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Abstract:

The main aim of this study was to investigate the influence of operating conditions and
geometrical features (fluidization air flow rate Qp,4, transport air flow rate Qr,, and nozzle
position z) on mass flow rate of solids in vertical air-lifters.

Results from an experimental investigation that was done with two different bulk materials
have been used in the present study. The large number of experiments for small scale vertical
air-lifter has been carried out at the various operating conditions.

In order to investigate wide range of experimental data and to formulate a tool for calculation
of solids mass flow rate in vertical air-lifters, the mathematical model has been developed
based on K — model for pneumatic conveying systems. MatLab software has been used for
simulation of model and for presenting the results. Calculations have been performed by two
methods: based on average and instantaneous values of pressure drop coefficient K,;. The
first method gives a significant error and the model cannot be used for prediction of mass
flow rate of solids for vertical air-lifters.

The best result was achieved based on online calculations of pressure drop coefficient and it
also gave satisfactory results for predicting solids mass flow rate for different experimental

conditions.
It was found that the fluidization air flow rate Qr, influences most the transport capacity.

Transport air flow rate Q4 also influences mass flow rate of solids in vertical air-lifters. The
nozzle position z has the least impact on capacity of vertical air-lifters.

Telemark University College accepts no responsibility for results and conclusions presented in this report.
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Preface

This is a master thesis performed at the Telemark University College in
cooperation with POSTEC/Tel-Tek and ALSTOM Power Norway.

The report presents some knowledge of modeling and simulation of dynamic
systems, powder technology and pneumatic conveying systems for particulate
materials, and programming in MatLab.

The report consists of 7 chapters and one Appendix. First chapter introduces
the theoretical background for different pneumatic conveying systems and vertical
air-lifters as a subspecies of pneumatic transport. The second chapter in the thesis is
dedicated to the literature review of pneumatic conveying and vertical air-lifters,
different approaches for system modeling and scale up technique. Chapter three is
the experimental setup. Chapter four shows the model development and explains the
basis of implementation the model in MatLab. The fifth chapter discusses the results
of model simulation. Chapter six is rounding of the conclusion chapter and Chapter
seven gives suggestions for further work. Appendix shows the example of MatLab
code for running the simulation of model.

I would like to thank my supervisor Chandana Ratnayake for help and support
with the master’s thesis.

Porsgrunn, June 20, 2013

Alina Litovchenko



Nomenclature

This chapter gives a list of symbols, abbreviations, and subscripts used in the thesis.

Rep,r — Reynolds number related to minimum fluidization velocity
Ga — Galileo number

Vs — the minimum fluidization velocity, m/s

pr — density of fluid, kg/m?

n — the viscosity of the fluid, kg/ms

ps — solid density, kg/m3

g — acceleration of gravity, m/s?

€ms — voidage at minimum fluidization

1 —sphericity

S —constant, related to particle concentration at the onset of chocking
¢ — voidage

Fr¢q — Froude number based on spherical particle diameter

d — spherical particle diameter, m

. — voidage at chocking velocity

wyo — single particle settling velocity in an unbisturbed fluid, m/s

wy, — slug velocity relative to the dense phase solids, m/s

D — tube diameter, m

Fryp — Froude number based on the tube diameter

v, — velocity of the porosity wave, m/s

n — function of particle Reynolds number and (d/ p) from Richardson-Zaki eguation

AP — pressure drop, bar

f — friction factor

p, — air density, kg/m3

v — flow mean velocity, m/s

L — length of the pipe section, m

Ap,; — pressure drop for the straight pipe section, bar
K,; — pressure drop coefficient for straight pipe section
Psus — suspension density, kg/m3

Ventry — gas velocity at the entry section of considered pipe, m/s

Vi



m — solid mass flow rate, kg/h
m, — air mass flow rate, kg/h

V; — solid volume flow rate, m®/h
V, — air volume flow rate, m®/h

Q — volume flow rate of air which takes in account the compressibility effect, m3/h

dm . .
E - change 1In mass in storage tank

m, — outflow from the tank, kg/h

¢’ - error in outflow to control

Thorer — Set point for mass flow, kg /h

m — mass flow rate, kg/h

Pranik — Dressure in blower, bar

a — linear relationship factor for mass in blowtank related to outflow
B — linear relationship factor for blower pressure related to outflow
K — constant

L., — equivalent length of the vertical pipe section, m

L,, — length of vertical pipe section, m

Ly ¢q — equivalent length of bends, m

n — number of bends

b — bends length, m

v, — air velocity in the considered pipe section, m/s

Ap, — pressure drop in form of solid particle, bar

L, — total equivalent length of the system, m

L,—equivalent length of horizontal section of the system, m
A — pipe cross-sectional area, m?

A, — non-dimensional particle pressure drop factor

Qra — transport air flow rate, m3/h

Q4 — fluidization air flow rate, m®/h

Az — nozzle position, m

h — length of transport pipe, m

d, — particle diameter, m

Vii



Overview of tables and figures

This chapter shows the list of figures and tables presented in report.
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Figure 1-5: Dense phase pneumatic conveying system (11)
Figure 1-6: Positive pressure conveying system (9)
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Figure 3-1: Schematic diagram of the experimental rig
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1 Introduction

1.1 Overview of powder conveying technologies

Particulate solids are widely used in variety of industries, such as pharmaceutical, oil,
metallurgical, paint, plastic etc. (1). Depending on production process, raw materials
and finished products need to be transported within the plant and also to and/or
from the plant. Different conveying technologies are used for those purposes. The
most commonly applied techniques are mechanical conveyors. Few known examples
for mechanical conveyors are belt, vibratory and screw conveyors. Mechanical
conveying systems have number of drawbacks comparing to pneumatic transport.
There are:

e Dust and fumes pollution

e Toxic dangers

e Dust explosions

e Possibility to transport only in straight line
e Required space

A simple sketch of a mechanical conveyor is shown on Figure 1-1.
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Figure 1-1: Sketch of mechanic belt conveyor (2)
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Due to all those limitations and difficulties in operating of mechanical conveyors,

pneumatic conveying becomes more popular in many industries.

1.2 Introduction of pneumatic

Descended from a Greek word ‘pneumatikos’, which means coming from the wind,
pneumatic is the use of pressurized gas in various sciences and technologies.

Pneumatic conveying is one of applications of pneumatics for handling of particulate
solids. This chapter tells about history, advantages and disadvantages, basic types of



pneumatic conveying systems. The motivation of this research is detail described in a
later section.

1.3 Definition of pneumatic conveying

Pneumatic conveying is the transportation of wide variety of dry bulk particulate
materials, both horizontally and vertically, by compressed gas stream (generally air)
through pipelines. The powdered and granular solids transport by using either
positive or negative pressure gradient within a piping system whereupon separate
from the gas and collect at the desired place. A general scheme of a pneumatic

conveying system is presented in Figure 1-2.

Figure 1-2: General scheme of a pneumatic conveying system (3)

The pneumatic conveying systems are applied in variety of industries, such as mining,
chemical, metallurgy, food and agricultural, due to series of advantages compared to
the other modes of transportation. Despite the short history of pneumatic conveyors,
this mode of powder conveying has become very popular in the field of handling of

bulk materials.

