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Abstract 
The textile, distillery, and pharmaceutical commercial enterprises are among a large group of 

industries requiring process steam in their production processes. The shift towards renewable 

energy sources is extended to industrial scale steam generators, whose designs need to allow 

flexibility in firing renewable and carbon neutral fuel sources such as biomass.  

The present work focusses on developing a dynamic model of a unique hybrid water-tube—fire-

tube boiler. The numerical model has been developed using Flownex, a one-dimensional 

thermohydraulic simulation software with the aim of presenting credible insights into transient 

performance and controllability of the boiler of interest.  

This study develops stand-alone numerical models of the economiser, air heater, fire-tube 

evaporator, and water-cooled furnace as the four main heat exchangers in the boiler. Each heat 

exchanger is modelled sequentially using simplified analytical methods in Mathcad followed by 
detailed numerical implementations in Flownex. They are then verified against available maximum 

continuous rating (MCR) data before being integrated into a whole-boiler flow network.  

Limitations in availability of site data and availability of high-fidelity CFD furnace validation, meant 
implementing assumptions such as the inclusion of localised convection effects during calibration 

with the available site measurement data. The fine tuning of the model during calibration extended 

to fluid absorptivity and cooling air ratio parametric studies in search of the best calibration point 
which agreed reasonably well with site measurements from steady state test results.  

The impact of thermal inertia from the boiler’s solid steel heat exchanging surfaces is demonstrated 

via a comparison of the results of uncontrolled transient runs between the realistic full inertia 

configuration and a low-inertia configuration of the Flownex model. The full inertia model captured 
the thermal mass of all the steel in the system including the finned tubes of the economiser, tubes 

of the air heater, furnace waterwall tubes, fire-tubes, solid steel staybars and evaporator shell.  

A key transient indicating parameter is the water-level inside of the evaporator. Much effort was 

therefore spent discretising the evaporator water volume to provide accurate level-tracking during 

transient simulations in the Flownex simulation environment. The transient operational scenarios 

investigated included a stepped steam demand profile and stepped fuel moisture profile with active 
boiler pressure and level control. The methodology and results establish a foundation for 

supplementary control optimisation investigations for future studies. 

Despite some data limitations for validated transient studies, this work presents a high fidelity 
controllable dynamic model of the hybrid boiler, which after validation can be used to emulate real 

world controllable boiler operations.  
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1. Introduction 

The Applied Thermofluid Process Modelling Research Unit (ATProM) specialises in modelling 

complex thermofluid energy systems relevant to both global needs as well as within the South 

African context. As such, ATProM has developed relationships with South African industry leaders 

in energy production such as Eskom and John Thompson Boilers with the aim of modelling their 

various technologies to assess the effectiveness and efficiency of existing designs with an emphasis 

on providing necessary insights for improvements on new designs. 

The present work deals with developing a dynamic simulation model for an existing unique hybrid 

biomass fired boiler part of John Thompson’s TORRIPAC range to quantify its performance and its 

ability to respond to fluctuating operating conditions. The Flownex Simulation Environment 

software used in the present work is a one-dimensional thermofluid network solving software which 
has been identified as an excellent tool for the job due to its computational efficiency and high-

fidelity heat transfer and fluid flow components.  

1.1 Background 

The worldwide shift towards renewable energy technologies and fuel sources is not limited to large 

scale power generation only. Industrial steam generators (boilers) also have far-reaching 
applications for pure process steam generation for various industries, including textiles, 

pharmaceuticals and distilleries to name a few. It is increasingly important that these industrial 

boilers also make strides in their designs to accommodate the firing of renewable or carbon-neutral 
energies such as biomass.  

The nature of energy and process steam demand is an erratic one, where various industries have 

different steam requirements at different times depending on the nature of factory operations. A 

factory for example could be using the process steam at a certain operational rate but then need to 

ramp production up/down as efficiently as possible. This means that the boiler supplying the steam 

would need to be able to respond to the demand change in the most time, cost, and energy efficient 

way possible.  

The reality of transient boiler operation is that different boiler designs have different thermal inertia 

depending on their scale and the mass of their heat exchanging materials (usually carbon steel). This 

means that the effectiveness of a boiler in moving from one steady load case to the next needs to 

be informed by optimised control systems based on the transient heat transfer and fluid flow 

characteristics of the boiler which again is a function of the thermal inertia of the system. The 



 Chapter 1. Introduction 

17 

 

thermal inertia and optimised boiler controls is also increasingly important for the overall control 

philosophy and safety interlocks of boiler systems.  

Steady state models, including CFD models are generally used to evaluate the efficiency of boilers 

and to verify their ability to meet a few common discrete load cases such as maximum continuous 

rating (MCR) and half load. These models however are unable to capture the transient effects of 

common operational scenarios which are imminent in real life applications. This is where the 

development of numerical models with robust transient capabilities are crucial to assess both the 

feasibility of boiler designs as well as to optimise their performance for a range of common 

operational scenarios. 

1.2 Purpose and Problem Statement 

The purpose of this project is to develop a dynamic model for a biomass fired boiler using Flownex. 

This research pertains specifically to a hybrid water-tube fire-tube boiler which is part of John 
Thompson’s TORRIPAC range.  

Prior to this research, a dynamic model of the TORRIPAC did not exist. Consequently, a means of 

predicting its transient performance and the fidelity of the existing control philosophies is not 
possible. The development of the dynamic model in the present work will therefore enable various 

control and transient studies, which can form the starting point for optimised design and control 

philosophy improvements in future studies. 

The task was to sequentially develop standalone models for each heat exchanger starting with 
simple analytical methods followed by numerical implementation in Flownex for each of the four 

heat exchangers, and finally the integration into a single whole boiler Flownex model which can be 

calibrated with available site measurements. Thereafter the calibrated model can be used as 

starting point for transient investigations providing credible insights into the boiler’s flexibility and 

transient performance. 

1.3 Goals and Objectives 

The main objective of the present work is to develop a robust, fully integrated, dynamic boiler model 

for a 4T/hr TORRIPAC unit complete with simplified active control loops. The realisation of this 

objective can form the basis for detailed control optimisation studies through which a fully 

integrated boiler simulator can be developed to investigate optimum transient boiler performance. 

The simulator could then be used as a tool to test new control philosophies for very specific transient 

scenarios.  The TORRIPAC boiler consists of four main heat exchangers: economiser, air heater, fire-

tube evaporator and water-cooled furnace. 
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The lower-level goals needed to accomplish the main objective are itemised as follows: 

• Develop simplified verifiable analytical models for each heat exchanger using Mathcad 

software. 

• Develop detailed numerical Flownex models for each heat exchanger verifiable with the 

analytical model and a set of maximum continuous rating (MCR) data obtained from John 

Thompson. 

• Develop a methodology to calibrate and fine tune the integrated whole boiler model using 

site measurement data. 

• Demonstrate the effect of solid material thermal inertia on the transient response of the 

TORRIPAC through a comparison of transient results from a low inertia configuration of the 

model and a full inertia model including accurate thermal masses of all solid material in the 

boiler system. 

• Demonstrate the suitability of the model to be used for dynamic simulations containing 
simplified control loops. 

1.4 Constraints and Project Boundaries 

The scope of the research involves dynamic modelling of an integrated whole boiler. The system 

control volume was limited only to the four heat exchangers in the boiler system. Auxiliary 
equipment such as feedwater pumps, supply air fans, forced draft fans and grit collectors were not 

included. Instead, suitable boundary conditions were employed at the boundary of the boiler 

control volume to emulate conditions such as feedwater pump exit, furnace draught pressure, etc. 

Detailed 3-dimensional CFD was not employed for validation of the furnace model as this is the topic 
of a separate study being investigated by John Thompson. Instead, some educated assumptions 

were made to incorporate convection effects inside of the furnace in order to better calibrate the 

furnace model with site data. Since no CFD results are available, the exact convection 

characterisation around the large nose in the furnace could not be validated, but the assumptions 

were made with valid thermodynamic theory based on typical industry values. 

The project employed combustion models from the ATProM research library which have been 

proven valid and generic for any fuel composition.  This was in the form of an Excel component 

connected into the Flownex model.  As such, the combustion model and theory are not presented 

in detail in this report, though it was studied and tested analytically for personal verification. 

Simple pressure drop models (Darcy-Weisbach) were used for connecting piping and flow 

resistances. The natural circulation flowrate does not have a large impact on the heat transfer in the 

boiler. Additionally, no data exists to validate the true circulation rate. As such the circulation rate 
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was fixed to be equal to the main steam flowrate in the stand-alone evaporator model and then set 

equal to a multiple of 10 in the integrated model to mitigate the possibility of dry-out in the furnace 

walls. Care was taken to include accurate pipe geometries and specifications in the integrated model 

true to the workshop drawings purely for the capture of the steel mass of the waterwalls.  

Due to incomplete information in the available MCR data as well as the site test data, assumptions 

had to be made in the progression of the model development through verification of the standalone 

heat exchanger models with MCR data and the integrated boiler calibration with site data.  

The economiser and air heater model verification with site data were straight forward. On the other 

hand, the MCR data lacked a furnace exit condition as well as information about the fuel (bagasse) 

composition and consequent air-fuel-ratio which were used to generate the MCR data. This meant 

that the analytical and Flownex stand-alone models for the fire-tube evaporator and water-cooled 

furnace could not be directly verified with the MCR data since the furnace exit condition links the 

flue gas sides of these two centralised heat exchangers.  

With the focus directed toward dynamic modelling, fine details of the combustion and radiation 
phenomena in the furnace, including view factors, and highly empirical back scatter and view factor 

correlations were not included. Instead, a simplified direct radiation model was employed and 

calibrated using site data as a strong function of an effective view factor (later referred to as “C-

factor”). The idea being that for accurate inputs for the furnace surface area, and typical gas 
emissivity value inputs, together with an over estimation of the wall emissivity, that the furnace 

radiation contribution could be tuned with a single factor to target site test conditions.  

It will become apparent in the calibration section (4.4) that more insight through high-fidelity CFD 
or further detailed plant data could have better informed the calibration. But this is not in the 

project scope.  

The existing TORRIPAC control system was not modelled in detail. The suitability of the model to 

emulate controllable transient operational scenarios is demonstrated through a simplified 2-loop 

PID control implementation but the exact expected response times could not be validated due a 

lack of transient site data.  This should mark a starting point for further studies on optimised 

controller design and transient performance. No claims will be made about the accuracy of the 

transient analysis due to a lack of validation data. 

1.5 Report Roadmap 

The format of this report begins with a literature review in chapter 2, introducing the two-main 

boiler architectures, namely fire-tube boilers and water-tube boilers to provide necessary insights 

into the TORRIPAC boiler which is a synergy of both designs. The TORRIPAC plant description is 
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presented next providing context for the theory presented in the next chapter, and to form a solid 

foundation for the detailed model development and verification.  Common boiler heat exchanger 

modelling techniques used in literature are discussed, followed by a review of the progress in the 

development of dynamic boiler models. A review of a dynamic Flownex model for a fire-tube boiler 

developed by P. Klein et al. [1]  draws the literature review to a close.  

Chapter 3 begins by introducing the relevant heat transfer theory in section 3.1 as used in the 

development of the heat exchanger models in the present work. This includes Nusselt number 

correlations as well as the applicable effectiveness number of transfer units (e-NTU) methods. 

Section 3.3 provides a brief description of the over-arching mass, momentum, and energy balance 

solving algorithm employed in the Flownex software. The reader is familiarised with various user 

interfaces, tools, and techniques offered within the Flownex software to aid in their understanding 

of the details involved in the later chapters. This also includes the theory behind the relevant 

Flownex flow components (Nodes, Boundary Conditions, Pipes, etc.) which are later used in the 

development of the various heat exchanger models and the final integrated whole boiler model. 

Chapter 4 demonstrates the natural progression in the modelling methodology starting with the 

analytical Mathcad model development in section 4.1, followed by the numerical Flownex model 

development with accompanying MCR verification in section 4.2. These two subsections of chapter 

4 demonstrate a diligent methodology which allows the ability for one to fall back on previous 
simplified models to verify and fault find when increasing the complexity in the integrated model. 

Section 4.3 details the methods employed to include the solid steel thermal mass of all the heat 

exchanging materials. The steady state model calibration and fine-tuning using site test data is 
presented in section 4.4. Controller development details follow in section 4.5 with the closing 

section (4.6) illustrating the fully integrated whole boiler model from a step back, highlighting free 

parameters needed in the model calibration and illustrating its functionality in investigating 

transient events and recording data through line graphs.  

The model application in chapter 5 presents results from uncontrolled thermal inertia studies as 

well as transient studies with active control proving the model’s suitability in emulating two real 

world operational scenarios implemented through a fuel moisture input profile and steam demand 

input profile. Also included in this chapter is a brief case study demonstrating the importance and 

implications of grid and time step sensitivity studies in the context of dynamic modelling.  

Finally, chapter 6 rounds up the report with main conclusions reflecting on the success of the project 

with relation to the project goals as well as recommendations for future studies.  
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2. Literature Review 

2.1 Fire-tube Boilers 

Fire-tube boilers are designed such that combustion gases pass through tubes, which are immersed 

in a large volume of water. The combustion flue gas transfers heat through the walls of the tubes to 

heat up the surrounding water, ultimately converting it to steam. F. J. Gutiérrez Ortiz [2] explains in 

his paper, “Modeling of fire-tube boilers” that these types of boilers can be characterised by the 

number of passes the flue gas makes along the length of the boiler, with each pass through a new 

set of tubes involving a reversal of the flow direction from the preceding pass. The large water 

volume surrounding the fire-tubes is slow to reach operating pressure and temperature, but F. J. 

Gutiérrez Ortiz [2] explains that the characteristically high thermal inertia contained in the water is 

able to support rapid steam demand changes without large variations in the main steam pressure 

and without the need for rapid firing response.  

The first horizontal return tubular (HRT) boilers were externally fired with the entire shell being 

enclosed in brickwork to contain the flame, as per Figure 1. Modern designs have enlarged the 

diameter of the return gas passes such that the firing grate is housed inside the shell. This eliminated 

the need for a brickwork enclosure. In this setup the hot flue gasses flow from the furnace cavity to 
the reversing chamber at the rear of the boiler and then forward again through an array of smaller 

diameter fire-tubes [2]. The smaller diameter tubes on the subsequent passes after the large 

furnace shell promote an increased rate of heat transfer due to the high flow velocities through the 
smaller cross-sectional area of the tubes. Figure 2 illustrates typical flue gas flow patterns for 

modern fire-tube boilers in accordance with the number of passes.  

 
Figure 1: HRT boiler architecture [3] 

 

 

 

 

Figure 2: Flue gas flow patterns of a fire-tube boiler (a) two-
pass, (b) three-pass, (c) four pass [2]  

For applications with limited floor space, there exists the vertical fire tube-boiler which has a similar 

construction to its horizontal counterpart. The vertical fire tube boilers are also made of a round 
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steel shell closed by tube sheets on either end. Water surrounds the vertical fire tubes which make 

a single pass through the boiler from the furnace at the bottom through to the chimney [2]. 

D. Aguilar Vizcarra, D. Esenarro, and C. Rodriguez [4] explain that the two main types of boilers are 

water-tube boilers and fire-tube (pyro tubular) boilers, where the former is mainly used in large 

steam power plants which generate large quantities of steam at high pressures. Fire-tube boilers on 

the other hand are used in thermal processes where the steam pressure requirements are low and 

consequently the steam temperatures are also low [4]. 

2.2 Water-tube Boilers 

Water-tube boilers circulate water through tubes which are heated by combustion gasses. The tubes 

are welded together to form membrane-type waterwalls which receive water via downcomer pipes 

from a steam drum. This boiler type is most common for large-scale power generation since they 

include additional convective heat exchangers downstream of the combustion zone to superheat 
the steam from the drum such that it can be used to drive a turbine coupled to a generator. These 

boilers also include a feedwater pre-heater known as an economiser and may also include reheaters. 

The architecture of a coal-fired 620 MWe water-tube boiler can be seen in Figure 3. 

 
Figure 3: 620 MWe pulverised coal-fired boiler general arrangement [5] 

The economiser and reheaters increase the boilers thermal efficiency by recovering heat from the 

flue gas in the back pass that would otherwise have been wasted. The reheater also improves steam 

quality such that condensation does not occur, thereby mitigating damage to the turbine blades. 

Note that the pulverised coal-fired boiler illustrated in Figure 3 uses burners to heat the water in 

the water-wall tubes.  
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Water-tube boilers can also fire solid fuels such as solid coal, wood pellets, and bagasse. This can be 

achieved by injecting combustion air into the water-tube furnace from below the grate on which 

the solid fuel is propelled. The architecture for a solid-fuel firing water-tube boiler is similar to the 

pulverised coal boiler but the burners are replaced by a grate as illustrated for a 105 tonne per hour 

coal-bagasse cogenerating boiler in Figure 4. 

 
Figure 4: 105 t/h bagasse- coal-fired boiler for cogeneration [6] 

2.2.1 Natural Circulation Boilers 

The natural circulation process occurs when subcooled water mixes with saturated liquid water from 

the bottom of the steam drum of a water-tube boiler. This mixture flows down the downcomer 
pipes of the steam drum to the bottom of the boiler where it enters the membrane wall tubes which 

enclose the furnace as detailed by P. Rousseau, R. Laubscher, and B. T. Rawlins [7]. The saturated 

vapour on the other hand exits the steam drum at the top as it flows towards the superheaters. The 
natural circulation phenomenon therefore occurs due to the difference in steam and water density 

between the water-wall and downcomer pipes resulting in a continuous loop of re-circulation driven 

by natural convection [7]. 

2.2.2 Once-Through Boilers 

Once-through boilers are another type of water-tube boiler which does not contain a steam drum 
and consequently there is no circulation loop. The water is fed at high pressure into the boiler tubes 
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where it heats up and is gradually converted to steam in a single pass from the bottom to the top 

of the waterwalls. P. Rousseau, R. Laubscher, and B. T. Rawlins [7] explain that although there is no 

steam drum, there are small separators and collector vessels through which the water passes. This 

water is pumped back through the economiser and waterwalls at low-load conditions such as start-

up scenarios. This type of boiler is typically found in supercritical power plants. 

2.3 Three Pass Hybrid Water-Tube–Fire-Tube Boiler 

D. Aguilar Vizcarra, D. Esenarro, and C. Rodriguez [4] modelled a vertical hybrid water-tube and fire-

tube boiler thereby investigating a technological innovation. The authors report on the differences 

between 4 vertical boilers of which the first three are existing technologies and the fourth is the 

three-pass hybrid boiler which is the topic of their research. The differences between these boilers 

were quantified in terms of the temperature of the flue gas emitted to the environment which can 

be related to the thermal efficiency of each boiler.  

The flue gas temperatures for each boiler as reported by D. Aguilar Vizcarra et al. [4] were as follows; 

500°C for a diesel II fired vertical single-pass hot water boiler, between 250°C and 300°C for a diesel 

oil fired vertical two-pass boiler, 300°C for a two-pass (tubeless boiler), and 185°C for the innovative 
three-pass boiler firing diesel oil.  

Modelling techniques are not presented in [4]. Instead, the authors report on results obtained from 

real-life operation of each boiler. The results from the three-pass hybrid boiler with heat transfer 

surface areas equivalent to boilers of one and two passes, for the same boiler capacity indicated 
higher utilisation levels of the combustion heat and therefore optimised the thermal efficiency. 

Efficiencies of 92.42% with liquefied petroleum gas (LPG) to generate steam and 90.24% with diesel 

II to generate steam were reported by D. Aguilar Vizcarra et al. [4]. 

2.4 Plant of Interest Description: TORRIPAC 

The boiler of interest for this research is a unique hybrid boiler, part of John Thompson’s TORRIPAC 

range, which combines a water-tube and fire-tube design. Aside from the water-cooled (water-tube) 

furnace and fire-tube evaporator, the architecture includes an air heater and economiser. This 

system does not contain a superheater since this product range is marketed to small scale industries 

which require process steam for their production processes rather than utility scale electrical power 

generation. Superheaters could be coupled with turbines or screw expanders to generate electrical 

power. The present research deals only with a saturated steam boiler where the process steam can 

be utilised by the factory.  
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A 4 ton/hr TORRIPAC unit with architecture shown in Figure 5 has been commissioned by John 

Thompson for a Rum distillery in Grenada in 2019. Plant data from testing of the Grenada 

commissioned boiler has been used to calibrate the Flownex model in section 4.4. Design data in 

the form of a process flow diagram containing temperatures, pressures and mass flows for a 

maximum continuous rating (MCR) load case was also in hand from John Thompson. This MCR data 

is used to develop and verify the analytical heat exchanger models as presented in section 4.1 and 

the stand-alone Flownex heat exchanger models in section 4.2.  

 
Figure 5: 3D CAD Model of the 4ton/hr TORRIPAC Unit 

Other important documentation obtained from John Thompson which form part of the collection 

of literature include: A full set of workshop drawings for the individual heat exchangers, assemblies 

and site commissioning drawings for the full integrated TORRIPAC, the O&M manual, and the 

internal control philosophy documentation.  

The workshop drawings were required to extract important geometries needed in the model 

development. The O&M manual together with the workshop drawings aided understanding of the 

interfaces between various heat exchangers and other ancillary equipment. The control philosophy 

documentation provided useful insights needed in identifying key control loops such that a 

simplified control system could be implemented in the Flownex model as detailed in section 4.5.  

The process flow diagram in Figure 6 illustrates the fuel, air, steam, and flue gas streams through 

the 4 ton/hr TORRIPAC unit.  
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Figure 6: TORRIPAC Process Flow Diagram (PFD) 

The biomass fuel being fired is sugar cane bagasse (sugar cane byproduct) and it enters the water-

cooled furnace via a box ram feeder through a port in the front furnace wall, where it slides down 
the lower front wall onto the vibrating grate. The rear wall of the furnace is bent in towards the 

centre of the furnace cavity forming a prominent nose which forces the combustion gas to flow over 

the incoming fuel. 

The grate is zoned into 3 parts with respect to the combustion air supply with dampers at the front, 
middle and rear below the grate. Cooling air (CA0) is supplied from ambient conditions via cooling 

air fans into the front zone. This air is at ambient conditions to aid the cooling of the grate material, 

but it also enters the furnace cavity through nozzles in the grate and is therefore involved in the 

combustion process. The remainder of the primary air is first heated in the air heater (HA0 to HA1) 

before being transported to the middle and rear zones of the grate. Secondary air, also part of the 

heated air stream is injected into the freeboard of the furnace through nozzles in the lower front 

wall and the rear wall nose as shown in Figure 6. The secondary air flow is controlled by the front 

lower secondary air damper and the rear nose secondary air damper. 

The simplified assumption of instantaneous combustion is only concerned with the mixing of the 

cooling air and heated air at COMBA0 from a process modelling standpoint. I.e. the secondary air 

nozzles are disregarded by assuming all the heated air is mixed with the cooling air before entering 

the furnace as the total combustion air (COMBA0).  

The combustion process transfers radiative heat to the water-walls of the furnace, while the hot 
flue gas at the adiabatic flame temperature (AFT as per Figure 6) radiates heat to the water-walls as 

it rises up to the furnace exit (FET and FG5 as per Figure 6). As the flue gas exits the water-cooled 
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furnace, it enters the fire-tube evaporator at FG5 as it makes a single pass through the fire tubes to 

the inlet of the air heater (FG6).  

Convective heat transfer from the flue gas in the evaporator tubes enables natural convection to 

heat the water in the evaporator. The combined radiative and convective heat transfer causes a 

phase change, producing the required pressure and saturated steam flow for factory use. Waste 

heat recovery downstream of the evaporator (FG6 to FG8) sees the flue gas heat the air in the air 

heater (HA0 to HA1) and preheat the feedwater in the economiser (ST0 to ST1).  

On the steam side, preheated feedwater from the economiser (ST1) enters the evaporator, where 

natural circulation is facilitated by downcomers connecting the evaporator and furnace water-walls. 

Saturated process steam (ST7) is extracted from the top of the evaporator for factory use. 

Note that the plant of interest contains ancillary equipment which is not indicated in the PFD in 

Figure 6. On the steam side, this includes a condensate tank with condensate feed pumps, a water 

softening unit with a chemical dousing pump and a feedwater tank complete with feedwater pumps.  

The flue gas handling system downstream of the economiser includes a grit collector, bag filter, 
induced draft (ID) fan and stack. All these ancillaries as well as the fuel handling system upstream of 

the vibrating grate fall outside the scope of the present research. The plant control volume from a 

thermodynamic lens is limited to the information presented in Figure 6.  

2.5 Boiler Modelling Methods 

Three-dimensional Computational Fluid Dynamics (CFD) is highly effective in modelling complex 
heat transfer and flow characteristics through discretisation of all the flow paths and heat 

exchangers. Due to the high computational expense of CFD models, it is often more feasible to apply 

integrated whole-boiler process models to analyse biomass and coal-fired boilers as explained by  

P. Rousseau, R. Laubscher, and B. T. Rawlins [7].  

Thermofluid modelling of boiler systems is a popular subject in many literature sources including 

textbooks and technical papers but [7] identify incomplete information which distorts the bigger 

picture. For this reason P. Rousseau et al. P. Rousseau et al. [7] present a thorough overview of the 

various modelling techniques presented in literature, clearly detailing the methodologies and 

simplifying assumptions (and their implications) as well as applying these techniques to case study 

scenarios to assess their validity. 

P. Rousseau et al. [7] discuss the adoption of a one-dimensional process modelling software called 

APROS by J. Kuronen, M. Hotti, and S. Tuuri [8] in their modelling of a 750 MWe once-through ultra-

supercritical boiler. This model was empirically validated and the intention of the model developed 
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by J. Kuronen et al. [8] was for it to be used as a design tool, used for testing dynamic scenarios for 

proof of concept of flexible boiler operation. 

P. Rousseau et al. [7] comment on the popularity of using a lumped parameter furnace analysis 

among many scholars in developing models for coal-fired power generating plants due to a 

combination of complex phenomena (combustion dynamics gas-solid interactions, fluid dynamics, 

and radiation heat transfer). The Gurvich/Blokh method is a popular choice and will be briefly 

discussed later. These authors suggest that various control strategies and boiler retrofitting can be 

done via the 1D method due to the computational efficiencies of the methods.   

2.5.1 One Dimensional Process Networks 

The entire boiler system is made up of the air, steam and flue gas networks, each of which contains 

several heat exchanger components and may also include turbomachinery such as feed pumps and 

forced draft fans as auxiliaries. A mass, energy, and momentum equation for each component in 
each network is required to model the heat transfer and mass flows. 

P. Rousseau et al. [7] present a detailed step-by-step setup of the balance equations for a generic 

power plant containing all the necessary heat exchangers as illustrated in the process flow diagram 
of Figure 7.  

 
Figure 7: Process Flow Diagram (PFD) of a generic boiler layout, adapted from [7] 

The air flow network as per [7]’s PFD consists of two air heater components where the air gets 

heated and ultimately flows to the furnace where it is combusted with the fuel. The steam flow 

consists of the furnace and steam drum which together make up the evaporator, an economiser, 2 

superheaters, a cavity component and an attemperator component. Finally, the flue gas network 

includes the furnace, 2 superheaters, cavity, economiser and 2 air heater components.  

Note that [7]’s PFD in Figure 7 contains an adiabatic flame temperature (AFT) component where the 

air and fuel streams are mixed and combusted and consequently has the flue gas stream exiting this 

component. Two important temperatures in the system are the AFT and the furnace exit 
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temperature (FET). P. Rousseau et al. [7] provide the definition of the adiabatic flame temperature 

to be the “maximum theoretically possible temperature of the flue gas mixture (flame ball) at the 

outlet of the combustion zone.” It is customary to include an assumed fraction of unburnt carbon 

boilers which fire solid fuel such as coal, wood pellets, bagasse and other biomass fuels [7].  

2.5.2 Furnace Heat Transfer Models 

P. Rousseau et al. [7] report on the two commonly used semi-empirical zero-dimensional furnace 

models. The first method is the projected method (Gurvich/Blokh) and the second is the direct 

method (Hottel).  

Although furnaces have complex geometries consisting of several surfaces each of which may have 

varying temperature profiles, P. Rousseau et al. [7] explains that zero-dimensional nature of these 

models assume radiative heat transfer is the dominant mechanism which is applied to all furnace 

surfaces which themselves are assumed to be a single homogeneous medium which radiates, 
absorbs and emits to a single temperature.  

The projected method and the direct method therefore employ a single equation to calculate the 

total radiative heat transfer projected from the flue gas to the surrounding surfaces, but these two 
methods differ in the calculation of the rate of radiant heat transfer. 

2.5.2.1 Projected Method (Gurvich/Blokh): 

P. Rousseau et al. [7] describes that the emissions from the furnace walls are considered negligeable 

in the projected method due the relatively low wall temperature (i.e. slightly above the saturated 
water temperature) as compared to the high gas temperatures inside the furnace. The total rate of 

radiant heat transfer from the flue gas to the wall in the projected method is a function of an 

effective gas temperature, total rounding projected area and the Stephan-Boltzmann constant. This 

method also considers the furnace effective emissivity and an area-weighted furnace efficiency 

factor which accounts for the fouling of the surfaces and an angular coefficient (view factor) of the 

different surfaces.  

Many empirical factors are needed for this method. P. Rousseau et al. [7] reports empirical values 

and calculation methods for these factors. For example, the angular coefficient value for membrane-

type wall is a function of the tube arrangement and are usually in the range of 0.9-1.0. Angular 

coefficients for refractory covered walls and for the furnace exit plane are 1.0. Various fouling 

factors for different fuels types are also reported by [7] of which 0.6 for grate fuels, 0.1 for refractory 

and 1.0 for furnace exit are noteworthy in the context of the present research which deals with 

grate firing of bagasse.  
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The sheer quantity of empirical factors which have been derived for very specific boilers makes its 

implementation somewhat risky in the absence of it being validated with computationally expensive 

3D CFD modelling. 

