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Abstract

Understanding the properties of dilute phase gas-particle transport and the applicability of the different
empirical correlations found in literature for these properties are crucial in the study of Pulverised Fuel
conveying applicable to South African coal-fired power plants. Having access to a test facility in which
empirical data can be generated under controlled operating conditions would enhance this understanding
and will allow more informed application of these correlations. The aim of this thesis was to develop a
concept design and prototype of a pneumatic conveying test facility that can be used to evaluate these

empirical correlations and property relationships.

A comprehensive literature review was conducted of the empirical correlations available and a study was
conducted to determine the scaling required to achieve similarity. A theoretical process model was also
developed together with a methodology to determine the operating envelope of the blower. The model
and methodology were subsequently used in the design of a prototype test facility that would
demonstrate the critical particle feed and extraction processes, and to derive suitable specifications for
the blower. The prototype, including a complete data acquisition and control system, was developed,
constructed and commissioned in cooperation with a commercial engineering company. The facility

allows for the control, online measurement and recording of the gas and particle mass flow rates.

Practical tests were then conducted with Fly Ash, as a substitute for Pulverised Coal, to demonstrate the
particle feed and extraction processes and to evaluate the accuracy of control of the gas and particle mass
flow rates. Tests were conducted for loadings (particle to gas mass flow ratios) between 0.988 and 6.860
at gas mass flow rates between 0.051 and 0.115kg/s and particle mass flow rates between 0.077 and
0.600kg/s. A methodology to determine the particle mass flow rate and its associated uncertainty from
the Loss In Weight and Gain In Weight systems was developed from basic principles and demonstrated.
The relative uncertainties calculated for the measured particle mass flow rates are less than +1% for all
tests. The maximum relative uncertainties calculated for the measured gas mass flow rates and loadings

are +6%.

The conceptual overall system layout for the final test facility, including the instrumentation design, was
then refined based on the experience gained and recommendations are made for consideration in the
detail design. The conceptual design allows for the control of the gas and particle mass flow rates as well
as the gas temperature and pressure level. The final test facility will be suitable to conduct pressure drop
tests, saltation and choking tests, as well as mass balances and visual observations. The process model
and methodologies developed here may now be applied in the detail design and operation of such a final

test facility.
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Nomenclature
The following descriptions and units given apply unless otherwise stated:
General Symbols
A Projected area m?
Apipe Pipe cross section area m?
A, Archimedes number
A; Modified Archimedes number
A Surface area m?
c Speed of sound m/s
Cq Orifice discharge coefficient
Cp Drag coefficient
Cpowo Drag coefficient in an infinitely dilute mixture
Cy Mass concentration of solids
Cy Volume concentration of solids
dpP Differential pressure Pa
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Nomenclature

aT Change in temperature Kor°C
D, Particle diameter m
D, Fine and course particle boundary diameter m
Dypipe Pipe diameter m
Dy Volume weighted diameter m
e Euler’s number
F Force N
Fr Froude number
Fr, Particle Froude number
Frean Froude number at saltation
Fry Froude number at the single particle terminal velocity
g Acceleration due to gravity m/s?
I Current A
kriter Filter loss factor Pa-s/m3
kyx Heat exchanger loss factor Pa-s2/m?
L Length m
M, Mass of particles kg
M, Relative Mach number
g Local gas mass flow rate kg/s
my, Local particle mass flow rate kg/s
M, System gas mass flow rate kg/s
Mp System particle mass flow rate kg/s
Mpc System particle mass flow rate at choking kg/s
N Number of particles
P Pressure Pa
Rg Gas constant for air 1/kgK
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Nomenclature

Re Pipe Reynolds number
Re, Particle Reynolds number
Re, Pseudoparticle Reynolds number
Re, Relative particle Reynolds number
Regqt Modified Reynolds number at saltation
Regq Reynolds number at the single particle terminal velocity
St Stokes number
t Time S
T Temperature Kor°C
u Uncertainty %
Ug Gas velocity m/s
Uge Gas velocity at choking m/s
Uy Particle velocity m/s
U, Relative (slip) velocity m/s
U Terminal velocity
Uso Single particle terminal velocity m/s
Uy Superficial gas velocity m/s
Ugec Superficial gas velocity at choking m/s
Up Superficial particle velocity m/s
Upe Superficial particle velocity at choking m/s
Usait Superficial gas velocity at saltation m/s
|4 Volume m?3
V Volume of gas m?3
|/ Volume of particles m3
14 Volume flow rate m3/s
V:q Volume flow rate of gas m3/s
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Nomenclature

Vp Volume flow rate of particles m3/s
X; Mass fraction of particle with u;
z Local loading
Z System loading
Greek Symbols
agy Gas volume fraction (voidage)
Ag¢ Voidage at choking
a, Particle volume fraction
B Ratio of orifice bore to pipe diameter
y Specific heat ratio/ isentropic coefficient
£ Pipe roughness m
&g Gas expansibility factor
& Pipe relative roughness
n Cyclone efficiency %
Nplower Blower isentropic efficiency %
Ap = 44 | Friction factor
Apg Gas-wall friction factor
App Solids friction factor
Abpe Solids friction factor at choking
Ug Gas dynamic viscosity kg/ms
Pg Gas density kg/m?3
PH20 Density of water kg/m3
Pm Mixture density kg/m3
Pp Particle density kg/m?3
Py Gas bulk density kg/m?3
Py Particle bulk density kg/m3
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Nomenclature

T Pressure ratio

Ty Momentum response time s
Y Shape Factor

P Inertia Parameter

\Y Gradient

The Nomenclature for Section 3.8 and Section 3.9 differ slightly to that given above. The following

descriptions and units apply:

General Symbols
A Cross section area m?
A Average cross section area m?
F Force N
g Acceleration due to gravity m/s?
m Mass of elements kg
m Rate of mass transfer kg/s
N/n Number of elements
p Pressure Pa
P Average perimeter m
Ry Average hydraulic radius m
t Time s
u Continuous phase velocity m/s
U Mixture velocity m/s
v Dispersed phase velocity m/s
vV Volume m?3
X Length m
Greek Symbols
a. Continuous phase volume fraction
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Nomenclature

ag Dispersed phase volume fraction

By Drag coefficient

Ac Continuous phase friction factor

Ag Dispersed phase friction factor

Pc Continuous phase density kg/m3
Pd Dispersed phase density kg/m3
Pm Mixture density kg/m3
Pe Continuous phase bulk density kg/m3
Dd Dispersed phase bulk density kg/m3
Tw Wall shear stress Pa

The following abbreviations appear in this text:

AF Air fuel

CAD Computer aided design

CD Compact disc

cv Control volume

DAC Data acquisition and control
EOM Equation of motion

EPPEI Eskom Power Plant Engineering Institute
FBD Free body diagram

FDM Finite difference method

FS Full scale

GIW Gain-In-Weight

GUI Graphical user interface
LCA Load cell amplifier

LIW Loss-In-Weight
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Nomenclature

NI National Instruments

PC Pulverised coal

PF Pulverised fuel

PFA Pulverised fuel ash

PFD Primary flow diagram

P&ID Piping and instrumentation diagram
PID Proportional-integral-derivative
PLC Primary logic controller

PSD Particle size distribution

RSS Root sum squares

RTD Resistance temperature device
SSR Solid state relay

VSD Variable speed drive
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1 Introduction

1.1 Background and Motivation

Coal-fired power plants account for over 90% of the electricity produced in South Africa (Eskom Power
Plant Engineering Institute (EPPEI), 2014). Research and development contributing to the continued
improvement of these plants are therefore important, as these plants have a major impact on the quality
of life in South Africa. Environmental legislation also requires that these plants implement pollution
reduction technologies (EPPEI, 2014). ESKOM is therefore installing and retrofitting future and current
coal-fired power plants with low-NOx burners, which as the name suggests, facilitate the reduction of NOx
emissions by 40 to 50% (Van der Merwe, 2014). Figure 1-1 shows the position of these burners within a

typical coal-fired power plant.

Coal y

Burner

Conveying Pipe

Figure 1-1 — Schematic of a typical coal-fired power plant, taken from EPPEI (2014)

Pulverised Coal (PC) is fed from mills to these burners via pneumatic conveying pipelines. This mixture of
PC and air is known as Pulverised Fuel (PF). To ensure the stable operation and ignition at these burners,
it is vital that the distribution of PF fed to the burners is homogenous and that the air fuel (AF) ratio lies
within the range of 1.5 to 2.5 (Van der Merwe, 2014). According to Van der Merwe (2014), this can only

be achieved through dilute phase conveying.

Dilute phase conveying is a flow regime associated with gas-particle flows, where the concentration of
solids is relatively low and the gas-particle mixture is mostly homogenous. In contrast, there exists a dense
phase flow regime, where the concentration of solids is relatively high and the gas-particle mixture is not

always homogenous. Image (a) in Figure 1-2 illustrates dilute flow in horizontal conveying, images (c), (d)
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and (e) illustrate dense flow, while image (b) illustrates the transition. Similarly, Figure 1-3 illustrates dilute

and dense flow in vertical conveying.

@

(e)
(a) Dilute suspension flow; (b) Dune formation; (c) Stratified flow; (d) Plug flow; (e) Moving bed flow

Figure 1-2 — Flow regimes in horizontal conveying, taken from Fan & Zhu (1998)
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Figure 1-3 — Flow regimes in vertical conveying, taken from Rabinovich & Kalman (2011)
In practice, dilute phase conveying is not always achieved in Eskom coal-fired power plants, and the less
desirable dense phase flow occurs. This leads to maldistribution of PF to individual burners and also PC
settling in the conveying pipelines (Van der Merwe, 2014), as shown in Figure 1-4. This can be attributed

to a number of factors, including but not limited to the conveying air pressure or density, the conveying
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velocity and/or the geometry of the pipes in which the conveying takes place. Therefore, as a first step to
ensure that the required distribution of PF is obtained, a better understanding of the flow properties

associated with the pneumatic conveying of PC (hereafter referred to as PF conveying) is required.

Figure 1-4 — A clogged pipe due to PC settling at a power station, taken from Van der Merwe (2014)

1.2 Problem Description

There are several criteria in literature which define whether a flow is dilute or dense. Rhodes (2008)
describes dilute flow as having gas velocities greater than 20m/s, solids volume concentrations less than
1% and pressure drops per unit length less than 0.5kPa/m. Rhodes (2008) also characterises dense flow
as having a solids volume concentration above 30%, whereas Fan & Zhu (1998) quote values greater than
40 or 50%. Furthermore, Fan & Zhu (1998) quote three different studies stipulating that dense flow occurs
for solids to gas mass flow ratios greater than 15, 20 or 80. These values provide minimum insight into the
flow properties required for dilute phase conveying. However, various different correlations exist in
literature which can be used to determine the minimum transport velocities which facilitate dilute phase

pneumatic conveying.

For horizontal conveying, Fan & Zhu (1998) define the saltation velocity to be equivalent to the minimum
transport velocity which prevents particle settling. This is not to be confused with the pick-up velocity,
which is equivalent to the minimum transport velocity required to re-entrain already settled particles
(Fan & Zhu, 1998). The former is lower by a factor of 2 to 2.5 (Zenz, 1964) and is generally considered the
more important velocity in literature for dilute pneumatic conveying design. This is likely due to the fact
that (i) conveying velocities above the saltation velocity should ensure that no settling occurs and
therefore prevent the onset of dense phase conveying, and (ii) conveying velocities near the saltation

velocity mitigates large pressure drops, which are associated with unnecessarily high conveying velocities.
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For vertical conveying, choking is synonymous to saltation i.e. particles dropping out of suspension.
According to Van der Merwe (2014), the choking velocity is 2 to 3 times lower than the saltation velocity.
Rabinovich & Kalman (2011) define the choking velocity as the transition between the dilute and dense
phase flow regimes. Other definitions for choking are given in literature. These definitions are usually
more intricate and relate to specific experiments performed. It is noted that this is also the case for

saltation.

Correlations for calculating the saltation or choking velocity are often based on different variables, were
developed using a variety of theoretical and empirical methods, and are also subjective with regard to the
definition of the saltation or choking velocity employed in developing the correlation. As a result, these
different correlations don’t always agree well when compared in literature. It should be noted that many
of these comparisons were made using experimental data from previous studies, where test conditions

varied significantly. The value of the results of such studies is therefore limited.

It is therefore unclear which, or if any, correlation is suitable for PF conveying under specific operating
conditions, for instance those typically encountered in South African coal-fired power plants. However,
having access to a test facility in which empirical data can be generated under various controlled operating
conditions would enhance the understanding of the transport properties and of the applicability of the
different correlations. This will allow a more informed application of these correlations in the study of

PF conveying.

The objectives of this project are to:

e Conduct a thorough literature review of the different correlations in literature applicable to dilute
phase gas-particle transport phenomena such as saltation and choking.

e Develop a theoretical process model applicable to the design of a dilute phase gas-particle transport
test facility and a methodology to determine the operating envelope of the blower.

e Develop a concept layout design for a gas-particle transport test facility.

e Develop, construct and operate a physical prototype test facility of reduced complexity but consisting
of the most important components of the proposed final test facility.

e Develop a data acquisition and control (DAC) system containing the key elements required for the
proposed final test facility.

e Develop and demonstrate the data analysis methodologies required to determine the values of the
measured gas and particle mass flow rates and its associated uncertainties.

e Based on the results of tests conducted in the prototype test facility, refine the overall system layout

and instrumentation design for the final test facility.
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The scope of this project is to develop a system layout, instrumentation design and applicable data
analysis techniques for a test facility which will provide the means to empirically investigate the transport
properties of dilute phase particle flows applicable to coal-fired power plants. This system layout and
instrumentation design is to be based on theoretical models and knowledge gained during the
development and operation of a physical prototype facility of reduced complexity. The purpose of this
project is not to do the detail design of the final test facility or to conduct detail tests to investigate the

transport properties of PF conveying.
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2 Literature Review

A review of published literature which provides the basis for this project is presented here. Gas-particle
flow fundamentals are presented first followed by a review of slip, saltation, choking, pressure drop and

particle acceleration length correlations.
2.1 Gas-Particle Flow Fundamentals

Gas-particle flows are multi-phase flows which consist of particles flowing within a gas. Intrinsic flow

properties pertaining to gas-particle flows are discussed below.
2.1.1 Voidage

Consider the gas-particle mixture in volume 6V, as shown in image (a) of Figure 2-1. The volume fraction

of the particle phase is defined as (Crowe, et al., 1998)

A
a,= lim —
p §V-68V0 SV
Equation 2-1
and the volume fraction of the gas phase, known as the void fraction or voidage as
a, = lim %
g §V-68V0 SV
Equation 2-2

8V is the limiting volume that ensures a stationary average and the sum of the volume fractions is unity,

namely
a, +tag=1
Equation 2-3

In pneumatic conveying literature, 8V is often represented by a pipe element of length 6L such as that

shown in image (b) of Figure 2-1.

(a) (b)

1
L

oL
8V

Figure 2-1 — (a) Gas-particle volume, taken from Crowe, et al. (1998); (b) Pipe element
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Loading (essentially the inverse of the AF ratio) is the ratio of the particle to gas phase mass flow rates

(Crowe, et al., 1998). System loading Z refers to the mass flow ratio put through a system and local loading

z refers to the mass flow ratio within a limiting volume such as the pipe element given in Figure 2-1.

According to Crowe, et al. (1998) the system loading can be taken to be indicative of the local loading i.e.

m M
my Mg

Equation 2-4

where M and m are the system and local mass flow rates, and the subscripts p and g refer to the particle

and gas phases respectively.

The mass flow rate of the gas phase within a pipe with cross section area Ay in m? can be given by

(Crowe, et al., 1998)

1y = py(l - ap)ugApipe = Pg@gUgApipe

Equation 2-5

where pg is the density of the gas in kg/m3 and U, is the actual gas velocity in m/s. Here, Ug = aguy is

the superficial gas velocity in m/s, which is the flow velocity of the gas phase if it is assumed it is the only

phase present. U, can also be calculated if the mass flow rate of gas through a system is known i.e.

U M,
=q,u, = —>——
g 99 pgApipe

Similarly, the superficial particle velocity can be defined as

Mp
Up = apup =

PpApipe

where p,, is the particle density in kg/m3 and Uy, is the mean actual particle velocity in m/s.
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The volume fraction and density of any one of the phases can be grouped to give the bulk density of the

respective phase (Crowe, et al., 1998) i.e. p = ap. Therefore

Pg = AgPg
Equation 2-8

and

Pp = appp = (1= ay)py
Equation 2-9

Subsequently, the mixture density can be defined as

Pm = Pg t Pp
Equation 2-10
The bulk density of a material changes depending on how it is handled. Therefore, the bulk density

measured during independent experiments or in material datasheets should not be used for flow

calculations, as it may differ considerably to the bulk density within the conveying pipe.

In gas-particle flows, the particle phase lags behind the gas phase. This lag (or relative velocity) is known

as the slip velocity, given by
Uy = Ug — Uy
Equation 2-11
Many correlations have been proposed in literature to calculate the slip velocity. The Hinkle correlation

for calculating the particle velocity in horizontal flow is presented first. A method developed by Yang and

his colleagues to calculate the slip velocities in both horizontal and vertical flow is presented after.

The Hinkle correlation (Hinkle, 1953) is cited often in literature and was developed by taking high-speed
photographs of particles flowing in a gas stream. However, the correlation presented is not always
consistent with the correlation presented in the original publication. It is speculated that this is due to
either modification of the formula, incorrect conversion from imperial to Sl units or misinterpretation.

The following form is given by Hinkle (1953)
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p 0.5
w, = 1.41u 00-3( P )
r g=p

PH20

Equation 2-12

where Dy, is the mean particle diameter in ft, u is in ft/s and p is in Ib/ft3.

In vertical flow, the assumption that the slip velocity of a single particle is equal to the terminal velocity

(the highest attainable velocity in free fall) of the particle is often made i.e.
Uy = Ugo
Equation 2-13

where u;q is the single particle terminal velocity in m/s and can be calculated using the equations given

in Section 3.7.

However, it is commonly mentioned in literature that the slip velocity increases with increasing fluid
velocity. Yang (1973) observed that there were large discrepancies when comparing previously published
experimental results and results obtained using the above assumption, especially at high fluid velocities
and for large particle sizes and densities. Yang (1973) subsequently developed a correlation for vertical
flow using the above assumption, but by modifying the terminal velocity equation to account for voidage
and frictional effects. The correlation is implicit, and requires the voidage and slip velocity to be solved

simultaneously.
The voidage in a pipe element of diameter Dy, (in meter) is given by Equation 2-14 (Yang, 1973)

4M,

(pp - pg)anipeup

ag=1-

Equation 2-14

and the slip velocity is given by Equation 2-15 (Yang, 1973)

Apply
U = U 1+—)a}’

Equation 2-15

Where 4p,, is the Darcy-Weisbach equivalent solid (or particle-wall) friction factor and can be calculated
using the equations given in Section 3.6. The above correlation was further developed for horizontal

conveying, where the slip velocity is given by Equation 2-16 (Yang, et al., 1973)
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Ur = Ugo

Equation 2-16

with 1, still referring to the single particle terminal velocity in vertical flow. Equation 2-15 and Equation
2-16 are known as Yang’s modified terminal velocity equations. Yang (1973) and Yang, et al. (1973) claim
these correlations are good to + 20% and + 10% respectively if experimental values for A, are used. If
Yang’s (1974) solid friction factor correlations are used instead (see Section 3.6) then the method requires
the simultaneous solution of three equations and is accurate to £30% and +20% for vertical and horizontal

conveying respectively.
2.3 Saltation

On a plot of pressure drop per unit length vs. superficial gas velocity, saltation occurs approximately at
the minimum pressure point for coarse particles, and at slightly higher velocities for fine particles (Fan &
Zhu, 1998). The terms coarse and fine are used loosely here, however, Cabrejos & Klinzing (1994) define
coarse particles as those greater than 100um in diameter. The flow regime diagram (or Zenz plot as
sometimes called in literature) is given in Figure 2-2 shows pressure drop per unit length vs. gas velocity

curves for increasing particle mass flow rates.

E
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é ‘ I ] G = 1244 kg/h
=48 Bl ¥ G = 995kg/h
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g @ I *‘<° 5 )/G =743kg/h
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v 32 : )
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E 2% / / / ¥

2 G =0kg/h
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3
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0
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Figure 2-2 - General flow regime diagram, taken from Fan & Zhu (1998)

As can be seen in Figure 2-2, the pressure drop per unit length increases with decreasing superficial gas
velocity below the pressure minimum. This is due to increased solids deposition (Cabrejos & Klinzing,
1994). The increase in pressure drop per unit length with increasing gas velocity above the pressure

minimum can be attributed to an increase in the friction force opposing mixture motion (Fan & Zhu, 1998).
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Furthermore, the curve passing through the minimum pressure points is known as the pressure minimum

curve (Rizk, 1982) and marks the dilute (right side) and dense flow (left side) transition (Fan & Zhu, 1998).

A number of published correlations exist for calculating the saltation velocity i.e. the superficial gas

velocity at saltation U, four of which are presented below.

The Rizk correlation (Rizk, 1982) is widely referenced and approximates the pressure minimum curve
shown in Figure 2-2. The correlation was developed by relating experimental data with the Froude number

F. and is given as

Equation 2-17

a and b are dimensionless numbers given by

a = 1440D, + 1.96
Equation 2-18
and
b =1100D, + 2.5
Equation 2-19

where D, is in meter and the constants are in the appropriate units to maintain the numbers’

dimensionless characteristics. The dimensionless Froude number is given by

Equation 2-20

M
Taking z =7 = M—” and defining the saltation point as the minimum pressure drop point, the saltation
g

velocity can be solved for different particle mass flow rates by substituting Equation 2-20 into Equation

2-17 and rearranging to give

1/ (b+1)

. —2+b/2
4M,10%g"/2D 7
Usaie =
TPg

Equation 2-21

where g is the acceleration due to gravity in m/s?.
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Rizk (1982) claims the above correlation is good to +15% when compared to his own and previously

published data.

Matsumoto, et al. (1977) empirically investigated the effect of particle size on the minimum transport
velocity, which they define as the minimum superficial gas velocity required to prevent particle deposition
in a pipe i.e. the saltation velocity. They observed that fine and coarse particles had different effects on
the saltation velocity, resulting in materials having a characteristic minimum saltation velocity at a given
particular size. In other words, the saltation velocity decreases with increasing particle size, before
reaching a minimum and then increasing with continued increasing particle size. They then corroborated
this observation theoretically with an earlier developed numerical model by Matsumoto & Saito (1970)

and subsequently developed the following correlations.

For fine particlesi.e. D, < D,

D, \** /Fr..,\*
7= 5.56><103< P > (ﬂ)
Dyive 10

Equation 2-22
For coarse particles i.e. D, > D;;

-3.7

1.06
Jp— (Frto) (Frsau)3'61
' Pg 10 10

Equation 2-23

F1gq;t is the Froude number at saltation

Equation 2-24

Fry is the Froude number at the single particle terminal velocity

2
Uto

Frto =

ﬁ
)
Q

Equation 2-25

and the boundary between fine and course particles is given by

p -0.74
* p
D; = 139D, <—>

Pg

Equation 2-26
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M

Again, taking z = Z = M—p, the saltation velocity can be solved for different particle mass flow rates by
g

substituting the Froude numbers into Equation 2-22 or Equation 2-23 and rearranging. Matsumoto, et al.

(1977) claim their correlation predicts values to within £50% of their experimental data.
2.3.3 Geldart & Ling’s Correlation

Geldart & Ling (1992) imposed fixed differential pressures across an experimental rig (to vary gas density),
where they measured the pressure drops and particle mass flow rates across a horizontal line. Using their
experimental data, they constructed curves of particle mass flux vs. superficial gas velocity such as that
given in Figure 2-3. They subsequently took the saltation velocity as the maximum point. They then
compared their results with previously published correlations and also presented one of their own,

concluding that their and Rizk’s (1982) correlation fits their experimental data within 15%.

7

o I

s 3
—
™
j
L~

Solide flux kg/sq.m s

0 i L L L
[} 1 2 3 4 5 8

Gas Velocity m/s

Figure 2-3 — Particle mass flux vs. Superficial gas velocity, taken from Geldart & Ling (1992)

Geldart & Ling (1992) advise that Rizk’s correlation should be used in light of its simplicity when compared
to their own, which is “complicated and must be solved by an iterative method”. A simplified version of
their correlation is therefore given below, as presented by Rabinovich & Kalman (2008). The correlation

is valid for Sl units only.

For—2 < 47 000
Apiperipe

0.302

_ |4 0.153 ,-0.42,,0.055
Usalt - 8-7< ] ) Dpipe ,Dg 'ug
pipe

Equation 2-27
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For—2 > 47 000
Apiperipe

0.465

p p —U. .
Usate = 1.5 (A . ) Dyipe’ pg 2 ug0s®
pipe

Where p, is the dynamic viscosity of the gas in kg/ms.

Literature Review

Equation 2-28

Rabinovich & Kalman (2008) conducted experiments in a wind tunnel to investigate the boundary

saltation velocity, which they define as “the minimum velocity at which the particles can be conveyed for

an infinite length.” From their experiments, they developed a correlation to calculate the boundary

saltation velocity using modified versions of the dimensionless Reynolds number and the Archimedes

number. Furthermore, by modifying the Archimedes number, they then developed a correlation to

calculate the “minimum pressure velocity” which they claim is good to +30% when compared to previously

published data. The correlation is presented below.
For Ar* < 2450

Ar* = Ar(1+30()3%)%3%

Relye = 14.3Ar*01

For Ar* > 2450

2.33

1—e\*t
Ar* = Ar [( . ) + 30C19'35]

3
Rely = 1.1AT"7

where

pg UsaltDp

_Dpipe/Dsg
Kg (2.7 —3.1e 1.6 )

* —
Resalt -
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Equation 2-30

Equation 2-31

Equation 2-32

Equation 2-33
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_ Pg(Pp —pg)9Dy

Ar
g

Equation 2-34

and

C, = Vp ZPg
v = - =
WtV Pptzpg

Equation 2-35

Here, Cy is the volume concentration of solids, I}, and Vj; are the volume flow rates of the particle and gas

phases respectively in m3/s, and Ds, corresponds to a 50mm diameter pipe.

In order to solve for Ugy;¢, A, and C,, need be to calculated first using Equation 2-34 and Equation 2-35
respectively. The results are then substituted into the appropriate equation for Ar*, which is then solved
and substituted into the corresponding equation for Reg,;:. Usqir can then be calculated by equating the

resultant equation with Equation 2-33 and rearranging.
2.4 Choking

Yang (2004) discusses the different definitions for choking available in literature. The “classical choking”
classification (Yang, 2004), initially coined by Zenz (1949), refers to points E and H on the curves shown in
Figure 2-4. It can be seen that the curves in Figure 2-4 are analogous to those in Figure 2-2. Again, as with
the curve presented in Figure 2-2, the pressure drop per unit length increases to the left and right with

increasing local loading (due to particles dropping out of suspension) and friction forces respectively.

W,, W, = Solids Flux, kg/m’-s
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Figure 2-4 - Pressure Drop vs. Gas Velocity in Vertical Conveying, taken from Yang (2004)
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As with saltation, a number of correlations exist for calculating the choking velocity i.e. the superficial gas
velocity at choking Uy, three of which are presented below. These correlations were recommended by
Klinzing, et al. (1997) for their reliability when comparing calculated results and published experimental
data. It is noted that Klinzing, et al. (1997) advise that a safety factor of 1.5 be employed when using these

correlations.

From the literature reviewed, the majority of gas-particle flow correlations incorporate the use of the
mean particle diameter. However, Leung, et al. (1971) developed a method to calculate the choking
velocity for both uniform and non-uniform particle size distributions (PSD). Their method is based on the
assumptions that u, = u;y and a4 = 0.97 at choking. Various experiments in literature were cited to

motivate the use of these assumptions. From Equation 2-13

Yoo __Upe _, -
®gc (1 - “gC)

Equation 2-36

where the subscript c refers to choking. Substituting a,. = 0.97, Equation 2-36 reduces to the following

Uge = 32.3U,c + 0.97uyg

Equation 2-37

which can be used to calculate the choking velocity for a uniform PSD for a given particle mass flow rate

(See Equation 2-7).

For a non-uniform PSD, the choking velocity is higher than that of a uniform PSD, behaving similarly to a
uniform PSD of a higher mean diameter (Leung, et al., 1971). Leung, et al. (1971) explain this behaviour
by observing that smaller particles rise faster in vertical pneumatic conveying than larger particles,
resulting in a higher fraction of large particles to be present in the pipe when compared to the particles
in the feeder. Leung, et al. (1971) provide the following equations to calculate the choking velocity for

non-uniform PSDs

U
— gc
Upcxif - (1 - agc)xipipe ( — Utoi
Agc
Equation 2-38
and
U
— gc
Upc - (1 - agc) inpipe < — Utoi
agc

Equation 2-39
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where x;r and X;p;pe are the mass fractions of particles in the feeder and pipe respectively and with u;;.

The calculation to solve for Uy is not straight-forward. Therefore, an example procedure similar to the

one in Leung, et al. (1971) is given. Consider a particle mixture with the properties in Table 2-1.

Size Fraction Xif Uso (M/s)
1 0.2 1
2 0.5 5
3 0.3 10

Table 2-1 — Example PSD

Using Equation 2-38 and Equation 2-39, the following set of equations can be formulated:

0.2U,,. = 0.03 Uge 1
LUpe = U 0_97_ X1pipe

U
gc
097 5) X2pipe

0.5U,, = 0.03(

U
0.3U,. = 0.03 (0.367 — 10) (1 — X1pipe — X2pipe)

Noting that U, is constant in the set of equations, the choking velocity can then be determined by solving
for the three unknowns Uy, X1pipe and X,pipe Simultaneously for a given particle mass flow rate (See
Equation 2-7). Leung, et al. (1971) claim their method correlates to within £70% of previously published
data and advise that a safety factor of 2 be employed in calculations. That is, the choking velocity is

assumed to happen at double the calculated velocity.

Yang (1975) maintained Leung, et al.’s (1971) assumption that u,. = u;, atchoking. However, he replaced
the ay. = 0.97 assumption with the assumption that Ap,. = 0.01. Experimental data were cited to

motivate this assumption. From Equation 2-15

U Ap,U?

gc Dp“p
—— — Uy = U (1 + T) ag-7
Qgc pipe

Equation 2-40

At choking this reduces to (Yang, 1975)

ZgDpipe (ag_(,fL7 - 1)

2
Uge
- — Ugo
Agc

=0.01

Equation 2-41
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Also, from Equation 2-7 and Equation 2-36
. Ugec
Mpc = UpcppApipe = (Z_ — Ugo (1 - agc)ppApipe
gc
Equation 2-42
If the mass flow rate of particles to be transported is known, Equation 2-41 and Equation 2-42 can be
solved iteratively to calculate the superficial gas velocity and voidage at choking. Also, for a known
superficial gas velocity, the maximum mass flow rate of particles which can be transported without
choking can be calculated. Yang (1975) claims his method is good to +30% when compared to previously

published data.

Punwani, et al. (1976) reviewed previously published choking correlations and also further developed the
correlation by Yang (1975) to better predict the choking velocity in high pressure systems. Using previously
published data, the following empirical correlation for the particle-wall friction factor at choking was

developed.
Appe = 0.074p3'77
Equation 2-43

This modifies Equation 2-41 to

29Dpipe (‘Xg;c‘}j -1

(ugc - uto)z

= 0.074p377

Equation 2-44
Here, pg is in Ib/ft* and the constant 0.074 is in the appropriate units to maintain the dimensionless
characteristic of Ap,.. Equation 2-42 and Equation 2-44 can then be used to calculate Uy, and ay, or
M.
It is noted that for non-uniform PSDs, Punwani, et al. (1976) recommend solving Equation 2-38 and

Equation 2-39 simultaneously with Equation 2-41 if Yang’s (1975) method is followed, or together with

Equation 2-44 if their own method is followed.

The correlations presented in the preceding text are not exhaustive. For a list of additional slip velocity
correlations, the reader is referred to the research of Wei, et al. (2011) who experimentally evaluated
published slip velocity correlations. Chong & Leung (1986) and Punwani, et al. (1976) compared published

choking velocity correlations with published data. The reader is referred to these papers for a list of
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additional choking velocity correlations. For a list of additional saltation velocity correlations, the reader
is referred to the research of Rabinovich & Kalman (2008). Klinzing, et al. (1997) also provide a list of
choking and saltation velocity correlations. Other correlations important to the design of pneumatic

conveying systems pertain to the particle acceleration length and pressure drop.

For straight pipe sections, Modi, et al. (1978) compared published pressure drop correlations with
published data and found Yang’s theory (1977) to be within £35%. The theory is presented Section 3.10
and also includes methods to calculate particle velocities, friction factors and acceleration lengths in both
vertical and horizontal flow. For bends, Schuchart’s (1969) correlation, presented in Appendix A, can be

used.

The pressure drop in the particle acceleration region, where particles introduced in the flow accelerate to
a steady state velocity, can differ significantly from the pressure drop once steady state is reached
(Klinzing, et al.,, 1997). Rose & Duckworth (1969) developed a correlation to calculate the particle
acceleration length L, after performing an extensive dimensionless analysis, and conducting experiments

at different angles of inclination. The correlation is given by

. 1/2 1/3
)
Dpipe pgg1/2D5/2 D, Pg

pipe

Equation 2-45
Two additional correlations, presented by Klinzing, et al. (1997), are given by

—-1.26
La _ 4527 <—D”i"e> (1+2) (—p gD”"”eUg)
pipe Dp g

D

Equation 2-46

and

D 0.953 —-0.924
L, = e3'32< P ) 7—0.0912 <p_g>
Dpipe Pp

For the above correlations, the units of the coefficients were not given in the literature reviewed. It is also

Equation 2-47

unclear if they were formulated for horizontal or vertical conveying.
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Plan of Development

Following this literature review, the theories used to complete this project are presented. The test facility
concept designs, DAC system and a design phase uncertainty analysis is then presented together with the
approach taken to arrive at a revised final facility system layout and instrumentation design. Design
calculations performed (or theoretical models developed) are then presented. A short chapter regarding
the construction of the prototype facility is then presented, before presenting the analysis and results of
tests conducted. A revised system layout and instrumentation design is then presented with
recommendations for a proposed final test facility. Finally, a summary of the work completed and

conclusions are made.
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3 Theory

There are various flow regimes associated with gas-particle flows. Figure 1-2 and Figure 1-3 in Section 1.1
illustrate these flow regimes, as defined in Fan & Zhu (1998) and Rabinovich & Kalman (2011) respectively.
These flow regimes have traditionally been categorised into the two main groups mentioned in
Section 1.1, namely, dilute and dense flow (Rabinovich & Kalman, 2011). In dilute flow, particle motion is
controlled by gas-particle interactions, whereas particle-particle interactions are dominant in dense flow
(Crowe, et al, 1998). These classifications are important when analysing gas-particle flows
mathematically, as a number of assumptions can be made for dilute flow which cannot be made for dense
flow. The following chapter presents the theory behind the models developed for this project, which

includes the justification of assumptions made.
3.1 Gas-Particle Interactions

Coupling is the exchange of properties between the continuous and dispersed phases in two-phase flow
through phase interaction (Crowe, et al., 1998). In PF conveying, the gas and particle phases are
considered as the continuous and dispersed phases respectively. Mass, momentum, and energy couplings
exist, and can be one-way or two-way couplings. One-way coupling is when the flow of one phase affects
the other phase with no reverse effect, whereas two-way coupling implies a mutual effect (Crowe, et al.,
1998). Figure 3-1 illustrates the effects of one and two-way coupling between the temperatures T and

velocities u of the continuous and dispersed phases in two-phase flow.

- _T..c.. - ..-..‘.~ -------------------- B Tc N —,-——'~‘j:._-—_.:::_
T u —— sl
c _"—_—_,—'. —
g Ud uc-"" ’——/U
/// ’//"" d
p L >
One-way coupling Two-way coupling

Here subscripts c and d indicate the continuous and dispersed phase respectively
Figure 3-1 — Coupling Effects, taken from Crowe, et al. (1998)
If particle loading and the mass exchange between phases are low then mass coupling can be neglected
(Crowe, et al., 1998). This is the case during PF conveying provided that the moisture content of the PC is
negligible. Also, if there are no phase changes due to latent heat and mass coupling effects are negligible,
then energy coupling effects can also be neglected (Crowe, et al., 1998). Therefore, the energy couplings
during PF conveying can be considered negligible, provided the conveying temperatures are lower than

the devolitisation temperature of the coal being conveyed.
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Momentum is transferred through mass transfer as well as via drag and lift forces (Crowe, et al., 1998).
Literature regarding drag relevant to PF conveying is presented in the following section. The effects of lift

forces are considered negligible and the complexities associated with it are not covered in this project.

For a particle in a uniform pressure field, where there is no change in the relative velocity between phases,

the steady state drag force acting on the particle is (Crowe, et al., 1998)

1
Fq = EngDooA|“g = Up|(ug — up)

Equation 3-1
where A is the projected area in the direction of the relative velocity in m2. Cp, is the drag coefficient for
a single particle, or an infinitely dilute mixture as defined by Klinzing, et al. (1997), in a quiescent

environment.

Cpo depends on the particle shape and orientation, the relative particle Reynolds number, Mach number

effects, as well as turbulence and particle rotation (Crowe, et al., 1998).

The relative particle Reynolds number is defined as

_ pgDp(ug — up)

Re
r ‘ug

Equation 3-2
Where D,, is the mean particle diameter in meter and p, is the dynamic viscosity of the gas in kg/ms.
According to Klinzing, et al. (1997), the variation of Cp, with Re, is as follows:

1. For creeping flow (Re, < 2), Stokes’ law applies

Cpeo = 24Re;?

Equation 3-3
2. For intermediate flow (0.5 < Re,- < 500), Allen’s equation applies
Cpoo = 18.5Re; %6
Equation 3-4
3. For fully developed flow (500 < Re, < 2x10%), Newton’s law applies
Cpo = 0.44
Equation 3-5

Colin F. du Sart 22



MSc(Eng) Dissertation Theory

4. For turbulent flow (Re, = 2x10°)
Cpe = 0.1, increasing slowly with Re,.
Equation 3-6
The standard drag curve, which represents the relationship between Cp and Re,. is illustrated in Figure
3-2 with shape factor Y effects for non-spherical particles. According to preliminary calculations and

results from Van der Merwe (2014), Re, lies within the Stokes and Intermediate flow ranges for PF

conveying.
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Here Rey is the relative particle Reynolds number

Figure 3-2 - Drag coefficient vs. Relative Reynolds number, taken from Klinzing, et al. (1997)

3.2.2 Shape Effects

Various shape factors ¢ are available and applied differently in literature. One such factor is presented in

Section 3.7.
3.2.3 Mach Number Effects

The relative Mach number is defined as

Equation 3-7

where c is the speed of sound in the gas phase in m/s.
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According to Crowe, et al. (1998), Mach number effects become significant when M,. reaches 0.6. This
requires a relative velocity around 230 m/s at PF conveying temperature conditions, which is much greater
than the velocities associated with PF conveying. Therefore, Mach number effects during PF conveying

can be considered negligible and the flow can be considered incompressible during analysis.

Crowe et al. (1998) present correlations which can be used to account for the effects of turbulence, but
warns against their use as a result of various discrepancies. Crowe, et al. (1998) further reiterate that
more detailed experiments need to be conducted to better understand the effects of turbulence. The use

of the standard drag curve, neglecting turbulence effects, is therefore suggested.

Crowe, et al. (1998) discuss previous studies on the effects of particle rotation. The general findings
indicate that rotation doesn’t affect Cp., for smooth particles and for relative Reynolds numbers of the

order of unity.

For a mobile particle in a mixture of voidage a 4, Wen & Yu (1966) proposed that Cpo, be corrected by a

factor of a;*7 to give
Cp = Cpoottg®’
Equation 3-8
Equation 3-8 correctly predicts that the drag force increases with increased loading. Also, because it was

developed empirically, it is useful for the analysis of dilute gas-particle flows where particle-particle

interactions are neglected, as it takes into account any particle-particle collisions that do occur.

There exists a local pressure gradient during pneumatic conveying which produces a net pressure force in
the direction of the pressure gradient (Crowe, et al., 1998). Crowe, et al. (1998) show that the net pressure
force acting on a particle includes the buoyancy force. Crowe, et al. (1998) further argue that pressure
gradient forces and therefore the buoyancy force can be neglected in gas-particle flows, as the ratio of

the gas and particle densities is of the order 1073,

The virtual mass effect and the Basset force are forces that arise due to the acceleration of the relative

velocity between phases (Crowe, et al., 1998). These forces are mentioned here because of their
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importance in two phase flow. However, they will not be discussed further, as they can be neglected for

gas-particle flows where the ratio of gas and particle densities is of the order 103 (Crowe, et al., 1998).

Gravity and buoyancy acting between phases are applicable body forces to PF conveying. However, it is
worth noting that other body forces may become important depending on the application, e.g. Coulomb
forces become important when an electrostatic precipitator is used for gas-particle separation

(Crowe, et al., 1998).

Friction occurs as a result of gas-wall and particle-wall interactions during PF conveying. These interactions
are complex and therefore empirical correlations for gas and solids friction factors are generally used with

Equation 3-9 and Equation 3-10 in mathematical models. For gas-wall interactions

1 2
Frg = 2 PgrgAsiy
Equation 3-9

and for particle-wall interactions (note the bulk density is used)

1 —_— 2
Frp = 2 PpApAsip
Equation 3-10
where A represents the respective phase friction factors and A, is the surface (or wall) contact area in m2.

For turbulent flow in tubes (i.e. Re > 10 000), the Darcy-Weisbach gas friction factor Ap, can be

calculated using the implicit Colebrook equation (Cengel, 2006). Note A, = 4A.

e/Dy; 2.51
= —2log /Dyipe +
3.7 Re,[Apg4

1
Vg
Equation 3-11

Here, &, = £/Dp;pe is the relative pipe roughness and the pipe Reynolds number is defined as

_ PgDpipeUy
Hg

Re

Equation 3-12

Yang (1974) proposed correlations for estimating the solid friction factor A, in both horizontal and

vertical conveying. For horizontal conveying
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Reyg

g \

1-—
Appn = 0.117% [(1 - ay)
g

Equation 3-13
and for vertical conveying

—0.869

(1 —a ) Reyg

Appp = 0.0206—9[ 1— —]
Dpv ag ( ag) Rer

Equation 3-14

where Re;, is the Reynolds number at the single particle terminal velocity (see Section 3.7) and g is the
acceleration due to gravity. The correlation for vertical conveying was later updated in Yang (1978), and

is given for dilute phase transport as

—0.979

(1-ay) Rey

y) =0.0126—g[ 1— ]
Dpv ag3 ( “g) Re,

Equation 3-15

It is worth noting that Dhodapkar & Zaltash (1989) observed the solids friction factor to be significantly

higher in vertical conveying than horizontal conveying.

The terminal velocity of a single particle u; in m/s can be determined by equating drag and buoyancy

forces with gravity to give (Klinzing, et al., 1997)

Equation 3-16
The Reynolds number at the single particle terminal velocity is defined as

pgDputO

g

Reto =

Equation 3-17

Substituting the values for Cp, given in Equation 3-3 to Equation 3-6 into Equation 3-16, and using Re;

in place of Re,., the corresponding terminal velocities for spherical particles are obtained:

1. ForRe, <2

_ Dy (P — Pg)g

Uto 18,

Equation 3-18
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2. For 0.5 < Re;y < 500

5
o (8 Dp(Po—rg)gY
O\ pgepdH

Equation 3-19

3. For500 < Reyy < 2X10°

05
o = 100Dp(pp —pg)g

Equation 3-20
4. For Reyy = 2X10°
0.5
Uy = <ﬂDP(p’P — pg)g>
3 Pg
Equation 3-21

The above equations are valid for spherical particles. For non-spherical particles, the following correlation

can be used to calculate the terminal velocity (Klinzing, et al., 1997)

Uy v
—t¥ _ 0.8431 (—)
Uet °8\0.065

Equation 3-22

where uqy is the terminal velocity of a particle with sphericity (or shape factor) of ¥ and u;4 is the terminal

velocity of a spherical particle of the same volume.
Here, the shape factor is given by

surface area of sphere with same volume as particle mD?

surface area of particle A
Equation 3-23

where Dy, is the equivalent volume diameter of a particle.

In the analysis of the continuous phase it would be ideal to solve the mass, momentum and energy
conservation equations, taking into account the boundary conditions imposed by every single particle in
the flow field (Crowe, et al., 1998). However, this would require the grid size to be at least as small as the
smallest particle in the field, and would therefore require vast computational power (Crowe, et al., 1998).
Averaging procedures are therefore used abundantly in the development of numerical models. Noting

that mass and energy couplings can be considered negligible during PF conveying, as mentioned in
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Section 3.1, this section presents the volume averaged momentum conservation equation for a quasi-
one-dimensional flow as given in Crowe, et al. (1998). Literature on volume averaging and the full

derivation of the momentum conservation equation can be found in Crowe, et al. (1998).
3.8.1 Momentum Conservation

For the quasi-one-dimensional control volume (CV) presented in Figure 3-3 and the assumptions listed
thereafter, Crowe, et al. (1998) presents the continuous phase momentum conservation equations for
multi-phase flows given in Equation 3-24 and Equation 3-25. As these equations are valid for multi-phase

and not just gas-particle flows, the subscript c is used instead of g.

- K U
—— "z a __'__.>
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e T e

‘ :., ’6. /_‘4___

> _
P, eg —~ @ ® P

i

Figure 3-3 — Quasi-one dimensional flow in a duct, taken from Crowe, et al. (1998)

The following assumption are made:

All particles/ droplets are spherical and are of the same size.
The particle/ droplet velocity is the average velocity over the CV.

Mass transfer between the continuous phase and all particles/ droplets is at the same rate.

H wonN o

The forces acting on the continuous phase are drag and boundary pressure forces, wall shear stress,
and gravity.
5. Mach number, turbulence, and rotation effects on particle/ droplet drag are neglected.

6. Virtual mass and Basset force effects on particle/ droplet motion are neglected.
The momentum equation in difference form is
VA (pew) + A(peu?A) = —a ADp — Nmv + B, V(v — u) — 1,,PAx + p.gV
Equation 3-24

and in differential form
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Jd 19 dp ) 1 .
T (pcu) + 19% (Pcu*A) = —a, 5 v+ By (v —u) — R—hTw +Pcg
Equation 3-25

Where:

V is the volume of the CV in m.

A; is the difference operator defined as A;() = A()/ At.

u is the continuous phase velocity in m/s.

A is the cross section area of the CV in m2,

A is the average cross section area of the CV in m2.

Ap is the pressure difference across the CV in Pa.

v is the dispersed phase velocity in m/s.

T,y is the wall shear stress in Pa.

P is the average perimeter of the CV in m.

Ax is the length of the CV in m.

R, is the average hydraulic radius of the CV in m.

g is the acceleration due to gravity in the flow direction, which will be zero for horizontal flow and negative

for upward flow.

pc is the bulk density of the continuous phase and is equal to the product of the continuous phase volume

fraction a, and density p. respectively.

BvV (v —u) and By (v — u) are the respective momentum source terms due to drag interaction with the

dispersed phase. These terms account for the number of particles within the CV.

Nmv and nmv are the respective momentum source terms due to mass transfer between phases. The
negative sign indicates evaporation of the dispersed phase. These terms are assumed to be negligible for

PF conveying.

The dispersed phase is generally analysed using the Lagrangian, or the Eulerian approach
(Crowe, et al., 1998). This section provides some insight into these approaches and discusses their
respective advantages and disadvantages. A summary of the equations presented in this and the

preceding section is also given.
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The Lagrangian approach involves the tracking or calculation of the velocity, mass and temperature over
time (Crowe, et al., 1998) for each and every particle. Crowe, et al. (1998) present two methods which
follow the Lagrangian approach, namely, the trajectory method and the discrete element approach. The
approaches are not too different and are therefore not presented here separately. In essence, the
trajectory method is a simplified discrete element approach applicable for dilute flow only. The principle

on which both approaches are based is therefore presented.

The particle equation of motion (EOM) is solved for each particle, or a “parcel of particles” (Crowe, et al.,
1998), at time steps using a preferred integration scheme. The rotation, temperature and mass of each
particle/ parcel are subsequently calculated at each time step using their respective time based equations.
Noting that mass and energy couplings and rotation effects on particle drag can be considered negligible
during PF conveying as mentioned in Sections 3.1 and 3.2.5 respectively, only the particle EOM is

presented here. The particle/ parcel EOM is simply

Equation 3-26

where Zﬁ is the sum of the fluid, friction and body forces, and m is the mass of the particle or parcel of

particles.

The fluid forces considered, size of parcel, and the integration scheme is chosen depending on the level
of accuracy desired (Crowe, et al., 1998). Furthermore, the initial conditions used in the integration
scheme are problem dependant (Crowe, et al., 1998). Figure 3-4 shows an example of distributed parcels

in a 2-D discretised spray field.

Computational cell 7

Parcels /

Figure 3-4 — Parcels in a spray field, taken from Crowe, et al. (1998)
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The Eulerian approach treats the dispersed phase as a fluid which behaves like a continuum (Crowe, et
al., 1998). Averaging procedures are therefore used in deriving equations suitable for numerical
modelling. The approach is synonymous to the approach followed in the derivation of the momentum
conservation for the continuous phase, which also followed the Eulerian approach. In literature, the

approach is commonly called the two-fluid, or the Eulerian-Eulerian approach.

