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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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Chapter 1. Introduction

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
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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:

e Develop simplified verifiable analytical models for each heat exchanger using Mathcad
software.

e 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.

e Develop a methodology to calibrate and fine tune the integrated whole boiler model using
site measurement data.

e 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.

e 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.
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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.
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Figure 3: 620 MWe pulverised coal-fired boiler general arrangement [5]
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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
guality 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.
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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 Il 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

Il 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.

" Steam collector
Box rams Furnace exit (flue gas)
(fuel feeder) .

Feedwater pump

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 (CAQ) 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 (HAO 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 COMBAO from a process modelling standpoint. l.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 (COMBAO).

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 (HAO to HA1) and preheat the feedwater in the economiser (STO 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.

Key

st,3| AH Air Heater
EC Economiser
sb Steam Drum
SH Superheater
CAV Cavity
AT Attemperator
FUR Furnace
AFT | Adiabatic Flame Temperature
ba Bottom Ash

F Fuel

EV Evaporator

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.
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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 (ICl 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 extendedtoa 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.

Steam outlet
Exhaust

Steam region

Fid pass

Smokebox

Smokebox

Furnace pass Water region

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.
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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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AP pV?
T 23

The gas radiation component employs the Leckner correlation which considers the partial pressures
of water (Pn20) and carbon dioxide (Pcoz) as well as the tube wall temperature (Tw), gas temperature
(Ts) and the mean beam length (Ly) 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].

k
h = 7fo, 023Re™® Pr’? (2.4)

The surface heat flux (q) and boiler shell side pressure (P,) 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.

de(l‘)
dt

Output(t):KPe(t)Jth'[ e(r)dr+KD (2.7)

t

0

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.
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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.

38



Chapter 2. Literature Review

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 (e-NTU) method is the preferred method for cases where
the temperatures are unknown and for rating of existing heat exchangers. e-NTU exist for very
specific geometries and flow regimes including parallel-flow, counter-flow and cross-flow. The
effectiveness (€) is a measure of how effectively a heat exchanger transfers heat (Q) in relation to

the maximum theoretically possible rate of heat transfer (Qmax) as shown in equation (3.1).

s=2 (3.1)
Qmax
where
dex = Cmin AT;nax °
C=m-c,
C_.. = minimum heat capacity of the two streams
AT . =maximum temperature difference between the two streams

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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vru =24 (3.2)

where :

U =Overall heat transfer coefﬁcient[ VZV }
mK
A = Heat transfer surface area [mz ]

c

min

. . . w
= Minimum heat capacity rate of the two fluid streams [E}

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, e-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. C: 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.

— Uz 0.78 (3 3)
&t ummived = 1~ €XP ——Ej——(exp[—cy~qu/ 1-1) .
1
8CF.Cminunmixedeaxmixed = (Fj ' (1 - eXp |:_Cr ’ (1 - eiNTU ):|) (34)
Ecr ... mived o unmived = 1~ €XP {_(CLJ . (1 —exp[-C, - NTU])} (3.5)

Finally, equation (3.6) is the &e-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.

-NTU

c=1-e (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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Nu = 7 Lotar (3.7)

where :

h = Local convective heat transfer coefficient { VZV }
L. = Characteristic length [m]

k = Thermal conductivity of the fluid {KK}
m

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 hy). 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).

U= ! (3.8)
1

wall T Rﬁml.z +——

1 2

where

: , . ‘K
R, = Thermalresistance due to fouling on side| { -

R

wall

2
= Wall thermal resistance [ mWK }

, , . ‘K
R,,., = Thermalresistance due to fouling on side 2 { ”

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).
ln[dojubej
d.
R , — i.tube (39)
" 2k, L

tube tube

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.

1
Nu, =0.22Re,”* ROS™" Pr? (3.10)

1
Nu, =0.38Re,"* ROS ™" Pr? (3.11)

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).

S4,
ROS — finned —tube (3 12)

bare—tube

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).

v, L v, .d
Rebundle — bundle™char pavg — Red“ B — bundle o,tubepavg (3 ) 13)
ll’lavg ’ luavg
SCOF = M- (3.14)

free flow

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.

m

Y far—field = - (3.15)
inlet Afarfﬁeld
Vbundle =V Sfar— field SCOF (3.16)

Vbundle™Vmax
A

Afree-ﬂow =Anmin

Atar-field=Amax

e T

Viar field= Vmin

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 (2.3-10° <Re <10%) [12].

(fj ’ (Redj.tube_looo) -Pr
Nu 8

’ 1+12.7-(f)0'5-(Pr§—1J
8

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

(3.17)

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].

-2
&
| a10g FD 4 251 .18
3.7 Re\/7
where,
& = surface roughness[m],

D = diameter|[m]

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.

-2

(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.
gD’
Gr= p(T.-T,) (3.20)

2
14

where,

2

g =gravitational acceleration {—}
s

D =diameter (characteristic length )[m]
2
v =kinematic viscosity {—}
s
. . 1
S = volume expansion coefficient ra
(T, —T,,) = temperature difference between surface and surrounding fluid

Ra, = GrPr (3.21)

For Rayleigh numbers in excess of 107, Churchill and Chu propose the Nusselt correlation as shown

in equation (3.22) as per [14].

1

Nu o6+ 0.387Ra’ : (3.22)

nat.conv
927
(0.559)16
1+
Pr

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).
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The final steps involve computing the number of transfer units as per equation (3.2), substituting it
into applicable e-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.

Flue gas
(incl. fly ash & unburnt carbon)
A

> A
<« Qe >

*AFT

&

|

Bottom Ash

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.

>Q’carbon loss
Q'
Q,mel »! ’rad loss
i >QBA.Ioss
Qlcombum > WhOIe\/Bciller ContrOI ’Qyunnaccounted loss
olume Q)
Qlcomb air FS ’FA loss
»Q fluegas
>(:'Yste.';lrrn

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.

X

C, participating

CX,HX,0X,NXS+X,,.,H0+X,
— X0, CO, + X N, + X, SO, + X, ;H,0+ X, 0, + Ash

0,+X

N, ,air

N, + Ash
(3.23)

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

i

moisture (H20), 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 (CO), Nitrogen (Nz), sulphur dioxide (SO3), water (H,0) 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).

. m fuel
= XM, — (3.24)

Sfirel

The actual air-fuel-ratio (AFR) can now be computed as per equation (3.25), where 1, _is the humid

is the as-received fuel mass flowrate.

air mass flowrate and 1 e

mair

AFR =

(3.25)
M el

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.

od,,(e,T,' —a,T,*) (3.26)

where,

4, =effectiveradiation area [mz ]

T,, =effective furnace wall temperature [ X |

&, =wallemissivity

a,, =effective gas and particle suspension absorptivity
&,, = effective gasand particle emissivity

T, =gas temperature[K ]

w
o = Stefan-Boltzmann constant {ﬁ]
mK
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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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L Z(pV)=0 (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 fis the Darcy-Weisbach friction factor and D is the hydraulic diameter of the
pipe/channel.

ot Oox Ox ox 2D

o(pv?
o(pr)  2(p7) o, LAl (3.28)

The energy conservation for 1-D flow expressed in terms of total enthalpy (4, = & +%V2 ) 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 PV is the mass fluxand #, + 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.

a(p(ho+gz)—p)+é‘(pV(ho+gZ)):QH_W (3.29)
at 6x

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].

5.
Adjust pressures to satisfy continuity

and updated massflows using updated pressures Repeat steps 1-6

rTTTT T T : A
v : :
1. 2. 3. R ‘@ 6. 4?‘@ 7*.
Guess initial . Sol mass, momentum Move to next
Calculate Check continuity olve nd ener ' ©
nodal [ fows| ] dal catisfied? 1 oy time step (*for
pressures mass ows noda @ energy conserved? <Yes>| transient
(AP-Q) continuity equation simulations)

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.

[=)charts and Lookup Tables . S
= Master Database

= Project Database

o Oowsaver = G i b

Torque Speed Curves
@ % scripting
&  Combustion

S ATProM Database ®  Custom Losses

#  Flow Distributors
= v Sobar #  Generic Charts
@ % scripting ® Heat Exchangers
. = Materials and Fluids
& Mixed Fluids
& O Fiow soivef = Pure Fluids

o [ serpting

= Master Database

Gases
Liquids
Specific Applications
®  Solids
Trace Elements
®  Two Phase Fluids

& Turbos and Pumps

M comp.. [chort. [Esohers [ Snaps I s

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.

Mixed Fluids - Coal fired flue gas.mfl

Gas Mixture | Liquid Mixture Two Phase Fluid and Gas Mixture | Particles and Liquid Mixture | Gas and Liquid Mixture

Gas Mixture

Available Selected

Gases - Air {ATProM Database} . |Gases-502[ATProM Database}

Particulates - Copy of Fly ash {ATProM Database} I Particulates - Fly ash {ATProM Database}
Particulates - Unburnt carbon-old {ATProM Database} Particulates - Unburnt carbon {ATProM Database}
Gases - Air {Master} - Gases - CO2 - Carbon Dioxide {Master}

Gases - Ar- Argon {Master} Gases - H20 - Water {Master}

Gases - C2H4 - Ethylene {Master} > Gases - N2-Nitrogen {Master}

Gases - C2H50H - Ethyl Alcohol {Master} Gases - NO - Nitric Oxide {Master}

Gases - C2H6 - Ethane {Master}

> Gases - 02 - Oxygen {Master}
Gases - C2H60 - Dimethyl Ether {Master}

Mixing Methods
Conductivity Wilke] y ‘
Viscosity fwilke] |

Background Fluid  Gases - N2- Nirogen {Master}

‘ OK ‘ Cancel Test Help

Figure 18: "Coal-fired flue gas" custom fluid in ATProM database
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The other constituents included are SO,, “Fly ash”, “Unburnt Carbon”, CO;, H,0, N2, NO, and O;. The
SO,, “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 kJ/kg.K with all other properties fixed as per the original AISI-1010 steel.

Solids - Read Only - Carbon Steel - AISI 1010.sol Solids - Carbon Steel - Low Inertia.sol
Type Type: © Buk
() Particles
Density Constant 7832  kg/m*
Cross Script Polynomial 1
Conductivity Script Polynomial 1
Specific Heat Constant 1E-06  kJ/kgK
kP Youngs Modulus Constant 206000000 kPa
Poisson's Ratio Constant 029
’ R T o fi [ [ St

Figure 19: Carbon steel — AlSI 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.

Economiser network on "Drawing Page 1"

flue gas out (EC)
flue gas in (EC)

) (%] %
T P Roce- T2 Cop/2) e g ot 5 Integrated Network on "Drawing Page 3"
St prssre 0932218
ME ﬂ\ Totl temperaure: 153091 °C
v i flue gas out (EC)

water out (EC) water in (EC)

v LI.«Q— 4'!""-LI.« P \L

A > Node 1Z(opnyUZ‘,Hutgﬂsourﬁ(\

S 2 e,
ol empeatre: 15309 C )
Mass sou e Ok air out (AH'
Air Heater network on "Drawing Page 2" Swirl: 0 m*/s
air in (AH) air out (AH) t { (EC ter in (EC WV b
water ou water in
W s.—»‘—»—»‘—n—b‘—u» €0 €0
rl\ V (——>| ECONOMISER [—> ¢ AIR HEATER
& air in (AH)
M
flue gas out (EC)
flue gas out (AH) 3 V b
Il % A % . {94 - flue gaé“m (EC) quegas\tut (AH)
et v Ve

Static pressure: 909322 kPa

&

Total temperature: 153.091 °C
Mass source: 0 ka/s
M Swirl: 0 m?/s

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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-~ General
Identifier Excel Workbook - 1
Solving [ ]
Deseription

= Steady State Behaviour

Exgcute before steady state  No _|
Execute during steady state  No |
Exgcute after steady state No -

- Excel
Waorkbook name Waorkbook (2).xdsx ¢
Inputs Click here to edit and re.. ...
Outputs Click here to edit and re.. ...

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.

Quick Seript - 2 Seipt -3

2 cr

Quick Script - 2 (Quick Script) X Script - 3 (Script) o x

= General | Veriables 5 :
Identifier Quick Script - 2 Name Displayliame Category  Type Unit Usage Seript - 3
Joldng a » Input Example Inp... | Double Hone Input Solving
Descripton Description

- Steady State Behaviour - Steady State Behaviour
Execute before ste... Yes Execute bef... | Ho ~
Execute during ste... No Execute duri... | Ho ~
Execte after stea... No Exeate afte... Ho [~]

- Script = Script

public override void Gleamup()

Re... |Double Hone Result

mple Re... |Double Hone Result

| [<I<I<]

¢ v ]
Repostory srpt Click here to saleet... Repository s... | Click here to ..
= seript i i ety =) Script P
| Seript Inputs = Seript L =
= Example Inputs Input 0
Input 0 Ouput | ©
=~ Example Results

Seript function text (Time, TimeStep and Froject variables
Sine h.Sin(Ti

id ExecuteBeforesteadyState ()

public ecuteSteadyState()

Description Lne  Column Description

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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— General
Identifier DataTransferLink - 12

Solving a ,!x
Description T p
- Steady State Behaviour . H i
Transfer before/after eac... | Yes w .-—-){C} i 9
= Transient Behaviour : e H Y’
Transfer before/after eac... No w i !
i W M
- Properties i
= TQF:]rty associations |: L_’? »
i
From Inputs.[0].Value i i
H
Io dPressure ! i

| Factor 1 | : -
Reverce Transfe M : o —— Ig
I Constant 0 I u

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.

itivity Analysis C o a %

Configuration Runner
Sensitivity Analysis
Deascription M.. SolveSteadyState SolveTransient TranslentTime (s)  Designer Name Snap Name  Scenario Name

Calibration 4.3.1 115 True False o

Input Variables Results

Component and Property Mominal Value Low Value HighValue  Unit  Monte Carlo Di.. Parametric Parametric Runs Companent and Prope

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.

