ON FLOW MODES IN PNEUMATIC
CONVEYING SYSTEMS

TOZLU, Alperen
M.Sc. in Mechanical Engineering
Supervisor: Prof. Dr. Melda Ozdin¢ CARPINLIOGLU
Co-Supervisor: Assoc. Prof. Dr. Ahmet ihsan KUTLAR
Jan 2014
109 pages

In this study, an experimental investigation on flow mode analysis of pneumatic
particle conveying was conducted. An experimental test set-up and coupled

measurement system were constructed for the purpose.

The measurements were conducted in three separate test cases consisted of which
vertical, horizontal test pipelines and a horizontal continuous conveying with a
particle feeder. The covered particles of semolina, wheat, sand, polyethylene, zeolite
and tea with the ranges of loose poured bulk density, 200 kg/m® < p, < 2400 kg/m®
and average particle diameter, 150 um < d, < 2750 um were used in the range of
21697 < Re < 156992. The measurements of the local static pressures, pressure
drops, AP and pressure gradients AP/L were performed as a function of minimum
fluidization velocity, Unys. The velocity and pressure measurements which were
evaluated through a custom design program FDRIPCS.vi in LabView 2009 SP1®
environment were carried out in the error margins of + 1.16 % and + 3.31 %

respectively.

The visual observation of the flow field through the functional relationships between
P1 vs Py, AP vs U,ir were used to determine Uns. The transported particles as a ratio
of mass flow rate of air; My/M,, calculated local permeability factors Pr and Py nsand
Rens corresponding to Uy were used to analyze the flow modes with the covered
ranges of 21697 < Renr < 147600, 3.65 m/s < Uns < 24.83 m/s, 0.0052 m?/Pa.s < P



mt < 0.92 m?/Pa.s and 0.25 % < My/M, < 51.99 %. The functional relationship

between Prms = f(Remr) was used to verify the flow mode analysis.

The observed modes were defined as: unstable zone, transition of fluidized dense
phase, fluidized dense phase, slug flow, transition of plug flow, plug flow and dilute
phase. The defined flow modes were the severe function of experimental
methodology besides particle characteristics. It is seen that the value of loose poured
bulk density, ppip is dominant to determine flow modes when it is compared with
average particle diameter, dj, in vertical test case. On contrary to this, d, of particles
are found to be more significant in comparison with pp, for investigation of flow
modes in horizontal test case. It seems that fluidized dense phase is in the range of
0.0052 m?/Pa.s < P; < 0. 2 m?/Pa.s, slug flow and plug flow are valid for 0.2 m*/Pa.s
< P;< 0.56 m*/Pa.s and dilute phase is inside 0.56 m*/Pa.s < Px.

Key Words: Loose poured bulk density, minimum fluidization wvelocity,
permeability factor, air particle mass flow rate ratio, Reynolds number, pressure

drops and pressure gradients.



OZET

PNOMATIK TASIMA SISTEMLERINDE AKIM MODLARINA
YONELIK BIiR ANALIZ

TOZLU, Alperen
M.Sc. Makine Miihendisligi
Tez Yoneticisi: Prof. Dr. Melda Ozding CARPINLIOGLU
Yardimci Tez Yoneticisi: Dog. Dr. Ahmet ihsan KUTLAR
Ocak 2014
109 sayfa

Bu calismada, pnomatik parcacik tagmmmasindaki akim modlarina yonelik deneysel
bir arastirma gergeklestirildi. Bu amacgla deneysel bir test diizenegi ve buna bagl

Ol¢ciim sistemi insa edildi.

Olgiimler dikey, yatay boru hatlar1 ve pargacik beslemeli yatay boru hattindan olusan
ii¢ ayr1 test diizenegi icin yapildi. 200 kg/m® < Polp < 2400 kg/m® ve 150 um < dp <
2750 pm araliklarmdaki irmik, bulgur, polietilen, kum, zeolit ve ¢ay 21697 < Re <
156992 degerleri arasinda kullanildi. Noktasal statik basinglar, basing diisiisleri AP,
ve basmg gradyenleri AP/L minimum akiskanlasma hizinin Uy, fonksiyonu olarak
alindi. Hiz ve basing 6l¢iimleri LabView ortaminda hazirlanan FDRIPCS.vi programi

ile+£% 1.16 ve £ % 3.31 hata oranlariyla yapild.

P1 - P2 ve AP - Uy, arasindaki fonksiyonel baglanti minimum akiskanlagsma hizinin
hesaplanmasi i¢in akim alan1 boyunca 6lgiildii ve gorsel olarak incelendi. Taginan
parcaciklarin ylikleme orani Mp/Ma, hesaplanan noktasal gecirgenlik faktorii Py, ve
Un’ye bagli olan Pt mr Ve Rems 21697 < Reps < 147600, 3.65 m/s < Ups < 24.83 m/s,
0.0052 m?/Pa.s < Pt ms < 0.92 m*/Pa.s and 0.25 % < My/M, < 51.99 % verilen

araliklarda akim modu analizi i¢in kullanild1.

Gozlemlenen akim modlari: hareketsiz alan, hareketsiz alan ile akigkanlasmis yogun
faz gecisi, akiskanlasmis yogun faz, tikali akis, birikintili akisa gegis, birikintili akis

ve seyrek faz oldu. Tanimlanan akim modlar1 deneysel metodolojinin fonksiyonu



olmasinin yani sira pargacik karakteristigi ile de ilgilidir. ppip dikey test diizeneginde
dp’ye gore daha belirgin bir etkiye sahiptir. Buna tezat olarak, d, ise yatay test
diizeneginde pypip’ye gore daha kayda deger bir etki gostermektedir. Sonug olarak,
akiskanlasmis yogun faz arahgi 0.0052 m?/Pa.s < P; < 0. 2 m?/Pa.s, tikali akis ve
birikintili akis aralig1 0.2 m*/Pa.s < P; < 0.56 m?/Pa.s ve seyrek faz 0.56 m?/Pa.s < P

oldugunda goriilmektedir.

Anahtar Kelimeler: Goéreceli yogunluk, minimum akigkanlagsma hizi, gegirgenlik
faktorii, minimum akiskanlagsma hizindaki gegirgenlik faktorii, hava ve pargacik kiitle

akis debi oranlar1 Reynolds sayisi, basing diisiisleri ve basing gradyenleri.
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CHAPTER 1

INTRODUCTION

In this thesis, an experimental study is supported by Research Fund of
University of Gaziantep through the project coded MF 12-15 which is carried out in
order to investigate flow modes for a variety of solid particles for two main test cases
which are conducted at vertical and horizontal pipeline systems. Furthermore, the
behavior of the covered particles is investigated in the continuous conveying for

control and comparison of flow modes with the previous ones.

In Chapter 2, literature survey on the manner is summarized. Available
definitions and methods for the determination of flow modes are presented, analyzed

and compared for pneumatic conveying systems.

In Chapter 3, the details of the experimental test set-up which is designed
and constructed for determination of flow modes are presented. Measurement
instruments and techniques, calibration and experimental procedure are given in that
Chapter. Furthermore, uncertainty analyses of the measurement chains are carried

out.



In Chapter 4, the methodology of the determination of minimum fluidization
velocity is presented for the vertical, horizontal test case and also continuous
conveying. Additionally, the flow modes are detected considering the minimum
fluidization velocities for the covered particles in reference to visual observations of
the flow field. Moreover, the effects of loose poured bulk densities and average
diameters of the covered particles are investigated to determine the flow modes in

pneumatic conveying systems.

In Chapter 5, the detected flow modes are considered in order to define their
limits by means of permeability, Ps and My/M,. On the other hand, a correlation
study is carried out by using trial and error procedure and the variation of the
normalized pressure AP/Pgyn With respect to the normalized velocity Uair / Ut is

considered for the vertical test case.

In Chapter 6, the general concluding remarks as a result of the experimental
study are given. Some apparent deductions and further recommendations are
highlighted.



CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

In this study, pneumatic conveying systems are analyzed due to their
importance in industrial area. However, the flow modes in pneumatic conveying

systems are not clearly understood.

Pneumatic conveying systems are widely used in various industrial settings
due to the spectrum of materials to be conveyed. Basically, it becomes important
phenomenon in decision stage of the effective flow modes to reduce the required
energy for conveying of any particles in well-designed conveying pipeline systems in
industry. There are some classifications of flow modes for conveyed both powders
and bulk solid particles based on mean particle size and density difference, and also
by taking into account inter particle cohesion forces. The material properties and
flow parameters are defined with different symbols by each scientist in the literature.
The available literature based on the flow modes and classifications are tabulated
with their proposed critical equations in order to collect all for ease usage and well

understanding.



2.2 Pneumatic Conveying Systems Terminology

Pneumatic conveying systems are used in industrial applications for
transporting solid particle materials through a pipeline system with the aid of
medium gas. These systems are quite simple to setup in a factory. Because of this
reason pneumatic conveying systems find widespread applications in the area of
chemical, food, textile, pharmaceutical industries etc. Simple pneumatic conveying
system requires a blower to provide air supply; feeder for feeding particles to a
system; and a pipeline and a receiver for transports and collecting materials
respectively. In gas-solid flow structure, the combined flow character plays an
important role in terms of transport effectiveness and energy consumption, which are
called as modes of flow in two-phase flow jargon. Gas velocity, gas flow rate,
minimum fluidization velocity, particle size, particle density, bulk density and
particle shape are the most important parameters used to identify a two-phase flow

mode.

In practice, non-suspension or dense phase flow is desirable for measure of
conveying in terms of the ratio of conveyed material in amount to the amount of air
supply whereas the suspension or dilute phase flow is not. However, many products

are/have to be conveyed in dilute phase conveying system.

Particle/air interaction parameters such as permeability, air retention and de-
aeration are all dependent on physical properties of conveyed materials such as:
particle size, size distribution, density of particle, loose-poured bulk density and
shape. Loose-poured bulk density, ppip, Of bulk materials is the mass per unit volume
which is measured when particle is in a loose, non-compacted or poured condition,

expressed as follows:

poip = (1-€)( ps— py) (2.1)



where ps is density of solid particle conveyed, pg is fluid density and & is bulk

voidage.

Permeability, Ps is a measure of how the air flows through the material
under a motive force and can be expressed as ratio of superficial velocity of gas, U to

pressure drop per unit pipe length, AP/L occurring in flow line:

Pr = U/(AP/L) (2.2)

Superficial gas velocity U is defined as:
U=Q/A (2.3)

where Q is volumetric gas flow rate and A is cross-sectional area of bed/pipe.

Air retention is the ability of a material to retain air in the void spaces of the
material after the air supply has been terminated. De-aeration, As is a measure of how

the air naturally escapes from the material and can be expressed as;

As = t(AP/L) (2.4)
where t is the time related to the pressure drop decay plot from fluidization pressure

to atmospheric pressure.

Minimum fluidization velocity, Uy at the onset of fluidization is commonly

given as;

Umf = Pf mf(AP/L) (2.5)



Fluidization is defined as an aerated state of material. Saltation is a process
of deposition of particles along horizontal pipeline which occurs when air velocity
falls below minimum conveying value. Dense phase (non-suspension) is defined as a
state which occurs when gas velocity is under saltation velocity of particle conveyed.
Dilute phase (suspension) is another typical state which may occur when gas velocity
becomes equal to or gets above the saltation velocity of particle. Slug flow is
described by presence of liquid rich slugs that span entire channel or pipe area. This
type of flow is proper to implement for conveying friable and/or granular products.
When air mass flow rate is reduced, some conveyed particles accumulate at bottom
of pipeline and form long plugs. This type of flow just described is known as plug
flow. In plug flows, high fluctuations in pressure may take place and that may cause
vibration in whole systems resulting from formation of long plug structures. This

region is referred as an unstable zone.