Crowe, et al. (1998) presents the two-fluid dispersed phase momentum conservation equation for multi-
phase flows given in Equation 3-27 and Equation 3-28. As these equations are valid for multi-phase and
not just gas-particle flows, the subscript d is used instead of p. The quasi-one-dimensional CV is given in

Figure 3-5 and the assumptions are listed thereafter.

;I\(?i)ntrol volume7 2

—

A

Figure 3-5 — Particles in a quasi-one-dimensional duct, taken from Crowe, et al. (1998)

The following assumptions are made:

All particles/ droplets are spherical and are of the same size.
The particle/ droplet velocity is the average velocity over the CV.

Mass transfer between the continuous phase and all particles/ droplets is at the same rate.

1
2
3
4. The forces acting on the dispersed phase are drag and pressure gradient forces, friction, and gravity.
5. Mach number, turbulence, and rotation effects on particle/ droplet drag are neglected.

6

Virtual mass and Basset force effects on particle/ droplet motion are neglected.

The momentum equation in difference form is

_ 1 -
VA (pgv) + A(pgv?A) = —ayzAAp + Nthw + B,V (u — v) — E/1dmv|v|PAx + pagV

Equation 3-27

and in differential form
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1

B s =)
nmv + By(u—v 2R,

2 Gav) + - Gavta) = —ag o AapavIvl + 7ad

Equation 3-28
Here, 1, is the dispersed phase friction factor which can be determined using the correlations presented
in Section 3.6.

Da is the bulk density of the dispersed phase and is equal to the product of the dispersed phase volume

fraction ay and density p, respectively.

Nmv and nmv are the respective momentum source terms due to mass transfer between phases. Here,
the sign is positive and indicates evaporation of the dispersed phase. These terms are zero for

PF conveying.

Mixture equations can be obtained by adding the continuous and two-fluid dispersed equations, and

defining a mixture velocity (Crowe, et al., 1998). The mixture velocity is defined as
pmU = Ppav + pcu
Equation 3-29

The momentum conservation equation in difference form is then given by

_ 1 1 .
VA (pnU) + A[A(pgv? + peu?)] = —AAp — EldmvlleAx — EﬂcpcululPAx + pm gV

Equation 3-30

and in differential form
0 10 s 1 e 1 R
% (pmU) + 1% [A(pav® + pcu)] = — == Aapav|v| — Z—Rhlcpculul + Pmg

Equation 3-31

Note that the continuous phase wall shear stress term has been replaced by the equivalent friction term,

where A, is the continuous phase friction factor.

The Lagrangian approach is applicable for both dilute and dense flows, and is easy to implement for dilute
flows using the trajectory method according to Crowe, et al. (1998). Advantages of the Lagrangian
approach are that it correctly models the parabolic nature of dilute flows (Crowe, et al., 1998) and an
effective phase viscosity and thermal conductivity need not be selected (Crowe, et al., 1998), as they can

be calculated at each time step. Furthermore, if each and every particle is accounted for, “the discrete
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element approach provides a direct numerical simulation” (Crowe, et al.,, 1998). However, this would

require vast computational power and is therefore not always feasible.

The advantages of the two-fluid approach are that it is not limited by the number of particles in a system
(Crowe, et al., 1998) and it can be combined with the continuous phase equations to form mixture
equations. It also has the added benefit of being compatible with empirical friction factor correlations,
whereas the Lagrange approach requires complex modelling of particle-wall interactions. These models

are available in literature, however, they were considered too complex for the scope of this project.

The following section contains a proposed design method for pneumatic conveying systems as presented
by Yang (1977). The theory consists of semi-empirical correlations which were developed over a series of

papers by Yang and his colleagues.

Assuming spherical particles and using the effective mass of the particles, the number of particles in a

differential section of pipe length &L is given as

SM
SN = P

(pp = Pg) (nTDS)

Equation 3-32
or

6M,, 5L

ON =
(Pp - pg)”DSup

Equation 3-33

where §M,, is the effective mass of the particles in §L. The voidage in section 8L is then given by

4M,

(pp - pg)anipeup

ag=1-
Equation 3-34

From Newton’s Second Law, the acceleration of the particles is equal to the sum of the forces acting on
the particles, divided by the mass of the particles

du,
6Mp§ = 5Fd - 659 - 6Ff

Equation 3-35
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where the gravitational force term may be neglected for horizontal conveying. The drag force on 6N

particles in 8L is

2
Pg (ug - “p)

8Fy = Z(CDooa!;”) (s — P20 sM,
Equation 3-36
The gravitational force on §N particles in 6L is
0F; = 6M,g
Equation 3-37
and the friction force on N particles in 8L is
Appu?
5Ff = Zg‘;i; M,

Equation 3-38

3.10.3 Particle Velocities

Equation 3-36 to Equation 3-38 can be substituted into Equation 3-35 to give the vertical particle velocity

at steady state

9

AD uz
p~p a4,7

pipe

=u, — 1+
Up = Uy ut0< D

Equation 3-39

and the horizontal particle velocity at steady state

up = ug _uto

Equation 3-40

3.10.4 Friction Factors

The solid friction factor in vertical conveying can be estimated using empirical correlations. For vertical

conveying

1- Rewo]”
Ay = 0.0206(0(—30‘9) [(1 — a,) e“’]
g

Re,
Equation 3-41

and for horizontal conveying
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-1.15

1- R
Appn = 0-117% (1-ay) oo

ay Re, /g Dp ipe
Equation 3-42

For vertical flow, Equation 3-34, Equation 3-39 and Equation 3-41 are solved simultaneously for the
voidage, particle velocity and the solid friction factor at steady state. For horizontal flow, Equation 3-34,

Equation 3-40 and Equation 3-42 are solved.

. Sup _ upduy . . . . .
Noting thaty =5 Equation 3-36 to Equation 3-38 can be substituted into Equation 3-35 to

estimate the particle acceleration length for vertical conveying

Up
AL = f Up Sy,
a — 2 5
Upg §CD000(—4.7 pg(ug —up) —(g+ AppUp
4 7 (o —pg)Dy ZDpipe

Equation 3-43

Here u, is the steady state velocity and u, is calculated using Equation 3-34 at a voidage of 0.45. For
horizontal conveying the gravitational term is dropped. Yang (1977) claims Equation 3-43 accurately

predicts the acceleration length to = 30%.

The total pressure drop in the conveying lines is given as
APy = AP, + AF; + APy
Equation 3-44

Here, AP, is the pressure drop in the particle acceleration phase and can be calculated using

Equation 3-45 for vertical conveying. For horizontal conveying the gravitational term is dropped.
Lg La ) u2 La ) pru2
AP, = j prgSL + f 209Pa% 5 f 2ol 51 [(Bpu) at L]
0 o 2Dpipe o 2Dpipe
Equation 3-45

AF, is the static head term beyond the acceleration region for a conveying length L, and is zero for

horizontal conveying. For vertical conveying
AP, = p,lLg
Equation 3-46

APs is the friction term beyond the acceleration region. For the gas and particle phases respectively
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A uzl
AP, = DgPglg
2Dpine
Equation 3-47
and
AppPpusL
APpp =
2Dpipe

Equation 3-48

Dhodapkar & Zaltash (1989) present the same equation as Yang for calculating the particle acceleration
length. However, they advise that the lower limit of integration should be zero, which is justified by the

particles having zero velocity in the flow direction at the entrance region.

Klinzing, et al. (1997) also present the same equation for calculating the particle acceleration length.
Furthermore, they mention that the length can then be used to calculate the pressure drop within the
region using steady state values. However, they advise that the method probably over-predicts the actual

pressure drop due to the use of steady state values.

It is further noted that careful analysis of Equation 3-45 and Equation 3-31, i.e. Yang’s (1977) pressure

drop equation and the mixture momentum conservation equation, show that they are in fact the same.

Additionally, a particle EOM for vertical flow is derived in Appendix C and is given by

2 2
Oup _ ECD =47 pg (g — up) —g (1 _ P_g> _ Applp
ollg
ot 4 PpDyp Pp) 2Dpipe
Equation 3-49
where
U,z
@ =1- PgY%
PpUp
Equation 3-50
or
aM
ag = 1-— —Zp
panpipeup

Equation 3-51

For horizontal flow, the gravitational term is equal to zero.
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The EOM is almost identical to that given by Equation 3-35 to Equation 3-38. The difference being the

inclusion of buoyancy in the gravitational term and the use of the actual mass of the particles (and not

the effective mass) in the derivation of a.
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4 Test Facility Concept Design

This chapter presents the approach taken to arrive at a conceptual overall system layout for the final test
facility, the dimensionless numbers used to scale the test rig and the prototype concept design.
Additionally, the data acquisition and control (DAC) system, as well as a design phase uncertainty analysis

performed on the instrumentation are presented.

This following section describes the approach taken to arrive at a conceptual overall system layout for the

final test facility, together with a concept instrumentation design.

As a first step additional literature was reviewed regarding the different components normally found in
pneumatic conveying systems such as particle feeders, cyclones etc., as well as a review of previous test

facilities built by others. A list of references that were consulted during the study is given in Appendix Q.

An investigation was then conducted to determine the dimensionless numbers to be used when scaling
the test rig from real world plant operating conditions. Data from Van der Merwe (2014) was analysed to
determine typical power-plant flow conditions and the required test rig flow properties to obtain

similarity were determined.

This was followed by the initial concept design phase. This included the iterative development of a
functional analysis, a system layout or high-level piping and instrumentation diagram (P&ID), and a
functional allocation for both open and closed loop options. The output of this phase included an initial

system layout of a selected closed loop concept.

Additional literature was then reviewed where necessary and individual component models and process
models for the complete system were created. The outputs of these models and practical aspects were
then considered to refine the initial system layout, develop a physical concept layout, specify component

sizes and identify potential equipment and instrumentation.

The next step would be to design, construct and commission a physical prototype facility of reduced
complexity to demonstrate the operation of the most important components of the proposed final test
facility. A decision was taken to design the prototype facility for pulverised fuel ash (PFA) (or fly ash) as a
replacement material for PF. The reason for this is that a proper PF test facility would have to be designed
according to stringent regulations in order to render it explosion-proof, which was deemed to be too
expensive and overly complex for the scope of this project. The prototype test facility is therefore a less
complex, non-explosion-proof plant, which can be used to demonstrate the functionality of the most
important components such as the particle feed and extraction systems, together with the gas and

particle mass flow control and measurement concepts. Where possible, components were sized to be
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compatible with the final test facility design as well as to be explosion-proof, in order to be reusable and

thereby reduce the cost of the final test facility.

The models developed for the final test facility were then adapted for the prototype facility and refined.
The outputs of these models were used to determine component sizes and identify equipment and
instruments for the prototype facility. When comparing these component sizes, equipment and
instruments with those for the final facility, it was found that most of the items were compatible with
both facilities. However, before procurement, a design phase uncertainty analysis was performed to
estimate the quality of the data that would be acquired. The results of the analysis were deemed

acceptable and the items then procured.

The DAC system was then developed and partially tested using existing laboratory apparatus. In parallel
with this, the detailed design and construction of the prototype facility was completed in cooperation

with a commercial engineering company.

The next phase of the project was to commission the facility. Calibration and testing procedures were
drawn up and then executed, after which it was found that several modifications needed to be made to
both the physical facility and the DAC system. These modifications were necessary to (i) improve the
quality of the construction of the physical facility, (ii) correct design flaws and (iii) to improve the
performance of the DAC system. After the modifications were completed, certain instruments were re-
calibrated and after the commissioning was deemed successful, several tests were conducted at
predetermined test conditions. The data gathered were then analysed and used to characterise the

performance of the system.

Finally, the design of the final test facility and its associated instrumentation layout were revised and

recommendations were made for future work.

This section presents the methodology and results obtained in the analysis of plant data and the
determination of scaling parameters for power plant similarity tests. The inputs, methodology, and key

findings of the analysis performed are presented. A copy of the detail analysis is given in Appendix L.

Initially, data obtained from Van der Merwe (2014) were averaged and the values used as inputs for the
analysis. Coal-fired power plants operate at low and high load conditions and therefore the minimum and

maximum mass flow rate values are used in the analysis.

The particle size distribution of PC is evaluated using a Rosin-Rammler distribution (Van der Merwe, 2014).

An example of an ideal particle size distribution (the middle line) as per ESKOM power plant specifications
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is given in Figure 4-1. As per the Rosin-Rammler, a distribution which crosses the top line is considered
too fine, and a distribution which crosses the bottom line is considered too coarse. At the extreme points
it can be seen that 65% to 75% of the particles by mass should be less than or equal to 75um, and 99% to
99.8% less than or equal to 300um. The minimum D,, was therefore taken to be 37um, which is the
minimum measurable size using a Tyler Standard sieve (Fan & Zhu, 1998) and the maximum D,, was taken

to be equal to 300pum. A particle density p,, of 1550kg/m3 was used for PC (Van der Merwe, 2014).

Too
fine

% Mass Passing
&

Too coarse

75

70

LO 75 106 150 300 500
Fineness (um)

Figure 4-1 — Rosin-Rammler of ideal PC PSD, taken from Van der Merwe (2014)

Table 4-1 lists the inputs used to perform the analysis

Property Symbol Minimum Maximum Unit
Air pressure B, 85 kPa
Air temperature Ty 90 °C
Particle density Pp 1550 kg/m?3
Pipe Diameter Dpipe 450 mm
Particle Diameter D, 37 300 pm
Air Mass Flow Rate Mg 3.12 3.93 kg/s
Particle Mass Flow Rate Mp 1.28 2.50 kg/s

Table 4-1 — Plant flow properties analysis inputs
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The analysis assumes the flow is incompressible and fully developed.

To determine a range of flow properties, the subsequent calculations were performed for the minimum
Dp at low load conditions, and for the maximum Dp at high load conditions. Going forward these will be

referred to as the lower limit and the upper limit values.

The gas density p,; was calculated using the ideal gas law

Fy

Pg = o
Rg Tg
Equation 4-1

where R; = 287.058 k;—K is the specific gas constant for air.

The gas dynamic viscosity u, was calculated using Sutherland’s formula, given by Equation 4-2

(Sutherland, 1893).

w

_ Ty \2 (Tref + S
#g - .uref Tref Tg +S

where fr = 1.716><10‘5% is the gas dynamic viscosity at a reference temperature T,y = 273.15K

Equation 4-2

and S = 110.4K is Sutherland’s constant

The loading z = Z was calculated using Equation 2-4.

The superficial gas and particle velocities U; and U, were calculated using Equation 2-6 and Equation 2-7

respectively.

The particle terminal velocity u;y was calculated using Equation 3-18 or Equation 3-19, depending on the

Reynolds number at the single particle terminal velocity Re;, which was calculated using Equation 3-17.
The slip velocity for horizontal flow u,, was calculated using the Hinkle correlation (Equation 2-12).

The slip velocity for vertical flow u,., was then calculated, assuming that it is equal to the single particle

terminal velocity 1.

Equation 4-3 and Equation 4-4, derived in Appendix C, were then used to calculate the volume fractions

a, and ay for both horizontal and vertical flow.

_ nggZ

=
PplUp

Equation 4-3
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3 pgUgZ
PpUp

ag=1

Equation 4-4
The saltation and choking velocities U and Uy, were then calculated using the Rizk correlation

(Equation 2-21) and Yang's choking theory (Equation 2-41 and Equation 2-42) respectively.
The pipe Reynolds number Re was calculated using Equation 3-12.

An investigation (See Appendix L) was then conducted to determine the dimensionless numbers to use
for test rig scaling. It was found that the particle Reynolds number Re,, the particle Froude number Fr,,
and the inertia parameter Y were the most important numbers to consider when scaling to achieve

similarity with South African coal-fired power plants. Re,,, F'r, and i are given by Equation 4-5 to Equation

4-7.
poD,U
Rep _"g97p"g
Hg
Equation 4-5
U
Fr, = g
gDy
Equation 4-6
b = PpDpUy
Hg
Equation 4-7

A matrix of test rig flow properties required to satisfy similarity of corresponding power plant properties
was then generated and is given in Appendix O. Initially, Re,, Fr, and 1 were evaluated, given a U, of
24, 26, 28 and 30m/s and for representative particle diameters of 37, 150 and 300um. The required test
rig operating pressures, gas velocities and particle diameters, given operating temperatures and particle
densities, were then calculated simultaneously such that they collectively satisfy the values of the

dimensionless numbers calculated.

Table 4-2 and Table 4-3 lists key results of the analysis.
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Property Symbol Unit Lower Limit Upper Limit
Pipe Reynolds Number Re 4.143 x 10° 5.219x10°
Saltation Velocity Usart m/s 12.045 15.786
Choking Velocity Uge m/s 2.801 4.203
Superficial Gas Velocity Uy m/s 24.059 30.305

Table 4-2 — Flow properties of a typical PF pipeline in a South African coal-fired power plant flow

INPUTS OUTPUTS
D, (um) Uy (m/s) Re, Fr, P
37 24 33.984 1260 64600
37 26 36.816 1365 69990
37 28 39.648 1470 75370
37 30 42.48 1575 80750
150 24 137.773 625.756 261900
150 26 149.254 677.903 283700
150 28 160.736 730.049 305500
150 30 172.217 782.195 327400
300 24 275.547 442.477 523800
300 26 298.509 479.786 567400
300 28 321.471 516.223 611100
300 30 344.433 553.096 654700

Table 4-3 — Dimensionless flow properties of a typical South African coal-fired power plant

4.2.4 Discussion

From Table 4-2, it can be deduced that the gas phase is in the turbulent flow regime. It is therefore
appropriate to use the Colebrook equation (Equation 3-11) to evaluate the gas friction factor in these

pipelines.

Furthermore, Table 4-2 provides the typical superficial gas velocities found in a PF pipeline in South African

coal-fired power plants. Ideally, similarity tests should be conducted within these velocity ranges. An
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example of a similarity test would include measuring the pressure drop per unit length at the scaled flow
properties given in Table 4-3. Additionally, when testing saltation and choking correlations, it would be
beneficial to cover a range of velocities where saltation and choking are expected to occur in power plant

pipelines.

Note that aside from the particle diameter, Re),, Fr, and Y do not include geometrical properties such as
pipe diameters and lengths. Therefore, a pipe with a nominal bore (NB) of 100mm was initially chosen for
the conveying pipelines, as it was deemed big enough to allow for flow visualization, and small enough so

that the volume of gas and particles to be conveyed are manageable.

Open and closed loop concepts were developed after considering the basic requirements of a pneumatic
test facility needed to test saltation and choking correlations. At the time of development, these

requirements included the need for:

e An air mover.

e A particle feeding system.

e A particle separation or gas cleaning system.

e A horizontal test section.

e Avertical test section.

e A method to control the gas density at test sections.

e A method to measure and control the particle flow rate.

e A method to measure and control the gas flow rate.

Open Loop Concept

Figure 4-2 shows the open loop concept. The concept features an induced draft blower (with speed
control) to facilitate negative conveying pressures, as would be the case in typical South African coal-fired
power plants, where the absolute conveying pressure is estimated to be 85kPa (Van der Merwe, 2014). A
globe valve is situated after the intake, which can be used to lower the conveying pressure and therefore
the gas density. Particle feeding is facilitated via a screw feeder (with speed control) and a gravimetric
feed junction. The particles are then conveyed through horizontal and vertical test sections. A
temperature and absolute pressure reading is taken at the beginning of each of these test sections, before
taking a delta pressure measurement across each test section. These test sections also include sight
glasses for visual inspection of the flow. Particle separation is then achieved via a cyclone separator, which
transfers the particles to a weigh hopper (or silo), which is used to perform a particle mass flow rate

calculation. A filter is attached to the gas outlet of the cyclone to separate any fine particles from the gas.
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The gas then passes through an orifice plate. The pressure drop across the plate is used to perform a gas

mass flow rate calculation. The intake and exhausts are used to minimise the total pressure drop across

the system.
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Figure 4-2 — Open loop concept

Closed Loop Concept

Figure 4-3 shows the closed loop concept. The concept shares many similarities with the open loop.
However, the globe valve is removed and replaced with a pressure regulating system, which can not only
reduce the conveying pressure within the loop, but also increase it. There is also the addition of a
temperature control system. The feeding system then features a rotary feeder in place of a gravimetric
feed junction. The use of a rotary feeder is common in positive conveying systems as it restricts the flow
of gas up into the feeding hopper. The orifice plate has also been moved from the blower inlet, to the

blower outlet.

In summary, both concepts meet the basic requirements listed above and share many similarities. The
closed loop however allows for greater control of the gas density through both pressure and temperature
regulation. If the physical layout of the concepts were the same and for a given set of flow properties, it
is also probable that the pressure drop would be less across the closed loop, as there are no losses due to

an intake and exhaust.
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Figure 4-3 — Closed loop concept

Concept Design

The closed loop concept, although more intricate, was viewed as more advantageous. The closed loop
concept was therefore further developed. A P&ID of the concept, developed before construction and
testing of the prototype rig, is given in Figure 4-4. High level CAD models of the physical layout positioned

within the designated laboratory space is shown in Figure 4-5 and Figure 4-6 respectively.

The concept features a blower, with speed control via a variable speed drive (VSD). The flow measurement
section consists of two orifice plates in parallel, one for low gas flow rates (ratio of orifice bore to pipe
bore (B) value of 0.55) and one for medium to high gas flow rates (B = 0.75). Valves are used to select the
appropriate orifice to use during testing. These valves are placed at the end of the flow measurement
lines to limit flow disturbances through the orifice. Full-bore ball valves are used to minimise the pressure

drop and for easy operation.

The feeding system consists of a hopper suspended on load cells and a screw feeder (also called an auger),
with speed control facilitated by a VSD. A pressure equalising line pressurises the top hopper to prevent

gas flow up into the hopper, as two separate feed junctions are used in place of a rotary feeder.

As the gas velocity at saltation is significantly less than choking, Feed junction A is used for choking tests,
where the horizontal conveying line diameter (with a nominal bore (NB) of 50mm) is significantly less than

the test diameter (100NB) to increase the gas velocity and prevent particle settling. Feed junction B is
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used for saltation and power plant similarity tests. Here, the diameter of the horizontal acceleration line
(90NB) is slightly smaller than the test diameter, to prevent saltation from occurring before the horizontal
test section. Similarly, the diameter of the vertical acceleration line (90NB) is also smaller, to prevent
choking from occurring before the vertical test section. The line to use during testing is determined by the

position of the shutter on the screw feeder and the isolation valves before the feeding section.

The receiving system features a hopper suspended on load cells just above the feeding hopper. This allows
a mass balance to be performed on the feeding and receiving side. A knife gate valve separates the
receiving and feeding hopper. Cyclones are designed to operate at a particular gas flow rate and therefore,
three cyclones are used in parallel to cover the range of operating flow rates. For choking tests, a single
cyclone, fed by the 50NB line is used. For saltation and similarity tests, one cyclone is fed by the 90NB line
and is used to cover low gas flow rates. An additional cyclone is then used in parallel with this cyclone to
cover high gas flow rates. Isolation valves are used to determine the line(s) to use during testing. These

valves are placed at the cyclone outlets to minimise their exposure to dust.

A cooling system consisting of a heat exchanger and cooling tower is employed to regulate the
temperature within the loop. Although the system is only used for cooling, it is noted that there is a
temperature rise through the blower, which is dependent on the pressure rise through the blower. The
temperature within the loop will therefore increase during operation, mitigating the need for a heater.
Isolation valves within the loop can also be partially closed to increase the pressure rise and therefore
increase the temperature more quickly before testing. A cartridge filter is built into the inlet of the heat

exchanger to remove any fine particles not removed by the cyclone.

A fan, with speed and direction control facilitated by a VSD, is then used to regulate the pressure within
the loop by feeding or extracting air from the system. Finally, pressure and temperature measurements
are taken before the flow measurement and test sections. Differential pressure measurements are also

taken across the orifice plates and test sections.

Note that the blower, orifice plates, hopper, cyclone, pipe sizes and the required instrument operating

ranges were determined from theoretical models, which are presented in Chapter 5.
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Figure 4-4 — Concept P&ID
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Figure 4-5 — Physical layout of concept

Figure 4-6 — Physical layout of concept within the designated laboratory space
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4.4 Prototype Design

A prototype facility, containing the important components but of reduced complexity, was developed to
limit the risk in the construction of the final facility by demonstrating the process beforehand. As part of
this process, particular attention was given to the design of the feeding system, which was viewed as a
high-risk system. An experimental rig was constructed to test the initially proposed feeding method, which
featured a screw feeder coupled to a single feed junction. The rig is illustrated in Figure 4-7, where the

hopper and support frame were specially constructed and an existing screw feeder was used.

Figure 4-7 — Screw feeder testing
The rig was used to observe the flow of material from the hopper, through the screw feeder and into a
bucket. It was observed that the design resulted in ratholing (see Figure 4-8) within the hopper and
inconsistent material flow at the screw feed outlet. This may be attributed to an insufficient cone angle
(Klinzing, et al., 1997), resulting in funnel flow and eventual ratholing instead of the desired uniform mass

flow. Figure 4-9 illustrates the difference between a mass and funnel flow hopper.

Figure 4-8 — Ratholing through hopper
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Figure 4-9 — Hopper flow types, taken from Klinzing, et al. (1997)

Further experiments using the rig were therefore suspended and the design of the feeding system was
changed to feature a re-designed hopper geometry and a blow through rotary valve in place of a feed
junction. The system is illustrated in Figure 4-10 and is comprised of a combination of standard

explosion-proof components offered by the supplier.

Figure 4-10 — Feeding system

With the updated design, the feed rate is controlled by the auger and by operating the rotary feeder at
increased speeds, small batches are introduced into the pipeline at relatively quick rates. In theory, this
provides a near constant feed rate and the supplier was mandated to conduct a test of the flow of the

material through the system before procurement. The physical tests proved that the proposed design was
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acceptable to achieve a smooth and controllable flow rate of material. A picture of the flow through the

hopper is given in Figure 4-11.

Figure 4-11 — Top view of flow through hopper

A P&ID for the prototype facility was then developed and is given in Figure 4-12. The prototype facility
features an open loop design consisting of the important components and subsystems needed for the
final facility. These include the feeding system, the receiving system (albeit with a single cyclone) and a

similar piping network including instrumentation and a suitably sized blower.

As the prototype facility is not intended to be used for scientific testing, the horizontal and vertical test
sections were removed. However, a sight glass is situated in the vertical conveying section for visual
inspection of the process. The facility also features flexible connections between the cyclone and top
hopper, between the hoppers and at the feeding point. These flexible connections are used to isolate the
hoppers so that proper mass readings can be taken. Finally, two knife gate valves are used to isolate the
flow of material between the hoppers instead of one. This is important, as any pressure fluctuations within
the system would exert a fluctuating net pressure force equal and opposite in direction on each hopper if

only one valve was used. Consequently, this would affect the mass readings on the hoppers.

CAD models of the prototype facility are given in Figure 4-13 to Figure 4-15 and photos of the prototype
facility are given in Appendix U. The overall dimensions of the prototype facility in length x height x width

are 8.3 x4.9 x 2.4 meters.

Note that the blower, orifice plates, hopper, cyclone, pipe sizes and the required instrument operating

ranges were again determined from the theoretical models presented in Chapter 5.
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Figure 4-13 — Front view of prototype facility
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The DAC system employed on the prototype facility was developed in its entirety by the candidate. This
included the selection and specification of all instrumentation as well as programming of the control loops
and the data collection and analysis software. The basis of the DAC system is a modular programmable
logic controller (PLC) assembled using National Instruments (NI) components. Signals are input to the PLC
hardware from various sensors, namely a resistance temperature device (RTD), a pressure transducer, a
differential pressure transducer and two independent load cell packages. Using the software component
of the PLC (developed using LabVIEW), these signals are then deciphered to obtain the line temperature
and pressure, the differential pressure drop across the orifice plate and the mass of each hopper. These
primary properties are then used to calculate dependent properties such as the gas and particle mass flow
rates during operation of the test rig, which are controlled by the PLC via output signals to the VSD of the
blower and screw feed. The software component of the PLC also features a graphical user interface (GUI)
which allows the operator to view operating parameters and adjust set points in real-time. The process is

illustrated in Figure 4-16.

Real-time System
Information & User

Input
A
GUI
v
Primary Properties sensors N e _| Recorded System
, F, dF, K8 nformation
(T, P, dP, kg) > > | formati

A

VSDs

Figure 4-16 — High level flow chart of DAC process

A map of key instrumentation used in the DAC system, as well as their descriptions is given in Figure 4-17
and Table 4-4 respectively. Detailed electrical drawings are given in Appendix T. The first pages of the
equipment datasheets are also given in Appendix S and the full datasheets are given in the compact disc

(CD) accompanying this thesis.
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Component

Description

Personal Computer

A USB enabled desktop or laptop running Windows 7 or later, with LabVIEW
and Scilab installed. The software component of the PLC runs on the
computer.

C-DAQ 9174

A ruggedized chassis which can house up to four NI C Series analog or digital
modules. This chassis provides communication between the computer and
the analog input and output modules.

NI PS-14

An 80W (24V, 3.3A) industrial power supply for stable and efficient
powering of the control system instrumentation.

NI 9208 Al

A 16-channel analog input module. The module is used to measure 4 to
20mA signals from the sensors.

NI 9265 AO

A 4-channel analog output module. The module is used to output 4 to 20mA
signals to the VSD’s and solid state relay.

PMP131

An absolute pressure transducer used to measure the static pressure at the
orifice upstream tapping. The transducer outputs a linear signal of 4 to
20mA relative to its measuring range (0 to 160kPa).

PMD55

An explosion-proof differential pressure transducer used to measure the
pressure across the orifice upstream and downstream tappings. The
transducer outputs a linear signal of 4 to 20mA relative to an adjustable
measuring range (default is -5 to OkPa; maximum is -10 to OkPa).

TR15

An explosion-proof RTD with a thermowell and head transmitter, which
outputs a linear signal of 4 to 20mA relative to its measuring range (0 to
80 °C).

Load Cell Packages

Two packages each consisting of 3 explosion-proof load cells (3 x 200kg and
3 x 500kg respectively), a load cell junction box and a load cell amplifier
(LCA). Each individual load cell outputs a linear 0 to 2mV/V signal relative to
the load applied to it, in each package these signals are then summed and
averaged by a junction box and output to a LCA. The LCAs each output a
linear signal of 4 to 20mA relative to an adjustable measuring range (default
is 0 to 300kg).

Delta VFD-300CP4EB-21

A 30kW VSD. This VSD accepts a linear 4 to 20mA signal for control of the
blower motor speed (0 to 65Hz)

WEG CFW500 VSD

A 0.75kW VSD. This VSD accepts a linear 4 to 20mA signal for control of the
auger motor speed (0 to 100Hz)

RZ3A40D40 Solid State
Relay (SSR)

Relays power to the rotary feed motor when 7V is applied across its control
terminals.

Table 4-4 — DAC system components
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The PLC is capable of recording samples and processing data at a maximum rate of 20Hz i.e. 20 times per

second. Calculations performed by the PLC are presented in this section.
Signal Conversion

Calculations are performed to determine the physical values of the temperature T, absolute pressure P,
differential pressure dP and mass Mass from measured analog signals I,,,,;. These calculations are based

on the instrument defined relationships given in Equation 4-8 to Equation 4-11.

T = 5I,,, — 20°C

Equation 4-8
P =101,,; — 40kPa
Equation 4-9
dP = ﬂlout + URV — Qspan
16 16
Equation 4-10
Massinkg = LC?%IOM - %LCAMAX

Equation 4-11

Where:

Iyt isin mA

Tisin°C

P and dP are in kPa

span is the PMD55 set measuring range in kPa.

URYV and is the PMD55 set upper range measuring value in kPa.
URL is the PMD55 upper range measuring limit in kPa.

LRV is the PMD55 set lower range measuring value in kPa.

Gas Mass Flow Rate

The mass flow rate of the gas Mg is calculated using Equation 4-12.

. Cd s
Mg = Tﬂ[}&‘g ZDECWIZdel

Equation 4-12
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Where:
Mg isin kg/s
C, is the orifice discharge coefficient

B = D—’fc is the ratio of the orifice bore diameter to the inside diameter of the pipe
pipe

&g is the gas expansibility factor
dP is the pressure drop across the orifice in Pa
p1 is the density at the orifice upstream face in kg/m?3

C; is calculated using Equation 4-13, from ISO 5167-2:2003 (International Organization for
Standardization (ISO), 2003)

1098\*’ 109\
Cq = 0.5961 + 0.026152 — 0.2165° + 0.000521 ( P > +(0.0188 + 0.00634)33° (R—e)
—10L, —-7L B
+(0.043 4+ 0.080e; ' —0.123e7 71 )(1 - 0.11A)1_—ﬁ4

—0.031(Mj — 0.8M5 ") B3

Equation 4-13

D .
pzlpe tappings.

Where M; = ;)'ﬂ A= (—192(;0[;

0.8
. ) and L, = 1 for orifice plates with D,;,,, and

g4 is calculated using Equation 4-14, from ISO 5167-2:2003 (ISO, 2003)

1/y
— 4 8 P,
g, =1—(0.351+ 0.2568* + 0.9345%) |1 — B,
Equation 4-14

Where P, is the pressure downstream of the orifice plate and y = 1.4 is the specific heat ratio for air,

assumed to be constant.
p1 is calculated using the ideal gas law (Equation 4-1).

Note that C,; is dependant on Re, which is inherently dependant on Mg. An iterative calculation is
therefore necessary to calculate Mg. Furthermore, the dynamic viscosity of the gas p, is needed to
calculate Re. Sutherland’s formula (Equation 4-2) is used to calculate ug. A numerical scheme, given in
ISO 5167-1:2003 (International Organization for Standardization (ISO), 2003), is used to calculate
Cg4,Re and Mg simultaneously using an embedded Scilab script within LabVIEW. A copy of the script is

given in Appendix F.
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Particle Mass Flow rate

The particle mass flow rate Mp in kg/s is calculated using Equation 4-15

Mass, — Mass,

p At

Equation 4-15

Where Mass; and Mass, are the respective mass readings in kg at the current and previous sample points

and At is the period between sample points in seconds.
Data Averaging

The PLC calculates physical values instantaneously at each sample point and therefore averaging is
necessary to provide meaningful, or less erratic, values to the user during operation. Therefore, for each
variable calculated instantaneously, a running average of the last n values is also calculated based on a

user defined averaging period.

The Graphical User Interface (GUI) provides real-time feedback of flow properties to the operator via text
and graphic indicators. The GUI also accepts user input for control of the system. Figure 4-18 shows the
main window of the GUI. Controls and time indicators are given on the left-hand side of the window, some
of which are accessed via tabbed sections. Various graphs and text indicators are available in the center
and right-hand sections of the window, again via tabbed sections. Note that a valid username (or
password) is required to operate the system and a “Record” button needs to be pressed to record
processed data. However, raw data is always recorded. The “PID Tune” graph tabs are only available in

the developer mode GUI.

A second window can be accessed by dragging the bottom pane (dark grey area) upwards. This window
provides additional graphs for the primary properties, including graphs for the raw signals received (if the
user scrolls to the right within this window). Figure 4-19 shows this window while running the GUI using
simulated sine wave signals and not during actual operation of the test facility. Notice the ability to see

both real-time sample points and a moving average.

Finally, Figure 4-20 shows a final window, which can be accessed by dragging the top pane downwards.
This window provides a map of key system properties as well as on/ off indicators for the blower, auger

and rotary feed motors.
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Figure 4-20 — GUI top window
4.6 Design Phase Uncertainty Analysis

The inputs, methodology and results of a design phase uncertainty analysis performed are given below. A

copy of the analysis is given in Appendix K.
4.6.1 Inputs

Table 4-5 provides a list of instrument elemental uncertainties used in the analysis. A 95% probability level
is assumed, as suggested by Figliola & Beasley (2011) when more details are not provided by the supplier.

Other inputs used are given within the analysis methodology.

Description Value

TR15

RTD Accuracy 0.1+ 0.0017T, [°C]
Transmitter Accuracy 0.2°C
PMP131

Linearity including hysteresis and reproducibility 0.5 %FS
PMD55

Current output resolution 1uA
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Linearity including hysteresis and reproducibility

0.1% of set spanif TD* < 4
(0.012TD + 0.052)% of set spanif TD > 4

Load Cells

Resolution Rated capacity of load cell in kg kg
3000

Combined error 0.020 %FS

Offset on output sensitivity 0.02mVvV /v

LCA

Current output resolution 16bits or 244uAt

Weighing accuracy 0.01%

N1 9208 Al

Current output resolution 24 bits or 42uA

Accuracy of reading 0.76%

Accuracy of range

0.04% of 22mA

Noise

200nA

Table 4-5 — Instrument elemental uncertainties

4.6.2 Methodology

The root sum squares (RSS) method was used to combine elemental uncertainties u; as follows:

tpUtotarl = T \/(tpu1)2 + (tpuz)? + (tpuz)? + -+ (tpuy)?>  (P%)

Equation 4-16

Where n is the number of elemental uncertainties involved and tpis the “students t-distribution”. ty = 1

implies a 68% probability, whereas t,, = 2 implies a 95% probability, therefore

1
u (68%) = SU (95%)

* See methodology for explanation of TD.

" See Appendix E for conversion from bits to current.
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Uncertainties were calculated at a probability of 68% so that they can easily be combined with statistical

uncertainties.
GAS MASS FLOW RATE

Section 5.4 presents a process model which estimates the transport properties within the prototype
facility for various input conditions. Two sets of results (or scenarios) obtained from the model were
considered for the gas flow rate uncertainty analysis, representing a low and a high gas mass flow rate

respectively. The scenarios are given in Table 4-6.

Variable Symbol Units Scenario 1 Scenario 2
Gas temperature T °C 28 49
Absolute pressure at the orifice inlet P, kPa 103.534 119.338
Pressure drop across the orifice dp kPa 0.429 2.035
Gas density at the orifice inlet D1 kg/m?3 1.198 1.290
Gas expansibility factor &g 0.999 0.995
Discharge coefficient Cq 0.613 0.610
Gas mass flow rate M, kg/s 0.051 0.115

Table 4-6 — Gas flow rate scenarios

Initially, the uncertainty of the temperature measuring instrument Ur, Was calculated as the RSS of the
TR15 and NI 9208 Al uncertainties, which in turn were calculated as the RSS of their respective elemental
uncertainties. To use the RSS method the relationship given in Equation 4-8 was used to convert between

units of temperature and current.

Similarly, the uncertainty of the absolute pressure measuring instrument u p; was then calculated as the
RSS of the PMP131 and NI 9208 Al uncertainties. The relationship given in Equation 4-9 was used to
convert between units of pressure and current.

The uncertainty of the differential pressure measuring instrument u;p was then calculated as the RSS of

the PMD55 and NI 9208 Al uncertainties. Here, the turn down ratio TD = % of the instrument affects

the uncertainty of the PMD55, as per Table 4-5. The relationship given in Equation 4-10 was used to

convert between units of differential pressure and current.
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The uncertainty on the gas density at the orifice inlet u, was then calculated through error propagation
on the ideal gas law (Equation 4-1), where the general formula for uncertainty propagation on a

multi-variable function y = f(xy, x5, X3, ... X,) is given in Equation 4-18 (Figliola & Beasley, 2011).

n 2

tpUy, = Z [(%) tpuxi] (P%)

i=1

Equation 4-18

The orifice plate and it’s installation design conforms to specifications given in ISO 5167-1 (ISO, 2003) and
ISO5167-2 (ISO, 2003). The uncertainty on the gas mass flow rate was therefore calculated using
Equation 4-19, from ISO 5167-1 (ISO, 2003)

2 2 2 2
. ucd)Z usg 2,34 quipe ( 2 ) (qu)Z 1 (udpl)z 1 (up1)2
. = M 1 (ugp, 1y, .
Upt, 9\/( Cy + ( & Tz 57) \Dpipe +{1z 5:) \ D, +2 ap, +2 o (95%)

Equation 4-19

Where the following relative uncertainties were assumed, as per the I1SO standards:

1. a_ g5
Ca

2 uﬂ:35&%

o 5o

UDpipe
3. —2Z2¢ - 0.4%
Dpipe

UDyc — 0,
4, Do 0.1%

PARTICLE MASS FLOW RATE

It was assumed that the particle mass flow rate Mp remains constant during the duration of a test, so that
the uncertainty could be calculated through propagation of the boundary mass values
Massgiare, MASSeng. MasSgiqre = 250kg is the assumed mass at which Mp reaches steady state.
Massg,q = 50kg is the assumed mass at which Mp becomes unattainable due to insufficient hopper
head. Furthermore, the Mp attainable by the feeding system is dependent on the bulk density of the
material being fed. The feeding system is therefore capable of feeding at a minimum of 0.070kg/s, in the
case of PC particles, and at a maximum of 0.8kg/s for PFA particles. The uncertainties on these flow rates

were therefore calculated.
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Initially, the uncertainty of the mass measurement u,, s for each load cell package (or Loss-In-Weight
(LIW) and Gain-In-Weight (GIW) systems) were calculated as the RSS of the respective load cells, LCA and
NI 9208 Al uncertainties, which in turn were calculated as the RSS of their respective elemental
uncertainties. The relationship given in Equation 4-20 was used to convert between units of mass and
voltage, whereas the relationship given in Equation 4-11 was used to convert between units of mass and

current.

rated capacity of load cell in kg
Vg(0.002V)

mass inkg =
Equation 4-20
Where Vg = 10V is the load cell excitation voltage.

The time taken for the test Atin seconds was then calculated using Equation 4-15 before using

Equation 4-18 to calculate the uncertainty in Mp.

Key results of the gas and particle mass flow rate uncertainty analysis are given in Table 4-7 and Table 4-8

respectively. All values are given at 68% probability.

Value % Uncertainty
Variable Symbol | Units
Scenario 1 Scenario 2 Scenariol | Scenario 2
Gas temperature T, °C 28 £0.228 49 +0.301 0.814 0.614
Absolute pressure
e . P1 kPa 103.534 + 0.686 119.338 £ 0.735 0.662 0.616

at the orifice inlet
P

ressure drop. dp Pa | 429+22543 | 2035+16.597 |  5.255 0.816
across the orifice
Gas mass flow rate Mg kg/hr 183.6 + 5.056 414 +3.673 2.754 0.887

Table 4-7 — Results of the gas mass flow rate design stage uncertainty analysis
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Value % Uncertainty
Variable Symbol | Units
Minimum Maximum Minimum Maximum
LIW Mass 50+ 4.522 250 + 4.665 9.043 1.866
Measurement
Mass kg

GIW Mass 50+ 2.164 250 + 2.449 4.328 0.980
Measurement
FL{';’E’EME‘SS Flow 252+8.186 | 2880+93.550 |  3.248 3.248

M, | ke/hr
E;\t"é Mass Flow 252+4.117 | 2880+ 47.057 1.634 1.634

Table 4-8 — Results of the particle mass flow rate design stage uncertainty analysis

The gas mass flow rate is calculated from the temperature, absolute pressure and differential pressure
measurements. From the Table 4-7, the relative uncertainty in the differential pressure measurement is
significantly higher than that for the temperature and absolute pressure measurements. The uncertainty
associated with the differential pressure measurement therefore has a significant impact on the

uncertainty of the gas mass flow rate, especially in the case of the low mass flow rate.

For the particle mass flow rate, the uncertainty on the mass measurement using the LIW system is
significantly higher than that for the GIW system. This is expected. The rating (total load bearing capacity)
of the load cells used for the LIW system is much larger than the actual weight to be measured in order
to support the auger and its motor as well as the rotary valve and its motor. Since the accuracy of the
load cells is a fraction of the maximum load bearing capacity, this unavoidable oversizing results in higher

overall uncertainties.
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5 Design Calculations

This chapter presents individual component models and process models developed iteratively to size the
pipe diameters, auger feed rates, hopper volumes, cyclone geometry, orifice bore diameters, pressure
transducers and blower requirements. Additionally, the required filter area was calculated using a method

presented in Klinzing, et al. (1997) and is given in Appendix J.

A model was developed to determine the required cyclone geometry and number of cyclones necessary
to achieve a gas-particle separation efficiency of at least 99% across a range of gas volume flow rates. The
model also calculates the associated pressure drops. Literature on cyclones is given in Appendix B. A copy

of the model is given in Appendix M.

Both the efficiency and the pressure drop across a cyclone increases with increasing gas density
(Koch & Licht, 1977). Low and high gas density scenarios were therefore used as inputs to the cyclone
model. For both scenarios, a gas temperature of 60°C was used. For the low-density scenario, a pressure
of 70kPa was used. For the high-density scenario, a pressure of 125kPa was used. The low-density scenario
corresponds to values taken from the similarity matrix, given in Appendix O. The high-density scenario

corresponds to the chosen maximum design temperature and pressure.

Densities given for PC in literature range from 1350 to 2000kg/m3. However, this range considers not only
South African PC, but PC found worldwide. A range of 1450 to 1700kg/m? was specified as appropriate to
use for South African PC. The range is approximately +10% of 1550kg/m?3, which is the density of PC used
in calculations by Van der Merwe (2014). Cyclone efficiency increases with increasing particle size and
density. In order to be conservative the minimum particle size and density was therefore used in the

model.

At the time of development, the intended operating gas velocities of the test rig (in the test section) was
specified as 3 to 30m/s to allow for a range of tests, from choking to similarity tests. These velocities were

therefore used to calculate the operating design volume flow rates for the cyclone system.
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Table 5-1 lists the inputs used in the model.

Design Calculations

Property Symbol Value Unit
Gas Temperature Ty 60 °C
Min. Gas Pressure Py min 70 kPa
Max. Gas Pressure By max 125 kPa
Pipe Diameter Dyipe 102.26 mm
Min. Gas Velocity Ugmin 3 m/s
Max. Gas Velocity Ugmax 30 m/s
Min. Particle Diameter D, 37 pm
Min. Particle Density Pp 1400 kg/m?3

Table 5-1 — Inputs to cyclone model

5.1.2 Model Explanation

The model sizes a cyclone based on the Stairmand type cyclone geometry, given in Figure 5-1, as it has

relatively higher efficiencies and lower pressure drops when compared with other standard cyclone

designs, according to the literature presented in Appendix B.

D is the cyclone diameter

a = 0.5D is the inlet height

b = 0.2D is the inlet width

S = 0.5D is the exit length

D, = 0.5D is the exit diameter

h = 1.5D is the cylinder height

I

L

et

Figure 5-1 — Cyclone geometry, adapted from (Casal & Martinez-Benet, 1983)
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Initially, the gas density p; and dynamic viscosity u, are calculated using the ideal gas law (Equation 4-1)

and Sutherland’s formula (Equation 4-2) respectively.

Using Uy min, Equation 5-1 to Equation 5-3 (Koch & Licht, 1977) are then solved simultaneously for the

cyclone vortex exponent n and the cyclone body diameter D.

. _1
GTDqu 2(n+1)
D3

nDpzl—eXp -2 n+1)

Equation 5-1

Where:
Npp is the cyclone efficiency for a particle diameter D,,

G is the dimensionless cyclone configuration factor, which is dependent on the cyclone geometry and is

equal to 551.3 for a Stairmand type cyclone.

Tp. is the particle relaxation time in seconds for D,, defined by
Dy p

= ppDp
b =
P 18u,
Equation 5-2
and n is the vortex exponent correlation, given by
. (12D)014 [Tg + 460]0'3
n=1-|1-
2.5 530
Equation 5-3

Equation 5-1 to Equation 5-3 are valid for imperial units only i.e. I/:'g isin ft3/s; D is in ft; Pp isin Ib/ft3; Ug

is in Ib/ft-s; and Ty isin °F.

The remaining cyclone dimensions are then calculated using the relationships given in Figure 5-1.

Using Py.min, p,, is then plotted as a function of I, using Equation 5-1.

Rgqit = :—; i.e. the cyclone inlet velocity v; over cyclone saltation velocity v ratio is then plotted on the

same axis as b, using Equation 5-4 to Equation 5-6 (Kalen & Zenz, 1974).

v,
'l7i=£

Equation 5-4
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2

[ 4|
vy = 2.055a)i (_) i00067 3
[(1-3)]

Equation 5-5

Where

[

Equation 5-6
Equation 5-5 and Equation 5-6 are valid for imperial units only.

Using By max, the associated cyclone pressure drop AF; is then plotted as a function of I'{g using

Equation 5-7 (Chuah, et al., 2003).

1 2
AF. = Epgvi Ny

Equation 5-7

Where Ny is the inlet velocity head and is equal to 6.40 for a Stairmand type cyclone (Koch & Licht, 1977).

The calculated cyclone dimensions are given below:

D = 206mm

a = 103mm

b =41mm

S =103mm

D, = 103mm
h = 309mm

H = 824mm
B =77mm

Figure 5-2 and Figure 5-3 provide plots of the cyclone efficiency and pressure drop vs. gas volumetric flow

rates.
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Fractional efficiency and Saltation ratio vs. Volume flow rate
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Figure 5-2 — Cyclone efficiency curve for low-density scenario
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Figure 5-3 — Cyclone pressure drop curve for high-density scenario
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Referring to Figure 5-2, the cyclone separation efficiency is equal to or greater than 99% across the range
of operating gas volume flow rates. However, the efficiency curve plotted does not account for particle
re-entrainment which, according to the cyclone theory presented in Appendix B, begins to occur at Rgg¢
values greater than 1.5. Therefore, the separation efficiency of the cyclone will begin to decrease at gas
volume flow rates above 0.15m3/s due to re-entrainment. One cyclone, with the dimensions given in
Section 5.1.3, can therefore be used to obtain a 99% separation efficiency at gas flow rates up to 0.15m3/s.
However, for gas flow rates greater than 0.15m3/s, two cyclones in parallel are required to prevent re-
entrainment. The use of two cyclones at high gas flow rates also serves to reduce the pressure drop
through the system. It is therefore recommended that one cyclone be used up to half of the maximum
volume gas flow rate (0.125m3/s) and two cyclones in parallel thereafter. Three cyclones were therefore
procured to fit the physical layout of the initial concept, presented in Section 4.3. The dimensions for the

actual cyclones procured are given in Appendix S.