Actions Setup ] x
SCenario Action Trigger Stop Trigger Target ValuaType Valua A
Pressure Conltrol (fw flow fixed) 0 Never
- Fix fw mass flow 0 Never [COMPONENT ... BOOL Fixed
= Autn pressure control 300 MNever [COMPOMNENT ... CONSTANT 1
|— Set-point up 600 Mever {COMPONENT ... CONSTANT 3000
i Set-point down 1200 Never [COMPOMNENT ... CONSTANT 2730
— Set-point up 2400 Mever {COMPOMNENT... COMSTANT 3000

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).

Output(t)=P,,+1,,+D,, (3.30)

out

All the controller parameters as well as the expressions for the proportional, integral and differential

terms are illustrated in Figure 26.

= General
Identifier Simple PID - 2
Description
Solving
- Configuration
Reverse Acting No V] ])oul = Kp X e(t)
Max Derivative 10
Execution Number o f
- Connectable Inputs =
=/ Controller \u'aIuI:lsl 10"' K’ J‘ € ( T) dT
= o 0
s 0 High Output Limit —t our
Manual Value ] g P il | |" D{;m = KI) —e(t)
Qutput tgh L 100 Process Value —{ PV | dt
Output Low Limit 0 Set Point—| SP \FP ouT| — Output(l‘) = P(m, + ]W, + D(m,
= Gains ITYR
Propertional Gain Manual Value—{MV
Integral Gain o1 Low Output Limit—{coufele[z
Differential Gain L]
— Mode . 7 7 7
Auto/Manual {Auto = 1) 0 KD ° leferentla_l galn
- Connectable Outputs L K; : Integral gain
S - Kp : Proportional gai
i el p - portional gain

Error Value
Proportional Term
Derivative Term
Intagral Term

olele|e

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
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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.

Flow Resistanca

—> 0 —

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).

AR, =%(%j|j:%+/og& (3.31)
where :
f = Friction factor,
L = Length[m]of the pipe,
D = Inside diameter [m] of the pipe,
P = Fluid density[ kg/m’ |,
1 = Mass flowrate[ kg /s],
A = Flow area [mz ] ,
g = Gravitational acceleration constant and,

Az = z,— z; = Height difference between the inlet and outlet.
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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:

|m|m + pgAz (3.32)
0T 4, TPE :
Ay Ay - 4,
With:
1 1

- = (ﬁj—z (3.33)

A,-A4,-4, \D)2p4
Where:
4, = Flow admittance,
A, = Admittance scaling factor,
4, = Opening.

While for the case of highly turbulent flow with changing fluid density, (3.31) becomes:

il pene (3.34)
-————+pg :
0 pA; A, A,
With
1 ) 1
A A A {3}2# (3.35)
7 Ay Ay

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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Boundary Condition - 3 Copy(002) (Bounda... X
(5124
—| General
Identifier Boundary Condition - 3 Copy(002)
Description Node - 10 Copy(001) (Node) X
Solving .
~ Boundary Conditions [El]24
Steady state only I |~ General
Pressure boundary condition Fixed on user total value _| Identifier Node - 10 Copy(001)
Pressure 101.325 kPa |~ | Solving
Temperature boundary condit... Fixed on user value _’_l Description CA Inlet
Temperature 35.143 eC _| — Fluids
—| Mass Fraction Fluid data reference Coal fired flue gas| Flue gas (Mi...
Specify mass fraction Yes ~] T P CAlnlet | - poundary Conditions
=| Mass fractions 1 . Elevation 0 m _|
s02 0 ME f:* L -~ Geometry =
Fly ash 0 L ..‘4', Geometry specification Mot specified [ |
Unburnt carbon 0 = Heat Transfer
€02 - Carbon Dioxide 0 Heat input 0 kw __l
2 - Nitroge = Radial Pressure Gradient
NO - Nitric Oxide o Radial pressure boundary condi... Mo _-_l
2 y 1 |l@ Inputs
Steady-state continuity option Calculate mass source _l
- Flow S /Reference Condith i & Results
Specify source/reference con... No v
|E_J Inputs
‘,‘ Resulls

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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Two Phase Tank - 13 (Two Phase Tank) o x
Elj2¢

Geometry
Geometry option Specify volume -
Vessel shape Cylindrical horizontal 1v] Exxit 1
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Diameter 0.3 m[v]
Cylinder has endcaps No ~]
=] Connection Geometry

Connection specification Specify height fraction 2]

=] Connections Click here to edit and remo......

= (o)
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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).

3

;

Inlet streams with
possible qualities
between 0 and 1

AN

1

:)4

L

Qutlet streams
extracting liquid,
gas or mixture

/

2

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].

Pipe

—> 0 —C

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.

= Welded Steel tubes

New or old, but in good condition, welded or riveted joints 40 70 100

M4 » »] Roughness

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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ASME B36.10M I
Welded and Seamless Wrought Steel Pipe

Click on blue cells to select schedule and press OK to confirm
Table 1 Dimensions and Weights of Welded and Seamless Wrought Steel Pipe

Customary Units Itentification Sl Units
[Standard (STD),

NPS Outside Wall Plain End Extra Strong (X5) or Schedule DN Outside Wall Plain End
Diameter Thickness Wieght Double Extra String No. Diameter Thickness Mass
[Note 1] in. in. Ib/ft (xxs)l [Note 2] mm mm kg/m
1/8 0.405 0.19 10 6 10.3 0.28
1/8 0.405 0.21 30 6 10.3 0.32
1/8 0.405 0.24 STD 40 6 10.3 0.37
1/8 0.405 0.31 X5 80 6 10.3 0.47

M 4 ¥ M ASME B36.10M (ASME B36.19M [ 1SO & SANS 4427-2 /1S0 4200 SANS 62-1 | SANS 719 | SANS 9¢

Cancel o
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.

Finned-Tube Heat Exchanger
(Primary Side/Fin Side)

--- > B>

==l --->

Finned-Tube Heat Exchanger
(Secondary Side/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.

Tube passes

Tube pass length

Fin side outlet

Tube rows

Width

Fin side inlet

[ Tube side inlet

Tube side outlet

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].

Fluid path length Ax
Heat exchanger element
Fin side flow

2N\

T =/l |||| —:

e 3

Fin increments

~opi—— 4 J

Tube side flow

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.

Passes =2 Passes =2 Counter flow Parallel flow

Parallel circuits =3 Parallel circuits =1
Tube Rows=1 Tube Rows =3 /\ ﬁ
AN ) )

Fin side flow Fin side flow
/\ / ol — ~alf—
ﬁ Fin side flow

Fin side flow — e— eg—
—

- — P |
~l—

——
et— — e—

— — <

Tube side flow

Tube side flow Tube side flow Tube side flow
Figure 37: Finned-Tube Heat Exchanger tube Figure 38: Finned-Tube Heat Exchanger overall Flow
arrangement convention, Schematic taken from Flownex regime convention, Schematic taken from Flownex
Library Manual [18] 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.

L L-.l Convection - 29 (Convection) Properties ¥
Bl
= General
Identifier Convection - 29
Description Convection
Convection Convection Solving

= Upstream Entity

~| Downstream Entity
‘ . ‘ . —rm
Heat transfer area |

Area specification Specify area [+]
Surface area 0 m2 m
Heat Transfer
—| Convection Coefficient Specifica..

—| Convection

Convection coefficient option Constant h iTI

h Constant h

L.- L_’? _.‘L.-: Fin efficiency Calculate h
Fouling factor Seript defined h
Node-to-Node Node-to-Element
Convection (Pipe) Convection

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.
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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.

.| Composite Heat Transfer - 1 Copy(001) (Co... — O X Fire Tubes
24
— Conduction
Use overall heat fraction No X
Conduction areas Use upstream pipe areas W . PIDE
=|Layers Click here to edit and remo... ... (FIFE TUbESJ
=] [0]
Description
~|Geometry
Thickness in element ... 4.06 mm
Number of nodes 2
~| Material Data
Material option Select from data reference
Material major condu... Parallel
Material Carbon Steel - AISI 1010| Met...
Area discretization scheme Standard (average areas) m
— Configuration
Heat transfer grading factor 1
Order of discretization Second order
—| Convection Radiation And Wall Flux
=/ Upstream
=] Configuration
Heat transfer option Convection EVAP
—=| Convection
Convection area option Use area as specified in cn...
Convection coefficient op... Calculate h
Convection coefficient co... Tube inside (Gnielinski)
Temperature differencin... Average temperature differ..[ v | v CHT
Fin efficiency 1 0-1
Fouling factor 0 m2.K/W
Cross flow area option Use cross area from flow el._
Hydraulic diameter option ~ Specify hydraulic diameter
Hydraulic diameter 42.68 mm
Porosity option Use porosity from flow ele...
Tube roughness option Obtain from flow compnnent
+| Nu_ref = C.((f/8).(Re-1000).Pr)/(1+12.7.(f/8)~1/2.(Fr~...
Zero flow Nusselt number 4
Zero flow Reynolds num... 0
Laminar Nusselt number  4.364
+| Nu = Nu_ref.(mu/mu_w)"e.(rho_w/rho)~f.(c_p_avg/c_...
(—| Downstream
—| Configuration
Heat transfer option Convection
—| Convection
Convection area option Use area as specified in co...
Convection coefficient op... Constant h
h 958.142 W/mz.K " Two-Phase Tank
Temperature differencin... Average temperature dif‘fer.. | (E\IAPU RATO F"J
Fin efficiency 1 0-1
Fouling factor 0 m2.K/kW

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].

Ot =0A(8,T,' ~, T, ") (3.36)
where,
A =surfacearea[m?]
&, =fluid emissivity[-]-calculated at the existing gas temperature
T, =fluid temperature[K]
a, =fluid absorptivity[K]-calculated at the wall temperature

1,, =wall temperature[K ]

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

(g”) which now includes a radiation correction/scaling factor (C) as seen in equation (3.38).

de,net = Aq" (337)
where,

&

w

[1—(1-gw).(1—af)]'[gf

Note that in this configuration for a user specified fluid emissivity, the fluid absorptivity is calculated

q"=Co T'-a,T, ] (3.38)

“u_n

as per equation (3.39) with the user being required to specify the exponent “g”.

A (3.39)
o, =& —_— .
A f TW

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.

& <a,<l1 (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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Fluid Radistion
fg3 - Rad Extract Rad Mode

T

Fluid Radiation - 1 Copy(001) (Fluid Radiatio... — o x
Elj24
- Generai
Identifier Fluid Radiation - 1 Copy(001)
Description Direct Radiation
Solving
~| Upstream Entity

Description Node - 14 Copy(001)
Type Flownex.Components.Node
—| Downstream Entity
Description Node - Rad Copy(001
Type Flownex.Components.Node
A: Projected area

= t transfer area
Area specification Specify area \Zl of furnace (fixed) [ . 4]
Surface area 56.4156 m2 \zl . . | Eply -a,l,
=] Raschation Daia g": Heat Flux »q =C [1-(1-¢,)(1-a,)]
=lq" = C.o.e_w/(1-(1-g_w).(1-a_f)).(_f.T_f~4 - a_f.T_w~4) C: Effective view
C 12 factor (calibration)
Surface emissivity 1 Wall emissivity
Emissivity/Absorptivity selection = Specify \Z' (fixed)
—| Emissivity Fluid emissivity
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—la_f/e_f = (T_fiT_w)~g (calculated) ar=é; [1_]
g 1E-06 1 g: Absorptivity "
specification
lEJ Inputs }

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
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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 7, , fin height 7, , fin width w_ andfinslit 5 . 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 P, is the spacing between successive fins on a
single tube, while the longitudinal pitch s, and transverse pitch s, refers to the tube arrangement

relative to the cross-flow fluid direction of the flue gas.

Viree flow] Vmax
Wen Anin=Free flow area between finned-tubes

\/\\/w

_
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"H-type" ﬁn geometry

tlubxe ST A E
S— free.flow é
otube
Far field area and free flow area
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Section normal to dlrectlon of
flue gas flow
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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

d as the characteristic length.

o,tube

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 e-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 e-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.
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Figure 47: Discretised air heater
Figure 46: Air heater general arrangement arrangement — air flow (0-3) and flue

gas flow (A-D)
Hanin 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 Hux 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 €-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.

Feedwater w\\

Inlet \

Firetubes x 116 (single pass)

Natural
Circulation Inlet

,shell

o~| Fluegas
Inlet (FET)

Fluegas
Exit

Natural
Circulation Exit

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/m?K, compared to 1509.048 W/m?K
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 e-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.
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Calculate fluegas
inlet temperature

Calculate tube wall
temperature

%error between
guessed and

%error between
guessed and

calculated calculated
<0.01% <0.01%
} No I ‘ Yes I | Yes | No [

—

Converged
Analytical Solution

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.

o G . Saturated
_— team Collector Man od—\ Mixture to

) m ,__Evaporator
(@ A [ I f M
T —

Furnace
Water-cooled
Furnace

Fluegas
(including fly

ash and unburnt
carban)

it Fluegas sent
through the
firetubes of the
evaporator

Saturated
;:,‘ _ Liquid from
O A—— Downcomer

Front Wall Sectional Right View

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.

Flue gas
(incl. fly ash & unburnt carbon)
A

> 4«

<+ Qleomp >
" AFT

&

Air
Heater v
Bottom Ash

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).

m_ﬁtelh_ﬁ:el (Tﬁlel ) + mcomb,airhcomb,air (T;omb,air ) + mﬁtelCVﬁtel

(4.1)
= mfg,ne:hfg (TAFT ) + g hy, (TAFT ) + g, hy, (TAFT ) + 1y, HHV .

