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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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𝐴 Projected area m2 

𝐴𝑝𝑖𝑝𝑒 Pipe cross section area m2 
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∗ Modified Archimedes number 

𝐴𝑠 Surface area m2 

𝑐 Speed of sound m/s 
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𝐹𝑟𝑝 Particle Froude number 
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𝑘𝐻𝑋 Heat exchanger loss factor Pa·s2/m2 

𝐿 Length m 
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𝑧 Local loading 

𝑍 System loading 

Greek Symbols 

𝛼𝑔 Gas volume fraction (voidage) 

𝛼𝑔𝑐 Voidage at choking 

𝛼𝑝 Particle volume fraction 

𝛽 Ratio of orifice bore to pipe diameter 

𝛾 Specific heat ratio/ isentropic coefficient 

𝜀 Pipe roughness m 

𝜀𝑔 Gas expansibility factor 

𝜀𝑟 Pipe relative roughness 

𝜂 Cyclone efficiency % 

𝜂𝑏𝑙𝑜𝑤𝑒𝑟 Blower isentropic efficiency % 

𝜆𝐷 = 4𝜆 Friction factor 
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𝜏 Pressure ratio 

𝜏𝑣 Momentum response time s 

Ψ Shape Factor 

𝜓 Inertia Parameter 

∇ 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 m2 

𝐴̅ Average cross section area m2 

𝐹 Force N 

𝑔 Acceleration due to gravity m/s2 

𝑚 Mass of elements kg 

𝑚̇ Rate of mass transfer kg/s 

𝑁 / 𝑛 Number of elements 

𝑝 Pressure Pa 

𝑃 Average perimeter m 

𝑅ℎ Average hydraulic radius m 

𝑡 Time s 

𝑢 Continuous phase velocity m/s 

𝑈 Mixture velocity m/s 

𝑣 Dispersed phase velocity m/s 

𝑉 Volume m3 

𝑥 Length m 

Greek Symbols 

𝛼𝑐 Continuous phase volume fraction 
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𝛼𝑑 Dispersed phase volume fraction 

𝛽𝑉 Drag coefficient 

𝜆𝑐 Continuous phase friction factor 

𝜆𝑑 Dispersed phase friction factor 

𝜌𝑐 Continuous phase density kg/m3 

𝜌𝑑 Dispersed phase density kg/m3 

𝜌𝑚 Mixture density kg/m3 

𝜌𝑐̅̅̅ Continuous phase bulk density kg/m3 

𝜌𝑑̅̅ ̅ Dispersed phase bulk density kg/m3 

𝜏𝑤 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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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. 

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) 

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

Burner 

Mill 

Coal 

Conveying Pipe 
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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. 

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 

Figure 1-2 – Flow regimes in horizontal conveying, taken from Fan & Zhu (1998) 

Figure 1-3 – Flow regimes in vertical conveying, taken from Rabinovich & Kalman (2011) 

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

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. 

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

1.3 Project Objectives 

The objectives of this project are to: 

• Conduct a thorough literature review of the different correlations in literature applicable to dilute

phase gas-particle transport phenomena such as saltation and choking.

• 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.

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

• 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.

• Develop a data acquisition and control (DAC) system containing the key elements required for the

proposed final test facility.

• 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.

• 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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1.4 Project Scope 

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 𝛿𝑉, as shown in image (a) of Figure 2-1. The volume fraction 

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

𝛼𝑝 = lim
𝛿𝑉→𝛿𝑉0

𝛿𝑉𝑝

𝛿𝑉
 

Equation 2-1 

and the volume fraction of the gas phase, known as the void fraction or voidage as 

𝛼𝑔 = lim
𝛿𝑉→𝛿𝑉0

𝛿𝑉𝑔

𝛿𝑉
 

Equation 2-2 

𝛿𝑉0 is the limiting volume that ensures a stationary average and the sum of the volume fractions is unity, 

namely 

𝛼𝑝 + 𝛼𝑔 = 1 

Equation 2-3 

In pneumatic conveying literature, 𝛿𝑉 is often represented by a pipe element of length 𝛿𝐿 such as that 

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

Figure 2-1 – (a) Gas-particle volume, taken from Crowe, et al. (1998); (b) Pipe element 

(a)    (b) 
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2.1.2 Loading 

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. 

𝑧 =
𝑚̇𝑝

𝑚̇𝑔
= 𝑍 = 

𝑀̇𝑝

𝑀̇𝑔

  

Equation 2-4 

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

and gas phases respectively. 

2.1.3 Superficial Velocity 

The mass flow rate of the gas phase within a pipe with cross section area 𝐴𝑝𝑖𝑝𝑒 in m2 can be given by 

(Crowe, et al., 1998) 

𝑚̇𝑔 = 𝜌𝑔(1 − 𝛼𝑝)𝑢𝑔𝐴𝑝𝑖𝑝𝑒 = 𝜌𝑔𝛼𝑔𝑢𝑔𝐴𝑝𝑖𝑝𝑒 

Equation 2-5 

where 𝜌𝑔 is the density of the gas in kg/m3 and 𝑢𝑔 is the actual gas velocity in m/s. Here, 𝑈𝑔 = 𝛼𝑔𝑢𝑔 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. 𝑈𝑔 can also be calculated if the mass flow rate of gas through a system is known i.e.  

𝑈𝑔 = 𝛼𝑔𝑢𝑔 =
𝑀̇𝑔

𝜌𝑔𝐴𝑝𝑖𝑝𝑒
 

Equation 2-6 

Similarly, the superficial particle velocity can be defined as  

𝑈𝑝 = 𝛼𝑝𝑢𝑝 =
𝑀̇𝑝

𝜌𝑝𝐴𝑝𝑖𝑝𝑒
 

Equation 2-7 

where 𝜌𝑝 is the particle density in kg/m3 and 𝑢𝑝 is the mean actual particle velocity in m/s. 
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2.1.4 Bulk Density 

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. 𝜌̅ = 𝛼𝜌. Therefore 

𝜌𝑔̅̅ ̅ = 𝛼𝑔𝜌𝑔 

Equation 2-8 

and 

𝜌𝑝̅̅ ̅ = 𝛼𝑝𝜌𝑝 = (1 − 𝛼𝑔)𝜌𝑝 

Equation 2-9 

Subsequently, the mixture density can be defined as 

𝜌𝑚 = 𝜌𝑔̅̅ ̅ + 𝜌𝑝̅̅ ̅ 

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. 

2.2 Slip Velocity 

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 

𝑢𝑟 = 𝑢𝑔 − 𝑢𝑝 

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. 

2.2.1 Hinkle’s Correlation 

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 SI units or misinterpretation. 

The following form is given by Hinkle (1953)  
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𝑢𝑟 = 1.41𝑢𝑔𝐷𝑝
0.3 (

𝜌𝑝

𝜌𝐻2𝑂
)
0.5

  

Equation 2-12 

where 𝐷𝑝 is the mean particle diameter in ft, 𝑢 is in ft/s and 𝜌 is in lb/ft3. 

2.2.2 Yang’s Correlation 

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. 

𝑢𝑟 = 𝑢𝑡0 

Equation 2-13 

where 𝑢𝑡0 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 𝐷𝑝𝑖𝑝𝑒 (in meter) is given by Equation 2-14 (Yang, 1973) 

𝛼𝑔 = 1 −
4𝑀̇𝑝

(𝜌𝑝 − 𝜌𝑔)𝜋𝐷𝑝𝑖𝑝𝑒
2 𝑢𝑝

 

Equation 2-14 

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

𝑢𝑟 = 𝑢𝑡0√(1 +
𝜆𝐷𝑝𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
)𝛼𝑔

4.7 

Equation 2-15 

Where 𝜆𝐷𝑝 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 = 𝑢𝑡0√
𝜆𝐷𝑝𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
𝛼𝑔

4.7 

Equation 2-16 

with 𝑢𝑡0 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 𝜆𝐷𝑝 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 100μm 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.  

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). 

Figure 2-2 - General flow regime diagram, taken from 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 𝑈𝑠𝑎𝑙𝑡, four of which are presented below. 

2.3.1 Rizk’s Correlation 

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 

𝐹𝑟 and is given as  

𝑧 =
1

10𝑎
𝐹𝑟𝑏 

Equation 2-17 

𝑎 and 𝑏 are dimensionless numbers given by 

𝑎 = 1440𝐷𝑝 + 1.96 

Equation 2-18 

and 

𝑏 = 1100𝐷𝑝 + 2.5 

Equation 2-19 

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

dimensionless characteristics. The dimensionless Froude number is given by 

𝐹𝑟 =
𝑈𝑔

√𝐷𝑝𝑖𝑝𝑒𝑔
 

Equation 2-20 

Taking 𝑧 = 𝑍 =
𝑀̇𝑝

𝑀̇𝑔
 and defining the saltation point as the minimum pressure drop point, the saltation 

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

2-17 and rearranging to give 

𝑈𝑠𝑎𝑙𝑡 = (
4𝑀̇𝑝10𝑎𝑔𝑏/2𝐷𝑝𝑖𝑝𝑒

−2+𝑏/2

𝜋𝜌𝑔
)

1/ (𝑏+1)

 

Equation 2-21 

where 𝑔 is the acceleration due to gravity in m/s2. 
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Rizk (1982) claims the above correlation is good to ±15% when compared to his own and previously 

published data. 

2.3.2 Matsumoto, et al.’s Correlation 

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 particles i.e. 𝐷𝑝 < 𝐷𝑝
∗ 

𝑧 = 5.56×103 (
𝐷𝑝

𝐷𝑝𝑖𝑝𝑒
)

1.43

(
𝐹𝑟𝑠𝑎𝑙𝑡

10
)
4

  

Equation 2-22 

For coarse particles i.e. 𝐷𝑝 > 𝐷𝑝
∗ 

𝑧 = 0.373(
𝜌𝑝

𝜌𝑔
)

1.06

(
𝐹𝑟𝑡0
10

)
−3.7

(
𝐹𝑟𝑠𝑎𝑙𝑡

10
)
3.61

  

Equation 2-23 

𝐹𝑟𝑠𝑎𝑙𝑡 is the Froude number at saltation 

𝐹𝑟𝑠𝑎𝑙𝑡 =
𝑈𝑠𝑎𝑙𝑡

√𝐷𝑝𝑖𝑝𝑒𝑔
 

Equation 2-24 

𝐹𝑟𝑡0 is the Froude number at the single particle terminal velocity 

𝐹𝑟𝑡0 =
𝑢𝑡0

2

√𝐷𝑝𝑔
 

Equation 2-25 

and the boundary between fine and course particles is given by 

𝐷𝑝
∗ = 1.39𝐷𝑝𝑖𝑝𝑒 (

𝜌𝑝

𝜌𝑔
)

−0.74

 

Equation 2-26 
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Again, taking 𝑧 = 𝑍 =
𝑀̇𝑝

𝑀̇𝑔
, the saltation velocity can be solved for different particle mass flow rates by 

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%. 

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 SI units only.  

For 
𝑀̇𝑝

𝐴𝑝𝑖𝑝𝑒𝐷𝑝𝑖𝑝𝑒
< 47 000 

𝑈𝑠𝑎𝑙𝑡 = 8.7(
𝑀̇𝑝

𝐴𝑝𝑖𝑝𝑒
)

0.302

𝐷𝑝𝑖𝑝𝑒
0.153𝜌𝑔

−0.42𝜇𝑔
0.055 

Equation 2-27 

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

𝐴𝑝𝑖𝑝𝑒𝐷𝑝𝑖𝑝𝑒
> 47 000 

𝑈𝑠𝑎𝑙𝑡 = 1.5(
𝑀̇𝑝

𝐴𝑝𝑖𝑝𝑒
)

0.465

𝐷𝑝𝑖𝑝𝑒
0.465𝜌𝑔

−0.42𝜇𝑔
0.055 

Equation 2-28 

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

2.3.4 Rabinovich & Kalman’s Correlation 

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 + 30𝐶𝑣
0.35)2.33 

Equation 2-29 

𝑅𝑒𝑠𝑎𝑙𝑡
∗ = 14.3𝐴𝑟∗0.1 

Equation 2-30 

For 𝐴𝑟∗ > 2450 

𝐴𝑟∗ = 𝐴𝑟 [(
1 − 𝑒

𝑒
)
0.1

+ 30𝐶𝑣
0.35]

2.33

 

Equation 2-31 

𝑅𝑒𝑠𝑎𝑙𝑡
∗ = 1.1𝐴𝑟∗

3
7  

Equation 2-32 

where 

𝑅𝑒𝑠𝑎𝑙𝑡
∗ =

𝜌𝑔𝑈𝑠𝑎𝑙𝑡𝐷𝑝

𝜇𝑔 (2.7 − 3.1𝑒−
𝐷𝑝𝑖𝑝𝑒/𝐷50

1.6 )

 

Equation 2-33 
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𝐴𝑟 =
𝜌𝑔(𝜌𝑝 − 𝜌𝑔)𝑔𝐷𝑝

3

𝜇𝑔
2  

Equation 2-34 

and 

𝐶𝑉 =
𝑉̇𝑝

𝑉̇𝑝 + 𝑉̇𝑔
=

𝑧𝜌𝑔

𝜌𝑝 + 𝑧𝜌𝑔
 

Equation 2-35 

Here, 𝐶𝑉 is the volume concentration of solids, 𝑉̇𝑝 and 𝑉̇𝑔 are the volume flow rates of the particle and gas 

phases respectively in m3/s, and 𝐷50 corresponds to a 50mm diameter pipe. 

In order to solve for 𝑈𝑠𝑎𝑙𝑡, 𝐴𝑟 and 𝐶𝑣 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 𝑅𝑒𝑠𝑎𝑙𝑡
∗ . 𝑈𝑠𝑎𝑙𝑡 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. 

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 𝑈𝑔𝑐, 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. 

2.4.1 Leung, et al.’s Correlation 

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 𝑢𝑟 = 𝑢𝑡0 and 𝛼𝑔 = 0.97 at choking. Various experiments in literature were cited to 

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

𝑈𝑔𝑐

𝛼𝑔𝑐
−

𝑈𝑝𝑐

(1 − 𝛼𝑔𝑐)
= 𝑢𝑡0 

Equation 2-36 

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

𝑈𝑔𝑐 = 32.3𝑈𝑝𝑐 + 0.97𝑢𝑡0 

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 

𝑈𝑝𝑐𝑥𝑖𝑓 = (1 − 𝛼𝑔𝑐)𝑥𝑖𝑝𝑖𝑝𝑒 (
𝑈𝑔𝑐

𝛼𝑔𝑐
− 𝑢𝑡0𝑖) 

Equation 2-38 

and 

𝑈𝑝𝑐 = (1 − 𝛼𝑔𝑐) ∑𝑥𝑖𝑝𝑖𝑝𝑒 (
𝑈𝑔𝑐

𝛼𝑔𝑐
− 𝑢𝑡0𝑖) 

Equation 2-39 
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where 𝑥𝑖𝑓 and 𝑥𝑖𝑝𝑖𝑝𝑒  are the mass fractions of particles in the feeder and pipe respectively and with 𝑢𝑡0𝑖. 

The calculation to solve for 𝑈𝑔𝑐 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 𝒖𝒕𝟎 (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: 

0.2𝑈𝑝𝑐 = 0.03 (
𝑈𝑔𝑐

0.97
− 1) 𝑥1𝑝𝑖𝑝𝑒 

0.5𝑈𝑝𝑐 = 0.03 (
𝑈𝑔𝑐

0.97
− 5) 𝑥2𝑝𝑖𝑝𝑒 

0.3𝑈𝑝𝑐 = 0.03 (
𝑈𝑔𝑐

0.97
− 10) (1 − 𝑥1𝑝𝑖𝑝𝑒 − 𝑥2𝑝𝑖𝑝𝑒) 

Noting that 𝑈𝑝𝑐 is constant in the set of equations, the choking velocity can then be determined by solving 

for the three unknowns 𝑈𝑔𝑐 , 𝑥1𝑝𝑖𝑝𝑒 and 𝑥2𝑝𝑖𝑝𝑒 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. 

2.4.2 Yang’s Correlation 

Yang (1975) maintained Leung, et al.’s (1971) assumption that 𝑢𝑟 = 𝑢𝑡0  at choking. However, he replaced 

the 𝛼𝑔𝑐 = 0.97 assumption with the assumption that 𝜆𝐷𝑝𝑐 = 0.01. Experimental data were cited to 

motivate this assumption. From Equation 2-15 

𝑈𝑔𝑐

𝛼𝑔𝑐
− 𝑢𝑝 = 𝑢𝑡0√(1 +

𝜆𝐷𝑝𝑢𝑝
2

2𝐷𝑝𝑖𝑝𝑒
)𝛼𝑔

4.7 

Equation 2-40 

At choking this reduces to (Yang, 1975) 

2𝑔𝐷𝑝𝑖𝑝𝑒(𝛼𝑔𝑐
−4.7 − 1)

(
𝑈𝑔𝑐

𝛼𝑔𝑐
− 𝑢𝑡0)

2 = 0.01 

Equation 2-41 
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Also, from Equation 2-7 and  Equation 2-36 

𝑀̇𝑝𝑐 = 𝑈𝑝𝑐𝜌𝑝𝐴𝑝𝑖𝑝𝑒 = (
𝑈𝑔𝑐

𝛼𝑔𝑐
− 𝑢𝑡0) (1 − 𝛼𝑔𝑐)𝜌𝑝𝐴𝑝𝑖𝑝𝑒 

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. 

2.4.3 Punwani, et al.’s Correlation 

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. 

𝜆𝐷𝑝𝑐 = 0.074𝜌𝑔
0.77 

Equation 2-43 

This modifies Equation 2-41 to 

2𝑔𝐷𝑝𝑖𝑝𝑒(𝛼𝑔𝑐
−4.7 − 1)

(𝑢𝑔𝑐 − 𝑢𝑡0)
2 = 0.074𝜌𝑔

0.77 

Equation 2-44 

Here, 𝜌𝑔 is in lb/ft3 and the constant 0.074 is in the appropriate units to maintain the dimensionless 

characteristic of 𝜆𝐷𝑝𝑐. Equation 2-42 and Equation 2-44 can then be used to calculate 𝑈𝑔𝑐 and 𝛼𝑔𝑐, or 

𝑀̇𝑝𝑐. 

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. 

2.5 Other Correlations in Literature 

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 



MSc(Eng) Dissertation  Literature Review 

Colin F. du Sart  19 

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.  

2.5.1 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. 

2.5.2 Particle Acceleration Length 

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 𝐿𝑎 after performing an extensive dimensionless analysis, and conducting experiments 

at different angles of inclination. The correlation is given by 

𝐿𝑎

𝐷𝑝𝑖𝑝𝑒
= 6 [(

𝑀̇𝑝

𝜌𝑔𝑔1/2𝐷𝑝𝑖𝑝𝑒
5/2

)(
𝐷𝑝𝑖𝑝𝑒

𝐷𝑝
)

1/2

(
𝜌𝑝

𝜌𝑔
)]

1/3

 

Equation 2-45 

Two additional correlations, presented by Klinzing, et al. (1997), are given by 

𝐿𝑎

𝐷𝑝𝑖𝑝𝑒
= 0.527(

𝐷𝑝𝑖𝑝𝑒

𝐷𝑝
)

−1.26

(1 + 𝑧) (
𝜌𝑔𝐷𝑝𝑖𝑝𝑒𝑈𝑔

𝜇𝑔
) 

Equation 2-46 

and 

𝐿𝑎 = 𝑒3.32 (
𝐷𝑝

𝐷𝑝𝑖𝑝𝑒
)

0.953

𝑧−0.0912 (
𝜌𝑔

𝜌𝑝
)

−0.924

 

Equation 2-47 

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

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.  

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. 

Figure 3-1 – Coupling Effects, taken from Crowe, et al. (1998) 

Here subscripts c and d indicate the continuous and dispersed phase respectively 
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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. 

3.2 Drag Force 

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) 

𝐹𝑑 =
1

2
𝜌𝑔𝐶𝐷∞𝐴|𝑢𝑔 − 𝑢𝑝|(𝑢𝑔 − 𝑢𝑝) 

Equation 3-1 

where 𝐴 is the projected area in the direction of the relative velocity in m2. 𝐶𝐷∞ is the drag coefficient for 

a single particle, or an infinitely dilute mixture as defined by Klinzing, et al. (1997), in a quiescent 

environment.  

𝐶𝐷∞ 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). 

3.2.1 Reynolds Number Effects 

The relative particle Reynolds number is defined as 

𝑅𝑒𝑟 =
𝜌𝑔𝐷𝑝(𝑢𝑔 − 𝑢𝑝)

𝜇𝑔
 

Equation 3-2 

Where 𝐷𝑝 is the mean particle diameter in meter and 𝜇𝑔 is the dynamic viscosity of the gas in kg/ms. 

According to Klinzing, et al. (1997), the variation of 𝐶𝐷∞ with 𝑅𝑒𝑟 is as follows: 

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

𝐶𝐷∞ ≅ 24𝑅𝑒𝑟
−1 

Equation 3-3 

2. For intermediate flow (0.5 < 𝑅𝑒𝑟 < 500), Allen’s equation applies 

𝐶𝐷∞ ≅ 18.5𝑅𝑒𝑟
−0.6 

Equation 3-4 

3. For fully developed flow (500 < 𝑅𝑒𝑟 < 2×105), Newton’s law applies  

𝐶𝐷∞ ≅ 0.44 

Equation 3-5 
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4. For turbulent flow (𝑅𝑒𝑟 ≥ 2×105)  

𝐶𝐷∞ ≅ 0.1, increasing slowly with 𝑅𝑒𝑟 

Equation 3-6 

The standard drag curve, which represents the relationship between 𝐶𝐷∞ and 𝑅𝑒𝑟 is illustrated in Figure 

3-2 with shape factor 𝜓 effects for non-spherical particles. According to preliminary calculations and 

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

conveying. 

3.2.2 Shape Effects 

Various shape factors ψ 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  

𝑀𝑟 =
𝑢𝑔 − 𝑢𝑝

𝑐
 

Equation 3-7 

where c is the speed of sound in the gas phase in m/s. 

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

Here Rep is the relative particle Reynolds number 
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According to Crowe, et al. (1998), Mach number effects become significant when 𝑀𝑟 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. 

3.2.4 Effects of Turbulence 

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. 

3.2.5 Effects of Rotation 

Crowe, et al. (1998) discuss previous studies on the effects of particle rotation. The general findings 

indicate that rotation doesn’t affect 𝐶𝐷∞ for smooth particles and for relative Reynolds numbers of the 

order of unity. 

3.2.6 Voidage Effects 

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

factor of 𝛼𝑔
−4.7 to give 

𝐶𝐷 = 𝐶𝐷∞𝛼𝑔
−4.7 

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. 

3.3 Pressure Gradient and Buoyancy Forces 

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 10-3. 

3.4 Virtual Mass and Basset Forces 

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 10-3 (Crowe, et al., 1998). 

3.5 Body Forces 

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). 

3.6 Friction Forces 

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 

𝐹𝑓𝑔 =
1

2
 𝜌𝑔𝜆𝑔𝐴𝑠𝑢𝑔

2 

Equation 3-9 

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

𝐹𝑓𝑝 =
1

2
 𝜌𝑝̅̅ ̅𝜆𝑝𝐴𝑠𝑢𝑝

2 

Equation 3-10 

where 𝜆 represents the respective phase friction factors and 𝐴𝑠 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 𝜆𝐷𝑔 can be 

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

1

√𝜆𝐷𝑔

= −2 log(
𝜀/𝐷𝑝𝑖𝑝𝑒

3.7
+

2.51

𝑅𝑒√𝜆𝐷𝑔

)  

Equation 3-11 

Here, 𝜀𝑟 = 𝜀/𝐷𝑝𝑖𝑝𝑒 is the relative pipe roughness and the pipe Reynolds number is defined as 

𝑅𝑒 =
𝜌𝑔𝐷𝑝𝑖𝑝𝑒𝑈𝑔

𝜇𝑔
 

Equation 3-12 

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

vertical conveying. For horizontal conveying 
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𝜆𝐷𝑝ℎ = 0.117
(1 − 𝛼𝑔)

𝛼𝑔
3 [(1 − 𝛼𝑔)

𝑅𝑒𝑡0

𝑅𝑒𝑟

𝑢𝑔

√𝑔𝐷𝑝𝑖𝑝𝑒

]

−1.15

 

Equation 3-13 

and for vertical conveying 

𝜆𝐷𝑝𝑣 = 0.0206
(1 − 𝛼𝑔)

𝛼𝑔
3 [(1 − 𝛼𝑔)

𝑅𝑒𝑡0

𝑅𝑒𝑟
]
−0.869

 

Equation 3-14 

where 𝑅𝑒𝑡𝑜 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  

𝜆𝐷𝑝𝑣 = 0.0126
(1 − 𝛼𝑔)

𝛼𝑔
3 [(1 − 𝛼𝑔)

𝑅𝑒𝑡0

𝑅𝑒𝑟
]
−0.979

 

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. 

