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SUMMARY 

Coal combustion remains the major resource of power generation internationally. Coal consists of 

different substances, which influence its quality and properties. One such property is the calorific value 

(CV), which specifies the amount of energy per mass contained in a substance after it is released in the 

form of heat after complete combustion.  

There are basically two types of CV, the gross calorific value at constant volume (GCVv), and the net 

calorific value at constant pressure (NCVp). These values differ owing to the different processes that 

are followed to determine the CV. When considering the method of determining the overall efficiency of 

a power station, the CV of coal is the greatest contributor to inaccuracy; therefore, it is very important to 

determine the correct CV of coal.   

The Bomb calorimeter is the norm used to determine the CV on power stations in South Africa. The 

Bomb calorimeter utilises a direct method to determine the GCVv. However, the GCVv does not 

represent an accurate CV on a power station. The constant volume process followed by the Bomb 

calorimeter enables it to recover latent heat formed during the combustion process. This latent heat is, 

however, not recovered in the constant pressure process by a burner on a power station. Therefore, the 

NCVp is a more representative CV, since it utilises the same process as on a power station.  

The only method currently used to determine the NCVp of a solid fuel such as coal is from derived 

calculations. Different methods exist to determine the NCVp by derived calculations; however, no 

international standard is available for these derived calculations and these calculations differ to some 

degree. This is still a theoretical approach that does not include losses. The development of a direct 

method was thus required to determine the NCVp of one type of coal as a proof of concept.  

The literature survey indicated that the NCVp coal analyser must be based on the principle of a flow 

calorimeter that is used to determine the NCVp of gaseous fuels on a mass-energy balance.  To develop 

this device, it was necessary to design a burner and combustion chamber, as well as to select and size 

associated auxiliaries. The burner was designed by using cold flow computational fluid dynamics (CFD) 

modelling in conjunction with burner and combustion principles to attain a self-sustained coal flame on 

a laboratory-sized scale.  

The device was then commissioned by assembling the different components and by doing preliminary 

tests, such as liquid petroleum gas (LPG) combustion, pulverised coal settling flow and calibration. The 

calibration test showed that the NCVp coal analyser’s result differed by 1.4% from the known NCVp of 

LPG. After the commissioning of the device had been completed, one type of coal was tested to attain 

a self-sustaining flame, and to determine the NCVp. 

The test was deemed successful, since a self-sustaining flame was indeed achieved, and the NCVp of 

the tested coal was determined. The burner achieved 99.78% combustion efficiency based on unburnt 

carbon content in ash. The profile of the self-sustaining flame correlated well with the cold flow CFD 

streamlines used to design the burner. The NCVp of the tested coal determined by the NCVp coal 

analyser differed to some extent from that of the different calculated NCVp of different methods. 

However, since the calibration showed difference of a mere 1.4% of LPG, the NCVp of the tested coal 

is considered acceptable. 
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1 INTRODUCTION 

1.1 BACKGROUND 

Coal remains the leading source of energy for electricity generation across the world, serving as primary 

energy source for about 40% of the world’s electricity generation. Especially in South Africa, more than 

85% of electricity is generated using coal since it is comparatively cheap and is available in great 

quantity. It is therefore important to conduct further coal research since coal is projected to be the main 

source of supply for electricity generation for the next three decades (World Energy Council, 2016). 

As stated by Falcon (2013), coal is mainly composed of substances such as fixed carbon (C), volatile 

matter (VM), moisture and minerals which affect the properties and quality of coal. The quality and 

properties of coal need to be understood since these affect combustibility and heat release and, 

therefore determine the application of coal in industry (Wang et. al, 2011).   

Although the origin and mineralogical composition of coal determine the characteristics in its application 

as primary energy source, the properties influencing combustion are of concern regarding the coal as 

an already unchangeable substance. According to Kitto and Stultz (2005), one of the most important 

properties of coal is the calorific value (CV). The CV specifies the amount of energy per mass contained 

in a substance after it has been released in the form of heat after complete combustion.  

CV is also the most frequently used classification criterion to relate similarities of nearly limitless types 

of coal (Smoot & Pratt, 1979). Consequently, coal can be categorised into peat, lignite, sub-bituminous, 

bituminous and anthracite. Peat is the first product produced during the formation of coal. It has a very 

high moisture content of 70% and has the lowest CV of approximately 6.9 MJ/kg. Lignite is coal that is 

geologically young and has a CV of up to 19 MJ/kg. It consists of 30% moisture and needs to be dried 

in order to combust, but has a high VM content which promotes ignition. Lignite and peat have a brown 

appearance, since they both have a relatively low fixed C content. Sub-bituminous coal contains a 

relatively high amount of VM and fixed C, with a moisture content of 15 – 30% and a CV of 19 – 26 

MJ/kg. The coal mostly used for power generation is bituminous coal. Bituminous coal has a high fixed 

C content of up to 86%, lower moisture and VM content than sub-bituminous coal and has a CV of 24 – 

32 MJ/kg. Because of the relatively high VM content and fixed C, sub-bituminous and bituminous coal 

ignite easily. The highest rank of coal is anthracite, with a CV of up to 34 MJ/kg. It consists of 86-98% 

fixed C which is the highest amount of any coal, but also has the lowest amount of moisture and VM. 

Because of the low VM, it is a slow-burning fuel and is difficult to ignite. Sub- bituminous, bituminous 

and anthracite coal appear black because of the high fixed C content (Kitto & Stultz, 2005). 

Even though coal is ranked by means of CV, within an equivalent rank, different coals with similar CV 

may differ regarding varying quantities of constituents. These differences in coal types make it difficult 

to create exact models for coal combustion. According to Wróblewska et al. (1977), a specific 

aerodynamic flow field exists for a specific coal to obtain optimum combustion. 

According to Storm (1998), the overall efficiency of a power station is calculated by using the electric 

units sent out (USO), divided by the mass flow of coal and the CV of coal. The instrumentation used to 

measure the USO and mass flow of coal is adequately accurate, however, the greatest contributor to 

inaccuracy in respect of this equation is the CV. Regarding the procurement of coal, it should be borne 

in mind that the payment is for mass, although, the commodity bought is actually energy. It is therefore 

very important to have a representative CV to calculate a power station’s efficiency accurately. 

The method used at power stations and mines to determine the CV of coal is the experimental method 

of a Bomb calorimeter. According to Basu (2013), the Bomb calorimeter consists of the Bomb, which is 

a constant volume, high quality pressurised oxygen (O2), closed environment as well as a water bath 

surrounding the Bomb. A certain amount of fuel is ignited inside the Bomb by the spark of an electrically 
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infused wire, to promote complete combustion of the fuel. Thereafter, the energy is measured by means 

of the water bath when the water temperature has stabilised.  

During the combustion process of a hydro -carbon fuel, moisture forms by the reaction of hydrogen (H2) 

and O2; however, some fuels like coal also contain a certain amount of moisture. The moisture absorbs 

some of the heat released by the combustion process in order to vaporise. If the vapour is allowed to 

condense in a constant volume, latent energy is released to form a liquid. If the latent heat is included 

in the measurement of heat released by combustion, the gross calorific value at constant volume (GCVv) 

is obtained (Rajoo, 2010). Thus, since the Bomb calorimeter method is a constant volume process, the 

vapour can condensate to release latent heat and it measures the GCVv (Kitto & Stultz, 2005).  

However, according to Storm (1998), the Bomb calorimeter poses a problem for the CV determination 

of coal when comparing it to the actual combustion process on a power station.  On a power station, 

combustion takes place by using a burner, which is a constant pressure device. The latent heat is not 

recovered inside the furnace during this process since the vapour condensates in the atmosphere. This 

is due to the flue gas still being at a sufficiently high temperature while exiting the furnace. As stated by 

Obert (1973), if combustion takes place in a constant pressure environment and the vapour is not 

allowed to condensate and to release its latent heat in the measuring method, the heat measured does 

not include the latent heat of moisture and the net calorific value at constant pressure (NCVp) is 

obtained. It is therefore necessary to determine the NCVp for coal on a power station.  

Another method used to determine the CV at power stations is the well-known Dulong method. Lowry 

(1945) reports that the Dulong method is an empirical calculation that utilises a weighted average by 

using the CVs of combustible elements contained in the fuel. The combustible elements contained in 

coal are mostly C, H2 and sulphur (S). Although the Dulong method can be used to calculate the GCVv, 

it can only be regarded as a theoretical approach since it does not account for losses, and the values 

obtained are usually higher than those obtained from the Bomb.  

Currently, the only method available to determine the NCVp for coal is by calculation, as reported by 

Kitto and Stultz (2005). Depending on the referenced GCVv from either the Bomb or the Dulong method, 

the NCVp is determined by subtracting the calculated latent heat from the GCVv. Calculated values of 

South African coal used on power stations suggest that the difference of GCVv between the Dulong and 

Bomb amounts to 8%, where the Dulong value is always the greater of the two. The GCVv and its 

derived NCVp show a difference of 5% for South African coal. However, the difference between GCVv 

and calculated NCVp can be up to 25% in countries such as India, which commonly utilises lignite and 

peat coal that consists of more volatiles and moisture compared to sub-bituminous and bituminous coal 

(Priyadarshi, 2012).  

Even though Kitto and Stultz (2005) suggest that the difference between NCVp and GCVv is 

insignificant, the difference becomes very significant when considering the method of determining the 

efficiency of a power station. According to Langenhoven (2019), power utilities such as Eskom consume 

an amount of 120 million tons of coal annually. Implementing the 5% difference between the calculated 

NCVp and the Bomb GCVv, implies that the deficit in coal planned or budgeted for, amounts to 6 million 

tons per annum. Conversely, the above-mentioned difference between the GCVv and NCVp with coal 

mass flow kept constant, results in an overall efficiency difference of 1.75%. This can imply a significant 

misjudgement of a plant’s performance. 

As stated by Kitto and Stultz (2005), a direct method to determine the CV of coal is most appropriate. 

Furthermore, no international standards exist to verify the calculation of NCVp from the directly 

determined GCVv. It can be argued that if the calculated GCVv from the Dulong method differs by 8% 

from the direct method by the Bomb, the calculated NCVp from the Bomb can also differ from the true 

NCVp even though the Bomb is partially an actual process. This highlights the importance of the NCVp 

for coal being determined by means of a direct method. 
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Although the actual combustion process in a power station encompasses all the conditions to determine 

the NCVp of coal, practical problems exist to perform this on a routine basis.  One unit on a power 

station normally contains 24 – 36 burners. These burners are usually 50 – 80 MW each in capacity, and 

can be relatively expensive.  During combustion on a power station there are a large number of 

unaccounted losses and unknowns. To remove the problem of unaccounted losses, a single burner 

needs to be isolated. However, to isolate such a burner is nearly impossible owing to daily energy 

demand. 

Single isolated and smaller scale test burners must be considered for low-cost NCVp routine testing and 

to reduce losses. The only small scale test burner available in South Africa is the 1MW Pilot scale test 

burner at Eskom Research, Testing and Development (RT&D) at Rosherville, Gauteng. However, in 

order to do NCVp testing, this test facility needs to be retrofitted to measure NCVp.  Making these 

required additions to the existing test burner will also be costly and therefore alternative options should 

be investigated. Moreover, the pilot scale test burner needs to procure a minimum of 3 tons of coal per 

test involving three days of testing. 

1.2 PROBLEM STATEMENT 

There is a need to determine the actual CV of coal that represents the combustion process more 

accurately on a power station at relatively low cost. 

 For the sake of convenience, the only device currently enabling the direct determination of CV 

for coal on utilities, is the Bomb calorimeter. However, it unfortunately provides the GCVv which 

is not representative of the process in an actual burner. 

 The deriving of the required NCVp of coal, has inconsistent variances between the different 

methods, i.e. by means of pure calculation with the Dulong method or derived from the direct 

Bomb calorimeter value with the British Standard calculation. 

 No international standard exists for the verification of the calculated NCVp of coal. 

 Currently, no device exists for the direct determination of NCVp of coal. 

1.3 AIM 

 To review and investigate different methods of CV determination for different fuels.  

 Thereafter, a method should be derived to more specifically determine the NCVp for coal 

directly. 

 Since the CV of any fuel is related to its specific combustion parameters, these should be 

investigated and determined for a range of coal qualities as solid fuel. 

 To develop a device that will serve as an experimental model that can comply with these 

requirements and findings for the direct determination of NCVp for coal. 

  



CHAPTER 1 – INTRODUCTION   

 
 MECHANICAL ENGINEERING  4 

 

1.4 OBJECTIVES 

 As for gaseous fuels, it has been decided that the NCVp analyser for coal should also be a type 

of flow calorimeter. 

 The flow calorimeter to be developed for the determination of the NCVp of coal, needs to be 

based on a similar principle to that of a mass-energy balance as used for gas. 

 To achieve this, the primary components that need to be developed, are a burner and a 

combustion chamber. 

 The burner and combustion chamber should achieve a combustion efficiency that is as high as 

possible. 

 Auxiliaries in support of the functionality for this flow calorimeter needs to be selected and sized. 

 The operation and characteristics of this NCVp analyser for coal, should be similar to that of a 

full-scale burner used on large boilers. 

 The main goal to achieve, is to produce such a device, but a laboratory size, scaled-down 

version at relatively low cost. 

1.5 SCOPE AND LIMITS 

 Although the device should be designed to be adjustable to accommodate a range of coal 

qualities, only one type of coal will be tested to demonstrate proof of concept. 

 Only cold flow computational fluid dynamics (CFD) modelling will be used as a process-

designing tool. 

 Intensive CFD combustion modelling will not be part of this study. 

 The intention of this study is not to indulge in an intensive CFD study: the endeavour is rather 

to produce a physical, functional product. 

1.6 RESEARCH METHODOLOGY 

The research methodology will entail the following: 

 Literature survey; 

 Concept design; 

 Detail design; 

• Thermal sizing of NCVp analyser for coal regarding the envelope of coal qualities to be 

accommodated; 

• Burner design utilising cold flow CFD analysis as process-designing tool; 

• Combustion chamber design; 

• Material selection for the design; 

 Auxiliaries selection and sizing; 

 Manufacturing of designed components; 

 Assembly of device; 

 Commissioning, calibration and testing; 

 Determination of the NCVp of coal; 

 Analysis of results; 

 Conclusion and recommendations. 
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1.7 POSSIBLE CONTRIBUTIONS 

This research can provide much insight and understanding of the usage of coal in industry. If the NCVp 

can be directly determined, the following can be established on power stations globally: 

 the overall efficiency;  

 mass flow of coal required for steam generation; 

 Boiler sizing and design 

1.8 THESIS STRUCTURE 

This thesis consists of the following seven chapters, augmented by references, bibliography and 

appendices, as documented below: 

CHAPTER 1: Introduction 

CHAPTER 2: Literature review and existing technology 

CHAPTER 3: Concept design for the net calorific value at constant pressure analyser of coal 

CHAPTER 4: Detail design 

CHAPTER 5: Commissioning and testing 

CHAPTER 6: Calculations and interpretations of results 

CHAPTER 7: Conclusion and recommendations 

REFERENCES 

BIBLIOGRAPHY 

APPENDICES 
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2 LITERATURE REVIEW AND EXISTING TECHNOLOGY 

The concepts at stake in this study were identified and arranged in a logical order:  

 Coal quality and characteristics, methods for determining the CV of coal; 

 Fundamental combustion and burner principles; 

 Combustion and burner principles of coal; 

 Methods for determining the CV of coal 

 Computational combustion modelling; 

 Conclusions and design considerations resulting from literature review. 

2.1 COAL QUALITY AND CHARACTERISTICS 

Coal is essentially burnable rock which is derived from the compaction of different plant material. Coal 

is composed of fixed carbon, volatile matter, ash (minerals) and moisture (Falcon, 2013). These 

constituents are used to categorise coal by its rank, where fixed carbon and volatile matter are the most 

important (Kitto & Stultz, 2005).  

Falcon (2013) suggests that the constituents of coal are analysed and quantified by a proximate analysis 

to determine the rank of coal. A proximate analysis procedure is determined by using different thermal 

amounts of heat to determine the amount of moisture, VM, fixed C and ash for a specific coal sample. 

According to Rajoo (2010), coal can also be viewed as comprising different chemical elements. These 

elements can be identified and the amounts (in terms of weight) of the elements can be quantified by 

means of a chemical analysis called an ultimate or elemental analysis. 

Another property in terms of coal quality is the heating value or CV, which is measured in MJ/kg. The 

CV of coal or any substance specifies the amount of combustion energy that exists in that substance. 

There are two processes of determining CV, the GCVv process and the NCVp process (Kitto & Stultz, 

2005). Obert (1973) states that the difference between the two methods is that the GCVv includes the 

latent heat of water vapour and the NCVp does not.  During the combustion process, moisture is a 

product that is formed by the reaction of H2 and O2, which are constituents of coal. Coal also consists 

of moisture that resides in the crystal structure of coal. The moisture absorbs some heat of combustion 

and forms a vapour.  With a constant volume process, the vapour is allowed to condensate and the 

latent heat is recovered. During a constant pressure process, the latent heat is not recovered, since it 

condensates in the atmosphere and not in the measuring device. 

2.2 FUNDAMENTAL COMBUSTION AND BURNER PRINCIPLES 

Since combustion is the basis of determining the CV of coal, basic combustion principles need to be 

investigated. 

2.2.1 COMBUSTION FUNDAMENTALS 

According to El-Mahallaway and Habik (2002), combustion is a fast chemical exothermic reaction 

between an oxidiser and fuel which generates heat and is able to propagate through an appropriate 

medium.  The heat that is generated by the chemical reaction emits light of a certain colour that is also 
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known as a flame.  The colour of the flame depends on the type of material that’s combusted and the 

temperature.  The flame is the hottest part of the heat released. Heat released from a combustion 

process can be controlled by using a burner that controls the mixing of an oxidiser and fuel (Worgas, 

2011).  

El-Mahallaway and Habik (2002) also stated the following: 

 A flame can only be present where the burner presents a mixture of fuel and air in stoichiometric 

conditions. Basically, two types of flames exist, namely premixed and diffusion flames. 

Premixed flames exist where the oxidant and fuel are mixed before they enter the flame area. 

A premixed flame can only exist if a composition limit of air and fuel for combustion exists. A 

diffusion flame is established when the mixing of oxidant and fuel takes place after the two 

streams exit the burner tubes. These two types of flames also differ physically. The premixed 

flame has a defined burning velocity and adiabatic flame temperature, whereas the diffusion 

flame does not possess such properties. 

 It is safer and provides more stability for flames when a diffusion flame is used, splitting the 

combustion air in separate streams for coaxial jets such as a primary and secondary air stream. 

 When considering a diffusion flame that is situated on the border of atmospheric air and fuel, 

the flue gas formed is transported in two directions, to the incoming air and fuel, and away from 

the flame. The products moving toward the reactants must heat and diffuse these in order to 

mix and react. 

Two different types of diffusion flames can form namely, laminar and turbulent flames. To explain the 

two different types, consider Figure 2.1: 

 

FIGURE 2.1:  REPRESENTATION OF THE TRANSITIONING FROM A LAMINAR TO A 

TURBULENT FLAME (MODIFIED FROM EL-MAHALLAWAY & HABIK, 2002) 

 If a flame is situated vertically in surrounding air, and the fuel is supplied by a tube, the 

flame length will increase as the velocity of the fuel increases. Continuing to increase the 

velocity of fuel, will keep increasing the flame length until it reaches a maximum. However, 

before the maximum length is reached, the flame starts to flicker, at which point it enters 

the transition zone.  This is the separation of laminar to transition type diffusion flames.  

When the flow is increased further, the flickering propagates downwards until it stops a few 

diameters from the nozzle, where a small length is free of fluctuations.  At this stage the 

flame length is independent of the flow rate or velocity of the fuel and switches over from 

transition to a turbulent diffusion flame. With a further increase in the velocity and flow rate 

the flame’s breakpoint will maintain a certain distance from the nozzle rim and the flame 

length will show little change with the increase in turbulence and mixing rate until blow-off. 
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 Laminar diffusion flames have to mix by molecular diffusion, whereas turbulent diffusion flames 

accelerate the molecular diffusion process by a coarse mixture of a large-scale transport 

process rate. Therefore, a turbulent flame may be taken as an array of laminar flamelets.  It is 

desirable to have as much turbulence as possible for enhanced mixing of fuel and air as well as 

transport.   

 Turbulence can increase with air or fuel velocity increase, however, when turbulence is so 

severe it can strain the flame so that the chemical reaction rate is slower than the mixing rate, 

which can cause quenching of the flame before blow-off occurs.  

2.2.2 FLAME STABILISATION 

For continuous ignition and propagation of a flame, the broad consensus is that a chain reaction needs 

to be created. Chain reactions consist of chain carriers which are usually free radicals. A rise in 

temperature provides adequate chain carriers to the unburned fuel at the start of the chemical reaction 

process. Heat loss and chain carrier loss are lower when the flame is further from the burner, which 

creates higher burning velocity since the flow velocity is lower.  At a certain point the flow velocity and 

the burning velocity are equal, which indicates equilibrium (El-Mahallaway & Habik, 2002) 

As adapted from El-Mahallaway and Habik (2002), if the flow velocity is smaller than the burning velocity, 

flash-back (when the flame propagates into the burner) occurs. Increasing the flow velocity moves the 

equilibrium point downstream from the burner rim.  When the equilibrium point is increasingly moved 

downstream, the burnable gas mixture is increasingly diluted by inter-diffusion with the atmosphere or 

flue gas, which in turn causes a decrease in the burning velocity.  Thus, an optimum equilibrium position 

exists where the dilution of combustible gas is balanced by an increase in burning velocity.  When the 

flow velocity exceeds the burning velocity, the flame is balanced by the boundary layer gradient, which 

consists of lower velocity streamlines than the burning velocity.  This explains why combustion can be 

sustained even if the mean velocity exiting the burner mouth is higher than the burning velocity. If the 

boundary velocity gradient is so high that the combustion wave is driven beyond this position, the flow 

velocity exceeds the burning velocity in every streamline and then blow-off occurs. 

To avoid blow-off in high-velocity burners, the flame needs to be stabilised owing to the high velocity 

streams that can be higher than the laminar flame velocity. In such burners the flame stabiliser plays 

the most important role.  Air-to-fuel ratio, distribution of average velocity, distribution of burning velocity 

and swirl intensity are all parameters that play a role in flame stability and are thus important for burner 

design (El-Mahallaway & Habik, 2002). 

According to Lieuwen (2014), one of the ways to stabilise the flame is using a recirculation zone, which 

transfers mass and energy from burned gases to unburned gases. This way the recirculated flue gas 

acts as if using a pilot flame that can work as a constant ignition source. The other reason a recirculation 

zone is good for stabilisation is that within a recirculation zone, two stagnation points exists, which will 

allow the flow velocity to be slower than the burning velocity. This is illustrated in Figure 2.2: 
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FIGURE 2.2:  STAGNATION POINTS FORMED BY A RECIRCULATION ZONE (MODIFIED FROM 

LIEUWEN, 2014) 

Flame stabilisation by non-streamlined or bluff bodies: 

According to El-Mahallaway and Habik (2002), a bluff body is used in industrial multi-concentric diffusion 

burners to create turbulence, increase mixing, improve flame stability and control a flame more easily.  

The bluff body is non-streamlined, which creates low static pressure downstream of the flow (the wake) 

when a medium flows over it.  The fluid then flows from a high-pressure region to the low pressure in 

the wake in an opposite direction as opposed to the incoming direction, to create the recirculating zone.  

The recirculating flow is determined by the geometry of the bluff body.  The wake of the bluff body 

creates a low-velocity area that allows the flame to stabilise because the velocity at which the flame 

propagates and the flow velocity are in equilibrium.  This is illustrated in Figure 2.3: 

 

FIGURE 2.3:  REPRESENTATION OF THE RECIRCULATION ZONE FORMED IN THE WAKE OF A 

BLUFF BODY (MODIFIED FROM EL-MAHALLAWAY & HABIK, 2002) 

  

Stagnation points 
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El-Mahallaway and Habik (2002) illustrate the effects of a bluff body on a burner, as shown in Figure 

2.4.  The burner consists of two concentric tubes, a fuel tube and a combustion air tube. When fuel 

enters the combustion zone at low velocity (top drawing in Figure 2.4), the recirculating flue gas formed 

by the previous combustion products, behind the bluff body, entrains the fuel and is transported radially 

outward to mix with combustion air. The flue gas being transported in a reversed direction acts as a pilot 

flame for constant ignition. This creates an intense flame with rapid mixing. As the fuel velocity is 

increased, it starts to penetrate the recirculation zone, but only partially, as it is entrained by the 

combustion air.  When the fuel velocity is increased further (bottom drawing in Figure 2.4), it is able to 

penetrate the recirculation zone entirely, leaving a small annular region of reverse flow between the fuel 

and air. Some of the fuel is entrained in the reversed flow together with some hot combustion gases to 

create the primary combustion zone which is anchored to the burner mouth and stabilises the flame.  

The rest of the fuel cannot ignite because of low O2 content and is only pre-heated at this stage.  It then 

burns downstream in the secondary combustion zone where it mixes with the rest of the air and produces 

a long diffusion flame with a neck-like shape.  

 

FIGURE 2.4:  INFLUENCE OF A BLUFF BODY ON A BURNER WITH AND WITHOUT 

PENETRATION OF RECIRCULATION ZONE (MODIFIED FROM EL-MAHALLAWAY & HABIK, 

2002) 

Flame stabilisation by swirl 

Cushman-Roisin (2015) suggests that swirl is a rotating or spiral movement pattern of a fluid. When a 

fluid is swirling, it has an axial and radial component. Recirculation zones can also be formed by swirling 

flow, if the opposing axial pressure gradient is larger than the kinetic energy of fluid particles entering 

the flow field (El-Mahallaway & Habik, 2002).  As illustrated in Figure 2.5, the recirculation zone formed 

by swirling jets is called an internal recirculation zone.  When flow is entrained from outside the jet, 

another recirculation zone is formed, which is called the external recirculation zone.  The factors that 

affect the recirculation zone are the strength of swirl, the angle of the swirler and the chamber-to-burner 

diameter.  Flame stability and combustion efficiency depend on the size and strength of the recirculation 

vortex.  This creates a higher burning velocity and blow-off velocity. 
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FIGURE 2.5:  ILLUSTRATION OF INTERNAL AND EXTERNAL RECIRCULATION ZONES 

(MODIFIED AFTER CUSHMAN-ROISIN, 2015) 

According to El-Mahallaway and Habik (2002), swirl can be created by three methods: 

 Tangential and axial entry; 

 Guided vanes; 

 Direct rotation by a rotating pipe. 

