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ABSTRACT

An investigation was undertaken into the air usage for a dense-phase pneumatic conveying system
that removes fly ash from coal-fired power station generating 800 MW each per each Unit. The
objective of the research was to establish the air flowrate required to convey fly ash in dense phase
and also determine if the installed compressors will be sufficient to supply the required air flow
and pressure. Based on the experimental findings, theoretical models were to be developed that
could be used to predict performance of similar systems operating in dense-phase. Three Units in
commercial operation (out of six eventually) were used as test facilities for the research with
conveying distances of 402 m, 516 m and 628 m respectively for Units 1, 2 and 3. The conveying
pipelines used in the research all had a pipe diameter of 265 mm. All the equipment and facilities
had been installed prior to the research. Tests were conducted to determine the air flow rate, solids
flow rate and pressure drop during conveying cycles for the three Units. These tests were
performed as part of normal plant operations without any modifications. Of the three Units, Unit 2
displayed results close to predictions for a dense phase system with an air flow rate of 1.86 kg/s
and solids loading ratios averaging 19. Unit 1 and Unit 3 results indicated the need for further
optimization with average air flow rates and solids loading ratios of 2.8 kg/s and 10 respectively.
The pneumatic conveying characteristics observed during the experimentation allowed for
estimation of the solids friction factors for the horizontal conveying sections using the back-
calculation method. This experimental friction factors were then compared with expected results
from literature-proposed models such as the Jones and Williams (2003) and Behera et al (2015)
models. These models gave over predictions when compared with the experimental results, with
the Jones and Williams® model predicting values averaging 72% higher than expected, and the
Behera model with an average 60% over prediction across all Units. Applying the same approach
as adopted by Behera et al to develop their model and using the experimental results from this
research; new models were developed for predicting the solids friction factors for each of the Unit
under investigation. Although these new models provided better estimation when compared with
the Jones and Williams and the Behera et al models, they were also prone to over prediction. The
model developed from Unit 3 results proved to be the best Equation from all the models considered
with an overall over prediction of 48% across all Units. This model was also used to estimate
performance of the last Unit and predicted a conveying pressure drop of 270 kPa which is realistic
considering the performance of Units 1, 2 and 3. As such, although there are ranges of models
available in literature that are useful to estimate the conveying pressure drop, these must be applied

with considerable caution if experimental performance data are not available. The research



revealed that plant modifications are necessary to improve the current performance for Unit 1 and
Unit 3. These modifications will also assist in verifying available models used to predict solids
friction factors inclusive of the models proposed in this research.
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CHAPTER 1 INTRODUCTION

This research project is concerned with the performance of an existing dense-phase pneumatic
conveying system used for transporting fly ash from the six boilers of a coal-fired power station to
ash storage silos, through pipelines of various lengths. There has been some uncertainty about the
optimum quantity of conveying air required for these various pipelines, which led to the

formulation of the project.

1.1 Background

Pneumatic conveying is a process of moving bulk solids using gas as the transport medium, with
air as the commonly used gas. The earliest use of pneumatic conveying was in 1887 in agricultural
processing (Bansal, 2012). Pneumatic conveying has since been developed and is now in use
successfully around the world in other areas such as power generation, the mining industry, and
paper and pulp industries (Williams, 2008). The main advantages of this conveying system
compared to traditional belt conveying are that pneumatic conveying is fully enclosed,
environmentally friendly and can be fully automated leading to improved efficiency (Mills, 2016).

Efficient design and operation of the pneumatic conveying system requires sufficient knowledge of
the medium (air) requirements and the type of solids to be transported. Air flow rate is one of the
most important parameters determining the performance of a pneumatic conveying system (Mills
and Agarwal, 2015, Kalman et al., 2005). If the air flow rate is not high enough to keep the bulk
solids in motion this may lead to pipe blockages and if a system is over-specified with a higher air
flow rate this leads to increase in pipe wear and power requirements (Mills and Agarwal, 2015).
The air flow rate relationship with other conveying parameters such as pressure drop per unit
length and solids mass flow rate is also used to distinguish between the various pneumatic
conveying modes available (Williams, 2008). Researchers currently define two modes of
conveying, namely dilute phase and dense phase, although it is not unlikely to experience both of
them during a conveying cycle (Mills, 2016). Dilute phase conveying is also known as suspension
flow as the bulk solids are carried with the air stream. This mode of conveying has been widely
researched and models are available that can be used to predict the behavior of these systems quite
accurately, for known materials (Mills and Agarwal, 2015). Dense phase conveying is defined as
non-suspension flow, i.e., the bulk solids are not suspended as in a fully developed dilute phase
mode. Dense phase flow is not yet clearly defined but it is characterized by lower air velocities,
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higher pressures, and mixtures of dilute and dense phase as well as turbulent flows (Bansal, 2016).
This current research was aimed at establishing the air flow rate required for efficient conveying of

fly ash in a dense phase conveying system.

The research project was based on a coal-fired power station that makes use of pneumatic
conveying for transportation of fly ash from the boilers. The system was designed to transport fly
ash using dense phase conveying into ash silos. These silos were located some distance away from
the six Units of the power station. This power station is a dry-cooled coal-fired power station made
up of six individual Units, each producing approximately 800 MW of power. Figure 1.1 shows a
simplified schematic of the conveying system for all six Units, with the total conveying distances

per Unit also indicated.

Ash silos

Unit Conveying length (m)
Unit 6 970
Unit 5 858
Unit 4 744
Unit 3 628
Unit 2 516
Unit 1 402
Power plants
Uit 1 Unit 2 Unit 3 Unit 4 Unit 5 Uit 6

Figure 1.1  Simplified schematic of the pneumatic conveying system with distances indicated

At the time of writing this report, five Units were already in commercial operation with the last
Unit (6) expected towards the end of 2020. Each boiler Unit consumes approximately 384 tons of
coal per hour and based on 35% ash content, each Unit produces 134 tons of ash per hour during
boiler combustion. The ash production is categorized in two groups, namely coarse ash and fly or

fine ash (also termed dust). Based on operational experience on average, 90% of the total ash
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produced is fly ash (121 tons per hour) and coarse ash makes up the remaining 10%, at
approximately 14 tons per hour. In order to maintain reliable power production, it is necessary to
ensure an efficient ash collection and removal system. Coarse ash is conveyed mechanically in belt
conveyors while the majority of the ash produced i.e., fly ash, is transported in a dense phase
pneumatic conveying system. While dense phase conveying offers certain potential benefits to the
power producer, there have been challenges experienced recently as pipe leaks and excessive
environmental spillages occurred which necessitated an in-depth analysis of the system to the

effect of resolving these challenges.

1.2 Motivation

Problems associated with this pneumatic conveying system were visible as early as 2015-2016
during the initial stages of commissioning the first Unit. Initially some of the problems were
attributed to the varying fly ash quality as the boiler combustion processes were being optimized.
This variation in fly ash has since been addressed as part and parcel of optimization during start-
ups of each Unit. The fly ash being produced since then is well within the expected parameters for
the life cycle of the station. As such, with the current quality of ash being conveyed it is necessary
to review the system performance in order to improve the efficiency of the pneumatic conveying
system. Various methods have been employed to try and improve the system, however two
challenges still remain; that is increased air usage and system leaks, these are covered in sections
1.2.1and 1.2.2.

1.2.1 Increased air usage

The first challenge encountered when commissioning the first Unit was regular blockages during
initial conveying cycles. This was overcome by increasing the air flow rate into the system through
increasing the number of orifice holes and sizes in throttles in the main air supply pipes. The
increase of air flow rate into the conveying system can help in reducing the conveying pressure
necessary to move the fly ash; this is because of the reduction of the solids to air ratio as the air
flow is increased and this figure is directly proportional to pressure drop (Mallick, 2009). While
this air flow rate increase has adequately addressed the blockage issues and these are no longer
experienced, it has introduced another problem, of having a higher air flow rate and velocity in the
pipelines than was initially intended. The increased air flowrate and air velocity can cause other
problems such as increased pipe wear from higher air velocities. This is especially the case towards
the discharge end of the conveying line due to the expansion of the air as a result of the lower

pressures at the end of the conveying cycle (Wypych, 1989).



Experience suggests that a good dense phase system should have an air usage, as defined by the
solids to air mass flow ratio, in excess of 20 (Mills, 2016). This means that for every 20 kg of bulk
solids conveyed in a second, air mass flow rate should not be expected to exceed 1 kg per second
for a system to operate in dense phase conveying. It is necessary to understand what the reliable air
flow rate for this system would be and draw comparison with literature to predict whether there

may be possible improvements in the current air consumption.

The increased air consumption also leads to operations of the air compressors at peak cycles and
may lead to system constraint if the compressors fail to supply the air required during conveying
cycles. The cost implications of increasing air usage should not be understated. An internal
investigation into efficiency of pneumatic systems conducted in 2011 concluded that R3000 would
be used per hour to generate compressed air for this power station during normal operation,
amounting to over R26 million per year (van Deventer, 2011). This can be expected to have

increased in real terms with the increased air usage.
1.2.2 Increased system leaks

The system has been plagued by sporadic ash leaks into the environment, this also led to measures
required to minimize this impact such as increased maintenance and reduction in system
performance. Whilst there could be various reasons for these environmental leaks such as incorrect
pipe installation where flanges are not aligned, another reason could be the increased air flow rate
and corresponding increased wear as discussed in 1.2.1 and this should be thoroughly investigated.
It is expected that increase in air flow rate leads to higher velocities and the position with the
highest velocities and pipe wear is at the end of the conveying pipeline due to the air expansion
within the pipe (Mills, 2016). As such incorrect provision of the air required for conveying can

have far reaching consequences.
1.2.3 Impact in plant unavailability

It is therefore important to understand the optimal operating regime for efficient performance of a
dense phase system at a suitable air flow rate and supply pressure to reduce the wear on the system.
The unavailability of such a conveying system in a power generation Unit leads to load losses, and
at worst case to a power station shut down. These full Unit load losses have been experienced in
the past when excessive environmental leaks of fly ash have forced the conveying to be stopped in
order to do the necessary plant pipe changes. The system was designed with an eight hour window

for repairs on the pneumatic conveying system, before the Unit has to be shut down and in the past
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such repairs have taken longer which necessitated a Unit shut down (Internal report, Design report:
200-215389).

1.3 Research Objectives

The purpose of this research is to determine air supply requirements for a dense phase system with
the following sub-objectives:
(i) Determine the minimum air flow rate for reliable conveying of the fly ash on each of
the Units already commissioned.
(i) Determine if the compressors currently installed will be able to meet the air demands
for reliable conveying in all six Units.
(iii)  Develop a theoretical model for predicting air flow rate and pressure drop based on
measurements from the operating Units.

(iv)  Predict the minimum and maximum air velocity in the system for all six Units.

1.4 Research Overview

Understanding the air flow requirements for dense phase systems required a review of published
literature and this is covered in chapter 2 of the report. The literature review was focused on air
consumption in pneumatic systems as the main parameter for this investigation. The literature
survey revealed considerable information available on pneumatic systems and air consumption;
although there was little data on research on an industrial scale fly ash production Unit such as was

considered in this research.

Information obtained from the literature review assisted in broadening the author’s understanding
of the research topic as well as assisting in developing the methodology to be followed in acquiring
data. A similar approach to acquire data as proposed by Williams (2008) was followed. The first
three Units (Unit 1, 2 and 3) served as three experimental facilities for the research project. These
were chosen for the research as they share a common pipe diameter and the various conveying
lengths allow for one to study the effect of air flow over long and varying conveying lengths; this
is detailed in chapters 3 and 4. The data was collected over an operating period of three years from
2017 to 2019 and system performance during this period is covered in chapter 5 under System
Performance and Results. The major limitation with experimentation on an operational power plant
was the inability to make modifications as the plant cannot be shut down as and when requested
due to demand for power on the network. As such data collection was based on operational
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requirements, although this still provided sufficient data necessary to conduct the research. Data
was then analyzed and discussed in chapters 6 and 7 where the air flow rate, air velocity, solids
friction factor and pressure drop are calculated and results thereof discussed. Sample calculations
are included in the appendices. Chapter 8 draws conclusions with suggestions for future work. One
of the main recommendations for future work is removal of the limitations currently imposed on

experimentation on commercial Units.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

The literature review was focused on the relationship between the air flow rate and other
pneumatic conveying characteristics (PCCs) such as pressure drop and solids mass flow rate. These
pneumatic conveying characteristics must be known in order to ensure a functional pneumatic
conveying system (Bansal, 2012). These relationships have often been combined into what is
termed phase diagrams or pneumatic conveying characteristic diagrams that illustrate the
dependence of these functions one to another (Mills, 2016). Whilst there is a vast amount of
literature already available with these PCCs for dense phase systems, it should be noted that
“published conveying data for one material are generally not applicable to another” (Sheer, 1991).
As such, it is important in determining the minimum air flow required to start by understanding the
type of material to be conveyed i.e., characterization of bulk solids. Knowledge of material
properties such as particle size and density assists in the selection of an appropriate conveying
mode (Mills, 2016).

2.2 Bulk Solids Characterization

Characterization of bulk solids is a process in which solids to be conveyed such as fly ash are
grouped into pneumatic conveying groups. This is achieved by observing the solids with special
attention to the solids’ particle size distribution, density and, more recently, taking into account
particle sphericity (Anantharaman et al., 2016). The seminal contribution to this field is accredited
to Geldart (1973) and recent studies by Anantharaman et al. (2016) have proved the validity of
Geldart’s work. Geldart developed a fluidization chart (Figure 2.1) that can be used to classify
various bulk solids based on density and particle size. Based on density and particle size, bulk
solids are then grouped according to fluidization groups that indicate if bulk solids can be
conveyed pneumatically or cannot be fluidized and transported using air. The fluidization charts
with focus on mean particle diameter also assist in the selection of the suitable conveying mode,
either dense phase or dilute phase (Deng and Bradley, 2016). Geldart was able to categorize bulk
solids into four (4) groups or categories as indicated in Figure 2.1.
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Figure 2.1  Powder classification diagram for air (Geldart, 1973)

Based on Figure 2.1, a typical fly ash with a density difference (ps — pg) of 2200 kg/m® (2.2

glcm®) and mean particle diameter (d,) of 80 microns; is well within the Group A category of
materials. This agrees with work by Setia et al (2017) who concluded that fly ash is in general a
cohesive material which can be classified under Group A on the Geldart diagram and conveyed in
dense phase. Further work (Deng and Bradley, 2016) on the selection of the mode of conveying

proposed the following selection criteria based on the particle size distribution of bulk solids:

(i) Material with a mean diameter (termed D50) of less than 70 microns can be conveyed
in dense phase (fluidized), provided a minimum air velocity is maintained (operating at
any air velocity below that can result in blockages).

(i) Material with a narrow size range expressed as a ratio (termed D90/D10) of less than
2.5 will be conveyed in low velocity dense phase (slug flow).

(ili)  Materials that cannot be grouped in any of the above will block at velocities lower than

the saltation velocity and they are suggested to be conveyed in dilute phase.

The above criteria are widely accepted with authors noting that finer materials can be conveyed in
either type of dense phase flow (plug or fluidised) and coarser materials are to be conveyed in
dilute phase (Williams, 2008; Mills, 2016). It should however be noted that the above criteria are



only a starting point and further research is required in collecting and analysing data for a number
of bulk solids (Deng and Bradley, 2016).

It is also clear from Figure 2.1 and the work by Deng and Bradley (2016) that for efficient
pneumatic conveying there exists a relationship between the particle size and density and the
minimum air flow required to convey such solids. As such it is necessary for the design of any

pneumatic conveying system that the particle diameter is known as well as its density.
2.2.1 Measurement of particle diameter

The particle diameter is used to classify the bulk solids as either coarse or fine. As noted by Guya
(2018), the bulk solids are usually developed from a process plant such as boiler combustion for fly
ash production or mineral processing in mining application, there is a wide variance of particle
diameters and as such a mean value is used. The particle size distribution (PSD) defines the

percentage contribution of the various particle diameters (Guya, 2018).

One of the simplest ways in which the PSD is determined is by using the sieving test which creates
a restriction for a particle due to a smaller bore on the sieve than the particle diameter (Snowsill,
2010). There are other methods such as scanning electron microscopy, however sieving provides
accurate results and this is accepted in this research as a preferred method to be used because of its
simplicity and availability. The particle diameter is determined using sieving (dry) by taking a
representative sample of solids in containers that have varying sieving holes, and depending on the
amount in mass that pass the sieves, these are then divided per sieving container, Figure 2.2
(Blittersdorff and Klatt, 2017).
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Figure 2.2 Typical particle size distribution sieve containers and graphs (Blittersdorff and
Klatt, 2017)



This test is well defined and typical results from a sieving test are in the form of Figure 2.3 which
is then used to deduce the mean diameter (Li et al., 2014). Refer to chapter 5 for PSD data findings
specific to this research.
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Figure 2.3  Typical particle size distribution for fly ash produced in power generation (Li et al.,
2014)

2.2.2 Measurement of density

In bulk materials handling and transportation, density of solids is either defined as bulk density or
particle density (Guya, 2018). In this research, the bulk density is used as this represents the
density when a material is mixed with a fluid medium such as air (fluidization), whilst the particle
density is the “free” density of a material, and is always larger than the bulk density due to the
absence of voids (Williams, 2008). As such, there exists a relationship between the bulk density
and particle density together with the voids as defined in Equation 2.1 (Guya, 2018),

py = 2 (2.1)

- 1+e,

In Equation 2.1, p;, represents the bulk density in kg/m?, p, represents the particle density in

kg/m3and e, is the dimensionless voids ratio.

A loose poured approach is used to measure the bulk density, where a known mass of bulk solids is
poured into a container with a known volume and the bulk density is then determined (Guya,
2018). The consolidated (or compressed) bulk density is then determined by applying a known

load onto the solids and measuring the change in density, using facilities such as Modified Jenike
10



direct shear tester (Wits Course, Bulk Storage and Flow, Bulk Material Characterization, p34-36).
As the bulk solids are compressed the voids are minimized. This process is then repeated by
increasing the applied force (stress) until the bulk density reaches a steady state value and any
increase in load does not result in significant bulk density changes (Gu et al., 1991). Figure 2.2

shows typical results for bulk density under consolidated stress.
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Figure 2.4  Bulk density under compressibility test typical results (Wits Course, Bulk Storage
and Flow, Bulk Material Characterization, p34-36)

After the bulk density has been determined the particle density can be computed using Equation
2.1 if the voids ratio is known. When both density (bulk or particle) and particle size distribution
have been determined, one is then able to select the mode of pneumatic conveying suitable for the
bulk solids to be transported (Williams, 2008).

2.3 Pneumatic Conveying Modes

Dense phase conveying systems are gaining wider appreciation due to their use of minimum
compressed air, when compared with dilute conveying systems (Mills, 2016). While there are
various descriptions with regard to dilute and dense phase, an understanding exists that these are
typically differentiated by the amount of air required to either have the solids in suspension or non-
suspension (Mills, 2016). A factor which is used to compare the amount of air to the amount of
bulk solids in a conveying system is known as the solids loading ratio (SLR), x. The solids loading

ratio (p) is a dimensionless quantity described by the Equation 2.2:

ms (22)

- 3.6mg
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In Equation 2.2, my is bulk solids flow rate in tonnes per hour and m, is the air mass flow rate in

kg/s. Solids loading ratio can also be symbolized by (m”).

The research described by Mills indicates that when the solids loading ratio is greater than 20, a
dense phase flow system should be expected and at less than about 15, the system is dilute. The
range in between (10-20) is termed the “transitional zone” as it is a mixed zone with unpredictable
flow regimes. Figure 2.4 by Mills (2016) best illustrates the mixed zone as transitional from dilute

to dense or vice versa.

Dilute phase conveying limit

Transitional relationship

rd

Ultimate dense phase conveying limit

1 1 1 1 1 1 1 1 1 1
0 20 40 60 a0 100
Solids loading ratio (dimensionless)

Minimum conveying air velocity (m/s)

Figure 2.5  Typical conveying limits for a fine grade of fly ash (Mills, 2016)

It should be noted that most researchers define dense and dilute phase simply based on whether the
bulk solids are in suspension or not as they are being conveyed (Bansal, 2012). As such, dense
phase conveying can be defined as a non-suspension flow in which the conveyed material is
transported at low air velocities, below the saltation velocity (Deng and Bradley, 2016). This
definition is widely accepted (Mills, 2016; Setia and Mallick, 2015). Within dense phase
conveying systems, it is generally agreed that there are two distinct flow patterns visible (Williams
2008). Flow can be fluidized, which others (Mills, 2016) termed as moving bed, and this is
typically observed for fine powders with good air retention properties. The second type is when
flow can be viewed as slugs or plugs; this is for more coarse or granular materials and is
characterized by consolidated plugs separated by air gaps (Mills 2016; Deng and Bradley, 2016).
The literature review on these two forms of dense phase is based on the research conducted by
Williams (2008: 4-7).
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2.3.1 Plug flow

Williams defined plug or slug flow, “when fully developed, is characterized by distinct separated
areas with large air gaps between full plugs of material” (Williams, 2008: 4). Figure 2.6 shows
formation of plug flow. The size of the plugs varies based on pressure, air flow rate and bulk solids
flow rate (Williams, 2008). Figure 2.6 illustrates that it is possible to destroy plugs in a conveying

system and develop a dilute phase flow by increasing the air flow rate, and this is also reversible.

Dilute phase flow e

Dhrection of material flow —

Dilute phase flow

i e i e

Direction of material flow ——-

2121 MO[] SSELU JIe SuIseaidag]

Plug flow

Figure 2.6  Pneumatic conveying transitions from dilute to plug dense flow (Williams, 2008)

What is to be noted is that based on the air flow rate, there is a transition zone between the full
plugs and full dilute phase as the air flow rate is increased (or reduced if flow was initially dilute
phase). This transition zone as indicated in Figure 2.7 can also be termed an unstable or no-go zone
for certain materials as it results in erratic flow behavior with high pressure peaks and high system
vibration (Williams 2008).
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Figure 2.7  Plug flow pneumatic conveying diagram (Williams, 2008)

Based on Figures 2.5 to 2.7 indicating a transition zone (unstable) it is important that the air mass
flow rate is limited in order to avoid unnecessary transitions from a plug (dense) flow into a dilute

phase as the transition zone may also be prone to blockage.
2.3.2 Fluidized flow

A fluidized bed flow is characterized by a dilute flow in the upper sections of the pipe, and a
moving bed flow in the bottom section of the pipe as indicated in Figure 2.8. This is typical for
materials with mean diameters of less than 100 microns and a large particle size distribution
(Williams, 2008),

14



Figure 2.8
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Transition from Dilute Phase to Fluidized dense flow (Williams, 2008)

Similar transition zones are encountered for fluidized dense phase flow, as shown in Figure 2.9. As

indicated in the plug flow case, it is necessary to maintain a reliable and constant low air mass flow

rate to maintain a dense phase system, and any increase in air flow rate will lead to a high air flow

dilute system.

pressure drop(AF)

Figure 2.9
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Fluidized dense flow pneumatic conveying (Williams, 2008)
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Figures 2.7 and 2.9 represent pneumatic conveying characteristics where the pressure drop is
defined as a function of air flow rate. These figures indicate that for efficient conveying in a
particular conveying mode, it is necessary to maintain the air flow rate. Any increase or decrease of
flow rate from design value can lead to a pneumatic system that performs in an unstable flow
regime that is characterized by possible blockages, sporadic pressure drops and high turbulence. It
is therefore necessary for efficient operation to accurately determine the required air flow rate and
then ensure that the system operates at this flow rate, taking into account air expansion along the

pipeline.
2.4  Conveying Pressure

In order to maintain a reliable flow of bulk solids without blockages, a minimum conveying
pressure is required which must be high enough to overcome the frictional effects imposed on the
system (Williams, 2008). This pressure is a function of the friction dynamics that exist within a
conveying pipe between the solids-air mixture and the pipe wall. This pressure must be sufficient
to also overcome the resistance caused by the following: length of the conveying pipe, resistances
created on flow at bends and gravitational forces acting against the flow along the vertical sections
of the pipe (Mills, 2016) as well as pressure losses when the solids are introduced into the pipe, and
any pressure necessary to move the solids from a rest position. This methodology of breaking up
the various pressure components and consolidating at a later stage was proposed by Marcus and
Chambers (Mallick, 2009). These aspects are discussed in sections 2.4.1-2.4.5, and a consolidated
expression of pressure is shown in section 2.4.6.

Methods of estimating the friction factor are discussed in section 2.5.
2.4.1 Conveying pressure loss over a horizontal length

In long distance conveying, i.e., conveying with distances of greater than 300 m, the most
dominant resistance is the length. As such, a designer must ensure that the conveying pressure is

greater than the frictional losses due to the conveying distance (Bettman, 1987).

This pressure loss due to the conveying distance is described by the Equation (2.3) as first
proposed by Barth as noted by Mallick (2009). Although Barth had described this equation for use
in dilute phase, it has been applied for use in dense phase as well (Mallick, 2009, Sheer 1991).

2
APH — (Aa'*'#/lzszpa”a L (23)
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In Equation 2.3, APy is the pressure loss due to horizontal conveying length in kPa, A4, and A,
represent the dimensionless friction factors due to the air and bulk solids respectively whilst u is
the solids loading ratio. Air density is indicated as p, in kg/m®, v, is the air velocity m/s, L is the

conveying length in m and Dis the pipe diameter in m.