1.4 History of pneumatic conveying

The history of pipeline transportation starts back from antiquity. In the Roman
Empire lead pipes were used for water supply and sewage disposal as well as in China



for transportation of natural gas (4). Relying on printed page references, the history
of pneumatic conveying is around 150 years (5). The earliest applications to be cited
are grain unloading from ships in Russia, handling of flour at a flour mill in Italy. The
first pneumatic conveyor, which was recorded in 1866, ensured transportation of
solid in air through the pipelined by using of fans. In last decade of 19th century the
principles of pneumatic transport were widely used in Europe for transportation of
grain (6). At this period of time many improvements have been done, which led to
evolution of pneumatic conveying technology. Significant breakthrough in the
development of pneumatic conveying can be seen during First World War due to high
demand for foods, risks of explosions and labor scarceness. The very first basic
studies in pneumatic conveying were done by Gasterstadt in 1923. The development
of modern pneumatic conveying began in 1950’s in Japan and Germany
simultaneously with invention of blowers, introduction of batch conveying blow tanks
etc.

Presently, pneumatic conveying is widely used for handling of particulate materials.
It is reported (77) that some plants have conveying distance of more than 40 km and
material flow rate of few hundred tons per hour.

1.5 Advantages and limitations of pneumatic conveying

Pneumatic conveying has a variety of applications, but it also has principal
restrictions, such as material to be conveyed, distance, conveying rate, versatility,
compactness, required low manpower. Total cost is also important for the selection of
a conveying system. Despite of all constraints, pneumatic transport has many
advantages. It offers dust-free transportation and improved working environment,
reduced raw material costs, storage costs and storage area, lower production losses
and saving in packing (8). Pneumatic conveying ensure flexibility in routing by
adding of bends in pipelines, distribution of solids to different areas in a plant and
possibility to pick—up materials from several storages (4). One of the main
advantages of pneumatic transport is capability to use the same pipeline for
transportation of various products including high-valued materials. Pneumatic
conveyors are characterized by the efficient control and automation systems.

In spite of many factors in favor of the pneumatic transport, there are certain
disadvantages, such as explosion risk, erosion, abrasion and wear due to different
chemical characteristics of conveyed materials (8). Design, operate and maintain
systems require special attention and high skills level due to complex flow
phenomena which take place and particle degradation that may occur. Pneumatic
conveying lines have limitation in distance and are high power consumers. Since
pneumatic conveyors are energy-intensive it is more advisable to use them for



transportation fine particles over short distances but, as practice shows, these
limitations are economic rather than technical (4).

With resent development and increase in diversity of pneumatic conveying systems,
increasing in potential applications can be seen all the time.

1.6 Structure of pneumatic conveying system

Pneumatic conveying systems consist of four main zones and each of them requires
special equipment to ensure the effective operation of the plant (Figure 1-3) (4).
There are:

» The prime mover;

» Feeding, mixing and acceleration zone;

» The conveying zone;

» Gas-solid separation zone.
Prime mover can be represented by a fans, compressors, vacuum pumps and blowers
which are used to supply gas with the amount of energy needed to convey solids.

Introduction of solid materials to the gas stream is provided in second zone by using
screw feeders, venturi nozzles, rotary valves, blow vessels, etc. To move material
within pipelines, particles need to pass through special designed piece of pipe in
order to be accelerated.
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Figure 1-3: Major parts of pneumatic conveying system (4)



After passing through acceleration zone solids enter into conveying zone which
consists of piping. There many factors influence on selection of pipes, such as
pressure requirements, abrasiveness of material, etc.

Last zone ensure separation of particulate materials from gas. The mail factor which
influences on choosing separation system is size of particles to be separated. The
most often applied systems are cyclones, bag filters, reverse jet filters, etc.

1.7 Classification of pneumatic conveying systems and
there modes

There are many factors and ways for classification of pneumatic conveying systems.
In this subchapter, three main classifications will be considered.

Pneumatic conveying is characterized by different flow modes which depend on
average concentration of particles in pipeline. Based on this, pneumatic conveying
systems divided into two categories (4):

» Dilute phase regime

» Dense phase regime
Dilute phase conveying means transport of materials in suspension in the gas
through the piping systems (9) as shown in Figure 1-4. This type of flow mode is the
most applicable in pneumatic conveying systems.
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Figure 1-4: Dilute phase pneumatic conveying system (10)



Dense phase conveying takes place when solids are non-uniformly distributed over
the cross-section of the pipe (4). There are several flow patterns in dense phase which
can vary from the case when solids pack in pipes to the case of transportation of
material as a series of dunes with a dilute phase above the dunes.
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Figure 1-5: Dense phase pneumatic conveying system (11)

One of the most important factors for classifying conveying systems is operating
pressure. There three main types of conveying systems based on different pressure
levels (11):

1. - Positive pressure systems — are systems in which transportation of
material and discharging to a reception point take place at atmospheric
pressure. Such systems are the most widely used despite of a number of
problems with feeding of solids due to a positive gas pressure in pipeline.
Nowadays, there are many feeding devices that can be used in such conditions.
One such positive pressure system is presented on Figure 1-6.
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Figure 1-6: Positive pressure conveying system (9)

— Negative pressure systems — are systems with absolute gas pressure
lower than atmospheric pressure (12). Those pneumatic conveying technic,
which also named vacuum/suction conveying, are commonly used for
transportation of solids from multiple sources to one receiving point. Also
such systems are widely used for drawing of toxic and explosive materials in
order to avoid all gas leakages and eliminate dust pollutions (9). Negative
pressure systems can be applied for handling solids from open storage by
using of suction nozzles as well as for more effective unloading ships. Typical
arrangement of a negative pressure system is presented on Figure 1-7.

— Combined negative-positive pressure systems — are versatile
conveying systems which combine advantages of two systems described above.
Those systems, also called “suck-blow” systems, provide multiple feeding and
multiple discharge of products (4). An example of combined pressure system is
shown on Figure 1-8.
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Figure 1-8: Combined negative-positive conveying system (9)

1.8 Operation of pneumatic conveying system

One of the important factors which should be taken in account in design of pneumatic
conveying is distinguishable difference between flow regimes in horizontal and
vertical pipes (12). The general principles of horizontal and vertical pneumatic

conveying are considered further.



1.8.1 Horizontal pneumatic conveying systems

The flow regimes in horizontal conveying system can be explained by using typical
phase diagram presented on Figure 1-9.
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Figure 1-9: A typical phase diagram: horizontal flow (4)

The diagram shows the possible flow patterns in depending on different flow
situations (12). The curves on Figure 1-9 represent different constant solids mass flow
rates with the independent variation in system pressure drop and conveying gas
velocity. The line Mso=0 shows the case of transportation of gas only and characterize
a single phase flow. Introducing of particulate material to the system leads to
increasing in pressure drop compare with the case of gas only transportation. With
the certain mass flow rate of particles, gas velocity is kept constant. When the gas
velocity is decreasing with constant mass flow rate, reducing the pressure drop down
to minimum value can be observed. The line which connects those points for different
solid flow rates is pressure minimum curve. As it can be seen from the diagram, the
flow regimes from the right hand side of pressure minimum curve are classified as
dilute phase with the low mass loading ratios while the left hand side regimes are
dense phase which characterizes by increase in pressure drop with decreasing gas
velocity. This regime is unstable with plug-dune flow pattern. Further reduction of
gas velocity leads to total blockage of pipeline due to the plug flow which occurs.



1.8.2 Vertical pneumatic conveying systems

As it was stated before, the position of pipes effects on pattern and characteristics of
flow due to influence of gravity forces. The state diagram for vertical conveying is
shown on Figure 1-10. The general shape of mass flow rate curves is similar to those
for horizontal flow but the cross-sectional diagrams are totally different (12). Further
discussion of vertical pneumatic conveying is presented in Chapter 2.
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Figure 1-10: A typical phase diagram: vertical flow (4)
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1.9 The aim of master’s thesis

Only a few publications have looked into the factors influencing the pneumatic
transport of powder materials in a vertical air-lift or similar devices. Some studies on
vertical pneumatic conveyor with a fluidized bed solids feeder showed that the solids
mass flow rate was dependent on a combination of transport air flow rate, fluidization
air flow rate, height of the fluidized bed, and length and diameter of the transport
pipe. Therefore, to develop a deeper understanding of the governing relations
between the flow behaviour of gas-solids flow in a vertical lifter and its basic
operating conditions geometrical features is needed for optimal operation of existing
industrial scale systems and design of cost effective transport systems.