2.3 Flow Modes in Pneumatic Conveying Systems

At design stage of a pneumatic conveying system, it would be most
desirable to identify flow modes by applying a proper prediction scheme rather than
realizing on experimental work in regarding to huge cost saving aspect. It is more
convenient to determine modes of flow using some predictive techniques instead of
experimentally conveying material in a pipeline at beginning of design stage
providing a considerable benefit in terms of cost. In literature, there are two distinct
classifications in order to form generalized charts in terms of flow modes; i) based on
physical properties of particles conveyed [1-3], and ii) based on particle/air
interaction of gas-solid phase [4-9]. Moreover, improvements to the classifications
based on physical properties of particles are carried out taking into account a loose-

poured bulk density parameter [10-14] and inter particle cohesion forces [15].



The gas-solid flow character was classified into four categories by Geldart
[1] in terms of mean particle size and density difference as shown in figure 2.1. This

classification is summarized as follows;

1) Powders in Group A in which material has a small mean size and/or a
low particle density (less than about 1.4 g/cm®) behave as dense phase expansion
after minimum fluidization. When superficial gas velocity is high enough in order to
form slugging conditions, the slugs are axisymmetric, while the superficial gas
velocity is increased further, slug flow tends to transition to turbulent. Some cracking

catalysts can be given as typical examples.

2) Powders in Group B will bubble at minimum fluidization velocity in

contrast to powders in Group A. The materials in this group have mean size and
density ranges of 40um<d, 6 <500um and 1.4g/cm’<p <4g/cm®, respectively.

Sand is a typical example for this group.

3) Powders in Group C are difficult to fluidize at all due to interparticle
cohesive forces. The powder lifts as a plug in small diameter tubes, or channels (rat-
holes) badly. The interparticle forces are greater than the fluid forces exerted on
particle. This behavior generally occurs in the case of materials that have very small
particle size, strong electrostatic force and are very wet or sticky. Pulverized powders

are examples of this group.

4) The materials in Group D have comperatively large and/or very dense
particles. The materials in this group can be spouted if gas is admitted only through

a centrally positioned hole. The flow regime among the particles may be turbulent.



Geldart [1] proposed a criterion to determine the boundary between the
powders in Groups A and B according to whether the superficial gas velocity at
minimum bubbling, Un, is greater than superficial gas velocity at minimum

fluidization, Ups or not. In Group A,

Umb /Umf = 1 (26)

Geldart [1, 16-18] used three different types of low density powder which
are diakon, fresh and spent catalyst in his experiment. He proposed a linear
representing the relationship between mean particle size, d, and minimum bubbling
velocity, Unp, and compared it with the equation which was given by Davies and
Richardson [18] for the superficial gas velocity at minimum fluidization, which are

given respectively as follows;
Ump = 100 d, (2.7)
Umt = 0.0008g d, %(ps — pg)ut (2.8)

where g is gravitational acceleration and p is dynamic viscosity. The equation
describing the limit of Group A and B is obtained by inserting Egs. (2.7) and (2.8)
into Eq. (2.6), [1].

The boundary between Group B and D is not so clear as is between Group A
and B. However, the proposed criterion by Geldart [1] is given in Table 2.1. There is

no criterion proposed or attempt in describing the boundary between Group A-C.

Molerus [4-6] considered interparticle cohesion forces in addition to
Geldart's classification as shown in figure 2.2. The limiting conditions between
Group A-C; Group A-B and Group B-D were defined using semi-empirical criteria
by analyzing the forces exerted by the gas on the particles and the cohesion forces

between particles.
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Figure 2.1 Geldart fluidization diagram
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There is no boundary between Group A-C in Geldart’s diagram. However,

Molerus [4-6, 19-21] proposed an equation describing the boundary between Group

A-C for hard particles as;

Dimax/Fr = 10(ps — pg) dp *g/Fr = K; = 1/100

(2.9)

where Dimax IS maximum drag force, Fr is average tensile force transmitted per

particle, Fy is adhesion force transmitted in a particles contact. Molerus [5] also

defined an equation describing Group A-B boundary for hard particles as follows;

(ps — pg)dy °gl6F = Ky = 0.16

(2.10)



To predict the Group B-D boundary, the following equation is proposed by
Molerus [5];
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Figure 2.2 Molerus fluidization diagram

Dixon [3] classified gas-solid flows into three groups as i) axisymmetric
slugs, ii) weak asymmetric slugs (dunes) and iii) no slugs at all which is given in

figure 2.3. He considered the relationship between the gas slug velocity, Usp, terminal
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velocity, U;, and minimum fluidization  velocity, Ups using the  following

equations;
Usp = 0.35(Ks,gD) ™2 (2.12)

where D is pipe diameter and K ,=1 for axisymmetric slugs; K,,=2 for asymmetric

slugs.
Ut — 0152605 _pg)0.714dp1.14go.714/Iu0.428pg0.258 (213)
ps(1-¢) = 150 (1-g)*(u Ump)/(6%9.dy°) + 1.75(1-8)( pgUni’)/(.g.dp) (2.14)

where ¢ is voidage which is ratio of space volume among particles/powders in a bed
to total volume of bed.

According to Dixon [3], there is no stable slug formation if U, <ug, hence
the boundary between no slugging and asymmetric slugs is denoted at U, =U,. No
full bore plug flow occurs if U, <Ug, hence the boundary between axisymmetric

slug and weak asymmetric slugs is given by U, =Uy,.

Mainwaring and Reed [7] presented his experimental work in the form of
two diagrams as a function of permeability and de-aeration factors of materials tested
with respect to steady state fluidization pressure drop per unit length for dense phase
conveying at minimum fluidization as shown in figure 2.4.a and figure 2.4.b. With
regarding to permeability factor, two areas were differentiated with respect to the
constant minimum fluidization velocity of 50 mm/s. The data above this critical line
belong to the conveying in a dense phase plug flow in which the materials have the
high permeability factors. On the other hand, the other data below the line has the
character of those conveyed in dilute phase or fluidized dense phase. In terms of
classification with respect to the specified parameter of the de-aeration factor divided

by the particle density, they found that the materials having the high values of the

11



specified parameter (above the demarcation line) can be conveyed in fluidized dense
phase while other materials below the demarcation line can be conveyed in a dilute
phase or plug flow.
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Figure 2.3 Dixon slugging diagram

A conventional pressure vessel system (blow tank) was used in their
experiment. A wide range of products were conveyed at low velocity in dense phase.
The fine powders conveyed such as cement, pulverized coal etc. and coarse granular
materials such as mustard seed, plastic pellets etc. have the characteristics in the

range of 990 kg/m®< p, <4610 kg/m®, 22um<d, < 1650um, 400 kg/m*< p,, <2600

kg/m®, and typical air mass flow rates used during the experimental work are in the

ranges of 5 g/s <m,;, <100 g/s for conveying of pulverized coal, and 2 g/s<m,; <20

air

g/s for conveying of 1000 pm sand.
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Figure 2.4.a and 2.4.b Mainwaring and Reed pneumatic conveying predictive

diagrams

Mainwaring and Reed [7] proposed the limit line separating two modes of
fluidized dense phase and plug flow by introducing a new parameter defined

as X =t/p, =0.001 m°s/kg.
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Fargette et al. [8] classified the powders conveyed in a dense phase, which
are particularly used in steel manufacturing process, based on the permeability factor,
air retention and cohesion of powders. Their classification is shown in figure 2.5.

They defined the pneumatic flow parameter, Q as follows:

Q = tqal Pblp Pt (2.15)

If Q >4000, the mode of flow becomes fluidized dense phase; plug flow if Q
<18 and flow is dilute only if 18< Q <4000.
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Figure 2.5 Fargette pneumatic conveying predictive diagram

Chambers et al. [22] introduced a parameter similar to that of Fargette et al.
[8], in figure 2.6, but now Nc is based on permeability, de-aeration time and particle

density instead of loose-poured bulk density, as;
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Nc = Ps Pf / tda (216)

They classified the conveying of materials into three flow modes as follows
i)dense phase slugging mode, ii) lean phase mode and iii) dense phase moving bed
mode. The conveyed material is appropriate for slugging dense phase transportation
for Nc > 0.01; and for Nc < 0.001, the material can be conveyed as a dense phase
conveying in a moving bed flow. At intermediate range of 0.001 < Nc <0.01, the

material can be conveyed only in a lean phase mode.
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Figure 2.6 Chambers pneumatic conveying predictive diagram

Sanchez et al. [9, 23-28] took into consideration of the measurement of the
permeability and de-aeration time of the particles to predict the feasibility of
conveying particles in dense phase mode by reviewing and comparing the available

methods in literature and they presented is the results in a diagram as shown in figure

15



2.7. The measurements of the permeability factor and the de-aeration parameter were
carried out by means of their fluidization equipment. Many types of materials such as
alumina, glass bead, sand, polyester etc. were tested having properties in the range of
912 kg/m® < p, <4350 kg/m®, 7.67um <d, <5412 pm, 0.006 m/s <U <1.58 ms,

0.005 m?/bar.s <P, < 1.72 m?/bar.s. They classified the material conveying in dense

phase mode into two general groups; the primary parameters such as particle size,
shape and bulk density, permeability, de-aeration, cohesiveness etc., and the
secondary parameters such as adhesion, moisture, electrostatics, elasticity and
temperature sensitivity. As a result of their analyses, they found that some materials
do not obey Geldart's classification traced to the secondary parameters. They also
defined a group of dimensionless parameters and presented their results in terms of
these dimensionless parameters such as de-aeration factor, permeability factor and

Froude number based on minimum fluidization velocity as;

Grt = utga | dp (ps + pyl2) (2.17)
P" = Py.ps.(gdp)%/d, (2.18)
Frmt = Uns /(gdp)* (2.19)

Pan [13] modified Geldart's classification using loose-poured bulk density
instead of difference between particle and gas densities as shown in figure 2.8. He
classified the flow in conveying of bulk solid materials into three modes: i) PC1.:
smooth transition from dilute to fluidized dense-phase, ii) PC2: dilute-phase,
unstable-zone and slug-flow, and iii) PC3: dilute phase only considering pressure

drop and air mass flow rate.
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Figure 2.7 Diagram of the mode of flow prediction of Sanchez

i) In flow regime PC1, the air mass flow rate is decreased for a constant
particle mass flow rate, the pressure drop also decreases and transition to dense phase
from dilute phase occurs. Many types of fine powders as fly ash, pulverized coal etc.

were used in the range of 1415 kg/m®< p, <2217 kg/m®, 11.5 pm <d, <46.3 pm,

368 kg/m® < p,, <957 kg/m?.

i) PC2 is divided into three distinct groups: dilute-phase, unstable-zone, and
slug flow. In dilute-phase, the particles are distributed evenly over the entire cross
section of the pipe. As the air mass flow rate is decreased, the air velocity is not
adequate to transport all particles and some particles falls down to the bottom of the
pipeline, forming long plugs and this produces high fluctuations in pressure and
vibration. This region is referred to the unstable zone. If the air mass flow rate is
decreased even further, the particles are conveyed in the form of slugs. Many types
of materials such as narasin, barley, wheat etc. were used in the range of 834 kg/m®
< p, <1745 kg/m®, 325 um <d, < 3910 um, 458 kg/m® < p,, < 880 kg/m®.
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iii) Heavy granular and/or crushed particles can only be conveyed in dilute-
phase, PC3. Otherwise the particles interlock forming a packed bed. Many types of
materials in this group such as high silica flux and primary concentrate were used in
the range of 2664 kg/m® < p, <4742 kg/m®, 142 pm <d, < 300 pm, 1519 kg/m®

< pyp < 2778 kg/m®.
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Figure 2.8 Pan pneumatic conveying predictive diagram

Williams and Jones [14] analyzed Geldart, Molerus and Dixon’s

classification diagrams and replaced the particle density parameter used there with

18
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that of loose-poured bulk density in their charts. Jones and Williams [15,29] also

established two types of predictive charts based on basic particle parameter and air-

particle parameter as shown in figure 2.9. The improvements were tried to be made

by first replacing the particle density with loose-poured bulk density used in the

prediction parameter techniques. An air-particle based technique was improved such

that in the new scheme there is no necessary of use of any de-aeration parameter. The

equations which describe these boundaries between the fluidized dense phase and

dilute only (Eqg. 2.20), and dilute only and plug flow (Eq. 2.21) were introduced in

Table 1 as follows;
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Figure 2.9 Jones and Williams proposed mode of flow predictive diagram

They also modified Chambers et al.'s parameter as follows;

Pt ps Itc = Nc(mod)

where t, is de-aeration time as defined by Jones [15] and Sanchez [9].
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If Nc(mod) < 8x10™, flow is fluidized dense-phase. It is dilute only when
8x10™* < Nc(mod) < 0.07 and plug flow if Nc(mod) > 0.07.