Equation 2.3 represents the pressure drop on the conveying line due to both the air and solids over
a conveying distance, and the friction factors (1,, A¢) and solids loading ratio relate to how much
this air-solids mixture contributes to this pressure drop. This Equation is widely accepted as
sufficient to express the pressure drop over a conveying distance in dense phase conveying
(Bettman 1987, Setia and Mallick 2015). It is also worth noting that the air contribution to pressure
drop is typically 10% of the overall pressure drop and hence the largest contribution comes from
the pipe interaction of solids along the conveying distance (Williams 2008).

In most design cases, the conveying length is given, possibly due to mining process output
location, or in power generation this is determined by where the ash can be dumped. As such, most
designers try to minimize the pressure drop (AP) by increasing the pipe diameter (D). Especially
for very long conveying distances, in excess of 1000 m, one finds what is termed telescoping
piping where the pipe diameters are stepped up, for example every 300 m (Bettman, 1987).
Telescoping piping has been widely researched (Bettman 1987, Mills 2016) and does provide

improvements in reducing pressure drop along the length of the conveying pipe.

The air density is computed from actual conditions, i.e., pressure and temperature in the conveying
pipe and this varies along the length of the pipe (Mills and Agarwal, 2001) and the velocity is
computed from the density and air flow rate. Equations for calculating density and velocity are

shown in 2.4 and 2.5 respectively,
P
p=— (2.4)

In Equation 2.4, p is the air density in kg/m®, P is the absolute pressure in kPa, R is the
universal constant of air as 0.287 kJ/kg K and T is the temperature in Kelvin. It should be noted
that the density varies along the conveying pipe as the pressure and temperature change (Mills and
Agarwal, 2001).

b — 4maRT (2.5)

a PrD?
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In Equation 2.5, v, or simply v is the air velocity in m/s, m, is the air mass flow rate in kg/s, and

all other parameters are as defined under Equations 2.3 and 2.4.

Once Equations 2.4 and 2.5 have been solved with known values of flow rate and air density, the
designer is able to determine the pressure drop along the length and select a suitable pipe diameter

using Equation 2.3, provided the friction factors are known.
2.4.2 Pressure loss along a bend

Another area where there is a pressure loss that needs to be overcome by the conveying pressure is
the loss as the flow comes along a bend, and this is expressed as proposed by Marcus and
Chambers (Mallick, 2009) as indicated in Equation 2.6,

__ NB(1+p)pv?

Py 5

(2.6)

In Equation 2.6, Py is the bend pressure, N is the number of bends, B is the dimensionless bend

factor and p and v are as per Equations 2.4 and 2.5 respectively.

The bend factor is based on the radius to diameter ratio of a bend, as defined in Table 2.1
(Bettman, 1987).

Table 2.1 Bend factor Table

Radius-diameter ratio (R /D) Bend factor (B)
2 1.5
4 0.75
5 0.5

As noted by Bettman (1987), Table 2.1 illustrates that the pressure drop along a bend will increase
as the bend radius is decreased. As such, designers always try to minimize the impact of bend loss

by increasing the radius around the bend.
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Another form researchers use for calculation of bend pressure loss is to convert the bend radius
into an equivalent length and then Equation 2.3 can used considering the bend as a straight section
(Bansal, 2012).

2.4.3 Pressure loss at pick up of material (acceleration)

Marcus and Chambers (Mallick, 2009) presented Equation 2.7 as a form that can be used to

estimate the pressure drop due to initial pick-up of solids,

pr2(1+2p-5)
— Vg
A 2

(2.7)

In Equation 2.7, P, is the acceleration pressure drop, and :—5 represents the ratio between the solids

and air velocities. Density and velocity, p and v, are as per Equations 2.4 and 2.5 respectively.

The pick-up pressure loss is difficult to predict due to the interactions between the air and solids
particles in highly turbulent flows at pick-up. These turbulent flows are also induced at times in

order to break up consolidation of bulk solids that may lead to a blockage scenario (Mills, 2016).
2.4.4 Pressure loss along the vertical section of the pipe

Equation 2.8 can be used to estimate the pressure exerted by the weight of the products as they are
lifted along the length of the pipe in an upward direction (Mallick, 2009).

Py = upgLy, (z—) (2.8)

In the Equation 2.8, P, is the pressure drop to overcome the vertical distance in kPa, L,, is the
equivalent length in m. Density and velocity, p and v, are as per Equations 2.4 and 2.5 respectively.
The velocity ratio in Equation 2.8 is calculated as shown in Equation 2.9 from the work of Hinkle

(Rhodes, 2008).

% =1 -0.0638d33p2° (2.9)

Va

In Equation 2.9, d,, is the particle diameter in mm, and p; is the solids bulk density in kg/m®.
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Equation 2.9 is also used to evaluate the solids velocity with Klinzing having proposed a similar

model for the prediction of solids velocity, as indicated in Equation 2.10 (Sharma et al., 2018).
vy = (v — wf0°'71)D°'°19 (2.10)

In Equation 2.10, wy, is the terminal velocity in m/s (described in greater detail in Equation 2.18)

and D is the pipe diameter in meters.

It should also be noted that the pressure prediction models presented in sections 2.4.1 to 2.4.4 use
the air velocity and the velocity ratio to predict the pressure losses along the pipe. The solids
velocity is not used in pressure prediction models presented thus far but Equations 2.9 and 2.10 can

be used if one is interested in the solids velocity.
2.4.5 Total pressure loss (minimum conveying pressure)

The minimum conveying pressure required to convey the bulk solids must be able to overcome all
the pressures described in sections 2.4.1-2.4.4, and this is the total pressure expressed in Equation
2.11.

PT:PH+PB+PA+PV:AP (211)

In Equation 2.11, AP represents the total pressure loss in kPa.

2.5 Friction Factor

Pressure drop along the pipe relies on the friction factors; Equation 2.3 is made up of friction
factors for the bulk solids and air. Friction pressure models are typically based on this two-phase
flow approach, where the air friction factor is analyzed separately from the bulk solids friction
factor, (Williams, 2008). Air-only friction and pressure models are common and some of these

Equations are indicated in section 2.5.1 and the solids friction factor is discussed in section 2.5.2.
2.5.1 Air friction factors

Review of air-only friction models reveals that there is extensive and well documented literature on
calculation of air friction factor and the Equations 2.12 and 2.13 are two of the commonly used
forms (Williams, 2008).
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Equation 2.12 is to calculate the pressure drop due to air only for most pipes by using average

values for air velocity and density (this is the air only component of Equation 2.3),

2
APA — 4fLP;gevave (212)

In Equation 2.12, (4f) or A, is the friction factor for air only. Whilst there are numerous methods
for calculating the air only friction factor, the form preferred in this research is the one used by
Williams (2008),

(2.13)

Equations 2.12 and 2.13 have been derived from numerous researches, and these are not discussed in further
detail as the air pressure drop contribution is much less at usually less than 10% compared to solids pressure
drop (Williams, 2008).

2.5.2 Solids friction factors

The solids friction factor is a complex entity and currently there are no widely accepted theoretical
models to accurately predict solids friction factors and pressure drop; however some of the

generally used approaches are included here.

Weber Equation

One of the initial Equations (2.14) for solid friction factors is from Weber (1981),

, 0.1
Py L <D) (2.14)

m*03Fr2 \d,

In Equation 2.14, A, is the solid friction factor, D is the pipe diameter in m, d,, is the particle
diameter in m, Fr is the dimensionless Froude number, m* represents the dimensionless solids

loading ratio (used as u in this research report).

This Equation was further developed by Jones and Williams (2003) with specific research on

fluidized materials resulting in an improved equation for fluidized dense phase conveying (2.15):

A = —2 (2.15)

m*0.9Fyr2
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Jones and Williams developed Equation (2.15) for fly ash by using what is termed the power law,
and this is the preferred method for most researchers in terms of developing a model to estimate
solids friction factor (Jones and Williams, 2003; Williams 2008, Behera et al., 2015).

The power law method

Williams (2018) and Behera et al. (2015) have improved on Equations (2.14) and (2.15) by using a
power law function that established the relationship between the solids friction factor, the solids

loading ratio and the Froude number. This relationship is expressed in (2.16),
da
Ay = C(m")(Fry)? (;’—) (2.16)

In Equation 2.16, Fr; is the inlet gas Froude number according to Behera et al. (2015), however
other researchers advocate for use of mean or average Froude numbers to cater for the expansion of
the air (Wypych, 1989; Sheer, 1991).

Equation (2.16) is the basic form for Equations (2.14) and (2.15) expressed using dimensionless
coefficients or power functions, a, b and c. Using experimental data, these coefficients can be
determined using known values for solids loading ratio, inlet Froude numbers and solids to air
density ratio. As such, a new model can be developed based on specific experimental data. This
then represents an improved form of the Weber Equation, and this has been used with success
(Williams, 2008). Behera et al used this approach to develop a model for prediction of solids

friction factor, shown by Equation (2.17).

To illustrate how this is achieved, from Equation (2.15), Behera et al solved for the power
functions such that, C = 364.4,a = —1.29, b = —2.36and ¢ = 0.01 for fly ash and alumina
solids conveying in dense phase. Substituting in Equation (2.15), Behera et al developed Equation

(2.17) for dense phase fly ash conveying,

_ *\—1.29 -2.36 ( Ps 0.01
A = 364.4(m*) 12 (Fr) (p—) (2.17)
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As expected from results by Williams and Jones (2003), Behera et al also found that the density
ratio (;’—5) is negligible, and hence Equation (2.17) can be simplified to be similar to the findings by

Jones and Williams in Equation (2.15) as expressed below in Equation (2.18),

364.4
m*1.29Fy2.36

2, = (2.18)

As such, a designer is able to develop a model for calculating solids friction factor specific to a

particular set of bulk solids data, giving a model similar to Equations (2.15) and (2.18).

Volumetric loading ratio (VLR)

In recent years researchers have suggested another method that considers the air and solids
relationship separately in the flow, using a dimensionless factor called the volumetric loading ratio
(VLR) and the dimensionless velocity ratio (Setia et al, 2015). The VLR represents the respective

volumes occupied in the pipe stream by solids and air as expressed in Equation (2.19) (Setia et al.,
2015),

VLR = ((rg)/( \I (2.19)

In Equation (2.19), VLR is the volumetric loading ratio, with m and p representing the mass flow

rate in kg/s and density in kg/m?® for solids and air as denoted by subscripts, s and a respectively.

The dimensionless velocity ratio attempts to define the dense-dilute phase relationship that exists
in the pipe line (Setia et al, 2015) and is described by an Equation of the form (2.20),

Dimensionless velocity = (?) (2.20)

In Equation (2.20), v is the air velocity in m/s and wy, represents the terminal settling velocity of

the solids, solved using Equation (2.21),
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we, = [M]O'S (2.21)

3Cppa

In Equation (2.21), Cp, is the drag coefficient in the conveying stream.

Equations (2.19) and (2.20) were used in a similar approach to the power law to solve for a, b and

K to develop a model for the solids friction factor as shown in Equation (2.22),

A = K(VLR)® (WTf)b (2.22)

Using data from experiments, Setia et al (2015) were able to develop Equation (2.23) that can be

used to predict the solids friction factor for fly ash,

0.777
As = 0.643VLRO316 (212} (2.23)

Setia et al., (2016) further developed the volumetric loading ratio methodology into what they
termed the two-layer theory, where instead of developing an Equation such as (2.23), the dilute
contribution is calculated separately from the dense phase contribution.

The resulting two layered approach is expressed as shown in Equation (2.24),

A =1 (K(VLR)“ (Wf )b) +1, (LC + 2B > (2.24)

: ot

In Equation (2.24), the first part represents the dense phase (similar to Equation 2.22), and the
second part represents the dilute phase wherein 7, and t, are defined as shown in Equation (2.25)
and (2.26),

T, = 1-(Fr-Frmin) (2.25)

Frmax—Frmin

T, = _Fr-Frmin (2.26)

Frmax—Fr'min

The Froude numbers are based on velocity conditions at various conveying regimes, as defined in
Setia et al (2016).
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Equations (2.14), (2.15), (2.18), (2.23) and (2.24) show that uncertainty and interest still remains to
adequately develop a model that accurately predicts solids friction factor with minimum deviation
to actual data. Unfortunately, a method does not currently exist that can reliably predict conveying

pressure drop to accuracy of less than 10% and this is an area of continued research.

2.6 Air Flow Rate

Using ideal gas laws, the relationship between two positions, such as between the actual condition
and the standard condition can be computed from the following Equation given by (2.27) (Mills,
2016),

PV _ PaVp (2.27)
n T '

Where, P is the pressure in kPa, T is in Kelvin and V is the volumetric air flow rate in m*/s. The air

mass flow rate can be computed using Equation (7.28), as,
my = pV (2.28)

Where, i, is the mass air flow rate in kg/s, p is the air density in kg/m® and V is the volumetric air

flow rate in m%s.
2.7 Long Distance Conveying for Dense Phase Conveying in Fly Ash

It was also necessary to review the influence of conveying distance on a pneumatic system. Data
from previous researchers considering dense phase conveying and specific to fly ash were also
reviewed, to ascertain typical conveying characteristics for fly ash in dense phase as the conveying
distance is varied. This was done by observing the pressure drop and air flow rate as the conveying

distance is increased, as well as the various operating regimes that have been noted.
2.7.1 Conveying characteristics as the conveying distance is increased

It was necessary to review the relationship between air flows as the conveying distance is
increased. This is due to the nature of this research as the three boiler Units have different

conveying distances as covered in detail in Chapter 3, Table 3.2. For illustration purposes, the
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conveying length difference between Unit 1 and Unit 3 is 223 m in this power station and hence it
was necessary to review the impact of conveying distance on pneumatic conveying variables such

as air flow and pressure drop.

Review of this literature was based largely on the work by Bettman (1987), who conducted tests at
various conveying distances and pipe diameters. Bettman showed that as the conveying distance is
increased, more energy and air consumption is required for the same amount of material up to an

optimum point, refer to Figure 2.10.
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Figure 2.10 Conveying distance impact on energy consumption (Bettman, 1987)

Experimental results obtained by Bettman (1987) are also considered of particular interest in this
research as they closely resemble the present experimentation and these were reviewed to highlight
what results could be expected. The main difference that must be highlighted is that Bettman’s
long distance conveying was made up of stepped pipe diameters and hence it is expected that at
stepped positions along the pipe length there is a pressure gradient reduction and hence the overall
pressure drop will not be similar for a continuous pipe length with constant diameter such as in this

research.
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Figure 2.11  Pressure drop per conveying distance (Bettman, 1987)

Figure 2.11 illustrates that as the conveying distance is increased, the pressure drop is also
expected to increase, this is as expressed in Equation (2.3), pressure drop across a conveying
distance. As such, one expects that there is a considerable pressure drop difference comparing two
Units that are spaced apart by approximately 200 m length as is the case in this research.

2.7.2 Tandem pressure vessels and pre-pressurization

Another issue that the present author investigated was the operation of pressure vessels (blow
tanks) as installed in this power station. Jardine discussed the importance of operating pressure

vessels in tandem as well as pre-pressurization of these vessels (Jardine, 1986).

Tandem pressure vessels

Jardine (1986) observed that the efficiency of pneumatic conveying systems can be improved by
operating pressure vessels in a parallel manner, instead of in series where conveying waits for one
cycle to complete and then the next new cycle is initiated. This is best explained in Figure 2.12,
where the dotted lines indicate performance in parallel between the conveying vessels. This is
referred to as tandem vessels, where two vessels or a series of vessels are connected to a single

conveying pipe. Figure 2.12 depicts this configuration,
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Figure 2.12 Tandem pressure vessel configuration (Jardine, 1986)

Jardine concluded that this needs to be tested at long distance conveying to observe the impact as

many researchers typically test up to 400 m, and longer distances have been found in industry

(Jardine, 1986).

Pre-pressurization of pressure vessels

Williams (Williams, 2008) observed that as the material first comes into contact with air inside the
pressure vessel or blow tank, there appears an over-pressurization above the steady state conveying
pressure required. Figure 2.13 best summarizes his observation about this phenomenon and it is
included here as the present author has observed in many conveying cycles that this is how ash is

actually conveyed.
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Figure 2.13  Pre-pressurization and steady state conveying (Jardine, 1986)

In figure 2.13, the sections are defined as (Jardine, 1986):

A-B: Initial vessel pressurization

B- C: Initial transient on opening discharge valve
C-D: Average steady state conveying

D-E: Final transient as last material is conveyed

E-F: Venting and refilling

As such, a designer must ensure that over the minimum conveying pressure, one has also ensured
sufficient pressure is available to overcome the initial surge of material that results in what

Williams termed as “pre-pressurization” as it appears in Figure 2.13, A-B (Williams, 2008).

2.8 Typical Values for Dense Phase Fly Ash Conveying

This section reviews data from literature on expected values of air flow rate, pressure drop and
friction factors for fly ash conveying in dense phase mode. It should be noted that there is a wide
range of data available from literature, however as noted in section 2.2, each set of data should be

reviewed in line with its material properties. As such, this section is limited to results for fly ash.
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Table 2.2

Pneumatic conveying characteristics for dense phase conveying of fly ash from selected previous researchers

Fly ash properties

Pipe characteristics

Pneumatic conveying characteristics

Test number reference Particle Bulk Pipe Pipe Air flow | Solids Solids | Experimental | % Error in predicted
diameter | density length | diameter rate flow rate | loading ratio | pressure drop pressure drop
(wm) | (kg/m*) | (m) | (m) | (ke/s) | (kg/s) ) (kPa) (kPa)
A173-1 (Williams, 2008) 19 810 173 53 0.0809 3.60 44.5 377 +/- 15%
SI.No.1 (Behera et al., 2015) 14.91 724 221 63 0.038 3.9 103 180 +/- 14.8%
Setia (Setia et al, 2016) 30 700 168 105 0.15 6.3 42 120 +/-4.76
Jardine (Jardine, 1986) Not Not 202 100 0.307 12.3 40 210 Not indicated
indicated | indicated

*N/A — Not available
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CHAPTER 3 DESCRIPTION OF EQUIPMENT

3.1 Introduction

This chapter details the facilities and equipment used in investigating the air flow in a dense
phase pneumatic conveying system for fly ash. The research was performed at an operating
power station that was in commercial operation. The three power station Units, named in this
report as Units 1, 2 and 3 were used as test facilities for the research. The plant and all
associated equipment were installed prior to the research and the systems were in production
mode and supplying power to the national network. Because of the constraints on the
network, it was not possible to make any modifications or changes to the operating
conditions. As such, the adjustment of set points, such as reducing the air flow until a
blockage occurred, was not possible. Therefore, data collection was in the form of

observation of the conveying system performance at various Unit operating conditions.

Description of the main systems is included in section 3.2, however due to the sensitivity of
the information it was not possible to disclose all the details of the plant, as such drawings
and photographs are not included. Limitations in terms of performance are shown in section
3.3. The type of fly ash produced is investigated as well as the test facility in 3.4. The

instruments used and data acquisition system are discussed in 3.5 and 3.6 respectively.
3.2 Description of the Main Systems and Equipment

The main equipment used in the research is discussed in detail in the following sections:
3.2.1 Boiler ash hoppers
3.2.2 Pressure vessels
3.2.3 Conveying pipes
3.2.4 Compressed air supply
3.2.5 Ash silo and filter system.
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3.2.1 Ash hoppers

Ash is produced from the boiler combustion process and the fly ash is discharged into ash
hoppers directly beneath the pulse jet fabric filter plant. Ash production and quantities are
discussed under section 4.2 as part of the power station operating philosophy. Ash is
transferred from a hopper and fed into the pressure vessel (blow tank) through a dome valve.
The main purpose of the pneumatic system in this installation was to ensure that the hopper
remains as empty as possible. Each Unit was provided with 28 hoppers and when the Unit is
in operation, ash is continuously discharged into these hoppers and conveyed to the ash silos,
refer to Figure 3.1. To this end, all ash hoppers were fitted with a level indicator (section
3.5.2) to ensure continuous ash removal if ash is detected in the hopper. The total volume for
each hopper was approximately 74 m®.

Pulsing unit
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Hopper l Hopper 2 Hopper 5 *

Hopper 3 |

Hopper 4 |

Hopper 6 | Hopper 7 I 1
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Row 4
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Figure 3.1  Layout of the pneumatic conveying system
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3.2.2 Blow tanks (pressure vessels)

Located directly underneath the ash hoppers are blow tanks are which in this report are
generally referred to as pressure vessels. There is an isolation valve between each hopper and
pressure vessel; these are dome valves (feeding mechanism).

During conveying cycles, the pressure vessel system witnesses initial pressurization effects
and these pressures are always higher than the conveying pressures necessary for conveying
(Jardine, 1986). As such, blow tanks are preferred as feeding devices as they can withstand
high pressures, in excess of 350 kPa (Mi, 1994). These pressure vessels, also 28 per Unit, are
smaller in size compared to the hoppers (refer to Appendix C for specification of these
vessels). Each pressure vessel is 2.2 m® in volume. Figure 3.2 shows part of the pressure

vessel and hopper arrangement.

Fly ask i Mo

.-||. = .-ln. u]n. ul-\. uln.

Figure 3.2  Fly ash hoppers and pressure vessels

Description of the items 1-6 as shown on figure 3.2 is explained in Table 3.1 with their
functions also noted, numbers in table 3.1 relate to numbers in figure 3.2. Vessel 1 is also
termed the master vessel and vessel 7 is the outlet vessel, and the vessels in between are

slaves; refer to figure 4.1 where these are explained as part of the operating philosophy.
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Table 3.1 Description of hopper and vessel arrangement

Item | Description Function

1 Fly ash hopper | Temporarily stores fly ash for discharge into the vessel.

2 Pressure vessel | Ash and air are mixed at high pressure in preparation for pneumatic
conveying.

3 Inlet valve Opens and closes to allow ash into the pressure vessel.

4 Knife gate Used to isolate a specific ash hopper.

5 Vent line Used to depressurize the vessel after conveying and when ash is
transferred from hopper to vessel.

6 Outlet valve Opens and closes to allow ash to pass into the conveying line for
discharge to the ash silo.

The secondary and main air supply is made up of numerous airlines, with orifice plates at
supply points as indicated on figure 3.3 and Appendix E. Figure 3.3 is also discussed as in
chapter 4, as Figure 4.1; this was necessary to explain the system operation. The list of
equipment is also indicated in chapter 4 and Table 4.3 where these are discussed in terms of

how the system operates.

Air supply A and ash migture

Figure 3.3  Process flow diagram
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3.2.3 Conveying pipes

The pressure vessels in each row are all interconnected by conveying pipes, 7 sections in
series, with a total of 4 rows (28 vessels in total). All the pipes were of the same diameter of
265 mm in all the three Units. These were flanged connected pipes, made from mild steel
with ceramic lined spool pieces for bends to ensure pipe wear is minimized (refer to
Appendix B for more details on the pipe). The pipeline between the pressure vessels in each
row also has an additional air supply line within the conveying pipe; this pipe-inside-the-pipe
is designed to break up any consolidation of solids during start-up that could cause blockages.

Table 3.2 indicates the dimensions in terms of pipe diameters and lengths from the hoppers to
the receiving silo per power station Unit. It can also be observed from Figure 3.1 that each
Unit has two pipeline networks with each network independent from the other. As such, each
Unit has two conveying pipelines to the silos. Refer to Table 3.2 for these conveying

distances.

Table 3.2 Conveying pipe diameter and distances from power plant to dedicated ash

silos
Power plant | Total horizontal | Total vertical | Total conveying distance | Pipe inner bore
Unit (m) (m) (m) (mm)
Unit 6 Line 1 931 39 970 315
Unit 6 Line 2 892 39 932 315
Unit 5 Line 1 819 39 858 315
Unit 5 Line 2 781 39 820 315
Unit4 Line 1 705 39 744 315
Unit 4 Line 2 667 39 707 315
Unit 3 Line 1 589 39 628 265
Unit 3 Line 2 551 39 590 265
Unit 2 Line 1 477 39 516 265
Unit 2 Line 2 439 39 478 265
Unit1 Line 1 363 39 402 265
Unit 1 Line 2 328 39 367 265
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It can be observed from table 3.2 that each Unit is made up of two independent pipe sections,
i.e., conveying pipe 1 and conveying pipe 2, simply referred to as line 1 and line 2. This is

also visible from Figures 3.1 to 3.3.
3.2.4 Compressed air supply

Compressed air was supplied from a dedicated compressor for each Unit. These were Atlas
Copco, Model ZH 15 000+ three stage centrifugal compressors (refer to Appendix A for
more details on the compressed air system) with the maximum volumetric air flow specified
as 203 Sm3/min. This compressed air was used in two areas, the boiler cleaning system (air
pulsing system) and on the pneumatic conveying system. Unfortunately, there was no air
flow meter solely dedicated to the conveying air and this is explained in chapter 5 in

discussing the air flow meter data.
3.2.5 Silo filter and ash storage

Ash is conveyed into reception silos, and each Unit has its own dedicated silo. On top of the
ash silo, a filter system is located for separating the clean air from the fly ash. This filter
system also serves the purpose of keeping the silo at vacuum pressure. Details of the motor
size and number of bags on the filter system are included in appendix D. This system is

always in operation to ensure the silo is kept at vacuum pressure, at —4 kPaG.

Each silo has a capacity of 4000 tonnes. These are concrete silos with an internal vertical
length of 29 m and an internal diameter of 15 m. The silo has two openings underneath
feeding the ash conveyors situated directly below the silo for ash removal to the ash dump

through a network of conveyor belts.

