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Abstract

Pneumatic conveying systems are widely used in a variety of industrial settings since
different types of materials can be conveyed. There are some classifications of flow
modes for conveying of powders and bulk solid particles based on mean particle size,
density, and inter particle cohesion forces. In this paper, three different cases which
are vertical (test case 1), horizontal (test case 2) and continuous conveying test case
are constructed and considered in order to determine the flow modes in pneumatic
conveying systems. Seven solid particles are used with the range of 200 kg/m? < puip
< 2400 kg/ m3 and 150 pm < dp < 2750 um in these three cases. In vertical test set-
up unstable zone and fluidized dense phase is occurred, then in the horizontal test
set-up 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 are
considered for the classification according to flow modes in pneumatic conveying
systems. The observed flow modes are considered and tabulated with respect to all
test cases.

*e-mail: alperentozlu@bayburt.edu.tr

Bu makaleye atif yapmak igin:

Alperen TOZLU; Ahmet fhsan KUTLAR; Melda OZDING CARPINLIOGLU, "Minimum Akiskanlastirma Hizinin Belirlenmesi Uzerine
Deneysel Bir Calisma", Bayburt Universitesi Fen Bilimleri Dergisi, C. 6, s 1, ss. 71-88

How to cite this article:

Alperen TOZLU; Ahmet ihsan KUTLAR; Melda OZDINC CARPINLIOGLU, "An Experimental Study on the Determination of Minimum
Fluidization Velocity", Bayburt University Journal of Science, vol. 6, no 1, pp. 71-88


http://dergipark.gov.tr/bufbd
http://doi.org/10.55117/bufbd.1282591
https://orcid.org/0000-0002-2610-5279
https://orcid.org/0000-0002-8564-0458
https://orcid.org/0000-0002-7531-8000

An Experimental Study on the Determination of Minimum Fluidization Velocity BUFBD 6-1, 2023

1 INTRODUCTION

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. Pneumatic conveying
systems are quite simple to setup in a factory such as chemical, food, textile, pharmaceutical industries etc. 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 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, poip, 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 = (1-8)( ps — pg) (1)
where ps is density of solid particle conveyed, pyq is fluid density and ¢ is bulk voidage.

Permeability, P 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)
Superficial gas velocity, U is defined as:

U=0Q/A 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;

A = t(AP/L) (4)

where t is the time related to the pressure drop decay plot from fluidization pressure to atmospheric pressure.
Minimum fluidization velocity, Uns at the onset of fluidization is commonly given as;

Umt = Ps my(AP/L) )

An aerated state of a substance is referred to as fluidization. When air velocity drops below the minimum
conveyance value, a process known as saltation, which involves the deposition of particles along horizontal
pipelines, takes place. The term "dense phase" (also known as "non-suspension") refers to a state in which the
particle-conveying gas velocity is lower. Another typical condition that might happen when gas velocity equals or
exceeds the particle saltation velocity is the diluted phase (suspension). The presence of liquid-rich slugs that cover
the whole channel or pipe region is referred to as slug flow. It is appropriate to use this type of flow to transport
friable and/or granular items. Some transported particles aggregate at the bottom of the pipeline and create lengthy
plugs when the air mass flow rate is lowered. Plug flow is the term used to describe the flow we just discussed.
Due to the creation of lengthy plug structures, large pressure changes in plug flows may result in vibration in entire
systems. It is known as an unstable zone in this area. In order to significantly reduce costs, it would be preferable
to employ a suitable prediction method to detect flow modes during the design stage of a pneumatic conveying
system rather than relying just on experimental work. Instead than testing transporting material in a pipeline at the
outset of design, it is more convenient to discover modes of flow using some predictive techniques, offering a
significant economic benefit. There are two different classifications used in the literature to create generalized
flow charts: one based on the physical characteristics of the particles transported [1-3] and the other based on the
particle/air interaction of the gas-solid phase [4-9]. A loose-poured bulk density parameter [10-14] and inter-
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particle cohesion forces [15] are also taken into account when improving the classifications based on the physical
characteristics of the particles.