3.7 Terminal Velocity 

The terminal velocity of a single particle 𝑢𝑡0 in m/s can be determined by equating drag and buoyancy 

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

𝑢𝑡0 = (
4

3

 𝐷𝑝

𝐶𝐷∞

𝜌𝑝 − 𝜌𝑔

𝜌𝑔 
𝑔)

1
2

  

Equation 3-16 

The Reynolds number at the single particle terminal velocity is defined as 

𝑅𝑒𝑡0 =
𝜌𝑔𝐷𝑝𝑢𝑡0

𝜇𝑔
 

Equation 3-17 

Substituting the values for 𝐶𝐷∞ given in Equation 3-3 to Equation 3-6 into Equation 3-16, and using 𝑅𝑒𝑡0 

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

1. For 𝑅𝑒𝑡0 < 2 

𝑢𝑡0 =
𝐷𝑝

2(𝜌𝑝 − 𝜌𝑔)𝑔

18𝜇𝑔
  

Equation 3-18 
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2. For 0.5 < 𝑅𝑒𝑡0 < 500 

𝑢𝑡0 = (
8

111

𝐷𝑝
1.6(𝜌𝑝 − 𝜌𝑔)𝑔

𝜇𝑔
0.6𝜌𝑔

0.4 
)

5
7

 

Equation 3-19 

3. For 500 < 𝑅𝑒𝑡0 < 2×105 

𝑢𝑡0 = (
100

33

𝐷𝑝(𝜌𝑝 − 𝜌𝑔)𝑔

𝜌𝑔
)

0.5

  

Equation 3-20 

4. For 𝑅𝑒𝑡0 ≥ 2×105 

𝑢𝑡0 = (
40

3

𝐷𝑝(𝜌𝑝 − 𝜌𝑔)𝑔

𝜌𝑔
)

0.5

  

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) 

𝑢𝑡Ψ

𝑢𝑡1
= 0.843 log (

Ψ

0.065
) 

Equation 3-22 

where 𝑢𝑡Ψ is the terminal velocity of a particle with sphericity (or shape factor) of Ψ and 𝑢𝑡1 is the terminal 

velocity of a spherical particle of the same volume. 

Here, the shape factor is given by 

Ψ =
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒 𝑤𝑖𝑡ℎ 𝑠𝑎𝑚𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
=

𝜋𝐷𝑉
2

𝐴𝑠
 

Equation 3-23 

where 𝐷𝑉 is the equivalent volume diameter of a particle. 

3.8 Continuous Phase Equations 

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. 

The following assumption are made: 

1. All particles/ droplets are spherical and are of the same size. 

2. The particle/ droplet velocity is the average velocity over the CV. 

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

4. 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 

𝑉∆𝑡(𝜌𝑐̅̅̅𝑢) + ∆(𝜌𝑐̅̅̅𝑢2𝐴) = −𝛼𝑐𝐴̅∆𝑝 − 𝑁𝑚̇𝑣 + 𝛽𝑉𝑉(𝑣 − 𝑢) − 𝜏𝑤𝑃∆𝑥 + 𝜌𝑐̅̅̅𝑔⃑𝑉 

Equation 3-24 

and in differential form 

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

𝜕𝑡
(𝜌𝑐̅̅̅𝑢) +

1

𝐴

𝜕

𝜕𝑥
(𝜌𝑐̅̅̅𝑢2𝐴) = −𝛼𝑐

𝜕𝑝

𝜕𝑥
− 𝑛𝑚̇𝑣 + 𝛽𝑉(𝑣 − 𝑢) −

1

𝑅ℎ
𝜏𝑤 + 𝜌𝑐̅̅̅𝑔⃑ 

Equation 3-25 

Where: 

𝑉 is the volume of the CV in m3. 

∆𝑡 is the difference operator defined as ∆𝑡( ) = ∆( )/ ∆𝑡. 

𝑢 is the continuous phase velocity in m/s. 

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

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

∆𝑝 is the pressure difference across the CV in Pa. 

𝑣 is the dispersed phase velocity in m/s. 

𝜏𝑤 is the wall shear stress in Pa. 

𝑃 is the average perimeter of the CV in m. 

∆𝑥 is the length of the CV in m. 

𝑅ℎ is the average hydraulic radius of the CV in m. 

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

for upward flow. 

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

fraction 𝛼𝑐 and density 𝜌𝑐 respectively. 

𝛽𝑉𝑉(𝑣 − 𝑢) and 𝛽𝑉(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. 

𝑁𝑚̇𝑣 and 𝑛𝑚̇𝑣 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. 

3.9 Dispersed Phase Equations 

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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3.9.1 Lagrangian Approach 

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 

𝛿𝑣⃑

𝛿𝑡
=

∑𝐹⃑

𝑚
 

Equation 3-26 

where ∑𝐹⃑ 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.  

Figure 3-4 – Parcels in a spray field, taken from Crowe, et al. (1998) 
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3.9.2 Eulerian Approach 

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. 

The following assumptions are made: 

1. All particles/ droplets are spherical and are of the same size. 

2. The particle/ droplet velocity is the average velocity over the CV. 

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

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 

𝑉∆𝑡(𝜌𝑑̅̅ ̅𝑣) + ∆(𝜌𝑑̅̅ ̅𝑣2𝐴) = −𝛼𝑑𝐴̅∆𝑝 + 𝑁𝑚̇𝑣 + 𝛽𝑉𝑉(𝑢 − 𝑣) −
1

2
𝜆𝑑𝜌𝑑̅̅ ̅𝑣|𝑣|𝑃∆𝑥 + 𝜌𝑑̅̅ ̅𝑔⃑𝑉 

Equation 3-27 

and in differential form 

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

𝜕𝑡
(𝜌𝑑̅̅ ̅𝑣) +

1

𝐴

𝜕

𝜕𝑥
(𝜌𝑑̅̅ ̅𝑣2𝐴) = −𝛼𝑑

𝜕𝑝

𝜕𝑥
+ 𝑛𝑚̇𝑣 + 𝛽𝑉(𝑢 − 𝑣) −

1

2𝑅ℎ
𝜆𝑑𝜌𝑑̅̅ ̅𝑣|𝑣| + 𝜌𝑑̅̅ ̅𝑔⃑ 

Equation 3-28 

Here, 𝜆𝑑 is the dispersed phase friction factor which can be determined using the correlations presented 

in Section 3.6. 

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

fraction 𝛼𝑑 and density 𝜌𝑑 respectively. 

𝑁𝑚̇𝑣 and 𝑛𝑚̇𝑣 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. 

3.9.3 Mixture Equations 

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  

𝜌𝑚𝑈 = 𝜌𝑑̅̅ ̅𝑣 + 𝜌𝑐̅̅̅𝑢 

Equation 3-29 

The momentum conservation equation in difference form is then given by 

𝑉∆𝑡(𝜌𝑚𝑈) + ∆[𝐴(𝜌𝑑̅̅ ̅𝑣2 + 𝜌𝑐̅̅̅𝑢2)] = −𝐴̅∆𝑝 −
1

2
𝜆𝑑𝜌𝑑̅̅ ̅𝑣|𝑣|𝑃∆𝑥 −

1

2
𝜆𝑐𝜌𝑐𝑢|𝑢|𝑃∆𝑥 + 𝜌𝑚𝑔⃑𝑉 

Equation 3-30 

and in differential form 

𝜕

𝜕𝑡
(𝜌𝑚𝑈) +

1

𝐴

𝜕

𝜕𝑥
[𝐴(𝜌𝑑̅̅ ̅𝑣2 + 𝜌𝑐̅̅̅𝑢2)] = −

𝜕𝑝

𝜕𝑥
−

1

2𝑅ℎ
𝜆𝑑𝜌𝑑̅̅ ̅𝑣|𝑣| −

1

2𝑅ℎ
𝜆𝑐𝜌𝑐𝑢|𝑢| + 𝜌𝑚𝑔⃑ 

Equation 3-31 

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

where 𝜆𝑐 is the continuous phase friction factor. 

3.9.4 Comparison 

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.  

3.10 Yang’s Unified Design Theory 

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. 

3.10.1 Volume Analysis 

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

differential section of pipe length 𝛿𝐿 is given as 

𝛿𝑁 =
𝛿𝑀𝑝

(𝜌𝑝 − 𝜌𝑔) (
𝜋𝐷𝑝

3

6 )

 

Equation 3-32 

or 

𝛿𝑁 =
6𝑀̇𝑝𝛿𝐿

(𝜌𝑝 − 𝜌𝑔)𝜋𝐷𝑝
3𝑢𝑝

 

Equation 3-33 

where 𝛿𝑀𝑝 is the effective mass of the particles in 𝛿𝐿. The voidage in section 𝛿𝐿 is then given by 

𝛼𝑔 = 1 −
4𝑀̇𝑝

(𝜌𝑝 − 𝜌𝑔)𝜋𝐷𝑝𝑖𝑝𝑒
2 𝑢𝑝

 

Equation 3-34 

3.10.2 Force Balance 

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 

𝛿𝑀𝑝

𝛿𝑢𝑝

𝛿𝑡
= 𝛿𝐹𝑑 − 𝛿𝐹𝑔 − 𝛿𝐹𝑓 

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

particles in 𝛿𝐿 is 

𝛿𝐹𝑑 =
3

4
(𝐶𝐷∞𝛼𝑔

−4.7)
𝜌𝑔(𝑢𝑔 − 𝑢𝑝)

2

(𝜌𝑝 − 𝜌𝑔)𝐷𝑝

𝛿𝑀𝑝 

Equation 3-36 

The gravitational force on 𝛿𝑁 particles in 𝛿𝐿 is 

𝛿𝐹𝑔 = 𝛿𝑀𝑝𝑔 

Equation 3-37 

and the friction force on 𝛿𝑁 particles in 𝛿𝐿 is  

𝛿𝐹𝑓 =
𝜆𝐷𝑝𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
𝛿𝑀𝑝 

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 

𝑢𝑝 = 𝑢𝑔 − 𝑢𝑡0√(1 +
𝜆𝐷𝑝𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
)𝛼𝑔

4.7 

Equation 3-39 

and the horizontal particle velocity at steady state 

𝑢𝑝 = 𝑢𝑔 − 𝑢𝑡0√
𝜆𝐷𝑝𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
𝛼𝑔

4.7 

Equation 3-40 

3.10.4 Friction Factors 

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

conveying 

𝜆𝐷𝑝𝑣 = 0.0206
(1 − 𝛼𝑔)

𝛼𝑔
3 [(1 − 𝛼𝑔)

𝑅𝑒𝑡0

𝑅𝑒𝑟
]
−0.869

 

Equation 3-41 

and for horizontal conveying 
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𝜆𝐷𝑝ℎ = 0.117
(1 − 𝛼𝑔)

𝛼𝑔
3 [(1 − 𝛼𝑔)

𝑅𝑒𝑡0

𝑅𝑒𝑟

𝑢𝑔

√𝑔𝐷𝑝𝑖𝑝𝑒

]

−1.15

 

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. 

3.10.5 Acceleration Length 

Noting that 
𝛿𝑢𝑝

𝛿𝑡
=

𝑢𝑝𝛿𝑢𝑝

𝛿𝐿
, Equation 3-36 to Equation 3-38 can be substituted into Equation 3-35 to 

estimate the particle acceleration length for vertical conveying 

∆𝐿𝑎 = ∫
𝑢𝑝𝛿𝑢𝑝

3
4𝐶𝐷∞𝛼𝑔

−4.7 𝜌𝑔(𝑢𝑔 − 𝑢𝑝)
2

(𝜌𝑝 − 𝜌𝑔)𝐷𝑝
− (𝑔 +

𝜆𝐷𝑝𝑢𝑝
2

2𝐷𝑝𝑖𝑝𝑒
)

𝑢𝑝

𝑢𝑝0

 

Equation 3-43 

Here 𝑢𝑝 is the steady state velocity and 𝑢𝑝0 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%. 

3.10.6 Pressure Drop 

The total pressure drop in the conveying lines is given as 

∆𝑃𝑡 = ∆𝑃𝑎 + ∆𝑃𝑔 + ∆𝑃𝑓 

Equation 3-44 

Here, ∆𝑃𝑎 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. 

∆𝑃𝑎 = ∫ 𝜌𝑝̅̅ ̅𝑔𝛿𝐿
𝐿𝑎

0

+ ∫
𝜆𝐷𝑔𝜌𝑔𝑢𝑔

2

2𝐷𝑝𝑖𝑝𝑒
𝛿𝐿

𝐿𝑎

0

+ ∫
𝜆𝐷𝑝𝜌𝑝̅̅ ̅𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
𝛿𝐿

𝐿𝑎

0

+ [(𝜌𝑝̅̅ ̅𝑢𝑝
2) 𝑎𝑡 𝐿𝑎] 

Equation 3-45 

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

horizontal conveying. For vertical conveying 

∆𝑃𝑔 = 𝜌𝑝̅̅ ̅𝐿𝑔 

Equation 3-46 

∆𝑃𝑓 is the friction term beyond the acceleration region. For the gas and particle phases respectively 
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∆𝑃𝑓𝑔 =
𝜆𝐷𝑔𝜌𝑔𝑢𝑔

2𝐿

2𝐷𝑝𝑖𝑝𝑒
 

Equation 3-47 

and 

∆𝑃𝑓𝑝 =
𝜆𝐷𝑝𝜌𝑝̅̅ ̅𝑢𝑝

2𝐿

2𝐷𝑝𝑖𝑝𝑒
 

Equation 3-48 

3.10.7 Literature Comparison 

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 

𝛿𝑢𝑝

𝛿𝑡
=

3

4
𝐶𝐷∞𝛼𝑔

−4.7
𝜌𝑔(𝑢𝑔 − 𝑢𝑝)

2

𝜌𝑝𝐷𝑝
− 𝑔 (1 −

𝜌𝑔

𝜌𝑝
) −

𝜆𝐷𝑝𝑢𝑝
2

2𝐷𝑝𝑖𝑝𝑒
 

Equation 3-49 

where 

𝛼𝑔 = 1 −
𝜌𝑔𝑈𝑔𝑍

𝜌𝑝𝑢𝑝
 

Equation 3-50 

or 

𝛼𝑔 = 1 −
4𝑀̇𝑝

𝜌𝑝𝜋𝐷𝑝𝑖𝑝𝑒
2 𝑢𝑝

 

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 𝛼𝑔.  
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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. 

4.1 Project Approach 

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. 

4.2 Test Facility Scaling 

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. 

4.2.1 Inputs 

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 75μm, and 99% to 

99.8% less than or equal to 300μm. The minimum 𝐷𝑝 was therefore taken to be 37μm, which is the 

minimum measurable size using a Tyler Standard sieve (Fan & Zhu, 1998) and the maximum 𝐷𝑝 was taken 

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

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

Property Symbol Minimum Maximum Unit 

Air pressure 𝑃𝑔 85 kPa 

Air temperature 𝑇𝑔 90 °C 

Particle density 𝜌𝑝 1550 kg/m3 

Pipe Diameter 𝐷𝑝𝑖𝑝𝑒 450 mm 

Particle Diameter 𝐷𝑝 37 300 μm 

Air Mass Flow Rate 𝑀̇𝑔 3.12 3.93 kg/s 

Particle Mass Flow Rate 𝑀̇𝑝 1.28 2.50 kg/s 

Table 4-1 – Plant flow properties analysis inputs 

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

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 𝜌𝑔 was calculated using the ideal gas law  

𝜌𝑔 =
𝑃𝑔

𝑅𝑔𝑇𝑔
 

Equation 4-1 

where 𝑅𝑔 = 287.058
𝐽

𝑘𝑔𝐾
 is the specific gas constant for air.  

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

(Sutherland, 1893). 

𝜇𝑔 = 𝜇𝑟𝑒𝑓 (
𝑇𝑔

𝑇𝑟𝑒𝑓
)

3
2

(
𝑇𝑟𝑒𝑓 + 𝑆

𝑇𝑔 + 𝑆
) 

Equation 4-2 

where 𝜇𝑟𝑒𝑓 = 1.716×10−5 𝑘𝑔

𝑚𝑠
 is the gas dynamic viscosity at a reference temperature 𝑇𝑟𝑒𝑓 = 273.15𝐾 

and 𝑆 = 110.4𝐾 is Sutherland’s constant 

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

The superficial gas and particle velocities 𝑈𝑔 𝑎𝑛𝑑 𝑈𝑝 were calculated using Equation 2-6 and Equation 2-7 

respectively. 

The particle terminal velocity 𝑢𝑡0 was calculated using Equation 3-18 or Equation 3-19, depending on the 

Reynolds number at the single particle terminal velocity 𝑅𝑒𝑡0, which was calculated using Equation 3-17. 

The slip velocity for horizontal flow 𝑢𝑟ℎ was calculated using the Hinkle correlation (Equation 2-12). 

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

terminal velocity 𝑢𝑡0. 

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

𝛼𝑝 𝑎𝑛𝑑 𝛼𝑔 for both horizontal and vertical flow. 

𝛼𝑝 =
𝜌𝑔𝑈𝑔𝑍

𝜌𝑝𝑢𝑝
 

Equation 4-3 
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𝛼𝑔 = 1 −
𝜌𝑔𝑈𝑔𝑍

𝜌𝑝𝑢𝑝
 

Equation 4-4 

The saltation and choking velocities 𝑈𝑠𝑎𝑙𝑡  𝑎𝑛𝑑 𝑈𝑔𝑐  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  𝑅𝑒𝑝, the particle Froude number 𝐹𝑟𝑝, 

and the inertia parameter 𝜓 were the most important numbers to consider when scaling to achieve 

similarity with South African coal-fired power plants. 𝑅𝑒𝑝, 𝐹𝑟𝑝 and 𝜓 are given by Equation 4-5 to Equation 

4-7. 

𝑅𝑒𝑝 =
𝜌𝑔𝐷𝑝𝑈𝑔

𝜇𝑔
 

Equation 4-5 

𝐹𝑟𝑝 =
𝑈𝑔

√𝑔𝐷𝑝

 

Equation 4-6 

𝜓 =
𝜌𝑝𝐷𝑝𝑈𝑔

𝜇𝑔
 

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, 𝑅𝑒𝑝, 𝐹𝑟𝑝 𝑎𝑛𝑑 𝜓 were evaluated, given a 𝑈𝑔 of 

24, 26, 28 and 30m/s and for representative particle diameters of 37, 150 and 300µm. 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. 

4.2.3 Results 

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 105 5.219 x 105 

Saltation Velocity 𝑈𝑠𝑎𝑙𝑡 m/s 12.045 15.786 

Choking Velocity 𝑈𝑔𝑐 m/s 2.801 4.203 

Superficial Gas Velocity 𝑈𝑔 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 

𝑫𝒑 (𝝁𝒎) 𝑼𝒈 (𝒎/𝒔) 𝑹𝒆𝒑 𝑭𝒓𝒑 𝝍 

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, 𝑅𝑒𝑝, 𝐹𝑟𝑝 and 𝜓 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. 

4.3  Initial Concept Design 

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: 

• An air mover. 

• A particle feeding system. 

• A particle separation or gas cleaning system. 

• A horizontal test section. 

• A vertical test section. 

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

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

• 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. 

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.  

Figure 4-2 – Open loop concept 
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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 (β) value of 0.55) and one for medium to high gas flow rates (β = 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 

Figure 4-3 – Closed loop concept 
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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. 

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 4-7 – Screw feeder testing 

Figure 4-8 – Ratholing through hopper 
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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. 

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 

Figure 4-9 – Hopper flow types, taken from Klinzing, et al. (1997) 

Figure 4-10 – Feeding system 
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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. 

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 x 4.9 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. 

Figure 4-11 – Top view of flow through hopper 
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Figure 4-12 – Prototype P&ID 
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Figure 4-13 – Front view of prototype facility 
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Figure 4-14 – Trimetric view of prototype facility 
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Figure 4-15 – Elevated back view of prototype facility 
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4.5 DAC System 

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. 

4.5.1 System Map 

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. 

 

Figure 4-16 – High level flow chart of DAC process 
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PMP131 Pressure Transducer

PMD55 dP Transducer

TR15 RTD

4 to 20 mA, loop powered

4 to 20 mA, loop powered

2 x (4 to 20 mA, 3 wire loop powered)

4 to 20 mA, loop powered

24V

Digital Signal

Digital Signal

Digital 
Signal

Rotary
Motor

Auger
Motor

Blower
Motor

Min 7V, < 20mA

DELTA CP2000 VSD

WEG CFW500  VSD

Up to 24V, 4 to 20mA3 Phase

Up to 24V, 4 to 20 mA3 Phase

3 Phase

PC plugged into Mains
Power Supply plugged into Mains

 VSDs and Relay plugged into Mains (3 Phase)

NI 9208 AI

NI 9265 AO

C-DAQ 9174

LabVIEW 
Equipped PC

24V - 15W Max

NI PS-14
(24VDC, 3.3A)

2A

24V

2x (24V, 0.75A)

RZ3A40D40 Solid 
State Relay

0 to 2mV/V

10V Excitation

Figure 4-17 – DAC system map 
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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 AI 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 0kPa; maximum is -10 to 0kPa). 

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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4.5.2 Real-time calculations 

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 𝐼𝑜𝑢𝑡. These calculations are based 

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

𝑇 = 5𝐼𝑜𝑢𝑡 − 20˚𝐶 

Equation 4-8 

𝑃 = 10𝐼𝑜𝑢𝑡 − 40𝑘𝑃𝑎 

Equation 4-9 

𝑑𝑃 =
𝑠𝑝𝑎𝑛

16
𝐼𝑜𝑢𝑡 + 𝑈𝑅𝑉 −

20

16
𝑠𝑝𝑎𝑛 

Equation 4-10 

𝑀𝑎𝑠𝑠 𝑖𝑛 𝑘𝑔 =
𝐿𝐶𝐴𝑀𝐴𝑋

16
𝐼𝑜𝑢𝑡 −

1

4
𝐿𝐶𝐴𝑀𝐴𝑋 

Equation 4-11 

Where: 

𝐼𝑜𝑢𝑡 is in mA 

𝑇 is in ˚𝐶 

𝑃 and 𝑑𝑃 are in 𝑘𝑃𝑎 

𝑠𝑝𝑎𝑛 is the PMD55 set measuring range in 𝑘𝑃𝑎. 

𝑈𝑅𝑉 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 𝑀̇𝑔 is calculated using Equation 4-12. 

𝑀̇𝑔 =
𝐶𝑑

√1 − 𝛽4
𝜀𝑔

𝜋

4
𝐷𝑣𝑐

2 √2𝑑𝑃𝜌1 

Equation 4-12 
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Where: 

𝑀̇𝑔 is in kg/s 

𝐶𝑑 is the orifice discharge coefficient 

𝛽 =
𝐷𝑣𝑐

𝐷𝑝𝑖𝑝𝑒
 is the ratio of the orifice bore diameter to the inside diameter of the pipe 

𝜀𝑔 is the gas expansibility factor 

𝑑𝑃 is the pressure drop across the orifice in Pa 

𝜌1 is the density at the orifice upstream face in kg/m3 

𝐶𝑑 is calculated using Equation 4-13, from ISO 5167-2:2003 (International Organization for 

Standardization (ISO), 2003) 

𝐶𝑑 = 0.5961 + 0.0261𝛽2 − 0.216𝛽8 + 0.000521(
106𝛽

𝑅𝑒
)

0.7

+ (0.0188 + 0.0063𝐴)𝛽3.5 (
106

𝑅𝑒
)

0.3

+ (0.043 + 0.080𝑒1
−10𝐿1 − 0.123𝑒−7𝐿1)(1 − 0.11𝐴)

𝛽

1 − 𝛽4

− 0.031(𝑀2
′ − 0.8𝑀2

′1.1
)𝛽1.3 

Equation 4-13 

Where 𝑀2
′ =

0.94

1−𝛽
, 𝐴 = (

19000𝛽

𝑅𝑒
)
0.8

 and 𝐿1 = 1 for orifice plates with 𝐷𝑝𝑖𝑝𝑒 and 
𝐷𝑝𝑖𝑝𝑒

2
 tappings. 

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

𝜀𝑔 = 1 − (0.351 + 0.256𝛽4 + 0.93𝛽8) [1 −
𝑃2

𝑃1
]
1/𝛾

 

Equation 4-14 

Where 𝑃2 is the pressure downstream of the orifice plate and 𝛾 = 1.4 is the specific heat ratio for air, 

assumed to be constant. 

𝜌1 is calculated using the ideal gas law (Equation 4-1). 

Note that 𝐶𝑑 is dependant on 𝑅𝑒, which is inherently dependant on 𝑀̇𝑔. An iterative calculation is 

therefore necessary to calculate 𝑀̇𝑔. Furthermore, the dynamic viscosity of the gas 𝜇𝑔 is needed to 

calculate 𝑅𝑒. Sutherland’s formula (Equation 4-2) is used to calculate 𝜇𝑔. A numerical scheme, given in 

ISO 5167-1:2003 (International Organization for Standardization (ISO), 2003), is used to calculate 

𝐶𝑑 , 𝑅𝑒 𝑎𝑛𝑑 𝑀̇𝑔 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 𝑀̇𝑝 in kg/s is calculated using Equation 4-15 

𝑀̇𝑝 =
𝑀𝑎𝑠𝑠1 − 𝑀𝑎𝑠𝑠0

∆𝑡
 

Equation 4-15 

Where 𝑀𝑎𝑠𝑠1 and 𝑀𝑎𝑠𝑠0 are the respective mass readings in kg at the current and previous sample points 

and ∆𝑡 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. 