2.5.2.2 Direct Method (Hottel): 

Unlike the projected method, the direct method takes the temperature and emissivity of the 

surfaces surrounding the furnace into account [7]. P. Rousseau et al. [7] explains that the wall 

emissivity, gas and particle absorptivity are evaluated at the wall temperature, with wall emissivities 

usually ranging between 0.8-0.85. Although this method includes view factors between all the 

surfaces, wall emissivities and the emission and absorption due to the participating medium, it does 

neglect scattering [7]. The direct method accounts for radiative heat loss from the furnace via a 

radiation loss factor. A key benefit of accounting for the wall temperature in the direct method 

according to [7] is that the conductive and convective thermal resistances of the various surfaces 

can be explicitly included in the formulation of the direct method. 

2.5.3 Thermal Radiation of Gas-Solid Suspension 

P. Rousseau et al. [7] presents the “standard model”, “low particle load model”, and “high particle 
load model” as the three workable approaches to calculating the effective emissivity and 

absorptivity of the flue gas and particle suspension. All three models utilise an empirical correlation 

for the mean beam length which describes the geometry of the heat transfer surfaces. This 

correlation is a function of the furnace volume and a total furnace surface area which includes the 
virtual furnace exit area [7].  

These methods are not within the project scope due to the adoption of a calibration methodology 

using a fixed flue gas emissivity value as will be detailed in section 3.3.8.7.  However, the impacts of 
the models from the findings of P. Rousseau et al. [7] are rather presented in the furnace modelling 

section (3.2). 

2.5.4 Radiative-Convective Heat Exchanger Model 

Radiative and convective heat transfer mechanisms are involved in varying ratios in the heat transfer 

from the flue gas to the various heat exchangers within a boiler control volume. P. Rousseau et al. 

[7] explains that the part of the heat transfer owed to each mechanism for a single heat exchanger 

is a function of the gas temperature and local velocities informed by the tube arrangement. 

P. Rousseau et al. [7] devises a generic one-dimensional heat exchanger model incorporating both 

convection and radiation, where the ratio between these two heat transfer mechanisms are 

determined based on the local operating conditions. With accurate geometry relations, the generic 
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model can be employed for many tubular heat exchangers in a boiler control volume. A schematic 

of this exchanger model developed by P. Rousseau et al. [7] can be seen in Figure 8. below. 

 
Figure 8: Generic heat exchanger model illustrating convective & radiative heat transfer phenomena and energy 

flow paths [7] 

2.5.5 Model Application for Industrial Biomass-Fired Boiler 

The methods explained in sections 2.5.1 to 2.5.4 were applied by P. Rousseau et al. [7] to an 

industrial scale bagasse fired boiler located in Southern Africa.  

P. Rousseau et al. [7] applied both the “standard model” and the “high particle load model” to this 
boiler and compares the results to experimental site data. The “standard model” will be called SM 

and the “high particle load model” will be called HPLM from here on. Notable results from [7]’s case 

study indicated temperatures from both SM and HPLM agreed within 0.4% at the economiser outlet 
and within 3.3% at the superheater outlet when compared to the experimental data. Another 

important outcome from this case study was that the difference between the SM and HPLM for this 

biomass boiler were much smaller than when they were applied to a coal fired power plant. It was 
therefore inferred that the HPLM is also applicable for cases of low particle loading which is 

characteristic of biomass fired boilers.  

P. Rousseau et al. [7] reports on an important difference between the coal fired plant and the 

biomass fired plant regarding the dominant heat transfer mechanism which occurs after the 

evaporator; convection in the biomass case and radiation in the coal case. [7] goes on to explain 

that the dominant convection in this region in the biomass boiler can be attributed to a significantly 

lower furnace exit temperature and lower entrained particle concentrations in the case of biomass. 

Some outcomes regarding the comparison of the direct method and projected method in the case 

of the biomass fired boiler as per [7] were the furnace and evaporator underprediction of 3% for 

the direct method and the 1.7% overprediction at the same locations using the projected method. 

Further downstream, the projected method underpredicted the first superheater temperatures by 

3.9% and overpredicted the second superheater by 2.6%, while the direct method overpredicts the 
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first superheater by 8.7% and the second by 9.2%. It was concluded by the authors that the 

projected method provides better results overall. 

2.6 Dynamic Modelling of Power Plants 

2.6.1 Dynamic Simulation Models as a Tool for Flexibility in 

Dispatchable Power Generation 

One of the most common focusses in modelling thermal powerplants is optimised thermal 

efficiency. Design for optimum thermal efficiency is usually done via steady-state simulation models 

for a limited number of discrete load scenarios which include maximum continuous rating and half 

load. However, due to the world wide shift towards renewable energies, it has become increasingly 

important to be able to assess the flexibility in operating conditions of existing power plants as well 

as to consider this in the design of new power plants as explained by F. Alobaid, N. Mertens, R. 
Starkloff, T. Lanz, C. Heinze, and B. Epple  [9]. 

Even with the shift towards renewable energy technologies, flexibility in power generation is critical 

(in both existing plants and new plants) to ensure that the fluctuating energy demand can be met. 
Intermittence between low and high energy demands occur seasonally, i.e. high demand in cold 

seasons due to increased heating demand and lower energy demand in warmer seasons. This 

intermittence can also be present between day-time and night-time within a single day. That is, 

higher demand during the day where many industries and businesses are operating at full capacity. 

F. Alobaid et al. [9] explains that dynamic simulation models are a cost-efficient tool which can be 

used to improve the flexibility of dispatchable power. These models are therefore critical to assess 

transient operations which may include load changes and start-up operations. These fluctuations in 

energy demand puts a strain on power generation plants since the plants need to be able adjust 

their operating conditions to cater for different load scenarios. According to F. Alobaid et al. [9] 

dynamic models serve as a valuable tool for analysing this aspect and predicting how plants should 

adjust their operating conditions to meet energy demands efficiently.  

F. Alobaid et al. [9] reports on five major approaches to maintaining power supply security and 

improving flexibility of future power generation facilities. One of these approaches speaks to the 

ability of end users to vary load demand. This is known as demand response, which is an approach 

which can aid the mitigations of short term grid imbalances according to [9]. The second approach 

as per [9] is to improve the existing electricity supply infrastructure. F. Alobaid et al. [9] goes on to 

explain that ramp rates and minimum load limits which hinder supply flexibility may be combatted 
by retrofitting existing power plants with optimised system controls.  
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Although the main elements in a thermal power plant model would consist of heat exchangers, 

pumps, pipes and drums to name a few, it also requires various control systems which are essential 

to obtain a realistic dynamic response [9]. The dynamic simulations are an important tool to 

investigate system malfunctions and can provide insight as to how to bring the system back to 

acceptable operating conditions to meet the energy demand.  

Before a dynamic model can be produced, one must first produce a steady-state model as the 

starting point. Steady state simulations are highly effective for evaluating the fluid properties, mass 

and energy balances, and thermal efficiency of the working fluid across a range of discrete operating 

conditions. However, F. Alobaid et al. [9] highlights that these simulations do not provide any useful 

information about transient processes. The authors add that dynamic simulation is in fact the 

preferred modelling technique for the proposal stage of a power plant project. 

2.6.2 Dynamic Modelling Approaches 

F. Alobaid et al [9] expresses that modern simulation programmes combine a graphical user 

interface with detailed models for flow, thermodynamics and heat transfer. F. Alobaid et al [9] goes 

on to mention that the balance equations of mass, energy, momentum and species are the basis of 
the mathematical models incorporated into the simulation tools. F. Alobaid et al. [9] emphasises 

that the complexity of the balance equations and the chosen solution algorithms depend on 

whether the problem is steady state, quasi-static or dynamic, the latter needing to incorporate the 

time derivatives.  

2.6.3 Dynamic Modelling and Optimal Sizing of Industrial Fire-

Tube Boilers for Various Demand Profiles 

Due to ability of firing a wide range of different fuel sources, fire-tube boilers are commercially used 

as low to medium pressure steam sources in  a wide range of industries as explained by M. Tognoli, 

B. Najafi, and F. Rinaldi [10]. High thermal inertia is characteristic of these types of boilers due to 

the large mass of water in the shell. M. Tognoli et al. [10] emphasises that capturing the thermal 

inertia of the boiler is critical in a dynamic model especially for intermittent load scenarios.  

M. Tognoli et al. [10] explains that the relevance and need for dynamic models comes into its own 

for small-medium scale industries where these boilers are often oversized and employ a simple 

on/off control philosophy. By considering the transient behaviour with a demand profile in mind, a 

significant capital cost reduction can therefore be achieved via dynamic modelling [10].  
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F. J. Gutierrez Ortiz [2] explains in their journal article, “Modeling of fire-tube boilers” that accurate 

numerical modelling of firetube boilers is a complex activity which not only involves the partial 

differential balance equations and additional algebraic equations, but also needs to account for non-

linearities which arise as a result of radiation heat transfer and convection coupled with empirical 

correlations. F. J. Gutierrez Ortiz [2] further explains that specific restrictions and interlocks needed 

for safe operation of a thermal power plant need also be accounted for in the numerical model. F. 

J. Gutierrez Ortiz [2] therefore propose a comprehensive fire-tube boiler model with much attention 

paid to reducing its complexity and cutting down the computational time. A brief description of [2]’s 

modelling techniques are described next. 

F. J. Gutierrez Ortiz [2] assumes that reactions take place instantaneously in the reaction chamber 

which has been modelled as a series of continuous stirred tank reactors. The tube walls have also 

been discretised in the direction of flue gas flow. The heat transfer processes are convection and 

radiation between the flue gas and tube walls, conduction through the tube walls and convection 

from the tube walls to the water. F. J. Gutierrez Ortiz [2] assumes ideal gas behaviour for the flue 
gas and neglects conduction in the flue gas phase. Additionally, the axial component of the radiation 

is neglected. 

Design parameters such as boiler geometry and operational parameters such as flowrates of the 

feedwater, fuel, and air form the inputs to the model, while performance parameters such as 
temperatures and pressures of the various fluid streams, flue gas composition, water level and 

overall boiler efficiency are outputs from the model [2].  

Similar to P. Rousseau et al. [7], F. J. Gutierrez Ortiz [2]’s model is based on mass, energy, and 
momentum balance equations coupled with constitutional equations but applied to a fire-tube 

boiler of which the two main flow networks are; fire/gas side and the water/steam side.  

Assumptions on the fire/gas side include; instantaneous combustion, gray emitting, absorbing and 

isotropically scattering material as the medium in the furnace, and uniform surface temperature for 

the furnace wall which [2] reports to be consistent with experimental results with detailed 

mathematical models of the furnace. The model also assumes constant fuel consumption and air-

fuel-ratio (AFR) under nominal conditions, but these parameters can be variable once the system is 

under control [2]. It should be noted that [2] uses the LHV of the fuel to capture the heat flux as 

opposed to the adoption of the HHV in the work of P. Rousseau et al. [7]. 

M. Tognoli et al. [10]’s work focusses on the dynamic modelling methodologies presented by F. J. 

Gutierrez Ortiz [2] in which the mass and energy balances for both the water and flue gas side are 

considered where [10] incorporate these methods in a finite element method (FEM) to capture the 
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heat transfer effects on the flue-gas side.  M. Tognoli et al [10]’s work investigates five geometrical 

configurations representing boilers designed by their industrial partner (ICI Caldaie S.p.A).   

The Proportional-Integral-Derivative (PID) control strategy implemented by M. Tognoli et al. [10] 

involves a plant linearisation at the nominal condition coupled with tuning of the PID for all five 

configurations. M. Tognoli et al [10] then evaluate the performance end controllability of each 

configuration for a set of four different steam demand profiles which address a wide range of 

customer requirements. The outputs of this evaluation included a cumulative average efficiency, 

cumulative pressure deviations and minimum and maximum pressure level. 

2.6.3.1 Two-Phase Dynamic Models 

F. Alobaid et al. [9] comments on literature sources which present various approaches to modelling 

the two-phase flow in in a thermal power plant. These thermal hydraulic model approaches focus 

on either a mixture flow model or a two-fluids model. The latter can be extended to a 2, 3, 4, 5, 6 

and 7 equation flow model each adding a layer of complexity but also having their own benefits. 

The two-fluids model requires two sets of mass, energy and momentum balance equations, that is 
1 set of balancing equations for each phase. F. Alobaid et al. [9] highlights significant computational 

cost, mathematical complexity and uncertainty in the modelling of effects at the interphase 

boundary as a few drawbacks of this approach. The interaction between phases at the interphase 

boundary often relies on many empirical assumptions. 

Implementing a single set of conservation equations (mass, momentum and energy) to compute 

three distinctive fluid variables (mass flux, local pressure and temperature or enthalpy) via the 

mixture flow model can therefore mitigate the drawbacks encountered in the two-fluid model [9]. 
F. Alobaid et al. [9] does add that the two-phase model is preferable in applications where there 

may be non-equilibrium thermodynamic phenomena. 

F. Alobaid et al. [9] comments that there is a third option which they have not reviewed in detail in 

their paper. This is the lumped parameter model which simplifies the system to a series of control 

volumes (lumps) which are interconnected via thermal resistors and capacitors. This is the preferred 

approach for a simplified implementation of transience in a system and has the benefit of 

significantly reduced computational expense, albeit at the expense of less accuracy relative to the 

mixture flow and two-fluid model. 

2.6.4 Dynamic System Model of a Fire-tube boiler using Flownex 

P. Klein et al. [1] developed a dynamic model for a 4-pass wetback fire-tube boiler. Radiative heat 

transfer dominates in the first pass (furnace pass) where the combustion of the fuel and air streams 

takes place. Convective heat transfer then dominates as the hot flue gas makes the remaining 3 
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passes through the system. The geometry of this boiler as illustrated in Figure 9 is based on the 

Johnston PFTA 500-4 boiler which is rated for 7.6 T/hr of saturated steam at pressures up to 25 bar 

at maximum load. This dynamic model was developed using the Flownex software package. 

 
Figure 9: Wet back fire-tube boiler geometry based on the Johnston PFTA 500-4 Boiler [1] 

Although literature can be found demonstrating the ability of Flownex to simulate transient boiler 
operation, P. Klein et al. [1] highlights that these simulations have focussed on large water-tube 

boilers for large scale electricity generation. Published work on dynamic Flownex models in the 

context of fire-tube boilers is scarce. 

P. Klein et al. [1]’s “Boiler tube heat transfer segment model” is illustrated in Figure 10.  

 
Figure 10: Flownex model of boiler tube heat transfer segment [1]  

This models gas radiation to the furnace walls, convection from the flue gas to the pipe wall, 

convection from the pipe wall to the surrounding water. This compound effect of various heat 

transfer mechanisms is analogous to P. Rousseau et al. [7]’s generic radiative-convective heat 

exchanger methodology as discussed in section 2.5.4 but P. Klein et al. [1]’s Flownex implementation 

includes additional axial and radial conductive mechanisms.  

The pipe component in P. Klein et al. [1]’s implementation employed the Darcy-Weisbach relation 

in equation (2.1) to characterise the pressure drop behaviour.  
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The gas radiation component employs the Leckner correlation which considers the partial pressures 

of water (PH2O) and carbon dioxide (PCO2) as well as the tube wall temperature (TW), gas temperature 

(Tf) and the mean beam length (Lb) in the calculation of the emissivity in equation (2.2) and 

absorptivity in equation (2.3). 
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The Dittus-Boelter correlation is used for flue gas side convective heat transfer coefficient with 
geometry obtained from the pipe component. This correlation as presented in equation (2.4) was 

the most accurate during testing in the work of P. Klein et al [1]. 
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The surface heat flux (q) and boiler shell side pressure (Pb) were used as part of the Gorenflo boiling 

heat transfer calculation as per equation (2.5). This heat transfer coefficient was modified to include 

buoyancy effects of the surrounding boiling fluid via a substitution of equation (2.5) into (2.6).  
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A two-phase tank was used to model the boiler shell with branch connection heights of the incoming 

and exiting pipes specified such that sub-cooled water and saturated steam vapour are extracted at 

the correct locations to verify an accurate water level. 

Scripts components were used to calculate geometric properties and heat transfer coefficients 

employing the correlations presented in the equations above.  

After a mesh independence study, P. Klein et al. [1] found that 15 segments (10 flame and 5 non-

flame) were sufficient for the furnace pass and 5 segments were sufficient for the second third and 

fourth passes. Figure 11 shows the complete fire-tube package boiler model where the flame 

elements include the addition of heat input. 
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Figure 11: Complete Flownex fire-tube boiler model [1] 

The exit flue gas temperatures and boiler efficiencies from the Flownex model showed good 

accuracy when compared to the manufacturers measured data. P. Klein et al. [1] attribute the slight 

error between their model results and the manufacturers data sheet to the fact that they used 

methane instead of specifying the exact natural gas composition used by Johnston during testing. 

Simple control was included in the model via a PID controller to regulate the fuel flow based on a 

specified pressure set-point and a separate PID controller to control the feedwater flow based on 
the boiler water-level. The measured error as per (2.7) below is the output for each PID controller. 

 ( ) ( ) ( ) ( )
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P t D

de t
Output t K e t K e d K

dt
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The active control loops were tested through a transient simulation using a steam demand input 
profile which shifts the demand up and down in increments of 2 tonnes per hours every hour over 

a 4 hour duration as illustrated in the left graph of Figure 12. The resulting boiler level and pressure 

responses can be seen in the middle and right graphs in Figure 12. 

 
Figure 12: Boiler steam demand input profile (left), level response (middle), and pressure response (right) [1] 

P. Klein et al. [1] assume a constant 15% air-fuel-ratio during the transient investigation illustrated 

in Figure 12 but qualify that future studies could de-couple the air and fuel flows. The stabilisation 

of the boiler level and pressure after each steam demand change indicates controller success.   
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2.7 Summary of findings 

The architectures and working principles of the various boiler types detailed in in sections 2.1 to 2.3  

provided good insights for the present work considering the unique hybrid design of the boiler of 

interest. At a high level, fire-tube boilers use combustion gasses flowing inside of tubes to heat a 

large volume of surrounding water while water-tube boilers see hot flue gas transferring heat from 

a large furnace cavity to the water flowing vertically upward inside a membrane type wall. From a 

dynamic lens it is important to understand that the fire-tube boilers have a large thermal inertia 

component by virtue of the large mass of water in the drum, while water-tube boilers of a similar 

steaming rate would have a lower thermal inertia especially in the case of the once-through type. 

The boiler modelling methods in section 2.5 suggest adopting a one-dimensional whole boiler 

network modelling approach for reliable computationally efficient solutions. These approaches 

include the simultaneous solving of the mass, momentum and energy balance equations for all fluid 
streams in the boiler system including the air, fuel, flue gas and water streams. Many authors include 

radiative and convective effects in their modelling of heat transfer to pipe components.  

The literature highlights radiation as the dominant mechanism in the furnace region of both the fire-
tube and water-tube boiler types with convection dominating downstream of the furnace. 

Of the two commonly used radiation models, the projected method is the one that involves the use 

of a myriad of empirical factors and constants which have been generated from tests on very specific 

boilers and therefore it may not be reliably implemented for unique boilers. It includes radiative 
interactions between the flue gas and the furnace wall as well as interactions between the various 

gas species within the flue gas in its calculation of an effective gas emissivity and absorptivity to 

ultimately characterise the effective radiative heat transfer. The direct method on the other hand 
includes effects such as back-scatter and accounts for the surrounding wall emissivity and 

temperature in its formulation.  

Dynamic models have been identified as a tool for flexibility in dispatchable power generation and 
is preferred over steady-state models when conducting feasibility studies before the manufacture 

of new boiler designs. The literature emphasises the need for reliable dynamic boiler models to be 

used for optimising control strategies. These models can therefore provide designers increased 

confidence in the ability of boiler to adapt efficiently to intermittent load changes, fuel quality 

variations and other common transient operational scenarios.   

Various dynamic modelling methodologies have been presented, with the work of P. Klein et al. [1] 

being most relevant to the present study as it details a methodology for a dynamic boiler model 

with a two-loop control system in the Flownex simulation environment.   
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Although P. Klein et al. [1]’s study was conducted on a pure fire-tube boiler, the same control 

philosophy of controlling the boiler pressure via the fuel flow and controlling the level via the 

feedwater flow is implemented in the present work. The difference is that the present work does 

not use an adjustable valve opening to control the feedwater flow. Instead, the feedwater flow in 

the present work is simply controlled via a data-transfer link from the level controller output to the 

feedwater pipe component whose flowrate is fixed inside of the pipe component. This is detailed in 

section 4.5.  

The TORRIPAC boiler which is modelled in the present study is a unique hybrid design encompassing 

both water-tube and firetube elements. As such, literature pertaining to dynamic modelling of a 

similar type of boiler is not available.  

3. Theory 

This chapter summarizes the key fundamentals and correlations that were studied and used in order 

to develop the boiler model presented in the present work. 

3.1 Heat Transfer Theory 

3.1.1 Effectiveness Number of Transfer Units and Nusselt Number 

The effectiveness number of transfer units (ε-NTU) method is the preferred method for cases where 

the temperatures are unknown and for rating of existing heat exchangers. ε-NTU exist for very 
specific geometries and flow regimes including parallel-flow, counter-flow and cross-flow. The 

effectiveness (ε) is a measure of how effectively a heat exchanger transfers heat (𝑄̇𝑄) in relation to 

the maximum theoretically possible rate of heat transfer (𝑄̇𝑄𝑚𝑚𝑚𝑚𝑚𝑚) as shown in equation (3.1). 
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The Number of Transfer Units (NTU) is a dimensionless number which acts as a measure of the heat 

transfer capacity of a heat exchanger in relation to the heat capacity of the fluid streams of the heat 

exchanger. It is evaluated as a function of the overall heat transfer coefficient, heat transfer surface 

area as well as the minimum heat capacity rate of the two fluid streams as seen in equation (3.2). 
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The effectiveness and Number of Transfer Units of a heat exchanger are coupled via correlations 

which have been developed for certain heat exchangers based on the type of heat exchanger and 

its consequent flow regime. 

In the development of analytical models for the heat exchangers in the present research, ε-NTU 

correlations for cross-flow over tube banks were important. There are three main correlations. 

Equation (3.3) applies for a cross-flow heat exchanger where both fluids are unmixed, equation (3.4) 

applies to cross-flow heat exchangers in which the fluid with the minimum heat capacity is unmixed 
and the fluid with the maximum heat capacity is mixed, while equation (3.5) applies for cross-flow 

regimes where the minimum heat capacity fluid is mixed and the maximum heat capacity fluid is 

unmixed. Cr in the equations below represent the ratio of the minimum heat capacity to the 

maximum heat capacity of the two fluid streams.  These cross-flow correlations were applicable to 
the economiser and air heater in the boiler of interest in the present research.  

 ( )
0 22

0 781 exp exp 1CF unmixed r
r

NTU C NTU
C

ε
.

.
.

 
 = − ⋅ − ⋅ −  

 
  (3.3) 

 ( )( )min max

1 1 exp 1 NTU
CF C unmixed C mixed r

r

C e
C

ε −
. .

   = ⋅ − − ⋅ −    
  (3.4) 

 [ ]( )
min max

11 exp 1 expCF C mixed C unmixed r
r

C NTU
C

ε . .

  
= − − ⋅ − − ⋅  

  
  (3.5) 

Finally, equation (3.6) is the ε-NTU correlation for a single stream heat exchanger which was 

applicable to the fire tube evaporator in the present research. This is applicable to the evaporator 

since the water is a saturated mixture inside the evaporator, effectively having an infinite heat 

capacity since all the heat input to the water is being used for a phase change. 

 1 NTUeε −= −   (3.6) 

The Nusselt number (Nu) is the dimensionless number which characterises the convective heat 

transfer between the fluid streams and the solid heat exchanger material in connection with the 

fluid conduction and can be generically expressed as shown in equation (3.7). 
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The Nusselt number is derived from empirical correlations based on the specific flow regime and 

geometries. The Nusselt number correlations used in the present work are presented in section 

3.1.2. 

Note that equation (3.7) can be written for each fluid involved in the heat exchanger such that each 

fluid has its own distinct local heat transfer coefficient (i.e. h1 and h2). The overall heat transfer 
coefficient (U) in equation (3.2) therefore encompasses the local convective heat transfer coefficient 

of each fluid as well as a conductive resistance of the heat exchanger wall material. The overall heat 

transfer coefficient can therefore be expressed as shown in equation (3.8). 
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The wall thermal resistance is calculated from the pipe geometry and thermal conductivity of the 

material (carbon steel in the present work) using equation (3.9).  
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The fouling resistance on side 1 and 2 refer to the thermal resistance due to fouling on the inside 

and outside of the pipe respectively. Fouling could be due to waterside scaling on the insides of 

pipes in the economiser for example. Fouling due to particulate deposits from the flue gas could 

also be built-up on various heat exchanging surfaces including on the inside of the firetubes, air 

heater tubes and outside of the finned-tubes in the economiser. 
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Fouling factors are empirical values which have been recorded and may increase because of higher 

surface roughness’s and ageing of heat exchanging materials. VDI [11] reports fouling resistances 

from Weierman RC (1982) for combustion gases on finned surfaces of which coal is 0.89-8.85 

m2K/kW and light oil ranges between 0.36-0.7 m2K/kW. Biomass is a low ash fuel which would have 

a similar fouling characteristic to that of a light oil. 

Typical water side fouling resistances as per the Tubular Exchanger Manufacturers Association 

(TEMA) standards found in VDI [11] - for treated boiler feedwater between 50°C and 115°C are 0.17 

m2K/kW for water velocities less than 1 m/s and 0.088 m2K/kW for velocities greater than 1 m/s.  

3.1.2 Heat Transfer in Banks of Finned Tubes in Cross-Flow 

Heat transfer in banks of finned tubes is a complex calculation which requires information on the 

geometry, arrangement, fluid/physical properties and velocity of the fluid flowing between the 

finned tubes. Text from the section, “M1 heat Transfer to Finned Tubes” in the VDI Heat Atlas  [11] 
highlights the difficulty in controlling complex inflow fluid patterns and localised turbulence due to 

surface roughness characteristic of these types of heat exchangers, whose designs can vary widely 

for different applications. As such there is not a universal solution applicable to all scenarios. 

Due to the complexities described above, the authors of [11] suggest using an empirical Nusselt 

number correlation based on experimental data to solve the heat transfer in banks of finned tubes 

in cross-flow. The authors put forward the following two correlations derived from industrial data: 

equation (3.10) for an inline-tube arrangement and equation (3.11) for a staggered-tube 
arrangement. It is important to note that the characteristic length used in these Nusselt number 

correlations is the outer diameter of the tubes as alluded to by the “d” suffix on the Nu and Re 

variables in equations (3.10) and (3.11) below.  
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The Ratio of Surfaces (ROS) as per equation (3.12) is the ratio of the full surface area of a finned 

tube. That is, the sum of all the exposed fin surface area and tube surface area divided by the surface 

area of a bare tube (i.e. finless tube). 
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The Reynolds number for cross-flow over a finned-tube bank as per equation (3.13) is a function of 

the velocity in the bundle, the characteristic length, as well as the average fluid properties 
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(kinematic viscosity or density and dynamic viscosity) between the inlet and outlet. The bundle 

velocity is the maximum fluid velocity at the smallest cross-section, i.e. the cross-sectional area 

between the finned tubes. This velocity is found by multiplying the inlet far-field fluid velocity  

(minimum velocity) by the Straightened Cross Section of Flow (SCOF), which is simply the ratio of 

the far-field inlet area to the free-flow area between the finned-tubes as per equation (3.14).  

 
,

,Re Re
o tube

bundle char avg bundle o tube avg
bundle d

avg avg

v L v dρ ρ
µ µ

= = =   (3.13) 

 far field

free flow

A
SCOF

A
−=   (3.14) 

The inlet (far-field) fluid velocity as per equation (3.15) can simply be obtained by knowing the fin-

side mass flowrate, and the inlet (far-field) area, along with the fluid density at the inlet. The bundle 

velocity then follows as explained above and shown in equation (3.16) with Figure 13 as visual aid. 

 fin side
far field

inlet far field

m
v

Aρ
−

−
−

=


  (3.15) 

 bundle far fieldv v SCOF−=   (3.16) 

 
Figure 13: Finned-tube arrangement illustrating the far field velocity at the inlet and the bundle velocity at the 

minimum flow cross-section (between the finned tubes) 

Since the SCOF is a ratio of areas, it should be noted that Figure 13 above illustrates the areas on a 

modular basis, i.e. using a single unit element of a finned-tube gas cross section. This is equivalent 

to taking the ratio of the overall flow dimensions (open duct area for Amax and free flow area 

calculated as the Amax minus the cross-sectional area obstructed by all the finned-tubes). 
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The Gnielinski pipe flow correlation as per equation (3.17) is widely used in industry for tube side 

convection heat transfer calculations since it is valid for a wide range of conditions with improved 

accuracy in the transition region between laminar and turbulent regimes ( 3 42 3 10 Re 10. ⋅ ≤ ≤ ) [12].  
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 (3.17) 

The Gnielinki correlation for tubular flow incorporates the Darcy-Weisbach friction factor and 

evaluates the Reynolds number using the tubes inner diameter as the characteristic length.  

The Colebrook-White correlation for friction factor calculations for flow in the transition region 

between laminar and turbulent regimes is shown in equation (3.18) below as per [13]. 
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Zeghadia, et al. [13] affirm that Swamee and Jain’s (1976) adaption of the Colebrook-White 

correlation is a widely used explicit approximation shown in equation (3.19) and is therefore used 
in the present work with the Gnielinski pipe flow correlation in the development of the relevant 

analytical models. 
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 (3.19) 

3.1.3 Natural Convection for Horizontal Cylinders 

Boiling heat transfer in a liquid can occur via several different mechanisms which relate to the 

degree of superheat of the tube wall in relation to the fluid saturation temperature as well as the 

heat flux between the heating surface and the surrounding fluid. At low wall superheats and low 

heat flux, the boiling regime is natural/free convection. As the wall superheat and heat flux increase 

the regime changes to nucleate boiling where bubbles start forming. 

In the context of the present work, it was determined at the analytical model development stage 

that the heat flux was just outside the free convection region, i.e. onset of nucleate boiling for the 
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MCR condition and well within the free convection range for the 70% MCR calibration point. 