2.4 Conclusion

Geldart's [1] classification is practical in estimating of flow modes for
pneumatic conveying systems. However, it is unsuitable alone for prediction of flow
mode in dense phase. Moreover, Dixon's [3] approach is convenient at the design
stage, but provisional for an accurate prediction of flow modes. Mainwaring and
Reed's [7] approach is more reliable predictive method than the Geldart's [1] and
Dixon's [3] approaches due to the introduction of permeability and de-aeration
factors instead of relying only on physical properties of particles. Fargette et al. [8]
the air/particle interaction into consideration by introducing a non-dimensional
parameter composed of de-aeration time, permeability and loose-poured bulk
density. Chambers [22] also introduced another dimensionless parameter similar to
that proposed by using Fargette et al. [8] using particle density instead of loose
poured bulk density. According to Sanchez [9], some materials do not obey
Geldart's[1] classification due to the secondary parameter properties of materials.
Molerus [5] modified the Geldart's [1] classification and also described the criterion
between Geldart's [1] Group A-C by considering cohesion forces. Pan [13] sorted the
flow mode as a function of loose poured bulk density and median particle diameter
showing agreement with those of Geldart[1], Dixon[3] and Mainwaring and Reed
[7]. Jones and Williams [15] reviewed all available works in their study and also
proposed new criteria for Geldart's [1] Group A-B and B-D by taking into account

loose poured bulk density and permeability.

Hence, there are many flow mode diagrams and proposed criteria to use in
determination of flow modes for pneumatic conveying of powders/granular particles
from Geldart's approach [1] to the study of Jones and Williams [15]. As it can be

seen, some of the scientists considered only physical properties of particles/powders
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while others took into account both physical properties of particles and air/particle
interaction. There are some agreements and conflicting results among the proposed
approaches. Thus, all proposed criteria are reviewed and sorted out by Tozlu et. al.
[30] for further studies and also the available classifications of modes of flow for

pneumatic conveying of powders and granular particles are summarized as shown in
Table 2.1.
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Table 2.1 Summary of Proposed Criteria in Terms of Modes of Flow in Pneumatic
Conveying System

Authors Modes of flow Predictive diagrams Limitations Boundaries and formulations
A-Fluidized dense-phase ps <14 gr/cm3 A/C-B
) T o ps >L4 grlem® (ﬂs*ﬂg)ip =22510°
B- Dilute phase Particle density difference - mean particle diameter
Geldart [1] (kg/m3) -(m) 50Qum > dp > 40um
C- Difficult to fluidize Difficult to fluidization B-D
D- Plug mode of dense phase Large or dense particles (ﬂs —Pg )15 =107
Axisymmetric slugs- Plug type - AX'S(S;/me“"')C/aSYmme“'IC
dplps - 164x10° d
P 505/’9 _ 4 2.68p05 _ 2o
Particle density difference - mean particle diameter Vit < Vep (M/s) > dp D
Dixon [3] Weak asymmetric slugs- Dilute phase (kg/m’) - (m) m sp

No slugging- Fluidized dense-phase

Vi < Vgp (M/s)

No slugging/asymmetric

d
£ 0 9 -136a0°

%14(& 7%))7“
DOS

Mainwaring and Reed

[41

Plug type

Dilute only or fluidizes dense-phase

Permeability- (AP/L)

V¢ >50 mm/s

Vips <50 mm/s

Vi = P,[A—PJ =50mm/s
L Ss

Fluidized dense phase X>0.001m’s/kg AP A
De-aeration/density- (AP/L) > _X = —
Dilute only or plug flow X<0.001m’s/kg Ps
Fluidized dense phase Q >4000
t
Fargette et al. [5] Dilute only Non-dimensional parameter (52) 18< Q <4000 Q= #
t by
Plug flow 18< 0 i
Dense-phase/moving bed N, <0.001
P,
Chambers et al. [6] Lean phase mode Non-dimensional parameter (N) 0.001< N¢ <0.01 N = p:_'
da
Slugging dense-phase N, >0.01
“ . Pr /’s‘/ p
Grt= t4a P =
Sanchez et al. [7] Fluidized dense phase Non-dimensional parameters: Grt, P*, Fry¢ Grt >0.2x10° dp(/’s +hy /ZJ dp
Frnt =V / gdp
Geldart's A-Fluidized dense-phase
A-C (for hard particles)
3
— P 9
Geldart's B- Dilute phase 10% =0.01
H
Particle density difference - mean particle diameter
Molerus [8] (kg/m®) - (m) A-B (for hard particles)
Geldart's C-Difficult to fluidized 3
(ps — g [m3916)
——= =016
Fy
B-D
Geldart's D- Plug flow
(/15 7/19)1pg =153
PC1- Fluidized dense-phase - PC1-PC2/3
dpppip =0.1206
" Loose poured bulk density-Mean particle diameter
Pan [9] PC2- Unstable zone- slug flow- dilute phase gp Y P dp >100Qm
(kg/m’) - (ym )
PC2-PC3
PC3 Dilute only - Polp =1000
Geldart's A- AC-B
Geldart's B- Dilute phase poipdp =12310°3
Geldart's C- B-D

Geldart's D- Plug flow

Dixon's Axisymmetric slugs- Plug type

Dixon's Weak asymmetric slugs- Dilute only

Loose poured bulk density-Mean particle diameter

poipd3 =53940°°

Asymmetric slugs - axisymmetric slugs

d

pPblp  0.88510°

L 41.44D%°
dP

Williams & Jones [10] (kg - ( zm ) pos
No slugging-asymmetric slugs
dl 14/)b| 0.714
Dixon's no slugging- Fluidized dense-phase P DUZ =874x10°
Molerus's A- AIC-B
Molerus's B- poipdy =1.27x10°°
Molerus's C- B-D
Molerus's D- Plug flow poipdp =0.841
Chambers — Fluidized dense-phase Nc(mod) <8x10*
e 5P,
Chambers — Dilute only Non-dimensional parameter (Nc(mod) ) 8X107*< Ngnog) <0.07 Negmod) = /St_'
c

Jones & Williams [11]

Chambers — Plug flow

Negnody >0.07

Fluidized dense-phase

Dilute only

Plug flow

Loose poured bulk density-permeability
(kg/m®) - (m®s/kg)

ng{g ~300

Py

~20a0°
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CHAPTER 3

EXPERIMENTAL TEST SET-UP and MEASUREMENTS

3.1 Introduction
In this chapter, the construction of the experimental test set-up and the

utilized measurement devices are presented. The measurements and the methodology

of the experimental study are also given in detail.
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1. Blower unit 2. AC control unit 3. Settling tank 4. Manometer 5. PVC pipe 6. Pitot-tube and traverse mechanism

7. Pressure Transmitter 8. Acrylic glass pipe 9. Daq board 10.PC 11. Supports

Figure 3.1 Vertical test set-up
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1. Upper perforated plate 2. Pressure transmitters 3. Lower perforated plate 4. Solid particles

5. Flange plate 6. Screw 7. Acrylic test chamber

Figure 3.2 Vertical test chamber

3.2 Experimental Test Set-up
Type of the set-up is an open circuit blower type air flow test system

coupled with the measurement devices. The main components consist of a blower, a
settling tank, pipeline systems which are PVC pipe and acrylic glass pipe, and a
particle feeder unit. In addition to these main components, a pitot tube and a traverse
mechanism, a multitube and an inclined alcohol manometer, pressure transmitters
and a data acquisition card are used for the measurements. The vertical test set-up
(test case 1) and vertical test chamber are given in figures 3.1 and 3.2, respectively.

The horizontal test set-up (test case 2) is shown in figure 3.3.
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Figure 3.3 Horizontal test set-up

3.2.1 Blower Unit
The blower section is located at the exit of a vertical shaft centrifugal fan
which is driven by an AC speed control unit. The maximum air flow rate delivered

by the fan is measured to be 0.207 m*/s.

The vertical centrifugal fan which is capable to supply 0.21 m*/s of air at
2835 rpm is used to feed air. The exit cross sectional area of the fan is in rectangular
form with dimensions 250 mm x 300 mm. A 2.95 HP/2.2kW- 2835 rpm electric
motor drives the fan. An AC speed control unit has a frequency control. The

technical specifications of the motor and the control unit are given in Appendix 1.

3.2.2 Settling Tank

In this study, a 800mm x 800mm x 800mm wooden settling tank is used for
the purpose. The settling tank is used in order to eliminate flow irregularity due to
small change in fan speed and to satisfy steady flow through the pipeline system. A
honeycomb is attached at the exit part of the settling tank according to BS 1042 in

order to eliminate flow irregularities and to provide uniform flow. [31-32].
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3.2.3 Pipeline System
In order to realize two different test cases, two separate setups constructed

are designed, constructed and used in this study. Pipeline system is composed of a
PVC pipeline whose inner and outer diameters are 104 mm and 110 mm,
respectively and acrylic glass pipes whose inner and outer diameters are 100 mm and
110 mm, respectively. The inner diameters of the pipes are different, so that special
flanges are manufactured for contact points between PVC pipe and acrylic pipe as

shown in figure 3.4.
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Figure 3.4 Flange between PVC pipe and acrylic glass pipe

In the test case 1 minimum fluidization velocities are determined. On the
other hand, in test case 2, flow dynamics during pneumatic conveying of a variety of
particles is investigated when a feeder feeds particles to the pipeline in a controlled
fashion. The reference test section in which the pitot tube is used in order to measure
the cross sectional velocity distribution of air flow is at reference test section, Xgr/D =
38.46 from the exit section of the settling tank. At this reference measurement
section, the flow is found to be fully developed one for all test runs. A vertical
acrylic glass pipeline whose length is X\/D=20 is used in order to estimate minimum

fluidization velocity in case 1 for a variety of particle as well as flow visualization.
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Three pressure transmitters are used for the measurement of the local static
pressures which are located at Xy/D = 1.5, Xy/D = 2.5, Xy/D = 3.5. Four same
pressure transmitters are used for determination of local static pressures in horizontal
test case when the particle feeder is charging system with solid particles. Pressure
transmitters are located Xu/D = 2, Xu/D = 18, Xu/D = 32 and Xn/D = 48 from the
exit section of the particle feeder for the test case 2 as shown in figure 3.3.

3.2.4 Particle Feeder

A particle feeder is used in order to induce solid particles into air flowing
through the pipeline system. This unit driven by a 0.75 kW coupled electric motor
and an AC control unit consists of a metal block with an inner diameter 220 mm. The

feeder operates in the way described below:

A certain amount of particle is loaded from the top of the feeder and closed
by a cover. Then, electric motor is operated by AC control unit at a required
rotational speed. Discharge of solid particles is monitored with respect to time during
the experiments. The required particle ratio in the pipe is attained and controlled by
an AC motor variable speed controller which is coupled to the particle feeder. The
technical drawings of the particle feeder are given in figure 3.5 and 3.6. The
specifications of the electric motor and the speed controller of the particle feeder unit

are given in Appendix 2.
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Figure 3.5 Metal block (body) of particle feeder
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Figure 3.6 Blade of particle feeder
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3.2.4.1 Modification of Particle Feeder
Particle feeders are generally suitable for industrial applications. Therefore, to
meet different requirements, feeder unit is modified in this study.

A custom design -cone shaped- metal which has 20 mm diameter hole at the
lower part is welded on top of the particle feeder as shown in figure 3.7. Also three
custom design orifice plates with diameters 10 mm, 15 mm, 20 mm are
manufactured. The orifice plates are mountable. Loaded particles are induced to the
pipeline system via these orifices. This enables us to calibrate particle feeder as a

laboratory scale. The details of modified system are given in figure 3.7.