Under the present study, a detailed investigation on the process of vertical air-lifter
will be carried out. The main objective of the study is to investigate the influence of

10



main operating conditions (fluidization air flow rate, transport air flow rate, nozzle
positions, type of conveyed material, etc) of a vertical air-lifter to its transport
capacity. A theoretical study based on experimental data will be planned through a
scaling-up technique based on pilot scale experiments.
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2 Literature Survey

2.1 Fluidization of powders

Fluidization of powder strongly depends on type of particles which make up this
powder. In 1973 Geldart (13) classified particles with respect to their ability to
fluidize.
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Figure 2-1: Geldart classification of particulate materials

This classification is based on the surface — volume diameter and density difference
between particles and fluid (14). Geldart classified all powders into 4 groups (Figure
2-1):

- Group A. Powders that had been assigned to this group are aeratable and
slightly cohesive. If sufficient deaeration time is not allowed between powders
from group A are likely to flood. The bubbles in beds of powders rise
considerably faster than the superficial air velocity. When the aeration velocity
tends to zero, the collapses temporarily.

- Group B. These powders, which are also called sand typifies powders, are
genuinely free flowing with no significant interparticulate forces. For group B
is typical that the bed expansion is very small and bed collapses rapidly.

- Group C. Powders that are cohesive, with interparticle forces which are
greater than the fluid forces. This lead to channeling in the bed. For successful

12



fluidization of such materials, powders must be stirred or it may be necessary

to use additives.

- Group D. This group includes large and dense powders that have high
superficial velocities at fluidization. As a result of this the segregation and
attrition can be observed. A distinctive feature of this type of powders is

spouting that can occur even at considerable bed depths.

Wen and Yu (15) considered the general correlation for the minimum fluidization

velocity as shown below

Repr = (33.7 + 0.0408Ga)%® — 33.7
f

where

UmfXsvPf

Remf = "

_ x%pr(ps—pr)g
Ga = S”n—z
In equations above, 7 is the viscosity of the fluid.

v _ Smf3(Ps_pf)(¢xsv)zg
mf = 150(1—&mf)n

The variety of fluidization types is shown in Figure 2-2.
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Figure 2-2: Different types of fluidization (1)
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2.2 System modelling

The characteristics of vertical flow in pneumatic conveying are described
quantitatively in terms of Zenz’s (16). One of the most important characteristic of
vertical pneumatic conveying is chocking phenomenon which has been described by
Zenz and Othmer (17). The chocking point is transition point from a dilute phase
vertical flow of materials to slugging or non-slugging dense phase (4). The velocity of
gas at the chocking point with the particular solid flow rate is the chocking velocity.
The phenomenon of chocking is not entirely investigated but there are number of
different analyses on predicting of system behavior. Some of them will be considered
further.

2.2.1 Analysis of Yousfi and Gau (18)

This analysis considers the stability of a uniform dilute phase flow of solids
depending on a sinusoidal perturbation of gas velocity. The system becomes unstable
when material concentration increases with time and distance along the riser as a
result of the imposed perturbation (4). According to (18) for stable uniform dilute
phase flow, a constant S is given as

S =e(1—¢e)Frf, 2-5
where
2
2 _ Yo
Frfd = g_d 2-6

S is related to particle concentration at the onset of chocking by
2
(-2 = [1-(1-75)V7] 27
Frfd

In order to get an experimental value of S=35 the chocking voidage for polystyrene
system was measured. Yousfi and Gau stated that for choking to occur

wfy/gd = Friy > 4S > 140 2-8

This analysis has two assumptions that change in drag force and wall effects are not
accounted for. Therefore, the effect of pipe diameter on system behavior cannot be
predicted.

2.2.2 Analysis of Yang (17)

In analysis by Yang (19) the stability of slugging flow is considered. It was stated that
slugging conveying becomes unstable when the slug velocity w,, relative to the dense
phase solids, is higher than wy, i.e. w,, > wy,. The slug velocity w), is given by (20)
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w,, = 0.35(gD)*/? 2-9
where D is the diameter of a tube. As a result, criterion by Yang can be presented as
following (4)

- for no slugging
0.35(gD)'/% > wy, 2-10
- for chocking to occur
wfy/gD = Fr#, > 0.12 2-11

According to Yang analysis the key parameter to characterize the stability of the
slugging conveying is Froude number based on the tube diameter.

2.2.3 Analysis of Smith (21)

Smith performed analysis of chocking and non-chocking systems based on an earlier
analysis of Slis et al. (22).It was shown that the wave velocity in vertical conveyors
relative to the solid velocity is the same as for a fluidized bed and can be expressed as

4

Ve = Wroe™n(1 —¢)/e 2-12
where

v, is the velocity of the porosity wave;

n is the function of particle Reynolds number and (%) from Richardson — Zaki
equation (23).
According to Smith (21) the slug velocity is given as
wy, = 0.41(gD)%> 2-13
where
D is the diameter of a tube.
Smith postulated that for chocking to occur
Ve > Wy 2-14
By combining equation it can be written as

wroe™ In(1—¢)

D)0 > 0.41 2-15

Since € is unknown, equation cannot be used directly. If to assume the maximum
value of " 1(1 — &), the equation above can be rewritten as

wron[((n — 1)/m)" = (1/n)]/(gD)** >0 2-16

Since 2.4 < n < 4.6 (22), for n = 2.4 chocking will take place if
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Frz, =10 5 0,59 2-17
fD gD )
For n = 4.6 chocking will occur if

Frz =" < 095 2-18
fD gD -

2.2.4 The pressure drop coefficient model

The model, also called K — model, which was developed at TEL-TEK/POSTEC by
Ratnayake (12), is used for calculation of mass flow rate. Derivation of the model was
made based on a model for pressure drop calculation, which was developed from
Darcy’s equation

2
AP = 4—fp§; L 2-19

where
AP is the pressure drop;

f is a friction factor which is a function Reynolds number for the flow and the
pipe wall roughness;

P, is air density;
v is the flow mean velocity;

L is the length of the pipe section.

This model can be applied only for turbulent single phase flow. As it can be seen from
equation 2-19, pressure drop follows a square law relationship so with doubling the
velocity pressure drop increases by factor of four. Since the equation of Darcy suits
for single phase flow only, it was modified for two-phase flow by Ratnayake (12).
Modified equation considered the two-phase flow gas-solid system as mixture with its
own characteristics and different parts of piping systems separately. For the straight
section of the pipe the pressure drop can be expressed as

1 5 AL
Apst Y Kstpsusventry D 2-20

where
Ventry 1S the gas velocity at the entry section of considered pipe;

K,: is the pressure drop coefficient for straight pipe section (horizontal or
vertical);

Psus 18 the density of the mixture in short pipe element.

Psus can be calculated from the following equation
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__ Mgtmg .07
Psus VetVy

where
mg and 1, are the solid and air mass flow rate respectively;
V, and V, are solid and air volume flow rate respectively.
The mass flow rate can be expressed by re-arranging equation 2-21

S PaQ_PsusVa
mS - Psus_1
Pa

2-22

where

Q is the volume flow rate of air including the experimentally measured air
volume flow rate at the true pressure in the section of the pipeline that is considered.
This is takes into account the compressibility effect.