3.3 Research Limitations

The research was limited within the constraints of the power station and its production
limitations, i.e., only the ash produced during the combustion process was used, only the air
available from the compressors already installed, and similarly the instrumentation already

installed was used (Section 3.5). This is explained in Sections 3.3.1 to 3.3.3.
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3.3.1 Ash production

The design of each of the 800 MW power station Units required coal consumption at the rate
of approximately 384 tons per hour, with an ash content of approximately 35% on average.
This means that the total ash produced per Unit on full load is approximately 134 tons per
hour. There are two types of ash produced, namely coarse ash and fly (fine) ash. Previous
experimental investigations and general power production experience indicates that 90% of
the total ash is fly ash, which is approximately 121 tons per hour. As such, the product mass
flow rate is approximately 33.6 kg/s if the Unit is in full-load operation.

3.3.2 Air flow rate

The air compressor plant was designed to supply air to both the pneumatic ash conveying
systems and the boiler pulsing installation. This plant was designed to supply air at a
maximum pressure of 840 kPa gauge pressure and at a maximum volumetric flow rate of 203

Sm3/min per Unit. Each Unit was provided with its own compressor.

3.4  Fly Ash Properties

Knowledge of the properties of the type of ash is necessary as explained in Chapter 2, as this
dictates the type of conveying system that can be used for conveying such material (Geldart,
1973). The two main properties that were measured in this research are the particle diameter
and the bulk density.

3.4.1 Particle diameter

The average diameter of the fly ash was analyzed using a dry sieving process and the results
thereof are discussed in Chapter 5. Figure 3.4 shows the various sieves and associated

equipment used to deduce the average particle diameter.
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Figure 3.4  Sieves used for analyzing the particle size distribution

Table 3.3 Sieve size arrangement

Sieve Number

Sieve size

355 um

265 pum

180 pm

125 pm

90 um

63 um

45 pm

O N O O B~ W N

Base

Top coverlid

Sieves

Vibrator

All the sieves were manufactured using mild stainless steel in accordance to 1ISO3310.

After the fly ash was sized per sieve, it was then measured using the funnel and bucket as

shown in Figure 3.5.
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Receiving
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Fly ash
sample

Figure 3.5  Funnel and bucket

The mass inside the bucket was then taken for a mass meter reading using the scale as shown

in Figure 3.6.

Figure 3.6 ~ Mass meter scale
3.4.2 Bulk density

Bulk density was measured using a stress consolidation facility known as the Jenike direct
shear tester, and the equipment used is indicated in Figure 3.7. This method was preferred
because the bulk density varies due to the voids and this method is ideal as the consolidation

of stress allows for the reduction in voids (Mi. 1994).
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Transducer

Fly ash sample

Test weights

Figure 3.7  Modified Jenike direct shear tester

The transducer is linked to a PC that captures the data, as shown in Figure 3.9.

r—

Figure 3.8  Data capture system for the Jenike shear direct test

The consolidated bulk density is measured as follows (TUNRA Bulk Solids, Module 1, Small
bulk density test, 3):
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Q) Scoop the material into the cell as indicated in figure 3.7, and scrape
off any excess material.

(i) Place a lid over the solids such that the lid is flush against the cell and
all the material is within the cell, taking care not to pack the material
during this process.

(iii)  Insert the twisting bar into the hole provided in the lid and apply
nominally 20 twists (back and forth) over the amplitude allowed by
the holder. Be careful not to apply any extra force with the twisting
bar.

(iv)  Record the compacted height reading.

(V) Repeat steps (i)-(iii) with a series of weights added in succession.

(vi) A data capture PC as indicated in figure 3.9 will create a plot of
density as a function of consolidated stress is drawn.

(vii)  Steps (i) — (v) are repeated until any additional weight does not result
in significant change to the density, i.e., most of the voids have been
displaced.

3.5 Instrumentation

The instrumentation used for this research comprised instruments already installed on the
plant prior to the research. Calibration was not possible as the plant could not be taken down
for calibration, as so the author relied on the calibration that is normally performed as part of
maintenance on the plant. Unfortunately, certificates for this calibration could not be located
when requested. The following instruments were used: pressure transmitters, mass meters, air
flow meters and level indications. Figures 3.1 and 3.3 indicate location of pressure

instruments as (P) and flow meter as (F).
3.5.1 Pressure transmitters

During each conveying cycle, conveying pressures and the pressure at the vessels are
measured. As such the pressure in the system was measured at two locations: pressure
between the vessels with a pressure transmitter installed at the first vessel, and the pressure as
the ash enters the conveying lines (which is termed as the conveying pressure, refer to figure

3.1). The instrumentation used is similar in both applications. In this research, interest was
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only on the second pressure gauge as this was the conveying pressure whereas the first
pressure reading is an indication of the blow tank’s pressure. These pressure transmitters
were Endress and Hauser PMP 71 instruments which had a range of 0 kPa to 10000 kPa.
Refer to Appendix D for the data sheet of these instruments.

3.5.2 Air flow meter

Measurement of volumetric air flow was done using an Endress and Hauser thermal type air
flow meter model number, t-mass 65 I. This instrument had a minimum and maximum

measurement range of 1.63 Sm3/min to 886 Sm3/min.

As mentioned in section 3.3.2, this instrument measures the volumetric air flow rate that is
servicing the boiler pulsing system as well as the pneumatic conveying system. As such, it
was necessary to understand how much air flow is required for the boiler air pulsing, this is
discussed in Chapter 5. The air flow meter is indicated as F1 in figure 3.1. Refer to appendix

D for the data sheet of the flow meter.
3.5.3 Mass flow meter

Measurement of the fly ash mass per conveying cycle was not possible due to the
unavailability of any instrumentation in the conveying system for measurement of fly ash. In
this research, various methods were considered to arrive at a best approximation of this value.
One possible method was by observing the amount of coal burnt, which can be used to
estimate the amount of ash produced. However, this method is not necessarily accurate as the
coal burnt may not include all the carbon content, and there is a significant amount of that ash
captured as coarse clinkers. Even in the ash flow up until the hopper, there exist many areas
where ash could leak into the atmosphere. Coal flow values were measured to obtain the best
available approximation of how much ash can be expected to flow to the ash hoppers.

Each coal mill is fitted with a feeder that supplies coal into the furnace, and each of these
gravimetric feeders also measures the amount of coal introduced into the furnace. These mass
meters continuously measure coal intake into the boiler, with a range of 0-38 kg/s. Data

sheets for these mass flow meters are included in Appendix D.
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3.5.4 Hopper level measurement

Another method considered to quantify how much ash is conveyed during a conveying cycle
was by observing the change in the level of ash inside each hopper. This was done by
measuring the level of ash before and after a conveying cycle using a level instrument

installed inside the hopper.

This instrument was in a percentage range of the amount of ash level inside the hopper. It had
a range in meters, from 0 m to 6.5 m, and subsequently converted that value into a
percentage, i.e., from 0% to 100% when the hopper was full. This instrument is a Rosemount

guided wave transmitter instrument, model 530. Refer to appendix D for this data sheet.

This instrument was located inside the hopper and mounted on the side of the hopper, with a
guided wave wire from the instrument to the bottom of the hopper, refer to Figure 3.10.
These instruments were usually faulty and could not be relied upon as they were not suitable
for ash at high temperatures. As such, results from these instruments were not considered in
this research.

3.6 Data Acquisition

Information from the instruments (section 3.5) was stored in a central database within the
power station, and permission to access to this data was obtained. The information remains

confidential and is only used herein for research purpose.
The information is stored within a plant information system, and this system is accessible

remotely through a network controlled locally to a specific site. This information was

downloaded to a personal computer for further processing as discussed in Chapters 4 and 5.
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CHAPTER 4 OPERATING AND EXPERIMENTAL
PROCEDURE

4.1 Introduction

The main parameters under investigation concerned the relationship that exists between the
air flow rate, conveying pressure and the material mass flow rate of ash during a pneumatic
conveying process. These are typical characteristics under investigation on improvement of a
pneumatic conveying plant (Williams, 2008). During normal operation, ash is produced and
transferred from the boiler via hoppers and pressure vessels to the ash silo. The time between
the filling of the pressure vessels and conveying of ash until the conveying line is empty is
termed as a conveying cycle. During each conveying cycle air flow rate, conveying pressure
and solids flow rate were observed and these are analyzed in Chapter 5.

The plant was in full production mode and hence the normal operating philosophy of the
power station for fly ash removal was followed. Section 4.2 explains the operating
philosophy of the power station and the various power production regimes are indicated.
Sections 4.3 and 4.4 detail how the coal and subsequent ash production rates were estimated.
Section 4.5 details the necessary steps taken to acquire data specific for this research from the
extensive data available during the production of power and how these data were arranged for
this research. This is termed the experimental procedure which was an extension of the

normal operating philosophy.

4.2 Operating Philosophy of the Power Station

Each power station Unit at full load produces just under 800 MW, and consumes coal at an
average of approximately 380 tons per hour. This operation is based on a four out of five-mill
operation, and each mill consumes on average 95 tons per hour of coal. During normal
operation at full load all four mills are in service, and when necessary to reduce load, a mill is
taken out of service for a specific demand. Table 4.1 shows the production requirements with

a specific number of mills in service.
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Table 4.1 Power produced per mills in service

Power plant production | Number of mills in | Approximate coal burn-rate
(MW) service (t/h)

800 Four 384

600 Three 285

400 Two 190

It is also not uncommon to find variation in mills and this is shown in chapter 5, where one
Unit performs better than the next Unit in terms of power produced with the same number of
mills in service. As such, Table 4.1 illustrates what is the expected average coal burn for a
specific power production regime. The milling plant was also fitted with flow measurement
devices such that during each time a mill is in service, the quantity of coal burnt per hour can
be determined (Appendix D). As such during each production period a total of five coal flow

readings are expected, with the last mill showing a zero value.

4.3 Coal quality

It was also important to ascertain the quality of the coal used during the combustion process.
This is important in order to establish how much ash is expected to be produced. Samples
were taken every 8 hours, meaning three samples taken daily and analysis conducted,
however Table 4.2 only illustrates the ash content from 04 January 2019 to 08 January 2019

(with an average 35% ash content for the days reported).

Table 4.2 Coal samples per date

Coal sample date Ash Content (%)
Period 1 | Period 2 Period 3 Daily average
Fri, 04-Jan-19 37.3 34.7 34.7 35.6
Sat, 05-Jan-19 36.2 33.2 36.7 35.4
Sun, 06-Jan-19 36.7 39.7 37.7 38
Mon, 07-Jan-19 33.7 33.2 34.6 33.8
Tue, 08-Jan-19 33.1 34.3 333 33.6
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4.4

Fly Ash Removal Philosophy

Once the amount of coal introduced into the power plant is known and with optimized

milling plant, i.e., operation without oil support, the amount of fly ash produced can be

quantified from the coal quality reports. This is detailed as part of Section 4.5 under

Experimental Procedure.

Fly ash is discharged into hoppers from the boiler plant and these hoppers store the ash

temporarily for discharge into the pneumatic conveying system. The following steps were

followed once the ash is received into the ash hoppers for transfer to the ash silos - to be

understood with Figure 4.1 and Table 4.3 for location of equipment on the plant (in

brackets):

1. Open the pressure vessels vent valves (i).

2. Open the inlet valves to allow ash to enter the vessels (blow tanks), this is the filling
cycle (ii).

3. When three out of seven pressure vessels are full or time has expired of 120 seconds
close all the inlet valves, this is the end of filling cycle (iii).

4. Close the vent valves (i).

5. Open the outlet dome valves (iii).

6. Open the air fluidizing line — starting with the fluidizing lines sequentially from the
outlet vessel (vessel O) until the master vessel (vessel M) (iv).

7. Open the master air supply valve (v).

8. Material should flow in the pipe and this is visible on the pressure transmitters on the
pressure vessels (vi) and line pressures equalizing (viii).

9. The air flow rate is also observed during this period by air flow transmitter (vii).

10. After some time, approximately 5 minutes, when the conveying pressure and vessels’
pressure drop values are approximately 25-35 kPa, this signifies all the ash has been
conveyed to the ash silo.

11. Stop the air supply valves (iv) and (V).

12. Open the vent valves (i).

13. End of a conveying cycle.

Steps (1-13) were followed for each conveying cycle and when blockages were observed or

there were inconsistencies in the readings, the data were discarded. The idea was to acquire
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steady state and reliable continuous conveying data and avoid transient periods (Jardine,

1986).

Table 4.3 Description of equipment as shown in figure 4.1

Equipment | Equipment description Equipment Symbol

number

(i) Vent valves <]

(i) Inlet dome valves poy

(i) Outlet dome valves e

(iv) Fluidizing valves 2

(iv) Orifice plates e

(v) Main air supply 2

(vi) Tandem pressure vessels’ pressure P
transmitter

(vii) Air flow transmitter @

(viii) Conveying pressure transmitter @

Orifice plate details are shown in appendix E.
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Figure4.1  Process flow diagram with description for half a Unit (similar for all Units)

M — Master, S — Slaves, O — Outlet (Specific to each hopper and vessel, these are also numbered 1-7 from left to right also)
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4.5 Experimental Procedure

This section explains the additional steps followed to quantify data specific for this research.
The following three steps were necessary, i.e., first, estimation of how much coal is
consumed and in turn, how much ash is produced. The second step is to convey the ash and
observe pneumatic conveying characteristics such as pressures and air flow rate. Lastly,
integrate this information to be able to quantify for a single pneumatic conveying cycle, how
much ash is transported, at what pressure and how much air is used. This is explained in
detail in Sections 4.5.1-4.5.3.

4.5.1 Estimation of coal consumption and ash produced

As mentioned in Chapter 3, and also summarized in Table 4.1 and 4.2, knowledge of how
much coal is burned in the power plant as well as the coal quality is necessary to estimate
how much ash is produced. This method is not ideal and provided only an approximate
estimate but was the only practical alternative in this case. Most researchers (Mills, 2006;
Williams, 2008) use laboratory facilities such as single or double hopper-vessel
configurations with installation of strain gauges for measurement of ash into a vessel. In this
investigation there are 28 vessels for a single Unit and with a strain gauge per vessel support
leg, at least 112 strain gauges would be necessary and even this may not be sufficient due to
all the movements and vibrations around the area as strain gauges are very sensitive.)

In order to obtain reliable sets of data for ash production, it was necessary to avoid start-ups
and shut-downs due to the erratic nature of the coal flow and use of oil support to sustain the

furnace fires.
4.5.2 Pneumatic conveying characteristics during a conveying cycle

Ash is discharged as described in section 4.4 through the conveying line to the silo. During
each cycle, the following pneumatic conveying characteristics were observed: pressure at the
inlet to the conveying line and pressure at the pressure vessel, total air flow rate and time it
takes for the ash to be emptied in the conveying line. It was also necessary to eliminate
transient data points such as during plant start-up or shutting down. A cycle is completed in
about 5 minutes (refer to section 5.5), and as such numerous cycle data points were recorded

for a specific Unit operating range and at various points in time. This was done intentionally

49



to ensure reliability and repeatability of experimental data although within the confines of the
production environment. The air flow rate was also observed during these conveying cycles,
comparing air flow rate during a conveying period and air flow rate when there was no
conveying, viewed by a reduction in pressure drop; for more details refer to chapter 5, section
5.6.

455 Consolidated data for ash production, pressure drop and air flow rate for a

conveying cycle

After the ash produced was estimated, and for a conveying cycle the pressure and air flow
rate were known, these data were consolidated to ensure a full set of data for a particular
conveying cycle. These then represented the system performance for that specific load, and
this was performed at various loads to observe how air flow rate and pressure vary as the
amount of ash is increased through increase in coal consumption. This was repeated for the
three Units, also observing the effects when the conveying distance is increased, for example
comparing Unit 1 with Unit 3. The findings are recorded in Chapter 5, as system performance

and results.
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CHAPTER 5 SYSTEM PERFORMANCE AND RESULTS

5.1 Introduction

As detailed in the research objectives section 1.3, the main focus was to understand how
much air is used during a conveying cycle and to use this information in conjunction with
pressure and solids flow rate values to establish a model that predicts pneumatic conveying
characteristics for this particular type of ash; with the latter part discussed in Chapter 6 and 7.
This chapter is concerned with presentation of results and will initially focus on the type of
ash that was under investigation and this is covered in Section 5.2. Section 5.3 indicates
results for the pneumatic conveying characteristics, i.e., conveying pressure, air flow rate and
solids mass flow rate results for each of the Units. Section 5.4 then presents this information
in a consolidated and tabulated form for ease of comparison across the power generation
Units.

5.2  Fly Ash Characteristics

A sample of fly ash was taken for analysis of average particle size and bulk density. This
sample was compared with samples of ash obtained from the initial phases of the power
station operation to ascertain whether there had been any variance in coal and ash properties
(refer to Appendix F for PSD during commissioning). This was necessary to baseline the
findings from the start of the generation of power. These results are discussed individually in
sections 5.2.1 and 5.2.2 for bulk density results and particle size distribution, respectively.

5.2.1 Fly ash density

Using the modified Jenike shear test cell equipment as described in Chapter 3, bulk density
was measured, and the following properties were observed that give an indication of the bulk
density.
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Figure 5.1  Consolidated bulk density of fly ash

A similar test was performed during the design stage in 2010 using an ash sample from a
nearby power station using coal from the same coal mine, and results of this test are indicated
in Figure 5.2. What is worth noting is that there has not been any significant changes on the

bulk density between the early stages of design in 2010 and what was tested in 2019.
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Figure 5.2  Consolidated bulk density of fly ash, design stages test (Internal report,
document number, 200-215389)
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As can be observed by comparing Figures 5.1 and 5.2, the bulk densities for this particular
type of ash is lower than 1200 kg/m3. According to Figure 5.1 based on the fitted curve, the
value of 1180 kg/m3 for consolidated bulk density is observed.

5.2.2 Particle size distribution

As indicated in Chapter 3, a sieving method was used to estimate the average particle
diameter of the fly ash. The finding was also compared to previous data available to obtain a
view whether there has been variance in particle size during the various stages of the power
station generation life. Figure 5.3 indicates the particle size distribution, samples were taken

from each of the three power station Units and all had similar results.
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Figure 5.3  Particle size distribution of fly ash, Unit 2

Figure 5.4 shows the particle size distribution curve for a similar burnt coal at the design
stage (Bulk Solids Flow report, 2012).

53

Mass Retained (g)



10 Volume % 100
i i i

70

50

i
0 10.0 100.0 1000.0
Particle Diameter (um.)

Figure 5.4  Particle size distribution (Bulk Solids Flow report, 2012)

Figure 5.4 indicates a fly ash with an average 60 microns particle diameter and with particle
density measurements as indicated in Figure 5.2. As such, ash properties have not

significantly changed from initial stages of the design in 2010.

Figure 5.3 based on the sample obtained from Unit 2, which indicates ash with an average
particle diameter of 63 microns. The fly ash properties of Units 1 and 3 were similar to those
shown in figure 5.3 and this is the value considered in this research, i.e., d, = 63um. During
the commissioning stages of the Units investigations were performed using different sieve
sizes, for example the smallest sieves used were of less than 75um, and hence these cannot
be compared accurately with Figure 5.3. However the values were useful to identify the
variation in the fly ash although at higher sieve values. Results from these previous

measurements are included in Appendix F.

5.3  Overview of the System Performance

Before presentation of results for pneumatic conveying characteristics it is necessary to
explain the general performance of the system as this assists in understanding the variation in
the overall results. During the testing phase of the research a number of performance
anomalies were observed, and these anomalies need to be taken into account when presenting

data. These anomalies are discussed below individually.
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5.3.1 Instrumentation irregularities

It was observed during the investigation period that the instruments currently installed
behaved differently from expectation in a way in which some of the data were discarded.
Some of the reasons for these instruments to behave poorly emanated from possible lack of
frequent calibration, and due to failures of valves such as non-return valves that allowed ash
ingress into the clean air system. These deficiencies were attended to as and when observed,

however the instruments would for that period have been providing incorrect readings.

The air flow meter readings were also problematic, particularly the flowmeter installed in
Unit 3, as instances were observed where in a matter of seconds the reading dropped to less
than 45 Sm3/min during a conveying cycle, which is highly improbable, and the instrument
would pick up again, for example Unit 3 period 7, refer to appendix H. This was observed as
an incorrect reading however the peak air flowrate was within expectation during those

instances.

The hopper level instruments were very difficult to use as in most cases only 3 out of 28
hopper levels would be functional for a few minutes. This was attributed to the type of
instrument used that was not suitable for fly ash at high temperatures, higher than the 130
degrees Celsius specified on the data sheet, refer to Appendix D. Records from the power
station also indicate that these level instruments were usually faulty since commissioning,
and brought into question doubts on whether these can be used at all. As such, hopper level
readings were not considered for this research due to the unreliability of these instruments,
and hence the method of estimation of ash from coal production was the preferred option.

5.3.2 System leaks and ash blockages

During the investigation period, the system was very prone to environmental leaks of ash;
this was eventually addressed by additional teams on standby shifts to specifically attend to
leaks as and when they occur. However leaks also contribute to reducing the amount of ash
that was conveyed and if the leak was on the air line it led to loss of compressed air necessary

for conveying.

Another important issue that was noted was blockages; these were noted by excessive

increase in the conveying pressure values higher than 450 kPa without dropping over a
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number of minutes and this meant that there was a blockage in the system. These scenarios
were also discarded from the results as only scenarios close to steady state were considered.
The reason being that these blockages could be caused by a number of factors mainly foreign

materials introduced into the system such as broken pieces of bags and cages.
5.3.3 Unit trips and planned maintenance

Recording of data was also interrupted when there were Unit trips. This led to instances when
there was not enough ash in the hoppers, and downtime due to these trips and other outages
varied from a day to a planned maintenance outage of three months or longer in certain
periods. This is also indicated on the recorded data as some results skip days, weeks and

months; as such the experimental data period had to be lengthy (between 2017 and 2019).
5.3.4 Inability to make plant modifications

As mentioned in Chapter 3, due to the operational nature of the experiment, it was not
possible to do major plant modifications. As such, only available instruments were used and
this limited the accuracy of the data as it relied in secondary information and assessment for
the air flow and material mass flow rates without specific instruments for air flow and ash
flow rate dedicated to pneumatic conveying.

This also meant that the data capturing process took much longer than typical pneumatic

conveying experiments take with information readily available from installed instruments.
5.3.5 Plant deterioration

It was also notable that the state of the plant had deteriorated from the original state of the
plant during commissioning. This was visible in certain valves taking longer to close
compared to others, in some instances some valves would not open or would close
unintentionally, among other such plant defects. As such, data had to be interrogated before

inclusion to ensure all those defects were taken into consideration.

Due to the reasons noted in subsections 5.3.1 to 5.3.5, it was extremely important that steady
state conditions were considered and utmost care was taken in interrogating data before
inclusion of that data into the research, and although this was laborious it was necessary to

ensure that the data presented is approximately what the system was experiencing and was
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not influenced by external factors. Even with the above care being taken, after data was

processed, there was still evidence of these irregularities in the collected data.
5.3.6 Periods overview and selection of data

This section highlights the approach followed in acquiring data as there was a lot of data
available, from as early as 2014. However as noted in subsection 5.3.5 some scrutiny was
required to isolate the necessary data that best represents the system performance. Unit 2 is
selected for illustration purposes, and for this Unit data was available from 2016 to 2019 as
indicated in Figure 5.5. Figure 5.5 provides an overview of how Unit 2 performed in the
period under discussion with the Megawatts produced superimposed over the pneumatic
conveying variables. This was done in order to establish a relationship that exists between the

various PCCs and power produced for this particular plant.
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Figure 5.5  Unit 2 data from 2016 to 2019

Figure 5.5 indicates periods of power production at high and low loads as well as shut down
conditions. Megawatts below zero indicate a situation when the boiler is off and during that
period some power is drawn from the system as opposed to supply of power into the grid.
This figure then assists to classify periods of data which must be avoided and periods that can
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be used for the research; such periods would be made up of steady power production, steady

conveying pressures and steady air flow rate data. The data was then classified in periods of

time from 2017 to 2019, and these periods with their respective dates are listed in Table 5.1

for Unit 2. Data periods for Units 1 and 3 are indicated in Tables 5.2 and 5.3 respectively.

Table 5.1 Periods overview for Unit 2

Unit 2 Periods Dates per data period

Period 1 08 September 2017 to 06 October 2017
Period 2 30 November to 11 December 2017
Period 3 24 Feb to 09 March 2018

Period 4 21 March to 02 September 2018
Period 5 2 September 2018 to 17 October 2018
Period 6 2 April 2019 to 16 May 2019

Period 7 27 May to 31 July 2019

Period 8 Not applicable

Table 5.2 Periods overview for Unit 1

Unit 1 Periods Dates per data period

Period 1 17 September 2017 to 29 September 2017
Period 2 02 October 2017 to 29 October 2017
Period 3 14 December 2017 to 16 March 2018
Period 4 09 April 2018 to 07 May 2018

Period 5 03 December 2018 to 15 Jan 2019

Period 6 16 February 2019 to 29 March 2019
Period 7 22 April 2019 to 02 June 2019

Period 8 4 June 2019 to 31 July 2019
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Table 5.3 Periods overview for Unit 3

Unit 3 Periods Dates per data period

Period 1 01 May 2017 to 24 September 2017
Period 2 21 October 2017 to 22 November 2017
Period 3 31 December 2017 to 03 February 2018
Period 4 03 March 2018 to 02 June 2018

Period 5 02 July 2018 to 16 November 2018
Period 6 20 December 2018 to 12 March 2019
Period 7 01 April 2019 to June 2019

Period 8 15 June to 23 July 2019

Figure 5.5 read in conjunction with Table 5.1 shows readings for specific periods. The values
shown in Figure 5.5 are averaged values as the data is over a period of time and it is not
possible to record raw data over a period such as a month or longer. As such, when a period
is selected such as Period 1 in Table 5.3, from 01 May to 24 September 2017, this period is
further broken down in days to obtain raw data for that period.