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-

83



Chapter 4. Model Development & Verification

hand side (71, 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, O, H,0 and SO». 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 kl/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).
L (Tfuez) = Chial (]}uel _T;’ef,ZS"C) (4.2)
hs (TFA) = Cr (TFA _Tref,zs°c) (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.

Flue gas mass flow 6984.000 kg/h Inputs (via data transfer links)
- Inlet finside fluid properties (from inlet node)
frmemimem e Inlet Fluid Props | _ _ _ ___._._. . | Outlet finside fluid properties (from outlet node)
i (o QuickScript) i |- Finside fluid mass flowrate (from Finned Tube Heat Exchanger-Fin Side)

FinSide Inputs (to FinSide) & Inputs (User) - Geometry and Arrangement

P -"-'l Mass Flowrate (to QuickScript) ]'- i

i
:
H
T: i - Overall heat exchanger dimensions
[ ! P - Fin dimensions, fin arrangement/pitch
909.325kPa | :) \:{ :) - Tube dimensions, tube pitches, tube arrangement - rows/passes/parralel circuits
'
i I | 143.655 °C Script outputs to Finside inputs

230.000°C ‘- - Heat transfer area (fins+tubes)

- Area ratio

i
‘
i
i
l
i
l
] i
Outlet Fluid Props QU'““EC” - Fluid volume

T m e ————————

(to QuickSeript) [~ o i |- Fluid path length [*]
i |- Number of increments
(E:!ﬁ‘ ECON (1)752];2584 kW . - Inlet Area (and area ratio)
ectiveness s = - Outlet Area (and area ratio)
uveside - Mass (fins+tube material)
Geon}fol'?rﬁﬁgsa,';ge?mem - Tube wall thickness
- Heat transfer coefficient
- Fin efficiency
116.828 °C ‘1— 80.000 °C
T Script outputs to Tubeside inputs
p} - Number of parallel circuits
3337.325 kPa - Number of passes
Feedwater mass flow 4000 000 kgh - Tube rows
. - Tube ID
Tube Side (Feedwater) - Total tube pass length (approx height x passes)

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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Finned-Tube Heat Exchanger - Fin Side - 0 C... o x - Finned-Tube Heat Exchanger - Tube Side - 4...
(224 (=84
-| General . ~| General
Identifier Finned-Tube Heat Exchanger -... Identifier Finned-Tube Heat Exchanger -...
Description Description
Solving [-] Solving a
Fluid data reference Fluid data reference H20 - Water| General (Two P...
—| Spedification ~| Tube (Secondary) Side Geometry
Specification option General Specification |z| bei rallel circuits 1
~| Fin (Primary) Sile Geometry l 14
Flow Direction Counter ~ |
Heat transfer area m \Z| m[+~]
Area ratio 7 Tota m[~]
Fluid volume 1.1 ms [+~] - Losses
Fluid path length 1.5 m ‘z‘ =| Primary Losses
Number of increments 1 Primary loss type Darcy Weishach [~]
=/ Inlet Roughness option Select from database I~
Area 0.945 m E| Roughness selection Seamless steel tubes - Ne... ...
Area ratio 0.575383 Roughness X m [~]
—| Dutlet —|Secondary Losses
Area 0.945 m? [v] K actual inlet 0
Area ratio 0.575383 K actual outiet o
= Material Data ~ Heat Transfer
Material option Select from data reference |~ | ~| Convection Coefficient Spe...
Mass 1282.55 g|v ~| Convection
wall thickness 6 m[v] Corwection coefficient op... Calculate h |
Material selection Carbon Steel - AIST 1010] Met. Convection coefficient co... Tube inside (Gnielinski) \L'l
-| Losses Fin efficiency 1 0-1 [~
—| Primary Lasses Fouling factor 0 me.Kfkw |~ |
Primary loss type Specify friction factor E| Tube roughness option Obtain from flow cnmpnnsntE|
Friction factor 0.04 -+ Nu_ref = C.((F/8).(Re-1000).Pr)/(1+12.7.(F/8)"1/2.(Pr*...
—| Secondary Losses Zero flow Nusselt number 4
Using advanced model No El Zero flow Reynolds num... 0
= Heat Transfer Laminar Nusselt number  4.364
=| Convection Coefficient Spe... +| Wu = Nu_ref.(mu/mu_w)"e.(rho_wirho)*f.(c_p_ava/c_...
= Convection +| Two Phase Heat Transfer Scaling Factors
Convection coefficient op... Constant h ~| - Fxed Options .
h 26,5126 fimz.K | v Fixed mass flow E
Fin efficiency 1955 1w Prevent flow reversal [&5]
Fouling factor 0 mEKW |~ | —| Advanced v
l@ Inputs | | Inputs ‘
& Resuls & Resulis

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.

Inlet Header

Passes =2 Passes =2
(feedwater)
Nows =6 1 x Parallel Circuit Parallel circuits =3 Parallel circuits =1
.......... Tube Rows =1 Tube Rows =3
)
-
3
" - Fin side flow
g R [ N
z )
— -
Lie i | -
I 1 Fubgalot | 1 TTTTT T 1ehubgaslelon [ TTTTTTT
Wecon 7777777 V
Outlet Header
(feedwater)
1 Parallel Circuit x 6 Tube Rows = 6 Pipes Per Pass Tube side fow Tube side fow
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).

Parallel flow

A M M M M M Counter flow
= ) A
== Fin side flow Fin side flow
— eotf—

~— Fin Side Flow — —
—
£ —et— p—

U \J UV U \/l L [ ———g Eee——— ]

Tube Side Flow v

Figure 59: TORRIPAC economiser assembly flipped 90

degrees to show counter-flow regime

Tube side flow

Tube side flow

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

Flue gas Water
Analytical Flownex 1 Flownex 2
MCR ; v ) (flue gas MCR Analytical Flownex 1 Flownex 2
(air props) (air props)
props)

Parameter Unit  Value Value Value Value Parameter Unit Value Value Value Value
Mass flow* kg/s  1.94 1.94 1.94 1.94 Mass flow* kg/s 1.11 1.11 1.11 1.11
Inlet temperature* K 503.15 503.15 503.15 503.15 Inlet temperature* K 353.15 353.15 353.15 353.15
Inlet pressure*  [kPa(a) 909.33  909.33 909.33 909.33 Inlet pressure* kPa(a) 3337.33 3337.33 3337.33 3337.33
Exit temperature K 427.15 418.78 416.81 429.31 Exit temperature K 391.15 389.14 389.98 392.59
Exit pressure kPa(a) 1008.33 909.32 909.32 909.32 Exit pressure kPa(a) 3284.33 3336.54 3336.54 3336.54
Heat TransferRate | kW 177.69 168.19 172.18 184.46 Heat Transfer Rate | kW 177.64 168.19 172.18 184.46

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.
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= Mass Fraction

Spedcify mass fraction Yes

=| Mass fractions 1
S02 2.1739E-19
Fly ash 0.000982234
Unburnt carbon 0.00112597
€02 - Carbon Dioxide 0.111231
N2 - Nitrogen 0.60349
NO - Nitric Oxade 0
02 - Oxygen 0.0437381
H20 - Water 0.239433

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 (H,0) 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 ~ Table 3: Economiser water exit temperature [K] %error

pairwise comparison pairwise comparison
Analytical ‘ Flownex 1 ‘ Flownex 2 ‘ MCR Analytical ‘ Flownex 1 ‘ Flownex 2 ‘ MCR
Analytical 0.47% -2.45% -1.96% Analytical -0.22%  -0.88%  -0.51%
Flownex 1| -0.47% -2.91% -2.42% Flownex 1| 0.22% -0.67% -0.30%
Flownex2| 2.52% 3.00% 0.51% Flownex2| 0.89% 0.67% 0.37%
MCR 2.00% 2.48% -0.50% MCR 0.52% 0.30% -0.37%

Table 4: Economiser heat transfer rate [kW] %error pairwise comparison
Analytical \ Flownex 1 \ Flownex 2 \ MCR

Analytical -2.32% -8.82% -5.35%
Flownex1| 2.37% -6.65% -3.10%
Flownex2 | 9.67% 7.13% 3.81%

MCR 5.65% 3.20% -3.67%

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
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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.

N =3
parallel circuits ' Hﬁé'g'a's' f
*( Yy < lllu&ﬂﬁw&l”
Combustion B s Combustion |
Air In GOOOOOOOOOOOOOS Air Out ®
(HX1) cepesoetecoevee (HX1) 5 Combustion
PODDPDPIODDDDD DD z HX3 Air Outlet
DAH =
<<
HX2 T
j==i A fan)
= I = _
—ien 8 — Combustion |
”>< g | Airinlet HX1
T z =
- as)

”Hu'e' ' 'a's'ébhé{l
30 Parallel Circuits x 4 Tube Rows = 120 Pipes Per Pass HHRHRE

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 (“QuickScriptl”,

“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.

Fin Side (Air) [QuickScrpt

Airmass flow  5390.000 kg/h Inputs (User) - Geometry and Arrangement

ANN

QuickScript1 ,—"‘

£
101325kPa = @
Jf

QuickScripto
-~ ! ",
Oulckécrlplz

@

A AR

f‘

"—\_ QulckScnplS

@\

- Overall heal exchanger dimensions
- Fin dimensions, fin arrangement/pitch
|- Tube dimensions, tube pitches, tube amangement - rows/passes/pamalel circuits

[Script outputs to QuickScriptl, QuickScript2, & QuickScript3
- Overall Sub-HX dimensions

- Fin dimensions, fin arrangement/pitch

- Tube dimensions, tube pitches, tube amrangement - rows/passes/pamalel circuits
- Fluid volume (per sub-HX)

- Fluid path length {per sub-HX)

- Total inside tube surface area (per sub HX)

- Total outside tube surface area (per sub-HX)

|- Inlet Area (and area ratio) per sub-HX

|- Outlet Area (and area ratio) per-sub-HX

- Area ratio (outside to inside surface area) per sub-HX

- Ratio of Surfaces (ROS) per sub-HX

- Straightened cross-section of flow (SCOF) per sub-HX
- Mass (fins+tube matenal)

|- Fin efficiency (unity) - per sub-HX

QuickSerplT, QuickSenpl2, & QuickScripl3

7TODD°C‘ . . . 182.778°C

236220 kW Inputs {via dala transfer links)

- Inputs as per the outputs from QuicKScnpt0

- Inlet finside fluid properties (from inlet nodes)

- Outlet finside fluid properties (from outlet nodes)

- Finside fluid mass flowrale (from Finned Tube Heat Exchanger-Fin Side)

QuickScriptd QdotTot

2

221.340°C

HX1

e e Tl

6984 000 kgh

HX2 HX3

Script outputs to Finside inputs for each Finned-Tube Heat Exchanger
- Total Extemnal fube surface area

- Area ratio (oulside 1o inside surface area)
- Fluid volume (gas volume)

- Fluid path length

- Inlet Area (and area ratio)

- Outlet Area (and area ratio)

- Total mass of tube material

- Tube wall thickness

- Heat transfer coefficient

- Fin efficiency (unity)

(._*3—?

Flue gas mass flow l"'j 791.325kPa

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

Air Flue gas
’ Flownex 2
MCR Analytical Flownex 1 Flownex 2 MCR Apalytlcal Flpwnex ! (flue gas
(air props) (air props)
props)
Parameter Unit Value Value Value Value Parameter Unit Value Value Value Value
Mass flow* kg/s 1.497  1.497 1.497 1.497 Mass flow* kg/s 1.94 1.94 1.94 1.94

Inlettemperature* | K  300.15 300.15 300.15  300.15 |Inlet temperature* K 611.15 611.15 611.15 611.15
Inlet pressure*  |kPa(a) 101.33 101.33 101.33  101.33 Inlet pressure* kPa(a)  791.33 791.33 791.33 791.33
Exit temperature K 470.15 455.52 455.93  471.29 | Exittemperature K 503.15 494.81 494.49 507.70
Exit pressure kPa(a) TBD 101.08 101.08  101.08 Exit pressure kPa(a)  909.33 791.32 791.32 791.32
Heat TransferRate | kW 257.95 235.52  236.22  259.76 | Heat Transfer Rate kW 257.67 235.52 236.22 259.76

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.
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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 Table 7: Air heater flue gas exit temperature [K] %error
comparison pairwise comparison
Analytical | Flownex 1 ‘ Flownex 2 ‘ MCR Analytical \ Flownex 1 | Flownex 2 \ MCR
Analytical -0.09% -3.35% -3.11% Analytical 0.06% -2.54%  -1.66%
Flownex1 [ 0.09% -3.26%  -3.02% Flownex1 | -0.06% -2.60% -1.72%
Flownex?2 | 3.46% 3.37% 0.24% Flownex2 | 2.61% 2.67% 0.90%
MCR 3.21% 3.12% -0.24% MCR 1.69% 1.75% -0.90%

Table 8: Air heater heat transfer rate [kKW] %error pairwise comparison
Analytical | Flownex 1| Flownex2 | MCR

Analytical -0.30% -9.33% -8.70%
Flownex1| 0.30% -9.06% -8.42%

Flownex 2 9.97% 0.70%
MCR 9.52% 9.20% -0.70%

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,
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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.
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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 tankis 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 Figure 67: First three entries for Figure 68: Right view visual
shape (modelled in SolidWorks) Polygon Table of Two-Phase Tank in representation of Flownex Polygon
Flownex 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).

psaLvap Vsat.vap.Sworks

Quality = (4.4)

Psat.vap Vsat.vap.Sworks * Psariiq I/sat.liq.Sworks
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.
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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.
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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.
Pipe - 4 Copy(D01) (Pipe) Properties o x
G54
- General
Identifier Pipe - 4 Copy(D01)
Description Dowencomer
a
—| Connected Nodes
—| Fuids
Fluid data reference H20 - Water| General (Two Ph...
— Geometry
Geometry option Specify schedule =]
Database DN: 150 Schedule: 40 STD ...
vall thickness (from .00711 m[~]
Frofile option Specify length ||
Length 3927 mm | v |
=|Inlet
Diamete: m|v|
= Losses
—|Primary Losses
Primary loss type Darcy Weisbach |;|
Roughness option Selact from database ]
Roughness selection Welded Steel tubes - New or.. ...
+| Secondary Losses
~| Discretisation
Number of increments 1
Number in parallel 2
- Orifice
Orifice diameter ratio 1
~ Heat Transfer
Heat option Fixed heat transfer [~]
Heat input ] KW [~ |
= Heat Distribution Curve
Use heat distribution curve No |;i
= Transient and Water Hammer Related Inputs
wall opbion Elastic ]
Youngs Modulus option Specify Youngs Modulus |L|
Youngs Modulus ] kPa | v |
Restraint coefficient option Calculate |;'|
Restraint type Rigid pipe [~]
L Poisson's ratio 1]
e
@ Inputs
‘&’ Results

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 Om (i.e.
bottom of evaporator) such that saturated liquid is extracted from the bottom of the drum to enter

the natural circulation loop.