Additionally it is shown in section 4.1.3 that it is the forced convection by the flue gas on the inside 

of the firetubes that dominates the overall heat transfer coefficient, making the addition of nucleate 

boiling correlations or other buoyancy correction factors counterproductive. 

Natural convection for heating or cooling of horizontal cylinders is relevant for the fire tubes inside 

the evaporator drum.  It requires correlations with the Rayleigh number and average Nusselt 

number using the cylinder diameter as the characteristic length. The Rayleigh number as per 

equation (3.21) is defined as the product of the Grashof Number and Prandtl number. For the case 

of natural convection driven purely by a temperature difference between the tube outer wall and 

the surrounding fluid, the Grashof number is defined as per equation (3.20) below. 
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For Rayleigh numbers in excess of 107, Churchill and Chu propose the Nusselt correlation as shown 

in equation (3.22) as per [14]. 
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  (3.22) 

Once the relevant Nusselt numbers have been calculated they can be substituted along with the 

characteristic length (Lchar) and fluid thermal conductivity (k) into equation (3.7) to solve for the local 

heat transfer coefficient (h). The local heat transfer coefficient computed for each fluid stream are 

then substituted into equation (3.8) to compute the overall heat transfer coefficient (U). 



 Chapter 3. Theory 

47 

 

The final steps involve computing the number of transfer units as per equation (3.2), substituting it 

into applicable ε-NTU correlation to determine the heat exchanger effectiveness, followed by the 

calculation of the heat transfer rate using equation (3.1). 

3.2 Furnace Modelling 

The furnace modelling methodology is easiest explained by considering an energy balance in the 

combustion zone. This control volume sees sensible energies in the form of incoming fuel and air at 

their respective inlet temperatures. The mixing conditions allow heat to be released in the form of 

a chemical combustion reaction, after which the control volume loses heat by virtue of the exiting 

fluid streams. As per the methodology of Rousseau et al. [7], the exiting fluid streams include 

exhaust flue gas, fly ash, bottom ash, as well as a small amount of unburnt carbon. 

In the present work, an 80/20 split between bottom ash and fly ash is assumed. This assumption is 

in line with typical industry observations of grate firing of solid bagasse. As implied in the name, the 
bottom ash falls through the grate or is propelled off the grate at the base of the furnace, while the 

fly ash travels together with the flue gas all the way through the back pass. Both portions of the ash 

are assumed to leave the combustion zone at the adiabatic flame temperature in the present study. 
The unburned carbon on the other hand is a slight deviation from the usual assumption of 

instantaneous and complete combustion but Rousseau et al. [7] qualifies that small amounts of 

unburned fuel is common for solid fuels.  The fluid streams entering and exiting the combustion 

zone can be seen in Figure 14. 

 
Figure 14: Combustion zone incoming and outgoing process streams 

The furnace model, being the central component of the integrated boiler network involves the 

mixing of the distinct air and fuel fluid stream and combustion chemistry. It also requires expected 

performance of equipment both upstream and downstream of the furnace in order to inform the 

fluid conditions of the air, fuel, and flue gas streams. One therefore requires a whole-boiler energy 

balance to be implemented in tandem with the furnace model development. 
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The whole boiler energy balance is conducted to determine the fuel requirement for a specified 

steam demand. The fuel requirement is also highly sensitive to the fuel quality since the fuel 

composition informs the choice of air-fuel-ratio (AFR) that will ensure complete combustion (with 

exceptions of the unburnt carbon) to release the necessary energy for the desired steaming rate. 

This energy balance of the heat entering and exiting the control volume is illustrated in Figure 15. 

 
Figure 15: Energy balance on whole-boiler control volume 

The key output from such an energy balance is the Adiabatic Flame Temperature (AFT).  It represents 
the flue gas temperature before any heat transfer has occurred to the surrounding walls, but all 

losses have been considered.  

3.2.1 Combustion Model 

The combustion methodology employed in the present work originated from a pre-developed 
model in the ATProM library.  It generally follows methods presented by Rousseau et al. [7], which 

begins with conducting combustion species mass balances for the reactants (fuel and humid air) and 

product species (exhaust gas). 

Since the combustion modelling is not a prime focus in the present work, only the main high-level 

equations are presented here.  

The high level molar chemical reaction written with reactant species on the left and product species 

on the right is formulated in equation (3.23) below. 

 2 2 2

2 2 2 2 2

, , 2 , 2 , 2

2 2 2 2 2

C participating H O N S H O air O air N air

CO N SO H O O

X C X H X O X N X S X H O X O X N Ash

X CO X N X SO X H O X O Ash

+ + + +

→ + + + + +
 (3.23) 

The reactants species include carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulphur (S), and 

moisture (H2O), where the air constituents are distinguishable via the “air” subscripts. “X” 

represents the molar weighted compositions of each species from the as-received ultimate fuel 

analysis (UFA). Notably the first term on the reactants side of the equation excludes the assumed 

small portion of unburned carbon. The products on the right-hand side of the equation consist of 

carbon dioxide (CO2), Nitrogen (N2), sulphur dioxide (SO2), water (H2O) and oxygen (O2). 
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If the fuel flowrate is known, then the mass flowrate of any constituent (i) is simply calculated using 

the molar composition and molecular mass of the constituent, with the fuel flowrate and mean fuel 

molecular mass as illustrated in equation (3.24).  

 fuel
i i i

fuel

m
m X M

M
=



  (3.24) 

The actual air-fuel-ratio (AFR) can now be computed as per equation (3.25), where airm is the humid 

air mass flowrate and fuelm  is the as-received fuel mass flowrate. 

 air

fuel

mAFR
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 (3.25) 

The total combustion heat is calculated from the Higher Heating Value (HHV) of the fuel, which is a 

function of the as-received fuel composition.  Because moisture and ash do not participate in the 
combustion, its presence has the effect of reducing the mass factions of the reacting elements.  The 

net effect is a reduction of the HHV value. 

3.2.2 Direct Radiation Method for Boilers 

The projected method (Gurvich/Blokh) and direct method (Hottel) were discussed at a high level in 

section 2.5.2 as two common furnace modelling approaches.  

The direct method accounts for the furnace wall temperature and emissivity with a simpler 

implementation which does not rely on the scarce availability of empirical factors relating to highly 

specific boiler architectures, fuel types and firing techniques. This is therefore the preferred model 

which is used in the present work. Its implementation in determining the rate of radiant heat 

transfer in a furnace is simply given in its standard form in equation (3.26) as per [7] below. 
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It is important to note that the area in equation (3.26) is an effective radiation area which includes 

view factor effects. 

Although P. Rousseau et al. [7] present the details involved in the calculation of the gas-particle 

suspension emissivity and absorptivity via the standard, low and high particle models, these 

methods still rely heavily on empirical values which can be a function of things such as the particle 

size. Data regarding these fine details are not available for the TORRIPAC and fall outside the project 

scope.  

All three particle load models include the calculation of a mean beam length characterising the 

furnace geometry. The TORRIPAC furnace geometry is unique with a large rear wall nose which 

protrudes over the grate as will be illustrated in later chapters. The calibration results and fine-

tuning methodology explained in section 4.4 will shed some light on possible consequences of this 

unique architecture.  

In summary, a constant gas-particle emissivity of 0.6 was used, representing a low-ash content fuel 

such as biomass.  The gas-particle absorptivity was varied as part of a parametric study during the 
calibration with site measurement data. These details are discussed further in sections 3.3.8.7 and 

4.4. 

3.3 Flownex Theory 

Flownex is a one-dimensional thermofluid, numerical network software capable of accurately 

solving both steady-state and dynamic process networks through high fidelity solution algorithms 
which have been extensively validated and verified against multiple Nuclear standards [15]. This 

section briefly summarises the high level “implicit pressure correction algorithm” employed by the 

software, specific theory of common flow components used in the present work, libraries, as well 
as important information on the user interface necessary for action set-ups and fluid network 

control. 

3.3.1 Implicit Pressure Correction Method – IPCM & Governing 

Equations 

The general mass conservation/continuity equation is given in equation (3.27), where the first terms 

represents the rate of change of density at a specific point in space, accounting for temporal density 

changes which would occur in compressible flow regimes. The second term represents the rate of 

change of mass flux in the x-direction (i.e. for one-dimensional flow). 
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 ( ) 0V
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ρ ρ∂ ∂
+ =

∂ ∂
 (3.27) 

The conservative form of the general conservation of momentum for one-dimensional pipe flow is 

given in (3.28). Where the first term on the left side is the unsteady time-dependant change in 

momentum and the second term on the left side is the convective transport of momentum arising 

from changes in velocity and density in the x-direction. The terms on the rights hand side of equation 

(3.28) from left to right are: the pressure gradient force in the x-direction, volume based 

gravitational force accounting for elevation changes, and frictional losses due to viscous effects in a 

pipe, where f is the Darcy-Weisbach friction factor and D  is the hydraulic diameter of the 

pipe/channel.  
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The energy conservation for 1-D flow expressed in terms of total enthalpy ( 2
0

1
2

h h V= + ) is given in 

equation (3.29) where the first term on the left hand side represents the total volume based change 

in energy with the effects of internal energy and gravitational potential energy accounted for. The 

second term on the left hand side represents the transport of convective energy due to the 1-D flow 

in the x-direction, where Vρ is the mass flux and 0h gz+ represents the specific total energy carried 

by the flow. The terms on the right-hand side represent the volume-based rate of heat transferred 

into the system and the work done by the system respectively. 
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The state of the art implicit pressure correction solution algorithm has been summarised in Figure 
16 adapted from the steps provided in the Flownex Theory Manual [15]. 

 
Figure 16: Implicit Pressure Correction Method (IPCM) algorithm adapted from [15] 

The implicit nature of this algorithm has advantages of user controllability through tuning of 

relaxation parameters, number of iterations, and convergence criteria. It is unconditionally stable 
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with capabilities of solving networks with different types of fluids, with drawbacks of potential 

inaccuracies at large time steps and slow solver times [15]. 

3.3.2 Charts and Lookup Tables 

Flownex has built-in charts and look up tables which can be found in the “Charts and Lookup Tables” 

libraries window as shown in Figure 17 below. 

 
Figure 17: Flownex Charts and Lookup Tables in the Libraries window 

As shown in Figure 17, the three databases are; Project database, ATProM database and Master 

database. Material data, fluid properties and efficiency charts a few items included in the databases.   

It is convenient to note here that for a connected flow network, Flownex requires that the same 
fluid be specified. This means that in the case of boilers, which combusts a mixture of air and fuel 

to produce flue gas, one needs to create a custom fluid which contains all possible constituents of 

all three distinct fluid streams. It is important to use the correct type of fluid such that fluid 
transitions maintain the correct curve enthalpy. ATProM has already developed a custom “Coal fired 

flue gas” fluid as a gas mixture with Nitrogen (N2) as the background fluid as shown in Figure 18. 

 
Figure 18: "Coal-fired flue gas" custom fluid in ATProM database 
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The other constituents included are SO2, “Fly ash”, “Unburnt Carbon”, CO2, H2O, N2, NO, and O2. The 

SO2, “Fly Ash”, and “Unburnt Carbon” were developed with fluid property lookup charts established 

by ATProM, while the other constituents were simply copied over from the Master Flownex 

database. Note that although this custom fluid was developed for coal fired flue gas, it contains the 

same constituents as other biomass fuels. With all the fluid properties defined for each constituent 

in the mixture, the Wilke mixing method was used to determine the mixture properties for 

conductivity and viscosity.  Also, the “Fly Ash”, and “Unburnt Carbon” are assumed to behave like 

fluids in terms of their energy content by assuming they are well mixed and very fine, though their 

densities remain constant. 

Charts and look-up tables can be customised easily by the user copying a chart into the project 

database so that it is editable. An important place where this was needed in the present work was 

in the creation of a custom low inertia steel. The built-in AISI 1010 steel from the Master Database 

has a density of 7832 kg/m3, where polynomial defined scripts are used for the conductivity and 

specific heat capacity as shown on the left-hand side of Figure 19. The custom (low inertia) steel 
material as shown on the right-hand side of Figure 19 has been specified with a negligibly small 

specific heat capacity of 10-6 kJ/kg.K with all other properties fixed as per the original AISI-1010 steel.  

 
Figure 19: Carbon steel – AISI 1010 {Master Database} (left) vs custom low inertia steel {Project Database} (right) 

The idea with the custom, low inertia steel is that it can be specified as the material for all the heat 

exchanger components in a low inertia configuration of the model. Comparing transient runs 

between the full inertia (realistic) configuration and the reduced inertia configuration should 

provide insights on the effects of the solid material thermal inertia effects. 

3.3.3 Multiple Views 

For complex flow networks with many flow connections and data transfer links, Flownex has the 

functionality to create multiple views of the same component. This is achieved by simply copying a 

specific existing component on the drawing canvas such as a Node or Pipe and then right-clicking at 
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a different location on the drawing canvas (or even on the canvas of a different drawing page) and 

selecting “paste view”. By doing this Flownex has created a separate view of a specific component 

which still has all the input and result data attached to it. The new view has all the same functionality 

as the original instance of the component and can therefore be connected to other flow elements 

and or transfer data to other components. 

Multiple views can visually simplify complex networks by allowing the user to build small modular 

flow networks independently on separate drawing pages, after which an integrated model can be 

connected on a separate drawing page as shown in the connection of the economiser and air heater 

in Figure 20 below. 

 
Figure 20: Multiple view functionality 

Note that once a new view has been pasted, a “V” will be shown in all instances of the component 

including the original instance where the component was added to the project for the first time. 

3.3.4 Excel Workbooks, Scripting and Data Transfer Links 

Excel workbooks are a convenient way to store key-input parameters and constants such that they 
can be used to perform sequential sets of calculations which can then be implemented elsewhere 

in a particular flow network. As per the general user manual [16], any number of properties can be 

defined for the excel workbook since these properties are defined in the cells of the excel property 
grid. Figure 21 shows the excel workbook component in Flownex as well as the inputs and outputs.  
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Figure 21: Excel Workbook component in Flownex 

The excel workbook component was used in the present work to perform combustion calculations. 

As will be detailed later in section 4.2.4, the excel workbook conveniently stores the fuel 

composition, stoichiometric constants, molar masses, formation enthalpies etc, while receiving user 

inputs for the fuel and air flows, ultimately sending values such as the flue gas composition and 

combustion heat to the outputs of the excel workbook to be used by other flow components. 

The script component allows the user to customise the model behaviour through programming logic 
in C#. This component can be chosen to be a normal script or a quick script. The latter requires a 

minimum amount of coding by the user since it contains an easy user interface where inputs and 

outputs can be inputted by the user into a table. The tabled inputs then form as callable arguments 
which the user can include in their coded functions shown on the left-hand side of Figure 22 [16].  

The normal or iterative script as shown on the right-hand side of Figure 22 is more code-heavy 

requiring manual initialisation of parameters by the user in line with the correct C# syntax. 

 
Figure 22: Quick Script editor (left) & Script editor (right) 

The quick script was used often in the present research to calculate heat transfer coefficients using 

specific Nusselt number correlations which do not come built-in to the software. An iterative script 

was also used in the present work to correct the flue gas enthalpy as explained in section 4.2.4. 

Data Transfer Links allows transferring of properties between various components such as excel 

workbooks, scripts, and flow components [16]. These links are the dashed lines in Figure 23 below. 
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Figure 23: Example of Data Transfer Link property connections between components 

Note in the above figure, the property transfer from the pipe to the excel workbook, from the excel 

workbook to the inlet boundary condition and the bi-directional transfer between the pipe and the 

script component. Any number of properties can be transferred by a single link. The data transfer 

link can also be specified to scale the transferred property by a factor or to add a constant.  

3.3.5 Sensitivity Analyses 

Flownex can address the inherent uncertainties, such as measurement errors and design 

uncertainties of thermofluid systems through parametric studies and Monte Carlo analyses as part 

of its sensitivity analysis functionality [16]. 

The Monte Carlo analysis can vary all nominated variables concurrently with random selections from 

a user prescribed range and statistical distribution (e.g. normal or triangular distribution) [16]. This 

can be a computationally expensive method. The automatic parametric study is much simpler and 

was therefore used in the present work. Parametric studies vary only a single variable at a time 

within a user specified range providing more computational efficiency [16]. 

An example of the user interface for the sensitivity analysis set-up is shown in Figure 24 below for a 

furnace radiation calibration employed in the present work.   

 
Figure 24: Sensitivity Analysis set-up for furnace calibration study 

For the furnace radiation calibration, the “C-factor” from the Fluid Radiation component was the 

input variable being varied between the extremes of 0.15 and 3. Note that the results tab in Figure 
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24 is empty because an excel parameter table was used for data logging at each parametric run for 

the various temperatures, pressures and heat transfer rates throughout the boiler system. The 

parameter table was set-up by simply dragging and dropping a specific result (such as a 

temperature) from a component and specifying the table option such that the results for each 

parametric run would be logged sequentially after steady-state. 

3.3.6 Dynamic Modelling – Action Set-ups 

Flownex can solve a network under steady state conditions or transient conditions. The steady state 

simulation mode automatically sets all temporal terms in the governing equations to zero, such that 

there is no energy or mass accumulation in the flow network. It’s important to note that the effect 

of thermal inertia is a transient result and will therefore not have any influence on a steady state 

simulation. 

The dynamic simulation features in Flownex are robust in that there is lots of room for user input in 
terms of initialising the system either through specified initial conditions or from a steady-state 

condition [16]. The dynamic features offer flexibility in time-step size with the allowance for user 

specified open loop events at different time steps. Open loop actions include; fixing of variables, 
controller mode switching (on-off) as well as changes in controller gains and set-points as 

highlighted in the general user manual [16]. 

An example of an action set-up for a transient run to test the pressure controller in the present work 

can be seen in Figure 25 below. 

 
Figure 25: Action Set-up for pressure controller test 

For this specific action set-up, the mass flowrate through the feedwater pipe component was fixed 

at time zero, followed by an action to set the pressure controller into auto mode with a trigger at 

300 seconds. The remaining actions changed the set-point of the pressure controller at later time 

steps. 

3.3.7 DCS and Controller Theory 

The Distributed Control System (DCS) is a library  which when integrated with components from the 

Flownex library is able to  simulate complex control systems in the Flownex environment [17]. 
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Detailed plant simulators can be created in the Flownex environment by also incorporating the 

visualisation library to develop plant operator user interfaces also known as human machine 

interfaces (HMI) [17]. 

The control features in the DCS are vast, so this section briefly describes the functionality and theory 

of the Simple PID analogue component which was used in the present work. 

The simple PID requires user inputs for the controller output limits (high and low), the process value 

which is the measured value that could correspond to something like mass flowrate, or pressure 

and the set point which represents the target value that the controller should track. The manual 

value is the controller output which the user can set when the controller is in manual mode. Once 

the controller is in automatic mode, the manual value will be continuously updated according to the 

output of the controller. The time dependant controller output is governed by the addition of the 

proportional, integral and differential terms as per equation (3.30).  

 ( ) out out outOutput t P I D= + +  (3.30) 

All the controller parameters as well as the expressions for the proportional, integral and differential 
terms are illustrated in Figure 26.  

 
Figure 26: Simple PID input & output parameters 

The proportional, integral and differential terms in the output are governed by the user inputs for 

corresponding gains which can be tuned by the user during controller development and testing. 

Note that ( )e t  in the above figure represents the error between the set point and the process 

variable at time, t. Incorporating a controller in a flow network is as simple as connecting a 

parameter such as pressure to the process variable input via a data transfer link. Similarly, the 
output of the controller can be connected to the relevant parameter that we want controlled using 

Process Value
Set Point

Manual Value

High Output Limit

Low Output Limit
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a data transfer link. This will be illustrated in section 4.5.2.1 where the fuel flow is controlled using 

the Two-Phase Tank pressure set point. 

3.3.8 Flow Components 

This section briefly summarises the common flow components used to model the fluid flow and 

heat transfer in the present work. 

3.3.8.1 Custom Losses: Flow Resistance 

The Flow Resistance element can be used to model fluid flow for which there is no work done on/by 

the fluid except flow work. It is therefore used to model components with limited geometrical 

information and its simplicity lends itself to reducing computational expense in complex networks. 

It can be used to model simple pressure drops through components such as pipes, valves, and heat 

exchangers as explained in the Flownex Library manual [18]. This component is valid under the 

assumption that the flow is one-dimensional at its inlets and outlets and that no work other than 
flow work is done on/by the fluid which could be gas, liquid, and/or two-phase fluids. The Flow 

Resistance component can be seen in Figure 27 below.  

 
Figure 27: Flow Resistance component connecting two nodes in Flownex 

The pressure drop through this component is modelled as a pure primary loss expressed in terms of  

its mass flowrate and flow area in equation (3.31). 
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The user can choose between three different resistance behaviours, namely quadratic, linear, and 

square root resistance behaviour. Only the quadratic model was implemented in the present work. 

The quadratic model should be applied for highly turbulent flows, which implies that friction factor 

fluctuations are insignificant for changes in fluid mass flowrate. The quadratic behaviour can be 

further classified into flows for which the density remains relatively constant vs fluid density which 

changes over the length of the flow resistance component. 

As per the Flownex library manual [18], for highly turbulent flows with relatively constant fluid 

density, equation (3.31) becomes: 
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While for the case of highly turbulent flow with changing fluid density, (3.31) becomes: 
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3.3.8.2 Nodes and Boundaries 

Boundary Condition components are used to specify the boundary conditions of a network and can 

only be connected to Node components as explained in the Flownex Library Manual [18]. By simply 

connecting a Boundary Condition to a Node, the user can specify a combination of pressure, 

temperature, quality, enthalpy, mass source and volume flow to that specific node. Not all 

combinations are possible, e.g. one cannot specify both mass source and pressure at the same node 

as this would over-constrain the problem. 

Figure 28 below shows the inlet cooling air Node in the boiler modelled in the present work with 

the Boundary Condition connected. 
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Figure 28: Boundary Condition & Flow Node visualisation in Flownex with input properties shown 

Note that the Boundary Condition specifies the inlet pressure and temperature for the Node as well 
as the mass fraction compositions of the individual constituents for accurate fluid property 

evaluation. 

Nodes are simply the endpoints of elements within a network [18]. For example, a Pipe element will 
have both an inlet and outlet Node. Nodes can also be used to model a reservoir (see  3.3.8.3 for 

Two-Phase Tank).  

A Node can be broadly classified into two categories, namely solid Node and fluid (flow) Node. The 
former is a Node which could be specified to be a solid material, such as steel with a specified, mass 

and other geometrical factors. A solid Node can be useful for capturing the thermal mass of the 

material of a Flownex component which does not inherently contain thermal mass. For example, 

modelling a boiler drum volume can be accomplished with a Two-Phase Tank, but the thermal mass 

of the steel material of the drum can be captured in a solid Node by specifying the solid material 

(steel for example) as well as the material volume. A heat transfer component such as the Composite 

Heat Transfer (CHT) component can be used to connect the Two-Phase Tank to the solid Node. The 

connecting heat transfer component can specify a convective heat transfer coefficient which will 

allow convection from the fluid in the Two-Phase Tank to the solid Node representing the drum 

material in the example described above.  

A fluid Node on the other hand which is used more often is a Node connected to a flow component 

and can either have zero volume or be specified to have a certain volume and vessel shape. The 

velocity in the node is assumed to be zero. The vessel shape can be specified as a polygon, vertical 

cylinder, or horizontal cylinder. The vertical and horizontal cylinders are straight forward in that the 
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user can specify the diameter and vessel volume or the diameter and the vessel length/height. 

Specification of endcaps are also possible for these cylinders.  

The polygon vessel shape on the other hand allows the user to specify any arbitrary shape, through 

the combination of a horizontal area coupled with the vessel height. For shapes with non-constant 

cross-sectional area along the height, the polygon can be further sub-divided using the table option. 

This option provides a dimension table input where the user can specify the horizontal cross-

sectional area coupled with a height for as many increments as necessary. This option was used to 

accurately track the level of the fire-tube evaporator in the present work as will be explained in 

4.2.3.  

For this method, the volume of the Node will be calculated as the sum of the volumes between the 

cross sections. This assumes that the centres of all the areas are directly above each other and the 

area changes gradually between two planes. The heights in the dimensions table are defined as the 

vertical distance from the horizontal cross section to the reference height, with upwards as positive. 

The areas in the dimensions table are defined as the area of the horizontal cross-sections. 

3.3.8.3 Containers (Two-Phase Tank) 

The Two-Phase Tank component can be used to model liquid-vapour separation and is therefore 

only valid for two-phase fluids. This component is essentially a node with restrictions on its inputs 

which aids the user in creating a more intuitive network as explained in the Flownex Library Manual 
[18]. Level tracking can consequently be performed during dynamic simulations to determine the 

height of the liquid level and whether a liquid, gas, or mixture is extracted from the outlets of the 

tank. 

Level tracking inside the Two-Phase Tank is accomplished by either specifying the tank pressure or 

quality of the two-phase fluid inside the tank with a Boundary Condition to determine the volume 

occupied by both phases (liquid, and gas). Naturally, the liquid is separated to the bottom of the 

tank, while the gas occupies the volume above the liquid level [18]. 

For each component that is connected to the Two-Phase Tank, a branch height, height fraction, or 

volume fraction can be specified. This specification therefore assigns the positions of the inlets and 

outlets in terms of the total node volume. 

Figure 29 illustrates an example of a Two-Phase Tank implementation using the height fraction 

specification option for a horizontal cylindrical shell volume with no endcaps. The connection details 

can be seen on the left-hand side of the figure, where height fractions of 0 are at the bottom of the 

shell, 1 the top of the shell and 0.5 mid-way along the height (i.e. 150 mm in the case of this 300 

mm diameter tank). 
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Figure 29: Example of Two-Phase Tank implementation for a horizontal cylindrical volume using height fraction 

specifications for branch connections 

Consider the example taken from Flownex Library Manual [18] in Figure 30 below which uses the 

volume fraction specification for branch connections. Steam is selected as the two-phase fluid and 
the tank has two inlet pipes (1 and 3) and two outlet pipes (2 and 4). Pipes 1 and 2 are specified by 

the user as having a volume fraction of 0.1, while pipes 3 and 4 are specified as 0.9. The liquid volume 

fraction is determined to be 0.3 for instance which results in pipe 2 extracting liquid water (i.e. steam 
with quality of zero) from the tank, and pipe 4 extracting gas (i.e. steam with quality of 1). 

 
Figure 30: Flownex Level Tracking capability illustration copied from Flownex Library Manual [18] 

The scenario above illustrates a typical Two-Phase Tank operation during steady state. For steady 

state implementations, the user could specify a quality Boundary Condition on the tank, after which 

Flownex would calculate the level at the steady state condition. Note that fixing the quality via 

Boundary Condition will also fix the level inside the tank. If the inlet and outlet flowrates are also 

fixed during steady state, it means that Flownex will compute a tank energy source which is 
accumulated to satisfy the energy balance. The Two-Phase Tank will have sensible energy entering 

and exiting the tank by virtue of the incoming and outgoing streams, but it can also gain or lose 
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energy through convective heat transfer from flue gas flowing through tubes of the evaporator in 

the present work as will be explained in 4.2.3. If the total energy from all these mechanisms balance 

for the specified quality/level constraint, we should expect the tank energy source to be nullified.  

More important for the present work is Flownex’s ability to track the level during a transient 

analysis. During a transient analysis where there is no boundary condition imposed on the tank’s 

quality (or level), one of two scenarios can occur as per the Flownex Library Manual [18]:  

1. Tank level drops: If the outlet streams are extracting more liquid than the inlet streams can 

supply, then the liquid volume will be depleted, after which the outlet streams will extract a 

mixture with the same quality as the mixing quality. 

2. Tank level rises: If the outlet streams are extracting more gas than the inlet streams can 

supply, the liquid level rises until the entire tank (node) is filled with liquid. Consequently, 

the outlets will extract only liquid once the tank has been filled with liquid. 

3.3.8.4 Piping 

The Pipe component as shown in Figure 31 is used to model fluid flow inside of pipes with 
consideration of both primary and secondary losses if specified by the user [18].  

 
Figure 31: Pipe component connecting two nodes in Flownex 

Pipe components are used in the present work to model the steam side fluid flow since this 

component, unlike the flow resistance component contains an internal volume needed for transient 
analyses.  

All instances of Pipe components used in the present work specify the Darcy-Weisbach friction 

factor model as the primary loss type. A roughness value of 100 microns was specified as the 

roughness by selecting the maximum value in the “Welded Steel tubes” dropdown of the Flownex 

database as illustrated in Figure 32 below. 

 
Figure 32: Tube roughness selection in Flownex for Pipe component 

Since the workshop drawings are in hand from John Thompson, once could accurately specify the 
pipes in Flownex by selecting from a list of standard pipes from the ASME B36.10M data base for 

welded and seamless wrought steel pipe catalogue built-in to Flownex as illustrated in Figure 33.  
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Figure 33: Pipe database in Flownex containing industry standard pipe specifications 

Other notable input options for a pipe component in Flownex allow the user to specify a fixed heat 

input and fixed mass flowrate through the pipe. Lastly a single Pipe component as placed on the 

drawing canvas can represent a user specified number of parallel pipes with further user specified 

discretisation increments along its length which becomes important when modelling heat transfer 

into a Pipe using specific heat transfer components such as Convection or CHT components.  

3.3.8.5 Heat Exchangers (Finned-Tube Heat Exchanger) 

The Finned-Tube Heat Exchanger component can be used to model both conventional and 

cylindrical type finned-tube heat exchangers [18]. This component is especially useful in capturing 
the thermal inertia of the heat exchanger material during transient simulations of heat transfer 

between two fluid streams. Furthermore, the inertia of the fluid itself is also included when 

calculating pressure drops through the hot and cold flow paths during transient simulations [18]. 

The Finned-Tube Heat Exchanger is a two-part component consisting of a primary side (fin-side) and 

a secondary side (tube-side) as illustrated in Figure 34. Each side of this component has its own 

unique set of inputs. This component can only handle two-phase flow on the tube side.   

 
Figure 34: Finned-Tube Heat Exchanger component in Flownex 
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According to the Flownex Library Manual [18], the industry custom for circuiting conventional 

finned-tube heat exchangers is to count the tubes rows as the number of tubes high with the 

number of passes counted as the number of rows deep as illustrated in Figure 35 below. 