4.5.3 Graphical User Interface 

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 4-18 – GUI main window 

Figure 4-19 – GUI bottom window 
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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 + 0.0017𝑇𝑔 [˚𝐶] 

Transmitter Accuracy 0.2˚𝐶 

PMP131 

Linearity including hysteresis and reproducibility 0.5 %𝐹𝑆 

PMD55  

Current output resolution 1𝜇𝐴 

Figure 4-20 – GUI top window 



MSc(Eng) Dissertation  Test Facility Concept Design 

Colin F. du Sart  65 

Linearity including hysteresis and reproducibility 
0.1% 𝑜𝑓 𝑠𝑒𝑡 𝑠𝑝𝑎𝑛 𝑖𝑓 𝑇𝐷* ≤ 4 

(0.012𝑇𝐷 + 0.052)% 𝑜𝑓 𝑠𝑒𝑡 𝑠𝑝𝑎𝑛 𝑖𝑓 𝑇𝐷 > 4 

Load Cells 

Resolution 
𝑅𝑎𝑡𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 𝑖𝑛 𝑘𝑔

3000
 [𝑘𝑔] 

Combined error 0.020 %𝐹𝑆 

Offset on output sensitivity 0.02𝑚𝑉/𝑉 

LCA 

Current output resolution 16𝑏𝑖𝑡𝑠 𝑜𝑟 244𝜇𝐴† 

Weighing accuracy 0.01% 

NI 9208 AI  

Current output resolution 24 𝑏𝑖𝑡𝑠 𝑜𝑟 42𝜇𝐴 

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 𝑢𝑖 as follows: 

𝑡𝑃𝑢𝑡𝑜𝑡𝑎𝑙 = ± √(𝑡𝑃𝑢1)
2 + (𝑡𝑃𝑢2)

2 + (𝑡𝑃𝑢3)
2 + ⋯+ (𝑡𝑃𝑢𝑛)2     (𝑃%) 

Equation 4-16 

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

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

𝑢 (68%) =
1

2
𝑢 (95%) 

Equation 4-17 

                                                           

* 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 𝑇𝑔 ˚C 28 49 

Absolute pressure at the orifice inlet 𝑃1 kPa 103.534 119.338 

Pressure drop across the orifice 𝑑𝑃 kPa 0.429 2.035 

Gas density at the orifice inlet 𝜌1 kg/m3 1.198 1.290 

Gas expansibility factor 𝜀𝑔  0.999 0.995 

Discharge coefficient 𝐶𝑑  0.613 0.610 

Gas mass flow rate 𝑀̇𝑔 kg/s 0.051 0.115 

Table 4-6 – Gas flow rate scenarios 

Initially, the uncertainty of the temperature measuring instrument 𝑢.𝑇𝑔
 was calculated as the RSS of the 

TR15 and NI 9208 AI 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.𝑃1 was then calculated as the 

RSS of the PMP131 and NI 9208 AI 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 𝑢𝑑𝑃 was then calculated as the RSS of 

the PMD55 and NI 9208 AI uncertainties. Here, the turn down ratio 𝑇𝐷 =
𝑈𝑅𝐿

|𝐿𝑅𝑉|
 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 𝑢𝜌1
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(𝑥1, 𝑥2, 𝑥3, … 𝑥𝑛) is given in Equation 4-18 (Figliola & Beasley, 2011). 

𝑡𝑃𝑢𝑦 = √∑[(
𝜕𝑦

𝜕𝑥𝑖
) 𝑡𝑝𝑢𝑥𝑖

]
2𝑛

𝑖=1

     (𝑃%) 

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) 

𝑢𝑀̇𝑔
= 𝑀̇𝑔√(

𝑢𝐶𝑑

𝐶𝑑

)
2

+ (
𝑢𝜀𝑔

𝜀𝑔

)

2

+ (
2𝛽4

1 − 𝛽4
)

2

(
𝑢𝐷𝑝𝑖𝑝𝑒

𝐷𝑝𝑖𝑝𝑒

)

2

+ (
2

1 − 𝛽4
)

2

(
𝑢𝐷𝑣𝑐

𝐷𝑣𝑐

)
2

+
1

4
(
𝑢𝑑𝑃1

𝑑𝑃1

)
2

+
1

4
(
𝑢𝜌1

𝜌1

)
2

     (95%) 

Equation 4-19 

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

1. 
𝑢𝐶𝑑

𝐶𝑑
= 0.5%  

2. 
𝑢𝜀𝑔

𝜀𝑔
= 3.5

𝑑𝑃1

𝛾𝑃1 
%  

3. 
𝑢𝐷𝑝𝑖𝑝𝑒

𝐷𝑝𝑖𝑝𝑒
= 0.4% 

4. 
𝑢𝐷𝑣𝑐

𝐷𝑣𝑐
= 0.1% 

PARTICLE MASS FLOW RATE 

It was assumed that the particle mass flow rate 𝑀̇𝑝 remains constant during the duration of a test, so that 

the uncertainty could be calculated through propagation of the boundary mass values 

𝑀𝑎𝑠𝑠𝑠𝑡𝑎𝑟𝑡,𝑀𝑎𝑠𝑠𝑒𝑛𝑑. 𝑀𝑎𝑠𝑠𝑠𝑡𝑎𝑟𝑡 = 250𝑘𝑔 is the assumed mass at which 𝑀̇𝑝 reaches steady state. 

𝑀𝑎𝑠𝑠𝑒𝑛𝑑 = 50𝑘𝑔 is the assumed mass at which 𝑀̇𝑝 becomes unattainable due to insufficient hopper 

head. Furthermore, the 𝑀̇𝑝 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 𝑢𝑚𝑎𝑠𝑠 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 AI 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. 

𝑚𝑎𝑠𝑠 𝑖𝑛 𝑘𝑔 =
𝑟𝑎𝑡𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑜𝑓 𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 𝑖𝑛 𝑘𝑔

𝑉𝐸(0.002𝑉)
 

Equation 4-20 

Where 𝑉𝐸 = 10𝑉 is the load cell excitation voltage. 

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

Equation 4-18 to calculate the uncertainty in 𝑀̇𝑝. 

4.6.3 Results 

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. 

Variable Symbol Units 
Value % Uncertainty 

Scenario 1 Scenario 2 Scenario 1 Scenario 2 

Gas temperature 𝑇𝑔 ˚C 28 ± 0.228 49 ± 0.301 0.814 0.614 

Absolute pressure 
at the orifice inlet 

𝑃1 kPa 103.534 ± 0.686 119.338 ± 0.735 0.662 0.616 

Pressure drop 
across the orifice 

𝑑𝑃 Pa 429 ± 22.543  2035 ± 16.597  5.255 0.816 

Gas mass flow rate 𝑀̇𝑔 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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Variable Symbol Units 
Value % Uncertainty 

Minimum Maximum Minimum Maximum 

LIW Mass 
Measurement 

𝑀𝑎𝑠𝑠 kg 

50 ± 4.522 250 ± 4.665 9.043 1.866 

GIW Mass 
Measurement  

50 ± 2.164 250 ± 2.449 4.328 0.980 

LIW Mass Flow 
Rate 

𝑀̇𝑝 kg/hr 

252 ± 8.186 2880 ± 93.550 3.248 3.248 

GIW Mass Flow 
Rate 

252 ± 4.117 2880 ± 47.057 1.634 1.634 

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

4.6.4 Discussion 

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. 

5.1 Cyclone Sizing 

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. 

5.1.1 Inputs 

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/m3 was specified as appropriate to 

use for South African PC. The range is approximately ±10% of 1550kg/m3, 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. 

Property Symbol Value Unit 

Gas Temperature 𝑇𝑔 60 °C 

Min. Gas Pressure 𝑃𝑔.𝑚𝑖𝑛 70 kPa 

Max. Gas Pressure 𝑃𝑔.𝑚𝑎𝑥 125 kPa 

Pipe Diameter 𝐷𝑝𝑖𝑝𝑒 102.26 mm 

Min. Gas Velocity 𝑈𝑔.𝑚𝑖𝑛 3 m/s 

Max. Gas Velocity 𝑈𝑔.𝑚𝑎𝑥 30 m/s 

Min. Particle Diameter 𝐷𝑝 37 µm 

Min. Particle Density 𝜌𝑝 1400 kg/m3 

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. 

Figure 5-1 – Cyclone geometry, adapted from (Casal & Martinez-Benet, 1983) 

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 

𝐷𝑒 = 0.5𝐷 is the exit diameter 

ℎ = 1.5𝐷 is the cylinder height 
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Initially, the gas density 𝜌𝑔  and dynamic viscosity 𝜇𝑔 are calculated using the ideal gas law (Equation 4-1) 

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

Using 𝑈𝑔.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. 

𝜂𝐷𝑝
= 1 − exp{−2 [

𝐺𝜏𝐷𝑝
𝑉̇𝑔

𝐷3
(𝑛 + 1)]

1
2(𝑛+1)

} 

Equation 5-1 

Where: 

 𝜂𝐷𝑝 is the cyclone efficiency for a particle diameter 𝐷𝑝 

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. 

𝜏𝐷𝑝
 is the particle relaxation time in seconds for 𝐷𝑝 defined by  

𝜏𝐷𝑝
=

𝜌𝑝𝐷𝑝
2

18𝜇𝑔
 

Equation 5-2 

and 𝑛 is the vortex exponent correlation, given by  

𝑛 = 1 − [1 −
(12𝐷)0.14

2.5
] [

𝑇𝑔 + 460

530
]

0.3

 

Equation 5-3 

Equation 5-1 to Equation 5-3 are valid for imperial units only i.e. 𝑉𝑔̇ is in ft3/s; 𝐷 is in ft; 𝜌𝑝 is in lb/ft3; 𝜇𝑔 

is in lb/ft-s; and 𝑇𝑔 is in °F. 

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

Using 𝑃𝑔.𝑚𝑖𝑛, 𝜂𝐷𝑝
 is then plotted as a function of 𝑉̇𝑔 using Equation 5-1. 

𝑅𝑠𝑎𝑙𝑡 =
𝑣𝑖

𝑣𝑠
 i.e. the cyclone inlet velocity 𝑣𝑖 over cyclone saltation velocity 𝑣𝑠 ratio is then plotted on the 

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

𝑣𝑖 =
𝑉̇𝑔

𝑎𝑏
 

Equation 5-4 
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𝑣𝑠 = 2.055𝜔

[
 
 
 
 

 
(
𝑏
𝐷

)
0.4

(1 −
𝑏
𝐷

)

1
3

]
 
 
 
 

𝐷0.067𝑣
𝑖

2
3 

Equation 5-5 

Where 

𝜔 = [
4𝑔𝜇𝑔(𝜌𝑝 − 𝜌𝑔)

3𝜌𝑔
2 ]

1
3

  

Equation 5-6 

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

Using 𝑃𝑔.𝑚𝑎𝑥, the associated cyclone pressure drop ∆𝑃𝑐 is then plotted as a function of 𝑉̇𝑔 using 

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

∆𝑃𝑐 =
1

2
𝜌𝑔𝑣𝑖

2𝑁𝐻 

Equation 5-7 

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

5.1.3 Results 

The calculated cyclone dimensions are given below: 

𝐷 = 206𝑚𝑚  

𝑎 = 103𝑚𝑚  

𝑏 = 41𝑚𝑚  

𝑆 = 103𝑚𝑚  

𝐷𝑒 = 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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Figure 5-3 – Cyclone pressure drop curve for high-density scenario 

Figure 5-2 – Cyclone efficiency curve for low-density scenario 
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5.1.4 Discussion 

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 𝑅𝑠𝑎𝑙𝑡 

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. 

5.2 Orifice Sizing 

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 𝛽 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. 

5.2.1 Inputs 

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 𝑇𝑔.𝑚𝑖𝑛 25 °C 

Max. Gas Temperature 𝑇𝑔.𝑚𝑎𝑥 60 °C 

Min. Gas Pressure 𝑃𝑔.𝑚𝑖𝑛 101.3 kPa 

Max. Gas Pressure 𝑃𝑔.𝑚𝑎𝑥 125 kPa 

Pipe Diameter 𝐷𝑝𝑖𝑝𝑒 102.26 mm 

Min. Gas Velocity 𝑈𝑔.𝑚𝑖𝑛 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 𝑇𝑔 60 °C 

Min. Gas Pressure 𝑃𝑔.𝑚𝑖𝑛 70 kPa 

Max. Gas Pressure 𝑃𝑔.𝑚𝑎𝑥 125 kPa 

Pipe Diameter 𝐷𝑝𝑖𝑝𝑒 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 

5.2.2 Model Explanation 

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

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

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

The model assumes a pressure ratio 𝜏 =
𝑃1

𝑃2
 of 95% and calculates the pipe Reynolds number 𝑅𝑒 using 

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 𝛽 values of 0.35, 0.45, 0.55, 0.65 and 0.75 over the range of gas velocities 𝑈𝑔.𝑚𝑖𝑛 to 𝑈𝑔.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 𝑈𝑔. 

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

(ISO, 2003). 

𝑑𝜔 =
√1 − 𝛽4(1 − 𝐶𝑑

2) − 𝐶𝑑𝛽2

√1 − 𝛽4(1 − 𝐶𝑑
2) + 𝐶𝑑𝛽2

𝑑𝑃 

Equation 5-8 

5.2.3 Results 

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. 

 

Figure 5-4 – Prototype orifice curves for low-density scenario 

β = 0.35 

β = 0.45 

β = 0.55 

β = 0.65 

β = 0.75 
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Figure 5-5 – Prototype orifice curves for high-density scenario 

Figure 5-6 – Final facility orifice curves for low density scenario 

β = 0.35 

β = 0.45 

β = 0.55 

β = 0.65 
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β = 0.35 
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5.2.4 Discussion 

For the prototype facility, an orifice with 𝛽 = 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 𝑑𝜔 of 

2.76kPa. 

For the final test facility, two orifice plates are recommended. One with 𝛽 = 0.55  for gas velocities up to 

15m/s and one with 𝛽 = 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 𝑑𝜔 of 2.76kPa. It is noted 

here that an orifice with 𝛽 = 0.45 could be used to increase the minimum pressure drop. However, using 

a 𝛽 = 0.55 orifice is more practical, as it can be used for both the prototype and final facilities. 

Furthermore, for the 𝛽 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 

Figure 5-7 – Final facility orifice curves for high-density scenario 

β = 0.35 

β = 0.45 

β = 0.55 

β = 0.65 

β = 0.75 
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used, except for tests at extremely low gas velocities, where the range can be adjusted for greater 

accuracy if desired. 

5.3 Pipe, Feeder & Hopper Sizing 

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. 

5.3.1 Inputs 

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/m3 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/m3 is used for PC (Van der Merwe, 2014) and a bulk density of 860kg/m3 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 𝜌𝑝.𝑃𝐶  1550 kg/m3 

Density of PFA 𝜌𝑝.𝑃𝐹𝐴 2300 kg/m3 

Bulk Density of PC 𝜌̅𝑝.𝑃𝐶  750 kg/m3 

Bulk Density of PFA 𝜌̅𝑝.𝑃𝐹𝐴 860 kg/m3 

Min. Particle Mass Flow Rate 𝑀̇𝑝0
 0.07 kg/s 

Max. Particle Mass Flow Rate 𝑀̇𝑝1
 0.697 kg/s 

Horizontal Test Pipe Bore Diameter 𝐷𝑝𝑖𝑝𝑒.100 102.26 mm 
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Vertical Test Pipe Bore Diameter 𝐷𝑝𝑖𝑝𝑒.250 242.88 mm 

Feed Pipe Bore Diameter 𝐷𝑝𝑖𝑝𝑒.80 77.92 mm 

Acceleration Pipe Bore Diameter 𝐷𝑝𝑖𝑝𝑒.90 90.12 mm 

Gas Pressure 𝑃𝑔 70 kPa 

Gas Temperature 𝑇𝑔 60 °C 

Particle Diameter 𝐷𝑝 37 µm 

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

5.3.2 Model Explanation 

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

The model assumes that 𝑃𝑔 and 𝑇𝑔 remain constant at each pipe section. 

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

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

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

The particle terminal velocity 𝑢𝑡0 was calculated using Equation 3-18 or Equation 3-19, depending on the 

Reynolds number at the single particle terminal velocity 𝑅𝑒𝑡0, which was calculated using Equation 3-17. 

The saltation and choking velocities 𝑈𝑠𝑎𝑙𝑡  𝑎𝑛𝑑 𝑈𝑔𝑐  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 𝑈𝑠𝑎𝑙𝑡 and loading at saltation 𝑧 = 𝑍 for saltation 

tests. For the remaining pipe lines, 𝑈𝑠𝑎𝑙𝑡 , 𝑈𝑔𝑐 , 𝑍 and the expected superficial gas velocity 𝑈𝑔 during 

saltation tests are then listed for comparison purposes. 

For the vertical test pipe, the model lists the required 𝑈𝑔𝑐 and loading at choking 𝑧 = 𝑍 for choking tests. 

For the remaining pipe lines, 𝑈𝑠𝑎𝑙𝑡 , 𝑈𝑔𝑐 , 𝑍 and the expected superficial gas velocity 𝑈𝑔 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 𝑀̇𝑝0
 and 𝑀̇𝑝1

 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, 𝑀̇𝑝1
 was limited such that a hopper volume no greater than 300L was 

necessary for a 5-minute test. 

5.3.3 Results 

For the inputs given in Table 5-4, saltation tests can be conducted in a pipe with a 102.26mm bore 

diameter for 𝑈𝑔 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 𝑈𝑔 in the remaining pipelines, together with 𝑈𝑔 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 𝑈𝑔 is greater than the required 𝑈𝑔 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. 

Pipe Actual 𝑼𝒈 (m/s) 
𝑼𝒈 Req. for 

Saltation/ 
Choking (m/s) 

𝒁 Req. for 
Saltation/ 
Choking 

Does Saltation/ 
Choking Occur? 

Feed Pipe 
(77.92mm) 

12.77 to 24.44 7.84 to 15.01 2.56 to 13.30 No 

Horizontal 
Acceleration Pipe 
(90.12mm) 

9.55 to 18.27 7.61 to 14.57 1.97 to 10.25 No 

Vertical 
Acceleration Pipe 
(90.12mm) 

9.55 to 18.27 1.83 to 3.90 8.22 to 38.28 No 

Vertical Test Pipe 
(242.88mm) 

1.32 to 2.52 1.32 to 2.81 1.57 to 7.32 
Yes (See 

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 𝑈𝑔 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 𝑈𝑔 in the remaining pipelines, together with 𝑈𝑔 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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Pipe Actual 𝑼𝒈 (m/s) 
𝑼𝒈 Req. for 

Saltation/ 
Choking (m/s) 

𝒁 Req. for 
Saltation/ Choking 

Does Saltation/ 
Choking Occur? 

Feed Pipe 
(77.92mm) 

12.80 to 27.30 7.84 to 15.01 2.56 to 13.30 No 

Horizontal 
Acceleration Pipe 
(90.12mm) 

9.57 to 20.41 7.61 to 14.57 1.97 to 10.25 No 

Horizontal Test 
Pipe (102.26mm) 

7.43 to 15.85 7.42 to 14.19 1.57 to 8.17 
No (See 

discussion) 

Vertical 
Acceleration Pipe 
(90.12mm) 

9.57 to 20.41 1.83 to 3.90 8.22 to 38.28 No 

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

5.3.4 Discussion 

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 𝐷𝑝. 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. 

5.4 Process Models 

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 I. The process models for the proposed final test facility are given in the CD accompanying this 

thesis. 
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5.4.1 Inputs 

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/m3 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 𝜌𝑝 kg/m3 2300 

Ambient temperature 𝑇𝑔.0 ˚C 25 

Ambient pressure 𝑃𝑔.0 kPa 101.3 

Orifice beta value 𝛽  0.55 

Test pipe diameter (ID) 𝐷𝑝𝑖𝑝𝑒.𝑡𝑒𝑠𝑡 mm 77.92 

Gas only pipe diameter 𝐷𝑝𝑖𝑝𝑒.𝑔𝑎𝑠 mm 102.26 

Test pipe relative roughness 𝜀𝑟.𝑡𝑒𝑠𝑡  3.85 × 10-4 

Gas only pipe relative roughness 𝜀𝑟.𝑔𝑎𝑠  2.934 × 10-4 

Filter loss factor 𝑘𝑓𝑖𝑙𝑡𝑒𝑟 Pa·s/m3 0.1 

Return line length 𝐿89 m 4 

Vertical acceleration length 𝐿67 m 2.5 

Test section bend radius 𝑅𝑏.𝑡𝑒𝑠𝑡 m 1 

Horizontal acceleration length 𝐿45 m 4 
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Length from orifice outlet to feed point 𝐿34 m 6 

Length from blower to orifice inlet 𝐿12 m 2.5 

Blower isentropic efficiency 𝜂𝑏𝑙𝑜𝑤𝑒𝑟 % 60 

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

Variable Symbol Units Value 

Test temperature 𝑇𝑔.𝑡𝑒𝑠𝑡 ˚C 43 

Absolute pressure at feed point 𝑃𝑔.𝑡𝑒𝑠𝑡 kPa 114 

Particle mass flow rate 𝑀̇𝑝 kg/s 0.4 

Superficial gas velocity at feed point 𝑈𝑔.𝑡𝑒𝑠𝑡 m/s 14 

Representative particle diameter 𝐷𝑝 µm 65 

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

5.4.2 Model Explanation 

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. 

• The gas density 𝜌𝑔 is calculated using Equation 4-1. 

• The gas dynamic viscosity 𝜇𝑔 is calculated using Equation 4-2. 

• The single particle terminal velocity for Stoke’s flow 𝑢𝑡0.𝑠𝑡𝑜𝑘𝑒𝑠 is calculated using Equation 3-18. 

• The single particle terminal velocity for intermediate flow 𝑢𝑡0.𝑖𝑛𝑡 is calculated using Equation 3-20. 

• The Darcy-Weisbach solids-wall friction factor for vertical conveying 𝜆𝑝𝑣  is calculated using 

Equation 3-41. Note that the subscript 𝐷 is omitted. 

• The Darcy-Weisbach solids-wall friction factor for horizontal conveying 𝜆𝑝ℎ is calculated using 

Equation 3-42. 

• The Darcy-Weisbach gas friction factor  𝜆𝑔 is calculated using Equation 3-11. 

• The infinitely dilute particle drag coefficient 𝐶𝐷∞ for intermediate flow is calculated using 

Equation 3-4. 

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

• Equation 3-50 is used to calculate the voidage 𝛼𝑔. 

• The pipe Reynolds number 𝑅𝑒𝑝𝑖𝑝𝑒 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 𝑇𝑔 is constant and equal 𝑇𝑔.𝑡𝑒𝑠𝑡 throughout. Initially, the gas density 𝜌𝑔 and the 

dynamic viscosity 𝜇𝑔 at the feed point are calculated. Here, the density at the feed point is calculated 

using 𝑃𝑔.𝑡𝑒𝑠𝑡. 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 𝜌𝑔 across a pipe section is constant and equal to either the inlet or outlet 𝜌𝑔 at 

that section. The density across the filter 𝜌𝑔1011 is calculated using the pressure at the filter outlet 𝑃𝑔11. 

The volume flow rate through the filter is then simply calculated. The pressure drop across the filter is 

then calculated as follows: 

𝑑𝑃1011 = 𝑘𝑓𝑖𝑙𝑡𝑒𝑟𝑉̇𝑔1011 

Equation 5-9 

The pressure at the filter inlet 𝑃𝑔10 is then calculated as the sum of 𝑃𝑔11 and 𝑑𝑃1011. 

Across Cyclone (Points 9 to 10) 

The density across the cyclone 𝜌𝑔910 is calculated using the pressure at the cyclone outlet 𝑃𝑔10. 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 𝑑𝑃910 is then calculated. As a check, the cyclone efficiency 𝜂 and 

inlet velocity over cyclone saltation velocity ratio 
𝑣𝑖

𝑣𝑠
 is also evaluated. The pressure at the cyclone inlet 𝑃𝑔9 

is calculated as the sum of 𝑃𝑔10 and 𝑑𝑃910. 

Return Line (Points 8 to 9) 

The density across the return line 𝜌𝑔89 is calculated using 𝑃𝑔9. 𝑈𝑔89 is then simply calculated. Note that 

the model assumes that 𝑈𝑔 across a pipe section is constant and equal to either the inlet or outlet 𝑈𝑔 at 

that section. The particle velocity at the beginning of the return line 𝑢𝑝8 is then assumed to be equal to 

0.5𝑈𝑔89. 𝑅𝑒89 and 𝛼𝑔8 are subsequently calculated. 𝜆𝑔 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 𝑢𝑝, gas velocity 𝑢𝑔 and 

voidage 𝛼𝑔 as a function of time. The solids-wall friction factor at the end of the return line 𝜆𝑝9 is then 

calculated. As a check, 𝑢𝑝 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 𝑑𝑃89 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 𝑃𝑔.8 is then calculated as the sum of 𝑃𝑔.9 and 𝑑𝑃89. 

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 𝑑𝑃68 is assumed, so that the pressure at the beginning of the vertical section 𝑃𝑔6 can be calculated 

as the sum of 𝑃𝑔8 and 𝑑𝑃68. The density across the vertical section 𝜌𝑔67 is then calculated using 𝑃𝑔6. The 

pressure drop across the vertical section 𝑑𝑃67 is then calculated using the same method presented for 

the return line. The pressure at the end of the vertical section 𝑃𝑔7 is then calculated by subtracting 𝑑𝑃67 

from 𝑃𝑔6. 

Top Bend (Points 7 to 8) 

𝑢𝑝, 𝑢𝑔, 𝛼𝑔 and 𝜆𝑝 across the top bend is assumed constant and equal to 𝑢𝑝, 𝑢𝑔, 𝛼𝑔 and 𝜆𝑝 at the end of 

the vertical section. The pressure drop across the top bend 𝑑𝑃78 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 𝑃𝑔8 is then calculated by subtracting 𝑑𝑃78 from 𝑃𝑔7. 