7

aY

Figure 3.7 Modification of particle feeder

3.3 Measurement Devices and Methods
A pitot tube, a traverse mechanism, manometers, pressure transmitters, a data
acquisition and an evaluation software program are used in this study to acquire and

process data.
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3.3.1 Pitot Tube and Traverse Mechanism

A pitot tube which is hold by a traverse mechanism is used in order to
measure air velocity at this specific location inside the pipe. An L shaped copper
pitot tube of 2 mm outer diameter and 1 mm inner diameter is mounted at
Xr/D=38.46 downstream of the settling tank exit section. At a significant frequency
of the blower unit, the pitot tube is traversed along the pipe cross section. The local
dynamic pressure is measured by means of an inclined leg alcohol manometer pitot
tube and static tapping in each traversed location. The local velocities are evaluated
using the values of dynamic pressures. After the traversing process, local velocity
distribution u(r) is obtained with respect to radial position as shown in figure 3.8.
The volume flow rate is calculated from equation 3.1. Then mean velocity, U, and
location of Uy, where r =39 mm are calculated by using equation 3.2. Finally, u/Umax
are plotted with respect to r/R and composed with the theoretical Prandtl’s one-
seventh power law as shown in figure 3.9. The maximum deviation from the 17"

power law is found to be 5.202%.

Q=2m f;{u(r}:r"d:r (3.1)
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Figure 3.8 Cross sectional velocity distribution
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Figure 3.9 Cross sectional velocity distribution and 1/7™ power law

3.3.2 Manometers

The pitot tube and the static tapping are used to determine total pressure and
static pressure, respectively. An inclined manometer is used to determine the
difference between the static and total pressures which gives dynamic pressure.

Local velocities are then calculated using equations 3.3 and 3.4.

Payn= Ptotai-Pstatic= paicghsint (3.3)
AP :denamic

Also;

denamic: 0. 5,0£;1iru2 (3-4)

Density of alcohol pac, gravity g, alcohol height h, manometers inclination
angle 0 and air density pac are the parameters used to calculate local velocity u in the
pipeline. Air velocities are tabulated with regarding to continuity equation and given

as m/s in table 3.1.
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Table 3.1 Blower calibration

f Uair (M/s) Uair (M/s) f Uair (M/s) Uair (M/s)
(Hz) | PVC Pipe Acrylic Pipe | (Hz) | PVC Pipe Acrylic Pipe
4 3.37 3.65 18 15.09 16.32
5 4.13 4.47 19 16.07 17.38
6 4.57 4.94 20 16.76 18.13
7 5.51 5.96 21 17.64 19.08
8 6.46 6.99 22 18.49 19.99
9 7.29 7.89 23 19.29 20.86
10 8.27 8.94 24 20.06 21.70
11 9.14 9.89 25 20.80 22.50
12 9.94 10.75 26 21.78 23.56
13 10.67 11.54 27 22.64 24.49
14 11.53 12.47 28 23.30 25.20
15 12.32 13.33 29 23.86 25.81
16 13.22 14.29 30 24.41 26.41

A 30-tube tilting manometer is used for calibration of the pressure
transmitters. All static pressures are determined with the multi tube manometer and
the data are recorded. So that, the pressure transmitters are calibrated with respect to
its calibration scale regarding the values that already taken with the multi tube

manometer. This process is detailed in the calibration of pressure transmitter section.

3.3.3 Pressure Transmitters

Pressure transmitters transform mechanical pressure signals into electrical
signals. In this study, WIKA SL-1 pressure transmitters are used to measure local
static pressures which are located at Xy/D = 1.5, X\/D = 2.5, X\/D = 3.5 in test case
1; and Xp/D = 2, Xu/D = 18, Xu/D = 32 and Xu/D = 48 in test case 2 as shown in
figure 3.1 and figure 3.3. The operation range of the transmitters is +£2000 Pa. Its
analog output signal is in the range of 0-10 V. A power supply of 0-25 VDC drives

the transmitter. It has a response time is of 1 ps and a full scale accuracy of less than
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0.5 %. The transmitter can operate in the temperature range of -30 °C and +80 °C.

The technical specifications of the pressure transmitter are given in appendix 3.

3.3.4 Data Acquisition and Software Program

In this experimental study, a 16-bit, 1-MHz A/D converter (NI USB-6353 X
series DAQ, USB Board with 32 single-ended, 48 differential analog inputs and 4
analog outputs) is used in order to collect the pressure data. It is easily connected to
the computer via an USB port. NI USB-6353 X series DAQ, USB daqg board is
instructed by a LabView software program. The technical specifications of the card

are given in appendix 4.

The data is collected by using a devised program which is named as
FDRIPCS.vi (Flow Dynamics Research In Pneumatic Conveying System) in
LabView 2009SP1® environment. The devised program collects all raw data as Volt
and records them into a file in a personal computer. Also, the statistical analysis such
as RMS (root mean square), arithmetic mean and standard deviation are performed
by FDRIPCS.vi for each pressure transmitter. The block diagram and the front panel
of the program are given in figure 3.10 and 3.11. Attention is paid to the transmitters

during the data collection process because of the sensitivity of measurement.
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3.4 Properties of the Tested Solid Particles

There are numerous different types of particles which can be investigated for
the flow mode characteristics used in pneumatic conveying systems. Of course, it is
impossible & impractical to cover all type of particles; therefore, a selection is made
on the bases of a wide range of each particle parameter coverage. Specific attention

was given to the physically important parameter such as density, particle size.

In this study, sizes of solid particles are categorized by a custom design sieve
with eight different meshes which have diameters of 0.1 mm, 0.4 mm, 1.0 mm, 1.25
mm, 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm, as shown in figure 3.12. The average

particle diameter, d, is taken as %50 of the weight of sieved particles.

The densities of particles ps are calculated in fluid mechanics laboratory and
the ppip densities are determined by following ASTM standard code B212-76 [33].
The relation between loose-poured bulk density pyp (apparent density), particle

density ps and voidage ¢, is given in equation 3.5:
poip = (1-¢) ps (3.5)

Seven different type solid particles are used at the test runs and they are
categorized with respect to their loose-poured bulk densities and sizes as shown in
table 1. The ranges of solid particles whose diameter d, and loose-poured bulk

density ppipare 100 pum < d, < 3000 pm and, 200 kg/m> < py;, < 900 kg/m®,
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Figure 3.12 Different mash size sieves
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Table 3.2 - Physical Characteristics of Solid Particles

) Size range | dp Ps Poip
Particle Code Shape 2 s | (&)
(nm) | (pm) (kg/m’) | (kg/m)

Semolina SE | 400-1000 | 700 |Roughly spherical | 1459 850 |0.417
Wheat W | 2000-2500 | 2250 | Roughly spherical | 1356 950 |0.299
Polyethylene | PE | 2500-3000 | 2750 | Roughly spherical | 910 550 |0.396
Zeolite 1 Z1 100-400 250 | Roughly spherical | 1450 1000 | 0.45
Zeolite 2 Z2 | 400-1000 | 700 |Roughly spherical | 1450 920 |0.365
Sand (Garnet) | S 150 150 | Roughly spherical | 4110 2400 |0.416
Tea Flakes T | 1250-1500 | 1375 Flament 433 200 |0.538

3.5 Calibration

3.5.1 Pressure Transmitter Calibration

The multi-tube alcohol manometer and four pressure transmitters (Wika SL-
1) are used in order to measure static pressures in acrylic glass pipe. The transmitters
are mounted on acrylic glass pipe at locations of X\/D= 1.5, 2.5, 3.5 for test case 1 as
shown in figure 3.1. Same procedure is used for test case 2 at locations of Xp/D= 2,
18, 32 and 48 (figure 3.3). First, static pressures are measured by multi-tube alcohol
manometer. Then volt is measured by pressure transmitters at the same frequency
where taken from AC control unit. These data are collected by means of a DAQ
board and FDRIPCS.vi custom design program in Labview® environment. 1000 data
are collected for each test run but only 100 data are took into consideration because
of the stability of transmitters. In this way volt and pressure are measured with good
accuracy at all random velocities. Finally all data are plotted with regarding to
calibration of pressure transmitter which is linear between 0 — 10 volt corresponding
to £2000 Pa. The maximum and minimum deviation of transmitter is 3.025% and

1.408%. Transmitter calibrations are shown in figure 3.13.
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Figure 3.13 Calibration of pressure transmitters

3.5.2 Particle Feeder Calibration

Mass flow rate of particles must be known during the transportation in the
pipeline. Because of this reason, particle feeder calibration is very important, in order
to determine mass flow rate of particles. The required air mass flow rate can be

adjusted to transport materials if materials flow rates are known.

Three orifice plates are used to adjust mass flow rate of particles. Cone metal
is loaded with 500 gr of particles at the beginning of each test run for three different
orifice plates. Each discharge time is calculated by stop watch and recorded. Tea
flakes is not discharged from the cone because of their low density and also
polyethylene is not discharged because of its shape. Wheat is discharged only from
orifice plates of 15 mm and 20 mm. All data are tabulated and given in of kg/s in
Table 3.3.
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Table 3.3 Calibration of Particle Feeder

Particle Mass Flow Rate, mh, (kg/s)

Orifice Diameters

Material | 10 mm | 15 mm | 20 mm
Z1 0.0061 | 0.0163 | 0.0294
Z2 0.0055 | 0.0108 | 0.0252
w - 0.0166 | 0.0250
T - - -
SE 0.0149 | 0.0312 | 0.0434
S 0.0285 | 0.0566 | 0.1111
PE - - -

3.6 Uncertainty Analysis of Measurement Devices

The uncertainty analysis is conducted in order to confirm the validity and
accuracy of the measurements during experimental study. An uncertainty may
originate from causes such as the lack of accuracy in measurement equipment,
random variation in the measurands and approximations in data reduction relations.
According to the ANSI/ASME [33] and ISO GUM [34], the elemental errors are
grouped into three categories; data acquisition errors, data reduction errors and
calibration errors. There are some kinds of errors which may lead to uncertainty in
the experimental measurements. One of them is random error which can occur
because of personal fluctuations, random electronic fluctuations in the apparatus or
instruments and various influences of friction. The second one is fixed (bias) error
which can cause repeated readings in order to be in error which is sometimes called

as systematic error [35].
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The uncertainty of pressure measurement carried out by the WIKA SL-1
pressure transmitter is evaluated using the procedure given in [33-37]. The accuracy,
non-linearity, non-repeatability, and one-year stability of the pressure transmitters are
given as less than 0.5 %, 0.2 %, 0.1 % and 0.3 %, respectively. The bias and
precision errors are evaluated by means of equations which are given in Table 3.4 for
5 V mean reading covering 20 tests as shown in Table 3.5. The confidence level is
taken as 95 %. For 19 degrees of freedom and 95 % confidence level, tequals to
2.093. The uncertainty of the measurement of the raw pressure data in voltage is
found as £0.8 %. After the calibration of the raw pressure data, the uncertainty of the

processed data in Pa unit is found to be £1.3 %.