 
Figure 35: Flownex Finned-Tube Heat Exchanger circuiting convention taken from Flownex Library Manual [18] 

This heat exchanger component is a discretised model which divides the overall component into a 

two-dimensional array of smaller cross-flow heat exchanger elements which each employ known 
correlations for cross-flow heat transfer [18]. The discretisation as illustrated in Figure 36 is 

accomplished by dividing the gas (fin) side flow into several parallel paths. A heat exchanger element 

is then formed at the intersection of a gas flow stream and a tube [18].  

 
Figure 36: Flownex discretisation scheme for Finned-Tube Heat Exchanger taken from Flownex Library Manual [18] 

The Finned-Tube Heat Exchanger component accurately accounts for the true geometry and 

arrangement through specifying the number of parallel circuits, number of passes and number of 
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tube rows as the inputs to the tube-side of the component as per the Flownex tube arrangement 

convention illustrated in Figure 37. A notable input on the fin-side is to specify the overall cross flow 

regime as being either parallel or counter flow according to the convention illustrated in Figure 38. 

 
Figure 37: Finned-Tube Heat Exchanger tube 

arrangement convention, Schematic taken from Flownex 
Library Manual [18] 

 
Figure 38: Finned-Tube Heat Exchanger overall Flow 
regime convention, Schematic taken from Flownex 

Library Manual [18] 

3.3.8.6 Heat Transfer (Convection & Composite Heat Transfer) 

The three main heat transfer components used in the present work from the Flownex library were 

the Convection, Composite Heat Transfer (CHT) and Fluid Radiation component.  

As explained in the Flownex Library Manual [18] the convection component is able to model 
convective heat transfer at a surface by linking it to/from either a solid node or a flow element such 

as a Pipe as illustrated in Figure 39. 

 
Figure 39: Convection connection configurations and input property options 

The convective heat transfer coefficient can be user defined as a constant value, calculated or 
defined by a script with user specifications for the fin efficiencies and fouling factors as shown in 

Figure 39. 

Node-to-Node 
Convection

Node-to-Element
(Pipe) Convection
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The Composite Heat Transfer (CHT) component like the Convection component can contain thermal 

resistance and inertia with the ability to be connected to flow nodes or elements [18]. It is however 

more robust, allowing variable heat transfer area in the component direction as well as cross 

component direction with flexibility to include combined convective, conductive and radiative heat 

transfer [18].    

The thermal inertia is captured in the CHT component through a material specification coupled with 

a wall thickness and specification of conduction layers where the user can specify the number of 

nodes for the discretisation of a pipe wall as illustrated in the CHT implementation for the fire tube 

evaporator in the present work shown in Figure 40. 

 
Figure 40: Example of CHT implementation in Flownex showing conduction layers for convective heat transfer in fire-

tube evaporator 
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Note that convection was chosen for the upstream (flue gas to inner tube wall) specification and 

downstream (outer tube wall to water inside the two phase tank) specification, where the former 

makes use of the built-in Gnielinski pipe flow correlation and the latter specifies a constant heat 

transfer coefficient which is calculated in a Script and then linked to the input of the CHT component 

via a Data Transfer Link as will be explained in section 4.2.3. 

3.3.8.7 Heat Transfer (Fluid Radiation) 

The Fluid Radiation component is a heat transfer component which models radiative heat transfer 

between a solid surface such as a tube wall and a participating medium such as constituents within 

a flue gas mixture volume. This component forms part of the same heat transfer library as the 

Convection and CHT component, but it is presented here in its own dedicated section (3.3.8.7) since 

it is a big part of the calibration process in the present work. 

This component can be used either to link a solid Node to a flow Node or to link a solid Node and a 

flow element (e.g. pipe). In both cases the solid node represents the metal surface, and the flow 

node/element represents the fluid with the participating medium as explained in the Flownex 
Library Manual [18]. 

This component assumes a constant surface emissivity, fluid emissivity and fluid absorptivity 

throughout the flow node/element containing the participating medium. The bulk fluid properties 

are used in the calculation of the net radiant heat transfer between the surrounded black body 
surface and the participating gasses governed by equation (3.36) [18]. 
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The Fluid Radiation component offers the Lefebvre & Ballal and Leckner correlations for the 

calculation of fluid emissivity and absorptivity as 2 possible specification which are built-in to the 

component. These correlations involve considerations of view factors, mean beam lengths, partial 

pressures and mixture pressures in the methodology to calculate the emissivity and absorptivity. 

Since the present research focusses on dynamic modelling of an integrated whole boiler system, the 

complexities involved with these factors are not within the project scope. As such, the fluid 

emissivity is not calculated in the present work. Instead, the fluid emissivity of the Fluid Radiation 
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component is specified with a user defined value as a constant based on typical values encountered 

in industry.  

With the user specified emissivity configuration chosen, the net radiant heat transfer is simply 

written in equation (3.37) below as the product of the surface area (A) of the body and the heat flux 

(q”) which now includes a radiation correction/scaling factor (C) as seen in equation (3.38). 

 , "rad netQ Aq=  (3.37) 
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Note that in this configuration for a user specified fluid emissivity, the fluid absorptivity is calculated 

as per equation (3.39) with the user being required to specify the exponent “g”.  
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As per the Flownex Library Manual [18], 4 is the maximum allowable value for “g”, ensuring a 

positive value for the radiant heat transfer. It can be noted here that Flownex caps the absorptivity 

value at 1 if the expression on the right-hand side of equation (3.39) evaluates to any value greater 
than 1. Additionally, the minimum allowable absorptivity is equal to the emissivity. This equality 

occurs for increasingly small values of “g”, i.e. approaching 0. One can therefore say with confidence 

that that the absorptivity value is between the emissivity value at the lower extreme and unity at 

the upper extreme as per the inequality in equation (3.40) below. 

 1f fε α≤ ≤  (3.40) 

The radiation correction factor which will be hereafter referred to as “C” or “C-factor” acts as an 

effective view factor accounting for uncertainties with fluid emissivity/absorptivity inputs, complex 

phenomena such as radiation back-scatter and even the surface area and uncertain radiation view 

angles which occur inside of the furnace in the context of the present work. 

The Fluid Radiation component as implemented in the present work to model radiation from the 

hot flue gas inside the furnace to the water-walls of the furnace is shown in Figure 41 below along 

with the input properties window. 
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Figure 41: User input properties for Fluid Radiation component 

Tuning the so-called C-factor will be carried out as part of the model calibration later. The inputs as 

per the red text in Figure 41 are the parameters that the user has some freedom over in the 
calibration, with the absorptivity having only a small effect on the radiative heat transfer for a fixed 

fluid emissivity. This absorptivity effect was tested parametrically in the present work. 

It's important at this point to recall the direct radiation model as initially presented in equation 

(3.26) of section 3.2.2 to witness its parallels with the Flownex Fluid Radiation implementation. Both 
configurations of the equation include the same terms. The key difference is the inclusion of the C-

factor in the Flownex implementation and the calculation technique used to determine the fluid 

absorptivity. The literature detailed the standard, low, and high particle load methods as techniques 

to calculate the gas-particle absorptivity, whereas the Flownex implementation requires the 

specification of the “g” factor. It is therefore clearly qualified here the reason for adopting a 

calibration technique through parametrically varying the C and g factors.  

In the present work, the surface emissivity of the furnace walls is set to unity, while P. Rousseau et 

al. [7] indicate values between 0.8-0.85 when using the direct method. The unity surface emissivity 

over-estimates the radiative heat transfer by assuming the walls act like a black body. It is then 

intuitive that the eventual calibrated C-factor be some value between 0 and 1 to compensate for 

the over-estimation of the wall emissivity. Fixing all the other inputs therefore makes the calibration 

a very strong function of a single parameter (i.e. the C-factor) bearing in mind that the absorptivity 

is defined within clear limits as per equation (3.40) with effects of its value being tested also through 

parametric studies in the present work. 
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4. Model Development & Verification  

 

 
Figure 42: High level methodology outline 

  

The flow chart in Figure 42 illustrates the process involved for the methodology of the present work 

at a high level. First, a detailed understanding of the system architecture was obtained by reviewing 

the workshop drawings of each of the heat exchangers (economiser, air heater, fire-tube 

evaporator, and water-cooled furnace) to learn how the various components are inter-connected.  

Simple analytical models for each of the heat exchangers were then developed using Mathcad 

software. The analytical models were then verified using Maximum Continuous Rating (MCR) design 

data obtained from John Thompson which included data for mass flowrates, temperatures and 

pressures at various locations in the boiler system for all fluid streams; air, fuel, flue gas and 

water/steam. 

Each of the heat exchangers were then modelled in Flownex and verified independently by 

comparing the heat transfer rates with both the MCR design data as well as the individual Mathcad 
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analytical models. The complete integrated whole boiler steady state model was completed by 

connecting each of the heat exchangers together.  

The integrated model was calibrated using data from a site test conducted in 2021 at the rum 

distillery in Grenada, where the boiler was commissioned.  

Once the model had been calibrated for a certain operating point, the thermal inertia effects were 

investigated through transient simulations. A simplified control system was then implemented by 

developing two simple control loops. The first loop controlled the boiler steam pressure with 

feedback to the fuel mass flow and the second controlled the boiler water level with feedback to 

the feed water mass flow. This then allowed simulation of controllable dynamic operational 

scenarios such as changes in fuel quality and steam extraction. 

4.1 Analytical Model Development (Mathcad) 

The detailed geometry from the workshop drawings and the inlet conditions to each of the heat 
exchangers from the MCR data were used as inputs to each of the analytical Mathcad heat 

exchanger models, while the outlet conditions and consequent heat transfer rates for each heat 

exchanger from the MCR data were used as targets to verify the analytical models. Note that this 
verification is simply to show that the implementation of the thermodynamics and correlations in 

the analytical model produces sensible results. 

Since the geometries and inlet and outlet conditions are known, the development of analytical 

models for each of the heat exchangers in the boiler system is therefore accomplished efficiently 
through the effectiveness number of transfer units (E-NTU) methodology as opposed to the LMTD 

method which would be more applicable for designing a heat exchanger from scratch, where the 

heat transfer surface areas are the key unknown. The full Mathcad analytical models have been 

included in the appendices, while this chapter provides a brief overview of the methods used in 

terms of geometries and heat transfer correlations, applying the theory presented in section 3.1. 

4.1.1 Economiser 

The economiser is designed as an in-line finned-tube heat exchanger, where subcooled feedwater 

enters from a header at the top of the assembly and is split into six tube rows, each of which makes 

a total of fourteen passes inside the casing before collecting in the outlet header at the bottom of 

the assembly. The flue gas on the other hand makes only a single pass from the bottom of the 

assembly to the top as its flow traverses between the finned tubes as illustrated in Figure 43.  
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Figure 43: Economiser general arrangement 

In addition to the general arrangement of the economiser shown in Figure 43, the detailed geometry 

required for the analytical model in terms of heat transfer surface areas and flow areas is illustrated 
in Figure 44. The tube diameter and thickness are self-explanatory, but the geometry of the “H-

type” fins is fully defined by the fin thickness fint , fin height finh , fin width finw and fin slit fins . Note 

that the fin height and width are equal for this economiser which resembles a square-like fin with 

the fin slit creating the “H” geometry. The fin pitch finP  is the spacing between successive fins on a 

single tube, while the longitudinal pitch Ls  and transverse pitch Ts  refers to the tube arrangement 

relative to the cross-flow fluid direction of the flue gas. 

 
Figure 44: “H-type” fin geometry and far-field and free-flow areas (modular basis) 
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The maximum velocity on the fin side occurs at the smallest area, i.e. the free flow area. If one wants 

to determine the Straightened Cross Section of Flow (SCOF) as per equation (3.14) in section 0, then 

one needs to determine the ratio of the far field area (i.e. total area before the flow reaches the 

finned-tubes) to the free flow area (unobstructed area). This can be done on a modular basis by 

considering a single area unit which includes all the necessary geometries without any redundancy 

as illustrated in Figure 44 above. 

Following the theory for heat transfer in banks of finned tubes in section 0, the above geometry is 

used to determine the Straightened Cross Section of Flow (SCOF) as per equation (3.14) which is 

subsequently used in equation (3.16) to calculate the bundle velocity. The bundle velocity is used to 

determine the Reynolds number of the flue gas through the bundle, using the tube outer diameter 

,o tubed  as the characteristic length.  

Similarly the Ratio of Surfaces (ROS) as per equation (3.12) is calculated as the ratio of total external 

surface area of the finned-tubes to the total external surface area of the bare tubes. The ROS is then 
used in the Nusselt number correlation for an inline arrangement as per equation (3.10).  

The Gnielinski correlation for tubular flow as per equation (3.17) is used to determine the local heat 

transfer coefficient on the water-side by using a relative roughness based on a steel material and 
the inside pipe diameter together with the Reynolds number as per the Swamee and Jain friction 

factor correlation given in equation (3.19).  

The water flows inside of smooth tubes, while the flue gas undergoes turbulence due to the fin and 
tube obstructed flow path. This, together with the fact that the minimum heat capacity rate 

between the flue gas and water was that of the flue gas meant that the ε-NTU correlation defined 

in equation (3.5) for cross flow with the minimum heat capacity fluid (flue gas) mixed and the 

maximum heat capacity fluid (water) unmixed was chosen. 

For the fluid properties, the average conditions between the inlet and outlet is used.  But, since the 

outlet is initially unknown, a manual successive approximation was implemented in the Mathcad 

model by using inlet conditions from the MCR data as global inputs, while the exit conditions of both 
streams were guessed (using the MCR data as a first approximation). After the ε-NTU method was 

employed, new exit temperatures of both streams were calculated and compared to the guessed 

values. If the exit temperatures were significantly different, then the calculated exit temperatures 
were updated to take the place of the “guessed” exit temperatures.  It takes less than 4 iterations 

to converge as the initial outlet guesses are reasonably good. This simple successive approximation 

algorithm is illustrated at a high level in Figure 45. Refer to Appendix A for further details where the 

full analytical calculation is presented.  
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Figure 45: Economiser successive approximation algorithm used in Mathcad analytical model 

The heat transfer rate computed using only the MCR data was 177.69 kW, while the analytical 

Mathcad computed heat transfer rate was 168.19 kW. There is therefore a 5.35% difference 
between the two. This is a reasonable result since the analytical model used air properties to 

approximate the flue gas properties.  

A full comparison of the verification results between the MCR data, Mathcad analytical model and 

Flownex numerical model for the economiser is presented in the tables at the end of section 4.2.1. 
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4.1.2 Air Heater 

The air heater design is similar to the economiser in that it is a tubular cross-flow heat exchanger. 

The difference is that now it is the flue gas which makes only a single tube pass from the top of the 

assembly to the bottom. The air is the fin-side fluid which makes a total of three passes between 

the tubes in a cross-flow regime as its flow zig-zags from the bottom left to the top right of the 

assembly. This heat exchanger contains bare tubes (i.e. no fins) and its general arrangement can be 

seen in Figure 46 below. 

 
Figure 46: Air heater general arrangement 

 
Figure 47: Discretised air heater 

arrangement – air flow (0-3) and flue 
gas flow (A-D) 

HAH in Figure 46 above refers to the total height of the air heater which is equivalent to the length 

of a single tube pass length of which the air heater has only one. Since the fin side fluid (air) has 

three passes, the overall air heater will be discretised into three sub heat exchangers as illustrated 

in Figure 47, that is one sub heat exchanger per air side pass. Consequently, there are also 3 sets of 

inlet and outlet pairs on the flue gas side (A-D). For this reason, the HHX variable as seen in Figure 46 

has been defined as one third of the total air heater height and consequently one third of a single 

total tube pass length. 

Since this is also a cross-flow heat exchanger, the same methodology as employed for the 

economiser is used here. The staggered tube arrangement means that the calculation of the free-

flow area (minimum area at which maximum fluid velocity occurs) is now considered to be normal 

to the diagonal tube pitch (see Figure 48 below) as opposed to the transverse pitch which was used 

for the economiser’s inline tube arrangement. 
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Figure 48: Air heater far-field and free-flow areas 

In short, the free flow area shown above on a modular basis is two times the projected area at the 
smallest distance between tubes. This smallest distance is found by connecting the tube outer 

diameters perpendicularly along the transverse pitch plane.  

The SCOF is determined as shown in Figure 48 and since the tubes are finless, the ROS as defined in 
equation (3.12) is unity. With all the geometric parameters defined, the Nusselt number is 

calculated using equation (3.11) for a staggered tube-bank arrangement. As with the economiser 

analytical model, the air heater model also uses the Gnielinski correlation as per equation (3.17) on 

the tube side fluid (flue gas side) as well as the same ε-NTU correlation as per equation (3.5) noting 

that the fluid with the minimum heat capacity that also undergoes turbulence via flow through the 

tube obstruction is now the combustion air. 

The same successive approximation algorithm as used for the economiser is used for the air heater, 

but now there are 3 sets of exit temperatures to update due to the 3-element discretisation. The 

guessed outlet temperatures for the initialisation of the algorithm were accomplished by guessing 

the outlet temperatures of both streams from the overall air heater heat exchanger and then 
assuming a linear temperature profile to specify the initial 2 intermediate outlet temperatures. The 

high-level solution algorithm is illustrated in Figure 49 below and the detailed analytical analysis can 

be seen in Appendix B. 
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Figure 49: Air heater successive approximation algorithm used in Mathcad analytical model 

The heat transfer rate computed using the inlet and outlet temperatures from the MCR data was 
257.95 kW, while the analytical Mathcad model computed heat transfer rate was 235.52 kW. There 

is therefore verification agreement to within 8.70%. This is a reasonable result since the analytical 

model used air properties to approximate the flue gas properties. It must also be noted that the 

MCR data are predicted results from the Power Plant Simulator & Designer (PPSD) design software 

used by John Thompson.  A good agreement between the MCR and analytical results therefore 

merely confirms that both models employ similar correlations and methods. John Thompson 

couples their inhouse boiler modelling methods with typical values such as unburnt carbon amounts 

from industry experience to tune certain efficiency factors in the PPSD environment. Assuming that 

the PPSD implementation has been validated to produce credible results, one can conclude that the 

analytical models also produce credible results.    

A full comparison of the verification results between the MCR data, Mathcad analytical model and 

Flownex numerical model for the air heater is presented in the tables at the end of section 4.2.2. 

4.1.3 Fire-Tube Evaporator 

The firetube tube evaporator is like a shell and tube heat exchanger since there is a large volume of 

fluid (saturated water) inside the shell with a separate fluid (flue gas) which makes a single pass 
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inside of the 116 firetubes as illustrated in Figure 50. Since the water is saturated inside of the shell, 

there is a water level with saturated liquid at the bottom and saturated steam separated to the top. 

The average water-level set-point is designed to operate at 560mm above the horizontal centre of 

the shell.  

 
Figure 50: Fire-tube evaporator general arrangement 

The Gnielinski equation for tubular flow as per equation (3.17)  was used to model the forced 
convection of the flue gas flowing inside the tubes, while the Churchill and Chu correlation for 

natural convection as per equation  (3.22) was used to model the heat transfer from the tubes to 

the surrounding water inside the evaporator shell.  

Note that the Gorenflo correlation as per equation (2.5) with boiling buoyancy correction as per 

equation (2.6) implemented by P. Klein et al [1] in their Flownex model of a pure fire-tube boiler 

was not implemented in the present work.  This is mainly due to the flue gas side limiting the overall 

heat transfer as its local heat transfer coefficient is 59.881 W/m2K, compared to 1509.048 W/m2K 

for the water side. Including small buoyancy effects would therefore have an insignificant 

contribution to the overall heat transfer coefficient (U) in equation (3.8).  

Any heat added to the saturated water inside of the evaporator would only go towards a phase 

change. This means that the water essentially has an infinite heat capacity at saturated conditions. 

As such the ε-NTU correlation for a single stream (i.e. flue gas) as per equation (3.6) was used to 

calculate the conductance (UA) value. 

The MCR data available for the evaporator included the inlet feedwater mass flowrate, temperature 

and pressure as well as the main steam pressure (i.e. saturated drum pressure, Psat = 3101.325 kPa). 

However, only the exit flue gas side condition (6984 kg/h @ 338°C) is known. This means that the 

successive approximation algorithm this time needs to guess and iteratively update both the inlet 

flue gas temperature (i.e. furnace exit temperature FET) as well as the external tube wall 

temperature which drives the natural convection on the waterside as illustrated in Figure 51.  
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Figure 51: Close-up view of saturated liquid surrounding the fire-tubes 

Since the water is saturated inside of the evaporator, one expects the entire drum to be at thermal 

equilibrium. As such a wall temperature of 0.5°C more than the saturated water temperature was 

chosen as a first approximation. The algorithm is summarised in Figure 52 below and the reader can 

refer to Appendix C for the full analytical calculation and partial verification.  

 
Figure 52: Fire-tube evaporator successive approximation algorithm used in Mathcad analytical model 

The converged analytical evaporator heat transfer rate was 1327.055 kW, and the calculated 

analytical inlet flue gas temperature and tube wall temperature were 946.089°C and 245.663°C 

respectively. This implies a natural circulation driving temperature difference between the tube wall 
and the surrounding saturated liquid of 9.96°C. 
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Since the flue gas inlet condition was not reported in the available MCR data, the MCR evaporator 

heat transfer rate cannot be computed. Consequently, direct verification between the analytical 

result and the MCR data is not possible.  In fact, through consultation with the John Thompson 

design engineers, there seems to be quite a large uncertainty of what the FET would be.  Given that 

the correlations and method used are well established in heat transfer technology, there is 

reasonable confidence in the model.  The analytical model can however still be used to verify the 

Flownex evaporator implementation. The results of this partial verification between the evaporator 

analytical and Flownex model is summarised the tables at the end of section 4.2.3.  

4.1.4 Water-Cooled Furnace 

The water-cooled furnace is the central (and most complex) heat exchanger of the whole boiler 

since the fuel, air, water and flue gas streams are all present. For the TORRIPAC architecture, the 

fuel (bagasse) is injected via a box ram through an opening in the front furnace wall. The fuel slides 
down the lower front wall onto grate. The primary combustion air is injected into the furnace 

through nozzles in the grate. The combustion flue gas rises up in the furnace and exits through a 

membrane shield (consisting of a number of water-filled pipes spaced some distance apart) at the 
furnace exit.  The flow path is illustrated in Figure 53 below. 

 
Figure 53: Water-cooled furnace general arrangement and fluid flow paths 

An analytical model for the furnace was not developed in detail since the transfer of methodology 

into the Flownex model would not be a direct one. The main reason for this is because there are a 

few unknowns from the MCR data such as the fuel composition which can heavily affect the 

combustion heat, flue gas composition and flue gas fluid properties. Additionally, the furnace exit 

temperature was unknown.  
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It has already been qualified in sections 3.2 and 3.3.8.7 that the furnace model methodology in the 

present work leans heavily on calibration of the Fluid Radiation component used in the Flownex 

model. This section therefore only presents the combustion stoichiometric methodology used to 

determine the adiabatic flame temperature. 

Adiabatic flame temperature calculation: 

From the MCR data there are separate mass flowrates for the grate cooling air and the heated air. 

The split ratio is 10% of the total combustion air supplied as cooling air. 

For the purposes of the TORRIPAC adiabatic flame temperature control volume, one should only be 

concerned with sensible heat coming into the furnace. Therefore, the assumption of instantaneous 

combustion need not separate the primary and secondary air.  

The total combustion air is simply modelled as the mixture of the total grate cooling air and heated 

air as shown in Figure 54. The energy inputs include the sensible fuel energy and total combustion 

air sensible energy.  After the combustion, the combustion zone loses heat via the hot flue gas 

exiting at the flame region. As discussed in section 3.2, the fly ash and unburnt carbon get carried 
out through the back pass with the flue gas while the bottom ash is propelled out at the base of the 

furnace by the grate illustrated in Figure 54. 

 
Figure 54: Adiabatic Flame Temperature (AFT) energy balance in combustion zone control volume 

The energy balance equation in the combustion zone has been broken down into its lowest level in 

equation (4.1). 

 
( ) ( )
( ) ( ) ( )

, , ,

,

fuel fuel fuel comb air comb air comb air fuel fuel

fg net fg AFT FA FA AFT BA BA AFT UC C

m h T m h T m CV

m h T m h T m h T m HHV

+ +

= + + +

  

   

 (4.1) 

The terms on the left-hand side show sensible fuel and air energies coming into the control volume 

with enthalpies evaluated at their respective inlet temperatures. The last term on the left-hand side 

is the combustion heat calculated with a higher calorific value (CV or HHV) based on the fuel 
composition on a mass basis. The terms on the right hand side of equation (4.1)  represent the 

energy leaving the control volume as hot flue gas, fly ash and bottom ash. The last term on the right-
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hand side ( UC Cm HHV ) accounts for the reduced combustion heat due to unburnt carbon where the 

mass fraction of unburnt Carbon is assumed to be 0.61%.  

The Mathcad model is presented in Appendix D to show a full implementation of the whole boiler 

energy balance and combustion analysis.  

The Mathcad sheet made use of a flue gas property reference sheet for the evaluation of the fuel 

and flue gas properties. This reference sheet was developed in-house (ATProM) and includes fluid 

property polynomials for viscosity, thermal conductivity, enthalpy, and constant pressure specific 

heat capacity extracted from the NIST data base for CO2, O2, H2O and SO2. Note that the enthalpy 

polynomials were for a 25°C reference temperature. This is common practice in boiler process 

models to be consistent when employing the higher heating value (HHV) in the combustion 

calculations. 

Fluid property mixture functions were defined in the reference sheet. The density mixing function 
assumes an ideal gas approximation requiring the minimum inputs of temperature, pressure and 

gas composition. The enthalpy and constant pressure specific heat capacity mixing function requires 

only temperature and gas composition in their mass fractions. Lastly, the thermal conductivity and 
viscosity mixing function uses the Wilke mixing method, requiring minimum inputs of temperature 

and gas composition. 

Importantly the reference sheet can calculate solid phase properties as is necessary for the solid 
fuel (bagasse in the present work). The reference sheet was set-up to calculate the solid phase 

properties of coal making use of common values in literature for the specific heat capacity of coal 

at 1.38 kJ/kgK and fly ash at 0.73 kJ/kgK. These values are also valid for other carbon-based solid-
fuels such as bagasse in the present work. This enables the calculation of the enthalpy of the fuel 

and the fly ash as a function of their temperatures as shown in equations (4.2) and (4.3). 

 ( ) ( ),25fuel fuel fuel fuel ref Ch T c T T °= −  (4.2) 

 ( ) ( ),25FA FA FA FA ref Ch T c T T °= −  (4.3) 

The results of the analytical furnace model could not be validated to MCR data, due to a lack of 

furnace results.  Also, the method employed in Flownex uses the ATProM combustion 

component, and solving the energy balance is performed by the Flownex solver.  As such, the 

analytical model merely served as a “sanity check” when looking at the Flownex model results 

and completed the picture of the whole boiler analytical model.  Insights gained in developing the 

model were valuable in “debugging” the Flownex model. 
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4.2 Steady State Numerical Model Development (Flownex) 

4.2.1 Economiser 

The Finned-Tube Heat Exchanger component in Flownex was the best fit for the economiser since it 

can accurately account for the true geometry and arrangement of the heat exchanger and more 

importantly account for the thermal mass of all the components (fins and tubes). 

As explained in 3.3.8.5, the Finned-Tube Heat Exchanger in Flownex is a two-part component 

consisting of a fin-side and a tube-side, each with their own unique inputs. Each side requires a 

minimum number of inputs which include aspects of geometry, material data, losses, and heat 

transfer. These are higher-level inputs which require some preliminary calculations. These 

preliminary calculations are therefore done using a Quick Script (coded by the user in C#) in Flownex 

following the same methodology as the analytical Mathcad model.  

Relevant results from the Quick Script are then transferred to the inputs of each side of the Finned-

Tube Heat Exchanger component via Data-Transfer Links (dashed lines in Figure 55 below). Note 
that the implementation in Figure 55 uses air as the fluid to represent the flue gas on the fin side 

and that the pressure, temperature, and mass flowrate boundary conditions are that of the MCR 

design data. This was done to verify the Mathcad analytical model which also assumed air properties 

on the flue gas side.  

 
Figure 55: Economiser Flownex model (left), Quick Script inputs & outputs (right) 

Figure 56 shows the input values for the fin-side and tube-side respectively, where the grey 
highlights indicate inputs which are fixed from the Quick Script via the Data-Transfer Links.  
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Figure 56: Finned-Tube Heat Exchanger inputs for fin-side (left) & tube-side (right) 

All inputs on the fin-side barring the heat transfer coefficient and fin efficiency are analytical fixed 

values. The fin-side heat transfer coefficient and fin efficiency are both functions of the average fluid 
properties which are calculated in the Quick Script. The friction factor of 0.04 on the fin side is 

somewhat arbitrary since Flownex requires at least a primary or secondary loss to be specified. 

Other friction factor values have insignificant effects. Calculation of the tube-side heat transfer 

coefficient is accomplished by specifying Flownex’s built-in Gnielinski correlation. 

The tube arrangement is: 6 tube rows, 14 passes, and 1 parallel circuit as shown in Figure 57 which 

conforms to the Flownex convention for tube arrangement as illustrated in Figure 58. 

 
Figure 57: True TORRIPAC economiser tube arrangement 

 
Figure 58: Flownex tube arrangement convention 
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In the true TORRIPAC economiser arrangement (Figure 59), one sees that the tube side fluid (water) 

heats up in the opposite direction to the flue gas flow and the flue gas cools down from inlet to 

outlet. This is an overall counter flow regime as per the Flownex convention illustrated (Figure 60). 

 
Figure 59: TORRIPAC economiser assembly flipped 90 

degrees to show counter-flow regime 

 
Figure 60: Flownex convention for overall flow regime 

for cross-flow over tube banks 

The fouling factors on both sides were tested with values as per the TEMA guidelines mentioned in 

section 3.1.1. Fouling in these ranges proved to have negligeable effects on the overall results. Thus 

fouling factors of zero were used for continuity between the analytical and numerical models. 