In sections 5.4 to 5.7 it is discussed how data is collected in raw form from specific periods of
data as per Tables 5.1 to 5.3.

5.4 Coal Consumption and Ash Estimation

5.4.1 Coal consumption report

As indicated in Chapter 4, sections 4.2 and 4.3, ash production is heavily linked to how much
power is produced as this is directly related to the amount of coal being consumed. In order to
illustrate how raw data is obtained from a period, Unit 2 period 4 with data ranging from 21
March 2018 to 02 September 2018 is selected. Observation from Figure 5.5 shows steady
state performance at 11 May, and a raw data period of 2 hours is selected.

Figure 5.6 illustrates such an example, with four out of five mills sending coal into the
furnace for the selected data period on 11 May 2018 for 2 hours only. Table 5.4 also shows

these values averaged over the 2-hour period under discussion.

59



Table 5.4 Unit 2 coal consumption on 11 May 2018

Mill Average coal consumption (kg/s)
Mill 1 25.2
Mill 2 30.6
Mill 3 0
Mill 4 29
Mill 5 23.6
Total 108.4 (390 tonnes per hour)
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Figure 5.6  Coal consumption over a 2 hour period for Unit 2
During the period under consideration in Figure 5.6, and Table 5.4, the load for Unit 2 was at

780 Megawatts.

This exercise was repeated for all the data recorded in raw values. In Unit 1 for illustration
purposes, period 2 is selected from Table 5.2, and a specific date of 11 October 2017 is
selected for raw data as indicated in Table 5.5 and figure 5.7.
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Table 5.5 Unit 1 coal consumption on 11 October 2017

Mill Average coal consumption (kg/s)
Mill 1 22
Mill 2 22
Mill 3 21.5
Mill 4 22.1
Mill 5 0
Total 87.6 (315 tonnes per hour)
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Figure 5.7  Coal consumption over 2 hours for Unit 1 for 11 October 2017

Figure 5.7 and Table 5.5 relate to Unit 1 with a generation capacity of 650 megawatts. This
Unit was not performing at maximum loads during the research period and therefore data was

observed from as far back as 2017.

A similar approach was used as well with Unit 3, with period 8 used for illustration purposes.
Raw data for 01 July 2019 are selected and this is recorded similarly in Table 5.6 and Figure
5.8.
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Table 5.6 Unit 3 coal consumption on 01 July 2019

Mill Average coal consumption (kg/s)
Mill 1 36.8

Mill 2 33.2

Mill 3 23.2

Mill 4 0

Mill 5 33.2

Total 126.6 (455 tonnes per hour)
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Figure 5.8  Coal consumption for Unit 3 for 01 July 2019

Figure 5.8 and Table 5.6 relate to Unit 3 with a load of 783 megawatts production, on the 1%
of July 2019 and as such, this Unit was performing much closer to full load of 794

megawatts.
5.4.1 Ash estimation
Tables 5.4 to 5.6 are used to establish the expected ash production on the particular dates

under investigation, and these are done in conjunction with the ash quality reports. For
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illustration purposes, Table 5.4 is used with an average coal consumption of 108.4 kg/s. The

coal quality report for this particular coal burned is as indicated in Table 5.7 below.

Table 5.7 Coal quality report for 10-12 May 2018

Date Ash %
Period 1 Period 2 Period 3
10-May-19 33.8 34 34.2
11-May-19 34 34 33.8
12-May-19 33.3 34.3 37

Based on this coal quality report, the average ash content was approximately 34 %, and based
on experience that typically 90% of the total ash is fly ash, the calculation below can be
applied to estimate the ash production for that period.

Fly ash produced = 108.4 x 0.34 X 0.9 = 33.8 kg/s

Therefore approximately 119 tons per hour of fly ash was sent to the ash hoppers for
conveying into the ash silos for Unit 2. The ash would then be split up into the four rows of
seven hoppers each, with two rows of 7 hoppers each converging into a single conveying

line, refer to Chapter 3, Figure 3.1. As such each Unit has two conveying lines.

Each individual conveying line would therefore transport approximately 59.5 tons of ash per
hour to ensure continuous removal of ash at this particular power generation load. The above
is repeated for each period in question for all the three generating Units, refer to Appendix I.
See Section 5.7 for a consolidation of these data with pressure drop and air flow rates
(discussed in the next two subsections).

It should be noted that there are two major assumptions made to obtain the fly ash values,

namely ash content applicability and fly ash discharge into ash hoppers.
Assumption on ash content
The coal quality reports can only be useful if the coal that was measured with ash qualities

such as reported in Table 5.7 was conveyed to the boiler for combustion at that time. Power

plants are normally built with a stockpile and as such, coal may have been measured on a
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particular date to have specific ash qualities, however this does not necessarily mean that this

was the coal that was burned on that day, due to coal stocking operations.

However this is not significant as the ash content varied between 34% to 36% and this
difference is considered minor for this research. Whether a value of 34% or 35% is used has

a small effect on the results.

Assumption on fly ash discharge into ash hoppers

The next assumption made is that all the fly ash (as per the 90% rule) is discharged into the
fly ash hoppers for transport using pneumatic conveying. This assumes there is no leak in the
boiler ducts between the ash hoppers and the furnace, and that there are no additional systems
that extract ash in the boiler ducts, such as the flue gas de-ashing system that extracts any ash
in the ducts between the furnace and the ash hoppers. This is done to prolong the life of the
ducts against any ash lying on the ducts as over time the flue gas mixed with this ash easily
erodes the boiler ducts.

However this assumption is sustained noting that the plant was designed to collect practically
all the fly ash, and for this research all the three Units are assumed to behave similarly. The
above assumption should be tested in future, with the use of a single hopper isolated with
strain gauges to observe the amount of fly ash into a single hopper, unfortunately this was not

possible during the research period.

After the amount of fly ash has been estimated, the conveying pressure and air flow rate can
be calculated as the next part of the PCCs. These are covered in Sections 5.5 and 5.6

respectively.

5.5 Pressure Drop in the Conveying Lines

The pressure drop across the pressure vessels (blow tanks) was not considered for this
research. This was in order to eliminate all the variations and pre-pressurization and pressure
peaks at the start of the conveying and the acceleration pressure variations. Only the pressure
measured at the start of the conveying lines was considered to yield the conveying pressure

drop. The pressure drop along the conveying pipeline during a conveying cycle was observed
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from making use of the pressure transmitters installed on the conveying line; refer to Figure
4.1 and Table 4.3.

A similar process that was followed in section 5.4 to obtain raw data for the coal
consumption is also followed in collecting pressure drop readings during conveying periods.
Taking the period 6 for Unit 2 (refer to Table 5.1) with data ranging from 02 April 2019 to 16
May 2019, Figure 5.9 shows the average readings.
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Figure 5.9  Pressure drop as a function of time for Unit 2 from 2 April to 16 May 2019

From observing Figure 5.9, reasonably “steady state performance” is noted on 22 April 2019.
This is then the period selected for a closer examination of the conveying pressure, and this is

the performance as indicated in Figure 5.10 for a 20 minute period.
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Figure 5.10 Pressure drop as a function of time for Unit 2 on 22 April 2019

Figures for maximum conveying pressures for Unit 2 can be observed from Figure 5.10 for
the selected reporting period. Reading from Figure 5.10, the two conveying lines (as
indicated in Figure 3.1) had maximum conveying pressures of 91 kPa and 100 kPa
respectively. Of particular note is the period when both conveying lines were not in service
and this is visible in figure 5.10 when the two conveying lines had low pressures at the same

time, at pressure readings of 18 kPa. This is discussed further in section 5.6.
The same approach as followed in observing conveying pressures for Unit 2 is followed for

Unit 1 and Unit 3. Data period 2 for Unit 1 is used for illustration purposes, and results are as

indicated in Figure 5.11 with raw data readings observed for 12 October 2017.
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Figure 5.11 Pressure drop as a function of time for Unit 1 raw data period 12 October 2017
Similarly with Unit 3, period 8 is selected for illustration purposes, and raw data values are as
indicated in figure 5.12 for 01 July 2019. As with Unit 2, it is also worth noting the time at

which both the conveying lines are at their lowest pressures, this is used for air flow

determinations in section 5.6.
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Figure 5.12  Pressure drop as a function of time for Unit 3 raw data period 01 July 2019
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Once the ash flow rate and conveying pressures have been determined, the last pneumatic
conveying data necessary are the air flow rate values. Conveying pressure data for all other

data periods are included in Appendix H.

5.6 Air Flow Rate Values

As indicated in Chapter 3, section 3.4.3, the air flow meter used during the investigation was
measuring air flow simultaneously for two users, i.e., the pneumatic conveying system and
the boiler cleaning system. It was therefore necessary to know how much air was used by the
pneumatic conveying system alone, which was determined from an air mass balance given by

the Equation below:

Vp = VT - VB (51)

In equation 5.1, V, is the pneumatic air flowrate, Vr is the total air flowrate and Vg is the

boiler air flowrate in m3/min.
5.6.1 Boiler volumetric flow

The boiler cleaning process was designed to consume a maximum of 49 Sm3/min (Internal
report, Document number: 200-36048), and this value was also observed during the research
period. This was observed by noting all the periods when the pneumatic system was not
conveying, to obtain a value for the boiler cleaning air flow on its own. For illustration
purposes, a period under investigation is selected for Unit 2, 08 September to 06 October

2017. During that period, air flow data was observed in shown in Figure 5.13.
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Figure 5.13  Volumetric air flow as a function of time for Unit 2

The low point in figure 5.13 indicates a period when both conveying lines were inactive and
only the cleaning system was consuming air; this is the point of interest. However, to ensure
that this is indeed a point where both conveying lines were not conveying, it is necessary to
superimpose the conveying pressures with air flow rate to indeed confirm this assumption:

refer to Figure 5.14.

69



@ ine 1 Pressure Air flow Line 2 Pressure

160 -

[EEN

H

o
1

[

N

o
1

[EEN
o
o

80 -

60 -

40 -

Volumetric flowrate (Sm3/min)

20 - u

\
0

No Conveying

19:33:36 19:3I6:29 19:3I9:22 19:4IZ:14 19:4IS:07 19:4I8:00 19:50:53
Time (hour:minutes:seconds)

19:53:46

19:56:38

19:59:31

160

140

120

100

80

60

40

20

0

Conveying pressure (kPa)

Figure 5.14  Volumetric air flow as a function of time for Unit 2 with a no-conveying

period indicated

The above process was also validated by observing instances when the air supply valves for

the pneumatic conveying system were opened and closed. These valves for the period under

discussion are as indicated in Figure 5.15.

70



e ROW 1 Main air supply esss== Row 2 main air supply Row 3 main air supply

e ROW 4 Main air supply s Air flow meter

100 -+
90 -
80 -
70 -
60 -
50 -
40
30 A
20 - All pneumatic main air supply valves closed

0 . S T ’ 2
19:30:00 19:37:12 19:44:24 19:51:36 19:58:48

Time (hour:minutes:seconds)

Volumetric flowrate (Sm3/min)

Figure 5.15  Volumetric air flow as a function of time for Unit 2 with a no-conveying

period indicated by closure of air valves

As such, a no-conveying period as indicated in Figure 5.14 and Figure 5.15 shows the amount
of air used solely for the boiler cleaning process. In Figure 5.15 the boiler cleaning system
consumes 17.6 standard cubic meters of air per minute. Equation 5.1 can then be applied at
any other point during that period to estimate the amount of air used by the pneumatic

conveying system. This is discussed in section 5.6.2 in detail.
5.6.2 Pneumatic conveying volumetric flow

Figure 5.15 indicates a value of 17.6 standard cubic meters of air per minute used for the
cleaning system. The air usage can easily be deduced from figure 5.14 for scenarios when
both conveying lines were in operation, and when either one of the conveying lines was in
operation. Table 5.8 indicates these values of air flow rate for this period. The conveying
values are averaged for both line 1 and line 2.
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Table 5.8 Air flow rate for Unit 2

System in operation Volumetric flow rate (Sm*/min)
Boiler cleaning only 17.6

Line 1 conveying and boiler cleaning 54

Line 2 conveying and boiler cleaning 56

Both lines conveying and boiler cleaning | 86

Application of Equation 5.1, then leads to understanding of the air only used for pneumatic

conveying, by subtracting the air used for boiler cleaning.

As such, for this period the air used for a single conveying line, such as line 2 from Equation
5.1,

V= Vp — Vg = 56 — 17.6 = 38.4 Sm*/min

A similar process is followed for line 1 and the total air used for conveying both lines at the

same time, and these were 36.4 Sm*/min and 68.4 Sm®min respectively.

The above process was repeated for all the periods under investigation for Units 1, 2 and 3.

This information is included as Appendix J superimposed with the conveying pressures.

5.7 Consolidated Pneumatic Conveying Characteristics

This section consolidates the system performance and this is done by tabulating the results
from each Unit. These results are tabulated to indicate the salient parameters such as the
material mass flow rate, the air consumption and the conveying pressures. Unit 2 was used
for illustration purposes as indicated in subsections 5.4 to 5.6 where the ash consumption,
conveying pressure and air flow rate were analyzed. These are included in Table 5.9 for Unit
2, period 2. Similar sample tables were developed for Units 1 and 3, both Units with Period 1
data analyzed for the September 2017 period following the same methodology and these are
included as Tables 5.10 and 5.11 for illustration.
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Table 5.9 Unit 2 data for period 2 on 5 December 2017

Material mass flow rates

Conveying pressures

Volumetric air flow rate

(kg/s) (kPa) (Sm*/min)

Mill10 coal flow rate 36.8 No conveying | 18 Boiler cleaning only 17.6

Mill20 coal flow rate 33.2

Mill30 coal flow rate 23.2 Line 1 91 Line 1 conveying 36.4

Mill40 coal flow rate 0

Mill50 coal flow rate 33.2 Line 2 100 | Line 2 conveying 38.4

Total coal consumption | 126.6

Fly ash only 38.8 Both lines conveying 68.4
Table 5.10  Unit 1 data for period 1 on 24 September 2017

Material mass flow rates Conveying pressures | Air flow rate

(kg/s) (kPa) (Sm*/min)

Mill10 coal flow rate 25.6 No conveying |21 Boiler cleaning only 29

Mill20 coal flow rate 25.6

Mill30 coal flow rate 25.6 Line 1 217 | Line 1 conveying 56

Mill40 coal flow rate 25.6

Mill50 coal flow rate 0 Line 2 184 | Line 2 conveying 62

Total coal consumption | 102.5

Fly ash only 32.3 Both lines conveying | 111
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Table5.11  Unit 3 data for period 1 on 11 September 2017

Material mass flow rates Conveying pressures | Volumetric air flow rate
(kg/s) (kPa) (Sm*/min)

Mill10 coal flow rate 26 No conveying | 20 Boiler cleaning only | 30
Mill20 coal flow rate 26

Mill30 coal flow rate 25 Line 1 164 | Line 1 conveying 61
Mill40 coal flow rate 0

Mill50 coal flow rate 26 Line 2 181 | Line 2 conveying 71
Total coal consumption 103

Fly ash only 32 Both lines conveying | 130

Tables 5.9 to 5.11 contain data for selected periods for Units 1, 2 and 3. This exercise was
completed for the full set of results as per periods indicated in Tables 5.1 to 5.3 for the three
Units under consideration. These results are included in Table 5.12 for all the data recorded
for Unit 1, and similar Tables are as indicated for Unit 2 and Unit 3, as Tables 5.13 and 5.14.
The graphs pertaining to results shown in Tables 5.12 to 5.14 are included in appendix G for
coal consumption data and appendix H for conveying pressure superimposed with the air
flow rate data. The specific dates are as shown in appendix G and H for the reporting periods
shown in Tables 5.12, 5.13 and 5.14 and as explained in section 5.4, to obtain raw data.

Values that were found to be outliers, as they vary significantly with other data sets are

indicated in italics.
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Table 5.12  All values observed for Unit 1 for all the data periods under consideration
Pneumatic Conveying Data Period 1 Period 2 Period 3 | Period4 | Period5 | Period 6 | Period 7 Period 8

Coal consumption mill 1 (kg/s) 25.6 21.9 20.2 20.9 0 23.4 21.4 19.5
Coal consumption mill 2 (kg/s) 25.6 22.2 20.3 0 22.8 24.7 22.0 20.4
Coal consumption mill 3 (kg/s) 25.6 21.6 20.4 20.7 23.8 27.6 24.5 21.8
Coal consumption mill 4 (kg/s) 25.6 22.1 0 22.9 22.9 0 0 0
Coal consumption mill 5 (kg/s) 0 0 20.3 22.9 21.5 26.8 26.4 25.8
Fly ash mass flowrate (both lines) (kg/s) 32.3 21.7 25.6 27.5 28.6 32.7 29.8 27.6
Conveying Pressure Line 1 (gauge) (kPa) 217 161 169 151 156 169 169 169
Conveying Pressure Line 2 (gauge) (kPa) 184 140 138 133 124 150 150 150
Air only pressure drop Line 1 (gauge) (kPa) 19 20 21 155 21.6 23.3 24.2 19.76
Air only pressure drop Line 2 (gauge) (kPa) 18 16 19 21 23.4 18.7 194 16.2
Volumetric air flowrate for line 1 Sm3/min 56 49 68.9 83 69 59 112.6 60
Volumetric air flowrate for line 2 Sm3/min 62 64 83 67 53 55 104.6 53
Boiler cleaning only air flowrate Sm3/min 29 27 22 48 21 34 14 26
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Table 5.13

All values observed for Unit 2 for all the data periods under consideration

Pneumatic Conveying Data Period 1 Period 2 Period3 | Period4 | Period5 | Period6 | Period7
Coal consumption mill 1 (kg/s) 25.6 24.9 26.5 25.2 15.9 23.4 23.4
Coal consumption mill 2 (kg/s) 25.6 25.9 27.5 30.5 20.9 0 27.2
Coal consumption mill 3 (kg/s) 25.6 25.9 27.0 7.1 23.1 21.7 20.4
Coal consumption mill 4 (kg/s) 25.6 0 0 29.1 0 20.7 0
Coal consumption mill 5 (kg/s) 0 24.9 22.6 23.6 19.1 0 0
Fly ash mass flowrate (both lines) (kg/s) 32.3 32 32.6 36.4 24.9 20.7 22.6
Conveying Pressure Line 1 (gauge) (kPa) 131 165 113 166 Invalid 91 100
Conveying Pressure Line 2 (gauge) (kPa) 153 141 141 111 141 99 100
Air only pressure drop Line 1 (gauge) (kPa) 18.8 18.6 15.7 19.4 Invalid 19.3 17.9
Air only pressure drop Line 2 (gauge) (kPa) 18.5 20.6 15.7 19.6 19.5 17.9 16.9
Volumetric air flowrate for line 1 Sm3/min 354 36 32 38 40 39 33
Volumetric air flowrate for line 2 Sm3/min 39.4 36 33 38.4 40 35 31
Boiler cleaning only air flowrate Sm3/min 17.6 25 19 26 23 23 23
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Table 5.14

All values observed for Unit 3 for all the data periods under consideration

Pneumatic Conveying Data Period 1 Period 2 Period 3 | Period4 | Period5 | Period 6 | Period 7 Period 8

Coal consumption mill 1 (kg/s) 26.0 26.2 20.8 29.9 25.2 18.9 29.9 36.8
Coal consumption mill 2 (kg/s) 26.0 26.2 20.8 29.2 0 0 29.2 33.4
Coal consumption mill 3 (kg/s) 25.0 26.2 20.8 0 25.2 22.9 0 30.0
Coal consumption mill 4 (kg/s) 0 26.2 20.8 26.6 27.9 20.4 26.6 0

Coal consumption mill 5 (kg/s) 26.0 0 0 25.1 0 0 25.1 36.8
Fly ash mass flowrate (both lines) (kg/s) 325 32.9 26.2 35 24.6 19.6 35 43.2
Conveying Pressure Line 1 (gauge) (kPa) 164 135 126 172 160 64 179 148
Conveying Pressure Line 2 (gauge) (kPa) 181 156 145 100 129 78 223 227
Air only pressure drop Line 1 (gauge) (kPa) 25 17.8 19.4 19.8 17.7 134 19.1 22.3
Air only pressure drop Line 2 (gauge) (kPa) 21.8 14.9 22.8 16.0 20.7 11.1 21.8 17.3
Volumetric air flowrate for line 1 Sm3/min 61 76 61 77 87 107 91 69

Volumetric air flowrate for line 2 Sm3/min 71 78 86 75 87 98 91 65

Boiler cleaning only air flowrate Sm3/min 20 37 28 44 42 29 29 46
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CHAPTER 6 ANALYSIS AND DISCUSSION OF PNEUMATIC
CONVEYING CHARACTERISTICS

6.1 Introduction

Chapter 5 details the findings from this research in terms of raw unprocessed data, but it is
necessary to analyze this data and list the salient findings of this research. This section of the

report is dedicated to analysis of results and this is done as follows:

Fly ash properties

Analysis of air flow rate and solids loading ratio

Discussion on the solids loading ratio and air flow rate

Analysis and discussion of the conveying air velocity.

Pneumatic conveying characteristics such as solids friction factor and pressure drop values
are discussed in Chapter 7, together with prediction techniques for solids pressure drop based

on findings from the literature and this research.

6.2 Discussion of Fly Ash Properties

Using a sieving test and consolidated stress for bulk characterization as described in section
5.2, the particular characteristics for the fly ash under investigation were found with a bulk
density of 1180 kg/m3 and an average particle diameter of 63 um. The particle diameter was
also compared with results from commissioning periods as indicated in Appendix F. It is
observed that the majority of the fly ash measured by weight as detailed in Appendix F were
able to pass the 75 um and less sieve sizes.

The bulk density was also compared with that of initial stages as indicated by bulk density in
Figure 5.2. This was also found to be similar to the data observed during the experiment.
Based on this information, it can be assumed that this type of ash can be transported in a
dense phase system when considering Geldart’s chart (Geldart, 1973) and also supported with
findings from Williams (2008), depending of cause on the amount of air used in the

conveying.
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The question of which mode of dense phase conveying prevails, either fluidized bed or plug
flow, can be considered based on the work of Deng and Bradley (2016). They concluded that
materials with a mean diameter of less than 70 um could generally be transported in fluidized
dense phase conveying provided that the minimum conveying velocity is maintained (Deng
and Bradley, 2016). With a larger particle size slug or plug flow could prevail. As such, it is
inconclusive to suggest that the flow in the system would always remain fluidized, it can be
expected that there may be instances where the ash would be conveyed in slug or plug flow.
Based on the air flow rate data discussed in section 6.3, the system behaved similarly to a
dilute phase system considering the air to solids ratio and noting the Mills (2016) findings
with a requirement of a higher solids loading ratio for dense phase systems (above 20) which

was not the case in most of this research.

To avoid this speculation, researchers prefer the installation of a sight glass as part of the
conveying pipe system to be able to visually ascertain the type of conveying and mode of
conveying (Wypych, 1989; Jones and Williams, 2003). Unfortunately this could not be done
for this research as the conveying system was already installed and in full production.

6.3 Analysis of the Air Flow Rate

The design of a pneumatic conveying system centers on determining the required air flow
rate. In Chapter 5, Section 5.6 shows the estimated volumetric air flow rate (Standard
conditions, 0 °C and 101.3 kPa) for pneumatic conveying for each of the three Units at
particular times (Tables 5.6 to 5.8). Volumetric air flow rate varies with changes in
temperature and pressure of air and a more useful parameter in discussing conveying air flow
rate is the air mass flow rate. As such it is necessary to covert the volumetric air flow rate into
a mass air flow rate. To illustrate air mass flow rate computation, an arbitrary data point for
Unit 2 such as period 4 is selected. The results for this example, as shown in Table 5.13, are
presented as Table 6.1. Figure 6.1 also shows the volumetric air flow rate variation with
conveying pressure for the selected data period for illustration purposes. As mentioned in
section 5.4, each selected period is further scrutinized and for that date a smaller conveying

period such as a few hours or minutes is selected, refer to figure 6.1.
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Table 6.1 Conveying pressure and volumetric air flow rate data for Unit 2 period 4
sample date 11 May 2018

System in operation Average volumetric | Average conveying
flow rate (Sm*/min) | pressures (kPa)
Line 1 conveying 38 145
Line 2 conveying 38.4 105
Both lines conveying 76.4 -
Total air supply at Compressor plant | 97 740 kPa
———Lline 1 Pressure = Line 2 Pressure === Air flow
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Figure 6.1  Conveying pressure and volumetric air flow rate data for Unit 2 period 4
sample date 11 May 2018

From Table 6.1 and Figure 6.1, the total air flow rate is V; = 97 Sm*min, and from using
ideal gas laws, a factor of conversion from volumetric to air mass flow rate of 0.02155 is
used (refer to Appendix | for sample calculations). Therefore, the resulting total air mass flow
rate is computed as, m, = 2.09 kg/s. The conversion factor of 0.02155 is based on the
reference conditions for the design of the volumetric air flow meter (Internal document,

design report, document number: 200-36048).
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A similar calculation is followed to compute the pneumatic conveying only air flow rate,

1, = 0.0215 X V, = 0.02155 X 76.4 = 1.64 kg/s

This is the total air flow rate for both the conveying lines, and if both lines are conveying at
the same time with the same pressure and temperature, which is assumed to be the case, the

conveying air flow rate per conveying line is simply half of this figure.