𝑑𝑃68 is calculated as the sum of 𝑑𝑃67 and 𝑑𝑃78 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 𝑑𝑃46 is 

assumed, so that the pressure at the feed point can 𝑃𝑔4 can be calculated as the sum of 𝑃𝑔6 and 𝑑𝑃48. The 

density across the horizontal section 𝜌𝑔45 is then calculated using 𝑃𝑔4. The pressure drop across the 

horizontal section 𝑑𝑃45 is then calculated using the same method presented for the return line. However, 

the assumption that 𝑢𝑝 at the beginning of the section is equal to 0.5𝑈𝑔 is replaced by the assumption 

that 𝛼𝑔 at the beginning of the section is equal to 0.45. The pressure at the end of the horizontal section 

𝑃𝑔5 is then calculated by subtracting 𝑑𝑃45 from 𝑃𝑔4. 
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Bottom Bend (Points 5 to 6) 

The bottom bend pressure drop 𝑑𝑃56 is calculated using the same method presented for the top bend. 

𝑑𝑃46 is then calculated as the sum of 𝑑𝑃45 and 𝑑𝑃56 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 𝑃𝑔.𝑡𝑒𝑠𝑡 is then updated manually (and all the above calculations repeated) until it is 

approximately equal to 𝑃𝑔4. 

Orifice Outlet to Feed Point (Points 3 to 4) 

The gas density from the orifice outlet to the feed point 𝜌𝑔34 is calculated using 𝑃𝑔4. 𝑈𝑔34 and 𝑅𝑒34 are 

then simply calculated, before calculating 𝜆𝑔 using a numerical scheme built into Mathcad. The pressure 

drop from the orifice outlet to the feed point 𝑑𝑃34 is then calculated using Equation 3-47. The pressure 

at the orifice outlet 𝑃𝑔3 is then calculated as the sum of 𝑃𝑔4 and 𝑑𝑃34. 

Across Orifice (Points 2 to 3) 

Initially, a pressure ratio 𝜏 is assumed so that the pressure at the orifice inlet 𝑃𝑔2 and subsequently the 

density at orifice inlet 𝜌𝑔2 can be calculated. Equation 4-12 to Equation 4-14 is then used to calculate the 

pressure drop across the orifice 𝑑𝑃23 and divided by a factor of 0.95 to account for uncertainty in the 

method. 𝑃𝑔2 is then re-calculated as the sum of 𝑃𝑔3 and 𝑑𝑃23 and 𝜏 updated manually (and the orifice 

calculations repeated) until the initially calculated value for 𝑃𝑔2 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 𝜌𝑔12 is calculated using 𝑃𝑔2. The pressure drop 

from the blower outlet to the orifice inlet 𝑑𝑃12 is calculated using the same method presented for the 

orifice outlet to feed point. The pressure at the blower outlet 𝑃𝑔1 is then calculated as the sum of 𝑃𝑔2 and 

𝑑𝑃12. 

Blower Temperature Rise 

The pressure drop across the system 𝑑𝑃01 is then calculated by subtracting 𝑃𝑔0 from 𝑃𝑔1. The temperature 

at the blower outlet 𝑇𝑔 is then calculated as follows: 

𝑇𝑔 = 𝑇𝑔.0 + 𝑑𝑇 

Equation 5-10 

Where, from (Anderson, 2002) 



MSc(Eng) Dissertation  Design Calculations 

Colin F. du Sart  89 

𝑑𝑇 =
𝑇𝑔.0

𝜂𝑏𝑙𝑜𝑤𝑒𝑟
(
𝑃𝑔1

𝑃𝑔0

𝛾−1
𝛾

− 1) 

Equation 5-11 

𝑇𝑔.𝑡𝑒𝑠𝑡 is then manually updated (and all the above calculations repeated) until it is approximately equal 

to 𝑇𝑔. 

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: 

• There is no pressure recovery after the orifice plate. 

• The pressure drop in gas only bends, pipe reducers and expanders and pipe joins are negligible. 

• The sight glass is considered part of the adjoining pipes. 

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

• 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: 

• 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. 

• There is an additional calculation for the pressure drop across the heat exchanger 𝑑𝑃𝐻𝑋. The pressure 

drop is calculated using Equation 5-12. 

𝑑𝑃𝐻𝑋 = 𝑘𝐻𝑋 (
𝑉̇𝑔

𝐴𝐻𝑋
)

2

 

Equation 5-12 

Where 𝑘𝐻𝑋 = 320
𝑃𝑎·𝑠2

𝑚2  is the assumed heat exchanger loss factor and 𝐴𝐻𝑋 = 0.106𝑚2 is the 

assumed frontal area of the heat exchanger. 
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• 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. Additional flow charts are given for the 

final facility in Appendix H. 

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 𝑑𝑃𝑠𝑦𝑠𝑡𝑒𝑚, as well as the gas density 

𝜌𝑔.𝑖𝑛 and the volume flow rate 𝑉̇𝑔.𝑖𝑛 at the blower inlet. The blower pressure rise 𝑑𝑃𝑏𝑙𝑜𝑤𝑒𝑟 required at 

standard atmospheric conditions (i.e. 𝜌𝑔.𝑠𝑡𝑑 = 1.2kg/m3) is also calculated using Equation 5-13, derived 

from the similarity laws for fans. 

𝑑𝑃𝑏𝑙𝑜𝑤𝑒𝑟 = 𝑑𝑃𝑠𝑦𝑠𝑡𝑒𝑚 (
𝜌𝑔.𝑠𝑡𝑑

𝜌𝑔.𝑖𝑛
) 

Equation 5-13 

To determine the required blower operating envelope, 𝑑𝑃𝑏𝑙𝑜𝑤𝑒𝑟 is plotted against 𝑉̇𝑔.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. 

 

  

Figure 5-9 – Predicted prototype operating points 
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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.

Figure 5-10 – Predicted prototype and final facility operating points 
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Figure 5-11 – Prototype PFD 19 
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5.4.5 Discussion 

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.



MSc(Eng) Dissertation  Prototype Construction and Commissioning 

Colin F. du Sart  97 

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: 

• 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. 

• 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.  

7.1 Load Cell Calibration 

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: 

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

2. Remove the test weights. 

3. Set the measured value on the bottom hopper LCA to 0kg. 

4. Place 240kg of test weights on top of the bottom hopper. 

5. Set the measured value on the bottom hopper LCA to 240kg. 

6. Remove the test weights. 

7. 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 

(kg) 
0 20 60 120 180 240 280 300 

Measured load 

(kg) 
0.110 20.191 60.125 119.989 180.081 240.091 280.181 300.550 

Estimated load 

after calibration 

(kg) 

0.045 20.113 60.020 119.844 179.896 239.866 279.930 300.285 

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

Actual load 

(kg) 
0 20 60 120 180 240 280 300 

Measured load 

(kg) 
-0.075 20.427 62.749 123.672 186.055 244.795 283.459 304.650 

Estimated load 

after calibration 

(kg) 

-1.151 19.065 60.796 120.868 182.380 240.300 278.424 299.319 

Table 7-2 – GIW calibration data and results 

 

 

  

y = 0.999334x - 0.064674
R² = 0.999998

0

50

100

150

200

250

300

350

0 50 100 150 200 250 300 350

A
ct

u
al

 L
o

ad
 (

kg
)

Measured Load (kg)

LIW system

Measured load

Linear (Measured load)

Figure 7-1 – LIW weight calibration curve 



MSc(Eng) Dissertation  Prototype Test Results 

Colin F. du Sart  101 

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. 

y = 0.986035x - 1.076762
R² = 0.999873
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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. Run the 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 
No. 

Gas Flow 
Rate 
(kg/s) 

Particle 
Flow Rate 
(kg/s) 

Expected 

Temp. (°C) 

 

Expected 
Gas Vel. 
(m/s) 

Loading PFD 
Reference 

Run Time 
for 300kg 
(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 

7.3 Gas Flow Rate Analysis 

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. 

7.3.1 Inputs 

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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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: 

• Gas temperature 𝑇𝑔 in ˚C. 

• Absolute pressure at the orifice inlet 𝑃1 in kPa. 

• Pressure drop across the orifice 𝑑𝑃 in kPa. 

• Gas expansibility factor 𝜀𝑔. 

• Orifice discharge coefficient 𝐶𝑑. 

7.3.2 Methodology 

For each test, the instrument uncertainties for the mean values of 𝑇𝑔, 𝑃1 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 𝜌1 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 𝐶𝑑 , 𝜀𝑔, 𝐷𝑝𝑖𝑝𝑒 and 𝐷𝑣𝑐 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 𝑀̇𝑔 was then calculated using Equation 4-12 and its uncertainty using 

Equation 4-19. 

Figure 7-3 – Gas and particle mass flow rate readings 
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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. 

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 AI, 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 

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

7.4.2 Methodology 

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

derived in Appendix G. 

𝑢𝑦(𝑥) = √∑(
𝜕𝑦

𝜕𝑋𝑖
𝑢𝑋𝑖

)
2

+ ∑(
𝜕𝑦

𝜕𝑌𝑖
𝑢𝑌𝑖

)
2𝑛

𝑖

𝑛

𝑖=1

 

Equation 7-1 

Figure 7-5 – Uncalibrated mass in bottom (LIW) hopper 
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Where: 

𝑛 is the number of measurement points taken during calibration 

𝑋𝑖  is the measured mass during calibration for an actual mass 𝑌𝑖  at the measured point 𝑖  

𝑢𝑋𝑖  is the design phase uncertainty of the measuring instrument at the measured point 𝑖 

𝑢𝑌𝑖
 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 = 𝑎𝑇𝐹 

Equation 7-2 

where 

𝑎𝑇 = (𝛼−1𝛽)𝑇 = (𝜀𝛽)𝑇 = 𝛽𝑇𝜀𝑇 

Equation 7-3 

𝛼 and 𝛽 are matrices and are calculated as follows 

𝛼𝑗𝑘 = ∑(𝑋𝑖
𝑗
𝑋𝑖

𝑘)

𝑛

𝑖=1

 

Equation 7-4 

𝛽𝑘 = ∑(𝑌𝑖𝑋𝑖
𝑘)

𝑛

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 

𝑢𝑦 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 AI, as well as the uncertainty associated 

with the calibration procedure.  
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The combined uncertainty on each mass measured 𝑢𝑀 is then calculated by summing the respective 

statistical uncertainty of the calibrated measurement point 𝑢𝑦.𝑠𝑡𝑎𝑡, i.e. the standard deviation of the mean 

calibrated measurement points over the 1 second measurement period, and 𝑢𝑦 using the RSS method. 

Calculating the Mean Particle Flow Rate 

The calibrated mass measurement points 𝑀 = 𝑦 including 𝑢𝑀 are then plotted against the respective 

measurement time 𝑇𝑚 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 ∇ of the fitted 

curve is equal to the mean particle mass flow rate. 

Calculating the Uncertainty in the Mean Particle Flow Rate 

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

is derived in Appendix G. 

𝑢∇
2(𝑡) =  ∑((∑ (𝑇𝑚𝑖

𝑘 ∑𝜀𝑘𝑗𝑗𝑡
𝑗−1

𝑚

𝑗

)

𝑚

𝑘=0

)

2

𝑢𝑀𝑖

2 )

𝑛

𝑖=1

 

Equation 7-7 

Figure 7-6 – Mass measurements (including uncertainty) vs. Time 
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Where: 

𝑛 is the number of measurement points taken 

𝑇𝑚𝑖
 is the time at the measured point 𝑖  

𝑢𝑀𝑖 is the uncertainty on the measured mass at the measured point 𝑖, 

and 𝑢∇(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. 

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). 

  

Figure 7-7 – Actual vs. required particle flow rate 
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Figure 7-8 – Actual vs. set loading 

Figure 7-9 – Impact of particle flow rate on gas flow rate and vice versa 
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7.6 Particle Flow Rate Mass Balance 

The inputs, methodology and results of the mass balance are presented below. 

7.6.1 Inputs 

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. 

7.6.2 Methodology 

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 𝜂𝑐  is given by the following: 

𝜂𝑐 =
𝑀𝑎𝑠𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑐𝑦𝑐𝑙𝑜𝑛𝑒

𝑀𝑎𝑠𝑠 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑐𝑦𝑐𝑙𝑜𝑛𝑒
=

𝐺𝐼𝑊

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 

𝐿𝐼𝑊 = 𝐺𝐼𝑊 (
1

𝜂𝐶
) + 𝑆𝑒𝑡𝑡𝑙𝑒𝑑 𝑚𝑎𝑠𝑠 

Equation 7-10 

Using the manually recorded data in Appendix P, 𝜂𝑐 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. 

7.6.3 Results 

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 (
1

𝜂
) = 𝐺𝐼𝑊 at these points. 
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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. 

Figure 7-10 – Estimated cyclone efficiency 

Figure 7-11 – Bar chart of mass fed vs. mass collected 
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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/m3, 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. 

Figure 7-12 – Mass balance 
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Figure 7-13 – Operating test temperatures 

Figure 7-14 – System pressure drops 
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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 

Figure 7-15 – System operating points 
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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: 

• 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. 

• 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. 

• 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. 

8.1 Revised Final Test Facility System Layout 

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. 
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Figure 8-1 – Revised test rig schematic Part A 
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Figure 8-2 – Revised test rig schematic Part B 

Figure 8-3 – Revised test rig schematic Part C 
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Figure 8-4 – Functional analysis for revised test rig concept 
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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 Collect fine particles X

Table 8-1 – Functional allocation of revised test rig concept 



MSc(Eng) Dissertation  Revised Test Facility Concept Design 

Colin F. du Sart  124 

8.2 DAC System Future Developments 

For the proposed final test facility, three absolute, differential and RTD sensors are to be included in the 

system. The NI 9208 AI 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. 

8.3 Recommendations 

• 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. 

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

• 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. 

• 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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• Identify and implement methods to minimise dust generation during the detail design of the final test 

facility.  

• 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. 

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

breaker. 

• Develop a process model for the final test facility, using the already developed process models as a 

basis. 

• Determine the required blower operating envelope for the final test facility using the methodology 

presented in this thesis.  

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

• Conduct tests at power-plant similarity conditions to obtain knowledge of the flow properties 

associated with PF conveying. 

• 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. 

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

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

• 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. 

• Use the methodology presented in this thesis to determine the values of the measured gas and 

particle mass flow rates and its associated uncertainties. 

• 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. 

9.1 Summary 

• 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. 

• 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. 

• 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. 

• A cyclone 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. 

• An orifice model was developed and can be used as a tool to select an appropriately sized orifice plate 

for gas mass flow measurement systems. 

• 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. 

• 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 

±6%. 

• 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. 

9.2 Conclusions 

• 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. 

• A theoretical 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. 

• 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. 

• 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.  

• 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 

𝐿𝑏 =
2𝜋𝑅𝑏

4
 

Where 𝐿𝑏 and 𝑅𝑏 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 

∆𝑃𝑏𝑔 =

(

 
 

0.029 + 0.304 [𝑅𝑒𝑝𝑖𝑝𝑒 (
𝐷𝑝𝑖𝑝𝑒

2𝑅𝑏
)
2

]

−0.25

(
2𝑅𝑏
𝐷𝑝𝑖𝑝𝑒

)
0.5  

)

 
 𝐿𝑏𝜌𝑔𝑈𝑔

2

2𝐷𝑝𝑖𝑝𝑒
 

where ∆𝑃𝑏𝑔 is the gas pressure drop across a bend in Pa. Here 𝑅𝑒𝑝𝑖𝑝𝑒 (
𝐷𝑝𝑖𝑝𝑒

2𝑅𝑏
)
2

 is known as the Dean 

number. The  equation is valid for 300 > 𝑅𝑒𝑝𝑖𝑝𝑒 (
𝐷𝑝𝑖𝑝𝑒

2𝑅𝑏
)
2

> 0.034. For Dean numbers less than 0.034, 

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  

∆𝑃𝑏𝑝

∆𝑃𝑝
= 210(

2𝑅𝑏

𝐷𝑝𝑖𝑝𝑒
)

−1.15

 

where ∆𝑃𝑏𝑝 is the solids pressure drop across a bend in Pa. Here, ∆𝑃𝑝 is the solids contribution to pressure 

drop over a straight pipe of equivalent bend length i.e. 

∆𝑃𝑝 = ∆𝑃𝑝 𝑝𝑒𝑟 𝑚𝑒𝑡𝑒𝑟 ×𝐿𝑏 
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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 5μm” 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. 

 

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.  

 

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 <
1

2
(𝐷 − 𝐷𝑒) 

3. 𝑆 + 𝑙 ≤ 𝐻  

4. 𝑆 < ℎ 

5. ℎ < 𝐻 

Fractional Efficiency 

The fractional or grade efficiency 𝜂𝑖  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 

𝜂𝑖(𝐷𝑝) =
𝑁1 − 𝑁2

𝑁1
 

where 𝑁1 and 𝑁2 are the number of particles of diameter 𝐷𝑝 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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𝜂𝑖 = 1 − exp{−2 [
𝐺𝜏𝑖𝑉𝑔̇

𝐷𝑐
3

(𝑛 + 1)]

1
2(𝑛+1)

} 

where 𝜏𝑖 is the relaxation time in seconds, defined as 

𝜏𝑖(𝐷𝑝) =
𝜌𝑝𝐷𝑝

2

18𝜇𝑔
 

𝑛 is the vortex exponent, which may be calculated using the following correlation 

𝑛 = 1 − [1 −
(12𝐷𝑐)

0.14

2.5
] [

𝑇 + 460

530
]
0.3

 

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. 𝑉𝑔̇ is in ft3/s; 𝐷𝑐 is in ft; 𝜌𝑝 is in lb/ft3; 

𝜇𝑔 is in lb/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 

𝜂𝑇 = ∑𝑚𝑖𝜂𝑖 

where 𝑚𝑖 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 5μm 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 

𝜂𝑚 =
𝑚𝑝1 − 𝑚𝑝2

𝑚𝑝1
×100 % 

where 𝑚𝑝1 and 𝑚𝑝2 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 

𝜂𝐶 =
𝜌𝑝1̅̅ ̅̅̅ − 𝜌𝑝2̅̅ ̅̅̅

𝜌𝑝1̅̅ ̅̅̅
×100 % 

where 𝜌𝑝1̅̅ ̅̅̅ and 𝜌𝑝2̅̅ ̅̅̅ 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: 

• Increasing particle density. 

• Increasing inlet velocity (up to a point). 

• Increasing cyclone body height. 

• Increasing outlet to inlet area ratios. 

and decreases with: 

• Increasing fluid viscosity i.e. higher temperatures. 

• 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 𝑣𝑖, the saltation velocity 𝑣𝑠 can be estimated using the following (simplified) 

semi-empirical correlation developed by Kalen & Zenz (1974) 

𝑣𝑠 = 2.055𝜔

[
 
 
 
 

 
(
𝑏
𝐷

)
0.4

(1 −
𝑏
𝐷

)

1
3

]
 
 
 
 

𝐷0.067𝑣
𝑖

2
3 

Where  

𝜔 = [
4𝑔𝜇𝑔(𝜌𝑝 − 𝜌𝑔)

3𝜌𝑔
2 ]

1
3

  

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: 

∆𝑃𝑐 =
1

2
𝜌𝑔𝑣𝑖

2𝑁𝐻 
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where 𝑁𝐻 is the number of inlet velocity heads and is calculated as follows: 

𝑁𝐻 = 𝐾 (
𝑎𝑏

𝐷𝑒
2) 

where 𝐾 = 16 for standard inlet cyclones and 7.5 for cyclones with volute inlets. 𝑁𝐻 is dimensionless and 

therefore SI 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 
𝐺

𝑁𝐻
 be maximised for optimum cyclone design. 

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 𝛼𝑔 is obtained as follows: 

𝑧 =
𝑚̇𝑝

𝑚̇𝑔
=

𝛼𝑝𝜌𝑝𝑢𝑝𝐴𝑝𝑖𝑝𝑒

𝛼𝑔𝜌𝑔𝑢𝑔𝐴𝑝𝑖𝑝𝑒
=

𝛼𝑝𝜌𝑝𝑢𝑝

𝜌𝑔𝑈𝑔
 

therefore 

𝛼𝑝 =
𝜌𝑔𝑈𝑔𝑧

𝜌𝑝𝑢𝑝
 

and by definition 

𝛼𝑝 + 𝛼𝑔 = 1 

therefore 

𝛼𝑔 = 1 −
𝜌𝑔𝑈𝑔𝑧

𝜌𝑝𝑢𝑝
 

Taking 𝑧 = 𝑍 gives 

𝛼𝑝 =
𝜌𝑔𝑈𝑔𝑍

𝜌𝑝𝑢𝑝
 

and 

𝛼𝑔 = 1 −
𝜌𝑔𝑈𝑔𝑍

𝜌𝑝𝑢𝑝
 

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: 

1. The flow is dilute and homogenous. 

2. All particles are spherical and are of the same size. 

3. The particle velocity is the average velocity over the CV. 

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. 
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Consider the mixture flow through the CV given above, the number of particles in element 𝛿𝐿 is given by 

𝛿𝑁 =
𝛿𝑀𝑝

𝜌𝑝 (
𝜋𝐷𝑝

3

6 )

 

The above equation is manipulated to obtain the mass 𝛿𝑀𝑝 of a representative particle and subsequently, 

the friction force opposing particle motion in element 𝛿𝐿, which is given by 

𝛿𝐹𝑓𝑝 =
𝜆𝐷𝑝𝑢𝑝

2

2𝐷𝑝𝑖𝑝𝑒
𝛿𝑀𝑝 

The following free body diagram (FBD) is then constructed 

 

 

Applying Newton’s Second Law, the following particle phase EOM for vertical flow is finally derived 

P 

L 

Ff 

P + P 

Fg 

Dpipe 

Fb 

Fd 

Fg 

Ffp 

Mp 

up 
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𝛿𝑢𝑝

𝛿𝑡
=

3

4
𝐶𝐷∞𝛼𝑔

−4.7
𝜌𝑔(𝑢𝑔 − 𝑢𝑝)

2

𝜌𝑝𝐷𝑝
− 𝑔 (1 −

𝜌𝑔

𝜌𝑝
) −

𝜆𝐷𝑝𝑢𝑝
2

2𝐷𝑝𝑖𝑝𝑒
 

 

 

 

 

where 𝛼𝑔 may be expressed as 

𝛼𝑔 = 1 −
𝜌𝑔𝑈𝑔

𝜌𝑝𝑢𝑝
(

𝑀̇𝑝

𝜌𝑔𝑈𝑔𝐴𝑝𝑖𝑝𝑒
) = 1 −

4𝑀̇𝑝

𝜌𝑝𝜋𝐷𝑝𝑖𝑝𝑒
2 𝑢𝑝

 

For horizontal flow, the gravity/ buoyancy term is equal to zero. 

 

Drag Gravity & 

Buoyancy 

Friction 
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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 𝐷𝑝/𝐷𝑝𝑖𝑝𝑒.  

2. The relative pipe roughness 𝜀𝑟 = 𝜀/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 𝐶𝑀 and/ or  

3. the solids volume concentration or volume fraction 𝛼𝑑 . 

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. 

𝑅𝑒 =
𝜌𝑔𝐷𝑝𝑖𝑝𝑒𝑈𝑔

𝜇𝑔
; 𝑅𝑒𝑝 =

𝜌𝑔𝐷𝑝𝑈𝑔

𝜇𝑔
; 𝑅𝑒𝑡0 =

𝜌𝑔𝐷𝑝𝑢𝑡0

𝜇𝑔
; 𝑅𝑒𝑟 =

𝜌𝑔𝐷𝑝(𝑢𝑔 − 𝑢𝑝)

𝜇𝑔
 

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 

𝑈𝑠𝑎𝑙𝑡 have been found in literature. 
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𝐹𝑟 =
𝑈𝑔

√𝐷𝑝𝑖𝑝𝑒𝑔
;  𝐹𝑟𝑝 =

𝑈𝑔
2

√𝐷𝑝𝑔
; 𝐹𝑟𝑡0 =

𝑢𝑡0
2

√𝐷𝑝𝑔
;  𝐹𝑟𝑠𝑎𝑙𝑡 =

𝑈𝑠𝑎𝑙𝑡

√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” 𝑅𝑒𝑝
∗ and the “inertia parameter” 𝜓. By definition 

𝑆𝑡 =
𝑉𝜏𝑣

𝑙
; 𝑅𝑒𝑝

∗ =
𝜌𝑔𝑉𝐷𝑝

𝜇𝑔
;  𝜓 =

𝜌𝑝𝑉𝐷𝑝
2

18𝜇𝑔𝑙
 

Where 𝑉 is a reference velocity in m/s, 𝑙 a reference length in m, and 𝜏𝑣 is the momentum response 

time in s and is given by 

𝜏𝑣 =
𝜌𝑝𝐷𝑝

2

18𝜇𝑔
 

4. The ratio of particle and gas densities 𝜌𝑝/𝜌𝑔 as well as the Archimedes number 𝐴𝑟 are also found in 

literature. 