Two Phase Tank - 28 Copy(D01) (Two Phas... o x
=24
—|Connection Geometry
Connection specification Specify height >
=| Connections Click here to edit and remo... ...
=] [0]
—| Connection
Spedify Yes v
Height 1.856 m :_
=] [1)
—| Connection
Specify Yes _
Height 1.856 m _-
=] [2]
=| Connection
Specify Yes i__\__:
Height 0 m ,__
= [3]
=|Connection
Specify Yes
Height 0,928 m[+]
=
|||__==] Inputs |
{'”- Results

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. l.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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Composite Heat Transfer - 1 Copy(010) (Composite ... a x
]34
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‘{l{ ‘{!(
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Cross flow area option Use cross area from flow el. |:|
Hydraulic diameter option Specify hydraulic diameter |~ |
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&‘ Results

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.

3100.354 kPa
-4000.000 kg'h Quality 0.00345 118.000 *C
8.82%0 ars) & EEm
SteaT/Exit Feedwgteriniet Using Air properties for Fluegas
- M45535°C -6384.000 kg/h
— ?,_ P B07.152 kPa o
9 Fire Tubes ln-;)
Top of TP Tank 8723m I M ]

18
h 4
 y
¢

Evaporator Shelland Staybas

i

! !
b 5he||+é.ta

v

—————— -). 3

Matrural Convection HT Coeficient Script ‘ ] L
(g S— -G | g

A CirculstionRate  1.000 i @“

Bottomn of TP Tank

T
=]
&
=i
3

Hest input 1240126 k! EViap

Watehwalls

Boundary Cenditions Two Phase Tank Results: Average surface temperature 245760 °C
Elevations Total pressure 3101.325 kPa Convection heat transfer 1321.852 kW
Gauge pressure (static) 3000.000 kPa Qtot 2561 97T K
Total temperature 235703 °C
Verification Results Quality 0.00344818235 h_fg 58.432 Wim? K
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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

Flue gas Water + wall + heat transfer rates
. Flownex 2
MCR Ar‘1alyt|cal Flf)wnex 1 (flue gas MCR Analytical Flownex 1 Flownex
(air props)  (air props) 2
props)

Parameter Unit  Value Value Value Value Parameter Unit Value Value Value Value

Mass flow* kg/s 1.94 1.94 1.94 1.94 Mass flow* kg/s  1.11 1.11 1.11 1.11
Exit temperature** K  611.15 611.15 611.49 622.27 Wall temeperature K / 518.81 518.79 520.53

Evaporator heat
transfer rate

Waterwall heat

Exit pressure* kPa(a) 791.33 791.33 807.09 807.09 kW / 1327.06 1323.13 1636.34

Inlet temperature** | K / 121924  1219.24  1219.24 KW /123479 1238.85 925.64
transfer rate
*% (00,
Intet pressure**(2% | ooy 807.15  807.15  807.15 |cClaLnheattransferrate) . o5e 4 056184 2561.98 2561.98
drop) (waterwall+evap)

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”.
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%error pairwise comparison
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Table 11: Evaporator fire-tube wall temperature [K]

%error pairwise comparison

Analytical \ Flownex 1 | Flownex 2 \ MCR Analytical \ Flownex 1 | Flownex 2 \ MCR
Analytical -0.06% -1.79% / Analytical 0.01% -0.33% /
Flownex1 | 0.06% -1.73% / Flownex1 | -0.01% -0.33% /
Flownex2 | 1.82% 1.76% / Flownex2 | 0.33% 0.34% /
MCR / / / MCR / / /

Table 12: Evaporator heat transfer rate [kW] %error pairwise comparison
Analytical \ Flownex 1 | Flownex 2

Analytical

Flownex 1

Flownex 2
MCR

~ O~ ~

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

MCR flue gas exit temperature [K] | Heat transfer rate [kW] %error F2 vs F1
Economiser 427.15 7.13%
Air heater 503.15 9.97%
Evaporator 611.15 23.67%

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.
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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 streames, 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:

e Air moisture content (kgn20/kgdry-air)

e Molar masses of reactants (C, H, O, N, S)

e Molar masses of products (CO2, SO2, NO, H,0, Oz, N,)
e Air composition (dry basis) & Air molar mass

e Fuel reactant formation & evaporation enthalpies.

e 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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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 SO, Fly Ash,
Unburnt Carbon, CO, N2, NO, O3, and H;O 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 Table 15: Ultimate Bagasse Analysis (updated 2021)
Constituent Composition by mass [%] Constituent Composition by mass [%]
Carbon 19.65 Carbon 25.60
Hydrogen 2.630 Hydrogen 3.43
Oxygen 18.58 Oxygen 24.20
Nitrogen 0.1 Nitrogen 0.13
Sulphur 0.0 Sulphur 0.0
Moisture 57 Moisture 44
Ash 2.043 Ash 2.66
Total 100 Total 100
Calculated CV [MJ/kg] 10.204 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
Fuel Inet Cooling Air Inlet Heated Air Inlet Gross Flue Gas Bottom Ash

Species Boundary Boundary Boundary Boundary Boundary

Condition Condition Condition Condition Condition
S02 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
02 0 0.229122271 0.229122271 0.036282348 0
H20 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 H,0 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 isincorrect. 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 “fgl” in Figure 77.

Combust
Flue gas

j Composition
—& i Screen shot from Script
Pressure 101,325
i kPa double h diff h_mix-h_fgs;
H i T P if (cp fg )
i i T N
Combuston | TP ois2s wy
leat H § AF- C) T fg.Value
i : i 1 }
Gross Flud Gas Flow | Fluegas Enthipy Correction Nett Flue Gas Flow | else
v fq’o 3211.98 : 3211.98 f 1
1 Enthal| Enthal|
w L PY  kJkg nthalpy kg _’W T fg.Value T fg + h diff/cp_ fg;
ot £ Specific  1.56 h }
I heat  kJkgK h_mix =Enthalpy at Node fg0
F yd h_fg = Enthalpy at Node fg1
) / cp_fg = Specific heat capacity at Node fg1
7 Gross Fluegas flow rate Bottom Jsh Flow T fg = Temperature at Node fg1 @converged enthalpy
M v

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.

107



Chapter 4. Model Development & Verification

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.
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Figure 78: Flow Resistance Figure 79: Furnace Flownex Model (combustion side) indicating mass source
inputs for heated air stream 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.
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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.
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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
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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/m?3, 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.
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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
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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
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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
totheinlet 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

Water Side Air Side Fluegas Side Fuel Side?
Main Economiser | Economiser | Air Heater | Air Heater ..| Evaporator Economiser
Time | Time| Volume | Steam Inlet Exit Inlet Exit Eumace Exit =gy |Evaporator 021 T Dry-Bulb
. 3 emperature Volume Temperature
[mins]| [s] [m°] |Pressure | Temeperature |Temeperature| Temperature| Temperature °C] Temperature Fraction [%] Temperature [°C]
[kPa-abs] [°C] [°C] [°C] [°C] [°C] [°C]
0 0 ]175.310/3001.325 58 95 36 196 587 275 5.1 130 32
10 | 600 |175.850/2991.325 56 94 35 194 548 273 6.7 130 32
20 [1200[176.390|3001.325 54 92 34 210 537 272 4.8 132 32
30 [1800[176.810|2981.325 54 89 36 195 524 270 5.9 136 32
40 |2400|177.510|3011.325 52 88 36 198 580 274 5.9 132 32
50 [3000({177.950|3011.325 48 88 35 198 578 276 4.9 133 32
60 [3600[178.150|2951.325 46 82 34 198 548 271 6.3 133 32
Average 2992.754 52.571 32.000

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

116



Chapter 4. Model Development & Verification

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

Component Parameter Value |Unit Rationale
Feedpump outlet boundary conditon Temperature 52.571 | °C |Average economiser inlet temperature as per site data
Assumed 100 kPa pressure drop between feedpum
Feedpump outlet boundary conditon Pressure 3092.754 | kPa P . P pump
outlet and evaporator saturation pressure
Based on average volume flow as per site data at a densit:
Steam extraction boundary condition Mass source -0.77954 |kg/ g p. X ¥
evaluated at feedpump outlet condition (see above)
. . This fixes the downcomer mass flowrate as per the
Pipe: Downcomer Fixed mass flow Yes X i K
circulation rate assumption below
. Multiplication
Y |Data Transfer: steam extract pipe to X X X . X
= . factor 10 Circulation rate assumed to be 10 based on simmilar boilers
“ Idowncomer pipe
é for mass flowrate
O
= This fixes the mass flowrate in 3 of the waterwalls to be
Pipe: Waterwalls (x3) Fixed mass flow Yes equal as per assumption below that all 4 walls receive equal mass
flowrate. The 4th wall is not fixed, it is solved by continuity in Flownex.
Multiplicati
Data Transfer : downcommer pipe to ditipfication .
. factor 0.25 Assumption of equal mass flowrate to each of the 4 walls (25%)
waterwall pipes (x3)
for mass flowrate
Determined using Solidworks for saturation pressure as per site
Two Phase Tank boundary condition Quality 0.003316 € . P P
data and average water level as per JT design (1.488m)
Scaled proportionally to steam flow using mcr vs site data
o |Excel: "Bagasse Flow" input Fuel flow 0.30467 |kg/s| . P .p . v g
el (site data indicates approx 70% steam load case)
% Fuel inlet boundary condition Temperature 32 °C |As per site data
& |Fuel inlet boundary condition Pressure 101.325 | kPa |Ambient Site pressure
Excel: Fuel Composition Fuel composition As per Table 75' based on 44% moisture
1% R N
Scaled propciiionally to steam flow using mcr vs site data
Excel: "Air Flow" input Air flow (total) | 1.15499 |kg/s| . P .p . v g
(site data indicates approx 70% steam load case)
Multiplicati
Data Transfer: excel "Air Flow" uitiplication . . .
9 L . factor 0.1 Cooling air is 10% of total air as per MCR.
.2 |to cooling air flow resistance
b for mass flowrate
< |Cooling air inlet + heated air inlet
J . Temperature 35.143 | °C |As per site data
boundary condition
Cooling air inlet + heated air inlet
ooling airin e. X catedairinie Pressure 101.325 | kPa |Ambient site pressure
boundary condition
Calculated as projected area of all 4 walls and roof inside of
Fluid Radiation Surface area 56.416 | m? proj X
furnace based on workshop drawings.
Fluid emissivity of fl i Ily bet 0.6 and 0.8 f
Fluid Radiation Fluid emissivity 0.6 ! eml?SI ! y,o uegas _IS usually between 2.6 an or
bagasse fired (biomass) boilers
fluid
X o gl u'_ i Inititally 1.5 as per example in Flownex manual.
o |Fluid Radiation absorptivity 1.5 R . X
o o . To be investigated paramterically
ﬁ to emisivity ratio)
o Set to upper extreme (assuming black body) such that radiation
% Fluid Radiation Surface emissivity 1 ) Pp X X ( J V)
g calibration is dominated by C factor
- Fluid Radiation c 0.15 Initially c‘hosen at a lower extreme to be tuned later.
(should lie between 0 and 1)
Economiser flue gas exit boundar Value as caluculated in excel workbook for nett flue gas
o g v Mass source | -0.94782 |kg/s ) &
condition flowrate (excluding bottom ash)
Bottom ash Exit boundary condition Mass source  |-0.003935 |kg/s|Value as calculated in excel workbook for bottom ash mass flow
Bottom ash Exit boundary condition Temperature 1721.4 Value as transferred from gross flue gas adiabatic flame temperature

The calibration is broken up into four main steps as detailed below.
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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.

-0.7795 kg/s
§ 6 e e e e e e .
. s..wr;;d e et e 8 2991.795 kPa .
8823m ¢ 8823m Key:
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p - density
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Length [0.1m Length [0.1m EVAP - Evaporator
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(Tank 2992.754 kPa peeeeeeen .

|
|
|
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|
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|
|
|
|
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i JE P i Calculate feedwater flowrate
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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.

Fuel Mass Flow (excel input) [kg/s] 0.304671 = Excel
Workbook name Workbook (1) (1) (1) (1) (1) (1) .
Air Mass Flow (excel input) [kg/s] 1.263843 i Shckbare 10 o8 40d remere:
= General
02 Volume Fraction (excel result) 0.056571 O anee Shentitd
Detcretn B i — |
AFR (excel result) 0.241067 = 0 .
~|General h
Cooling Air Mass Flow (element result) 0.126384 kg/s E:Lﬁ:?:q i:m;izé\.u I
value 1
Heated Air Mass Flow (element result) 1.137459 kg/s e I
Combustion Air Mass Flow (element result) 1.263843 kg/s e e |

Value 8049
=[]
Cooling Air Mass Flow = General
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i Description air flaw
value Lo —  —.