In terms of mean particle size and density difference, Geldart [1] divided the gas-solid flow character into four
types. This classification can be summed up as follows: i) Powders in Group A that exhibit dense phase expansion
following minimal fluidization are those with small mean sizes and/or low particle densities (less than roughly 1.4
g/cm?). ii) 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 40pm< dp<500um and 1.4g/cm3< ps <4g/cm3,
respectively. iii) Group C powders are difficult to fluidize at all because of the interparticle cohesive forces. The
powder lifts as a plug in small diameter tubes, or channels (rat-holes) negatively. The interparticle forces are higher
than the fluid forces exerted on particle. iv) The materials in Group D have comparatively large and/or very dense
particles. The materials in this group can be spouted if gas is admitted only through a centrally positioned hole.
In addition to Geldart's classification, Molerus [4-6] took interparticle cohesive forces into consideration. By
examining the forces, the gas exerts on the particles and the cohesive forces between particles, semi-empirical
criteria were used to determine the limiting conditions between Group A-C, Group A-B, and Group B-D. In
Geldart's diagram, there is no separation between Group A and Group C. However, Molerus [4-6, 16-21] proposed
an equation describing the boundary between Group A-C for hard particles as;

Dlmax/FT = ]0(p5 —pg) deQ/FH = Kl = 1/100 (6)

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 — p)mdy3gl6Fn = Ky = 0.16 )
To predict the Group B-D boundary, the following equation is proposed by Molerus [5];

(ps — pg)dpg =15.3 (8)
Dixon [3] classified gas-solid flows into three groups as i) axisymmetric slugs, ii) weak asymmetric slugs (dunes)

and iii) no slugs at all. He considered the relationship between the gas slug velocity, Usp, terminal velocity, U, and
minimum fluidization velocity, Uns using the following equations;

Usp = 0.35(KspgD) Y2 9)
where D is pipe diameter and =1 for axisymmetric slugs; =2 for asymmetric slugs.

Ut — 0152(/)5 *pg)0'714dpl'1490'714/ﬂ0'428pgo'258 (10)
ps (1-¢) = 150 (1-€)*(u Un)/(€%9.0p?) + 1.75(1-¢)( pgUmi>)/(.g.dp) (11)

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 Ui<Us, hence the boundary between no slugging and
asymmetric slugs is denoted at U=Usp. No full bore plug flow occurs if Un<Us, hence the boundary between
axisymmetric slug and weak asymmetric slugs is given by Umn=Us,. 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. 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 m3s/kg. 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. They defined the pneumatic flow parameter, Q as follows:

Q = tga/ poip Pt (12)

If Q >4000, the mode of flow becomes fluidized dense phase; plug flow if Q </8 and flow is dilute only if 18<
0 <4000.

Chambers et al. [22] introduced a parameter similar to that of Fargette et al. [8], but now N is based on
permeability, de-aeration time and particle density instead of loose-poured bulk density, as;
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Nc = pPs Pf / tda (13)

Materials conveying was divided into three flow types by Chambers et al. [22]: dense phase slugging mode, lean
phase mode, and dense phase moving bed mode. The conveyed material is appropriate for slugging dense phase
transportation for N.>0.01; and for N¢<0.001, the material can be conveyed as a dense phase conveying in a
moving bed flow. At intermediate range of 0.001<N.<0.01, the material can be conveyed only in a lean phase
mode. By evaluating and contrasting the various methodologies described in the literature, Sanchez et al. [9, 23—
28] were able to forecast the viability of conveying particles in dense phase mode by taking into account the
measurement of the permeability and de-aeration time of the particles. They used their fluidization equipment to
perform the measurements for the permeability factor and the de-aeration parameter. The primary parameters, such
as particle size, shape, bulk density, permeability, de-aeration, cohesiveness, etc., and the secondary parameters,
such as adhesion, moisture, electrostatics, elasticity, and temperature sensitivity, were classified by Sanchez et al.
[9] into two general groups. It is discovered through categorization that some materials do not adhere to Geldart's
classification when the secondary factors are considered. Then a group of dimensionless parameters were defined
and results were presented in terms of these dimensionless parameters such as de-aeration factor, permeability
factor and Froude number based on minimum fluidization velocity as;

Grt = lutda/ dp (ps + Py /2) (14)
P* = P ps (9h) /d (15)
Front = Une /(gdp) Y2 (16)

Using the ppp rather than the distinction between particle and gas densities, Pan [13] amended Geldart's
classification and divided the flow in conveying bulk solid materials into three modes: A smooth transition from
the diluted to fluidized dense phase is represented by PC1; an unstable zone and slug flow are represented by PC2;
and the diluted phase is only taken into account by PC3 when it comes to pressure drop and air mass flow rate.
Williams and Jones [14] examined the classification diagrams of Geldart, Molerus, and Dixon and changed the
particle density parameter there with puy in their charts. On the basis of the basic particle parameter and the air-
particle parameter, Jones and Williams [15-29] have developed two different types of predictive charts. The first
attempt at improvement was switching out the particle density utilized in the prediction parameter procedures for
loose-poured bulk density. 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 Eqgn. 17, and dilute only and plug flow Eqn. 18 were introduced as follows;

Pt poip 3 = 300 (17)
Pr~ 20x10 (18)
They also modified Chambers et al.'s parameter as follows;

Pt ps Ite = NC(moa) (19)

where t. is de-aeration time as defined by Jones [15] and Sanchez [9]. If Ncmod)<8x10-4, flow is fluidized dense-
phase. It is dilute only when 8x10-4 < NCmoq)<0.07 and plug flow if NC(moa)>0.07.