2.3 Control of pneumatic conveying systems

Control systems for pneumatic conveying were considered by Klinzing et al (4). This
chapter describes the modeling of a positive pressure blowtank system for application
of PID-control.

Modeling of the system, mentioned above, can be done as mass balance with an
assumption that the output from the tank can be measured.

am_ _im 2-2
ar 0 3

where

dam . .
— change in mass in storage tank

m, — outflow from the tank

By specifying a set point for mass outflow of materials from the tank, the error to
control is determined by equation:

&' = Mgper — My 2-24
where
¢’ — error in outflow to control
Morer — Set point for mass flow
m, — measured outflow from the tank

The output can be determined as a function of blowtank pressure and mass of solids
in the tank with assuming a linear dependence between those variables. According to
Klinzing et al (4) the model for mass flow out of tank is as follows:
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my = am + BPeank 2-25
where
Ptank — Pressure in blower
B — linear relationship factor for blower pressure related to outflow
a — linear relationship factor for mass in blowtank related to outflow
Prank = K - €’ 2-26
Ptank = K(Mores — my) 2-27

Final model for outflow of the tank is written by combining equation:

In = i, 2-28
at
dam
T —(am + BPtank) 2-29
dam . .
— = —lam + BK (grer —10)] 2-30

In order to get transfer function for model above, the Laplace transform was applied:

G am = =K (fores — 1ho) 2-31
sm(s) + am(s) + m(0) = —BK (Moyer(s) — mp(s)) 2-32
m(s) = = [m(0) — BK (Morer(s) = mo(s))] 2-33

where
m(0) — the initial mass in blowtank

The transfer function is like in equation
m(s) = 7™ ——[m(0) — BK (morer(s) — mo(s) )] 2-34

where
e~ ™ — transport delay

This transfer function can be controlled by PID-control system but in order to avoid
oscillations due to noise PI-controller should be used. As alternative option Klinzing
et al (4) suggests modeling by neural networks and control by fuzzy logic.

2.4 Scale up techniques

Some methods that are used for modeling and predicting of different characteristics
of pneumatic conveyors involve experiments in a pilot scale rig over a wide range of
operating conditions. The obtained data need to be scaled by experimentally
determined factors to be used for modeling and predicting full scale system behavior

(12).
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The scaling of experimental data is one of the most important stages of the design of
pneumatic conveying systems since it gives a link between pilot scale apparatus and
industrial full- scale rigs. Therefore, it has essential accuracy and reliability.

In general, there are two approaches in scaling up techniques presented in literature.
There are global testing approach and the piecewise approach (12). Both of them have
advantages and disadvantages.

2.4.1 Mills scaling technique

Mills (24) considered that conveying conditions are the same for the laboratory-scale
rig and full-scale installation. The scaling procedure is to carry out in two stages:

e Scaling to the required distance with considering vertical sections and bends;

e Scales the characteristics of conveying process in terms of the pipe diameter.

In order to compensate different effects of bends in pilot plant and industrial

apparatus the concept of equivalent length of a bend has been introduced (12).

2.4.1.1 Effect of direction

For the horizontal pipe section experimental data from pilot rig contribute directly to
the equivalent length of the full-scale installation, by reason of the same magnitude
as its physical length.

The vertical section is considered to be scaled with parameters in terms of length of
straight horizontal pipe. Since the pressure drop in vertical pipe line is twice higher
that in horizontal section, the equivalent length of for the vertical pipe section can be
expressed as

Ley = 2L, 2-35
2.4.1.2 Effect of bends

The same principle can be applied for equivalent length of bends but, since it’s not an
independent parameter , the variation of bend’s length in terms of the conveying
material needs to be found by using pilot plant (12).

Lpeq =nb 2-36
2.4.1.3 Length of whole system

The total equivalent length can be calculated by using a reciprocal law m; « (Li) for a

constant Ap, and v,. That is, my, = my; (Zﬁ). Where, for a constant Apg and v,, the
ez

total length can be expressed as

19



Le=1Lp+ Ly + Lep 2-37

2.4.1.4 Pipe diameter

The scaling up technique which is suggested by Mills (24) is based on pipe cross —
sectional area mg « A « D? for a constant m,D~? and Ap,. Also m, can be considered
in terms of pipe diameter as it presented below

_ D252
Mgy = m51(D_1) 2'38
and
_ D2y2
Mgz = Mgy (D_1 2-39

For determination of the minimum conveying limits Mills (24) suggested to use ‘trial
and error’ procedure, since the most important parameters of conveying system are
interrelated.

2.4.2 Wypych and Arnold scaling method

Mills (24) scale up method has been tested by Wypych and Arnold (25) and it was
concluded that the equation used in Mills technique are not valid, especially when
data are scaled-up with respect to diameter of pipes (12). The following scale-up
equation was suggested

Ly Day28
M2 = Ms1 77 (D_) 2-40
2 1

where

L and L, are the adjusted values of length that represent differences between
the number and type of bends in the laboratory rig and full — scale plant.

This research doesn’t include the effects of bends in pipeline and no allowance has
been made for the bends when total length is calculated (12).

2.4.3 Molerus scaling technique

Technique presented in (26) considers non-dimensional parameters as it shown

below:
_2("Ps/y)p
b= i 2
Fr, = J% 2-42
where

A, is non-dimensional particle pressure drop;
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Ap; is the pressure drop in form of solid particle (12).

Molerus (26) determined that the combination of these two parameters describes
fully suspended gas-solid flow for given combination of gas and conveyed material.
According to this method, pilot plant tests are carried out to get the data in terms of
A,vs. Fr, and to use the resulting curve for the prediction of the pressure drop of the
plant to be designed (12).

2.5 Vertical air-lifters

The least studied type of pneumatic transport is the vertical air-lifters since only a
several publications have investigated the factors influencing the transport of solids
in these devices. As presented in some references ((28) and (29)), solids mass flow
rate in vertical pneumatic conveyors with fluidized bed solids feeder depends on
transport air velocity rate, fluidization air flow rate, height of the fluidized bed, length
and diameter of pipe (30). Latter work primarily focused on measuring particle
velocity in pipe cross — section by using laser Doppler anemometry (31). As
anticipated, the particle velocity increases with increasing superficial air velocity and
decreasing particle size and density (30). It was stated by Marthiesen and Solberg
(31) that the distance z between the nozzle outlet and the transport pipe inlet also
influence on mass flow rate of materials and with increasing distance z at a constant
transport air flow rate, increasing in mass flow rate of solids can be observed.

The flow behavior in pneumatic transport can be described by using flow diagrams.
There are two main flow regimes which can occur: dilute and dense phase. In order to
avoid unstable conditions in dense phase and unnecessarily high pressure in dilute
phase Raczek et al. (32) suggests to carry out vertical pneumatic conveying systems in
dilute phase near the point of the minimum pressure drop. The minimum pressure
drop depends on particle properties, characteristics of the system and operating
conditions, however, no study on vertical air-lifts performed to characterize the
relationship between main system parameters, such as the transport air velocity,
mass flow rate of materials and the pressure drop (30) .
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3 Experiment

3.1 Experimental rig

For developing a mathematical model for predicting solids mass flow rate, it was
decided to use the data from a previous experiment, which has been carried out at
POSTEC by Jana Chladek (30). Experiment was carried out in a 4 m high vertical air-
lifter that is presented on Figure 3-1.