Excess Air  0.36651

;){Guess air mass rowl |Fix fuel mass flowl
'

Solve steady state

02 vol fraction agrees
with test data

0.126kg's 1569kg's

Record resulting AFR
) AFR Calibrated
©

1264kgls

v &) <-combustin’
= Gas Mass Fiow

it e prrerey
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Figure 86: Calibration step 2 - AFR calibration targeting Oz 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.

AFRFixed from Calibration 2 (excel input) [kg/s] 0241067422 " —
Fuel Mass Flow (excel input) [kgs] 0.184871440 TwoPh tank Fix AFR inside Excel
Combustion Air Mass Flow @Fixed HAR (excel resul) [kg/s] 0.766886866 wo ase an .as pgr AFR
Cooling Air Mass Flow (slement result) 0.076688687 kg/s -8 Calibration 2 result
Heated Air Mass Flow (element result) 0.690198179 kg/s o .
Total Combustion Air Mass Flow (element) 0.766886866 kg/s C_alume CombUS“_OH
air flow as a function
Cooiog MassFlow
oot . ) of AFR (fixed) and
L Fuel Mass Flow
FadFom ey .& Total pressure 2992.166 kPa (variable)
Total temperature 233708 °C
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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 (ew=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).

Sensitivity Analysis Configuration 1 X
Configuration Runner

Sensitivity Analysis

Description Monte Carlo Runs SolvesteadyState SolveTransient Transient Time (5 Designer Name snap Name

Input Variables Results
Component and Property M.. Low Value High Va nit  Monte C... Dis Parametric Parametric Runs Component and Property
[COMPONENT JFluid Radiabion.. 0.5 0.15 3 < Mo... Falsa Mor... True 58
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.
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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/m?K 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/m?K 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
le-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/m?K, 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.
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Figure 92: Furnace radiation calibration @10% cooling Figure 93: Furnace radiation calibration @10% Cooling
air and radiation with fluid emissivity =0.6 & air and radiation with fluid emissivity =0.6 &
absorptivity=1.0 absorptivity=0.6
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Figure 94: Furnace radiation calibration @10% cooling Figure 95: Furnace radiation calibration @25% cooling
air and radiation with fluid emissivity =0.6 & air and radiation with fluid emissivity =0.6 &
absorptivity=0.6 Plus convection @ h=25 W/m*K 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.

The first thing to note is that all the calibration graphs presented thus far indicate the targets being
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.
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Figure 96: Absolute %error vs. C-factor for 25% cooling air, furnace radiation (emissivity=absorptivity=0.6) & furnace
convection @h= 25 W/m?K

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

9] = = <o
< = S| X —_
25 28,0 5| =
2| o |- |5S|5S|=| 2
L 2 |W| o8 |loE| 8| £
s | 8|+ |S59|35| 8 S
Q| @ o c S
T | T g s| 3 2
T R
Heated feedwater | - |0.60|0.90| 0.50 | 0.95 |2.95|29.50%
Heated air 0.40| - |0.85| 0.40 | 0.90 |2.55|25.50%
FET 0.10|0.15| - 0.10 | 0.60 [0.95| 9.50%
Fluegas 14551060 09| - | o095 |2.95|29.50%
(evaporator exit)
Fluegas ~ 1405/0.10] 0.4 | 0.05 | - |0.60] 6.00%
(economiser exit)

The economiser flue gas exit temperature is not a critical parameter and therefore scores a low
weighting. The FET measurement has a 60K difference between its minimum and maximum

recorded temperature. The FET is measured with a suction pyrometer inserted into the duct
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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
asitisanimportant 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%.
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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

Site Measurement Data Model
Parameter Units Mean Min Max

Water side

ECON inlet temperature K 325.72  319.15 331.15 325.72

ECON exit temperature K 362.86 355.15 368.15 357.86
Flue gas side

Furnace exit temperature (FET) K 830.58 797.15 860.15 831.44

EVAP exit temperature K 546.15 543.15 549.15 550.84

ECON exit temperature K 405.44 403.15 409.15 374.49

Air side
AH inlet temperature K 308.29 307.15 309.15 308.29
AH exit temperature K 471.58 467.15 483.15 464.08

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.
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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
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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.

Box ram

park &
_retract | feed
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Q
3
]
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time
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 Pl 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.

TORRIPAC control loops:

* Boiler steam pressure Simplified Flownex control loops:
| Steam pressure control with feedback to

* |Fuel feed
e Furnace pressure fuel flowrate.
« Vibrating grate speed * Oxygen control and air flow (fixed by AFR

- - excel workbook)**
e Combustion air

* Water level control with feedback to
* Oxygen feedwater mass flow at the pumps.
* Boiler water level
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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
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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.
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Figure 103: Pressure controller tuning @dt=1s - Pressure Figure 104: Pressure controller tuning @dt=1s —
Tracking 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.
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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) 3050 1993 0,980 0.35
3000 + e 4
Connectable Inputs 10017, 0.260] 10 mins 0.3
Controller Values 2950 250kPa + 025 @
Process Variable (PV): Two-Phase Tank Pressure 2992.755 § 2900 4/ 028 1 o2 E_é’
Set-Point (SP): Two-Phase Tank Pressure 2992.755 22850 T ’ 3
Manual Value: Fuel Flowrate (equal to controller > 2800 4 T 015 &
. @ 10.483,0.183 o
output) 0.185947 2 250 lo1 9
. . P o T w
Output High L.|m.|t. Fuel Flowrate 0.286000 2700 - — Steam Pressure [kPa] 22.283, 0,086 1 008
Output Low Limit: Fuel Flowrate 0.086000 — Fuel Flow [kg/s]
Gains 2650 +——+—— | 0
Proportional Gain 0.01 0 5 10 15 20 T2ir5ne3[?nir31§] 40 45 50 55 60
Integral Gain 0.0002
Differential Gain 0 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.
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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) 3050 70.029% 0.35
B — ), 0.
Connectable Inputs 3000 17 mins — 0.3
Controller Values —:' 2950 | 10.083,0.190 250 kPa L 0.25 g
Process Variable (PV): Two-Phase Tank Pressure 2992.755 £ 5900 A Loy =
Set-Point (SP): Two-Phase Tank Pressure 2992.755 ] g
Manual Value: Fuel Flowrate (equal to controller § 2850 1 T 015 o
output)* 0.185947 £ 2800 120.083,0.078 to1 3
Output High Limit: Fuel Flowrate 0.294000 2750 + ——Steam Pressure [kPa] - 0.05
Output Low Limit: Fuel Flowrate 0.078000 2700 —FuelFlow[kg/s] 0
Gains 0 5 10 15 20 25 30 35 40 45 50 55 60
Proportional Gain 0.0006 Time [mins]
Integral Gain 0.000001 . L
Differential Gain 0 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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(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.
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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 1292 1 5
: 1498 - =
Controller Values 1496 - L4
- 1494 - e
Process Variable (PV): Two -Phase Tank Level 1.486 £ 1492 4 ;
: 1490 A 13 mins -3 3
Set-Point (SP): Two-Phase Tank Level 1.486 £ %ﬁgg ] ~ o o
Manual Value: Feedwater Flowrate (equal to controller v %ﬁg% 1 — Level [mm] |, &
output)* 0.77954 3 %Z‘?g ] —Feedwater Flow [kg/s]L g
Output High Limit: Feedwater Flowrate 2.00 ﬁl;g 1 -1 E
7 .
Output Low Limit: Feedwater Flowrate 0.01 1472
1470 —— 0
Gains 0 5 10 15 20 25 30 35 40 45 50 55 60
Proportional Gain 200 Time [mins]
Integral Gain L Figure 114: Level control verification for 10 mm set-
Differential Gain 0

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.
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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 Figure 118: Wall thickness grid sensitivity effects on exit
steam quality (0-120s) 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.
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Figure 119: Wall thickness grid sensitivity effect on Figure 120: Wall thickness grid sensitivity effect on
average outer tube wall temperature (9.5-15s) 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 (acn) 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 O 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 stepsis 0.7. A
fully implicit scheme (acv=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.
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Figure 121: Time step sensitivity effects on waterwall

Figure 122: Effect of the Alpha Crank-Nicolson factor at

steam exit quality (0-400s) large time steps

The quality response in Figure 121 shows little deviation for time step sizes from 0.0005 seconds

and 0.01 seconds, with slightly more pronounced peak and trough amplitudes at a time step size of
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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. acy=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.

3001.3 ——0.0001 s (aCN=0.7)
0.0005 s (ACN=0.7)
0.001 s (aCN=0.7)
| o002 (aCN=0.7)
0.005 s (aCN=0.7)

3001.25 +

3001.2 +

| ——0.01s(aCN=0.7)

3001.15 + ——0.02 s (aCN=0.7)

Pressure [kPa]

——0.5s (aCN=1.0
3001.1 +

--—-1.0s (aCN=1.0
2.0s (aCN=1.0
(

3001.05 : : : : : : :
9.9 9.95 10 10.05 10.1 10.15 10.2 10.25 10.3
Time [s]

)
i
5.0 s (aCN=1.0)
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.

The exact physical phenomena and/or numerical accuracy from these results are not claimed here.

This analysis simply shows the importance of investigating time step dependence and how the
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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.

0.210

0.205
0.200
'6‘ 0.195 ++-0.1861 0.1861 0.2047
EO 0.190
=, 0.185
2 0.180
u—ro_ 0.175 0.1861—
— 0.170
% 0.165
L 0.160
0.155 0.1675
0.150 |
0 5 10 15 20 25 30 35 40 45 50
Time [min]
Figure 124: Fuel flow input profile
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Figure 125: Two-Phase Tank pressure response for fuel Figure 126: Two-Phase Tank level response for fuel step
step changes (Full Inertia & Low Inertia configuration) 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.
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Figure 127: Steam extract input profile
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Figure 128: Two-Phase Tank pressure response for steam Figure 129: Two-Phase Tank level response for steam
step changes (Full Inertia & Low Inertia configuration) 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.
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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.
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Figure 132: Boiler steam pressure response to fuel mass Figure 133: Boiler feedwater response to level changes
flow 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.

2000 640

1900 | \ 600 1 560 k 556 553

%ggo B 1988 560 v r\ !
= 1 =520 T
9%288 T 1830 9 180 | \ 559 —Furnace Exit
1400 1 © 238 T Lesss —Evaporator Exit
% %ggg T 1514 —AFT 2 360 4 g 280 Air Heater Exit
& 1 = - )
g%(l)gg + 1322 Rad Extract Eg_ ggg 1 / / 1 Economiser Exit
% 900 + Conv Extract g 240 + 282 276 275
= 800 + 642.9796994 = 200 +

&1 o

500 t t t t t t 1%8 1 } } | | I }

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time [hours]

Time [hours]
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.
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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.
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Figure 138: Boiler steam pressure response to steam Figure 139: Boiler level response to steam demand
demand profile 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.
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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.
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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.
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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.
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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 e-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 e-
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/m?K; 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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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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Appendix A. Economiser Verification Details

Appendix A. Economiser Verification Details

Reference:C:\Userspmba7\Desktop\Coolprop Fluid Properties rev 1. xmcd(R)

ECONOMISER VERIFICATION (Analytical vs. MCR vs. Flownex)

E-NTU Cross Flow |{C_min Mixed - C_max Unmixed)

Water runs through the tubes and fluegas flows between the finned tubes in a crossflow regime.
There are 6 tube rows (6 water streams) linking the inlet and outlet water headers. Each tube line
makes 14 passes from the inlet header (top) through the economiser before entering the outlet
header (bottom).

Since the fluegas will undergo much turbulance (i.e. mixing) due to the obstructions (finned-tubes)

in its flow path and the fact that the minimum heat capacity rate is that of the fluegas, the E-NTU
correlation for cross flow with C_, mixed abd C_ _, unmixed is used in this model as shown

below.
17 [-CNTU)
..|:_ EJ'I:l‘E ]:|

£ Cmin mixed Cmax unmixed = 1~ %

Flue gas out
Feedwater out
e
ECONOMISER
Feedwaterin
[ ]
Flue gas in

Reference List:

[1] TO400 TORRIPAC BOILER PROCESS FLOW DIAGRAM, 68756-03, rev 0.

[2] THO400-40 ECONOMISER ECOMOMISER ASSEMBLY, 66759-05, rev B.

[3] VDI Heat Atlas. (pg 1273-1277), M1 Heat Transfer to Finned Tubes

[4] Heat and Mass Transfer, Fundamentals & Applications, Yunus A. Cengal, Afshin J. Ghajar.

[6] Zeghadnia, J. Loup, and B. Achour, “Explicit solutions for turbulent flow friction
factor "a0: A review , assessment and approaches classification,” Ain Shams Eng. 1.,
vol. 10, no. 1, pp. 243252, 2019, doi: 10.1016/j.asej.2018.10.007

[6] Heat Transfer in Single and Multiphase Systems, Greg F. Naterer, pg 491

Papg = 101.325kPa [Atmospheric pressure.]
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John Thompson MCR Design Data [1]

This section summarises the Maximum Capacity Rating design data as per John Thompsons
designs [1].

It includes mass flowrates as well as inlet and outlet temperatures and pressures for both
streams (water and flue gas).

A simple heat transfer rate calculation Q4 = mdm-cp-a]"is applied to determine the heat transfer

rate as per the MCR data. This value will then be compared to the heat transfer rate of the
analytical model and Flownex model as a verification.