For tangential and axial entry, the amount of swirl can be controlled by adjusting either the tangential or 

axial entry.  To achieve the specific swirl, the pressure requirement is relatively high and commercial 

systems often opt for guided vanes.  A guided vane swirler is placed in an axial pipe flow, where the 

flow is deflected by the vanes that are situated at a certain angle.  The direct rotation is created by 

rotating a pipe that causes frictional drag with the axial fluid moving through it causing it to swirl (El-

Mahallaway & Habik, 2002). 

Swirl allows an increase in nominal burner load without jeopardising ignition.  In a study done by El-

Mahallaway and Habik (2002) on different fuels, all the fuels indicated that when the flow and velocity 

of fuel increase, the chance of blow-off increases. However, when swirl is applied, the chance for blow 

off decreases.  With weak swirl the volatility of the fuel had a large effect on flame stability. With high 

swirl, the recirculation has a greater effect on the flame stability compared to the volatility. 

Different types of flames influenced by swirl  

Heap et al. (1976) explain that different flames form with different amounts of swirl. As mentioned before, 

swirlers and bluff bodies increase mixing at the boundaries of the recirculation zone and near the burner.  

As a result, the flame length is reduced and the flame intensity (in terms of flame volume) is increased.  

The types of flames can be defined in terms of flame intensity: 
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1) Low-intensity jet flames 

These are flames with no or too low swirl to form a recirculation zone.  Stabilisation devices of these 

flames are pilot flames or bluff bodies.  These flames are long and have a slow increase in axial 

temperature, as illustrated in Figure 2.6: 

 

FIGURE 2.6:  REPRESENTATION OF A LOW INTENSITY FLAME (MODIFIED AFTER HEAP ET 

AL., 1976) 

2) High intensity type 1 flames 

When increasing the swirl intensity beyond a critical amount of swirl, an internal recirculation zone forms.  

If the fuel’s momentum is large enough, the fuel will penetrate the recirculation zone and two internal 

recirculation zones will form.  This flame will then have two sections: a short bulbous zone close to the 

burner mouth, and a long tail section.  The two sections may merge or split, as can be seen in Figure 

2.7:  

 

FIGURE 2.7:  REPRESENTATION OF A HIGH-INTENSITY TYPE 1 FLAME (MODIFIED AFTER 

HEAP ET AL., 1976) 
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3) High-intensity type 2 flames 

As shown in Figure 2.8, these flames have an internal recirculation zone on the flame axis, which can 

be created by the following fuel injection methods: 

 Wide-angle divergent fuel injection at zero or low swirl. For no swirl, the recirculation is caused 

by the blockage of the fuel injector; 

 Divergent, annular or low-momentum axial fuel injection at medium swirl; 

 High-momentum axial fuel injection at high swirl angles. 

These flames are of higher intensity than the type 1 flames.  These flames’ fuel momentum is not high 

enough to penetrate the recirculation zone. 

 

FIGURE 2.8:  REPRESENTATION OF A HIGH-INTENSITY TYPE 2 FLAME (MODIFIED AFTER 

HEAP ET AL., 1976) 

4) High-intensity type 3 flames 

These types of flames are a combination of high intensity flame types 1 and 2.  The flame has a bulbous 

base, but the tail is reduced.  This type of flame is characterised by low annular air velocities and with 

fuel injection from an axial direction.  When the air velocity increases, there is an immediate change 

from a high-intensity type 1 flame to a high-intensity type 3 flame.  The fuel only partially penetrates the 

recirculation zone and stagnates.  This is illustrated in Figure 2.9: 

 

FIGURE 2.9:  REPRESENTATION OF A HIGH-INTENSITY TYPE 3 FLAME (MODIFIED AFTER 

HEAP ET AL., 1976) 
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5) Lifted flames 

As illustrated in Figure 2.10, these flames find stability at some distance downstream of the fuel injector.  

The flame can be stabilised by enhancing the swirl or increasing the environmental temperature. 

 

FIGURE 2.10:  REPRESENTATION OF A LIFTED FLAME (MODIFIED AFTER WU ET AL., 2009) 

2.2.3 OTHER AERODYNAMIC FACTORS INFLUENCING COMBUSTION 

Certain factors exist that can affect combustion by altering the aerodynamics other than swirl and bluff 

bodies. These factors will now be explained: 

Time, temperature and turbulence 

According to El-Mahallaway and Habik (2002), to obtain good combustion, the three T’s of time, 

turbulence and temperature are important.   High temperature increases the number of chain carriers 

for sustained continuous combustion, the time a fuel particle spends in a flame allows for better burnout 

and the turbulence increases the mixing rate of fuel and oxidiser. The three T’s make it possible to 

achieve shorter flames and higher temperatures, to reduce furnace volumes and lengths and in turn to 

make the application smaller. Turbulence plays a role in the two zones, namely the zone where fuel and 

air are mixed and the one where combustion takes place.   

Jets 

Cushman-Roisin (2015) suggests that a jet is formed when a fluid exits a nozzle and interacts with its 

surroundings.  Downstream near the nozzle, a region called the potential core exists where the velocity 

and concentration of the fluid is unchanged, as it was inside the nozzle.  Outside the potential core a 

free boundary layer develops where mass and momentum are transferred perpendicular to the flow.  

After the potential core comes the transition region, followed by the fully developed region.  El-

Mahallaway and Habik (2002) also state that the potential core and transition region has a length of 

about 4-5 and 8-10 diameters of the nozzle respectively.  The fully developed regions of turbulent jets 

are similar regarding velocity and concentration distributions. This is illustrated in Figure 2.11: 

Burner 

Flame 
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FIGURE 2.11:  ILLUSTRATION OF A JET THAT IS FORMED BY A FLUID (MODIFIED FROM EL-

MAHALLAWAY & HABIK, 2002) 

Entrainment 

According to El-Mahallaway and Habik (2002), since there is a momentum exchange between the jet 

and the surroundings, fluid is entrained from the surroundings across the boundaries of the jet.  The 

amount of fluid a turbulent jet can entrain is equal to the amount of mass flow rate inside the nozzle, 

every three nozzle diameters downstream on the jet centreline. If fluids exit from two concentric tubes, 

the fluid with the largest momentum will entrain the other fluid. This is shown in Figure 2.12: 

 

FIGURE 2.12:  ENTRAINMENT EFFECT OF A JET (MODIFIED AFTER COLLINS, 2016) 

Quarl 

A quarl is a diverging exit of a tube. When confining a swirling flow to a quarl, it greatly affects the 

recirculating zone.  Experiments were carried out by El-Mahallaway and Habik (2002) on short diverging, 

long diverging and converging diverging nozzles for swirling flow.  It was concluded that when the swirl 

is increased, the spread angle of the jet increases, and correspondingly, the maximum values of axial, 

tangential and radial components of velocity decay more quickly along the length of the jet. 

2.3 COMBUSTION AND BURNER PRINCIPLES OF COAL 

Since there are a many different coal types, there are no exact models when dealing with coal 

combustion. According to Wróblewska et al. (1977), it has been found that a unique aerodynamic flow 
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field exists for each type of coal for optimum combustion. Therefore, coal combustion principles need to 

be investigated.  

2.3.1 FUNDAMENTALS OF PULVERISED COAL COMBUSTION IN A BURNER 

Coal combustion by means of a burner, requires the coal to be pulverised in order to be transported 

through the burner.  The combustibility of pulverised coal (PC) has been a topic of research for many 

years. The major areas of interest include heat release, burning velocity and flammability limits for 

different types of coal (Slezak et al., 1985).   

For PC to combust, an exothermic chemical reaction of the combustible elements of PC must take place 

in order to release heat. High combustion efficiency requires that most of the combustible matter be 

oxidised, thus releasing the highest amount of available energy in the coal (Kitto & Stultz, 2005). 

According to Kitto and Stultz, (2005), during the combustion process of coal, heterogeneous and 

homogeneous combustion processes take place. A homogeneous combustion process is a chemical 

reaction of only gas elements that release heat and form flue gas. Yang, (1993) defines a heterogeneous 

combustion process as a reaction between different phases such as solid and gas to release heat and 

form products. PC undergoes heterogeneous and homogeneous combustion processes. 

When a PC particle enters the combustion zone, the particle is heated by means of radiation and 

convection, and the particle is dried of any moisture in about 5 milliseconds (Cloke et al.,1997). When 

the particle reaches a temperature of more or less 400oC, devolitilisation takes place. This is where the 

coal bond structure breaks up to yield carbon monoxide (CO), H2 and hydrocarbons. The volatiles that 

are released and formed burn in a gas phase. The devolitilisation process takes approximately 100 

milliseconds for the spectrum of the very fine PC particles utilised.  The rate of burning depends on two 

factors: the rate at which the volatiles are mixed with air after being emitted from the coal particles, and 

the rate of the chemical reaction.  Thereafter, the residual char or fixed C (which remains after complete 

devolatilisation) is combusted, leaving only ash. Char burning takes up approximately 70 to 80% of the 

total burning time, which is approximately 2 seconds (Kim et al., 2014).   

According to Kitto and Stultz, (2005), a specific coal ignites at a specific temperature. Factors such as 

pressure, velocity, ignition source, and air-fuel mixture distribution greatly influence the ignition 

temperature. For instance, high pressure will lower the ignition temperature, whereas moisture will 

increase it. It is approximated that coal has the same ignition temperature as that of the fixed C content 

(400oC), and the volatile content released does not ignite before this temperature is reached. 
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Figure 2.13 illustrates the combustion process of a coal particle. 
 

 
FIGURE 2.13:  COMBUSTION PROCESS OF A COAL PARTICLE (MODIFIED AFTER PRADEEP, 

2013) 

According to Kitto and Stultz (2005), stoichiometric air is the theoretical amount of air required for 

complete combustion for a certain type of fuel. This means that theoretically, all the O2 contained in the 

air will be used to form products and nothing will be left in excess. When coal is burned the major 

products formed are carbon dioxide (CO2), water (H2O) and sulphur dioxide (SO2), whereas the other 

products are minute.  

The main chemical reactions of combustible elements that take place during coal combustion are as 

follows: 

2C + O2 = 2CO (1) 

C + O2 = CO2 (2) 

2CO + O2 = 2CO2 (3) 

2H2 + O2 = 2H2O (4) 

S + O2 = SO2 (5) 

These chemical reactions are also used to calculate the stoichiometric amount of combustion air for 

coal.   

Sub-stoichiometric air is an insufficient amount of air provided for combustion. Although this method is 

used in certain applications, it is not desired for coal combustion since it leads to low combustion 

efficiency as well as the occurrence of flame-outs (Kitto & Stultz, 2005). 



CHAPTER 2 – LITERATURE REVIEW AND EXISTING TECHNOLOGY 

 
 MECHANICAL ENGINEERING  18 

 

Hyper-stoichiometric air is an excess amount of air provided for combustion. This method is most often 

used in industry to guarantee high combustion efficiency, since air and PC are mixed better. The amount 

of excess air should not be disproportionate, since a stage can be reached where too much excess air 

will start to cool down the flame. The optimum amount of excess air varies for different applications of 

coal combustion, but a general guideline for PC is 10 – 20% excess air, which will result in an O2 content 

in flue gas of 2 – 3.5%. 

2.3.2 FACTORS AFFECTING COMBUSTION OF PULVERISED COAL 

The most important factors influencing PC will now be discussed: 

PC fineness 

The fineness of the PC is very important for complete combustion as well as the rate of combustion. 

The finer the PC, the greater the surface area per mass available for heat transfer (Xiumin et al., 2001). 

According to Storm (1998), the PC fineness can be analysed by using a plotted Rosin-Rammler graph. 

The PC is sampled iso-kinetically, from a burner pipe exiting a mill. After being dried in an oven the PC 

is placed into a specified shaker with different size sieves that range from 75 - 300 μm. Thereafter, the 

mass percentages of PC on each sieve is plotted on the graph, as seen in Figure 2.14. As required for 

adequate combustion, this graph is primarily utilised to evaluate mill performance. The generally 

accepted criterion is that at least 70% of the sample must pass through the 75 μm sieve into the pan 

and not more than 1% must remain on the 300 μm sieve, with a reasonably linear connection passing 

through the sieve sizes in between. 

 

FIGURE 2.14:  STANDARD TEMPLATE OF A ROSIN–RAMMLER PLOT FOR PF FINENESS 

CRITERIA (STORM, 1998) 
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Combustion rate 

According to Makino and Law (2009), because of the fineness of PC, complete combustion of a 150 μm 

particle occurs at about 2 seconds. However, burnout time also depends on the coal’s VM content. An 

increase in VM decreases the burnout time. Howard and Essenhigh (1966) state that VM also plays an 

important role in flame stability and ignition. Low-volatility coal can produce longer flames. To 

compensate for this, higher furnace temperatures, longer furnaces to increase residence time and 

recirculation of hot flue gas can be considered (Kitto & Stultz, 2005). 

Moisture 

According to Kitto and Stultz (2005), moisture is a serious problem for coal combustion, since it absorbs 

heat in order to vaporise. This in turn reduces the absorption of heat of coal particles to initiate 

combustion. Although drying of particles is applied before these enter the flame, the moisture is carried 

along to the furnace. 

Ash 

PC contains a certain amount of minerals, which are substances that do not participate in the exothermic 

chemical reactions of combustion to produce heat. These minerals, however do absorb some of the 

heat during the combustion process in order to oxidise and form ash constituents afterwards. This also 

extracts heat from the flame. Some of the minerals contain crystalline water, which also contributes to 

the cooling of the flame. At high enough temperatures, the ash will melt and thereafter solidify on the 

heat transfer areas, which can be problematic for the furnace. 

Aerodynamics of coal combustion 

The most important factor that affects the aerodynamic flow field of a coal burner is swirl.  By using swirl, 

the following parameters are affected: 

 The mixing of PC and air, flame length and location the flame (Khanafer & Aithal, 2011); 

 Flame temperature (Xue et al., 2009); 

 Flame stability, flame speed as well as residence time (Nettleton, 2004); 

 Size and intensity of the recirculation zone (Gu et al., 2005); 

 Burnout time of PC and combustion efficiency (Rajoo, 2010). 

Generally speaking, an increase in swirl will: 

 Increase the mixing of PC and air;  

 Increase flame temperature; 

 Increase flame stability; 

 Increase flame propagation velocity; 

 Increase residence time of a coal particle; 

 Increase the recirculation zone size and intensity; 

 Increase combustion efficiency; 

 Decrease burnout time; 

 Decrease flame length. 

However, an excessive amount of swirl can: 

 Divert PC particles away from the recirculation zone due to overwhelming centrifugal force; 

 Decrease flame stability; 

 Cause excessive diverging flow that can dilute the concentration of air and fuel. 
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2.3.3 PULVERISED COAL BURNER CHARACTERISTICS 

Burner design plays a significant role in PC combustion according to Basu et al. (2000). It influences the 

aerodynamics, flame and ignition conditions. Kitto and Stultz (2005) state that a PC burner usually 

consists of an igniter to light natural gas, primary air (PA) and secondary air (SA) concentric tubes. The 

PA is used to convey the PC to the burner mouth pneumatically and is usually preheated to 66oC to 

evaporate the surface moisture on the coal particles. The PA quantity is low enough to prevent 

combustion and this is therefore a safe mixture of fuel and air.  The velocity of PA is very important in 

order to prevent PC settling inside the PA tube. The minimum velocity inside the PA tube needs to be 

20 m/s. A severe case of PC settling is shown in Figure 2.15.  After the PA and PC mixture exits the 

burner, it is mixed with the SA. The SA is used to provide the PC with a sufficient amount of air for 

complete combustion purposes. The SA is heated to 316oC and is introduced to the burner by a force 

draft fan into an air box that encloses the SA tube. When the combustion temperature is too high, the 

flame can produce NOx which is a non-combustible and hazardous gas. To reduce NOx, the SA can be 

divided into two groups namely SA and tertiary air (TA). When staging the combustion air, the flame is 

stretched out and is cooler owing to delayed combustion. However, low NOx burners tend to produce 

lower combustion efficiency. 

 

FIGURE 2.15:  PRESENTATION OF SEVERE PC SETTLING INSIDE A PA TUBE (MODIFIED 

AFTER VAN DER MERWE, 2014) 

Basu et al. (2012) suggest that there are mainly two types of PC burners: swirl type and parallel/direct 

type burners.  A swirl PC burner uses guide vanes to initialise a swirling motion in the fluid and creates 

a recirculation zone downstream.  In direct burners the fuel and combustion air flows are parallel to each 

other and do not create a recirculation zone.  Mostly, direct burners are used in tangential or corner-

fired boilers. These burners operate in collaboration with other burners to create a swirling motion in the 

furnace and are difficult to operate on their own. The swirl burner is mostly used in front or opposite wall 

furnaces and has been designed to achieve a certain flame shape and aerodynamics; it can operate on 

its own.   

The basic requirements for a burner are the following: 

 Proper aerodynamics at the outlet to ensure good ignition and a stable flame; 

 Proper load control; 

 Safety. 

An axial swirler is designed to allow air to flow parallel to the concentric burner tubes into a set of axial 

fixed vanes which is situated in the burner tube. The axial vanes are set at a specific angle and when 

the air exits the swirler, it has a tangential velocity component, as well as an axial component depending 

on the swirl angle. These tangential and axial components create the swirling effect. Axial swirlers are 

shown in Figure 2.16: 
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.  

FIGURE 2.16:  EXAMPLE OF AXIAL SWIRLERS (MODIFIED AFTER HALL AND POVEY, 2015) 

A conical axial vane swirler can be used to create variable swirl. Unlike the normal axial vane swirler, 

which is situated inside a constant diameter concentric tube, the conical axial vane swirler is situated 

inside a conical tube. When the conical swirler is positioned against the conical tube, maximal swirl can 

be achieved, which is dictated by the fixed vanes’ angle, since the total flow has to move through the 

vanes. By moving the conical swirler away from the maximum position, an annular passage is formed 

between the conical swirler and the conical tube. This allows some of the air to move over the conical 

swirler and some air to move through the conical swirler. At the exit of the swirler, the two streams mix 

and the resultant swirl is less. This is illustrated in Figure 2.17: 

 

FIGURE 2.17:  ILLUSTRATION OF FLOW BYPASSING A CONICAL SWIRL TO CREATE LESS 

SWIRL (MODIFIED AFTER BASU ET. AL, 2012) 

A combustion efficiency of 97% and greater for an actual coal burner is generally considered good 

burner performance (Sharifi & Scaroni, 1996). Combustion efficiency is defined as the ratio of heat 

released by fuel to the actual heat potential of the fuel (Miller, 2017). The measurable indicator for 

combustion efficiency is the amount of unburned carbon (UBC) remaining in ash. A typically acceptable 

amount of UBC in ash is approximately 2 - 3% (Wang et al., 2017). 

  

Air bypassing conical 

axial swirler 

Air entering conical 

axial swirler 

Conical axial swirler 
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2.4 METHODS FOR DETERMINING THE CALORIFIC VALUE OF COAL 

It is of great importance to be able to calculate the CV of coal accurately according to the process of 

combustion. According to Storm (1998), the CV of coal has a significant effect on the calculation of 

overall efficiency for power stations. This can be explained more clearly when considering the following 

formula used by Storm (1998):  

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 
𝑈𝑆𝑂

𝑚̇𝑐𝑜𝑎𝑙 ∗  𝐶𝑉
 

(6) 

where: 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙  - Overall plant efficiency [-] 

𝑚̇𝑐𝑜𝑎𝑙 - Mass flow of coal used for combustion [kg/s] 

USO - Electric units sent out [MW]. 

The instrumentation used to measure the USO and 𝑚̇𝑐𝑜𝑎𝑙 is adequately accurate; however, the greatest 

contributor to error concerning equation (6) is the CV. It is therefore very important to have the correct 

CV to calculate a power station’s efficiency. 

2.4.1 METHODS TO DETERMINE THE GCVV AND NCVP OF COAL 

As mentioned in Section 2.1, two forms of CV exist, GCVv and NCVp. The methods used to determine 

these values for coal will now be explained: 

The manner of calculating the GCV of coal has always been a topic of disagreement and there are two 

methods of doing so. The first method is empirically calculated. As stated by Lowry (1945), the original 

and most commonly used formula for calculating GCVv is the so called Dulong (1820) equation, which 

uses a weighted average of predetermined CVs of the combustible elements contained in the coal: 

𝐺𝐶𝑉𝑣 =  (34.7 𝑥 𝐶)  + (148.2 𝑥 𝐻) – (18.5 𝑥 𝑂)  + (10.7 𝑥 𝑆) (7) 

where C, H, O and S are the weighted percentage amounts of C, H2, O2 and S respectively for the coal 

sample. The GCVv is measured in MJ/kg. 

The second method to determine GCVv, is using a Bomb calorimeter. This method is a direct or 

experimental technique used mostly for liquid and solid fuels (Kitto & Stultz, 2005).  According to Basu 

(2013), the procedure is to insert a specific amount of fuel into the Bomb (which has a constant volume) 

and to pressurise the Bomb with 3-5 MPa of sufficient O2 to ensure complete combustion. The Bomb is 

then placed inside a water container. The water’s temperature is constantly monitored and it is 

continuously stirred. The fuel is then ignited by an electrical wire and combustion of the fuel starts.  A 

sharp increase in water temperature occurs since it absorbs the heat released by the fuel. The water 

temperature continues to rise until stability is reached. By knowing the heat capacities of the Bomb 

material and water, the amount of heat released by combustion of the fuel can be calculated by a mass-

energy balance. 
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According to Kitto and Stultz (2005), the only way of determining the NCVp is empirical calculation since, 

direct determination is extremely difficult. This method uses either the calculated GCVv or directly 

determined GCVv and subtracts the latent heat of the moisture at constant pressure. As stated by the 

British Standards Institution (2009), the equation is as follows: 

𝑁𝐶𝑉𝑝 = [𝐺𝐶𝑉𝑣 − (0.212𝑥 𝐻) − 0.8(𝑂 +𝑁)] 𝑥 (1 − 0.01𝑀) − 24.43𝑀 (8) 

where H, O, N and M are the weighted percentage amounts of hydrogen, oxygen, nitrogen and moisture 

respectively for the coal sample. The NCVp is measured in J/kg. 

2.4.2 PROBLEMS OF CURRENT METHODS TO DETERMINE CV ON POWER STATIONS 

The problem of using current methods for determining the CV of coal on power stations is mostly that 

they do not represent the correct process of measurement.  

According to Storm (1998), on a power station combustion of coal occurs by means of a burner. In a 

burner, ignition and combustion take place by continuous exothermic heat transfer. Some of the heat 

produced is absorbed by the boiler to create steam. However, the remaining heat, in the form of flue 

gas, is released into the atmosphere at a temperature that is higher than that required for condensation 

purposes of moisture. Therefore, the moisture in the flue gas condensates and releases latent heat into 

the atmosphere and not into the boiler. As stated in Section 2.1, this is a constant pressure process and 

requires the NCVp to be measured. 

The Bomb calorimeter method poses some problems for determining an accurate CV of coal that 

represents an actual combustion process on a power station. In a Bomb calorimeter, the fuel is ignited 

by an induced electric spark from a fuse wire.  Conditions during combustion in the Bomb are different 

from those in a burner. The Bomb has a high pressure environment of O2 at a pressure of 3-5 MPa 

whereas a burner has air supply and atmospheric pressure. Calibration of the Bomb is also problematic, 

since it is calibrated by a benzoic tablet that has a CV double that of most coal in South Africa. Most 

importantly, the Bomb calorimeter is a constant volume process that includes latent heat of moisture 

and not a constant pressure process that excludes latent heat of moisture which represents a burner 

more accurately. Occasionally, three different value of the same sample are obtained from three different 

Bomb calorimeters. 

Although, according to Kitto and Stultz (2005), the NCVp can be calculated from the GCVv by 

subtracting the latent heat of moisture, there is no exact standard available to determine the NCVp from 

GCVv since the references of constants used for heats of combustion and the temperature at which the 

latent heat of moisture is calculated differ. It is also important to note that, determining the CV by using 

a direct method is more accurate than when using a calculated method since the calculated method 

does not take into account losses and can be taken as a theoretical guideline. 

Even though the difference between GCVv and NCVp may be small (about 5%), when one considers 

the fact that 3024 t/day coal can be combusted, the difference becomes very significant in terms of the 

calculation of 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 . 

In conclusion, the most accurate manner to determine the NCVp for coal directly is using a process that 

represents the combustion process of a burner, but does not include the latent heat from moisture since 

it is a constant pressure process.  
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2.4.3 DIRECT METHODS TO DETERMINE NCVP FOR GASEOUS FUELS 

The direct method to determine the NCVp is using a flow calorimeter, as stated by Obert (1973). This 

method is mostly used for gaseous fuels. A flow calorimeter basically consists of a water-cooled 

combustion chamber, a burner and measuring apparatuses. Sustainable combustion is initiated by 

inserting a measured amount of air and fuel through the burner and igniting it with a spark. The furnace 

is cooled by means of a mass measured amount of water flowing on the outside of the furnace, of which 

the temperature is measured constantly. As combustion occurs inside the furnace, the water starts to 

absorb some of the heat through the furnace walls. After the water temperature has been stabilised and 

steady state conditions have been reached, the heat absorbed by the water is calculated. The heat is 

calculated by the measurement of water temperature at the inlet and outlet as well as the mass flow of 

water. These measurements are used in a mass-energy balance. However, not all of the heat is 

absorbed by the water through the furnace walls; instead the remaining heat exits the furnace to the 

atmosphere. This remaining heat is then also calculated by measuring the mass and temperature of the 

fuel and air entering the furnace, as well as the temperature of the flue gas exiting the furnace. The 

mass of the flue gas is equal to the sum of air and fuel. These measurements are once again used in 

the mass-energy balance. 

If the combustion gases are allowed to exit the furnace at a sufficient higher temperature than the 

condensation temperature of water, then vapour cannot condensate to release latent heat. 

According to Dryjanska et al. (2006), the most frequently used flow calorimeter is the Junkers 

calorimeter. This method is based on the measurement of water temperature increase of a certain mass 

flow, which flows around the calorimeter. The combustion of gas inside the calorimeter heats the water 

in a sustained manner. 

The Junkers calorimeter consists of a burner, combustion chamber with a double walled water jacket, 

an exhaust system and a housing to reduce radiation heat transfer to the surroundings.  The process 

will subsequently be explained: 

 An overflow vessel is used to supply constant pressure, and therefore a constant mass flow of 

water to the water jacket. This water enters the water jacket at the inlet and its temperature is 

measured. When the water exits the water jacket, it enters a second over flow vessel. The 

temperature is measured again at the outlet, since it absorbed the heat released by a certain 

amount of fuel burned inside the calorimeter. The amount of water is also measured in the 

process. 