It might be claimed that Geldart's [1] classification helps with pneumatic conveying system flow mode estimation.
However, it cannot be used in isolation to predict the flow mode in the dense phase. Additionally, Dixon's [3]
method is practical during the design phase but is only provisional for a precise prediction of flow modes. Because
permeability and de-aeration parameters are included in the Mainwaring and Reed's [7] approach rather than
depending just on the physical characteristics of the particles, it is a more accurate predictive method than the
Geldart's [1] and Dixon's [3] approaches. Fargette et al. [8] introduced a non-dimensional parameter made up of
de-aeration time, permeability, and puip to take the air/particle interaction into account. Another dimensionless
parameter, similar to that suggested by Fargette et al. [8], was also developed by Chambers [22] utilizing particle
density rather than loose poured bulk density. Some materials, according to Sanchez [9], do not conform to
Geldart's[1] classification because of their secondary parameter values. By taking into account cohesive forces,
Molerus [5] changed Geldart's [1] classification and also described the criterion between Geldart's [1] Group A-
C. According to ppip and median particle diameter, Pan [13] sorted the flow mode and found that his results agreed
with those of Geldart [1], Dixon [3], Mainwaring and Reed [7], and others. By considering puip and Py, Jones and
Williams [15] analysed all works that were available for their study and also offered new standards for Geldart's
[1] Groups A-B and B-D.
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Table 1. Summary of proposed criteria in terms of modes of flow in pneumatic conveying systems

Authors Modes of flow Predictive diagrams Limitations Boundaries and formulations
A-Fluidized dense-phase P <14 gricm? A/C-B
P (o, - p, b, = 2251073
B- Dilute phase Particle density difference - mean >1.4 griem® e
Geldart [1] partlclae diameter 500um1 > d,, > 40gn
— — (kg/m®) - (m) Difficult _ to
C- Difficult to fluidize fluidization B-D |
g = pg % =107
D- Plug mode of dense phase Large or  dense b, Pells
particles
Axisymmetric slugs- Plug type - Axissymettric/asymmetric
Weak asymmetric slugs- Dilute ~ Particle density difference - mean vy _ v, (mis) —J"*b;‘,u_f”} Leadt “i{"l“ _ +zmn"‘_%
Dixon [3] phase particle diameter

No slugging- Fluidized dense-
phase

(kg/m?®) - (m)

e P (mis)

No slugging/asymmetric
‘,;Jub" g .’J T4

o

= 136x10°

Plug type

Vins

T >50 mm/s Vo = Hr|’A—P' — SOmm/s

Mainwaring and  Dilute only or fluid. dense-phase Permeability- P <50 mm/s VL
Reed [4] Fluidized dense phase X>0.001m?s/kg AP A

Dilute only or plug flow De-aeration/density- ‘"""’ X<0.001m?s/kg T

Fluidized dense phase 2 >4000 ,
Fargette etal. [5]  Dilute only Non-dimensional parameter 18< £ <4000 'ﬁ

Plug flow 18< 2

Dense-phase/moving bed Ne <0.001
Chambers et al. | 2 phase mode Non-dimensi ) N, v =2
[6] on-dimensional parameter 0.001< " <0.01 taa