The pressure drop across the orifice plate contributes towards the overall system pressure drop and is
also a factor in the selection of pressure transducers. From a design point of view, it is preferred to limit
the overall pressure drop. However, for accurate measurement of the gas mass flow rate, a higher
pressure drop across the orifice plate is preferred. At the time of development, the intended operating
gas velocities of the test rig were known and not necessarily the gas mass flow rates. A model was
therefore developed to plot the pressure drop vs gas velocity for orifice plates with different 8 values and
used as a tool to select orifice plates for the prototype and proposed final test facility. A copy of the model

is given in Appendix M.

For fixed gas velocities in a pipeline, the mass flow rate of the gas is directly proportional to gas density.
Low and high gas density scenarios were therefore used as inputs to the orifice model. For the proposed

final test facility, the scenarios and rationales are the same as those given in Section 5.1.1.

For the prototype facility, a temperature and pressure of 25°C and 101.3kPa were used for the low-density
scenario. For the high-density scenario, a temperature and pressure of 60°C and 125kPa were used. The
low-density scenario corresponds to the chosen standard for room temperature and atmospheric
pressure. The high-density scenario corresponds to the chosen maximum design temperature and

pressure.
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The gas velocities used for the prototype facility calculations correspond to the approximate minimum
velocity needed to prevent saltation and half of the maximum volume flow rate required for the final test

facility.

Table 5-2 and Table 5-3 list the inputs to model for the prototype and final test facility.

Property Symbol Value Unit
Min. Gas Temperature Ty.min 25 °C

Max. Gas Temperature Tymax 60 °C

Min. Gas Pressure Py min 101.3 kPa
Max. Gas Pressure By max 125 kPa
Pipe Diameter Dyipe 102.26 mm
Min. Gas Velocity Ugmin 4 m/s
Max. Gas Velocity Ug.max 15 m/s

Table 5-2 — Inputs to orifice model for prototype facility

Property Symbol Value Unit
Gas Temperature Ty, 60 °C

Min. Gas Pressure Py min 70 kPa
Max. Gas Pressure By max 125 kPa
Pipe Diameter Dyipe 102.26 mm
Min. Gas Velocity Ug.min 3 m/s
Max. Gas Velocity Ug.max 30 m/s

Table 5-3 — Inputs to orifice model for final test facility

Calculations are performed for both low and high-density scenarios.

Initially, the gas density p, and dynamic viscosity y, are calculated using the ideal gas law (Equation 4-1)

and Sutherland’s formula (Equation 4-2) respectively.

. P . .
The model assumes a pressure ratio 7 = P—l of 95% and calculates the pipe Reynolds number Re using
2

Equation 3-12.
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Equation 4-12 to Equation 4-14 is then subsequently used to calculate the pressure drop dP across orifices

with 8 values of 0.35, 0.45, 0.55, 0.65 and 0.75 over the range of gas velocities Uy mn 10 Uy max-

To account for uncertainty in the method, dP is then multiplied and divided by a factor of 0.95 for the low

and high-density scenarios respectively, before being plotted on graphs of dP vs U,.

The pressure loss after recovery dw is also calculated using Equation 5-8, from ISO 5167-2:2003

(IS0, 2003).

J1-pa-ch - cap?
dw = dp

J1-pra-ch+cas

Equation 5-8

For the prototype facility, the pressure drop vs. gas velocity for each orifice plate is given by Figure 5-4

and Figure 5-5. Here, Figure 5-4 is the low-density scenario and Figure 5-5 is the high-density scenario.

For the final test facility, the pressure drop vs. gas velocity for each orifice plate is given by Figure 5-6 and

Figure 5-7. Here, Figure 5-6 is the low-density scenario and Figure 5-7 is the high-density scenario.

Orifice pressure drop vs. Gas velocity (Low-density)
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Figure 5-4 — Prototype orifice curves for low-density scenario
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Figure 5-5 — Prototype orifice curves for high-density scenario

Orifice pressure drop vs. Gas velocity (Low-density)
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Figure 5-6 — Final facility orifice curves for low density scenario
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Orifice pressure drop vs. Gas velocity (High-density)
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Figure 5-7 — Final facility orifice curves for high-density scenario

For the prototype facility, an orifice with § = 0.55 was procured. According to Figure 5-4 and Figure 5-5,
this will result in a minimum and maximum dP of 0.243 and 4.26kPa respectively and a maximum dw of

2.76kPa.

For the final test facility, two orifice plates are recommended. One with § = 0.55 for gas velocities up to
15m/s and one with 8 = 0.75 thereafter. According to Figure 5-6 and Figure 5-7., this will result in a
minimum and maximum dP of 0.337 and 4.26kPa respectively and a maximum dw of 2.76kPa. It is noted
here that an orifice with § = 0.45 could be used to increase the minimum pressure drop. However, using
a B = 0.55 orifice is more practical, as it can be used for both the prototype and final facilities.
Furthermore, for the f values selected, the range of pressure drops fall easily within the 0-10kPa

measuring range of the PMD55 dP transducer presented in Section 4.5.1.

The uncertainty on the measurement of the minimum pressure drop of 0.243kPa was determined using
the design phase uncertainty analysis given in Section 4.6. With the PMD55 measuring range set to default
(between 0 and -5kPa), the uncertainty is approximately £10%. With the PMD55 measuring range set
between 0 and -1kPa, the uncertainty is less than +1%. For perspective, the results given in Section 4.6.3
show that for a pressure drop of 0.429kPa, the uncertainty is approximately +5% with the PMD55

measuring range set to default. It is therefore recommended that the default PMD55 measuring range be
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used, except for tests at extremely low gas velocities, where the range can be adjusted for greater

accuracy if desired.

The final test facility needs to operate over a broad range of gas and particle mass flow rates. Tests
conducted in the horizontal and vertical test sections also need to be isolated from upstream processes.
This cannot be achieved with a constant pipe diameter. For example, if the pipe diameter were constant
throughout, saltation would occur upstream of the horizontal test section during saltation tests. Also,
saltation would occur in the horizontal conveying section during choking tests. A model was therefore
developed as a tool, to select pipe diameters for different test rig sections and to determine the feed rate
requirements for the auger and the hopper volume. The model is also used to supplement the process

model presented in Section 5.4. A copy of the model is given in Appendix M.

The model contains constant, iterative and varying inputs. Constant inputs include the particle and loose
poured bulk densities for PC and PFA. A particle density of 2300kg/m? is used for PFA based on the results
(given in Appendix R) of solids density tests conducted on PFA from two different power stations. A bulk
density of 750kg/m?3 is used for PC (Van der Merwe, 2014) and a bulk density of 860kg/m? is used for PFA,
as this is the value used by the supplier of the hopper and auger. Iterative inputs include the minimum
and maximum particle mass flow rates, as well as pipe diameters. Varying inputs include the gas

temperature and pressure, as well as a representative particle diameter.

The final facility is required to operate over a wide range of flow properties. The model was therefore run

for several varying input scenarios. Table 5-4 lists the inputs for one such scenario.

Property Symbol Value Unit
Density of PC Pp.pC 1550 kg/m3
Density of PFA Pp.PFa 2300 kg/m3
Bulk Density of PC Pp.pc 750 kg/m3
Bulk Density of PFA Pp.PFa 860 kg/m?3
Min. Particle Mass Flow Rate Mpo 0.07 kg/s
Max. Particle Mass Flow Rate Mpl 0.697 kg/s
Horizontal Test Pipe Bore Diameter Dyipe.t00 102.26 mm
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Vertical Test Pipe Bore Diameter Dyipe250 242.88 mm
Feed Pipe Bore Diameter Dyipe.so 77.92 mm
Acceleration Pipe Bore Diameter Dyipe.o 90.12 mm
Gas Pressure B 70 kPa
Gas Temperature T, 60 °C
Particle Diameter D, 37 pm

Table 5-4 — Inputs to pipe, feeder & hopper sizing

The reader is referred to Figure 8-1 to Figure 8-3 for the proceeding text.

The model assumes that F; and T, remain constant at each pipe section.

Initially, the gas density p, and dynamic viscosity u, are calculated using the ideal gas law (Equation 4-1)
and Sutherland’s formula (Equation 4-2) respectively.

The superficial particle velocity U, in each pipe line is calculated using Equation 2-7.

The particle terminal velocity u;y was calculated using Equation 3-18 or Equation 3-19, depending on the

Reynolds number at the single particle terminal velocity Re;q, which was calculated using Equation 3-17.

The saltation and choking velocities Ug,;; and Uy in each pipeline were calculated using the Rizk
correlation (Equation 2-21) and Yang’s choking theory (Equation 2-41 and Equation 2-42) respectively. No

safety factors were employed.

For the horizontal test pipe, the model lists the required Ug,;; and loading at saltation z = Z for saltation
tests. For the remaining pipe lines, Usqit, Uge, Z and the expected superficial gas velocity U, during

saltation tests are then listed for comparison purposes.

For the vertical test pipe, the model lists the required Uy and loading at choking z = Z for choking tests.
For the remaining pipe lines, Usq¢, Uy, Z and the expected superficial gas velocity U, during choking tests

are then listed for comparison purposes.

The above velocities and loadings are then compared and manual iteration of the pipe bore diameters is
required such that settling does not occur in pipe sections other than the test section. For example,
saltation should not occur in the acceleration section or horizontal test pipe during choking tests. Bore

diameters for standard ASTM A106 seamless pipes are used.
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Note that the values for Mp0 and Mp1 given in Table 5-4 correspond to the minimum and maximum feed
rates attainable for PC using the procured auger. The range of required particle feed rates was constantly
adjusted throughout the project based on results obtained during the development of the process models

given in Section 5.4. However, Mp1 was limited such that a hopper volume no greater than 300L was

necessary for a 5-minute test.

For the inputs given in Table 5-4, saltation tests can be conducted in a pipe with a 102.26mm bore
diameter for U; between 7.42 and 14.19m/s with Z between 1.57 and 8.47. For the preceding flow
properties, Table 5-5 lists the actual Uy in the remaining pipelines, together with U, and Z required for
saltation or choking in these pipelines. A determination on whether saltation or choking occurs is made
by the following check: If the actual Uy is greater than the required U, and the actual Z is less than the
required Z, then saltation or choking does not occur. Note that the actual Z values for each pipeline are

between 1.57 and 8.47.

U, Req. for Z Req. for
9 D Itati
Pipe Actual U, (m/s) Saltation/ Saltation/ C:cfls(if\a 'g‘:::c:z
Choking (m/s) Choking g )
Feed Pipe 12.77 t0 24.44 7.84 10 15.01 2.56 t0 13.30 No
(77.92mm)
Horizontal
Acceleration Pipe 9.551t0 18.27 7.61to 14.57 1.97 to 10.25 No
(90.12mm)
Vertical
Acceleration Pipe 9.551t0 18.27 1.83t03.90 8.22 t0 38.28 No
(90.12mm)
Vertical Test Pipe Yes (See
1.32t02.52 1.32t02.81 1.57t0 7.32 . .
(242.88mm) 32t02.5 32t02.8 >7t07.3 discussion)

Table 5-5 — Checking for settling in pipelines during saltation tests

For the inputs given in Table 5-4, choking tests can be conducted in a pipe with a 242.88mm bore diameter
for U, between 1.32 and 2.81m/s with Z between 1.57 and 7.32. For the preceding flow properties,
Table 5-6 lists the corresponding U, in the remaining pipelines, together with U, and Z required for
saltation or choking in these pipelines. The same check is then made to determine whether saltation or

choking occurs. Here, the actual Z values for each pipeline are between 1.57 and 7.32.
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U, Req. for

9 Z Req. for Does Saltation/

Pipe Actual U, (m/s) Saltation/ . . .
Saltation/ Chokin Choking Occur?
Choking (m/s) / & &
Feed Pipe 12.80 to 27.30 7.84 t0 15.01 2.56 t0 13.30 No
(77.92mm)
Horizontal
Acceleration Pipe 9.57 to 20.41 7.61to 14.57 1.97 t0 10.25 No
(90.12mm)
Horizontal Test No (See
7.43 to 15. 7.42t014.1 1.57 A7

Pipe (102.26mm) 3101585 to ? >7to8 discussion)
Vertical
Acceleration Pipe 9.57t0 20.41 1.83103.90 8.22 t0 38.28 No
(90.12mm)

Table 5-6 — Checking for settling in pipelines during choking tests

For the proposed pipelines choking will occur in a vertical test pipe with a nominal bore diameter of
242.88mm. It is therefore suggested that this pipe only be used for choking tests and replaced with a

102.26mm pipe for similarity and saltation tests.

Furthermore, saltation may occur in the horizontal test pipe during choking tests. It is noted that by
changing the inputs to the model, it was observed that the probability of this occurring increases with
decreasing D,,. To mitigate this, a vertical test pipe with a larger bore diameter can be used during choking
tests. However, increasing this bore diameter will increase the required gas mass flow rate needed to

conduct choking tests and consequently, increase the pressure drop through the system.

Four process models were developed for the proposed final test facility to simulate four different test
scenarios namely: for similarity in horizontal flow, for vertical flow, for saltation and for choking. A final
model was then developed for the prototype facility and is presented in this section. Should these models
be employed in a follow up project to do the detail design of the final facility, it will require further
refinement to include the exact geometry. The process model for the prototype facility is given in
Appendix |. The process models for the proposed final test facility are given in the CD accompanying this

thesis.
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The prototype facility is required to operate over a wide range of flow properties. The model therefore
contains constant and varying inputs. Table 5-7 lists fixed model inputs, whereas Table 5-8 lists the unique

inputs for a selected scenario. Rationales for the fixed inputs are as follows:

ISO 5167-1 2003 (ISO, 2003) specifies a typical pipe roughness value of <3mm for hot drawn seamless

pipes. This was used to estimate the relative pipe roughness.

A filter loss factor of 0.1Pa*s/m> was assumed based on the performance curve for the filter cartridge

presented in Appendix S.

ISO 5167-1 2003 (ISO, 2003) specifies required upstream and downstream lengths for orifice installations.
Pipe lengths for clean gas flow were chosen to meet these requirements and to ensure that the flow was
fully developed before introducing particles into the pipeline. Gas-particle mixture pipe lengths were
chosen to minimise the space and blower pressure rise requirements, but to allow for sufficient particle

acceleration before bends. A long bend radius was chosen to minimise the system pressure drop.

A blower isentropic efficiency of 60% was assumed.

Variable Symbol Units Value
Particle density Pp kg/m3 2300
Ambient temperature Tg0 °C 25
Ambient pressure Py kPa 101.3
Orifice beta value B 0.55
Test pipe diameter (ID) Dyipe test mm 77.92
Gas only pipe diameter Dyipe.gas mm 102.26
Test pipe relative roughness Ertest 3.85x 10"
Gas only pipe relative roughness &r.gas 2.934x 10"
Filter loss factor kfiter Pa-s/m?3 0.1
Return line length Lgg m 4
Vertical acceleration length Lgs m 2.5
Test section bend radius Rp test m 1
Horizontal acceleration length Lys m 4
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Length from orifice outlet to feed point L3y m 6
Length from blower to orifice inlet Lis m 2.5
Blower isentropic efficiency Nplower % 60

Table 5-7 — Fixed model inputs for the prototype process analysis

Variable Symbol Units Value
Test temperature Ty test °C 43
Absolute pressure at feed point Py test kPa 114
Particle mass flow rate M, kg/s 0.4
Superficial gas velocity at feed point Ug.test m/s 14
Representative particle diameter D, pum 65

Table 5-8 — Unique model inputs for prototype process analysis 25

The reader is referred to Figure 4-12 for the proceeding text. Note that the facility has been discretized
into smaller pipe sections. For the inputs given in Table 5-8, the model calculates the flow properties at
each point, by stepping forward or backwards through each pipe section. Frequently used equations are

listed first. The calculations performed for the discretized sections are then explained.

e The gas density p is calculated using Equation 4-1.

e The gas dynamic viscosity ug is calculated using Equation 4-2.

e The single particle terminal velocity for Stoke’s flow ;g s¢okes iS Calculated using Equation 3-18.

e The single particle terminal velocity for intermediate flow 1 ;¢ is calculated using Equation 3-20.

e The Darcy-Weisbach solids-wall friction factor for vertical conveying A,,is calculated using
Equation 3-41. Note that the subscript D is omitted.

e The Darcy-Weisbach solids-wall friction factor for horizontal conveying A, is calculated using
Equation 3-42.

e The Darcy-Weisbach gas friction factor A, is calculated using Equation 3-11.

e The infinitely dilute particle drag coefficient Cp, for intermediate flow is calculated using
Equation 3-4.

e Equation 3-49 is used for the particle EOM.

e Equation 3-50 is used to calculate the voidage a.

e The pipe Reynolds number Rey,;,. calculated using Equation 3-12.
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Check for Saltation

Initially, the Pipe, Feeder & Hopper Sizing model presented in section 5.3 is used to check if saltation

occurs for the given model inputs. The inputs are then adjusted if required.
Intermediate Calculations

The model assumes that Ty is constant and equal T ¢ throughout. Initially, the gas density p, and the
dynamic viscosity u, at the feed point are calculated. Here, the density at the feed point is calculated

using Py tes¢- Subsequently, the gas mass flow rate, the AF ratio and the loading z = Z are calculated.

Across Filter (Points 10 to 11)

The model assumes that p, across a pipe section is constant and equal to either the inlet or outlet p at
that section. The density across the filter pg1011 is calculated using the pressure at the filter outlet Pyq4
The volume flow rate through the filter is then simply calculated. The pressure drop across the filter is

then calculated as follows:

dPio11 = kfilterVgloll
Equation 5-9

The pressure at the filter inlet Py, is then calculated as the sum of Py1; and dPygq;.

Across Cyclone (Points 9 to 10)

The density across the cyclone pgq4¢ is calculated using the pressure at the cyclone outlet Pyq4. The
volume flow rate through the filter is then simply calculated. Using the method presented in Section 5.1.2,
the pressure drop across the cyclone dPgqg is then calculated. As a check, the cyclone efficiency n and

inlet velocity over cyclone saltation velocity ratio V—‘ is also evaluated. The pressure at the cyclone inlet Pyqg
N

is calculated as the sum of Py1 and dPygq,.
Return Line (Points 8 to 9)

The density across the return line pggq is calculated using Pyq. Uggg is then simply calculated. Note that
the model assumes that Uy across a pipe section is constant and equal to either the inlet or outlet U, at
that section. The particle velocity at the beginning of the return line u,g is then assumed to be equal to
0.5U4g9. Regg and ayg are subsequently calculated. A is then calculated using a numerical scheme built

into Mathcad.
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The particle EOM is then solved using the finite-difference method (FDM) presented in Appendix G. The
results of which include vectors of the particle displacement x, particle velocity u,, gas velocity u, and
voidage a4 as a function of time. The solids-wall friction factor at the end of the return line 4,4 is then
calculated. As a check, u,, and x are plotted against time, to evaluate if the pipe length is long enough for

sufficient particle acceleration.

The pressure drop across the return line d Pggq is then calculated using Equation 3-44 to Equation 3-48 and
multiplied by 1.3 to account for uncertainty in the correlations used. The pressure at the beginning of the

return line Py g is then calculated as the sum of P g and dPg,.
Vertical Section (Points 6 to 7)

Initially, the pressure drop from the beginning of the vertical section up until the beginning of the return
line dPgg is assumed, so that the pressure at the beginning of the vertical section Py can be calculated
as the sum of Pyg and dPsg. The density across the vertical section pye7 is then calculated using Pye. The
pressure drop across the vertical section dPg is then calculated using the same method presented for
the return line. The pressure at the end of the vertical section Py is then calculated by subtracting dPg;

from Pye.
Top Bend (Points 7 to 8)

Up, Ug, &g and /lp across the top bend is assumed constant and equal to u,, ug4, a4 and /’lp at the end of
the vertical section. The pressure drop across the top bend d P,g is then calculated using the bend pressure
drop theory presented in Appendix A, where the gas contribution is assumed negligible. The pressure at

end of the top bend Pyg is then calculated by subtracting d P;g from Pg;.

dPgg is calculated as the sum of dPg; and d P, and the previously assumed value updated manually (and

the vertical and top bend calculations repeated) until it is approximately equal to the calculated value.
Horizontal Section (Points 4 to 5)

Initially, the pressure drop from the feed point up until the beginning of the vertical section dP, is
assumed, so that the pressure at the feed point can Py, can be calculated as the sum of Py and dP,g. The
density across the horizontal section pgys is then calculated using Py4. The pressure drop across the
horizontal section d P, is then calculated using the same method presented for the return line. However,
the assumption that u,, at the beginning of the section is equal to 0.5U, is replaced by the assumption
that @ at the beginning of the section is equal to 0.45. The pressure at the end of the horizontal section

P

g5 is then calculated by subtracting dP,s from Py,.
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Bottom Bend (Points 5 to 6)

The bottom bend pressure drop dPs is calculated using the same method presented for the top bend.
dP,¢ is then calculated as the sum of dP,s and d P54 and the previously assumed value updated manually
(and the horizontal and bottom bend calculations repeated) until it is approximately equal to the

calculated value.

The value for Py e is then updated manually (and all the above calculations repeated) until it is

approximately equal to Py,.
Orifice Outlet to Feed Point (Points 3 to 4)

The gas density from the orifice outlet to the feed point py3, is calculated using Py,. Ugzs and Res, are
then simply calculated, before calculating A, using a numerical scheme built into Mathcad. The pressure
drop from the orifice outlet to the feed point dPs, is then calculated using Equation 3-47. The pressure

at the orifice outlet Py is then calculated as the sum of Py, and dPs,.

Across Orifice (Points 2 to 3)

Initially, a pressure ratio 7 is assumed so that the pressure at the orifice inlet Py, and subsequently the
density at orifice inlet pg, can be calculated. Equation 4-12 to Equation 4-14 is then used to calculate the
pressure drop across the orifice dP,3 and divided by a factor of 0.95 to account for uncertainty in the
method. Py, is then re-calculated as the sum of Py; and dP,3 and 7 updated manually (and the orifice
calculations repeated) until the initially calculated value for Py, is approximately equal to the final

calculated value.
Blower Outlet to Orifice Inlet (Points 1 to 2)

The gas density from the blower outlet to the orifice inlet pg4, is calculated using Py,. The pressure drop
from the blower outlet to the orifice inlet dP;, is calculated using the same method presented for the
orifice outlet to feed point. The pressure at the blower outlet Py, is then calculated as the sum of P, and

dPlz-
Blower Temperature Rise
The pressure drop across the system d P, is then calculated by subtracting P, from Py;. The temperature
at the blower outlet T} is then calculated as follows:
Ty =Tgo+dT
Equation 5-10

Where, from (Anderson, 2002)
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Y

T, Py v

dr = —22 (927 4
Nblower PgO

Equation 5-11
Ty.test is then manually updated (and all the above calculations repeated) until it is approximately equal

to Tj.
Check for Saltation and Choking

The Pipe, Feeder & Hopper Sizing model presented in Section 5.3 is used to check if saltation or choking
occurs for the output flow properties. If required, the inputs are then adjusted and the entire process

restarted.
Furthermore, note that the following additional assumptions are made in the model:

e There is no pressure recovery after the orifice plate.

e The pressure drop in gas only bends, pipe reducers and expanders and pipe joins are negligible.
e The sight glass is considered part of the adjoining pipes.

e The bore diameter of the blow through rotary feeder is equal to the test pipe bore diameter.

e The pressure drop due to the rotary feeder blades/ buckets is negligible.

Comparison with Final Facility Models

The process models for the final facility differ from the process model for the prototype facility in the

following ways:

e There are additional inputs relating to the geometry of the final facility. For example, the number of
cyclones to use during operation and the different pipe diameters.
e Thereis an additional calculation for the pressure drop across the heat exchanger d Py . The pressure

drop is calculated using Equation 5-12.

Y
dPyx = kyx m

2

Equation 5-12

Pa-s?

m2

Where kyy = 320

is the assumed heat exchanger loss factor and Ayyx = 0.106m? is the

assumed frontal area of the heat exchanger.
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e The sequence in which calculations are performed differ in each model. The flow chart given in

Figure 5-8 illustrates the sequence for the prototype model. Additi

final facility in Appendix H.

onal flow charts are given for the
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Figure 5-8 — Flowchart for prototype process model
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5.4.3 Blower Operating Envelope

The process model calculates the pressure drop across the system dPgygtem, as well as the gas density
Pg.in @nd the volume flow rate Vg.in at the blower inlet. The blower pressure rise dPpjower required at
standard atmospheric conditions (i.e. pg stq = 1.2kg/m3) is also calculated using Equation 5-13, derived

from the similarity laws for fans.

Pg.sta
dPpiower = dPsystem <L>

g.in

Equation 5-13
To determine the required blower operating envelope, dPy;ower is plotted against Vg.in for a number of

model inputs. Figure 5-9 shows the required blower operating points for the prototype facility as well as

the operating curve of the blower (at maximum speed) used for the prototype facility.

Additionally, although the final facility models require refinement, Figure 5-10 shows a selection of
predicted operating points for the prototype and final test facility, as well as the operating curve of the

blower (at maximum speed) used for the prototype facility, at standard atmospheric conditions.
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Figure 5-9 — Predicted prototype operating points
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Figure 5-10 — Predicted prototype and final facility operating points

5.4.4  Process Flow Diagrams

Figure 5-11 to Figure 5-13 show selected primary flow diagrams (PFDs) for the prototype facility,
generated using the results of the prototype model. The bottom right hand corner of each PFD shows the

respective variable inputs used.
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Figure 5-12 — Prototype PFD 25

Colin F. du Sart 94



MSc(Eng) Dissertation Design Calculations

101.3kPa, Receiving
Blower 25degC,
132.030kPa Vdot.g = 0.087m3/s
From ATM Flow D" To ATM = i 100NB-——
100NB 101300 | 103.035 |114.273
Revere Pulse kP kP kP
Jet Filter 3 @ a
Approx. 63degCinLoop | T
132.000kPa Mdot.g = 0.103k ©
Motor VSD on8 g/s <
) E— o
o
From PLC Cyclone N
i
To PLC LCA 1 -
[0.558 ] (D~ ToPLC Flexible Connection
Flexible Connection + |
From Receiving Hopper Load Cell
Feeding Junction
Box Load Cell Receiving Hopper
X Load Cell
130.384kPa Pressure 1
—Equalisation .
Line Load Cell y
f Junction
Feeding L1 LcA
@ Ho Load Cell Box
pper
Load Cell |
From PLC v
Motor ——\/\/\V/\V/\V/\/\ Relay Flexible Connection
To Feed Hopper
From PLC Screw Feeder )
="
Sight Glass ~
1{ Blow Through Motor g 2
~— VSD Rotary Valve L™
B
r Flexible | | o Flexible i
Connection "~ Connection
100NB to 8ONB 124.498kPa
130.312kPa
i i i e f Prototype PFD 45
Analog Signal ———— Particles/ Mix > Gas Only ——» Orifice |:| Resistance Thermometer &
T.g/P.g/Mdot.p/U.g@80NB/D.p;
) Reducer/
Pressure Transducer (D Gate Valve N Ball Valve g Coupling L] Diffuser —{>— 63/130/0.6/16/65

Figure 5-13 — Prototype PFD 45
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The process models predict the system operating points for desired input test conditions, which enable
the selection of a suitable blower. It is noted that a simplified approach was taken to model the filter
pressure drop, which resulted in a negligible pressure drop for all variable inputs. The pressure drop
through the cyclone was also modelled using the geometry of the cyclone calculated in Section 5.1,
instead of the actual final cyclone geometry. Furthermore, the cyclone diameter was incorrectly input into
the model as 204mm, instead of 206mm. Due to time limitations this was not corrected since the

geometry used results in a conservative estimate of the cyclone pressure drop.

The models can also be used to plot PFDs, which enables the selection of suitable instrumentation such
as pressure transducers and RTDs. The PFDs also enable a visual evaluation of the process for different
test conditions. For example, referring to Figure 5-11 to Figure 5-13, it can be seen that the pressure drops
in the horizontal, vertical and gas bends increase with increased gas and particle mass flow rates. This is
useful, in that a sensitivity analysis can be conducted to determine how each input variable affects the
corresponding system pressure drop. A sensitivity analysis was not performed during this project.
However, from model results obtained, it is seen that the system pressure drop increases significantly

with a decreasing representative particle diameter.

The blower used for the prototype facility was readily available. According to Figure 5-9, only two points
lie above the operating envelope of the blower. Furthermore, according to Figure 5-10, the blower is
capable of providing the sufficient pressure and flow requirements to allow for choking, saltation and
similarity tests to be conducted. It was therefore deemed unnecessary to purchase a larger blower.

However, it is advised that the final test facility models be revised first before selecting a blower.
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6 Prototype Construction and Commissioning

A commercial engineering company was contracted to produce the detail construction drawings,
construct the prototype facility and to assemble the electrical components. Space was allowed within the
electrical cabinet to allow for additional equipment that may be required for the final test facility. Photos
of the facility and the electrical cabinet are given in Figure 6-1 and Figure 6-2 respectively. Additional

photos are given in Appendix U.

Commissioning of the facility was entirely done by the candidate. During commissioning, the following

issues were realised and need to be attended to in the design of the final test facility:

e It was found that leaks were more prominent at interfaces where a pressure clamping force was used
(flanged interfaces, the top hopper lid and the bottom hopper door) as opposed to areas where
couplings were used.

e It was found that the cyclone induced vibrations onto the supporting frame structure.

Figure 6-1 — Prototype Facility
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Figure 6-2 — Electrical Cabinet
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7 Prototype Test Results

This chapter presents the results of load cell calibrations performed, the test procedures followed as well

as the results and discussion of analyses performed on data obtained during testing.

The load cells or GIW and LIW systems were calibrated in situ using 15 x 20kg certified test weights. The

procedures followed are listed below:

Place 300kg of test weights on top of the bottom hopper.
Remove the test weights.

Set the measured value on the bottom hopper LCA to Okg.
Place 240kg of test weights on top of the bottom hopper.
Set the measured value on the bottom hopper LCA to 240kg.

Remove the test weights.

N o v A~ w N

Place a single test weight (20kg) on top of the bottom hopper and subsequently record the mass
reading on the PLC.

8. Repeat step 7 at denominations of 60, 120, 180, 240, 280 and 300kg.

9. Determine the straight-line calibration constants for the actual vs. measured values.

10. Repeat steps 1 to 9 for the top hopper.

Table 7-1 and Table 7-2 provide the measured vs. actual values, as well as the predicted values after

calibration. Figure 7-1 and Figure 7-2 provide plots of the calibration curves fitted using linear regression.

Bottom Hopper (LIW)

Actual load
0 20 60 120 180 240 280 300
(kg)
Measured load
(kg) 0.110 | 20.191 | 60.125 | 119.989 | 180.081 | 240.091 | 280.181 | 300.550

Estimated load
after calibration 0.045 | 20.113 | 60.020 | 119.844 | 179.896 | 239.866 | 279.930 | 300.285
(kg)

Table 7-1 — LIW calibration data and results
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Top Hopper (GIW)

Actual load
0 20 60 120 180 240 280 300
(kg)
Measured load
(ke) -0.075 20.427 62.749 | 123.672 | 186.055 | 244.795 | 283.459 | 304.650
Estimated load
after calibration -1.151 19.065 60.796 | 120.868 | 182.380 | 240.300 | 278.424 | 299.319
(kg)
Table 7-2 — GIW calibration data and results
LIW system
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Figure 7-1 — LIW weight calibration curve
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Figure 7-2 — GIW calibration curve

7.2 Test Procedures

To demonstrate and characterise the performance of the gas and particle mass flow rate control systems,
as well as to estimate the efficiency of the cyclone and evaluate the feasibility of the proposed test facility
in its entirety, 25 tests were conducted at the flow rates given in Table 7-3. The apparatus and test
procedures are given first, followed by analyses performed on the gas and particle mass flow rates. A mass
balance analysis is also presented before comparing test results with the outputs of the process model

presented in Section 4.6 and discussing the results.

Apparatus

1. +300kg FA.

2. 1 x Prototype facility.

3. 1 x LabVIEW and Scilab enabled computer.
4, 1 x 20L bucket.

5. 1 x Electronic scale.

Test Procedures

1. Ensure that +300kg of PFA is in feed hopper.
2. Using the PLC, run the blower at 45Hz.
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3. Monitor the upstream pressure. If greater than 112kPa, run the reverse pulse jet filter unit for
5 minutes.
4, Feel for leaks at the knife gate valves. If necessary, tighten the valves.
5. Stop the PLC and turn off and empty the reverse pulse jet filter unit.
6. Using the PLC, enable the blower and the “Record” button.
7. Manually record the weight of each hopper.
8. Set the blower to run at the desired gas mass flow rate. Allow the gas mass flow rate to reach steady
state.
9. If necessary, partially close the ball valve such that the process temperature increases to the desired
value.
10. Open the ball valve and subsequently enable the rotary feed and the auger. Set the auger to run at
the desired particle flow rate.
11. Once the desired particle flow rate becomes unattainable, disable the auger and rotary feed.
12. Runthe blower at 45Hz for 1 minute to clear any residual particles from the conveying pipelines.
13. Disable the blower and manually record the weight of each hopper.
14. Stop the PLC and run the reverse pulse jet unit for 5 minutes.
15. Empty the PFA within the reverse pulse jet unit into the 20L bucket.
16. Using the electronic scale, record the weight of the PFA within the 20L bucket.
17. Repeat procedures 1 to 16 for each set of test conditions given in Table 7-3.
18. Should an undesirable event occur during testing, stop the PLC and investigate.
19. Should the PLC become unresponsive at any stage, engage the emergency stop button.
Test | Gas Flow | Particle Expected Expected Loading PFD Run Time
No. Rate Flow Rate | Temp. (°C) | Gas Vel. Reference | for 300kg
(kg/s) (kg/s) (m/s) (min)
1 0.086 0.6 53 14 6.954 30 8.3
2 0.094 0.6 57 15 6.36 44 8.3
3 0.103 0.6 63 16 5.837 45 8.3
4 0.077 0.5 43 13 6.478 32 10
5 0.085 0.5 46 14 5.915 33 10
6 0.093 0.5 54 15 5.381 46 10
7 0.077 0.4 40 13 5.179 26 12.5
8 0.084 0.4 43 14 4.770 25 12.5
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9 0.091 0.4 46 15 4.417 24 12.5
10 0.099 0.4 53 16 4.057 29 12.5
11 0.076 0.3 38 13 3.929 43 16.67
12 0.082 0.3 40 14 3.639 42 16.67
13 0.089 0.3 43 15 3.368 41 16.67
14 0.096 0.3 46 16 3.132 40 16.67
15 0.076 0.2 35 13 2.642 22 25
16 0.088 0.2 39 15 2.278 21 25
17 0.102 0.2 44 17 1.970 20 25

18 0.115 0.2 49 19 1.745 28 25

19 0.063 0.16 31 11 2.536 39 31.25
20 0.075 0.16 34 13 2.127 38 31.25
21 0.088 0.16 37 15 1.827 37 31.25
22 0.107 0.16 44 17 1.502 36 31.25
23 0.051 0.08 28 9 1.564 31 62.5
24 0.063 0.08 30 11 1.276 19 62.5
25 0.081 0.08 33 14 0.994 18 62.5

Table 7-3 — Test matrix

The inputs, methodology and results of the gas mass flow rate analysis are given below. A copy of the

detailed analysis is given in Appendix N.

20 Samples were recorded per second for all tests. Figure 7-3 shows a 10 second moving average of the
instantaneous (calculated at each sample) gas and particle mass flow rates. For each test, the approximate

steady state period was identified as depicted.
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Figure 7-3 — Gas and particle mass flow rate readings

The average (or mean) and the standard deviation (or statistical uncertainty) during the steady state

period were then calculated for the following variables, which were used as inputs for the analysis:

e Gastemperature Ty in °C.

e Absolute pressure at the orifice inlet P in kPa.
e Pressure drop across the orifice dP in kPa.

* Gas expansibility factor &,.

e Orifice discharge coefficient Cj.
7.3.2 Methodology

For each test, the instrument uncertainties for the mean values of Ty, P, and dP were calculated using
the methodology presented in the design phase uncertainty analysis (Section 4.6). These uncertainties

were then combined with their respective statistical uncertainties using the RSS method.

The mean density at the orifice inlet p; during the steady state period was calculated using the ideal gas

law (Equation 4-1) and its corresponding uncertainty using Equation 4-18.

The design based uncertainties for Cy, €45, Dpipe and D, were calculated using the methodology
presented in the design phase uncertainty analysis and combined with their respective statistical

uncertainties using the RSS method.

The mean gas mass flow rate Mg was then calculated using Equation 4-12 and its uncertainty using

Equation 4-19.
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7.3.3 Results

Figure 7-4 shows a graph of the actual gas mass flow rate achieved for each test vs. the required gas mass
flow rate. Tabulated results for the gas mass flow rate as well as the measured gas temperature, orifice

upstream pressure and the pressure drop across the orifice are given in Appendix P.

Actual vs. Required Gas Flow Rate
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0,04
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0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
Required Gas Flow Rate (kg/s)

Figure 7-4 — Actual vs. required gas flow rate

7.4 Particle Flow Rate Analysis

The particle flow rate analysis consists of three parts. First, the uncertainty of the mass measurements
are calculated, which includes the combined uncertainty of the measurement instrument, i.e. the
combined uncertainty of the load cells, the LCA and the NI 9208 Al, as well as the uncertainty associated
with the calibration procedure and the statistical uncertainty of the mass measurements. Secondly, the
particle flow rate is then calculated as the gradient of a fitted curve through multiple measurement points.
Finally, the uncertainty of the particle flow rate is then calculated as the uncertainty in the gradient of the
fitted curve. The inputs, methodology and results of the analysis are given below. A copy of the detailed

analysis is given in Appendix N.
7.4.1 Inputs

The uncertainty associated with the calibration of the load cells is included in the calculation of the mean
particle mass flow rate and it’s associated uncertainty. The analysis therefore includes fixed and variable
inputs. The fixed inputs include the measured mass points during calibration, the corresponding actual

mass points and their associated uncertainties. The uncertainty on the measured mass points is the design
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phase uncertainty of the measuring instrument at the measured points. The uncertainty on the actual

mass points then also incorporates the uncertainty associated with the calibration process. Here, each

calibration mass piece of 25kg has an associated uncertainty of 1g and a confidence level of 68% is

assumed.

The variable inputs were then taken as follows: For each test, a 1 second moving average of the

uncalibrated mass recorded by the LIW and GIW systems are plotted against time as shown in Figure 7-5.

Ten evenly distributed uncalibrated mean mass points are then taken across the same steady state period

used for the gas flow rate analysis, together with their respective calibrated statistical uncertainties and

the time during which they were recorded. These serve as inputs for the analysis.

300
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Average Massin Hopper Measurement Points

1600

Figure 7-5 — Uncalibrated mass in bottom (LIW) hopper

Calculations were performed for both the LIW and GIW system.

Calculating the Uncertainty in the Mean Mass Measurements

Initially, each uncalibrated mass measurement x is calibrated and the uncertainty in the calibrated

measurement u,, (x) calculated by solving Equation 7-1 to Equation 7-6 numerically. These equations are

derived in Appendix G.
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Where:

n is the number of measurement points taken during calibration

X; is the measured mass during calibration for an actual mass Y; at the measured point i

uy; is the design phase uncertainty of the measuring instrument at the measured point

Uy, is the uncertainty of the mass pieces used for the calibration process at the measured point i

y is the indicated mass after calibration for a measured mass x and is calculated as follows:

y=a'F
Equation 7-2
where
T _ (p=1\T — T _ pT T
a’ = p) =(ef) =B«
Equation 7-3
a and 8 are matrices and are calculated as follows
n
— Jyk
Xk = Z(Xi X;)
i=1
Equation 7-4
n
— k
Br = Z(YiXi )
i=1
Equation 7-5

where j and k indicate position in a m by m matrix, where m is equal to the order of the calibration curve.

Also,

Fk:xk

Equation 7-6
u,, is therefore calculated as a function of the combined uncertainty of the measuring instrument, i.e. the

combined uncertainty of the load cells, the LCA and the NI 9208 Al, as well as the uncertainty associated

with the calibration procedure.
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The combined uncertainty on each mass measured u;, is then calculated by summing the respective
statistical uncertainty of the calibrated measurement point uy, 5444, i-e. the standard deviation of the mean

calibrated measurement points over the 1 second measurement period, and u,, using the RSS method.
Calculating the Mean Particle Flow Rate

The calibrated mass measurement points M = y including u,, are then plotted against the respective
measurement time T, as in Figure 7-6 (the error bands on the mass measurements are so small that they

cannot be seen).

A linear curve is then fitted through the measurement points using Equation 7-2 to Equation 7-6, which
yields the same results as that given by Excel’s built in regression analysis. The gradient V of the fitted

curve is equal to the mean particle mass flow rate.

Mass vs. Time
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Figure 7-6 — Mass measurements (including uncertainty) vs. Time

Calculating the Uncertainty in the Mean Particle Flow Rate

Finally, the uncertainty in the mean particle mass flow rate uy (t) is calculated using Equation 7-7, which

is derived in Appendix G.

Equation 7-7
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Where:

n is the number of measurement points taken

Ty, is the time at the measured point i

up; is the uncertainty on the measured mass at the measured point ,
and uy(t) is constant for a linear curve.

7.4.3 Results

Figure 7-7 show graphs of the actual particle mass flow rate achieved for each test vs. the required particle
mass flow rate (the error bands are so small that they cannot be seen). Tabulated results are also given in

Appendix P.

Actual vs. Required Particle Flow Rate
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Figure 7-7 — Actual vs. required particle flow rate
7.5 Particle Loading Analysis

The actual loading during each test was easily calculated together with its uncertainty using Equation 4-18.
Figure 7-8 shows a graph of the actual loading vs. it’s respective set point. Tabulated results are also given
in Appendix P. Furthermore, it is beneficial to evaluate if the particle flow rate affects the measurement
of the gas flow rate and vice versa. Figure 7-9 shows this relationship (the error bands on the particle mass

flow rates are so small that they cannot be seen).
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Actual vs. Setpoint Loading
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Figure 7-8 — Actual vs. set loading
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Figure 7-9 — Impact of particle flow rate on gas flow rate and vice versa
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The inputs, methodology and results of the mass balance are presented below.

The mass reading on the LIW and GIW system were manually recorded before and after each test. The
contents of the reverse pulse jet filter were also emptied and recorded manually after each test. The

recorded values are given in Appendix P.

The boundary mass values for the steady state period and their combined uncertainties, calculated in the

particle flow rate analysis, are given in Appendix P and are also used as inputs for the analysis.

Referring to Figure 4-12 and assuming no settling occurs in the pipe section from the cyclone outlet to

the reverse pulse jet filter, the cyclone efficiency 1. is given by the following:

Mass collected by cyclone GIW

e = Mass entering cyclone ~ GIW + Mass collected by filter

Equation 7-8
Assuming no particles are lost to the surroundings, a mass conservation equation for the system is given
by the following:
LIW — GIW = Mass collected by filter + Settled mass
Equation 7-9

By substitution, Equation 7-9 becomes

1
LIW = GIW <77_) + Settled mass
c

Equation 7-10

Using the manually recorded data in Appendix P, 17 is estimated using Equation 7-8.

Equation 7-10 and the boundary mass values for the steady state period are then used to determine the

total mass collected during the steady state period.

Tabulated results for the following charts are given in Appendix P.

Bar charts of the estimated cyclone efficiency and mass balance are given in Figure 7-10 and Figure 7-11.

The manually recorded data for test 1 and 14 were unfortunately lost and are thus not reported here.

GIW (%) = GIW at these points.
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Cyclone Efficiency
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Figure 7-10 — Estimated cyclone efficiency
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Figure 7-11 — Bar chart of mass fed vs. mass collected

Figure 7-12 shows the mass of particles fed into the system and the mass collected from the system

together with the calculated uncertainty bands.
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Figure 7-12 — Mass balance
7.7 Process Model Comparison

Tabulated results for the following are given in Appendix P.

The operating temperatures predicted via the process model and the actual measured values are

compared in Figure 7-13.

The actual system pressure drop is estimated by subtracting atmospheric pressure from the measured
orifice upstream pressure. The system pressure drops predicted via the process model and the estimated

actual values are given in Figure 7-14.

Assuming that the density at the fan inlet is equal to 1.2kg/m?3, the volume flow rate at the blower inlet is
easily calculated from the gas mass flow rate. The blower operating points is therefore plotted, with the

model predicted operating points and the blower curve at maximum speed, in Figure 7-15.
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Figure 7-13 — Operating test temperatures
System Pressure Drop
35 B Model Prediction
M Estimated Actual
30

25

2

o

€]

Pressure (kPa)

1
1

.illiiilii&liiiii&\liiilli

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Test Number

o

wv

Figure 7-14 — System pressure drops
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Blower Curve and System Operating Points
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Figure 7-15 — System operating points

7.8 Discussion

Gas Flow Rate

From Appendix P, the mean measured gas mass flow rates are equal to the set points and have a maximum
relative uncertainty (% uncertainty) of +6%. For gas-only flow, it is expected that the uncertainty on a gas
mass flow measurement will decrease with increasing gas mass flow rates. However, we see in Figure 7-4
that this is not strictly the case for two-phase flow and that the introduction of particles into the gas
stream must therefore influence the uncertainty in the gas mass flow rate measurement. This influence
is shown in Figure 7-9. Note that the uncertainty bands decrease with increasing gas mass flow rates at
constant nominal particle mass flow rates of 0.08, 0.16, 0.2, 0.5 and 0.6kg/s. However, for constant
nominal particle mass flow rates of 0.3 and 0.4kg/s, the uncertainty bands on the gas mass flow rate first

increase with increasing gas mass flow rates, before beginning to decrease again.

From Appendix P, the relative uncertainty in the differential pressure measurements is significantly higher
than that for the temperature and absolute pressure measurements. It can also be seen that the
combined uncertainty for the differential pressure measurement is approximately equal to the statistical
uncertainty of the differential pressure measurement. The statistical uncertainty of the differential

pressure measurement therefore has a significant impact on the uncertainty of the measured gas mass
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flow rate. Furthermore, the statistical uncertainties of the differential pressure measurements are
elevated within the range of gas mass flow rates between 0.08 and 0.09kg/s at nominal particle mass flow

rates of 0.3 and 0.4kg/s.

It is therefore postulated that the combination of gas and particle mass flow rates tested at the conditions
specified above result in there being relatively higher pressure fluctuations and or vibration in the system,
which adversely affected the stability of the gas mass flow rate, therefore increasing the statistical

uncertainty and ultimately the total uncertainty in the measurement.
Particle Flow Rate

The method derived to calculate the uncertainty of fitting a calibration curve considers the uncertainties
associated with both the indicated instrument value y and the actual value being measured x. However,
the methods reviewed in literature are valid for the case where there are only errors in y, which are
independent of x and which are normally distributed. Furthermore, no suitable method was found in
literature to determine the particle mass flow rate and its uncertainty using a LIW or GIW system. The

method used was therefore derived from basic principles.

For each test, the particle mass flow rate and its uncertainty were calculated for both the GIW and LIW
systems. At the time of analysis, the uncertainty for the GIW system was found to be less than that of the
LIW system for all cases. The results obtained for the GIW system is therefore reported since it represents
the most reliable measurement of the two systems. Tabulated results for the LIW system are presented

in Appendix P.

From Appendix P, the mean measured particle mass flow rates are slightly lower than the set points and
have a maximum relative uncertainty of less than +1%. The accuracy of the measurements is better seen
on Figure 7-7, where the uncertainty bands on the measurement points are not visible on the chosen

scale.

It is noted that the measured values are slightly lower than the set points, as some particles are not
collected by the cyclone. Therefore, the particle mass flow rate is effectively split, at the cyclone, between
the GIW system and the reverse pulse jet filter. The measurements taken by the LIW should therefore be

considered as a more accurate reflection of the true values obtained during testing.
Loading

From Appendix P, the measured values for the loading are again slightly lower than the set points. This is
expected as the loading is dependent on the particle mass flow rate. Figure 7-8 shows the measured
values with uncertainty bands vs. the set points. Here, it can be seen that the actual uncertainty on the

loading increases with increasing loading. However, it is better to consider the relative uncertainty i.e. the
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uncertainty as a percentage of the measured value. The maximum relative uncertainty for the loadings
during testing was +6%. This corresponds to the maximum relative uncertainty of the gas mass flow rate,

which is significantly higher than that of the particle mass flow rate.

The mean measured loadings achieved during testing correspond to AF ratios between 0.146 and 1.012.
It is noted that this is outside the range of 1.5 and 2.5 required for power plant similarity. However, a
limitation is imposed on the loading based on the maximum design gas volume flow rate of the cyclone.
From Figure 7-9, it is postulated that an increase in the gas mass flow rate at the lowest particle mass flow
rate tested, will give accurate measurement and control of the gas and particle mass flow rates at

AF ratios between 1.5 and 2.5.
CYCLONE EFFICIENCY

The method used to calculate the cyclone efficiency is crude due to the test procedures followed. The
results given in Figure 7-10 is therefore only an estimate and not necessarily a true reflection of the
cyclone performance. Regardless, it is estimated that the cyclone operated at efficiencies greater that
98% for the tests conducted. This is within 1% of the 99% design efficiency. With regards to the particle
flow rate, it is interesting to note that the particle flow rate measured by the GIW system is no less than

2% of the set point.
Mass Balance

Referring to Figure 7-11, the uncertainty bands overlap in all but one test, namely test 2. Therefore, it can
be deduced that settling occurred in test 2 only. The reason for settling is not clear, as no settling occurred
in test 1, where the loading was higher and the gas velocity lower than that in test 2. Regardless, the
results are encouraging, as it shows that design methodology followed was successful in preventing

settling from occurring in 1 out of 25 tests.
Comparison of Theoretical and Practical Results

Figure 7-14 and Figure 7-15 show that the model over-predicts the system pressure drop. Noting the order
of tests conducted in Table 7-3, this over-prediction increases with both increasing gas and particle mass
flow rates. The model is therefore conservative, as desired. However, for high gas and particle mass flow
rates, the model is perhaps too conservative. The model therefore requires refinement to better to

estimate the blower operating points at high gas and particle mass flow rates.