 A water temperature difference of 6 – 12oC is desirable.  The burner’ outlet is situated inside the 

combustion chamber. The combustion air and gas are also delivered at a constant rate; 

quantities are determined by an air-to-fuel ratio (A: F) to enable complete combustion. The flue 

gas will then exit the chamber at atmospheric conditions. 
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FIGURE 2.18:  ILLUSTRATION OF A TYPICAL JUNKERS FLOW CALORIMETER (MODIFIED 

ACCORDING TO BUDAPEST UNIVERSITY OF TECHNOLOGY AND ECONOMICS, S.A.) 

Based on the points mentioned, to determine the NCVp of a fuel via a flow calorimeter, it is very 

important that the burner achieves combustion efficiency that is as high as possible.  

2.5 COMPUTATIONAL COMBUSTION MODELLING 

Computer technology has evolved in such a way that it makes numerical modelling much more feasible 

to perform on large and complicated problems. A numerical method is defined as solving a mathematical 

depiction of a physical procedure by using a numerical approach. A numerical approach is usually more 

applicable if an analytical approach is not available. Computers are mostly used in numerical modelling, 

since high computing power is needed for complex systems (Kitto & Stultz: 2005).  

As Versteeg and Malalasekera (2007) state, a very common numerical method used on computers is 

CFD. CFD is the analysis of systems concerning fluid flow, heat transfer and other phenomena by 

making use of data tables and numerical techniques. 

According to Ranade and Gupta (2015), because of the development of advanced fluid physics and 

numerical techniques, CFD is a very important tool to be used in the optimisation of boiler performance 

on parameters such as reduced emissions and boiler and plant efficiency. 

Using CFD has many benefits, such as: 

 Reduced cost and time in the design phase; 

 Increased understanding of a physical process; 

 Exploration of unfamiliar conditions; 

 Troubleshooting problems on existing systems; 

 Design validation or examination of different components’ interactions. 

Although the field and understanding of CFD on coal combustion is increasingly being developed, it is 

computationally very expensive and time-consuming owing to the complexity of the problem. It is 

therefore necessary to adapt and simplify CFD techniques by applying certain fundamentals when 

modelling combustion numerically. 

One of the techniques used to reduce computation time and to predict combustion is the simulation of 

the flow field in cold flow conditions. According to El-Mahallaway and Habik (2002), a diffusion flame 

process depends only on the mixing rates, since the chemical process is very rapid.  The rate of mixing 

is determined by the aerodynamic flow field and turbulent transport process of mass, momentum and 

heat.  Because of the complexity of measurements in flames, a lot of valuable data on mixing and basic 
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flow can be acquired with cold flow tests without chemical reactions.  Cold flow experiments compared 

to actual combustion experiments show that the cold flow tests have similar general shapes of the radial 

distribution of axial and tangential velocities to those of combustion tests. However, cold flow tests are 

only an approximation of the flow and mixing. 

According to Versteeg and Malalasekera (2007), CFD is primarily focused on the conservation laws of 

mass, momentum and energy. However, to use these conservation laws in flow dynamics, the Navier-

Stokes differential equations are needed. The Navier-Stokes equations describe the flow of fluids. When 

linking the Navier-Stokes and conservation laws, a mathematical model can be established to form 

governing equations in order to solve fluid flow problems.  When CFD solves a fluid flow problem, the 

flow domain is discretised by substituting the differential equations and solving these numerically by 

algebraic equations. The most commonly used discretised method is the finite volume method.  

According to Ranade and Gupta (2015), to use the finite volume method, the flow domain needs to be 

divided into a grid or mesh of nodes. The volume that surrounds the nodes is called a cell and is of finite 

volume. The solution involves solving a cell numerically by using the algebraic equations and then 

carrying over the result to the next cell. The next cell is then solved by using the results of the previous 

cell as inputs. This process continues until the fluid domain is solved to an acceptable error. Versteeg 

and Malalasekera (2007) report that there are commercial packages available that use the finite volume 

discretisation method. The most common codes available are FLUENT, STAR CD and PHOENICS. 

Since turbulence is prominent on burners, it is necessary to include its effects in CFD modelling.  The 

biggest problem when dealing with turbulence is the fluctuations of velocity in turbulent flow. The most 

common method to approach turbulence modelling is eliminating the fluctuations in turbulent flow, and 

replacing these with a time averaging model called the Reynolds averaged Navier-Stokes (RANS) 

model. RANS is based on the Reynolds decomposition of average and fluctuating flows. This turbulence 

model is the least computational and time-consuming. The governing equations are solved by focusing 

on the mean effects of flow and mean properties. Another method used to model turbulence is the large 

Eddy simulation (LES). This method solves only the large fluctuations or large eddies of turbulence 

directly, but ignores the smaller eddies. The resolved flow involves mean flow as well as large eddies. 

The LES turbulence is much more time-consuming than the RANS model. The direct numerical 

simulation model solves all the velocity fluctuations, as well as the average flow. To solve the equations 

related to all the velocity fluctuations, this model utilises a spatial grid that is fine enough and has enough 

time steps. This method is, however, very time-expensive and is rarely used (Versteeg & Malalasekera: 

2007). 

Because of the relatively inexpensive computation time of RANS based turbulent models, these models 

are mostly used for turbulent and combustion modelling (Ranade & Gupta: 2015). According to Versteeg 

and Malalasekera (2007), when Reynolds decomposition is applied to the Navier-Stokes equations, an 

additional term known as the Reynolds stress term is added. The method to solve the Reynolds stress 

term can be divided into two methods, namely: the k-ε model and the Reynolds stress model (RSM). 

The k-ε model is based on solving two variables: k (turbulent kinetic energy) and ε (rate of dissipation 

of kinetic energy). The RSM model is based on solving six representative turbulent stresses. 

As stated by Ranade and Gupta (2015), for turbulent modelling, the mesh type and cell type also play a 

role. There are two types of meshes, namely a structured and an unstructured mesh. A structured mesh 

is a consistent arrangement of cells that enables gridlines of a cell to cross neighbouring cells’ gridlines 

only once. This allows for passing information from one cell to another more easily. The main 

disadvantage of the structured mesh is that it does not fit well for very complex geometries. An 

unstructured mesh is very useful when dealing with complex geometries and can be used for almost 

any geometry owing to its flexibility.  The disadvantage of this mesh is that the retrieval of information is 

more difficult than with a structured mesh.  Although different types of cells exist, the most commonly 

used types of cells for turbulent modelling are the hexahedral and polyhedral cells. 
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2.6 CONCLUSIONS AND DESIGN CONSIDERATIONS RESULTING FROM 
LITERATURE REVIEW 

In order to develop an NCVp analyser for coal, the following conclusions and considerations are 

relevant: 

2.6.1 MEASUREMENT OF CV FOR COAL 

 NCVp is the representative method to determine the CV of coal on a power station. 

 NCVp is obtained if moisture cannot condensate inside the measuring apparatus. 

 NCVp must be determined directly. 

 Small scale testing is necessary for low costs. 

 The flow calorimeter is the direct method used to determine the NCVp of gaseous fuels. 

 No flow calorimeters for coal are available on the market. 

 A flow calorimeter consists mainly of a combustion chamber, burner, water jacket and 

measuring apparatus. 

 The Junkers flow calorimeter is the most popular flow calorimeter. 

 The procedure of using a flow calorimeter is basically the following: 

o The burner is used to combust fuel inside the water-cooled furnace. 

o The fuel gives off heat; some of this heat is absorbed by the water-cooled furnace walls 

and some of the heat exits the furnace to the atmosphere. 

o The NCVp is determined from a mass-energy balance, which depends on the 

measurements of: 

 inlet and outlet water temperature;  

 mass flow of water;  

 inlet temperature of fuel;  

 mass flow of fuel;  

 inlet temperature of combustion air; 

 mass flow of combustion air; 

 outlet temperature of flue gas. 

 Mass flow of flue gas is calculated by using the conservation law of mass for combustion air 

and fuel. 

 It is important that the fuel is completely combusted. 

 The test duration must be sufficient to allow a stable water temperature to be reached. 

 The flue gas must be at a sufficient temperature to prevent condensation inside the furnace. 

 The burner is a critical part of a flow calorimeter. 

 No coal burners are available to buy on small scale. 

2.6.2 FUNDAMENTAL COMBUSTION AND BURNER PRINCIPLES 

 Combustion is an exothermic chemical reaction between a fuel and oxidiser, which releases 

heat and light. The light released can be of a certain colour that is also known as a flame. The 

flame is the hottest part of the heat released.  

 A manner of controlling combustion is using a burner. 

 Chain carriers in the form of free radicals create chain reactions that sustain continuous 

combustion in a burner. Chain carriers are created by increasing temperature. 

 Diffusion flames are a safer method of combustion, since they prevent combustion inside the 

fuel tube. A diffusion flame is established when the mixing of oxidant and fuel takes place after 

the two streams exit the burner tubes.  

 Turbulent and laminar flames depend on the velocity at which the fuel and oxidiser exit the 

burner tubes. 

 Turbulent flames combust faster and reduce the size of the burner. 

 Turbulent flames mix by coarse mixture of large-scale transport process rate. 

 An increase in turbulence increases the mixing of fuel and air. 
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 Too much turbulence can cause flame outs when the chemical reaction rate is slower than the 

mixing rate. 

 For a continuous flame, the flame propagation velocity and flow velocity must be in equilibrium.  

 Since high velocity streams (of fuel and air) are necessary to create high turbulence, a flame 

stabiliser is necessary to create an equilibrium point to prevent flame-outs in high-velocity 

streams.  

 A recirculation zone is one flame stabiliser technique. The recirculation zone creates stagnation 

points, which allows the flow velocity to be slower than the flame propagation velocity. 

 Bluff bodies are used to create a recirculation zone by creating a wake or low pressure-zone 

behind the bluff body. Flow moves from high pressure to a low pressure and recirculates. 

 A recirculation zone can be penetrated by a fluid to form a neck-like flow shape. 

 Swirlers can also be used to create a recirculation zone. 

 Two types of recirculation zones exist: internal and external. 

 Swirl can be created by using a tangential fluid entry or by using a conical axial swirler. The 

conical axial swirler is the most commonly used. 

 Different intensity types of flames are created, depending on the amount of swirl. 

 An internal recirculation zone is critical for flame stability. It creates a constant ignition zone 

close to the burner mouth. 

 Using time, temperature and turbulence makes it possible to have shorter flames, higher 

temperatures and shorter furnaces. 

 Entrainment affects fluid flow and aerodynamics. A jet of fluid can entrain surrounding fluid to 

create an external recirculation zone. If fluids exit from two concentric tubes, the fluid with the 

largest momentum will entrain the other fluid. 

 A quarl is used to enlarge the internal recirculation zone. 

2.6.3 COMBUSTION AND BURNER PRINCIPLES OF COAL 

 No exact models are available to predict coal combustion. 

 Each type of coal has a specific aerodynamic flow field for optimum combustion.  Therefore, a 

burner needs to be adaptable in order to create different aerodynamic flow fields that are 

applicable to a certain type of coal. 

 Coal needs to be pulverised in order to be conveyed and to enhance the combustion rate. 

 The particle sizes of coal allow 70% to pass through a 75 μm sieve; 1% is larger than a 300μm 

sieve. 

 Good burner performance for coal burners is estimated at 97% combustion efficiency.  

 The coarsest coal particle takes about 5 seconds to combust completely. 

 Unburned C and CO indicate incomplete combustion. 

 Chemical equations are used to determine the A: F. 

 A hyper-stoichiometric A: F is used to burn coal. 

 13-20% excess air is used for coal combustion. 

 An increase in VM increases the combustion rate.  Low volatility coal requires longer and hotter 

furnaces.  

 Moisture influences combustion negatively. Therefore, PC needs to be dried before entering the 

flame. 

 Mineral deposits in coal form ash during combustion. 

 Direct and swirl burners are used for pulverised coal combustion. 

o Swirl burners can operate on their own much more easily compared to direct burners, 

 Swirl is used to create recirculation zones for coal burners. 

 Swirl has the following effects on coal combustion: 

o Increases the mixing of PC and air;  

o Increases flame temperature; 

o Increases flame stability; 

o Increases flame propagation velocity; 

o Increases residence time of a coal particle; 
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o Increases recirculation zone size and intensity; 

o Increases combustion efficiency; 

o Decreases burnout time; 

o Decreases flame length; 

 However, an excess amount of swirl can: 

o Divert PC particles away from the recirculation zone due to an overwhelming centrifugal 

force; 

o Decrease flame stability; 

o Have excessive diverging flow that can dilute the concentration of air and fuel. 

 A pulverised coal burner consists of a PA and a SA tube, as well as a gas igniter. 

 The PA is used to convey PC to the burner mouth.  The velocity of the PA needs to be high 

enough to prevent PC settling and it is pre-heated to dry PC. 

 SA is the amount left to enable complete combustion by using the calculated A: F and is pre- 

heated to about 316oC for enhanced combustion. 

 Low NOx PC burners often yield lower combustion efficiencies. 

2.6.4 COAL COMBUSTION MODELLING 

 CFD is the most frequently used combustion modelling tool. 

 CFD uses the finite volume method and is used by commercial codes such as FLUENT. 

 Computation time can be reduced by using cold flow models to model the aerodynamic flow 

field and coupling it with burner fundamentals. 

 The RANS turbulence model is computationally the least expensive and is mostly used in 

combustion modelling. 

 Under the RANS turbulence model, the k-epsilon and RSM methods are most common. 

 Mesh-dependent studies are done to see if a mesh is fine enough. 

 An unstructured mesh is used for complex geometries. 

 Hexahedral and polyhedral cells are appropriate to use when modelling burners and turbulence. 

 

 

 ______________________________ 
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3 CONCEPT DESIGN FOR THE NET CALORIFIC VALUE AT 
CONSTANT PRESSURE COAL ANALYSER 

The following section explains the process followed and concepts used to develop the concept design 

for the NCVp coal analyser. Principles obtained in the literature review were used to establish the 

concept design, converting it to establish an NCVp for coal, then establishing the components needed 

to realise the NCVP analyser. 

3.1 CONCEPT OF THE NET CALORIFIC VALUE AT CONSTANT PRESSURE 
COAL ANALYSER 

Since the literature review states that the direct method to determine the NCVp of a fuel is using a flow 

calorimeter, the NCVp coal analyser was based on the principle of a flow calorimeter. As discussed 

earlier in Section 2.4, the basic components of a flow calorimeter are a burner, a fluid-cooled combustion 

chamber and measuring apparatus. When the fuel combusts inside the combustion chamber, some of 

the combustion heat is lost owing to the cooling of the combustion chamber walls, while the rest exits to 

the atmosphere in the form of flue gas. In order to determine the amount of heat the fuel releases during 

combustion, the heat lost through the combustion chamber walls and the heat that exits to the 

atmosphere need to be measured. The heat is calculated by using a mass-energy balance of the 

measured temperature and mass flow of:  

 the fuel and air entering the burner;  

 the fluid used to cool the combustion chamber;  

 the flue gas exiting to the combustion chamber. 

The principle of the mass-energy balance used to determine the NCVp of coal is explained by the 

following figure and equations (9) – (11) thereafter:  

 

FIGURE 3.1:  ILLUSTRATION OF THE MASS-ENERGY BALANCE PRINCIPLE USED IN THE 

NCVP COAL ANALYSER  

𝑄̇𝑖𝑛 =  𝑄̇𝑜𝑢𝑡 (9) 

(𝑚̇ ∗ 𝑐𝑝 ∗ 𝑇)𝑐𝑜𝑎𝑙 + (𝑚̇ ∗ 𝑐𝑝 ∗ 𝑇)𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑎𝑖𝑟 +  𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛
=  (𝑚̇ ∗ 𝑐𝑝 ∗ ∆𝑇)𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 + (𝑚̇ ∗ 𝑐𝑝 ∗ 𝑇)𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 

(10) 

𝑁𝐶𝑉𝑝 =  
𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛
𝑚̇𝑐𝑜𝑎𝑙

 
(11) 
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where: 

 𝑄̇ is the heat rate [kW] 

 𝑚̇ is mass flow [kg/s] 

 𝑇 is temperature [K] 

 𝑐𝑝 is the specific heat capacity at constant pressure [kJ/kg-K] 

 𝑁𝐶𝑉𝑝 is the heat content in the coal 

According to the law of heat conservation, the heat entering the burner must be equal to the heat exiting 

the combustion chamber. The heat entering consists of coal, combustion air and combustion. The heat 

exiting consists of flue gas and the heat absorbed by the cooling fluid. The equation is used to determine 

𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 and 𝑚̇𝑐𝑜𝑎𝑙  is then used to determine the NCVp. 

The concept design of the NCVp coal analyser can be examined in Figure 3.2: 

 

FIGURE 3.2:  ILLUSTRATION OF THE COMPONENT CONFIGURATION USED IN THE NCVP 

COAL ANALYSER  

The essence of the NCVp coal analyser consists of the PC burner, which is used to combust PC by 

using combustion air, and a fluid-cooled combustion chamber in which combustion can take place. 

However, for the NCVp coal analyser to be functional, the following auxiliaries are required: a 

compressor that supplies combustion air, electrical air heaters that pre-heat the combustion air, a PC 

feeder to supply PC at various mass flows, a cooling-fluid pump for the combustion chamber cooling, 

and measuring apparatus. Each of these components will be discussed below. 
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3.2 CONCEPT DESIGN FOR THE PULVERISED COAL BURNER 

The PC burner is the most crucial part of the NCVp coal analyser, since it is required to achieve 

maximum combustion efficiency of PC.  

3.2.1 BURNER THERMAL SIZING 

The thermal sizing of the PC burner is determined by the CV of the PC, as well as the mass flow of the 

PC, and is shown in the following equation: 

𝑄̇𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =  𝐶𝑉𝑐𝑜𝑎𝑙 ∗ 𝑚̇𝑐𝑜𝑎𝑙 (12) 

The design of the NCVp coal analyser, has to accommodate a range of coal qualities regarding CV. A 

general guideline for an envelope of coal CVs used internationally in power stations, range between 13 

– 26 MJ/kg (Storm, 1998). However, the design of this NCVp coal analyser should be able to cater for 

coals outside this envelope as well, within reasonable limits. A nominal CV rating was also needed for 

the PC burner design. A nominal CV of 21 MJ/kg was selected, since the majority of power stations in 

South Africa are fuelled with coal within the region of this CV.  Therefore, calculations were made for 

thermal rating, A: Fs and PC and combustion air mass flows, utilising the minimum, nominal and 

maximum values. Coal analyses of actual coals, as close as possible to these minimum, nominal and 

maximum CVs, were used for the design calculations. 

For laboratory-scale testing, a PC feeder (which is discussed in Section 3.5) was chosen to deliver a 

PC feed rate of 1.5 g/s – 6.2 g/s.  In the design philosophy shown in Section 4.1.2, it was decided to 

maintain a constant mass flow of combustion air for a certain thermal load and rather to vary the PC 

mass flow instead (for different coal CVs, requiring different A: Fs). This is simply due to the fact that 

the PC feed rate can be varied and not the diameter of PC burner tubes, which influences velocities, 

swirl and turbulence. 

The minimum thermal load of the burner was calculated by using equation (12).  Therefore, the coal 

with the highest CV (26 MJ/kg) determined the minimum thermal amount and was calculated to be 40 

kW at 1.5 g/s. Although this is the minimum thermal rating of the burner, the design point will be at a 

maximum of approximately 80 kW, since the PC burner needs to be adaptable, because of the unknown 

optimum velocity and turbulence required for optimal coal combustion. Since no PC burners of this small 

thermal magnitude are available, the PC burner needs to be designed and manufactured.  A self-

sustained PC flame (without any gas support) is required when calculating the NCVp of coal, since the 

NCVp of gas does not need to be taken into consideration.  

3.2.2 FLOW CHARACTERISTICS FOR COMBUSTION 

In designing the PC burner, principles established in the literature review that affect coal combustion 

were applied.  The aerodynamic flow field that the burner produces plays a key part in the flame shape 

and intensity. A unique aerodynamic flow field exists for the optimum combustion of each coal type 

(Wróblewska et al., 1977). Therefore, the burner needs to be adaptable not only in terms of thermal 

load. It also needs to be able to produce different flow fields which are unknown beforehand. As shown 

in the literature review, swirl burners will be used rather than direct burners, since swirl burners have 

more flame stability when operated on their own. In this regard, combustion efficiency is very important 

and low-NOx burners will be avoided, as they tend to decrease efficiency. 

It is desired that the PC burner achieves the following for the purpose of NVCp determination: 

 High intensity flame for good burnout and flame stability; 

 High residence time to allow complete particle burnout; 
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 Constant ignition zone close to PC burner mouth; 

 High combustion efficiency. 

To achieve the above-mentioned points, the PC burner’s aerodynamic flow field needs to be designed 

using the effects of swirl angle, entrainment, turbulence and a quarl. These effects will create an internal 

recirculation zone and enhance the mixing of fuel and air.   

3.2.3 BURNER LAYOUT 

The PC burner needs to consist of concentric tubes, namely a gas tube, core air (CA) tube, PC/PA tube 

and SA tube, to produce a turbulent diffusion flame. The gas lance is to convey liquid petroleum gas 

(LPG) to the burner mouth.  The LPG is used to ignite the PC and to pre-heat the combustion chamber 

to a pre-determined minimum temperature to promote spontaneous ignition of coal. The CA supplies 

the required combustion air for the LPG. The PC/PA tube will convey the PC to the burner mouth by 

using PA. After the LPG is turned off, the CA is to be used for the cooling of tubes and combustion 

purposes. The SA supplies the remainder of the combustion air for optimal combustion of coal.  

Figure 3.3 shows the concept of the PC burner based on the desired points mentioned above.  

 

FIGURE 3.3:  CONCEPT OF PC BURNER INVOLVING PHYSICAL LAYOUT AND 

AERODYNAMICS 

3.2.4 CFD MODELLING 

CFD needs to be used as a designing tool to design the aerodynamic flow field by using the software of 

ANSYS FLUENT. Actual combustion simulation per se was not used since it is time-consuming and 

arduous. Therefore, cold flow models were used in conjunction with burner principles such as swirl and 

recirculation to predict coal flame structure and shape. 
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3.2.5 CRITERIA FOR COMBUSTION AIRFLOW DETERMINATION 

By using the results of an ultimate analysis of the specific coal to be tested, chemical reaction equations 

were used to determine an appropriate hyper-stoichiometric A: F for coal. The known chemical 

composition of LPG was used to calculate an A: F thereof. The A: F inside the PC/PA tube is required 

to be low enough to prevent combustion and explosions inside the PC bunker.  The velocity of PA must 

be a minimum of 20 m/s to avoid PC settling, while the velocity of CA and SA was chosen to be high 

enough to create sufficient turbulence. The temperatures of CA, PA and SA were chosen to be 150oC, 

150oC and 280oC respectively. These temperatures are chosen to allow drying of PC and not to exceed 

the operating temperature of the swirler materials. The operating temperature of the swirlers will be 

discussed in further detail in Section 4.3.2. 

3.3 CONCEPT DESIGN OF COMBUSTION CHAMBER 

The combustion chamber needs to provide an environment in which combustion can take place and 

needs to be used to measure the heat loss of the flame via the cooling-fluid jacket through the walls.  

However, if the amount of heat loss through the walls can be minimised, the environment inside the 

combustion chamber increases and promotes combustion. After combustion has taken place, the flue 

gas needs to be allowed to exit to the atmosphere through a chimney. When exiting the combustion 

chamber, the flue gas temperature needs to be maintained above the dew point temperature of water 

vapour at the measuring point. Because of the specific requirements the combustion chamber was 

custom-built. 

Since the combustion chamber will experience temperatures of up to 1600 oC, insulation materials are 

necessary. The volume of the combustion chamber must be sufficient to allow for proper PC residence 

time for proper burnout of PC particles.   

3.4 AUXILIARIES OF NET CALORIFIC VALUE COAL ANALYSER 

The auxiliaries described below were used to enable the NCVp coal analyser to be functional. 

3.4.1 PC FEEDER 

For combustion and conveying purposes to the burner via combustion air, coal needs to be pulverised 

and comply with the Rosin-Rammler standard. Since a pulveriser and its integrated controls over-

complicate the NCVp coal analyser, it was decided that PC was to be tested.  The PC feeder regulates 

the combustion rate of the burner by controlling the feed rate of PC. The PC feeder to be used was 

developed in an earlier project.  The PC feeder was developed to produce a variable feed rate of 1.5 

g/s – 6.2 g/s as required by the PC burner. 

3.4.2 COMPRESSOR AND COOLING FLUID PUMP 

The compressor is used to supply combustion air to the PC burner. The compressor must be capable 

of producing an adequate mass flow of air at sufficient pressure to overcome pressure losses 

downstream. The cooling fluid pump must provide sufficient cooling fluid through the cooling fluid jacket 

and must overcome pressure losses in order to cool down isolation material. 

3.4.3 AIR PRE-HEATERS 

It was decided that the air pre-heaters were to be electrical because of the reaction time of pre-heating 

and accurate temperature control. Four electrical air pre-heaters are necessary to provide heat to the 

air flow streams of CA, PA and SA to reach temperatures of 150oC, 150oC and 280oC respectively. The 

SA will move through two heaters, namely the SA and TA heater.  
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3.4.4 MEASURING APPARATUS 

According to equations (9) – (11), shown in Section 3.1, the NCVp of coal is calculated by measuring 

the mass flow and temperature of combustion air, PC, flue gas and cooling fluid.  

 

 

 ______________________________ 
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4 DETAIL DESIGN 

The following section explains the detail design of the PC burner and combustion chamber.   

Firstly, the material selection for the PC burner was determined by taking into account the temperature 

and mediums flowing through the burner. Then, calculations based on chemical equations were made 

to determine the A: F and mass flow of combustion air to ensure proper combustion of PC.  The mass 

flow of combustion air was required in order to size the tubes of the PC burner according to appropriate 

velocities. After the mass flow of combustion air and sizing of the PC burner had been completed, cold 

flow modelling was done by using CFD to determine the swirler limits, which produced the desirable 

flow field patterns from the PC burner into the combustion chamber. The flow modelling was also used 

to determine the inner dimensions of the combustion chamber to allow for proper residence time 

(obtained from drop tube furnace data) of the PC particles before exiting the combustion chamber. 

Once the inner dimensions of the combustion chamber were known, materials such as the insulation of 

which the combustion chamber consists were selected. Heat transfer calculations were then completed 

to determine the thickness of the insulation material.   

The PC burner and combustion chamber assembly is shown in Figure 4.1.   