𝐴𝑟 =
𝜌𝑔(𝜌𝑝 − 𝜌𝑔)𝑔𝐷𝑝

3

𝜇𝑔
2  

Dimensional Analysis 

Noting that the drag coefficient 𝐶𝐷∞ is a function of the relative particle Reynolds number 𝑅𝑒𝑟, The 

equation of motion for 𝛿𝑁 particles in a differential section of pipe length 𝛿𝐿 can be written as 

𝛿𝑢𝑝

𝛿𝑡
=

3

4
[𝐶𝐷∞(𝜌𝑔, 𝑢𝑔, 𝑢𝑝, 𝐷𝑝, 𝜇𝑔)] (1 −

𝑈𝑔𝜌𝑔𝑍

𝜌𝑝𝑢𝑝
)

−4.7
𝜌𝑔(𝑢𝑔 − 𝑢𝑝)

2

𝜌𝑝𝐷𝑝
− 𝑔 (1 −

𝜌𝑔

𝜌𝑝
) −

𝜆𝐷𝑝𝑢𝑝
2

2𝐷𝑝𝑖𝑝𝑒
 

Furthermore, it is noted that the gas and particle velocities 𝑢𝑔 𝑎𝑛𝑑 𝑢𝑝 are functions of the superficial gas 

velocity 𝑈𝑔 . 𝑈𝑔 is therefore be used in place of both 𝑢𝑔 and 𝑢𝑝 in the subsequent analysis. Also, although 

empirical correlations exist for estimating the solids friction factor 𝜆𝐷𝑝, it is widely accepted in literature 

that 𝜆𝐷𝑝 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 SI Units MLT Dimensions 

Geometric 

Particle diameter 𝑫𝒑 m L 

Pipe diameter 𝑫𝒑𝒊𝒑𝒆 m L 
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Kinematic 

Superficial gas velocity 𝑼𝒈 m/s LT-1 

Gravitational acc. 𝒈 m/s2 LT-2 

Dynamic 

Gas density 𝝆𝒈 kg/m3 ML-3 

Particle density 𝝆𝒑 kg/m3 ML-3 

Gas viscosity 𝝁𝒈 kg/ms ML-1T-1 

Using the Buckingham  Theorem, the following  groups (dimensionless numbers) are obtained by 

selecting 𝑈𝑔, 𝜌𝑔 𝑜𝑟 𝜌𝑝, and 𝐷𝑝 𝑜𝑟 𝐷𝑝𝑖𝑝𝑒 as repeating variables: 

𝑈𝑔𝐷𝑝𝜌𝑝

𝜇𝑔
;  
𝑈𝑔𝐷𝑝𝜌𝑔

𝜇𝑔
;  
𝑈𝑔𝐷𝑝𝑖𝑝𝑒𝜌𝑝

𝜇𝑔
;  
𝑈𝑔𝐷𝑝𝑖𝑝𝑒𝜌𝑔

𝜇𝑔
 

𝑈𝑔

√𝑔𝐷𝑝

;  
𝑈𝑔

√𝑔𝐷𝑝𝑖𝑝𝑒

 

𝐷𝑝

𝐷𝑝𝑖𝑝𝑒
 

𝜌𝑝

𝜌𝑔
 

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 𝐷𝑝/𝐷𝑝𝑖𝑝𝑒 and the relative pipe roughness 𝜀𝑟 are not used for 

scaling. The exclusion of these numbers is justified as follows: 

2.1. It is 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 𝐷𝑝/𝐷𝑝𝑖𝑝𝑒 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. 𝜀𝑟 is likely to vary with time due to erosion. It is therefore uneconomical to keep 𝜀𝑟 constant.  

Flow Similarity 

1. The loading 𝑍 is kept within the ranges required for low NOx burner ignition. 

1.5 <
1

𝑍
< 2.5 

2. The volume fraction 𝛼𝑑 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 

𝑅𝑒𝑝 =
𝜌𝑔𝐷𝑝𝑈𝑔

𝜇𝑔
 

2. The particle Froude number is used for scaling 

𝐹𝑟𝑝 =
𝑈𝑔

√𝑔𝐷𝑝

 

3. The inertia parameter is used for scaling 

𝜓 =
𝜌𝑝𝐷𝑝𝑈𝑔

𝜇𝑔
 

Note that numbers containing 𝐷𝑝𝑖𝑝𝑒 were not selected, as It was deemed too difficult to satisfy them 

without having to use a 𝐷𝑝𝑖𝑝𝑒 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 AI 

The NI 9208 AI has 24-bit resolution. However, current is measured indirectly using an internal shunt 

resistor of 85Ω ∴ the span of the voltage drop within the 4-20mA measuring range is 

 𝑉 = 𝐼×𝑅 = 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 
1.36

60
= 2.267% 

of the measurement supply voltage. 

24-bits equates to 224 = 16777216 counts ∴ the voltage resolution is 16777216 counts or 
60

16777216
=

3.58𝜇𝑉. 

The corresponding current resolution is 
1.36

60
×16777216 = 380283 counts or 

20−4

380283
= 42𝜇𝐴. 

LCA 

The LCA has 16-bit resolution on the output of 4-20mA. This equates to 216 = 65536 counts ∴ the current 

resolution is 65536 counts or 
20−4

65536
= 244𝜇𝐴. 
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Appendix F. Embedded Scilab Script 
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Appendix G. Hand Derivations 
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Appendix H. Process Model Flow Charts 

HORIZONTAL SIMILARITY MODEL 
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VERTICAL SIMILARITY MODEL 
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SALTATION MODEL 
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CHOKING MODEL 
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Appendix I. Prototype Process Model 
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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 

.... 

P g.O := I Ol .3kP 

~ := 0.55 

Dpi~.test := 77.92mm 

D i . as := 102.26m 

0.03mm - 4 
e:r.test := = 3.85 x 10 

D i e.test 

0.03mm = 2.934 x 10- 4 
e:r.gas := 

Dpipe.gas 

L89 := 4 

L67 := 2.5 

Rb. test := I OOOm 

L12 := 2.5m 
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2. Intermediate calculations 

... 

2.1 Test section gas properties 

Specific gas constant for air 

Gas density 

Reference temperature 

Reference dynamic viscosity 

Sutherland's constant 

Gas dynamic viscosity 

2.2 Loading/ Mass flow rates 

Test section cross area 

Gas mass flow rate 

AF Ratio 

Loading 

2.3. Particle tenninal velocity 

For Stokes flow 

Corresponding Reynolds number 

J 
R := 287 .058 --

g kg·K 

( 
pg.test J kg 

Pg.test:= = 1.256 -
Rg·Tg.test m3 

Tref := 273.15 

- 5 kg 
ftref := 1. 71 6 x I O -

ill· S 

SI := 110.4 

3 

2 

(
rg.testJ ( Tref + SI J - 5 kg 

µg.test := µref· -- · = 1.921 x 10 -
Tref rg.test+ SI S·ill 

7r (Dpipe.test/ - 3 2 
~ipe.test := 

4 
= 4.769 x 10 m 

. kg 
Mg:= Pg.tesf~ipe.tesfug.test = 0.084-

s 

Mg 
AF:= -.- = 0.21 

Mp 

I 
z:= - = 4.77 

AF 

( ) 
Pg·Dp·llto.stokes(Pg) 

Rew.stokes Pg := 
µg.test 
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5 

For Intermediate flow l ( )0.6( )1.6 ]7 
,1.

0
. (P ) := _8 . Pg · DP . (Pp - Pg). 

1 .mt g l} l g 
( )0.6 p 
µg.test g 

Corresponding Reynolds number 

Particle terminal velocity 

2.4. Equations of motion 

Particle-wall friction factor 

l1to(Pg) := l\O.stokes(Pg) if RetO.stokes(Pg) < 1 

l\O.int(Pg) otherwise 

( 
0.0206-(1 - o:) [(1 - o:g)·(Pg·D;-l\o(Pg)J·µg.testl- 0.869 

). o: u u_ p ) ·= g ___ ___:.__~g""".t:..:..:es:..:..:t _.L_ __ 
"J)V g' g' p' g . . 

o:g 3 Pg·Dp·(ug - ~) 

lnfinately dilute drag coefficient 

Particle acceleration 
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2.5. Colebrook 'friction correlation 

. ___ 1_ . ( 2 2.51 1 B(>..g ,c:r,Rep1pe) .- + 2 logl + A) 
~ 3.7 Re· . >.. v "g pipe · -g 

... 

3. Across filter (1 Oto 11) 

3. 1. Intermediate calculations 

Pressure at filter outlet 

Density across filter (assumed same as at outlet) 

Volume flow rate through filter 

3.2. Pressure drop 

Pressure drop across filter 

Pressure at filter inlet 

... 

Pgll := Pgo= 101.3-kPa 

Pg.11 kg 
Pg.1011== =l.ll6 -

3 Rg·Tg.test m 

Mg m3 
Vdotg lOl l := = 0.075 -

Pg. I 011 s 

-3 
dP1011 := kmter·Vdotg.lOll = 7.513 x 10 -Pa 

Pg_10:= Pgll + dP1011 = 101.3-kPa 
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4. Across cyclone (9 to 10) 

.... 

4.1. Additional inputs (Stairmand Type Cyclone) 

Cyclone diameter 
De := 0.682ft = 0.208 m 

Cyclone inlet height 
a:= 0.341ft = 0.104m 

Cyclone inlet width b := 0.136ft = 0.041 m 

Number of velocity heads 

Configuration factor Ge := 551.3 

4.2. Intermediate calculations 

Pressure at cyclone outlet Pg IO= 101.3-kPa 

Gas density across cyclone (assumed same as outlet) 

Volume flow rate through cyclone 

Particle relaxtion time 

Cyclone vortex exponent 

Inlet area 

Effective radius 

. 3 
Mg m 

Vdotg_910 := -- = 0075 -
Pg.910 s 

2 
Pp-Dp 

T := --- = 0.028 S 
18·µ.g.test 

I H:, JJ1'1 i("';s' f- 45989) + 4601°.
3 

n := 1 - ll -
25 

Jl 
530 

= 0.527 

-3 2 
Ai:= a-b = 4.308 x 10 m 

1 
r := 2 · ( D c - b) = 0. 083 m 
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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 

.... 
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5. Return line (8 to 9) 

T 

5.1. Additional inputs 

Time step 

Finite difference method constant 

5.2. Intermediate calculations 

Pipe diameter 

Pipe cross section area 

Pipe relative roughness 

Pressure at section outlet 

Gas density across section (assumed same as outlet) 

Superficial gas velocity 

Pipe Reynolds number 

Assumed particle velocity at beginning of section 

Voidage at start of section 

Gas friction factor 

Guess Ag.89 := 0.05 

~t := 0.000001 

FDM := 0. 

Dpipe89 := Dpipe.test = 77 .92-mm 

2 
'Tr·Dpipe 89 - 3 2 

~ipe.89 := 
4 

= 4.769 x 10 m 

-4 
er.89 := er.test= 3.85 x 1 O 

5 
Pg.9= 1024x 10 Pa 

Mg m 
ug_89 := = 15.588-

Pg 89-~ipe.89 s 

Pg.89-Dpipe.89.ug.89 4 
Repipe89 := = 7.132 x 10 

µg.test 

ug.89 m 
up.8 := -

2
- = 7 794-;-

P 89.u 89· 2 

g. g. = 0.995321 ag.8 := 1 -
Pp-up.8 
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Given 

Solution 

Gas friction factor (Darcy-Weisbach type) >-..g.89 = 0.021 

5.3. Flow calculations 

Solve loop 
Results := i +- 0 

ago+- ag.8 

upo +- up.8 

XO +- 0 

ug89 
ug +---

0 ago 

apo +- aph(ago,ugo,UPo,Dpipe.89'Pg.89) 

so+- apo 

while\ :0: 1 89 

up. 
1 

+- up. + S .. .6.t 
I+ I I 

x. 1 +- x. + 0.5-(up. + up. 1)- .6.t 
I+ I I I+ 

ug.89 
ug. +---

1+! ag. 
HI 

api+l +- aph(agi+l 'ugi+l 'upi+l 'Dpipe.89,Pg.89) 

Si+! +- FDM-api+l + (1 - FDM)-api 

i +- i + l 
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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 

5.4. Plot 

x89 := Resu!ts0 ·m 

m 
up 89 := Results1 ·­s 

ag _89 := Results3 

t39 := i-~t 
1 

m 
up.9 := up_89llg

9 
= 14.367-; 

Particle Velocity & Displacement vs. Time 

~.89 

m 

m 

6.857 

4.571 

2.286 

0.043 0.086 0.129 0.171 0.214 0.257 0.3 

t39 

s 

i := O .. n89 
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5.5. Pressure drop 

Pressure drop across section 

incl. uncertainty 

Pressure at section inlet 

3 
~ := dP89-l.3 = 2.899 x 10 Pa 

6. Vertical acceleration section (6 to 7) 

6.1. Additional inputs 

Assumed pressure drop from 6 to 8 

6.2. 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 

Assumed particle velocity at 6 

dP 68 := 2.864 kPa 

Dpipe.67 := Dpipe.test = 7?.92-mm 

2 
Tr·Dpipe.67 - 3 2 

~ipe.67 := 
4 

= 4.769 x 10 m 

-4 
Er67 := Ertest = 3.85 x 10 

Mg m 
ug.67 := = 14.757 -

Pg.67'~ipe.67 s 

Pg.67'Dpipe.67'ug.67 4 
Repipe.67 := = 7.132 x 10 

µg.test 

ug67 m 
u...6:= -- = 7.379-

P· 2 s 
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Voidage at start of section 

Gas friction factor 

Guess Ag.67 := 0.05 

Given 

Solution 

~ := Find(\ 67) 

Gas friction factor (Darcy-Weisbach type) 

6.3. Flow properties 

Solve loop 

Results:= 

P .67"u .67"2 

O'g.6 := 1 - g g = 0.995057 
Pp-up6 

\.67 = 0.021 

i +-- 0 

ago+-- ag.6 

upo +-- up.6 

XO+-- 0 

ug.67 
ug +----

0 ag 
0 

apo +-- apv(ago,ugo,UPo,Dpipe.67 •Pg67) 

so +-- apo 

while\:::: L67 

up. 1 +-- up. + S. · .6.t 
1+ 1 1 

x. 1 +-- x. + 0.5-(up. + up. 1)- .6.t 
H 1 1 H 

ug.67 
ugi+l +-- -­

agi+l 

api+ I +-- ~v( agi+ I , ugi+ I , upi+ I , Dpipe. 67 , Pg .67) 

S. I +-- FDM-ap. I + (1 - FDM)·ap. 
H 1+ 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 

6.4. Plot 

m 
up_67 := Results1 ·--;-

og_67 := Results3 

t67- := i-.6.t 
I 

i := 0 .. n67 

m 
u 7 := up 67 = 13.975-

p. . %7 s 

m 
u 7 := ug 67 = 14.796-

g. . % 7 s 

a: 7 := a: 67 = 0.99739 
g. g. n67 

:>,. 7 := :>,. _ (a: 67 ,u 67 ,up 67 ,Pg 67) = 0.021478 - P· - pv g. n67 g. %7 · n67 · 

Particle Velocity & Displacement vs. Time 

m 

8 

6 

4 

2 
----· ______ .. 

---- ----------------------------------0.._-==.__ _ ___. __ __.. __ __._ __ ........ __ ........ __ _, 
0 0.029 0.057 0.086 0.114 0.143 0.171 0.2 

t67 

s 
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6.5. Pressure drop 

Pressure drop across section 

incl. uncertainty 

Pressure at section outlet 

... 

7. Top bend (7 to 8 

7. 1. Intermediate calculations 

Particle velocity 

Gas velocity 

Voidage 

Solids friction factor 

Pipe diamater 

Bend radius 

Solids only pressure drop per meter 

Equivalent bend lengths 

3 
1'"67 ... ~ 1.221 x 10 Pa 

J 

3 
~ := clP67-13 = 1.587 x 10 Pa 

5 
Pg.7 := Pg6- clP67 = 1.066 x 10 Pa 

m 
up.78 := ~.7 = 13.975-

s 

m 
ug_78 := ug.7 = 14.796-

s 

o.g 78 := o.g 7 = 0.99739 

>-p 78 := >-p 7 = 0.021 

Dpipe.78 := Dpipe.test = 0.078 m 

Rb.78 := Rb.test = 1 m 

>-p.78"Pp·(1 - o.g.78)-up.78 
2 

Pa 
dP solids.v := = 161.57 .-

2-Dpipe. 78 m 

2n-Rb.78 
L78 := --- = 1.571 m 

4 
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Equivalent solids only pressure losses dPsolids 78 := dPsolids.v·L73 = 253.794Pa 

7.2. Pressure drop 

Bend pressure losses [ J

-1.15 
2·Rb.78 3 

dP78 := 210· -dP solids 78 = 1.276 x 10 Pa 
Dpipe.78 

Pressure section outlet ~ := Pg.7 - dP73 = 105.286-kPa 

Pressure drop from 6 to 8 ~ := dP 67 + dP73 = 2.864-kPa 

.... 

8. Horizontal acceleration section (4 to 5 -

8.1. Additional inputs 

Assumed pressure drop from 4 to 6 

8.2. 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 

dP 46 := 5.51 kPa 

Dpipe.45 := Dpipe.test = ?7 .92-mm 

2 
'Tr·Dpipe.45 - 3 2 

~ipe.4S := 
4 

= 4.769 x 10 m 

-4 
Er.45 := Er.test= 3.85 x 10 

Mg m 
u g.4s := = 14.042-

Pg.4S"~ipe.45 s 

µg.test 
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Gas friction factor 

Guess Ag.45 := 0.0 

Given 

B(>-..g.45 'sr.45 ,Repipe.45) = 0 

Solution 

Gas friction factor (Darcy-Weisbach type) 

8.3. Flow calculations 

>-..g.4S = 0.021 

Solve loop 
Results := i +-- 0 

ag0 +- 0.45 

u .45" p .45" z 
up +- g g 

0 
(1 - ag0)-Pp 

ug.45 
ug +---

0 ago 

apo +- aph(ago,ugo,uPo,Dpipe.45,Pg.45) 

so+-- apo 

while\ :-C:: L45 

upi+ 1 +- upi + Si" .6.t 

x. 
1 

+- x. + 0.5-(up. + up. 
1
)- .6.t 

I+ 1 1 H 

Ug.45" Pg.45" z 
agi+ 1 +- 1 - ~-~-­

Pp ·upi+ 1 

ug.45 
ugi+l +---

agi+l 

api+l +- ~h(agi+l 'ugi+l 'upi+l 'Dpipe.45,Pg.45) 

S. l +- FDM-ap. I + (1 - FDM)-ap. 
I+ I+ 1 

i+-i+l 

j x-m- l l 
up{:r I 
ug{:r I 

l ag J 
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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 

8.4. Plot 

m 
~ 45 := Results1 -­

s 

t45. := i-~t 
1 

Particle Velocity & Displacement vs. Time 

m 

6 

4 

..... ---·----------·------------·--------------· 
o- ~ ~~-~--~--~--~------
2 

i := 0 .. n45 

o 0.057 0.114 0.171 0.229 0.286 0.343 0.4 

t45 

s 
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8.5. Pressure drop 

Pressure drop across section 

incl. uncertainty 

Pressure at section outlet 

9. Bottom bend 5 to 6 

T 

3 
~ := dP 45· 1.3 = 3.265 x 10 Pa 

9. 1. Intermediate calculations 

Particle velocity 

Gas velocity 

Voidage 

Solids friction factor 

Pipe diamater 

Bend radius 

Solids only pressure drop per meter 

Equivalent bend length 

Equivalent solids only pressure loss 

m 
up.56 := ~.5 = 13.155-

s 

m 
ug.56 := ug.5 = 14.081 -

s 

ag.56 := ag 5 = 0.997228 

~.56 := ~ 5 = 0.04 

Dpipe.56 := Dpipe.test = 0.078 m 

Rb.56 := Rb.test= 1 m 

>.. .56'P ·(1 - a .56)·u .56
2 

Pa 
dP p p g p = 283.243,-solids.h := 

2 ·Dpipe.56 m 

2'lT·Rb.56 
Lb.56 := 

4 
= 1.571 m 

dP solids.56 := dP solidsh'Lb.56 = 444.917 Pa 
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9.2. Pressure drop 

Bend pressure loss 
[ 

2 R J- 115 . b.56 3 
d.Ps6 := 210. . ·d.Psolids.56 = 2.237 x 10 Pa 

Dp,pe.56 

Pressure loss from 4 to 6 := dP 45 + d.P56 = 5.502 -kPa 

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 Ag.34 := 0.05 

Given 

Dpipe.34 := Dpipe.gas = 102.26,mm 

2 
Tr· D i 34 - 3 2 

~ipe 34 := p ;· = 8.213 x 10 m 

- 4 
i::r.34 := Er.gas = 2.934 x 10 

P g.4 = 113.659-kPa 

Mg m 
ug.34 := ( ) = 8.153-

Pg.34-~ipe.34 s 
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Solution 

Gas friction factor (Darcy-Weisbach type) 

10.2. Pressure drop 

Pressure drop across section 

Pressure at section inlet 

... 

11. Across orifice (2 to 3) 

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 

>-..g.34 = 0.022 

>-..g.34'Pg.34'(ug.34)
2 

d.P34 := -L34 = 52.67 Pa 
2·Dpipe.34 

Pg.3 := Pg.4 + d.P34 = 113.712-kPa 

T
O 

:= 98.991 % 

K. := 1.4 

'TJ
0 

:= 95% 

Pg.3 = 113.712-kPa 

Pg .3 
Pg.2 := -- = 114.871,kPa 

TO 

Dpipe.2 := Dpipe.gas = 0-102 m 
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Diamater at vena contracta 

Pipe cross section area 

Superficial gas velocity 

Pipe Reynolds number 

Constant 3 

Constant 4 

Gas expansibility factor 

Discharge coefficient 

Dvc := r3·Dpipe.2 = 0.056 m 

2 
Tr·D . 2 3 2 

1)Jipe.2 := p~pe. = 8.213 x 10- m 

Mg m 
u g2 := ( ) = 8.067 -

Pg2"1)Jipe.2 s 

P 2·D . 2·U 2 
R · ·= g. pipe. g. = 5 434 104 

ep1pe.2 · · x 
µg.test 

2-L2 
M2 := -- = 2.089 

1 - r3 

( 

19000· r3)
0

·
8 

A
0 

:= = 0.267 
Repipe.2 

( 
6 \ 0.7 

2 s 10 ·r3 I 
Cd:= 0.5961 + 0.0261-(r3) - 0.216·(r3) + 0.000521-l ) = 0.611 

Repipe.2 

1 3.5 [ 10
6 J

0

·

3l + I (00188 + 0.0063-A0 )· Cr3) · . J ... 
L Repipe.2 

( 
- lO·Lt - 7-Li) (r3)4 

+ 0.043 + 0.080-e - 0.123-e -(1 - Oll-A
0
)----

l - ( r3) 4 

[ ( )1.1] 1.3 + 0 - 0.031 · M2 - 08- M2 ·(r3) 

11.3. Pressure drop 

Pressure drop across orifice 
- 2 ( 4 ) 8·Mg · r3 - 1 

------------- = 1.102 x 1 o3 
Pa 

2 2 4 2 
-rr -Cd -D ·P 2·£ vc g. g 

Adjusted for uncertainty 
dP23 3 

~ := -- = 1.16 x 10 Pa 
"lo 

Pressure at orfice inlet ~ := Pg.3 + dP23 = 114.871-kPa 
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12. Blower outlet to orifice inlet (1 to 2) 

12.1. lntennediate calculations 

Pipe diameter 

Pipe cross section area 

Pipe relative roughness 

Pressure at section outlet 

Gas density across section (assumed same as outlet) 

Superficial gas velocity 

Pipe Reynolds number 

Gas friction factor 

Guess >. _12 := 0.05 

Given 

Solution 

~ := Find(\ 12) 

Gas friction factor (Darcy-Weisbach type) 

Dpipe.12 := Dpipe.gas = 102.26-mm 

~ipe.12 := 

2 
Tr·D . 

pipe.l 2 = 8.213 x 10- 3 m2 

4 

-4 
er.12 := er.gas = 2.934 x 10 

Pg.2 = 114.871-kPa 

( 
Pg.2 J kg 

Pg.12 := = 1.266-
Rg-Tg.test m3 

Mg m 
ug_12 := ( ) = 8.067-

Pg.12-~ipe.12 8 

Pg 12·Dpipe.12·Ug 12 4 
Repipel2 := = 5.434 x 10 

µg.test 

>-g.12 = 0.022 
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12.2. Pressure drop 

Pressure drop across section 

Pressure at section inlet 

.... 

13. Blower sizing 

T 

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 

Pgl := Pg2 + dP12 = 114.893-kPa 

kg 
Pg.std:= 123 

Ill 

'llblower := 600 

3 
kJ := lOOOJ = l X IO J 

:= 1.4 

P g.O = 101.3-kPa 

c!P01 := Pg.l - Pgo= 13.593-kPa 

[ 
Pg.O J kg 

Pg.o:= R ·T = 1.1843 g g.O rn 

. 3 
Mg rn 

Vdotg.O := -- = 0.071 -
Pg.O s 

kJ 
C := l--

p kg·K 

[
Pg.std] 

c!Pblower := clP01 · -- = 13.781-kPa 
Pg.O 
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13.3. Blower temperature rise 

Pressure Ratio 

Gas temperature rise 

Outlet gas temperature 

... 

14. Pressure Map 

T 

Pg O = 101.3kPa 

Pg. l = 1 l 4.893kPa 

P g.2 = 114.871-kPa 

Pg 3 = 113.712-kPa 

P g.4 = 113.659-kPa 

Pg.5 = 110.394-kPa 

Pg.6 = 108.149-kPa 

Pg. 7 = 106.562-kPa 

P g.8 = 105.286-kPa 

P g.9 = 102.386-kPa 

Pg.lO = 101.3-kPa 

Pg.11 = 101.3-kPa 

... 