As such, a Table similar to 6.1 can be developed based on air mass flow rate such as
indicated on Table 6.2.

Table 6.2 Air mass flowrate data for power plant 2, period 4

System in operation Average mass flow rate
(kg/s)

Line 1 conveying 0.82

Line 2 conveying 0.82

Both lines conveying 1.64

Total air supply at Compressor plant | 2.09

The complete set of analyzed results for conveying air mass flow rate for the three power
station Units is included in section 6.4; Table 6.3 for Unit 1, Table 6.4 for Unit 2 and Table

6.4 for Unit 3 this forms part of the discussion about the solids loading ratio.

6.4 Review of the solids loading ratio (SLR)

After the air flow rate has been analyzed, the next set of data to be reviewed is the ash flow
rate and this is done in order to determine the solids loading ratio (SLR). Section 6.4 is
dedicated to the discussion of air flow rate together with solids loading ratio, as the air flow
rate cannot be discussed on its own to have a conclusion whether a particular system
consumes more air than necessary. This must always be in the context of the amount of fly
ash that is being conveyed, and hence it is necessary to review the solids loading ratio as
well. The dimensionless solids loading ratio i (SLR) is used to define this relation, as given
by Equation 2.2.
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It is necessary to identify the ash flow rates for the conveying cycle periods indicated in
Tables 6.3, 6.4 and 6.5 in order to quantify the SLR values for those conveying periods.
Estimation of the fly ash mass flow rates is covered in Chapter 5, Section 5.4. Making use of
Unit 2 as an example (Table 5.4), the fly ash mass flow rate for Unit 2, period 1 was
estimated as 119 tons per hour (16.52 kg/s per line). On this particular conveying cycle, the
air flow rate was 0.9 kg/s, See Table 6.4 (consolidated table for all air flow data). These
values were substituted with fly ash mass flow rate into Equation 2.2,
ms — 16.1

u= 21 =201

mg 0.8

This calculation was performed for all the Units to find the SLR for selected periods under
discussion, and Table 6.3 tabulates the findings for Unit 1. Units 2 and 3 are included in
Tables 6.4 and 6.5 respectively. For ease of reference, kg/s units were used for both fly ash
and air, instead of the usual tons per hour for fly ash. These ash mass flow rates are taken
from Tables 5.12, 5.13 and 5.14 for Units 1, 2 and 3 respectively.

It should be noted that the air flow rate and solids mass flow rates indicated in Tables below
are as per the plant configuration, representing half a Unit (one conveying pipeline), refer to
Figure 3.1. As such, in terms of air mass flow rates and solids loading, both lines are

observed to have similar air and ash flow rates.

Table 6.3 Solids loading ratio for Unit 1

Period Fly ash mass flow rate | Conveying air mass Solids loading
per conveying line flow rate per line ratio per line

(kg/s) (kg/s) Q)

1 16.1 1.27 12.7

2 13.8 1.21 11.4

3 12.8 1.63 7.8

4 13.8 1.61 8.5

5 14.3 1.31 10.9

82



Period Fly ash mass flow rate | Conveying air mass Solids loading
per conveying line flow rate per line ratio per line
(kg/s) (kg/s) )
6 16.1 1.19 13.5
7 14.9 2.33 6.4
8 13.8 1.21 11.3

Values that were found to be outliers, as they vary significantly with other data sets are

indicated in italics.

Table 6.4 Solids loading ratio for Unit 2
Period Fly ash mass flow Conveying air mass Solids loading
rate per conveying flow rate per line ratio per line
line (kg/s) )
(kg/s)

1 16.1 0.80 20.1

2 16.0 0.77 20.7

3 16.3 0.70 23.4

4 18.2 0.82 22.1

5 12.4 0.86 14.5

6 10.4 0.80 13.0

7 11.3 0.69 16.4
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Table 6.5

Solids loading ratio for Unit 3

Period Fly ash mass flow Conveying air mass Solids loading
rate per conveying flow rate per line ratio per line
line (kg/s) )
(kg/s)
1 16.2 1.42 11.4
2 16.5 1.66 10.0
3 13.1 1.58 8.3
4 17.5 1.63 10.7
5 12.3 1.87 6.6
6 9.8 2.20 4.4
7 17.5 1.96 8.9
8 21.6 1.45 14.9

6.5 Discussion on Air Flow Rate and Solids Loading Ratio (SLR)

The data from Tables 6.3 to 6.5 has been superimposed to best illustrate the solids loading

ratios for the three Units, as shown in Figure 6.2. In order to draw similar comparison, the

SLR values were plotted against the ash flow rates. SLR 3 for example refers to solid loading
ratio for Unit 3 and similar case for SLR 2 and SLR 1.
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Figure 6.2  Solids loading ratio for Units 1, 2 and 3 plotted against ash mass flowrate

The findings as recorded in Figure 6.2 provide an insight into how much air is being used by
each particular Unit, and also helps to identify areas of improvements when the three Units

are benchmarked against each other as well as comparison with literature expectations.

Figure 6.2 and Table 6.4 show that Unit 2, which is situated physically between Units 1 and 3
(refer to table 3.2), has higher solid loading ratio values than either of the two other Units.
This indicates that this is the only Unit that is consuming air within expected values, and this
is also confirmed by the higher solids loading ratio expected for dense phase conveying. As
such, it appears that the air usage for Units 1 and 3 is higher than necessary for conveying,
when baselined against Unit 2. Therefore there is room for improvement, in the short term at
least; so that Unit 1 air consumption should not be more than that of Unit 2, and this can be

done without any concern of blockage on the system based on results from Unit 2.

Mills and Agarwal (2001) define a dense phase system for fly ash as a system that should
operate with higher solids loading ratio. In their analysis, they found solids loading ratio
values of above 15-20 as typical values expected for dense phase, and any operation below
that leads into a dilute phase system. Values for Unit 2 indicate close performance to a dense
phase system according to this definition from Mills and Agarwal. Unit 1 and Unit 3 display
performance that can be best described as borderline with certain periods close to dense phase

but largely with a dilute phase performance. These Units (1 and 3) have solids loading ratio
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values of less than 10 in certain conveying periods and according to Mills and Agarwal these
can be classified as performing in dilute phase mode.

As mentioned already, this is an inconclusive method as most researchers prefer to simply
state the mode of conveying based on the suspension and non-suspension of the bulk solids,
visible only through a sight glass on the conveying lines (Mallick, 2009). Researchers have
observed dilute phase conveying based on visual inspections with solids loading ratios higher
than 20, and as such the findings by Mills and Agarwal although a very good starting point,
need to be verified by visual inspection (Bansal, 2012). The conveying velocity also assists in

classifying the mode of conveying and this is discussed in the next section.
6.6 Analysis of the Conveying Air Velocity

The air velocity in pneumatic conveying is important in two ways, firstly the minimum
transport velocity to carry the bulk solids and to keep these in motion. Second, it is also
important in order to minimize the wear rate on the conveying pipes at high velocities due to
the expansion of compressed air in the pipe line (Wypych, 1989). As such, designers of
pneumatic conveying systems need to always be mindful of the air velocity expected in the
system, and for dense phase systems these are usually low velocities at entry points of
typically 3 m/s (Mills, 2016, Wypych, 1989). With a known conveying air mass flow rate, the
inlet and discharge point air velocities can be calculated if the pressures and temperatures at
those points are known (assuming no pipeline leakage) by using the ideal gas law.

Using Equation, 2.5 and selecting Unit 2 period 1 for illustration, the air inlet velocity into
the conveying line can be computed from known values of pressure, temperature, and
volumetric flow rate and pipe diameter. Refer to Table 5.6, with static pressure values for line
1 as 131 kPaand volumetric flow rate values of 36 Sm*min for both line 1 and 2. The
temperature is that of the air-ash mixture, and this is taken at the design value of 160 degrees
Celsius for fly ash temperature (Internal report, Design report: 200-215389). The barometric
pressure is 89.6 kPa (Internal report, Design report: 200-36048). Calculating the air mass
flow rate as discussed in section 6.5 and substituting the values from Table 6.5 into Equation
2.5,

4mgRT  4x0.80%0.287x(160+273)
Vintet = = =8.2m/s
PnD? (131489.6)x3.142x0.2652
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The outlet velocity is calculated in the same manner, with changes only in the discharge

conditions where the pressure and temperature is that at the entrance into the silo. The silo is

fitted with an extraction fan that maintains the silo at vacuum pressure to avoid over-

pressuring the silo and assist in flow of ash into the silo. This is controlled by a filter unit that

maintains pressure at -4 kPa at the silo and a temperature at 80 degrees Celsius due to the

warm ash at the discharge of the silo (Internal report, Design report: 200-215389). The outlet

(exit) velocity is then calculated in like manner as,

__ 4AmgRT

4x0.80%0.287%353

Vit = =
exit = ppgp2 T (89.6—4)X3.14X0.2652

=17.2m/s

The average velocity is calculated as the mean of the two velocities, and this is computed as,

Vinlet tVexi
V= Lnlet2 exit — 1271 m/s

This process was followed for all selected periods for Unit 2, and the findings are as indicated

in Table 6.6. Values for Units 1 and 3 are as indicated in Tables 6.7 and 6.8 respectively.

Outlet conditions are the same for both conveying lines as the discharge is at the same

location.
Table 6.6 Conveying air velocity for Unit 2 for all periods
Period Inlet Inlet Outlet Outlet | Average | Average
velocity | velocity | velocity | velocity | velocity | velocity
line 1 line 2 Line 1 line 2 line 1 line 2
(kg/s) (kg/s) | (kg/s) (kg/s) (kg/s) | (kg/s)
8.24 7.49 17.17 17.38 12.71 12.43
Period 1
6.87 7.58 16.73 16.73 11.80 12.15
Period 2
7.79 6.85 15.10 15.10 11.45 10.97
Period 3
7.26 9.25 17.75 17.75 12.50 13.50
Period 4
Invalid 8.42 18.58 18.58 Invalid 13.50
Period 5
9.96 9.53 17.19 17.19 13.57 13.36
Period 6
8.20 8.20 14.87 14.87 11.53 11.53
Period 7
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Table 6.7

conveying pipe line 1, refer to Table 5.13.

Conveying air velocity Unit 1 for all periods
Period Inlet Inlet Outlet Outlet | Average | Average
velocity | velocity | velocity | velocity | velocity | velocity

line 1 line 2 Line 1 line 2 line 1 line 2
(kg/s) | (kg/s) | (kg/s) | (kg/s) | (kg/s) | (kg/s)
9.34 10.47 27.22 27.22 18.28 18.84

Period 1
10.95 11.95 26.07 26.07 18.51 19.01

Period 2
14.26 16.21 35.04 35.04 24.65 25.62

Period 3
15.14 16.37 34.60 34.60 24.87 25.48

Period 4
12.06 13.87 28.14 28.14 20.10 21.01

Period 5
10.42 11.25 25.61 25.61 18.01 18.43

Period 6
20.38 22.00 50.09 50.09 35.23 36.04

Period 7
10.61 11.45 26.07 26.07 18.34 18.76

Period 8

Invalid data point in Table 6.6 are due to unavailable pressure reading available for period 5

Velocities in italics represents outliers that are caused by the very high air flowrate for Unit 1
period 7 (refer to table 5.12).
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Table 6.8

Conveying air velocity for Unit 3 for all periods
Period Inlet Inlet Outlet Outlet | Average | Average
velocity | velocity | velocity | velocity | velocity | velocity

line 1 line 2 Line 1 line 2 line 1 line 2
(kg/s) | (kg/s) | (kg/s) | (kg/s) | (kg/s) | (kg/s)
8.99 8.42 30.66 30.66 19.83 19.54

Period 1
11.84 10.83 35.78 35.78 23.81 23.30

Period 2
11.78 10.82 34.15 34.15 22.96 22.49

Period 3
10.03 13.86 35.31 35.31 22.67 24.58

Period 4
12.04 13.75 40.42 40.42 26.23 27.09

Period 5
23.08 21.15 47.62 47.62 35.35 34.39

Period 6
11.70 10.05 42.28 42.28 26.99 26.17

Period 7
9.79 7.34 31.28 31.28 20.53 19.31

Period 8

Velocities in italics represents outliers that is caused by the lower conveying pressures for

Unit 3, period 6 (refer to table 5.14). This can be assumed to be an incorrect set of data as it

varies quite significantly with performance for the other periods in the research.

6.7  Discussion on Conveying Air Velocity

The pipe entry and pipe exit air velocities for Units 1, 2 and 3 are indicated by Tables 6.6 to

6.8. Figure 6.3 shows only the average velocities for pipeline 2 in each case, for improved

visibility. A trend line curve was also fitted to assist in explaining the differences between the

three Units.

89



250

< 200 -
o
=
o . ¢ Unit2
> u
2 150 .\\ m Unitl
s Unit 3
(@)]
GE>; 100 - ¢ —— Expon. (Unit 2)
g 50 —Expon. (Unit 1)
© | ——Expon. (Unit 3)
O T T T T T 1
0 5 10 15 20 25 30

Average air velocity (m/s)

Figure 6.3  Average air velocities for Units 1, 2 and 3 plotted against the conveying

pressure

All the inlet air velocity values in Tables 6.6 to 6.8 are significantly higher than the expected
values for dense phase conveying systems, with Mills (2016) suggesting values of 3-5 m/s.
There exists room for further optimization of these units. Although Unit 2 demonstrated a
better performance in terms of solids loading ratio, the air velocities are still much higher
than expected with the lowest inlet velocity at approximately 7 m/s. Although it should also
be stated that due to the location of the conveying pressure already in the pipe line, the
velocities will also be expected to be higher than those expected by Mills (2016), as Mills
entry point differs with the conveying pipe entry in this research. Jones and Williams (2003)
suggest that as long as the average velocity is less than 15 m/s, flow can be assumed to be
predominantly in the dense phase mode. Air velocity values for Units 1 and 3 show the need
to reduce the air flow rate with Unit 3, the furthest Unit in this research (as shown in Figure

3.6), having the maximum average velocity of approximately 27 m/s.

The relationship between velocity (v) and wear rate (E) is expressed as E « v® wherein the
power function a = 2 according to findings by Ratnayake (2007). However other authors
such as Mbabazi, et al., (2004) found this value to be in the order of 3 with variance between
2.42 and 3.64 based on various ash qualities. As such, based on the exponential relationship
between velocity and pipe wear and considering the velocities as indicated in Tables 6.6, 6.7

and 6.8, it can be expected that there would be quite a significant wear on the pipes. The

90



pipes were lined at all sensitive areas and no major wear leading to pipe leaks has yet been
observed. There were spurious leaks but these were observed mostly on flange connections
and can be assumed to be from faulty workmanship and not pipe wear as this would be
expected mostly at the bends and no leaks at all were observed at the bends. As such,
increasing the pipe diameter as the conveying distance increases is apparently not necessary
if the conveying systems are lined or protected on their inside. Unfortunately wear
measurements were not undertaken as part of this research but with Unit 1 being in operation
for more than 5 years without any pipe replacement, it can be concluded that the pipe liner

with tiling is effective in extending the pipe life.
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CHAPTER 7 DISCUSSION OF PRESSURE DROP AND
SOLIDS FRICTION FACTOR MODELS

7.1 Introduction

In the Literature Review, a number of models are mentioned based on previous tests and in
this chapter, some of these models as the Jones and Williams (2003) and the Behera et al.
(2015) are considered for comparison. A new model is proposed based on the experimental
data for these Units. Based on this model, the future performance of Unit 6, the furthest away

from the fly ash silos, is estimated with primary focus on the horizontal pressure drop.

7.2  Pneumatic Conveying Characteristics Review

Predictive models are derived from experimental findings of the pneumatic conveying
variables of pressure drop, air and ash mass flow rates, solids loading ratio and air velocity.
Tables 7.1, 7.2 and 7.3 illustrate these values taken from Units 1, 2 and 3 respectively for all
data periods as analyzed in Chapter 6. The pressures are as listed in Tables 5.12 to 5.14. In
order to develop these predictive models, it is advisable to divide the total conveying pressure
drop into its various components made up of the air-only pressure drop, the vertical pressure
drop and the pressure drop at a bend, as explained by Equation 2.11. In this research report,
due to the location of the conveying pressure transmitter (refer to Figure 4.3), the conveying
pressure does not include the acceleration or pick-up pressure drop as the transmitter is

placed after the location of the pick-up in the direction of ash conveying.

Equations 2.3, 2.6, 2.7 and 2.8 defined in Chapter 2, section 2.4 can be used to calculate the
various components of the conveying pressure; however use of these equations also requires
the knowledge of air density. Due to the changes in air density as the pressure and

temperature changes, average values are preferred to inlet only conditions (Wypych, 1989).

In order to demonstrate how an average air density is calculated, Unit 1 period 1 and line 1 is
selected, with prevailing pressure and temperatures conditions at the start of the conveying
line defined by: P = 217 kPaG and T = 160 degrees Celsius (refer to Table 5.12). Using

Equation 2.28 the air density can be computed as,
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(217+89.6)
0.287x(160+273)

= 2.47 kg/m?3

Pinlet =

Atmospheric pressure in the plant is 89.6 kPa, and taking into account conditions at the
discharge, the density is computed at an outlet pressure of P = —4 kPaG and T = 80 degrees

Celsius.

(—4+89.6)
0.287x(80+273)

= 0.85 kg/m?3

“ Poutlet =

Computation of the mean conditions, as an average between the pipe inlet and outlet

conditions as,

) _ 2.47+0.85
o pmean - 2

= 1.65 kg/m3.

All the mean densities are calculated in a similar manner, from known values of pressure and
temperature for Unit 1, 2 and 3 using Tables 5.12 to 5.14 as shown in Tables 7.1 to 7.3. Other
data necessary for computation of the friction factor models and estimation of the various
pressure components are also included in Tables 7.1 to 7.3 as well for ease of reference.

Table 7.1 Pneumatic conveying characteristics for Unit 1

Conveying | Period Solids Air Solids Conveying | Average | Average
line mass mass loading pressure air air velocity
flowrate | flowrate ratio Gauge density
(kg/s) (kg/s) Q) (kPa) (kg/m?) (m/s)
Period 1 16.13 1.27 12.7 217 1.65 18.28
Period 2 13.83 1.21 11.4 161 1.43 18.51
Period 3 12.80 1.63 7.8 169 1.46 24.65
Period 4 13.76 1.61 8.5 151 1.39 24.87
Line 1 Period 5 14.32 1.31 10.9 156 1.41 20.10
Period 6 16.14 1.19 13.5 169 1.46 18.01
Period 7 14.87 2.33 6.4 169 1.46 35.23
Period 8 13.79 1.21 11.3 169 1.46 18.34
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Conveying | Period Solids Air Solids Conveying | Average | Average
line mass mass loading pressure air air velocity
flowrate | flowrate ratio Gauge density
(kg/s) (kg/s) ) (kPa) (kg/m?®) (m/s)
Period 1 16.13 1.27 12.7 184 1.52 18.84
Period 2 13.83 1.21 11.4 140 1.34 19.01
Period 3 12.80 1.63 7.8 138 1.34 25.62
Period 4 13.76 1.61 8.5 133 1.32 25.48
Line 2 Period 5 14.32 1.31 10.9 124 1.28 21.01
Period 6 16.14 1.19 13.5 150 1.39 18.43
Period 7 14.87 2.33 6.4 150 1.39 36.04
Period 8 13.79 1.21 11.3 150 1.39 18.76
Table 7.2 Pneumatic conveying characteristics for Unit 2
Conveying | Period Solids Air Solids Conveying | Average Average
line mass mass loading pressure air air velocity
flowrate | flowrate ratio Gauge density
(kg/s) (kg/s) Q) (kPa) (kg/m®) (m/s)
Period 1 16.13 0.80 20.1 131 1.31 10.11
Period 2 16.0 0.77 20.7 165 1.45 9.39
Line 1 Period 3 16.32 0.70 23.4 113 1.24 8.98
Period 4 18.19 0.82 22.1 166 1.45 9.95
Period 5 12.45 0.86 145 Invalid Invalid 11.20
Period 6 10.37 0.80 13.0 91 1.15 11.11
Period 7 11.3 0.69 16.4 100 1.19 9.01
Period 1 16.13 0.80 20.1 153 1.40 9.87
Period 2 16.0 0.77 20.7 141 1.35 9.62
Period 3 16.32 0.70 23.4 141 1.35 8.68
Line 2 Period 4 18.19 0.82 22.1 111 1.23 10.59
Period 5 12.45 0.86 14.5 141 1.35 10.69
Period 6 10.37 0.85 12.2 99 1.18 10.96
Period 7 11.3 0.69 16.4 100 1.19 9.01
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Table 7.3

Pneumatic conveying characteristics for Unit 3

Conveying | Period | Solids mass Air Solids | Conveying | Average | Average
line flowrate mass loading pressure air air velocity
(kg/s) flowrate ratio Gauge density
(kg/s) Q) (kPa) (kg/m?) (m/s)
Period 1 16.2 1.42 114 164 1.44 17.30
Period 2 16.47 1.66 10.0 135 1.32 20.80
Period 3 13.1 1.58 8.3 126 1.28 20.07
Period 4 17.47 1.63 10.7 172 1.47 19.78
Line 1 Period 5 12.32 1.87 6.6 160 1.42 22.89
Period 6 9.8 2.20 4.4 64 1.03 30.95
Period 7 17.47 1.96 8.9 179 1.50 23.53
Period 8 21.6 1.45 14.9 148 1.37 17.93
Period 1 16.2 1.42 11.4 181 1.50 17.04
Period 2 16.47 1.66 10.0 156 1.40 20.34
Period 3 13.1 1.58 8.3 145 1.36 19.64
Period 4 17.47 1.63 10.7 100 1.18 21.51
Line 2 Period 5 12.32 1.87 6.6 129 1.29 23.67
Period 6 9.8 2.20 4.4 78 1.09 30.10
Period 7 17.47 1.96 8.9 223 1.67 22.77
Period 8 21.6 1.45 14.9 227 1.69 16.80

Using values in Tables 7.1-7.3, a model can be developed to estimate the solids friction

factor. Researchers (Williams, 2008) have often used data available from other researchers as

well to develop their own models or verify other models based on PCC data from

experiments performed by others. As such, these Tables are useful for research into fly-ash

pneumatic conveying as a resource for proving or disproving specific models available in

literature based on particular bulk solids characteristics.

Once the PCC data has been consolidated into Tables such as 7.1-7.3, the process followed in

establishing a model is first to estimate the individual pressure drops due to air and solids.

From such data, using a back-calculation method the solids friction factor is calculated. Once
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the friction factor is known then a model for estimating pressure drop can be developed for a

particular type of bulk solids, fly ash in this research.

7.3 Solids Pressure Drop Estimation

7.3.1 Introduction

The back-calculation method for estimating the solids friction factor is based on separation of
the total pressure drop into its various components such as pressure drop due to bend pressure
drop and vertical pressure drop and lastly the air alone. After these have been computed and
subtracted from the total conveying pressure, the solids-only horizontal pressure drop remains
and with manipulation of Equation 2.3, the solids friction factor is then estimated (Jones and
Williams, 2003; Behera et al., 2015). This is discussed in the sections below.

7.3.2 Bend pressure drop

The pressure drop is calculated using Equation 2.6 from making average velocity and density
conditions as shown in Tables 7.1 to 7.3 for Unit 1, 2 and 3 respectively. Taking into account
the number of bends and their radius as indicated in Appendix B conveying pipe details, with
a total number of 7 bends, and using Table 2.1 with a bend factor of 0.5, the pressure drop as
the flow comes into contact with a bend can be computed. To illustrate this calculation, Unit
3 line 1 period 1 is selected; from Table 7.1; average velocity, v = 19.83 m/s, average

density, p = 1.44 kg/m3, and solids loading ratio, u = 11.4

_ NB(1+wpv? _ 7x0.5(1+11.4)x1.44x19.832
- 2 o 2

= 12.28 kPa

- Py

A similar process is followed to obtain the bend pressure drop for the remainder of the data

for Unit 1, 2 and 3; results are as shown in Tables 7.4 to 7.6.
7.3.3 Vertical pressure drop

The vertical pressure drop is also computed using Equation 2.7 from average conditions;
however this requires estimation of the velocity ratio between the solids and the air in the
conveying stream. This velocity ratio is computed using Equation 2.9, which also requires the

use of average conditions and a particle density.
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The voids or porosity and particle density were not measured as part of this experiment, these
were referenced values from previous research done (Design report, MP066-DR-001) where
a particle density of 2200 kg/m?3 was found. This was verified by use of Equation 2.1 with a
bulk density of 1180 as detailed in section 5.2.1, and this resulted in a void of 86%, typical
for fly ash (Tu, et al., 2007). As such, with use of Table 7.3, with an average air density,

p = 1.44 kg/m?3, particle diameter, d,, = 63 x 10~3m, the velocity ratio is calculated as,

;7—2 =1- 0.0638d2'3p3'5 =1-0.0638 x (63 x 107%)%3 x 2200°> = 0.84

The above expression was used in experimentation of dilute phase systems (Rhodes, 2008)
and in this research it was used for approximation purposes. The experimental findings by
Mallick (2009) on the solids-to-air velocity ratio for fly ash in dense phase systems suggested
that these values range between 0.9 and 0.92, and the above will be used as close
approximation. As such, in this research a value of 0.9 will be used.