 

FIGURE 4.1:  SECTION VIEWS OF PC BURNER AND COMBUSTION CHAMBER ASSEMBLY 

MODEL 

The detail design of the PC burner and combustion chamber will be discussed in Section 4.1. 
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4.1 PULVERISED COAL BURNER DESIGN 

Figure 4.2 shows the final result of the PC burner as a section view assembly model. The burner is 

discussed in further detail in Section 4.1.4, “Final design of the PC burner”. 

 

FIGURE 4.2:  SECTION VIEW SHOWING GEOMETRY OF THE VISUAL LAYOUT OF THE PC 

BURNER 

The following sections explain the methodology used to obtain this result. 

4.1.1 MATERIAL SELECTION FOR THE PULVERISED COAL BURNER COMPONENTS 

The materials used to manufacture the PC burner play an important role. Certain properties to which 

the PC burner was exposed, were considered. These properties include high temperatures due to 

combustion, erosion due to the abrasiveness of PC, complex geometries of swirlers and cost.  

The burner tubes need to withstand very high temperatures. The combustion temperature of high-quality 

coal is catered to for a value of up to 1600oC. However, the temperature at the burner mouth due to 

radiation will be reduced significantly by the combustion air flow through the PC burner. It was therefore 

decided that stainless steel Type 304 would be used for the manufacturing of the tubes, since it has an 

operating temperature of 1100oC. Stainless steel Type 304 was expected to withstand the abrasiveness 

of PC and resist corrosion; moreover, manufacturing is relatively cheap and easy. 
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It was decided to use 3-D printing to manufacture the SA swirler out of high-temperature resin, since the 

costs are very low compared to other manufacturing possibilities. This was possible since the SA swirler 

is only exposed to pre-heated combustion air. However, since high temperature resin can only withstand 

a maximum temperature of 298oC, it was decided that the maximum temperature of the SA would be 

280oC. 

The PA swirler was machined out of Type 304 stainless steel since it experiences abrasiveness from 

the PC and is exposed to a temperature of 150oC.  

4.1.2 AIR-TO-FUEL RATIO CALCULATIONS 

This section focusses on determining the mass flow of combustion air for PC and LPG.  By balancing 

the chemical equations of combustible elements contained in coal and LPG, an A: F for coal and LPG 

was determined.  The mass flow of combustion air was determined for three coal qualities, as explained 

in Section 3.2.1. The appropriate A: F was then used to determine the amount of combustion air needed 

for LPG and PC respectively, which was then divided into the required quantities of the CA, PA and SA 

tubes.  

The three coal qualities selected in Section 3.2.1 were used to obtain the air flow limits of the burner 

(according to their A: Fs) for the selected thermal loading of 40 – 80 kW. 

For a pre-selected thermal loading (40 – 80kW) the design is such that the mass flow of air is kept 

constant and the mass flow of PC is varied to suit the pre-determined A: F. If a lower CV coal is used, 

the mass flow of coal needs to be higher compared to a higher CV coal. The ultimate analyses of the 

actual coal qualities obtained (low, intermediate and high CV) were used to determine the above-

mentioned A: Fs. 

As mentioned in Section 2.3.1, stoichiometric, sub-stoichiometric and hyper-stoichiometric A: Fs exist 

for a fuel.  By supplying a stoichiometric A: F, the theoretical amount of air is provided for coal 

combustion, as determined by the chemical equations. The stoichiometric A: F assumes that after ideal 

combustion takes place, all of the combustible elements are fully oxidised and no residual O2 remains 

in the combustion products (flue gas). Although this A: F suggests ideal combustion, complete 

combustion will not occur.  

A sub-stoichiometric air quantity proposes that less than stoichiometric air is supplied for combustion. 

Incomplete combustion will occur and will produce unburned elements such as: C, CO and unburned 

volatiles. However, no residual O2 remains after combustion.  

A hyper-stoichiometric air quantity proposes that more than stoichiometric air is supplied for combustion. 

In practice this will result in more complete combustion, which will render less unburned elements. This 

will subsequently result in residual O2 in the flue gas. 

Since the NCVp coal analyser requires complete combustion, sub-stoichiometric A: Fs were avoided, 

as this scenario will most probably lead to loss of ignition and combustion. Therefore only hyper-

stoichiometric combustion calculations were used.  According to Storm (1998), the exact amount of 

excess air (percentage O2 in flue gas) to be supplied cannot be explicitly calculated and must be 

determined experimentally. That optimum quantity also differs for various coal qualities. For complete 

combustion of most coal qualities, a general guideline for the amount of excess air in this design was 

calculated to render a 3.5% O2 in flue gas (Kitto & Stultz, 2005). 

A coal analysis can be represented in different modes. Firstly, there is the elemental or proximate 

analysis of a coal quality as explained in Section 2.1. Then, both these analyses can be expressed in 

terms of dry basis (no moisture content at all), air-dried basis (inherent moisture content only) and an 

as received basis (inherent as well as surface moisture incorporated). 
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It should be noted that the same applies to CV regarding the influence of moisture content. For the initial 

determination of A: Fs in the design phase, the GCVv was used as heating value, since the NCVp was 

not yet known at that stage. 

Ideal stoichiometric air-to-fuel ratio 

Firstly, ideal air-to-fuel ratio calculations were used to determine a stoichiometric A: F for coal on an as 

received basis. The procedure described below is applied to the three coal qualities; however, the actual 

intermediate coal quality previously selected was used as an example. Table 4.1 contains these 

properties:  

TABLE 4.1:  ULTIMATE ANALYSIS FOR INTERMEDIATE COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS 
AS 

RECEIVED 
AIR 

DRIED 
DRY 

BASIS 

ULTIMATE ANALYSIS 

Nitrogen N % 1.151 1.180 1.227 

Oxygen (by difference) O % 7.166 7.350 7.640 

Carbon TOTAL CTOTAL % 53.021 54.380 56.525 

Ash A % 28.465 29.195 30.347 

Sulphur S % 0.878 0.900 0.936 

Hydrogen H % 3.120 3.200 3.326 

Surface Moisture MS % 2.500 0.000 0.000 

Inherent Moisture Mi % 3.700 3.795 0.000 

Total moisture MT % 6.200 3.795 0.000 

Total   % 100.000 100.000 100.000 

Gross calorific value GCVv [MJ/kg] 20.524 21.050 21.880 

The balanced chemical equations of the combustible elements for ideal combustion are as follows: 

 C + O2 = CO2 (13) 

S + O2 = SO2 (14) 

2H2 + O2 = 2H2O (15) 

An atomic mass is assigned to each of the elements in the chemical equations. By dividing each element 

of the equation by the atomic mass of the combustible element, the volumetric or mole amount is 

acquired. This results in the theoretical mole amount of O2 needed for one of the combustible elements 

to combust.  The ultimate analysis presents the percentage gravimetric mass of each element contained 

in the intermediate coal. By using these values and multiplying them with the mole amounts of the 

elements, the gravimetric mass of O2 needed for combustion of each combustible element is determined 

on a stoichiometric basis.  This procedure is shown below in Table 4.2. 
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TABLE 4.2:  STOICHIOMETRIC COMBUSTION EQUATIONS FOR INTERMEDIATE COAL 

(mole) C + O2 = CO2 

Atomic mass 

(g/mole) 
12.011  31.999  44.010 

(g) 1.000  2.664  3.664 

Mass 

percentage from 

ultimate analysis 

(g) 

53.021  141.253  194.274 

      

(mole) S + O2 = SO2 

Atomic mass 

(g/mole) 
32.060  31.999  64.059 

(g) 1.000  0.998  1.998 

Mass 

percentage from 

ultimate analysis 

(g) 

0.878  0.876  1.753 

      

(mole) 2H2 + O2 = 2H2O 

Atomic mass 

(g/mole) 
4.032  31.999  36.030 

(g) 1.000  7.937  8.937 

Mass 

percentage from 

ultimate analysis 

(g) 

3.120  24.763  27.883 

 

By adding the amounts of gravimetric O2 of each equation, the total stoichiometric amount of O2 needed 

for combustion of the intermediate coal is determined. However, the elemental analysis indicates that 

the coal also contains some O2 and this must therefore be subtracted from the total O2 needed for 

combustion, thus: 

141.253 + 0.876 + 24.763 – 7.166 = 159.726 g O2 / 100 g coal 

Since the PC will be combusted by using air, the amount of air is calculated by dividing the total O2 by 

the gravimetric amount of O2 contained in air (23.194%). The total amounts to 688.647 g air/100 g coal 

and thus, an ideal stoichiometric A: F for the intermediate coal is 6.886:1. 
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The following equation is used to determine the mass flow of coal needed to produce an 80 kW flame: 

𝑄̇𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =  𝐺𝐶𝑉𝑣𝑐𝑜𝑎𝑙 ∗ 𝑚̇𝑐𝑜𝑎𝑙 (16) 

The mass flow of intermediate coal is therefore 3.898 g/s. The total air required for stoichiometric 

combustion of intermediate coal is thus 26.840 g/s. 

Practical hyper-stoichiometric air-to-fuel ratio 

During the actual combustion process, incomplete combustion occurs to a certain degree. Incomplete 

combustion takes place when some of the combustible elements do not have sufficient time or O2 locally 

to combust. In addition, a minimal amount of the O2 is occasionally absorbed by non-combustible 

elements such as N2 to form NOx. The non-combustible elements do not produce, but absorb heat. 

The same procedure to determine the ideal stoichiometric A: F is used to determine the practical hyper 

stoichiometric A: F, except for a smaller percentage of C that does not combust, measured as unburned 

C in ash. Thereafter, the remaining C combusts in two stages. The first reaction of C with O2 is to form 

CO and then the major portion, but not all the CO reacts further with O2 to form CO2. The non-

participating CO is measured as a small percentage in the flue gas.  

For the calculations made, the following realistic values of PC burners are assumed:  

 The largest portion of NOx formation is N2O/ NO and has a quantity of up to 1000 ppm contained 

in the flue gas. 

 The value of unburnt C in ash ranges between 0.5 - 2%. 

 The quantity of CO in flue gas ranges from 100 - 1000 ppm. 

Similar to the methodology used for the ideal stoichiometric A: F calculation above, the amount of excess 

air to produce 3.5 % O2 in the flue gas, as well amounted to 30.0 g/s air flow. In addition, this calculation 

was tailored to accommodate the corrections for unburned C, CO etc. This is equivalent to 13.312 % 

excess air, an A: F of 7.796:1 and 3.898 g/s intermediate coal flow for 80 kW.   

The same procedure was followed to determine the A: Fs of the high and low CV coal qualities.  

Appendix A shows the coal analyses of the intermediate, high and low grade coal qualities. Appendix B 

shows the chemical equations used to determine the hyper-stoichiometric A: Fs of the different coal 

qualities. Appendix C shows the flue gas calculations of both wet and dry flue gas for the different coal 

qualities. In conclusion, the applicable values for these three coal qualities are shown in Table 4.3. 

TABLE 4.3:  AIRFLOW, COAL FLOW AND AIR-TO-FUEL RATIOS FOR THE COAL QUALITIES 

 Minimum Intermediate Maximum 

A: F 5.644 7.796 8.949 

ṁCOAL [g/s] 5.315 3.90 3.352 

ṁAIR [g/s] 30.0 30.0 30.0 
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Sub division of combustion air between the PC burner tubes  

Since the total combustion air was determined in the previous section, the total amount of air will be 

divided into the CA, PA and SA tubes. 

To prevent possible combustion upstream of the PC/PA tube to the bunker, the maximum A: F allowed 

inside the PC/PA tube should be safely below the ideal stoichiometric A: F calculated.  Previously in 

Section 4.1.2., the ideal stoichiometric A: F for intermediate coal was calculated to be 6.886:1 and 

therefore, the A: F inside the PC/ PA is 1.7:1. By applying this procedure to the selected three coal 

qualities, it is calculated that the PA amount inside the PC/ PA tube is 6.5 g/s.   

After the LPG has been turned off, and a self-sustaining PC flame has been established, the CA will be 

used to cool tubes and to form part of the PA and SA to provide combustion air for the PC. The amount 

of CA was chosen to be 3.355 g/s which will be discussed in further detail in the section below.  

Since a total of 30.0 g/s combustion air is required, the SA will provide the additional 20.1 g/s. 

Air-to-fuel ratio of the LPG gas igniter 

In order for the LPG flame to pre-heat the combustion chamber before PC combustion can occur, the 

thermal amount of the gas flame needs to be determined.  The generally considered spontaneous 

ignition temperature of coal is regarded as 400oC. However, this temperature can vary for different coals 

and therefore it was decided that the combustion chamber temperature had to reach a minimum of 

500oC to ensure spontaneous combustion.  When the chamber has reached 500oC, the PC and 

combustion air will enter the combustion chamber.  This will cool down the combustion chamber since 

it enters at a lower temperature.  It was therefore decided to calculate the thermal amount of LPG to 

ensure that the mixture of the PC and combustion air will not be lower than 500oC. 

Using the mass flow and temperature of CA, PA and SA entering the combustion chamber, the heat 

rate required by the LPG flame was calculated to be 10.9 kW. The NCVp of LPG is known as 46.6 MJ/kg 

(Chemical engineering, Queens University, 2014), and therefore, a mass flow of 0.237 g/s of LPG is 

required to produce the required amount of heat. 

The next step is to determine the A: F of LPG. Since propane is the prominent composite of the LPG, 

the known chemical composition can be presented as C3H8. The balanced chemical equation is thus: 

C3H8   +   5O2   =   3CO2   +   4H2O (17) 

Similar to the process followed to determine the amount of O2 needed for coal combustion, the O2 

required for LPG combustion is 3.63 gram per gram of LPG, which equates to 15.643 g/s for the amount 

of air and an A: F of 15.643:1. For a mass flow of 0.237 g/s LPG, the corresponding amount of CA 

required is 3.335 g/s.  

4.1.3 PULVERISED COAL BURNER TUBE SIZING 

Since the mass flow and temperature inside the PC burner tubes are known, the tube diameters were 

determined by using suitable velocities.  For confidentiality purposes, the velocities and tube diameters 

cannot be shown in this thesis. 

4.1.4 COLD FLOW MODELLING OF COMBUSTION FLOW FIELD 

Since the tube diameters, temperatures and mass flows of LPG, CA, PA, PC and SA for the PC burner 

were established in Section 4.1.1 and 4.1.2., the desired aerodynamic flow field that was appropriate 

for PC combustion according to the literature review, was established. As stated previously, cold flow 
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modelling was employed by making use of CFD in ANSYS FLUENT to determine an internal 

recirculation zone, using swirl at appropriate velocities. 

Swirl limit determination 

To design an appropriate aerodynamic flow field for combustion, swirl was the main parameter focussed 

on. The most crucial part for flame stability is creating a constant ignition zone at the burner mouth in 

the form of an internal recirculation zone of the air. Therefore, the most important pattern of the flow 

field, was at the burner mouth.  

According to El-Mahallaway and Habik (2002), cold flow modelling adequately represents the flow field 

in terms of profile, swirl and recirculation when compared to an actual combustion process. According 

to the literature, a relatively short and intense flame requires high levels of swirl and recirculation. When 

the flow exits the burner mouth, the centrifugal force of swirl causes the flow to diverge. If the low-

pressure zone in the centre of the flow field, created by the swirl, is stronger than the corresponding 

centrifugal force, the flow is sucked in by the low-pressure zone to converge and recirculate.  The 

diverging-converging flow field after the burner mouth is therefore an important indication of a low-

pressure zone being present.  If the amount of swirl is too severe, it can cause the centrifugal force of 

the air flow to be stronger than the low-pressure zone, causing the air flow to only diverge. This will not 

create a recirculation zone and will dilute the concentration of air and fuel mixture owing to the large 

volume the mixture occupies. In summary, the desired flow field for a short and intense flame will be 

created by a diverging-converging, high-swirl, internal recirculating flow pattern.  Figures 4.3 and 4.4 

show streamlines forming flow patterns of a low amount of swirl and an excess amount of swirl 

respectively: 

 

FIGURE 4.3:  STREAMLINES REPRESENTING THE FLOW FIELD OF AIR EXITING THE PC 

BURNER WITH LOW SWIRL 

When a low amount of swirl is applied, as can be seen in Figure 4.3, the flow diverges and then 

converges.  This type of flow field ensures that the concentration of PC and air will be high.  However, 

no recirculation is created owing to the low amount of swirl. 

Converging flow 

Burner mouth 

Diverging flow 
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FIGURE 4.4:  STREAMLINES REPRESENTING THE FLOW FIELD OF AIR EXITING THE PC 

BURNER WITH EXCESSIVE SWIRL 

When an excessive amount of swirl is provided, the flow will only diverge and not converge owing to an 

excessive amount of centrifugal force, as seen in Figure 4.4. This will allow the concentration of PC and 

air to be low because of the larger volume it occupies, and will lead to poor combustion despite the fact 

that a high amount of swirl is present. 

The desired amount of swirl required for an effective flow profile must be high enough to create an 

internal recirculation zone, but not too high to cause diverging flow.  

The amount of swirl and recirculation for optimum coal combustion cannot be explicitly pre-determined, 

and therefore the aim in this section will be to determine the maximum limits of swirl while still being 

able to create a converging-diverging, high-swirl and internal recirculation pattern (Wróblewska et al., 

1977). For different coal qualities, the desired flow patterns do not require the same amount of swirl. 

CFD modelling methodology 

The aerodynamic flow field produced in the combustion chamber, is governed by the geometry of the 

PC burner. To design the PC burner, a series of different geometries were experimented with in order 

to create the flow field described in the previous section.  For each geometry, a CFD model was 

completed and evaluated. This iteration process was followed until the geometry for maximum swirl was 

determined. 

Since the creation of different geometries was time consuming, certain CFD parameters needed to be 

considered to reduce the computation time of CFD modelling in the iteration phase. The CFD 

parameters that influenced the computation time were mesh fineness, mesh type, cell type and 

turbulence models.   

  

Diverging flow 

Burner mouth 
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 Turbulence models 

The parameter that influences the computation time and accuracy of the results most is the CFD 

turbulence model used. According to the literature review, although many turbulence models exist, the 

most appropriate model used for turbulence modelling is the so-called RANS model.  RANS models 

make use of basically two methods, namely the k-ε and RSM model. According to literature, the k-ε 

method is less time-consuming but also less accurate compared to the RSM method. It was therefore 

decided that the k-ε method would be used in the iteration phase of modelling because of its lower 

computation time. However, the final geometry was modelled by comparing both the k-ε and RSM 

methods to evaluate the flow field more accurately.  

 Mesh fineness and structure 

Another parameter that influences time and accuracy greatly is the mesh.  In theory, a finer mesh will 

always yield more accurate results opposed to a courser mesh; however, using it is more time-

consuming owing to lengthier computational time.  A structured or unstructured mesh also influences 

the results of the CFD cell type used.  Since the PC burner consists of complicated geometries, it is 

necessary to make use of an unstructured mesh.  

According to the literature review, hexahedral and polyhedral cell types are more appropriate to use for 

turbulence modelling. It is suggested that the results delivered by using polyhedral cells are similar to 

those of hexahedral cells (Ranade & Gupta, 2015). However, the number of cells for a polyhedral mesh 

is much lower when compared to a hexahedral mesh, which will decrease solving time.  

Since it was unclear how many cells to use for this CFD application, it was decided that two comparative 

trial runs of CFD modelling would be done to determine what type and number of cells to use prior to 

the iteration phase. The two trial runs were: polyhedral vs hexahedral mesh, and fine vs course mesh. 

The two trial runs compared the similarity of the flow fields, number of cells used and computation time. 

Hexahedral cell vs polyhedral cell mesh 

Since the polyhedral mesh contains fewer cells compared to a hexahedral mesh, it can be very useful 

to reduce computation time. However, to establish the accuracy of a polyhedral mesh, two trial burner 

models were compared to each other. One of the models makes use of a hexahedral mesh and the 

other of a polyhedral mesh. The flow domain of the trial burner and combustion chamber is shown below: 

 

FIGURE 4.5:  FLOW DOMAIN OF TRIAL BURNER AND COMBUSTION CHAMBER 
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Figure 4.5 shows the flow domain that was used for both meshes. A body of influence is used to make 

the mesh finer (which produces more accurate results) at the burner mouth, which is the critical part for 

ignition.  

 

FIGURE 4.6:  HEXAHEDRAL MESH OF FLOW DOMAIN 

 

FIGURE 4.7:  SECTION VIEW OF HEXAHEDRAL MESH OF FLOW DOMAIN 

 

FIGURE 4.8:  POLYHEDRAL MESH OF FLOW DOMAIN 
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FIGURE 4.9:  SECTION VIEW OF POLYHEDRAL MESH OF FLOW DOMAIN 

Figures 4.6 and 4.7 show the hexahedral mesh, while Figures 4.8 and 4.9 show the polyhedral mesh of 

the same flow domain. It can be seen in Figures 4.7 and 4.9 that both of the meshes are finer at the 

burner mouth owing to the body of influence. The number of cells of the hexahedral mesh is 2 800 135, 

and for the polyhedral mesh 636 526, which is significantly lower. The solving time for the hexahedral 

mesh model took 3.5 times longer than for the polyhedral mesh model. 

The flow fields produced by each mesh are compared below: 

 

FIGURE 4.10:  VELOCITY STREAMLINES PRODUCED BY HEXAHEDRAL (LEFT) AND 

POLYHEDRAL (RIGHT) MESHES 
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FIGURE 4.11:  VELOCITY CONTOURS PRODUCED BY HEXAHEDRAL (LEFT) AND 

POLYHEDRAL (RIGHT) MESHES 

  

 FIGURE 4.12:  PRESSURE CONTOURS PRODUCED BY HEXAHEDRAL (LEFT) AND 

POLYHEDRAL (RIGHT) MESHES 

When considering Figures 4.10 – 4.12, it can be seen that the hexahedral mesh is more accurate than 

the polyhedral mesh only in a symmetrical sense. However, there are also many similarities between 

the results of the two meshes. Both represent external recirculation zones as well as an internal 

recirculation zone, have the same amount of swirl, and more or less the same converging-diverging flow 

at the burner mouth. The velocity and pressure distributions are similar, since they are compared on the 

same scale. Since the maximum amount of swirl for the formation of an internal recirculation zone will 

be the crux of the swirl limit design, the polyhedral mesh provides a sufficient amount of information in 

this regard. Therefore, the polyhedral mesh was used in the iteration phase of the design because the 

computational time is much less. However, since the hexahedral mesh seems more accurate, the final 

design will be evaluated by using a hexahedral mesh as well. 

 Fine mesh vs coarser mesh  

It was established in the previous section that a polyhedral mesh will be used in the iteration phase, 

because of reduced computational time. The next step is to determine the coarsest polyhedral mesh to 

yield sufficient results and to reduce solving time. 

Once again, two trial models were compared to each other. Both of the models make use of a polyhedral 

mesh, where the first consists of 636 526 cells and the second of 307 951 cells. The comparison is 

shown below: 
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FIGURE 4.13:  FINE POLYHEDRAL MESH OF FLOW DOMAIN 

 

FIGURE 4.14:  SECTION VIEW OF FINE POLYHEDRAL MESH OF FLOW DOMAIN 

 

FIGURE 4.15:  COARSE POLYHEDRAL MESH OF FLOW DOMAIN 
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FIGURE 4.16:  SECTION VIEW OF COARSE POLYHEDRAL MESH OF FLOW DOMAIN 

 

FIGURE 4.17:  VELOCITY STREAMLINES PRODUCED BY FINE POLYHEDRAL (LEFT) AND 

COARSE POLYHEDRAL (RIGHT) MESHES 

  

FIGURE 4.18:  VELOCITY CONTOURS PRODUCED BY FINE POLYHEDRAL (LEFT) AND 

COARSE POLYHEDRAL (RIGHT) MESHES 
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 FIGURE 4.19:  PRESSURE CONTOURS PRODUCED BY FINE POLYHEDRAL (LEFT), COARSE 

POLYHEDRAL (RIGHT) AND HEXAHEDRAL (BOTTOM) MESHES 

When comparing the results of the coarse and fine polyhedral mesh, it can be seen that the streamlines 

differ to some extent. Even though there are differences, similarities also exist, such as the external 

recirculation zone and amount of internal recirculation and swirl. When comparing the velocity contours, 

much similarity can be seen. The pressure contours differ to some degree, yet the coarser polyhedral 

mesh compares well to the hexahedral mesh in the previous section. The solving time of the fine mesh 

was double that of the coarser mesh. 

Hence, a polyhedral mesh consisting of approximately 307 951 cells can be used in the iteration phase 

of PC burner swirler design to reduce the solving time. 
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Final design of the PC burner: 

After many iterations of CFD modelling, more detail of the burner became known. In Figure 4.2 only a 

qualitative visual of the layout was shown. The quantitative detail now known after the CFD iterations is 

shown in Figure 4.20: 

 

 

 

 

  

 

 

1) SA tube,    2)   PA tube,    3)   CA tube,    4)   LPG tube,    5)    SA swirler,    6)    PA swirler,                                              

7)   SA wind box,    8)   Swirl adjuster,    9)   LPG insert 

FIGURE 4.20:  GEOMETRY OF FINAL DESIGNED PC BURNER 

The SA and PA swirlers are conical axial swirlers to allow for variable swirl. In Figure 4.20, the swirlers 

are situated at maximum swirl, since there is no space between the swirler and the tube. Less swirl can 

thus be created by moving the swirlers in a direction away from the burner mouth by using the swirl 

adjustor.  

It is very important that the air is distributed evenly inside the SA and PC/PA tube before entering the 

swirlers. If the air is not distributed evenly (non-concentrically) this will create a roping effect.  Therefore, 

1 

4 6 5 

3 

2 

7 8 9 
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the SA wind box was designed in a way that enables it to distribute the SA evenly in the SA tube before 

it enters the SA swirler.  This velocity distribution obtained from the CFD results reflects the desired 

distribution of air and is illustrated in Figure 4.21: 

 

FIGURE 4.21:  SA VELOCITY STREAMLINES PRODUCED INSIDE THE SA WIND BOX (LEFT), 

FRONT VIEW OF THE SA VELOCITY CONTOURS BEFORE ENTERING THE SA SWIRLER 

(RIGHT) 

The PC/PA tube cannot make use of a wind box for even distribution purposes since the wind box 

creates very low velocities compared to the PC settling velocity. As can be seen in Figure 4.20, the 

PC/PA enters the burner with a 90o bend. At the PC/PA swirler, most of the air and PC are situated at 

the bottom half of the pipe, as shown in Figure 4.22: 

 

FIGURE 4.22:  FRONT VIEW OF PA VELOCITY CONTOURS WHEN EXITING THE BEND 

To solve this problem, in order to have better distribution of PA and PC, a coarse mesh sieve was placed 

at the end of the bend. This is illustrated in Figure 4.23: 
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FIGURE 4.23:  PA VELOCITY CONTOURS DOWNSTREAM OF THE SIEVE (LEFT), PA VELOCITY 

CONTOURS UPSTREAM OF THE SWIRLER (RIGHT), GEOMETRY OF SIEVE PLACEMENT 

(BOTTOM) 
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LPG orifice sizing 

Since the mass flow of LPG is very low (0.237 g/s), it is difficult to regulate the flow with conventional 

measuring equipment. The amount of LPG flow can be regulated by using a pressure regulator, pressure 

gauge and gas orifice with a specific diameter. A certain gauge pressure will be used to force 0.237 g/s 

LPG through the orifice diameter hole. 