Table 3.4 Statistical parameters used in uncertainty analysis

Description Formula
1 N
Mean of the sample population X = WZ X;
i=1
1 v
Precision index (Sample standard deviation) S, :{N—lz( - X)ﬂ
4=l

Precision limit for a sample

(tis calculated from t-distribution table for 95%

P, =tS,
confidence limit and the number of degrees of
freedom, v=N -1)
k y2
Bias limit in a measured variable B, = (Z Bizj
i=1
Overall Uncertainty in a measured variable W, = [BX2 + (tSX)Z]]/2
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Table 3.5 Uncertainty analyze of pressure measurements based on the method in [33-

37]
Source of uncertainty | Bias Limit | Precision Index | Degrees of freedom
% | Volt % Volt #
Data Acquisition
Accuracy 0.5 0.025 - -
Repeatability - - 0.1 0.005 20
Data Reduction
Linearity 0.2 | 0.01 - -
Stability - - 03| 0015
Uncertainty of pressure measurement; w, = [0.0272 + 0.0332]]/2 =0.043 V (0.8%)

The uncertainty analyses utilized for the measurements of alcohol density,
air density, dynamic pressure, atmospheric pressure, local velocity and static pressure

are based on the well-known equation given as follows [34-35];

where w, is uncertainty in result, Ris result as a function of independent variables
of X, X, ..y XX, @nd wy, w,,..., w, ....w, are uncertainties of the independent

variables. The uncertainty values of the experimental study ranges are evaluated by
means of Equation (3.6) and tabulated in Table 3.6.
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Table 3.6 Uncertainty of measurements utilized in the study with the method in [33-

37]
. ] Overall

Measured data in the ) Overall uncertainty )

) Unit ) uncertainty
experiment (nominal)

(%)

Dair kg/m’ 1.95x107 0.18

Patm Pa 66.7 0.07

u(r) m/s 0.558 1.66

o \ 0.043 0.8

Pa 7.8 1.3

3.7 Conclusion

By means of the previous studies, it is well understood that the minimum
fluidization velocity is one of the crucial parameter to determine the flow mode in
pneumatic conveying systems. However, transitions between the flow modes are not
clearly defined yet. Hence, this study is started to fill this gap, namely, to find new
relationships in determining flow modes. Towards this aim, three different

experimental test cases are performed:

Test case 1- Vertical Test Section
Test case 2- Horizontal Test Section
Test case 3- Continuous regime for Horizontal Test Section with the use of

particle feeder (continuous conveying)
Particle sizes, loose-poured bulk densities and particle densities are already

calculated and explained in the solid particles section. Minimum fluidization velocity

and local pressure change are determined in vertical test section.
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Different solid particles are used with different bed heights in vertical test
section. Pressure drops are measured during the experimental test runs. The aim is to
find a relationship between pressure drop and minimum fluidization velocity. Also, it
is aimed to determine the Un¢ only with pressure drop. Test runs are repeated for the
horizontal test sections while the system is fed by a rotary valve feeder. The
measured minimum fluidization velocities are compared in vertical and horizontal
cases. Different types of flow modes such as plug, suspension are tested for the new
practical application with continuous particle feeding in horizontal test section.
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CHAPTER 4

EXPERIMENTS ON THE STATE OF MINIMUM FLUIDIZATION AND
FLOW MODE DETERMINATION

4.1 Introduction

In this chapter, methodology for minimum fluidization state (velocity)
determination is explained for the test case 1, test case 2 and continuous conveying.
Additionally, the effects of pp, and d, of particles which are used in all test cases are

investigated to determine the flow modes in pneumatic conveying systems.

4.2 Methodology for the Minimum Fluidization State Determination

There is no exact determination for the minimum fluidization velocity in the
literature. In this study, two different test set-up and two different system are
constructed to determine minimum fluidization state under the influence of solid
particles type, size and amount. In the test case 1, solid particles which are given in
table 3.1 with required properties are used with three different bed lengths (10 mm,
30 mm and 50 mm) in the form of a cylindrical bed in a vertical test chamber. Bed
lengths are symbolized respectively L10, L30 and L50. The experimental study was
conducted by measuring the local static pressures in the vertical test chamber at
varying air flow rates with the range of 3.65 m/s < Uiy < 24.83 m/s. At each Uy, the
field was observed with the measurement of the local static pressures the preliminary
experiments; measurements indicate that variation of local static pressures at X\/D=
1.5, Xy/D= 2.5, Xy/D= 3.5 and X\/D= 8.5 can be used as a determination tool for the
flow inside. The measurements of local static pressure at X\/D= 2.5 P, is given as a
function of P; at X\/D= 1.5 for different Uy, with the range of 3.65 m/s < Uy <
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24.83 m/s in figure 4.1. The visual observation for the minimum fluidization state is
verified by the local static pressure measurements, the static pressure at before the
bed Xv/D= 1.5 is called as P; and the static pressure at X\/D= 2.5 after the bed is
called as P,. In the experiments the local static pressures at location Xy/D > 2.5
defined as P3; and P4 have no effects on state. Therefore variation of P, and P, is used

for the state determination.

¥

0] 100 200 300 400 500 600
P1(Pa)

Figure 4.1 Local static pressure variation in empty pipe in Test case 1

In test case 2 first, measurement of local static pressures along the
horizontal test section was conducted in empty pipe. Local static pressures are given
as a function of U, for empty pipe in figure 4.2. A horizontal bed in the form of a
prismatic configuration with the use of SE, S, W, T and PE was located at the
position Xy/D= 10. The amount and shape of the prismatic configuration were
recorded. The air flow velocity U, was changed gradually in the range of 3.65 m/s <
Uair < 24.83 m/s. At each U, the field and structure of particles configuration was
visually observed. The measurements of local static pressures P; at Xu/D= 2 before
the prismatic configuration and P, at Xu/D= 18, P3 at Xy/D= 32 and P4 at Xu/D= 48,
after the configuration are used to analyze the minimum fluidization state. The

experiment was performed with the increase of Uy 3.65 m/s < U,ir < 24.83 m/s. So
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that, the distribution of solid particles is observed and also local static pressures P4,

P2, Ps and P4 are determined with the aid of pressure transmitters and recorded.

In the horizontal test case visual observation of prismatic configuration of
solid particles is also analyzed by determining flow dynamics through the
measurement of amount of mass, M, transported at each Uair. The collected amount
of M, was measured by recording time with collection through assay balance at the
end of the horizontal test section. In order to deduce about the influence of particle

characteristics results on minimum fluidization velocity are given in a comparative
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Figure 4.2 Local static pressure variation in empty pipe in Test case 2

For the final test case a sample dynamic verification experimental study
was conducted. This test based upon the experimental measurements of the first and
second test cases in order to complete flow mode analysis. In this test case, three
solid particles which are S, W and SE are used to observe flow modes during the

continuous conveying with particle feeder. The particle feeder induced the known
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amount of particles into the pipeline system with determined mass flow rates, .

Particle feeder induces different m, of particles (S, SE, W) into the air flow pipeline.

The measurements of local static pressures at defined points through the
horizontal line after the particle feeder were measured together with the amount of
particle transported by air. The measurements were started at the maximum U, to
observe a fully suspended- dilute phase inside the horizontal test section. The
measurements were repeated by reducing U,i. At each U, the measurements
together with visual observation of the test section are used for flow mode analysis.
The least; U,ir at no particle conveying point was also referred to determine a critical
state for the flow mode.

Therefore, the flow field observation with the static pressure measurements

is compared with test case 1 and test case 2.

4.3 Results in the Vertical Test Case

In case 1 of this study, the minimum fluidization velocities, Uy of seven
different particles of SE, S, W, T, Z1, Z2 and PE used in this part constructed L10,
L30 and L50 given in Table 4.1, are determined experimentally in case of different
flow rates from 0.029 m*/s to 0.195 m*/s. Uy was not observed with S at L50. Uy of
each particle is determined for three different bed lengths of L10, L30 and L50 in the

vertical test column, resulting in 21 separate cases.

For each test case, a vertical test chamber (Fig. 3.2) is filled with particles to
the desired bed length and the vertical test chamber is mounted at X\/D=20 from the
90 degree elbow. Then the blower is operated and controlled by means of an AC
speed control unit and the steady and uniform air flow is generated throughout the
pipeline. U,ir is increased until all particles in the vertical test chamber are just
suspended in which this phenomenon is called as start to fluidization. At this time,
Uair is measured by means of the pitot tube at the reference test section. This U, is
taken as minimum fluidization velocity. At the same time, static pressures P1, P, and

P; at X\/D=1.5, 2.5 and 3.5 respectively are measured and acquired by means of a
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devised program, FDRIPCS.vi. The statistical analyses are also performed by the

devised program.

After the observation of Uy, the fan speed is increased systematically up to
the maximum flow rate of 0.207 m%s until the flow becomes fully suspended. U
values based on visual observation during the experiment indicated that: the Uns was
in the range of 3.65 m/s < Ups < 24.83 m/s. Minimum Uy with T of dp = 1375 um
and puip = 200 kg/m® at L10 and maximum Uy with W of d, = 2250 pm and pyjp =
950 kg/m?® at L50. S with dy = 150 um and pp, = 2400 kg/m? at L50 is supposed to be
maximum value of Uys. Therefore it seems that the ppi, IS more important parameters
than d, to define flow modes in vertical test setups. However, Uy could not be
obtained for S at L50.

Figures 4.3 illustrated a sample visual observation of each stage during a
test run for Z1. As can be seen from the figure 4.3.a, Z1 particles are stationary in the
air flow while Uy >> U,ir. Z1 particles are caused to blockage effect to the air flow
in this figure which is called as unstable zone. On the other hand in figure 4.3.b
particles are started to remove from the perforated plate when Ugr = Ups Which is
called as transition of fluidized dense phase state. When Uy, increases particles are
started to fluidize and flow mode is stated through U, >> U as shown in figure

4.3.c and 4.3.d. This phenomenon is called as fluidized dense phase.

For each particle, the static pressures P; at X\/D =1.5 and P, at Xy/D =2.5
which are 50 mm below and above the bottom perforated plate, are investigated for
each bed length as shown in figures through Figure 4.4 — 4.6. As illustrated in
figures, although the value at P; increases continuously due to increase in air flow
rate, the value of P, is seen to be zero up to minimum fluidization velocity is

obtained. When the particles just begin to bubble, the value of P, begins to increase.

In this sample figures; three particles are selected due to a wide range of
loose poured bulk density, ppip, in Which the loose poured bulk densities of T, PE and
W are 200 kg/m?, 550 kg/m®, 950 kg/m® respectively. As shown in figure 4.4, 4.5 and
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4.6, the particles which have a lower loose poured bulk density, pyp fluidizes earlier
then the heavier ones. This results in lower values of static pressure at the inlet of bed
and Uair.

Table 4.1 Minimum fluidization velocities corresponding to the visual observation of

the shape
Unt Air Flow Rate

Particles (m/s) (m*/s)
Z1(10mm) | 7.44 0.058
Z1 (30 mm) | 15.87 0.125
Z1 (50 mm) | 21.70 0.170
Z2 (10mm) | 8.42 0.066
Z2 (30 mm) | 17.38 0.136
Z2 (50 mm) | 23.56 0.185
W (10 mm) | 9.89 0.078
W (30 mm) | 18.13 0.142
W (50 mm) | 24.83 0.195
S(10mm) | 6.17 0.048
S(Bomm) | 21.70 0.170
S (50 mm) - -
SE (10 mm) | 6.99 0.055
SE (30 mm) | 17.38 0.136
SE (50 mm) | 21.70 0.170
PE (10mm) | 7.89 0.062
PE (30 mm) | 13.81 0.108
PE (50 mm) | 18.13 0.142
T(10mm) | 3.65 0.029
T(30mm) | 8.20 0.064
T (50mm) | 11.22 0.088
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d)

Figure 4.3 Visual observation of Z1 at L10 a) unstable zone b) just start of

fluidization state c) - d) fluidized dense phase
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Figure 4.6 Pressure variation for wheat W, PE and T at L50

Minimum fluidization velocity Uy is a direct function of L for covered
particles Z1, Z2, T, W, SE, PE, S are given in table 4.1. Decrease in L is seen with a
reduction of Un:. The same amount of air flow is not enough to transport particles
with L10, L30 and L50. Because of this reason Uy values increase when the bed
lengths are increased. The Uy is determined in reference to variation of P, versus P;.
The behaviour of P, as a function of Py is such that before the state of Uair = Upg
which is specified by a circle in related plots, P, does not vary with P;. The state of
Uair = Upy IS associated with a sudden increase in P as a function of P;. P, versus Py

graphs for covered particles are given in figures from 4.7 to 4.13.

L seems to be governing parameter on Uy determination for Z1, Z2, T, W,
SE, PE, S. This influence is dominant in comparison with the corresponding effect of
L for PE and T. As can be seen from figure 4.10 and 4.12 the change in L is not
seriuosly influencing P, versus P; plots. The reason of this observation is due to the
poip OF PE and T, and possibly shape and size d,. On the other hand as can be seen

from figure 4.13, P, versus P; variation is much more influenced by L.