+ Py = upgl, () = 114 1.44 X 9.81 x 39.3 X 0.9 = 5.7 kPa

Va

A similar process is followed to obtain the vertical pressure drop for the remainder of the data
for Unit 1, 2 and 3; results are as shown in Tables 7.4 to 7.6.

7.3.4 Air-only pressure drop

The air-only pressure drop was determined by observing the conveying system pressure
without any solids, at the end of a conveying cycle. In this process the pressure drop was
observed and these values ranged from (16-62) kPa, refer to Chapter 5, Figures 5.10-5.12 and
also refer to information in Appendix H. Although this method was applied with some level
of confidence to estimate the air only pressure drop it was also necessary to verify these
findings with theoretical values. Although Williams (2008) argues accuracy of the air only
pressure drop should not really be of much concern as the air only component is very low
compared to the total conveying, typically 10%, however as Pan (1992) also indicated this
must not be ignored as it can have substantial impact on the overall results. Also due to
instrument irregularities as noted in section (5.3.1), and with air only pressure drop models
are widely available and there is confidence in their accuracy, this is the approach also

adopted to estimate the final air only pressure drop.
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The air-only pressure was also calculated using theoretical models as discussed in Chapter 2,
section 2.5.1 where Equation 2.12 is used to predict the pressure drop due to air only. This
computation requires knowledge of air density and velocity, and these are averaged values
due to the expansion of air. To illustrate computation of the air-only pressure, Unit 1 period 1
line 1 is again selected with pipe inlet and outlet conditions without ash. As such, inlet
temperature is air only, T =30°C and P = 25 kPa. Similarly, outlet conditions were
determined without ash, with T = 30°C and P = —4 kPa as the silo extraction fan continued
to run to maintain the silo under vacuum. The average air density and velocities can be

computed as:

P (25489.6/89.6—4)/2 3
Pave = 77 0.287x303 g/
4mgRT 4%1.42X0.287%303
Vype = — = =22.83m/s
ave PrD? 100.1x3.14%0.2652 /

Using average values, the Reynolds number is then computed as,

pvd _ 1.15X22.83X0.265

Re = —
u 1.86x1075

= 374056

Air friction factor is computed using suggestions from Mills (2008),

The air- only pressure drop due to the horizontal length can then be computed by using the

modified Equation 2.3 for air only as,

P = (420)Pava’L __ 4X0.014x1.15x22.832x551
aH 2D 2X0.265

= 34.39 kPa

Finally, the air-only pressure drop due to the bend is calculated, and the model proposed by
Mills (2016) is used here for its simplicity with a bend k factor of 8.4.
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2 2
P, = k% — 8.4 x —1'15X222'83 = 2.52

The effect of gravity as the air rises along the vertical sections is not considered (Pan, 1992).
As such, the total air pressure drop is computed by adding the bend and horizontal section

pressure drops.
PA =PaH+PaB = 36.91kPa

The complete set of results is indicated in Table 7.4, 7.5 and 7.6 for Unit 1, 2 and 3 for all

data points.
7.3.5 Solids-only pressure drop

Once the air-only pressure value has been estimated, a modified Equation 2.11 can be used to
establish the solids-only pressure drop at the horizontal pipe section; this is re-written as

Equation 7.1,
APHS=APT_APA_APB_APV (71)

In above Equation, APy is the solids-only horizontal pressure drop, AP; is the total
conveying pressure and AP, is the air-only pressure drop as described in section 7.3.4. The
solids conveying pressure drops for bend and vertical sections, APg and AP, are as discussed

in sections 7.3.2 and 7.3.3 respectively.

To illustrate use of Equation 7.1 to obtain solids-only horizontal pressure, Unit 3 period 1 line
1 will be used as in sections 7.3.2 and 7.3.3. This particular period had a conveying pressure
of 164 kPa, refer to Table 7.3.

& APy = APy — APy — AP — APy = 164 — 5.7 — 12.28 — 36.91 = 109.1 kPa

The above process was followed to calculate the horizontal solids-only pressure drop as

indicated in section 7.3.2, 7.3.4 and 7.3.5 for all recorded data periods and these results are as
indicated in the consolidated Tables 7.4 to 7.6 for Units 1, 2 and 3 respectively.
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Table 7.4

Pressure drops for Unit 1

Conveying | Period Conveying Bend Vertical Air only Solids only
line pressure pressure pressure pressure horizontal
drop drop drop drop pressure drop
(kPa) (kPa) (kPa) (kPa) (kPa)
Period 1 217.00 1151 7.30 18.90 179.28
Period 2 161.00 8.97 5.65 17.77 128.61
Period 3 169.00 11.66 3.97 30.51 122.86
Period 4 151.00 12.05 411 30.00 104.84
Line 1 Period 5 156.00 10.01 5.34 20.49 120.16
Period 6 169.00 10.23 6.85 17.15 134.76
Period 7 169.00 19.87 3.23 58.92 86.98
Period 8 169.00 9.01 5.75 17.73 136.51
Period 1 184.00 11.10 6.71 20.89 145.30
Period 2 140.00 8.80 5.31 19.59 106.30
Period 3 138.00 11.32 3.63 33.72 89.33
Line 2 Period 4 133.00 11.86 3.90 33.01 84.23
Period 5 124.00 9.74 4.85 22.67 86.73
Period 6 150.00 10.04 6.49 18.89 114.58
Period 7 150.00 19.50 3.06 64.80 62.64
Period 8 150.00 8.85 5.45 19.52 116.19
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Table 7.5

Pressure drops for Unit 2

Conveying | Period Conveying Bend Vertical Air only Solids only
line pressure pressure pressure pressure horizontal
drop drop drop drop pressure drop
(kPa) (kPa) (kPa) (kPa) (kPa)
Period 1 131.00 7.92 9.12 13.25 100.71
Period 2 165.00 7.63 10.37 12.25 134.75
Period 3 113.00 6.91 10.03 10.42 85.64
Line 1 Period 4 166.00 9.19 11.15 13.60 132.07
Period 5 _ Invalid N/A N/A N/A N/A
Instrument
Period 6 91.00 5.20 5.20 13.19 67.41
Period 7 100.00 4.80 6.74 10.19 78.27
Period 1 153.00 7.97 9.74 14.02 121.27
Period 2 141.00 7.56 9.68 13.16 110.60
Period 3 141.00 6.93 10.94 11.00 112.13
Line 2 Period 4 111.00 9.08 9.45 14.76 77.71
Period 5 141.00 6.67 6.78 15.85 111.70
Period 6 99.00 4.88 5.01 13.36 75.75
Period 7 100.00 4.80 6.74 10.86 77.60
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Table 7.6

Pressure drops for Unit 3

Conveying Period Conveying Bend Vertical Air only Solids only
line pressure pressure pressure pressure horizontal
drop drop drop drop pressure drop
(kPa) (kPa) (kPa) (kPa) (kPa)
Period 1 164.0 12.28 0.84 36.91 109.1
Period 2 135.0 14.33 0.84 50.00 66.1
Period 3 126.0 11.00 0.84 45.68 65.6
Line 1 Period 4 172.0 15.44 0.84 48.50 102.5
Period 5 160.0 12.97 0.84 62.55 81.2
Period 6 64.0 12.30 0.84 85.77 -35.7
Period 7 179.0 18.94 0.84 67.62 87.7
Period 8 148.0 16.11 0.84 38.56 86.1
Period 1 181.0 12.50 0.84 39.64 122.8
Period 2 156.0 14.60 0.84 53.73 82.8
Period 3 145.0 11.17 0.84 48.12 81.7
Line 2 Period 4 100.0 14.57 0.84 52.26 28.7
Period 5 129.0 12.61 0.84 65.94 47.4
Period 6 78.0 12.27 0.84 92.05 -28.1
Period 7 223.0 19.90 0.84 71.37 126.5
Period 8 227.0 17.55 0.84 41.68 159.0

7.4  Solids Friction Factor Estimation

7.4.1 Solids friction factor from experimental results

The solids-only horizontal pressure drop allows for a method for estimation of the solids

friction factor, and this is done using Equation 2.3 for the horizontal section. This is known as

the back calculation method, and making the solids friction factor the subject as indicated in

Equation 7.2.

_ 2PysD

N

KPava?L
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To illustrate the use of Equation 7.2, Unit 3 is selected, picking a random data point such as
period 1, line 1. To use this data point with Equation 7.2, Tables 3.2, 7.3 and 7.6 are used to
obtain the following solids friction factor (refer to Table 7.7):

_ 24PysD  2x109.1x1000X0.265
S T upava?l  11.4x1.44X19.832X551

=0.016

Table 7.7 Conveying data for Unit 3, period 1, line 1 used to obtain solids friction factor

Conveying parameter Symbol Value Reference
Solids only pressure (horizontal) AP, 109.1 kPa Table 7.6
Pipe diameter D 265 mm Table 3.2

Solids loading ratio U 11.4 Table 7.3
Average air density Pa 1.44 kgm™3 Table 7.3
Average air velocity U, 19.83 m/s Table 7.3
Horizontal conveying length L 551 m Table 3.2

The same process was followed to obtain the solids friction factors for the rest of the data,

and a full set of results is given in Table 7.8.

Table 7.8 Solids friction factor for horizontal pipe sections based on experimental
conveying pressure for Unit 1, 2 and 3

Conveying | Period Unit 1 solids Unit 2 solids | Unit 3 solids
line friction factor | friction factor | friction factor
(=) (=) (=)
Period 1 0.041 0.019 0.016
Period 2 0.037 0.025 0.009
Period 3 0.028 0.019 0.011
Period 4 0.022 0.021 0.012
Line 1 Period 5 0.030 Invalid 0.012
Period 6 0.033 0.021 0.006
Period 7 0.012 0.026 0.009
Period 8 0.039 N/A 0.010
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Conveying Period Unit 1 solids Unit 2 solids Unit 3 solids
line friction factor | friction factor | friction factor
(=) (=) (=)
Period 1 0.030 0.021 0.017
Period 2 0.028 0.020 0.010
Period 3 0.018 0.022 0.013
Period 4 0.016 0.012 0.003
Line 2 Period 5 0.020 0.023 0.007
Period 6 0.023 0.002 0.004
Period 7 0.007 0.024 0.011
Period 8 0.026 N/A 0.015

Table 7.8 shows the solids friction factor values determined from experimental values. It is
necessary to compare these values with solids friction factors based on expectations from
models proposed in the literature. Although there are a number of such models, only two
models were selected for comparison of solids friction factors with experimental findings,
namely the Weber model as modified by Jones and Williams (2003) for fluidized materials
and a power law method as used by Behera, et al (2015). These models will be discussed as
the ‘Jones and Williams model’ and the ‘power law model’ for identification in this report.
These models were used for fly ash in dense phase systems and were derived using the power

laws, in this report they are just differentiated using their authors.
7.4.2  Jones and Williams (2003)

To illustrate the use of this model, Unit 2, period 1, line 1 is selected. Table 7.2 shows
average velocity and solids loading ratio of v, =12.81m/s and u =m* = 20.1. The

average (or mean) Froude number is calculated using average velocity, shown as:

oo Ya _ 1281 _
T /gD V9.81x0265

7.94

Using Table 7.2, the solids friction factor can be computed using the Jones and Williams

model as shown in Equation 7.3,

83
m*0-9Fr2

As = (7.3)
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_ 83
TS T 20.109%7.942

= 0.088

It is also necessary to review the difference between the prediction of this model and the
experimental finding. The difference in percentage from the Jones and Williams model is

calculated as (model — experimental)/(model) x 100

0.088-0.019
The above process is repeated for all the average Froude numbers and solids friction factors
for Units 1, 2 and 3 as indicated in Table 7.9. The differences from the experimental findings

to the Jones and Williams findings are also indicated in Table 7.9.

Table 7.9 Solids friction factors using the Jones and Williams (2003) model for Units 1,

2and 3
Unitl Unit 2 Unit 3
Froude | Solids Froude | Solids Froude | Solids
Conveying | Period | Number | Friction w4 Number | Friction A Number | Friction S
line (J&W) (J&W) (J&W)
Q) Q) ) Q) Q) Q)

Period 1 11.3 0.065 38 7.94 0.088 78 12.3 0.061 |74

Period 2 115 0.071 48 7.32 0.102 75 14.8 0.048 |82

Period 3 15.3 0.056 50 7.10 0.097 80 14.2 0.061 |82

Period 4 154 0.051 56 7.75 0.085 76 14.1 0.050 |76

Line 1
Period 5 125 0.062 51 6.95 0.155 Invali 16.3 0.057 |79
d
Period 6 11.2 0.064 48 8.42 0.116 82 21.9 0.045 | 113
Period 7 21.9 0.033 65 7.15 0.131 80 16.7 0.041 |79
Period 8 11.4 0.072 46 N/A N/A N/A 12.7 0.045 |79
Period 1 11.7 0.062 51 7.71 0.094 | 78.09 12.1 0.063 |73
Period 2 11.8 0.067 59 7.54 0.096 78 14.5 0.050 |81
Period 3 15.9 0.052 64 6.81 0.105 79 13.9 0.064 |80
Period 4 15.8 0.048 67 8.37 0.073 79 15.2 0.042 |92
Line 2 Period 5 13.0 0.057 65 8.38 0.107 83 16.8 0.054 |87

Period 6 114 0.061 58 8.29 0.127 78 21.3 0.048 | 109

Period 7 22.4 0.031 77 7.15 0.131 99 16.2 0.044 |75

Period 8 11.6 0.069 56 N/A N/A N/A 12.0 0.051 |70

Average (%A) 56 79 80
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The findings in Table 7.9 are included graphically to show the variance from the Jones and
Williams model (J&W) to experimental findings for both lines 1 and 2 for Unit 1, 2 and 3.
These figures plotting the solids friction factor as a function of Froude number have been
included in figures 7.1 to 7.3.

7.4.3 Friction factor model as proposed by Behera et al (2015)

The solids friction factor model proposed by Behera et al. (2015) is discussed in Chapter 2

and Equation 2.17 is rewritten here as Equation (7.4).

364.4
m*1.29Fr2.36

A = (7.4)

This model was also obtained from conveying tests using fly ash and the insight gained in
developing this model allowed the author to improve this model as explained in section 7.4.4.
To illustrate computation of solids friction factor using Equation 7.4; Unit 2 conveying line
1, period 1 is selected, similar to the data (m* = 20.1, Fr = 7.94) selected for use of the

Jones and Williams model in 7.4.2.

364.4 _ 364.4
m*129Fr236 ~ 2(0.11.297.94236

= 0.057

As =

The percentage difference was calculated as: (model — experimental)/(model) x 100

2 %A= 22222 X 100 = 67%

As such, even observation only with Unit 2 findings for conveying pipe line 1, it can be
observed that the model by Behera et al represents a better relationship to the actual
experimental conditions (67% difference) when compared with the Jones and Williams
model (78% difference). This is also visible when observing the gap that exists between the
Behera et al model results and the experimental results in Figures 7.1 to 7.3. Of the two
models, the Behera et al model is less conservative compared to the Jones and Williams
model for the specific bulk solids data and facilities as in this research. The results for the
complete data sets for Units 1, 2 and 3 are as indicated in Table 7.10 with the percentages

differences to the experimental results also indicated.
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Table 7.10

Calculated solids friction factors using the Behera model for Units 1, 2 and 3

Unit 1 Unit 2 Unit 3
Solids Solids Solids
0, 0 0
Conveying | Period Friction %A Friction %4 Friction %4
line (Behera et al) (Behera et al) (Behera et al)
) ) )
Period 1 0.044 3 0.057 67 0.042 62
Period 2 0.050 26 0.067 62 0.033 74
Period 3 0.041 32 0.061 69 0.045 75
Line 1 Period 4 0.036 38 0.053 61 0.033 64
Period 5 0.043 30 Invalid - 0.044 73
Period 6 0.043 22 0.087 75 0.036 11
6
Period 7 0.023 50 0.095 73 0.028 69
Period 8 0.051 24 N/A N/A 0.028 65
Period 1 0.041 26 0.061 66 0.044 62
Period 2 0.047 41 0.062 68 0.034 72
Period 3 0.037 51 0.068 67 0.047 73
) Period 4 0.034 53 0.044 72 0.028 88
Line 2 mperiod 5 0.039 49 0.077 70 0.041 83
Period 6 0.040 36 0.090 76 0.039 11
1
Period 7 0.022 66 0.095 75 0.030 63
Period 8 0.048 38 N/A N/A 0.032 52
Average (%A) 37 69 72

Integrated graphs plotting the solids friction factor as a function of solids loading ratio are

shown in figures 7.1 to 7.3. These figures represent findings for Units 1, 2 and 3 for both line

1 and line 2

respectively.

7.4.4 New model based on the experimental findings using a power function

As discussed in Chapter 2, section 2.5.2, one is able to propose a new friction factor model by

use of the power law of Equation 2.16 by using specific data obtained from these

experiments. This Equation is rewritten here as 7.5, with ( ps/p,) assumed to be a unity (1)

as the value of its power function is approximately zero (¢ = 0.01) (Williams, 2008).

As = C(m")(F1p)®

(7.5)
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Equation 7.5 is solved using a 3x3 matrix to solve for power functions a, b and C using the
data from the experiments: solids loading ratio (Tables, 7.1; 7.2 and 7.3), solids friction
factors (Table 7.8) and Froude numbers (Table 7.9 (see Appendix K). In order to complete
Equation 7.5, it is necessary to select three experimental periods of data. To illustrate use of
Equation 7.5, Unit 1 conveying line 1 data is selected, with periods 1, 5 and 7 selected from
Table 7.9. These periods were selected as their solids friction factor range (0.012 to 0.041)
included values from all other periods and as such it is expected that the solution found would

cover all the periods for Unit 1.

Table 7.11  Unit 1 data for line 1 period 1, 5 and 7 selected for power law factors

determination

Conveying parameter Symbol Value Reference Table
Q)
Solids friction factor (period 1) Ag 0.041 Table 7.8
Solids friction factor (period 5) Ag 0.030 Table 7.8
Solids friction factor (period 7) A 0.012 Table 7.8
Solids loading ratio (period 1) L=m" 12.7 Table 7.1
Solids loading ratio (period 5) L=m" 10.9 Table 7.1
Solids loading ratio (period 7) L=m" 6.4 Table 7.1
Average Froude numbers (period 1) Fr, 11.3 Table 7.9
Average Froude numbers (period 5) Fr, 12.5 Table 7.9
Average Froude numbers (period 7) Fr, 21.9 Table 7.9

Substituting the conveying parameters in Table 7.10 into Equation 7.5, three equations are
developed that can be solved for the unknowns. Using Microsoft Excel to solve for the three
unknowns in a 3x3 matrix, the unknowns were solved as C = 1985, a = 1.40,b = 3.07. The
new model based on the experimental results for Unit 1 is described by Equation 7.6 (Refer

to Appendix K on how Excel was used to solve for this 3x3 matrix).

1985
m*1-40Fy3.07

As = (7.6)
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The above process was also conducted for Unit 2 and Unit 3, with Equations 7.7 and 7.8
developed from using data for Unit 2 and Unit 3; refer to Appendix K for Excel computation

of these equations and the data periods selected.

214
m*1.08Fy3.02

As = (7.7)

22
m*0-91Fy2.08

As = (7.8)
Equations 7.6, 7.7 and 7.8 represent best approximations to experimental data for the solids
friction factor for Units 1, 2 and 3; it is also necessary to check how these differ from the
actual individual solids friction factors. The difference or variance of these models to actual
data is included in Table 7.11. The percentage difference is computed in the same manner as
discussed in 7.4.2.

These results have been integrated in Figures 7.1 to 7.3 with findings obtained using

proposed models by Jones and Williams (2003) and Behera et al (2015).
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Table 7.

12 Variance of the solids friction factor using new models to experimental findings for Unit 1, 2 and 3

Unit 1 Unit 2 Unit 3
Period Solids Friction | Solids Friction %A Solids Friction | Solids Friction %A Solids Friction | Solids Friction %A
Conveying (Experimental) [New model (Experimental) [New model (Experimental) [New model
line Equation 7.6] Equation 7.7] Equation 7.8]
Q) Q) ) Q) ) Q)

Period 1 0.041 0.033 24 0.019 0.016 20 0.016 0.013 24

Period 2 0.037 0.037 1 0.025 0.020 28 0.009 0.010 16

Period 3 0.028 0.026 8 0.019 0.019 0 0.011 0.013 13

Period 4 0.022 0.022 0 0.021 0.015 33 0.012 0.011 16

Line 1 Period 5 0.030 0.030 0 Invalid 0.034 N/A 0.012 0.012 0
Period 6 0.033 0.032 5 0.021 0.021 0 0.006 0.009 36

Period 7 0.012 0.012 0 0.026 0.027 4 0.009 0.009 0

Period 8 0.039 0.038 2 - - - 0.010 0.010 0

Period 1 0.030 0.030 1 0.021 0.017 18 0.017 0.014 24

Period 2 0.028 0.034 19 0.020 0.018 11 0.010 0.011 8

Period 3 0.018 0.023 20 0.022 0.022 2 0.013 0.014 5

Period 4 0.016 0.021 22 0.012 0.012 0 0.003 0.009 62

Line 2 Period 5 0.020 0.027 26 0.023 0.019 21 0.007 0.011 40
Period 6 0.026 0.030 13 0.022 0.022 4 0.004 0.010 55

Period 7 0.007 0.011 32 0.024 0.027 12 0.011 0.009 20

Period 8 0.030 0.036 16 - - - 0.015 0.011 40

Average (%A) 12 12 22
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7.5 Integrated Results for Solids Friction Factor

Results for solids friction factors from the models as discussed in sections 7.4.1 to 7.4.4 have

been integrated graphically into Figures 7.1, 7.2 and 7.3 for Units 1, 2 and 3 respectively,

with experimental results also.

Solids friction factors

Figure 7.1
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0.000 . . .
9.0 14.0 19.0 24.0
Froude numbers
Integrated results for solids friction factors for Unit 1 plotted against the

Froude numbers

0.180 -
. 0.160 - m ¢ Experimental
S 0.140 -
& 0.120 - Ny m J&W
§0.100 - '-'-*
£ 0.080 - \' Behera
% 0.060 -
3 | X ion 7.
S 0.040 % Equation 7.7 New
0.020 - e e
0.000 . . - ——Expon. (Experimental)
6.00 7.00 8.00 9.00
Froude numbers
Figure 7.2  Integrated results for solids friction factors for Unit 2 plotted against the

Froude numbers
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Figure 7.3  Integrated results for solids friction factors for Unit 3 plotted against the

Froude numbers

Figures 7.1 to 7.3 indicate that the Equations proposed in section 7.4.4 proved to have a better
prediction of the solids friction factor to experimental results when compared to the Behera et
al and the Jones and Williams model. This was to be expected as these models were derived
directly from experimental results. It was also necessary to integrate the results in tables 7.8,
7.9, 7.10 and 7.12 for solids friction factors in order to have one proposed model that best
represents results for all three Units with the lowest error in prediction. Figure 7.4 indicates

the integrated solids friction factors obtained from the experimental results.