U)ﬂ

1340

4000
%{ ;

ol

(4%}

BOO

L
i z

A 4

ud X {oo—=— Fluidization Air
L ——>kH O K=— Transport Air

400 1

Figure 3-1: Schematic diagram of the experimental rig

For measuring the fluidization air flow rate and transport air flow rate was installed
flow meter 1. In order to have uniform fluidization of the solids, the fluidization air
was supplied to the bottom of the feed tank 2 through an air distribution plate 3 (air
permeable fabric) in several positions. The transport air supplied to the feed tank by a
cylindrical steel nozzle 4 with the internal diameter of 15 mm. The nozzle position can
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vary, however, in this experiment, the distance between nozzle outlet and transport
pipe inlet was 2 cm and 3 cm (i.e., z =2 cm, z = 3 cm). The transport pipe 5 with
internal diameter of 42 mm was made of steel. The transport air moved the conveyed
material through the transport pipe to the receiving tank 6, which was ventilated to
the atmosphere. For collecting escaping particles from the conveying air the paper
bag filter 7 was installed at the air exhaust. Glass windows 8 provided the possibility
of easy inspection. The feed and the receiving tank were connected with the bleed line
9 with internal diameter of 80 mm to avoid any pressure build-up between the tanks.
The differential pressure transmitter 10 (0-100 mbar, EJX110A, Yokogawa) was used
for monitoring the pressure difference between the feed and the receiving tank.
Another differential pressure transmitter 10 (0-100 mbar, EJX110A, Yokogawa) was
measuring the pressure drop along the transport pipe. This transmitter was
connected to two pressure taps positioned approximately 1,15 and 2,25 m above the
transport pipe inlet. In order to evaluate the mass flow rate of material during the
conveying, three load cells 11 (Z6FC3, HBM) were installed on the receiving tank. The
differential pressure transmitters and the load cells were connected to a data
acquisition card (NI9239, National Instruments). All experimental data was recorded
on a PC running LabVIEW 8.5 (National Instruments). During the experiment the
valve 12 on the return line 13 was closed. At the end of an experiment, the valve was
opened to discharge the receiving tank.

3.2 Operating conditions

The experiment was carried out for two types of material: glass beads and zirconium
oxide. Properties for these solids presented in Table 3-1.

Table 3-1: Material properties (30).

Material Particle Average Particle Particle Minimum
size (um) particle density terminal fluidization
diameter (kg/m3) velocity velocity
(nm)? (m/s) (m/s)
Glass beads | 100-200 150 2500 0.9 0.019
Zirconium | 200-300 260 3800 2.3 0.102
oxide

During the experiments the variation of transport air flow rate and fluidization air
flow rate was ensured in order to study their influence on solids mass flow rate in
vertical air-lifters. The transport air flow rate varied from 24 to 100 Nms3/h, that
corresponds to the superficial air velocity of 5 to 21 m/s, respectively, with
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assumption that all the air passing through the nozzle enters the transport pipe. The
fluidization air flow rate ranged from 0-12 Nms3/h for glass beads and 0-60 Nm3/h for
zirconium oxide.
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4 Mathematical model

The mathematical model that can be used to predict solids mass flow rate for various

nozzle positions, transport air flow rate, fluidization air flow rate and particle size was

developed based on K-model (12). Generally model looks like

ms = f(QTA» QFA' Az, dp)
where, Qr, is transport air flow rate, m3/h;
Qr4 is fluidization air flow rate, m3/h;
Az is a nozzle position, m;
d, is the particle diameter, m.

From the Equation 2-20

1 ) AL
Apge = E Kstpsusventry 3

4-1

Assume velocity of fluidized material is approximately equal to the velocity of single

particle
Q 4Q
Ventry = Vp = 7,0 = nde{l
. 2
1 Qra\ h+ Az
Apg = EKstpsus T D =
L2
1 4Q74\ h+ Az
5 KstPsus 2 =
2 ndg D
Q h+Az
8Kstpsus (%)2 T
_ Apse
Psus 8Kst(i%§)z%

After inserting Equation 4-3 into Equation 2-22

Apgpm? d;l',D
skstQ%A(th)QTA
Apgpm? d;‘,D
8Kt Q% 4 (h+02)pq

PaQFA—

mg =

4-2

4-4

4-5

To be able to use Equation 4-5, pressure drop coefficient needs to be calculated. It

can be done by using the following equation

Ap
K = =
QT4
8Psusn2 D4

4-6

The model above was implemented in MatLab by using simple for — loop. The

example of MatLab script is presented in Appendix 1. For running the model, input
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data were imported from Excel file by using special MatLab commands such as
xlsread. It makes possible to run the script for different sets of input data from
different Excel files.
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5 Results and discussion

This chapter represents the results of model prediction for different experimental
conditions and comparing calculated and measured data for various experiments.
Calculations were carried out by two methods: based on instantaneous data and
based on average data.

5.1 Instantaneous data: zirconium oxide

The following subchapter shows the results of model simulation for experiment with
zirconium oxide based on instantaneous data.

Pressure drop coefficient calculated for 100FA 20TA and nozzle position 2 cm is
shown on Figure 5-1.
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Figure 5-1: Pressure drop coefficient for 100FA 20TA 2cm experiment with
zirconium oxide

As it can be seen from the graph pressure drop coefficient varies with time. In order
to calculate solids mass flow rate for this experiment, calculated pressure drop
coefficient for each moment of time was inserted in model for mass flow rate. The
results of these calculations presented on Figure 5-2.
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Figure 5-2: Calculated vs. measured mass flow rate for 100FA 20TA 2cm
experiment with zirconium oxide

Figure 5-2 shows calculated and measured mass flow rate of zirconium oxide for the

experiment with fluidized air flow rate Qp, = 100 ™"/ j» transport air flow rate

Qra = 20 m3/ j, and nozzle position z = 2 cm. As it can be seen from the graph the

difference between measured and calculated values of solid mass flow rate is
insignificant. It means that the model gives relatively accurate result and the pressure
drop coefficient can be considered as accurate enough. Another way of presenting the
results of comparing of calculated and measured data is shown on Figure 5-3. From
this figure it’s clear that the model is accurate enough for calculating solids mass flow
rate for vertical air lifters based on pressure drop coefficient K, calculated for
instantaneous data from the same experiment.
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Figure 5-3: Comparing of calculated and measured mass flow rate

Further in this subchapter the dependence of mass flow rate on various parameters is
investigated. The model simulations were carried out based on pressure drop
coefficient K; calculated from previous experiment (Figure 5-1). To study influence of
different operational conditions on solids mass flow rate in vertical air lifters, we
decided to do calculations isolating each different operational parameter.

Dependence on Qg,:

In order to investigate the influence of fluidization air flow rate on mass flow rate of
solids in vertical air lifters, the following experimental conditions were considered:

. 3 . 3
QFA=500m/ha QTA=20m/h, z=2cm

The Figure 5-4 presents measured mass flow rate vs. calculated mass flow rate for the
experiment 500FA 20TA and nozzle position 2 cm based on K, from Figure 5-1.
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calculated vs.meassured mass flow rate of solids, kg/h
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Figure 5-4: Calculated vs. measured mass flow rate for 500FA 20TA 2 cm
experiment with zirconium oxide
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Figure 5-5: Comparing of calculated and measured mass flow rates
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As it can be seen, the difference between calculated and measured solids mass flow
rate values is significant but the curve that represents calculated mass flow rate has
the same shape as the curve which represents measured mass flow rate of solids. As
mentioned above it can be concluded that some correction coefficient needs to be
added to the model to make the results more suitable for practical implementation.

Dependence on QO ,:

For the study of influence of the transport air flow rate Q;, on mass flow rate of solids
in vertical air lifters, the following experimental conditions were analyzed:

. 3 . 3
QFA:]-OOm/ha QTA:40m/h, z=2cm

Figure 5-6 and Figure 5-7 show the measured mass flow vs. calculated mass flow rate
for the experiment 100FA 40TA and nozzle position 2 cm based on K, from Figure
5-1.