The full economiser verification is detailed in Appendix A with key results presented in Table 1. 

Table 1: Economiser verification results - fluid exit temperatures and heat transfer rates 

 

Note the starred items (*) in Table 1. These indicate the input boundary conditions that were taken 

from the MCR data and applied to each of the models.  

Recall that the analytical model uses air properties to approximate the flue gas properties. As such, 

two configurations of the Flownex model were run – Flownex 1, using air properties for flue gas and 

Flownex 2 using flue gas properties by specifying the flue gas composition as per Figure 61. The 

composition in Figure 61 was the result of a stoichiometric combustion calculation performed in the 

ATProM combustion component. It was based on an assumed fuel composition since no data on the 
true bagasse composition used to generate the MCR data was available. 

WaterFlue gas

Flownex 2Flownex 1AnalyticalMCR
Flownex 2
(flue gas 

props)

Flownex 1
(air props)

Analytical
(air props)MCR

ValueValueValueValueUnitParameterValueValueValueValueUnitParameter
1.111.111.111.11kg/sMass flow*1.941.941.941.94kg/sMass flow*

353.15353.15353.15353.15KInlet temperature*503.15503.15503.15503.15KInlet temperature*

3337.333337.333337.333337.33kPa(a)Inlet pressure*909.33909.33909.33909.33kPa(a)Inlet pressure*

392.59389.98389.14391.15KExit temperature429.31416.81418.78427.15KExit temperature

3336.543336.543336.543284.33kPa(a)Exit pressure909.32909.32909.321008.33kPa(a)Exit pressure

184.46172.18168.19177.64kWHeat Transfer Rate184.46172.18168.19177.69kWHeat Transfer Rate
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Figure 61: Flue gas composition employed in Flownex 2 model based on an assumed fuel composition 

The reason for running two Flownex configurations was to allow a more direct verification between 

the analytical model and Flownex 1 model. If there is good agreement between the analytical model 

and Flownex 1 model, then one can have confidence that the Flownex implementation is accurate, 

allowing a more direct verification between the Flownex 2 model with real flue gas properties to 

the MCR data which would have also used real flue gas fluid properties. It should be noted that the 

Flownex 1 and Flownex 2 models are identical apart from the fluid specification on the flue gas side. 

The employed flue gas composition is of course still a result of an assumed fuel composition and air-
fuel-ratio but will still produce more accurate results truer to the MCR heat transfer rates.  It is 

mainly the presence of significantly higher moisture (H2O) that affects the fluid properties and 

ultimately the heat transfer rate results especially at elevated flue gas temperatures.  

For completeness, the verification of all the models can be seen more clearly in the percentage error 
pairwise comparisons of the fluid exit temperatures and heat transfer rates as summarised in Table 

2, Table 3, and Table 4 respectively.   

Table 2: Economiser flue gas exit temperature [K] %error 
pairwise comparison 

 

Table 3: Economiser water exit temperature [K] %error 
pairwise comparison 

 
Table 4: Economiser heat transfer rate [kW] %error pairwise comparison 

 

Green table cells indicate errors below 5%, orange between 5% and 10% and red greater than 10%. 

The tables should be read, row to column. For example, the heat transfer rate as per the analytical 

Mathcad model agrees to within -5.35% of the MCR heat transfer rate as per Table 4. Similarly, the 

Flownex 2 model agrees with the MCR data to within 3.81%. This shows an improvement in the 

verification with the MCR data by virtue of using real flue gas properties in the Flownex 2 model. 

The same improvement is observed in the fluid exit temperatures in Table 2 and Table 3. It should 
be emphasised once more that if the exact flue gas composition used to generate the MCR data was 

    
MCRFlownex 2Flownex 1Analytical

-1.96%-2.45%0.47%Analytical
-2.42%-2.91%-0.47%Flownex 1
0.51%3.00%2.52%Flownex 2

-0.50%2.48%2.00%MCR

   
MCRFlownex 2Flownex 1Analytical

-0.51%-0.88%-0.22%Analytical
-0.30%-0.67%0.22%Flownex 1
0.37%0.67%0.89%Flownex 2

-0.37%0.30%0.52%MCR

   
MCRFlownex 2Flownex 1Analytical

-5.35%-8.82%-2.32%Analytical
-3.10%-6.65%2.37%Flownex 1
3.81%7.13%9.67%Flownex 2

-3.67%3.20%5.65%MCR
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known and therefore specified in the Flownex 2 model that the Flownex 2 vs MCR error could be 

improved (i.e. minimised further) since the Flownex model implements best practice heat transfer 

correlations. This verification provides confidence that the stand-alone Flownex 2 model is ready to 

be integrated into the whole-boiler Flownex network of the TORRIPAC.  

4.2.2 Air Heater 

Although the air heater does not have fins, Flownex’s Finned-Tube Heat Exchanger component was 

still used due to its material thermal storage capabilities. The finless tubes were simply considered 

by specifying a unity fin efficiency.  

The 3 fin-side (air-side) passes were employed by connecting 3 heat exchangers in series (one 

Finned-Tube Heat Exchanger per air side pass). The overall air heater is therefore discretised into 3 

sub heat exchangers. The geometry for all 3 heat sub heat exchangers is identical and care was taken 

to ensure conformance to the Flownex tube arrangement conventions regarding the number of 
parallel circuits and number of tube rows as illustrated for a single air side pass control volume (i.e. 

sub-heat exchanger) in Figure 62.  

 
Figure 62: Sub-heat exchanger (HX1) illustrating conformance to the Flownex tube arrangement convention 

Note that the sub-heat exchanger represented in Figure 62 is for the first air side pass (HX1) with 

flow from left to right. The arrangement for the remaining air side passes (HX2 & HX3) would be 

identical except for the air flow direction; right to left for HX2 and then returning left to right for 

HX3. Each sub-heat exchanger undergoes cross flow over a single tube pass, so the overall flow 

regime, whether specified as counter or parallel flow made no difference to the results. This makes 

sense since the 3-part overall discretisation already accounts for each air side pass independently.  

Since the air heater contains 3 Finned-Tube Heat Exchanger components in series, it was necessary 
to employ one Quick Script per Finned-Tube Heat Exchanger component (“QuickScript1”, 

“QuickScript2”, and “QuickScript3” in Figure 63 below). “QuickScript0” is a global Quick Script which 
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takes in the overall air heater geometry and arrangement and outputs the geometric parameters 

for each of the 3 sub-heat exchangers which are transferred via Data Transfer Links to the 3 Quick 

Scripts downstream. Quick Scripts 1, 2, and 3 also take in the fluid properties from the relevant inlet 

and outlet nodes such that the heat transfer coefficient for both streams of each of the 3 heat 

exchangers can be calculated, ultimately being transferred to the inputs to the fin-side of each heat 

exchanger. The calculations done in these 3 Quick Scripts are the same as the analytical procedure 

explained in 4.1.2, whose full details can be seen in Appendix B.  

 
Figure 63: Air heater Flownex model (left), Quick Script inputs & outputs (right) 

Lastly, “QuickScript4” is a post processing script which calculates the total air heater heat transfer 

rate as the sum of the 3 heat exchanger results. The Data Transfer Links to “Quickscript4” have been 

hidden to not clutter the canvas. 

Note that the implementation in Figure 63 uses air as the fluid to represent the flue gas on the tube 

side and that the pressure, temperature and mass flow boundary conditions are that of the MCR 

design data. This was done to verify the Mathcad analytical model which also assumed air properties 

on the flue gas side. 

Figure 64 shows the inputs for the fin-side and tube-side of HX1 which is the left most Finned-Tube 

Heat Exchanger with respect to Figure 63. Again, the grey highlights indicate inputs which have been 

transferred from the Quick Scripts. The inputs for HX2, and HX3 are identical to HX1 except for the 

heat transfer coefficient which would be a function of the average fluid properties relevant to each 

sub-heat exchanger. The built-in Flownex Gnielinski pipe flow correlation is used on the tube side.  
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Figure 64: Finned-Tube Heat Exchanger inputs for HX1 fin-side (left) and tube-side (right) 

The full air heater verification details can be found in Appendix B with a summary of the results 

given in Table 5 below. 

Table 5: Air heater verification results - fluid exit temperatures and heat transfer rates 

 

Note the starred items (*) in Table 5. These indicate the input boundary conditions that were taken 

from the MCR data and applied to each of the models.  

Flue gasAir

Flownex 2
(flue gas 

props)

Flownex 1
(air props)

Analytical
(air props)MCRFlownex 2Flownex 1AnalyticalMCR

ValueValueValueValueUnitParameterValueValueValueValueUnitParameter
1.941.941.941.94kg/sMass flow*1.4971.4971.4971.497kg/sMass flow*

611.15611.15611.15611.15KInlet temperature*300.15300.15300.15300.15KInlet temperature*

791.33791.33791.33791.33kPa(a)Inlet pressure*101.33101.33101.33101.33kPa(a)Inlet pressure*

507.70494.49494.81503.15KExit temperature471.29455.93455.52470.15KExit temperature

791.32791.32791.32909.33kPa(a)Exit pressure101.08101.08101.08TBDkPa(a)Exit pressure

259.76236.22235.52257.67kWHeat Transfer Rate259.76236.22235.52257.95kWHeat Transfer Rate
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Like the economiser verification, the air heater verification also has two Flownex configurations; 

Flownex 1 using air properties to approximate flue gas properties, and Flownex 2 using real flue gas 

properties for the same composition given in Figure 61. 

The verification of all the models can be seen more clearly in the percentage error pairwise 

comparisons of the fluid exit temperatures and heat transfer rates as summarised in Table 6, Table 

7, and Table 8 respectively.  

Table 6: Air heater air temperature [K] %error pairwise 
comparison 

 

Table 7: Air heater flue gas exit temperature [K] %error 
pairwise comparison 

 
Table 8: Air heater heat transfer rate [kW] %error pairwise comparison 

 

There is good agreement (0.30%) between the heat transfer rates of the analytical model and 

Flownex 1 model since they both approximate the flue gas properties using air.  

The effect of using accurate flue gas properties is even more pronounced in the air heater 

verification. This can be seen in Table 8 where the Flownex 2 model which uses flue gas properties 

has large errors of 10.29% and 9.97% when compared to the analytical and Flownex 1 models 
respectively which use air properties. Note the small error of 0.70% when verifying the Flownex 2 

model with the MCR data. This indicates that the methodology of sequentially gaining confidence 

in verification between the analytical and Flownex 1 model such that verification between Flownex 

2 and MCR is valid. The successful verification of Flownex 2 with the MCR data provides assurance 

that the stand-alone air heater Flownex model is ready to be integrated into the whole-boiler 

Flownex network of the TORRIPAC. 

4.2.3 Fire-Tube Evaporator 

The firetube evaporator model centres around the Two-Phase Tank component representing the 
full fluid volume (saturated water mixture). Pipe components are used for the various inlet and 

outlet water stream connections to the Two-Phase Tank. A Pipe component is also used for the fire 

tubes (i.e. flue gas side) with the heat transfer between the fire tubes and water inside the Two-
Phase Tank being modelled with a CHT component employing natural convection on the water side, 

  
MCRFlownex 2Flownex 1Analytical

-3.11%-3.35%-0.09%Analytical
-3.02%-3.26%0.09%Flownex 1
0.24%3.37%3.46%Flownex 2

-0.24%3.12%3.21%MCR

    
MCRFlownex 2Flownex 1Analytical

-1.66%-2.54%0.06%Analytical
-1.72%-2.60%-0.06%Flownex 1
0.90%2.67%2.61%Flownex 2

-0.90%1.75%1.69%MCR

   
MCRFlownex 2Flownex 1Analytical

-8.70%-9.33%-0.30%Analytical
-8.42%-9.06%0.30%Flownex 1
0.70%9.97%10.29%Flownex 2

-0.70%9.20%9.52%MCR
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forced pipe flow convection on the tube side as well as including conduction layers for the tube wall 

which will become important for the transient analysis.  

Also important for the dynamic analysis is the inclusion of the thermal inertia of the evaporator shell 

and solid steel stay bars. The combined thermal mass of these two items have been lumped into a 

solid node with a volume and material specified with further explanation detailed in section 4.3.2. 

The preliminary standalone fire-tube evaporator Flownex Network is illustrated in Figure 65. 

 
Figure 65: Fire-tube evaporator Flownex model 

Two Phase Tank 

To employ an accurate tank volume with the level tracking in mind, it was important to realise that 
the tank is not simply a horizontal cylindrical shell, since the firetubes and staybars also occupy some 

volume within the shell. To overcome this, the Two-Phase Tank volume was approximated using a 

polygon table as discussed in section 3.3.8.3 by slicing up the true fluid volume geometry into 1mm 

heights using CAD software.  

Flownex requires that the polygon table be specified with height and area pairs. That is, for each 

strictly increasing height input starting at 0 m, a corresponding unique area be specified. In the case 

of 1mm slices, this is 1856 table entries from 0 m at the bottom of the tank to the total height 1.856 

m (i.e. ID of the shell).  

The true volume shape including curvature of end-caps was modelled in SolidWorks with extruded 

cuts at the locations of the firetubes and staybars as illustrated in Figure 66. The unique areas were 

extracted using SolidWorks at each height by evaluating the surface area of the top surface, after 

“extrude-cutting” the top side volume at each incremental height. The first three entries for the 

polygon table are shown in Figure 67 with a visual representation of the discretised continuous 

shape shown in Figure 68. 
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Figure 66: Right view of true volume 

shape (modelled in SolidWorks) 

 
Figure 67: First three entries for 

Polygon Table of Two-Phase Tank in 
Flownex 

 

Figure 68: Right view visual 
representation of Flownex Polygon 

implementation 

The total volume evaluated by SolidWorks of the true shape as per Figure 66 was 11.450 m3 and the 

volume computed by Flownex for the polygon table implementation agreed to within 0.0025%.  

Knowing the saturated conditions as per the MCR data; Psat = 3101.325 kPa and Tsat = 235.703°C it 

was possible to evaluate the saturated liquid density and saturated vapour density inside the 

evaporator. The volume of the liquid phase was evaluated in SolidWorks by extrude-cutting the 
vapour portion away at the average water-level set-point (1.488m above the bottom of the tank). 

The vapour volume is then simply the difference between the mixture volume and the liquid 

volume. The mixture quality inside the evaporator shell was then calculated to be 0.003448 as the 
ratio of vapour mass to mixture mass as shown in equation (4.4). 

 sat vap sat vap Sworks

sat vap sat vap Sworks sat liq sat liq Sworks

V
Quality

V V
ρ

ρ ρ
. . .

. . . . . .

=
+

 (4.4) 

If the polygon table approximation is accurate then one expects the Flownex computed tank level 

to agree with the 1.488m level set-point provided that the 0.003448 quality constraint is imposed 

as a boundary condition on the Two-Phase Tank. Flownex underpredicted the average water level 

by 1.98mm (i.e. level of 1.486m). A 2 mm discrepancy is acceptable, but a level sensitivity analysis 

was then conducted to verify the level tracking at various heights inside the tank (i.e. various 

qualities).  

The TORRIPAC control system includes a level controller to keep the average water level within a 

2mm band of its set-point. At a water level 50mm below the AWL set-point, an alarm signal is sent 

to the Human Machine Interface (HMI). Audible alarms are tripped if the water level deviates from 

the AWL by 75mm or more with the relevant fans and grate speeds being stopped or reduced as 

illustrated in Figure 69. 



 Chapter 4. Model Development & Verification 

95 

 

 
Figure 69: Water level meter installed onto evaporator of TORRIPAC 

With the above picture in mind, the Flownex level sensitivity analysis was conducted for levels 
ranging from 1388mm (LLLWL) to 1563mm (HWL) since the boiler should never operate at a water-

level outside of this range. The average error between the Flownex computed level and the true 

level is 1.972mm with a minimum and maximum error of 1.964mm and 1.979mm respectively. The 
results for the level calibration over the above height range is shown in Figure 70.  

 
Figure 70: Flownex Two-Phase Tank level sensitivity results 

This sensitivity analysis validates that the volume discretisation implemented through SolidWorks 

and Flownex is accurate within the operational level set-points of the TORRIPAC. The reader can 

refer to the level sensitivity results for the full evaporator height in Appendix C to see that the 2mm 
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offset holds true for the full evaporator height. Bear in mind that the discretisation methodology 

through transferring cross-sectional areas from SolidWorks to Flownex is a numerical discretisation. 

Flownex connects the areas at two successive heights with straight lines and therefore may not 

capture the true curvature of the volume, leading to the minor 2mm discrepancy possibly at the 

bottom of the vessel.  

Pipes: 

All pipes are specified with Darcy Weisbach as the primary loss type. “Welded Steel tubes – New or 

old, but in good condition, Max” was the roughness selection from the database in Flownex, and 

results in a roughness value of 100 microns.  

An example of the input parameters is given for the downcomer pipes of the evaporator model in 

Figure 71 below. The full input list with motivations for each Pipe component can be reviewed in 

Appendix C. 

 
Figure 71: Inputs for downcomer Pipe component in Flownex evaporator model 
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Pipes: Two-Phase Tank Connections 

There are four sets of pipes connected to the Two-Phase Tank; feedwater inlet to the top of the 

shell from the exit of the economiser, steam extraction from the top of the shell to factory, 

downcomer pipes (x2) from the bottom of the shell to the bottom manifolds of the furnace 

waterwalls and the natural circulation inlet to the shell (half of total evaporator height) from the 

steam collector header.  

The TORRIPAC has inlets to the evaporator at two heights; the first is at exactly half of the evaporator 

height (below the water level), and the second is higher up (above the water level). For 

simplification, only the lower height connection has been modelled.  The second connection is 

apparently meant to only carry steam, but since the water level is inside the tubes, it is likely that it 

simply carries a mixture of steam and water.  From a modelling perspective, the multiple inlet pipes 

have no effect. 

The “Specify height” connection option was chosen, such that the branch heights could be inputted 

accurately to the actual connection as per the workshop drawings. Importantly, the steam 
extraction connection was set to 1.856m (i.e. top of evaporator) such that saturated steam (quality 

of 1) is extracted from the Two-Phase Tank. Similarly, the downcomer connection was set to 0m (i.e. 

bottom of evaporator) such that saturated liquid is extracted from the bottom of the drum to enter 

the natural circulation loop. 

 
Figure 72: Two-Phase Tank branch height specification 
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For the waterwall Pipe component, the number of tubes in parallel is the sum of the front, rear, left, 

and right waterwall tubes. Note that for the stand-alone evaporator model, the lengths of the 

waterwalls were taken as the distance between the bottom header and the roof header. This is a 

simplification since the true geometry has the rear wall manipulated with a pronounced nose 

curving toward the front wall just above the grate to force the combustion air to flow over the 

incoming fuel. The front wall also curves to form the roof of the furnace to direct the flue gas into 

the duct connected to the firetubes of the evaporator. 

More accurate waterwall lengths are included in the integrated model, but it should be noted that 

this is only done to model the thermal mass of the steel membrane waterwall tubes for dynamic 

investigations.  

To get an accurate value for the natural circulation mass flowrate, the true geometries including all 

manifolds coupled with suitable k-forward factors and flow path geometries and elevations would 

need to be included. This is outside the scope of this research and no site data exists to validate the 

natural circulation mass flow.  

The natural circulation rate does not have an impact on the heat transfer as long as the water does 

not reach a dry-out condition where all the liquid has evaporated into steam inside the water wall.  

This is because the water temperature will remain at the saturated condition, resulting in a uniform 

wall temperature on the inside of the furnace. As such, for the standalone evaporator model, the 
natural circulation mass flowrate was set equal to the steam extraction flowrate by setting a “fixed-

mass flow” option on the downcomer Pipe component.  

Note that by fixing the circulation rate, all pressure drop characteristics within the circulation loop 
are overwritten. I.e. the pressure drops in the circulation loop are “forced” to values that ensure the 

“fixed-mass flow” natural circulation mass flowrate.  

Pipes: Firetubes 

The Pipe component represents the firetubes in the drum in a parallel arrangement of 116 tubes of 

length equal to the inner length of the shell and tube inner diameter of 42.68mm. 

Composite Heat Transfer & Natural Convection HT Coefficient QuickScript 

The CHT component is used to model the heat transfer from the flue gas inside the firetubes to the 

tube walls and finally to the surrounding saturated liquid inside of the Two-Phase Tank. The 

convective heat transfer coefficient input properties can be seen in Figure 73.   
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Figure 73: Composite Heat Transfer – convective property inputs 

The upstream convective heat transfer (flue gas inside of fire-tubes) is specified using Flownex’s 
built-in Gnielinski correlation, while the downstream natural convective heat transfer coefficient (to 

the surrounding water) is specified as constant, with its value being provided via a Data-Transfer 

Link from the Quick Script employing the Churchill and Chu correlation as per equation (3.22). 

Boundary Conditions 

Recall that the MCR data on the flue gas side only included the mass flowrate (6984 kg/h) and exit 

temperature (338°C) with no available data for the inlet temperature. As such the analytical model 

applied the exit temperature as a boundary value in the calculation of the inlet temperature which 

ended up being 946.089°C using air properties to approximate the flue gas properties. This again, 

implies that direct verification with MCR data is not possible. One can however compare the 

analytical and Flownex models in a partial verification. 

The Flownex evaporator model requires that the temperature and pressure be specified for the flue 

gas at the inlet to the evaporator. The Flownex model verification against the analytical model was 

therefore accomplished by specifying 946.089°C as the inlet flue gas temperature to the fire tubes 

and resulted in an exit temperature of 338.343°C at the exit after a steady state solve. This 
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temperature agrees with the 338°C from the analytical model implementation. Other key boundary 

conditions are the steam mass flowrate and inlet feedwater temperature and pressure as obtained 

from the MCR data. 

Recall from 3.3.8.3 that the steady state quality boundary condition imposed on the Two-Phase Tank 

will let Flownex calculate a non-zero energy source inside the tank if the energy balance is not 

satisfied by the existing incoming and exiting energies. For this reason, a fixed heat transfer was 

given to the Pipe component representing water-walls to account for the water-wall heat uptake 

which will eventually come from the radiation in the furnace model. This fixed heat transfer 

therefore acts like a boundary condition. 

Figure 74 below shows the full stand-alone firetube evaporator Flownex model with the key inputs 

(tank connection heights, node elevations, waterwall heat input, temperature, pressure and mass 

source boundary conditions) as well as some verification results. Refer to Appendix C for the full 

detailed inputs for each component. 

 
Figure 74: Complete fire-tube evaporator Flownex model showing key inputs & results 

The full verification between the evaporator analytical and Flownex models can be found in 
Appendix C with a summary of the results given in Table 9. 
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Table 9: Evaporator verification results – flue gas temperature, tube wall temperature, and evaporator heat transfer  

 

Bearing in mind the previous discussions on a lack of MCR data for the inlet conditions it can be 

noted that there are discrepancies between flue gas exit temperatures between the various models. 

This stems from the discussions above regarding how each model was set-up. The exit temperature 

from the MCR data (338°C=611.15K) was used as a boundary condition to the analytical model. If it 
is assumed that the analytical model is valid, then the analytically computed inlet flue gas 

temperature (946.089°C=1219.24K) was needed to be applied as a boundary condition in the 

Flownex models. The Flownex models then solves for the exit temperature.  

The Flownex 1 model calculates an exit flue gas temperature 611K which agrees with the analytical 

model. This again provides assurance that the Flownex 1 model is accurate and therefore the validity 

of the Flownex 2 model which incorporates real flue gas properties should follow suit. This is the 

best verification that can be done in the absence of an inlet flue gas condition to the evaporator. 
The 10K discrepancy between the exit flue gas temperature between the Flownex 1 and Flownex 2 

model is attributed to the Flownex 2 model using real flue gas properties as was the case for the air 

heater and economiser verifications.  

The percentage error pairwise comparisons of the flue gas exit temperature, fire-tube wall 

temperature and heat transfer rates as summarised in Table 10, Table 11, and Table 12 respectively.   

These tables serve as a partial verification where good agreement between the results of the 

analytical and Flownex 1 model is observed. The heat transfer rates on the Flownex 2 model deviate 

significantly from the analytical and Flownex 1 model. Again, this is because we are not comparing 

“apples” with “apples”. 

 

Water + wall + heat transfer ratesFlue gas

Flownex 
2Flownex 1AnalyticalMCR

Flownex 2
(flue gas 

props)

Flownex 1
(air props)

Analytical
(air props)MCR

ValueValueValueValueUnitParameterValueValueValueValueUnitParameter
1.111.111.111.11kg/sMass flow*1.941.941.941.94kg/sMass flow*

520.53518.79518.81/KWall temeperature622.27611.49611.15611.15KExit temperature**

1636.341323.131327.06/kWEvaporator heat 
transfer rate807.09807.09791.33791.33kPa(a)Exit pressure*

925.641238.851234.79/kWWaterwall heat 
transfer rate1219.241219.241219.24/KInlet temperature**

2561.982561.982561.842561.84kWTotal heat transfer rate
(waterwall+evap)807.15807.15807.15/kPa(a)Inlet pressure**(2% 

drop)



 Chapter 4. Model Development & Verification 

102 

 

Table 10: Evaporator flue gas exit temperature [K] 
%error pairwise comparison 

 

Table 11: Evaporator fire-tube wall temperature [K] 
%error pairwise comparison 

 
Table 12: Evaporator heat transfer rate [kW] %error pairwise comparison 

 

Unfortunately, the Flownex 2 model cannot be verified against the MCR case due to lack of data but 

it can be inferred that it should agree with the MCR data since the only difference between the 

Flownex 1 and 2 models are the fluid property specification on the flue gas side. If this methodology 

is indeed valid, then it can further be inferred that real flue gas properties have an even larger effect 

at elevated temperatures as seen in the large discrepancy between the heat transfer rates of the 
Flownex 2 and Flownex 1 model of the evaporator.  

In the absence of an explicit MCR verification, Table 13 below illustrates the progressive increase in 

errors on the heat transfer rate between the Flownex 1 (F1) and Flownex 2 (F2) models as the flue 
gas temperatures get higher from the economiser to the air heater and finally the evaporator.  

Table 13: Heat transfer rate [kW]  %errors between Flownex 2 and Flownex 1 models 

 

Recall that although there are relatively high heat transfer rate errors between the F1 and F2 models 

of the economiser and air heater, the errors between the F2 and MCR for the economiser and air 

heater were small (3.81% and 0.70% respectively). Table 13 therefore does provide a level of 

confidence that the evaporator F2 model would be verifiable with MCR data if it existed. 

4.2.4 Water-Cooled Furnace 

The furnace exit temperatures were not included in the MCR data so the Furnace model cannot be 

directly verified against the MCR data. Instead, the furnace was calibrated using site data. The 

calibration was conducted on the whole boiler integrated model.  This was necessary as the furnace 

energy balance is depended on the inlet air temperature, which in turn depends on the furnace exit 

temperature and heat uptake along the fire tube evaporator, economiser and air heater. 

    
MCRFlownex 2Flownex 1Analytical

/-1.79%-0.06%Analytical
/-1.73%0.06%Flownex 1
/1.76%1.82%Flownex 2

///MCR

   
MCRFlownex 2Flownex 1Analytical

/-0.33%0.01%Analytical
/-0.33%-0.01%Flownex 1
/0.34%0.33%Flownex 2

///MCR

    
MCRFlownex 2Flownex 1Analytical

/-18.90%0.30%Analytical
/-19.14%-0.30%Flownex 1
/23.67%23.31%Flownex 2

///MCR

   g  p    p p     
Heat transfer rate [kW] %error F2 vs F1MCR flue gas exit temperature [K]

7.13%427.15Economiser
9.97%503.15Air heater

23.67%611.15Evaporator
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The water-cooled furnace Flownex model employed in the present work is an adaptation of a 

furnace model that was developed by ATProM. It is the most complex as it includes the combustion 

of the fuel and air streams, together with direct radiation to the waterwalls.  

The Flownex model centres around a combustion excel workbook component (Combust) which 

performs all the combustion calculations based on the user defined fuel and air mass flowrates and 

compositions. The excel workbook performs the combustion calculations to output values such as 

the calculated calorific value, the combustion heat input, and the flue gas composition to name a 

few. These values are then given to the relevant flow elements, Nodes and Boundary Conditions via 

Data-Transfer Links as shown in Figure 76 on the landscape page following Figure 75. 

All fluid streams, air, fuel, flue gas and water are modelled using Flow Resistance components. The 

Fluid Radiation component as introduced in section 3.3.8.7 employing the direct radiation model is 

used to model the radiative heat transfer to the water inside the waterwalls.  

Excel Workbook: “Combust” 

The excel workbook takes in 4 main user inputs: fuel mass flow, air mass flow, fuel Calorific value 
(CV), and a Boolean which allows the user to instruct the workbook to either make use of the user 

defined calorific value or to calculate a calorific value based on the fuel composition. 

The workbook also has built-in values needed for the combustion analysis which include: 

• Air moisture content (kgH2O/kgdry.air) 

• Molar masses of reactants (C, H, O, N, S) 

• Molar masses of products (CO2, SO2, NO, H2O, O2, N2) 

• Air composition (dry basis) & Air molar mass 

• Fuel reactant formation & evaporation enthalpies. 

• Stoichiometric coefficients 

Lastly, the workbook requires the user to input the fuel composition on a wet basis (Ultimate fuel 

analysis), as well as to indicate the unburnt carbon as a percentage of the total carbon, the bottom 

ash as a percentage of the total ash, and an unaccounted loss factor. All these values were obtained 

from John Thompson. The bottom ash is specified as 80%, typical for solid grate fired biomass 

boilers. A sample combustion calculation following the theory in section 3.2.1 can be seen in 

Appendix D. The unaccounted loss is taken as 0.5% of the combustion heat and is a typical factor 

used in industry to account for radiation losses through the furnace. Similarly, a typical unburnt 

carbon fraction of 0.61% was used.  