Pg.I 
PR:= - = 1.134 

Pg.O 

( 
1-I ) 

dT := ---·Tg.O" PR 1 - 1 = 18.203K 
'fJblower 

Tg := rg.O + dT = 43.203 °C 

dP01 = 13.593kPa 

dP12 = 21.714Pa 

dP23 = 1.16-kPa 

dP34 = 52.67 Pa 

dP 45 = 3.265-kPa 

3 
dP56 = 2.237 x 10 Pa 

3 
dP 67 = 1.587 x 10 Pa 

3 
dP78 = 1.276 x 10 Pa 

3 
dP89 = 2.899 x 10 Pa 

3 
dP910 = 1.086 x 10 Pa 

-3 
dP1011 = 7.513 x 10 Pa 
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Appendix J. Estimating the Required Filter Area 
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Graph 

• 
Case 1 and 2 indistinguishable on graph, therefore size for minimum & mean particle sizes 
i.e. 37 and 65 micron using a dust concentration of 1mg/m3. 

..c 
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Average particle size d [ µm 1 

Approximate gas/cloth ratio is 180 and 190 
(

180) m ( 0.05 ) m 
"( := 190 i:'. = 0.053 7 

Fabric filter area required for case 1 AFl := Vdotgo = ( 2.46) m2 

"( 2.331 

Fabric filter area required for case 2 AF2 := Vdotgl = ( 1.46) m2 
"( 1.383 

If we oversize by 30% 

l""l 

E -
~ 

C 
.Q -0 
I.. -C 
(1' 

g 
8 -(/) a 
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Appendix K. Design Phase Uncertainty Analysis 
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N/9208AI 

Nl9208 zero-order uncertainty 

Measured signal assuming no error 

Nl9208 gain error on T.mA 

Nl9208 offset error 

Nl9208 noise error 

N9208 instrument uncertainty 

Nl9208 design stage uncertainty 

System design stage uncertainty 

Converted to Temp 

% Error 

1 
uoAI_ := 

2
-(42µA) = 21-µA 

1 
uOAI := 2uOAI_ = 10.5,µA 

T + 20 ( 9.6) TmA := ·mA = -mA 
5 13.8 

( 
72.96) u1 := TmA'0.76% = ·µA 

- 104.88 

1 (36.48) Ul := -·Ul = ·µA 
2 - 52.44 

u2 := 22mA0.04% = 8.8-µA 

1 
U2 := -·U2 = 4.4,µA 

2 -

U3 := 200nA = 200,nA 

1 
U3 := -·U3 = 100,nA 

2 

J 2 2 2 (0.037) 
uc.AI :=(u1) + (u2) + u3 = 0.053 ·mA 

J 2 2 (0.038) 
udAI :=uoAI + ucAI = 0.054 ·mA 

J 2 2 (0.046) 
ud.T.g := ud.TR15 + ud.AI = 0.06 ·mA 

~oc (0.228) 
~ := 5-ud.T.g· mA = 0.301 .~oc 

ud.T.g (0.814) 
%Errord T g := = ·% 

· · T -~°C 0.614 

(95%) 

(68%) 

(95%) 

(68%) 

(95%) 

(68%) 

(95%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 
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2. Absolute Pressure 

.... 

Measured Pressure 

PMP131 

PMP131 instrument uncertainty 

PMP131 design stage uncertainty 

Converted to mA 

N/9208AI 

Nl9208 zero-order uncertainty 

Measured signal assuming no error 

Nl9208 gain error on P.mA 

Nl9208 offset error 

Nl9208 noise error 

N9208 instrument uncertainty 

Nl9208 design stage uncertainty 

P := kPa (
103.534) 

l 119.338 

Scenarios from process analysis 
31 & 28 

uc.P:MP := 160kPa-0.5% = 800Pa (95%) 

1 
uc.PMP := 2 ·uc.PlvfP - = 400 Pa (68%) 

ud.PlvfP := uc.PMP = 400 Pa (68%) 

ud.PlvfP mA 
~ := -- = 0.04-mA 
• • • 10 kPa 

(68%) 

uo.Al = 10.5-µA (68%) 

p := P1 + 40kPa. mA = (14.353)·mA 
mA 10 kPa 15.934 

(
109.086) 

u4 := PmA0.76% = -µA 
- 121097 

(95%) 

1 (54.543) 
U4 := ;·U4_ = 60.548 ·µA (68%) 

(68%) 

U3 = 100-nA (68%) 

J 2 2 2 (0.055) ~ := (u4) + (u2) + u3 = -mA 
0.061 

(68%) 

J 2 2 (0.056) 
~ := uo.Al + Uc.Al = 0.062 -mA (68%) 
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System design stage uncertainty 

Converted to Pressure 

% Error 

.... 

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 

J 2 2 (0.069) 
ud.P. l :=ud.PMP + ud.AI = 0.073 ·mA (68%) 

kPa (0.686) 
~ = 10-udPl·-= -kPa 

· · mA 0.735 
(68%) 

------+ 
ud.P.l (0.662) 

%ErrordP 1 := -- = ,% 
· · P1 0.616 

(68%) 

(
0.429) dP := - kPa 
2.035 

Scenarios from process analysis 
31 & 28 

URV := OkPa 

LRV:= -5kPa 

l OkPa 
TD:= -- = 2 

ILRVI 

Span:= URV - LRV = 5-kPa 

1 
uo PMD := -(1 µA) = 0 5. µA 

2 

1 
uo.PMD := 2·uo.PMD _ = 0.25· µA 

uc.PMD := I (Span·Ol %) if TD ~ 4 

[Span·(0.012-TD + 0.052)%] otherwise 

1 
uc.PMD := ;·uc.PMD_ = 2.5Pa 

uc.PMD -3 
u ·- ·16mA=8 x lO ·rnA 
~ - Span 

(95%) 

(68%) 

= 5Pa (95%) 

(68%) 

(68%) 
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PMD55 design stage uncertainty 
(68%) 

N/9208AI 

Nl9208 zero-order uncertainty 
uO.AI - 10.5-µA (68%) 

Measured signal assuming no error dP ·= ( dP - URV + ~-Span }16mA = ( 18_627 )·mA 

mA · Span 13.488 

Nl9208 gain error on dP.mA 
(

141 .567) 
u5 := dP mA·O 76% = · µA 

- 102.509 
(95%) 

u
5 

:= .!..us = (70. 783)· µA 
2 - 51.254 

(68%) 

Nl9208 offset error 
(68%) 

Nl9208 noise error 
u3 = 100-nA (68%) 

N9208 instrument uncertainty J 2 2 2 ( 70.92 ) 
~ =(us) + (u2) + U3 = 51.443 •µA (68%) 

Nl9208 design stage uncertainty J 2 2 ( 71.693) 
~ :=uo.AI + Uc.AI = 52.504 •µA (68%) 

System design stage uncertainty J 2 2 (72.139) 
uddP :=ud.PMD + udAI = 53.11 ·µA (68%) 

Converted to Pressure Span (22.543) 
~ := 16mA·ud.dP = 16.597 Pa 

(68%) 

------* 
% Error uddP (5.255) 

%Errord.dP := Tciif = 0.816 -% (68%) 

.... 
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4. Gas Flow Rate 

... 

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 contracta 

l\i1 := ( 0.051 ) kg 
g 0.11 5 s 

C := (0.613) 
d 0.610 

(
0.999 ) 

E:g := 0.995 

J 
R := 287.058--

g kg-K 

i3 := 0.55 

Dpipe := 102. 26mm 

Scenarios from process analysis 
31 & 28 

Dvc := 13-Dpipe = 0.056 m 

(
0.429) L = -dP = 2.035 -kPa 

·= (1.198)~ 
P1 . 1.290 3 

Scenarios from process analysis 
31 & 28 

m 

K, := 1.4 

[

3.065 X 10-
3

) 
ud.C.d_ := 05%-Cd = _ 

3 
(95%) 

3.05 X 10 

uD.pipe_ := 0.4%-Dpipe = 0.409-mm (95%) 

uD.vc := 0.1 %·Dvc = 0.056-mm (95%) 
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Uncertainty on gas expansibilty factor 

li :=~( 3.5-dP%)·E]=(l.035xl0-
4j (95%) 

d.E.g p g l 4) 
- K,· 1 4.242 X 10-

Uncertainty on density 

Uncertainty on gas temperature li ·= 2li = -~°C (
0.456) 

d.T.g_. d.T.g 0.601 
(95%) 

Uncertainty on gas pressure 
(

1.372) 
lid.Pl_:= 2lid.P.1 = 1.469 -kPa (95%) 

Uncertainty on pressure drop 
(

45.087) 
lid dP := 2-lid dP = Pa 

· - · 33.194 
(95%) 

Uncertainty on density 

lid.pl_:= 
[( 

1 ) ]
2 

~[ -P1 ) ]

2 

(0.016) kg 
Rg·Tg ·lid.Pl_ + ~ Rg·T/ ·lid.T.g_ = 0.016 m3 

(95%) 

Uncertainty on mass ffow rate 

r 
lid.Mdot.g_ := Mg· 

l 
[ -3) 1 l.39 x 10 kg 

lid.Mdot.g := 2lid Mdot.g_ = _ 4 -;-
9.134 X }0 

(68%) 

% Error lid.Mdot.g (2. 725) 
%Errord.Mdot.g := Mg = 0. 794 ·% (68%) 

.... 
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5. Gain in weight 

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 

VE:= l OV 

LCA := 310kg 

Mass := ( 
50 

)kg 
250 

Approximate boundary values 
of steady state data 

1 ( 200) uo 200 := - -- kg = 0.033 kg 
· - 2 3000 

(95%) 

1 
uo.200 := 2uo 200 _ = 0.017 kg (68%) 

vE(_2m_V) 
V -3 

~ := ----·uo 200 = 1.667 x 10 •mV 
200kg · 

(68%) 

ul.200 := 200kg·0.020% = 0.04kg (95%) 

1 
U}200 := 2·Ul200_ = 0.02kg (68%) 

V (2mV) 
E V -3 

~ := -u1 200 = 2 x 10 ·mV 
200kg · 

(68%) 

(
0.02mV) 

u2.200_ := VE" --V- = 0.2-mV (95%) 

1 
u2.200 := 2·u2.200_ = 0.1-mV (68%) 

(68%) 

200kg load cell design stage uncertainty ud.200 := Ju0.200
2 

+ uc.200
2 

= 0.1-mV (68%) 
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Converted to kg 200kg 
~ := 2 V ·Ud.200 = 1 kg 

VE{7) 
(68%) 

Junction box 

600kg load cell design stage uncertainty / ( )2 
33 

k 
ud.600 := -J 3 · ud.200 = 1.7 g (68%) 

Converted to mA 16mA 
~ := LCA -ud.600 = 89.426-µA (68%) 

LCA 

LCA zero-order uncertainty 1 
uO.LCA := 2(244µA) = 122· µA (95%) 

1 
uo.LCA := ;uo LCA _ = 61 · µA (68%) 

LCA instrument error 

( -3) • 0 _ 5 X 10 
u LCA .= Mass-0.01 Yo - kg 

C. - 0.025 
(95%) 

( -3) ·- .!. = 2.5 X 10 k 
uc LCA .- uc.LCA g 

· 2 - 0.013 
(68%) 

Converted to mA 16mA (0.129) ·= ---u = •µA 
~;,..; LCA c.LCA 0.645 

(68%) 

LCA design stage uncertainty 
(68%) 

N/9208AI 

Nl9208 zero-order uncertainty 
uo.AI = 10.5 -µA (68%) 

Measured signal assuming no error ·- (Mass + 0.25-LCA)-16mA = ( 6.581 )·mA 
MassmA .- LCA 16.903 

Nl9208 gain error on Mass.mA 
( 

50.013 ) 
u6 := MassmA·0.76% = · µA 

- 128.465 
(95%) 

u
6 

:= .!..u
6 

= ( 25.006) -µA 
2 - 64.232 

(68%) 
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Nl9208 offset error 
(68%) 

Nl9208 noise error 
u3 = 100-nA (68%) 

N9208 instrument uncertainty J 2 2 2 (25.391) 
~ -(u6) + (u2) + u3 - 64.383 -µA (68%) 

Nl9208 design stage uncertainty J 2 2 (27.476) ·= u + u = •µA ~: O.AI c.AI 65.233 
(68%) 

System design stage uncertainty / 2 2 2 _ (111.683 )· 

ud.Mass GIW := ...Jud600 + ud.LCA + ud.AI - 126.388 µA (GS%) 

Converted to Mass 
(68%) 

% Error ud.Mass.GIW (4.328) 
%Errord.Mass.GIW := Mass = 0.98 -% (68%) 

.... 

6. Loss in Weight 

... 

Single load cell 

500kg load cell zero-order uncertainty 1 ( 500) uo 500 := - -- kg= 0.083 kg 
· 2 3000 

(95%) 

1 
~ := 2u0500 = o.042 kg (68%) 

Converted to mV 
vE(2mV) 

V -3 
~ := 500kg ·Uosoo = 1.667 x 10 -mV (68%) 

500kg load cell %FS uncertainty 
u1500 := 500kg-0.023% = 0.115 kg (95%) 

1 
ul.500 := ;·u1500_ = 0.058kg (68%) 
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Converted to mV 
V (2mV) 

E V -3 
u := -u1 500 = 2.3 x 10 -mV 
~ 500kg · 

(68%) 

500kg load cell offset uncertainty 
(

0.02mV) 
u2.500_ := VE" V = 0.2-mV (95%) 

1 
u2.500 := 2·u2500_ = O.l-mV (68%) 

500kg load cell instrument uncetainty 
(68%) 

500kg load cell design stage uncertainty 
ud.500 := Juo.500 

2 
+ uc.500

2 
= 0.1-mV (68%) 

Converted to kg 500kg 
~ := (2mV) -ud.500 = 2.501 kg 

VE" --
V 

(68%) 

Junction box 

1500kg load cell design stage uncertainty 
ud.1500 := J3-(ud 500)

2 
= 4332 kg (68%) 

Converted to mA 
(68%) 

LCA 

LCA design stage uncertainty 

( 
61 ) u - •µA 

d.LCA - 61.003 
(68%) 

N/9208AI 

Nl9208 design stage uncertainty 
(

27.476) 
u - •µA 

d.AI - 65.233 
(68%) 

System design stage uncertainty J 2 2 2 (233.376) 
·- u + udLCA + udAI = ·µA (5S%) ud.Mass.LIW .- d.1500 · · 240.759 

Converted to Mass LCA (4.522) u ·= -- u = kg ~ 16mA ( d.Mass.LIW) 4.665 
(68%) 

% Error ud.Mass.LIW (9.043) 
0 

%Errord.Mass.LIW := Mass = 1.866 · Vo (68%) 
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7. Particle Flow Rate 
.... 

Mass at beginning and end of test 

Particle flow rate 

Mass = ( 
50 

)kg 
250 

M := -. (0.07)kg 
p 0.8 s 

Approximate boundary values 
of steady state data 

Minimum and maximum design 
flow rates 

Uncertainty on mass now rate 

Time taken per test 

Uncertainty on boundary masses 
(using LIW or GIVV) 

Uncertainty on flow rate 

ud.Mdot.p := 

% Error 

L"i.t := Masso~ Massi = (-2.857 x 103J s 

Mp -250 

ud.Mass := ud.Mass.LIW if Hopper = 1 

ud.Mass.GIW otheiwise 

= ( 4.522)k 
4.665 g 

( 1 )2 ( 1 )2 ( -3J -·u + .=..... _ 2.274 X 10 kg 
L"i.t d.Mass1 L"i.t ud.Mass0 - -

0.026 s 

"' E ud.Mdot.p (3.248) 
' 0 rrord Mdot p := · = ·% 

· · MP 3.248 

(68%) 

(68%) 

(68%) 
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8. Summary of uncertainties 

.... 

Intermediate uncertainties 

Temperature Tg = c:} 0 c ± u = -.6.°C 
( 0.228'1 

d.T.g 0.301 j (68%) 

( 0.814) or %Errord T g = -% 
· · 0.614 

(103534) ( 685.897) (68%) Pressure P1 = -kPa ± u - Pa 
119.338 d.P.l - 734.557 

or 
(0.662) %ErrordP 1 = ·% 

· · 0.616 

Delta Pressure dP = -Pa ( 429 J 
2.035 X 10

3 
± (22.543) 

ud.dP = 16.597 Pa 
(68%) 

(5255) or %Errord dP = -% 
· 0.816 

Mass = ( 
50 

) kg ( 4522) Loss in Weight Mass ± ud.Mass.LIW = 
4

_
665 

kg (68%) 
250 

or 
( 9.043) 

%Errord.Mass Liw= 1.866 ·% 

Mass = ( 
50 

)kg 
(2.164) 

Gain in Weight Mass ± 
ud.Mass.GIW = 

2
.4

49 
kg (68%) 

250 

or 
(4.328) %Errord.Mass.GIW = 

0
_
98 

·% 
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Mass now rates 

Gas mass flow rate M = (183.6)· kg 
g 414 hr 

Particle mass flow rate . ( 252 J kg 
Mp= 2.88 x 103 . hr 

.... 

± (
5.003) kg 

ud Mdot.g = 3.288 . hr 

or %Errord.Mdot.g -G:~~:}% 

± 

or 

(
8.186) kg 

ud.Mdot.p = 93.55 . hr 

(
3.248) 

%Errord Md t = . % 
. 0 .p 3.248 

(68%) 

(68%) 
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Appendix L. Test Rig Scaling 
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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 tenninal velocity 

For Stokes flow 

Corresponding Reynolds number 

Trer := 273.15 

- 5 kg 
~ ef := 1.7}6 X }0 -

m,s 

SI := 110.4 

3 

2 

( 
T g ) ( T ref + S 1 ) _ 5 kg 

µg := ~ef' -- · = 2.131 X 10 -
Tref Tg + SI s -m 

----+ 

MP ( 0.41 ) 
z := Mg = 0.636 

AF := .!. = ( 2.438) 
z 1.572 

2 
1rDpipe 2 

~ipe := 
4 

= 0.1 59 m 

Mg (24.059) m 

Ug := ~ipe"Pg = 30.305 -;-

U := Mp = (5.192 x 10-
3

) ~ 
p ~ipe'Pp 0.01 s 

utO.stokes := 
D/·(Pp - Pg)·g = ( 0.054) m 

18·µg 3.565 s 

Re ·= Pg ·Dp ·lito.stokes = ( 0.077) 
tO.stokes · µ 40 933 g . 
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Check or change to lntermeddiate flow 

5 

Corresponding Reynolds number 

3. Horizontal flow 

3.1. Flow properties 

Particle velocity (Hinkle correlation) 

Voidage 

Particle volume fraction 

Gas velocity 

Slip velocity 

otherwise 

otherwise 

m 
= 0.054-

s 

m 
= 1.487 -

s 

Re := Pg·Dp·tii.o = (0.077) 
tO µ 17 07 g . 

·- _ ( 2.349 X 10-
41 

~h .- 1 - agh - l ) 
3.946 X 10- 4 

ug (24.065) m 
ugh:= agh = 30.317 -; 

(
1.957) m 

urh := ugh - uph = -
4.617 s 
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3.2. Flow regime 

Relative Reynolds number 

Drag coefficient 

4. Vertical flow 

4.1. Flow properties 

Slip velocity (terminal velocity assumption) 

Particle velocity 

Voidage 

Particle volume fraction 

CDooho := 24·(Rerhor 
1 

if Rerho < 1 = 10.036 

[18.5-(Rerhor O 
6
] otherwise 

CDoohl := 24'(Rerh
1
)-

1 
if Rerhl < 1 = 1.708 

[18.S·(Rerhl)-
0

·
6
] otherwise 

11rv == llto 

(
24.005) m 

upv := u g - urv = 28.818 -;-
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4.2. Flow regime 

Relative Reynolds number 

Drag coefficient 

5. Saltation 

Rizk constant 1 

Rizk constant 2 

Saltation velocity u salt := 

CDoov 
O 

:= 24·(Rerv o)-
1 

if Rerv 
O 

< 1 = 312.531 

[18.5-(Rervo)-0.
6
] otherwise 

CDoov 
1 

:= 24'(Rerv 
1
)-

1 
if Rerv 

1 
< 1 = 3.372 

[18.5-(Rerv 
1
)-

0
·
6
] otherwise 

1440 (2.013) RI := --·Dp + 1.96 = 
m 2.392 

R2 := --·D + 2.5 = 1100 (2.541) 
m P 2.83 

r R2 1 R2+1 

I 4*10Rl[ t {{~ )-2-2 

l 
Pg 

7r.--
kg 

3 
m 

j 
-~ = (12.044) ~ 

s 15.786 s 
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6. Choking 

T 

Solid friction factor at choking 

Slip velocity= Terminal velocity 

Guess 

Given 

Solve 

0.99] 
°gc := 0.99 

Voidage at choking 

Gas velocity at choking 

Choking velocity 

.... 

7. Similarity Conditions 

T 

7.1. Gas flow regime 

Pipe Reynolds number 

Note: Turbulent Flow 

o: = ( 0.998184] 
gc 0.99822 

u = (2.806)~ 
gc 4.211 s 

(
2.801 J m 

Ugc := ( O:gc·Ugc) = -
4.203 s 

Repipe := 
Pg·Dpipe·Ug ( 4.143 x 10

51 
µg = ls 219 X 105) 
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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 

(o) urg sr<1> := Rep ST := --
m 

s 

... 

Drp := 300µm 

U = (24059)~ 
g 30.305 s 

m m m 
U ·= 24- 25- 30- = 

rg · s ' s ·· s 

24 m 

25 s 

26 

27 

28 

29 

30 

urg 
Fr := ---

p ~Drp·g 

Pp·Urg·Drp 
'ljJ := .....;;...____;;;....._~ 

µg 

sr<2> := Frp sr<3> := 'ljJ 

r,, 275.547 442.477 

25 287 028 460.913 

26 298.509 479.35 

ST= 27 309.99 497.786 

28 321.471 516.223 

l29 332.952 534.659 

30 344.433 553 096 

5.238 X 10:1 
5.456 X 10 

5.674 X 10 
5 

5.893 X 10 
5 

6.111 X 10 
5 

6329 X 10: J 
6.547 X 10 
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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 

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 

... 

2. Intermediate calculations 

T 

Reference temperature 

Reference dynamic viscosity 

Sutherland's constant 

Gas dynamic viscosity 

Tg := 20°0 

J 
R := 287.058--

g kg·K 

Rep.req := 344.433 

Frp.req := 553 096 

5 
'IVreq := 6.547 x 10 

Tref := 273.1 5 

- 5 kg 
~ ef := 1.716 X 10 -

m-s 

SI := 110.4 

3 

2 

µg := ~ef"[_l) ·[Tref + SI)= 1.813 x 10- 5 ~ 
Tref Tg + SI s-m 
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3. Required operating conditions 

3.1. Calculations 

Guess Pg := 85kPa 

Given 

Solve 
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3.2. Results 

Gas Pressure 

Superficial gas velocity 

Particle diameter 

3.3. Check 

Particle Reynolds number 

Particle Froude number 

Inertia Parameter 

.... 

Pg = 68.62-kPa 

m 
U = 28 429-g . s 

DP= 269.412· µm 

[~J-D -U R -T p g 
g g = 344.433 

J.Lg 

ug 
-- = 553.096 
~Dp·g 

p ·U ·D 
p g p = 6.547 X 105 

fLg 

Rep.req = 344.433 

Frp.req = 553.096 

5 
'lj!req = 6.547 x 10 



MSc(Eng) Dissertation  Component Models 

Colin F. du Sart  A-78 

Appendix M. Component Models 
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2. Cyclone sizing 

.... 

2.1. lntermeddiate calculations 

Calculate gas density 

Specific gas constant for air 

Minimum gas density (T.g.max & Pg.min) 

Maximum gas density (T.g.min & Pg.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 

J 3 rt2 
R := 287 .058 -- = 3.09 x 10 --

g kg-K 2 
Ks 

Pg.min lb 
p · := -- = 0.046-

g.mm R -T 3 
g g ft 

Pg.max lb 
p := -- = 0.082-

g.max R ·T 3 
g g ft 

Tref := 273.15 

- 5kg - 5 lb 
~ef := 1.716 X 10 - = 1.1 53 X 10 -

m·s ft-s 

SI := 110.4 

3 

2 

( 
Tg J (Tref+ SI] -5 lb µg := ~ef" -- · = 1.343 X 10 -

Tref Tg + Sl ft-s 

~ipe== 

2 
7r·D . 

pipe = 0.088 ft:2 

4 

ft3 
Vdotg .min := Ug.min-~ipe = 0.87--

8 

V dote := V dotg.min 

2 
Pp-Dp - 3 

1" := --- = 5.327 X 10 S 
18-µ g 
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Fractional efficiency correlation 
r 0.51 n+ l rG ·T· Vdot ] 

B(Dc,n) := I - ex1_-2l c D/ c ·(n + I ) 

Vortex exponent correlation 
I H:,, )f '] [(~ ·; -459.67) + 460]

0

·

3 

D(Dc,n) := 1 - ll - 2.5 . 530 - n 

Guess n := 0.6 

Given 

Solve 

Cyclone diameter DC = 0.675-ft 

Vortex exponent n = 0.519 
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2.2 Cyclone dimensions 

[ 

b o. 

i 
I 
I 

I I 
l---~-

D 

s 

Dc = 0.206 m 

a= 05Dc= 0.103m 

b = 02Dc= 0.041 m 

S_=05Dc=0.103m 

H h = L5Dc = 0.309 m 

H_ = 4Dc = 0.824 m 

B_ = 0.375 Dc = 0.077 m 

Natural length 
I_= 248Dc = 0.511 m 

3. Check 

1. a < S (to prevent short-circuiting). 
2. b < 1/2(Dc - D6 ) (to avoid sudden contraction). 
3. S + l < H (to keep the vortex inside the cyclone). 
4. S<h. 
5. h<H. 
6. 6.P < 10 in. H 20 . 
7. v/v

8 
< 1.35 (to prevent reentrainment). 