The pressure and orifice diameter were conveniently chosen to be in a suitable range of pressure 

diameter.  CFD was used to determine the gauge pressure for an orifice diameter to provide 0.237 g/s 

LPG. It was determined that a pressure of 8040 Pascal was required for a 1.5 mm orifice diameter.  

Figure 4.24 shows the pressure contours before and after the gas insert: 

 

FIGURE 4.24:  PRESSURE CONTOURS OF LPG TUBE 

By using the pressure determined by CFD, and the mass flow, the coefficient of discharge (Cd) factor 

was calculated. The value of the Cd factor can indicate if the CFD was done correctly. 

𝑚̇ = ρ𝐴𝐶 (18) 

𝑃𝐷𝑌𝑁𝐴𝑀𝐼𝐶 = 𝑃𝑆𝑇𝐴𝐺𝑁𝐴𝑇𝐼𝑂𝑁 − 𝑃𝑆𝑇𝐴𝑇𝐼𝐶 (19) 

𝑃𝐷𝑌𝑁𝐴𝑀𝐼𝐶 = 𝑃𝐺𝐴𝑈𝐺𝐸  (20) 

1

2
𝜌𝐶2 = 𝑃𝐺𝐴𝑈𝐺𝐸  

(21) 

𝐶 = √
2𝛥𝑃 ∗ 1000

𝜌
∗ 𝐶𝑑 

(22) 

where,  

 P  is the pressure [kPa] 

 ṁ is the mass flow [kg/s] 

 ρ is the density [kg/m3] 

Gauge pressure 

Orifice 

LPG tube 

leading to 

burner 

mouth 
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 A is the area [m2] 

 C is the velocity [m/s] 

 Cd is the coefficient of discharge [-] 

It was calculated that the Cd factor is 0.76, which is a realistic value. 

Verification of the resulting flow field 

As stated previously, the final geometry was evaluated by using three different models to determine if 

the maximum swirl limits at 80 kW still produced an adequate flow pattern. Model 1 was the final model 

obtained during the iteration phase. This was done by using the k-ε turbulence model and a polyhedral 

mesh. Model 2 used a hexahedral mesh and RSM turbulence model. Lastly, model 3 used a polyhedral 

mesh and RSM turbulence model. Models 1 and 3 were solved by using the same polyhedral mesh. 

The comparison between the three models will now be discussed: 

 

FIGURE 4.25:  FLOW DOMAIN OF FINAL DESIGN 

Each of the three models used the same flow domain seen in Figure 4.25.  
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FIGURE 4.26:  POLYHEDRAL MESH (TOP) AND SECTION VIEW OF POLYHEDRAL MESH 

(BOTTOM) OF FINAL DESIGN 

 

FIGURE 4.27:  HEXAHEDRAL MESH (TOP) AND SECTION VIEW OF HEXAHEDRAL MESH 

(BOTTOM) OF FINAL DESIGN 

Figures 4.26 and Figure 4.27 illustrate the polyhedral and hexahedral mesh used for solving. The 

polyhedral mesh contained 620 002 cells, while the hexahedral mesh contained 2 670 595 cells. 
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FIGURE 4.28:  VELOCITY CONTOURS PRODUCED BY MODEL 1 (LEFT), MODEL 2 (RIGHT), 

MODEL 3 (BOTTOM) 
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FIGURE 4.29:  PRESSURE CONTOURS PRODUCED BY MODEL 1 (LEFT), MODEL 2 (RIGHT), 

MODEL 3 (BOTTOM) 
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FIGURE 4.30:  VELOCITY STREAMLINES PRODUCED BY MODEL 1 (LEFT), MODEL 2 (RIGHT), 

MODEL 3 (BOTTOM) 

When evaluating the velocity contours of Figure 4.28, pressure contours of Figure 4.29, and velocity 

streamlines of Figure 4.30 of the three models, it can be seen that model 2 and model 3 are more similar 

compared to model 1. Model 1 shows that the swirl limit is on the verge of excessive swirl and little 

converging flow follows. However, an internal recirculation zone exists. Unlike model 1, models 2 and 3 

show a diverging-converging flow pattern. All the models show a large amount of swirl. Because the k- 

ε turbulence model is generally regarded as less accurate than the RSM model, the results of models 2 

and 3 are considered more representative.  

It can be seen that the polyhedral and hexahedral meshes correlate very well when observing the 

velocity and pressure contours. The streamlines differ to a lesser extent, but show that there is a similar 

amount of recirculation and swirl. 

Because models 2 and 3 are very similar, model 3 will be evaluated and discussed in further detail in 

the following section.  
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Detailed discussion of model 3 using a polyhedral mesh and RSM model 

When this mesh was created, it was necessary to evaluate the mesh quality.  Two types of parameters 

were used to assess the mesh quality namely: orthogonal quality and aspect ratio. According to ANSYS 

FLUENT (2019), the orthogonal quality is a measure between the direct connections of the neighbouring 

element’s centre, to the median line of that element’s face. It is regarded that it is better to have a value 

closer to 1, and worse to have a value closer to 0. It is suggested that the minimum orthogonal quality 

should not be less than 0.01 for an acceptable mesh quality. The aspect ratio indicates a measure of 

the stretching of a cell and it is suggested that the maximum aspect ratio should not exceed 35.   

The following information was used to run model 3: 

The minimum orthogonal quality obtained for the polyhedral mesh was 1.58211e-01, which was well 

above the recommended minimum. The maximum aspect ratio was 2.15071e+01 which was well below 

the recommended maximum value. The mesh used can be seen in Figure 4.26; and contained 620 002 

cells. 

The boundary conditions were the following: 

TABLE 4.4:  BOUNDARY CONDITIONS FOR MODEL 3 

 LPG CA PA SA Outlet 

Inlet Mass 

Flow [g/s] 

0.237 3.355 6.5 20.1 - 

Inlet 

Temperature 

[oC] 

20 150 150 280 - 

Outlet 

Pressure [kPa] 

- - - - 86 

The following figures show each of the LPG, CA, PA, PC and SA streamlines separately, although with 

the effect of the other streams present.  The PC particles were simulated by using the discrete phase 

method (DPM) in FLUENT, since the PC might have a different flow field compared to that of the PA. 

The particle fineness distribution was based on a Rosin-Rammler logarithmic scale common for PC 

used on power stations in South Africa and can be seen in Appendix D. These particle sizes vary 

between 300 and 75 µm.  The mass flow of PC was set at 3.9 g/s, which was the same as for the 

intermediate coal. 
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FIGURE 4.31:  VELOCITY STREAMLINES OF LPG  

 

FIGURE 4.32:  VELOCITY STREAMLINES OF CA 

 

FIGURE 4.33:  VELOCITY STREAMLINES OF PA  
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FIGURE 4.34:  STREAMLINES OF PC  

 

FIGURE 4.35:  VELOCITY STREAMLINES OF SA  

 

FIGURE 4.36:  VELOCITY STREAMLINES OF LPG, CA, PA AND SA  
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When considering the flow of LPG, CA, PA, PC and SA, it can be seen that all the streams are 

recirculating into the internal recirculation zone close to the burner mouth. This leads to rapid mixing of 

PC and air, just after the burner mouth. The rapid mixing and recirculation will create an intense and 

short flame and a constant ignition zone, which will promote flame stability.  The entrainment effect can 

be seen in the flow field, since all the different streams (LPG, CA, PC and PA) follow the path of the 

dominant SA stream, because it has the largest momentum. 

The streamlines representing the PC paths in Figure 4.34 show the fineness of the PC entering the flow 

field by using an over-exaggerated size scale of spheres. The smaller particles seem to recirculate in 

the internal recirculation zone, while a few of the coarser particles appear to penetrate the recirculation 

zone. It can be seen that all of the PC particles have continuous contact with air at the burner mouth 

which enables ignition and combustion. 

Bear in mind, that this CFD model represents the flow field at maximum swirl, where a diverging-

converging flow still exists. The amount of swirl can still be adjusted to create a desired flow field that 

corresponds to a desired flame. It was decided not to model all of the possible flow fields that the burner 

can produce in respect to the different amounts of swirl, since doing this will require numerous iterations 

and too much computational time. During testing, the amount of swirl can be adjusted to obtain the most 

suitable flame profile for a specific coal. 

The volume of the combustion chamber is also very important with regards to burnout time of PC. 

According to the literature review, the coarsest PC particles take approximately 2 seconds for complete 

burnout. However, this amount varies for different types of coal. Information on burnout time for typically 

used PC on South African power stations was acquired. The drop tube furnace (DTF) at RT&D 

Rosherville, was used to determine the burnout time of a single PC particle. The results can be seen in 

Appendix E. According to the data, the particle with the longest burnout time took 2.9 seconds to burn 

out. This time will be used to size the combustion chamber to ensure that the fastest travelling particle 

still has a residence time of at least 2.9 seconds. In Figure 4.37, the streamlines of the PC are shown 

just before the first particle exits the combustion chamber (left-hand side of Figure 4.37). According to 

the CFD model, the fastest PC particle, takes approximately 3.2 seconds to exit the combustion 

chamber, which is sufficient residence time to allow for complete burnout. The size of the flow domain 

inside the combustion chamber was determined to have a length of 1.5 m and a diameter of 250 mm. 

 

FIGURE 4.37:  STREAMLINES OF PC OVER THE LENGTH OF THE COMBUSTION CHAMBER  
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Evaluation of the flow field at 40 kW thermal loading 

Since the burner operates between 40 and 80 kW, the flow field had to be evaluated at 40 kW thermal 

loading as well. The set-up for the 40 kW model was the same as the 80 kW model 3, except for changed 

inlet mass flow boundary conditions. The inlet boundary conditions are shown in Table 4.5. 

TABLE 4.5:  BOUNDARY CONDITIONS FOR 40 kW MODEL 

 LPG CA PA SA Outlet 

Inlet Mass 

Flow [g/s] 

0.1185 1.6775 3.25 10.05 - 

Inlet 

Temperature 

[oC] 

20 150 150 280 - 

Outlet 

Pressure [kPa] 

- - - - 86 

 

The following figures show a comparison between the 40 kW and 80 kW models: 

  

FIGURE 4.38:  VELOCITY CONTOURS PRODUCED: 40 kW (LEFT) AND 80 kW (RIGHT) 
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FIGURE 4.39:  PRESSURE CONTOURS PRODUCED OF: 40 kW (LEFT) AND 80 kW (RIGHT) 

  

FIGURE 4.40:  VELOCITY STREAMLINES RPODUCED OF: 40 kW (LEFT) AND 80 kW (RIGHT) 

It can be seen that the 40 kW model has a similar aerodynamic flow field as the 80 kW model.  

         

FIGURE 4.41:  IMAGES OF: PC BURNER (LEFT AND MIDDLE), SWIRLER CONSTRUCTED 

FROM HIGH TEMPERATURE RESIN (RIGHT) 
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4.2 COMBUSTION CHAMBER DESIGN 

The combustion chamber plays an important role in the NCVp coal analyser. It needs to be cooled to 

prevent temperature excursions of the materials, create a high temperature environment in which 

combustion can take place, and withstand high combustion temperatures of up to 1600oC.  

It was therefore required to design a combustion environment consisting of a refractory or insulating 

material that is able to withstand high temperatures, with a cooling jacket surrounding the refractory 

material. The following figure shows transparent views to display the refractory insulation discs, the helix 

guiding the cooling air, inspection ports, quarl and burner interface: 

 

 

 

 

 

 

FIGURE 4.42:  GEOMETRIC MODEL OF COMBUSTION CHAMBER 

The functionality of the combustion chamber will now be explained. The insulation material was chosen 

to form an environment in which combustion can take place. This material can withstand high 

temperatures and promotes combustion of PC since it has a low thermal conductivity.   

The insulation material was manufactured in the form of discs that were situated inside the inner sleeve. 

The concentric inner sleeve and the outer sleeve form an air-cooling jacket. Air was selected as cooling 

medium rather than water, this is explained in Section 4.2.1. Between the inner and outer sleeves is the 

cooling helix, which causes air to circulate, preventing temperature hot spots from forming. The air 

enters the cooling jacket at the flue gas outlet end and exits at the burner end, for counter-flow heat 

exchange. The combustion chamber has a converging outlet that will force the flue gas to concentrate 

and will make the temperature measurement more representative.  

Two inspection holes enable the flame to be observed during testing, one from the side at the burner 

mouth and the other from the front at the outlet. The burner is connected to the combustion chamber at 

the burner interface. Insulation material was chosen as the material of the quarl, since the flame will 

ignite in that area. 
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4.2.1 COMBUSTION CHAMBER MATERIAL SELECTION 

According to the Kitto and Stultz (2005) the flame temperature inside a PC-fired furnace can reach up 

to 1600oC. Generally, it is common to use insulating or refractory material that can be in direct contact 

with the flame. The insulating material must also be able to reduce the amount of heat that is absorbed 

by the cooling air in the cooling jacket. This requires the insulating material to have low thermal 

conductivity in order to reflect heat back to the flame. This promotes ignition for combustion.  

The insulating material chosen is ZIRCAR Type AL-30. ZIRCAR Type AL-30, which is a medium-density, 

high-strength, uniformly rigid refractory structural board material composed of high-alpha polycrystalline 

alumina fibres and high-purity inorganic binders. This ceramic can withstand a temperature of up to 

1700oC, has a thermal conductivity ranging from 0.09 – 0.27 at temperatures of 250 – 1650oC 

respectively, and has good machinability. The properties of Al-30 can be seen in Appendix F.   

To allow for improved flow inside the combustion chamber, the insulating material needs to be circular 

in shape. Since the AL-30 was in the form of rectangular discs with a thickness of 40 mm, it needed to 

be reshaped into circular discs.     

The cooling jacket will act as a cylindrical housing or sleeve for the AL-30 discs.  Although traditionally, 

water is used in the cooling fluid-jacket on traditional gas flow calorimeters, there is the risk of water 

leakage onto the AL-30 discs, since the cooling jacket surrounds the insulation. The AL-30 material is 

extremely hygroscopic and will absorb water rapidly. This water can be turned into steam, which can 

cause an explosion. It was therefore decided to use air as the cooling medium inside the cooling jacket 

for safety reasons.   

The other material used in the cooling chamber (concentric sleeves and helix) is also introduced to 

relatively high temperatures. During start-up and cooling-down of the device, moisture forms from 

combustion products as well as the relative humidity of air. To prevent subsequent corrosion stainless 

steel Type 304 was used. 

4.2.2 COMBUSTION CHAMBER HEAT TRANSFER CALCULATIONS 

After the type of materials and size of the combustion chamber flow domain had been established, the 

next step was to determine the radial thickness of the AL-30 material for an acceptable amount of heat 

loss. This was determined by using heat transfer calculations.  

Most of the heat from the flame is in the form of radiation. The heat loss of the flame is transferred to 

the cooling jacket in the form of conduction heat through the insulating material. The heat absorbed by 

the cooling jacket will be in the form of convection.  

Heat balance equations were compiled for the flow of heat from the flame as heat source to the 

atmosphere via the insulation material, stainless steel sleeves and cooling air through the cooling jacket. 

Iterations were performed by varying the radial thickness of the AL-30 and the amount of heat absorbed 

by the cooling air, until the radiant heat loss balanced with the heat absorbed by the air.  The following 

equations were used to obtain a solution: 

𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛:    𝑄̇ = 𝐴𝜀𝜎 ∗ (𝑇𝐹𝐿𝐴𝑀𝐸
4 − 𝑇𝐴𝐿−30,𝐼𝑁𝑁𝐸𝑅

4 ) (23) 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛:    𝑄̇ = 𝐴𝑘 ∗ (𝑇𝐼𝑁𝑁𝐸𝑅 − 𝑇𝑂𝑈𝑇𝐸𝑅) (24) 

𝐻𝑒𝑎𝑡 𝑟𝑎𝑡𝑒:    𝑄̇ = 𝑚̇𝐴𝐼𝑅𝑐𝑝𝐴𝐼𝑅 ∗ (𝑇𝑂𝑈𝑇𝐿𝐸𝑇 − 𝑇𝐼𝑁𝐿𝐸𝑇) (25) 

  



CHAPTER 4 – DETAIL DESIGN 

 
 MECHANICAL ENGINEERING  69 

 

where, 

 𝑄̇ is the heat rate [kW] 

 A is the area [m2] 

 ε is the emissivity [-] 

 σ is the Stefan Boltzmann constant [-]  

 T is the temperature [oC] 

 k is the thermal conductivity coefficient [-] 

 𝑚̇𝐴𝐼𝑅 is the mass flow of air [kg/s] 

 𝑐𝑝𝐴𝐼𝑅  is the specific heat capacity at constant pressure [kJ/kg-K] 

The following figure illustrates a front view schematic of the combustion chamber that will be used in the 

heat transfer calculations: 

 

FIGURE 4.43:  FRONT VIEW SCHEMATIC OF COMBUSTION CHAMBER 
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The input parameters used to solve the heat transfer equations can be seen in Table 4.6:   

TABLE 4.6:  INPUT PARAMETERS FOR COMBUSTION CHAMBER HEAT TRANSFER 

CALCULATIONS 

DAL-30 INNER 
[mm] 

250.000 
tAL-30 
[mm] 

50.000 
TSS,OUTER 

[oC] 
95.000 

DFLAME 
[mm] 

150.000 

TFLAME [oC] 1250.000 LFLAME [m] 0.650 
kSS 

[W/m-K] 
23.000 εFLAME [-] 0.800 

kAL-30 
[W/m-K] 

0.200 
LCHAMBER 

[m] 
1.500 

TAIR,OUT 
[oC] 

150.00 σ 0.00000005670 

cP AIR 
[kJ/kg-K] 

1.000 tSS [mm] 1.500 
TAIR,IN 
[oC] 

40.000     

 

Table 4.6 shows the input parameters used to calculate the heat of cooling air, heat from radiated flame 

loss, mass flow of cooling air, and the temperatures of the stainless steel inner wall and the AL-30 inner 

wall. The diameter of the flame was assumed to be 150 mm which is obtained from the CFD modelling. 

The emissivity of the flame and wall is assumed to be 0.8, since this is a common value used for the 

brightness of PC flames (Viskanta & Menguc, 1987). The stainless steel sleeves were manufactured 

from 1.5 mm thick sheet metal. The temperature of the flame was assumed to be that of typical flame 

temperatures on power stations in South Africa. 

TABLE 4.7:  RESULTS OF COMBUSTION CHAMBER HEAT TRANSFER CALCULATIONS 

QAIR  [kW] TSS,INNER [oC] TAL-30,INNER [oC] 
mCOOLING AIR 

[kg/s] 
QFLAME LOSS [kW] 

6.410 95.247 1216.252 0.0571 6.410 

 

After the iterations, the results obtained are shown in Table 4.7. The radial thickness of the AL-30 for 50 

mm allows 6.41 kW of heat to be absorbed by the cooling air. The cooling air must have a mass flow of 

0.0571 kg/s, entering at 40oC and exiting at 150oC. These values are practically acceptable. 

 

  

FIGURE 4.44:  PHYSICAL MODEL OF COMBUSTION CHAMBER 

 

 

 ______________________________ 
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5 COMMISSIONING AND TESTING  

After the PC burner and combustion chamber had been designed and manufactured, the auxiliaries of 

the NCVp coal analyser were selected and all the components were assembled. This section explains 

the commissioning and testing of the NCVp coal analyser. In this section, the combustion produced by 

the burner is shown. Figure 5.1 shows the main components of the NCVp coal analyser assembly: 

 

 

 

FIGURE 5.1:  TWO VIEWS OF THE ASSEMBLY DRAWING OF NCVP COAL ANALYSER 
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5.1 COMMISSIONING OF THE NCVP COAL ANALYSER 

The following auxiliaries were needed to make the NCVp coal analyser functional:  

5.1.1 PULVERISED COAL FEEDER 

As explained in Section 3.4.1, a PC feeder was used to feed PC to the burner. The PC feeder consists 

of a storage bunker, screw conveyor, variable speed drive (VSD) AC induction motor and a load cell. 

The storage bunker contains the PC, which feeds into the burner. The induction motor drives the screw 

conveyor that is situated at the outlet of the storage bunker and conveys the PC from the bunker into 

the PA tube at a specific mass flow.  

The VSD is used to control the speed at which the induction motor’s shaft rotates and therefore, controls 

the speed at which the screw conveyor rotates. The speed of the screw conveyor dictates the rate at 

which PC is discharged from the PC bunker. The load cell serves as an indicator of PC mass flow that 

is delivered by the PC feeder. The load cell is connected to the PC feeder and measures the loss of 

weight. The loss of weight is then divided by a time interval and the mass flow is calculated and 

displayed. The commissioning of this feeder comprised of calibration, by correlating the volumetric feed 

to mass flow.  

 

The PC feeder is shown in Figures 5.2 and 5.3. 

 

                 

FIGURE 5.2:  GEOMETRIC MODEL OF PC FEEDER 
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FIGURE 5.3:  IMAGE OF PC FEEDER 

5.1.2 ELECTRICAL AIR HEATERS 

The electrical air heaters consist of a box constructed of mild steel, with an air flow inlet and outlet. 

Inside the box are cylindrical shaped electrical elements as well as guide vanes situated between the 

elements. As the air enters the electrical air heater at the inlet, it is forced to flow over the electrical 

elements by the guide vanes, thus absorbing the emitted heat from the elements, and exiting at the 

outlet. Situated at the outlet of each air heater is a thermocouple. The thermocouple is connected to a 

proportional–integral–derivative (PID) controller, which in turn is connected to the circuit breaker. The 

thermocouple measures the temperature of the air exiting the air heater and sends a signal of 

temperature to the PID controller.  Once the PID controller receives this signal, it regulates the heat at 

a constant temperature set-point by switching the electrical air heaters on-and-off. The desired 

temperature can be set on the PID controller. 

The flow models of the air heaters with temperature streamlines are shown in Figures 5.4 and 5.5.  

 

FIGURE 5.4:  MODELS OF CA HEATER (LEFT) AND PA HEATER (RIGHT) WITH TEMPERATURE 

STREAMLINES 
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FIGURE 5.5:  MODELS OF SA HEATER (LEFT) AND TA HEATER (RIGHT) WITH TEMPERATURE 

STREAMLINES 

The internal view of the actual CA heater is shown in Figure 5.6, as well as the air heater set-up in Figure 

5.7. The PID controllers for each air heater are shown in Figure 5.8. 

 

FIGURE 5.6:  IMAGE SHOWING INTERNAL VIEW OF ACTUAL CA HEATER 

           

FIGURE 5.7:  IMAGE SHOWING ACTUAL AIR HEATERS  

  

Air inlet 

Electrical element 

Baffle plate 

Air outlet 

CA heater 

PA heater 

SA heater 

TA heater 



CHAPTER 5 – COMMISSIONING AND TESTING 

 
 MECHANICAL ENGINEERING  75 

 

 

FIGURE 5.8:  PID CONTROLLERS 

5.1.3 COMBUSTION AIR BLOWER 

The air compressor needs to be able to deliver a sufficient amount of combustion air to the burner and 

overcome the back pressure created by the rotameters, air heaters and the burner.  

It was established previously that the maximum amount of combustion air was 30.0 g/s. The blower 

discharges air to the burner by using a single tube. The tube then splits into four parallel tubes, each 

connected to the rotameters used to measure the volume flows of CA, PA, SA and TA air heaters 

respectively. As mentioned before, the SA and TA air streams supply heated air to the SA tube of the 

burner. After the air heaters, each air stream is connected to the respective burner tube. Since the air 

flows of CA, PA, SA and TA are in parallel, the airflow stream that produces the highest back pressure 

was the limiting factor. The pressure required by the air compressor was determined by using CFD on 

each air heater and burner tube, as well as the pressure loss due to the rotameters.  

The CFD results of the air heater pressures were determined and are shown in the following table: 

TABLE 5.1:  PRESSURE LOSSES OF AIR HEATERS 

 CA heater PA heater SA heater TA heater 

Pressure loss 

[kPa] 

0.142 0.418 1.322 1.989 

 

The CFD results of the burner tube pressure losses were determined and are shown in the following 

table: 

TABLE 5.2:  PRESSURE LOSSES OF BURNER TUBES 

 CA tube PA tube SA tube TA tube 

Pressure loss 

[kPa] 

0.112 0.700 0.734 0.740 

 

The pressure loss of the rotameters stated by the supplier is 0.3 kPa. 
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Thus the total head loss of each stream is given in Table 5.3: 

TABLE 5.3:  TOTAL PRESSURE LOSSES  

 CA PA SA TA 

Pressure loss 

[kPa] 

0.454 1.418 2.357 3.029 

 

The CFD results of the air heaters and burner tubes pressure distributions can be seen in Appendix G.  

The stream with the highest pressure loss is the TA stream. Therefore, it was determined that an air 

blower is required to deliver 30.0 g/s at a pressure greater than 3.029 kPa. 

The air blower that was chosen is a side channel air blower and exhauster. It can be seen in Appendix 

H, that the blower can deliver 40 l/s (40 g/s @ 40 oC) at 20 kPa which is suitable for this application. 

 

FIGURE 5.9:  IMAGE OF SIDE CHANNEL AIR BLOWER AND EXHAUSTER 

  



CHAPTER 5 – COMMISSIONING AND TESTING 

 
 MECHANICAL ENGINEERING  77 

 

5.1.4 CENTRIFUGAL AIR FAN 

Since it was determined that the cooling fluid inside the cooling jacket would be air, a fan with suitable 

capacity was required. The fan needed to deliver a sufficient amount of air and overcome any pressure 

losses inside the cooling jacket. It was determined in Section 4.2.2 that the amount of cooling air required 

was 0.0571 kg/s.  

Using a CFD model, which can be seen in Appendix I, it was determined that the pressure loss inside 

the cooling jacket was 1.898 kPa.  A centrifugal fan was chosen to deliver the correct amount of cooling 

air at sufficient pressure. This can be seen in Appendix J. 