Figure 75 shows a screenshot of the combust excel workbook indicating a few links between the 

user inputs and the calculation outputs. 
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Figure 75: ATProM “Combust” excel workbook in Flownex showing some links between the input and output cells 

The green arrows show cell references for the user inputs of fuel flow and CV Boolean, while the 

orange and red arrows illustrate the air and flue gas composition links from the cells to the output 
parameters of the workbook. Also shown is the combustion heat output cell link whose value is 

ultimately applied as a heat input to the flue gas flow resistance component.
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Figure 76: Water-cooled furnace Flownex model 
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Fluids & Compositions 

Since the present work deals with a solid fuel which mixes with air to produce flue gas all in a 

common fluid network, Flownex requires that the same fluid be specified for each stream. 

Therefore, the ATProM library “Coal-fired flue gas” fluid was used which contains SO2, Fly Ash, 

Unburnt Carbon, CO2, N2, NO, O2, and H2O as explained in section 3.3.2. 

The fuel composition was initially taken as the ultimate analysis in Table 14, provided by John 

Thompson and then later renormalised using an updated 44% moisture content from a fuel analysis 

ctest conducted on the fuel at the Grenada site in 2021.  

 

Table 14: Ultimate Bagasse Analysis 
Constituent Composition by mass [%] 

Carbon 19.65 
Hydrogen 2.630 

Oxygen 18.58 
Nitrogen 0.1 
Sulphur 0.0 

Moisture 57 
Ash 2.043 

Total 100 
Calculated CV [MJ/kg] 10.204 

 

Table 15: Ultimate Bagasse Analysis (updated 2021) 
Constituent Composition by mass [%] 

Carbon 25.60 
Hydrogen 3.43 

Oxygen 24.20 
Nitrogen 0.13 
Sulphur 0.0 

Moisture 44 
Ash 2.66 

Total 100 
Calculated CV [MJ/kg] 13.042 

As expected, the lower fuel moisture gives rise to a higher carbon content and therefore a higher, 
calorific value of 13.04 MJ/kg in the 44% moisture case as opposed to 10.20 MJ/kg for the 56% 

moisture case. For the purposes of investigating dynamic operation, it was then important to include 

a feature in the Flownex combustion model which had the flexibility of changing the fuel moisture 
content such that the fuel composition could be automatically renormalised. This could emulate 

real life operation, where fuel quality can be highly variable (e.g. wet fuel).  

The fuel, air, and flue gas compositions applied as boundary conditions to the relevant flow Nodes 

in the network are summarised in Table 16 below for the MCR load case. 

Table 16: Fluid stream compositions applied for the MCR load case 

Species 
Fuel Inet 
Boundary 
Condition 

Cooling Air Inlet 
Boundary 
Condition 

Heated Air Inlet 
Boundary 
Condition 

Gross Flue Gas 
Boundary 
Condition 

Bottom Ash 
Boundary 
Condition 

SO2 0 0 0 5.45E-19 0 
Fly ash 0 0 0 0.001115662 1 

UC 1 0 0 0.001278924 0 
CO2 0 0 0 0.191928958 0 
N2 0 0.756390688 0.756390688 0.60145465 0 
NO 0 0 0 0 0 
O2 0 0.229122271 0.229122271 0.036282348 0 

H2O 0 0.014487041 0.014487041 0.167939457 0 
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The sensible heat lost from the bottom ash is captured by assigning a 100% ash composition to the 

bottom ash outlet Node coupled with the bottom ash mass flowrate as calculated in the combustion 

excel workbook. Similarly humid air and flue gas compositions as calculated in the combustion excel 

workbook are given to the boundary conditions at the relevant nodes via Data-Transfer Links. 

The fuel composition contains 100% carbon. This was done to mitigate Flownex errors regarding the 

sensible energy of the H2O and other condensing gasses. Note that the 100% carbon composition 

was simply imposed for the purposes of capturing the sensible energy of the fuel entering the 

furnace (of which carbon is dominant), and that the actual fuel composition as per Table 15 is already 

specified inside of the combustion excel workbook. This meant that the correct fuel, air, and 

consequent flue gas compositions are accurate inside of the excel workbook.  

Iterative Script: Flue gas enthalpy correction 

The change in gas composition for the different streams from air + fuel  flue gas is implemented 

by explicitly assigning the composition to each stream inlet node. To employ this, it is necessary to 

disconnect the flue gas flow from the air and fuel as seen in Figure 77. The combustion heat is added 
to the “Gross Flue Gas Flow” element, which is simply the mixture of fuel and air. This results in a 

fictitious flame temperature at “fg0” in Figure 77 since the gas composition is incorrect. The purpose 

of the script is therefore to adjust the flue gas node inlet temperature such that the enthalpy is the 

same as the air-fuel mixture, ultimately resulting in the accurate adiabatic flame temperature of the 
flue gas at node “fg1” in Figure 77.  

 
Figure 77: Flue gas enthalpy correction - Iterative Script 

Flow Resistance components 

Since this model is a simplified model with the aim of dynamic investigation, the air, fuel and flue 

gas streams are simply modelled using flow resistance elements using quadratic resistance 

behaviour with a specified flow admittance. The detailed ducting and complex flue gas flow path 

inside the furnace cavity are therefore not modelled explicitly. Figure 78 shows the inputs for the 

heated air stream Flow Resistance component. The inputs for the other Flow Resistance 

components are identical with the exception that a fixed mass flow is applied to the fuel stream and 

the cooling air stream.  
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To satisfy the mass balance with no redundancy, the net flue gas mass flowrate (i.e. excluding 

bottom ash) as calculated in the excel workbook is applied as a boundary condition at the exit of the 

furnace, with the mass flow fixed on the fuel Flow Resistance component, and the mass flow fixed 

on the cooling air Flow Resistance component. The heated air and combustion air Flow Resistance 

components (see pink box in Figure 79) do not have fixed mass flows specified, since Flownex will 

calculate this based on the mass balance.  

The fuel flow rate and total combustion air flowrate are user defined inputs for the combustion 

excel workbook. The cooling air mass flow rate is taken as some percentage of the total user-

specified air flow rate (approximately 10% for the MCR case as per John Thompson’s MCR data). 

Flow elements containing the letters “FM” in Figure 79 indicate elements that have been specified 

a fixed mass flow. 

 
Figure 78: Flow Resistance 

inputs for heated air stream 

 
Figure 79: Furnace Flownex Model (combustion side) indicating mass source 

boundary conditions and fixed mass flow elements 

Fluid Radiation Component 

In the stand-alone furnace model, the fluid flow inside the waterwall has simply been modelled 

using a Flow Resistance component with the inlet node (i.e. bottom manifold) having a temperature 
and pressure boundary condition. The temperature is specified as the saturation temperature of 

the drum (235.7°C) as per the MCR data. The pressure (3150 kPa) is taken to be some value slightly 

higher than the drum pressure (3101.325 kPa) such that the fluid is sub-cooled with a quality less 

than 0. This is a valid approximation since the saturated liquid (quality 0) extracted from the drum 

would have an increase in pressure as it moves vertically down to the bottom manifolds of the 

waterwall. The mass source boundary condition imposed on the node at the top of the waterwall 

(i.e. top manifolds) is 4000kg/hr as per the MCR data.  
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Radiation heat transfer is employed by connecting the flue gas node, “fg3” to a solid node, “Rad 

Node” representing the steel material of the waterwalls using the Fluid Radiation component as 

illustrated in Figure 80. 

 
Figure 80: Furnace Flownex model (radiation side) 

The “fg2” node is at the adiabatic flame temperature, and the “Rad Node” is set equal to the fluid 

temperature inside the waterwall by transferring the temperature from the “Waterwall” Flow 

Resistance to the temperature boundary condition imposed on “Rad Node”. With the radiation heat 

transfer surface area, emissivities and absorptivities specified, the heat transfer calculated inside 

the Fluid Radiation component is data transferred as heat input to the Flow Resistance component 

representing the waterwall.  

The implementation here approximates the wall temperature to be equal to the average fluid 

temperature inside the waterwall. In practice the wall temperature will be slightly higher than the 

water inside. This detail will be included in the integrated model by replacing the Flow Resistance 

with Pipe components which reflect the true geometries of the membrane waterwall coupled with 

a CHT component with conduction layers specified to capture the thermal inertia of the steel 

material in the waterwalls.  
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Verification of the standalone Flownex furnace model can only be done for the combustion side by 

comparing the adiabatic flame temperature from an analytical calculation (see Appendix D) to the 

Flownex computed flame temperature. This will verify that the combustion calculations in the excel 

workbook coupled with custom flue gas fluid and flue gas enthalpy correction is consistent with the 

analytical calculation. 

Verifying the furnace radiation contribution is not directly possible, since an energy balance on the 

whole boiler control volume (including air heater, economiser, evaporator and furnace) needs to be 

performed as explained in 3.2. Recall, in the partial verification of the fire-tube evaporator that an 

assumption was made on the furnace exit temperature (i.e. flue gas inlet temperature to the fire-

tubes) based on the analytical model of the fire-tube evaporator. Consequently, the heat input into 

the waterwall was tuned to nullify the energy accumulation in the Two-Phase Tank. In theory the 

heat input to the waterwalls as specified in the evaporator stand-alone model should be equal to 

the radiation heat transfer inside the furnace. However, the mass flowrates used as boundary 

conditions for the fluid streams in the other heat exchanger Flownex models were taken directly 
from the MCR data and the flue gas compositions used there were based on an unverified fuel 

composition. The fuel, air, and consequently flue gas compositions which were used to develop the 

MCR design data is not known. Too many assumptions have been made in verifying the individual 

models which makes direct verification of the radiation in the furnace stand-alone model non-trivial 
especially since it is the central component.  

In any case, once all models are integrated into a single network, a steady state calibration based 

on site data will be done. Section 4.4 deals with this overall model calibration with a large emphasis 
on calibrating the furnace radiation contribution. 

4.3 Inclusion of Thermal Inertia 

Substantial effort was made to include the thermal inertia of all the materials into the Flownex 

Model. Since this boiler is a unique coupling of fire-tube and water-tube designs, all thermal inertia 

should be captured to evaluate the transient performance of the system as it may be different to 

the performance of isolated fire-tube and water-tube boilers. The effects of the thermal inertia on 

transient response are a detail which steady state models lack.  

4.3.1 Fluid Thermal Inertia 

Flownex already accounts for the thermal inertia of the fluids themselves, but it was important to 

capture the volume of the water inside the system to observe the true fluid thermal inertia effects. 

The true water volume inside the evaporator shell has already been captured in the Two-Phase 
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Tank, but the water-volume inside the tubes of the water-cooled furnace (membrane walls) has not 

yet been captured accurately.  

The furnace model was therefore updated to include accurate pipe lengths for the four water-walls 

with care taken to include the lengths of the pronounced bends in the rear wall and the roof. Figure 

81 below shows the update from the initial stand-alone furnace model using a Flow Resistance to 

represent the waterwall to the current accurate pipe components employed in the integrated model 

to account for the physical water volume in the system. 

 
Figure 81: Model update from Flow Resistance in stand-alone furnace model (left) to detailed Pipe geometries in 

integrated model (right) 

The heat input to the 4 waterwalls are now provided by Data Transfer Links from the Fluid Radiation 

component assuming an equal heat transfer split between each wall as illustrated in Figure 81.  One 
could also have split the heat based on the relative area per wall, but that would still not account 

for the different view factors. As long as none of the wall experiences dry-out, the exact heat 

distribution is insignificant. A high enough circulation rate in the water wall tubes will ensure that 

this condition is met. 

Although the flue gas flow passages are modelled with simple flow resistance components, its 

inertia is negligible in comparison to that of the water in the system as will be shown in Table 18. 

4.3.2 Solid Steel Thermal Inertia 

The thermal mass of the heat exchanger solid materials (i.e. steel tubes, fins, evaporator shell and 
solid steel stay bars) is significant and was included by carefully selecting suitable components which 

account for thermal inertia of solid materials via a combination of material specification, material 

Waterwall: Flow Resistance Component
(Stand-Alone Furnace Model)

Accurate Waterwall Pipe Dimensions: Pipe Components
(Integrated Model)
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mass/volume, and wall thickness.  The foregoing discussion briefly highlights how the steel thermal 

inertia was included.  

The material specification for the various heat exchangers was selected as “Carbon Steel – AISI1010 

| Metal (Solids)” from the Flownex charts and look-up tables. This material already has all the 

properties built-in, including a density of 7832 kg/m3, with its conductivity and specific heat capacity 

being governed by accurate polynomial scripts as discussed in section 3.3.2. 

The thermal inertia is included for the economiser and air heater materials inside of the fin-side 

inputs to the Finned-Tube Heat Exchanger components. It is included for the tubes of the furnace 

and evaporator through coupling the pipe components with CHT components. Finally, the thermal 

mass for the evaporator shell and solid steel staybars are included in a solid Node with a volume 

specification encompassing the total volume of the shell material and the 21 solid steel staybars. 

 
Figure 82: Components used to capture solid material thermal inertia 

The thermal inertia of the steel waterwall tubes was included through implementing four CHT 

components to transfer the heat from the radiation node to each of the four respective waterwalls.  

Each of the CHT components were specified with the pipe wall thickness (4.06 mm) and discretised 

with two nodes along the wall thickness to capture the conduction heat transfer from the outside 

of the pipe through the wall to the water on the inside of the pipes which will be important in the 

dynamic analysis. The upstream heat transfer (i.e. from the solid node) is specified as adiabatic, 
while the downstream heat transfer (i.e. to the water) is specified as convection using the Gnielinski 

correlation. Figure 83 below illustrates this update to the model. 
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Figure 83: Furnace model update: waterwall steel thermal inertia 

The total water mass in the system was just over 9 tonnes with the itemised breakdown shown in 

Table 18. The total air and flue gas mass included in the model only includes that captured by the 
finned-tube heat exchanger components. The furnace cavity and other gas passes were modelled 

with flow resistance components which do not capture the volume and mass of the fluid. This is 

however a non-issue since the water mass is orders of magnitude greater than the mass of the flue 

gas and air due to the gases having much smaller densities.  

The total steel mass comes to just over 17 tonnes and is itemised in Table 17. These masses are in 

line with the nett calculated mass as per the workshop drawings of the individual heat exchangers. 

Note that the steel mass implemented in Flownex only includes the steel material involved in the 
heat transfer and therefore excludes heat exchanger casings and support structures.   

Table 17: Steel inertia (mass) 
Component Component capturing the inertia Mass [kg] 

Economiser finned-tubes Finned-tube heat exchanger 1282.55 

Air heater tubes Finned-tube heat exchanger 1089.51 

Evaporator (shell + staybars) Solid node + Convection 8170.59 

Evaporator firetubes Pipes +CHT 2548.87 

Waterwall tubes Pipes + CHT 4443.09 

Total Steel  17537.61 

Old Model with Heat Input Transferred via Data Transfer 
Links to Fluid Inside Pipes

Updated Model with Heat Transferred to Fluid inside Pipes 
via CHT Components
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Table 18: Fluid inertia (mass) 
Fluid Flow Component Mass [kg] 

Air Finned-tube heat exchanger (AH): fin-side 1.08 

Total air  1.08 

Flue gas Finned-tube heat exchanger (ECON): fin-side 0.95 

Flue gas Finned-tube heat exchanger (AH): tube-side 0.66 

Flue gas Pipes: Evaporator (firetubes) 0.41 

Total flue gas  2.02 

Subcooled water Pipes: feedwater line 18.10 

Subcooled water Finned-tube heat exchanger (ECON): tube-side 87.24 

Subcooled water Pipes: downcomer + furnace manifolds (bottom) 453.45 

Saturated water mixture Pipes: furnace waterwalls + steam collector 512.87 

Saturated water (liquid) Two-Phase Tank: liquid phase 6750.51 

Saturated water (vapour) Two-Phase Tank: vapour phase 1234.02 

Total water  9056.19 

4.4 Steady State Model Calibration and Fine-tuning using Site 

Data 

With all the stand-alone Flownex models that have been developed and verified as far as possible 
with analytical and available MCR data, they were integrated into a steady state integrated boiler 

model sequentially by connecting the relevant flow streams from one heat exchanger to the next.  

Flow Resistance components with quadratic behaviour were used to connect the flue gas stream at 
the furnace exit to the evaporator inlet as well as to connect the flue gas stream at the exit of the 

evaporator to the air heater inlet. The TORRIPAC air heater and economiser are integrated into a 

single unit, so the outlet flue gas node from the air heater is simply linked to the inlet of the fin-side 

of the economiser Finned-Tube Heat Exchanger model. Lastly on the feedwater side, a Pipe 

component with length of 7m is linked from the feedwater pump exit node to the inlet node of the 

economiser and a 14m Pipe component is used to connect the feedwater exit from the economiser 

to the inlet of the Two-Phase Tank. The lengths of 7m and 14 m were approximated from the relative 

distances between the components as seen on the TORRIPAC site commissioning layout. 

To provide a more elegant visual integration, a process flow diagram was created inside of Flownex 

by copying the “views” (see section 3.3.3) of the relevant flow nodes and elements onto a clean 

canvas and then using simple drawing annotations to show the links between various nodes and 

flow elements. The “view” nodes and elements still contain all the associated properties (inputs and 

results as described in section 3.3.3). The process flow diagram of the integrated model can be seen 
overleaf in Figure 84.  
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Figure 84: Integrated whole boiler model for TORRIPAC (uncalibrated) 
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Site test data was obtained from a steady load test conducted in 2021 at the site where the 4ton/hr 

TORRIPAC unit was commissioned. The test was conducted for a 2.8 tonne/hr load case (70% of 

MCR). 

The raw data included ambient temperature and pressure as well as temperature and pressures of 

all fluid streams at key points in the boiler system. Measurements were logged every 10 minutes 

over a 1-hour testing period. A turbine flowmeter logged the feedwater volume at each 10-minute 

interval. Knowing the inlet feedwater temperature and pressure, it was possible to calculate the 

feedwater mass flowrate. Also included is the O2 volume fraction on a dry-basis as measured by the 

flue gas analyser at the exit of the evaporator. No flowrates were measured other than the 

feedwater flow.  

The raw data from the site test is shown in Table 19 below with the average values calculate over 

the hour test period in the final row. 

Table 19: Raw Data from 2.8 tonne/hr Test Case on TORRIPAC 

 

The yellow highlighted values above are boundary conditions which will be imposed on the Flownex 

model and blue highlights are targeted conditions which should result from a successful calibration. 

The pre-requisite settings before calibration includes fixing the circulation rate to be 10 times the 

steam extraction mass flow while also fixing the flow split between each of the four furnace walls 

to be equal, i.e. 25% of the natural circulation flowrate.  This simply ensured that no dry-out occurs 

in any water wall.  

The quality of the saturated mixture inside the Two-Phase Tank is also fixed such that the correct 

operating average water-level is achieved as explained in 4.2.3. Lastly the furnace radiation scaling 

factor (C) is set to a lower extreme of 0.15 since it will be tuned in the last step of the calibration.  

The feedwater mass flow was determined using the average volume flow from the measurement 

data, inlet temperature and tank pressure to be 0.7759 kg/s.  This was applied as the steam 

extraction boundary condition on the Two-Phase Tank. Only the tank pressure is known from the 

measurements, but the model requires an inlet pressure to the economiser (pump exit).  This 

pressure is higher than the tank pressure because of pressure losses along the pipes.  Initially a 

Fuel Side?Fluegas SideAir SideWater Side

Dry-Bulb
Temperature

[°C]

Economiser 
Exit

Temperature
[°C]

Evaporator O2
Volume 

Fraction [%]

Evaporator 
Exit

Temperature
[°C]

Furnace Exit
Temperature

[°C]

Air Heater 
Exit 

Temperature
[°C]

Air Heater 
Inlet 

Temperature
[°C]

Economiser 
Exit 

Temeperature
[°C]

Economiser 
Inlet 

Temeperature
[°C]

Main 
Steam 

Pressure
[kPa-abs]

Volume
[m3]

Time
[s]

Time
[mins]

321305.12755871963695583001.325175.31000
321306.72735481943594562991.325175.85060010
321324.82725372103492543001.325176.390120020
321365.92705241953689542981.325176.810180030
321325.92745801983688523011.325177.510240040
321334.92765781983588483011.325177.950300050
321336.32715481983482462951.325178.150360060

32.000132.2865.657273.000557.429198.42935.14389.71452.5712992.754Average
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pressure drop of 100 kPa between the pump and the inlet to the tank was assumed. This pressure 

becomes the parametric variable used to target the main steam pressure in calibration step 1. 

Since the boiler is operating at approximately 70% load as per the MCR data, a crude assumption 

was made that the fuel and air mass flows could be scaled proportionally to initialise the calibration. 

Another notable assumption used for initialisation was to assume that the cooling air mass flow is 

10% of the total combustion air as was the case for the MCR data. All relevant preliminary values 

and initial values for the calibration are summarised in Table 20.  

Table 20: Global inputs and assumptions for whole boiler calibration initialisation 

 

The calibration is broken up into four main steps as detailed below. 



 Chapter 4. Model Development & Verification  

118 

 

 

Calibration Step 1: Feedwater mass flow and inlet pressure calibration through main steam pressure 

target 

The calibration algorithm as illustrated on the right-hand side of Figure 85 entails guessing the 

feedwater inlet pressure and applying this guess along with the feedwater inlet temperature as per 

the site data to the Boundary Condition in the economiser model. The resulting feedwater density 

is evaluated at this temperature and pressure and then multiplied with the average volume flowrate 

from the turbine flow meter data to yield the feedwater mass flowrate. This mass flowrate is then 

applied to the steam extraction Boundary Condition in the evaporator model.  

With the steam extraction and natural circulation mass flows now fixed, the model can be solved in 

steady state. The resulting pressure in the Two-Phase Tank is then checked against the expected 

main steam pressure as per the site data. If there is agreement with the main steam pressure, then 

the feedwater mass flowrate and economiser inlet pressure has been successfully calibrated. If not, 

the feedwater inlet pressure guess is updated iteratively until convergence.  

 
Figure 85: Calibration step 1 - results (left) and algorithm (right) 

The left side of Figure 85 shows the calibrated feedwater pressure at 3079.139 kPa ensuring a Two-

Phase Tank pressure of 2992.754 kPa (i.e. targeted main steam pressure from site data) with a 

corresponding mass flowrate of 0.7795 kg/s. Note the node elevations indicated in Figure 85 are 

accurate to the workshop drawings. The Pipe components linking the nodes are specified to use the 

Darcy Weisbach pressure characteristics. Including the elevation node details was done to more 

accurately capture elevation head pressure drops which seems to be consistent since in Figure 85 a 
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pressure rise over the economiser is observed due to a drop in elevation between the inlet and 

outlet nodes.   

Calibration Step 2: Air-Fuel Ratio (AFR) calibration through oxygen volume fraction target 

With the inlet feedwater pressure to the economiser now fixed after calibration step 1, the AFR can 

now be calibrated by fixing the fuel flow at 70% of MCR as per Table 20 and successively updating 

the “Air Flow” input to the combustion excel workbook. After solving steady state, the oxygen 

volume fraction computed by the excel workbook is compared to the expected value from the site 

data (5.657%). If the oxygen volume fraction is too high, then a smaller air mass flow is guessed for 

the same fixed fuel mass flow and vice versa. Once the oxygen volume fraction target is hit, the AFR 

has been calibrated. The process is illustrated Figure 86. 

 
Figure 86: Calibration step 2 - AFR calibration targeting O2 volume fraction 

The actual calibrated fuel flowrate and air flowrate are not yet known, only the ratio between them 

is known. The fuel flow requirement will be calibrated in step 3.  

Calibration Step 3: Fuel mass flow calibration through reduction of tank energy accumulation 

Recall that a steady state quality boundary condition was imposed on the Two-Phase Tank to ensure 

that the level for the specific saturation condition (i.e. main steam pressure) agrees with the average 

water-level set-point of 1.488m referenced to the bottom of the tank. As discussed in section 3.3.8.3 

for the uncalibrated model, this quality constraint gives rise to an energy source inside the tank. A 
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non-zero energy source for a tank with a specified quality, means that the overall energy balance of 

the tank’s inlet and outlet streams and consequently the heat input to the tank is not satisfied.  

The current process involves a reduction of the tank energy source by tuning the fuel flowrate. For 

a positive tank energy source, the boiler requires more heat input which in the integrated model is 

ultimately driven by an increase in fuel flowrate leading to higher combustion heat.  

The iterative solution process is to guess a fuel mass flow with the AFR fixed at 0.241 as per 

calibration step 2 and then solve steady state to determine the tank energy source. To do this, the 

excel workbook was updated to include the fixed AFR in one of its cells. The combustion air mass 

flow is then calculated as the fuel flow divided by the AFR and therefore becomes an output of the 

excel workbook. Consequently, the data transfer link specifying the cooling air flow ratio is updated 

to point to the excel workbook output for the combustion air mass flow. 

At this point the model still has a radiation scaling factor at a lower extreme of C=0.15. Increasing C 

increases the radiative heat transfer contribution, which increases the heat uptake in the waterwalls 

which has a knock-on effect to the tank energy source downstream. As such to calibrate the fuel 
flow rate, one does not require a complete nullification of the tank energy source, since fine tuning 

“C” in step 4 will do this. Instead, the aim with calibrating the fuel flowrate is to reduce the tank 

energy source to within 1% of the combustion heat input as illustrated in Figure 87 below. 

 
Figure 87: Calibration step 3 – Fuel flow calibration to reduce tank energy source to within 1% of combustion heat 

The calibration up until the end of step 3 has been implemented based on certain assumptions due 

to lack of complete data sets for the site data. The main assumptions which the user can still control 

through the inputs to the model are the following: 

1. Cooling air ratio (assumed to be 10% as per MCR) 

2. Fluid emissivity (assumed to be 0.6 based on similar furnace models performed by John 

Thompson engineers) 
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3. Fluid emissivity vs. absorptivity ratio – g (assumed to be 1.5 as per Flownex documentation 

example) 

4. Radiation view factor – C (set at 0.15, i.e. lower extreme) 

Calibration Step 4: Furnace radiation calibration through C-factor parametric studies 

At first it was assumed that points 1-3 above are valid inputs. This means that the C-factor can now 

be increased parametrically after each steady state solve while recording all the temperatures in 

the system. The recorded temperatures will be compared to the expected temperatures as per the 

site data (i.e. blue cells in Table 19). Ideally, there should exist a C-factor between 0 (no radiation) 

and 1 (maximum radiation) for which all the site data targets are reached. Recall the reasoning for 

the expectation of C being less than 1: 

1. Confidence in fluid emissivity being 0.6 

2. High confidence in furnace surface area calculation due to availability of detailed furnace 

layouts from John Thompson. 

3. Fluid absorptivity investigated parametrically within its clearly defined limits as per (3.40) for 
the specified fluid emissivity of 0.6. 

4. Over-estimation of the wall emissivity (εW=1) 

With the site measurement data that is available, points 1-4 above cover all bases in the argument 

for the expectation of a C-factor less than one. 

The parametric study was set-up in Flownex by means of the “Sensitivity Analysis Setup”, using the 

“C” value from the Fluid Radiation component as the input variable as illustrated in Figure 88. The 

low value is set to 0.15 and the high value to 3, for a total of 58 runs (i.e. increments of 0.05 on the 

“C” scale).  

 
Figure 88: Sensitivity Analysis set-up for C-factor parametric study 

An excel parameter table was set-up in Flownex such that all nodal temperatures as well as 

elemental heat transfer rates are recorded, thereby automating the data logging. 

Figure 89 shows the results of the initial parametric study, where the solid horizontal lines are the 

target temperatures as per the site data, while the discrete dots represent the model temperatures 

for each C-value. 
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Figure 89: Furnace radiation calibration @10% cooling air and radiation with fluid emissivity =0.6 & absorptivity=1.0 

As expected, the furnace exit temperature (FET) is the most sensitive to changes in the C-factor since 

it is the temperature immediately downstream of the radiation. 

The second major observation is that the model underpredicts the flue gas temperature at the exit 
of the economiser for the full range of C-values. This is likely an inaccurate measurement since this 

temperature is not critical for boiler safety interlocks and control. The influence of the C-factor on 

the heated air and heated feedwater temperatures is much less pronounced, and the targets for 
the air and feedwater are reached at C-factors of 0.45 and 0.35 respectively. 

The fact that the other flue gas temperature targets (furnace exit and evaporator exit) are only 

reached at very high C-values; 2.25 and 2.9 respectively could mean that there is in fact a 
significantly greater heat uptake in the waterwalls than is accounted for by radiation only. This 

implies that there is non-negligeable convective heat transfer inside of the furnace which seems 

intuitive if one takes a closer look at the furnace geometry.  

The rear wall of the furnace has a pronounced nose (see Figure 90) which protrudes over the grate 
to force the air over the incoming fuel. It seems likely that this pronounced nose, which is unique to 

this boiler will have localised convection due to the narrow region around the nose. Additionally, 

there would be convection effects as the flue gas exits the furnace at the top. The exit geometry is 

like a single row of a tube bank, i.e. the flue gas flows in-between gaps between successive tubes as 

it enters the duct connecting to the firetubes of the evaporator. Figure 90 illustrates the areas which 

would undergo forced convection.  
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Figure 90: Effective furnace convection area approximation 

The model was now updated to include this convection through 5 CHT components, each of which 

connects to the relevant waterwall with areas specified as per Figure 90. The fifth CHT component 
representing the furnace exit is also connected to the rear wall as illustrated in Figure 91 below. 

 
Figure 91: Furnace convection addition to Flownex model with CHT components 

Since the focus of this research is on the dynamic analysis, a constant heat transfer coefficient was 

specified for the CHT components and parametric studies were run for values of 10, 15, 20 and 25 

W/m2K which is indicative for forced convection over a flat plate. The results of all these parametric 

studies can be found in Appendix E.  

The higher the convection heat transfer, the more heat is given off to the waterwalls and 

consequently the flue gas temperature targets will be reached at lower C-factors. 25W/m2K is at the 
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upper limit of our assumption and is therefore used to drive down the C-factor value without 

enforcing unrealistic convection effects. 

The inclusion of convection alone did shift the flue gas model temperatures to agree with the site 

targets at lower C-factors but there was still not a single C-factor for which all model temperatures 

agreed with all site measurement temperatures. The remaining variables that one has freedom to 

vary are the fluid absorptivity which can be varied with the “g” factor input for the Fluid Radiation 

component, as well as the cooling air split ratio which is unknown from the site data. 