MCR Design Data
Flue gas Side

Mass flowrate: Dot f2.IT = 6934% [1]
Inlet temperature: T, i T = 230°C (1]
Outlet temperature: Tf;.ﬂut.,]_.[' = 154°C [1]
Inlet pressure: Pf;.in..]__[' = 808kPa + Py 1y g = 909.325.kPa 1]
Outlet pressure: Pf;.l}'l.'l.[..]__r = 907kPa + Py 70 = 1008325 kPa [1]
_ [Flownex result]

Water Side

Mass flowrate: Myt HOOIT = JfI}I}I}% f]
Inlet temperature: T JT = $0°C (1]
Outlet temperature:  Tgpye gye g7 = 118°C [1]
Inlet pressure: Prri)in JT = 3236kPa + Py g = 3337325 kPa [1]
Qutlet pressure: Pei0.out JT = 3183KPa + Py = 3284.325.kPa 1]

Mote that for consistency in the verfication, that the flownex computed outlet pressures were
used for the MCR heat transfer calculation. In reality the fluegas actually as a pressure rise
from inlet to outlet through the economiser due to the ID fan and stack effect. This pressure
difference has insigincant effects on the heat transfer.

MCR Heat Transfer Rate (using water side conditions)
"E20in T ¥ TE20.0utJT _

Average water temperature: T i = g0.=C

g P H20.avg JT 2

P : +P
H20mnJT " “H2O.0ut.JT

Average water pressure: P . = = 3336.932.kP

g P HXOave JT 2 2
Water specific heat capacity evaluated at average P&T:

" - n mm mm mm mn .| | k-].

PE20.T = CPauid ™3t P20 ave T- TH20 ave - - - ) = 40T

Heat Transfer Rate: Q3 scp = myor 220 17 °PE20 77 Te20 o0t 7T ~ Te20 in 7T) = 177.636-6W
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ECONOMISER - Analytical Model

» Finned tube
heat exchanger

« External fins
"H-type"”
o  \Waterinlet

header at the top
of the assembly
o« Water outlet
header at
the bottom
of the assembly
o Flue gas inlet at
the bottom of the
assembly
¢+ Flue gas exit at
the top of the
assembly
o Tubeside fluid -
subcooled water
o Finside fluid -
flue gas
o G tube rows
(parallel streams)
» 14 tube passes
Single finside
(flue gas) pass

GEOMETRIC INPUTS

L L
o

&
AR
CF
o

Appendix A. Economiser Verification Details

O A R AR ET FIL

&t
Fa

0

o

foeretetororely
N [ As AR L AR AR

—_—

e

=

Tube Arrangement

:
i |
1 G
aara
e P
g i
] 1 i
— Ouytlet Header
#eedwagf -

Figure 1. Economiser General Arrangement

Mumber of rows (branches teeing of from headers):

Mumber of passes (this is the same for each tube row):

Mumber of parallel circuits:

The total number of luegas wetted tubes is therefore:

Owerall Economiser Dimensions

Economiser depth {flue gas pass length):

Width of heat exchanger (inside width of economiser casing):

Height of heat exchanger (equal to simgle tube pass length):

Cross-sectional area of economiser (perp to fg flow direction):

Nigws =6 [2]
Npasses = [2]
Npar cire = 2]
Niybes = Nrurﬁ-'s-'Npasses =8

Dm = 135m

Wopgn = 630mm  wppy = @?mml [2]
H,, = 15m [2]
A=W
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Vrae Aow Ymes

erim— P TE2E TIOW afea DEtween finned - bes

Lml-— — EI
r- - A’I‘ree.faw
| H Far field area and freg flow area
e { (madular basg|s)

< rn
Seclion normal lr;d_lrEl::l o of

flue gas flow
Figure 2: "H-type" fin geometry, far-field and free-flow areas and velocities (modular basis)

Fin Geometry:

Fin Height (parallel to fluegas flow direction): hg, = 96mm [2]
Fin Width (perpendicular to fluegas flow direction): Wgp = 96mm [2]
Fin Slit {perpendicular to flow direction): S5, = Gmm [2]
Fin Thickness: tg, = 2.8mm [2]
Fin Arrangement (per tube):

Fin Pitch (distance between successive fins along a single tube): Pgp = 25mm [2]
Mumber of fins (for a single tube): prt = 60 [2]
Tube Geometry:

Tube OD: d; supe = 38-1mm [2]
Tube Thickness: tiyhe = 4-06mm [2]
Tube 1D: 4 tube = Yo tube — 2 tibe = 29-98-mm
Tube Length (gas pass width): Liyhe = 1500mm [2]
Tube Arrangement:

Transverse Pitch (tube spacing perpendicular to fluegas flow direction): 53 = 105mm [2]
Longitudinal Pitch {tube spacing parallel to fluegas flow direction): sp = 105mm [2]
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H-Type Fin Geometry - Detailed:

Equation of circle (outer diameter of tube):

i

i ™
2 2 1 45 tube | *fin
X +y =| | Ry = — = 3-mm
L2 2
wfm
sﬁn
1]
= _(:{ﬂn’ylin:‘}
= N

'r'g,.ﬁh:'.tu ha

)

Circle with radius -d_, /2

Figure 3: "H-type" fin geometry - detailed,

Appendix A. Economiser Verification Details

ht
fube | p
Veg = || ——— | g, = 18812.mm

__(xTin’ yfin)

Figure 4- "H-tvpe" area of circle segment

including arc-lenagth

needed for fin surface area calculation

Angle between adjecent intersections between fin-tube interface of "H-Type" fin

subtended from the centre of the tube:
{ !

§ = 2.atan) — | = 0.316-1ad
I_‘ }-ﬁilfll

H= 18121 deg

Arclength of tube in contact with the fluegas on one side of the tube (inbetween the fin

space, s_fin:
i d

o

_ o.tube
Lfg.a:c.tubs 1

| = 0.006m
2 )

Area of red circle sector:

Area of blue triangle piece of the circle sector:

Area of green circle segment:

|"- d k‘l‘- I '\\I

| “otube \ [ w—H 2

A =l —22 T 0001 m
= Vo2 )L 2w )

1 L2
M = 3| 2 Vo) = 0

,
= 456 272, B
':'*s.eg : 436 22.mm

Ager ~ Ay =

Cross sectional flow area obstructed by fins and tubes

-

Afin obstr = |""rﬁn'[ﬁn.:"}qut'}]rmv5 = 0.097Tm"

. 7
Atybe.obstr = [dﬂ.tubs' | Hecon~ prt' [ﬁ.ﬂ.I]'Hmu.-'s =0304m

-
Agbstr = “Mfin.obstr T “tube.obstr = 0401 m
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HEAT TRANSFER SURFACE AREAS:

Inside surface area of tubes (full water-wetted surface area of tubes):
"I
54 tube = ™9 tybe Liupe = 0-141m

)
SA{ tube tot = Niubes 54 tybe = 11.867m

Outside surface area of tubes (full fluegas-wetted surface area of tube material only):

: : ,
340 tube = ™o tube | Liube — prt'tﬁ.n.l' + |2'Lfg.a:-::.tub='[ﬁn.l"}qut = 0.161m
gl

5A = 54 = 13562m"

o.tube tot -~ ““tubes"*o.tube

Outside surface area of fins (full fluegas-wetted surface area of fin material only):

. . P
SAgy = (2 hgn e + 2050t + 2 Wgp-tha) = [ 2 SanPgn + 2-Ageg) + 2t Spig | - = 0017m"
+2-( gy — 2 Vg )t

,
SAq fin = Nept SAgig = 1.009m

-
S'j’“u-.ﬁn.tn}t = Ntubss' S-jlg._ﬁn =34701m

Outside surface area of bare tubes (i.e. if there were no fins):
il
SA5 tube bare = T 0o tube Liupe = 0-18m

.
345 tube bare tot = Ntubes 340 tube bare = 13-082m
Total Internal Flow (water) heat transfer area per tube:

.
S'jki..['llbﬂ =0. l-l-lﬂil.d-
Total Internal Flow (water) heat transfer area for all tubes:

)
SA, tube tot = 11.867m

Total External Cross Flow (fluegas) heat transfer area per finned-tube:

.
SAS fin tube = 580 fin + 5% type = 1-171m

Total External Cross Flow (fluegas) heat transfer area for all finned-tubes:

T T
A, fin tube.tot = o fin tot T 30 tube.tot = 78-334m A, fin tube Niubes = 98334 m
Ratio of finned-tube heat transfer surface area to bare tube heat transfer surface area:
SA SA
fin tub fin tube tot
ROS = — T8 _ 6501 oI e e 6521
Elll"""n:n.I:|.1'|::nt-,.'|::lar|3 S'j"ﬂ.tubz.ba.fs.mt
Ratio of external to inetrnal surface area:
54
fintube.
Areag . = —— R0 g agg
5""‘i.t].ft:-ﬂ.tn:!-t
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Straightened Cross-section of Flow (SCOF) Calculation

=
A‘:_u field
it
E S.Wo an
‘&‘free.ﬂcw = f s -4
= T it

Far field area and free flow area
(modular basis)

Figure 5: Far-field and free-flow areas (modular basis)

Far field area (modular approach):
2 3
Afar field mod = T Pfin = 0.003m Afar field tot = “econ = 1947 M

Free flow area (modular approach):

. . il "l
Afree flow.mod = | 5T~ dﬂ.tubg.l"lpﬁn ~ | - = 0.002m Afree flow.tot = “tacon ~ “gbste = 034 m
+{ 57— Wain | thn
Straightened cross section of flow (modular approach):
Afar field mod Afar field tot
SCOF o q=——————— = 1.738 Sense check: SCOF,; = _ R 738
Afree flow.mod Afree flow tot
Total fluid volume (fluegas inside of economiser):
T - ¥ 3
Veeon = Lecon Decgn = 1-417-m
. W 2 3
Vinbes = I"ic-.tubz Hecon Niyhes = 0-144m

r : _ i i i 3
Vins = Nior Niges || Bfin V6in tin) — ($fin Bin-thin) — (2 Aseg tiin) | = 0-109-m

r . . . . 3
ﬁ"ﬂuid = ﬁ"scun_ 1"ﬂm,_ ﬁ"tubss = 1.165-m
Total finned-tube material mass:

: m [ 2 2) e 3 : : 3
Viube mat = R Ao tube ~ % tube ;'Ltubs'Ntubss = 0.033-m Veinmat = Vins = 0-10%-m
T T T 3 . o k-g
Vin tube.mat = Vtubemat T Vinmat = 0-164-m Psteel = "933_3
m

Mg tubemat = ¥ fin tube mat Pstes) = 1282348 kg
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Flue gas Side Inputs:

All inputs below, barring the outlet temperature have been explained in the beginning of this report.

Flue gas mass flowrate: Mot frin = Dot fo.JT = 1,5-4&
fe. fe. .

Inlet flue gas pressure (absolute): Proin = Prein T = 909.325-1&'&1

Clutlet fluegas pressure (absolute): =P ot IT= 909.324-1-:Pa|

Pfg. out -

Inlet flue gas temperature: Tein ™= TainIT = ESD-=E1

[Successive approximation with first guess

Outlet luegas temperature: ng_mt = 145.623°C _ "¢, deqC (ie. as per MCR data)]

Mote: Red highlight indicates variables that are updated iteratively.

['lote: Expressions with borders are inputs that can be changed when veryfying/validating different
pperating points based on a different boiler load.
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Fluegas Fluid Properties: [Assuming properties similla to air]

Fluegas Density evaluated at T.fg.in and P.fg.in:
kg

nponn ||||'II = ﬁj?? 1=

Pigin = Puidl 2 -Prgin-Tagin- - - | =
m

Average fluegas-side Temperature and Pressure:

Te . +T Pe. +P
frin™ ~fgout — 187.813.5C fein " ~ fg.out

Tag=— 5 Pgy ava = = 909.324.1Pa

Fa

Specific Heat Capacity:

J
kg K

':pfg = Cpﬂu1d| ”Eit’” .Pfg.a‘.E.TfE-a‘.E.““ -|||| -|||| -|||| -:I = ll}l-'ljlj

Density:
. Y ., kg
Pfz = Piluid| air 'Pfg.avg'ng.avg'““ S = '5'3:'4'_3
Thermal Conductivity: "
W

:= . |IIHjIII -P . -T ; -IIII .:I — D-DES
}"fg Muid fgpavg: “fpavg: | mEK

Dynamic Viscosity:

ke

I-Lfg = I_Lﬂutdl ”Eiif” -Pfg_a"E'TfE.a"E-““ -:| = Dm—vs

Kinematic Viscosity:

-
I-Lf -
Vi =0

Prandtl Number:

nn -II = D-II

Prfg = Prypq| "air” 'Pfg.avg'ng.avg' /

Fluegas Heat Transfer Rate:

Qot.fg = Mdot.fyin p.fy | Trgin ~ Teg.ont] = 168193 kW
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DETERMINING THE FLUEGAS HEAT TRANSFER COEFFICIENT FOR
FINNED TUBES:

Methodology as per [3].

Nu=022-Req o iy ﬂ'ﬁ-RDS_ P:3, in which the Reynolds Number uses the tube OD as the

characteristic length and uses the maximum velocity at the smallest cross-sectional area

Vmax 9o tube  Vmaw 9o tube'P
v ) i

= 3COF vgy fiagg = velocity . in, the. smallest. cross. section

015

of flow, Beg o tube = , where:

Vinax

Finally the flue gas heat transfer coefficient may be calculated as:
Nu-:\fg

dﬂ. tube

Inlet velocity of fluegas into the economiser (i.e. far field velocity):

Mot fi
oLIEM _ ps327054 2

L alq =
far fisld .

Pfg.iﬂ"j‘xuﬂ

Max velocity in the pipe bundle:

Vmax = SCOF mod Vear field = D_jﬁSE
fie .
Reynolds Number:

Vimax’ dﬂ.tuba n
Red_n}_tube = —= 378691
Vo

L=

Fluegas Nusselt Number:

[

06 -01 3

Nu = 022Rey o.  ROS Py’ = 2668

Fluegas Heat Transfer Coefficient:

Nu-Agy W
hﬁ.ﬂ.ﬂiﬂﬁ = = = 26351

d

n
o.tube m K
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Water Side Inputs:

All inputs below, barring the outlet temperature have been explained in the beginning of this report.