Table 7.13 indicates results for how these proposed models predict results for solids friction
factors for Unit 1, 2 and 3. The models vary when predicting solids friction factors for Units
1, 2 and 3 with Equation 7.6 the best equation with the lowest average error of 43% across
all units. The next proposed model with better prediction was Equation 7.8 with a 48% error
across the Units. The Behera et al model, Jones and Williams and model proposed by
Equation 7.7 provided errors in estimating the solids friction factors in the order of 60%,
72% and 126% respectively.
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¢ Experimental friction factor (all Units)

0.180 -
B Friction factor using Eqgn 7.8 (All units)
0.160 - o )
X A Friction factors using Eqn 7.6
0.140 - X Friction factors using Eqn 7.7
X J&W
o 0.120 -
% ® Behera
= 0.100 - ) o
S —— Expon. (Experimental friction factor (all
8 Units))
+ 0.080 - —— Expon. (Friction factor using Egn 7.8 (All
S units))
3 —— Expon. (Friction factors using Eqn 7.6
P? 4060 - pon. ( gEq )
—— Expon. (Friction factors using Eqn 7.7)
0.040 -
— Expon. (J&W)
0.020 - —— Expon. (Behera)
0.000 . . . . .
0.0 5.0 10.0 15.0 20.0 25.0

Froude numbers

Figure 7.4  Integrated results for solids friction factors using proposed models for Units 1, 2 and 3 with the experimental results
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Table 7.13  Consolidated results for predicted solids friction factors for Units 1, 2 and 3 using the Jones and Williams (2003), Behera et al
(2016) and Equations 7.6, 7.7 and 7.8 with average errors also indicated

Line Conveying | Experimental Jones and | %A | Behera et %A | Solids friction | %A | Solids friction | %A | Solids %A
pipe Williams al (2015) factor using factor using friction
(2003) Equation 7.6 Equation 7.7 factor using
Equation 7.8

0.041 0.065 | 38 0.044 8 0.033 25 0.009 354 0.014 185
0.037 0071 | 48 0.050 26 0.037 0 0.010 277 0.015 139
0.028 0.056 | 50 0.041 32 0.026 9 0.006 355 0.012 135
. 0.022 0051 | 56 0.036 38 0.022 1 0.005 311 0.011 107
Linel 0.030 0062 | 51 0.043 30 0.030 1 0.008 284 0.013 127
0.033 0.064 | 48 0.043 22 0.031 6 0.009 280 0.014 140

0.012 0.033 | 65 0.023 50 0.011 1 0.003 343 0.007 70
0.039 0072 | 46 0.051 24 0.038 3 0.010 288 0.016 148
Unit 1 0.030 0062 | 51 0.041 26 0.030 2 0.008 272 0.013 127
0.028 0.067 | 59 0.047 41 0.034 19 0.009 206 0.015 89

0.018 0052 | 64 0.037 51 0.023 20 0.005 235 0.011 67

. 0.016 0.048 | 67 0.034 53 0.021 22 0.005 219 0.010 57

Line 2 0.020 0.057 | 65 0.039 49 0.026 25 0.007 184 0.012 61

0.026 0.061 | 58 0.040 36 0.029 12 0.008 214 0.013 94

0.007 0031 | 77 0.022 66 0.011 31 0.002 201 0.006 13
0.030 0.069 | 56 0.048 38 0.035 15 0.009 221 0.015 101

0.019 0.088 | 78 0.057 67 0.051 63 0.016 19 0.020 4

0.025 0.102 | 75 0.067 62 0.064 60 0.020 27 0.023 10

_ _ 0.019 0.097 | 80 0.061 69 0.059 68 0.019 1 0.022 13
Unit2 | Linel 0.021 0.085 | 76 0.053 61 0.048 57 0.016 32 0.019 8
0.021 0116 | 82 0.087 75 0.079 73 0.021 0 0.026 18

0.026 0.131 | 80 0.095 73 0.094 72 0.027 5 0.030 12
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Line Conveying | Experimental Jones and | %A | Behera et %A | Solids friction | %A | Solids friction | %A | Solids %A
pipe Williams al (2015) factor using factor using friction
(2003) Equation 7.6 Equation 7.7 factor using
Equation 7.8
0.021 0.094 78 0.061 66 0.056 63 0.018 17 0.021 3
0.020 0.096 79 0.062 68 0.058 65 0.018 10 0.022 7
_ ) 0.022 0.105 79 0.068 67 0.067 67 0.022 2 0.024 8
Unit2 | Line2 0.012 0073 | 83| 0044 72 0.038 68 0.012 1 0.016 25
0.023 0.107 78 0.077 70 0.069 66 0.019 20 0.024 2
0.022 0.120 82 0.090 76 0.083 74 0.023 4 0.027 19
0.024 0.131 82 0.095 75 0.094 75 0.027 13 0.030 19
0.016 0.061 74 0.042 62 0.030 45 0.008 106 0.013 22
0.009 0.048 82 0.033 74 0.020 58 0.005 62 0.010 17
0.011 0.061 82 0.045 75 0.030 62 0.007 57 0.013 14
. 0.012 0.050 76 0.033 64 0.022 43 0.006 116 0.011 14
Linel 0.012 0.057 79 0.044 73 0.027 55 0.006 97 0.012 1
0.006 0.045 87 0.036 84 0.019 68 0.004 56 0.009 36
0.009 0.041 79 0.028 69 0.016 47 0.004 113 0.009 1
Unit 3 0.010 0.045 79 0.028 65 0.018 48 0.005 80 0.010 2
0.017 0.063 73 0.044 62 0.031 46 0.008 104 0.014 23
0.010 0.050 81 0.034 72 0.022 55 0.006 74 0.011 9
0.013 0.064 80 0.047 73 0.031 59 0.008 69 0.014 6
. 0.003 0.042 92 0.028 88 0.017 80 0.004 24 0.009 63
Line 2 0.007 0.054 | 87 | 0041 83 0.025 72 0.006 22 0.011 40
0.004 0.048 91 0.039 89 0.020 79 0.004 6 0.010 56
0.011 0.044 75 0.030 63 0.018 38 0.004 149 0.009 19
0.015 0.051 70 0.032 52 0.022 31 0.006 137 0.011 37
Average deviations from experimental (%A) 72 60 43 126 48
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7.6  Pressure Drop Prediction for the Furthest Unit

The proposed models discussed in section 7.4.1 to 7.4.4 are used here to predict the
conveying pressure drop for the furthest Unit, which is still under construction. Based on
results as shown in Figure 7.4 and Table 7.13, it is expected that Equations 7.6 and 7.8 will
provide better approximations for the conveying pressure drop, however it was necessary to

compute these pressure using all models for comparison.

Unit 6 is the furthest away from the delivery point and it can be expected to be a system with
a higher conveying pressure and higher exit velocities due to the greater conveying length.
Although only the horizontal pressure drop is considered in the following calculations, this is
sufficiently indicative noting that the horizontal length (931m) is much greater than the

vertical distance (39.3) m, refer to Table 3.2.

It is necessary to make few assumptions in order to calculate the other unknown pneumatic
conveying characteristics based on performance of Units 1, 2 and 3.

The first assumption to be made is to estimate the solids loading ratio, as proposed by Mills
in his pneumatic design flow chart (Mills, 2016). By observing the best performing Unit in
terms of solids loading ratio and air consumption, Unit 2; it can be assumed that this type of
ash can be conveyed in a dense phase system with a solids loading ratio of 20. With this
assumption of the solids loading ratio and a maximum ash flow rate per line that can be
expected to be 18.2 kg/s based on full load ash production, the air mass flow rate can be

calculated as,

s 182
m, = ’% = —==091kg/s

The inlet and discharge temperature and pressure conditions are based on the conditions for
Units 3, 2 and 1 noting that the air mass flow rate is for a single conveying line. The inlet
pressure varies, however this be approximated to compute the inlet air density. The average
density and velocities were calculated using Equations 2.4 and 2.5. Assuming a conveying
pressure of 300 kPa to calculate density and an ash/air mixture at 160 degrees Celsius, based

on findings for Units 1, 2 and 3; the air density at the inlet is computed as,
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pi = P _ 300+896 _ 3.13 kg/m3

RT ~ 0.287x433

Similarly, the inlet velocity is calculated as,

_ 4mgRT _ 4x0.91x0.287x433
U™ prD2 ~ 389.6X3.14x0.3152

= 3.68m/s

The outlet velocity is calculated in a similar fashion, with changes to outlet conditions where
the silo temperature is at 80 degrees Celsius due to the hot ash and vacuum pressure of

— 4 kPa is maintained as in other Units.

_ 4mgRT _ 4x0.91X0.287x353
© ™ pgp2 ~  85.6x3.14X0.3152

= 13.83m/s

Similarly, the outlet density, p, = I:;T = %

= 0.85 kg/m3
As suggested by Wypych (1989) the average velocity is used for computation of the Froude

number and therefore:

_ Vo+V;

a — =877m/s,and p, =p"T+pi= 2 kg/m3

Vg __ 8.77 =5

s~ Fr, = =—=
a  JeD +/9.81x0315

The above values allow for computation of the solids friction factor and the solids pressure
drop across the horizontal length excluding the air component. This is performed using the
models discussed in section 7.4.1to 7.4.4 as,

83

Jones and Williams, 4, = ——~— = 0.224
20°°5
Behera et al power law, A5 = % =0.171
Experimental model defined by Equation 7.6, A = m*1-142ii3-07 = 20308553_07 =0.214
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214

214

Experimental model defined by Equation 7.7, A =

m*1.08 Fr3.02

22

Experimental model defined by Equation 7.8, A =

m*0.91F2.08

The pressure drop is calculated as,

20X2x8.77%x892

Prsqgamy = A5 PCL = 0,224 x 222OTTXE% _ 976 1py

Prts(peneray = As 2200t = 0.171 x ZX2CTTX02 _ 6oy 1epy
Puseqn7.6) = As % = 0.214 X % = 932 kPa
Prstian 7.7y = As 220k = 0,065 x 222077102 _ g3 1¢py
Puseqn7.8) = As % = 0.051 x % = 221 kPa

= 201.0853.02 = 0.065
22
= 200.9152.08 = 0.051

The same process was followed for line 2, with a longer conveying distance of 931 m, and

the full set of results is as shown in Table 7.14. Both pipes had the same diameter (Table 3.2).
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Table 7.14  Predicted pneumatic conveying performance for Unit 6

Conveying characteristic Line 1 Line 2
Value | Units | Value | Units
Conveying distance 892 m 931 m
Solids mass flow rate 18.2 | kg/s | 18.2 | kg/s
Air mass flow rate 091 | kg/s | 091 | kg/s
Solids loading ratio 20 (-) 20 (-)
Average velocity 8.77 | m/s | 8.77 m/s
Froude number 5 (-) 5 (-)
Solids friction factor (Jones and Williams) 0224 | (-) (0224 | ()
Solids friction factor (Behera power law) 0171 | (=) (0171 | ()
Solids friction factor (Experimental model, Equation 7.6) 0215 | (=) [ 0215 | ()
Solids friction factor (Experimental model, Equation 7.7) 0297 | (=) [ 0297 | (-)
Solids friction factor (Experimental model, Equation 7.8) 0051 | (=) [0.051 | ()
Horizontal solids pressure drop (Jones and Williams) 974 kPa | 1018 kPa
Horizontal solids pressure drop (Behera power law) 746 kPa | 779 kPa
Horizontal solids pressure drop (Experimental model, Equation 7.6) | 932 kPa | 975 kPa
Horizontal solids pressure drop (Experimental model, Equation 7.7) | 283 kPa | 297 kPa
Horizontal solids pressure drop (Experimental model, Equation 7.8) | 221 kPa | 230 kPa

7.7  Discussion on Friction Factor and Pressure Drop Estimation

Noting table 7.14, and with focus on conveying pipe line 1 for this discussion. The above
results show that the Jones and Williams and the Behera et al models are very conservative
when predicting conveying pressure drop for Unit 6, with predictions of 974 kPa and 746 kPa
respectively. These values are very high when compared with actual conveying pressure data
for Units 1, 2 and 3. It was also expected that models represented by Equation 7.6 will
provide results that are within expectations, however observing findings for Unit 6 it is also
clear that Equation 7.6 over predicts the solids friction factor and subsequently the conveying
pressure at 932 kPa. Only Equations 7.7 and 7.8 with predicted horizontal conveying
pressures of 283 kPa and 221 kPa respectively were within expectations for Unit 6 based on

performance of the Units in operation. As such, based on this information and also taking
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note of Tables 7.13 and Figure 7.4, model proposed by Equation 7.8 is observed to be the
best model for predicting pressure drop across all Units although with an expected error in

prediction.

As such, using experimental findings to improve on the solids friction factor models already
available provides for better estimation of the solids friction factor. This again emphasizes the
need to perform experiments in large industrial applications of pneumatic conveying of solids
and from that data improve on the current proposed models as these available models
although a good starting point, the errors in predicted pressure is significant to ignore. This is
because some of these models were developed using scale up conditions, and had provided
better error margins when scaled up in their particular environment with results of less than
15% error margin to experimental results. However, when these models are applied to
different conveying characteristics they show significant error margins, as shown in this

research.

The models discussed in sections 7.4.1 to 7.4.4 were all based on the solids loading ratio and
the Froude numbers. As such, it is also worth noting that a slight change in the Froude
number and the solids loading ratio during actual conveying has a significant impact on the
solids friction factor. The Froude number is a function of the convening air velocity and
therefore it is necessary to maintain the air flowrate during conveying as this air flowrate will
have a direct impact on the solids friction factor and conveying pressure. Similarly the solids
loading ratio is also a function of the air flowrate based on Equation 2.2. It is for this purpose
that researchers are also considering other models such as the volumetric loading ratio based
model that computes solids friction factors in separate forms for dilute and dense phase
within a single conveying cycle (Setia et al., 2016).

The predicted performance for Unit 6 will need to be confirmed with actual system
performance after the system has been fully constructed and commissioned. However based
on these findings it can be expected that total conveying pressure drop values will not exceed
280 kPa during normal conveying. The other components such as pressure drop due to the
air, vertical elevations and flow around a bend relationship with the bulk solids during
conveying have been approximated to 23% of the total conveying, averaged from Units 1, 2
and 3. This is provided all other pneumatic conveying characteristics are similar to the

assumptions made for these calculations.
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CHAPTER 8 CONCLUSION AND RECOMMENDATIONS

8.1 Conclusion

The characterization of the fly ash that was considered during this research indicated that this
ash can be conveyed in dense phase mode. However, when comparing the actual air flowrates
and subsequent solids loading ratio, it was also indicative of the need to further optimize
performance of the system, this was particularly the case for Units 1 and 3. Although the
increased air flowrate also has some benefits in terms of reducing the conveying pressure

drop (Equation 7.2) it also increases the wear rate on the system.

In this investigation, Unit 2 had the least air usage, with typical flow rates of 1.86 kg/s when
conveying at full load, with solids loading ratio values averaging 19 (both conveying lines).
Although these can be assumed to be dense phase conditions, there is scope for improvement
to ensure continuous performance at values higher than 20. However Unit 1 indicated results
that were not expected, with higher air flow rates than expected at 2.8 kg/s during full load
conditions; these were much higher when also compared to Unit 2. These also resulted to
lower than expected solids loading ratios averaging 10. This indicates areas of improvement
that exist within the current installation by reducing the amount of air into the system. Unit 3
was the furthest Unit of the three Units under investigation and was performing similarly to
Unit 1, with average air flow rate of 2.8 kg/s and solids loading ratio of 10. Based on the
results from Unit 2, improvements can be rolled out with some level of confidence that

predominant dense phase conveying can be expected for Units 1 and 3.

Based on the experimental findings, previously-reported models were compared with
findings from the research. Typical models for dense phase systems transporting fly ash were
considered, such as the Jones and Williams (2003) model and a similar model proposed by
Behera et al., (2015). These models overestimated results for solids friction factor and
pressure drop when compared with experimental results. Using the power law method as
applied by Behera et al new models were presented to estimate solids friction factors,
represented by Equations 7.6, 7.7 and 7.8. These new models also had overestimates when
applied across all the Units, with Equation 7.8 proving to be the best solids friction factor

model, although with average errors of 48%. The other models all resulted in higher error
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margins when compared to experimental results across all the Units. These errors were also
magnified when the models were applied to estimate the conveying pressure drop for the last
Unit.

The research also confirmed that the current installed compressors will be able to meet the
demand for all the Units. Whilst the air consumption is very high, particularly for Unit 1 and
3, these values are still within the capacity of the installed compressors, indicating that the
current compressors have been oversized. The advantages of reducing these air flowrate
figures was also noted, in terms of reducing the system air velocities that results in reduced
maintenance and operational cost reduction. It is therefore necessary that the pneumatic

conveying system is optimized.

It is also worthwhile to also highlight the uncertainties that were noted in this research, as
included in Appendix J. These were computed in line with guidelines by Taylor (1997). The
error in obtaining the experimental conveying pressure and air flowrate was approximately
12% and 9% respectively, due to the methods used to obtain data. These errors were
propagated to other pneumatic conveying characteristics, and errors in the order of 50% to
60% of the results obtained were observed in estimation of the solids friction factor and
conveying pressures. As such, it is necessary to minimize the extent of these errors when the

conditions are favorable and the experiment is performed.

8.2 Recommendations for Future Work

Although it is hoped that the results obtained will assist engineers and researchers with a
better understanding of actual fly ash conveying systems and how they are performing, there
were concerns and questions raised during the investigation that were not answered. These
were outside the scope of this project and are mentioned here as areas of improvement and
tasks that require further development. These have been divided into two categories;
operational changes required to improve the plant and additional research into other friction

factor models that should be considered in such a commercial pneumatic conveying system.
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8.2.1

Future work that will enhance the current plant’s operational performance

Investigation into blockage conditions for fly ash conveying could be undertaken in
principle by reducing the air flow rate continuously until a blockage condition is
observed. Minimum transport conditions for this fly ash could then be developed with
minimum air flow rate and air velocity computations. This was not possible during

this research as the plant was in commercial operation.

The air flow rates for Units 1 and 3 are higher than normal for dense phase systems,
and Unit 1 can be improved drastically by reducing the orifice sizes to ensure
reduction in air flow rate. As a first approximation for orifice sizes, the Unit 2 orifice

plate design values can be used for Unit 1.

The solids loading ratios for all the Units considered were not as high as expected for
dense phase systems, as such as part of recommendation (1), all the Units should be
tested for blockage conditions to establish the true minimum air flow rates. This will
assist to improve the solids loading ratio to true dense phase conveying mode.

Installation of transparent conveying pipe sections would ensure visualization of the
conveying mode to conclude whether flow is dense phase or dilute phase. These
transparent pipe sections or sight glasses should be installed preferably at three
locations: at the start of the conveying pipe, at the middle, and at the end of the

conveying pipe.

Ideally, a dedicated period should be set aside for pneumatic conveying tests to be
performed. Such tests should not be hindered by production demands for that period.
Equipment restoration would be required such as instrument calibration, piping
checks for wear and all valves to be restored before testing can commence. The
installation of dedicated air flow measurement devices for pneumatic conveying is
particularly important, with an air flow meter for each conveying bank. At least half a
Unit should be installed with solids mass flowrates detections instrument such as

strain gauges to measure the actual amount of fly ash introduced into the ash hoppers.
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8.2.2 Future work that will also enhance understanding of dense phase systems

6. Results obtained in section 8.2.1 will provide performance data at ideal experimental
conditions without the limitations imposed due to operational requirements and these

will need to be analyzed further to verify the experimental findings in this research.

7. Other models used for development of solids friction factors and pressure drop should
be pursued as these may yield results closer to experimental findings. This research
was focused on models that made use of the Froude number and solids loading ratio
as key input parameters with both the Jones and Williams (2003) and Behera et al,
2015 models based on this principle. As such other methods that take into account the
real form of solids during conveying displaying both dense and dilute-like behavior
during conveying, especially on fluidized dense phase conveying. One such model to
be investigated in more detail using a fully commercial pneumatic conveying system
is the volumetric loading ratio and a velocity ratio form to develop solids friction
factors. This approach has been widely researched by (Setia et al, 2015) and could

form the basis for further research.
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APPENDIX A COMPRESSED AIR SUPPLY SYSTEM

A compressor house contains the common compressors supplying process air to various users

on the station. There are three (3) process (conveying) air compressors in each compressor

house, plus two (2) redundant compressors each with the following specifications:

Al  Compressors

Make

Model

Type

Stages

Installed motor
Coupling power

Suction conditions

Discharge conditions
Air delivery

Air quality

Specific power

Specific energy

A2  Air receivers

Capacity

Pressure

Compressor handover time

Operating pressure

- Atlas Copco

: ZH 15 000+

: Centrifugal

: Three (3)

: 1385 kW

: 1259.8 kW

: 90 kPa, 30 degrees C, 50% RH, 32 degrees C
cooling water inlet

: 840 kPaG, 130.9 degrees C

: 203.4 Sm3/min.

: Oil free, 1ISO 8573-1 Class 0
: 304.8 J/I

: 308.6 kJ/kg

: 20.8 m3 — installed
: 750 kPaG — normal operating.
: 1 000 kPaG — design.
: 30 sec.
: 500 kPa — min
700 kPa — max.
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APPENDIX B CONVEYING PIPE DETAILS

Table B.1 Conveying pipe detail

Pipe detail Specification
Design code ASME B31.3
Material specification API-5L-X42
Pipe thickness 8 mm

Pipe outside diameter 273 mm
Male-Female gasket size 2mm

Design pressure 8 Bar
Corrosion/Erosion allowance 3mm
Number of bends 7

Design temperature

100 degrees Celsius

Ceramic tile 10 mm thick 92% alumina
90 degrees bend radius 1265 mm

30 degrees bend radius 950 mm

60 degrees bend 1500 mm

B.1




APPENDIX C PRESSURE VESSEL DETAILS

Each pressure vessel had the following specification (shell only),

Table C.1 Pressure vessel detail

Vessel detail

Specification

Design code

PD5500 Cat2 2009

Material specification (Shell)

EN10028-2-P264GH

Wall thickness 10 mm
Design pressure 8 Bar
Corrosion/Erosion allowance 1 mm

Design temperature

200 Degrees Celcius

Volume

2.27 m3

Quantity

28 vessels per Unit (84 in total)

Cl




APPENDIX D DATA SHEETS

Table D.1 Pressure transmitter data sheet

Item Specification
Maker Endress+Hauser
Model PMP 71

Range 0-1000 kPa
Product temperature 130 degrees Celsius
IP rating 65

Table D.2 Flowmeter transmitter data sheet

Item Specification
Maker Endress+Hauser
Model t-mass 651 (Thermal Mass Flowmeter)
Range 1.63-886 Nm3/min

Reference temperature

0 degrees Celsius

IP rating 67

Table D.3 Hopper level transmitter

Item Specification

Maker Rosemount

Model 5303 (Guided wave radar)
Range 0-100 %

Product temperature

130 degrees Celsius

IP rating

65

D.1




TableD.4 Mill mass meter data sheet

Item Specification

Maker MICRO-TECH

Model MICRO-TECH 2000 INTEGRATOR
Range 0-38 kg/s

IP rating 65

Table D.5  Silo filter details

Vessel detail Specification

Extraction Fan

Motor size 22 kKW
Bag filter
No. of bags and cages 200

Table D.6 Data sheet for silo filter system

Item Specification

Maker MICRO-TECH

Model MICRO-TECH 2000 INTEGRATOR
Range 0-38 kg/s

IP rating 65

D.2




APPENDIX E ORIFICE PLATE DETAILS AND LOCATION

Table E.1 List of orifice plates for Unit 1
Blow Air Supply Type | Row 1 Row 2 Row 3 Row 4
Tanks Hole Size | Number of | Hole Size | Number Hole Size @ Number of Hole Size @ Number of
@ [mm] Holes @ [mm] of Holes [mm] Holes [mm] Holes
Master Fluidising 3 12 3 12 3 12 3 7
Master Pipe in a pipe 4 1 4 1 4 1 4 1
Master Main Supply 3 7 3 7 3 7 3 7
Slave 1 | Fluidising 3 7 3 7 3 7 3 7
Slave 1 | Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 2 | Fluidising 3 7 3 7 3 7 3 7
Slave 2 | Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 3 | Fluidising 3 7 3 7 3 7 3 7
Slave 3 | Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 4 | Fluidising 3 7 3 7 3 7 3 7
Slave 4 | Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 5 | Fluidising 3 7 3 7 3 7 3 7
Slave 5 | Pipe in a pipe 4 1 4 1 4 1 4 1

E.l




Blow Air Supply Type | Row 1 Row 2 Row 3 Row 4
Tanks Hole Size | Number of | Hole Size | Number Hole Size @ Number of
Holes

@ [mm] Holes @ [mm] of Holes [mm]

Outlet Fluidising 3 7 3 7 3 7 3 7

Outlet Additional Air 6 5 6 5 6 5 6 5

Outlet Bypass BP004 4 3 4 3 4 3 4 3

Outlet Bypass BP003 4 3 4 3 4 3 4 3

Table E.2 List of orifice plates for Unit 2

Blow Air Supply | Row 1 Row 2 Row 3 Row 4

Tanks Type Hole Size | Number of | Hole Size | Number Hole Size @ Number of Hole Size @ Number of Holes
@ [mm] Holes @ [mm] of Holes [mm] Holes [mm]

Master Fluidising 3 12 3 12 3 7 3 7

Master Pipe in a pipe 4 1 4 1 4 1 4 1

Master Main Supply 3 7 3 7 3 7 3 7

Slave 1 Fluidising 3 7 3 7 3 7 3 7

Slave 1 Pipe in a pipe 4 1 4 1 4 1 4 1

Slave 2 Fluidising 3 7 3 7 3 7 3 7

Slave 2 Pipe in a pipe 4 1 4 1 4 1 4 1

Slave 3 Fluidising 5 2 6 5 6 5 6 5
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Blow Air Supply | Row 1 Row 2 Row 3 Row 4
Tanks Type Hole Size | Number of | Hole Size | Number | Hole Size | Number of Hole Size @ Number of Holes
@ [mm] Holes @ [mm] of Holes @ [mm] Holes [mm]

Slave 3 Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 4 Fluidising 3 7 3 7 3 7 3 7
Slave 4 Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 5 Fluidising 3 7 3 7 3 7 3 7
Slave 5 Pipe in a pipe 4 1 4 1 4 1 4 1
Outlet Fluidising 3 7 3 7 3 7 3 7
Outlet Additional Air | 6 5 6 5 6 5 6 5
Outlet Bypass BP004 | 4 3 4 3 4 3 4 3
Outlet Bypass BP003 4 3 4 3 4 3 4 3
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Table E.3

Orifice plate list for Unit 3

Blow Air Supply | Row 1 Row 2 Row 3 Row 4
Tanks Type Hole Size | Number of | Hole Size | Number Hole Size @ Number of Hole Size @ Number of Holes
@ [mm] Holes @ [mm] of Holes [mm] Holes [mm]
Master Fluidising 3 12 3 12 3 12 3 12
Master Pipe in a pipe 4 1 4 1 4 1 4 1
Master Main Supply 3 7 3 15 3 7 3 7
Slave 1 Fluidising 3 7 3 7 3 7 3 7
Slave 1 Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 2 Fluidising 3 7 3 7 3 7 3 7
Slave 2 Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 3 Fluidising 3 7 3 7 3 7 3 7
Slave 3 Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 4 Fluidising 3 7 3 7 3 7 3 7
Slave 4 Pipe in a pipe 4 1 4 1 4 1 4 1
Slave 5 Fluidising 3 7 3 7 3 7 3 7
Slave 5 Pipe in a pipe 4 1 4 1 4 1 4 1
Outlet Fluidising 6 4 6 4 6 4 6 4
Outlet Additional Air 6 5 6 5 6 5 6 5
Outlet Bypass BP004 4 3 4 3 4 3 4 3
Outlet Bypass BP003 4 3 4 3 4 3 4 3
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APPENDIX F PSD DURING COMMISSIONING

Particle size distribution (PSD) observed during commissioning stages for each of the three
Units is also indicated. This was done to observe variance from the initial commission until
the period under the research period. Each PSD data is tabulated with an indication of how
much ash particles passed the 75 micron sieves, and these are also shown in figures as well.
The information is presented as follows:

e Unit 1 PSD commissioning data
e Unit 2 PSD commissioning data

e Unit 3 PSD commissioning data

F1  Unit 1 PSD commissioning data

Table F.1 Unit 1 PSD data findings on 22/03/2016

Sieve sizes Mass (q) %
300 3 4.1
150 7 9.6
106 11 15.1

75 11 15.1
-75 41 56.2
Total 73 100.0

The total amount of particles that pass the 75 microns and less particle sieve size is 71%. This
was obtained by adding the 75 and -75 sieves, by observing the amount of material that
passes and divide by the total such as (41+11)/(73) for Unit 1.
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Figure F.1  Unit 1 Commissioning data period March 2016

F2  Unit 2 PSD commissioning data

Table F.2 Unit 2 PSD data findings on 21/03/2017

Sieve sizes Mass (9) Percentage passing
300 0 0.0
150 5 6.9
106 9 12.5
75 12 16.7
-75 46 63.9
Total 72 100.0

In the period above, more than 80% of solids pass the 75 sieve sizes.
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Figure F.2  Unit 2 Commissioning PSD data findings on 21/03/2017

Table F.3 Unit 2 PSD data on 31/01/2017

Sieve sizes (microns) Mass (Q) %
300 0 0.0
150 6 8.2

106 14 19.2

75 14 19.2

-75 39 53.4

Total 73 100.0

As per the above Table, bulk solids that pass the 75 and less sieve sizes are 72% of the total

solids that were sampled.
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Figure F.3  Unit 2 Commissioning PSD data on 31/01/2017

F3  Unit 3 PSD commissioning data

Table F.4 Unit 3 Commissioning PSD on 13/07/2017

250

Size Grading (microns) Mass (g) %
300 0 0.0

150 14 12.0

106 18 15.4

75 17 14.5

-75 68 58.1

Total 117 100.0

300

As can be observed, 72.3% of the solids taken for sampling passed the 75 sieve sizes.
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Figure F.4  Unit 3 Commissioning PSD on 13/07/2017

Table F.5 Unit 3 commissioning PSD data on 25/07/2017

Size Grading (microns) Mass (g) %
300 1 1.0

150 13 13.3

106 22 22.4

75 17 17.3

-75 45 45.9

Total 98 100.0

It can be observed that 63% of the solids sampled passed the 75 sieve sizes.
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APPENDIX G COAL CONSUMPTION AND ASH
ESTIMATION

Coal consumption and ash estimating readings for the periods as defined in chapter 5, Table
5.2 (Unit 1), Table 5.1 (Unit 2) and Table 5.3 (Unit 3) are included in this section. The raw
data for each period’s sampled date only are indicated. Figure 13 and following shows coal
consumption data for the mills in service on the reporting period. As mentioned in 5.6, only
raw data as used in the research is included herein with specific periods as mentioned in the
description of each figure.