In figures 4.7 and 4.8 P, of Z1 and W particles are given as a function of P;.
The loose poured bulk density ppip 0f Z1 is higher than that for W. But the Ups of W
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IS seen to be higher than that for Z1 at L10, L30 and L50. This can be related to the
small particle size d, of Z1 with regarding to W. SE and Z2 are seems in the same
characteristics in figure 4.9 and 4.11. Uy of the SE is less than Z2 at L10, L30 and
L50 although the d, of SE is equal to Z2 which is referred in table 4.1. It seems the
reason of difference can be related with pp, values of Z2 and SE. The reason of the
low Ugys for SE may be because of that ppp is more effective than d, for the

determination of minimum fluidization states.
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Figure 4.7 Minimum fluidization state change as a function of bed thickness for W

particles
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Flow modes are clearly observed in test case 1. In the beginning of the
experiment of case 1, particles are filled into the vertical pipe and stayed stable in the
pipe with the help of perforated plate. While the air flow rate is not enough to

fluidize solid particles in the pipe U << Ups unstable zone is observed. At
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minimum fluidization velocity of solid particles Ugir = Upy, fluidized dense phase is
observed and then with increasing the air flow rate, all particles are suspended in the
air flow with Uair > Ut This flow mode is called as dilute phase. So that, all flow
modes are observed for covered particles in each L at vertical test case. The value of
Unyr is not observed for S particles at the bed length of L50.

4.4 Results in the Horizontal Test Case

Minimum fluidization velocities are determined with a new proposed
method in test case 1 and explained in the previous section. In test case 2, a similar
method is performed to determine minimum fluidization velocities, which are
directly related to the flow modes. Since the horizontal test case is different from that
of vertical one, minimum fluidization velocities are given with U’y for the test case
2. For each test case, horizontal acrylic glass pipe is filled with mass of W, S, SE, PE
and T particles as 500 gr, 1000 gr, 500 gr, 500 gr and 100 gr respectively with the
use of a 10 mm diameter hole at X4/D=10 from the beginning of the acrylic glass
pipe until the pipe has full of particle as shown in figure 4.14.

Dh0|55>10 mm

H
S0020% ss.::.%°:°:'?
0?;.0{0 ......

Figure 4.14 Horizontal test case with particles

U.ir IS increased and at each U, field was observed. The Uy, is taken as
U'ns which are given in table 4.2 when the air velocity U, at which first particles
over the top of triangular horizontal bed carried. The carried M, and time were used

to determine M,. During the process, the Uy is measured by means of the pitot tube
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at the reference test section. Each U, is recorded for the different positions of solid
particles. At the same time, local static pressures at Xy/D=2, 18, 32 and 48 which are
given in figure 3.3 are measured and acquired by means of a devised program,
FDRIPCS.vi. The statistical analyses are also performed by the devised program.
The minimum and maximum U’y are observed for SE with d, = 700 um and ppip =
850 kg/m® at U'w = 6.99 m/s and the W with d, = 2250 pm and py, = 950 kg/m® at
U'mt = 16.32 m/s. This show the d, values are dominant in comparison to pp t0
determine U'ys. In addition to this, U’y of particles in horizontal test case are higher
than Un of particles at L10 in vertical test case except for SE.

Table 4.2 U'sof W, S, SE, PE and T in test case 2

) Test Case 2
Particles
U'ms (M/s)

W 16.32

S 10.75
SE 6.99
PE 12.47

T 8.94

Figures from 4.15.a to 4.15.] illustrate a sample visual observation of each
stage during a test run for PE. At the beginning of the test run, acrylic glass pipe is
filled with solid particle of 500 gr PE then Uy, is increased systematically. Slug flow
is observed when the U,ir << U’y as shown in the figures 4.15.a and 4.15.b. U, of
first breaking point from the top of solid particle hill is taken as U'ys. U'ns = Uair in
figures from 4.15.c to 4.15.f and the observation is called as start to fluidization.
Then, solid particles hill is transformed to a long line in the acrylic glass pipe shown
in figures from 4.15.g to 4.15.j. This long particles line is called as plug flow when
Uair > U'nr. Solid particles line shortens continuously depending on U, before the
pipe is totally discharged. At this time flow mode is observed as fully suspended-

dilute phase when the Ugjr >> Upys.
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Figure 4.15 Visual observation of polyethylene
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Figure 4.16 indicated that the variation of P, versus P; for test case 2 for
five solid particles which are W, T, SE, S and PE. In this figure, minimum
fluidization states are marked with a circle symbol of “O”. Variation of P, versus P;
was used to determine fluidization states for the test case 1 and it is shown the
sudden increase in P, represented the minimum fluidization states. On the other hand
as shown in figure 4.16 in test case 2, this method does not give any remarkable
results to determine fluidization state similar to test case 1. P, increases almost
gradually with P; without a special influence of “O” point. For this reason, an

alternative method is proposed and detailed in the following part.

Four different pressure transmitters are used to determine local static
pressures which are detailed in the previous section. Pressure drops; AP,, AP3 and
AP, are used for the determination of states for each particle. Pressure difference of
P, and P,, P; and P3 and P; and P4 are symbolized as AP,, AP3 and AP4. Then local
pressure gradients AP/L were obtained. Fluidization states are shown with a circle
symbol as before. The local pressure drops versus U, are given in figures from 4.17
to 4.21. Also local pressure gradients are shown in figures from 4.22 to 4.26 as a

function of U;,.
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Figure 4.16 Pressure variation and minimum fluidization state change in test case 2
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In vertical test case; variation of local pressure magnitudes before and after
the packed cylindrical material samples as a function of U, was used to determine
minimum fluidization velocity and its link with flow dynamics. In horizontal test
case the similar measurement practice indicated that variation of local pressures
before and after the packed triangular material samples presented a different
functional relationhip with U,;.. Therefore local pressure drops AP,, AP3 and A P4
defined as the local pressure differences. Furthermore local pressure gradients AP/L
are referred to observe the local frictional effects as a function of Ua.

It is clearly shown, the local pressure drops as function of U, for W and PE
are almost in the same characteristics lines in figure 4.20 and 4.21. Local static
pressure drop values are increasing with increasing air flow rate during the
experiment. When the minimum fluidization occures, the pressure drop values
decrease very slowly then pressure drop is almost constant for the rest of the
experiment. PE which has an average particle diameter of 2750 um is the biggest
particle and wheat with an average diameter of 2250 um is the second one in this
study. These particles effected the flow pattern as slug flow until the minimum
fluidization state because of their big average particle diameters. After the minimum
fluidization state, particles are dispersed slowly along the pipeline then the local
pressure drops are became almost stable. Uy of PE is less than W but higher than the
other particles which are referred in table 4.2. U’y of SE is the minimum value in
table 4.2 which is also a remarkable point. In vertical test case pp, Seems to be more

effective than dp, but in horizontal test case the result seems to be opposite.

The minimum slope of local pressure drop values are shown in figure 4.17
for T. T has the lowest loose poured bulk density, pup of 200 kg/m® in this study.
This can be reason of the low slopes. The new expectations is the maximum slope for
the particle of maximum density which is sand with loose poured bulk density, pyp Of
2400 kg/m® with regarding this proposal. But, sand particles which has the minimum
average diameter of 150 um in this study, are not generated the maximum slope of

pressure drop as shown in figure 4.18. So, the slope of the pressure drop is not only
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related with loose pored bulk density, pup it is also related with average particle
diameter, d,.

In figure 4.19, local presure drop versus U, for SE is given. In this figure,
local pressure drop for SE with the maximum AP = 117.33 Pa. The pressure drop for
W and PE are AP = 246.27 Pa and AP = 212.84 Pa, respectively as shown in figure
4.20 and 4.21. The reason of this result may be because of the fact that the average
particle diameter of SE with d, = 700 um is less than W and PE with dp = 2250 um
and dp = 2750 pum respectively.

In horizontal test case particles are filled into the pipe then experiment is
started. This is caused to the slug flow formation in the pipe in the beginning of the
experiment with U, = 0. Flow field is stayed stable until the first breakaway points
from the prismatic shape of particles at U'ns >> Uy, After this points, particles are
spreaded into the pipe, then it is provided to transition of plug flow when the Ui, =
U'ns. Following that long plugs are occured when the U,ir > U’y in through the pipe
line and it is called as plug flow. With the increasing of U, all particles are started to

flow in the air flow and again plug flow is occured at Ugjr >> U’y
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4.5 Results in Continuous Conveying with Particle Feeder

In this test case, S, W and SE (with the py, of 2400 kg/m®, 950 kg/m?, 850
kg/m® and dp Oof 150 pm, 2250 pm, 2750 pum, respectively) are used to observe flow
modes during the continuous conveying with particle feeder where located at
Xu/D=0. The particle feeder induced the known amount of particles into the pipeline
system with determined mass flow rates, m, with the ranges of 0.0149 kg/s < my, <
0.111 Kkg/s. The measurements were started at the maximum U, = 26.41 m/s to
observe a fully suspended- dilute phase inside the horizontal test section until no
particle conveying. During the process, local static pressure values are recorded at
Xu/D=2, 18, 32 and 48 and also conveyed particles are weighed by means of an
assay balance. The measurements were repeated by reducing U, for S, W and SE
particles where the U" = 14.29 m/s, 14.29 m/s and 12.47 m/s respectively. U" is
defined as before the no particle conveying velocity in continuous conveying test
section. Particle feeder having different sized orifice plates is used to induce different
mass flow rates of particles, my, which is detailed in table 3.3, to be carried by
airflow. U,ir, and local pressure drop values AP,, AP3; and AP, are measured together

with the carried mass of particles; My/M, through the experiments. Here, Ma is the
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air mass flow rate and M, is the mass flow rate of particles which are carried by

different values of U;.
In these test runs, all particles are weighed for each U, with regarding to air
flow rates and orifice plates. Mass flow rates of particles with respect to air mass

flow rates are tabulated in table 4.3.

Table 4.3 Mass flow rates of particles with respect to air for continuous conveying

Particle | Orifice (mm) | Max My/M, (%) | Min My/M, (%)

20 12.2 0.43

W
15 9.47 0.38
20 29.14 1.08

S 15 23.74 0.65
10 14.2 0.5
20 17.56 0.43

SE 15 11.7 0.37
10 4.18 0.25

In continuous conveying tests only dilute phase is observed. The local
pressure drop values are increased with respect to U (mean air velocity) for all
particles. S which is induced into the pipeline with 10 mm, 15 mm and 20 mm orifice
plates with the ranges of 0.5 % < My/M, < 29.14 % are given from figures 4.27 to
4.29 for the continuous conveying. Local pressure drops for S particles with 10 mm
orifice AP,, AP3; and AP, are given with the range of 77.14 Pa < AP, < 177.18 Pa,
92.73 Pa < AP3 < 223.02 Pa and 82.62 Pa < AP, < 221.65 Pa in figure 4.27. These
ranges increase for 15 mm and 20 mm respectively as 80.15 Pa < AP, < 191.48 Pa,
93.24 Pa < AP3 < 235.53 Pa, 84.11 Pa < AP4 < 227.93 Pa, and 86.32 Pa < AP, <
192.97 Pa, 115.32 Pa < AP3 < 236.36 Pa and 105.25 Pa < AP, < 227.54 Pa. AP ranges
of S particles indicated that the mass flow rates are directly related with local
pressure drops in the pipeline. In figure 4.23, AP,, AP; and AP, are 77.14 Pa, 92.73
Pa and 82.11 Pa while My/M, = 0.5 %. Magnitudes are increasing in figures 4.28 and
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4.29 AP,, AP3 and AP, are 80.15 Pa, 93.24 Pa and 84.11 Pa respectively for Mp/M, =
0.65 % and AP, AP3 and AP, are 86.32 Pa, 115.32 Pa and 105.25 Pa for My/M, =
1.08 %.