 

FIGURE 5.10:  IMAGE OF CENTRIFUGAL COOLING FAN 

5.1.5 ROTAMETERS 

Rotameters were chosen as suitable measuring devices for the combustion air, since according to the 

supplier the accuracy is within 2.5% at a relatively favourable cost. The calibration certificate is included 

in Appendix K. 

However, rotameters measure volumetrically, but a gravimetric value is required for calculations. The 

rotameters were calibrated in terms of a normal temperature and pressure (NTP) reference. To 

determine the gravimetric amount, the actual temperature and pressure of the air at the rotameter were 

measured and the gravimetric amount was then calculated.   

5.1.6 THERMOCOUPLES 

Thermocouples were chosen to measure the temperatures of the NCVp coal analyser. In total, eight 

thermocouples were used and these were placed at the following locations:   

 The outlet of the blower to determine the mass flow of combustion air; 

 After each air heater, to regulate the temperature of the air streams giving an input to a PID 

controller; 

 The burner mouth inside the combustion chamber, to monitor the flame temperature; 

 Inside the AL-30 wall, near the burner mouth, to monitor the wall temperature; 

 At the outlet of the combustion chamber to measure the temperature at which the flue gas exits; 

 The in-and-outlet of the cooling jacket of the combustion chamber. 
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The following table shows the material composition, accuracy and temperature ranges of different 

thermocouples: 

TABLE 5.4:  ACCURACY AND TEMPERATURE RANGES OF DIFFERENT THERMOCOUPLES 

(MODIFIED AFTER WUHAN GLOBAL METAL ENGINEERING CO., LTD. 2019) 

 

K-type thermocouples were used at the blower outlet, the outlets of the air heaters and the in- and- 

outlet of the cooling jacket, since the temperature ranges from 20oC - 300oC. The thermocouples used 

at the burner mouth, AL-30 wall, and combustion chamber outlet were B-type thermocouples because 

of temperature ranges of 600oC – 1600oC. The thermocouples were calibrated by using a calibration 

oven. The calibration certificate for the oven is attached in Appendix L. 

 

FIGURE 5.11:  B-TYPE THERMOCOUPLE 
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5.1.7 ANEMOMETER 

An anemometer was used to measure the velocity of the cooling air inside the cooling jacket, by utilising 

the pressure and temperature, the mass flow was then calculated.  

 

FIGURE 5.12:  IMAGE OF ANEMOMETER 
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5.1.8 MANOMETERS 

To determine the mass flows of combustion air and cooling air from volume flow and temperature, water 

manometers were used to determine the gauge pressures. The manometers were placed at the blower 

outlet, rotameter outlets and centrifugal fan outlet.  

  

FIGURE 5.13:  IMAGE OF MANOMETERS 
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The figure below shows the assembled NCVp coal analyser including the PC burner, combustion 

chamber and auxiliaries:  

 

 

 

FIGURE 5.14:  IMAGE OF ASSEMBLED NCVP COAL ANALYSER 

5.1.9 PRELIMINARY TESTS 

After the NCVp coal analyser had been assembled, certain tests were carried out to confirm proper 

functioning. These tests related to air leak checks and air heater temperature control. Soap was used 

on the piping connections to see if any air leaks were present.  

After the air leaks had been checked, the air heaters were tested to establish if the temperature could 

be controlled at a certain set-point. As stated before, the CA and PA heaters must heat air to a 

temperature of 150oC and the SA and TA heaters must heat air to a temperature of 280oC. The tests 

were performed and as seen in Figure 5.15, the PID controllers were able to keep the temperatures 

within 2oC of their respective set-points. 

 

FIGURE 5.15:  IMAGE OF PID CONTROLLERS DISPLAYING TEMPERATURES OF AIR HEATERS 
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5.1.10 LPG COMBUSTION TESTING 

The first test run done on combustion involved applying an LPG flame only. This was to establish if the 

combustion chamber could withstand relatively high temperatures and if the thermocouples registered, 

as well as to evaluate and compare the aerodynamic flow field of the burner to the CFD. Therefore, the 

swirl angles were set at maximum. The test was carried out by introducing a minimum amount of LPG 

at first and then igniting it. After the LPG had been lit, an amount of CA was provided to avoid blow-off. 

The correct amounts of CA, PA and SA were then provided to the PC burner, as designed for the 80 

kW heat rate. However, the LPG was then set at 0.3 g/s, which equates to 13.5 kW heat rate (25% 

higher than the designed heat rate), to create a longer flame in order to observe and evaluate the 

aerodynamic flow field.  Figure 5.16 shows the LPG flame as seen from the side and front inspection 

holes: 

  

FIGURE 5.16:  IMAGES OF THE LPG FLAME TAKEN THROUGH THE FRONT (LEFT) AND SIDE 

(RIGHT) SIGHT GLASSES OF THE COMBUSTION CHAMBER 

The front view only reveals the yellow part of the flame. The side view shows the flame transitioning 

from a blue to a yellow flame. The blueish part of the flame cannot be seen in the front view owing to 

the over shadowing of the yellow front part of the flame. The side view (blue part of the flame) shows a 

converging flow profile. The front view shows evidence of turbulence in the flow.  

5.1.11 CALIBRATION OF THE NCVP COAL ANALYSER  

The purpose of this exercise was to validate the accuracy of the NCVp coal analyser and simultaneously 

establish the magnitude of possible unaccounted heat losses. To accomplish this, the NCVp coal 

analyser was calibrated by utilising LPG only, which has an independently tested NCVp of 46.6 MJ/kg 

(Chemical engineering, Queens University, 2014). This known NCVp of LPG was also determined by 

gas flow calorimeters. Therefore, this established value was used to compare to the NCVp of LPG as 

obtained by this NCVp coal analyser. 

The test was carried out by burning LPG until steady state conditions of the NCVp coal analyser had 

been reached. The mass flows, temperatures and pressures measured at that stage were used to 

calculate the NCVp of LPG.  The results are shown in Table 5.5 below: 

  

Converging flow 
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TABLE 5.5:  RESULTS OF LPG NCVP DETERMINATION WITH NCVP COAL ANALAYSER 

 

The results show that the 47.248 MJ/kg NCVp of LPG, obtained by using the NCVp coal analyser, differs 

only by 1.4% compared to the known reference NCVp of LPG. Therefore, this marginal difference 

indicates that the NCVp coal analyser is adequately accurate, as well as that possible unaccounted heat 

losses are negligible. 

5.1.12 PULVERISED COAL SETTLING FLOW TEST 

After LPG combustion had been tested, a test run was performed to evaluate the flow of PC through the 

burner. The airflows of the CA, PA and SA were unchanged from the conditions in Section 5.1.10, and 

the feed rate of PC was set at 1.5 g/s. After the test had been completed, it was noticed that some PC 

had settled in the tapered part of the PC/PA tube, before the PA swirler as shown in Figure 5.17 (left). 

To explain this phenomenon, the velocity streamlines of the PA, where the PC settling took place, 

needed to be analysed carefully by using a CFD analysis. This CFD analysis is shown in Figure 5.17 

(right): 

 

 

 

FIGURE 5.17:  LOCATION IN THE BURNER WHERE PC SETTLING OCCURED (LEFT) AND 

STREAMLINES SHOWING PREDICTED PC SETTLING (RIGHT) 

Figure 5.17 indicates the area where some PC settled, as well as the streamlines of the PA. The 

streamlines indicate that that there is a recirculation zone indicating a low velocity-area in the same 

location where PC settling took place. To solve this problem, it was decided that a tube had to be 

connected to the swirler at the end of the elbow, to prevent a low- velocity- recirculating area from 

forming. This would, however, prevent adjustable swirl. It was also deemed necessary to increase the 

PA from 6.5 g/s to 7.5 g/s, to increase the velocity in the PA/ PC tube and prevent PC settling. The A: F 

Property CA PA SA TA LPG Total

[g/s] 3,661 1,967 1,788 2,281 0,247 9,944

cP [kJ/kg-K] 1,043841 1,044031 1,043841 1,044052 1,658000

Temperature [°C] 150,000 150,000 150,000 150,000 18,000

[kW] 1,617 0,869 0,790 1,008 0,119 4,403

Property Flue Gas Cooling Air Losses Total

[g/s] 9,943942 76,28696935

cP [kJ/kg-K] 1,216656099 1,052016

Temperature [°C] 664 59,000

[kW] 11,33797568 4,735 0,000 16,073

[kW] 11,670

NCVP [MJ/kg] 47,248

TESTED NCVP LPG MASS - ENERGY BALANCE

MASS - ENERGY IN

MASS - ENERGY OUT

MASS - ENERGY BALANCE

 ̇

 ̇

 ̇

 ̇

 ̇

PC settling Recirculation 

zone and low 

velocity 
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in the PC/ PA tube was still safe regarding possible upstream combustion. The modification to the PA 

tube is shown in Figure 5.18: 

 

 

FIGURE 5.18:  FRONT VIEW OF LPG FLAME AT A PORTIAN AMOUNT OF MASS FLOW 

WITHOUT CA AFTER IGNITION 

5.2 ACTUAL COAL COMBUSTION TESTING 

The main objective described in this section was to demonstrate proof of concept, that is, to establish 

continuous, self-sustaining combustion of PC without any LPG flame support, for a single burner at this 

relatively small thermal heat rate. The results of this section were used to evaluate the PC flame using 

CFD, and to determine the NCVp of the tested coal, as will be explained in Chapter 6. 

Unfortunately, the exact analysis of the coal that was tested, was not yet available at that time. 

Therefore, the planning and settings for this test were done for a coal quality in the intermediate range 

as explained in Section 4.1.2. However, the test was carried out successfully, and after the tested coal’s 

analysis was obtained, the subsequent calculated A: Fs etc., are shown and explained in Chapter 6. 

Because the tested coal’s analysis was unknown, the A: F for an intermediate coal was increased to 

ensure that combustion occurred for a lower or a higher quality coal, since the most prominent reason 

for flame-outs is due to an insufficient amount of combustion air. 

5.2.1 COAL PREPARATION  

The PC was dried before testing, at 100oC for 1 hour, to obtain a dry basis. A dry basis was used for 

better coal combustion and ignition purposes and provided a more consistent base for NCVp calculation, 

since coal does not contain constant surface moisture.  The inherent and surface moisture can be 

included in the calculations to obtain the NCVp for coal on an air-dried and as received basis.  

  

PA tube modification 
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5.2.2 START-UP PROCEDURE 

 Firstly, the cooling air was supplied to cool the combustion chamber via the cooling jacket.  

 Thereafter, a partial amount of the designed mass flow of LPG was supplied to be ignited, as 

seen in Figure 5.19. This pilot flame burned with the ambient air in the combustion chamber 

without any CA. 

 

 

FIGURE 5.19:  IMAGE SHOWING FRONT VIEW OF FLAME AT A PARTIAL AMOUNT OF LPG 

MASS FLOW  

 After the LPG had been ignited, a relatively small amount of CA was supplied. When the LPG 

flame stabilised, the correct mass flows of LPG and CA were provided. The purpose of the LPG 

flame was to pre-heat the combustion chamber before supplying the PC.  

 Small amounts of PA and SA were also provided to cool the tubes of the PC burner to prevent 

damage and avoid cooling down the chamber, which would prolong the pre-heating of the LPG 

flame. 

 At this stage the air heaters were set at the respective set-points of 150 and 280oC. 

 These settings stayed the same until the combustion chamber wall’s thermocouple had reached 

600oC.  

The following figure shows the LPG flame that was produced to pre-heat the combustion chamber: 

  

FIGURE 5.20:  FRONT VIEW (LEFT) AND SIDE VIEW (RIGHT) SHOWING IMAGES OF LPG 

FLAME AT DESIGNED MASS FLOWS OF LPG AND CA 

hcf  

From Figure 5.20, it can be seen that the blue flame is very short which indicates rapid combustion. The 

red glow of the AL-30 indicates that the flame heats up the combustion chamber, but more importantly, 

Thermocouple 

Quarl 

Blue Flame 
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the quarl. As the fuel – air mixture exits the burner, it firstly makes contact with the hot quarl which 

promotes ignition. The thermocouple is situated near the flame to measure the flame temperature. 

5.2.3 PULVERISED COAL FIRING PROCEDURE 

 To prevent thermal shock to the combustion chamber, it was decided that the PC was to be 

admitted in stages to increase the thermal load gradually until the maximum thermal load for 

the test was reached.  

 Since the minimum PC mass flow the feeder can deliver is 1.5 g/s, this was the starting point of 

the test.  

 The PA and SA were then set for the assumed intermediate coal A: F since the analysis of the 

test coal tested was not yet available. 

 The PA and SA were supplied prior to the PC, since the air heaters first had to stabilise and 

reach the set temperatures. 

Some PC was entrained when the PA was applied (prior to the PC feeder being started) because of 

some remaining PC from the previous test in the PC/PA tube. Figure 5.21 shows the ignition of this 

entrained PC: 

 

FIGURE 5.21:  IMAGE SHOWING THE FRONT VIEW OF THE LPG FLAME WITH IGNITION OF A 

PORTION OF ENTRAINED PC  

It can be seen from Figure 5.21 that a yellow PC flame starts to form near the burner mouth and coal 

particles continue to burn in the form of glowing sparks. The streamlines of the coal particles show a lot 

of recirculation and turbulence.   

 After the air temperatures had stabilised, the feeder was set to supply the minimum of 1.5 g/s. 

Figure 5.22 shows the combustion in the transition of the PC feed increasing to the set point: 

  

Yellow flame 
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FIGURE 5.22:  IMAGE SHOWING THE FRONT VIEW OF THE INCREASING PC COMBUSTION 

 As the mass flow of PC started to approach the set point of 1.5 g/s, the brilliance increased such 

that no detail of the flame could be seen from the front inspection hole. However, when a dark 

filter was used on the camera, some of the glare was removed and more detail of the flame 

could be seen.  

Figures 5.23 and 5.24 show the front view and side view of the flame as the degree of the dark filter 

was increased progressively: 
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FIGURE 5.23:  IMAGES SHOWING THE FRONT VIEW OF LPG-PC FLAME WHILE INCREASING 

THE DEGREE OF DARK FILTERING  
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FIGURE 5.24:  IMAGES SHOWING THE SIDE VIEW OF THE LPG-PC FLAME WHILE 

INCREASING THE DEGREE OF DARK FILTERING  

 The settings of the LPG and PC flame were unchanged to allow for the flame and combustion 

chamber temperatures to stabilise.   

 The next step was to reduce the LPG supply gradually to zero, in order to establish if the PC 

flame could continuously be self-sustaining without any LPG flame support.  

 After turning off the LPG completely, a continuously self-sustaining PC flame occurred.  

Figure 5.25 shows the self-sustaining PC flame without any LPG support. A dark filter was once 

again applied to reduce the brilliance of the PC flame, which was equivalent to the first image shown 

in Figure 5.23. 

 

.   

FIGURE 5.25:  IMAGES OF FRONT VIEW (LEFT), AND SIDE VIEW (RIGHT) OF SELF-

SUSTAINING PC FLAME WHILE USING DARK FILTERING  

The quality of Figure 5.25 is worse than that of previous figures because of fly ash particles starting to 

precipitate on the inspection hole glasses. Slight fly ash clinkering started to form on the thermocouple 

measuring the flame temperature, which can be seen in Figure 5.25 on the right. 

While the self-sustaining PC flame burned, a slight pulsating effect was noticed in the flame. This can 

be seen in Figures 5.26 and 5.27, showing a front and side view comparison. The images on the left 

show a more prominent flame image than the images on the right, respectively. 
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FIGURE 5.26:  IMAGES SHOWING THE FRONT VIEW COMPARISON OF THE MORE 

PROMINENT (LEFT) AND LESS PROMINENT (RIGHT) PULSATING FLAME  

 

FIGURE 5.27:  IMAGES SHOWING THE SIDE VIEW COMPARISON OF THE MORE PROMINENT 

(LEFT) AND LESS PROMINENT (RIGHT) PULSATING FLAME 

This pulsating effect of the flame was due to the feeder producing pulsating flow when feeding PC at 

1.5 g/s.  
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5.3 CONCLUSION OF COAL COMBUSTION TEST 

The actions and the achievements described in this section are the following: 

 The primary device (PC burner and combustion chamber) and the supporting auxiliaries were 

commissioned and tested successfully. 

 Combustion testing with LPG only was performed for validation of the CFD flow field in Chapter 

4. Moreover, this LPG test was used to test all temperature measurements, as well as material 

durability. 

 By firing LPG with a known NCVp, the NCVp coal analyser was calibrated within an acceptable 

margin. Unaccounted heat losses were found to be negligible. 

 PC flow testing was performed and the observed deficiency of PC settling was corrected with a 

design modification. 

 The main objective of this test was to demonstrate the proof of concept, that is, to attain a self-

sustaining, continuous PC flame without any LPG flame support for a single burner of this 

relatively small thermal rating.  The proof of concept was indeed demonstrated. 

Since a self-sustaining PC flame was established, and the analysis of the tested coal was not yet 

available, it was decided not to increase the thermal load at this stage. However, the conditions were 

such that an NCVp calculation of the tested coal was possible, since all the necessary temperatures, 

pressures, volume flows and mass flows were documented at steady state conditions after 27 minutes 

of continuous coal combustion. 

 

 

 ______________________________ 
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6 CALCULATIONS AND INTERPRETATION OF RESULTS 

In this chapter, the following is discussed: 

 Validating the PC burner design by comparing the LPG flame profile with the CFD obtained; 

 Air flow calculations of actual test, with known tested coal analysis; 

 Self-sustaining, PC flame profile evaluation of actual test, by using CFD; 

 PC burner performance and combustion efficiency; 

 NCVp calculation of tested coal. 

6.1 VALIDATION OF PC BURNER DESIGN 

To validate the CFD used for the PC burner design at a load of 80 kW, the LPG flame test, done in 

Section 5.1.10, was used. As mentioned, all the air settings were as per design. In addition, the LPG 

amount was increased to create a larger flame to enable better analysis of the flame profile. In comparing 

the CFD with the LPG flame, only the outer profile could be compared, since it is difficult to do exact 

observation of the LPG flame’s internal profile, such as recirculation and swirl, on an image. 

In Figure 6.1, the left image shows the front view of the LPG flame, which is yellow and white, as seen 

from the inspection hole. The right image shows the cold flow streamlines obtained from CFD, used to 

design the PC burner, where the large circle indicates where the flame is observed from the front 

inspection hole. Both images in Figure 6.1 were front views that were slightly angled.  When comparing 

the profile of the cold flow streamlines (obtained from CFD), and the actual flame profile, it can be seen 

that they are quite similar. This is an indication that cold flow streamlines represent the flame quite 

accurately.  

 

FIGURE 6.1:  FRONT VIEW OF LPG FLAME IMAGE (LEFT) COMPARED TO CFD STREAMLINES 

(RIGHT) 

  

View of streamlines, 

as seen through 

inspection hole 
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Figure 6.2 shows the side views of the same LPG flame and CFD streamlines as in Figure 6.1. Again, 

the circle in the CFD streamlines image (right) indicate the inspection hole view.  It seems as if the flame 

consists of a blue part and a yellow part. Close to the burner mouth, the flame is blueish. The flame then 

gradually turns yellow which can only be seen clearly in the front view of Figure 6.1. The blue part of the 

flame shows a converging flow pattern, while the yellow part shows a diverging flow pattern.  

All the converging, diverging and recirculation streamlines can be realistically correlated to the image of 

the actual flame on the left. It can therefore be concluded that the actual flame represents the cold flow 

CFD streamlines model closely. 

   

FIGURE 6.2:  SIDE VIEW OF LPG FLAME IMAGE (LEFT) COMPARED TO CFD STREAMLINES 

(RIGHT) 

6.2 AIR FLOW CALCULATIONS OF ACTUAL TEST 

As mentioned in Section 5.2, the coal that was used during the test had not yet been analysed, and the 

A: F and excess air were calculated on the basis of an assumed intermediate coal analysis. However, 

after the test had been completed, the coal was analysed, and the analysis was used to determine the 

actual A: F and excess air of the test. The coal analysis can be seen in Table 6.1, which is on an air-

dried basis: 

  

Converging flow 

Diverging flow 

Recirculation 

zone 

View of 

streamlines, as 

seen through 

inspection hole 
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TABLE 6.1:  ANALYSIS OF ACTUAL TESTED COAL 

 

Since the NCVp test was carried out on a dry basis of coal, the air-dried analyses provided in Table 6.1 

needed to be converted to a dry basis. The results are given in Table 6.2. It can be noted that the results 

of the air-dried and as received basis are the same, since no information was received on the surface 

moisture and it was taken as zero. 
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TABLE 6.2:  PROXIMATE AND ELEMENTAL ANALYSIS OF TESTED COAL ON AN AS 

RECEIVED, AIR-DRIED AND DRY BASIS  

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

PROXIMATE ANALYSIS 

Carbon FIXED  (by difference) CFIX % 34.900 34.900 36.091 

Volatile matter VM % 20.500 20.500 21.200 

Ash Ash % 41.300 41.300 42.709 

Surface moisture Ms % 0.000 0.000 0.000 

Inherent moisture Mi % 3.300 3.300 0.000 

Total moisture Mt % 3.300 3.300 0.000 

Gross calorific value (Bomb) GCVV [MJ/kg] 15.180 15.180 15.698 

Total   % 100.000 100.000 100.000 

ELEMENTAL ANALYSIS 

Nitrogen N % 1.160 1.160 1.200 

Oxygen (by difference) O % 9.190 9.190 9.504 

Carbon TOTAL CTOTAL % 40.350 40.350 41.727 

Ash A % 41.300 41.300 42.709 

Sulphur S % 0.840 0.840 0.869 

Hydrogen H % 1.840 1.840 1.903 

Carbonates CO2 % 2.020 2.020 2.089 

Other Cl, F % 0.000 0.000 0.000 

Surface Moisture MS % 0.000 0.000 0.000 

Inherent Moisture Mi % 3.300 3.300 0.000 

Total moisture MT % 3.300 3.300 0.000 

Total   % 100.000 100.000 100.000 

 

Next, the mass flows used for CA, PA and SA during the test had to be calculated, since the rotameters 

measure volumetrically. To calculate the mass flows, the temperatures and volume flows and pressures 

were required. The rotameters display the volume flow as a percentage of 0 – 100 %, where 100% is 

equal to the maximum of each respective rotameter used for CA, PA, SA and TA. Note that the TA and 

SA were both used to supply air to the SA tube. The maximum of the CA, PA and SA rotameters was 

calibrated as 7.753 l/s, while the maximum of the TA rotameter was 12.406 l/s at standard temperature 

and pressure (STP) which is at 0oC and 101.325 kPa. The following table shows what the target 

percentage of each rotameter was at STP: 

TABLE 6.3:  MASS FLOW AND VOLUME FLOW AT STP FOR THE ROTAMETERS 
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However, the conditions of testing were not at STP. The actual temperature, atmospheric pressure and 

gauge pressure of CA, PA, SA and TA during the test were used to convert the volume flow and mass 

flow at 100% and target set points. The results are shown in Table 6.4: 

TABLE 6.4:  MASS FLOW AND VOLUME FLOW AT ACTUAL TEMPERATURES AND 

PRESSURES FOR ROTAMETERS 

 

 

The following step was to determine the actual and intended A: F and excess air during the test, after 

the mass flows of combustion air had been calculated in Table 6.4. However, the dry combustion air 

was required since the air used during the test contained some moisture. The amount of dry air and 

water vapour is shown in Table 6.5: 

TABLE 6.5:  MASS FLOW OF DRY COMBUSTION AIR AND WATER VAPOUR 

M atmospheric air, 

actual [g/s] 13.315 

M dry air actual [g/s] 13.211 

M water vapour 

actual [g/s] 0.104 

 

During the test, the actual mass flow of PC was found to be 1.423 g/s.  This mass flow of PC, dry 

combustion air and water vapour was used to determine the actual and intended A: Fs and excess air 

on a gravimetric dry basis. The same procedure was followed as in Section 4.1.2 and the summary 

results are shown in Table 6.6, whereas the detailed calculations can be seen in Appendix M. Note that, 

the O2 in the flue gas is the volumetric wet value, corresponding to the other gravimetric dry values. 

TABLE 6.6:  SUMMARY OF AIRFLOW CALCULATIONS OF TEST 

 Actual Intended 

A: F 9.285 5.778 

Excess air 82.403% 13.503 

O2 in flue gas 9.467% 3.5% 
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Table 6.6 shows that the actual PC combustion test was completed by using a high amount of excess 

air compared to the intended amounts. Using the mass flow of PC, and the GCVv obtained from the test 

coal analysis, the actual thermal rating of the PC burner during the test was calculated at approximately 

21.6 kW. 

6.3 PULVERISED COAL FLAME ANALYSIS OF ACTUAL TEST 

The actual self-sustaining PC flame test had a lower thermal loading (21.6 kW) than the maximum it 

was designed for (80 kW), as explained in the previous section. Consequently, the initial cold flow CFD 

could not be used to evaluate and analyse the actual test flame. Therefore, another cold flow CFD model 

was developed to evaluate the self-sustaining PC flame more accurately at the reduced load.  

To accomplish the above, a CFD model was developed with the boundary conditions corresponding to 

the settings of the actual 20 kW PC flame test, shown in Table 6.7. The same mesh and turbulence 

model was used as for Model 3 in Section 4.1.4 (80 kW). 

TABLE 6.7:  BOUNDARY CONDITIONS FOR COLD FLOW CFD ON SELF-SUSTAINING 20kW PC 

FLAME TEST 

 LPG CA PA SA Outlet 

Inlet Mass Flow 

[g/s] 

0 1.054 7.887 4.374 - 

Inlet 

Temperature 

[oC] 

- 150 150 280 - 

Outlet Pressure 

[kPa] 

- - - - 86 

 

A comparison between the actual flame and the cold flow CFD streamlines was done, as in Section 6.1. 

Figure 6.3 shows the actual PC flame (left image) and cold flow CFD streamlines (right) at the same 

angled front view. The circle in the right image represents the front view through the inspection hole. 

  

FIGURE 6.3:  FRONT VIEW IMAGE COMPARISON OF ACTUAL PC FLAME (LEFT) AND CFD 

STREAMLINES (RIGHT) 
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Figure 6.4 shows the side view of the PC flame (left) and the CFD streamlines (right). The circle in the 

right image represents the sight from the inspection hole of the left image.  

  

FIGURE 6.4:  SIDE VIEW IMAGE COMPARISON OF ACTUAL PC FLAME (LEFT) AND CFD 

STREAMLINES (RIGHT) 

Similar to Section 6.1, this actual flame at 21.6 kW, compares favourably with the cold flow CFD 

streamlines. It can be seen that the flame diverges similar to the streamlines and that the overall 

similarities validate the CFD. 