Slugging dense-phase

N,

©>0.01
. f';/u“.t.'&';;
i ; . Gt Gri = r pP-—X
Sanchezetal. [7]  Fluidized dense phase Non glmen3|onal parameters: ™, Gt 50.9%10°3 dplps+pgl2 ap
- L™ N
L Frug = Vur 15
Geldart's A-Fluid. dense-phase .
£ A-C (for hard particles)
Geldart's B- Dilute phase o s -nibiie o0l
Fy
Particle density difference - mean -
; - A-B (for hard particles)
Molerus [8 . e i article diameter
8] Geldart's C-Difficult to fluidized F()k /m?) - (m) [
g oo
Geldart's D- Plug flow B-D
(s Pe Mg =153
PC1- Fluidized dense-phase - PC1-PC2/3
Loose poured bulk density-Mean i =
- - - ; : dpppyy = 0.1206
Pan [9] sguzte l;;;;zble zone- slug flow-  aicle diameter d,y > 1000 P(!Z—PCE
. (kg/m®) - (*)
PC3 Dilute only - Poip = 1000
Geldart's A- A/C-B
Geldart's B- Dilute phase oy = 1216107
Geldart's C- B-D
Geldart's D- Plug flow Papdd = 53951070
Dixon's Axisymmetric slugs- | . icsl
Plug type Asym. slugs - axisymmetric slugs
i dpprp 08851107 s
- Dixon's Weak asymmetric slugs- Loo_se ppured bulk density-Mean T__;,d—-x,sun
Williams & ! particle diameter ’
Jones [10] Dilute only - -
(kg/m®) - (") No slugging-asymmetric slugs
Dixon's no slugging- Fluidized o™ §7.4510°
dense-phase o
Molerus's A-
A/C-B
Molerus's B- oy =127x107
Molerus's C- B-D
Molerus's D- Plug flow Poipdp = 0841
Chambers — Fluid. dense-phase Netmoa g 1074
. v _ 4_ Netmod) | _ Py
Chambers — Dilute only Non-dimensional parameter (Wetmons) 331& < Nomody ==~
Jones & -
Williams [11] Chambers — Plug flow Netmed 50 07
Fluidized dense-phase Loose  poured bulk density- Pyl =300
permeability

Dilute only

Plug flow

(kg/m?3) - (m3s/kg)

Py = 2041070
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Therefore, from Geldart's method [1] to the work of Jones and Williams [15], there are numerous flow mode
diagrams and proposed criteria to utilize in determining flow modes for pneumatic conveying of powders/granular
particles. As it can be seen, some of the scientists considered only physical properties of particles/powders 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 1[31-34].

2 EXPERIMENTAL TEST SET-UP AND METHODOLOGY

The vertical test set-up is designed in order to determine the minimum fluidization velocities. On the other hand
horizontal test set-up is constructed for investigation of flow dynamics during pneumatic conveying of a variety
of particles and their effects such as mass, density, size etc. The vertical test set-up, vertical test chamber, and
horizontal test set-up are shown in Figure 1, Figure 2, and Figure 3 respectively.

’ s e oz
1. Blower unit 2. AC control unit 3. Settling tank 4. Manometer 5. PVC pipe 6. Pitot-tube and traverse
7. Pressure Transmitter 8. Acrylic glass pipe 9. Daq board 10. PC 11. Supports ~ mechanism

Figure 1. Vertical test set-up

i

1. Upper perforated plate 2. Pressure transmitters 3. Lower perforated plate 4. Solid particles
5. Flange plate 6. Screw 7. Acrylic test chamber

Figure 2. Vertical test chamber
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The reference test section is located at XR/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. Three pressure transmitters
(WIKA SL-1) are used in vertical test set-up and four pressure transmitters are used which in horizontal test set-
up. Particle feeder is to induce solid particles into air flowing through the pipeline system in horizontal test set-up.

0
Lo, Xa
I
i
S ol | | : ;
Do=110mm 5 5 5 - Di=100 mm
3 H : 5 Do=110mm
[ 1600 mm T 1400 mm T 1600 mm T [ S
f‘jE el B o | -
e 5 o o4 | | 1
A l 000 mm 1000 e ——
1 6 loel1e 11 I
. = R E5 R
1. Blower unit 2. AC control unit 3. Settling tank 4. Manometer 5. PVC pipe 6. Pitot-tube and traverse
7. Pressure Transmitter 8. Acrylic glass pipe 9. Daq board 10. PC 11. Supports 12. Particle feeder 13. Collector

Figure 3. Horizontal test set-up

A pitot tube and a traverse mechanism is mounted at Xgr/D=38.46 downstream of the exit part of settling tank. 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. NI USB-6353 X series DAQ, USB
daqg board is instructed by a LabView software program. 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.

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. The average particle diameter, dp is
taken as %50 of the weight of sieved particles. The densities of particles ps are calculated with custom design
sieve and the pyip densities are determined by following ASTM standard code B212-76 [35]. The relation between
loose-poured bulk density puwip, particle density ps and voidage &, is given in Eqgn. 20:

pop = (1-8) ps (20)

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 2.