SE particles are induced into the pipeline also with 10 mm, 15 mm and 20
mm orifice plates with the ranges of 0.25 % < My/M, < 17.56 % are given from
figure 4.26 to figure 4.28 for the continuous conveying. Local pressure drops for SE
particles with 10 mm orifice AP,, AP3 and AP, are given with the range of 57.24 Pa <
AP, < 160.98 Pa, 65.72 Pa < AP3; < 203.69 Pa and 58.58 Pa < AP4 < 203.60 Pa in
figure 4.30. These ranges increase for 15 mm and 20 mm as of 59.12 Pa < AP; <
170.94 Pa, 69.78 Pa < AP3 < 212.82 Pa, 64.74 Pa < AP, < 214.01 Pa, and 63.55 Pa <
AP, < 175.37 Pa, 74.01 Pa < AP3 < 216.19 Pa and 68.06 Pa < AP, < 217.06 Pa
respectively. In figure 4.30, AP,, AP3 and AP, are 57.24 Pa, 65.72 Pa and 58.58 Pa
for Mp/M, = 0.25 %. Magnitudes are increasing in figures 4.31 and 4.32 such that
AP, AP3 and AP, are 59.12 Pa, 69.78 Pa and 64.74 Pa for My/M, = 0.37 % and AP,
AP3 and AP, values are 63.55 Pa, 74.01 Pa and 68.06 Pa for My/M, = 0.43 %.

W particles are induced into the pipeline with only 15 mm and 20 mm
orifice plates with the ranges of 0.38 % > M,/M, > 12.20 % and the results are shown
in figures 4.33 and 4.34 for the continuous conveying. W is not discharged from the
10 mm orifice plate. Local pressure drops for wheat particles with 15 mm orifice A
P2, A P3 and A P4 are given with the range of 66.70 Pa < AP, <170.99 Pa, 73.05 Pa <
AP3 < 211.20 Pa and 71.45 Pa < AP, < 214.26 Pa as given in figure 4.33. These
ranges increase for 20 mm plate as 71.18 Pa < AP, < 176.56 Pa, 79.46 Pa < AP; <
212.66 Pa, 75.32 Pa < AP, < 215.54 Pa. In figure 4.29, AP,, AP; and AP, are 66.70
Pa, 73.05 Pa and 71.45 Pa respectively for My/M, = 0.38 %. Magnitudes are
increasing in figure 4.34, namely AP,, AP3; and AP, are 71.18 Pa, 79.46 Pa and 75.32
Pa for Mpy/M, = 0.43 %.

For the general view of the link between the local pressure drop and My/M,
for S, W and SE particles, they are in the similar characteristics. AP increases as

Mp/M, increases. However, local pressure drop values are differently affected by
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solid particles because of their loose poured bulk densities, ppip and particle sizes, dp.
Due to their small size, SE particles generated lower local pressure drop values in
comparison to W particles for the same My/M, = 0.43 %. On the other hand the local
pressure drop values for S at My/M, = 5.33 % are seen to be higher than that for SE
at My/M, = 5.44 %. Local pressure drop values are given AP,, AP3 and AP, as 114.22
Pa, 136.09 Pa, 123.05 Pa (for S) and 88.50 Pa, 109.21 Pa, 99.46 Pa (for SE). It is
predicted due to the loose poured bulk density, py, of S (2400 kg/m®) being higher
than that of SE (850 kg/m?®).
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Figure 4.27 AP as a function of Ug for S particles with the range of 0.50 < Mp/M, <
14.20
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Figure 4.28 AP as a function of U,y for S particles with the range of 0.65 < My/M, <
23.74
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Figure 4.29 AP as a function of Uair for S particles with the range of 1.08 < My/M, <
29.14
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Figure 4.30 AP as a function of U, for SE particles with the range of 0.25 < My/M,
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Figure 4.31 AP as a function of U,ir for SE particles with the range of 0.37 < Mp/M,
<11.70

72



230
210
190 o

---+---SE_20_AP2

AP (Pa)
N ‘“

:

.

—--=---SE_20_AP3

---w--- SE_20_AP4

*

[y

[y

o
il

~J
o
gl ]

10.00 15.00 20.00 25.00 30.00
Ua.-'r (mfs)

Figure 4.32 AP as a function of U, for SE particles with the range of 0.43 < My/M,
< 17.56
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Figure 4.33 AP as a function of Uair for W particles with the range of 0.38 < Mp/M, <
9.47
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Figure 4.35 AP/ L as a function of U, for S particles with the range of 0.50 < Mp/M,
<14.20
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Figure 4.36 AP/ L as a function of U, for S particles with the range of 0.65 < My/M,
<23.74
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Figure 4.37 AP/ L as a function of U, for S particles with the range of 1.08 < Mp/M,
<29.14
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Figure 4.38 AP/ L as a function of Uy, for SE particles with the range of 0.25 <

Mp/M, < 4.18
120
100
s
— 80 -
£ 1t .
—
[¢] » -
2 60 — o —--+--- SE_15_AP/AX2
- L -
:lg 2 A e L - SE_15_AP/AX3
‘ ,1" b - ---+--- SE_15_AP/AX4
20 o i
'
0]
10.00 15.00 20.00 25.00 30.00
Ua.-'r(mfs)

Figure 4.39 AP/ L as a function of Uy, for SE particles with the range of 0.37 <
Mp/M, <11.70
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Figure 4.40 AP/ L as a function of Uy, for SE particles with the range of 0.43 <

My/M, <17.56
120
100 :
e
— 80 .
E g, & -
[ - »n
2 60 ot T —--w--- W_15_AP/AX2
- . —
= e . —-m-—W_15_AP/AX3
< 40 . - =
I &
. e c-w---W_15_AP/AX4
20 it
0
10.00 15.00 20.00 25.00 30.00
Ua.-'r(mfs)

Figure 4.41 AP/ L as a function of Uy, for W particles with the range of 0.38 <
Mp/M, <9.47

77



120
‘O
100
,‘/
T 80 7
E‘ e ',"
< 60 _," o —--+---W_20_AP/AX2
<]
> . R T ---=-- W_20_AP/AX3
< 40 e :
B P s W_20_AP/AX4
-~
20 -
0
10.00 15.00 20.00 25.00 30.00
Um’r{mfs)

Figure 4.42 AP/ L as a function of Uy for W particles with the range of 0.43 <
Mp/M, <12.20

4.6 Conclusion
The methodology for the determination of minimum fluidization velocities

are presented for the wvertical and horizontal test cases and also continuous
conveying. In order to determine the flow modes, AP and AP/L are plotted as a
function of Uy for the covered particles in reference to visual observations of the
flow field. Moreover, the effects of loose poured bulk densities and average
diameters are investigated to determine the flow modes in pneumatic conveying

systems.
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CHAPTER 5

CORRELATIONS FOR FLOW MODE ANALYSIS

5.1 Introduction

In this chapter, flow modes analyses are found through the variation of
permeability with My/Ma. And also a correlation is performed in terms of fluidized
dense phase at onset of fluidization.

5.2 Flow Mode Analysis through Variation of Permeability, M,/M,

In this study three experimental test set-ups which are vertical, horizontal
and continuous feeding are constructed to analyze flow modes. Minimum
fluidization velocities, local static pressures, pressure drops and pressure gradients
are used to determine flow modes. In this part, the relationship between permeability,
Ps which is given in equation 2.2 and My/M, that is also given in table 4.3 for

continuous conveying are considered.

5.2.1 Determination of Plug-Slug Flow Modes through Test Case 2 (Horizontal)
In figures 5.1, 5.2 and 5.3 Py, Ps3 and Py, values are shown as a function of
Mp/M, for SE, W and S in test case 2. SE, W and S particles are given with the range
of 1.11 % < Mp/M, < 42.62 %, 0.47 % < My/M, < 8.78 % and 0.72 % < Mp/M, <
51.99 % respectively. For the better considering, figure 5.4 is given for S, W and SE
with the ranges of 0.15 < Py, < 0.26, 0.12 < P < 0.21 and 0.12 < Py < 0.31
respectively. It seems that for W particles which are 2250 pm, are in the slug flow
region because of high d,. On the other hand S particles with d, = 150 um and SE

particles with d, = 700 um start to flow in slug flow region, but when Py, > 0.20
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m?/Pa.s they are shown in the plug flow region. This flow characteristic is almost the
same for Pg and Py values as a function of My/M, with the different ranges of Py
values. In figure 5.5, when the P > 0.30 m?/Pa.s particles are appeared in the plug
flow region. And also in figure 5.6 for the flow mode analyze, when Py > 0.56
m?/Pa.s, particles are shown in the plug flow region.

Slug flow and plug flow occurred in horizontal test case. Purple lines
indicate slug flow region and the black line indicates plug flow region for the
covered particles. Variation of Ps with Mp/M, is such that two separate regions are
defined. In the first region Py varies linearly with My/M, for My/M, < 8 %. In the
second region Pr is almost independent of My/M,. Therefore, Ps increases with
increasing Mp/M, in first region and P retains almost at constant value for the second

region.
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Figure 5.1 Py values as a function of My/M, for SE in test case 2
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Figure 5.6 Py as a function of My/M, for S, SE and W in test case 2

5.2.2 Determination of Plug Flow and Dilute Phase through Continuous
Conveying

In continuous conveying test case, plug flow and dilute phase are observed
visually. Three particles S, SE and W are considered with the use of particle feeder in
different My/M, values. My/M, ranges are given in table 4.2 in the previous chapter.
Figures from 5.7 to 5.14, Ps values are given as a function of My/M, values for the
SE, W and S particles. In these figures, observed flow modes which are plug flow
and dilute phase are clearly shown. For the SE particles for 10 mm, 15 mm and 20
mm orifices as shown in figures from 5.7 to 5.9, Ps decreases with increasing My/M,
values until the ranges of My/M, < 2.4 %, My/M, < 5.8 % and My/M, < 6.8 %
respectively which shows the plug flow region. Then P: increases with respect to
Mp/M, > 2.4 %, My/M, > 5.8 % and My/M, > 6.8 % respectively which shows the
dilute phase region. Plug flow region and dilute phase region are also clearly shown
for W and S particles in figures from 5.10 to 5.14.

Figures from 5.15 to 5.17 are given to analyze flow modes with respect to Ps
values as a function of My/M,. In addition to this, particle characteristics can be

considered in the same figures for the same Py, also black lines are indicated that the
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limit of plug flow region and dilute phase region for the covered particles. Pr, values
of SE, W and S are given in figure 5.15 with the ranges of 0.23 m?/Pa.s < Py, < 0.35
m?/Pa.s, 0.24 m?/Pa.s < P, < 0.34 m*/Pa.s and 0.22 m?/Pa.s < Py, < 0.29 m?/Pa.s
respectively. When the Py, > 0.31 m?/Pa.s, Py, > 0.32 m%/Pa.s and Py, > 0.27 m?/Pa.s
for SE, W and S respectively flow mode is changed from dilute phase to plug flow.
The limit of Py, for SE is bigger than that of S although the ppi, of S (2400 kg/m®) is
greater than that of SE (850 kg/m®). So that, the plug flow limits for each particle are
indicated that the particle size, d, is dominant in comparison with the loose poured
bulk density, poip. This approach is valid for the Pi and Py values as shown in
figures 5.16 and 5.17. The limit of Pi; and Py, values are given as Pz > 0.51 m?/Pa.s,
Pz > 0.41 m%/Pa.s and Py > 0.54 m?/Pa.s, Py > 0.84 m?/Pa.s, Py > 0.67 m?/Pa.s and
Pis> 0.87 m?/Pa.s for SE, S and W respectively.
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Figure 5.7 P values as a function of My/M, for SE with 10 mm orifice in continuous

conveying
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Figure 5.15 Py, as a function of My/M, for SE, W and S in continuous conveying
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Figure 5.17 Py as a function of My/M, for SE, W and S in continuous conveying
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5.2.3 Determination of Unstable Zone and Fluidized Dense Phase through Test
Case 1 (Vertical)

In vertical test case, unstable zone and fluidized dense phase region are
shown with visual observations. In figure 5.18 P; s (permeability of minimum
fluidization state) is given as a function of Uy to determine the flow modes for the
covered particles SE, Z1, Z2, S, PE, W and T. The fluidized dense phase is shown
for this figure with the ranges of 0.0052 m?/Pa.s < Pt < 0.0963 m?/Pa.s. However,
the particle characteristics are not clearly shown in figure 5.18. Therefore, the
particle influences are shown in figures from 5.19 to 5.25 for determination of the
region from the unstable zone to fluidized dense phase. The loose pored bulk density
polp 1S dominant in comparison to average particle diameter d, in vertical test case,

the reason of this case was expressed. in the previous chapter.