The cold flow CFD streamlines of CA, PA, and SA separately (but with the combined influence), and all 

of the streams together are shown in Figure 6.5 – 6.8. The velocity and pressure contours are also 

shown in Figures 6.9 and 6.10: 

 

FIGURE 6.5:  COLD FLOW STREAMLINES OF CA 

  

Diverging 

flow 



CHAPTER 6 – CALCULATIONS AND INTERPRETATION OF RESULTS 

 
 MECHANICAL ENGINEERING  99 

 

 

FIGURE 6.6:  COLD FLOW STREAMLINES OF PA 

 

FIGURE 6.7:  COLD FLOW STREAMLINES OF SA 

 

FIGURE 6.8:  COLD FLOW STREAMLINES OF THE COMBINED STREAMS 

  

Recirculation zone 

Diverging flow 
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FIGURE 6.9:  VELOCITY CONTOURS OF THE COMBINED STREAMS 

 

FIGURE 6.10:  PRESSURE CONTOURS OF THE COMBINED STREAMS 

The CFD of the self-sustaining PC flame test, shows that the flow exits the burner at a diverging angle. 

A certain distance after the burner mouth, a low-pressure recirculation zone is formed, which provides 

flame stabilisation and constant ignition. This correlates with what was seen during the test. The flame 

did not seem to stabilise at the burner mouth, but slightly further downstream.   
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6.4 COMBUSTION EFFICIENCY OF PC BURNER 

During the combustion of coal, all of the fixed C does not fully combust.  The percentage of C remaining 

after combustion is contained in the ash.  The ash formed can either be fly ash or bottom ash. Fly ash 

is normally finer, and lighter in colour, since it contains less unburnt fixed carbon. Fly ash is carried by 

the flue gas stream to the back end of the boiler. Bottom ash is coarser in structure and darker in colour, 

since it contains more unburnt C, and normally falls to the bottom in the ash hopper. In large boilers, the 

ratio of fly ash to bottom ash is approximately 90:10. 

In the case of this device, the combustion chamber is horizontal, resulting in a mixture of fly ash and 

bottom ash in the combustion chamber, representing a ratio closer to 50:50. However, this exact ratio 

is of no concern here, since an accumulative mixture of fly and bottom ash was tested as reflected in 

Table 6.8.  

As in the standard procedure, an ash sample is dried to get rid of any accumulated moisture, weighed 

and then placed in an oven at 800oC for 2 hours, to combust the remaining C in ash. The unburnt C in 

the ash is then calculated as a percentage of the ash. The unburnt C in the ash is a measure of the 

combustion efficiency of a burner. 

The results of the unburnt fixed C in ash is given in Table 6.8: 

TABLE 6.8:  UNBURNT FIXED CARBON IN ASH ANALYSIS  

 

Table 6.8 shows that the unburnt C in ash is 0.500%, which converts to 0.592% unburnt fixed C in a 

100% coal sample, and 0.214% unburnt fixed C of total C in a 100% coal sample. This indicates that 

this burner achieved a combustion efficiency of 99.785%. As mentioned in Section 2.2, a good 

combustion efficiency is considered to be at least 97%. It therefore indicates that the burner achieved 

extremely good combustion efficiency.  

  

Crucible mass [g] Dry mass [g] Ash only [g] Carbon [g]

Sample 1 11,3446 12,3714 12,3668 0,0046

Sample 2 94,3193 95,0104 95,0071 0,0033

Sample 3 82,4451 84,6496 84,6369 0,0127

Initial mass [g] Burnt carbon mass [g] % Unburnt Carbon Ratio

Sample 1 1,0268 0,0046 0,4480 90,000

Sample 2 0,6911 0,0033 0,4775 10,000

Sample 3 2,2045 0,0127 0,5761

Average 1,3075 0,0069 0,5005

% Unburnt Carbon of Coal 0,2138

% Unburnt Carbon of Carbon 0,5923

UNBURNED CARBON IN ASH
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6.5 NCVP CALCULATION OF TESTED COAL 

The NCVp of the tested coal was determined by using the proof of concept test results at steady state 

conditions. The mass-energy balance as explained in Section 3.1 was used, which is shown below:  

𝑄̇𝑖𝑛 =  𝑄̇𝑜𝑢𝑡 (9) 

(𝑚̇ ∗ 𝑐𝑝 ∗ 𝑇)𝑐𝑜𝑎𝑙 + (𝑚̇ ∗ 𝑐𝑝 ∗ 𝑇)𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑎𝑖𝑟 +  𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛
=  (𝑚̇ ∗ 𝑐𝑝 ∗ ∆𝑇)𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑓𝑙𝑢𝑖𝑑 + (𝑚̇ ∗ 𝑐𝑝 ∗ 𝑇)𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 

(10) 

𝑁𝐶𝑉𝑝 =  
𝑄̇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛
𝑚̇𝑐𝑜𝑎𝑙

 
(11) 

where: 

 𝑄̇ is the heat rate [kW] 

 𝑚̇ is mass flow [kg/s] 

 𝑇 is temperature [K] 

 𝑐𝑝 is the specific heat capacity at constant pressure [kJ/kg-K] 

 𝑁𝐶𝑉𝑝 is the heat content in the coal [MJ/kg] 

 

The mass flow of coal during the test was 1.423 g/s, while the temperature thereof was 30oC in the PC 

bunker.  The specific heat capacity (cp) value of coal was taken as 1.31 kJ/kg-K since this is a common 

value used for coal (Porgis, 1982). The combustion air comprised CA, PA and SA at their respective 

temperatures (which was measured by thermocouples). The corresponding cp values at their respective 

temperatures and pressures were used. The mass flows of the combustion air used were as calculated 

in Table 6.4. The heat content of the cooling air was determined by using the mass flow, corresponding 

cp value, and inlet and outlet temperatures.  

 

The temperature of the flue gas was measured by a thermocouple, and the cp value was calculated by 

using the weighted average of the cp values of the different components in the flue gas. The flue gas 

basically comprised N2, NOx, O2, CO, CO2, H2O and SO2, shown in the gravimetric wet, flue gas analysis 

table in Appendix M. In Section 6.4, it was stated that 50% of the ash was in the form of fly ash exiting 

the combustion chamber.  Consequently, because of the conservation of mass, the mass flow of the 

flue gas was determined by adding the mass flows of the combustion air and PC and subtracting 50% 

of the ash quantity in the coal. Table 6.9 summarises the results of the NCVp of coal: 

TABLE 6.9:  SUMMARISED RESULTS OF THE NCVP OF THE TEST COAL  

 

Property CA PA SA TA Pf Total

[g/s] 1,054 7,887 2,131 2,243 1,423 14,738

cP [kJ/kg-K] 1,043841 1,044031 1,043841 1,044052 1,310000

Temperature [°C] 150,000 150,000 280,000 280,000 30,000

[kW] 0,466 3,484 1,231 1,295 0,565 7,041

Property Flue Gas Cooling Air Losses Fly ash Total

[g/s] 14,118461 48,57850401 0,2937987

cP [kJ/kg-K] 1,219156158 1,052016 1,3

Temperature [°C] 820,115 122,900 820,115

[kW] 18,81794248 6,281 0,000 0,4175598 25,516

[kW] 18,475

NCVP [MJ/kg] 13,013

MASS - ENERGY BALANCE

TESTED NCVP MASS - ENERGY BALANCE

MASS - ENERGY IN

MASS - ENERGY OUT

 ̇

 ̇

 ̇

 ̇

 ̇
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Conclusively, an NCVp of 13.013 MJ/kg was determined for the tested coal. Since there is no direct 

method standard to compare this value with, the closest is to compare it with the calculated GCVv of 

Dulong, GCVv of the Bomb, NCVp of the BS-Dulong, the NCVp of the BS-Bomb and the NCVp 

determined by Dulong.  Table 6.10 shows the comparative CVs: 

TABLE 6.10:  COMPARATIVE CALORIFIC VALUES OF COAL  

Method Type Units Dry basis 
% difference 

Gross calorific value (Bomb) GCVv [MJ/kg] 15.698 
20.633 

Gross calorific value (Dulong) GCVv [MJ/kg] 16.915 
29.985 

Nett calorific value (BS-Bomb) NCVp [MJ/kg] 15.185 16.691 

Nett calorific value (BS-Dulong) NCVp [MJ/kg] 16.401 26.036 

Nett calorific value (Dulong) NCVp [MJ/kg] 16.511 
26.880 

Net calorific value by NCVp coal analyser NCVp [MJ/kg] 13.013 
- 

 

The NCVp of the tested coal, according to this analyser, is the only value determined entirely by means 

of a direct method.  The other remaining CVs are either entirely calculated, or derived from the GCVv 

direct method (Bomb calorimeter). The percentage difference between the NCVp coal analyser and the 

other direct method for GCVv by the Bomb calorimeter is approximately 20%. This emphasises the 

argument for using the NCVp for boiler utilities. A further problem is presented by the comparison of the 

NCVp as determined by the BS Bomb derived value, which has the smallest percentage difference 

(approximately 16%) in the above table. These percentage differences do not show a constant deviance 

from that determined by this device either, but vary greatly among themselves each other. 

Since the calibration of this NCVp coal analyser in Section 5.1.11 showed a deviation of only 1.4% from 

the established value of LPG, the larger deviances from the other calculated values for coal in Table 

6.10 justify the development of an NCVp coal analyser. 

 

 

 ______________________________ 
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7 CONCLUSION AND RECOMMENDATIONS 

The following chapter draws a conclusion on what was set out to be achieved in this study and 

emanating from that, certain recommendations are made. 

7.1 CONCLUSION 

7.1.1 LITERATURE REVIEW 

From the literature review the following main aspects were found: 

 NCVp is obtained if moisture cannot condensate inside the measuring apparatus. 

 NCVp must be determined directly. 

 The flow calorimeter is the direct method used to determine the NCVp of gaseous fuels. 

 No flow calorimeters for coal are available on the market. 

 A flow calorimeter consists mainly of a combustion chamber, burner, water jacket and 

measuring apparatus. 

 The procedure of using a flow calorimeter is basically the following: 

o The burner is used to combust fuel inside the water-cooled furnace. 

o The fuel gives off heat; some of this heat is absorbed by the water-cooled furnace walls 

and some of the heat exits the furnace to the atmosphere. 

o The NCVp is determined from a mass-energy balance, which depends on the 

measurements of: 

 inlet and outlet water temperature;  

 mass flow of water;  

 inlet temperature of fuel;  

 mass flow of fuel;  

 inlet temperature of combustion air; 

 mass flow of combustion air; 

 outlet temperature of flue gas. 

 Mass flow of flue gas is calculated by using the conservation law of mass for combustion air 

and fuel. 

 It is important that the fuel is completely combusted. 

 The test duration must be sufficient to allow a stable water temperature to be reached. 

 The flue gas must be at a sufficient temperature to prevent condensation inside the furnace. 

 The burner is a critical part of a flow calorimeter. 

 Cold flow modelling can be used for burner design. 

7.1.2 NCVP COAL ANALYSER DESIGN 

The primary objective of this study was to develop an NCVp coal analyser based on the principle of a 

flow calorimeter on a laboratory scale. However, in order to achieve this, the main challenge was to 

design a PC burner and combustion chamber with supporting auxiliaries that could sustain a PC flame 

without flame support from a medium such as LPG, with a combustion efficiency that was as high as 

possible.  

7.1.3 PROOF OF CONCEPT AND VALIDATION 

The above was indeed achieved by accomplishing the following: 

 Successful formulation of the required process for sustained combustion was done by applying 

burner and combustion principles in cold flow CFD modelling. 

 Evidence is therefore provided in the comparison of the intended CFD cold flow streamlines, 

with the resulting actual flame profiles which validates the cold flow modelling. 
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 This intended burner was designed for a thermal heat rate of between 40 and 80 kW. However, 

in the proof of concept test, this burner was successfully fired at a heat rate of approximately 20 

kW. Projections foreseen that if coal with a sufficient CV was received, the desired 40 – 80 kW 

could be achieved. 

 Despite the low thermal rating during the test, low coal quality and an out -of -specification A: F 

(because the coal analyses were only available afterwards), a high combustion efficiency of 

99.785% was attained. 

This device displayed combustion characteristics similar to those of a full-scale burner used on power 

stations. Thus, the overall objective of developing a laboratory-scale device complying with the 

sustained coal combustion requirements (at relatively low cost, operating time and sample size) was 

achieved.  

7.1.4 NCVP DETERMINATION 

After the attainment of the above mentioned device, the goal of determining the NCVp of coal could be 

pursued. By means of the mass-energy balance measurements during the test, an NCVp of coal of 

13.013 MJ/kg was determined directly. 

 This exercise proved a significant difference between: 

• Direct methods of GCVv (Bomb calorimeter) vs NCVp (NCVp coal analyser); 

• Direct NCVp (NCVp coal analyser) vs calculated NCVp (Dulong) and derived NCVp 

from the BS Bomb. 

 Because of the above-mentioned discrepancies, a significant misjudgement of a power station 

unit efficiency is inevitable (a calculated error of > 1.75% overall plant efficiency, based on 

equation (6), Section 2.4 is possible). 

 Likewise, a significant error in the planned procurement of coal may occur (> 6 million tons per 

annum for Eskom as a whole). 

During the calibration of this device with the established value of LPG, the values of NCVp of coal that 

were determined can be regarded as trustworthy to a high degree. It is thus possible to construct a 

device for the direct NCVp determination for coal. 

7.2 RECOMMENDATIONS 

As mentioned previously, the PC burner was designed to be adjustable in thermal load, A: F, pre-heated 

air temperatures, and aerodynamics (amount of swirl, recirculation, etc.). However, the test was 

completed at the settings that enabled proof of concept: only one aerodynamic setting (swirlers at 

maximum), at one thermal load (≈ 20 kW), for one type of coal. Future studies can therefore be 

conducted to determine the conditions at which a specific type of coal achieves optimum combustion 

efficiency, flame temperature, flame stability and A: F.   

The fact that the NCVp of the tested coal, determined by the NCVp coal analyser, differed by 16% from 

the calculated NCVp from the BS-Bomb calorimeter method is evidence of the need for future 

development and investigation in the direct determination of the NCVp of coal. The differences between 

the various methods used to calculate the NCVp, also show that a direct method must be standardised.  

 

 

 ______________________________ 
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10 APPENDICES 

A. COAL ANALYSIS 

A.1 INTERMEDIATE QUALITY COAL 

 
TABLE A.1.1:  PROXIMATE ANALYSIS FOR INTERMEDIATE QUALITY COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

PROXIMATE ANALYSIS 

Carbon FIXED  (by difference) CFIX % 43.300 44.410 46.162 

Volatile matter VM % 22.035 22.600 23.491 

Ash Ash % 28.465 29.195 30.347 

Surface moisture Ms % 2.500 0.000 0.000 

Inherent moisture Mi % 3.700 3.795 0.000 

Total moisture Mt % 6.200 3.795 0.000 

Gross calorific value GCVv [MJ/kg] 20.524 21.050 21.880 

Total   % 100.000 100.000 100.000 

 
 
TABLE A.1.2:  ELEMENTAL ANALYSIS FOR INTERMEDIATE QUALITY COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

ELEMENTAL ANALYSIS 

Nitrogen N % 1.151 1.180 1.227 

Oxygen (by difference) O % 7.166 7.350 7.640 

Carbon TOTAL CTOTAL % 53.021 54.380 56.525 

Ash A % 28.465 29.195 30.347 

Sulphur S % 0.878 0.900 0.936 

Hydrogen H % 3.120 3.200 3.326 

Surface Moisture MS % 2.500 0.000 0.000 

Inherent Moisture Mi % 3.700 3.795 0.000 

Total moisture MT % 6.200 3.795 0.000 

Total   % 100.000 100.000 100.000 
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A.2 HIGH QUALITY COAL 

TABLE A.2.1:  PROXIMATE ANALYSIS FOR HIGH QUALITY COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

PROXIMATE ANALYSIS 

Carbon FIXED  (by difference) CFIX % 51.806 53.080 54.590 

Volatile matter VM % 20.301 20.800 21.392 

Ash Ash % 22.793 23.354 24.018 

Surface moisture Ms % 2.400 0.000 0.000 

Inherent moisture Mi % 2.700 2.766 0.000 

Total moisture Mt % 5.100 2.766 0.000 

Gross calorific value GCVv [MJ/kg] 23.522 24.100 24.786 

Total   % 100.000 100.000 100.000 

 
 
TABLE A.2.2:  ELEMENTAL ANALYSIS FOR HIGH QUALITY COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

ELEMENTAL ANALYSIS 

Nitrogen N % 1.405 1.440 1.481 

Oxygen (by difference) O % 5.846 5.990 6.160 

Carbon TOTAL CTOTAL % 60.941 62.440 64.216 

Ash A % 22.793 23.354 24.018 

Sulphur S % 0.595 0.610 0.627 

Hydrogen H % 3.318 3.400 3.497 

Surface Moisture MS % 2.400 0.000 0.000 

Inherent Moisture Mi % 2.700 2.766 0.000 

Total moisture MT % 5.100 2.766 0.000 

Total   % 100.000 100.000 100.000 
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A.3 LOW QUALITY COAL 

 
TABLE A.3.1:  PROXIMATE ANALYSIS FOR LOW QUALITY COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

PROXIMATE ANALYSIS 

Carbon FIXED  (by difference) CFIX % 32.968 34.370 35.691 

Volatile matter VM % 17.074 17.800 18.484 

Ash Ash % 42.329 44.129 45.825 

Surface moisture Ms % 4.080 0.000 0.000 

Inherent moisture Mi % 3.550 3.701 0.000 

Total moisture Mt % 7.630 3.701 0.000 

Gross calorific value GCVv [MJ/kg] 14.251 14.857 15.428 

Total   % 100.000 100.000 100.000 

  
 
TABLE A.3.2:  ELEMENTAL ANALYSIS FOR LOW QUALITY COAL 

COAL QUALITY 

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS 

ELEMENTAL ANALYSIS 

Nitrogen N % 0.873 0.910 0.945 

Oxygen (by difference) O % 7.184 7.490 7.778 

Carbon TOTAL CTOTAL % 39.078 40.740 42.306 

Ash A % 42.329 44.129 45.825 

Sulphur S % 0.499 0.520 0.540 

Hydrogen H % 2.408 2.510 2.606 

Surface Moisture MS % 4.080 0.000 0.000 

Inherent Moisture Mi % 3.550 3.701 0.000 

Total moisture MT % 7.630 3.701 0.000 

Total   % 100.000 100.000 100.000 
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B. HYPER-STOICHIOMETRIC COMBUSTION CHEMICAL EQUATIONS  

B.1 HYPER-STOICHIOMETRIC COMBUSTION CHEMICAL EQUATIONS FOR 
INTERMEDIATE QUALITY COAL 

TABLE B.1.1:  HYPER-STOICHIOMETRIC COMBUSTION EQUATIONS FOR INETRMEDIATE 

QUALITY COAL 

 

  

2C  + O2  = 2CO

24,022 31,999 56,021

1,000 1,332 2,332

52,693 70,191 122,884

2CO  + O2  = 2CO2 

56,021 31,999 88,020

1,000 0,571 1,571

122,884 70,191 193,074

122,805 70,146 192,951

S  + O2  = SO2 

32,060 31,999 64,059

1,000 0,998 1,998

0,878 0,876 1,753

2H2  + O2  = 2H2O

4,032 31,999 36,030

1,000 7,937 8,937

3,120 24,763 27,883

2N2  + O2  = 2N2O

56,027 31,999 88,026

1,000 0,571 1,571

0,81880 0,468 1,286

PRACTICAL INCOMPLETE COMBUSTION
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B.2 HYPER-STOICHIOMETRIC COMBUSTION CHEMICAL EQUATIONS FOR HIGH 
QUALITY COAL 

TABLE B.2.1:  HYPER-STOICHIOMETRIC COMBUSTION EQUATIONS FOR HIGH QUALITY 

COAL 

 

  

2C  + O2  = 2CO

24,022 31,999 56,021

1,000 1,332 2,332

60,679 80,829 141,508

2CO  + O2  = 2CO2 

56,021 31,999 88,020

1,000 0,571 1,571

141,508 80,829 222,337

141,418 80,777 222,195

S  + O2  = SO2 

32,060 31,999 64,059

1,000 0,998 1,998

0,595 0,594 1,190

2H2  + O2  = 2H2O

4,032 31,999 36,030

1,000 7,937 8,937

3,318 26,338 29,657

2N2  + O2  = 2N2O

56,027 31,999 88,026

1,000 0,571 1,571

0,94178 0,538 1,480

PRACTICAL INCOMPLETE COMBUSTION
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B.3 HYPER-STOICHIOMETRIC COMBUSTION CHEMICAL EQUATIONS FOR LOW 
QUALITY COAL 

TABLE B.3.1:  HYPER-STOICHIOMETRIC COMBUSTION EQUATIONS FOR LOW QUALITY 

COAL 

 

  

2C  + O2  = 2CO

24,022 31,999 56,021

1,000 1,332 2,332

38,591 51,406 89,997

2CO  + O2  = 2CO2 

56,021 31,999 88,020

1,000 0,571 1,571

89,997 51,406 141,402

89,940 51,373 141,313

S  + O2  = SO2 

32,060 31,999 64,059

1,000 0,998 1,998

0,499 0,498 0,997

2H2  + O2  = 2H2O

4,032 31,999 36,030

1,000 7,937 8,937

2,408 19,109 21,517

2N2  + O2  = 2N2O

56,027 31,999 88,026

1,000 0,571 1,571

0,59494 0,340 0,935

PRACTICAL INCOMPLETE COMBUSTION
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C. FLUE GAS CALCULATIONS OF HYPER-STOICHIOMETRIC 
COMBUSTION 

C.1 INTERMEDIATE QUALITY COAL 

 
TABLE C.1.1:  GRAVIMETRIC WET FLUE GAS ANALYSIS FOR INTERMEDIATE QUALITY COAL 

GAS [kg gas/100 kg coal] [kg/s] % Gravimetric 

CO2 (Ostwald CO2
+) 192.951 3.761 21.377 

CO 0.078 0.002 0.009 

SO2 1.753 0.034 0.194 

NOx 1.286 0.025 0.143 

O2 (Ostwald O2+) 31.318 0.610 3.470 

H2O from H2  27.883 0.543 3.089 

H2O from coal  6.200 0.121 0.687 

H2O from air 9.671 0.188 1.071 

N2 from stoichiometric air 527.433 10.280 58.434 

N2 from excess air 103.708 2.021 11.490 

N2 from coal 0.332 0.006 0.037 

Total Flue Gas 902.615 17.592 100.000 

Total H2O 43.754 0.853 4.847 

Total N2 631.473 12.307 69.960 

 
 
TABLE C.1.2:  VOLUMETRIC DRY FLUE GAS ANALYSIS FOR INTERMEDIATE QUALITY COAL 

GAS 
[kg gas/100kg 

gas] [kg gas / kmole gas] 
[kmole / 
100kg] 

% 
Volumetri

c 

CO2 (Ostwald CO2
+) 21.377 44.010 0.486 15.679 

CO 0.009 28.010 0.000 0.0100000 

SO2 0.194 64.059 0.003 0.0978815 

NOx 0.143 46.006 0.003 0.1000000 

O2 (Ostwald O2+) 3.470 31.999 0.108 3.500 

H2O from H2  0.000 18.015 0.000 0.000 

H2O from coal  0.000 18.015 0.000 0.000 

H2O from air 0.000 18.015 0.000 0.000 

N2 from 
stoichiometric air 58.434 28.013 2.086 67.332 

N2 from excess air 11.490 28.013 0.410 13.239 

N2 from coal 0.037 28.013 0.001 0.042 

Total Flue Gas 95.153 

Molecular mass of Flue gas 
[kg/kmole] 

3.098 100.000 

Total H2O 
0.000 

RFLUE GAS 
[kJ/kg-K] 0.000 

Total N2 69.960 32.27894 0.25758 80.613 
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C.2 HIGH QUALITY COAL 

 
TABLE C.2.1:  GRAVIMETRIC WET FLUE GAS ANALYSIS FOR HIGH QUALITY COAL 

GAS [kg gas/100kg coal] [kg/s] % Gravimetric 

CO2 (Ostwald CO2
+) 222.195 3.771 21.502 

CO 0.090 0.002 0.009 

SO2 1.190 0.020 0.115 

NOx 1.480 0.025 0.143 

O2 (Ostwald O2+) 36.024 0.611 3.486 

H2O from H2  29.657 0.503 2.870 

H2O from coal  5.100 0.087 0.494 

H2O from air 11.125 0.189 1.077 

N2 from stoichiometric air 606.751 10.297 58.716 

N2 from excess air 119.289 2.024 11.544 

N2 from coal 0.464 0.008 0.045 

Total Flue Gas 1033.363 17.536 100.000 

Total H2O 45.881 0.779 4.440 

Total N2 726.504 12.329 70.305 

 
 
TABLE C.2.2:  VOLUMETRIC DRY FLUE GAS ANALYSIS FOR HIGH QUALITY COAL 

GAS 
[kg gas/100kg 

gas] [kg gas / kmole gas] 
[kmole / 
100kg] 

% 
Volumetri

c 

CO2 (Ostwald CO2
+) 21.502 44.010 0.489 15.698 

CO 0.009 28.010 0.000 0.0100000 

SO2 0.115 64.059 0.002 0.0577384 

NOx 0.143 46.006 0.003 0.1000000 

O2 (Ostwald O2+) 3.486 31.999 0.109 3.500 

H2O from H2  0.000 18.015 0.000 0.000 

H2O from coal  0.000 18.015 0.000 0.000 

H2O from air 0.000 18.015 0.000 0.000 

N2 from 
stoichiometric air 58.716 28.013 2.096 67.343 

N2 from excess air 11.544 28.013 0.412 13.240 

N2 from coal 0.045 28.013 0.002 0.051 

Total Flue Gas 95.560 

Molecular mass of Flue gas 
[kg/kmole] 

3.112 100.000 

Total H2O 
0.000 

RFLUE GAS 
[kJ/kg-K] 0.000 

Total N2 70.305 32.12930 0.25878 80.634 
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C.3 LOW QUALITY COAL 