Table 2. Physical characteristics of solid particles

Particle Code Size range (um) dp(um) Shape ps (kg/m®)  poip (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  Filament 433 200 0.538

3 RESULTS AND DISCUSSION
3.1  Determination of Minimum Fluidization Velocity

There is no exact determination for the minimum fluidization velocity in the literature. In the vertical test set-up,
solid particles 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 symbolizing L10, L30 and L50 respectively. The experimental study is 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 < Uair < 24.83 m/s. At each Usir the field is observed with the measurement of the local static pressures the
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preliminary experiments; measurements indicate that variation of local static pressures at Xv/D= 1.5, 2.5, 3.5 and
8.5 which can be used as a determination tool for the flow inside. The measurements of local static pressures at P»
is given as a function of P, for different Uair with the range of 3.65 m/s < Uair < 24.83 m/s in Figure 4.

300

250 ! T
200 - —

150 -

P2 (Pa)

100 P A ---+--- Empty
50 -2
0 L4
0 100 200 300 400 500 600

P1(Pa)
Figure 4. Local static pressure variation in empty pipe in vertical test set-up

The visual observation for the minimum fluidization state is verified by the local static pressure measurements,
the static pressure at before the bed Xy/D= 1.5 is called as P; and the static pressure at Xy/D= 2.5 after the bed is
called as P.. In the experiments the local static pressures at location Xv/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.

Measurement of local static pressures along the horizontal test set-up is conducted in empty pipe. Local static
pressures are given as a function of U, for empty pipe in Figure 5.

300
',0
250
.a
200 -
F 10 RS P1
2 150 .
a I P2
( ]
100 - P3
o = P4
50 i -
&
a
0 =
5 10 15 20 25
Uaim/s}

Figure 5. Local static pressure variation in empty pipe in horizontal test set-up

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 Xn/D=10. The air flow velocity Usir is changed gradually in the range of 3.65 m/s < Ugir < 24.83 m/s. At
each U,ir the field and structure of particles configuration is visually observed. The measurements of local static
pressures P; at Xu/D= 2 before the prismatic configuration and P, at Xn/D= 18, P3 at Xu/D= 32 and P4 at Xn/D=
48, after the configuration are used to analyze the minimum fluidization state. The experiment is performed with
the increase of Uair, 3.65 m/s < Uair < 24.83 m/s. So that, the distribution of solid particles is observed and also
local static pressures P1, P2, P3 and P4 are determined with the aid of pressure transmitters and recorded.

In the horizontal test set-up 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 Usir. The collected
amount of M, is 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 base.

For the final test set-up, a sample dynamic verification experimental study is 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
set-up, three solid particles which are S, W and SE are used to observe flow modes during the continuous
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conveying with particle feeder. The particle feeder induced the known amount of particles into the pipeline system
with determined mass flow rates, r1p. Particle feeder induces different r1, 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 are measured together with the amount of particle transported by air. The measurements are started at the
maximum Ua;r to observe a fully suspended-dilute phase inside the horizontal test section. The measurements are
repeated by reducing Uair. At each U,ir the measurements together with visual observation of the test section are
used for flow mode analysis. The least; Uair at no particle conveying point is also referred to determine a critical
state for the flow mode. Therefore, the flow field observation with the static pressure measurements is compared
with vertical and horizontal test set-up.

3.2  Results in the Vertical Test Set-up

The minimum fluidization velocities, Uyt of seven different particles of SE, S, W, T, Z1, Z2 and PE are given in
Table 3 in case of different flow rates from 0.029 m%/s to 0.195 m3/s. Un is not observed for S particles at L50.

Table 3. Minimum fluidization velocities corresponding to the visual observation of the shape

Particles Umi (M/s)  Air Flow Rate (m%s)  Particles Unmt(m/s)  Air Flow Rate (m%/s)
Z1(10mm) 7.44 0.058 S (30 mm) 21.70 0.170
Z1(30mm)  15.87 0.125 SE(I0mm)  6.99 0.055
Z1(50mm) 21.70 0.170 SE (30 mm) 17.38 0.136
Z2 (10mm) 8.42 0.066 SE (50 mm) 21.70 0.170
Z2 (30mm) 17.38 0.136 PE (10 mm) 7.89 0.062
Z2 (50 mm)  23.56 0.185 PE (30 mm) 13.81 0.108
W (10 mm) 9.89 0.078 PE (50 mm) 18.13 0.142
W (@B0mm)  18.13 0.142 T (10 mm) 3.65 0.029
W (50 mm)  24.83 0.195 T (30 mm) 8.20 0.064
S (10 mm) 6.17 0.048 T (50 mm) 11.22 0.088
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Figure 6. Pressure variation for W, PE and T at (a) L10, (b) L30, and (c) L50
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For each test case, vertical test chamber is filled with particles to the desired bed length and blower is operated
until all particles in vertical test chamber are just suspended in which this phenomenon is called as start to
fluidization. At this time, U.ir is measured by using pitot tube at the reference test section. This U, is taken as
minimum fluidization velocity. At the same time, static pressures are measured and acquired by means of a devised
program. After the observation of Uny, the fan speed is increased systematically up to the maximum flow rate of
0.207 m¥/s until the flow becomes fully suspended. Uns values is found in the range of 3.65 m/s < Ups < 24.83 m/s.
The minimum and maximum U values are found for T particles at L10, and W particles at L50 respectively.