Figure 7-13 shows that the prototype process model, on average, over predicts the actual operating
temperatures by no more than 5°C. A contributor to this is the assumption in the model that the blower
isentropic efficiency is equal to 60%. According to (Liptak, 2005), a value between 65 and 75% is common

for a two-stage centrifugal blower with a VSD. The use of a higher isentropic efficiency in the model would
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have therefore yielded lower temperatures. As the blower temperature rise is directly related to the
pressure rise delivered, another contributor is the over-prediction of the required blower operating

points.
Practical Observations
It was observed during testing that:

e The noise emitted by the blower at high loading and gas mass flow rates is well above safe working
conditions, if personal protective equipment (PPE) is not used.

e Any leaks where a gas-particle mixture is present discharge dust at concentrations well above safe
working conditions, if personal protective equipment (PPE) is not used.

e The sight glass provides a good visual indication of the flow within the pipeline. For example, the
roping phenomenon, where particles moving around a bend cling to the bend, was clearly observed

through the sight glass at low loadings and is shown in Figure 7-16.

Figure 7-16 — Roping phenomenon visualised during testing
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8 Revised Test Facility Concept Design

An objective of this project is to recommend an overall system layout and instrumentation design for the
final test facility. Recommendations are therefore presented in this chapter, together with a revised final

test facility system layout and future developments required for the DAC system.

Based on the lessons learned during the construction, commissioning and operation of the prototype
facility, a revised overall system layout was developed for the envisaged final test facility. Figure 8-1 to
Figure 8-3 presents the P&ID for the system. Additionally, a functional analysis and allocation for the
system are presented in Figure 8-4 and Table 8-1 respectively. Differences between the initial and revised

concept are given in the proceeding text.

Ball valves are now used in the flow measurement section, therefore reducing the need for two
differential pressure transducers at this section to only one. Furthermore, the temperature measurement

is now taken after the orifice, as in the prototype facility. This is repeated for the test sections.

The feeding system now incorporates a blow through rotary valve as in the prototype facility. A single

horizontal pipeline is therefore used instead of two.

Choking tests require low gas velocities, which would require low gas mass flow rates if the initial layout
is used. This would reduce the cyclone efficiency, which decreases with decreasing gas mass flow rates.
The pressure drop across the orifice plate also decreases with decreasing gas mass flow rates, which in
turn affects the accuracy of the measured gas mass flow rate. Therefore, the vertical test section now
features an interchangeable testing pipe, where the 100NB pipe is used for saltation and similarity tests
and the 250NB pipe is used for choking tests. This larger diameter pipe reduces the gas velocity at the test

section, allowing choking tests to be conducted at higher gas mass flow rates.

Due to there being only one vertical pipe, the receiving system now features only two cyclones as opposed
to three. As in the prototype facility, a reverse pulse jet filter replaces the cartridge filter built into the
heat exchanger. Finally, a compression load cell allows the weight of the reverse pulse jet filter to be

monitored online. This allows for a more detailed mass balance to be performed.

Colin F. du Sart 119



MSc(Eng) Dissertation Revised Test Facility Concept Design

Cooling Receiving
13 12 11 10
Blower
1 14 Heat Exchanger D ToY0] ] M—
() )=—100nB 100NB HH
100NB
L0ONE - QONB - )
‘ Cooling
¥ Motor Fan Motor & Tower &
‘ ‘ & VSD == VSD Control 100NB/250NB &
100NB 100NB * I + to 90NB
From PLC ATM From PLC From PLC 3
e————8— 2
0 )9
To PLC
Y Y
[0.558 | 10.758 | 5
g
a
88— 3 Flow D" ]
2
©
Y Y E
]
D O 8
Feedin SONB to
g 100NB/ 250NB
——— ToPLC
7
100NB
- > i) C ? >
90NB to 100NB ¢ Horizontal Test Section 6 100NB to 9ONB
4
Analog Signal ———— Particles/ Mix ----- » Gas Only ———» Orifice |:| Resistance Thermometer & Re 'sed P&I D
Splitter/ L . Reducer/ Vi
Pressure Transducer (D Ball Valve D Join L4 Viewing Section ():() Diffuser

Figure 8-1 — Revised test rig schematic Part A

Colin F. du Sart 120



MSc(Eng) Dissertation

Revised Test Facility Concept Design

Flexible Connection
From Receiving Hopper

Pressure

Motor ——

X Knife Gate Valve To PLC

Load Cell

Load Cell

Junction 1 lca

Feeding B
0X

Hopper

Relay |—~——— From PLC

+ Screw Feeder +
Blow Through
Motor
From PLC VSD Rotary Valve
From 100NB ~ o flexible o
Connection
100NB to 80ONB 80NB to 90NB
Feeding System
Figure 8-2 — Revised test rig schematic Part B
Reverse Pulse
Jet Filter
< +100NB
To Cooling System
rrrrrrrrrrrrrrr [ J«—100NB—
Load Cell
"""""""""""""""""""" From 90NB
ea N T e From 90NB
Cyclone
Cyclone
Flexible
To PLC LCA Conngctlon i
Flexible

Connection
v v

1

Junction
Box

Load Cell

Load Cell

Receiving
Hopper

X Knife Gate Valve

v

Flexible Connection
To Receiving Hopper

Colin F. du Sart

Receiving System

Figure 8-3 — Revised test rig schematic Part C

121



MSc(Eng) Dissertation Revised Test Facility Concept Design

Test

! ! ! !

Convey Gas- . -
Y Monitor Flow Control Flow Separa'ge gas
pactcle Properties Properties particle
Mixture P P mixture
. . Remove
Provide Flow Visually Control Gas
> = = > Coarse
Path Inspect Flow Flow Rate .
Partcicles
Control
Induce Gas Capture Flow N : _ Collect Coarse
> . » Particle Flow = .
Flow Properties Particles
Rate
. Measure Control Air Remove Fine
» Load Particles > > . > .
Temperature Properties Particles
Queue .| Measure .| Control | Collect Fine
Particles " Pressure "| Temperature " Particles
. Measure Gas Control
— Feed Particles > >
Flow Rate Pressure
Measure
» Input Particle
Flow Rate Measure
» Output Particle
Flow Rate
| Measure Spill
"l Over Rate

Figure 8-4 — Functional analysis for revised test rig concept

Colin F. du Sart 122



MSc(Eng) Dissertation

Revised Test Facility Concept Design

°© =
= > 0] 2
2 — S| = S ~|5
c o (> l>|€ . (o a2
3 |s |2 Tl |o Q| €l
ch >|S|e oe|a ol& o |
© |9 |o Q © o wn |V
o |=|S|A > 12wl |§|F g |
SlsB|8] SRS |E|2]s]5ls
Sl2&lsl [zla|®| |8|2lE|2|®
Olelolg|a|s |2z <|g|El2]|y
olclalc|o|c | El(S|5|e |2
- |l || w | O wn ||
Sle|3 m=lelglele(c|l|a|2]o]|d
w|8|E (=3 |d|2[P812|g|3]2]c
£ | 2|5 |m zlo|ale|Blo|lC|5 o |0
Tl2l2(8l8ls|B|e®|E8|E8|E|S |32
alzn|lz|3|T|a|n|x|<|O|x|x]|D
Functions
1 [Convey gas-particle mixture
1.1| Provide flow path X
1.2| Induce gas flow X
1.3| Queue particles X
1.4| Feed particles X
2 |Control flow properties
2.1| Control gas flow rate X
2.2| Control particle flow rate X
2.3| Control temperature X
2.4 Control pressure X
3 |Monitor Flow Properties
3.1| Visually Inspect Flow X
3.2| Measure temperature X
3.3 Measure pressure X
3.4| Measure gas flow rate X
3.5] Measure input particle flow rate X
3.6 Measure output particle flow rate X
3.7| Measure spill over particle flow rate X
4 |Separate gas-particle mixture
4.1 Remove coarse particles X
4.2| Collect coarse particles X
4.3[ Remove fine particles X
4.4] Collectfine particles X

Table 8-1 — Functional allocation of revised test rig concept
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For the proposed final test facility, three absolute, differential and RTD sensors are to be included in the
system. The NI 9208 Al module caters for this expansion through the unused input channels. The use of
the PMP131 pressure transducer is to be replaced by the PMC51 (see Appendix S), which is an
explosion-proof absolute pressure transducer. Additionally, a compression load cell with a LCA is to be
included to allow for an online mass measurement of the reverse pulse jet unit. A proposed load cell and

reverse pulse jet unit is given in Appendix S.

Furthermore, the C-DAQ 9174 can house up to four modules, allowing additional analog input and output
modules to be added to the system if necessary. There is also the potential to include digital modules,
which would allow the PLC to communicate with instruments connected to it. For example, this would
allow the PLC to receive error messages from malfunctioning instruments, or to receive detailed

information from the VSD’s such as the actual motor speeds amongst other things.

Also, although the NI PS-14 power supply was initially oversized to allow for further expansion of the DAC
system, the inclusion of an additional LCA (which requires 18W) implies that separate power supplies

should be procured for the additional LCAs.

Finally, the electrical cabinet needs to isolated from the explosive atmosphere (the process and its
immediate surroundings) in accordance with regulatory requirements. SANS 10108:2014 (South African
Bureau of Standards (SABS), 2014) and ARP 0108:2014 (South African Bureau of Standards (SABS), 2014)

provide further information.

e If a different cyclone design is to be used in the final test facility, further develop the cyclone model
to size and calculate efficiency and pressure drops for other standard cyclone designs. Subsequently
use the cyclone model to determine the geometry of the cyclone.

e If necessary, use the orifice model developed to select suitable orifice to pipe bore diameters.

e Further develop the prototype facility so that pressure drop tests can be conducted across pipe
lengths, bend sections and the cyclone. Subsequently run the prototype model for varying inputs and
compare the results output by the model with pressure drop data obtained from physical tests. Also,
conduct a sensitivity analysis to determine how the process model outputs are affected by each input
variable. Subsequently improve the prototype model to better predict the actual pressure drops
measured.

e Obtain a suitable site and develop a physical layout of the final test facility accordingly. Consider a

double volume room and positioning the blower outside to reduce noise pollution.
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e Identify and implement methods to minimise dust generation during the detail design of the final test
facility.

e Conduct an in-depth study to determine the horizontal and vertical acceleration lengths required for
the final test facility, so that tests are conducted at fully developed flow conditions.

e Determine the bend radii required to minimise the effects of roping. Consider installing a rope
breaker.

e Develop a process model for the final test facility, using the already developed process models as a
basis.

e Determine the required blower operating envelope for the final test facility using the methodology
presented in this thesis.

e Construct and commission the final test facility using explosive rated equipment.

e Conduct tests at power-plant similarity conditions to obtain knowledge of the flow properties
associated with PF conveying.

e Obtain pressure drop, visual and mass balance data using the final test facility to evaluate saltation,
choking, acceleration length and pressure drop data in literature. Subsequently develop new
correlations.

e Use the final test facility to test and calibrate commercially available equipment.

e Use the final test facility to validate or improve CFD models.

e During testing, keep in mind that particle degradation may occur over time. Monitor the PSD of the
material being conveyed to ensure consistency with model inputs.

e Use the methodology presented in this thesis to determine the values of the measured gas and
particle mass flow rates and its associated uncertainties.

e Install digital modules on the DAC system to improve its functionality.
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9 Summary and Conclusions

This chapter presents a summary of the work completed and conclusions made based on the preceding

text.

e A prototype facility was developed and used to demonstrate the process of feeding and removing
particles from a gas stream and controlling the gas and particle mass flow rates during a dilute
gas-particle conveying process. The control of the gas mass flow rate is achieved by measuring the
pressure drop over an orifice plate and subsequently using a DAC system to control the blower speed
via a VSD. The control of the particle mass flow rate is achieved by measuring the LIW of a feed hopper
over time and subsequently using a DAC system to control the auger speed via a VSD.

e A DAC system was developed and allows flow properties to measured, recorded, viewed and
controlled online. The system communicates with instrumentation via analog signals only. However,
the system contains modular hardware components, which can easily be upgraded for further
development of the system.

e A system layout for a gas-particle test facility, including the instrumentation design, was developed.
The design allows for the control of the gas and particle mass flow rates as well as the gas temperature
and pressure. The design allows for pressure drop, mass balance and visual tests to be conducted.
The design in its standard configuration allows saltation and power plant similarity testing to be
conducted. To allow for choking tests to be conducted, the design requires only one pipe section to
be swapped out. Furthermore, tests can be conducted with actual PC if the explosive proof variants
of the proposed instrumentation are purchased.

e Acyclone model was developed and verified during testing. The model outputs, given particle and gas
properties, the cyclone dimensions for a standard Stairmand type cyclone required to achieve a 99%
theoretical gas-particle separation efficiency. During testing, an efficiency of 99 +1% was observed.

e Anorifice model was developed and can be used as a tool to select an appropriately sized orifice plate
for gas mass flow measurement systems.

e A process model was developed and used to design the prototype facility. The model is developed
exclusively for the physical geometry of the prototype facility and provides a conservative estimate
of the required blower operating points. The methodology used to develop the model can therefore
be adopted, or the model adjusted, to design similar dilute phase gas-particle transport facilities.

e Tests were conducted for loadings between 0.988 and 6.860 at gas mass flow rates between 0.051
and 0.115kg/s and particle mass flow rates between 0.077 and 0.600kg/s. The relative uncertainties

calculated on the measured particle mass flow rates are less than £1% for all tests. The maximum
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relative uncertainties calculated on the measured gas mass flow rates and loadings are approximately
16%.

e Rizk’s correlation and Yang’s choking theory were used, without safety factors, in the design of the
prototype facility and the selection of test parameters to prevent settling from occurring. The analysis

of test data shows that settling occurred in only 1 of 25 tests conducted.

e A literature review of the different correlations applicable to dilute phase gas-particle transport
phenomena was conducted. From practical tests conducted, the Rizk correlation and Yang’s choking
theory can be used to calculate the superficial gas velocities required to prevent saltation and choking
from occurring. Safety factors need not to be used with these correlations.

e Atheoretical process model and a methodology was developed which can be used to design a dilute
phase-gas particle transport facility and to determine the required operating envelope of the blower.
The model provides conservative estimates of the required pressure rise through the blower and the
blower outlet temperature when compared to empirical data.

e A concept layout design, an overall system layout and an instrumentation design for a gas-particle
transport test facility was developed and a prototype facility, of reduced complexity but consisting of
the most important components of the proposed final test facility, was designed, constructed and
operated. From the results of practical tests conducted using the prototype facility, it is concluded
that the design approach taken was successful and the methodologies developed in this thesis may
be applied in the detail design and operation of such a facility.

e A DAC system for the prototype facility was developed which allows for accurate control of the gas
and particle mass flow rates. The DAC system may be further developed for use in the proposed final
facility. All explosion-proof instruments used for the prototype facility may also be used in the
proposed final facility. Non-explosion proof instruments need to be isolated from the explosive
atmosphere or the explosive-proof variants of these instruments procured.

e Data analysis methodologies were successfully developed to determine the values of the measured
gas and particle mass flow rates and their associated uncertainties. These methodologies may be
adopted for the analysis of gas and particle mass flow rates when taking pressure drop measurements

over an orifice plate or when using a LIW or GIW system respectively.
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Appendix A. Bend Pressure Drop Theory

When analysing the pressure drop over a bend in gas-solid flow, the first step is to calculate the straight
pipe equivalent bend length. The length can be assumed the same way as in single phase flow for any
concentration (Klinzing, et al., 1997), therefore

_ZTTRb
b™ g

Where Lj, and Ry, are the bend length and radius in m respectively.

The pressure drop over the bend is then calculated by summing the gas only pressure drop and the solids
contribution. Klinzing, et al. (1997) recommends the use of a correlation developed by Ito in 1959 and
1960 to calculate the gas only pressure drop, and Schuchart’s (1969) correlation to calculate the solids
contribution. It is worth noting that Schuchart’s (1969) correlation was developed using relatively large

particles (1-2mm) and volumetric concentrations up to only 5%.
Itto

Itto’s gas pressure drop correlation for fully developed turbulent flow across a bend is given by Klinzing,

et al. (1997) as

D \2]7025
0.029 + 0.304 [Repipe ( ng;e) ] Lyp,U?2
Apbg = Do

( ZRb )0'5 2Dpipe
Dpipe

Dpipe
2Ry

2
where AP, is the gas pressure drop across a bend in Pa. Here Repl-pe( ) is known as the Dean

\2
number. The equation is valid for 300 > Re,;p, (sz;pe) > 0.034. For Dean numbers less than 0.034,
b
the pressure drop is equal to the straight pipe section loss.

Schuchart

Using Schuchart’s (1969) correlation, the solids contribution to pressure drop over a bend is

where APy, is the solids pressure drop across a bend in Pa. Here, AP, is the solids contribution to pressure

drop over a straight pipe of equivalent bend length i.e.

AB, = AP, per meter XLy
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Appendix B. Cyclone Theory

Introduction

Cyclone separators are gas cleaning devices which separate dispersed particles within a gas through
centrifugal forces (Flagan & Seinfeld, 1988). Cyclones are widely used in industry as they provide a
cleaning solution low in capital and maintenance costs and are adaptable to a wide range of operating
conditions (Dirgo & Leith, 1985). Cyclones are also “efficient in removing particles greater than 5um” and
are able to “handle heavy particle loads” according to Casal & Martinez-Benet (1983). A variety of cyclone
designs exist and can be categorized, according to Flagan & Seinfeld (1988), into either reverse-flow
cyclones (axial or tangential), straight-through-flow cyclones, or impeller cyclones. From literature,
tangential reverse-flow cyclones are the most widely used cyclones in industry. The design, efficiency, and
pressure drops associated with tangential reverse-flow cyclones are presented. The figure below, taken

from Fan & Zhu (1998), illustrates a tangential reverse-flow cyclone in operation.

5
Inlet of
gas-solid

flow

Dust
bunker ~~__

“ollected
particles
Design

The design of a cyclone is a compromise between the required collection efficiency and pressure drop

allowed (Flagan & Seinfeld, 1988). The physical size is of course also relevant and affects both the
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collection efficiency and pressure drop of the cyclone. From the literature reviewed, cyclones are usually

designed for a fixed inlet gas velocity.

High-efficiency General - purpose
Nomenclature Stairmand [72]  Swift [75] Lapple [4] Swift [75] Peterson & Whitby [8]

D, body dia. 1.9 1.0 1.0 1.0 1.0
a inlet height 0.5 0.44 05 05 0.583
b inlet width 0.2 0.21 025 0.25 0.208
S cutlet length 0.5 0.5 0.625 0.6 0.583
De outlet dia. 05 04 05 0.5 0.5 -
h cylinder height 1.5 14 20 1.75 1.333
H  overall height 4.0 3.9 4.0 3.75 3.7
8 dust outlet dja. 0.375 0.4 0.25 0.4 0.5
/ natural length 248 2.04 2.30 2.30 1.8
G 8K./K,2/Kp? 551.3 699.2 402.9 381.8 3248
Ny 16ab/D2 6.40 9.24 8.0 8.0 7.76

G/NH 86,14 75.67 50.36 47.7 41.86

When sizing a cyclone, the dimensions are specified relative to the cyclone’s body diameter D. Koch &
Licht (1977) provide broadly cited design configurations for tangential reverse-flow cyclones, given in the
figure above which was taken from Koch & Licht (1977). Additionally, Koch & Licht (1977) provide the

following geometrical constraints to obtain a workable design:

1. a<S$§

2. b<-(D—D,)

3. S+l <H
4. S<h
5. h<H

Fractional Efficiency

The fractional or grade efficiency n; of a cyclone is presented in various literature. This is the measure of
the cyclones ability to remove particulates of a certain size. Leith & Licht (1972) define the fractional

efficiency as a function of the particle diameter

Ny — N,
ni(Dp) = TN,
where N; and N, are the number of particles of diameter D), before and after the cyclone respectively.

Leith & Licht (1972) developed a theoretical correlation to predict cyclone fractional efficiency for the
purposes of design. The correlation is cited in numerous literature and is presented in the following form

by Koch & Licht (1977)
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1
Gfi% 2(n+1)

D¢

n; =1—exp —2[ (n+1)]

where T; is the relaxation time in seconds, defined as

ppD}
Ti(DP) = 11:3“5

n is the vortex exponent, which may be calculated using the following correlation

(12D)°M] [T + 4601>°
1-|1 [
n=1-]1-

2.5 530
and G is the dimensionless cyclone configuration factor, which may be calculated using the method

presented in Leith & Licht (1972), or the value taken for the configurations given in the figure above.

Note that the correlations above are valid for imperial units only i.e. I/;, isin ft3/s; D, is in ft; Pp isin Ib/ft3;

Ug isin Ib/ft-s; and T is in °F.
Overall Efficiency

The overall efficiency of the cyclone for a given particle size distribution (PSD) can then be calculated as

follows

nr = Z m;in;

where m; is the mass fraction of particles within size range i.

It is noted that Dirgo & Leith (1985) compared experimental curves with fractional efficiency curves
generated using published theories. They found the Leith & Licht (1972) theory to both under and over
predict the fractional efficiency over a range of particle sizes. However, for particles larger than 5um the
theory under predicted the fractional efficiency, and can therefore be regarded as a conservative estimate
for design. Furthermore, Dirgo & Leith (1985) mention that experiments were performed using a

Stairmand type cyclone and therefore the results may not be applicable to other cyclone configurations.

Other definitions for cyclone efficiency are also given in literature. For example, Flagan & Seinfeld (1988)

provide a collection efficiency in terms of mass

m —m
N = ——P2 %100 %
Myq

where m,; and m,,, are the mass of particles before and after the cyclone respectively. This efficiency is

easy to determine experimentally and was employed in a study by Faulkner & Shaw (2006).
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Another example is taken from Klinzing, et al. (1997), who define collection efficiency in terms of dust

concentration

ne =P PP2 4100 9
Pp1
where p,,; and p,,; are the dust concentrations (or bulk densities) before and after the separation device

respectively.
Improving Cyclone Efficiency
According to various literature, cyclone efficiency increases with:

e Increasing particle density.
e Increasing inlet velocity (up to a point).
e Increasing cyclone body height.

e Increasing outlet to inlet area ratios.
and decreases with:

e Increasing fluid viscosity i.e. higher temperatures.

e Increasing cyclone diameter, outlet diameter and inlet width i.e. larger cyclones.

Particle Re-entrainment

Kalen & Zenz (1974) and Koch & Licht (1977) quantify the inlet velocity at which particle re-entrainment
occurs i.e. the maximum inlet velocity until efficiency starts to decrease. Kalen & Zenz (1974) did this by
applying the saltation mechanism to cyclone design to hypothesise that efficiency will reduce if the
spiralling velocity exceeds the saltation velocity. Koch & Licht (1977) cite the work of Kalen & Zenz (1974)
and incorporate the results in their design guidelines, where they recommend an optimum inlet to
saltation velocity ratio of 1.25. However, aaccording to Kalen & Zenz (1974), the optimum inlet to saltation
velocity ratio is approximately 2. The figure below is an extract from Kalen & Zenz (1974), which shows
efficiency curves approaching an optimal point between an inlet to saltation ratio of 1.5 and 2. A value of

1.5 is therefore recommended as a conservative estimate for design.
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For a known inlet velocity v;, the saltation velocity v can be estimated using the following (simplified)

semi-empirical correlation developed by Kalen & Zenz (1974)

Where
[49“g (Pp pg)]
3pg

Note that the correlations above are valid for imperial units only.

Pressure Drop

Chuah, et al. (2003) compare empirical pressure drop correlations with experimental results from
published literature. The results show that the Shepard & Lapple correlation shows good prediction over

a range of inlet velocities. The correlation is commonly presented in literature because of its ease of use

and accuracy, and is given as follows:

1 2
AR, = Epgvi Ny
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where Ny is the number of inlet velocity heads and is calculated as follows:

N = K ab
H — Dez

where K = 16 for standard inlet cyclones and 7.5 for cyclones with volute inlets. Ny is dimensionless and

therefore Sl units may be used.
Minimising Cyclone Pressure Drop

The factors which increase cyclone efficiency also increase cyclone pressure drop and similarly, the factors
which decrease cyclone efficiency also decrease cyclone pressure drop. Koch & Licht (1977) have noted
that higher cyclone configuration factors facilitate increased efficiencies and that a lower velocity heads

facilitate decreased pressure drops. Since both these variables depend on cyclone geometry, Koch & Licht

(1977) propose that the ratio Ni be maximised for optimum cyclone design.
H

Effects of Loading

The efficiency and pressure drop theory presented above are applicable for relatively low dust
concentrations. However, the consensus from the various literature reviewed is that cyclone efficiency
and pressure drop increase and decrease respectively with increased loading. The use of the correlations

presented above are therefore advised for conservative design.
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Appendix C. Design Theory Derivations

Voidage

A relationship for a4 is obtained as follows:

_ Ty _ pPpUpApipe _ TpPrlp
Mg agPgUgApipe  PgUg

therefore
U,z
@, = PgUg
PplUp
and by definition
a, +ag = 1
therefore
o =1— pgUqz
g = 49
PpUp
Taking z = Z gives
U,Z
@, = PgYqg
PplUp
and
Uu,Z
a, = PgYg
PpUp

Particle Phase EOM

A particle phase EOM was derived by taking a 1-D Lagrange approach for a representative particle and
incorporating Eulerian elements, to simplify the analysis of friction and to account for the effects of

neighbouring particles on drag. The following assumptions were made in the derivation of the equation:

The flow is dilute and homogenous.
All particles are spherical and are of the same size.

The particle velocity is the average velocity over the CV.

1

2

3

4. Mass and energy are not transferred between phases.

5. Mach number, turbulence, and rotation effects on particle drag are neglected.
6

Virtual mass and Basset force effects on particle motion are neglected.

Colin F. du Sart A-8



MSc(Eng) Dissertation Design Theory Derivations
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The above equation is manipulated to obtain the mass §M,, of a representative particle and subsequently,

the friction force opposing particle motion in element §L, which is given by

The following free body diagram (FBD) is then constructed

8Fd SFfp

OFp

Applying Newton’s Second Law, the following particle phase EOM for vertical flow is finally derived
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2 2
Oup _ ECD =47 pg(ug —wp)” g (1 _ P_g> _ Applp
ot 4 g pPDP pp 2Dpipe
\ J
Drag Gravity &  Friction
Buoyancy
where a, may be expressed as
a zl_ngg< My >:1_i
7 Polp \PgUgApipe PpTD ety

For horizontal flow, the gravity/ buoyancy term is equal to zero.
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Appendix D. Dimensionless Number Groups

Dimensionless number groups were used to design for similarity of PF conveying systems in South African
coal-fired power plants. The following section presents the dimensionless numbers considered and

selected for scaling of the prototype and proposed final test facility.
Dimensionless Number Groups in Literature

The amount of dimensionless number groups related to gas-solid flows are abundant. They also apply for
different phenomena i.e. the groups associated with saltation are not necessarily the same as those that
apply for choking. For example, Cabrejos & Klinzing (1994) identified seven groups related to the saltation

phenomenon alone. The number groups found in various literature are presented below.
Geometric Similarity
For geometric similarity, the following groups apply:

1. The ratio of particle to pipe diameter D), /Dp;pe.
2. The relative pipe roughness &, = £/Dpipe.

3. The pipe geometry and particle shape.

Flow Similarity
For flow similarity, the following groups apply:

1. The loading Z i.e. the ratio of mass flow rates of particles and gas.
2. The solids mass concentration Cy, and/ or

3. the solids volume concentration or volume fraction .

Dynamic Similarity
For dynamic similarity, the following groups apply:

1. The Reynolds number i.e. inertial force/ viscous force. Four types of Reynolds numbers are found in

literature, these include the pipe, particle, terminal velocity, and relative particle Reynolds numbers.

DyineU, D,U D,u Dy(u, —u

Re = Pa”pipe g;Rep:pg pg;RetO:pg P tO;Rer=pg p(ug — up)
Hg Hg Hg Hg

2. The Froude number i.e. inertia force/ gravitational force. Froude numbers based on pipe and particle

diameters are found in literature, with the former being the most commonly used. Additionally,

Froude numbers based on the particle terminal velocity, and the superficial gas velocity at saltation

Usqir have been found in literature.
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U U2 U2 Usar
Fr=—2% — Fr,=—2;Fryy = ——; Froy, = —2t_
) D ) to ) salt
Dpipeg ng Y, ng Dpipeg

3. Fan & Zhu (1998) show that the similarity of the Stokes number St can be achieved by ensuring the

similarity of the “pseudoparticle Reynolds number” Re,, and the “inertia parameter” . By definition

Vi ey _pplDd
-t T U '¢_18,ul
g g

Where V is a reference velocity in m/s, [ a reference length in m, and 7, is the momentum response
time in s and is given by
= ppD7
=27
18u,
4. The ratio of particle and gas densities p, /pg as well as the Archimedes number Ar are also found in
literature.

_pg(Pp = pg)9D;}
- 2
Hg

Ar

Dimensional Analysis
Noting that the drag coefficient Cp., is a function of the relative particle Reynolds number Re,., The

equation of motion for N particles in a differential section of pipe length 5L can be written as

6up 3
St 4 [CDw(pg'ug' Up, Dp'“g)]

1— nggz>_4l7 py(uy — up)z —g <1 _ p_g> _ M
PpUp PpDp Pp)  2Dpipe
Furthermore, it is noted that the gas and particle velocities u, and u, are functions of the superficial gas
velocity Uy. Uy is therefore be used in place of both u, and w, in the subsequent analysis. Also, although
empirical correlations exist for estimating the solids friction factor 4y, it is widely accepted in literature

that Ap,, depends on the combination of pipe and particle materials. It is therefore excluded as a variable

in the subsequent analysis with Z, which is deemed a co-requisite for flow similarity.

The table below lists the unique variables together with their corresponding MLT dimensions:

Variable Symbol Sl Units MLT Dimensions
Geometric

Particle diameter D, m L

Pipe diameter Dyipe m L
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Kinematic

Superficial gas velocity U, m/s LT
Gravitational acc. g m/s? LT
Dynamic

Gas density Py kg/m?3 MmL3
Particle density Pp kg/m?3 MmL3
Gas viscosity Ky kg/ms MLAT

Using the Buckingham IT Theorem, the following © groups (dimensionless numbers) are obtained by

selecting Uy, pg o1 pp, and Dy, or Dy as repeating variables:
UgDpPp  UgDppg  UgDpipePp  UgDpipePy

) ) )

Hg Hg Hg Hg

Selection of scaling parameters

Taking into consideration the numbers given in literature and the results of the dimensional analysis

performed, similarity is achieved as follows:
Geometric Similarity

1. The pipe geometry and particle shape are similar i.e. the pipe cross section is circular and the particles
the same.
2. The ratio of particle to pipe diameter D, /Dy, and the relative pipe roughness &, are not used for
scaling. The exclusion of these numbers is justified as follows:
2.1. Itis apparent from literature that particles used in models are usually the same as in the scaled-
up plant. This is confirmed by Klinzing, et al. (1997).

2.2. Satisfying Dy, /Dy, Would require the use of extremely fine particles and of a narrow size range.
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2.3. According to Zenz (1964), extremely fine particles require higher conveying velocities as they get
trapped in the viscid boundary layer. Tests conducted for extremely fine particles would
therefore result in biased data points.

2.4. &, is likely to vary with time due to erosion. It is therefore uneconomical to keep &, constant.
Flow Similarity
1. The loading Z is kept within the ranges required for low NOx burner ignition.
1.5 < ! < 2.5
. Z .

2. The volume fraction a, is kept below 0.01. This is a criterion for dilute flow as given in various

literature.

Dynamic Similarity

1. The particle Reynolds number is used for scaling

D, U
Re, = PgtpYg
Hg
2. The particle Froude number is used for scaling
U
Fr, = g
gDy
3. The inertia parameter is used for scaling
b= PpPpUy
Hg

Note that numbers containing Dy,;,, were not selected, as It was deemed too difficult to satisfy them

without having to use a Dp;p, of the same size as a those found in coal-fired power plants.
Kinematic Boundary Condition Similarity

Although not explicitly accounted for, the similarity of flow around the system boundaries (particle and
pipe wall) is deemed similar because of the use of similar particles. A form of the Reynolds number is also

included in the dynamic similarity scaling.
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Appendix E. Conversion from Bits to Current

NI 9208 Al

The NI 9208 Al has 24-bit resolution. However, current is measured indirectly using an internal shunt

resistor of 85( .. the span of the voltage drop within the 4-20mA measuring range is

V = IXR = 0.020(85) — 0.004(85) = 1.7 — 0.34 = 1.36V.

The measurement supply voltage is £30V .. the voltage consumed by the current loop is % = 2.267%

of the measurement supply voltage.

24-bits equates to 224 = 16777216 counts .. the voltage resolution is 16777216 counts or 16733216 =
3.58uV.

. .. 136 204
The corresponding current resolution is o0 x16777216 = 380283 counts or 80083 = 42UA.

LCA

The LCA has 16-bit resolution on the output of 4-20mA. This equates to 21® = 65536 counts - the current

resolution is 65536 counts or —— = 244uA.
65536
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Appendix F.

Embedded Scilab Script

Gas Flowrate Inputs

Gas Dynamic Viscosity (kg/ms) [ }

Gas Density (kg/m3) —
— 1000
Internal e Diameter (mm) -

Orifice Pressure Drop (kPa)

Gas Expansibility Factor  |—

Crifice Beta Value = b

Colin F. du Sart

/fAdditional Inputs

=

L2 = 0.47

/{Intermeddiate Calculations
Dwve = Dpipe*Beta;

M2 = (2*L2)/(1-Beta);
fflmvariant

A = (epsg™(Dvc 2y sqrt(2*dP*rhog))/ (mug*Dpipe*sqrt(1-(Beta™4)]),

Dpipe|Cd(1) = 1;

diff(1) = abs(A-CX(1)/Cd(1)));
/i2nd guess
X@) = 2
Cdi2)=1;
diff(2) = abs(A-(X(2)/Cd(2))):
/{Convergence criteria
n = 4 //Choose - affects accuracy
tol = 15(10~(-n]);
=2
fflterate
while abs({A-(X(i)/Cd(i)))/4) » = tol
izi+l:
K0 = X013 - (i G- 10+ (G- 2K0-200/ (diffi- 1) -diffi-20000;
AD = ((1900*Beta)/ (X)) ~0.8;
Cd(i) = 0.5961 + 0.0261*(Beta™2) - 0.216%(Beta*8) + ...

0.000521*({{(10"E)*Beta)/X([)) ~0.7) + (0.0188 + 0.063"A0)"...

(Beta™3.5)"(((10"E)"Beta)/ (i)} ~0.3) + (0.043 + ..,
0.080%(exp(1)~{-10°L1)) - 0.123%(exp(1)A(-T*L1)))"...
(1-(0.11*A0))* ((Beta™4)/(1- (Beta4)]) - ..
0.031*(M2-(0.8*(M21.1)))*(Beta*1.3);
diff(i) = abs{A-X(i)/Cd(i));
if i=20
break
end
end
JfResults
Repipe = X(i);
Mdotg = (¥pi*mug*Dpipe*Repipe)/4;
Cd = Cd(i);

P

Embedded Scilab Script

Pipe Reynolds Number

FDBL]

Gas Mass Flow Rate (kg/s)

MDEL |

Discharge Coefficient

......................... P

A-16



MSc(Eng) Dissertation Hand Derivations

Appendix G. Hand Derivations
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1
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Hand Derivations
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Appendix H. Process Model Flow Charts

HORIZONTAL SIMILARITY MODEL

Y
/ Given
\I‘TQ.EESEJPg.EﬂEJAF’UQ.E&TEJPPJDP?NE &.IG
START
A P Calculate
s5ume
s dp:l——ﬁ
_.—-—'_'_._._._._._._._-
Caleulate A Calculate
<& ssume <
dPp.; [* HmeTo e dP, .
F 9
MO
Calculate
YES T APy
Calculate Calculate
dPyy; and T, [® dP;_,,

._./ Start Again )
\

PASS =<GE1: dpbinwe‘r & %U)

FINISH

Test for
Usnit & 'Ugc
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VERTICAL SIMILARITY MODEL

Process Model Flow Charts

~

h J

Given

Qmsupg_ca: CAF Uy e 05, Dy N &

START

Assume dPyrg

Calculate
dPy 7

Y

Caleulate
dPT—)B

I

Assume d Py,

Calculate
dPlnl-:l ﬂ-ﬂd Tg

A

Caleulate

NO

L g
YES

Calculate

dPZ—pl

Colin F. du Sart

Calculate
dp-l-—ﬂ

dPg_ 14

Test for
Usait & Ugc

FAIL

PASS

» ASSUME T

Caleulate
dPE—%]

ar
s art Again
-

4‘*(’391: dphinwe'r & I{g I])

FIMISH
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SALTATION MODEL

Process Model Flow Charts

l

Colin F. du Sart

Test for
Usait & Ugc

Calculate / Given
APy 1p \T?g-msbpg'wﬂ’z’ UQ-EEt’pperJNc &f
START
Y _——
A Calculate
ssume .
” dP-_,
dpj.'ju 7—=10
YES
Caleulate ";"—"J ip
- ssume -
dP4—>T +* u 47
Calculate
»  Assume
dP;s_ > PRt
Y
Caleulate Caleulate Caleulate
AP,y and T « dPs_,, dPs_,4

FAIL
Start Again
PASS 4<'39t APy o er &L}gﬂ>

FINISH
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CHOKING MODEL

Process Model Flow Charts

Calculate
Idpfl-l-—ﬂl:l

Given

Tgteses Porests £, Up rose s Py Dy N & B

START

h

¥ —

Assume

dp?ll]

Calculate
dp_q__,'l,'

Calculate
" dPry
T

e AssumedP.,

NO

Calculate
dPy s, and T,

Colin F. du Sart

YES

Calculate
Py s

Caleulate
dPZ—s:‘l

Test far
Usaft & Ugc

PASS

Assume 1,

v

4
Caleulate
sz—sj

FAIL
> Start Again

—;.(Gét dpbiuwer & '[jrgu>

FIMISH
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Appendix |. Prototype Process Model

Process Analysis for Prototype Tests (PFD25)

This model calculates the required blower pressure rise and process conditions at points along the prototype
test facility.

Summary of assumptions made:

. The filter loss coefficient = 0. 1Pa.s/m3

. The blower isentropic efficiency = 60%

. Sight glass modelled as standard pipe

. Blow through rotary feeder inside diameter (ID) = test pipe ID

. Temperature in pipelines constant and = Tg.test/ blower outlet temperature

. Density across pipe sections constant and = inlet or outlet density of the respective pipe section
. U.g. across pipe sections constant and = inlet or outlet U.g. of the respective pipe section
. Flow properties within bends assumed constant and = inlet flow properties

. Initial particle velocity = 0.5*U.g in vertical and return pipelines

10. Initial voidage = 0.45 in horizontal acceleration pipeline

11. No pressure recovery after orifice

12. Negiligible pressure drop in reducers/ expanders

13. Negligible pressure drop at pipe joints

14. Negligible pressure drop in gas only bends

15. Gas contributions to bend pressure drop negligible

16. No additional pressure drop due to rotary feeder blades/ buckets

OO~ WN-—=

Notes:

1. Conservative uncertainty factors applied to orifice, cyclcone, horizontal, vertical and retumn line pressure
drop calculations.

2. Filter pressure drop calculation highly simplified.

3. Highlighted text indicates model inputs and comparative values for manual iteration.

1. Inputs

[~
1.1. Test conditions

Assumed temperature Tg.test = 43°C
Assumed pressure (at feed point) P test 1= 114cPa
Particle mass flow rate (between 0.08 and 0.8) |\'/|p = o,4§
5
Superficial gas velocity at beginning of horizontal acceleration pipeline Uy test = 142
(between 8 and 24) &
1.2. Particle properties
- 23008
Particle density Pp = s
m
Particle diameter (between 125 and 180)
Dy, = 65pum

Colin F. du Sart A-28



MSc(Eng) Dissertation Prototype Process Model

1.3. Ambient gas conditions

Assumed Temperature

Assumed Pressure

1.4. Test rig properties

Orifice Beta value

Test pipe diameter

Gas only pipe diameter

Relative test pipe roughness

Relative gas only pipe roughness

Assumed filter loss coefficient

Return line length

Vertical acceleration length

Test section bend radius

Horizontal acceleration length

Length from orifice outlet to feed point

Length from blower to orifice inlet

]

Colin F. du Sart A-29
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2. Intermediate calculations

&

2.1 Test section gas properties

I
R, = 287 058 ——
K

Specific gas constant for air B ke
P
Gas density Pg.test = i 1.2561((—g
Rg'Tg.test m3
Reference temperature Lon= 273105k
o : _ — 5 kg
Reference dynamic viscosity Meef = 1716 x 10 ~—
m-s
Sutherland's constant S1:=1104K
3
2
Tg.test Tref + 51 1991 = 16™ 5 kg
Gas dynamic viscosit Mo test = Mref® ' C el om
y y 8 Tref Tg.test + 51 S1m
2.2 Loading/ Mass flow rales
2
’TF(D :
: plpe.test) -3 2
Test section cross area A‘pipe.test = T =4769x 10 "m
M, = Py rocr A U, g = 0.084 -2
Gas mass flow rate g+ Pg.testpipe test g test = O g
Mg
AF Ratio algmg = =0l
P
1
Loading Z.:E:4.77
2.3. Particle terminal velocity
2
(Op)"(pp ~ g) e
P P g
For Stokes flow utO.stokes(pg) = —
"Hg test
R o pg'Dp'UtO.stokes(pg)
Corresponding Reynolds number etO-StokeS(pg) T

“‘g.test
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5
0.6 1.6 1
_ _ i_(pg) {Dp) _(pp - pg)_
For Intermediate flow utO-lﬂt(pg) Tl 06 D &
(“’g.test) &
Corresponding Reynolds number Rey ]-m(p ) = M
- & ug.test
Particle terminal velocity UTO(pg) = uto-StOkeS(pg) it RetO-StOkeS(pg) <1

utO.int(pg) otherwise

2.4. Equations of motion

Particle-wall friction factor

(o), T

I“Lg.test

0.117-(1 - cxg)
s 5 3D 5 N = .
>\Ph(Otg Ug>Up> pipe pg) 0tg3 { pg-Dp.(ug = up). ,g'Dpipe J
1 e DptiofPe) e
. ( ) 0.0206-(1 = @g) ( a O‘g)' g st "M test
o, .u,, . . e "
viOgotg=tp- Py QgS pg'Dp'(ug _ up)

Infinately dilute drag coefficient

- 0.6
CDinf(ug’up’pg) = 18_5.{M:|

Particle acceleration

2 2
-47 pg'(ug - up) B )\ph(ag’ug’up’DPiPe’pg)'uP

PpPp 2-Dpipe

3
aph(0g g s Up>PpipesPg ) = 7 “Dinf A

3
(Ot g U DpipesPg ) = 7 CDinf (g staps Py ety

2 2
- 47 P {ug — up) _ g_[l _ ﬁj ~ Mpv(®g g Up- P ) Up

PpPp Pp 2Dpipe
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2.5. Colebrook friction correlation

B()\ £_,Re P 2_10g(i & 2.51 \

1
g Eps plpe)' \/g L3'7 Repipe\]gj

A

3. Across filter (10 to 11)
&1

3.1. Intermediate calculations

Pressure at filter outlet Pg_11 = Pg.O = 101.3-kPa
Pg.ll ke
g : =—=1.116
Density across filter (assumed same as at outlet) Pg.1011 = T '
g ~g.test m
M 3
Volume flow rate through filter Vdotg 1011 = £ __ 0.075 —
' Pg 1011 8
3.2. Pressure drop
Pressure drop across filter dP =k Vdot, =7513x 10 3 B
1011 == *filter" V949 1011 = 1 5 d
Pressure at filter inlet Pg.lO:: Pg.ll + dPygyp = 101.3-kPa

]
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4. Across cyclone (9 to 10)

Prototype Process Model

L

4.1. Additional inputs (Stairmand Type Cyclone)

Cyclone diameter

Cyclone inlet height

Cyclone inlet width

Number of velocity heads

Configuration factor

4.2, Intermediate calculations

Pressure at cyclone outlet

Gas density across cyclone (assumed same as cutlet)

Volume flow rate through cyclone

Particle relaxtion time

Cyclone vortex exponent

Inlet area

Effective radius

Colin F. du Sart

= 0.682ft = 0.208 m

a:= 0341ft= 0104 m

b= 0.136ft = 0.04]1 m

Nipi= 6.4

G, = 5513

Pg.lO =101.3-kPa

P
g.10 kg
Py o1g= —=—— = 1.116—=
. Rg'Tg.test m3
M 3
Vdot, g1 = —— = 0,075 —
2.
Pg.910 5
2
py-D
r=—L P 0085
18'“‘g.test
0.14 03
De Tg.test 9
— -— — 45989 | + 460
ft 5
25 J 530

A; = ab = 4308 x 16 2

Ti=

-(DC = b) = 0.083m

ra | =

2

= 0.527
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Kalen & Zenz parameter

4.3. Fractional efficiency

Fractional efficiency correlation

Inlet velocity over saltation correlation
(SHOULD BE LESS THAN 1.5
to avoid re-entrainment)

4.4. Pressure drop

Pressure drop across cyclone

Pressure at cyclone inlet

A

Prototype Process Model

1
3
e 4'g'ug.test'(pp - pg.910) _ g
' 2 ' S
3Pz 910
’7 ; 5-‘
IVG'C'T'VdOtg 910 —IIH»1
ni=1 - exp| 2| ——e—.(n+1) = 0.999988
3
D,
Vdotgglo
Af
Rsalt:: — T =1.341
_ S . 3
(V Otg.910]
0.4 A
b
2.1-(9.6-?) - —lf
t t
322—.r
2
- e S - -
Vdot, Z
_ 2910 3

Colin F. du Sart
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5. Return line (8 to 9)
]
5.1. Additional inputs

Time ste
P At = 0.000001s

Finite difference method constant c
FDM:= 0.7

5.2. Intermediate calculations

Pipe diameter Dpipe.89 = Dpipe.test = 77.92-mm

2
Pipe cross section area T Diipe. -
: Apiegg::ﬂz4.769x10 P
pe. 4
. . —4
Pipe relative roughness €80 = €ppagt = 3-89 x 10
Pressure at section outlet Pg_g = 1.024 x 105 Pa
. ‘89 11252
Gas density across section (assumed same as outlet) Pg.89 = . T
R,-T
g~ g.test m
Superficial gas velocity .
M
U, gq i= ——2—— = 15.588 —
g.89" :
Pg 89 Apipe.89 .
Pipe Reynolds number Repipe.89 = 589 ppeRY 58 =7132x 104
I“Lg.test
Assumed particle velocity at beginning of section Ug.89 m
ugi=—— = 1794 —
p- 2 s
Voidage at start of section Pg 89" Ug 8977
. Qg gi= 1~ —E——2—— = 0995321
Pplp.8

Gas friction factor

Guess b

g.89 = 0.05

Colin F. du Sart A-35



MSc(Eng) Dissertation Prototype Process Model

Given
B(X\g 89:€189-Repipe g9) = 0

Solution
N 8= Fmd()\g_gg)

Gas friction factor {(Darcy-VWeisbach type) )‘g.89 = 0.021

5.3. Flow calculations

Solve loop
Results = |1« 0

Ogy « Oy g

upy <= u

Py < aph(ugO’UgO’HPO’Dpipe.SQ’pg.89)
S0 < ap,

while X = Lgg

up. | < up, + Si-At

X.