G1 Unit 1 Coal Consumption Data

Period 1: 24 September 2017 [Graph not available]
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Figure G.1  Unit 1 coal consumption data for Period 2 sample date 12 October 2017
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Figure G.2  Unit 1 coal consumption data for period 3 sample date 01/18/2018
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Figure G.3  Unit 1 coal consumption data for period 4 sample date 05/02/2018
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Figure G.4  Unit 1 coal consumption data for period 5 sample date 12/13/2018
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Figure G.5  Unit 1 coal consumption data for period 6 sample date 03/22/2019
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Figure G.6  Unit 1 coal consumption data for Period 7 sample date 05/08/2019
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Figure G.7  Unit 1 coal consumption data for period 8 sample date 07/21/2019
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G2 Unit 2 Coal Consumption Data
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Figure G.8  Unit 2 coal consumption for period 1, data for 26/09/2017
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Figure G.9  Unit 2 coal consumption data for Period 2 sample date for 12/05/2017
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Figure G.10 Unit 2 coal consumption data for Period 3 sample date 02/27/2018
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Figure G.11 Unit 2 coal consumption data for Period 4 sample date 05/11/2018
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Figure G.12 Unit 2 coal consumption data for Period 5 sample date 10/17/2018
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Figure G.13 Unit 2 coal consumption data for Period 6 sample date 04/22/2019
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Figure G.14 Unit 2 coal consumption data for Period 7 sample date 07/12/2019

G3  Unit 3 Coal Consumption Data
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Figure G.15 Unit 3 Coal consumption data for Period 1 sample date 09/11/2017
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Figure G.16 Unit 3 coal consumption data for Period 2 sample date 10/29/2017
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Figure G.17 Unit 3 coal consumption data for Period 3 sample date 01/01/2018
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Figure G.18 Unit 3 coal consumption data for Period 4 sample date 03/20/2018
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Figure G.19 Unit 3 coal consumption data for Period 5 sample date 07/13/2018
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Figure G.20 Unit 3 coal consumption data for Period 6 sample date 12/24/2018
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Figure G.21 Unit 3 coal consumption data for Period 7 sample date 05/04/2019
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Figure G.22 Unit 3 coal consumption data for Period 8 sample date 07/01/2019
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APPENDIX H CONVEYING PRESSURE AND AIR FLOW
RATE

Conveying pressure readings for the periods as defined in Table 5.2 (Unit 1), Table 5.1 (Unit
2) and Table 5.3 (Unit 3) are included in this section.

H1 Unit 1 Conveying Pressure and Air Flow rate Data
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Figure H.1  Unit 1 conveying pressure and air flowrate for Period 1 sample date
09/24/2017
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Figure H.2  Unit 1 conveying pressure and air flow for Period 2 sample date 10/12/2017
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Figure H.3  Unit 1 conveying pressure and air flow rate for Period 3 sample date
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Figure H.4  Unit 1 conveying pressure and air flowrate for Period 4 sample date
05/02/2018
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Figure H.5  Unit 1 conveying pressure and air flowrate for Period 5 sample date
12/13/2018
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Figure H.6  Unit 1 conveying pressure and air flowrate data for Period 6 sample date
03/22/2019
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Figure H.7  Unit 1 conveying pressure and air flow rate for Period 7 sample date
05/08/2019
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Figure H.8  Unit 1 conveying pressure and air flow rate for Period 8 sample date
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Figure H.9  Unit 2 conveying pressure and air flow rate for Period 1 sample date
26/09/2017
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Figure H.10 Unit 2 conveying pressure and air flow rate for Period 2 sample date

12/05/2017

H.6



e | ine 1 Pressure = e |ine 1 Pressure e Air flow

180 -
160 -

140 -

A NN

* T \
MW\ \\ j’i’

0 T . .
13:30:00 13:37:12 13:44:24 13:51:36 13:58:48

Time (hour:minutes:seconds)

Conveying pressure (kPa) and Volumetric
flowrate (Sm3/min)

Figure H.11 Unit 2 conveying pressure and air flowrate for Period 3 sample date
02/27/2018

e |ine 1 Pressure === |jne 2 Pressure e Ajr flow

Zg M ﬁ”lln‘ul l
il f "”’ A

08:00:00 08:14:24 08:28:48 08:4IS:12 08:5I7:36 09:];2:00 09:2I6:24 09:4IO:48 09:5'5:12
Time (hour:minutes:seconds)

Figure H.12 Unit 2 conveying pressure and air flow rate for Period 4 sample date
05/11/2018

H.7



Conveying pressure (kPa) and Volumetric
flowrate (Sm3/min)

e | ine 1 Pressure e ine 2 Pressure e Air flow

160 -

140 -

120 -

100 -

80 -

60

40

20 ~ H‘ U

0 T T T T T T
04:00:00 04:07:12 04:14:24 04:21:36 04:28:48 04:36:00 04:43:12 04:50:24 04:57:36

Time (hour:minutes:seconds)

Figure H.13 Unit 2 conveying pressure and air flow rate for Period 5 sample date

Conveying pressure (kPa) and Volumetric

flowrate (Sm3/min)

10/17/2018

e | ine 1 Pressure e line 2 Pressure e Ajrflow

120 -
100 -
80 - (
| V
60 -
40 -
20 -
0 : : : . : .
16:40:00 16:42:53 16:45:46 16:48:38 16:51:31 16:54:24 16:57:17

Time (hour:minutes:seconds)

Figure H.14 Unit 2 conveying pressure and air flow rate for Period 6 sample date

04/22/2019

H.8



e | ine 1 Pressure e Line 2 Pressure e Air flow

120 ~

100 -

. N 4

20 - : |
Vv

L

Conveying pressure (kPa) and Volumetric
flowrate (Sm3/min)

20:00:00 20:0I7:12 20:1I4:24 20:21:36 20:2I8:48
Time (hour:minutes:seconds)

Figure H.15 Unit 2 conveying pressure and air flow rate for Period 7 sample date
07/12/2019

H3  Unit 3 Conveying Pressure and Air Flow rate Data

H.9



e | ine 1 Pressure  emssmm [ine 2 Pressure e Air flow

300 -

250 -

N
o
o

Conveying pressure (kPa) and Volumetric
flowrate (Sm3/min)
g g

r“‘ﬂf | ’ M“ 'ﬂ |
gl |, !H (L

0 - T T T T T T
04:00:00 04:14:24 04:28:48 04: 43 12 04: 57 36 05:12:00 05:26:24 05:40:48 05:55:12

Time (hour:minutes:seconds)

Figure H.16 Unit 3 conveying pressure and air flow rate for Period 1 sample date
09/11/2017

e |ine 1 Pressure =~ e |jne 2 Pressure — === Ajr flow

250 -
L
=
<}
IS
> 200 -
o
>A
o 150 -
Q £
S22
L o
= =
S ®©
g; 100 -
L3
o=
o
=
> 50 -
[
>
c
o
(@)
0 -~

00:00:00 00:07:12 00:14:24 00:21:36 00:28:48 00:36:00 00:43:12 00:50:24 00:57:36
Time (hour:minutes:seconds)

Figure H.17 Unit 3 conveying pressure and air flow rate for Period 2 sample date
10/30/2017

H.10



e | ine 1 Pressure e [ine 2 Pressure e Air flow

200 -

Q
s 180 -
[¢B)
e
S 160 -
o
>

—~ 140 -
B |
=5 120 -
Q =
<<% 100 -
g
N = 80 -
82
L3
o= 60 -
o
=
s 40
(5]
=
o 20 -
8 \

0 T r : .
10:30:00 10:37:12 10:44:24 10:51:36 10:58:48

Time (hour:minutes:seconds)

Figure H.18 Unit 3 conveying pressure and air flow rate for Period 3 sample date
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APPENDIX 1 SAMPLE CALCULATIONS

Selecting a typical set of pneumatic conveying results as included in chapter 5 for sample
calculations, Unit 1 is selected, conveying pipe 2 and data set for period 6. Table 5.12 and
Figure H.6 indicate the raw data findings for this conveying period. These raw data specific
to Unit 3, period 6 has been included in Table 11 period for sample calculations purposes.

Table 1.1 Unit 1 period 6 measured data

Pneumatic Conveying Data Period 6

Coal consumption mill 1 (kg/s) 23.4
Coal consumption mill 2 (kg/s) 24.7
Coal consumption mill 3 (kg/s) 27.6
Coal consumption mill 4 (kg/s) 0

Coal consumption mill 5 (kg/s) 26.8
Fly ash mass flowrate (both lines) (kg/s) 32.7
Conveying Pressure Line 1 (gauge) (kPa) 169
Conveying Pressure Line 2 (gauge) (kPa) 150
Air only pressure drop Line 1 (gauge) (kPa) 23.3
Air only pressure drop Line 2 (gauge) (kPa) 18.7
Volumetric air flowrate for line 1 Sm3/min 59

Volumetric air flowrate for line 2 Sm3/min 52

Boiler cleaning only air flowrate Sm3/min 34




11 Air Mass Flow Rate Calculations

The air mass flowrate is obtained from the volumetric flow rate, whilst noting the standard

reference conditions for the flow meter as indicated.

Standard Temperature = 273 Kelvin (0 degrees Celsius)
Standard Pressure = 101.3 kPa

The total volumetric air flowrate for conveying pipe line 2 can be read from H.6 as 89 Sm3/
min. The boiler cleaning air flow rate can also be read as 34 Sm3/min. The conveying air

flowrate for pneumatic conveying only can then be computed as,

Vp = VT _VB = 89_ 34‘ - 55 Sm3/min

Using ideal gas laws, the ratio between the prevailing condition and standard condition a

_ 101.3
RTX60  0.287X272X60

= 0.0215.

conversion constant is computed as

The above constant is then used to convert the volumetric mass flowrate to air mass flowrate,

based on the standard conditions as defined.

«ing = 0.0215V;, = 0.0215 x 55 = 1.19 kg/s

12 Air Velocity Calculations

Air inlet velocity can be computed from known values of pressure, temperature, and volumetric flow
rate and pipe diameter. Refer to Tables 11, with static pressure values for line 1 as 150 kPa, conveying
line diameter is as per Table 3.1. The ash temperature at maximum is 160 degrees Celsius and reduces

temperature to 80 degrees at the outlet,

4mgoRT 4x1.19X0.287x433

o Ve = = = 11.25m/s
inlet PwD? (150+89.6)%3.14X0.2652




The outlet velocity is calculated in the same manner, with pressure at the silo at -4 kPa and
temperature at 80 degrees Celsius, discharge conditions. The outlet (exit) velocity is then

calculated as,

A4mgRT _  4X1.19X0.287X353

Vexit = prp2 = (89.6-4)x3.14x0265% 25.6m/s

The average velocity is calculated as the mean of the two velocities, and this is computed as,

— Vi +Voyi
7= mlet2 exit — 184 m/S

Average density is also computed,

Pi  Pg (150+89.6) (89.6—4)
—— _ RT; RTo __ 0.287x(160+273) ! 0.287x(80+273) __ 1 39

Pa =73 2

I3 Pressure drop due to bend and vertical sections

Bend pressure

__ NB(1+w)pv? _ 7x0.5(1+13.5)x1.39x18.4?
- 2 - 2

Py = 11.97 kPa

Vertical pressure

==1- 0.0638dg'3p§"5 =1-0.0638 x (63 x 107%)%3 x 2200%5 = 0.9

Va

Py = upglL, (;’—) =13.5 x 1.39 x 9.81 x 39.3 x 0.9 = 6.51 kPa



14 Air Only Pressure Drop

As discussed in chapter 2, 2.4.1, air only pressure models have been widely researched, and

the total air only pressure drop due to horizontal length and bend.

Horizontal air only pressure drop

The Reynolds number, air friction factor and air only horizontal pressure drop is computed
using average air velocity and density using air only conditions.

_ P _ ((18.7+89.6)+(89.6—4))/2 — 111 kg/m3

Pave RT 0.287%303

Air only average velocity is calculated from air only conditions, similar to density;

4x1.19x0.287x303 | 4x1.19x0.287x303

_ 89.6418.7)x3.14x0.2652  (89.6—4)x3.14x0.2652
7 = EBeIx 2( LIPS = 19.98 m/s

vd 1.19%X19.98X%0.265
s Re = pra _ LIPX7P78X0.200

p Tox10=S = 350039

Air friction factor is computed as,

Ay =—22 _=0.014

ln( 5.74 )
Reg®?

The horizontal air pressure drop alone is then calculated as,

p. — (410)pava’L _ 4X0.014x1.11x19.982x362.8
H 2D 2x0.265

= 17.3kPa

Pressure drop at the bend for air only

2 2
P, = k% = 8.4 x —1'1“219'98 = 1.9 kPa

As such, the total air only pressure drop is P, = Py + P, = 19.2 kPa



I5  Solids only horizontal pressure

APyg = APy — AP, — APy — AP, = 150 — 11.97 — 6.51 — 19.2 = 112.3 kPa

16 Coefficient Of Friction Calculation

The experimental solids friction factor is computed using,

1. = 2PpgsD 2X112.3X1000Xx0.265
S

= = = 0.026
UPaVa?L  13.5x1.39x18.42X362.8

The theoretical coefficient of friction is calculated using the Jones and Williams and Behera
proposed models. These models are all related to the Froude number and the solids loading
ratio of 13.5 for period 6 as indicated in Table 7.1

Froude number

PV 184
~ JgD  V9.81x025

=114

Jones and Williams model

83 83

As = mO9FrZ  13.509%1142 0.061
Behera model
As — 364.4 — 364.4 — 0.040

m*1.29y2.62 13.51.29%11.42.36

Differences between experimental and theoretical models

%A= (model — experimental)/(model) x 100

Difference to Jones and Williams’ proposed model:



0.061-0.026
0.061

Difference to Behera proposed model:

o Yol = 2222028 5 100 = 36%

0.040



APPENDIXJ UNCERTAINTY ANALYSIS

The uncertainty analysis was performed in two ways, uncertainty in the measured values and
propagation of uncertainty due to the calculations involving values with uncertainties. These

were performed in line with guidelines recommended by Taylor (1997).

J1 Measured value uncertainties

Whilst the instruments measured error was performed during initial calibration and these are
recorded in the data sheets, the error in the data collected during the research is what is
considered in this section. The following three values were recorded; volumetric air flowrate,
conveying pressure and coal consumption. Sample data point 1, line 1 for Unit 3 is used for

this purpose.

Volumetric air flowrate measured value error

The total peak air flowrate is shown, refer to figure H.16 for total.

Maximum peak air flow 181.9
Minimum peak air flow 163.1
Average peak air flow 172.5
Error in measurement 16.5
S _ 65
Vr 172.5
= 9.6%

The boiler only air flowrate is shown, refer to figure H.16 for total.

Maximum boiler air flow 38.2
Minimum boiler air flow 20.6
Average boiler air flow 29.4
Error in measurement 8.8

J.1



Vs 29.4

. Avp _ 88

= 29.9%

Conveying pressure measured value error

Referring to figure H.16, it can be observed that the various conveying cycles indicate

different maximum conveying pressure and similar with minimum.

Maximum upper conveying pressure | 150.9

Minimum upper conveying pressure | 116.0

Average upper conveying pressure 133.5

Error in measurement 17
AP 17
P~ 1335
=12.7%

The above represents the error in the total conveying pressure.

Coal consumption measured value error

Making use of one of the mills in operation, such as Mill 1 refer to G.15.

Maximum coal combustion 27.2
Minimum coal combustion 24.6
Average coal combustion 25.9
Error in measurement 1.3
L Am 13
m 259
=5%

The solids mass flow rate is directly related to the coal consumption at 5%.

J.2



J2  Propagation of Uncertainty

Volumetric flow pneumatic conveying

Vp = VT - VB

L Avp _ |AavrP-Avg® | 16.52-8.82

Tvp AN (vp-vp)?2 4 (172.5-29.4)2
= 9.8%

Air mass flowrate
n, = 0.0215V,

As such, based on the assumption of a constant, 0.0215; the air mass flowrate will have the

same error as the volumetric flow rate data of 9.8%.

Average air density

_ P
P=zr

The air density Equation contains the function (1/RT), and as these were not measured
during the research these were a constant for inlet conditions; and will also be a constant for
outlet conditions. As such, the air inlet and outlet density error will be the same as the error
predicted in the measured pressure values of 12.7%. As such, only average densities error

can be computed from densities values as discussed in 7.2.

__ PinlettPoutlet

Pa .

. Apa _ fAﬁi2+Aﬁ02
Pa (pitpo)?
_ [(0.127x2.47)2+(0.127%0.85)2
- (2.47+0.85)2

=9.9%"
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Conveying air velocity

__ 4mgRT
Ya = 5rp2

The only variables was the air mass flowrate and the pressure data, applicable for both inlet and outlet

conditions. As such, the error can be computed as;

L bva _ \/(Ama)Z N (_ A_P)z
Va mg P
2 2
:\/(0.098><1.42) +( 17 )
1.42 133.5

=29.2%

The error in the average velocity is then computed similar to the average density as,

R T
Vq (Wi+v0)?

_ \/(0.292X8.99)2+(0.292><30.6)2

(8.99+30.6)2

= 23.5%

Reynolds number

In the Reynolds number the function (%) is a constant in this research, as such the error analysis is

computed as,

P2 o () 4 (2
=+/0.0992 + 0.2352
= 25.5%
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Solids loading ratio

=+/0.052 + 0.0982
=11.0%

Froude number

Va

k=75

In the Froude number computation, (,/gD) is a constant and as such, the Froude number will have the

same error as the velocity used, of 23.5%.

Bend pressure

_ NB(1+p)pv?

Pg 5

The bend pressure has the component (NB(l +u))as a constant, therefore the error is

computed as,

AP Apqg 2 A20, 2
= JEE) (52)
=1/0.0992 + (2 x 0.235)?
= 48%

Vertical pressure

Py = upglLy, (;’—a)

J.5



The vertical pressure drop has the component (ugL,,) as a constant and the velocity ratio is

defined as ;’—5 = 1—0.0638dp3p?, is always a constant in this research.

a

the error is computed as,

APy (Aﬁa)z
Py Pa

=9.9%

This is similar to the density error as the other components are constants.

Air only horizontal pressure

j2 — (4Aa)Pa17a2L
aH 2D

e [l (52
Py Pa Vg

= 48%
This is similar to the bend pressure error.
Horizontal solids pressure

Pys = Pr — Py — Pg — Py

The horizontal solids pressure is then computed as,

. APgs _ |APT?—APy%—APR*—AP4”
Phs (PT—Py—Pp—Py)?

(0.127x164)2—(0.099x5.7)2—(0.48x12.28)2—(0.48%36.91)2
(164-5.7—-12.28-36.91)2

=8.4%

Experimental solids friction factor

_ 2PysD

s KPava?L

The experimental solids friction factor was computed with (i) IS a constant,

J.6



) ) (5
= JEe) (o

= /(0.084)2 + (—0.11)% + (-2 x 0.292)2
= 60%

Calculated solids friction factor

_ 83 3644
S T m*09Fr2 ' 'S T ;*1.29Fp2.36

The calculated solids friction factor from the models can be calculated noting that (m* = u),

A \/( 1.29Au)2 ( 2.36AFr)2
L2 = (= ZEE) (22
Ag u Fr

=/(-1.29 x 0.11)2 + (—2.36 x 0.235)?2
=57.2%
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APPENDIX K SOLVING SIMULTANEOUS EQUATIONS TO
OBTAIN SOLIDS FRICTION FACTOR

K1  Unit1 application for developing new model

The following steps were taken to solve for the 3 unknowns in EXCEL,

Q) The first step is selection of experimental data for solids friction, solids loading
ratio and Froude number and solving their log functions

logds  logp log Fy;
Egl Period1l -1.6500517 0.931091431 1.18822064
Egq2 Period 7 -1.9376538 0.804339294 1.33950831
Eq3 Period 5 -1.5159524 1.038365698 1.09578332

(i) These were then rearranged into a 3X3 Matrices vector for to solve for the
unknowns

logC +alogu +blogF,.; =logd,

¥l log i log F.; |Unknown loga,
Eg.l 1| 0.931091] 1.188221|LogC -1.65
Eg.2 1] 0.804339] 1.339508]a -1.94
Eq.3 1] 1.038366] 1.095733|b -1.52

(iii)  Using an EXCEL function for inverting and multiplying matrices known as
minverse and mmult, the unknowns were then solved as

LogC 3.30C 1984.684
a -1.40
b -3.07

& As = C(m")*(Frp)®

1985 (Kl)

T m*1.40Fp3.07

Above prove process performed for Unit 2 and Unit 3 data as shown in K2 and K3 sections.

K.l



K2  Unit 2 application for developing new model

Q) Data points selected representative of the overall results

log A, logp log F,;
Egl Perioddl2 -1.911916896 1.34534306 0.922890232
Eg2 Period3Ll -1.720723832 1.36837202 0.851234241
E13 Periodsll  -1.665447037 1.11506423 0.925257322

(i) The data rearranged into a 3X3 matrices

logC +alogu +blogF,.; =logd,

x1 log it log F,; Unknown log A,
EQ.1 1 1.34534806 0.922890232|LogC -1.911916896
EQ.2 1 1.368372022 0.851234241|a -1.720723832
EQ.3 1 1.115064229 0.925257322|b -1.669447037
(iii)  Matrices solved to obtain

LogC 2.330223447 C 213.9062

a -1.083923918

b -3.016485034
 As = C(m")(Fry)®

214
= (K2)

T m108pr3.02
K3  Unit 2 application for developing new model

Q) Data points selected representative of the overall results

log 4, log u log F;
Egl Periods -2.019084469 1.17391959 1.104992605
Eg2 Period5 -1.917340722 0.81869613 1.211350362
El13 Period? -2.063352254 0.95088353 1.223748372
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(i)

The data rearranged into a 3X3 matrices

logC +alogu +blogF,; =logd,

T m*0.91F2.08

22

®1 log u log F,; |Unknown loga,
Eq.1 1| 1.17392| 1.104993|LogC -2.019084469
Eq.2 1| 0.818696 1.21135|a -1.917340722
EqQ.3 1| 0.950884| 1.223748|b -2.063352254
(i) Matrices solved to obtain

LogC 1.347727682 C 22.27038

a -0.909423445

b -2.08075796

w s = C(m")*(Fry)®

(K3)

K.3
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