P1 and P, are calculated for each bed lengths which are shown in Figure 6a, 6b, and 6¢ for L10, L30, and L50
respectively. As shown in Figure 6, although the value at P1 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 Figure 6, three particles are given due to a wide range of pyp. The
results showed that the particle which have lower py, fluidizes earlier then the heavier ones.

Bed length is governing parameter on Unsdetermination for all particles. This influence is dominant in comparison
with the corresponding effect of L for PE and T. As can be seen from Figure 7a and 7b the change in L is not
seriously influencing P2 versus P1 plots. The reason of this observation is due to the pu, of PE and T, and possibly
shape and size dp. On the other hand as can be seen from Figure 7¢, P2 versus Py variation is much more influenced
by L.
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Figure 7. Minimum fluidization state change as a function of bed thickness for (a) PE, (b) T, and (c) S

In Figures 8a and 8b P, of Z1 and W particles are given as a function of P1. The loose poured bulk density ppip Of
Z1 is higher than that for W, but the Uy of W is seen to be higher than that for Z1 at L10, L30 and L50. This may
be related to the small particle size d, of Z1 with regarding to W. SE and Z2 have same characteristics which are
shown in Figure 9a and 9b. 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 3. It seems the reason of difference may be related with ppip values of Z2 and SE. The
reason of the low Up¢ for SE may be because of that ppip is more effective than d, for the determination of minimum
fluidization states.

Flow modes are clearly observed in vertical test set-up. While the air flow rate is not enough to fluidize solid

particles in the pipe Uair << Uy, unstable zone is observed. At minimum fluidization velocity of solid particles Ui
= Unr, fluidized dense phase is observed and then with increasing the air flow rate, all particles are suspended in
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the air flow with Uair > Unr. This flow mode is called as dilute phase. So that, all flow modes are observed for
covered particles in each L at vertical test set-up.
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Figure 8. Minimum fluidization state change as a function of bed thickness for (a) W and (b) Z1
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Figure 9. Minimum fluidization state change as a function of bed thickness for (a) Z2 and (b) SE
3.3 Results in the Horizontal Test Set-up

In horizontal test set-up minimum fluidization velocities are given with U'n:. 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 Xn/D=10 from the beginning of the acrylic glass pipe until
the pipe has full of particle as shown in Figure 10.

[ s et e [ Dho.ei;g mm

[F:3:: ::::':[|

Figure 10. Horizontal test set-up with particles

Uair is increased and at each Usir field is observed. The Uair is taken as U'ne Which are given in Table 4 when the
air velocity U,ir at which first particles over the top of triangular horizontal bed carried. The carried M, and time

83



An Experimental Study on the Determination of Minimum Fluidization Velocity BUFBD 6-1, 2023

are used to determine U'w. The minimum and maximum U'ys are observed for SE with d, = 700 um and ppip = 850
kg/m?3 at U'm¢= 6.99 m/s and the W with d, = 2250 pum and ppip = 950 kg/m? at U'rs = 16.32 m/s. This result showed
that the d, values are dominant in comparison to pup to determine U'wr. In addition to this, U’y of particles in
horizontal test set-up are higher than Uy of particles at L10 in vertical test set-up except for SE.

Table 4. U'nsof W, S, SE, PE and T in horizontal test set-up
Horizontal Test Set-up

Particles Ut (M1s)
W 16.32

S 10.75

SE 6.99

PE 12.47

T 8.94

Figures from 11a to 11j illustrate a sample visual observation of each stage during a test run for PE. When the Ui
<< U'ms slug flow is observed as shown in the Figures 11a and 11b. U of first breaking point from the top of solid
particle hill is taken as U'ys. Figures from 11c to 11f showed that start to fluidization where U'n = Uair. Then, solid
particles hill is transformed to a long line in the pipe shown in Figures from 11g to 11j. This long particles line is
called as plug flow where Uair > U'wt. Solid particles line shortens continuously depending on Ui before the pipe
is totally discharged. At this time flow mode is observed as fully suspended- dilute phase where the Uair >> Ups.