It can be stated that the P; s values of S should be minimum due to its
higher pui, value which is 2400 kg/m®. In the same manner, Pt s values of T should
be maximum because of the minimum pyp values of 200 kg/m® when compared with
others. Py mf of S is, 0.0052 m?/Pa.s which is the minimum P ¢ value as can be seen
in figure 5.22. The maximum value of P; s for T is seen as 0.0963 m?/Pa.s which is
shown in figure 5.25. It is then deduced that the value of Ps s decreases when the
value of pyp increases.

Here, it is important to investigate the interactive influences of pp, and dp
together. For this purpose, some trial and error procedures are performed. As a result

of them the function of pp, 2. d, 2°

is found to be appropriate one. In order to have
better prediction for determination of flow modes in vertical test case at L10, L30
and L50, figures from 5.26 to 5.28 are plotted with procedure trial error as P ¢

VErsSUS pip 2. dy 22,107,
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Figure 5.18 P;ms values as a function of Uy in test case 1

0.020 :
0.018 *
0.016
0.014

=

< 0.012

<

E 0010

(£ 0.008 * * *SE
0.006
0.004
0.002
0.000

0.00 5.00 10.00 15.00 20.00 25.00
Umf(mfs}

Figure 5.19 Ps s values as a function of Uns for SE in test case 1

91




0.025

0.020 .
7
& 0.015
o
~
E
£0.010 mz1
* ] L
0.005
0.000
0.00 5.00 1000 1500 2000  25.00

Umf ( m! 5}

Figure 5.20 Psms values as a function of Un; for Z1 in test case 1
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Figure 5.21 Psms values as a function of Uns for Z2 in test case 1
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Figure 5.22 Psms values as a function of U for S in test case 1
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Figure 5.23 Psms values as a function of Un¢ for PE in test case 1
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Figure 5.25 Ps s values as a function of Up for T in test case 1
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5.3 A Correlation Study in terms of Fluidized Dense Phase at Onset of
Fluidization

The normalized pressure of APped/Payn IS considered with respect to
normalized velocity of U, / U for the bed lengths of L10, L30 and L50 as shown in
figures 5.29 — 5.31. The observed flow mode is transition from the unstable zone to
fluidized dense phase in vertical test case. APped/Payn With the ranges of 0.06 <
APped/Payn < 1.83 and Ua,ir / U With the ranges of 0.2 < U,jr / U < 7.23 are given in
these figures. Uy, is the superficial air velocity in acrylic glass pipe, Upys is the
minimum fluidization velocity of particles in test case 1, APpeq IS the pressure
difference between local static pressures P, and P, and APy, is the dynamic pressure

related with U, in the pipe.

In all figures, it is found that the flow mode is the unstable zone for Ui, /
Ums < 1. For Uy / Uy > 1, the flow mode is named as fluidized dense phase.

Moreover the value of APpeg/Payn decreases when Uair / Upy increases. However, the
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relationship between APped/Payn and Uair / Ums for L30 and LS5O0 are a bit of different
than that for L10. Due to the short bed length at L10, the flow becomes quickly
fluidized dense phase. This means that for fluidized dense phase is occurred for low
velocities in the range of 3.65 m/s < Ups < 9.89 m/s at L10 which is given in figure
5.29. But, the flow becomes fluidized dense phase at higher velocities in the range of
8.20 m/s < Ups < 21.70 m/s at L30 and 11.22 m/s < Uy < 24.83 m/s at L50 as can be

seen in figures 5.30 and 5.31 respectively.

5.4 Conclusion

All the results are considered to determine flow modes for the test case 1,
test case 2 and continuous conveying. Unstable zone and start to fluidization dense
phase occurred as shown from figures 5.29 to figure 5.31 for the test case 1. Slug
flow and plug flow regions are determined for the test case 2 figures from 5.4 to 5.6.
In continuous conveying, plug flow and dilute phase limit is investigated and
indicated in figures from 5.15 to 5.17.
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Figure 5.29 Normalized pressure and velocity values for L10

97



2.00

1.80

1.60

1.40

$.1.20
-

< 1.00

g

0.80

APbed/P:

0.60

0.40

0.20

0.00

0.00

0.50

1.50 2.00

Uaﬁ'/ Umf

*Z1
mZ2
AW
KT

KSE
E)

+PE

Figure 5.30 Normalized pressure and velocity values for L30

2.00

1.80

.

1.60

1.40

$1.20

<

5 1.00 +—

*

ot
7

N

APbed/Pd

0.80

0.60

0.40

0.20

0.00
0.00

0.50

1.00

Uaﬁ'f Umf

*71
mz2
AW
T

JHSE
+PE

2.50

Figure 5.31 Normalized pressure and velocity values for L50

98




CHAPTER 6

CONCLUSION AND SUGGESTIONS FOR FURTHER INVESTIGATIONS

In this study three different cases which are vertical (test case 1), horizontal
(test case 2) and continuous conveying test case are used to determine flow modes.
Seven solid particles which are SE, W, S, T, PE, Z1 and Z2 with the range of 200
kg/m® < ppip < 2400 kg/ m® and 150 pm < d, < 2750 pm are used in these three cases.
The used parameters are calculated with the ranges of 17714 < Rens < 147600, 3.65
m/s < Ups < 24.83 m/s, 0.0052 m2/Pa.s < Pr < 0.92 m2/Pa.s and 0.25 % < My/M, <
51.99 %.

In vertical test case unstable zone and fluidized dense phase is occurred,
then in the horizontal test case slug flow and plug flow is observed and lastly plug
flow and dilute phase is occurred visually in continuous conveying test case. Finally,
all obtained data which were explained in the previous chapters are classified
according to flow modes in pneumatic conveying systems. The flow modes are
shown in figure 6.1 under the results of visual observations with respect to Ps ¢
(m?/Pa.s) as a function of Rens (Reynolds Number at minimum fluidization
velocities). In addition to this, flow modes are given with respect to test cases in table
6.1.
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Table 6.1 Limit of flow modes in test ca

SES

Vertical Test Case

Unstable o o o
Transition of Fluidized Dense Phase Fluidized Dense Phase
Zone
Uair << Upyg Uair = Ut Uair > Ut Uair >> Upe
Horizontal Test Case
Slug Flow Transition of Plug Flow Plug Flow
Uair << U'yys Uair = U'm¢ Uair > U’ Uair >> U' s
Continuous Conveying Test Case
Plug Flow Dilute Phase
Uair S U" Uair >> U"
Dilute Phase ¢SEh
1.00 ~—as 3% + mW_h
hh‘-t--'—--ﬁﬁ_---- AS_h
Slug Flow ‘-"‘---!..Elkfgffw XSE_cc
“.—n\ L R R A e A N . T S —1 T o o o o o o
o KW _cc
< 010 -
NE ®5 cc
E Fluidized Dense Phase +SE v
Q.
=W_v
0.01 - S v
e A s T Tv
PE v
Unstable Zone -
Z1 v
0.00 -
20000 40000 60000 80000 100000 120000 140000 160000 Z2_v

Remf

Figure 6.1 Proposed flow mode diagram with regarding Psmsas a function of Rems
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As a result of the systematic experimental cases consisted of 210 vertical, 65
horizontal and 72 continuous conveying measurements following concluding

remarks can be deduced:

1)  An increase of loose poured bulk density, pyp causes an increase of
minimum fluidization velocity, Uy in vertical test case. The loose poured bulk
density seems more effective in comparison to the horizontal test cases. On the other
hand, increase of average particle diameter, d, causes an increase of minimum
fluidization wvelocity in horizontal test case. Furthermore, the average particle
diameter is seen to be more effective in horizontal test case in comparison with
vertical test case. These deductions on pyp, dy are due to the constraints at horizontal

and vertical test cases.

2) It is found that fluidized dense phase is observed in the range of
0.0052 m?/Pa.s < P; < 0. 2 m*/Pa.s. Slug flow and plug flow are found to be observed
for 0.2 m?/Pa.s < P; < 0.56 m?/Pa.s. On the other hand, dilute phase is detected for
0.56 m?/Pa.s < P;. The measurements and visual observations confirm the determined

limits. This is an original contribution to the available literature.

3) Although the defined limits are valid for the covered particle
characteristics and utilized methodology the comparison with the available literature.
Jones [15] proposed the limits between fluidized dense phase and dilute phase as
Pt pbip’ >~300, and the limits between dilute phase and plug flow as Pr~20x10°. In
this study Psms is used to determine the flow modes instead of P:. Due to this reason

the limits are found to be in a different range.
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As a result of the study, some further investigations on the manner will be
conducted as follows:

1)  The particle characteristics should be considered particularly for the
ranges of dp <100 pm and d, > 3000 pm.

2)  The range of study should be extended to cover of a variety of
industrial applications.

3) The constructed test system should be revised to have a fully

automated structure.
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APPENDIX 1

TECHNICAL SPECIFICATIONS OF THE DRIVE UNIT OF
BLOWER

Electric Motor

Input: 220-380 V, 50 Hz
Power rating: 2.95 HP/2.2 kW
Rotational speed: 2835 rpm

Protection class: IP 44 B

AC Control Unit

Controller specification: Simovert P. 6SE2008-3AA00
Input: 380/500 V, 47-63 Hz

Output: 380/500V, 0-400Hz

Power rating: 8.3 kVA, motor: 7.5HP/5.5kW
Protection class: IEC 529 IP 20

Temperature range: 0-40°C
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APPENDIX 2

TECHNICAL SPECIFICATIONS OF THE PARTICLE FEEDER

The drive unit of particle feeder consists of an electric motor and an AC

control unit which have the following specifications:

Electric Motor

Input: 220-380 V, 50 Hz
Power rating: 0.75 kW
Rotational speed: 1400 rpm

AC Control Unit

Controller specification: Simovert P. 6SE2001-1AA00
Input: 220/240 V, 50-60 Hz

Output: 0-220/240V, 0-120Hz

Power rating: 0.7 kVA, motor: 0.5HP/0.37kW
Protection class: IEC 529 IP 20

Temperature range: 0-40°C
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APPENDIX 3

TECHNICAL SPECIFICATION OF THE PRESSURE TRANSMITTER

The WIKA SL-1 pressure transmitter for low pressure applications has the following
technical specifications;

Pressure Ranges : £20 mbar (+2 kPa)

Type of Pressure : Relative Pressure

Wetted Parts Material : Stainless Steel, Silicon, Aluminum,
Gold

Case Materials : Stainless Steel

Power Supply :14-30 VDC

Signal Output :0-10V

Accuracy :<0.5%

Non-linearity :<0.2%

Non-repeatibilty :<0.1%

1-year Stability :<0.3%

Time Resolution : 1 kHz

Permissible Temperature of Medium :-30°C..80°C

Permissible Temperature of Ambient :-20°C..80°C

Process Connection : G1/2”

Weight . approx. 0.3 kg
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APPENDIX 4

TECHNICAL SPECIFICATION OF THE DATA ACQUISITION BOARD

Resolution

Sample Rate

channel

On-board Thermocouple Inputs
Analog Inputs (channels)
Analog Outputs

Digital 1/0

Counter Inputs/Timer Outputs

Latency

Environment Operating Temperature
Power Supply
Voltage Measurement Speed
Output Voltage
0.2V

: 16 bit

: 1.25 MS/s single, 1.00 MS/s multi-

8

: 16 (differential) or 32 (single-ended)
- 4 (16 bit, 1 MHz)

124

412

. low-latency control output capability

as low as 2 ps latency

:-30°C..70°C
: 0-25VDC

: 1 us per channel

10V, £5V,£2V,£1V,£05V, +
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