Recall from section 3.3.8.7 that the g-factor can be specified as any value, but Flownex caps the 

maximum calculated absorptivity at unity and the minimum absorptivity at a value equal to the 

emissivity. In this case the absorptivity can therefore be any value between 0.6 and 1. Setting the 

absorptivity to the lower extreme of 0.6 is accomplished by specifying a negligibly small “g” value of 

1e-6. Doing this further shifts the flue gas temperature targets to the left, i.e. closer to 1. The cooling 

air split ratio was also varied parametrically in search of the best calibration point turning out to be 

25% cooling air.  

The effect of these variable parameters of fluid absorptivity, furnace convection and cooling air ratio 

can be observed through the progression from Figure 92 to Figure 95. Figure 92 shows the C-factor 

parametric results for the scenario of pure furnace radiation at 10% grate cooling air, fluid emissivity 

of 0.6 and fluid absorptivity of 1. Figure 93 shows the results for an absorptivity of 0.6, Figure 94 
includes the furnace convection at a convective heat transfer coefficient of 25 W/m2K, and Figure 

95 shows parametric results at a cooling air split ratio of 25%. An exhaustive set of graphs for the 

intermediate parametric studies for varying split ratio and convective heat transfer coefficients can 
be found in Appendix E. 

 
Figure 92: Furnace radiation calibration @10% cooling 

air and radiation with fluid emissivity =0.6 & 

absorptivity=1.0 

 
Figure 93: Furnace radiation calibration @10% Cooling 

air and radiation with fluid emissivity =0.6 & 

absorptivity=0.6 
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Figure 94: Furnace radiation calibration @10% cooling 

air and radiation with fluid emissivity =0.6 & 
absorptivity=0.6 Plus convection @ h=25 W/m2K 

 
Figure 95: Furnace radiation calibration @25% cooling 

air and radiation with fluid emissivity =0.6 & 
absorptivity=0.6 Plus convection @ h=25 W/m2K 

With the absorptivity at the lower extreme of 0.6, the flue gas temperatures at the furnace exit (pink 

dots) and evaporator exit (red dots) reach their targets at significantly lower C-factors of 2.0 and 2.5 

respectively as seen Figure 93 compared to 2.25 and 2.9 for the case of unity absorptivity in Figure 92. 

The results of Figure 94 are also for an absorptivity of 0.6 but this time with the inclusion of furnace 

convection effects which shows an even more dramatic shift in the flue gas temperatures at the 

furnace exit and evaporator exit, now reaching their targets at 1.20 and 1.55.  

Note that the reduced absorptivity of 0.6 and the inclusion of furnace convection has also shifted 

the feedwater and heated air temperatures further to the left, i.e. diverging away from the C-factor 

at which the flue gas temperatures reach their targets. This can be seen in Figure 94 where the 
heated feedwater and air reach their site data targets at C-factors of 0.2 and 0.25 respectively. This 

is combatted by adjusting the cooling air split ratio which shifts the C-factor at which the air and 

water temperatures reach their targets closer to the C-factor at which the flue gas temperatures 
reach theirs. With the cooling air split ratio at 25% one can see the heated air temperature being 

reached at a C-factor of 0.65 as per Figure 95.  

Measurement uncertainty 

Recall that if all inputs are accurate then we expect all temperature targets to be met at the same 

C-factor. Since this is not the case, it is necessary to reconcile all the information by considering the 

uncertainty in the site data measurements.  
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met at a single data point from the model which is closest to the target temperature. This does not 

consider an allowable temperature band for calibration. The recorded temperatures from the site 

data could have up to a +-5K error depending on the method of measurement and the apparatus 
used. 
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Secondly, the data logged from site already shows some fluctuations at each 10-minute interval, 

with a 60K difference between the minimum and maximum logged FET measurements being the 

most notable. The target temperatures as well as the boundary conditions imposed on the model 

were taken as the average of all data points over the 1-hour period as per Table 19. It is therefore 

necessary to conduct the calibration with the standard deviations of the recorded data in mind. 

A more informative illustration of the model results referenced to the expected site data targets is 

illustrated in Figure 96 below which shows the absolute %error based on the Kelvin scale 

temperatures between the Flownex model and site measurements as a function of the C-Factor. 

 
Figure 96: Absolute %error vs. C-factor for 25% cooling air, furnace radiation (emissivity=absorptivity=0.6) & furnace 

convection @h= 25 W/m2K 

Finally, the data can be reconciled by providing an informative weighting to each site data target by 
considering the expected uncertainty in each of the five measurements using insights from John 

Thompson engineers. A pairwise comparison was conducted, comparing each measurement with 

one another to formulate a qualitative rank for the confidence expected in each of the five 

measurements. 

Table 21: Pairwise comparison for confidence rankings of site measurements 
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connecting the furnace exit to the fire-tube flue gas inlet. The suction pyrometer measures 

temperature only at a single point. There is complex flow phenomena at the furnace exit as the flow 

undergoes turbulence in that region. Best practice would be to record temperatures at multiple 

locations of the furnace exit plane such that a mass flow/area weighted temperature could be 

calculated. The FET therefore also scores a low weighting of 9.5%.  

The flue gas temperature at the exit of the evaporator on the other hand scored a 29.5% weighting 

as it is an important parameter which is utilised in the TORRIPAC control system for safety interlocks. 

The heated air and feedwater temperatures also get a higher rating since they are temperatures 

that are easily measured with thermocouples in the ducts where the flow profile is not too erratic.  

The weightings in the final column of Table 21 are applied to the absolute error for each data point 

of the relevant temperature for each value of the C-factor. All data can now be normalised to being 

a function of a single value (i.e. C-factor) by adding up the five weighted errors at each C-value. The 

results are visually represented in Figure 97, where the best calibration point is taken as the C-value 

with the lowest weighted error, i.e. C=1.2 at a weighted error of 1.537%.  

 
Figure 97: Final calibration results – normalised weighted error vs. C-factor 

A C-factor of 1.2 is still higher than expected considering that the model already over-estimates the 

wall emissivity to be unity and crudely assumed the minimum possible fluid absorptivity being equal 
to the emissivity at a value of 0.6. However, this is the best calibration point one can get to without 

having to tune other parameters for which there is little confidence in tuning due to lack of more 

detailed information from site.  Results of a high fidelity CFD simulation of the furnace heat transfer 

could also better characterise the complex heat transfer phenomena occurring inside the furnace. 
A CFD model of the TORRIPAC is being performed in a separate study by John Thompson, the results 

of which are still pending.  
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Table 22 below summarises the final calibrated results at the optimum C-factor of 1.2 which will be 

used as the steady state point for initialisation of the dynamic simulations.  Since this factor is 

essentially describing the radiation view factor, it is assumed to remain constant for all other loads.  

There is no further information that could be used to make the factor a function of load as well. 

Table 22: Site measurements vs. model for 70% (2.8 tonne/hr) load case 

 

Figure 98 shows a visual representation of where the model temperatures fall within the standard 

deviation of the measured site data through a box and whisker plot.  Given the limited information, 
it is believed that the model does quite well in predicting the boiler performance. 

 
Figure 98: Box & Whisker Plot illustrating where model temperatures fall within the standard deviation of the site 

measurements taken over the 1-hour testing period 

 

ModelSite Measurement Data
MaxMinMeanUnitsParameter

Water side
325.72331.15319.15325.72KECON inlet temperature
357.86368.15355.15362.86KECON exit temperature

Flue gas side
831.44860.15797.15830.58KFurnace exit temperature (FET)
550.84549.15543.15546.15KEVAP exit temperature
374.49409.15403.15405.44KECON exit temperature

Air side
308.29309.15307.15308.29KAH inlet temperature
464.08483.15467.15471.58KAH exit temperature
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4.5 Controller Development 

4.5.1 John Thompson TORRIPAC Control Philosophy 

The TORRIPAC has a complex control system with numerous sensors, transmitters, controllers, 

switches as well as audible alarms and safety interlocks. Most of the control system is automated 

and connected to a human-machine interface (HMI) where an operator can monitor the boiler 

operation. Certain controls can also be switched into manual mode, allowing the operator to make 

necessary adjustments such as changing controller set-points such as fuel trim, oxygen trim, and 

water-level. The main control loops involved in the TORRIPAC control philosophy are briefly 

summarised in this section. 

Vibrating grate and box ram integration: 

The vibrating grate is controlled via variable speed drives (VSD) and has two main modes of 

operation: propel and settle. The grate receives its control signal from the pressure transmitter 

fitted to the evaporator as explained in John Thompsons internal control philosophy documentation 
[19] for the TORRIPAC. For a high steam demand, the settling time will decrease while the propel 

time will increase accordingly. Figure 99 illustrates the link between the box ram timing and the 

vibrating grate timing.  

 
Figure 99: Vibrating grate and box ram operation, [19] 

The box ram is in the park & retract mode while the vibrating grate is in settle mode. The box ram 

switches to feed mode as the vibrating grate propels the fuel. This ensures an evenly distributed 

fuel bed to aid uniform and complete combustion such that localised high fuel spots on the grate 
are minimised.  
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Boiler Steam Pressure control: 

This loop contains a proportional-integral (PI) controller whose output varies the vibrating grate 

cycle and propel times which in turn varies the combustion air and fuel feed controllers which link 

to VSDs on the forced draft (FD) fans and the fuel conveyers respectively [19]. This controller 

essentially senses the change in energy (steam) extraction and responds by adjusting the fuel flow. 

Fuel Feed Control: 

The fuel feed system consists of a fuel hopper, hydraulically actuated walking floor, conveyors 

(horizontal and inclined), and a box ram to inject the solid fuel into the furnace. The walking floor 

and conveyors are all on VSDs whose speeds are a function of the hopper level [19]. 

Combustion Air Control: 

The cooling air fans are linked to the vibrating grate propel time with an inverse relationship such 
that if the propel time is at a minimum, the cooling air fans will be at a maximum controlled via VSD 

ensuring constant cooling. The forced draft fans are also adjusted via VSD, and the speed is 

controlled to maintain a fixed wind box pressure downstream of the air heater [19]. This controller 
has the effect of maintaining the air-fuel ratio to the boiler, but it is supplemented with other 

controllers. 

Oxygen Control: 

This loop involves a controller and oxygen transmitter. The oxygen trim is PI controlled with an 
allowable set-point range of 2% to 6% [19]. The oxygen controller output signals necessary 

adjustments to the secondary air dampers. 

Furnace Pressure Control: 

The induced draft (ID) fan with PI control via VSD controls the furnace pressure with a set-point 

band between -50Pa and -100Pa [19]. The ID fan control should be set-up in tandem with the forced 

draft (FD) fan to ensure that the furnace is never pressurised. 

Water Level Control: 

A capacitance level transmitter fitted to the gauge-glass standpipe of the evaporator signals the 

feedwater pumps to adjust accordingly if a change in level is detected. The feedwater pumps are on 

VSDs and the control logic is single element PI [19]. 
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4.5.2 Simplified Flownex Control Loops 

A detailed control system is not in the project scope. Instead, the intention of this section is to 

demonstrate how the present model could be used for dynamic simulations. This is shown through 

the implementation of two simplified control loops as detailed below: 

1. Boiler steam pressure control with feedback to the fuel flowrate. 

2. Water-level control with feedback to the feedwater mass flowrate. 

Figure 100 shows a comparison between the real control system and the simplified Flownex 

implementation. 

 
Figure 100: Comparison between real TORRIPAC control system (left) and Flownex control system (right) 

The boiler steam pressure, fuel feed and vibrating speed all get reduced to a single steam pressure 

controller in the Flownex model. The furnace draught pressure control is not included in the Flownex 

model. Note also that the Flownex model has not implemented oxygen and combustion air control, 

instead the air-fuel-ratio (AFR) is specified as a fixed input as per the calibrated AFR of 0.241 

determined in calibrated step 2. Additionally, the cooling air split ratio has been fixed at 0.25 via a 

Data Transfer Link to the cooling air Flow Resistance component. Future work can easily incorporate 

the combustion air and oxygen control by de-coupling the air-fuel-ratio and including a separate 

combustion air and oxygen controller. 

4.5.2.1 Boiler Steam Pressure Controller Development 

The pressure controller was first developed independently of the level controller which therefore 

required the feedwater mass flow to be set as fixed (equal to the steam extraction). It should be 

noted that the boiler steam pressure and water level are both parameters of the Two-Phase Tank 

and are somewhat interconnected. This means that for a fixed feedwater flow equal to the fixed 

TORRIPAC control loops:
• Boiler steam pressure
• Fuel feed
• Furnace pressure
• Vibrating grate speed
• Combustion air
• Oxygen
• Boiler water level

TORRIPAC P&ID, obtained for John Thompson

Simplified Flownex control loops:
• Steam pressure control with feedback to 

fuel flowrate.
• Oxygen control and air flow (fixed by AFR i  

excel workbook)**
• Water level control with feedback to 

feedwater mass flow at the pumps.

Simplified 2 loop Flownex control system
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steam extraction, that a constant pressure should also result in a constant level, but this constant 

level is not necessarily at the design set-point of 1.488m/1.486m because the level controller has 

not yet been implemented. 

Before testing the automatic controller behaviour during a transient run, the controller was set to 

manual mode with the manual value (i.e. controller output) equal to the fuel flowrate at steady 

state and pressure set-point equal to the Two-Phase Tank pressure at steady state. The steady state-

initialisation was taken as the calibrated point as per section 4.4, i.e. main steam pressure of 2992.76 

kPa and fuel flowrate of 0.186 kg/s. The controller bounds were chosen to be 0.1 kg/s above and 

below the steady state fuel flowrate of 0.186 kg/s. The proportional and integral gains on the 

controllers were then tuned in real time during a transient run, in search of gains which would 

produce a stable response within the specified controller band using a time step size of 1 second. 

The results from the manual user tuning of the gains are shown in Figure 101 to Figure 104 below. 

 
Figure 101: Pressure controller tuning @dt=1s - Pressure 

Switch 

 
Figure 102: Pressure controller tuning @dt=1s - Gains 

 
Figure 103: Pressure controller tuning @dt=1s - Pressure 

Tracking 

 
Figure 104: Pressure controller tuning @dt=1s – 

Controller Output (fuel flow) 

The transient event was started with the controllers in manual mode and then switched into auto 

mode at 2.67 minutes as seen in Figure 101. The proportional and integral gains were tuned in real 

time starting with values of 0.1 and 0.01 respectively with the final tuned values being 0.01 and 

0.0002 as indicated in Figure 102.  

In practice tuning of controllers is important to obtain the correct stable behaviour and appropriate 

control response. This exercise demonstrates that it’s possible to tune the controllers using the 

software as opposed to tuning it on the plant. 
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The gains were tuned after each real time user defined set-point change. Initially the set-point was 

toggled between the steady state-set-point of 2992 kPa and 3000 kPa for the first 20 minutes as 

illustrated in Figure 103. The controller output to the fuel flowrate is illustrated in Figure 104 where 

pronounced overshoots are observed between 0 and 20 minutes where the pressure set-point 

changes are only 8 kPa. There are no significant overshoots after 20 minutes where the pressure 

set-point changes are changed in increments of 250 kPa up until 55 minutes.  

The pressure raising curve as per John Thompson’s TORRIPAC O&M manual indicates 250 kPa per 

10-minute interval for an accelerated boiler start-up scenario. This was loosely used as a benchmark 

for the response time when tuning the pressure controller. It can be observed in Figure 103 that it 

takes approximately 7.5 minutes for the boiler to move between 250 kPa set-point changes. 

The Two-Phase Tank pressure and level are interconnected as mentioned previously. If the pressure 

controller successfully maintains the pressure at the specified set-point, then we expect the level to 

also remain constant. However, since the level control has not yet been implemented, the level will 

find a steady point based on the pressure inside the tank because the feedwater mass flowrate has 
been fixed equal to the steam extraction. The level response is plotted along with the pressure 

response in Figure 105. 

 
Figure 105: Pressure controller tuning @dt=1s - Two-Phase Tank pressure & level response 

As expected, the level response is slower since it occurs secondary to the pressure set-point 

changes. This is the reason one does not see completely flat plateaus after 20 minutes in the blue-

curve corresponding to the plateaus in the red curve because not enough time was allowed for the 

water level to settle before the next pressure set-point change was imposed. 

The controller was heuristically verified by setting up a transient scenario through the “Actions Set-

up” dialogue as explained in 3.3.6. The first action in the actions list was to fix the feedwater mass 

flow on the feedwater inlet Pipe using a Boolean command at time zero. This is followed by an action 

to switch the controller into auto mode triggered at 300 seconds. The remaining actions were to 

apply step changes to the controller set-point in increments of 250 kPa as shown. 
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The controller parameters after tuning are summarised in Table 23 with the pressure control 

through fuel flow adjustment verification illustrated for 250 kPa set-point changes shown in Figure 

106. 

Table 23: Pressure controller tuned values (dt=1s) 

 
 

Figure 106: Pressure control verification for 250 kPa set-
point changes (dt=1s) 

The transient response shown in Figure 106 corresponds to the transient event specification as per 

. When the pressure set-point is changed from 2992.76 kPa to 3000 kPa at 10 minutes one notices 

a sharp spike in the fuel flowrate from the steady state fuel flowrate of 0.186 kg/s to 0.260 kg/s and 
then overshooting to 0.183 kg/s before settling again at 0.186 kg/s. The next set-point change occurs 

at a value of 2750 kPa at 20 minutes where the fuel flow now drops rapidly hitting the lower 

controller limit of 0.086 kg/s. The controller holds the fuel flowrate at this lower extreme as the 

boiler pressure drops to the new lower set-point but starts returning to the 0.186 kg/s steady point 
as the pressure nears the new set-point at 27 minutes. We see the same behaviour in reverse 

between 40 and 45 minutes as the pressure set-point is shifted back up to 3000 kPa. 

With shorter simulation times in mind for transient investigations the same transient scenario was 
used to test the controller using a time step size of 5 seconds. Figure 107 compares the pressure 

and fuel flow response of the 1 second and 5 second time step size configurations. 

 
Figure 107: Time step sensitivity for pressure controller 
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It is clear from the figure above that a time step size of 5 seconds leads to some numerical instability 

in the simulation indicating that the controller limits and tuned gains for a time step size of 1 second 

is not adequate for a larger time step of 5 seconds.  

A time step size of 1 second leads to unnecessarily long solver time for such a complex network. As 

such the time step size was set to 5 seconds in Flownex and the pressure controller was redesigned 

using the same methodology as presented previously. The final redesigned controller values are 

given in Table 24 below and the verification graph presented in Figure 108. 

Table 24: Pressure controller tuned values (dt=5s) 

 

 
Figure 108: Pressure control verification for 250 kPa set-

point changes (dt=5s) 

A comparison between the responses in Figure 106 and Figure 108 indicates a much slower response 

for the 5 second time step tuned controller where it takes approximately 17 minutes to move 

between 250 kPa set-point changes as opposed to approximately 10 minutes for the 1 second time 

step tuned controller. Nevertheless, the pressure controller successfully adjusts the fuel flowrate 
accordingly to manage the boiler steam pressure at the specified set-point. 

4.5.2.2 Water Level Controller Development 

The level controller monitors the Two-Phase Tank level and adjusts the feedwater flowrate 

accordingly with its output connected to the feedwater Pipe component upstream of the 

economiser. Recall in the pressure controller development that this feedwater flow was fixed and 

set equal to the steam extraction flowrate using a Data Transfer Link from the steam extraction Pipe 

component to the feedwater inlet Pipe component. For the development of the level controller, the 

feedwater flowrate is again fixed but this time it is linked to the output of the level controller. 

Like the pressure controller development, the level controller was set to manual mode at steady 

state with the manual value (i.e. controller output) equal to the steam flowrate at steady state 

(0.7795 kg/s). The level set-point was also set equal to the operational design average water level 

of 1.486m. The lower and upper controller limits on the feedwater flowrate output were set to 0.01 

kg/s and 2.0 kg/s respectively. The proportional and integral gains were then tuned in real time. The 

results of the manual tuning are shown in Figure 109 to Figure 112. 
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Figure 109: Level controller tuning - Level Switch 

 
Figure 110: Level controller tuning - Gains 

 
Figure 111: Level controller tuning – Level Tracking 

 
Figure 112: Level controller tuning – controller output 

(feedwater flow) 

Although the level here is being controlled independently, one can still observe the relationship 
between the level and the pressure inside the Two-Phase Tank illustrated in Figure 113 below. 

 
Figure 113: Level controller tuning - Two-Phase Tank pressure & level response 

This time the fuel flowrate and steam extraction remain unchanged. Instead, the level set-point is 

toggled between 1490 mm and 1500 mm. The level controller sends a signal to adjust feedwater 

flowrate to target the new level set-point. We observe mirrored behaviour in the pressure and level 

in Figure 113. For example, at 272 minutes when the level set-point is changed from 1500 mm to 

1490 mm, the level follows an exponential curve downward to reach the new level set-point at 289 

minutes while the pressure increases accordingly following an upward exponential trajectory. 
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The level controller was heuristically verified by setting up a transient scenario through the “Actions 

Set-up” dialogue. The first action in the actions list was to fix the feedwater mass flow on the 

feedwater inlet pipe using a Boolean command at time zero. This is followed by an action to switch 

the controller into auto mode triggered at 300 seconds. The remaining actions were to apply step 

changes to the controller set-point to 1.5 m at 600 seconds and then in increments of 0.01 m (10 

mm). 

The controller parameters after tuning are summarised in Table 25 with the level control through 

feedwater flow verification illustrated alongside in Figure 129. 

Table 25: Level controller tuned values 

 

 
Figure 114: Level control verification for 10 mm set-

point changes 

The response from the controller values in Table 25 was the same regardless of if 1 second or 5 
seconds was used as the time step size. It takes approximately 13 minutes for the system to settle 

at a new level set-point 10 mm above or below the preceding set-point. In the absence of transient 

site data for validating the actual transient response time, 13 minutes per 10 mm level shift seems 
reasonable considering the large volume/mass of water in the shell. The response time between 10 

mm set-points may vary slightly depending on the cross-section at which the water-level is currently 

at. Recall that the tank volume is essentially a horizontal cylinder with some voids, so the volume 

between successive 10 mm increments will vary as a function of the height above the bottom of the 
horizontal cylinder. 

4.5.2.3 Dual Pressure-Level Control System Development 

Now that each of the two controllers have been developed and tested independently, the entire 
boiler system with both controllers active can be tested. This is done by enabling both controllers 

with the tuned controller values set as per Table 24 and Table 25 and being initialised from a known 

calibration point. To aid initialisation of the transient scenario, both controllers are set-to manual 
and then switched into auto mode some short time after initialisation of the transient. 

Once the dynamic simulation has started and both controllers are in auto mode various disturbances 

can be imposed on the system such as changing the fuel quality and/or steam extraction. One can 

then verify if both controllers are effective in controlling their respective parameters.  
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The set-point of each controller will remain unchanged. The disturbances will be imposed elsewhere 

to emulate real life operational transient scenarios. For example, the quality of solid fuels, especially 

biomass fuels like bagasse can be highly variable. The ability to change the fuel moisture content in 

a dynamic simulation can therefore provide valuable insights on the boiler’s response to fuel quality 

variability. Additionally, changing the steam extraction during a transient run emulates steam 

demand variability which is common for various industries and informed by the rate of production 

processes in the relevant factory. The results from these two scenarios are presented in section 5.4. 

It is important to qualify that the controller tuning methodology as illustrated in section 4.5.2.1 and 

4.5.2.2 employs a trial and error approach in search of a stable response.  Future studies could focus 

on methodologies to determine required gains and controller limits for optimised response for 

specific boiler operational scenarios. 

4.6 Overview of Integrated Whole-Boiler Model 

Figure 115 overleaf presents the full model from a step back. At the centre of the figure is the main 

canvas page in Flownex which contains the relevant “views” of the important nodes and elements. 

The individual models for each heat exchanger can be seen radiating out from the centre via the red 
dashed lines. The blue dashed arrows point to a deeper level of detail within each of the models 

where key parameters can be changed as necessary. Finally, the magenta dashed arrows and text 

identify the locations at which these key parameters can be adjusted; for calibration purposes, off-

design condition testing and or transient response investigations.  
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Figure 115: Complete integrated controllable TORRIPAC boiler Flownex model 
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5. Model Application 

5.1 Steady State Operating Conditions 

The model has been developed using the design base information, and all heat exchangers except 

the furnace and evaporator results compared favourably with the MCR design data.  The integrated 

model, and primarily the furnace, has been calibrated using 70% MCR site data.  Given the care that 

was taken to implement reputable correlations that change with operating conditions, and 

geometry that accurately represents the boiler, it is expected that the model will produce credible 

results for all normal operating conditions.   

At the very low load conditions however, combustion instability may result in different heat uptake 

in the furnace, hence the model results may be inaccurate there.  Unfortunately, no low load steady 

operating data was available to test the model’s performance.  Nevertheless, start-up transients 

could be performed using the model, possibly supplemented with low load calibration if data 
becomes available. 

The focus of this project was to develop a dynamic model of the boiler.  Though steady state 

prediction is important to achieve credible transient results, most of the modelling effort was placed 

in calibrating the model for a known condition and then using this calibration point to initialise the 
transient system to investigate dynamic characteristics. As such, results for other operating 

conditions will not be discussed here. 

However, the transient scenarios presented in section 5.4 did solve the boiler for different load set-
points such that the potential steady state conditions could be extracted.  These results are 

presented for interest’s sake in Appendix F. 

5.2 Grid and Time Step Sensitivity 

This section discusses the importance of grid and time step sensitivity in the context of transient 

simulations. Time step size refers to the period between successive temporal solutions, while grid 

size refers to the spatial discretisation of the flow network.  

The effects of time step size and grid size are illustrated here through a case study that uses a small 

piece of the furnace model. This is the combined radiative and convective heat transfer from the 

flue gas to a single waterwall (left wall) as illustrated in Figure 116. 

 



 Chapter 5. Model Application 

 

141 

 

 
Figure 116: Grid & Time Step Sensitivity Case Study: Combined radiative and convective heat transfer to the left 

furnace waterwall 

5.2.1 Grid Sensitivity 

Grid size in the forgoing context of heat transfer to a single furnace waterwall is limited to the 

discretisation of the pipe wall thickness. The 5.45m length of the water column has been discretised 
into 10 increments in the present work but this has little effect in the overall energy balance solution 

since the water properties do not have any meaningful change along the length of the pipe.  

To illustrate the effects of grid sensitivity, the left waterwall in Figure 116 was discretised across the 

pipe thickness by specifying the number of nodes in the element direction as an input to the 

connected CHT components. The wall thickness is 4.06 mm. To assess grid independence, one must 

determine the minimum number of nodes for which the solution does not change significantly.  

The transient scenario implemented involved initialising the system from a steady point at time 

zero. Then a 46°C step up in the adiabatic flame temperature boundary condition (1704-1750°C) 

was imposed at time (t=10s). A time step size of 0.001 seconds was used for a total simulation time 

of 120 seconds for 3 cases of increasingly fine grid resolutions - 2, 5, and 10 nodes along the pipe 

wall thickness. The quality of the steam exit node was tracked as an indicator of the grid sensitivity. 

Figure 117 below shows the results for the full 120 second simulation, while Figure 118 shows the 

same results plotted at a narrower time band (9.5-15s). 
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Figure 117: Wall thickness grid sensitivity effect on exit 

steam quality (0-120s) 

 
Figure 118: Wall thickness grid sensitivity effects on exit 

steam quality (9.5-15s) 

Inspection of Figure 117 seems to indicate that the solution is grid independent even at a very course 

discretisation of only 2 nodes. However, upon zooming in to a 5.5 second time scale, Figure 118 

demonstrates deviation between the 2 node solution with the 5 and 10 node solution. The 5 and 10 

node solution are indistinguishable at this time scale. It can therefore be said that the solution is 
grid independent at 5 nodes. Figure 119 and Figure 120 below show the outer and inner tube wall 

temperatures responses respectively at the same 5.5 second time scale as used in Figure 118. 

 
Figure 119: Wall thickness grid sensitivity effect on 

average outer tube wall temperature (9.5-15s) 

 
Figure 120: Wall thickness grid sensitivity effect on 

average inner tube wall temperature (9.5-15s) 

The tube wall temperatures show a better indicator of the deviation of the 2-node solution. It is 

important to perform grid independence studies, and the required investigative questions should 
inform whether a finer grid resolution is necessary. For the purposes of the present work which 

performs simulations in the order of minutes-hours and is more concerned with the changes in total 

energies in the system - even a course resolution of 2 nodes along a 4.06 mm thick pipe would 

produce results indistinguishable from finer resolutions (as shown in Figure 117).  

5.2.2 Time Step Sensitivity 

Time step sensitivity studies are very important in dynamic analyses since the chosen time step can 

influence the accuracy and stability of the transient solution. Numerical instability can occur at 
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excessively large time steps. The specific transient scenario investigated influences ones choice for 

a time step size. If it is intended to observe fast transient phenomena such as water-hammer and 

pressure waves, then one needs to choose a suitably small-time step size. If one is more interested 

in system level inertia and total energy changes over longer durations, then larger time step sizes 

are more apt and will save significantly on computational expense.  

The Alpha Crank-Nicolson factor (αCN) also influences the stability of a transient solution. It is a 

temporal relaxation factor between 0 and 1 which aids stability of the solution. An Alpha Crank 

Nicolson factor of 0 corresponds to a fully explicit scheme, while a value of 1 is used for a fully 

implicit implementation. In general, a good rule of thumb for small to moderate time steps is 0.7. A 

fully implicit scheme (αCN=1) could be used to stabilise a simulation with large time-steps in the 

range of 1-5 seconds where the details of fast wall conduction and pressure waves is not important 

to be captured. 

To illustrate the effects of time step sensitivity, the same case study model as used for the grid 

sensitivity study is used here – i.e. heat transfer to the left water wall as per Figure 116. The 
difference now is that it is the steam extraction mass flow boundary condition that is stepped down 

by 5% at time (t=10s) – that is a step from 1.95 kg/s to 1.825 kg/s. The simulation end time was set 

to 400 seconds. 