L] T 0.5-(upi+ up

i+1)'At

Us 89°Pg 89°Z
Pp Py

og <o
Ug g9

g

Ui

B < alph("‘gm Ug;, 1Py, 1 Ppipe 89> pg-89)

Si+1 <« FDM-apiJrl + (1 - FDl\/I)-api

i1+ 1
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Displacement array

Particle velocity array

Gas velocity array

Voidage array

Number of elements

Time array

Horizontal steady state particle velocity

Horizontal steady state gas velocity

Horizontal steady state voidage

Horizontal steady state friction factor

Xgg = Resultso-m

= Results -—
'Llp89 = (SE1N ] Sl' ¢

= Results -—
ug.89 = esutsz-S

ug g9 = Res:ults3

ngg = last(XSQ)

1
. m
m
U, gi=1 = 15628—
g9 g.89n89 5

89

Prototype Process Model

ii= 01'189

Ap.9 = Xph(ug.89n89’ug.89n89’up.89n89’Dpipe.89’pg.89) = 0.049491

5.4. Plot

Particle Velocity & Displacement vs. Time

16 T
13.714F
“p.89 11429

= |3

9.143

6.857

4.571

2286

0
0 0.043

Colin F. du Sart
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0.129

tgo

8

0.171

0.214 0257 0.3
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5.5. Pressure drop

Pressure drop across section

[ psorper(ies) 2potpll ~oohps)’]

dPSQ = + L89 =223 % 103Pa
2':Dpipe.89 2':Dpipf:.89
2 2
(L og o (Up0)” - Pp{1 - g g)(upg)
incl. uncertainty dbeoas= dPggr1.3 = 2.899 x 103Pa
Pressure at section inlet Bgt= Suort Hige=100200000
[
6. Vertical acceleration section (6 to 7)
=l
6.1. Additional inputs
Assumed pressure drop from 6to 8 dPgg = 2.864 kPa
6.2. Intermediate calculations
Pipe diameter Dpipe.67 = Dpipe.test = 77.92.mm
2
Pipe cross section area Ap ; "T'Dpipe.67 4769 % 10 3
pe67 = T 4, " % 1.
Pipe relative roughness €67 Eppest = 385 % 10 4
Pressure at section inlet Pg_6 = Pg.S + dPgg = 108.149-kPa
. . . Pg 6 kg
Gas density across section (assumed same as inlet) Py 67 = — = 1192—=
' Rg'Tg.test m3
K ; Mg m
Superficial gas velocity Ug g7 = ———— = 14757 —
Py 67" Apipe.67 8
Pipe Reynolds number Re e 67 = E0V PIERGT g4 =7.132x% 104
pipe Mg.test
_ 288,y
Assumed particle velocity at 6 Up6 T > T
Colin F. du Sart A-38
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Voidage at start of secticn

Gas friction factor
Guess >‘g_67 = 0.05

Given

B(X; 67-€1.67 Repipe.67) = 0
Solution

Aasaa= Find(x, 7)
Gas friction factor (Darcy-VVeisbach type)
6.3. Flow properties

Results :=
Solve loop

Colin F. du Sart

Prototype Process Model

Pg 67" Vg 672
0y 6= 1 ~ —E——=—— = 0.995057
PpUp.6

1«0
0gy < Og g
upy < Uy g
Xg <« 0

U

67

llgo < g

By apV((‘go’UgO’uPo’Dpipe.cS?’Pg_67)
S0 < ap,

while X, =Llgr

up, < ups - Si-At

X e Xt 0.5-(upi + upi+1)-At

Ug 67'Pg.67°2

ag. .o« 1
i+ 1 .
pp WP

Ug 67
i1 “
Odg’i+1

WP < %V(“gm U, 195, 1> Ppipe.67- pg-67)
Si+1 «— FDM-api+1 + (1 - FDM)-api

i1+ 1
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Displacement array

Particle velocity array

Gas velocity array

Voidage array

Number of elements

Time array

Vertical steady state particle velocity

Vertical steady state gas velocity

Vertical steady state voidage

Vertical steady state friction factor

Xg7 = Resultso-m

m
up.67 = Resultsl-:

m
ug.67 = Resultsl-:

O‘g.67 = Results3

Ng7 last(x67) 1:=0 W TNgn

m

U,

m

8

Prototype Process Model

xp_7 = xpv(ugﬁ,jnm,ug_67n67,up_67n67,pg_67) = 0.021478

Particle Velocity & Displacement vs. Time

6.4. Plot
14 T
12
p.67 10
m
. 8
Xg7 O
m a=
af
L 1

0
0 0.020  0.057

Colin F. du Sart
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6.5. Pressure drop

Pressure drop across section

dPgy = {(1 ~ 0 7) P8 + O 7P 67°E - -‘-Lm .. =1221 x 10°Pa
2 2
X g 67°Pe.67 (9 7) X N 7P (1~ g 7)(1p7)
2'Dpipe.67 2'Dpipe.67’

+op(1 - 0ﬁg-?)'(up-?)z o1~ O‘g-ﬁ)'(up-ﬁ)z

incl. uncertainty ggﬂ = dPgs-1.3=1.587 x 103Pa

. 5
Pressure at section outlet Pg_7 e Pg_6 — dPg7 = 1.066 x 10" Pa

[+]
7. Top bend (7 to 8)

L

7.1. Intermediate calculations

m
Particle velocit u = =13.975—
¥ pI8 = Up7 .
m
Gas velocity Uy 78 = Ug 7 = 14.796—
S
Voidage Qg 78 1= Qg 7= 0.99739
Solids friction factor )‘p.78 = )\p.—,, = 0.021
Pipe diamater Dpipe 78 = Dpipe test = 0-078 m
Bend radius Rp 78 = Rp egt = 1m
- Np. 78 Pp(1 — g 78)Up 782 Pa
Solids only pressure drop per meter AP jids v = . . . =161.57.—
2'Dpipe.’/’S L
Log:= 2 Ro 78 =1571
Equivalent bend lengths T8 4 = 201
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Equivalent solids only pressure losses

7.2. Pressure drop

Bend pressure losses

Pressure section outlet

Pressure drop from 6 to 8

Al

Prototype Process Model

AP i ds 78 = APy yligs v L7g = 253.794 Pa

- 115
_ ER i 3
dPog = 210 ——— AP, g 7g = 1.276 % 10" Pa

D = Pg.7 — dP1g = 105.286-kPa

%&Z: dP67 + dP78 = 2.864.-kPa

8. Horizontal acceleration section (4 to 5)

=l
8.1. Additional inputs

Assumed pressure drop from 4t0 6

8.2. Intermediate calculations

dP46 = 551 kPa

Pipe diameter Dpipe.45 = Dpipe.test = 77.92-mm
2
D
_ _ 45 -3 2
Pipe cross section area . i= — e 4769 10 "m
Aplpe.45 4
Pipe relative roughness €145 = Eppagt = 3B % 10 4
Pressure at section inlet Pg 4= Pg g+ dPyg = 113.659-kPa
. . . Pg 4 kg
Gas density across section (assumed same as inlet) Pg 45+ — = 1252=
' Rg' g test m3
r\'/lg -
Superficial gas velocity Ug q5i= ———————=14042—
Pg. 45 Bpipe. 45 s
Pipe Reynolds number Re - = BAY DRSS 849 =7132x 104
pipe.45 I
o test
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Gas friction factor

Guess )\g_45 = 0.05

Given

B(Xg 45:€1 45-Reping 45) = 0

Solution
Nawin= FINd(Xg 45)
Gas friction factor (Darcy-Vveisbach type) )\g_ 45 = 0.021
8.3. Flow calculations
Results:= J1< 0
Solve loop
Qgy < 0.45
u . -7
.45 Pg 45
upo <— —g g
(1 — ago)-pp
X <« 0
1
45
ug. < 2
0 ng

By % aph(agQ’Ugo’up()’Dpipe.élS ’ pg.45)
S0 < ap,

while x, < Las

up,, < up; o+ Si-At

X e XA 0.5-(upi+ uPi+1)'At

18} . "z
45 Pg 45
og, , «1- E2 8L
PpUPiiq
1K)
g.45
Ui ag

i+1
Wyay & aph(agiﬂ U8 1 Wiy Dpipe.45 ’ pg_45)
Si+1 <« FDM-api+1 + (1 - FDM)-api

i1+ 1
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Displacement array Xy5 1= Resultso-m
m
Up 45 = Resultsl-—

Particle velocity array

m
Gas velocity array Uy 45 = Results,-—

Voidage array Qg 45 = Result;s3

Number of elements

ny5 = last(x45) 1:=0 w1y5
Time array tys, = 1-At
1
Horizontal steady state particle velocity Uy 51 Uy a5, = 13.155—

5

Horizontal steady state gas velocity

m
u, =1 = 14.081 —
83" "8A5mys s

Horizontal steady state voidage o

Horizontal steady state friction factor

Np.5i= Xph(ag.45n 4578 45n 45’up.45n45=Dpipe.45’pg.45) = 0.040001

8.4. Plot
Particle Velocity & Displacement vs. Time

14 T T T T T T
12 .
.45 101 ]
X5 O }
m 4 e -
----- 1 |

olmaz==="" i L 1 L 1

0 0.057 0114 0171 0229 0286 0.343 0.4

tys

5
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8.5. Pressure drop

Pressure drop across section

[>\g.45'Pg.45'(ug.5)2 X X5 Pp(1 - %;.5)'(%.5)2

-| 2 3
dP,c = L+ pol — o . =2512x 10 Pa
45 45+ P 5 7
2'Dpipe.45 2'Dpipe.45 J p( 5 )(up )
; ; 3
incl. uncertainty ggﬁ = dPy51.3= 3265 10" Pa
) 5
Pressure at section outlet Pg_5 = Pg_4 — dPy5=1.104 10" Pa
=

9. Bottom bend (5 to 6)
&

9.1. Intermediate calculations

m
Particle velocity . R §

m
Ug56 = ug5 = 14.081 —

Gas velocity -
Solids friction factor Ap.567= Xp.5= 004

Pipe diamater Dpipe.56 = Ppipe.test = 0078 m
Bend radius Rp.56 = Rptest = 1
Pl — o u

Solids only pressure drop per meter P i 1= *p.56 Pp ( g'56) |

2'Dpipe.56 L

MRy, 56
Equivalent bend length Lysgi=——=1571m
- 4

Equivalent solids only pressure loss dPoiids 56 = Peolids kb, 56 = 444917 Pa
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9.2. Pressure drop

Bend pressure loss

Pressure loss from 4 to 6

n

dPz. = 210.
56 {D

Prototype Process Model

2'Rb_56 —-1.15 3
D . AP lids 56 = 2237 x 10" Pa

pipe.56

10. Orifice outlet to feed point (3 to 4)

=

10.1. Intermediate calculations

Pipe diameter

Pipe cross section area

Pipe relative roughness

Pressure at section inlet

Gas density across section (@assumed same as inlet)

Superficial gas velocity

Pipe Reynolds number

Gas friction factor

Guess ')‘g.34 = 0.05

Given

B(Xg 34-€; 34-Repipe 34) = 0

Colin F. du Sart

Dpipe.34 = Dpipe.gas = 102.26-mm
2
mD_.
. pipe.34 -3 2
Apipe.34 = —————=8213%x10 "m
= - 2934% 107
£r34° Er.gas s x
Pg.4 = 113.659-kPa
P
A k
Pp 34~ —E&7 |- 1252-%
Rg'Tg.test m3
U, 24" Ve 8.153 —
34 __ 0 = &. =
§ (Pg 34 Apipe 34) s
Pg 34" Ppipe 34"V 34
g. Prpe. g. 4
Repipe.34 = = 5434 < 10
Mg.test
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Solution

Nesdde= Find( X 34)

Gas friction factor {Darcy-VVeisbach type)
10.2. Pressure drop

Pressure drop across section

Pressure at section inlet

[«

Prototype Process Model

\ 2
o 34'Pg 34(Ug 34)
dP,, = L
34 2D 34
““pipe.34

= 52.67Pa

11. Across orifice (2 to 3)

=l
11.1. Additional inputs

Pressure ratio
Length constant 1

Length constant 2

Gas isentropic exponent

Pressure drop confidence

11.2. Intermediate calculations

Pressure at orifice outlet

Assumed pressure at orifice inlet

Gas density at orifice inlet

Diameter of pipe

Colin F. du Sart

T, = 98.991%

Ll = 1
Ly =047
(S
N, = 95%

P, 3= 113.712kPa

g
P
3
P o= —2= — 114871 -kPa
g. o
Qo
P
2 k
Pyt — A% 1pe5=
Rg'Tg.test m3
Dpine.2 = Ppipe.gas ~ 0102m
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Diamater at vena contracta D= B-Dpipe_2 = 0.056m
2
D
Pipe cross section area A‘pipe 9= Rkl =8213x 10 3m2
: 4
M m
Superficial gas velocity Ug 5= — . gggr
(pg.2'Apipe.2) 3
Pipe Reynolds number Py 2-Diipe 2V 2
pe K&y Re ;o= —2bbos 82 54345 10
pipe. I
g.test
Constant 3 2Ly
My = ——— = 2.089
=
0.8
Constant 4 A= 20008 = 0.267
Repipe.Z
1
Gas expansibility factor g =1~ (0.351 +0256:8" + 0.93-@8)- [ (TO) "l = 0997
Discharge coefficient
0.7
2 8 BEER
Cgq:= 0.5961 + 0.0261-(8)" - 0.216+(B)" + 0.000521 -| ———— = 0.611
LRepipe-Z
35 10° 0'3]
1. (0.0188+ 0.0063-AO)-(B) | ——
Repipe.Z
—{0T, — i 4
+(0.043 + 0.080-¢ 0123 1)-(1 = O.ll-AO)-L
4
1-(P3)
1.1 L3
+0 - 0.031 -|:M2 ~ 0.8:(My) }-(B)
11.3. Pressure drop
w2t ) 3
Pressure drop across orifice dPy3 = — =1.102x 10 Pa

2.2 4 2
T -Cd Dye Py 2'Eg

_ . dP33 3
Adjusted for uncertainty dPaa = =116x 10" Pa
Mo
Pressure at orfice inlet Mgatn Faat by =M ET T

n
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12. Blower outlet to orifice inlet (1 to 2)

L

12.1. Intermediate calculations

Pipe diameter

Dpipe.12 = Dpipe.gas = 102.26-mm
Pi ti D ?
Ipe cross section area _ Mpipel2 -3 2
Apipe.l2 = T =8213x10 "m
Pipe relative roughness —4
€12 = & gag = 29345 10
Pressure at section outlet Pg 5=114.871-kPa
i ; P = Pg_ =1 266k_g
Gas density across section (assumed same as outlet) gl | p or ' 3
g g.test m
5 ; Mg m
Superficial gas velocity Ug |g=7—————=8.067T—
(Pg.12-Apipe.12) 8
. P -D_: -U,
Pipe Reynolds number Repipe 12:= 12" SRl ¢12 = 5434 x 104

l“Lg.test

Gas friction factor

Guess A

Given

B(Xg 12:51 12:Repipe 12) = 0

Solution
Nedan= Find(X 12)

Gas friction factor (Darcy-Vveisbach type) )\g 12 = 0.022
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12.2. Pressure drop

Pressure drop across section

Pressure at section inlet

nl

Prototype Process Model

>\g_12'Pg_12'(Ug_12)2
2.D

pipe.12

P.l::P

g

13. Blower sizing

=l
13.1. Additional Inputs

Standard density

Assumed blower isentropic efficiency

Specific heat capacity

Specific heat ratio
13.2. Blower sizing

Pressure at blower inlet

Pressure head required

Gas density at blower inlet

Volume flow rate at blower inlet

Pressure head required at std conditions

Colin F. du Sart

- 12k
Pgstd "= 1'2_3
m

Nblower = 60%

KT 1000 =1 % 16°1 GIN= 1k—1_
y kel
=l
Py 0= 101.3-kPa
( T80 J 1184 %8
Po = = —
2 ;
Ry Tg 0 3
M 3
Veot, = —£ _oon =
' Pg 0 g

Pg std

i ™ dPor( J _ 13.781.kPa

Pg.0
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13.3. Blower temperature rise

. Pg 1

Pressure Ratic PR:=—=—=1.134

Pg.O
=1

Gas temperature rise dT = ;-Tg a\PR T 1) =1820K
Mhlower

Outlet gas temperature Tg = Tg o+ dT = 43.203°C

=]

Prototype Process Model

14. Pressure Map

M

P, = 101.3kPa

g.0

P, 1 = 114.893kPa
P, 5= 114871 kPa

Pg.3 =113712.kPa

P, 4=113.659kPa

z.4

P, 5= 110.394.kPa

P, 6= 108.149-kPa

Pg.7 = 106.562-kPa

P, g = 105.286 kPa

Pg.9 = 102.386-kPa

Pg.lO = 101.3-kPa

Py 11 = 101.3.kPa

]

dPy5=21.714Pa

dPg = 2.237 x 10°Pa
P = 1587 x 10°P
67 = AR % a

3
dP5g = 1276 x 10" Pa

dPgg = 2899 x 10° Pa

3

—=3

Colin F. du Sart
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Estimating the Required Filter Area

Appendix J.Estimating the Required Filter Area

Filter sizing

Method adopted from Pneumatic Conveying of Solids, Pages 407-409/ Example 10.6

Inputs

=]
06

0.6
0.08

(

Particle flow rate |\'/|p P

0.123

e
Js

ref: Max particle flow rate/ PFD30/ PFD16

3
Gas flow rate FAD Vdotg = 0.073 o ref: Max cyclone flow ratef PFD30/ PFD16
S
0.098
Gas density at ATM Py 1= 1_2k—g ref: Assumption
m3
Seperation efficiency Mg i= 9% ref. Reference cyclone efficiency
|
Calculations
=
( 0.148}
Gas mass flow rate M, = p, -Vdot, = | 0.088 ke
g be g R
0.118
M 4.065
Loading zZ:= (_p] =| 6.849
g 0.68
0.041
Loading after seperation zo = (1 - "lc)'z - 0.068

Particle flow rate after seperation

Dust concentration after seperation

A

L6.803 x 10 3J

216
. . ke
My = (1 - mg)-Mp = 216 |2
2.88
—_— 0.878
. hr \| mg mg
) N (i
B m m

Colin F. du Sart
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Graph
]

Case 1 and 2 indistinguishable on graph, therefore size for minimum & mean paticle sizes
i.e. 37 and 65 micron using a dust concentration of Tmg/m3.

300
= T
o
£ 250 . E
i a8 5
E LT
- 200 = 5> 100 ~—
4+ ot
@] —= 0= e ] 1000 8
5 150 —7 ~+ =
o 1 ot o
[ PHM B = o
Y p= L E
-§ 1m »-"F- g __‘.-“Jw fal)
&‘) _‘._—"‘Ml E
0 AT S
& %
0
1 10 100 1000
Average particle size d [pum]
180 0.05
Approximate gas/cloth ratio is 180 and 190 o= A itk
190 jhr 1 0.053 ) s
< oz : Yoty 246
Fabric filter area required for case 1 Apy = = m
"‘f 2331
- . L 146 Y -
Fabric filter area required for case 2 Agry = = m
q 1.383

If we oversize by 30% 2
Ap= A (13 =3.198m
T FlO
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Appendix K. Design Phase Uncertainty Analysis

Design Phase Uncertainty Analysis

Hopper =

Loss in Weight

1. Temperature

=]
28 Scenarios from process analysis
Measured temperature Tg = (49) @ 318 28
T, - 27315K  /og
Unitless function for uncertainty calculations - [ )
- K 49
RTD
RTD instrument uncertainty at T.g
0.148
u,pTp = [01+ 0.0017(T )]A®C = [ j-mc (85%)
' — 0183
1 0.074
u, == = “A°C (68%)
¢RTD = T e RTD_ (owzj
) ) 0.074
RTD design stage uncertainty U4RTD = Y RTD = ( ].Aoc (68%)
: ’ 0.092
Transmitter
Transmitter instrument uncertainty Ug Traps = 0-2A°C (95%)
1 . 0
Ye Trans == E'uc.Trang: 0.1-A°C (68%)
Transmitter design stage uncertainty U4 Trans = Yo Trans = 0-1-A°C (68%)
Combined RTD & T itt rte 2 2_ (012 A 68%
ombine ransmitter uncerteuy tpy5 = Jud.RTD + UG Trans = 0136 LAC (68%)

Converted to mA U TR (68%)

Y4 TR15 mA 0.025
= —_— = -mA
5 AcCc  \0.027
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NI9208 Al

NI9208 zero-order uncertainty ug Al = —(42pA) = 21-pA (95%)

Ly | —

1
Ug AT+ EUOAI = IOS}LA (68%)

. . T +20 9.6
Measured signal assuming no error ToA = — -mA = -mA

5 138
. 72.96
NI19208 gain error on T.mA vy = T A00.76% = ( JMA (95%)
= 104.88
1 36.48 _—
Uq 1= =y = s 0
1= 3" 5000 )M
NI9208 offset error U,y = 22mA-0.04% = 8.8-pA (95%)
uy i s AdpA (68%)
[+
NI9208 noise error uy = 200nA = 200-nA (95%)
ug = %-u3 - 100mA (68%)
; s 2 2 2 0.037 -
N9208 instrument uncertainty U AT = J(ul) + (uz) +ug = [0.053}mA (68%)
0.038
NIS208 design stage uncertainty  ug 1= Jug ap + Ug AL = ( ].mA (68%)
: . : 0.054
System design stage uncertainty J . 2 0.016 A (68%)
= o = . (]
YiTg Y4 TR15 * “dAI oog )
Acc (0228
Converted to Te = 5. —_— AP
nverted to Temp L it 5 UiTg — [0_301] A°C (68%)
e
u 0.814
% Error Wieor, 7. B % (68%)
48T T A 0614
=
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2. Absolute Pressure

A
103.534 i i
KIEESTia Praasijs e Scenarios from process analysis
119.338 31828
PMP131
PMP 131 instrument uncertainty u, ppp = 160kPa-0.5% = 800 Pa (95%)
1 o
uC.PW = E.uC.PW_ = 400 Pa (68 A))
PMP 131 design stage uncertainty U4 pMP = Yo pup = 400Pa (68%)
UY4PMP mA
Converted to mA — — = 0.04-mA (68%)
BN 10 kPa
NI9208 Al
NI19208 zero-order uncertainty ug A7 = 10.5-pA (68%)
- : Py + 40kPa 0 (14353
Measured signal assuming no error Pup i@ e———t— .
w 10 kPa \ 15934
109.086
NI19208 gain error on P.mA uy =P, 076%= : (95%)
= 121.097
1 54.543
i ol < : (68%)
45 g [60.548) =
NI9208 offset error Uy = 4.4-pA (68%)
NI9208 noise error uy = 100-nA (68%)
2 ) 2 0.055 o
N9208 instrument uncertainty Ao~ J(u4) £ (uz) - [0.061 ]'mA (68%)

_ 2 2 0.056 o
NI9208 design stage uncertainty P Y oo J Yo AT T UcAT T (0.062J-mA (€8%)
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System design stage uncertainty

Converted to Pressure

% Error

ol

Design Phase Uncertainty Analysis

3 5 3 (0.069 "
Y Pl YUAPMP YA T | g0y ) A 9
Pa  (0.686 .
U B = 10'ud.P.1'E = [0735}1@& (68%)
_—

UgpPi1 0.662

%oBrrory p 1 = = % (68%)
o P, 0.616

3. Pressure drop

-

Measured pressure

Upper range value

Lower range value

Turn down

Set span

PMD55

PMD55 zero-oder uncertainty

PMD55 instrument uncertainty

Converted to mA

Colin F. du Sart

Scenarios from process analysis

0.429
dP = — kPa
2.035

31828
URYV := OkPa
LRV := —5kPa
10kPa
TDi=—=2
|LRV|

Span:= URV — LRV = 5-kPa

(1pA) = 0.5-pA (95%)

o | —

Yo PMD

1

u.ppp = |(Span0.1%) if TD < 4 =5Pa (95%)
[Span-(0.012-TD + 0.052)%] otherwise
1
UoPMD = 5 Ve PMD_ = 25 Fa (68%)
_ JoPMD A= 8 107 SmA
AN SR = 8 & A (68%)
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Design Phase Uncertainty Analysis

PMD55 design stage uncertainty 2 2
Ug PMD == {U0PMD Yo PMD = 8:004-pA (oeey
NI9208 Al
NI19208 zero-order uncertainty i g = H0h (68%)
20
) ) dP — URV + —-Span |-16mA
Measured signal assuming no error - ( 16 ] 18.627 "
= = .m
mA Span 13.488
NI9208 gain error on dP.mA 141.567
¢ ug o= Py A-0.76% = [102-509). (95%)
1 70.783
= i, e . (68%)
AT (51.254] HA
NI19208 offset error
Uy = 4.4-pA (68%)
NI9208 noise error
u3 = 100-nA (68%)
: ; 2 3 9 70.92
N9208 instrument uncertainty e J(US) 4 (uz) +uy” = -HA (68%)
51.443
: : 2 2 71.693
NI19208 design stage uncertainty Uaal= JUO AT * U AT = A (68%)
) : 52.504
. . ) 5 (72139
System design stage uncertainty ujgp = JudPMD tugar = ‘pA (68%)
: : ; 53.11
Converted to Pressure Span 22543 5 (68%)
= — = a o
16ma 99P | 16507
—
9 u 5.255
& S YeEirory gp =~ % (68%)
: |dp| 0.816
[+
A-58
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4. Gas Flow Rate

Design Phase Uncertainty Analysis

[+

Mass flow rate

Discharge coefficient

Gas expansibilty factor

Specific gas constant for air

Orifice beta value

Gas only pipe diameter

Vena contracta

Pressure drop across orifice

Gas density at upstream face

Specific heat ratio

Uncertainty on discharge coefficient

Uncertainty on pipe diameter

Uncertainty on vena contracia

Colin F. du Sart

Scenarios from process analysis

31 & 28
0.999
& | 0995
1)

R, = 287.058 =——

8 kg-K

B:= 055
Dpipe = 102.26mm
Dy i= B:Dppe = 0.056m

0.429
dP := —dP = -kPa
o 2.035

C(L198 ) kg Scenarios from process analysis
L7 1200 3

31828
m
k=14
3065 10
Ujog = 05%Cy=| . (95%)
- 3.05% 10
Up pipe_ = 0.4%Dpine = 0.409-mm (95%)
upy ye = 0.1%Dy, = 0.056-mm (95%)
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Uncertainty on gas expansibilty factor

. 1.035 % 10
Weg - [ﬁ%}eg} _ . B (95%)
4242 % 10

Uncertainty on density

0.456
Uncertainty on gas temperature = - LA 95%
yong p U4Tg = 24T (0_501] A°C (95%)
U sy 1.372 959
ncertainty on gas pressure ugp) = 2ugpq = {4 -kPa (95%)
: 45.087 "
Uncertainty on pressure drop Ugdp = 2ugqp = 23104 Pa (95%)
Uncertainty on density
2
2 -P
1 1 0.016 kg
u = || ——|u || ——|u = —= (95%)
dpl_ |:[R T J d-Pl—} 2 | dTs [0.016) 3
g g R,-T m
g8
Uncertainty on mass flow rate
3 2 4 \? 3 73
; Ydcd Yeg 2B UD pipe 2779 % 10 kg
u =|M_- + + . e |= —
dMdotgs ™ (g C e 4 D _3 s
d g 1-3 pipe 1.827 % 10
2 u 2 u Z u 2
N 2 . D.ve N l[ d.dPJ N d.pl (95%)
J i 64 Bl 4\ dp M
1 139% 1072 k
— _ : g
Ud Mdot.g = Eud.Mdot.g_ - _als (65%)
9134 x 10
_—
Ud Mdot.g 2.725
% Error %Error = — .04 (68%)
e dMdot.g Mg (0_794] ¢
[+
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5. Gain in weight

Design Phase Uncertainty Analysis

-]

Excitation voltage

LCA Max

Applied mass

Single load cell

200kg load cell zero-order uncertainty

Converted to mV

200kg load cell %FS uncertainty

Converted to mV

200kg load cell offset uncertainty

200kg load cell instrument uncetainty

200kg load cell design stage uncertainty Ug.200

Colin F. du Sart

Vg =10V

LCA := 310kg

50
Mass := kg
250

L 29 N = 0033k
u ==
0200_"" 5\ 3000 ) © B

1
UO200 = —UO200_ =0.017 kg

b2

2mV
Bl v

— 3
u, = = 1.667 x« 10 ~-mV
pretielt S0 200k 0.200

up 9 1= 200kg-0.020% = 0.04kg

1

upL300 *= vy = 008ks

2mV
Bl v

=3
= —— =2%x10 ~-mV
AR AN 200kg 1.200

0.02mV

1
2200 = 572200 = O1-mV

Ug 200 = \] U 200+ Uzan0” = OLmV

u0200 +uczoo =0lmV

Approximate boundary values
of steady state data

(95%)

(68%)

(68%)

(95%)

(68%)

(68%)

(95%)

(68%)

(68%)

(68%)
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Converted to kg

Junction box

600kg load cell design stage uncertainty

Converted to mA

LCA

LCA zero-order uncertainty

LCA instrument error

Converted to mA

LCA design stage uncertainty

NI9208 Al

NI19208 zero-order uncertainty

Measured signal assuming no error

NI9208 gain error on Mass.mA

Colin F. du Sart

ULCcA = TU

Y LeA = 5

s e 1 =
ARBAA Toa JeLCA

Design Phase Uncertainty Analysis

(68%)

, 2
= 3-(ud.200) =1.733kg (68%)

(244pA) = 122-pA (95%)
0LCA = 6LpA (68%)
o i
U, 1A = Mass:001%=| >~ kg (95%)
- 0.025
25% 10 °
oLca =| 7 kg (68%)
- 0.013
0.129
16mA A 55%)
0.645
2 2 61
u = Ju +u = : (68%)
dLCA J 0LCA T Y LCA ( 61_003j HA
(68%)
(Mass + 0.25-LCA)-16mA [6.581 ]
= = -mA
LCA 16.903
. 50.013 ,
ug = Mass, »-0.76% = . -pA (©5%)
25.006
: (68%)
64232
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NI9208 offset error

Design Phase Uncertainty Analysis

Uy = 4.4-pA (68%)
NI19208 noise error ug = 100-0A (68%)
NG208 instrument uncertaint J 2 2 2 - [ 2 (68%)
Y 1 (u6) + (u.z) +ug — . -pA b
27.476
NI19208 design stage uncertainty = Jug A12 +u A12 - : (68%)
: ¢ 65.233
System design stage uncertainty > > = 111 683 .
U4 Mass GIW = J 4600 * UALCA * UdAT = | 15pgq |PA (O8%)
Converted to Mass LCA 2164
B~ T A(ud.l\/[as.s..GIW) = [,, , 49]kg (66%)
_—
% Error U4 Mass. GIW 4328
%Error = ——— 9% (68%)
0 d.Mass. GTW Mass (0.98 j Y
[«]
6. Loss in Weight
-]
Single load cell
500kg load cell zero-order uncertainty 1{ 500
= —| —— |kg = 0,083k, (©5%)
0.500 = 5 [3000) . e
1 0
2mV
Vi =
Converted to mV A% 1667 % 10~ 3 v (68%)
= —1 2 s % -m o
AR s500kg 0-500
500kg load cell %FS rtaint
g oad bel 7S Hneenainty Uy 590 = S00kg-0.023% = 0.115 kg (©5%)
1 0
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2mV
Converted to mV VE v 3
u = ——— =23%10 ~mV (68%)
AR 500kg 1.500
500kg load cell offset uncertaint 0.02mV
° ! 2,500 = VE'[ - J = 02mV (85%)
1
500kg load cell instrument uncetaint
° ’ Ug 500 = J 4y 500° + 2500 = 01V BB%)
500kg load cell design stage uncertaint
° N T ugs00 JL‘O.soo2 +ugs00) = 01mY eete)
Converted to kg 500kg
= — = 2.501 k; (68%)
AAMARIIRN [mvj U4.500 g
Vg | —
Vv
Junction box
1500kg load cell design stage uncertaint 2
Converted to mA 16mA
= > = 223.581. (68%)
— b A
LCA
LCA design stage uncertainty 61
dLCA = | g go3 ) M L.
NI9208 Al
27.476
NI19208 design stage uncertainty Ug AT = ( ) (68%)
' 65.233

System design stage uncertainty - - s rassas "
Ud Mass LIW = \I Ud 1500t UALCA tUdAT T -pA - (68%)

240.759
Converted to Mass LCA 4.522
= — = 68%)
u : ug . k (
AR AR 16mA( d Mass L1W) 4665) ¢
_—

% Error U4 Mass.LIW 9.043 o

Y%BITorg p fass LIW = m = [l 866)-00 (68%)
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7. Particle Flow Rate

Design Phase Uncertainty Analysis

-

50
Mass at beginning and end of test Mass = [ )kg
250

_ 007 \ kg
Particle flow rate MP:: 0.8 T

Uncertainty on mass flow rate

Time taken per test At = -
MP

Uncertainty on boundary masses

- U4 Mass ==
(using LIW or GIW)

Masso — 1\/12155‘,1

Approximate boundary values
of steady state data

Minimum and maximum design
flow rates

{28572 10° |
250

4.522
u if Hopper=1 = k (68%)
d.Mass LIW PP (4.665) 2

U Mags. GTW  Otherwise

Uncertainty on flow rate

2
1 -1
U4 Mdotp = ‘/(E'ud.Massl) + (E'ud.Mass

% Error

[«

2 _
] _[2274x107 % | ke
0 0.026 s
_—

YdMdotp (3248
YeErrory Mdot.p = — = ( J-% (68%)

(68%)

I‘\/Ip 3.248

Colin F. du Sart
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8. Summary of uncertainties

Design Phase Uncertainty Analysis

-

intermediate uncertainties

Temperature

Pressure

Delta Pressure

Loss in Weight Mass

Gain in Weight Mass

Colin F. du Sart

" 28
g lag

J_oc

103.534
P] = kPa
119.338

dP = 3
2.035x 10

Mass = (

Mass = (

429

50
250

50
250

)

)

].Pa

H

or

H

or

H

or

H+

or

H

or

0.228)
i 68%
Y Tg (0_301J A o
0.814
YeErrorg o = 0.614 =
685.897
u _ Pa (ee%)
d.P.1 [734_557]
0.662
%eBrrorypq = 0616 e
22.543
u _ Pa {82
d.dpP [16.597}
5.255
YoHrrory gp = 0816 A
4.522
(]
Ud Mass LIW = (4 665 J . o
,, 9.043Y |
YOBITOT § \ fags LIW = 1.866 e
2164
Ud Mass.GITW — 2.449 s V)
0 4328Y
PEITONG Mass.GIW = | g5 |
A-66



MSc(Eng) Dissertation Design Phase Uncertainty Analysis

Mass flow rates

H

. 1836 kg 5.003 kg
Gas mass flow rate M. = B = - ==
8 ( 414 ) br #d Mdot.g [3.288) hr (68%)

. BHDS "
or /oErrord_MdOt_g* _— 0%

252
2 8.186
Particle mass flow rate M. — ( ]E U4 Mdot p = ( jg (68%)
’ ’ 9355 ) hr

=3
H

. 3.248 .
ar A’Enord.Mdot.p: 39248 L
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Appendix L. Test Rig Scaling

Test Rig Scaling

Part A - Plant Flow Properties Analysis

An analysis performed to determine power plant flow properties at low and high load conditions, using

averaged data from a dissertation by Van der Merwe (2013).

1. Inputs

[~
1.1. Plant conditions

Gas pressure
Gas temperature

Pipe diameter

Mass flow rate of gas

Mass flow rate of particles

1.2 Particle properties

Particle diameter

Particle density

A

Pg = 85kPa
Tg = 90°C
Dpipe = 450mm

: 312\ k
M, = =
8 393 s

. 1.28
M_ = ke
p 250/ s

- 37
P | 300 "™

kg
p, = 1550

2. Intermediate calculations

=
2.1 Gas properties

Calculate gas density

Specific gas constant for air

Gas density

Colin F. du Sart

I
R = 287.058 —
8 kg K
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Calculate gas dynamic viscosity

Reference temperature

Reference dynamic viscosity

Sutherland's constant

Gas dynamic viscosity

2.2 Flow properties

Loading

Air fuel ratio

Pipe cross section area

Superficial gas velocity

Superficial particle velocity

2.3 Particle terminal velocity

For Stokes flow

Corresponding Reynolds number

Colin F. du Sart

Test Rig Scaling

Tpef = 273.15K

L _5kg
Lop = 1.716x 10~ —=
Href m-s
S1:= 110.4K

3

2

T .+ Sl
sk
( ref )*2.131 w107~

Tg + S1 s-m

& 1 2.438
oz 1572
2
7D,
. pipe .
B i =0159m
—_—
Mg (24.059]m
U = ——— = —
8 AjipePy \30305) s

M [s192x10% | m
ol 0.01 s

Dpz-(Pp ~pg)E (0.054] -

Ut0.stokes 18-, “l3565) s
-
o Pg'Dp'utO.stokes Q.077
e = —_—
t0.stokes “‘g 40.933
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Check or change to Intermeddiate flow

utOO — utO.stokeso if RetO.stokeso <1
2
p 0.6_ D 1.6 7
o 20 (e |
Lm Mgo.s Py J
utO1 = u‘[().stokes1 1f Ret().stokes1 <1

Corresponding Reynolds number

n

Test Rig Scaling

m
= 0.054 —

otherwise

m
= 1.487 —

otherwise

pg putO

Re. =
t0
“‘g

0.077
17.07

3. Horizontal flow

=l
3.1. Flow properties

Particle velocity (Hinkle correlation)

Voidage

Particle volume fraction

Gas velocity

Slip velocity

Colin F. du Sart

AT
g = Uy 1 - 0044 p| [Lfe N [
{g{ m kg JJ 257 }s
3
m
—
Ug'Pgz  (0.99977
| [ = R - S
“gh’ o . 0.99961
P ph
(2349><10 ﬂ
Gph.flfagh A
3.946 % 10
Uy 24.065 m
o & m
BT agn 30317/ %
1957\ m
ug=u uy = —
th™ “gh Tph~ | 4617 ) 5
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3.2. Flow regime

Relative Reynolds number

Drag coefficient

Al

Test Rig Scaling

=—
P Dpugy (2771
Rerh T ——
Mg 53.013

Cpoch,, = 24-(Rerh0) = 10,036

|:1 8.5-(Rerh0)7 0'6i| otherwise

1 .
if Rerho <1

-1
Cpoch, = 24-(Rerh1) if Regp <1 =1708

|:1 8.5- (Rerhl)_ 0'6i| otherwise

4. Vertical flow

L

4.1. Flow properties

Slip velocity (terminal velocity assumption)

Particle velocity

Voidage

Particle volume fraction

Colin F. du Sart

Upy = g
g 24.005Y m
u = — = —
pvooB IV {28818 ) s
_—
e Ug'Pgz ) [O.QQQTSJ
" _
& Ph By 0.99965

(2.163 % 107 4)

Oy = 1- Oy 4
3519 x 10

A-71



MSc(Eng) Dissertation

4.2. Flow regime

Relative Reynolds number

Drag coefficient

o

_
PgDpUry  (0.077
Re = ———=
Mg 17.07

-1,
Choov, = 24-(Rewo) if Rery <1

|:1 8.5-(Rerv0)_ 0'6:| otherwise

1 .
CDOOV1 = if Rervl <1

24-(Rewl)_
|:1 8'5'(Rerv 1)7 0'6:| otherwise

Test Rig Scaling

= 312.531

= 3372

5. Saltation

=

Rizk constant 1

Rizk constant 2

Saltation velocity

1440 2.013
Rli=——D_+ 196 =

m P 2.392
1100 2.541
R2:=—D_ + 25=
m P 2.83
1
- —R2+1
R2
o2,
M D . 2
4B qoRlf B} | e
kg m m
S 52
Usalt = o
B
kg
3
L m =l

wla

12,044\ m
l15786 ) s

Colin F. du Sart
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6. Choking

Test Rig Scaling

]

Solid friction factor at choking

Slip velocity = Terminal velocity

e
Guess o= u=
8C (0‘..99) =

Given

Oigc
Solve = Find{ex__,u
. (g vge)

Voidage at choking
Gas velocity at choking

Choking velocity

Al

_47
28 Dpipe (“gc - 1)

(ugc - ut0)2

- 001

B(oagc,ugc) =

D(oagc,ugc) = o ~ Uge — U

gc

0.998184
e} =
&c 0.99822
2,806 m
u_. = o
8 4211/ s

— (2801 \ @
Uge = (g tge) = 4203 )5

7. Similarity Conditions

=l
7.1. Gas flow regime

Pipe Reynolds number

Note: Turbulent Flow

Colin F. du Sart

-
b DpipeUg 4143 167

Repipe =

Mg 5219 x 105J
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Test Rig Scaling

7.2. Non dimensional numbers for a representative particle

Representative particle diameter

Superficial velocity range

Vectorise

Particle Reynolds number

Particle Froude number

Inertia parameter

Similarity table

Dy = 300pm

STV - Re ST - Ry ST o 4

24 275547 442477 5238 % 10°
25 287.028 460913 5.456x 10°
26 298509 47935 5.674x 10°
ST=|27 309.99 497.786 5893 x 10°
28 321471 516223 6111 % 10°

29 332952 534.659 6.329 x lO5

30 344.433 553.096 6.547 x 105

Colin F. du Sart
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Test Rig Scaling

Part B - Test Rig Flow Properties

The following model specifies required test rig operating conditions and particle properties to attain power

plant similarity

1. Inputs

=l
1.1. Fixed inputs

Gas temperature

Specific gas constant for air

1.2. Particle properties

Particle density

1.3. Similarity condition

Particle Reynolds number

Particle Froude number

Inertia parameter

nl

T 2086E

I
R, = 287.058——
kg K

1550—

R = 344.433

“preq’

F = 553.096

Ipreg*

5
Proqi= 6:547 x 10

2. Intermediate calculations

&

Reference temperature

Reference dynamic viscosity

Sutherland's constant

Gas dynamic viscosity

n

T = 27315K

] —5 kg
=1716x 10 ~—
Mref : %

S1:= 110.4K

3

2
e Dot + 5 1813 x 10 28

= i 7 =1. % _—
LS N B (S sm

Ire

Colin F. du Sart
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3. Required operating conditions

Test Rig Scaling

i

3.1. Calculations

Pg
{R T J'DP'U:%

g 8P g
s
Frp(Pg - Ug-Dp) = D
b8

Py
qb(Pg Ug DP) - “’2 p

Guess P _:= 85kPa THE 302

Given
Rep(Pg Uy :Dp) = Rej req
o p(Pg Ugs Dp) Frp req
ll)(Pg Flse Dp) Ureq
Solve
[Ber
{NTJQ\,J md(Pg Uy Dp)
R

Colin F. du Sart

D

= 300pm
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3.2. Results
Gas Pressure Pg = 68.62.kPa
Superficial gas velocity Ug — 28 4202
s
Particle diameter Dp = 269.412-ym
3.3. Check
P
[R gT JDP'U%
Particle Reynolds number 3 =
v N8 s Rep req = 344.433
Hg
Ug
Particle Froude number = 553.096 Fr = 553.096
D s p.req
P
Inertia Parameter Pp U D = 2
P &P gs47.10 Vg = 6597 2 10
tg
[=]
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Appendix M. Component Models

Cyclone Basic Sizing

This model determines the required cyclone dimensions for a gas-particle seperation efficiency greater or
equal to 99%. The model also calculates the corresponding efficiencies and pressure drops over a range of
gas volume flow rates.

Section A - Sizing

1. Inputs
&

1.1. Gas and particle properties

Gas temperature

Minimum gas pressure

Maximum gas pressure

Pipe diameter

Minimum gas velocity

Minimum particle diameter

Minimum particle density

1.2 Stairmand type cyclone specific inputs

Configuration factor

Number of inlet velocity heads

Required fractional efficiency

Al
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2. Cyclone sizing

Component Models

L

2.1. Intermeddiate calculations

Calculate gas density

Specific gas constant for air

Minimum gas density (T.g.max & P.g.min)

Maximum gas density (T.g.min & P.g.max)

Calculate gas dynamic viscosity

Reference temperature

Reference dynamic viscosity

Sutherland's constant

Maximum gas dynamic viscosity

Pipe cross section area

Minimum gas flowrate

2.2. Solve for cyclone diameter

Inlet gas flowrate

Relaxation time

Colin F. du Sart

: e T 3 fi
R, == 287.058 e 3.09% 10° —
B K-52
Po min 0046 P
R - P
g.min ]
ReiTs a2
Po s = Bk _ o oo I
gmax "~ o o~ N
glg i
i e
-5 kp —51b
Sl gl —= =L —
Pref m-s ft-s
S1:= 110.4K

3

2
T T op + SI

g ref —5 1b

ST : —1343x 10 W —

Me ™ Fref (TrefJ [ T, + S1 ] f-s

g

2
D _:
PPE 088 i

Apipe =

ft3

\/'dotc = VdOtg.min
py'D _
ri= P 5307410 s
18-ug
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Fractional efficiency correlation

Vortex exponent correlation

Guess Da=Clft

[¢]

Given

B(D0) =g

D{Dg.n) =0
Solve
[’Q&\] = Find(DC,n)

Cyclone diameter

Vortex exponent

Colin F. du Sart

Component Models

[ 0.5
[GC-T- Vdot, e
B(Dc,n) =1-—exp-2 -(n+ 1)
DC
D, 0.14 T, o 0.3
12 — —.— — 459.67 | + 460
D(Dgon) = 1 - |1 = =t -
(Do:n) = _L Y J 530 "
n:= 0.6
D, = 0.675-ft
n= 0519
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2.2 Cyclone dimensions

I | DC: 0.206.m

‘| a=05D.=0103m
|
a | :
I | S :
| I bi=02D,=0041-m
|

h S_=05D_ =0103m

D

e

05D, =0103-m

H hi=15D_ = 0308 m
4D, = 0.824.m

0.375.D_ = 0.077m

Matural length

l_=248D,=051l'm

T T

Component Models

)
3. Check
=
1. a < § (to prevent short-circuiting).
2. b < 1/2(D, — D,) (to avoid sudden contraction).
3. § + | < H (to keep the vortex inside the cyclone).
4, S <k :
5. h < H.
6. AP < 10 in. H,0O.
7. v;/v, < 1.35 (to prevent reentrainment).
8. v;/v, =~ 1.25 (for optimum efficiency).
! 3= Blopm 5_=0103m
2 b=0041m l-[DC—DE): 0.051-m
2
3 S_+1_=06l4m H_=0824m

Colin F. du Sart

A-81



MSc(Eng) Dissertation Component Models

4 S =0103m h = 0.309-m
5 h = 0.309-m H = 0.824-m
6 N/A

7,8 See proceeding section

Section B - Performance Characterisation

4. Calculations

&

4.1. Volume flowrate

; ¢ m m m
Pipe gas velocity U =3— 4—.30— =

mla

loo|~N|y|U]| AW

10
11
12
13
14
15
16
17

Gas volume flowrate Vdotg := Ug*Apipe

Colin F. du Sart A-82
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4.2. Fractional efficiency

05
G-7-Vdot el
Fractional efficiency correlation T](Vdotg) =1 — exp| -2 —Bg.(n L
DC
4.3. Saltation ratio
Inlet area Aj=ab
Effective radius ri= l(D - b)
2 C
1
3
Kalen & Zenz parameter W= g ( P g'mm)
2
3'pg.min
Vdotg
Inlet velocity over saltation correlation A
Rsalt(VdOtg) = 5
- B
Vdotg Z
palA A
21| 9 6-? - a
k 32.2—t r
2
- |- S - -
4.4. Pressure drop
Vdot, -
Non-volute cyclone pressure drop (Max density) o
dPC(Vdotg) = 05 P — Nyp
1

Al
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5. Performace Curves

[+
5.1. Efficiency (Min density)

Fractional efficiency and Saltation ratio vs. Volume flow rate

100,
998
99 .6
n(Vdotg)
%
99 4~
9921
99 0.8
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25
Vdotg
3
m
8
Read Vdot. g appox. 0.150m3/s @ R.salt = 1.5
m 1’1’13
Note maximum flowrate is VdOtg.max = 30:'Apipe = 0_246.T

Therefore use 2 cyclones in parallel from 50% of flowrate to prevent re-entrainment (and also to limit
pressure drop)

N VdOtg.max m3
2nd cyclone Kick in flowrate VdOtg.kiCkin:: T = 0.123-T
Fractional efficiency at minimum flowrate rq(Vdotg_min) =059
Fractional efficiency at kick in flowrate T](VdOtg.kiCkin) =1
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5.2. Pressure drop (Max density)

Pressure drop vs. Volume flow rate

1.5<10%
110"
dP f Vdot,
Pa
se10°
0
0 0025 005 04075 0.1 0125 015 0175 02 0.225 025
Vdotg
3
qm
8
Pressure drop at kick in flowrate dPC(VdOtg.kiijn) = 3.533-kPa
[
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Component Models

Orifice Basic Sizing

The following model calculates the expected pressure drops for orifices of varying pipe to crifice bore

diameter ratios over a range of flow conditions.