From these figures, it’s clearly seen that values of calculated and measured mass flow
rate for zirconium oxide are significantly different but the shapes of the curves on
Figure 5-6 are similar. It may be explained by model uncertainties which can be
avoided by adding the correction coefficient.
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Figure 5-6: Calculated mass flow vs. measured mass flow for 100FA 40TA 2cm
experiment with zirconium oxide
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Figure 5-7: Comparing of measured and calculated mass flow rate

Dependence on the nozzle position z:

In order to investigate the influence of the nozzle position z on mass flow rate of
solids in vertical air lifters, the following experimental conditions were considered:

. 3 . 3
Qra =100 ™/, Qra =20/, z=3cm

Figure 5-8 and Figure 5-9 represent the comparing of measured mass flow rate and
calculated mass flow rate for the experiment 100FA 20TA and nozzle position 3 cm
based on K, from Figure 5-1. The difference between calculated and measured mass
flow rate of solids can be explained by uncertainties in the model and experimental
errors that might occur. It means that model needs to be validated in order to get
more accurate result.
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Figure 5-8: Calculated vs. measured mass flow rate for 100FA 20TA 3cm
experiment with zirconium oxide
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Figure 5-9: Comparing of calculated and measured mass flow rate for 100FA 20TA
3cm experiment with zirconium oxide
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Comparison of calculated mass flow rates with respect to different parameters (z,

Qra, Qra) is presented further.

Figure 5-10 shows the calculated mass flow rate for Qr, = 100 ms/ b Qra =20 ms/ h

and nozzle position z = 2cm and z = 3cm.

As it can be seen from the graph, influence of nozzle position on the mass flow rate of
solids in vertical air lifters is not very significant since the values of mass flow for
experiments with nozzle position z = 2cm and nozzle position z = 3c¢m are slightly
the same.

Figure 5-11 represents the calculated mass flow rate of solids for Q;4 = 20 m3/ ¥
z=2cm and Qs = 100 ™/, and Qpy = 500 ™/,

It’s clear that the influence of fluidization air flow rate on mass flow rate of solids in
vertical air lifters is insignificant.
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Figure 5-10: Comparing of calculated solid mass flow rate for different nozzle
positions z
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Figure 5-11: Comparing of calculated solid mass flow rates for different Qfa

Figure 5-12 shows the calculated mass flow rate for Qz, = 100 m3/ p Z=2cm and

Qra =20 mg/h and Qr, = 40 mg/h. As it can be seen in the graph, the transport air

flow rate has the strongest influence on mass flow rate of solids in vertical air lifters.
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Figure 5-12: Comparing of calculated solid mass flow rates for different Qta
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5.2 Average data: zirconium oxide

The following subchapter shows the results of model simulation for experiment with
zirconium oxide based on average value of pressure drop coefficient Kj;.

Figure 5-13 shows the pressure drop coefficient calculated for Qp, = 100 ms/h,

- 3 o i
Qra=20M"/ j, and nozzle position z = 2cm vs. average pressure drop coefficient.
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Figure 5-13: Instantaneous vs. average pressure drop coefficient for 100FA 20TA
2cm experiment with zirconium oxide

Average pressure drop coefficient was found for the whole experiment and was used
for further calculation of mass flow rate for different conditions.

Figure 5-14 and Figure 5-15 shows the comparison of calculated mass flow rate and

measured mass flow rate for experiment with Qp, = 100 m3/ y Qra =20 mg/ p, and

nozzle position z = 2cm based on average Kj;. As it is shown in graphs, the difference
between measured values of mass flow and values, calculated based on average K, is
significant and the variation of calculated mass flow rate is very small. It’s clearly
seen that the model gives the result which is slightly stable and it doesn’t match with
experimental results. It leads to the conclusion that this approach cannot be used
with average value of pressure drop coefficient.
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Figure 5-14: Measured vs. calculated mass flow rate for 100FA 20TA z=2cm based
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Figure 5-15: Comparing of calculated and measured mass flow rate for 100FA 20TA
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Dependence on O ,:

In order to investigate the influence of the fluidization air flow rate Qr, on mass flow
rate of solids in vertical air lifters based on average Kj;, the experiment was carried
out at the following conditions:

. 3 . 3
QFA:500m/ha QTAZZOm/h, z=2cm

Figure 5-16 and Figure 5-17 represent the calculated mass flow rate and measured
mass flow rate for experiment with zirconium oxide based on average K,;. As the
graphs show, the calculated mass flow rate of solids strongly differs from
experimental values. It shows the inability to use this model for calculating mass flow
rate of solids based on average pressure drop coefficient Kj;.

As it’s shown on Figure 5-18, the calculated mass flow rate of solids can be presented
in a form of cluster that proves that model based on average K, isn’t accurate and can
not be used for prediction of mass flow rate of solids in vertical air lifters.
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Figure 5-16: Measured vs. calculated mass flow rate for 500FA 20TA z=2cm based
on average Kst
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Dependence on O:

In order to investigate the influence of the transport air flow rate Q;, on mass flow
rate of solids in vertical air lifters based on average Kj;, the experiment was carried
out at the following conditions:

. 3 . 3
QFA:]-OOm/ha QTA:40m/h, z=2cm

It’s clear from Figure 5-19 and Figure 5-20, which represents calculated mass flow
rate and measured mass flow rate for experiment with zirconium oxide based on
average K, results of model simulation are very different from experimental data. It
means that the use of model based on average pressure drop -coefficient is
inappropriate. Figure 5-21 depicts the point which is stated above since the
comparison of calculated results for two different cases is presented as the cluster.
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Figure 5-19: Measured vs. calculated mass flow rate for 100FA 40TA z=2cm
experiment
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Dependence on the nozzle position z:

In order to investigate the influence of the nozzle position z on mass flow rate of
solids in vertical air lifters based on average Kj;, the experiment was carried out at the
following conditions:

. 3 . 3
QFA:]-OOm/ha QTAZZOm/h> z=3cm

Figure 5-22 and Figure 5-23 show the calculated mass flow rate and measured mass
flow rate for experiment with zirconium oxide based on average Kj;. As it can be seen
from the plots, the difference between simulated mass flow rate and experimental
data is significant. The comparison of calculated and measured values shows the wide
dispersion of data and, as it’s presented on Figure 5-24, comparison of simulated
mass flow rate for different nozzle position is in clusters form. It can be concluded
that the model cannot be used for calculating the solids mass flow rate in vertical air
lifters based on average pressure drop coefficient.
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Figure 5-22: Measured vs. calculated mass flow rate for 100FA 20TA z=3cm
experiment
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5.3 Average data: glass beads

The following subchapter shows the results of model simulation for experiment with
glass beads based on average value of pressure drop coefficient Kj;.

. o . 3 . 3
Pressure drop coefficient calculated for Qps = 100 ™/;, Qrg =20 ™/}, z =3 cm vs.
average pressure drop coefficient for the same experiment is presented on Figure

5-25. The average value of pressure drop coefficient K;; was used for further
calculations of mass flow rate of solids in vertical air lifter at the different conditions.
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Figure 5-25: Instantaneous and average Kst for glass beads

As it’s clearly seen from Figure 5-26 and Figure 5-27 the accuracy of calculated results
is low. The dispersion of calculated mass flow with respect to measured data is
strong. It leads to conclusion that the model cannot be implemented for prediction of
solids mass flow rate in vertical air lifters based on average value of pressure drop
coefficient K. This indicates also that, in case of using average value of K,;, model
accuracy doesn’t depend on material that needs to be transported.