b)

i) )i

Figure 11. Visual observation of polyethylene

Figure 12 showed that the variation of P, versus P, for horizontal test set-up for five solid particles in which
minimum fluidization states are marked with a circle symbol of “O”. Variation of P, versus P; was used to
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determine fluidization states for the vertical test set-up and it is shown the sudden increase in P, represented the
minimum fluidization states. On the other hand, as shown in Figure 12 in horizontal test set-up, this method does
not give any remarkable results to determine fluidization state similar to vertical test set-up. P2 increases almost
gradually with P1 without a special influence of “O” point. For this reason, an alternative method is proposed.
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Figure 12. Pressure variation and minimum fluidization state change horizontal test set-up

Pressure drops; AP, AP3 and AP, are used for the determination of states for each particle. Pressure difference of
P1 and P, P; and P3 and Py and P4 are symbolized as AP, AP3 and AP4. Fluidization states are shown with a circle
symbol as before. The local pressure drops versus U,ir are given in Figures from 13 to 17. In vertical test set-up;
variation of local pressure magnitudes before and after the packed cylindrical material samples as a function of
U.ir is used to determine Uns and its link with flow dynamics. In horizontal test set-up the similar measurement
practice indicated that variation of local pressures before and after the packed triangular material samples presented
a different functional relationship with U.ir Therefore local pressure drops AP,, AP; and A P, defined as the
local pressure differences.

The minimum slope of local pressure drop values are shown in Figure 13 for T which has the lowest ppi, of 200
kg/m? in this study. This may be the reason of the lowest slope. The new expectations is the maximum slope for
the particle of maximum density which is sand with ppip 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 14. So, the slope of the pressure drop is not only related with loose pored bulk
density, puip it is also related with average particle diameter, dp.
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Figure 13. AP as a function of Ug for T Figure 14. AP as a function of Ui, for S

In Figure 15, local presure drop versus U,ir 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 Figures 16 and 17. The reason of this result may be because of the fact that the average particle
diameter of SE with d, = 700 pm is less than W and PE with dp = 2250 um and d, = 2750 um respectively.

In horizontal test set-up 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'ni >> Uair. After this points, particles are spreaded into
the pipe, then it is provided to transition of plug flow when the U, = U'nr. Following that long plugs are occured
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when the Uair > U'ns in through the pipe line and it is called as plug flow. With the increasing of Ui all particles
are started to flow in the air flow and again plug flow is\otﬁurred at Uair >> U'n.
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Figure 17. AP as a function of U for PE
3.4 Results in Continuous Conveying with Particle Feeder

In this test case, S, W and SE are used to observe flow modes during the continuous conveying with particle feeder
where located at X/D=0. The particle feeder induced the known amount of particles into the pipeline system with
determined mass flow rates, myp with the ranges of 0.0149 kg/s < hp < 0.111 kg/s. The measurements are started
at the maximum U,ir = 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 Xn/D=2, 18, 32 and 48 and
also conveyed particles are weighed. The measurements are repeated by reducing Uair 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 which is used to
induce different rhy except for T and PE particles which is given in Table 5. U,ir, and 1local pressure drop
values AP,, AP; and AP, are measured together with the carried mass of particles; My/M, through the
experiments. Here, Ma is the air mass flow rate and M, is the mass flow rate of particles which are carried by
different values of Uair. Mass flow rates of particles with respect to air mass flow rates are tabulated in Table 6.

In continuous conveying tests only dilute phase is observed. S particles is induced into the pipeline with the ranges
of 0.5 % < Mp/M, < 29.14 % shown in Figure 18. AP ranges of S particles stated that the mass flow rates are
directly related to local pressure drops in pipeline.

In Figure 18a, AP2, AP3 and AP4 are 77.14 Pa, 92.73 Pa and 82.11 Pa while Mp/Ma = 0.5 %. It is seen that the
magnitudes are increasing in Figures 18b and 18c AP2, AP3 and AP4 are 80.15 Pa, 93.24 Pa and 84.11 Pa
respectively for Mp/Ma = 0.65 % and AP2, AP3 and AP4 are 8§6.32 Pa, 115.32 Pa and 105.25 Pa for Mp/Ma = 1.08
%.