1. Inputs

=

Gas temperature

Gas absolute pressure

Pipe diameter

Pressure ratio (assumed)

Pipe to diameter ratio

Velocity range

- 60 i
g \60

70
P — kPa
g 125

Dpipe = 102.26mm

T = 95%

(‘0.35)

0.45
0.55
0.65 |

Lo7s)

3=

Ol |N]S

10
11
12
13
14
15
16
17
18
19
20

Colin F. du Sart
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2. Calculations

Component Models

L

2.1. Intermediate calculations

Specific gas constant for air

Gas density

Reference temperature

Reference dynamic viscosity

Sutherland's constant

Gas dynamic viscosity

Pipe cross section area

Diameter at vena contracta

Reynolds number in pipe

Length constant 1

Length constant 2

Colin F. du Sart

R 28'7’.058_L

& ks-K
—
o Py (0_732]k_g
g ; B
Ry T 1307) 3
Top = 285K
_5 k
b = e T —=
m-s
81 := 110.4K
3
.3\ (T s1 -3
ol ( g] [ref+ J_ 1.999x 10 7 | kg
g = | Pref” ' J_ e
L Tref gt 8l Lgggs T~ )
2
) Dpipe
Bpipe = E— =
(0.0361
0.046
Dyoi= BDpipe = | 0.056 |m

0.066

Lo.owJ

Pg, Ppipe Vg

Mg,
ReD =
Pg, Ppipe Vg
Ly=1
Lyi= 047
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2-L2
Constant 3 W= T 3
19000-8, 08 19000-B, 08
ReDO ReD1
19000-B, 0 19000-B, LB
ReDO ReD1
190008, 0B 19000-B, B8
Constant 4 A=l — = g = N
a R 1 R
eDo eDl
19000-8, 08 19000-B, 08
ReDO RE:D1
19000-8,, BE 19000-3, L
R R
— eDO - — eDl -
Gas isentropic exponent (at standard conditions) k=14
1
Gas expansibility factor &g = 1 — (0_351 + 0_256-64 + 0_93.38).|:1 — (1) "“}
_ (ng'Apipe'Ug)
M, =
Gas mass flow rate A
Lpgl ApipeUg J
2.2. Discharge coefficient
Discharge coefficient at lower gas density
0.7
5 8 106- BO
C = 0.5961 + 0.0261- - 0216- + 0.000521-
(3o - 0216 (%) e

0

0.3
’7 35 106 -|

+L(o.0188+ O.OO63-A00)-(BO) = RTDO

- 10-L

4
1 - 71 (BO)
+10.043 + 0.080-e - 0123 -(1 — 0.11-A00)-—

+0—0031 -|:M20 - 0.8-(M20)1'1}-(BO)1'3
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)"
)

2
Cqo. = 0.5961 + 0.0261-(61) - 0.216-(61)8 + 0.000521-
1 L R%O

03
10 )
{(0 0188 + 0.0063-A, ) B W
1 1 ReD J
0

4

~10.L, -7Lp) (61)
+10.043 + 0.080-¢ —0123-e 17011A )—

1

— (@1)4
+0— 0031 -[le - oAS-(le)l‘l]-(B!)l'B

0.7
6
10 -62

ch:Z = 0.5961 + 0.0261-(62)2 - 0.216-(62)8 + 0.000521-

0.3
{ 10°

35
+L(0.0188 + 0.0063-A02)-([32) | —

ReDO

ReDO

~10-L,
+\0.043 + 0.080-e

4
~0123e 7'Ll)-(l = 0.11-%2)-&

L= ()"
1.1 1.3
+0— 0031 -[Mzz - 0_8-(M22) ].({52)

0.7
10°.8
2 8 3
Cqo. = 0.5961 + 0.0261-(63) ~ 0.216-(63) + 0.000521-
3 Repy
0
35 10° v
+|(0.0188 + 0.0063-A, (B) | —
3) 13 Repy
0

- 10-L;

o)

+ (0.043 + 0.080-¢

,0‘123“3_7 1)(1 011A0)

+0— 0031 -|:M23 - 0.8-(M23)l‘1-(63) 2
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0.7
6
10 -64

2 8
C.n = 0.5961 + 0.0261- ~ 0216 + 0.000521-
do, (64) (64) Re,
0

3

| )7
|

+ L(o_(ngg + 0.0063-A04)-(B4)3'5- R
0

- 10-L

4
g <Ly (64)
+10.043 + 0.080-¢ - 0123 -(1 - 011-A, )—
4

+0 - 0031 -[M24 . 0.8-(M24)1'1}(B 4)1'3

Discharge coefficient at higher gas density

Cay, = 0591 + 0.0261-(60)2 - 0.216-(60)8 + 0.000521-

s,
b

»—-UCP :

L

[ i 0.3}
35
+[(0.0188 + 0.0063-A) (B} | ——

4
-~ 101, ~ 7Ly (%)
+10.043 + 0.080-¢ ~ 0123 -(1 - 0114, )—
0 4
(%)
+0-0031{M; —08(M, Y ]{8)"3
' 2y ( 20) (%)
07
6
2 8 1075,
Cqp. = 0.5961 + 0.0261-(61) = 0.216-([3 ) + 0.000521-
1 1 ReD

1

3

) o.fl
10°

+1{0.0188 + 0.0063-A; }-(B A%
| o

- 10-L,

4
- 7Ly (B])
+10.043 + 0.080-¢ —- 0.123-¢ -(1 - 0114 1)-—

- (3)'
+0 - 0031 -[le = 0.8-(1\/121)1'1}-(61)1'3
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Car,, = 0.5961 + 0.0261-(62)2 - 0.216-(62)8 + 0.000521-{

! za)
(0 0188 + 0.0063-A; ) 62 ‘"}DJ

4
~10.L, -7Lp) (62)
+10.043 + 0.080-¢ - 0123-e 17011A )—

<
(%)
11] /0 (1.3
0-0031{M, —08(M :
R ONE
0.7
2 8 (106 63)
Cqy, = 05961 + 0.0261-(8,)" - 0.216-(63) + 0.000521-
3 =
15[ 10° v
+ (0.0188+ 0.0063-A )(g) Bl
|_ 3 3 ReDIJ
4
~10.L, —1y ()
+10.043 + 0.080-e - 0123-e -(1 — 01144 )-—4
1= (%)
+0- 0031 M, - 08(M, Y (313
O3 Moy = 08 (May) |3
0.7
2 8 106'64
Cq = 0.5961 + 0.0261- ~ 0.216. + 0.000521.
QR o

{ 2017
J

+ {(0.0188 + 0.0063-A; 4)-(64) ReDl

~10-L, =g (64)
+10.043 + 0.080-¢ —~0.123-¢ -(1 - 011-A4 )—

(o)
11 13
+0 - 0031 -I:M24 = 0.8-(1\424) }-(64)
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2.3. Pressure drop across orifice

Mass flow correlation

Re-arranged for pressure drop

Pressure drop confidence

Pressure drop at lower gas density

Colin F. du Sart

dp

orifice.0 -~

Component Models
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Pressure drop at higher gas density

2.3. Pressure loss

Pressure loss at lower gas density (after recovery)

Colin F. du Sart

Component Models
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Pressure loss at higher gas density (after recovery)

2.4 Adjust dP for uncertainty

Adjusted for uncertainty

Adjusted for uncertainty

[«

Component Models
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3. Selection

=l
3.1. Pressure drop at lower gas density - uncertainty
Orifice pressure drop vs. Gas velocity (Low-density)
5%10 7
: /
i
:‘ /
45107 /
.r‘ Y,
r’ /
44103 ; -
r" :f\ 4 4
dPoriﬁce.OO 354107 ,r’ ’ /
] % r
dPoriﬁce 0 3 ,:' , /
1 3x10 / /
..... ; V.
dp : o7 7
orifice.0 : /
A 2 25407 / / G
i
P irifice.0 N /s
3 3 [ C v
ry 2x10 7 .,
arifice.0, ; ’,’ -
1.5x¢10 7 ’
; s
’ V4 -
3 ’ g i
110 Y o =
¥ -~
” -~ -
500 7
o il
0
0 5 10 15 20 25 30
Ug
m/s

A-95

Colin F. du Sart



Component Models

MSc(Eng) Dissertation

3.2 Pressure drop at higher gas density + uncertainty
Orifice pressure drop vs. Gas velocity (High-density)
5¢10°% l T ; 7
1 i
3 ! /
45¢10 ! ’
; /
‘l ,
44107 ; /
i ’
. ! /
orifice.1 ) 55,107 ; .
; / /
ap_ . ] +
omﬁce.l1 107 ',' /
----- ] ’
4
dap . ; ! /
orifice.1 ]
& 2 25410 / 7
!
dP i fice.l 4 g 4 £
- 2¢10 J y : /
P orifice.1 ," y /’
+ 3 , ’
1.5¢10 Y
/ d ’
1x107 A
500 i
-~
0
0 5 10 15 20 25
Ug
m/s
3.3. Plausible solutions 0.35
0.45
3=|055
0.65
075

Orifice vena contracta to pipe diameter ratio

Consider installing 2 orifices in parallel:
Operate 1xpB =055 for6<=Ug<=15m/fs
Operate 1xB =075 for15<Ug<=30m/s

30

Colin F. du Sart
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4. Pressure drops

Component Models

[
4.1. For dP Transducer

Minimum pressure drop

Maximum pressure drop

4.2. For System Pressure

Minimum pressure drop after recovery

Maximum pressure drop after recovery

(o)
dP i = (dporifice.o2 ) =(337.162) Pa

(o)
dPpax = (d‘Poriﬁce.l2 ) = (4.261 )-kPa

f o
dwin = (dwoz ) = (240.707 ) Pa

T

(@
dw a0 = (dwlz ) = (2757 )-kPa

Colin F. du Sart
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Pipe, Feeder & Hopper Sizing

Particles :=
| A
1. Inputs
=

1.1. Input particle flow rates

Min. mass flow rate of PC with rhobar of 750kg/m3 - 0.07kg/s (Auger Spec)
Min. mass flow rate of FA with rhobar of 860kg/m3 - 0.08kg/s (Auger Spec)
Max. mass flow rate of PC - 0.697kg/s (Auger Spec)

Max. mass flow rate of FA - 0.8kg/s (Auger Spec)

Min. mass flow rate

Max. mass flow rate

1.2. Input gas conditions

Gas pressure P, := 70kPa

Gas temperature T, = 60°C

1.3. Input particle properties

Particle density (PC - 1550kg/m3; FA - 2300kg/m3)

Particle bulk density (PC - 750kg/m3; FA - 860kg/m3)

Particle diameter Dp = 37pm
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1.4. input test rig dimensions

Horiznotal test pipe diameter

Vertical test pipe diamater

Feed line pipe diameter

Acceleration line pipe diameter

A

Component Models

2. Intermediate calculations

L

2.1 Gas properties
Calculate gas density

Specific gas constant for air

Gas density

Calculate gas dynamic viscosity
Reference temperature

Reference dynamic viscosity

Sutherand's constant

Gas dynamic viscosity

Colin F. du Sart

E k
E_ _ 07310622

Rg' Tg m3

Pg

T 2k f+ 51 _ k
S| 22 S 1.999% 107 0 =
rof Tg + Sl $-1m
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2.2 Superficial particle velocity

Cross section area of horziontal test pipe

Cross section area of vertical test pipe

Cross section area of feed pipe

Cross section area of acceleration pipe

Superficial particle velocities

2.3 Particle terminal velocity

For Stokes flow

Caoarresponding Reynolds number

Colin F. du Sart

Component Models

wD 2
~ ™Ppipe.100 _3 3
Apipe 100+~ ———— = 821310 “m
2
wD_:
. pipe.250 2
Apipe.250 = _4— = 0.046 m
2
D
. pipe.80 _3 2
APipe.SO = —4—' =4769 x 10 "m
D, 2
; pipe.90 - _3 2
Apipe_QO = —4_ =6379%x10 "m
A My (54762010 7 |m
p.100 = =
Apipe. 100°Pp 0.054752 s
Mp 9.747493 x 10 4] s
Uposo= 7+~ = ol
Apipe 250Pp | 9.705718 x 10
TT eppe I L | 9.470624 % 10 3 m
p.80 ] — =
Apipe.80Pp 0.0943 s
T i My (o014 x 1073 m
P90~ ] =
Apipe.90 Pp 0.070497 s
2
Dol eg)s 0.058 =
U0 stokes = 18 =0 -
s
polD uto
_gp .stokes a
Req giokes = ———————— = 0.078

By
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Check or change to Intermeddiate flow

. m
U= | %0 stokes T Re0 stokes < 1 = 0'057813:
5
0.6 1.6 ?
s 000" ) |
Ll]] % 0.6 2 p g omnerwise
(”g) &
Corresponding Reynolds number Reqi= g O = 0.078
Hg
[«
3. Saltation calculations
=]
Rizk constant 1 Rl = ﬂ-Dp +1.96 =2013
m
Rizk constant 2 R2:= w-Dp + 2.5=2541
m
1
= —R2+1
. = 2
2 .
4._Mp .]ORI. £ . _Dp1pe.100
kg m m
S S2 m
Saltation velocities Uit 100 = : :
—s
kg
3
L m -
1
_ - R2+1
R2
L —2
2
2
4 Mp -IORI g ] Dplpe 80
kg m m
52 m
Usalt 80 = 0 :
-
kg
3
- m -
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Usalt.90=

Gas mass flow rates at saltation

loading at saltation

ol

Component Models

- qR2+1
R2
2 =2
M 2 (D
90
4L R & PIBE
kg m m
5 52 m
p s
e
ke
3
. m -

Mg salt.100 = Pg Apipe.100 Ysalt 100

M

g.salt 80 = pg'Apipe.SO'Usalt.SO
Mg.salt.QO = pg'Apipe.QO'Usalt.QO
Mp
Z3alt.100 = V)
g.salt 100
Mp
Z3alt. 80~
Mg.salt.SO
Mp
Z3alt.90 =
Mg.salt.90

4. Choking calculations

=

4.1. Verltical Test Pipe

Solid friction factor at choking

Slip velocity = Terminal velocity

0.99
0.99

Guess

j Yge 250 = (

Bgc 250 (

Colin F. du Sart

—47
Z'g'Dpipe.25O'(Qgc.250 = 1)

B0y 250+ e 250) = 5 - 00
(ugc.ZSO - uto)
Do ) Up.250
0.250°Uge.250) = T ~ Uge 250~ %o
= = L= Sy, =
5Ym
5/)s
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Given
B(g0 250 Ug0.250) = 0
D(@ge 250+Ug0 250) = ©

Voidage at choking Gas velocity at choking

Solve ( o 2501

L = Find{0y, 550Ug0 250)

Choking velooity U, 5501 (e 2507Mge 250)

Gas mass flow rate at choking Mgc.250 = pg'Apipe.250'Ugc.250

loadi t choki MP
oading at choking 2 PP . -
c.250 :
Mg 250
4.2. Acceleration Pipe
=47
2.g.D 2 .((x — l)
Solid friction factor at choking E(O‘gc 90:Uge 90) = PR o0 (86,0 - 001
- : )
(ugc.QO - UtO)
Slip velocity = Terminal velocity I( ) Up.90
Qe 90°Ygc00) = T Yec00 W0
g g 1 -0y 00 g
SRS 0.99 5\m
Bgc.00 = 0.99 Ugc 00 '~ g e
Given
E(agc.90=ugc.90) =0
I(agc.QO’ugc.QO) =0
Voidage at choking Gas velocity at choking
Sol ( c. QOW
Py L J - Fmd gc 90-Ygc. 90)
ARBENN,
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Choking velocity Uy 00 = (&gc.90'ugc.90)

Gas mass flow rate at choking Mgc.QO = Pg'Apipe_QO'Ugc.QO
M
loading at choking Zoopi= = 2
C. M
ge.50
[

5. Check pipe sizes
=

5.1. Saltation Tests

HORIZONTAL TEST PIPE

7.416
Saltation velocity Uit 100 = m
sat 14192 ) s
Loading at saltation 1.57
Z =
salt. 100 8 169

CHECKACCELERATION PIPE

7.611
Saltation velocity Ujt90= ( ]E
: 14567 ) s
Loadi t saltati ik
AR % el Zalt90 = | | oug must be > z salt. 100
Velocity in pipe during saltation tests
M 9,548
o a0 [ jﬂ must be > U.salt.90
(pg-Apipego) 18274 ) s
CHECK FEED PIPE
; . 7.843
Saltation velocity U = [ j =
: 1501 / s
. . 2.557
Loading at saltation Zealt 80 = (13.304J it BES w100
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Velocity in pipe during saltation tests

must be > U.salt.80

CHECKIF CHOKING OCCURS IN 250NB VERTICAL TEST PIPE

{1.567°
Loading at choking Zp 50— [?, . ]

Velocity in pipe during saltation tests _ Mgt b > .ge. 250

CHECK IF CHOKING OCCURS IN VERTICALACCELERATION PIPE

must be > z.salt. 100

Choking velocity

Leading at chiaking must be » z.salt. 100

Velocity in pipe during saltation tests

must be > U.gc.90

5.2. Choking Test Conditions
VERTICALTEST PIPE

1.317
Choking velocity Uy 250 = ( )2
' 8

Loading at choking -
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CHECKVERTICALACCELERATION PIPE
Choking velocity

must be > z.¢.250

CHECK IF SALTATION OCCURS IN HORIZONTAL TEST PIPE

Loading at choking

Velocity in pipe during choking tests

Saltation velocity

Loading at saltation must be > z.¢.250

Velocity in pipe during choking tests

. must be > U.salt.100

CHECKIF SALTATION OCCURS IN HORIZONTALACCELERATION PIPE

Saltation velocity

Loading at saltation must be > z.¢.250

Velocity in pipe during choking tests

must be > U.salt.@0
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CHECK IF SALTATION OCCURS IN FEED PIPE

Saltation velocity

Loading at saltation must be > z.¢.250

Velocity in pipe during choking tests

must be > U.salt.80

ol

6. Feed Rates & Basic Hopper Sizing

[+
6.1. Feed Rates

. 0.07
Mass flow rate range Mp - [ )E - 0.278 ton
0.697 J s p 2766 ) e
M -3} 3
Vdat = P _ | 21X 10 7w 271 Y L
Volume flow rate range P" b _4| s Vdotp = c—
P 4497 % 10 26.981 / min
6.2. Basic hopper sizing
Test time t:= 5min
Calculations
21
Hopper mass capacity My = Myt 2091 kg
M 24.419 0.024
Volume of hopper Vhopper = P ( L Vhopper = e
(must be less than 300L) pbar,  \243.14 0.243
|
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Appendix N. Gas and Particle Flow Rate Analysis

Gas Mass Flow Rate Uncertainty Analysis

1. Temperature (Design stage)

]
Mean Temperature Tg = EXCEL8 °C = 315.914K
Unitless function for uncertainty calulations Ty —273.15K
T = —=——— = 42764
K
RTD
RTD instrument uncertainty at T.g u, gD = (0.1 + 0.0017T )A°C = 0.173-A°C (95%)
1
SoRii~ 3 o RTD = 0-086-A°C (€8%)
RTD design stage uncertainty U RTD = Y RTD = 0.086-A°C (68%)
Transmitter
Transmitter instrument uncertainty Ug Traps i= 0-2A°C (95%)
1 o o,
Aorbvanen E'uc.Trans = 01-A%C (68%)
Transmitter design stage uncertainty U Trans = Yo Trans = 0-1-A°C (68%)
. . " 2 2 o
Combined RTD & Transmitter uncertz Uy TR]S & \Iud.RTD + g Traps = 0-132-A°C (68%)
u
Converted to mA R d'TSRls.;“:Z — 0.026-mA (68%)
NI9208 Al
NI9208 zero-order uncertainty Ug AT = %.(42@) =21-pA (95%)
1 0
Howdei= 5 U0.A = 10.5-pA (68%)
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Measured signal assuming no error

rtation

Gas and Particle Flow Rate Analysis

T +20

oo § mA = 12.553-mA

NI9208 gain error on T.mA ug = T 2-0.76% = 95.401-pA (95%)
e %-ul _ 4770 (68%)
NI19208 offset error Uy == 22mA-0.04% = 8.8-pnA (95%)
o= %-uz = 4.4-pA (68%)
0,
NI9208 noise error uy == 200nA = 200-nA (©5%)
i %-u3 — 100-nA (68%)
N9208 instrument uncertainty g Ap = J(U1)2 . (u2)2 +ug” = 0.048-mA (68%)
NI19208 design stage uncertainty Ug AL ,uo AIZ +ug A12 = 0.049-mA (68%)
System design stage uncertainty g T o Jud TR152 +uy A12 = 0.056-mA (68%)
Converted to Tem — AC A°
p Rdivge' = 54T g = 0279-A°C (65%)
5 YiTg 5
% Error %ErTory T o = = 0651-% (68%)
87 T .A°C
[+
A-109
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Gas and Particle Flow Rate Analysis

2. Absolute Pressure (Design stage)

[+

Mean Pressure

PMP131

PMP131 instrument uncertainty

PMP 131 design stage uncertainty

Converted to mA

NI9208 Al

NI19208 zero-order uncertainty

Measured signal assuming no error

NI9208 gain error on P.mA

NI9208 offset error

NI9208 noise error

N9208 instrument uncertainty

NI2208 design stage uncertainty

Colin F. du Sart

1 = EXCELékPa = 1.098 x 105Pa

U pMP = 160kPa-0.5% = 800 Pa

1
= —-u = 400 Pa
RN A 5 Ye.PMP

Ug pMP = U ppmp — 40 Fa

U4 PMP mA 0.04-mA
11 = — = 004-m
M 10 kPH
U’OAI = lOS'MA
Pl + 40kPa mA
P pi= ————— = 14977-mA

10 kPa

uy = Py o 0.76% = 113.824-pA

1
= =1y = 56912
Naa= 504 HA

Uy = 4.4-pA

uz = 100-nA

IR o J(u4)2 + (u2)2 + u32 = 0.057-mA

LEWN o uO.A12 + uc.A12 = 0.058-mA

(95%)

(68%)

(68%)

(68%)

(68%)

(95%)

(68%)

(68%)

(68%)

(68%)

(68%)
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Gas and Particle Flow Rate Analysis

. 2 D o
System design stage uncertainty Ud Pl Jud.PMP tugap - 007 mA (68%)
Converted to Pressure y - Vs 1 o = 005k (68%)
AW dP1 A
u
% Error Ylmory p | = —— = 0.642-% (68%)
[«
3. Pressure drop (Design stage)
&
Mean pressure drop dP = —EXCEL4kPa =-2191 % 103 Pa
Upper range value URV := 0kPa
Lower range value LRV := —5kPa
Turn down TD := 10kPa =2
|LRV|
Set span Span:= URV — LRV = 5.kPa
PMD55
PMD55 -od rtaint
zero-oder uncertainty o pAD = %(luA) - 15k (95%)
1
U, = —-1 = 0.25. (68%)
MR = ™80 PMD WA
PMD55 instrument uncertaint
¥ u pym = | (Span-0.1%) if TD <4 =5Pa  (95%)
[Span-(0.012-TD + 0.052)%] otherwise
At 1 =
Converted to mA Y, 1B — B s T B
ARRININ ~ SR mA = 8« - (68%)
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PMD55 desi t rtaint
esign stage uncertainty S— JuO.PMDZ R uc.Pl\/JD2 _ 8.004-pA (68%)
NI9208 Al
NI19208 zero-order uncertainty g Af — 10.5-pA (68%)
. ; dP — URV + 2-Span -16mA
Measured signal assuming no error 16
deA = = 12.989-mA
Span
NI19208 gai dP.mA
gain error on dr.m ug == dP_5-0.76% = 98 713-pA (95%)
= %-u4 = 28.456-pA (68%)
NI19208 offset error
Uy = 4.4-pA (68%)
NI19208 noise error
uy = 100-nA (68%])
N$208 instrument uncertainty U ddei= J(u5)2 4 (u2)2 -+ u32 = 28.794-pA (68%)

NI9208 design stage uncertainty AL ,uo AL+ Uy A7 = 30.649-pA (68%)

System design stage uncertainty ujgp = Jud.PMDz + ud_A12 =31.677-pA (68%)
Converted to Pressure Span
= u = 9899Pa (68%)
Mo~ e Hd.dP
0, u
& S %Errory qp = % = 0.452-% (68%)
[«
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Gas and Particle Flow Rate Analysis

4. Combined design and statistical uncertainties of measured values

[+

Statistical uncertainties of meastured variables

Temperature Uy T g = EXCEL-A°C = 0675K (68%)
Pressure ug p 1 = EXCEL, kPa = 182.771 Pa (68%)
Pessure drop U gp = EXCELSkPa = 57.889Pa
Combined uncertainties of measured variables
2 2
Temperature up g = ’ud_T.g tug g = 0731-A°C (68%)
Pressure = 2, 2 728193P (68%)
Yp1 = Udp1 T Yp1 T =S a
Pressure drop ugp = ‘ud_sz + us.dP2 = 58729 Pa (68%)
=]
5. Gas flow rate uncertainty
=]

Inputs
Specific gas constant for air R_ := 287.058 —

g kg-K
Orifice beta value F:= 055
Gas only pipe diameter Dpipe = 102.26mm
Vena contracta Dy = B'Dpipe = 0.056m
Pressure drop across orifice dP := —dP = 2.191 kPa

MAA
Specific heat ratio k=14
A-113
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Mean calculated discharge coefficient Cy= EXCEL0 = 0.609
Statistical uncertainty U g = EXCELI = 425%10 . (68%)
Mean calculated gas expansibilty factor £, = EXCEL2 = (0.995
5 3 ; = 1
Statistical uncertainty Uy g g = EXCEL3 =1.451 = 10 (68%)
Uncertainty on density
R U 121 X8
Calculated density M=x 1t "3
88
— — L AD o,
Uncertainty on gas temperature Wy g = 8y, = LARLATG (95%)
— s 0,
Uncertainty on gas pressure up) i=2upj = 1456-kPa 5]
— . _ o,
Uncertainty on pressure drop ugp: = 2ugpi= 117458 8 (824
Uncertainty on density
2
B 1 2B oo ke (95%)
upli.f R.T 'UP.17 + _2 'uT.g7 = . 3
g8 Rg'Tg m
Uncertainty on discharge coefficient
Design based uncertainty U g = 0.5%Cyq=3.046 x 107 3 (95%)
_5 "
UsCcd = 2u5cg=85x 10 (95%)
. . 2 2 —3 o
Combined uncertainty Um g = Jud_c.d +U g =3047x 10 (95%)
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Uncertainty on gas expansibilty factor

3.5.dP =
ud.e.g7 = (—%]-E = 4963 x 10 4

Design based uncertainty kP g (95%)
= _ 2902 % 107 4
Y glg 1Tarlsge = abiaX (95%)
Coribi , 2 2 —4 0
ombined uncertainty Uey = Jud.e.g U g = 5749 % 10 (95%)
Uncertaimy on pipe diameter
Up pipe = 0-4%Dpine = 0.409-mm (95%)
Uncertainty on vena contracia
up o = 01%:D, = 0.056-mm (95%)
Uncertainty on mass flow rate
Calculated mass flow rate
Cq k
g
M, =——:¢ -—D 2.dP-p; = 0.115=
g i g 5
1-p
Uncertainty
Yod ; He uD ipe 3k (85%)
Upfdotg = Mg f| ——| + 'g PIPe_ | _ 353910 X8
= Cd eg plpe S
3 2 2
2 UDve 1 j Upl
+ . — +
V 1- 64 DVC 4 pl
1 ~3k
Uhdotg = =UMdorg = 1769 % 10 == (68%)
: 2 B s
UMdot.
% Ermor YeBrTory 1o ¢ - ﬁ — 1.538-% (68%)
g
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Loss/ Gain in weight calibration, uncertainty and flow rate analysis
All values in kg unless otherwise stated

Hopper =

Loss in Weight

Calibration data and curve fitting calculations

K

Calibration data

0.110 4.505 —0.075 2.129
20.191 4.511 20.427 2141
60.125 4.526 62.749 2173
119.989 4.558 123.672 2.238
FLIW S g | UKLIWT g | OIWT f eenss PXGIW T 15 35
240.091 4.655 244.795 2.43
280.181 4.696 283.459 2.509
300.550 4.719 304.650 2.551
Indicated mass at calibration points (statistical Instrument uncertainty (from design
uncertainty not recorded, therefore ignored) stage uncertainty analysis)
-0.075 2129
20.427 2141
62.749 2173
_ 123.672 , 2.238
Xi= Xy w if Hopper=1 = . ugei= |uypw if Hopper=1 = —
Xgrw otherwise 244795 Uy oy Otherwise 243
283.459 2.509
304.65 2.551
Actual mass at calibration points Uncertainty of mass pieces (1g per 20kg)
0 0 0.000
20 0.0 0.001
60 3y 0.001 0.095
v 120 iy 60.001 _ 0.190
180 940.001 0.285
240 12:fo.001 0.379
280 14m 0.443
300 1540001 0.474
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Curve fitting calculations

Alpha matrix

Beta vector

Curve fitting constants

Calibration equation

Gas and Particle Flow Rate Analysis

for je 0..m_
for ke O..m_

cxj:keo

for ie 0.n -1

alpha matrix(m_,n ,X )=

| \ j k
Qj,k < Qj,k + (X—i) -(X_i)

beta vector(m n X ,Y )= |for ke O.m_
B‘k «— 0
for ie0.n -1

X .

B, ey ¥ g —1)k

alm_,n,X Y ):= (alpha_matrix(m_,n,X_)_ 1)-beta_vector(m_,n,X_,Y_)

for ke O.m_

k
erx_

y poly(m ,n,x X .Y ):=

Y a(m_,n,X_,Y_)T F

Colin F. du Sart

A-117



MSc(Eng) Dissertation Gas and Particle Flow Rate Analysis

System uncertainty calculations (includes instrument, calibration weights
and calibration curve filting uncertainties)

=]
%/100 change in X AX:=0.01
%/100 change in Y AY :— 0.01
Change in Y if zero AY( = 001
Perturbed Vectors pr(n,i) = Jfor IcO.n-1 Xpb(n,i) = |lfor Ic0.n-1
pri <~ Xi + AX-Xi Xpbi <~ Xi - AX-Xi
*pr pb
Ypf(n,i) = Jfor Te 0O.n—-1 Ypb(n,i) = |for Te 0.n—1
YpfieYi+AY 1in=O YpbieYi+AY 1in=0
Y. r <« Y. + AY'Y. otherwise Y 1, < Y.+ AY-Y. otherwise
Pfi 1 1 Pbi i 1
Ypf Ypb

Partial derivative of y wrt X

yjoly(mi,n,xi,X.pf(n,i),Y) - yjoly(mi,n,xi,Xpb(n,i),Y)
Z-AX-Xi

dydXi(m_,x_,n,1) =

In vector form
dydX wvector(m ,x ,n):= |for ic0.n-1
ddei <« dydXi(m ,x .,n.1)

dydX

Uncertainty in y wrt X uyy(m_,x,n) = |dydX < dydX vector(m ,x,n)
uyy < 0

for ieO0.n—-1

Uy~ < Uys + (ddei-uX)2

1

qu = qu
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Partial derivative of y wrt Y

yjoly(mi,n,xi,X,Ypf(n,i)) - yjoly(mf,n,xﬁ,X,Ypb(n,i))

dydYi(m_ ,x ,n,1):= if Y.=0
¥ T 2-AY 1
yjoly(mf,n,xﬁ,X,Ypf(n,1)) - yJJOly(IHi,H,Xi,X,Ypb(n,l)) .
otherwise
2-AY-Yi
In vector form
dydY wvector(m ,x ,n):= |for icO0.n-1

ddei <« dydYi(m ,x ,n.1)

dydY

Uncertainty in y wrt Y uyyim ,x,n) = |dydY <« dydY vecter(m ,x,n)
uyy < 0
for 1e 0.n-1

1

Uyy < Uyy + (ddei-uY)2

uyY <« uyY
. 2 2
Total uncertainty uy(m_,x,n) := Jqu(mi,X,n) + uyy(m_,x,n)
In vector form y vector(m_,n,x ,X ,Y ,points ):= |for le O..points — 1
Yy <y J)oly(mf,n,xfl,Xi, Yﬁ)
y_
uy vector(m_,x_,n,points ):= |for 1€ O..pomts_— 1
U« uy(mi,xil,n)
u
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Test data

Gas and Particle Flow Rate Analysis

-

Time at measured datapoints (from test data) (s)

915

992

1069
1146
1223
1300
1377
1454
1531

1610

Tm :=

Mean values of measured uncalibrated datapoints (from test data)

166.765 112.497
151.423 128.008
135.464 143.822
120.056 159.404
104.729 174,737

x LIW = x GIW =

- 89.394 - 190.321
73.998 205.649
58.569 220.832
43.125 236.085
27.634 251.407

X_vector :=

x LIW if Hopper =1

x GIW otherwise

Statistical uncertainty of calibrated datapoints (from test data)

0.122393055 0.066169326
0.008688824 0.081314155
0.010701773 0.060966541
0.009337144 0.042492681
0.074027335 0.580041499
uy stat LIW = uy stat GIW := uy stat = Juy stat LIW if Hopper =1
0.006247901 0.055393597
uy stat GIW otherwise

0.005899187 0.063836

0.069816103 0.551692606
0.007420909 0.093173085
0.005608277 0.047612318

[+]
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Results: Combined system and siatistical uncerfainty of data

-]
Calculations
Number of calibration points n:= length(X) = 8
Order of calibration polynomial mn:=1
no. of measured datapoints points := length(x_vector) = 10

Combined uncertainty

uy combined(m ,x ,n,points ) := J (uyivector(mi,xi,n,points))2 + uyistat2

Results
Calibrated values Combined uncertainty
109.849 0.825
125144 0.808
140.737 0.804
156.101 0816
171.22 1.023
y_vector(mn,n,x_vector,X,Y,pomts) = —— uy_combined(mn,x_vector,n,points) = —
201.7 0.941
216.671 1.143
231.711 1.075
246 819 1.149
System uncertainty component Statistical uncertainty comnonent
0.066
0.823 0.081
0.804 0.061
0.802 0.042
0.815 0,580
uy vector(mn,x vector,n,points) = 083 BB 0.055
0.885 0.064
0.939 0.552
1.001 0.093
1.071 0.048
1.148
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Mass flow rate calculations

Data 109.849
125.144

140.737
156.101
171.22
186.586
201.7
216671
231.711
246819

Calibrated mass at measured points M := y vector(mn,n,x_vector,X,Y,points) =

0.825
0.808
0.804
0.816
1.023
0.887
0.941
1.143
1.075
1.149

Uncertainty of mass at measured points

= uy_combined(mn,x vector,n,points) =

Curve fitting calculations

Alpha matrix Alpha matrix(m_,points ):= | for je 0..m_
for ke O.m_

cxj’keo

for 1€ O..points — 1

cx'j & «— a'j,k + (Tmi)j-(Tmi)k

(XF

Beta vector Beta vector(m _,pomts ):= | for ke O..m_

Bk <« 0

for 1€ O.pomts —1

6‘k <« ﬁ‘k + Mi-(Tmi)k
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Order of curve fit Mn:=1

Curve fitting constants o= Alpha matrix(Mn,points)

B = Beta_vector(Mn,points)

]
£=0
AW

a2=gef3

Gradient of curve fit i.e. avg. mass flow rate Mdot := azl

Let the gradient be "a", then the partial derivative of a wrt M

dadMi(m ,i,t )= |dadMi <« 0O
for ke O.m_
dummy <« 0

for je O..m_

dummy <« dummy + =N J.-J-tjil

dadMi_ < dadMi_+ (Tm )k-dummy

1

dadMi_

In vector form ) _
dadM vector(m .t )= | for i€ 0. points — 1

dadM, < dadMi(m_,i,t )

dadM

uncertainty in a wrt M u_a function(m_,t ):= [|dadM <« dadM vector(m_,t )
ua<20

for 1€ O..pomts — 1

ua< ua+ (dadh/[i-ul\/[)2

1

ua<yua
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In vector form u a vector(m ,points ,t ):= |for le O..points — 1

U < u_a_function(m_,t_l)

Bl

Results: Average mass flow rate and uncerainty

-]

Average mass flow rate (kg/s) Mdot = 0.197

Uncertainty in mass flow rate at measured points (kg/s)

1.396 % 10
1.396 % 10
139 x 10
1.396 % 10
1.396 % 10
Up [dot ©= U a vector{Mn, points , Tm} =
1.396 x 10
1.396 x 10

1.396 % 10

1.396 x 10

1.396 x 10

Average uncertainty in mass flow rate (kg/s)

points—1

Z Unfdot. | = 1396 % 10~
1
i=0

3

UMdot_avg = ot

UMdot_avg
Mdot

% Yol fdot = = 0.708-%
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Appendix O.

Similarity Matrix

Similarity Matrix

For the given power-plant conditions on the LEFT, similarity can be obtained in the test facility by operating at the conditions on the RIGHT. Highlighted

conditions correspond to using particles with densities approximately equal to PC.

Plant Conditions Test Conditions
Particle Diameter Superficial Gas Particle Reynolds Particle Froude . Particle Density Superficial Gas Particle Diameter
) Inertia Parameter | Gas Temperature (°C) 3 Gas Pressure (kPa) )
(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (um)
300 24 275.547 442.477 523800 20 650 28.774 30.386 480.895
300 24 275.547 442.477 523800 20 1100 48.695 25.499 338.634
300 24 275.547 442.477 523800 20 1400 64.975 23.529 288.342
300 24 275.547 442.477 523800 20| 1550 68.615 22.744 269.425
300 24 275.547 442.477 523800 20| 1700 75.256 22.055 253.334
300 24 275.547 442.477 523800 20 2000 88.536 20.892 227.321
300 24 275.547 442.477 523800 20 2450 108.457 19.525 198.556
300 26 298.509 479.786 567400 20 650 29.927 32.51 468.186
300 26 298.509 479.786 567400 20| 1100 48.699 27.639 338.409
300 26 298.509 479.786 567400 20 1400 61.981 25.505 288.15
300 26 298.509 479.786 567400 20 1550 68.621 24.654 269.246
300 26 298.509 479.786 567400 20 1700 75.262 23.906 253.166
300 26 298.509 479.786 567400 20| 2000 88.544 22.646! 227.17
300 26 298.509 479.786 567400 20| 2450 108.466 21.164 198.424
300 28 321.471 516.223 611100 20 650 28.774 35.451 480.896
300 28 321.471 516.223 611100] 20 1100 48.695 29.748 338.635
300 28 321.471 516.223 611100] 20 1400 61.975 27.451 288.342
300 28 321.471 516.223 611100 20| 1550 68.615 26.535 269.425
300 28 321.471 516.223 611100] 20 1700 75.255 25.73 253.334
300 28 321.471 516.223 611100] 20 2000 88.536 24.373 227.321
300 28 321.471 516.223 611100] 20 2450 108.456 22.779 198.556
300 30| 344.433 553.096 654700 20| 650 28.776 37.982 480.871
300 30 344.433 553.096 654700 20 1100 48.698 31.872 338.617
300 30 344.433 553.096 654700 20 1400 61.98 29.411 288.327
300 30 344.433 553.096 654700 20 1550 68.62 28.429 269.412
300 30 344.433 553.096 654700 20 1700 75.261 27.567 253.321
300 30| 344.433 553.096 654700 20| 2000 88.543 26.114 227.31
300 30 344.433 553.096 654700 20 2450 108.465 24.406 198.546
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (um)
150 24 137.773 625.756 261900 20 650 28.774 30.386 240.448
150 24 137.773 625.756 261900 20 1100 48.695 25.499 169.317
150 24 137.773 625.756 261900 20| 1400 61.975 23.529 144.171
150] 24 137.773 625.756 261900 20| 1550 68.615 22.744 134.713
150 24 137.773 625.756 261900 20 1700 75.255 22.055 126.667
150 24 137.773 625.756 261900 20 2000 88.536 20.892 113.661
150 24 137.773 625.756 261900 20 2450 108.456 19.925 99.278
150] 26 149.254 677.903 283700 20| 650 28.777 32.917 240.434
150 26 149.254 677.903 283700 20 1100 48.699 27.623 169.307
150 26 149.254 677.903 283700 20 1400 61.98 25.489 144.162
150 26 149.254 677.903 283700 20 1550 68.621 24.639 134.705
150 26 149.254 677.903 283700 20| 1700 75.262 23.892 126.66
150 26 149.254 677.903 283700 20 2000 88.543 22.632 113.654
150 26 149.254 677.903 283700 20 2450 108.466 21.152 99.272
150 28 160.736 730.049 305500 20 650 28.779 35.449 240.422
150 28 160.736 730.049 305500 20 1100 48.703 29.747 169.299
150] 28 160.736 730.049 305500 20| 1400 61.985 27.449 144.155
150 28 160.736 730.049 305500 20 1550 68.627 26.533 134.698
150 28 160.736 730.049 305500 20 1700 75.268 25.729 126.653
150 28 160.736 730.049 305500 20 2000 88.551 24.372 113.648
150 28 160.736 730.049 305500 20| 2450 108.474 22.778 99.267
150 30| 172.217 782.195 327400 20| 650 28.772 37.984 240.46
150 30 172.217 782.195 327400 20 1100 48.691 31.874 169.326
150 30 172.217 782.195 327400 20 1400 61.97 29.412 144.178
150 30| 172.217 782.195 327400 20| 1550 68.61 28.431 134.72
150] 30| 172.217 782.195 327400 20| 1700 75.25 27.569 126.674
150 30 172.217 782.195 327400 20 2000 88.529 26.115 113.666
150 30 172.217 782.195 327400 20 2450 108.448 24.407 99.283
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)

37 24 33.984 1260 64600 20 650 28.775 30.3087 59.307
37 24 33.984 1260 64600 20 1100 48.696 25.499 41.763
37 24 33.984 1260 64600 20 1400(N/A N/A N/A
37 24 33.984 1260 64600} 20| 1550 68.617 22.745 33.227
37 24 33.984 1260 64600 20 1700 75.258 22.055 31.243
37 24 33.984 1260 64600 20 2000 88.538 20.892 28.035
37 24 33.984 1260 64600 20 2450 108.459 19.525 24.487
37 26 36.816 1365 69990 20| 650 29.927 32.491 57.776
37 26 36.816 1365 69990 20 1100 48.691 27.625 41.765
37 26 36.816 1365 69990 20 1400 61.971 25.491 33.563
37 26 36.816 1365 69990 20 1550 68.611 24.641 33.23
37 26 36.816 1365 69990 20 1700 75.25 23.894 31.245
37 26 36.816 1365 69990 20| 2000 88.53 22.634 28.037
37 26 36.816 1365 69990 20 2450 108.449 21.153 24.489
37 28 39.648 1470 75370 20 650 28.774 35.452 59.309
37 28 39.648 1470 75370 20 1100 48.694 29.749 41.764
37 28 39.648 1470 75370 20| 1400 61.974 27.452 35.561
37 28 39.648 1470 75370 20 1550 68.6147 26.536 33.228
37 28 39.648 1470 75370 20 1700 75.254 25.731 31.244
37 28 39.648 1470 75370 20 2000 88.534 24.374 28.036
37 28 39.648| 1470 75370 20| 2450 108.455 22.78 24.488
37 30 42.48 1575 80750 20 650 28.775 37.984 59.307
37 30 42.48 1575 80750 20 1100 48.696 31.874 41.763
37 30 42.48 1575 80750 20 1400 61.977 29.412 35.56
37 30 42.48 1575 80750 20 1550 68.617 28.431 33.227
37 30| 42.48 1575 80750 20| 1700 75.258 27.569 31.243
37 30 42.48 1575 80750 20 2000 88.538 26.115 28.035
37 30 42.48 1575 80750 20 2450 108.459 24.407 24.487
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
300 24 275.547 442.477 523800 30 650 29.253 30.824 494.839
300 24 275.547 442.477 523800 30 1100 49.505 25.866 348.453
300 24 275.547 442.477 523800 30 1400 63.007 23.868 296.702
300 24 275.547 442.477 523800 30| 1550 69.757 23.072 277.237
300 24 275.547 442.477 523800 30 1700 76.508 22.372 260.679
300 24 275.547 442.477 523800 30 2000 90.01 21.192 233.912
300 24 275.547 442.477 523800 30 2450 110.262 19.806 204.313
300 26 298.509 479.786 567400 30| 650 29.758 33.222 488.925
300 26 298.509 479.786 567400 30 1100 50.36 27.879 344.289
300 26 298.509 479.786 567400 30 1400 64.095 25.725 293.156
300 26 298.509 479.786 567400 30 1550 70.962 24.867 273.924
300 26 298.509 479.786 567400 30 1700 77.83 24.113 257.564
300 26 298.509 479.786 567400 30| 2000 91.564 22.841 231.117
300 26 298.509 479.786 567400 30 2450 112.166 21.347 201.871
300 28 321.471 516.223 611100 30 650 29.756 35.757 489.251
300 28 321.471 516.223 611100 30 1100 50.356 30.006 344.518
300 28 321.471 516.223 611100 30| 1400 64.089 27.688| 293.351
300 28 321.471 516.223 611100 30 1550 70.956 26.764 274.106
300 28 321.471 516.223 611100 30 1700 77.823 25.953 257.736
300 28 321.471 516.223 611100 30 2000 91.556 24.584 231.271
300 28 321.471 516.223 611100 30| 2450 112.156 22.976 202.005
300 30 344.433 553.096 654700 30 650 29.758 38.31 489.226
300 30 344.433 553.096 654700 30 1100 50.36 32.148 344.5
300 30 344.433 553.096 654700 30 1400 64.094 29.665 293.337
300 30 344.433 553.096 654700 30 1550 70.961 28.675 274.092
300 30| 344.433 553.096 654700 30| 1700 77.828 27.806 257.722
300 30 344.433 553.096 654700 30 2000 91.563 26.34 231.259
300 30 344.433 553.096 654700 30 2450 112.165 24.617 201.995
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
150 24 137.773 625.756 261900 30 650 29.756 30.649 244.625
150 24 137.773 625.756 261900 30 1100 50.356 25.719 172.259
150 24 137.773 625.756 261900 30 1400 64.089 23.733 146.676
150] 24 137.773 625.756 261900 30| 1550 70.956 22.941 137.053
150 24 137.773 625.756 261900 30| 1700 77.822 22.245 128.868
150 24 137.773 625.756 261900 30 2000 91.556 21.072 115.635
150 24 137.773 625.756 261900 30 2450 112.156 19.694 101.003
150 26 149.254 677.903 283700 30| 650 29.758 33.202 244.611
150 26 149.254 677.903 283700 30 1100 50.36 27.862 172.249
150 26 149.254 677.903 283700 30 1400 64.095 25.71 146.667
150 26 149.254 677.903 283700 30 1550 70.962 24.852 137.045
150 26 149.254 677.903 283700 30 1700 77.829 24.098 128.86
150] 26 149.254 677.903 283700 30| 2000 91.564 22.828 115.628
150 26 149.254 677.903 283700 30 2450 112.166 21.334 100.997
150 28 160.736 730.049 305500 30 650 29.761 35.755 244.599
150 28 160.736 730.049 305500 30 1100 50.364 30.004 172.24
150] 28 160.736 730.049 305500 30| 1400 64.1 27.686! 146.66
150 28 160.736 730.049 305500 30 1550 70.968 26.763 137.038
150 28 160.736 730.049 305500 30 1700 77.836 25.951 128.854
150 28 160.736 730.049 305500 30 2000 91.571 24.583 115.623
150] 28 160.736 730.049 305500 30| 2450 112.175 22.975 100.992
150 30 172.217 782.195 327400 30 650 29.753 38.312 244.638
150 30 172.217 782.195 327400 30 1100 50.352 32.15 172.268
150 30 172.217 782.195 327400 30 1400 64.084 29.666 146.683
150 30 172.217 782.195 327400 30 1550 70.951 28.677 137.06
150] 30| 172.217 782.195 327400 30| 1700 77.817 27.807 128.874
150] 30| 172.217 782.195 327400 30| 2000 91.549 26.341 115.641
150 30 172.217 782.195 327400 30 2450 112.148 24.618 101.008
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter Superficial Gas Particle Reynolds Particle Froude . Particle Density Superficial Gas Particle Diameter
) Inertia Parameter | Gas Temperature (°C) 3 Gas Pressure (kPa) .
(um) Velocity (m/s) Number Number (kg/m>) Velocity (m/s) (pm)