8. v/v
8 
~ i.25 (for optimum efficiency). 

a= 0.103 m 
S_=0.103m 

2 b = 0.041 m 

3 s_+l_= 0.614m H_ = 0.824 m 
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4 S = 0.103-m 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 

Pipe gas velocity 

Gas volume flowrate 

m m m 
U ·= 3- 4- 30- = g. s , s .. s 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16 

17 

m 

s 
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4.2. Fractional efficiency 

Fractional efficiency correlation 

4.3. Sa/ration ratio 

Inlet area 

Effective radius 

Kalen & Zenz parameter 

Inlet velocity over saltation correlation 

4.4. Pressure drop 

Non-volute cyclone pressure drop (Max density) 

.... 

r 
0.51 
n+l 

G ·T·Vdot 
11(Vdotg):= l -exp-2[ c g·(n + l)] 

l D} J 

C:.'· J 
Rsalt( V dotg) := I ~ l 

b o, r (v:,· rr 
l21·(96·-) ·W·l 

1 j j ft 322~-r 
2 

s 
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5. Performace Curves 

T 

5.1. Efficiency (Min density) 

Fractional efficiency and Saltation ratio vs. Volume flow rate 
100,-----------==================-i i.8 

99.8 

% 

99.4 

, , , , , , , 99.2 
I 

I 
I 

' I 
I 

I 

, , 
, 

, , , 

,' , , , 

,,,' 

,,,,,' 

----------------------­

,,, 

,, ,,' 
,, 

1.6 

1.4 

1.2 

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 

Read V dot g appox 0. 150m3/s @ R salt = 1. 5 

3 
Note maximum flowrate is 

m m 
Vdotg.max := 30--~ipe = 0.246--

s s 

Therefore use 2 cyclones in parallel from 50% of flowrate to prevent re-entrainment (and also to limit 
pressure drop) 

2nd cyclone kick in flowrate 
Vdotg.max m3 

Vdotg.kickin := 
2 

= 0.123--s-

Fractional efficiency at minimum flowrate TJ(Vdotgmin) = 0.99 

Fractional efficiency at kick in flowrate 
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5.2. Pressure drop (Max density) 

Pressure drop vs. Volume flow rate 
l.5x l04

~----------------------~ 

lxl04 

0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 

Vdotg 

3 m 

Pressure drop at kick in flowrate dP c( V dotg kickin) = 3 .533 · kPa 
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Orifice Basic Sizing 
The following model calculates the expected pressure drops for orifices of varying pipe to orifice 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 

T := (60) oc 
g 60 

p := ( 70 )kPa 
g 125 

-r := 95% 

/" 0.35 

0.45 

13 := 0.55 

0.65 

,0.75 

m m m 
Ug := 6-,7- .. 30- = 

s s s 

6 !!: 
7 s 

8 

9 

10 

11 

12 
13 

14 
15 

16 

17 

18 

19 
20 
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2. Calculations 

.... 

2.1. lntennediate 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 

J 
R := 287 .058 --

g kg·K 

pg 0.732 kg [~] 
Pg:= Rg·Tg =C.307)m3 

Tref := 273.1 5 

- 5 kg 
IJ.ref := 1.71 6 X 10 -

m·s 

Sl := 11 0.4 

2 
Dpipe 

1)Jipe := Tr·-4-

(00361 
0.046 

Dvc := r3·Dpipe = 0.056 m 

l0.066j 

0.077 

( Pgo·Dpipe·Ug I 
µgo 
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Constant 3 

2-L2 
M ·=--

2. 1 - ~ 

[(':::Ori [('9:::or1 
(':::Ir ['9:~:J8 

Constant 4 Ao:= 
(19000·~21°·

8 

l Reno J 
A1 := 

(19000·~21°·
8 

l Ren! ) 

(':::,r ['

9:~:'f 8 
r:::,rj r:~:'J°'J 

Gas isentropic exponent (at standard conditions) K. := 1. 

Gas expansibility factor c, ,~ 1 - (0,51 + 02s64 + o.ow')L- (Tl~] 

Gas mass flow rate 

2.2. Discharge coefficient 

Discharge coefficient at lower gas density 
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Discharge coefficient at higher gas density 
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2.3. Pressure drop across orifice 

Mass flow correlation 

Re-arranged for pressure drop 
2 2 4 2 

'IT ·Cd ·D ·P ·E vc g g 

Pressure drop confidence "lo := 95% 

Pressure drop at lower gas density dP orifice.O := 
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Pressure drop at higher gas density dP orifice. I := 

2.3. Pressure loss 

Pressure loss at lower gas density (after recovery) 

I J1 - (r3o)4-[1 - (cdoo)2]- cdoo·(r30)2 l 
J1 ~ (~o)'-[1 ~ (cao,)'] + Caoo(~o)' ,di' mificoOO 

J1 - (r3i)4{1 - (cdo1)2]- cdo1·(r31)2 

Ji ~ (~iJ'-[1 ~ (cao,)'] + cao,·(~1)' ,di' mificoo, 

dwo := 

J1 - (r32)4-[1 - (cdo2)2]- cdo2·(r32)2 

J1 ~ (~2)'{1 ~ (cao,)'] + Cao2(~2)' ,di' mifico02 

J1 - (r33)4-[1 - (cdo3f]- cdo3·(r33)2 

Ji ~ (~,)' {1 ~ ( c ao,) '] + c ao3(~,) 2 di' mifico o, 

J1 - (r34)4-[1 - (cdo4f]- cdo4·(r34)2 

lJ1 ~ (~,)'{1 ~(Cao,)']+ Cao4(~,)' dl'mificoo,j 
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Pressure loss at higher gas density (after recovery) 

2.4 Adjust dP for uncertainty 

Adjusted for uncertainty 
dP orifice. I 

dP orifice. I := 'TJo 

Adjusted for uncertainty dP orifice.O := 'TJo·dP orifice.O 
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3. Selection 

... 

3.1. Pressure drop at lower gas densi'ty - uncertainty 

Orifice pressure drop vs. Gas velocity (Low-density) 
5xl0

3 
I I I 

I 
I 

I 4.5x l0
3 I 

I 
I 

I 
I I I 

4xl0
3 I 

I 

I I 
I / I 

dP "fi 
I 

I 
, 

3.5x l0
3 I 

/ on ce.0
0 

I 
I 

I 

I 
, 

I 

/ 
dP orifice.0

1 

I 

3xl03 I 
I 

I 
, 

I 
I / I 

dP fi I 

I 
, 

{,:j on ce.0
2 2.5xl0

3 
I 

/ I 
~ I 

I 

I 
, 

dP orifice.0
3 

I 

/ I 
I 

2x l0
3 I , 

I / / I 

dP orifice.O 
4 

I , 
I 

I / / 
l.5x 10

3 I 
I , 

I 

/ / I 
I , 

I / 
lxl0

3 ' ' / ' / I 

/ / 

/ 500 / 

0 
0 5 10 15 20 25 30 

ug 

mis 
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3.2 Pressure drop at higher gas density + uncertainty 

Orifice pressure drop vs. Gas velocity (High-density) 
5x l03 

I 

4.5xl0
3 

I 

I ' I ' I 
I 

I I I I 

' 
4x l0

3 
I 

I ' I ' I 

dP orifice. I 
0 3.5xl0

3 

I 

I I I I 
I 
I 

I I 

I , 
I 

dP Ii on ce.1
1 3x l03 

, 
I , 

I I , 

~ 
dP orifice.1

2 2.5x l03 p... 

dP orifice.\ 
2x l0

3 

dP 'Ii on ce.1
4 

l.5x 10
3 

I 

I I 

I I 
I , 

t 
, 

I 

I I 
I 

I 

I I 

/ I 
I 

I 

I I 

/ , , 

I 
, 

/ 

lx l0
3 I 

, 
/ 

/ " / 

500 

0 
0 5 10 15 20 25 30 

u g 

m/s 

3.3. Plausible solutions 
10351 0.45 

r3 = 0.55 l 065 J 
0.75 

Orifice vena contracta to pipe diameter ratio 

Consider installing 2 orifices in parallel: 
Operate 1 x 13 = 0.55 for 6 <= Ug <= 15 m/s 
Operate 1 x 13 = 0.75 for 15 < Ug <= 30 mis 
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4. Pressure drops 

.... 

4.1. For dP Transducer 

Minimum pressure drop ( 
T)(o) 

c!Pmin:= c!Porifice.0
2 

= ( 337-162 )Pa 

Maximum pressure drop 
( 

T)(9) 
dP max:= dP orifice.12 = ( 4.261 ) . kPa 

4.2. For System Pressure 

Minimum pressure drop after recovery ( 
T)(o) 

dwmin := dw
02 

= (240.707 )Pa 

Maximum pressure drop after recovery 
( 

T)(9) 
dwmax := dw1

2 
= (2.757 )·kPa 

.... 
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Pipe, Feeder & Hopper Sizing 

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 MPo := 10.07 
if Particles = I kg 

s 
0.08 otherwise 

MP1 := I 0.697 if Particles = I kg 

s 
0.8 otherwise 

Max. mass flow rate 

1.2. Input gas conditions 

Gas pressure Pg := 70kPa 

Gas temperature 

1.3. Input particle properties 

Particle density (PC - 1550kg/m3; FA - 2300kg/m3) Pp := 11550 if Particles = I k~ 

2300 otherwise m 

Particle bulk density (PC - 750kg/m3; FA - 860kg/m3) pbarp := 1750 if Particles = I k~ 

860 m 

Particle diameter DP:= 37µm 
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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 

2. Intermediate calculations 

2.1 Gas properties 

Calculate gas density 

Specific gas constant for air 

Gas density 

Calculate gas dynamic viscosity 

Reference temperature 

Reference dynamic viscosity 

Sutherland's constant 

Gas dynamic viscosity 

Dpi~ . l oo:= I 02.26m 

Dpipe.250 := 242.88m 

_80 := 77 .92m 

Dpipe.go := 90.1 2m 

J 
R := 287.058--

g kg-K 

pg kg 
p := -- = 0.731962-

g R -T 3 
g g m 

- 5 kg flref := 1.716 X }0 -
m·s 

SI := 11 0.4Kl 

r ~ 1 
µg := ll\er·(_lJ ·( Tref + SI Ji I = 1.999 x 10- 5 J]_ 

Tref Tg + Sl ~ s-m 
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2.2 Superficial particle velocity 

Cross section area of horziontal test pipe 

2 
1rDpipe.l OO - 3 2 

~ipe.l OO := 
4 

= 8.213 x 10 m 

Cross section area of vertical test pipe 

2 
1rDpipe.250 2 

~ipe.250 := 4 = 0.046 m 

Cross section area of feed pipe 

2 
1rDpipe80 -3 2 

~ipe_80 := 
4 

= 4.769 x 10 m 

Cross section area of acceleration pipe 

2 
1rDpipe.90 - 3 2 

~ ipe.90 := 
4 

= 6.379 x 10 m 

Superficial particle velocities U ·- Mp - ( 5.498762 x 10-
3
] ~ 

p.100·- -
~ipe.loo·Pp 0.054752 s 

Mp 9.747493 x 10- Im . [ 4\ 
up.250 := = -

~ipe.25o·Pp 9.705718 x 10- 3) s 

U ·- Mp - ( 9.470624 x 10-
3
] m 

p.
8

0 .- ~ipe.8o· Pp - 0.0943 s 

U ._ Mp - ( 7.080014 x 10-
3
] m 

P-
90 

.- ~ipe 9o·Pp - 0.070497 s 

2.3 Particle tenninal velocity 

For Stokes flow 

Corresponding Reynolds number 
p ·D ·U O k 

RetO.stokes := g p ~ .sto es = 0.078 
µg 
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Check or change to lntermeddiate flow 

utO := utO.stokes if RetO.stokes < 1 

~ 8 (Pg)O 6·(Dp)16 (Pp - Pg) l 
lm· (µg)06 . Pg ·gj 

Corresponding Reynolds number 

3. Saltation calculations 

Rizk constant 1 

Rizk constant 2 

5 

7 

otherwise 

m 
= 0.057813-

s 

P -D ·lito 
RetO := g p = 0.078 

µg 

1440 
Rl :=---DP+ 1.96 = 2.013 

m 

1100 
R2 := ---DP+ 2.5 = 2.541 

m 

r 1
RU1 

R2 R2 

Mp RI [ g ]
2 

(Dpipel00)_
2
_

2 

4---10 · - · 
kg m m 

Saltation velocities usalt.100 := 

l 
- -

s 2 s 

Pg 
Tr·­

kg 

3 
m 

j 
1 

I R2 1 R2+1 

I 4 ¥ 10R1[ t J¥{°pi:RO )-
2
-
2 

usalt.80 := 

l 
Pg 

Tr·-
kg 

3 
m J 

m 

m 
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1 

r 
R2 R2 1 R2+1 

Mp RI [ g ]
2 

(Dpipe90)-
2 

2 

4---10 · - · ___.o.....:...__ 

kg m m 

Gas mass flow rates at saltation 

loading at saltation 

4. Choking calculations 

4.1. Vertical Test Pipe 

Solid friction factor at choking 

Slip velocity= Terminal velocity 

- -
S S2 

zsalt. l 00 := · 
Mg salt. I 00 

zsalt.80 := M 
g.salt.80 

zsalt.90 := M 
g.salt.90 

Guess 
(

0.99 ) (S) m 0 gc 250 := 
0

_
99 

ugc.250 := 
5 

-;-

m 
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Given 

Voidage at choking 

Solve 

Choking velocity 

Gas mass flow rate at choking 

loading at choking 

4.2. Acceleration Pipe 

Solid friction factor at choking 

Slip velocity= Terminal velocity 

Guess 

Given 

Voidage at choking 

Solve ( agc90 I . ( ) l~ ) := Fmd agc.90,ugc.90 

Gas velocity at choking 

2 c.250 := · 
Mgc.250 

( 
- 4.7 ) 

) 
·- 2·g·Dpipe.90" agc.90 - 1 _ O.Ol 

E(o:gc.90,ugc.90 .- 2 

(ugc90 - ~o) 

Gas velocity at choking 
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Choking velocity 

Gas mass flow rate at choking 

loading at choking 

... 

5. Check pipe sizes 
.... 

5.1. Saltation Tests 

HORIZONTAL TEST PIPE 

Saltation velocity 

Loading at saltation 

Mgc.90 := Pg·~ipe.9o·Ugc90 

MP 
2 c.90 := -.--

Mgc.90 

u - -
(

7.416)m 
salt.100 - 14.1 92 s 

( 
1.57 ) 

zsalt.100 = 8 .1 69 

CHECKACCELERATION PIPE 

Saltation velocity u - -(
7.611 ) m 

salt.90 - 14.567 s 

Loading at saltation 
( 

1.97 ) 
zsalt.90 = 10.248 

Velocity in pipe during saltation tests 

U ·= Mg .salt.100 = ( 9.548 ) ~ 
g.90 . (P -A · ) 18.274 s g - -pipe.90 

CHECK FEED PIPE 

Saltation velocity u - -7.843) m 
salt.80 - 15 .01 s 

Loading at saltation 
( 

2.557 ) 
zsalt.80 = 13 .304 

must be > z.salt.100 

must be> U.salt.90 

must be> z.salt.100 
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Velocity in pipe during saltation tests 

Mg.salt.100 (12.772) m must be> U.salt.80 
u g.80 := (Pg ·~ipe.80) = 24.444 -;-

CHECK IF CHOKING OCCURS IN 250NB VERTICAL TEST PIPE 

Choking velocity 

Loading at choking 

Velocity in pipe during saltation tests 

u - -(
1.317 ) m 

gc.250 - 2.81 s 

(
1.567) 

zc.250 = 7.315 

Mg.salt.100 = (1.315)~ 
ug.250s := 

p -~ipe.250 2.51 6 s 

must be> z.salt.100 

must be> U.gc.250 

ot satisfied! Choking will occur if the 250NB test i e is used during saltation tests 

CHECK IF CHOKING OCCURS IN VERTICALACCELERATION PIPE 

Choking velocity u - -(
1.825) m 

gc.90 - 3.9 s 

Loading at choking 
(

8.216) 
zc.90 = 38.281 must be> z.salt.100 

Velocity in pipe during saltation tests 

Mg.salt.100 ( 9.548 ) m u ·- - - must be> Ugc.90 
g.90s .- (Pg-~ipe.90) - 18.274 s 

5.2. Choking Test Conditions 

VERTICAL TEST PIPE 

Choking velocity u - -(
1.317) m 

gc.250 - 2.81 s 

Loading at choking 
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CHECK VERTICAL ACCELERATION PIPE 

Choking velocity 

Loading at choking must be> z.c.250 

Velocity in pipe during choking tests 

must be> U gc 90 

CHECK IF SALTATION OCCURS IN HORIZONTAL TEST PIPE 

Saltation velocity 
(

7.416) m 
u salt.100 = 14.192 -;-

Loading at saltation must be> z.c.250 

Velocity in pipe during choking tests 

Mgc.250 ( 7.432 ) m 
u g. l OOc := = - must be> U.salt.100 

( Pg ·~ ipe.l oo) 15.851 s 

CHECK IF SALTATION OCCURS IN HORIZONTAL ACCELERATION PIPE 

Saltation velocity 

Loading at saltation must be > z.c.250 

Velocity in pipe during choking tests 
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CHECK IF SALTATION OCCURS IN FEED PIPE 

Saltation velocity 

Loading at saltation 

Velocity in pipe during choking tests 

Mgc.250 (12.8) m 
ug.80c := (Pg·~ipe.80) = 27.3 7 

... 

6. Feed Rates & Basic Hopper Sizing 

6.1. Feed Rates 

Mass flow rate range M = ( om ) kg 
P 0.697 s 

Volume flow rate range 
Vdotp := Mp = [4.516 x 10-

5
] m

3 

Pp 4.497 x l0- 4 s 

6.2. Basic hopper sizing 

Test time t := 5min 

Calculations 

Hopper mass capacity 
. ( 21 ) 

Mp := Mp-t = 209.1 kg 

Volume of hopper 
(must be less than 300L) 

Mp (24.419) 
Vhopper:= pbarp = 243.14 L 

must be> z.c.250 

must be> U.salt.80 

M = .-. (0.278) ton 
p 2.766 hr 

Vdo = -~ ( 
2.71 ) L 

1p 26.981 min 

(
0.024) 3 

Vhopper = 0.243 ·ID 
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Appendix N. Gas and Particle Flow Rate Analysis 
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Measured signal assuming no error 

Nl9208 gain error on TmA 

Nl9208 offset error 

Nl9208 noise error 

N9208 instrument uncertainty 

Nl9208 design stage uncertainty 

System design stage uncertainty 

Converted to Temp 

% Error 

T + 20 
TmA := ·mA = 12.553-mA 

5 

1 
~ = -·Ul = 47.7-µA 

2 

u2 := 22mA·0.04% = 8.8-µA 

1 
)J;;;.;;= -·U2 = 44-µA 

2 

U3 := 200nA = 200-nA 

1 ».a.,;= -·U3 = 100-nA 
2 

ud.AI := Juo.AI 
2 

+ Uc.AI 
2 

= 0.049-mA 

ud.T.g := Jud.TRI 5 2 + ud.AI 2 = 0.056-mA 

fl.OC 
.u...1 .T. - . := 5-ud T .-- = 0.279 -.6.°C 
IW'NNV'!'fl · .g mA 

udTg 
%Errord T g := = 0.651 -% 

· · T .fl. °C 

(95%) 

(68%) 

(95%) 

(68%) 

(95%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 
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2. Absolute Pressure (Design stage) 

... 

Mean Pressure 

PMP131 

PMP131 instrument uncertainty 

PMP131 design stage uncertainty 

Converted to mA 

N/9208AI 

Nl9208 zero-order uncertainty 

Measured signal assuming no error 

Nl9208 gain error on P.mA 

Nl9208 offset error 

Nl9208 noise error 

N9208 instrument uncertainty 

Nl9208 design stage uncertainty 

5 
P1 := EXCEL

6
kPa = 1.098 x 10 Pa 

uc.PlvlP := 160kPa- 0.5% = 800 Pa 

1 
~ ~ .:= -·u PlvlP = 400 Pa .~ •• 2 C. 

ud.PlvlP := uc.PlvlP = 400 Pa 

ud.PlvlP mA 
~ := ·- = 0.04-mA 

10 kPa 

uo.Al = 10.5-µA 

P1 + 40kPa mA 
PmA := ·- = 14.977 -mA 

10 kPa 

1 
~ = --u4 = 56.912-µA 

2 

U3 = }00-nA 

~ := Juo Al 
2 

+ Uc.Al 
2 

= 0.058 -mA 

(95%) 

(68%) 

(68%) 

(68%) 

(68%) 

(95%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 
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System design stage uncertainty 

Converted to Pressure 

% Error 

.... 

ud.P. l := J ud.PMP 2 + ud.AI 2 = 0.07 ·rnA 

kPa 
~ = 10-udPl · rnA = 0.705 -kPa 

ud.P.l 
%Errord.Pl := -p- = 0.642·% 

1 

3. Pressure drop (Design stage) 

.... 

Mean pressure drop 

Upper range value 

Lower range value 

Turn down 

Set span 

PMD55 

PMD55 zero-oder uncertainty 

PMD55 instrument uncertainty 

Converted to mA 

3 
dP := -EXCEL4 kPa = - 2.191 x 10 Pa 

URV := OkPa 

LRV:= -5kPa 

l OkPa 
TD:= -- = 2 

ILRVI 

Span:= URV - LRV = 5-kPa 

1 
uo.PMD := 2(1 µA) = 0.5· µA 

1 
.IJQ~:= --u0 PMD = 0.25-µA 
~- 4, • 2 . 

uc.PMD := I (Span· 0.1 % ) if TD ~ 4 

[Span·(0.012-TD + 0.052)%] otherwise 

1 
.~ = -·uc PMD = 2.5Pa .w. • 2 . 

uc.PMD -3 
u ·- -16rnA=8 x lO ·rnA 
~ - Span 

(68%) 

(68%) 

(68%) 

(95%) 

(68%) 

= 5Pa (95%) 

(68%) 

(68%) 
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PMD55 design stage uncertainty 

N/9208AI 

Nl9208 zero-order uncertainty 

Measured signal assuming no error 

Nl9208 gain error on dP.mA 

Nl9208 offset error 

Nl9208 noise error 

N9208 instrument uncertainty 

Nl9208 design stage uncertainty 

System design stage uncertainty 

Converted to Pressure 

% Error 

.... 

(68%) 

uO.AI - 10.5-µA (68%) 

( dP - URV + ~~ -Span }16mA 

dP ·= = 12.989-mA 
mA. Span 

u5 := c!PmA°076% = 98.713-µA 

I J#M= --u4 = 28.456-µA 
2 

u3 = 100-nA 

~ := J uo.AI 
2 

+ Uc.AI 
2 

= 30.649- µA 

Span 
u,, ,,n := ---uddP = 9.899Pa 
- 16mA · 

%Errord.dP := ~~f = 0.452-% 

(95%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 
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4. Combined design and statistical uncertainties of measured values 
... 

Statistical uncertainties of measured variables 

Temperature us.T.g := EXCEL9-~°C = 0.675K 

Pressure us.P.1 := EXCEL7kPa = 182.771 Pa 

Pessure drop u
5
.dP := EXCEL5kPa = 57 .889 Pa 

Combined uncertainties of measured variables 

Temperature 

Pressure uP. l := Jud.P. l 
2 

+ us.P.l 2 = 728.193 Pa 

Pressure drop 

... 