The variable that is tracked dynamically is the water wall outlet quality. Since the wall contains a 
saturated mixture, dropping the steam flow rate should naturally result in an increase in the quality 

of the saturated mixture at the top (exit). The time step sizes investigated ranged from small 

(0.0001-0.01s) to moderate (0.01-0.5s). Large timesteps of (1-5s) were also included.  

Figure 121 shows the exit quality response at increasing time step sizes and Figure 122 illustrates 

how changing the Alpha Crank-Nicolson factor can stabilise the solution when using large time steps 

(i.e. 5 seconds). Note that all responses in Figure 121 used 0.7 as the Alpha Crank-Nicolson factor. 

 
Figure 121: Time step sensitivity effects on waterwall 

steam exit quality (0-400s) 

 
Figure 122: Effect of the Alpha Crank-Nicolson factor at 

large time steps 
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0.02 seconds. Time step sizes from 0.05 seconds to 1 second show significant deviation with a much 

larger amplitude response which fluctuates around a lower mean quality value. It is observed in 

Figure 122 that employing a fully implicit temporal scheme (i.e. αCN=1) at a large time step of 5 

seconds can produce a response which tracks the higher resolution time responses when viewed 

over a larger time band (i.e. 400s). 

A possible reason for moderately sized time steps (0.05-1.0s) being inaccurate and unstable for the 

specific transient scenario shown here could be due to pressure wave phenomena that occur due 

to a very sudden step change in the steam mass flow.  

The speed of sound in the waterwall is approximately 504.162 m/s as evaluated at the average 

steam temperature and pressure of 233.96°C and 3000 kPa respectively. This means that a pressure 

wave could take approximately 10.9 milliseconds (0.0109s) to reach the bottom of the 5.45 meter 

column and a total of 21.8 milliseconds (0.0218s) to pass to the bottom and return to the top of the 

waterwall. If it is required that pressure wave phenomena be observed, then it is important to 

choose a suitably small-time step size. A factor of 10 smaller than 0.0218 seconds is a safe 
assumption to capture possible pressure wave phenomena in this case. 

The outlet pressure for the same transient scenario has also been tracked. It is plotted in Figure 123 

below from 9.9 seconds (i.e. just before the mass flow disturbance) to 10.3 seconds to observe the 

fast transient effects.  

 
Figure 123: Time step sensitivity effects on waterwall steam exit pressure (9.9-10.3s) 

The pressure peaks of the lower frequency wave can be observed at around 10.025 seconds and 

again at 10.2 seconds. All time step sizes up to 0.02 seconds at least follow the same trend even 

though their peaks are slightly out of phase. The time step size of 0.0001 second (blue curve) is able 

to capture some higher frequency behaviour within the lower frequency wave time band. It can also 

be noted that the lower frequency pressure waves die out around the 12 second mark (not plotted 
in the above figure. 
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choice of time step size can affect the accuracy and/or stability of different transient solution 

responses. The time step sensitivity case study presented here further shows how smaller time steps 

can capture fast transient phenomena, while large time steps coupled with suitable solver stability 

settings will miss the details of fast transient phenomena but still be reliable in capturing system 

level inertia responses. 

5.3 Thermal Inertia Studies 

To investigate the effect (and importance) of thermal inertia on the transient response, the fully 

integrated model was run for two uncontrolled transient scenarios: 

1. Fuel flow step changes. 

2. Steam extraction step changes. 

A separate low inertia configuration of the model was set-up by simply changing all the AISI-1010 

carbon steel materials to the custom low inertia steel with the negligibly small specific heat capacity 
of 1e-6 W/kgK as explained in 3.3.2. The thermal inertia of the fluids is still fully accounted for in 

both the full inertia model and low inertia model, so the transient response results in this section 

only illustrate the effect of the solid steel thermal inertia. 

The transient scenarios in this section have been set-up with no active controllers.  The feedwater 

mass flow entering the evaporator has been fixed equal to the steam extraction such that the 

transient could be run without a quality boundary condition on the two-phase tank during the 

transient simulation.  Without this fixed flow, even small changes in the main steam pressure results 
in massive transient mass flows entering the evaporator, causing the level to overshoot and fill the 

evaporator completely.  Liquid then gets extracted at the steam extraction point which immediately 

results in solver instabilities.  The cause of this instability is linked to the absence of an actual 

controlled pump driving the flow, as well as feedwater pressure drops that may be too low as 

compared to the actual plant.   

Since pressure drops between the pump exit and evaporator inlet do not have any noticeable effect 

in the energy balance, no effort was made to model this accurately. There is also no data to properly 

verify the pressure drop along the feedwater line. Future studies could include a suitable pump 

and/or orifice to emulate the pressure drop along this feedwater line if design or site data can be 

obtained to verify the true pressure drop characteristics. 

5.3.1 Fuel Flow Step Changes 

The transient scenario for the fuel flow profile illustrated in Figure 124 was set-up using the “actions 

set-up” dialogue where the transient is initiated from the steady state calibration point (fuel flow of 
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0.186 kg/s). The fuel flow was then toggled 10% up and down in 10-minute intervals. Figure 125 and 

Figure 126 show the pressure and level response respectively of the Two-Phase Tank for both inertia 

configurations. 

 
Figure 124: Fuel flow input profile 

 
Figure 125: Two-Phase Tank pressure response for fuel 
step changes (Full Inertia & Low Inertia configuration) 

 
Figure 126: Two-Phase Tank level response for fuel step 

changes (Full Inertia & Low Inertia configuration) 

One can see in the figures above that a decrease in fuel flow results in the expected drop in the 

boiler steam pressure. As expected, the low inertia case responds faster than the full inertia case. 

As the boiler pressure drops off for a constant steam extraction, less fuel flow causes less steam 

generation and consequently the level drops off as the water buffer in the evaporator gets used up. 

Since the system is uncontrolled, the full inertia and low inertia cases would likely keep diverging as 

seen for example from 10 minutes to 20 minutes. The reason that there are plateaus at 0-10, 20-30, 

and 40-50 minutes is because the fuel flow is at its original calibrated point (i.e. 0.186 kg/s) at these 

intervals. If only one disturbance (i.e. fuel flow change) was implemented the boiler pressure would 

decrease continuously and the Two-Phase Tank would be completely emptied of its water. 

The fact that one sees the full inertia case lagging the low inertia in an uncontrolled transient 

scenario already indicates the importance of including the inertia since this lag is what would 

happen in practice. This information is important for controller designers as it can be used to inform 
time delays between triggers in the control system as well as inform the controller gains. 

Controllers developed using a dynamic simulation which does not include thermal inertia would 

therefore not necessarily be optimum for a real-life plant. 
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5.3.2 Steam Extraction Step Changes 

The transient scenario for the steam extraction profile illustrated in Figure 127 was initialised at the 

steady-state calibration point (0.7795 kg/s steam flow) and step changes equal to 5% of the steady-

state steam flow were imposed at 10-minute intervals. Figure 128 and Figure 129 show the pressure 

and level response respectively of the Two-Phase Tank for both inertia configurations. 

 
Figure 127: Steam extract input profile 

 
Figure 128: Two-Phase Tank pressure response for steam 

step changes (Full Inertia & Low Inertia configuration) 

 
Figure 129: Two-Phase Tank level response for steam 
step changes (Full Inertia & Low Inertia configuration) 

The analysis here is inverse to the fuel flow step change analysis. The reduced steam extraction for 
the same rate of steam generation results in a rise in the water level as the buffer gets filled. 

5.4 Transient Studies with Active Control 

Two transient simulations are presented here: the first is for a fuel moisture profile and the second, 

a steam demand profile. 

5.4.1 Fuel Moisture Profile 

A fuel moisture profile as illustrated by the red lines in Figure 130 and Figure 131 was implemented 

in the action set-up for the transient scenario. The simulation is initialised at the steady state 

calibration point as per section 4.4 where the fuel moisture content was 44%. Thereafter step 

changes in the fuel moisture content are applied up to 50% one hour into the simulation and to 56% 

after 1.5 hours. The remaining step changes are also implemented in 1.5-hour increments, this time 

decreasing to 40% at 4 hours and finally to 35% at 5.5 hours for a total simulation time of 7 hours. 
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The boiler steam pressure response is plotted with the fuel moisture profile in Figure 130 and the 

water level plotted in Figure 131. 

 
Figure 130: Boiler steam pressure response to fuel 

moisture changes 

 
Figure 131: Boiler level response to fuel moisture 

changes 

As the fuel moisture is increased from 44% to 50% at the one-hour mark, the fuel quality decreases 

due to a lower carbon content. This means that less energy is available for combustion for the same 

fuel flowrate and consequently there is a drop in boiler steam pressure to 2953.58 kPa as shown in 
Figure 130. The drop in pressure then signals the pressure controller to increase the fuel flowrate 

accordingly to maintain the evaporator at its pressure set-point of 2992.76 kPa. The pressure 

controller successfully brings the pressure back to its set-point within 45 minutes. One can see the 
same behaviour in reverse when the fuel moisture is decreased at the 4- and 5.5-hour marks.  The 

level controller responds to the intermediate change in water level by adjusting the feedwater flow 

rate until the level is back to the desired setpoint. 

Figure 132 and Figure 133 show the controller response by plotting the controller process variables 

on the same graph as the consequent controller outputs. That is the pressure response to the fuel 

flow from its controller output in Figure 132 and the level response to the feedwater flow from its 

controller output illustrated in Figure 133. 

 
Figure 132: Boiler steam pressure response to fuel mass 

flow changes 

 
Figure 133: Boiler feedwater response to level changes 

The level responds and settles more quickly than the pressure. This can be seen in Figure 131 at the 

first fuel moisture step change at the one-hour mark, where the level shows a sharp spike 3 mm 

below the set-point before overshooting and finally re-settling all in the space of 12 minutes. Note 
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that the settling time for the larger disturbance at 4 hours is slightly longer at approximately 25 

minutes but there is no overshoot. These results are a function of the specific tuned controller 

values. Future studies could easily tune the steam pressure controller as the primary controller to 

increase its response time relative to the level controller response. 

Figure 134 and Figure 135 illustrate the consequent changes in the flue gas temperatures. 

 
Figure 134: Flue gas temperatures upstream of furnace 

exit 

 
Figure 135: Flue gas temperatures 

It is clear in Figure 134 that the adiabatic flame temperature (AFT) is the most sensitive to the fuel 
moisture changes which makes sense due to the influence of the fuel composition on the 

combustion calculations. The AFT has an indirect relationship with the fuel moisture content due to 

a drop in calorific value for a fuel with higher moisture and vice versa.  The additional moisture also 
captures more heat in the form of phase change rather than sensible heat, resulting in lower 

temperatures. 

The flue gas temperatures downstream as plotted in Figure 135 show an opposite trend, that is, the 
temperatures increase with an increase in fuel moisture. This is due to increased heat absorption in 

the furnace since more energy is now required to evaporate the additional moisture in the fuel. The 

latent heat required to evaporate the moisture therefore increases the overall heat demand in the 

furnace as illustrated by the increase in combustion heat in Figure 136. 

 
Figure 136: Combustion & radiation heat transfer rates 

 
Figure 137: Convection heat transfer rates 

The combustion heat increases with the increase in fuel moisture because the pressure controller 

has increased the fuel flowrate accordingly. Similarly, the combustion heat decreases when the fuel 

moisture decreases since the controller now signals for less fuel to be supplied. The sensitivity in 
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the combustion energy therefore seems to be dominated by the mass flowrate more than the newly 

calculated calorific value (CV) as calculated by the excel combustion workbook for the new fuel 

moisture content. On the other hand, one observes a drop in radiation heat transfer for increased 

fuel moisture and a rise in radiation heat transfer for a drop in fuel moisture content. The flue gas 

specific heat capacity increases when there is a higher moisture content. This results in lower flue 

gas temperatures for the same enthalpy.  

5.4.2 Steam Demand Profile 

The steam demand profile employed through the action set-up is displayed in red in Figure 138 and 

Figure 139 below. The demand profile starts at 70% MCR as per the steady state calibration in 

section 4.4 and then is changed to 85% after 1 hour, up to the 100% MCR condition (4 ton/hr) at 2.5 

hours and then down to 60% and 50% (i.e. half load) at 4 hours and 5.5 hours respectively. The 

resulting steam pressure response and level response are plotted in Figure 138 and Figure 139 
respectively. 

 
Figure 138: Boiler steam pressure response to steam 

demand profile 

 
Figure 139: Boiler level response to steam demand 

profile 

A similar trend as the fuel moisture change scenario is observed where the direction of the pressure 

and level response are identical. However, the magnitudes of the fluctuations are different and 

occur for a different reason. An increase in steam extraction for the same fuel flow again means that 
the boiler pressure will drop, thereby signalling the pressure controller to increase the fuel flowrate. 

Additionally, the resulting drop in the level signals the level controller to increase the feedwater 

flowrate such that it balances with the new steam extraction to maintain the water level at its set-
point of 1486 mm. 

Figure 140 shows the fuel, air, and flue gas mass flow responses. The fuel is increased or decreased 

by the pressure controller to maintain the correct evaporator pressure. Recall that the combustion 

air mass flow has been fixed inside of the combustion excel workbook to ensure the constant 

calibrated air-fuel-ratio (AFR) of 0.241. In reality, there would be a slight delay between the 

responses of the fuel and air flowrate governed by a separate combustion air and/or oxygen 
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controller. Figure 141 illustrates the controller’s ability to output the correct feedwater mass flow 

to track the steam extraction flowrate. This demonstrates success of the steam mass balance.  

 
Figure 140: Fuel & gas mass flowrates 

 
Figure 141: Feedwater flowrate referenced to steam 

extraction flowrate 

The responses of all other process values will follow accordingly. The coupled fuel and air mass 

flowrate increase results in increased flue gas flowrate, ultimately increasing the heat transfer rate 

in the air heater. The air is therefore heated to a higher temperature as seen in Figure 142. Similarly, 
the heated feedwater temperature at the economiser exit increases and decreases accordingly 

albeit by very small margins as seen in Figure 143. 

 
Figure 142: Fuel & air temperatures 

 
Figure 143: Water temperatures 

The flue gas temperatures upstream of the furnace exit are illustrated in Figure 144 while the flue 

gas temperatures at the exit of each of the heat exchangers can be seen in Figure 145. Note that 
the “Rad extract” and “Conv extract” curves in Figure 144 are the temperatures at the flue gas nodes 

where the radiation is extracted via the Fluid Radiation component and where the furnace 

convection is extracted from the CHT component respectively. 
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Figure 144: Flue gas temperatures upstream of furnace 

exit 

 
Figure 145: Flue gas temperatures 

The AFT shows some small spikes before settling again. This is because the AFT is a function of the 

combustion calculations based on the fuel and air compositions. So the increased fuel flowrate to 

satisfy an increased steam extraction will naturally increase the combustion and radiation energy as 

can be seen in Figure 146 but does not influence the adiabatic flame temperature as seen by the 

constant line in Figure 144. This contrasts with Figure 134 where the change in fuel moisture (and 

composition) shows a very pronounced effect on the AFT. This illustrates the large influence of fuel 
quality on the boiler’s performance. 

 
Figure 146: Combustion & radiation heat transfer rates 

 
Figure 147: Convection heat transfer rates 

The effect of the thermal inertia of the solid steel materials can be observed by a comparison 

between the wall temperatures at the inner diameter (ID) and outer diameter (OD) for the waterwall 

tubes in Figure 148 and of the fire-tubes of the evaporator plotted in Figure 149. 

 
Figure 148: Furnace tube wall temperatures 

 
Figure 149: Fire-tube wall temperatures 

The temperature difference between the outer and inner wall, although small, demonstrates the 
dynamic behaviour more accurately as a result of including the thermal inertia of the steel tubes. 
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6. Conclusions and Future Work 

6.1 Summary & Conclusions 

The literature review identified gaps in published work on the topic of dynamic modelling of boilers 

and highlighted the industry relevance for the development of dynamic boiler models to address 

the ever-changing energy landscape and requirement for flexibility in dispatchable power.  The 

description of the TORRIPAC boiler was presented aided with a process flow diagram.  The heat 

transfer mechanisms of both fire-tube and water-tube boilers were presented to provide insights 

into the hybrid water-tube—fire-tube boiler under investigation in the present research. Various 

boiler modelling methodologies employed in previous studies were also presented including a 

dynamic Flownex model of a three-pass firetube boiler. 

The heat transfer theory chapter presented the thermodynamic principles necessary for modelling 

various heat exchangers in the context of the present work. This theory included Nusselt Number 
correlations for forced convection through finned-tube heat exchangers as needed for the air heater 

and economiser Flownex models of the TORRIPAC, natural convection over horizontal cylinders 

needed for the fire-tube evaporator model as well as the relevant ε-NTU correlations. Brief theory 

on combustion and radiative heat transfer applicable to furnace modelling was also presented. 

The Flownex theory section briefly introduced the various software features and the application of 

common tools such as embedded excel workbooks, scripts, etc. that would be necessary in the 

context of the present work. Thereafter, brief summaries of the theory behind the common flow 
components used in the present work was presented. These included Nodes, Boundary Conditions, 

Two-Phase Tanks, and Composite Heat Transfer components to name a few. 

The model development and verification chapter (Chapter 4) showed the natural progression of the 
models from analytical Mathcad standalone models to the numerical Flownex models with 

verification and increased confidence at each step.  

The analytical Mathcad implementation employed the relevant heat transfer correlations and ε-

NTU methods outlined in the theory chapter, followed by verification with the MCR data in section 

4.1. Section 4.2 demonstrated the numerical Flownex implementation and verification with both 

the analytical and MCR data with summary pairwise comparison tables presented at the end of the 

section for each standalone heat exchanger model. The pairwise comparison tables showed the 

progression and natural increase in confidence with each step.  

Key results showed agreement between the standalone Flownex 2 models with MCR data for the 

economiser and air heater of 3.81% and 0.70% respectively. These errors are acceptable with the 
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context of the unknown fuel composition used to generate the MCR data. Consequently, the 

assumed flue gas composition employed in the verification of the standalone models are not 

necessarily accurate.  

Although the Flownex evaporator model could not be verified against MCR data due to the lack of 

a furnace exit temperature, there was agreement between the Flownex 1 and analytical Mathcad 

model to within 0.30% on the heat transfer rate with Table 13 demonstrating the implications of 

increased flue gas temperatures making the approximation of flue gas properties with air less 

accurate.  

The methods for including the solid steel thermal inertia were presented for the economiser, air 

heater, furnace water-walls as well as the firetube evaporator shell, staybars and firetubes.  

The steady state model calibration with fine tuning using site data in section 4.4 presented a 

thorough methodology for calibrating the integrated Flownex model with the limited site 

measurement data that was available. Calibration step one demonstrated the process of tuning the 

feedwater pump exit condition to target the site data main steam pressure in the Two-Phase Tank. 
Step 2 tuned the air mass flow with a fixed fuel flow, targeting the oxygen volume fraction (5.67%) 

at the evaporator exit as per the site data leading to a calibrated air-fuel-ratio of 0.241. Step 3 then 

tuned the fuel flowrate down to 0.185 kg/s to drive down the Two-Phase Tank energy source to 

within 1% of the combustion heat. 

Results from select cases of the fine-tuning applied through parametric studies in step 4 were 

presented. The effects of fluid absorptivity, cooling air split ratios and localised furnace convection 

effects were illustrated. The best calibration point resulted from fined tune parameters as follows: 
inclusion of localised furnace convection at the furnace nose and exit plane using a convective heat 

transfer coefficient of 25 W/m2K; absorptivity value at the lower extreme of 0.6; and a cooling air 

split ratio of 25%.  

A pairwise comparison giving ranks to the confidence of each of the site temperature measurements 

was employed to linearise the errors to a single error value per C-factor. It was then determined 

that the best calibration point with the lowest normalised error of 1.537% occurred for a C-factor 

of 1.2. The model temperatures at the calibrated C-factor of 1.2 were then plotted on a Box and 

Whisker plot to illustrate where they fall within the standard deviation of the measurements taken 

over the one-hour testing period. The best fine-tuned calibration point was used as the basis to 

initialise transient studies. 

The controller development chapter introduced the existing TORRIPAC control philosophy followed 

by the presentation of the methodology for developing a simplified two-loop control system using 

simple analogue PID controller components from the Flownex DCS library. The pressure controller 
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with feedback to the fuel flow was heuristically verified with a response time of 17 minutes between 

250 kPa set-point changes. The level controller was heuristically verified with a response time of 13 

minutes between 10 mm set-point changes. The time step sensitivity between a 1 second and 5 

second case showed numerical instability at the larger time step (5s) for the same controller values 

on the pressure controller. This required the pressure controller to be redesigned using a 5 second 

time step size to increase the computational efficiency of the transient solver. The time step 

sensitivity on the level controller did not show any variations between the 1 second and 5 second 

time step test cases.  

The controller tuning methodology in the present work used a trial-and-error approach in search of 

stable responses, but future studies should focus on methodologies to determine required gains 

and controller limits for optimised response for specific boiler operational scenarios. 

The thermal inertia studies investigated through transient runs of the low inertia and full inertia 

model configurations demonstrated the inherent lag in response by virtue of including accurate 

thermal masses for the solid steel materials. This can serve as the starting point for future studies 
where the lag times can be quantified and form as valuable insights for controller designers for 

optimising time delays for controller triggers and inform the selection of optimum measurement 

devices and other control equipment. 

The transient studies with active control presented the results for two common transient boiler 
operational scenarios: fuel moisture variability and steam demand fluctuations. Although the 

responses of these transient runs cannot be validated due to lack of transient measurement data, 

the results are in line with what is expected. For example, the boiler steam pressure dropping for 
an increase in fuel moisture followed by the active pressure controller successfully increasing the 

fuel flow to restore the boiler pressure back to its set-point is exactly what is expected to happen in 

a real-life operational scenario an is also in line with the findings of P. Klein et al. [1].  

Conclusions on the actual response times however can only be discussed in reference to the specific 

tuned controller values used in this work. The actual expected response time would need to come 

from a controlled transient site test which can be investigated as an extension of the present 

research in future studies. 

6.2 Project Success 

The overall success of the present research is summarised through the attainment of the lower-level 

goals as follows. 
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The analytical models successfully integrated the information provided through workshop drawings 

and applicable heat transfer correlations, yielding results that were verified with MCR data 

generated by John Thompson through their PPSD implementation.  

Further verification was realised through the numerical Flownex implementation of the analytical 

models yielding good agreement with both the analytical model results as well as the MCR data. 

Although there were limitations on available site data, a diligent calibration and fine-tuning 

methodology through parametric investigations and a qualitative ranking system to normalise the 

associated measurement uncertainties proved to effectively reconcile conflicting data to fall in line 

with an overall calibration point. This methodology saw the Flownex model temperatures agreeing 

with the site measurement temperatures to within 1.537% at the eventual tuned C-factor of 1.2. 

The box and whisker plot further shows that 3 out of 5 temperatures agreed within the standard 

deviation of the measurements taken over the 1-hour period. The two model outlier temperatures 

were the FET and economiser flue gas exit temperature. The reasons for these two outliers have 

been outlined in section 4.4.  

The results of the uncontrolled transient simulations showed the realistic thermal inertia 

configuration’s pressure and level responses lagging the low inertia configuration thereby validating 

the importance of including all solid steel thermal masses in transient simulations. 

The goal of proving the ability of Flownex to emulate active control was realised through 
implementing the tuned dual pressure-level PID control system. The pressure controller successfully 

adjusted the fuel flow based on sensed changes in the evaporator pressure due to fuel quality and 

steam demand disturbances. The level-controller successfully sensed level fluctuations due to steam 
demand changes and its output adjusted the feedwater flow accordingly. Although there is no 

transient data to validate the active control, the TORRIPAC’s response shows similar behaviour to 

the transient fire-tube Flownex model with active control results as presented in Figure 12 of section 

2.6.4 from the study of P. Klein et al [1].  

With the sequential success of each of the above lower-level goals, the main objective of developing 

a robust, fully integrated dynamic whole boiler model for the 4 T/hr TORRIPAC unit complete with 

active control loops has been achieved. 

The thorough methodology employed has yielded a working model which is ready for use. Even in 

the absence of transient site data, the model can be used as is by John Thompson to investigate 

other transient operational scenarios and fine tune the model with new data sets and additional 

control loops to optimise the existing control philosophy. With further refinement and validation, 

John Thompson can structure the model to act as a TORRIPAC simulator complete with robust user 

controls and a human machine interface (HMI) within the Flownex simulation environment.   
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6.3 Recommendations for Future Work 

Future work could include the following: 

• Different thermodynamic correlations can be investigated to characterise the heat transfer 

in the evaporator by testing nucleate boiling correlations. 

• Detailed uncertainty analysis on site data measurements. 

• Validating convection effects and other complex phenomena inside the furnace through high 

fidelity 3-dimensional CFD modelling. This can better inform the furnace calibration of the 

Flownex model. 

• Conduct controlled transient testing on the TORRIPAC boiler to record data which can 

validate the dynamic Flownex model. This could include transient scenarios such as, boiler 

start-up, shut down, load changes and varying the fuel quality (i.e. moisture content). 

• Inclusion of boiler ancillary equipment such as pumps, fans, and valves coupled with models 
for the existing TORRIPAC control equipment including variable speed drives for the 

turbomachinery and the relevant sensors, triggers and alarms. Accurately capturing all 
equipment and the existing TORRIPAC control philosophy can then form the basis for control 

optimisation studies with the added benefit of creating a robust integrated simulator which 

can be used to train John Thompson boiler operators. 

• Inclusion of applicable secondary loss factors to the furnace water-wall pipe components to 
characterise the natural circulation flowrate. Validation of this natural circulation flowrate 

with CFD could follow. 
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Details (Parametric Studies) 

10% Grate Cooling Air – Radiation Only 

 

 

0.35, 89.56

0.45, 197.52

2.25, 557.87

2.90, 273.06

89.71

198.43

557.43

273.00

132.29

0
50

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950

1000
1050
1100
1150

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Te
m

pe
ra

tu
re

 [°
C]

C-Factor

Furnace Radiation Calibration : 10% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)
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Furnace Radiation Calibration : 10% Grate Cooling Air, Furnace Rad Only (e=0.6, g=0.000001, i.e. absorptivity=emissivity)
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad Only (e=0.8, g=1.5-->a=1)
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Furnace Radiation Calibration : 10% Grate Cooling Air, Furnace Rad Only (e=0.8, g=0.000001, i.e. absorptivity=emissivity)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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10% Grate Cooling Air – Radiation + Convection @10W/m2K 
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m^2K)
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Air Heater Exit (Air)
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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10% Grate Cooling Air – Radiation + Convection @15W/m2K 
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m^2K)
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Air Heater Exit (Air)
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
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Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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10% Grate Cooling Air – Radiation + Convection @20W/m2K 
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
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FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target

0.20, 89.70

0.25, 198.77

1.30, 560.17

1.70, 272.91

132.29

198.43

557.43

273.00

89.71

0
50

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950

1000
1050

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Te
m

pe
ra

tu
re

 [°
C]

C-Factor

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fg) Target
Air Heater Exit (Air) Target
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Firetube Exit (fg) Target
Economiser Exit (fw) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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10% Grate Cooling Air – Radiation + Convection @25W/m2K 
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m^2K)
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Air Heater Exit (Air)
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Air Heater Exit (Air) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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15% Grate Cooling Air – Radiation Only 
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Furnace Radiation Calibration : 15% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
T_econ_exit_fw
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Furnace Radiation Calibration : 15% Grate Cooling Air, Furnace Rad Only (e=0.6, g=0.000001, i.e. absorptivity=emissivity)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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15% Grate Cooling Air – Radiation + Convection @10 W/m2K 
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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15% Grate Cooling Air – Radiation + Convection @15 W/m2K 
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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15% Grate Cooling Air – Radiation + Convection @20 W/m2K 
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fg) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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15% Grate Cooling Air – Radiation + Convection @25 W/m2K 
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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20% Grate Cooling Air – Radiation Only 

 

 

20% Grate Cooling Air – Radiation + Convection @10 W/m2K 
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Furnace Radiation Calibration : 20% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration : 20% Grate Cooling Air, Furnace Rad Only (e=0.6, g=0.000001, i.e. absorptivity=emissivity)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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20% Grate Cooling Air – Radiation + Convection @15 W/m2K 
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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0.65, 197.99
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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20% Grate Cooling Air – Radiation + Convection @20 W/m2K 
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fg) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fw) Target
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=20W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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20% Grate Cooling Air – Radiation + Convection @25 W/m2K 
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
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Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=25W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target
T_econ_exit_fw
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25% Grate Cooling Air – Radiation Only 
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Furnace Radiation Calibration : 25% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
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25% Grate Cooling Air – Radiation + Convection @10 W/m2K 
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25% Grate Cooling Air – Radiation + Convection @15 W/m2K 
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Furnace Conv( h=15W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target



Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)  

284 

 

25% Grate Cooling Air – Radiation + Convection @20 W/m2K 
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Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m^2K)
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25% Grate Cooling Air – Radiation + Convection @25 W/m2K 
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Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m^2K)
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30% Grate Cooling Air – Radiation Only 
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Furnace Radiation Calibration : 30% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)
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30% Grate Cooling Air – Radiation + Convection @10 W/m2K 
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Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target

0.45, 89.8239079

1.40, 198.48

2.05, 272.78

89.71

198.43

557.43

273.00

132.29

1.60, 557.46

0
50

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950

1000
1050

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3

Te
m

pe
ra

tu
re

 [°
C]

C-Factor

Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=10W/m^2K)

Economiser Exit (fw)
Air Heater Exit (Air)
FET (fg)
Firetube Exit (fg)
Economiser Exit (fg)
Economiser Exit (fw) Target
Air Heater Exit (Air) Target
FET (fg) Target
Firetube Exit (fg) Target
Economiser Exit (fg) Target



Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)  

288 

 

30% Grate Cooling Air – Radiation + Convection @15 W/m2K 
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Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m^2K)
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30% Grate Cooling Air – Radiation + Convection @20 W/m2K 
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Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m^2K)
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30% Grate Cooling Air – Radiation + Convection @25 W/m2K 
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Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m^2K)
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40% Grate Cooling Air – Radiation + Convection @25 W/m2K 
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Furnace Radiation Calibration: 40% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) + 
Furnace Conv( h=25W/m^2K)
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