37 24 33.984 1260 64600 30 650 29.757 30.65 60.338
37 24 33.984 1260 64600 30 1100 50.357 25.72 42.488
37 24 33.984 1260 64600 30 1400 64.091 23.733 36.178
37 24 33.984 1260 64600} 30| 1550 70.958 22.941 33.805
37 24 33.984 1260 64600 30 1700 77.825 22.246 31.786
37 24 33.984 1260 64600 30 2000[{N/A N/A N/A
37 24 33.984 1260 64600 30 2450 112.159 19.694 24.913
37 26 36.816 1365 69990 30| 650 29.754 33.205 60.342
37 26 36.816 1365 69990 30 1100 50.352 27.864 42.491
37 26 36.816 1365 69990 30 1400 64.085 25.714 36.18
37 26 36.816 1365 69990 30 1550 70.951 24.854 33.807
37 26 36.816 1365 69990 30 1700 77.817 24.1 31.788
37 26 36.816 1365 69990 30| 2000 91.55 22.829 28.524
37 26 36.816 1365 69990 30 2450 112.149 21.336 24.914
37 28 39.648 1470 75370 30 650 29.755 35.758 60.34
37 28 39.648 1470 75370 30 1100 50.355 30.007 42.49
37 28 39.648 1470 75370 30| 1400 64.088 27.689 36.179
37 28 39.648 1470 75370 30 1550 70.955 26.765 33.806
37 28 39.648 1470 75370 30 1700 77.821 25.954 31.787
37 28 39.648 1470 75370 30 2000 91.555 24.585 28.523
37 28 39.648| 1470 75370 30| 2450 112.154 22.977 24.913
37, 30 42.48] 1575 80750 30 650 29.757 38.312 60.338
37 30 42.48] 1575 80750 30 1100 50.357 32.15 42.488
37 30 42.48] 1575 80750 30 1400 64.091 29.666 36.178
37 30 42.48] 1575 80750 30 1550 70.958 28.677 33.805
37 30| 42.48 1575 80750 30| 1700 77.825 27.807 31.786
37 30 42.48] 1575 80750 30 2000 91.559 26.341 28.522
37 30 42.48] 1575 80750 30 2450 112.159 24.618 24.913
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
300 24 275.547 442.477 523800 40| 650 30.737 30.903 497.403
300 24 275.547 442.477 523800 40| 1100 52.017 25.933 350.259
300 24 275.547 442.477 523800 40| 1400 66.203 23.93 298.24,
300 24 275.547 442.477 523800 40 1550 73.297 23.131 278.674
300 24 275.547 442.477 523800 40| 1700 80.39 22.43 262.03
300 24 275.547 442.477 523800 40| 2000 94.576 21.247 235.124
300 24 275.547 442.477 523800 40| 2450 115.856 19.857 205.371
300 26 298.509 479.786 567400 40 650 30.74 33.498| 497.072
300 26 298.509 479.786 567400 40| 1100 52.021 28.11 350.026
300 26 298.509 479.786 567400 40| 1400 66.209 25.939 298.041
300 26 298.509 479.786 567400 40| 1550 73.303 25.073 278.489
300 26 298.509 479.786 567400 40| 1700 80.397 24.313 261.856
300 26 298.509 479.786 567400 40 2000 94.585 23.031 234.968
300 26 298.509 479.786 567400 40| 2450 115.866 21.525 205.235
300 28 321.471 516.223 611100 40| 650 30.737 36.054 497.403
300 28 321.471 516.223 611100 40| 1100 52.017 30.255 350.259
300 28 321.471 516.223 611100 40 1400 66.203 27.918 298.24]
300 28 321.471 516.223 611100 40| 1550 73.297 26.986 278.674
300 28 321.471 516.223 611100 40| 1700 80.39 26.168 262.03
300 28 321.471 516.223 611100 40| 2000 94.576 24.788 235.124
300 28 321.471 516.223 611100 40 2450 115.856 23.167 205.371
300 30 344.433 553.096 654700 40| 650 30.74 38.628 497.378
300 30 344.433 553.096 654700 40| 1100 52.021 32.415 350.241
300 30 344.433 553.096 654700 40| 1400 66.208 29.911 298.224
300 30 344.433 553.096 654700 40| 1550 73.302 28.913 278.66
300 30| 344.433 553.096 654700 40 1700 80.396 28.037 262.017
300 30 344.433 553.096 654700 40| 2000 94.583 26.558 235.112
300 30 344.433 553.096 654700 40| 2450 115.865 24.821 205.361
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
150 24 137.773 625.756 261900 40| 650 30.737 30.903 248.702
150 24 137.773 625.756 261900 40| 1100 52.017 25.933 175.129
150 24 137.773 625.756 261900 40| 1400 66.203 23.929 149.12
150] 24 137.773 625.756 261900 40 1550 73.296 23.131 139.337
150 24 137.773 625.756 261900 40| 1700 80.39 22.43 131.015
150 24 137.773 625.756 261900 40| 2000 94.576 21.247 117.562
150 24 137.773 625.756 261900 40| 2450 115.856 19.857 102.686
150 26 149.254 677.903 283700 40 650 30.74 33.478 248.687
150 26 149.254 677.903 283700 40| 1100 52.021 28.093 175.119
150 26 149.254 677.903 283700 40| 1400 66.209 25.923 149.111
150 26 149.254 677.903 283700 40| 1550 73.303 25.058 139.329
150 26 149.254 677.903 283700 40| 1700 80.397 24.298 131.007
150] 26 149.254 677.903 283700 40 2000 94.584 23.017 117.555
150 26 149.254 677.903 283700 40| 2450 115.866 21.511 102.68
150 28 160.736 730.049 305500 40| 650 30.742 36.052 248.675
150 28 160.736 730.049 305500 40| 1100 52.026 30.253 175.11
150] 28 160.736 730.049 305500 40 1400 66.214 27.916 149.104;
150 28 160.736 730.049 305500 40| 1550 73.309 26.985 139.322
150 28 160.736 730.049 305500 40| 1700 80.403 26.167 131.001
150 28 160.736 730.049 305500 40| 2000 94.592 24.787 117.549
150] 28 160.736 730.049 305500 40 2450 115.875 23.166 102.675
150 30 172.217 782.195 327400 40| 650 30.735 38.63 248.714
150 30 172.217 782.195 327400 40| 1100 52.013 32.416 175.138
150 30 172.217 782.195 327400 40| 1400 66.198 29.913 149.128
150 30 172.217 782.195 327400 40| 1550 73.291 28.915 139.344
150] 30| 172.217 782.195 327400 40 1700 80.384 28.038| 131.022
150 30 172.217 782.195 327400 40| 2000 94.569 26.56 117.568
150 30 172.217 782.195 327400 40| 2450 115.847 24.822 102.691
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
37 24 33.984 1260 64600 40| 650 30.738 30.904 61.343
37 24 33.984 1260 64600 40| 1100 52.018 25.933 43.196
37 24 33.984 1260 64600 40| 1400 66.205 23.93 36.781
37 24 33.984 1260 64600} 40 1550 73.299 23.132 34.368
37 24 33.984 1260 64600 40| 1700 80.392 22.43 32.315
37 24 33.984 1260 64600 40| 2000 94.579 21.248 28.997
37 24 33.984 1260 64600 40| 2450 115.859 19.858 25.328
37 26 36.816 1365 69990 40 650 30.735 33.48 61.347
37 26 36.816 1365 69990 40| 1100 52.013 28.095 43.199
37 26 36.816 1365 69990 40| 1400 66.199 25.925 36.783
37 26 36.816 1365 69990 40| 1550 73.292 25.06 34.37
37 26 36.816 1365 69990 40| 1700 80.384 24.3 32.317
37 26 36.816 1365 69990 40 2000 94.57 23.019 28.999
37 26 36.816 1365 69990 40| 2450 115.848 21.513 25.329
37 28 39.648 1470 75370 40| 650 30.737 36.055 61.345
37 28 39.648 1470 75370 40| 1100 52.016 30.256 43.198
37 28 39.648 1470 75370 40 1400 66.202 27.919 36.782
37 28 39.648 1470 75370 40| 1550 73.295 26.987 34.369
37 28 39.648 1470 75370 40| 1700 80.388 26.169 32.316
37 28 39.648 1470 75370 40| 2000 94.575 24.789 28.998
37 28 39.648| 1470 75370 40 2450 115.854 23.168| 25.329
37 30 42.48 1575 80750 40| 650 30.738 38.63 61.343
37 30 42.48 1575 80750 40| 1100 52.018 32.416 43.196
37 30 42.48 1575 80750 40| 1400 66.205 29.912 36.781
37 30 42.48 1575 80750 40| 1550 73.299 28.915 34.368
37 30| 42.48 1575 80750 40 1700 80.392 28.038| 32.315
37 30 42.48 1575 80750 40| 2000 94.579 26.559 28.997
37 30 42.48 1575 80750 40| 2450 115.859 24.822 25.328
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
300 24 275.547 442.477 523800 50 650 31.719 31.15 505.363
300 24 275.547 442.477 523800 50 1100 53.678 26.139 355.864
300 24 275.547 442.477 523800 50 1400 68.318 24.12 303.013
300 24 275.547 442.477 523800 50| 1550 75.637 23.316 283.134
300 24 275.547 442.477 523800 50 1700 82.957 22.609 266.224
300 24 275.547 442.477 523800 50 2000 97.596 21.416 238.887
300 24 275.547 442.477 523800 50 2450 119.556 20.016 208.658
300 26 298.509 479.786 567400 50| 650 31.722 33.765 505.028
300 26 298.509 479.786 567400 50 1100 53.683 28.334 355.628
300 26 298.509 479.786 567400 50 1400 68.323 26.145 302.811
300 26 298.509 479.786 567400 50 1550 75.644 25.273 282.946
300 26 298.509 479.786 567400 50 1700 82.964 24.507 266.047
300 26 298.509 479.786 567400 50| 2000 97.605 23.215 238.728
300 26 298.509 479.786 567400 50 2450 119.566 21.696 208.519
300 28 321.471 516.223 611100 50 650 31.719 36.341 505.363
300 28 321.471 516.223 611100 50 1100 53.678 30.496 355.864
300 28 321.471 516.223 611100 50| 1400 68.317 28.14 303.013
300 28 321.471 516.223 611100 50| 1550 75.637 27.202 283.134
300 28 321.471 516.223 611100 50 1700 82.957 26.377 266.224
300 28 321.471 516.223 611100 50 2000 97.596 24.986 238.887
300 28 321.471 516.223 611100 50| 2450 119.555 23.352 208.658
300 30 344.433 553.096 654700 50 650 31.721 38.936 505.338
300 30 344.433 553.096 654700 50 1100 53.682 32.673 355.846
300 30 344.433 553.096 654700 50 1400 68.323 30.15 302.997
300 30 344.433 553.096 654700 50 1550 75.643 29.144 283.119
300 30| 344.433 553.096 654700 50| 1700 82.963 28.26 266.21
300 30 344.433 553.096 654700 50 2000 97.604 26.77 238.875
300 30 344.433 553.096 654700 50 2450 119.565 25.019 208.648
Colin F. du Sart A-134



MSc(Eng) Dissertation

Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
150 24 137.773 625.756 261900 50 650 31.719 31.15 252.682
150 24 137.773 625.756 261900 50 1100 53.678 26.139 177.932
150 24 137.773 625.756 261900 50 1400 68.317 24.12 151.506
150] 24 137.773 625.756 261900 50| 1550 75.637 23.316 141.567
150 24 137.773 625.756 261900 50| 1700 82.957 22.609 133.112
150 24 137.773 625.756 261900 50 2000 97.596 21.416 119.444
150 24 137.773 625.756 261900 50 2450 119.555 20.016 104.329
150 26 149.254 677.903 283700 50| 650 31.722 33.744 252.667
150 26 149.254 677.903 283700 50 1100 53.638 28.317 177.922
150 26 149.254 677.903 283700 50 1400 68.323 26.129 151.497
150 26 149.254 677.903 283700 50 1550 75.644 25.258 141.559
150 26 149.254 677.903 283700 50 1700 82.964 24.492 133.104
150] 26 149.254 677.903 283700 50| 2000 97.605 23.2 119.437
150 26 149.254 677.903 283700 50 2450 119.566 21.683 104.323
150 28 160.736 730.049 305500 50 650 31.724 36.339 252.654
150 28 160.736 730.049 305500 50 1100 53.687 30.494 177.913
150] 28 160.736 730.049 305500 50| 1400 68.329 28.139 151.49
150 28 160.736 730.049 305500 50 1550 75.65 27.2 141.551
150 28 160.736 730.049 305500 50 1700 82.971 26.375 133.097
150 28 160.736 730.049 305500 50 2000 97.613 24.984 119.431
150] 28 160.736 730.049 305500 50| 2450 119.575 23.35 104.318
150 30 172.217 782.195 327400 50 650 31.716 38.938 252.695
150 30 172.217 782.195 327400 50 1100 53.674 32.675 177.941
150 30 172.217 782.195 327400 50 1400 68.312 30.151 151.514
150 30 172.217 782.195 327400 50 1550 75.632 29.145 141.574
150] 30| 172.217 782.195 327400 50| 1700 82.951 28.261 133.119
150] 30| 172.217 782.195 327400 50| 2000 97.589 26.771 119.45
150 30 172.217 782.195 327400 50 2450 119.547 25.02 104.334
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
37 24 33.984 1260 64600 50 650 31.72 31.15 62.325
37 24 33.984 1260 64600 50 1100 53.68 26.14 43.888
37 24 33.984 1260 64600 50 1400 68.319 24.121 37.37
37 24 33.984 1260 64600} 50| 1550 75.639 23.316 34.918
37 24 33.984 1260 64600 50 1700 82.959 22.609 32.833
37 24 33.984 1260 64600 50 2000 97.599 21.417 29.461
37 24 33.984 1260 64600 50 2450 119.559 20.016 25.733
37 26 36.816 1365 69990 50| 650 31.717 33.747 62.329
37 26 36.816 1365 69990 50 1100 53.674 28.319 43.89
37 26 36.816 1365 69990 50 1400 68.313 26.132 37.372
37 26 36.816 1365 69990 50 1550 75.632 25.26 34.92
37 26 36.816 1365 69990 50 1700 82.951 24.494 32.835
37 26 36.816 1365 69990 50| 2000 97.59 23.202 29.463
37 26 36.816 1365 69990 50 2450 119.548 21.685 25.735
37 28 39.648 1470 75370 50 650 31.718 36.343 62.327
37 28 39.648 1470 75370 50 1100 53.677 30.497 43.889
37 28 39.648 1470 75370 50| 1400 68.316 28.141 37.371
37 28 39.648 1470 75370 50 1550 75.636 27.203 34.919
37 28 39.648 1470 75370 50 1700 82.956 26.378 32.834
37 28 39.648 1470 75370 50 2000 97.595 24.987 29.465
37 28 39.648| 1470 75370 50| 2450 119.554 23.352 25.734]
37 30 42.48 1575 80750 50 650 31.72 38.938 62.325
37 30 42.48 1575 80750 50 1100 53.68 32.675 43.888
37 30 42.48 1575 80750 50 1400 68.319 30.151 37.37
37 30 42.48 1575 80750 50 1550 75.639 29.145 34.918
37 30| 42.48 1575 80750 50| 1700 82.959 28.261 32.833
37 30 42.48 1575 80750 50 2000 97.599 26.771 29.461
37 30 42.48 1575 80750 50 2450 119.559 25.02 25.733
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
300 24 275.547 442.477 523800 60 650 32.7 31.388 513.141
300 24 275.547 442.477 523800 60 1100 55.339 26.34 361.341
300 24 275.547 442.477 523800 60 1400 70.432 24.305 307.676
300 24 275.547 442.477 523800 60| 1550 77.978 23.494/ 287.491
300 24 275.547 442.477 523800 60| 1700 85.524 22.782 270.321
300 24 275.547 442.477 523800 60 2000 100.617 21.581 242.564
300 24 275.547 442.477 523800 60 2450 123.255 20.169 211.87
300 26 298.509 479.786 567400 60| 650 32.703 34.024 512.801
300 26 298.509 479.786 567400 60 1100 55.344 28.551 361.101
300 26 298.509 479.786 567400 60 1400 70.438 26.346 307.472
300 26 298.509 479.786 567400 60 1550 77.985 25.467 287.3
300 26 298.509 479.786 567400 60 1700 85.532 24.695 270.142
300 26 298.509 479.786 567400 60| 2000 100.625 23.392 242.403
300 26 298.509 479.786 567400 60 2450 123.266 21.862 211.729
300 28 321.471 516.223 611100 60 650 32.7 36.62 513.142
300 28 321.471 516.223 611100 60 1100 55.339 30.73 361.341
300 28 321.471 516.223 611100 60| 1400 70.432 28.356 307.676
300 28 321.471 516.223 611100 60| 1550 77.978 27.41 287.491
300 28 321.471 516.223 611100 60 1700 85.524 26.579 270.321
300 28 321.471 516.223 611100 60 2000 100.616 25.177 242.564
300 28 321.471 516.223 611100 60| 2450 123.255 23.531 211.87
300 30 344.433 553.096 654700 60 650 32.703 39.235 513.116
300 30 344.433 553.096 654700 60 1100 55.343 32.924 361.323
300 30 344.433 553.096 654700 60 1400 70.437 30.381 307.661
300 30 344.433 553.096 654700 60 1550 77.984 29.367 287.477
300 30| 344.433 553.096 654700 60| 1700 85.53 28.477 270.308
300 30 344.433 553.096 654700 60 2000 100.624 26.975 242.552
300 30 344.433 553.096 654700 60 2450 123.264 25.211 211.859
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
150 24 137.773 625.756 261900 60 650 32.7 31.388 256.571
150 24 137.773 625.756 261900 60 1100 55.339 26.34 180.671
150 24 137.773 625.756 261900 60 1400 70.431 24.305 153.838
150] 24 137.773 625.756 261900 60| 1550 77.978 23.494/ 143.746
150 24 137.773 625.756 261900 60 1700 85.524 22.782 135.161
150 24 137.773 625.756 261900 60 2000 100.616 21.581 121.282
150 24 137.773 625.756 261900 60 2450 123.255 20.169 105.935
150 26 149.254 677.903 283700 60| 650 32.703 34.003 256.556
150 26 149.254 677.903 283700 60 1100 55.344 28.534 180.66
150 26 149.254 677.903 283700 60 1400 70.438 26.33 153.829
150 26 149.254 677.903 283700 60 1550 77.984 25.451 143.737
150 26 149.254 677.903 283700 60 1700 85.531 24.68 135.153
150] 26 149.254 677.903 283700 60| 2000 100.625 23.378 121.275
150 26 149.254 677.903 283700 60 2450 123.266 21.849 105.929
150 28 160.736 730.049 305500 60 650 32.706 36.618 256.543
150 28 160.736 730.049 305500 60 1100 55.348 30.728 180.651
150] 28 160.736 730.049 305500 60| 1400 70.443 28.354 153.821
150 28 160.736 730.049 305500 60 1550 77.991 27.409 143.73
150 28 160.736 730.049 305500 60 1700 85.538 26.577 135.146
150 28 160.736 730.049 305500 60 2000 100.633 25.176 121.269
150] 28 160.736 730.049 305500 60| 2450 123.276 23.529] 105.923
150 30 172.217 782.195 327400 60 650 32.698 39.236 256.584
150 30 172.217 782.195 327400 60 1100 55.335 32.925 180.68
150 30 172.217 782.195 327400 60 1400 70.426 30.382 153.846
150 30 172.217 782.195 327400 60 1550 77.972 29.369 143.753
150] 30| 172.217 782.195 327400 60| 1700 85.518 28.478| 135.168
150 30 172.217 782.195 327400 60 2000 100.609 26.976 121.288
150 30 172.217 782.195 327400 60 2450 123.246 25.212 105.94,
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Similarity Matrix

Plant Conditions

Test Conditions

Particle Diameter

Superficial Gas

Particle Reynolds

Particle Froude

Inertia Parameter

Gas Temperature (°C)

Particle Density

Gas Pressure (kPa)

Superficial Gas

Particle Diameter

(um) Velocity (m/s) Number Number (kg/m?) Velocity (m/s) (pm)
37 24 33.984 1260 64600 60 650 32.701 31.389 63.284
37 24 33.984 1260 64600 60 1100 55.341 26.34 44.563
37 24 33.984 1260 64600 60 1400 70.434 24.306 37.945
37 24 33.984 1260 64600} 60| 1550 77.98 23.495 35.455
37 24 33.984 1260 64600 60 1700 85.526 22.782 33.338
37 24 33.984 1260 64600 60 2000 100.619 21.581 29.915
37 24 33.984 1260 64600 60 2450 123.259 20.169 26.129
37 26 36.816 1365 69990 60| 650 32.698 34.006 63.288
37 26 36.816 1365 69990 60 1100 55.335 28.536 44.566
37 26 36.816 1365 69990 60 1400 70.427 26.332 37.947
37 26 36.816 1365 69990 60 1550 77.973 25.454 35.458
37 26 36.816 1365 69990 60 1700 85.518 24.682 33.34
37 26 36.816 1365 69990 60| 2000 100.61 23.38 29.917
37 26 36.816 1365 69990 60 2450 123.247 21.851 26.131
37 28 39.648 1470 75370 60 650 32.7 36.621 63.286
37 28 39.648 1470 75370 60 1100 55.338 30.731 44.564
37 28 39.648 1470 75370 60| 1400 70.43 28.357 37.946
37 28 39.648 1470 75370 60 1550 77.977 27.411 35.456
37 28 39.648 1470 75370 60 1700 85.523 26.58 33.339
37 28 39.648 1470 75370 60 2000 100.615 25.178 29.916
37 28 39.648| 1470 75370 60| 2450 123.253 23.531 26.13
37 30 42.48 1575 80750 60 650 32.701 39.236 63.284
37 30 42.48 1575 80750 60 1100 55.341 32.925 44.563
37 30 42.48 1575 80750 60 1400 70.434 30.382 37.945
37 30 42.48 1575 80750 60 1550 77.98 29.369 35.455
37 30| 42.48 1575 80750 60| 1700 85.526 28.478| 33.338
37 30 42.48 1575 80750 60 2000 100.619 26.976 29.915
37 30 42.48 1575 80750 60 2450 123.259 25.212 26.129
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Appendix P. Tabulated Test Results
TEMPERATURE
Mean Actual GIW Mea.n Model Mean Instrument Statistical Combined Combined
Test Actual Particle . ) i i
Gas Flow Rate Flow Rate Temperature | Temperature | Uncertainty | Uncertainty | Uncertainty | Uncertainty
# kg/s kg/s °C °C °C °C °C %
1 0.086 0.590 53 48.795 0.301 1.361 1.393 2.855
2 0.094 0.600 57 49.055 0.300 0.088 0.314 0.640
3 0.103 0.581 63 53.239 0.316 0.137 0.344 0.646
4 0.077 0.492 43 39.908 0.269 0.138 0.302 0.757
5 0.085 0.496 46 44,734 0.285 0.730 0.784 1.753
6 0.093 0.491 54 51.727 0.310 0.232 0.388 0.750
7 0.077 0.397 40 40.689 0.271 0.738 0.786 1.932
8 0.084 0.397 43 42.358 0.277 0.754 0.804 1.898
9 0.091 0.396 46 45.612 0.289 0.748 0.801 1.756
10 0.099 0.393 53 47.269 0.294 1.048 1.089 2.304
11 0.076 0.297 38 38.167 0.262 0.220 0.343 0.899
12 0.082 0.295 40 38.965 0.265 0.543 0.605 1.553
13 0.089 0.291 43 40.009 0.269 1.355 1.382 3.454
14 0.096 0.292 46 39.280 0.266 0.717 0.765 1.948
15 0.076 0.195 35 32.183 0.242 1.218 1.242 3.859
16 0.088 0.199 39 34.777 0.251 1.704 1.723 4.954
17 0.102 0.197 44 40.975 0.272 1.369 1.396 3.407
18 0.115 0.197 49 42.764 0.279 0.675 0.731 1.709
19 0.063 0.158 31 31.010 0.238 0.336 0.412 1.329
20 0.075 0.157 34 34.033 0.248 0.332 0.415 1.219
21 0.088 0.156 37 34.407 0.250 0.815 0.852 2.476
22 0.107 0.159 44 37.330 0.260 0.516 0.578 1.548
23 0.051 0.079 28 29.106 0.232 0.362 0.430 1.477
24 0.063 0.077 30 35.863 0.255 0.377 0.455 1.269
25 0.081 0.080 33 36.371 0.256 0.092 0.272 0.748
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Tabulated Test Results

GIW Mean Mean L. . . Estimated
Mean Actual ) Instrument Statistical Combined Combined |Model System
Test Actual Particle] Upstream . . . . System
Gas Flow Rate Uncertainty | Uncertainty | Uncertainty | Uncertainty |Pressure Drop
Flow Rate Pressure Pressure Drop
# kg/s kg/s kPa Pa Pa Pa % kPa kPa|
1 0.086 0.590 111.324 720.294 443.624 836.915 0.752 21.064 10.024
2 0.094 0.600 114.763 709.665 401.026 824.406 0.718 25.451 13.463
3 0.103 0.581] 116.540 725.818 391.303 824.579 0.708 30.730 15.240
4 0.077 0.492 110.156 706.061 369.233 796.787 0.723 13.237 8.856
5 0.085 0.496 111.200 709.282 576.901 914.273 0.822 15.786 9.900
6 0.093 0.491] 114.879 720.655 482.172 867.083 0.755 22.013 13.579
7 0.077 0.397 110.033 705.696 655.684 963.290 0.875 11.382 8.733
8 0.084 0.397, 110.668 707.646 633.521 949.795 0.858 13.593 9.368
9 0.091 0.396 111.227 709.367 667.928 974.335 0.876 16.023 9.927
10 0.099 0.393 112.324 712.748 627.283 949.470 0.845 21.658 11.024
11 0.076 0.297, 109.062 702.716 616.634 934.905 0.857, 9.477 7.762
12 0.082 0.295, 109.123 702.904 674.071 973.881 0.892 11.155 7.823
13 0.089 0.291] 109.207 703.161 764.524 1038.716 0.951] 13.192 7.907,
14 0.096 0.292 110.116 705.948 682.976 982.252 0.892 15.424 8.816
15 0.076 0.195 106.374 694.510 557.850 890.809 0.837, 7.524 5.074
16 0.088 0.199 107.098 696.715 288.084 753.925 0.704 10.342 5.798
17 0.102 0.197, 108.161 699.959 223.536 734.786 0.679 14.079 6.861
18 0.115 0.197, 109.769 704.883 182.771 728.193 0.663 18.079 8.469
19 0.063 0.158 105.378 691.482 276.152 744.585 0.707, 4.568 4.078
20 0.075 0.157, 105.887 693.030 282.314 748.326 0.707, 6.686 4.587
21 0.088 0.156 106.534 694.996 144.363 709.831 0.666 9.210 5.234
22 0.107 0.159 108.420 700.752 155.088 717.709 0.662 12.330 7.120
23 0.051 0.079 103.510 685.824 108.910 694.418 0.671 2.244 2.210
24 0.063 0.077, 104.535 688.926 113.751 698.254 0.668 3.431 3.235
25 0.081 0.080 105.478 691.787 95.569 698.357 0.662 5.785 4.178
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Mean Actual GIW Mea.n Mean Orifice | Instrument Statistical Combined Combined
Test Actual Particle R . . .
Gas Flow Rate Pressure Drop| Uncertainty [ Uncertainty | Uncertainty | Uncertainty
Flow Rate
# kg/s kg/s kPa Pa Pa Pa %
1 0.086 0.590 1.221 10.166 86.478 87.052 7.130
2 0.094 0.600 1.418 9.982 81.429 82.026 5.785
3 0.103 0.581 1.700 10.262 68.193 68.961 4.057|
4 0.077 0.492 0.959 9.920 80.341 80.951 8.441
5 0.085 0.496 1.176 9.975 78.119 78.753 6.697
6 0.093 0.491 1.398 10.173 69.253 69.997 5.007
7 0.077 0.397 0.961 9.913 75.950 76.594 7.970
8 0.084 0.397 1.148 9.947 97.084 97.592 8.501
9 0.091 0.396 1.353 9.977 97.954 98.461 7.277
10 0.099 0.393 1.599 10.036 84.640 85.233 5.330
11 0.076 0.297 0.939 9.861 87.058 87.614 9.331
12 0.082 0.295 1.099 9.865 106.345 106.801 9.718
13 0.089 0.291 1.302 9.869 153.289 153.607 11.798
14 0.096 0.292 1.498 9.918 135.518 135.881 9.071
15 0.076 0.195 0.947 9.718 81.695 82.271 8.688
16 0.088 0.199 1.272 9.757 59.899 60.688 4.771
17 0.102 0.197 1.733 9.813 56.116 56.968 3.287
18 0.115 0.197 2.191 9.899 57.889 58.729 2.680
19 0.063 0.158 0.650 9.666 46.096 47.098 7.246
20 0.075 0.157 0.929 9.693 50.912 51.826 5.579
21 0.088 0.156 1.277 9.727 26.532 28.259 2.213
22 0.107 0.159 1.883 9.827 44.376 45.451 2.414
23 0.051 0.079 0.429 9.567 10.545 14.238 3.319
24 0.063 0.077 0.665 9.621 13.649 16.699 2.511
25 0.081 0.080 1.098 9.671 16.596 19.208 1.749
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Tabulated Test Results

Req. Gas Flow| Mean Actual X i Req. Particle Mea-n Actual X X Loading Mean actual i .
Test Uncertainty | Uncertainty Particle Flow | Uncertainty | Uncertainty ; . Uncertainty | Uncertainty
Rate Gas Flow Rate Flow Rate Rate setpoint loading
# kg/s kg/s kg/s %) kg/s kg/s kg/s % %
1 0.086 0.086 0.003 3.680, 0.6 0.590 0.003 0.542, 6.977 6.860 0.255 3.720
2 0.094 0.094 0.003 2.996 0.6 0.600 0.005 0.756 6.383 6.383 0.197 3.090
3 0.103 0.103 0.002 2.167 0.6 0.581 0.005 0.819 5.825 5.641 0.131 2.317
4 0.077 0.077 0.003 4.292 0.5 0.492 0.004 0.723, 6.494 6.390 0.278 4.353
5 0.085 0.085 0.003 3.465 0.5 0.496 0.003 0.529 5.882 5.835 0.205 3.505
6 0.093 0.093 0.002 2.632 0.5 0.491 0.003 0.600] 5.376 5.280 0.143 2.700
7 0.077 0.077 0.003 4.094 0.4 0.397 0.002 0.521] 5.195 5.156 0.213 4.127,
8 0.084 0.084 0.004 4.354 0.4 0.397 0.002 0.518 4.762 4.726 0.207 4.384]
9 0.091 0.091 0.003 3.756) 0.4 0.396 0.002 0.594] 4.396 4.352 0.165 3.803
10 0.099 0.099 0.003 2.828] 0.4 0.393 0.002 0.618 4.040 3.970 0.115 2.895
11 0.076 0.076 0.004 4.754 0.3 0.297 0.002 0.603| 3.947 3.908 0.187 4.792,
12 0.082 0.082 0.004 4.957 0.3 0.295 0.002 0.546 3.659 3.598 0.179 4.987
13 0.089 0.089 0.005 6.008| 0.3 0.291 0.002 0.520] 3.371 3.270 0.197 6.030
14 0.096 0.096 0.004 4.640 0.3 0.292 0.002 0.560] 3.125 3.042 0.142 4.673
15 0.076 0.076 0.003 4.459 0.2 0.195 0.001 0.494] 2.632 2.566 0.115 4.486
16 0.088 0.088 0.002 2.564 0.2 0.199 0.001 0.486) 2.273 2.261 0.059 2.609
17 0.102 0.102 0.002 1.854 0.2 0.197 0.001 0.504] 1.961 1.931 0.037 1.921]
18 0.115 0.115 0.002 1.538 0.2 0.197 0.001 0.709 1.739 1.713 0.029 1.694
19 0.063 0.063 0.002 3.705 0.16 0.158 0.001 0.542 2.540 2.508 0.094 3.744]
20 0.075 0.075 0.002 2.895 0.16 0.157 0.001 0.610] 2.133 2.093 0.062 2.958
21 0.088 0.088 0.001 1.349 0.16 0.156 0.001 0.707, 1.818 1.773 0.027 1.523
22 0.107 0.107 0.002 1.416 0.16 0.159 0.001 0.814] 1.495 1.486 0.024 1.633
23 0.051 0.051 0.001 1.817 0.08 0.079 0.000 0.557, 1.569 1.549 0.029 1.901
24 0.063 0.063 0.001 1.456 0.08 0.077 0.000 0.622, 1.270 1.222 0.019 1.583
25 0.081 0.081 0.001 1.135 0.08 0.080 0.001 0.841 0.988 0.988 0.014 1.413
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. GIW Mean LIW Mean
Req. Particle R . . . . .
Test Flow Rate Actual Particle| Uncertainty | Uncertainty |Actual Particle| Uncertainty | Uncertainty
Flow Rate Flow Rate
# kg/s kg/s kg/s % kg/s kg/s %
1 0.6 0.590 0.003 0.542 0.597 0.006 1.038
2 0.6 0.600 0.005 0.756 0.568 0.009 1.578
3 0.6 0.581 0.005 0.819 0.602 0.009 1.552
4 0.5 0.492 0.004 0.723 0.499 0.007 1.381
5 0.5 0.496 0.003 0.529 0.500 0.005 1.049
6 0.5 0.491 0.003 0.600 0.501 0.006 1.106
7 0.4 0.397 0.002 0.521 0.402 0.004 1.043
8 0.4 0.397 0.002 0.518 0.402 0.004 1.018
9 0.4 0.396 0.002 0.594 0.400 0.005 1.160
10 0.4 0.393 0.002 0.618 0.400 0.005 1.211
11 0.3 0.297 0.002 0.603 0.300 0.004 1.216
12 0.3 0.295 0.002 0.546 0.300 0.003 1.032
13 0.3 0.291 0.002 0.520 0.300 0.003 0.988
14 0.3 0.292 0.002 0.560 0.299 0.003 1.097
15 0.2 0.195 0.001 0.494 0.200 0.002 0.968
16 0.2 0.199 0.001 0.486 0.200 0.002 0.975
17 0.2 0.197 0.001 0.504 0.199 0.002 1.009
18 0.2 0.197 0.001 0.709 0.200 0.003 1.417
19 0.16 0.158 0.001 0.542 0.160 0.002 1.096
20 0.16 0.157 0.001 0.610 0.160 0.002 1.216
21 0.16 0.156 0.001 0.707 0.160 0.002 1.449
22 0.16 0.159 0.001 0.814 0.160 0.003 1.653
23 0.08 0.079 0.000 0.557 0.080 0.001 1.126
24 0.08 0.077 0.000 0.622 0.080 0.001 1.231
25 0.08 0.080 0.001 0.841 0.080 0.001 1.738
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Estimated
Test LIW Start LIW End GIW Start GIW End Filter Cyclone
Efficiency
# kg kg kg kg kg %
1 Lost Lost Lost Lost Lost 0.000,
2 294.45 21.52 0.08 273.35 4.713 98.305
3 300.76 18.10 0.35 267.77 5.323 98.048
4 242.66 4.23 51.17 287.92 0.379 99.840
5 280.51 3.96 4.08 280.05 3.881 98.613
6 295.17 24.48 0.11 263.11 3.610 98.646
7 280.06 6.12 0.86 275.13 3.631 98.693
8 271.10 6.67 0.03 270.84 3.402 98.759
9 272.96 1.83 0.21 270.82 3.976 98.552
10 268.69 0.27 0.16 267.67 4.936 98.188
11 282.39 1.13 0.55 282.34 3.396 98.809
12 298.33 2.28 0.64 295.59 3.551 98.810
13 293.04 2.21 1.11 290.25 4.613 98.430
14 Lost Lost Lost Lost Lost 0.000,
15 283.28 7.29 1.33 277.36 2.091 99.248
16 281.67 14.07 -0.49 267.63 3.210 98.817
17 280.03 28.79 -0.33 252.74 2.676 98.954
18 273.09 24.25 -0.03 248.59 2.008 99.120
19 278.08 18.58 0.51 259.07 4.251 98.382
20 271.15 25.90 -0.43 244.79 1.933 99.218
21 265.94 28.30 -0.40 236.99 2.359 99.016
22 273.65 20.42 -0.47 254.82 2.675 98.963
23 268.83 30.03 -0.42 237.63 2.476 98.971
24 276.85 13.94 0.32 261.38 1.911 99.273
25 270.96 12.97 -0.02 260.37 1.709 99.348
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LIW DURING STEADY STATE TESTING PERIOD

LIW Mass at ] LIW Mass at . ] .. ..
Test Uncertainty Uncertainty Lw Uncertainty | UpperLimit | Lower Limit
Start End
# kg kg kg kg kg kg kg kg
1 236.427 2.101 39.603 2.264 196.824 3.089 199.913 193.735
2 230.922 2.050 112.794 1.697 118.128 2.661 120.789 115.467
3 190.883 1.756 76.182 1.926 114.701 2.606 117.307 112.095
4 167.246 1.653 19.546 2.480 147.700 2.980 150.680 144.720
5 222.738 1.979 25.049 2.419 197.689 3.125 200.814 194.564
6 236.442 2.102 56.847 2.094 179.595 2.967 182.562 176.628
7 217.667 1.937 18.062 2.496 199.605 3.159 202.764 196.446
8 220.907 1.964 12.423 2.561 208.484 3.227 211.711 205.257
9 216.046 1.924 49.955 2.160 166.091 2.893 168.984 163.198
10 182.956 1.713 10.551 2.582 172.405 3.099 175.504 169.306
11 182.798 1.711 13.429 2.549 169.369 3.070 172.439 166.299
12 213.549 1.905 8.101 2.610 205.448 3.231 208.679 202.217
13 233.058 2.070 18.246 2.495 214.812 3.242 218.054 211.570
14 200.129 1.808 8.185 2.610 191.944 3.175 195.119 188.769
15 233.340 2.072 9.448 2.594 223.892 3.320 227.212 220.572
16 236.472 2.101 18.407 2.493 218.065 3.260 221.325 214.805
17 237.395 2.110 31.517 2.349 205.878 3.158 209.036 202.720
18 166.589 1.655 27.551 2.391 139.038 2.908 141.946 136.130
19 210.091 1.878 24.351 2.426 185.740 3.068 188.808 182.672
20 192.336 1.761 29.997 2.365 162.339 2.949 165.288 159.390
21 166.378 1.650 31.709 2.347 134.669 2.869 137.538 131.800
22 146.439 1.623 26.669 2.401 119.770 2.898 122.668 116.872
23 208.987 1.870 33.349 2.329 175.638 2.987 178.625 172.651
24 183.368 1.714 19.580 2.479 163.788 3.014 166.802 160.774
25 135.208 1.631 17.216 2.506 117.992 2.990 120.982 115.002
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Tabulated Test Results

GIW Mass at . GIW Mass at X X . . X .. .
Test e Uncertainty End Uncertainty GIW Uncertainty | UpperlLimit | Lower Limit GIW(1/n) Uncertainty | UpperlLimit | Lower Limit
# kg kg kg kg kg kg kg kg| kg kg kg kg|
1 63.557 1.036 257.849 1.210 194.292 1.593 195.885 192.699 #DIV/0! 1.593 #DIV/0! #DIV/0!
2 59.799 1.000 182.302 0.885 122.503 1.335 123.838 121.168 124.615 1.335 125.951 123.280
3 102.625 0.849 212.478 1.023 109.853 1.329 111.182 108.524 112.040 1.329 113.369 110.711
4 122.780 0.821 268.224 1.300 145.444 1.538 146.982 143.906 145.677 1.538 147.215 144.140
5 60.391 0.983 255.529 1.205 195.138 1.555 196.693 193.583 197.883 1.555 199.438 196.328
6 53.852 1.256 227.603 1.057 173.751 1.642 175.393 172.109 176.136 1.642 177.777 174.494
7 60.354 0.983 256.282 1.206 195.928 1.556 197.484 194.372 198.523 1.556 200.079 196.967
8 52.981 1.107 259.060 1.218 206.079 1.646 207.725 204.433 208.669 1.646 210.314 207.023
9 54.174 1.010 217.989 1.011 163.815 1.429 165.244 162.386) 166.222 1.429 167.651 164.793
10 84.976 1.086 254.028 1.192 169.052 1.613 170.665 167.439 172.172 1.613 173.784 170.559
11 95.740 0.857 263.164 1.241 167.424 1.508 168.932 165.916) 169.442 1.508 170.950 167.934
12 82.588 1.032 283.070 1.356 200.482 1.704 202.186 198.778 202.896 1.704 204.601 201.192
13 62.197 1.013 270.071 1.338 207.874 1.678 209.552 206.196 211.190 1.678 212.868 209.511
14 88.202 0.878 274.510 1.306 186.308 1.574 187.882 184.734]  #DIV/0! 1.574 #DIV/0! #DIV/0!
15 49.892 1.025 269.590 1.276 219.698 1.637 221.335 218.061 221.363 1.637 222.999 219.726
16 45.021 1.044 261.509 1.230 216.488 1.613 218.101 214.875 219.080 1.613 220.693 217.466
17 47.683 1.032 250.434 1.168 202.751 1.559 204.310 201.192 204.894 1.559 206.453 203.336
18 109.849 0.825 246.820 1.149 136.971 1.415 138.386 135.556) 138.187 1.415 139.602 136.773
19 63.304 0.963 246.252 1.146 182.948 1.497 184.445 181.451 185.957 1.497 187.454 184.460
20 75.472 0.917 235.083 1.089 159.611 1.424 161.035 158.187 160.869 1.424 162.293 159.445
21 101.272 0.842 232.590 1.078 131.318 1.368 132.686 129.950, 132.623 1.368 133.991 131.255
22 131.212 0.802 250.641 1.170 119.429 1.418 120.847 118.011 120.680 1.418 122.099 119.262
23 55.850 0.994 229.613 1.061 173.763 1.454 175.217 172.309 175.570 1.454 177.023 174.116
24 95.025 0.856 254.371 1.190 159.346 1.466 160.812 157.880, 160.513 1.466 161.979 159.047|
25 139.961 0.802 257.314 1.206 117.353 1.448 118.801 115.905 118.123 1.448 119.571 116.675
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Appendix Q. Additional Literature Consulted

The following provides a list of literature containing the different components normally found in

pneumatic conveying systems and test facilities built by others.

Cabrejos, F. J. & Klinzing, G. E., 1994. Pickup and saltation mechanisms of solid particles in horizontal

pneumatic transport. Powder Technology, Volume 79, pp. 173 - 186.

Dhodapkar, S. & Zaltash, A., 1989. Acceleration zone studies in pneumatic conveying systems at various
inclinations. Fluidization and Fluid-Particle Systems - Fundamentaks and Applications, AIChE Symposium

Series, 85(270), pp. 1-8.

Hinkle, B. L., 1953. Acceleration of Particles and Pressure Drops Encountered in Horizontal Penumatic

Conveying. Georgia: PhD Thesis: Georgia Institute of Technology.

Klinzing, G. E., Marcus, R. D., Rizk, F. & Leung, L. S., 1997. Pneumatic Conveying of Solids: A Theoretical
and Practical Approach. 2nd ed. London: Chapman & Hall.

Rabinovich, E. & Kalman, H., 2008. Boundary saltation and minimum pressure velocities in particle—gas

systems. Powder Technology, Volume 185, pp. 67 - 79.

Rose, H. E. & Duckworth, R. A., 1969. Transport of Solid Particles in Liquids and Gases. The Engineer,
Volume 227, pp. 430-433.

Wei, W. etal., 2011. Experimental study on the solid velocity in horizontal dilute phase pneumatic. Powder

Technology, 212(3), pp. 403-409.

Wen, C. Y. & Yu, Y. H., 1966. Mechanics of Fluidization. Chemical Engineering Progress Symposium Series,

62(62), pp. 100-111.

Zenz, F. A., 1949. Two-phase fluid-solid flow. Industrial & Enegineering Chemistry, 41(12), pp. 2801-2806.
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Appendix R. Particle Density and Size Tests
RESULTS OF DENSITY TESTS MANDATED

Results of particle density tests mandated on PFA received from POWER STATION 1.

tosz - Lolin Du Sarb
F\u' aS.« S«MHL ‘

Page 1
AccuPyc 1330 V1.02
Serial Number: 10
Density and Volume Report
Sample ID: 2016-02-22--01 Sample Weight: 6.5544 g
Number of Purges: 10 Equilibration Rate: 0.0050 psig/mir
Cell Volume: 12.08086 cc Expansion Volume: 8.0167 cc
Volume Deviation Density Deviation
Runt ce ce g/cc g/cc
1 2.80860 0.0165 2.2555 -0.0131
2 2.90386 0.0142 2.2573 -0.0113
3 2.8994 0.0089 2.2608 -0.0079
4 2.8700 -0.0194 2.2837 0.0152
5 2.9047 0.01583 2.2565 -0.0121
(S 2.9126 0.0232 2.2504 -0.0182
7 2.9062 0.0168 2.2553 -0.0133
8 2.8990 0.00886 2.2809 -0.0077
9 2.8449 -0.0445 2.3039 0.0353
10 2.8477 -0.0417 2.3016 0.0330
Average Volume: 2.8894 cc Standard Deviation: 0.0254 cc
Average Density: 2.2686 g/cc Standard Deviation: 0.0201 g/cc
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Coln"\ Du bO‘f*
Eo32 ~ .
F\j ash somple 2

Page 1
AccuPyc 1330 V1.02
Serial Number: 10
Density and Volume Report
Sample ID: 2016-02-24--02 Sample Weight: 9.0667 g
Number of Purges: 10 Equilibration Rate: 0.0050 psig/min
Cell Volume: 12.0806 cc Expansion Volume: 8.0167 cc
Volume Deviation Density Deviation
Run# cC cc g/cc g/ce
1 e -0.0073
z 0.0735 2.72490 -0.0420
% 5 0.0741 2.2487 -0.0423
4 3.9452 -0.0127 2.2982 0.0072
5 3.9504 -0.0075 2.29561 0.0041
6 3.9253 -0.0328 2.3098 0.0188
7 3.9476 -0.0103 2.2968 0.0057
8 3.9229 -0.0350 2.3112 0.0202
9 3.9422 -0.0157 2.2999 0.0089
10 3.9119 -0.04860 2.3177 0.02867
Average Volume: 3.9579 cc Standard Deviation: 0.0422 cc
Average Density: 2.2910 g/cc Standard Deviation: 0.0242 g/cc
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E0z2 - Colm Du Sort
Fiy hsh sample S

AccuPyc 1330 V1.02
Serial Number: 10
Density and Volume Report

Sample ID: 2018-02-25--03 Samnle Weight:
Number of Purges: 1 Bauliliverail =

i LT
Cell Volume: 1Z2.0507 Wl
= Deviand Tom N sviation
Tan co a/co
1 3.8445
2 3.7T7T0L —(
3 3.8883 ¥
e 37704 -
3.7178 ac Standard Deviation: 0.0829 cc
2.2845 z/00 Standard Deviation: 0.0388 g/cc
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Eo%‘z, - Coll.ﬂ Du LSG“"G
F'I.ﬁ ash SCAM[J\C Y

Page 1
AccuPye 1330 V1.02
Serial Number: 10
Density and Volume Report
Sample 1ID: 2018-02-23--04 Sample Weight: 6.42680 g
Number of Purges: 10 Equilibration Rate: 0.0050 psig/min
Cell Volume: 12.0806 cc Expansion Volume: 8.0187 cc
Volume Deviation Density Deviation
Run#t cc ce g/cc g/cc
1 2.8372 -0.0015 2.2649 0.0012
2 2.8361 -0.0026 2.2658 0.0021
3 2.8358 -0.0031 2.2662 0.0025
4 2.8365 -0.0022 2.2654 0.0017
5 2.8480 0.0093 2.2583 =-0.0074
Averzge Volume: 2.8387 cc Standard Deviation: 0.0053 ce
Average Density: Z2.Z637 g/co Standard Deviation: 0.0042 g/cc
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Page 1
AccuPyc 1330 V1.02
Serial Number: 10
Density and Volume Report
Sample ID: 2016-02-24--05 Sample Weight: - 6.9080 g
Number of Purges: 10 Equilibration Rate: 0.0050 psig/mir
Cell Volume: 12.0806 cc Expansion Volume: 8.0167 cc
Volume Deviation Density Deviation
Run# ce ce g/ce g/cc
1 3.0587 0.0110 2.2585 -0.0082
2 3.0575 0.00898 2.2594 -0.0074
3 3.05586 0.0079 2.2608 -0.00598
4 3.01086 -0.0370 2.2945 0.0278
5 3.0545 0.00868 2.2618 -0.0051
6 3.0463 -0.001< 2.2877 0.Q009
7 3.08633 0.0187 2.2550 -0.0117
a 3.0604 0.0127 2.2572 -0.0095
9 3.0103 -0.0374 2.2948 0.0281
10 3.0597 0.0121 2. 25T -0.0090
Average Volume: 3.0477 cc Standard Deviation: 0.0201 cec
Average Density: 2.28687 g/cc Standard Deviation: 0.0151 g/cc
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RESULTS OF SIZE TESTS CONDUCTED

Results of particle size tests mandated on PFA received from Matla Power Station

MASTERSIZER <2dad»

Result Analysis Report

Sample Name: S0P Name: Measured:
Fly Ash Sample 1 - Average Alab_Fly Ash Monday, February 22, 2016 11:32:15 AM
Sample Source & type: Measured by: Analysad:
Pans Unknown Monday, February 22, 2016 11:32:17 AM
Sample bulk lot ref: Result Source:
123-ABC Averaged
Particle Name: Accessory Name: Analysis model: Sensitivity:
Fly Ash Hydro 20000G (A) Genaral purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 01 0.020 to 2000.000 11.68 Y
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Wator 1.330 0.654 Yo
Concentration: Span : Uniformity: Result units:
0.0185 Mol 3.929 1.28 Vaolume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0757 m2'g 7.926 um 68.096 um
d(0.1): 5.020 um di0.5):  40.922 um d(0.9): 165.811 um
Particle Size Distribution
5
4.5
4
.:.3 3.5
g 3
5 2.5
g 2
1.5
1
0.5
%.D] 0.1 1 10 100 1000 3000
Particle Size {um)
—Fly &Ash Sample 1 - Average, Monday, February 22, 2016 11:32:15 AM

S () | Volme In % S2a (Em) Voume % SZa (Um) | Volume In %% S2a (Em) Valme N Sze (m) | Vioume In % 26 (Em) ValLme N
1.000 10.000 EA000 300,000 1400.000 B000.000
ol B | e | em| 2% | om P | amam| OO
3000 244 .00 496 106000 L) 500,000 an 2800000 .00
000 25,000 150000 850,000 4000.000
7.000 2: 38,000 :': 212,000 2$ 1000.000 E$ 5600.000 Eﬁ
10,000 53,000 300000 1400,000 BOO0.00D
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Particle Density and Size Tests

MASTERSIZER <2aa0»

Result Analysis Report

Sample Name: SOP Name: Measured:
Fly Ash Sample 2 - Average Alab Fly Ash Monday, February 22, 2016 11:42:236 AM
Sample Source & type: Measured by: Analysad:
Paris Unknown Monday, February 22, 2016 11:42:38 AM
Sample bulk lot ref: Result Source:
123-ABC Averaged
Particle Name: Accessory Name: Analysis model: Sensitivity:
Fly Ash Hydro 2000G (A) General purposa Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 0.1 0.020 to  2000.000 10.38 %
Dispersant Mame: Dispersant RI: Weightad Residual: Result Emulation:
Water 1.330 0.674 % Off
Concentration: Span : Uniformity: Result units:
0.0165 EAL 3.827 1.23 Vaolume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4, 3]:
0.745 mag 8.058 um 65.878 um
d(0.1): 5.151 um d(0.5): 40.799 161.269 um
Particle Size Distribution
5
4.5
4
i 3.5
g 3
5 2.5
g 2
1.5
1
0.5
%.D] 0.1 1 10 100 1000 3000
Particle Size (um)
—Fly Ash Sample 2 - Average, Monday, February 22, 2016 11:42:36 AM
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Particle Density and Size Tests

MASTERSIZER <2oad»

Result Analysis Report

Sample Name: SOP Name: Measured:
Fly Ash Sample 3 - Average Alab Fly Ash Monday, February 22, 2016 12:00:35 PM
Sample Source & type: Measured by: Analysad:
Paris Unknown Monday, February 22, 2016 12:00:37 PM
Sample bulk lot ref: Result Source:
123-ABC Averaged
Particle Name: Accessory Name: Analysis model: Sensitivity:
Fly Ash Hydra 2000G (A) General purpose Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 01 0.020 to  2000.000 10.51 %
Dispersant Mame: Dispersant Rl: Weighted Residual: Result Emulation:
Water 1.330 0.677 % Off
Concentration: Span : Uniformity: Result units:
0.0166 EA 4150 1.44 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.75 m3g 8.002 um 74509 um
d(0.1): 5.106 um d(0.5): 40.797 174.418 um
5 Partirle Sire Distribitinn
4.5
4
— 3.3
£ 3
ar
E 2.5
2
(=]
= 2
1.5
1
0.5
%.D] 0.1 1 10 100 1000 3000
Particle Size (pm)
—Fly Ash Sample 3 - Average, Monday, February 22, 2016 12:00:35 PM
Stz (umj) [ Vioume In % Size (Um) Wolume In % Stze (um) [ Volume In % ‘Size (P Volume In % Stz (pmj)| Vioiume In % Siza (um)  Wolume In%
1.000 10,000 53000 200,000 1400000 B000.000
2,000 :'z 15,000 :g: TED00 132 426,000 ;’; 2000000 E$
3,000 e 20,000 T 106,000 - 500,000 o 200000 o
£.000 - 25,000 g'ﬂ 150.000 . 850,000 a1 4000000 o
7000 38,000 212000 1000.000 ) BE00.000
10,000 568 53,000 i 300,000 LB 100,000 oz BOO0.000 oo
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Particle Density and Size Tests

MASTERSIZER <2dad»

Result Analysis Report

Sample Name: SOP Name: Measured:
Fly Ash Sample 4 - Avaraga Alab Fly Ash Monday, February 22, 2016 12:12:51 PM
Sample Source & type: Measured by: Analysed:
Paris Unknown Monday, February 22, 2016 12:12:53 PM
Sample bulk lot ref: Result Source:
123-ABC Avoragad
Particle Name: Accessory Name: Analysis model: Sensitivity:
Fly Ash Hydro 2000G (A) General purposa Enhanced
Particle RI: Absorption: Size range: Obscuration:
1.500 01 0.020 to  2000.000 10.50 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 0.618 % Off
Concentration: Span : Uniformity: Result units:
0.0182 %Wl 3727 1.19 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4, 3]):
0.686 mag B.750 um 69.929 um
d(0.1): 5.851 um d(0.5): 44,199 170.562 um
Particle Size Distribution
5
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4
i 3.5
q_’ 3
E a5
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8.01 0.1 1 10 100 1000 3000
Particle Size (pm})
—Fly Ash Sample 4 - Average, Monday, February 22, 2016 12:12:51 PM
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Particle Density and Size Tests

MASTERSIZER <20

Result Analysis Report

Sample Name: SOP Name: Measured:
Fly Ash Sample & - Averaga Alab Fly Ash Monday, February 22, 2016 12:23:04 PM
Sample Source & type: Measured by: Analysad:
Paris Unknown Monday, February 22, 2016 12:23:06 PM
Sample bulk lot ref: Result Source:
123-ABC Averaged
Particle Name: Accessory Name: Analysis model: Sensitivity:
Fly Ash Hydro 2000G (A) General purpose Enhanced
Particle Rl: Absorption: Size range: Obscuration:
1.500 01 0.020 to  2000.000 10.50 %
Dispersant Mame: Disparsant RI: Weighte d Residual: Result Emulation:
Water 1.330 0.631 % Off
Concentration: Span : Uniformity: Result units:
0.0177 %Mol 3.797 1.21 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]:
0.705 m3'g B.510 um §8.038 um
d(0.1): 5.623 um d(0.5): 42,393 166.583 um
Particle Size Distribotion
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%.D] 0.1 1 10 100 1000 3000
Particle Size (um)
—Fly Ash Sample 5 - Average, Monday, February 22, 2016 12:23:04 PM
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RESULTS OF INDEPENDENT PARTICLE SIZE AND DENSITY TESTS

The tables below were extracted from rights protected documents with permission from the owner.