5. Gas flow rate uncertainty 
... 

Inputs 

Specific gas constant for air 

Orifice beta value 

Gas only pipe diameter 

Vena contracta 

Pressure drop across orifice 

Specific heat ratio 

J 
Rg := 287.058-­

kg-K 

i3 := 0.55 

Dpipe := 102.26mm 

Dvc := i3·Dpipe = 0.056 m 

dP := ~dP = 2.191-kPa -
K, := 1.4 

(68%) 

(68%) 

(68%) 

(68%) 

(68%) 
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Mean calculated discharge coefficient 

Statistical uncertainty 

Mean calculated gas expansibilty factor 

Statistical uncertainty 

Uncertainty on density 

Calculated density 

Uncertainty on gas temperature 

Uncertainty on gas pressure 

Uncertainty on pressure drop 

Uncertainty on density 

Cd:= EXCEL0 = 0.609 

- 5 
us.C d:= EXCEL1 = 4.25 x 10 

e:g := EXCEL2 = 0.995 

- 4 
us.e:.g := EXCEL3 = 1.451 x 10 

up 1 := 2up_1 = 1.456-kPa 

udP := 2-udP = 11 7.459 Pa 

Uncertainty on discharge coefficient 

Design based uncertainty 

Combined uncertainty 

-3 
ud.C.d := 0.5%-Cd = 3.046 x 10 

- 5 
us.C.d := 2·us.C.d = 8.5 x 10 

J 2 2 - 3 UC.d_ := ud.C.d_ + Us.C.d_ = 3.047 X 10 

(68%) 

(68%) 

(95%) 

(95%) 

(95%) 

(95%) 

(95%) 

(95%) 

(95%) 
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Uncertainty on gas expansibi/ty factor 

Design based uncertainty 

Combined uncertainty 

Uncertainty on pipe diameter 

Uncertainty on vena contracta 

Uncertainty on mass flow rate 

Calculated mass flow rate 

Uncertainty 

% Error 

... 

ud.s.g := --% ·Sg = 4.963 x 10 
(

3.5,dP ) -4 

- K.·P1 

- 4 
us.s.g_ := 2 ·us.s.g = 2.902 x 10 

J 2 2 - 4 
us.g_ :=ud.s .g_ + us.s.g_ = 5.749 x 10 

uD.pipe_ := 0.4%-Dpipe = 0.409-mm 

uD.vc := 0.1 %·Dvc = 0.056-mm 

1 -3 kg 
uMdotg := 2uMdotg_ = 1. 769 x 10 -;-

uMdotg 
%ErrorMdot g := M = 1.538, % 

g 

(95%) 

(95%) 

(95%) 

(95%) 

(95%) 

(95%) 

(68%) 

(68%) 
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Loss/ Gain in weight calibration, uncertainty and flow rate analysis 

All values in kg unless otherwise stated 

Hopper:= -----­
oss in Weight 

Calibration data and curve Titting calculations 

.... 

Calibration data 

r 0.110 

1 20.191 
r 4.505

1 4.511 

60.125 4.526 

11 9.989 4.558 
Xuw:= 

180.081 
ux.uw := 

4.601 

240.091 4.655 

l280181 J 
300.550 

l 4.696 J 
4.719 

Indicated mass at calibration points (statistical 
uncertainty not recorded, therefore ignored) 

X := Xuw if Hopper = 1 

Xmw otherwise 

Actual mass at calibration points 

Y:= 
120 

180 

l240J 
280 

300 

r ~~~:~ 1 
62.749 

123.672 

186.055 

244.795 

l

283.459J 

304.65 

r-0.075

1 20.427 

62.749 

123.672 
Xmw == 

186.055 

244.795 

l 283.459 J 
304.650 

r~::~~ 1 
2.173 

2.238 

UX.GIW := 2.325 

2.43 

l

2.509J 

2.551 

Instrument uncertainty (from design 
stage uncertainty analysis) 

r~:~~1 
2.173 

ux := uX.LIW if Hopper = 1 

uX.GIW otherwise 

2.238 

2.325 

2.43 

l

2.509 J 

2.551 

Uncertainty of mass pieces (1g per 20kg) 

r oi01 1 ,~:;1 
3..jOOOl I 0.095 

6..j0.001 0.190 
uy:= 

9 ..j 0.001 = 0.285 

12..jo.001 

ll4../0.001 J 
15../0.001 l0.379 J 

0.443 

0.474 
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Curve fitting calculations 

Alpha matrix 

Beta vector 

Curve fitting constants 

Calibration equation 

... 

alpha_matrix(m_,n_,X_) := for j E O .. m_ 

for kE O .. m 

o:'. k +- 0 
J, 

fori EO .. n-1 

o:J,k +- o:J,k + (x-J(x-i 
o:' 

beta_vector(m_,n_,X_, Y_) := for k E O .. m 

r3'k +- 0 

foriEO .. n-1 

a(m_ ,n,X_ ,Y_) := (atpha_matrix(m_ ,n,X_f 
1
)-beta_vector(m_,n,X_ ,Y_) 

y__poly(m_,n,x_,x_,Y_) := for kE o .. m 

k 
Fk +- x_ 

T 
y +- a(m_,n,X_, Y_) F 
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System uncertainty calculations (includes instrument, calibration weights 
and calibration cutve 'fitting uncertainties) 

.... 

%/100 change in X 

%/100 change in Y 

Change in Y if zero 

Perturbed Vectors 

~x := 0.01 

~y :- 0.01 

~Yo:= 0.01 

~f(n,i) := for IE 0 .. n- 1 

~fl+- XI 

xf +- x + ~xx ---p j I I 

~f 

~b(n,i):= for IE O .. n- 1 

~bl +-XI 

xb +- x - ~xx --p j I I 

~b 

ypf(n,i) := for I E O .. n- 1 Ypb(n,i) := for IE O .. n - 1 

ypfl +- YI 

Y pf i +- Yi + ~ Y if Yi = 0 

Y pf. +- Yi + ~ Y. Yi otherwise 
I 

ypbl +- YI 

Y pbi +- Yi + ~ Y if \ = 0 

Ypb. +- Yi + ~y.yi otherwise 
I 

Partial derivative of y wrt X 

In vector form 

Uncertainty in y wrt X 

. . y_poly(m_,n,x_,~f(n,i),Y)- y_poly(m_,n,x_,~b(n, i) ,Y) 
dydX1(m ,x ,n,1) := ------~--~-------~---

- - 2-~XX 
I 

dydX_vector(m_,x_,n) := for i E O .. n- 1 

dydXi +- dydXi(m_,x_,n,i) 

dydX 

uyx(m_ ,x,n) := dydX +- dydX_vector(m_,x ,n) 

uyx +- 0 

for iE O .. n-1 

2 
uyx +- uyx + ( dydXj"uxi) 

uyx +-~uyx 
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Partial derivative of y wrt Y 

dydYi(m_,x_,n,i) := 

In vector form 

Uncertainty in y wrt Y 

Total uncertainty 

In vector form 

y __poly( m _,n, x _,X, Ypf(n, i)) - y __poly( m _,n,x _ ,X, Ypb(n, i)) 
if Y = 0 

2-~Y 1 

y __poly(m_,n, x_,X, Ypf(n,i) )- y __poly( m_,n,x_,X, Ypb(n, i)) 

2-~Y.Y 
I 

dydY_vector(m_,x_,n) := for i E O .. n - 1 

dydYi +- dydYi(m_,x_,n , i) 

dydY 

uyy(m_,x,n) := dydY +- dydY_vector(m_,x,n) 

uyy +- 0 

for i E O .. n - 1 

2 
uyy +- uyy + ( dyd\·uyi) 

uyy +-~uyy 

uy(m_,x,n) := Juyx(m_,x ,n)
2 

+ uyy(m_,x,n)
2 

y_vector(m_,n,x_ ,X_ ,Y_ ,points_) := for IE O .. points_ - 1 

otheiwise 

y_l +- y__poly(m_,n,x_1,x_ , Y_) 

y_ 

uy_vector(m_,x_ ,n ,points_) := for I E O .. points_ - 1 

u_1 +- uy(m_, x_1,n) 

u 
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Test data 

( 9151 
992 

1069 

1146 

Time at measured datapoints (from test data) (s) 
1223 

Tm:= 
1300 

1377 

1454 l 1531 J 
1610 

Mean values of measured uncalibrated datapoints (from test data) 

1166 7651 
151.423 

1

112.497

1 
128.008 

135.464 143.822 

120056 159.404 

104.729 174.737 
X LIW := X GIW:= lx_LIW if Hopper= 1 89.394 190.321 x vector:= 

73.998 205.649 X GIW otheiwise 

58.569 220.832 

l 43.125 J 
27.634 

l 236.085) 
251.407 

Statistical uncertainty of calibrated datapoints (from test data) 

1

0.122393055

1 
0.008688824 

1

0 066169326

1 
0.081314155 

0.010701773 0.060966541 

0.009337144 0.042492681 

0.074027335 0.580041499 
uy_stat_LIW := 

0.006247901 
uy _ stat_ GIW := uy _ stat := I uy _ stat_ LIW if Hopper= 1 

0.055393997 
uy _ stat_ GIW otheiwise 

0. 005899187 0.063836 

0.069816103 0.551692606 

l 0.007420909 J 
0.005608277 

l 0.093173085) 

0.047612318 

.... 
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Results: Combined system and statistical uncertainty 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 _) := (uy _vector(m _ ,x _ ,n,points _)>2 + uy _stat2 

Results 
Calibrated values Combined uncertainty 

y _vector(mn,n,x_vector ,X, Y ,points)= 

1
109.8491 

125.144 I 
140.737 

156.101 

171.22 

186.586 

201.7 

216.671 

l231.711 J 
246.819 

System uncertainty component 

uy _vector(mn,x_vector ,n , points) = 

r~:~:1 
I 0.802 

0.815 

0.843 

0.885 

0.939 

llOOl J 
1071 

1.148 

r~:~:1 
0.804 

uy _ combined( mn, x _vector, n, points) = 

0.816 

1023 

0.887 

0.941 

1.143 

ll075J 
1.149 

Statistical uncertaintv comoonent 

uy_stat = 

( 0 0661 

0.081 

0.061 

0.042 

0.580 

0.055 

0.064 

0.552 

l~~::J 
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Mass flow rate calculations 

.... 

Data 

Calibrated mass at measured points M := y_vector(mn,n ,x_vector ,X,Y,points) = 

(109849 1 

125.144 

140. 737 

156.1 01 

171.22 

186.586 

201.7 

21 6.671 

l231.71 l J 
246.819 

( 0.8251 

0.808 

Uncertainty of mass at measured points 0.804 

0.816 

1.023 

0.887 

0.941 

1.143 

Curve fitting calculations 

Alpha matrix 

Beta vector 

uM := uy_combined(mn,x_vector ,n,points) = 

Alpha_matrix(m_,points_) := for j E O .. m_ 

fork EO .. m 

o.'. k +- 0 
J , 

l~:~:: J 

for i E O .. points_ - 1 

o.j ,k +- o.j,k + (Tml(Tm/ 

o.' 

Beta_ vector( m _, points_) := for k E O .. m 

f3' +- 0 k 

f3' 

for i E O .. points_ - 1 

k 
f3'k +- f3'k + Mi°(Tmi) 
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Order of curve fit 

Curve fitting constants 

:Mn:= 1 

a:= Alpha_matrix(:Mn,points) 

r3 := Beta_vector(:Mn,points) 

-1 
~ :=a 

a2 := S· r3 

Gradient of curve fit i.e. avg. mass flow rate Mdot := a2
1 

Let the gradient be "a", then the partial derivative of a wrt M 

In vector form 

uncertainty in a wrt M 

dadMi(m_,i,t_) := dadMi +- 0 

fork cO .. m 

dummy +- 0 

for j Ee 0 .. m_ 

j-1 
dtunmy +- dummy + sk . -j ·t 

,J -

dadMi_ +- dadMi_ + (Tml·dtunmy 

dadMi 

dadM _ vector(m _, t_) := for i c O .. points - 1 

dadMi +- dadMi( m _, i, t_) 

dadM 

u_a_function(m_,t_) := dadM +- dadM_vector(m_,t_) 

u a+- 0 

for j Ee 0 .. points - 1 

2 
u_a +- u_a + ( dadMj"uMi) 

u_a +-Fa 
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In vector form u_a_vector(rn_,points_,t_) := for l e O .. points_ -1 

u _1 +- u _ a _function( rn _, t_1) 

u 

E), ______________________________________ _ 

Results: Average mass flow rate and uncertainty 

... 

Average mass flow rate (kg/s) Mdot = 0.1 97 

Uncertainty in mass flow rate at measured points (kg/s) 

uMdot := u_a_vector(Mn,points, Tm)= 

Average uncertainty in mass flow rate (kg/s) 

( l .396 X 10 -
3 i 

1.396 X 10- 3 

1396 X 10-
3 

- 3 
1.396 X 10 

-3 
1.396 X 10 

-3 
1396 X 10 

-3 
1396 X 10 

-3 
1.396 X 10 

-3 
1.396 X 10 

l l .396 X 10 -
3 J 

uMdot avg:= _l_ °" uMdot = 1.396 x 10-
3 

[

points-I J 
- pomts L.., 1 

i = 0 

% -u_M_d_o_t-a_v.._g = 0.708 . o,o 
%uMdot== 1 ' 

Mdot 
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Appendix O. 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.  

 

 

Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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

Plant Conditions Test Conditions
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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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

Plant Conditions Test Conditions
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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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

Plant Conditions Test Conditions
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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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

Plant Conditions Test Conditions
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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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

Plant Conditions Test Conditions
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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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
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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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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Particle Diameter 

(μm)

Superficial Gas 

Velocity (m/s)

Particle Reynolds 

Number

Particle Froude 

Number
Inertia Parameter Gas Temperature (°C)

Particle Density 

(kg/m3)
Gas Pressure (kPa)

Superficial Gas 

Velocity (m/s)

Particle Diameter 

(μm)

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 

 

Test
Mean Actual 

Gas Flow Rate

GIW Mean 

Actual Particle 

Flow Rate

Model 

Temperature

Mean 

Temperature

Instrument 

Uncertainty

Statistical 

Uncertainty

Combined 

Uncertainty

Combined 

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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ORIFICE UPSTREAM PRESSURE & SYSTEM PRESSURE DROP

 

Test
Mean Actual 

Gas Flow Rate

GIW Mean 

Actual Particle 

Flow Rate

Mean 

Upstream 

Pressure

Instrument 

Uncertainty

Statistical 

Uncertainty

Combined 

Uncertainty

Combined 

Uncertainty

Model System 

Pressure Drop

Estimated 

System 

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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ORIFICE PRESSURE DROP 

 

Test
Mean Actual 

Gas Flow Rate

GIW Mean 

Actual Particle 

Flow Rate

Mean Orifice 

Pressure Drop

Instrument 

Uncertainty

Statistical 

Uncertainty

Combined 

Uncertainty

Combined 

Uncertainty

# 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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GAS FLOW RATE, MASS FLOW RATE AND LOADING 

 

 

 

 

Test
Req. Gas Flow 

Rate

Mean Actual 

Gas Flow Rate
Uncertainty Uncertainty

Req. Particle 

Flow Rate

Mean Actual 

Particle Flow 

Rate

Uncertainty Uncertainty
Loading 

setpoint

Mean actual 

loading
Uncertainty Uncertainty

# 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



MSc(Eng) Dissertation  Tabulated Test Results 

Colin F. du Sart  A-144 

LIW VS. GIW MASS FLOW RATES 

  

Test
Req. Particle 

Flow Rate

GIW Mean 

Actual Particle 

Flow Rate

Uncertainty Uncertainty

LIW Mean 

Actual Particle 

Flow Rate

Uncertainty Uncertainty

# 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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MANUALLY RECORDED DATA 

 

Test LIW Start LIW End GIW Start GIW End Filter

Estimated 

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 

 

Test
LIW Mass at 

Start
Uncertainty

LIW Mass at 

End
Uncertainty LIW Uncertainty Upper Limit Lower Limit

# 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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GIW DURING STEADY STATE TESTING PERIOD 

 

 

 

 

Test
GIW Mass at 

Start
Uncertainty

GIW Mass at 

End
Uncertainty GIW Uncertainty Upper Limit Lower Limit GIW(1/η) Uncertainty Upper Limit 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. et al., 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. 
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RESULTS OF SIZE TESTS CONDUCTED 

Results of particle size tests mandated on PFA received from Matla Power Station 
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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. 

 

 

Results of particle density and size tests conducted on PFA from POWER STATION 1. 
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Appendix S. Equipment Data Sheets 
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HM2D4 

~ ~ RoHS 
.§.Reclflcatlona 

Capacity t 
Accuracy class 
Maximum number of verification intervals nmax 
Minimum load cell verification interval Vmln 

Combined error (%FS} 
Creep (%FS/30min} 
Temperature affect on sensitivity (%FS/10'C} 

Temperature effect on zero (%FS/10'C} 
Output sensitivity (mv/v) 
Input resistance (0) 

Output resistance (0) 

Insulation resistance (MO} 
Zero balance (%FS} 
Temperature, compensated ('C) 

Temperature, allowed ('C) 
Excitation Recommended (V) 

Excitation, Max. (V} 

Safe overload (%FS} 

Ultimate overload (%FS) 

Outline Dimension mm inch 

M!tl@,I ZEMIC I 
Measuring Excellence Worldwide 

• HM2D4 load cells are available for manifold accurate 
measurement in the capacities 0.51 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 tasting line and other electronic weighing 
devices and various force measurement occasions. 

Features 
• Capacity: 0.51-201 
• High accuracy 
• Alloy steel construction 
• Low profile 

For Final Test Facility 

0.5/1/2/5/10/20 

C2 C3 A5S A5M 
2000 3000 5000 5000 

Emax/5000 Emax/10000 Emax/15000 Emax/15000 
.;; :t0.030 .;; :t0.020 .;; :t0.018 .;; :t0.026 
.;; :i:0.024 .;; :1:0.016 .;; :i:0.012 .;; :i:0.017 
.;; :1:0.017 .;; :t0.011 .;; :t0.009 .;; :t0.013 
.;; :t0.023 .;; :i:0.015 .;; :t0.010 .;; :t0.014 

2.0:t0.002 
350 :1: 3 
351 :1:2 

;;,5000(50VDC} 
1.0 

-10- +40 
-35-+65 
5-12(DC) 

18(DC) 
150 
300 

~on 
C Cl>D Cl>D1 H M 

0. 51- 21 

51 

101, 20! 

105 
(4. 13) 

120 
(4. 72) 

155 
(6. 10) 

Wiring, 

28 70 
(1. 10) (2. 76) M14X2 

33 80 
(1 . 3) (3. 15) M20X1 . 5 

60. 5 90 M32X2 (2. 38) (3. 64) 

Input(+): Green 
Sense(+): Yellow 
Input(-}: Red 
Sense(-}: Blue} 
Input(-}: Black 
Output(+): White 

Shielded, 6 conductor cabla4» 5.6mm 
Standard cable length:5m 
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Client 
UCT 

Electrical Panel Design CFW Projects 

Electrical Panel Construct CFW Projects 

Machine Installation CFW Projects 

SI te com misioning CFW Projects 

Data 
Supply Vdtage 3/PEN N 9:lHz 400V 

Contrd Voltage 24VDC 

Contrd ler National Instruments 

Year of construction 3:J16 

Current (Max) 45 Amp 

1---+---+-----F"*=---,=••=•••=D---1September 2016 
td. w ....... 
~.. A'leumatic S tem 

Technical Data 

I 

.. :c 61 LEAl>£1J$1UIR TECll.,OLQGY 

CF\N Projects (PrY) LTD 
Tel: +27 21 9318331 
Fax: +27 21 9318336 
1 Palin Road, Parow Industria 
PO Box 1542, Parow, 7499 
South Africa 

Technical data 

Wiring Colours 
Phase 1 Red 

Phase 2 1/1/hite 

Phase 3 Blue 

Neutral Black 

Earth Protection Green/Yellow 

Control Circuit oc ov Blue 

Control Circuit oc 24V Violet 

Analog signal 1/1/hite 

Analog ov Blue 

ExlErnal Voltage Orange 

Main Control Cabinet 
Brand 

Type 

Colour 

Rittal 

1600x800x500 

RAL 7035 

• r.-aa ··~ 
St.l J o( ,0 
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Parts list FOl_OO l 

device tag Quantity designation Type number suppier part number 

=+-X1 0 
:TAOO +OOC-ES1 1 Errergency Stop Buttm, Twist release LPC_B6344 ELM LOV .LPC_B6344 
=TAOO +OCC-ES1 1 CCfitact block N/C LPx_co1 ELM LOV.LPX C0 1 

: TAOO +DOC-ES1 1 Plastic coot.act l::fock rui:port LPX ,i1U120 ELM LOV.LPX AU120 
=TAOO+OCX::-f l 1 fuse holder 10x38rrm 1 pde,32 arrp 485101 ELM D"E 48510 1 

=TA00+D0C-f1 1 Fuse 10x38rrm 2 a rrp 420::02 ELM a=E 420C02 
=TAOO +OCX::-f ANl 1 Panel fan , 67W FF20A23JU: ELM FANFF20A23Cl...E 

=TAOO+OOC-FAN2 1 Panel f-:n, 67W Ff20A230l£ ELM FANFF20A23CU: 
=TAOO+OOC-1H1 1 LED p lot liojlt ; Red LP2TJLB4P ELM LOV.LP211LB4P 
=TAOO+DOC-2H1 1 LED p lot li(jit ; Red LP2TILB4P ELM LOV.LP211LB4P 
:TAOO+OCC-Ql 1 3 pole isolator SNitch 63 A 2200 3((6 ELM SCC.2200 ::005 
=TAOO +D<X'.-01 1 Halde for Isciatcr 32 Arro 1472 1111 ELM SOC.1472 1111 

=TA00+D0C-Q1 1 [X)()R~JN3KIT 2299 3309 ELM SOC.2299 3309 

=TAOO +OCX::-Q2 1 Ora.it Breaker 63A TP D-Cl . .R VE '°"363A ELM HAG l'CN363A 

=TAOO +OCX::-Q3 1 Ora.it Breaker 10A TP f'l'3 10A ELM HAG 1'1'310A 

=TAOO +OCX::-Q4 1 Motor circuit bre.cker 1 - 1.6 Arrp SMl B20 ELM LOV S\11 B20 

=TAOO+OOC-Q4 1 AJ.Jx cmtact foc SM1 C,8 SMX11.11 ELM LOV SMX11.11 
=TAOO+OOC-~ 1 Oro.it Breaker 6A DP fl'2<6A ELM HAGJ"F206A 
=TAOO+OOC-Rl 1 24\ID: Ccil 55349J240040 ELM FIN.55349J240040 
=TAOO+OOC-Rl 1 Relay base 9404SPA ELM FIN.9404SPA 
=TAOO+DOC-151 1 Illurrinaed 2 Pos. ~e:tor swi tch (Green) LPC Sl.1203 ELM LOV .LPC SL1203 

=TAOO+DOC-151 1 Plastic cootact l::fock rui:port LPX ,llU120 ELM LOV .LPX_AU 120 

=TAOO+DOC-151 1 Coo tact block N/0 LPX C10 ELM LOV.LPX C10 

=TAOO+DCX:-151 1 Led Larrp hokier g-een 12-30VAC;'tX: LPX LP B3 ELM LOV .LPX LP B3 

=TAOO+DCX:-251 1 Illuninoced 2 Pos. ~e:tor swi tch (Green) LPC Sl.1203 ELM LOV .LPC SL1203 

=TAOO+DOC-2S1 1 Plastic cootact block rui:port lPx_,llU120 ELM LOV.LPX AU120 

=TAOO+DOC-2S1 1 Coo tact block N/0 LPx_c 10 ELM LOV.LPX C10 

=TAOO+DOC-2Sl 1 Led Larrp holder g-een 12-30VAC;'tX: LPx_LP B3 ELM LOV.LPX__LP __B3 

17 =TAOO+DOC/18 
I I I Date 2016J)9ft)6 I September 2016 

I -:c:FW I Parts lis t : - LOV.LPX_LP_B3 I 
I = TACO 

I I IEd W':fl,Ellcb I l +OCX: 

I I !App, I fheumatic System 
I 

[ am cAr cm oa24 I 
Modficatioo I Date INam, I C.-i,;jnal I Replaced by IR"!'oced by I "·--- I 9'eet " of "' 
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Summarized parts list 
On:ler number 

LPC_B6344 

NDN363A 

NF310A 

SMl 620 

SMXll.11 

18 

Quantity 

0 

Stuck 

pc 

Stiick 

descriptK> n 
designation 

Emergency Stop Button, Twist release 

DOOR MOUNTING KIT 

Circuit Breaker 63A TP D-CURVE 

Circuit Breaker lOA TP 

Motor circuit breaker 1 - 1.6 Amp 

Aux contact for SMl C/B 

Illuminated 2 Pas. selector switch (Green) 

1----------,1--------+------+D_a_re_+--20_1~6/m~ /CY, __ ____, September 2016 
Ed . W)'f'\<lld:, 

Apµ Pneumatic System 
M:dfication Date Replaced by 

Type number 
part number 

LPC_B6344 
LOV.LPC 66344 

LPX_COl 

SOC.2299 3309 

NDN363A 
HAG_NDN363A 

NF310A 
HAG_NF310A 

SMl 620 
LOV_SMl 620 

SMXll.11 
LOV_SMXll.11 

NF206A 

LOV.LPC_SL1203 

Summarized parts list : 
LOV.LPC_SL1203 

manufacturer 
supplier 

LOV 
ELM 

LOV 

ELM 

HAG 
ELM 

HAG 
ELM 

LOV 
ELM 

LOV 
ELM 

HAG 

ELM 

F02_001 

unit price total price Fbs 

=TAOO+DOC/19 
= TAOO 

+ 00:: 
CRD CAT cm0824 

Sheet of 
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Summarized parts list 
Ortler number 

LPX_ClO 

LPX_LP_B3 

19 

Modfication Date Nam, 

Quanti ty 
description 
designation 

2 
Stuck 

2 
Stuck 

Date 
Ed. 

App, 

Cxignal 

Contact l:,ock N/0 

Led Lamp holder green 12-30VAC/ DC 

2016 /)9/(£ 

W1namh 
September 2016 

Pneumatic S stem 
Re~faced by Re~faced by 

Type number 
part number 

LPX_Cl O 
LOV.LPX_ClO 

LPX_LP_B3 

-l:FW ~.----

manufacturer 
supplier 

LOV 
ELM 

LOV 

Summarized parts list : LOV.LPX_Cl O -
LOV.LPX_LP_B3 

unit price 

rno CAT C1D0824 

F02_001 

total price f'bs 

=TAOO+DOC/20 
= TACO 
+ DO: 

Sheet of 
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Appendix U. Photos of Prototype Facility 
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Appendix V. Ethics Clearance 
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