Inlet water mass flowrate: Myt H200n = Mot H2OJT = 1_111E ‘
H20. H20. .

Inlet water pressure (absolute)  |Piyhgin = P20 T = 333?.315-1;Pa|

Outlet water pressure (absolute): Pi130.0ut = PH2O out JT = 3335.54.1,:Pa|

Inlet water temperature: Tm0in = THX0mIT = EDFq

Outlet water temperature: T opt = 115.989°C [Successive approximation with first guess

as 118 degC (i.e. as per MCR data)]
Mote: Blue highlight indicates variables that are updated iteratively.

[Note: Expressions with borders are inputs that can be changed when veryfying/validating different
pperating points based on a different boiler load.
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Water Fluid Properties:

Average water-side Temperature and Pressure:

Tinoint T Py in + P
H2O.in H2O.out . e H2O in H20 out
Tmoave = S = 97.995.°C PHIO ave = - = 3336.932.1Pa

Water Specific Heat Capacity evaluated at T.avg and P.avg:

':pm[j = l:pﬂutdl “WEIIEI“ .Plea‘.g.TmD.a‘.g.““ -|||| -|||| -IIII .:I = 2-':"5'}61 kEK

p=

Water density evaluated at T.avg and P.avg:

" " mm mnm IIII.| = | kg
PE20 = Pfuid ~2 -PE0avg TH2Oavg: " - -7 ) = 961387 —
m
Inlet water density:
n mn mm mnm IIII.I = | kg
FIEDDm = Flﬂ'l.].ilil water 'PHEDEI'THEDEI' . .= 9'3236—3
m

Thermal Conductivity:

[ L - ] TR | 1""
M220 = Midl "V -PE0.avg TH20avg | = 0678 m——
L] L] L] m‘-K
Dynamic Viscosity:
. [ L - ] TR k-g
M0 = Phuid V3t P20 avg TH20avg " ) = 0
Kinematic Viscosity:
b0 :
Ving = —3001x 107
PH2O :
Prandtl Number:
Pripg = Prayigl "water” -Peyg ave- 0 ave: " | = 1789

Total water-side heat transfer rate:

Quot H10 = Mot H20.in p H20"| TH20.0ut ~ TH20 in| = 168.191.EW
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DETERMINING THE WATER HEAT TRANSFER COEFFICIENT FOR
FLOW INSIDE TUBES (Gnielinski correlation [4]):

Total water mass flowrate:

ke

Myt H20.n = 11—
H20. N

Water mass flowrate per tube row: Water velocity per tube line:
Mot H2O in ks Mot row . m
Myt row = —1.; = D.ISJ? Viow = o = = 027 :

TTOWE

PE20.n | 7 Yitube |
\ /
Water Reynolds Number for water flow inside a tube:

PH20 Vrow % tube

B, = = 26026204
d.itube
HE20
Surface Roughness (sheet metal, new) as per [4]:
Eotee) = 100pm For sheet metal. new (max)
Smooth to rough correlation [5]
Friction factor: Swamee and Jain, (1976)
1 2
f = = 0.0313033 3 5
E
sl 5107 SReg; pype = 26926.294<5.10
5 & e . 574
7. E
37 0.9 steel
Re. . -6 _ ——=0003 -2
d 1 tube 10~ = 0.000001 d; tube 10~ =001
Water Nusselt Number:
i fx' '
|3 )\ Feditube ~ 1000} Pro
- _ LB i
NG pipe flow = — = 131.868 [4]
ey 05 =
271 =1 | Y _1
1+ 127 i_‘ SJ- '-_‘PIEDD ].)I
Water Heat Transfer Coefficient:
'_"\:u - Y -
G pipe fl HXO W
By e i = — — 2983.329.
tube.side 4. -
i.tube m- K
Properties of Fin and Tube Material:
Thermal conductivity, density and specific heat capacity of AlISI 1010 at 300 K:
A 59— 78328 sl [
eel =030 —— = 832 € cbaag = 43
sfeel K Listoel, m3 p.steel K
X =M §3.9 W
tube = Mstes] T Y- oK [4]
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DETERMINING THE UA VALUE:

Thermal resistance due to the water boundary layer on the inner tube wall:

W
By = Biype sige = 2983325 -
m K
Thermal resistance due to fouling on the inside of the tubes (water-side):
il
m K
co= f—
Rei W
Thermal resistance due to the tube wall thermal conductivity:
do.tube
9 tube 6K
R, = —4738x 10°%.
27 Mube Ltube Niubes W
Thermal resistance due to fouling on the outside of the tubes (luegas-side):
il
m K
Thermal resistance due to fluegas boundary layer on the outer tube wall:
W
RI} = hﬂ.tlE.iIiE = 26331 ;
m K

Inside tube surface efficiency (water-side):  yg =1

Outside tube surface efficiency:

Approximating H-type fins as rectangular fins to determine the fin efficiency:

h
fin .
Py = 128. ~02|=28847037503  pi=(py — 1)-{1+ 03510 ip || = 2.583547718
'il}.tube | hﬁ.ﬂ J
d 2he
tube fin zide
X o= g T 0.3446861627
2 Mube Hfin
tatth( ) -
= = 081
fin =y
Outside tube surface efficiency:
SA
fin
Mg = 1- ————(1- g, ) = 0.840372
b 540 fin tube

Therefore we can calculate the UA value as:

[ 1 Rgj

UA = + | =2032.025.

1]ED'R1" S'j"i.tuba.tut e 5""‘i.th[:-z.tnc:.t K

R'f. o 1
+

1]fg'5'j’u.ﬁn.tubz.mt 1]fg'Rﬂ'5'j‘ﬂ.ﬁn.tubz.mt J

R+
I.

[Unity for no fins.]
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E-NTU For Cross Flow over a Tube Bank:

The hot fluid is the fluegas and is denoted by the subscript H for the foregoing analysis.
The cold fluid is the air and is denoted by the subscript C for the foregoing analysis.

Heat capacity of the hot stream:

. kW
CH = mdn}tfgm":pfg = 199_‘!?

Heat capacity of the cold stream:

W

Cc = Mot I20.in pH20 = #6735 ——

Minimum heat capacity:

- | > k.'i;"-

EIEIJI[ = ﬂllt'll EH'EC'I = IQQJ?
Maximum heat capacity:

[} ] k‘;"-

':IEI.BI = m,axl CH.CEI' = 467 ?

Number of Transfer Units:
NTU = i = 1.019
min
Heat Capacity Ratio:
[: .
C= —2 _ 0427
max

E-NTU correlation for cross-flow (single-pass), c_min mixed and ¢_max unmixed:

11 {-CcNTU
e 6]
g=1-¢ " “ = 0.562

Hot-side Temperatures: Cold-side Temperatures:

Qiot ENTU = & Conin| Tin— T jy) = 168.192.kW
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Outlet temperatures, %error based on E-NTU method for single pass cross flow
{c_min mixed, c_max unmixed) and heat transfer rate %error:

Fluegas:
Mot fzin Cp.fy TEL.in ~ Lot ENTU
Ty = ———— o 2 = 145625.5C
Mot fg.in “p fe
T, -T
H.out fg out o
EﬂﬂfT.fg.nut = =0%

ng.n}ut
Qo £ = 168.193-kW
Qot ENTU ~ ot &

Error, = =-0.%%
Q.dot.fg
Qdu}t.fg

Water:

Qdot ENTU + Mot H20.in Sp H20 1C i
Te ont = ——— el & = = 115.989.5C

Mot H20.in *p H20

TC.nut - TI—DD.ﬂut _ 0.3

ErrorT 170 out = T
H2O . out

Qgot 10 = 168.191.kW

Qaot ENTU ~ Qo H20
EIIMQE‘-U[H:D = = (.001.%

Qot 120

Check Convergence:

ng.ﬂut = 143.623.°C T out = 115.989.°C
Trg gt = 143.623-°C Te gyt = 115.989-°C
EHMT-fE-'}m = 0% EtrotT 1120.0ut = 0%
Etrorgy gorgg = —0-% Errorgy got o = 0-001-%
. 2. 5W . N _
Qiot ECON = Qgot ENTY = 168.192.KW B0 = Brybe sige = 2983328 —
m K
KW
UAgcoy = UA = 2032 —
: K
EECON = E= 0562 h-fg = h'ﬁ.ﬂ.i‘i.lj-ﬂ = 26.351.

m K
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Qo ECON = 168.192KW

Teno ont = 115.-989-°C
P00t = 3336.34-KPa

m K

Tmoin = 80°C
Pigq = 3337325 KPa

Appendix A. Economiser Verification Details

SUMMARY OF CONVERGED RESULTS:

KW
UAgcon = 2032—

R
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ECONOMISER - Flownex Model

The inputs used for the flownex model follow from the analytical model. The "quick script”
employed in flownex to calculate the fin-side heat transfer coefficient follow the same
methodology as the analytical model.

The difference is that the "guick-script” in flownex receive information such as fluid
properties and mass flowrates from flow elements in the network with the use of data
transfer links, whereas the analytical model requires the user to evaluate the fluid properties
and manually update in a successive approximation.

The Finned-Tube Heat Exchanger component was used to model the heat transfer in the air
heater. This was coupled with a "quick-script” which employed the same heat transfer
calculation methodology as presented in the analytical model.

The inputs to each side of the Finned-Tube Heat Exchanger component are given below.

Flownex Inputs (Fin-side)

Fluids
Fluid data reference:

[For verification of analytical model]
"Air| Gases (Pure Fluids) {ATProM Database}"

[Far intergrated model with the fluid speicifed mass fractions egual to that of the combustion

products ]

"Coal fired flue gasl| Flue gas (Mixed Fluids) {ATProM Database}”
Mote that the fluegas composition used were as a result of the combustion stoichiometric
calculations and are shwon below:

=| Mass Fraction
Specify mass fraction Yes [+
=| Mass fractions 1
502 2.1739E-19
Fly ash 0.000982234
Unburnt carbon 0.00112597
02 - Carbon Dioxide 0.111231
N2 - Nitrogen 0.60349
NO - Nitric Oodde 1]
02 - Oxygen 0.0437381
HZ2O - Water 0.239433
Steady-state continuity option Calciilate mass source [~
Specification

Specification option: "General Specification” [To ensure compatibility with the analytical methdology]
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Fin (Primary) Side Geometry

Flow Direction: "Counter”

.
Heat transfer area: SAL fin tube. tot = 98-334m”

Area ratio:

Fluid valume:

Fluid path length:

Mumber of increments: Nype=1

.
'j‘i.nlet = 'j‘a:m =0945m

Inlet Area:
Inlet Area Ratio:
Outlet Area: A

Outlet Area Ratio: A

Material Data

Material option:
Mass:

Wall thickness:
Material selection:
Losses

Primary loss type:

Friction factor

Heat Transfer

_jsIE-ﬁ.Ra[:“} = 3288
. .3
"'ﬂ'l.'l-'i.li= 1.165.m

L fo pass -~ “econ

Ain ratip = SCO0F g = 0373

outlet =

out.ratio -

[Makes no difference since the flownex model uses 3 sub HX in series]
[External tube surface area for all tubes]

[OQutside SAto inside SA ratio]

[Volume occupied by the air]
D.. =15m [Length of single air side pass]

[Insignificant difference if discretised further]

[Far-field air inlet area]

L [Ratio of free-flow area to far-field area at inlet]

"
A =0945m"

Acon [Far-field air outlet area]

= SCDFde_l = 0.575 [Ratio of free-flow area to far-field area at outlet]

"Select from data reference”
Mg iuhe mat = 1282.348 kg

e = 4-06.mm
"Carbon Steel - AISI 1010| Metals (Solids) {Master}”

[Mass of all tube material]

"Specify friction factor”
fon sige = 0.04 [Insignificant but flownex requires a loss input to solve]

Convection Coefficient option: "Constant h”

Fin efficiency:

Fouling factor:

h:
Fixed Options
Fixed mass flow:

Prevent flow reversal:

Advanced

Specify advanced inputs:

Mg = 0813 [Calculated inside "quick-script” using
Ry, =0 W the analytical methodology]
? m X [Fouling not included - has small effects]

As calculated in script following the analytical methodology

Mo
Mo

Mo
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Flownex Inputs (Tube-side)

Fluids

Fluid data reference:

HZ20 - Water| General (Two Phase Fluids) {Master}

Tube (Secondary) Side Geometry

Number of parallel circuits:
Mumber of passes:
Tube rows:

Tube inside diameter:

Total tube pass length:

Losses

Frimary loss type:
Roughness option:
Foughness selection:
Roughness:

K. actual inlet:

K. actual outlet:

Heat Transfer

Convection coefficent option:

}"-pa:.-::-i.t-:: =1

}:paﬂns =14 [In accordance with flownex convetions
and general arrangement]

Niows =6

di..['IJ-bB = 2008 mm

Ltube.pass = }"-passes.'Ltube =lm

"Darcy Weisbach”
"Select from database”

"Seamless steel tubes - New, unused - Max"

100pm [As per above selection]
0 [Secondary losses not included]
0 [Secondary losses not included]

“Calculate h"

Convection coefficient correlation selection: "Tube inside (Gnielinski)"

Fin efiiciency:

Fouling factor:

Tube roughness option:
Fixed Options
Fixed mass flow:

Prevent flow reversal:

Advanced

Specify advanced inputs:

Nfin tube.side = 1 [Finless tubes on inside]

[Fouling not included - has small effects]

Rgj=0

2
m -K

"Obtain from flow component”

Mo
Mo
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FLOWNEX RESULTS (air props on flue gas side)

Flue gas mass flow 1.940 kg/s

; i
: F e - :
] ! L
[ ! Ll P
909.325kPa | F=) : oyrodekPa
] i a
210.000°C | Ay, 143,656 °C o
iy !
.~
. Lo
Total heat transfer |172.184 kW Ta :
Effectiveness 0.576 !
116.828 °C ' & -‘-l—(r 80.000 *C
3336.540 kPa “f f""‘" 3337325 kPa

Fea:lwater mass flow 1. 111 kgjs
(K|
Tube Side (Feedwater)

FLOWNEX RESULTS (real flue gas properties)

Flue gas mass flow  7.940 kgfs

:
;

3
:
:; |
s
'3

"h_
"m,

Toral heat transfer [ 134 4R8 kKW Y
Effectiveness 0.492
119.438°C ?— & 80.000°C
3396 541kPa [~ =) 3337.325k0
Faa:huater mass fow 1.111kg/s
Tube Side (Feedwater)
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Comparison of MCR, Analytical, and Flownex Results

Heat Transfer Rate (MCR Data): Qgot Mg = 177.636-kW

Heat Transfer Rate (Analytical - air props for flue gas): Qiot snabvtical zir = Qdot ECON = 168.192.kW
Heat Transfer Rate (Flownex - air props for flue gas) Qg qownerair = 172-184kW

Heat Transfer Rate (Flownex - flue gas props): Qiot Nownex fz = 184438EW

Qot analytical air ~ Yot MCR.