44



6000 F T L L C C

measured mass flow rate, kg/h
calculated mass flow rate, kg/h
5000 ~ T
4000 ~ T
ey
>
=< 3000 [~ "
[%2]
1S
2000 - f
1000 -~ T
of—— i B R B
0 20 40 60 80 100 120

Figure 5-26: Measured vs. calculated mass flow rate for 100FA 20TA 3cm
experiment with glass beads

185 T T T T T

180 - * -
- *
< *
2 1755 & % % -
X & -
S Teqt o 5 o«
— ﬁ@_@_?% ke
o170~ £ & * 7
6 __if-‘ * %_e_-%?_*- T %f-‘*_ ﬁ * *
5 1e5L ETFLEEE YL W |
= e S F ok SvE 4
S P o *
A 160 - %ﬁ‘*—*‘*% ﬁ = %ﬁ:‘sﬂ N *;& * * )
E | b4 = & e 5 - - *
T 155 & ji £ & -
g R EEE L F ey *
=] ¥ % *
S 150-% ¥ ' -
3] * * *

¥ . *
145 |- L 4
140 i&: r r r r r I
0 1000 2000 3000 4000 5000 6000

measured mass flow for Qfa=100,kg/h

Figure 5-27: Measured vs. calculated mass flow rate for 100FA 20TA 3cm
experiment with glass beads

45



Dependence on O ,:

For the investigation of influence of fluidization air flow rate Qr, on mass flow rate of
glass beads in vertical air lifters based on average Kj;, the experiment was carried out
at the following conditions:

. 3 . 3
QFA:600m/ha QTAZZOm/h, z=3cm

As it’s presented on Figure 5-28 and Figure 5-29 the values of simulated and
measured solids mass flow rate are very different. Figure 5-30 shows the wide

dispersion of calculated results for Qz, = 600 m3/ p, With respect to calculated mass

flow rate for Qr, = 100 m? / j- It indicates that the model is not suitable with averaged

value of K;.

calculated vs.meassured mass flow rate of solids, kg/h
4500 L L L L L

meassured mass flow rate for Qfa=600, kg/h
calculated mass flow rate for Qfa=600, kg/h

]
1

4000

1

3500 -

3000

7

2500

7

ms,kg/h

2000 -

i

1500 ¢

v

1000 -

1

500

T

0 r r r r r r
0 20 40 60 80 100 120

time,s

Figure 5-28: Measured vs. calculated mass flow rate for 600FA 20TA 3cm
experiment with glass beads
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Dependence on O:

For the investigation of influence of transport air flow rate Q;, on mass flow rate of
glass beads in vertical air lifters based on average Kj;, the experiment was carried out
at the following conditions:

. 3 . 3
QFA:]-OOm/ha QTA:40m/h, z=3cm

It’s clear from the Figure 5-31 that simulated values of mass flow rate of solids don’t
match with experimental data for the same conditions.
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Figure 5-31: Measured vs. calculated mass flow rate for 100FA 40TA 3cm
experiment with glass beads

Figure 5-32 shows the distribution of calculated mass flow rate with respect to
measured mass flow rate for the same experiment. As it can be seen the values vary
significantly. Figure 5-33 presents the comparison of calculated mass flow rate of
solids for different values of transport air flow rate Qr,. Since the simulated mass
flow rate of glass beads is widely dispersed in a form of cluster, it leads to the
conclusion that the developed model cannot be applied for prediction of mass flow
rate of solids in vertical air lifters based on average pressure drop coefficient Kj;.
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Figure 5-32: Measured vs. calculated mass flow rate for 100FA 40TA 3cm
experiment with glass beads
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5.4 Instantaneous data: glass beads

The following subchapter shows the results of model simulation for experiment with
glass beads based on instantaneous data.

Pressure drop coefficient, which is presented on Figure 5-34, calculated for Qp, =

100 mg/h, Qra = 20 mg/ j, and nozzle position z = 3cm for experiment with glass

beads. If to compare the values of pressure drop coefficient for zirconium oxide
(Figure 5-1) with the values of pressure drop coefficient for glass beads (Figure 5-34)
at the all other similar conditions, it can be concluded that the range of K, for

zirconium oxide is higher than the range of K, in experiment with glass beads.

The calculated and measured mass flow rates of solids for the experiment with glass
beads are shown on Figure 5-35. As it can be seen, the curves which represent the
measured and calculated mass flow are very similar but the values of mass flow rate
are slightly different. It can be caused by the experimental errors and model
uncertainties and it can be avoided by validation and calibration of model.
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Figure 5-34: Pressure drop coefficient
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Figure 5-35: Measured vs. calculated mass flow rate for 100FA 20TA 3cm
experiment with glass beads

Another way of presenting the comparison of calculated and measured mass flow
rates for the experiment with glass beads is shown on Figure 5-36.
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Figure 5-36: Measured vs. calculated mass flow rate for 100FA 20TA 3cm
experiment with glass beads
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Dependence on O ,:

For the study of influence of the fluidization air flow rate Qr, on mass flow rate of
solids in vertical air lifters, the experiment was carried out at the following
conditions:

. 3 . 3
QFA=6OOm/h7 QTA=20m/h, z=3cm

As it can be seen in Figure 5-37 and Figure 5-38, the difference between calculated
and measured mass flow rate of solids in experiment with glass beads is significant
but the shape of the curves is relatively similar. It means that the model can be used
for calculating the mass flow rate of solids in vertical air lifters but it requires adding
the correction coefficient.
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Figure 5-37: Measured vs. calculated mass flow rate for 600FA 20TA 3cm
experiment with glass beads
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Figure 5-38: Measured vs. calculated mass flow rate for 600FA 20TA 3cm
experiment with glass beads

Figure 5-39 shows the comparison of calculated mass flow rates of solids for

experiment with glass beads and different values of Qp,4. It’s clear from the graph that

the values of mass flow calculated for Qr, = 600 m® / j, are close to values of mass flow

rate calculated for Qp, = 100 m3/ j,- This indicates that the fluidization air flow rate

slightly influence on mass flow rate of solids in vertical air lifters.
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Figure 5-39: Calculated mass flow rate for different values of Qfa
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Dependence on O:

In order to study of influence of the fluidization air flow rate Qr, on mass flow rate of
glass beads in vertical air lifters, the experiment was carried out at the following
conditions:

. 3 . 3
QFA=100m/h, QTA=40m/h, z=3cm

Figure 5-40 and Figure 5-41 show the calculated and measured mass flow rate of
glass beads. As it can be seen from the graphs, the difference between values of mass
flow rate is significant. It may occur due to the model uncertainties and experimental
errors and can be avoided by adding the correction coefficient into the model. Model
needs to be validated and calibrated in order to get more accurate result.
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Figure 5-41: Measured vs. calculated mass flow rate for 100FA 40TA 3cm
experiment with glass beads

Comparison of calculated mass flow rates for different values of Q4 presented on

Figure 5-42. It’s clear from the graph that transport air flow rate slightly influence on
mass flow rate of solids in vertical air lifters.
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Figure 5-42: Calculated mass flow rate for different values of Qta
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6 Conclusion