SE particles are induced into the pipeline also with the ranges of 0.25 % < Mp/Ma < 17.56 % which are given in
Figure 19. The magnitudes are increasing in Figures 19a and 19b such that AP2, AP3 and AP4 are 59.12 Pa, 69.78
Pa and 64.74 Pa for Mp/Ma = 0.37 % and AP2, AP3 and AP4 values are 63.55 Pa, 74.01 Pa and 68.06 Pa for
Mp/Ma = 0.43 %. W particles are also induced into the pipeline with only 15 mm and 20 mm orifice plates with
the ranges of 0.38 % > Mp/Ma > 12.20 %. The results are given in Figure 20. W particles are not discharged from
the 10 mm orifice plate. The magnitudes are increasing in Figure 20b, namely AP2, AP3 and AP4 are 71.18 Pa,
79.46 Pa and 75.32 Pa for Mp/Ma = 0.43 %.
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Table 5. Calibration of particle feeder

Particle Mass Flow Rate, r, (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
SE 0.0149 0.0312 0.0434

S 0.0285 0.0566 0.1111

Table 6. Mass flow rates of particles with respect to air for continuous conveying
Particle Orifice (mm) Max Myp/Ma, (%) Min Mp/Ma (%)

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
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Figure 18. AP as a function of Uair for S particles with the range of (a) 0.50 < Mp/Ma < 14.20, (b) 0.65 < My/Ma
<23.74, and (c) 1.08 < Mp/M, < 29.14

For the general view of the link between the local pressure drop and Mp/Ma for S, W and SE particles, they are in
the similar characteristics. AP increases as Mp/Ma increases. However, local pressure drop values are differently
affected by solid particles because of their pblp and dp. Due to their small size, SE particles generated lower local
pressure drop values in comparison to W particles for the same Mp/Ma = 0.43 %. On the other hand the local
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pressure drop values for S at Mp/Ma = 5.33 % are seen to be higher than that for SE at Mp/Ma = 5.44 %. Local
pressure drop values are given AP2, AP3 and AP4 as 114.22 Pa, 136.09 Pa, 123.05 Pa (for S) and 88.50 Pa, 109.21
Pa, 99.46 Pa (for SE) which is predicted due to pblp of S is higher than that of SE.
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Figure 19. AP as a function of Uair for SE particles with the range of (a) 0.25 < Mp/Ma < 4.18, (b) 0.37 < Mp/M,
<11.70, and (c) 0.43 < Mp/M, < 17.56
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Figure 20. AP as a function of Uair for W particles with the range of (a) 0.38 < My/M, < 9.47 and (b) 0.43 <
Mp/Ma < 12.20

4 CONCLUSION

In this paper three different cases which are vertical (test case 1), horizontal (test case 2) and continuous conveying
test case are used to determine flow modes in pneumatic conveying systems. Seven solid particles which are SE,
W, S, T, PE, Z1 and Z2 with the range of 200 kg/m® < pup < 2400 kg/ m® and 150 um < dy < 2750 um are used in
these three cases. The used parameters are calculated with the ranges of 17714 < Rems < 147600, 3.65 m/s < Ut <
24.83 m/s, 0.0052 m2/Pa.s < Ps < 0.92 m2/Pa.s and 0.25 % < Mp/M, < 51.99 %.

In vertical test set-up unstable zone and fluidized dense phase is occurred, then in the horizontal test set-up slug
flow and plug flow is observed and lastly plug flow and dilute phase is occurred visually in continuous conveying
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test case. Finally, all obtained data which are explained in the previous sections are classified according to flow
modes in pneumatic conveying systems. The flow modes are given as boundaries of flow modes in Table 7 with
regarding to three test cases which are vertical, horizontal, and continuous.

An increase of loose poured bulk density, puip causes an increase of minimum fluidization velocity, U in vertical
test set-up. On the other hand, increase of average particle diameter, d, causes an increase of minimum fluidization
velocity in horizontal test set-up. Furthermore, the average particle diameter is seen to be more effective in
horizontal test set-up in comparison with vertical one. These deductions on pyip, dp are due to the constraints at
horizontal and vertical test cases.

As a result of the study, some further investigations on the manner will be conducted as follows:

e The particle characteristics should be considered particularly for the ranges of d, <100 pm and dy > 3000 pm.
e The range of study should be extended to cover of a variety of industrial applications.

e The constructed test system should be revised to have a fully automated structure.

Table 7. Boundaries of flow modes in three test cases

Vertical Test Set-up

Unstable Zone Transition of Fluidized Dense Phase Fluidized Dense Phase
Uair << Ut Uair = Une Uair > U l Uair >> Ut
Horizontal Test Set-up

Slug Flow Transition of Plug Flow Plug Flow

Uair << U'm Uair = U'n Uair > U'n l Uair >> U'n
Continuous Conveying Test Set-up

Plug Flow Dilute Phase

Uair < UII Uair >> UII
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