 
TABLE C.3.1:  GRAVIMETRIC WET FLUE GAS ANALYSIS FOR LOW QUALITY COAL 

GAS [kg gas/100kg coal] [kg/s] % Gravimetric 

CO2 (Ostwald CO2
+) 141.313 3.775 21.396 

CO 0.057 0.002 0.009 

SO2 0.997 0.027 0.151 

NOx 0.935 0.025 0.142 

O2 (Ostwald O2+) 22.755 0.608 3.445 

H2O from H2  21.517 0.575 3.258 

H2O from coal  7.630 0.204 1.155 

H2O from air 7.017 0.187 1.062 

N2 from stoichiometric air 382.605 10.220 57.931 

N2 from excess air 75.351 2.013 11.409 

N2 from coal 0.278 0.007 0.042 

Total Flue Gas 660.454 17.641 100.000 

Total H2O 36.164 0.966 5.476 

Total N2 458.234 12.240 69.382 

 
 
TABLE C.3.2:  VOLUMETRIC DRY FLUE GAS ANALYSIS FOR LOW QUALITY COAL 

GAS 
[kg gas/100kg 

gas] [kg gas / kmole gas] 
[kmole / 
100kg] 

% 
Volumetri

c 

CO2 (Ostwald CO2
+) 21.396 44.010 0.486 15.804 

CO 0.009 28.010 0.000 0.0100000 

SO2 0.151 64.059 0.002 0.0765730 

NOx 0.142 46.006 0.003 0.1000000 

O2 (Ostwald O2+) 3.445 31.999 0.108 3.500 

H2O from H2  0.000 18.015 0.000 0.000 

H2O from coal  0.000 18.015 0.000 0.000 

H2O from air 0.000 18.015 0.000 0.000 

N2 from 
stoichiometric air 57.931 28.013 2.068 67.222 

N2 from excess air 11.409 28.013 0.407 13.239 

N2 from coal 0.042 28.013 0.002 0.049 

Total Flue Gas 94.524 

Molecular mass of Flue gas 
[kg/kmole] 

3.076 100.000 

Total H2O 
0.000 

RFLUE GAS 
[kJ/kg-K] 0.000 

Total N2 69.382 32.50642 0.25578 80.510 
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D. ROSIN-RAMMLER COAL SIZE DISTRIBUTION 

 

 

FIGURE D.1:  ROSIN-RAMMLER SHOWING MILLING SIZE DISTRIBUTION FOR SOUTH 

AFRICAN COAL 
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E. DROP TUBE FURNACE DATA OF SOUTH AFRICAN COAL 

TABLE E.1:  DROP TUBE FURNACE DATA OF SOUTH AFRICAN COAL 

 

Sample 

Name IM Ash-% VM FC

Total 

sulphur

Total 

CO2 CV Carbon Hydrogen Nitrogen Oxygen SiO2 Al2O3 Fe2O3 TiO2 P2O5 CaO MgO Na2O

1 0,8 31,2 23,6 44,4 0,44 1,62 21,57 53,88 3,55 1,24 7,29 56,1 32,6 3,4 1,7 0,71 2,83 0,7 0,01

2 1 32,6 24,5 41,9 1,27 1,78 21,17 51,8 3,42 1,46 6,97 53,4 30,1 5,2 1,5 0,84 4,4 1,3 0,01

3 1 34,4 22,5 42,1 0,96 1,91 20,37 50,55 3,15 1,18 6,85 51,5 33,4 5 1,8 0,73 4,2 1,3 0,01

4 2,6 17 24,8 55,6 2 0,77 25,5 64,52 3,7 1,53 7,88 50,1 25,8 15,2 1,1 0,12 2,8 1,6 0,01

5 2 18,4 27 52,6 2,14 0,84 24,62 63,08 3,66 1,49 8,39 36,6 20 31,3 0,9 0,11 5,3 1 0,01

6 2 24,8 20,6 52,6 1,13 1,33 22,53 59,54 3,13 1,37 6,7 57,8 26,5 5,9 1,5 0,11 5 1,1 0,01

7 3 23,1 21,6 52,3 1,22 1,94 22,42 58,55 2,99 1,34 7,89 54,2 25,2 7 1,4 0,1 7,6 1,9 0,01

8 6,9 23,6 16,4 53,1 0,7 1,97 22,41 55,51 2,19 1,35 7,78 41,8 40,3 1,5 1,6 0,64 6,7 1,7 0

9 6,5 28,2 15,2 50,1 1,28 3,96 20,32 53,38 2,16 1,32 3,2 30,3 38,4 4,2 1,1 0,5 13,2 3,4 0

10 6,6 30,6 15,4 47,4 0,55 2,2 19,17 49,39 2,12 1,32 7,22 43,4 39,8 0,7 1,5 0,65 5,8 1,6 0

11 4,5 28,8 18,7 48 1,07 0,77 21,18 55,67 2,95 1,31 1,12 46,4 39,4 3,7 1,9 0,3 4,6 1,1 0,5

12 5,1 23,2 22,6 49,1 2,37 1,86 22,44 58,14 2,31 1,39 5,63 48,4 24,5 11,1 1,2 0,61 7,3 3,1 0,01

13 2,2 25,2 24,2 48,4 0,76 0,57 23,57 59,29 3,27 1,22 6,86 50,1 31,5 3,9 1,6 0,7 4,8 1,8 0,01

14 5,2 20,8 22,8 51,5 0,79 1,36 19,98 61,25 3,63 1,48 5,49 62 28,7 3,86 2,24 0,49 0,2 0,1 0,05

15 6,6 14,8 27,6 51 1,08 0 24,23 59,97 2,69 1,75 13,11 59,3 27 7,8 1,4 0,14 1,8 0,4 0,01

16 4,2 32,8 21,7 41,3 1,25 2,99 18,63 49,01 2,39 1,31 6,05 53,3 24 5,5 1,3 0,16 6,1 2,3 0,01

17 4,2 25 22,1 48,7 0,6 1,07 22,27 56,73 2,75 1,26 8,39 54,7 27,3 3,4 1,3 0,56 4,4 1,7 0,01

18 4,5 27,2 21,8 46,5 0,73 1,86 20,76 55,1 2,84 1,44 6,33 53,7 25,5 3 1,4 0,73 6,8 2,4 0,01

19 4,9 22,3 22,6 50,2 0,56 2,06 22 58,78 3,01 1,54 6,85 44,4 28,2 2,1 1,6 1,11 10,9 3,3 0,8

20 4,3 25,8 20,1 49,8 0,49 0,59 21,95 58,4 2,36 1,36 6,66 64,4 26,4 3,2 1,3 0,2 1,8 1 0,01

21 3,7 23,2 22,2 50,9 1,36 0,24 22,92 59,61 3,12 1,55 7,22 54,4 33,4 5,4 1,8 0,36 1,2 0,8 0,01

22 6,2 39,6 19,2 35 1,07 15,15 41,62 2,2 0,65 8,36 54,2 28,4 4,9 1,3 0,44 4,4 1,5 0,01

23 1,8 33,7 25 39,5 0,96 0,46 20,3 51,31 3,24 1,02 7,51 60 29,8 4,2 1,2 0,56 1,8 0,8 0,01

24 2,8 35,7 21,4 40,1 1,42 2,17 18,58 47,9 2,87 1,23 5,91 52,6 30,4 5,51 1,37 0,66 4,63 1,56 0,27

25 5,4 25,5 24,2 44,9 1,06 21,21 56,04 3,1 1,47 6,11 44,66 26,81 7,74 1,66 1,75 8,37 1,65 0,14

26 2,3 34,2 19 44,5 0,61 1,84 19,98 52,98 2,15 1,1 4,86 52,7 30,1 4,1 2 1,15 6,2 1,6 0,01

27 2,8 29 20,4 47,8 0,8 2,98 21,22 53,45 2,63 1,16 7,18 42,7 26,5 5,4 1,4 2,96 11,2 2 0,01

28 2,6 35,6 20,8 41 1,24 2,32 19,24 49,25 2,73 1,14 5,12 51,9 26,1 6,4 1,4 0,57 5,1 1,3 0,01

29 2 34 19,1 44,9 1,16 1,28 23,96 50,9 2,3 1,12 7,24 48,2 31,8 4,72 1,42 1,73 7,68 0,9 0,09

30 5,4 23,2 26,1 45,3 1,51 2,37 22,7 56,9 2,9 1,3 6,47 38,6 32,8 5,2 1,4 1 8,5 2,8 0,01

31 2,8 25 21,3 50,9 1,18 2,12 22,95 59,8 3,12 1,32 4,66 45,7 30,4 5,6 1,8 1,04 6,7 0,8 0,01

32 7,3 24,6 19,2 46,5 0,75 1,43 21,29 56,8 3,3 1,4 4,43 41,6 38,2 2,91 1,79 0,51 6,2 1,5 0,33

33 5,7 24,1 17,7 47,1 0,58 0,91 22,75 58,54 2,49 1,4 6,28 60,7 21,6 7 1,1 0,15 3 1,3 0,01

34 4,3 27,9 20,7 47,1 0,53 1,86 20,62 54,89 2,38 1,41 6,73 60,9 19,5 4,86 1,42 0,36 7,03 1,98 0,12

35 1,5 19,9 21,3 54,3 0,69 1,85 23,87 62,19 2,31 1,55 10,01 48,9 28,8 3,3 1,4 0,68 7,9 3,3 0,05

36 4,4 22,6 23,8 49,2 0,92 2,04 22,4 58,42 2,66 1,3 7,66 42,9 31,2 6,6 1,3 1,28 8,1 2,5 0

37 3,6 37,3 20,8 38,3 0,83 1,57 17,1 45,85 2,24 1 7,61 53,6 30,1 2,6 1,5 0,6 4,3 1,9 0,2

38 3,4 31,2 19,3 46,6 1,11 0,01 20,77 54,24 2,9 1,31 6,33 53,6 37,2 4,2 2,3 0,4 0,3 0,5 0,01

39 1,2 34,3 17,4 47,1 1,74 0,14 20,49 51,35 2,68 1,16 7,43 61,4 27,9 4,9 1,6 0,34 0,3 0,6 0,01

40 2,2 30 18,7 49,1 0,58 1,03 21,43 57,38 2,61 1,21 4,99 58,6 32,1 2,79 1,72 0,55 1,34 0,6 0,14

41 3,4 29,4 22,4 44,9 0,93 1,74 20,79 55,2 2,76 1,22 5,35 60,6 24,4 3,7 1,5 0,25 3,1 1,3 0,01

42 5,2 22,4 20,3 52,1 1,05 0,87 22,14 57,61 2,74 1,5 8,63 45,4 35,6 7,8 2 1,16 3,1 1,5 0,01

43 4,31 24,1 22,7 48,5 0,78 2,09 21,87 58,16 2,32 1,44 7,91 52,73 29,91 4,42 1,77 1,08 5,31 1,31 0,31

44 2,2 38,5 18,4 40,9 0,5 1,34 17,43 47,95 2,42 1 6,09 49,5 33,8 2,8 1,5 0,75 4,5 1,7 0,01

45 1,7 26,4 20,2 51,7 0,74 2,62 23,35 44,1 36,1 4,2 1,6 1,28 7,7 2 0,01

46 2,4 32 19,8 45,8 0,97 1,76 21,24 54,89 2,99 1,22 3,77 56,2 27,7 5,7 1,6 0,17 4,1 1,8 0,01

47 4,1 30,8 19,7 45,4 1,24 0,63 19,91 53,43 2,52 1,16 6,12 49,2 30 4,07 1,61 1,34 8,12 2,53 0,24

48 6,4 27 22,2 44,4 0,6 2,61 19,46 51,1 2,61 1,34 7,86 46 32,4 8,04 1,74 0,32 6,66 1,99 0,13

49 4,8 22,4 23 49,8 0,79 2,16 22,74 59,1 2,44 1,71 6,6 41,4 31,3 2,4 1,5 1,76 9,4 3,2 0,01

50 4,9 32,2 18,4 44,5 0,8 1,41 18,91 49,5 2,46 1,14 7,59 45,6 38,9 5,2 2,2 0,38 1,3 0,8 0,01

51 4,5 29,2 20,4 45,9 1,01 1,49 20,79 53,13 2,98 1,33 6,36 43,8 40,2 5,08 2,32 0,4 4,52 0,91 0,18

52 2,2 30,7 20,6 46,5 1,14 1,9 21,31 55,1 2,69 1,12 5,15 60,3 23,6 4,3 1,6 0,12 5 1,4 0,01

53 2,6 34 20,4 43 1,34 3,32 19,63 50,71 2,56 0,99 4,48 54,7 23,4 6,2 1,6 0,11 5,5 2,4 0,01

54 5,2 26,8 22,6 45,4 1,06 1,06 19,9 53,57 2,68 1,32 8,31 44,2 30,1 4,2 1,7 1,04 8,1 1,3 0,01

55 3,9 20 25,6 50,5 1,58 0,55 24,08 62,38 3,33 1,56 6,7 50,1 28 7 1,2 0,26 6 1,8 0,01

56 6,6 15,8 29,6 54,6 1,08 0 24,34 59,97 2,69 1,75 13,1 59,3 27 7,8 1,4 0,14 1,8 0,4 0,01

57 3,9 17,4 28,4 54,2 0,96 0,28 26,7 64,16 3,19 1,79 9,02 56,9 28,7 4,8 1,4 0,026 5,4 0,8 0

58 2,4 34,6 22,2 40,8 1,12 0,91 19,26 49,81 2,82 0,98 7,36 59,7 24,7 3,5 1,2 0,52 2,6 0,7 0,01
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Sample 

Name K2O SO3 Mn Def (ºC) Hem (ºC) Flo (ºC)

Abrasive 

index 

(mmFe) HGI

Volatiles 

by DTF, 

VMDTF%

CV of 

volatiles, 

CVvm

Heat in 

volatiles 

(HIV)%

Activation 

Energy

Energy 

Ratio

Burnout 

time in 

seconds

1 0,5 2,7 0,04 1550 1550 1550 224 48 28,1 29 37,5 91,7 1,5 2,3

2 0,6 3,9 0,04 1400 1480 1500 200 40 28,6 28,9 38,6 82,7 1,7 1,7

3 0,4 3,2 0,05 1480 1530 1550 161 49 28,1 29,5 40,4 82,7 1,7 1,7

4 0,2 4,5 0,09 1370 1390 1400 275 47 32,6 28,7 35,7 61,4 2,7 1,3

5 0,1 4,5 0,34 1280 1300 1320 361 44 37,2 26,4 39 56,4 3,3 1,5

6 0,2 4,5 0,09 1450 1480 1500 243 54 28,7 25,9 32,3 61,7 2 1,5

7 0,1 3,8 0,15 1290 1320 1330 238 55 32,1 24,6 34,2 62,2 2,2 1,3

8 0,7 4,9 0,03 1490 1550 1550 20 27,8 30,3 35 53,4 2,6 1,4

9 0,5 4,8 0,04 1410 1430 1440 30 26,6 25,8 31,6 56,6 2 1,5

10 0,8 3,4 0,03 1550 1550 1550 82 28,1 29,6 40,6 57,3 2,4 1,3

11 0,7 2,9 0,02 0 0 0 0 17 23,8 25,2 97,2 0,8 2,9

12 0,3 7 424 50 32,9 27,3 38 72,9 2,2 1,4

13 0,5 2 284 56 29,5 30,1 36,8 53,8 2,8 2,5

14 0,48 0,16 1300 1330 1350 380 69 28,8 15,6 21,4 63,4 1,2 2,4

15 0,7 1,3 34,9 26,36 35,3 42,6 4 0,99

16 0,1 4 0,04 1300 1320 1340 154 23,7 24,7 30 67,4 1,4 1,3

17 0,6 2,7 284 56 31,3 28,5 28,4 58,5 2,7 2,2

18 0,5 4,5 272 49,17 33,6 25,5 39,5 78,8 2 1,7

19 0,5 4,9 166 57,85 33,2 23,3 33,4 72,1 1,9 1,9

20 0,4 1,7 400 61 36,7 30,2 46,4 75,6 2,8 1,6

21 0,4 1,3 68 61,87 27,3 25,5 29,2 84,7 1,4 2,3

22 0,6 4,4 832 58 29,5 24,1 44,1 83,7 1,4 1,9

23 0,8 1,3 225 47 29,7 29,9 43 64,8 2,3 1,6

24 0,97 2,02 0 295 48 29,7 27 40,3 68,7 2 1,5

25 0,8 8,15 0,01 179,3 56 36,2 26,2 42,3 85,9 2,1 1,5

26 0,3 2,3 19,2 25,2 23,7 83,6 0,9 2,3

27 0,4 4 0,04 1330 1370 1400 0 18,4 27,5 23,2 46,4 1,6 2,3

28 0,5 4,3 0,05 1430 1480 1500 0 19,3 32,4 31,7 53,9 1,7 1,4

29 0,6 3,39 0,05 27,8 41,5 47,2 39,4 4,9 1,2

30 1 7,6 1350 1390 1410 155 47 34 26,1 37,7 69,8 2,3 1,6

31 0,6 4,4 0,06 1380 1400 1420 260 38,5 30,4 49,7 50,9 4,5 1,5

32 1,17 5,38 0 1429 1487 1500 29 26,7 33,8 71,4 1,8 2,2

33 1,5 3,5 0,03 1430 1490 1530 22,1 25,7 24,2 74,3 1,2 2,3

34 0,4 1,88 0 1300 1320 1340 244 27,9 24,3 31,5 35,8 3,2 1,3

35 0,5 2,2 31,7 24,8 32,5 59,5 2,3 1,3

36 0,3 5,8 27,6 24,4 28,9 95,8 1,2 1,9

37 0,6 3,2 26,9 24,1 36,5 131,9 0,8 1,7

38 1,2 0,3 0,01 NM NM NM 115 NM 23,2 32,9 36,8 88,6 1,3 1,6

39 1,2 0,2 0,01 1550 1550 1550 23,2 32,9 36,8 88,6 1,3 1,6

40 0,44 2,22 0 1450 1490 1540 276 55 22,5 25,8 26,6 37,8 2,4

41 0,6 3,1 0,02 1470 1510 1530 551 28,8 30,9 41,2 67,4 2,2 1,3

42 0,3 3,1 0,08 1390 1440 1480 68 31,7 27,4 37,2 62,4 2,4 1,2

43 0,57 3,18 1262 1344 1363 50 27,3 28,7 33 88,3 1,5 1,8

44 0,8 1,3 0,03 15,2 18,3 15,6 66,2 0,6 2,5

45 0,5 2,8 0,05 27,3 28,7 33 1,8

46 0,3 3 0,05 1310 1370 1410 25,6 30,2 35,5 76 1,6 1,5

47 0,65 1,03 26,9 24,4 31,6 56,9 1,9 1,4

48 0,48 2,98 1360 1390 1420 83 59 29,2 20,7 29,1 65,2 1,6 1,5

49 0,7 5 0,03 1310 1350 1380 30,5 26,3 33,6 77,9 1,8 1,6

50 0,3 1,5 0,03 1600 1530 1580 0 33,2 35,1 58,7 68,2 3,1 1,3

51 1 2,62 105 54 24,7 24,9 29,1 88,8 1,1 1,7

52 0,1 3,6 0,02 1250 1300 1340 0 24,9 33,3 38,1 68,8 1,9 1,3

53 0,1 3,1 0,03 1250 1300 1340 0 21,4 32,4 34,8 57,6 1,8 1,4

54 0,4 7,1 0,04 1370 1430 1480 238 64 29,6 21,3 29,9 88,6 1,3 1,6

55 0,9 5,8 0,04 1300 1330 1344 43,3 30 51,8 51,8 5,3 2,2

56 0,7 1,3 0,03 600 34,9 26,3 35,3 42,6 4 0,99

57 0,6 3,1 0,04 55,2 1

58 0,8 2,5 0,01 0 0 0 410 34,5 27 47,2 58,4 2,9 1,3
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F. AL-30 PROPERTIES 
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G. CFD ANALYSIS SHOWING AIR HEATERS AND BURNER PRESSURE 
DISTRIBUTION 

G.1. CA HEATER PRESSURE 

 

FIGURE G.1.1:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE CA HEATER 

G.2. PA HEATER PRESSURE 

 

FIGURE G.2.1:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE PA HEATER 
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G.3. SA HEATER PRESSURE 

 

FIGURE G.3.1:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE SA HEATER 

G.4. TA HEATER PRESSURE 

 

FIGURE G.4.1:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE TA HEATER 
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G.5. BURNER TUBES PRESSURE DISTRIBUTION 

 

FIGURE G.5.1:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE CA AND LPG TUBE 

 

FIGURE G.5.2:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE PA/PC TUBE 

 

FIGURE G.5.3:  CFD SHOWING PRESSURE DISTRIBUTION INSIDE SA WIND BOX 
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H. SPECIFICATIONS OF BLOWER USED TO PROVIDE COMBUSTION AIR 

 

FIGURE H.1:  SPECIFICATIONS OF BLOWER 
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I. PRESSURE DISTRIBUTION AND AIR FLOW INSIDE COOLING JACKET 

 

 

FIGURE I.1:  CFD PRESSURE DISTRIBUTION SECTION VIEW (TOP) AND VELOCITY 

STREAMLINES (BOTTOM) INSIDE COOLING JACKET 

 

FIGURE I.2:  CFD SHOWING COOLING JACKET INLET PRESSURE  
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J. PERFORMANCE CURVE OF CENTRIFUGAL FAN - COOLING JACKET 

 

FIGURE J.1:  PERFORMANCE CURVE OF CENTRIFUGAL FAN 
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K. ROTAMETERS CALIBRATION CERTIFICATE  
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L. CALIBRATION OVEN - CALIBRATION CERTIFICATE  
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M. TESTED COAL ANALYSIS AND COMBUSTION CALCULATIONS 

M.1 TESTED COAL ANALYSIS 

 



APPENDICES 

 
 MECHANICAL ENGINEERING  141 

 

 



APPENDICES 

 
 MECHANICAL ENGINEERING  142 

 

 

  



APPENDICES 

 
 MECHANICAL ENGINEERING  143 

 

M.2 TESTED COAL ANALYSIS CONVERTED TO AN AS RECIEVED, AIR DRIED AND 
DRY BASIS 

TABLE M.2.1:  CONVERTED ANALYSIS OF TESTED COAL 

 

  

GRAVIMETRIC % SYMBOL UNITS AS RECEIVED AIR DRIED DRY BASIS

Carbon FIXED  (by difference) CFIX % 34,900 34,900 36,091

Volatile matter VM % 20,500 20,500 21,200

Ash Ash % 41,300 41,300 42,709

Surface moisture Ms % 0,000 0,000 0,000

Inherent moisture Mi % 3,300 3,300 0,000

Total moisture Mt % 3,300 3,300 0,000

Gross calorific value (Bomb) NCVP [MJ/kg] 15,180 15,180 15,698

Total % 100,000 100,000 100,000

Nitrogen N % 1,160 1,160 1,200

Oxygen (by difference) O % 9,190 9,190 9,504

Carbon TOTAL CTOTAL % 40,350 40,350 41,727

Ash A % 41,300 41,300 42,709

Sulphur S % 0,840 0,840 0,869

Hydrogen H % 1,840 1,840 1,903

Carbonates CO2 % 2,020 2,020 2,089

Other Cl, F % 0,000 0,000 0,000

Surface Moisture MS % 0,000 0,000 0,000

Inherent Moisture Mi % 3,300 3,300 0,000

Total moisture MT % 3,300 3,300 0,000

Total % 100,000 100,000 100,000

PROXIMATE ANALYSIS

ELEMENTAL ANALYSIS

COAL QUALITY
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M.3 HYPER-STOICHIOMETRIC COMBUSTION CHEMICAL EQUATIONS FOR TESTED 
COAL 

TABLE M.3.1:  HYPER-STOICHIOMETRIC COMBUSTION CALCULATIONS FOR TESTED COAL 

 

  

2C  + O2  = 2CO

24,022 31,999 56,021

1,000 1,332 2,332

40,142 53,472 93,614

2CO  + O2  = 2CO2 

56,021 31,999 88,020

1,000 0,571 1,571

93,614 53,472 147,086

93,525 53,421 146,945

S  + O2  = SO2 

32,060 31,999 64,059

1,000 0,998 1,998

0,840 0,838 1,678

2H2  + O2  = 2H2O

4,032 31,999 36,030

1,000 7,937 8,937

1,840 14,604 16,444

N2  + O2  = 2NO

28,013 31,999 60,012

1,000 1,142 2,142

0,687040 0,785 1,472

PRACTICAL INCOMPLETE COMBUSTION
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M.4 FLUE GAS CALCULATIONS FOR HYPER STOICHIOMETRIC COMBUSTION OF 
TESTED COAL 

TABLE M.4.1:  WET FLUE GAS CALCULATIONS FOR HYPER-STOICHIOMETRIC COMBUSTION 

OF TESTED COAL 

 

TABLE M.4.2:  DRY FLUE GAS CALCULATIONS FOR HYPER-STOICHIOMETRIC COMBUSTION 

OF TESTED COAL 

 
 

 

 ______________________________ 

 

GAS [kg gas/100kg coal] [g/s] % Gravimetric cP [kJ/kg-K]

CO2 (Ostwald CO2
+) 146,945 2,091 14,808 1,259026

CO 0,090 0,001 0,009 1,051872

SO2 1,678 0,024 0,169 0,738767

NOx 1,472 0,021 0,148 1,058726

O2 (Ostwald O2+) 100,933 1,436 10,171 1,095070

H2O from H2 16,444 0,234 1,657 2,361384

H2O from coal 3,300 0,047 0,333 2,361384

H2O from air 7,324 0,104 0,738 2,361384

N2 from stoϊchiometric air 378,421 5,384 38,134 1,186677

N2 from excess air 335,253 4,770 33,784 1,186677

N2 from coal 0,473 0,007 0,048 1,186677

Total Flue Gas 992,333 14,118 100,000 1,219156

Total H2O 27,068 0,385 2,728 2,361384

Total N2 714,146 10,161 71,966 1,186677

PRACTICAL

GAS [kg gas/100kg gas] [kg gas / kmole gas] [kmole / 100kg] % Volumetric

CO2 (Ostwald CO2
+) 14,808 44,010 0,336 10,419

CO 0,009 28,010 0,000 0,0099846

SO2 0,169 64,059 0,003 0,0817560

NOx 0,148 46,006 0,003 0,0998274

O2 (Ostwald O2+) 10,171 31,999 0,318 9,843

H2O from H2 0,000 18,015 0,000 0,000

H2O from coal 0,000 18,015 0,000 0,000

H2O from air 0,000 18,015 0,000 0,000

N2 from stoϊchiometric air 38,134 28,013 1,361 42,152

N2 from excess air 33,784 28,013 1,206 37,343

N2 from coal 0,048 28,013 0,002 0,053

Total Flue Gas 97,272 3,230 100,000

Total H2O 0,000 RFLUEGAS [kJ/kg-K] 0,000

Total N2 71,966 30,96432 0,26852 79,547

PRACTICAL

Molecular mass of 

Fluegas [kg/kmole]