This report is a result of investigation of influence of geometrical features on capacity
of industrial scale vertical air-lifters. The main aim of the present study was to
investigate the influence of fluidization air flow rate Q,, transport air flow rate Qr,,
and nozzle position z on mass flow rate of solids in vertical air-lifters, by adopting a
similar approach as proposed in Ratnayake (12). For this purpose the mathematical
model for calculation of solids mass flow rate for vertical air-lifters was developed
based on K-model for pneumatic conveying systems. In order to perform calculations
for wide range of input data and to save the time, the mathematical model was
programmed by using MatLab software. Calculations were done by two methods:
based on instantaneous data for pressure drop coefficient K;; and based on average
value of K,;. In addition, the calculations were performed for two types of conveyed
material: zirconium oxide and glass beads. As the results show, the model simulation
based on average value of pressure drop coefficient K,; gives a significant error and
the model cannot be used for prediction of mass flow rate of solids for vertical air-
lifters. Such conclusion can be made in case of both experiments with zirconium
oxide and with glass beads. After consideration of the results of calculation based on
instantaneous values of pressure drop coefficient K, it can be concluded that
developed model is suitable for calculation of mass flow rate of solids in vertical air-
lifters regardless of the conveyed material. Model gives the best result based on
online calculations of pressure drop coefficient but it also gives satisfactory results in
case of using calculated K; values for predicting of solids mass flow rate for different
experimental conditions. After the evaluation of influence of operating conditions on
solids mass flow rate in vertical air-lifters it can be concluded that the fluidization air
flow rate Qr, most affects the capacity. Transport air flow rate Q4 also influences on
mass flow rate of solids in vertical air-lifters. The nozzle position z has the least
impact on capacity of vertical air-lifters. Results obtained in this study can be useful
for predicting the solids mass flow rate in industrial scale vertical air-lifters and can
be considered as a starting point for further research activities.
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7 Suggestions for further work

As it was concluded the mathematical model can be applied for calculation of solids
mass flow rate in vertical air-lifters based on instantaneous values of pressure drop
coefficient K,,. However, the model has some uncertainties due to that fact that it was
developed based on K-model which is used for calculation the parameters of
pneumatic conveying systems. Moreover, the mathematical model uses experimental
data as input variables for calculations. It may lead to uncertainties in results because
of instrumentation error in experiment and electronic noise during the measuring of
pressure changes in the transport pipe. As suggestions for further work, it can be
considered to study different ways of avoiding model uncertainties. These
uncertainties can be avoided by validation and calibration of model, filtering of
measured data, calibration of measuring equipment.
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Appendices

Appendix1. The example of MatLab code for model simulation. Script was used
for calculating mass flow rate of solids in vertical air-lifter for experiment with glass
beads at the following experimental conditions:

. 3 . 3
QFA=100m/h, QTA=4Om/h, z=3cm

% Vertical air lifter
clear all
% import data from excel

filename="Calculations.xIsx’; % excel file with data
sheet=5; %the list in Excel file from which the first data set is imported
sheetl=7; %the list in Excel file from which the new data set is imported

xIRange="G6:G167"
xIRangel="H6:H167",
xIRange2='C6:C167";

xIRange3="H6:H167";

xIRange4="G6:G167"

xIRange5="C6:C167"

ms=xIsread(filename,sheet,xIRange); % meassured mass flow rate for the first data set
ms_new=xlIsread(filename,sheetl,xIRange4);% meassured mass flow rate for new data set
delta=xlIsread(filename,sheet,xIRangel); % measured pressure difference for the first data set
delta_new=xIsread(filename,sheetl,xIRange3);% measured pressure difference for new data set
t=xIsread(filename,sheet,xIRange2); % time intervals for the first data set
t_new=xIsread(filename,sheetl,xIRange5); % time intervals for the new data set

% constant variables

h=4; %height of air-lifter

%2z=0.02; %nozzle position, m

21=0.03; % nozzle position, m

Qta=20; %volume flow rate of transport air
Qtal=40; % volume flow rate of transport air
Qfa=100; %volume flow rate of fluidization air
%Qfal=500; % volume flow rate of fluidization air
ro_a=1.2041; % density of air

%dp=0.26; % particle diameter for zirconium oxide, mm
dp=0.15; % particle diameter for glass beads, mm
D=0.042; % diameter of the transport pipe, m

% space for storing calculated data

delta_p=zeros(size (delta));
delta_p_new=zeros(size(delta_new));
ro_sus=zeros(size(delta));
Kst=zeros(size(delta));
m_s=zeros(size(delta));
m_sl=zeros(size(delta));
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% for — loop for calculating mass flow rate
for i=1:size(delta)

delta_p(i)=delta(i)*1000; % pressure drop in bar

delta_p new(i)=delta_new(i)*1000;% pressure drop for new data set
ro_sus(i)=(ro_a*Qfa+ms(i))/Qfa;% suspention density
%ro_sus_new(i)=(ro_a*Qfa+ms_new(i))/Qfa;% suspention density for new data set
Kst(i)=delta_p(i)./(8*ro_sus(i).*(Qta"2)/(3.14"2*D"4)) % pressure drop coefficient
%Kst(i)=delta_p_new(i)./(8*ro_sus_new(i).*(Qta"2)/(3.1472*D"4)); % pressure drop coefficient
for new data set

%Kst_aver=mean(Kst);%average value of Kst

%Kst1(i)=8.4537*107(-6);

m_s(i)=abs((ro_a*Qfa-Qta*(delta_p(i)*(3.14"2)*(dp"4)*D)/(8*Kst(i)*(Qta”2)*(h+z1)))/((delta_p(i)
*(3.1472)*(dp™4)*D)/((8*Kst(i)*(Qta2)*ro_a*(h+z1))-1))); % mass flow rate of solids

m_sl(i)=abs((ro_a*Qfa-Qtal*(delta_p_new(i)*(3.14"2)*(dp”4)*D)/(8*Kst(i)*(Qtal”2)*(h+z1)))/
((delta_p_new(i)*(3.14"2)*(dp”4)*D)/((8*Kst(i)*(Qtal~2)*ro_a*(h+z1))-1))); %mass flow
rate of solids for the new data set
i=i+1;
end

% plotting the results

figure

plot (t,Kst,'r")

hold on

%plot(t,Kst1,™")

%axis([0 120 0 1.8*107(-5)])

%plot(t_new,Kst,'m") % plot Kst calculated based on new data set
xlabel('time,s")

ylabel('Kst")

%legend('Kst','average Kst')

title('pressure drop coefficient’)

figure

plot(t,ms,'g")

hold on

plot(t,m_s,'m")

xlabel('time,s")

ylabel('ms, kg/h")

legend('measured mass flow rate, kg/h','calculated mass flow rate, kg/h')
figure

plot(ms,m_s,'b*)

%axis([0 600 0 600])

% xlabel('measured mass flow for Qfa=600,kg/h")
% ylabel('calculated mass flow for Qfa=600,kg/h")

xlabel('measured mass flow for Qta=20,kg/h")
ylabel('calculated mass flow for Qta=20,kg/h")

figure
plot(t_new,ms_new,'g’)

hold on
plot(t_new,m_s1,'b"
%axis([0 120 0 1800])
xlabel('time,s";
ylabel('ms,kg/h’);
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% legend('meassured mass flow rate for Qfa=100, kg/h','calculated mass flow rate for Qfa=100, kg/h")

legend('meassured mass flow rate for Qta=40, kg/h','calculated mass flow rate for Qta=40, kg/h')
title('calculated vs.meassured mass flow rate of solids, kg/h’)

figure

plot(ms_new,m_s1,'g*)

axis([0 10000 0 10000])

% xlabel('measured mass flow for Qfa=100,kg/h")
% ylabel('calculated mass flow for Qfa=100,kg/h")

xlabel('measured mass flow for Qta=40,kg/h")
ylabel(‘calculated mass flow for Qta=40,kg/h")

figure

plot (m_s, m_s1,*")

axis([0 2500 0 2500])

% xlabel(‘calculated mass flow for Qa=600,kg/h")
% ylabel('calculated mass flow for Qfa=100,kg/h")

xlabel('calculated mass flow for Qta=20,kg/h")
ylabel(‘calculated mass flow for Qta=40,kg/h")
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