Results of particle density and size tests conducted on PFA from POWER STATION 2.

Property Tested PFA Sample
Solids density (total size fraction) 2363 kg/m’
1 000 - 212 micron fraction average solids density 2 685 kg/m’
212 - 106 micron fraction average solids density 2 603 kg/m’
106 - 63 micron fraction average solids density 2 422 kg/m’
< 63 micron fraction average solids density 2 188 kg/m’
dy particle size 200 pm
dso particle size 57 pm

% +75 microns 40.1

% passing 25 microns 29.5

Results of particle density and size tests conducted on PFA from POWER STATION 1.

Property Tested PFA BBA
Skeletal solids density 2 200 + 20 kg/m’ 2 100 = 50 kg/m’
dy Particle size envelope 98 um— 118 um 869 um—10 967 pm
ds, Particle size envelope 27 um—28 um 152 pm — 485 pm

Colin F. du Sart A-159



MSc(Eng) Dissertation

Appendix S.

Technical
Information
Tl 291P/00/en

[
LR N W
M

[HENN|
IREMK]

5 [

Colin F. du Sart

Equipment Data Sheets

Equipment Data Sheets

Pressure Transducer
cerabar T PMP 131
Order Code: PMP131-A3B01A2H

Pressure transducer with polysilicon sensor
For absolute and gauge pressures up to 400 bar
Version available for hazardous areas

Application Measuring System
Cerabar T PMP 131 is designed for * Pressure transducer Cerabar T
measuring absolute and gauge PMP 131 with 4...20 mA output or
pressure of gases, vapours and liquids. switch output.

e Power supply, e.g. RN 221 transmitter
Features and Benefits power supply unit from Endress+Hauser

* Finely graduated measuring ranges
up to 400 bar or 6000 psi

* Up to 4 times overload resistance

* Extremely stable

+ Flush diaphragm process connection
or manometer connection for % BSP
(G %), 4 BSP (G '4) or 2 NPT

¢ Electronic versions with
- analogue output 4.. 20 mA
— switch output PNP transistor

¢ Approved for EEx b [IC T8

=7 ©

Power supply
e.g RN221

S\

Endress +Hauser

The Power of Know How /-
ey
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TI00436P/00/EN/21.15
No. 71303154

Equipment Data Sheets

Products Solutions Services

Technical Information
Cerabar M
PMC51, PMP51, PMP55

Process pressure measurement

For Final Test Facility - Order Code: PMC51-1F21JA2KGCGV]A+7Z1

~.A
§ "‘,/
-
e
e &
Ii
\"f'}/
® i €

Colin F. du Sart

Pressure transmitter with ceramic and
metallic sensors

Application

The device is used for the following measuring tasks:

= Absolute pressure and gauge pressure measurement in gases, steams or liquids inall
areas of process engineering and process measuremment technology

= [evel, volume or mass measuremments in liquids

= Tigh process temperature
- without diaphragm seals up to 130 °C (26 6°F), for a maxinmm of 60 minutes

150°C (302°F)

- with diaphragmseals up to 400 °C (752°F)

= High pressure up to 400 bar (6000 psi)

= [nternational usage thanks to a wide range of approvals

Your benefits

= Very good reproducibility and long-term stability

High reference accuracy: up to £0.15%,

as PLATINUM version: £0.07 5%

= Turn down up to 100:1

Standardized platform for differential pressure, hydrostatics, and pressure
(Deltabar S - Deltapilot S — Cerabar S)

Sinple, fast commissioning through a user interface designed for real-world
applications

Used for process pressure monitoring up to SIL2, certified to IEC 61508 Edition 2.0
and TEC 61511 by TUV NORD

New TenmpC diaphragm for diaphragm seals:

Minimum temperature effects, maxinum diaphragm thickness and short recovery
times

Device versions conmpliant with ASME-BPE

Endress+Hauser {71]

People for Process Automation
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TI00434P/00/EN/18.14 Products Solutions Services
71241482

Technical Information
Deltabar M PMD55

Differential pressure measurement

Order Code: PMD55-1121BA67DGCHA4A1A+PBZ1

Differential pressure transmitter with metal sensor; communication via HART,
PROFIBUS PA or FOUNDATION Fieldbus

Application = Easy and safe menu-guided operation
The Deltabar M differential pressure transmitter is used for the - onsite via display module
following measuring tasks: - via 4 to 20 mA with HART

- via PROFIBUS PA
- via FOUNDATION Fieldbus

= Continuous modularity for differential pressure, hydrostatic
and pressure (Deltabar M, Deltapilot M Cerabar M), e.g.

= Flow measurement (volume ormass flow) in conjunction with
primary elements in gases, vapours and liquids

= Level, volume or mass measurement in liquids

= Differential pressure monitoring, e.g. of filters and pumps

- replaceable display
Your benefits - universal electronics
» Reference accuracy: 0.1% = International usage thanks to a wide range of approvals
as PLATINUM version: up to 0.075% = Used for process pressure monitoring up to SIL2,
» Turn down up to 100:1 Ce__rtiﬁed to IEC 61508 Edition 2.0 and IEC 61511 by
TUV NORD

= Compact transmitter design
= Quick commissioning via DIP switches

Endress+Hauser {71]

People for Process Automation
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S0 KM EE -

Pressure Flow ‘Temperature quuui Registration ~ Systems Services Solutions

Technical Information

Omnigrad M TR15  Order Code: TR15-E1B8AIFAG7000

Modular RTD assembly
neck tube, barstock thermowell,
available with a flange or as a weld-in unit

Application

= [Jniversal range of application

= Particularly suitable for steam and gas applications
with high process pressures and temperatures

= Measuring range: -200...600 °C [-328...1112 °F)

= Pressure range up to 400 bar (5800 psi| for the weld-
in units

= Degree of protection: up to [P 68

Head transmitters

All Endress+Hauser transmitters are available with
enhanced accuracy and reliability compared to directly
wired sensors. Easy customizing by choosing one of the
following outputs and communication protocols:

= Analog output 4...20 mA
= HART®

= PROFIBUS® PA

= FOUNDATION Fieldbus™

Your benefits

= High flexibility due to modular assembly with standard
terminal heads and customized immersion length

= High compatibility with a design according to DIN
43772

= Neck tube for heat protection of head transmitter

» Fast response time with reduced/tapered tip form

= Types of protection for use in hazardous locations:
Intrinsic Safety (Ex ia)
Non-Sparking (Ex nA|

(€ &

Endress+Hauser

71088514 ]
People for Process Automation
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ZEMIC
teasuring Excellence Worldwide

{"Eﬁ\/ =\ - BM11 load cells are available in the capacities

et \CX? 5kg ~500Kg.

+ Stainless steel construction, welded with bellow,
potted by adhesive inside, oil proof, waterproof,
anti-corrosive gas and medium making it
suitable for all kinds of environments.

+ Single point with bellow, easy installation, suitable
for crane scales, mechanical conversion scales,
hopper scales and other electranic weighing devices.

areRduLE

2o fe o5 8 - Safe and anti-explosive product, can be used in
BMIL0.02:Kbg- 3B i 5
atrocious environment and hazardous areas.
Features

« Capacity 5kg -500kg
- High accuracy
3 X 2001(2 &3X SOOkQ « Stainiess steel construction

g . N + Low profile
Load Cells as Highlighted + Junction Box and Cables - PTB Approval No: D09-06.44

™ + NTEP Certificates No: CC07-020

Accessories
+ BM-11-401 - BM-11-402

Capacity | ¢ | 5/10/20/30/50/100/ |

Accuracy c2 Cc3 A58 ASM B10S  B1OM

Approvals | | OIML R60 C3 1115000 Multiple | e 10000 Mullip*ei

Maximum number of verification intervals, Nmax | 2000 3000 5000 5000 | 10000 10000
' Minimum load cell verification interval vmin } Emax/5000 | Emax/10000 | Emax/15000 Emax/15000 iEmaxHOOOO Emax/10000
| Combined error | (%FS) | =+0.030 | <+0.020 <+0018  <+0026 | <+0035  <+0.050 ‘
| Creep (%FS/30min)| <+0024 | <+0016 | <+0.012 | <+0017 | <+0030  <+0040 |
| Temperature effect on sensitivity | (%FSM0T) | <+0017 | <+00m <+0.009  <+0013 | <£0.0380  <+0.040 ‘
j 'i'empe;ature effecton zero (%FS/M0T) | =+0023 < +0.015 =10.010 =+0.014 < +0.030 <10.020 ‘
| Output sensitivity (mviv) 2.0 0.02

Input resistance | (Q) 460 50

Output resistance (Q) | 351 2.0

Insulation resistance (MQ) 5000(50VDC)

Zero balance | (%FS) 1.0

Temperature, compensaled (‘C) -10+40

Temperature, operaling (Cy -35-+65

Excitation, recommended (V) 5-12(DC)

Excitation, max V) 18(DC)

Safe overload (%FS) 150

Ultimate overload (%FS) 300

. 10 110,20,30,50] ..
2-0d o2 139 oo | 350.500
Through hole | 103

(041)

T
it

A

X

J

oD
©38(1.50)

Input (+) Green

= T
_I L Sense (+) Yellow

l{ 7 Output (-) Red
| \'/\/('/ILJ" - Sense (-) Blue
| ¥ l 4 ~c3++—L Input (-) Black

>
=]
{i.,k

18: | 82
)] B E— —

Output (+) White

! | - Wiring:
Both 4 anre available
L on customers' requirements.
212 | Cable diameter: ¢5¢0.2mm
"0.83)" Standard length for 4 conductor cable: 3m
- Standard length for 6 conductor cable: 6m

Note: Connection ol 6 conduclor wires are as above. |

For 4 conductor wires the yellow and blue sense wires
are removed
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AL

Maasuring Excallence Worldwide

HM2D4

* HM2D4 |oad cells are available for manifeld accurate
measurement in the capacities 0.5t to 20t.

= Alloy steel, hermetically sealed, oil-proof, waterproof
and anti-corrosion, suitable for multiform environments.

« Spoke type, suitable for electronic truck scale, hopper
scale, automotive testing line and other slectronic weighing
devices and various force measurement occasions.

@GS

Features

» Capacity: 0.5t~20t

» High accuracy

= Alloy steel construction

» Low profile
For Final Test Facility
¢ ROHS
Capacity t 0.5/1]1215/10/20
Accuracy class c2 Cc3 AS5S ASM
Maximum number of verification intervals Nmax 2000 3000 5000 5000
Minimum load call verification interval vmin Emax/5000 Emax/10000 Emax/15000 Emax/15000
Combined error (%FS) = £0.030 = +£0.020 =< +0.018 < +£0.026
Craep (%F5/3Cmin) =< +0.024 = +0.016 =< +0.012 < +0.017
Temperature effect on sensitivity (%FS10T) = £0.017 = x0.011 < +0.009 < +0.013
Temperature effect on zero (%FS/M0T) < +0.023 < +0.015 < +0.010 < +0.014
Output sensitivity (mviv) 2.0+0.002
Input resistance (Q) 3503
Output resistance (Q) 361+2
Insulation resistance (MQ) =5000(50VDC)
Zero balance (%FS) 1.0
Temperature, compensated () -10~+40
Temperature, allowed () -35 ~ +65
Excitation, Recommended V) 5~12(DC)
Excitation, Max. (V) 18(DC)
Safe overload (%FS) 150
Ultimate overload (%FS) 300
oD
oD1 ] ]
M imension
Capacily ¢D ®D1 H M
L] - 105 28 70
i 0: St (4.13) | (1.10) | (2. 78) | M14%2
1 120 33 80
| = & (4.72) | (1.3 | (3.15) |M20X1.5
u u 10n20t | (@5 | (338 | (a 84 | MB2X2
I
Input (+): Green
Sense(t): Yellow
Input (-}; Red
. Sense (-): Blue)
gk Input (-): Black
= Output (+): White
Wiring:
Shielded, 6 conductor cable ¢ 5.6mm
Standard cable length:5m
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Equipment Data Sheets

2 X LCA-D

LCA

Load Cell Amplifier

CoenT>

EN 180 9001

MDK-LCA-ROO-060602

USER MANUAL

Ver: 1.0.2

Colin F. du Sart
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i L Technical Sales
INSTRUMENTS (866) 531-6285

orders@ni.com

Requirements and Compatibility | Ordering Information | Detailed Specifications | PinoutsfFront Panel Connections

e product page ¢ &

Last Revised: 20714-11-06 07: 14:23.0

NI 9208 -+ NI9923 Screw terminal block

16-Channel Current Input Module

0 0.0
Pt T A
STy

P

= 16 current inputs (x21.5 mA) = -40t070°C

= Highrresolution mode with 5060 Hz rejection = B0YVDC, CAT | bank isolation (1,000 ¥rms withstand)

= 500 Sfs sample rate (high-speed mode) = Optional NI 9933 connectivity kit shown in image on right
= Yoltage supply pins for external power routing (2 Af30 V maximurm) = 24-hit resolution

Overview

The NI 9208 current input C Series module has 16 channels of 21 mA input with buitt-in 50/60 Hz rejection for noise rejection.

Designed with industrial systems in mind, the NI 9208 has a high-channel density to reduce the number of modules you need. This opens slots for other measurement types and
reduces the overall cost per channel of the system.

The NI 9208 has a standard 37-pin D-Sub connection for use with available cables and connector blocks, or the NI 9937 D-Sub connector kit. The NI 8937 contains a D-Sub to
screwy terminal accessory aswell as a protective shell. With this kit, you can create a custom cable that plugs directly into the module, eliminating the need for a separate terminal

block.
Backto Top
Requirements and Compatibility
0S Information Driver Information Software Compatibility
= ReatTime 08 = NI-RIO - LabVIEW
= LabVIEW FPGA Module
« LabVIEVW Real-Time Module
Backto Top
Comparison Tables
Module Channels Sample Rate Simultaneous Isolation
NI 9208 16 current 500 Sis No Channel-ground
NI 9207 8 current/s vottage 500 Sis No Channel-ground
NI 9219 4 universal 100 Sisfch Yes Channel-channel
NI 9203 8 current 200 kSfs No Channel-ground
Backto Top
1/7 WWW.ni.com
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DATASHEET

N I 9265 DataSh ee‘t + NI 9927 Strain Relief Protection

4-Channel, 0 mA to 20 mA, 16-Bit Analog Output Module

* 4 channels, 100 kS/s per channel simultaneously analog
output

+ 0 mA to 20 mA output range, 16-bit resolution

+  Open-loop detection with interrupt, 0.0 mA power-on

* 250 Vrms, CAT II bank isolation

*  10-position screw-terminal or 10-position spring-terminal
connectors available

+  -40°Cto 70 °C operating range, 5 g vibration, 50 g shock

The NI 9265 is a 4-channel, 0 mA to 20 mA, 100 kS/s simultaneously updating C Series
analog output module for any CompactDAQ or CompactRIO chassis. It is ideal for interfacing
and controlling industrial current-driven actuators at high rates. The module has built-in
open-loop detection, which generates an interrupt in software when an open loop is detected as
well as zeroing outputs to ensure safety and avoid driving actuators at system power-on. The
NI 9265 requires a 9 V to 36 V external power supply and includes a channel-to-earth ground
double isolation barrier for safety and noise immunity.

NI C Series Overview

NI provides more than 100 C Series modules for measurement, control, and communication
applications. C Series modules can connect to any sensor or bus and allow for high-accuracy
measurements that meet the demands of advanced data acquisition and control applications.

*  Measurement-specific signal conditioning that connects to an array of sensors and signals
+  Isolation options such as bank-to-bank, channel-to-channel, and channel-to-earth ground

NATIONAL
INSTRUMENTS
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Technical Sdes

NATIONAL
INSTRUMENTS (BB6) 531-6285

orders@ri.com

Crdering Information | Detailed Specifications

NI CompactDAQ
USB Data Acquisition Systems

+ Screw terminal kit for power supply connection

]

= M sensor measurements with analog and digital IO in the same instrurment = Measure ih rrinutes with N-DAQ software and automatic code generation using
the DAQ Assistant

= LabVIEW SignalExpress LE datarloguing software included for simple applications

= Four 32-bit generakpurpose counters built into chassis (access through digital module
of BRC triggers)

= BNC trigger connections on the cDAGQ-9178/79 for up to 1 MHz clocks and trigoers

= Run hardware-timed analog 150, digital 0, and countertimer tasks independertly
= Simultaneousy acquire analog data at up to three differert rates
= USH 2.00r 3.0 communication with NI patented high-speed, parallel streaming

Qverview

M CompactDAQ USB chassis provide the plug-and-play simplicity of USB to sensor and electrical measurerments on the benchtop, in the field, and on the production line. By
corbining rmore than 60 sensar-specific NIl C Series IO modules with patented NI Sighal Streaming technology, the NI CompactDAQ platform delivers high-speed data and ease
of use in a flexible, mixedmeasurement system. Modules are available for 2 variety of sensor measurements including thermocouples, RTDs, strain gages, Ioad and pressure
transducers, torgue cells, accelerometers, flow meters, and microphones.

The main advantage of USB aver other PC peripheral buses is simplicity of device detection. Connect ary NI CompactDAQ USB chassis to a Windows PC with the N-DAQ i
driver installed, and the chassis is automatically detected with no additional configuration needed. The device is ready to run with the included LabVIEY SignalExpress software
for simple datalogging applications. In addition, with NI-DAGme driver software, vou can develop a complete test systemn in Labv|EW, CIC++, Yisual Basic .MNET, and other
programming ervironments. This ease of setup makes USB a good choice for potable applications that may move from one PC to another.

Backto Top
Comparison Tables
Model Slots Counters Number of Simultaneous Tasks Number of Al Timing Engines
cDAQ-9178 14 4 12 3
cDAGQ-3178 g 4 7 3
cDAQ-9174 4 4 7 3
cDAQ-9171 1 4 B 3
Backto Top

Application and Technology
Mix Analog, Digital, and Sensor Measurements in the Same System

M any devices can measure temperature, voltage, or bridge-based sensors, but NI CompactDAQ can integrate all of these measurements and mare inta a single device that
outputs all of the data via the same bus interface, such as USB. An NI CornpactDAQ system can mix muttiplexed voltage ihput signals, simultaneously sampled accelerometers,

1110 WWW .. Com
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NATIONAL Technical Sdes
INSTRUMENTS (B6E) 531-B285

orders@ni.com

Industrial Power Supplies

NI PS-15, NI PS-16, NI PS-17

= 24 DC power supplies for CompactRIO, M CompactDAG, NI Single-Board RIO, Ml = 20 or 50 percent power reserves for dynamic loads (NI PS-15 and NI PS-16)

Sttt Garneras, and NI touch panel corputers - Toolless spring-clamp terminals for easy field connectivity
= Fulloutput power between -25 °C and +60 °C = DIN-rail raunting included and panelside mount accessories available
= 15230 Y autoselect input = -25 °Cto 70 °C operating termperature range

=« Efficiencies up to more than 90 percent
= Low input rush currert

Overview

The Ml P5-14, P3-15, PS-16, and P5-17 industrial power supplies feature long expected life, generous power reserves, and compact sgze. The 24 supplies are ideal for
powering any NI CompactRI0, N Single-Board RIO, M Smmart Camera, Ml touch panel computer, NI CompactDAQ, or NI Cornpact FieldPoint systerm, aswell as heavy accessony
Inads such as DC motor drives. The DINrail systermn and spring clamp terminals do not require tools and make installation fast and easy. The wide range and autoselect input
voltages help you avoid user errors. The wide operating termperature range and extraordinary EMI immunity enables trouble-free operation even under harsh conditions.
Depending on the device, NI industrial power supplies guarantee power reserves of 20 to 50 percent. For the PS-15 and P5-16, vou can use this extra current continuously far
ambient termperatures under 45 °C. With these power reserves, you rray not need to oversize for dynarmic loads, but you can simply choose a unitthat meets the operating
requirerents. In some cases, you can select a smaller unitto save maney and space

Backto Top
Comparison Tables
Output Voltage Output Current Output Power Temperature Range Size WxHxD Weight Part
Product Input Voltage
[\ ) o) > g c) (mm) (@)  Number
PS-14  Z4tn 28 33 a0 JFUDUCW HOVALATOW 35 554, 470 32 124%102 430 783167-01
PS-15  24to 28 5 120 90to 132180 to 264 VAC  -2510 +70 2x124% 117 500 78109301
PS-16  24tn 28 10 240 90 to 132160 to 264 VAC  -2510 +70 B0x 124%117 700 78109401
PS-17  24to 28 20 480 3%? ZEVACIDIOSD 0 a7g 82% 124%127 1200 78109507
Backto Top

Application and Technology
Mounting Optiohs

The PS-1411 51 17 power suppliesinclude clips for DIN-rail mounting. National Instruments provides optional accessories forwall, panel, and side mounting to minimize
installation depth. You can couple the included DIN-rail mounting bracket with the side mount kit for a loveprofile DIN-rail install ation

[Part Humber | Product | installed Wdth (mm) | Installed Height (mm) | Installed Depth (mm) | Bracket Weight (g)
‘ | Panel Mount Kit for | | \ |

13 WWW. L1 Cotm
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Solid State Relays
Industrial, 3-Phase ZS
Type RZ3A -10Di0

Equipment Data Sheets

CARLO GAVAZZI
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Product Description

* 3-phase Solid State Relay

* Zero switching

* Rated operational current: 3 x 25, 40, 55 or 75 A

* Rated operational voltage: Up to 600 VAC

* Control voltage 5 VDC, 4-32 VDC or 24-275 VAC

* Integral snubber networks

* Over-temperature protection option with alarm output

+ IP 10 back-of-hand protection

+ LED indication of control input and over-temperature
alarm status

Ordering Key RZ3A60D75 P

A Solid State Relay family
designed to switch various
loads such as heating ele-
ments, motors and transform-
ers. The relay is capable of
switching high voltages up to

strate.

AC- or DGC-controlled versions
are available. Built-in LED sta-
tus indication for applied con-
trol voltage and over-tempera-
ture alarm (optional). A version

Solid State Relay ——— |
Number of poles
Switching mode

Rated opertional voltage
Control voltage
Rated opertional current

600 VACrms. that can be controlled with 5 Options
VDC @ 15 mA (max} is also
For higher reliability and load available (LD).
cycle capability three semi-
conductor power units are sol- The series covers a range of
dered directly on to the direct load currents up to 75 AACrms.
copper bonded (DCB) sub-
Type Selection
Switching Rated operational Rated operational Control Option
mode voltage current voltage
A Zero Switching  40: 400 VACrms 25. 3 x 25 AACrms LD: 5VDC P: Over-
60: 600 VACrms 40: 3 x 40 AACrms D: 4-32VDC temperature

Selection Guide

55: 3 x 55 AACrms
75: 3 x 75 AACrms

A 24-275 VAC/24-50 VDG protection and
alarm output

(available only for A and D input)

Rated operational Control Rated operational current

voltage voltage 3x25A 3x40 A 3x55A 3x75A

400 VACrms 5VDC RZ3A40LD25 RZ3A40LD40 RZ3A40LD55 RZ3A40LD75
4-32 VDC RZ3A40D25 RZ3A40D55 RZ3A40D75
24-275 VAC/24-50 VDC RZ3A40A25 RZ3A40A40 RZ3A40A55 RZ3A40A75

800 VACrms 5VDC RZ3A60LD25 RZ3A60LD40 RZ3A60LD55 RZ3A60LD75
4-32 VDC RZ3A60D25 RZ3A60D40 RZ3A60D55 RZ3A60D75
24-275 VAC/24-50 VDC RZ3A60A25 RZ3A60A40 RZ3A60A55 RZ3A60A75

Notes

Over-temperature protection and alarm output: add suffix P to include overtemperature protection and alarm output.
Example: RZ3AB0D75P Not available with “LD” type control.

Insulation

Thermal Specifications

Rated insulation voltage
Input to output
Qutput to case

Operating temperature

-30° to +80°C (-22° to +158° F)

> 4000 VACrms

Storage temperature

-40°to +100°C (-40°to + 212° F)

> 4000 VACrms

Specifications are subject to change without notice (01.10.2003)

Junction temperature

< +125°C (+ 257°F)

Gross Automation (877) 268-3700 - www.carlogavazzisales.com - sales@grossautomation.com
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system to provide accurate loss in weight feed of
material. For extreme furndown ratios the electric
drive motor can be supplied with a cooling fan.

A horizontal paddle above the dosing screw ensures
that the material is evenly fed into the dosing screw.
This allows accurate feeding of the most difficult
materials. Paddle types are selected according to
the material fed through the dosing screw.

»
3
@
=
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®
[*)
()

On the standard version the paddle is driven via the
screw shaft with a chain and chain tensioner.
Alternatively the paddle shaft and screw shaft can
be driven independently by two geared motors.

Dosing screws can be fitted with manual dump
hoppers or the inlet hopper sized and designed

for automatic refilling — either by using level

sensors 1o control the head of material or by

using the integrated loadcells on the loss in weight
Dosing Screws are manufactured to suit  system.

customer feed requirements. The units can be
supplied as volumetric feeders where a variable  Both the driven and non-driven ends of the paddle
speed drive is used to change the dosing rate. and the driven end of the dosing screw
Alternatively loadcells can be integrated into the  are fitted with stufing glands to ensure a dust tight
sealing arangement. The outboard
bearings are mounted on standoffs

1o allow easy access to the stuffing
o Tj@ gland while the bearings on the
NHOLES @ Dt driven end are housed under the
gear and chain guard.
E
b |

PHOLES /
eownI /

Dosing Screws

UNTNG| A | B| C| D| E Fl G | HIN|DADIAZ) J | K| L| M| P | QI[DIA3|POWER KW[WEIGHT kg
DS-040 {406 | 376 | 325 | 603 | 310 | 660 | 637 | 100 | 12 | 14 |60.32) 100 | 370 | 636 | 6867 | 4 [141] 12 0,55 120
DS-065 |405 | 375|325 | 503 | 330 | 560 | 537 | 10012 | 14 | 88,8 | 150 | 370 | 535|657 | 4 |138] 12 0,58 135
DS-080 405 | 375|325 | 503 | 330 | 560 | 537 |100( 12 | 14 |114,3)200 | 370 | 535|657 | 4 |130] 12 0,58 148
DS-100 {405 | 375 | 325 | 503 | 350 | 860 | 837 (100 12 | 14 |141,3 | 200 | 370 | 835 | 657 | 4 |130| 12 0,78 170

' 2N
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|% Rotary Vane Feeders - Square BT Type

Bulkmatic Blow Through Rotary Vane Feeders are designed for the pneumatic conveying of products that do not ezasily vacate the impeller
pockets. The inlet and outlet pipe of the blow through rotary feeder are designed to clear out the pocket as the impeller rotates into the air
stream.

The design includes outboard bearings, machined stuffing boxes and “oversized” impeller shafts. The inlet ports have "V's” cast into the side wall
to create a scissor cutting action between impeller blade and casing. This ensures smooth rotation without the "chopping effect” experienced
with other valves, The result is increased bearing and impeller tip life.

The "BT" type valve has an open ended impeller and has adjustable tips fitted as standard. This valve is suitable for applications where the
pressure differential is below 100 kPz and is ideal for use in Pneumatic Conveying Systems and heavy duty applications. Various options are
available including different materials of construction such zs stainless steel, body venting, inlet scrapers, "hard chromed” casings, air purged
glands and high temperature construction.

Standard sizes include: 200, 250, 300, 400 and 500. Other sizes manufactured on request.

UNIT NO. |DRIVE| NB A|lB|C|D| E E G|H|K|J|L|M|N|P|Q|DIA|WEIGHT

RVF-0200-BT| 0.37 | 50(2") |200|300|300|530| 620 | 3x90=270 | 380|366 |214| 56 | 76 | 80 | 100|244 |12] 12 120

RVF-0250-BT| 0.55 | 80(3") |250|355] 355|600 | 715 |3x105=315|420|420|244| 68 | 94 |104| 122|286 (12| 12 200
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Cvclone Dimensiones
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For Filter Pressure Drop

FP-... 305 420 508 610 =
4
Dimension H 287 402 490 592
Weight kg (F) 2.7 36 42 50
Weight kg (H) 32 a4 52 62 H
\i N = ‘
2‘5/'
, NT: 300
HT: 292
Dimensions (mf
E o T = g
= 150 o
S 2
a 100 4——mm-r-ip—— *474 (=) - L
g A ,
% = =d e
g 70 o e g
50 - % — = { 80 }
40 - 57 — — E |
30 <6 . R 60 e e — S
FP-610 1500 2000 3000 4000
FP-610 2000 3000 4000 5000
FP-508 1500 2000 2500 3000
FP-508 2000 3000 4000
FP-305 750 1000 1500 2000
FP-305 1000 1500 2000 2500

Air Flow [m*/h)]
Air Flow [m*/h)

COMPATEX FP
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For Final Test Facility

ScandDust SDM 15

SrandDust SO 15 s the smalles wnit

n the family, SOM 15 has only one filter

and can be deliversd with

imzemal| fan altemnatively to be connected

toan extermal fan.

jon with intemnal fan the

an also be provided with HEPA

filier & final stage W0 mest extreme

oinculation

N Connection

of the air into the room.

or s manufactured ina welded
design. The cincular housing with g —

| air inlet oreates a cydon

h gives a preseparation of dust 1 With stanidand dust am

before the filter cartridges.
MNom.air flow ... 900 mYh

Scanl 15 can also be deliverad in Mom. filter area . 15m
a vacuum design to be wsed for industria Mo of cartridges
d r

'—135 —_— -
= P
g
=)
- [
[ ]
*] depends of seched dust handliing srster
ScandDust 5SDM
t SDM iz @ modular designed dust collector with . Mom. gir flow  Mom. filer Mo, of filter .
ar filterhousing. Smallest module nas four filker m?h araa m’ cartridgas
cartmdges and langets module has 12 filter cartridges. SDM is 60 3500 60 4 ms
ahways connected to an extemal fan h = 0 & 1570
120 T200 120 B 5
s manufactured &s standard out of galvanized sheet metal 150 2000 150 10 24E0
180 10600 180 12 535

bt @n also be delivered in painted or stainless steel dasign as

well a3 with filterhousing thermally insulated. Az larger airflows

miataple micdules are connccted in paralld

www.vokesaircom
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Appendix T. Detailed Electrical Drawings

Head Office Cape Town

Tel: +27 21 9318331

Fax: +27 21 9318336

Email: drawing@cfw.co.za

3 Parin Road, Parow Industria
PO Box 1542, Parow, 7499
South Africa

LEADERS IN AIR TECHNOLOGY

Company / customer ucT

Project description Pneumatic System
Drawing number ORD CAT CT00824
Commission September 2016
Manufacturer (company) CFW Projects

Path

Project name UCT - ORD CAT CT00824
make Pneumatic System

Type

Place of installation Cape Town

Responsible for project CFwW

Created on
Edit date

2007/11/28

2016/09/06 by (short name) Wynandb Number of pages 20

=TADO+DOC/1
Date | 2012/10/03 September 2016 Title page / cover sheet = TAOO
Ed. Wynanch +D0C
_ Prieumatc System CFW
Modification | Date Hame Crigna Replaced by Peplaced by E o  ®
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o | 1 ‘ 2 3 # 5 ‘ & ‘ 7 | 8 ‘ 8.
Ta ble Of Contents Column X: An autormatically generated page was edited FO6_001
Page Page description supplementary page field Date Edited by X
=TA00+DOC/1 Title page [ cover sheet 1 2012/10/03 Wynandb X
=TA00+DOC/2 Table of contents : =TA00+DOC/1 - =TA00+DOC/19.a 2 2016/09/06 Wynandb
=TAQ0+DOC/3 Technical data 3 2016/09/05 Wynandb
=TAQ0+DOC/4 Panel layout 4 2016/09/06 Wynandb
=TA00+DOC/5 Terminal layout 5 2016/09/06 Wynandb
=TA00+DOC/6 Main supply 6 2016/03/05 Wynandb
=TA00+DOC/7 Control Circuit 7 2016/09/06 Wynandb
=TAQ0+DOC/8 Blower fan - 22kW VSD 8 2016/09/06 Wynandb
=TA00+DOC/9 Auger motor - 0.55kW VSD 9 2016/09/06 Wynandb
=TA00+DOC/10 Rotary motor - 0.55kW SSR 10 2016/09/06 Wynandb
=TA00+DOC/11 Analog Inputs 11 2016/09/06 Wynandb
=TA00+DOC/12 Analog Qutputs 12 2016/09/06 Wynandb
=TA00+DOC/13 Loadcell connections 13 2016/09/06 Wynandb
=TA00+DOC/14 Field wiring 1 14 2016/09/05 Wynandb
=TA00+DOC/15 Field wiring 2 15 2016/09/06 Wynandb
=TA00+DOC/16 Field wiring 3 16 2016/09/06 Wynandb
=TA00+DOC/17 Field wiring 4 17 2016/09/06 Wynandb
=TA00+DOC/18 Parts list : - LOV.LPX_LP_B3 18 2016/09/06 Wynandb
=TA00+DOC/19 Summarized parts list : - LOV.LPC_SL1203 19 2016/09/06 Wynandb
=TA00+DOC/20 Summarized parts list : LOV.LPX_C10 - LOV.LPX_LP_BE3 20 2016/09/06 Wynandb
1 =TAQ0+DOC/2

Djte 2015/03'/305 September 2016 Table of contents : =TA00+DOC/1 - |: TAOO

E Wynan - +D0C

Appr Pneumatic System CFW TAQO+POCHI 3 CRD CAT CTO0S24 [

Modification | Date Narre Original Replaced by Replaced by | Sheet 2 of 20
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Detailed Electrical Drawings

[ | 1

I ’ | : I s

[ +

Technical Data

Electrical Fanel Design

CFW Projects

Electrical Panel Construct  CFW Projects

Ste commisioning

Machine Install aion

CRW Projects
CRW Projects

SUpply Vdtage
Contra Waoltage
Controller

Year of construction

Current (Max)

Data

FPEN ~ SOHZ 400
24O
Mafional Instruments

216
45 Amp

CFrW

LEADEES IN AR TECHNQLOGY

CPW Projects (PTY) LTD

Tel: +27 21 9318331

Fax: +27 21 9318336

1 Parin Road, Parow Industria
PO Box 1542, Parow, 7499
South Africa

Wiring Colours

Fhase 1 Red

Fhase 2 Wihite

Fhase 3 Blue

Meutral Black

Earth Protection Greenell ow
Control Circuit DT O Blue

Control Circuit OC 24y Wiolet
Analog signal Yihite
Analog o Blue

Exfernal %oltage Qrange

Main Control Cabinet

Brand Rittal
Type 1600300500
Colour RAL 7035
2 =TA0 +Do3
"-‘:‘ "”“:“‘ Septernber 2016 Technical data I* rinn
ed. vnan +oac
ram Prieurnatic Syweternn W ™D CArCrmam [
Modfealon  |Dae Mame Dugnal Arplaeed be [Redacd b [ shest 1 of
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Detailed Electrical Drawings
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o | 1 2 3 4 ‘ 5 ‘ 6 7 8 ‘ 9
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22003005
PE
!
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5 =TA00+DOC/6
Date | 20165/09/06 September 2016 Main supply [=TA00
Ed Wynandb cm [+ oec
Appr Pneumatic System CRD CAT CTO0224 [
Modifi cation Date MNarme Criginal Replaced by \ Replaced by ‘ Sheet 6 of 20
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Detailed Electrical Drawings
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Appr Pneumatic System | CRD CAT CTO0G24
Modification | Date Narre Original Replaced by Replaced by | Sheet 7 of =

Colin F. du Sart

A-183



MSc(Eng) Dissertation Detailed Electrical Drawings

o | 1 2 3 4 ‘ 5 6 7 8 ‘ 9
O — BLOWER FAN
6/-112 -
6/-13 »
1 B B
H5-
-Q2 -
60 1> 1> [ 1>
NDN363 57
Circuit Breaker 2 4 e o b
g &
<< <<
1—|‘ H‘
o o
2 g
O O O
-VsD1 " o -
ke ‘ ARHIRE
Delta :
|
|
s ' DELTA VFD-300CP4EB-21
|
bk | 30 KW N
| @
! 2
| w
| [a] [5] = | o ~ o
£ o] = 2 3 2 3
b \9 Q 24VDC SUPPLY
T T T HI - -24YDC_1/7
—l_1_ 1 ./I
F'J
o 7
c X30uUl vl QWi OPE
o g ;Ej %1 %1
28 -151 & -1H1 (%
B8 |x2 Blower  |x2
Blower Tiip
run llight
llight Red
Green
- OVDC_1/7
-M1 3M
22 KW - 43 AMPS ™~
400V
Blower
motor
7 =TA00+DOC/8
Date | 2016/09/05 September 2016 Blower fan - 22kW VSD [=TA00
Ed Wynandb cm [+ oec
Appr Pneumatic System CRD CAT CTO0224 [
Modifi cation Date Narre Criginal Replaced by \Replaced by ‘ Sheet: of 20

Colin F. du Sart

A-184



MSc(Eng) Dissertation Detailed Electrical Drawings

0 ‘ 1 2 3 ‘ 4 ‘ S L] 7 8 ‘ 9
6/ 21—
6/-212 -
6/2L3»
1 BB
R
-Q3 * o
08 -4 1> | 1> [ 1> 2 =
NF310A 5 e = 2
Circit
Bt = B
ol ol
a a
2 2
lad
[O Q
-vsD2 1 |2 | P E ‘
0.75KW
Inverter }
WEG |
CFWS00 |
|
" WEG CFW500
| 0.75KW
‘ =
| (@] (8] Q
| = = o]
! [
@ v a
PR N I I A 24VDC SUPPLY
| ] 3
TTTT 7T P e e et e 251 24¥DC 2/7
A /9 /5 la
= 3
Auger
o Start
E X3 ouz ovz Ow2 OPE wm’h
] 7
.8
g8
— x1 x1
-251 -2H1
VI ) Auger 12
/9 Trip
Auger llight
run Red
llight
i & OVDC_2/7
w2 (M
0.5 kW - 16 AMPS 3~
400V
Auger
motor
8 =TA00+DOC/9
Date | 2016/09/06 September 2016 Auger motor - 0.55kW VSD [=TA00
Ed Wynandb crw [+poc
Appr Pneumatic System | CRD CAT CTO0G24 [
Modification | Date Narre Original Replaced by Replaced by | Sheet 3 of =

Colin F. du Sart A-185



MSc(Eng) Dissertation

Detailed Electrical Drawings
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Parts list FO1 001
device tag Quantity designation Type number supplier part number

=4+-XL a

=TAQO+D0C-ES1 et Erergency Stop Button, Twist release LPC_BG244 ELM LOV.LPC_B6344

=TAOO+DCC-ESL i Contactblock N/C LPx_CO0L ELM LOV.LPX_COL

=TAOO+DOC-ES1 3 Plastic contact block support LPX_AJ120 ELM LOV.LPX_AU120

=TAOO+DCC-F1 1 Fuse holder 10:x33mm 1 pole,32 armp. 485101 ELM DFE_485101

=TAOO+DCC-F1 1 Fuse 10x38mm 2 armp 420002 ELM DFE_420002

=TAOO+DCC-FANL 1 Panel fan, 67 FF204230UE ELM FAN.FF20A230UE

=TAQO+DICC-FANZ 1 Panel fan, 57V FF204230UE ELM FAN.FF20A 230UE

=TADD+DCC- 1H1 1 LED pilot light; Red LP2TILB4P ELM LOV.LP2TILB4P

=TAOO+DCC-2H1 i LED pilot light; Red LP2TILB4P ELM LOV.LP2TILB4P

=TAOO+DCC-QL i 3 pole isclator switch 63 A 2200 3005 ELM 50C.2200 3005

=TAOO+DCC-QL 1 Handle fer Isolator 32 Armp 1472 1111 ELM SOC.1472 1111

=TAOO+DCC-QL 1 DOCR MOUNTING KIT 22993309 ELM SOC.2299 3309

=TAOO+DCC-Q2 1 Circuit Bresker 634 TP D-OLRVE NDN363A ELM HAG_NDN3534

=TAOO+DCC-Q3 1 Circuit Bresker 104 TP, NF310A ELM HAG_NF3104

=TAQO+DCC-04 1 Motor circuit breaker 1 - 16 Amp SM1B20 ELM LOV_SM1B20

=TAOO+DCC-Q4 1 Au contact for SM1 C/B SMX11.11 ELM LOV_SMx11.11

=TAOD+DCC- Q6 i Circuit Bresker 64 OP NF205A ELM HAG_NF206A

=TAOO+DCC-RL 1 24vDC Coll 553990240040 ELM FIN 553490290040

=TAOO+DCC-RL 1 Relay base 94045P A ELM FIN.94045P A

=TAOO+DCC-151 1 Tlurrinated 2 Pos. selector switch (Green) LPC_SL1203 ELM LOV.LPC_SL1203

=TAOO+DCC-151 i Plastic contact block support LPX_AJ120 ELM LOV.LPX_AU120

=TAOO+DCC-151 1 Contactblock N/O LPX_C10 ELM LOV.LPX_C10

=TAOO+DCC-151 1 Led Larmp holder green 12-30VAC/DC LPX_LP_B3 ELM LOV.LPX_LP_B3

=TAQO+DCC-251 1 Tlurrinated 2 Pos. selector switch (Green) LPC_SL1203 ELM LOV.LPC_SL1203

=TAQO+DCC-251 1 Plastic contact block. support LPx_AJ120 ELM LOV.LPX_AUL20

=TAOO+DCC-251 i Contactblock N/O LPx%_C10 ELM LOV.LPX_C10

=TAOO+DCC-251 1 Led Lamp holder green 12-30VAC/DC LPx%_LP_B3 ELM LOV.LPX_LP_B3
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Order number Quantity :::fgr::i?o: :::T nzl:b:ir :Ji)r;lljif::turer unit price total price Pos
g 0.00
LEG BoaH Smci Emergency Stop Button, Twist release I tg%fsgj;&% lé?I:fI/ 000 0400
485101 ] 1 Fuse holder 10x38mm 1 pole,32 amp ‘ISSI:SEi?};SIOI ELFISI 0:00 0.0
420002 _— ) 1 Fuse 10x38mm 2 amp ‘I;Zl:()E(i?I-ZZOOOZ ELFISI 0:00 LU
LREFILEAR p%: LED pilot light; Red ,tg&gif““’ lEcL);a/ %00 e
2200 3003 ] plc 3 pole isolator switch 63 A ‘:2‘:%)()(30232%%53005 28\(4: 000 Q.00
1472 1111 ) plc Handle for Isolator 32 Amp I 5522114171211111 28\% 000 000
2299 3309 7 ch DOOR MOUNTING KIT ééBCgZBZ?';%g33O9 28& 0.00 0.00
NRNGE ) 1 Circuit Breaker 63A TP D-CURVE I azgfzg?\BGBA ELAI\%; 900 00¢
NES10A ) 1 Circuit Breaker 10A TP . ﬂfgf)l\lﬁ;ﬂOA ELAI\%; 0.00 000
NEZ05 I ) 1 Circuit Breaker 6A DP J ﬁAEGCf\IAHOGA EILAI\%; 0:00 000
5534902400 w | 2v0c FIN 555490240040 Ly 000 000
AHGRA D](.: Relay base i?lg‘;ig’:rSPA g_ll\\lfl 0:00 0%
LR 211203 Sb:iczk Tlluminated 2 Pos. selector switch (Green) Il:g(\:/_EFl’_éngIZOB lé?l\\:ll G0 0.00
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Summarized parts list F02_ 001
. description Type number manufacturer T .
Order number Quantity designation parEnUbeT supplir unit price total price Pos
2 LPX_C10 LoV
ERX.C10 sk | Contact block N/O LOV.LPX_C10 ELM
LPX LP B3 2 LPX_LP B3 LoV
— - Stiick Led Lamp holder green 12-30VAC/DC LOV.LPX_LP B3 ELM
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Appendix V. Ethics Clearance

Application for Approval of Ethics in Research (EiR) Projects
Faculty of Engineering and the Built Buvironment, University of Cape Town

APPLICATION FORM

Please Note:

Any person planning to undertake research in the Faculty of Engineering and the Built Environment (EBE) al the
University of Cape Town is required to complete this form before collecting or analysing data.The objective of
submitting this application priorto embarking on research is to ensure that the highest ethical standards in research
conducted under the auspices of the EBE Facully, are met. Please ensure that you have read, and understood thé
EBE Ethics in Research Handbook(available from the UCT EBE, Research Ethics websité) prior to completing

APPLICANT’'S DETAILS

Name of principal researcher, student or
external applicant

Colin Francois du Sart

Department Mechanical Engineering
Preferred email address of applicant: £31001001 @myucl.ac.za

Pour Degiee: MSc in Mechanical Engineering
if a Student | e.g., MSc, PhD, etc.,

Name of Supervisor (if

i Pieter Rousses
supervised): | usseau

If this is a researchcontrac, indicate the
X & N/A
source of funding/sponsorship

' . Design and pr?ilotyping of a test f?cﬂity to investigate the
Project Title transport properties of dilule phase particle flows applicable to
! _coal-fired power plants

| hereby undertake to carry out my research in such a way that:

. there is no apparent legal objection to the nature or the method of research; and

. the research will not compromise staff or students or the other responsibilities of the University;
. the stated objective will be achieved, and the findings will have a high degree of validity;

o limitations and allernative interpretations will ve considered

» the findings could be subject to peer review and publicly available, and

. I will comply with the conventions of Copyngnt ana avoid any practice thal wouid constitute plagiarism
SIGNED BY Full name Signature . Date ]

S S TP | TN ﬁJ{

Principal Researcher/ Coli Brane .
Student/External applicant ~ fanceis dy sart

APPLICATION APPROVED BY Eull name | S e
Supervisor (where applicable) DI fieTER. . ] ]
2

LonsSewuy

HOD (or delegated nominee)

Final authority for all applicants who ,/( B{uo
UiNg

have answered NO to all questions | |
in  Section1; and for  all J ;
Undergraduateresearch  (Inciuding /0(/\‘{"‘-}2
Honours).

N

Chair : Faculty EIR Commitiee

For applicanis other than
undergraduate students who have

answered YES to any of the above l
questions. l
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