Erot s atvtical air vs MCR. = ~5316.%
; Qiot MCR
Qiot flownex air — Qot MCR
Errorg omex air ve MCR. = = =3.069.%
Qiot MCR
Qﬂ-ﬂt.ﬂﬂ“‘!‘lﬁ.ﬂ! - an}t.}dCR
Etror ponex fg.vs MCR. = - = 3841-%

Qiot MCR.

Qiot flownex air ~ Qdut.mal}-'tical.aj:

Eﬁﬂfﬂmmmaj:.vs.analj;ti-:al.aj: = 0 . =23713-%
dot.analytical air
From the above error analysis between the various models and MCR data we can say the
following:
¢ The Flownex model has been verified against the analytical model (2.373% error)

# The Flownex model has been verified against the MCR data (3.841% error)

Mote that a direct verification between the analytical model and the MCR data was not
explicitly accomplished due to limitations on including the real fluegas properties in the
mathcad model.

However, since we have agreement between the flownex model and analytical model for the
case where both models approximate fluegas properties using air as the fluid with and error of
2.373%, we can confidently conclude that the analytical model has been implicitly verfied
against the MCR data. This is because the flownex model results for the case where the real
fluegas properties are used agrees with the MCR data to within 3.841%.

These errors are all small enough to have confidence in the steady state verfication of the
standalone analytical and Flownex model.
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Appendix B. Air Heater Verification Details

Reference:C:\Jserspmb3 7\ Desktop\Coolprop Fluid Properties rev 1. xmcd(R)
AIR HEATER VERIFICATION (Analytical vs. MCR vs.
Flownex)

E-NTU Cross Flow (C_min Mixed - C_max Unmixed) - 3 HX in series

Multipass Tubular Heat Exchanger.

Fluegas travels through the air heater {top-down) in one pass inside the tubes.

Combustion air is blown via a FD fan into the bottom level of the air heater.

The air enters the air heater on the bottom left side, makes 3 passes through the air heater before
exiting the air heater at the top right side. This model utilises 3 individual heat exchangeers (HX1,
H¥2 and HX3) which are connected as per the diagram below.

Since the air will undergo much turbulence (i.e. mixing) due to obstructions {tubes) in its flow path
and the fact that the minimum heat capacity rate is that of the air, the E-NTU correlation for cross
flow with C_; mixed and C__, unmixed is used in this model as shown below:

RG]

C
L
€ Cmin mixed Cmaxummixed = 1 — € me e pas iy A

HX3 @

s Sé
HX2
C¢ ¢

¢ HX1

#D
Reference List:

[1] TO400 TORRIFAC BOILER PROCESS FLOW DIAGRAM, G8756-03, rev 0
[2] THO400-40 ECONOMISER AIRHEATER GEMERAL ARRANGEMERNT, 68659-03, rev 0

[3] THO400-40 ECOMNOMISER AIR. HEATER TUBE PLATES, B&8759-13, rev 0

[4] VDI Heat Atlas, (pg 1273-1277), M1 Hat Transfer to Finned Tubes

[5] Heat and Mass Transfer, Fundamentals & Applications, Yunus A. Cengal, Afshin J. Ghajar.

[6] Zeghadnia, J. Loup, and B. Achour, “Explicit solutions for turbulent flow friction
factor 'a0: A review , assessment and approaches classification,” Ain Shams Eng. J.,
vol. 10, no. 1, pp. 243252, 2019, doi: 10.1016/j.ase].2018.10.007

[7] Heat Transfer in Single and Multiphase Systems, Greg F Naterer, pg 491

Atmospheric Pressure: P, = 101.325kPa
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John Thompson MCR Design Data [1]

This section summarises the Maximum Capacity Rating design data as per John
Thompsons designs [1].

It includes mass flowrates as well as inlet and outlet temperatures and pressures for both
streams (air and fluegas).

A simple heat transfer rate calculation Q4 .= mdnt-up-.iTis applied to determine the heat

transfer rate as per the MCR data. This value will then be compared to the heat transfer
rate of the analytical model and Flownex model as a verification.

Anote on the MCR pressures and model pressures:

MCR air pressures were not specified in [1].

The inlet air pressure is therefore assumed to be atmosphere. In reality the inlet air pressure to
the air heater is downstream of a forced draft fan but this slight pressure increase is not signifant
for our analysis on the heat transfer.

Initially the outlet air pressure was assumed to just be 2% lower than inlet pressure in the
analytical model. That being said, the pressures used in the analytical mathcad model presented
here have been updated to be the pressures computed by the Flownex model. This was done to
ensure consistency between models since the analytical model does not explicitly employ a
momentum balence pressure solve.

We are not concerned with modelling complex pressure drop characteristics in the analytical
maodel since the actual pressure drops are very small and have insignificant impacts on the fluid
properties and consequently the heat transfer.

Since we are discretising the air heater into 3 sub-heat exchangers (one per air side pass), we
could simply use the inlet and outlet pressures, and assume a linear pressure drop distribution to
determine the intermediate pessure at the exit of each sub-heat exchanger. This was the
methodology used in the first iteration of the analytical model. But, again the flownex computed
outlet pressures were used for the heat transfer calculations for both MCR and analytical model for
consistency and continuity when verifying the models against the MCR data.

Mote that MCR data indicates a fluegas pressure rise from inlet to outlet through the air heater.
This is likely due to the ID fan downstream. Since the flownex model does not include the ID fan,
the outlet fg pressure for the analytical model is taken to be that calculated by flownex (see
below).

The flownex computed pressures are: Pg_ . . = 101.083kPa = 791.320kPa

Pﬂnwnexfg. out
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MCR Design Data

Air Side
Mass flowrate: Mot zir TT = 5390 -2 [1]
. - I]I
Inlet temperature: T, . yp=27°C [1]
Outlet temperature: T_. . 5y = 197°C [1]
Inlet pressure: P in T = Pty = 101.325-kPa [assumption as explained above]
Cutlet pressure: Poir outJT = Pllownes airout =

Flue gas Side

kg
Mass flowrate: m = 6084 = [1]
dot fz.JT iy
Inlet temperature:  Tg, . rp = 338°C [1]
Cutlet temperature: Ty gutJT = 230°C [1]
Inlet pressure: Peo i JT = 690kPa + P = T91325-kPa [1]

Outlet pressure: Pey out JT = 808KPa + Py = 900.325-kPa [1]

101.083-kPa [flownex result as explained above]

= =7 ~H .
M' Pﬂn‘i'mexfg.nut i [flownex result as explained above]

MCR Heat Transfer Rate {using air side conditions)

Tairin T * TairoutJT

Average air temperature: T_. __ = 112-2C
g P airavg JT 2

Awverage air pressure: PairinIT * Pairout JT 101.904.&P
. _ = = i’ -EEa
air.avg JT 2

Air specific heat capacity evaluated at average T&P:

.II o | § mmM mmM mn mn kJ
Pair T = CPauid! "8 -Pair ave 1T Tairaverr- """ """ | = e

Heat Transfer Rate: Q__ .. rcp = myos 2o 7T 7T Tair 0wt JT — Lairin JT) = 237-690-KW
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AIR HEATER - Analytical Model

¢ Multipass tubular heat

exchanger

Finless (bare tube) anEngement

Finside fluid - air S +

Tubeside fluid - flue gas G

Flue gas inlet duct at the i ..,B"_k:ﬁ

top of the assembly RS P

* Flue gas outlet duct as ! t — I llllill'IH

bottom of assembly ST ”'m”“

» Flue gas makes single pass —f
inside the tubes
(from top to bottom)

o Airinlet duct at bottom "
left of assembly H R :

» Air outlet duct at top right 3 |
of assembly < '

o Air makes 3 passes

between the tubes ' -

4 tube rows | ¥ T 'Hu

Single tube pass (flue gas) H

30 paralell circuits

Staggered tube arrangement

Staggersd

Connbustion

Cormbustion _
“RAIr Duthet

Air Inket

I

I Combustion
| Sur Oiuthet
I

i

=
==

-
——|

=

 a

: Cormbuestion
-

Air Inlet |
i

Figure 1. Air Heater General Arrangement

GEOMETRIC INPUTS

Tube Arrangement

MNumber of rows (perpendicular to flue gas flow direction): Nogwe =4

MNumber of passes (this is the same for each tube row): ‘«Ipasses =1

Mumber of parallel circuits {tubes parallel to flue gas flow): W‘Ipa.r cire = 30

The total number of wetted tubes in cross-flow is: Nibes = }Imws'}lpa:.c:i:c = 120
Overall Air Heater Dimensions

Air heater depth: Dapg = 1400mm [£]
Air heater height: H, gy = 3000mm [2]
Air heater width: Wy = 360mm [2]

Sub-Heat Exchanger Dimensions (HX)

Depth (i.e. single finside pass length): Dygy; = D gy = 1400-mm

Height (perpendicular to cross flow direction):

Width (perpendicular to cross flow direction):

Cross-sectional area of air heater (perp to air flow crossflow direction): Apr =

- 1
Wiy = 42 3mm

1
HH}S_. = EH__!,‘H = 1000-mm
Wi = W gy = 560-mm

~
HI—D{'“FI-D{ = Djﬁlﬂ‘l‘
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Tube Geometry:
Tube OD:

Tube thickness:
Tube 1D:

Tube Length:

Tube Arrangement:

Staggered arrangement

Transverse Pitch (spacing perpendicular to flue gas flow diraction): st = 140mm

Longitudinal Pitch (spacing parallel to flue gas flow direction):

Diagonal Pitch:

Appendix B. Air Heater Verification Details

dy tube = 63.3mm [2]

e = 20m 2
4 tube = 9o tube ~ 2 tiype = J%-3-mm

Lighe = 3m [2]

[3]

sp = 453mm El

) |'5 1"|2'
sp= |51+ | l = 83217-mm
\ 2

]_
o@o

O
000
O

b

Stagoared arrangement

Air flow Ay e =5 Loy,
@G@G@ "'r_.‘!w..'.'nlr =2 [-""r.- LA ]‘r"'.'nﬂ'
o A, ol 5. -L .
@ {:} eor A -:-;.; e ﬁ{ bp = 'r'l-ﬂ A .I 'r"'.u"-r
QOO I
SCOF = :

EY
- |:,'1'1." - ml.:\-.".rr' :I

Far field area and free flow area
(madular basis)

Figure 2- Far-field and free-flow areas and velocities (modular basis)
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Straightened Cross-section of Flow (SCOF) Calculation

1a. Free Flow Area based on
Modular unit {transverse plane)

OOO

) 5 I:- - "
|I.|4'w'.l..=',.],- .~1'|L|.-t,_h=_..|

OO0 = Erd)lom
! 3 & o
OOOO I-"J:'::i: = blﬂ'i’i-.l__ = -"‘_".:L-HEJ_

T L
P_:uw H—.w |:'_:|r 'rflll_.}l;‘_l....&};'

ut ¥
- —

O~R0A ...
OOOO Jo—T T

o
Sl
—

.‘H\

-

1b. Free Flow Area based on
Modular unit (diagonal plans)

X0

oo L] N
'Em-'!:ﬂl'::'. S i

P ™ 2 (5} L
20T ot
OOOO T ?ﬂﬁ.‘;.-.-:'y:;gl’_h.*-:\!

O O T, fi_l:___._l;__.\
S,
O o
I8 =1

SCOF =

S{-"\‘C"l:'la if 'j‘ﬁ'ee_ﬂnw_la < A‘free_ﬂnw.lb
SCOF 1y, f Ageeflow.1b < freeflow.la

Far field area

.
Afarfield 1 = ST By = 0.14m

Free flow width

Wiree flow.1a = 5T ~ o tube = 76-3-mm
Free flow area
.
Afree flow.1a = Viree flow.1a Hix = 0.077m
Straightened cross-section of flow
Afar field 1

—_— =183
A‘free.flnw. la

SCOF, =

Far field area

.
Afarfield 1 = 0-14m

Free flow width
Weree flow 1b = 215D — dg tube) = 39:433-mm

Free flow area

|
Afree flow.1b = Vfree flow. 16 Higy = 0.03m
Straightened cross-section of flow

SCOFyy, = M - 353
Afree flow 1b
. Free flow area should be
=333

taken as the smallest area.
In our case the transverse
plane area is the smallest.

Check that overall frontal inlet area, overall free flow area (diagonal) and overall inlet

area ratio agrees with the modular appoach:

,
AHX overall = Apx = 096m

Ageeflow.overall = 2 Npows |5D — 45 tube) Hipx = 0-138m™

2 'A*H]{_m'era]l .
= 3.33

'ﬁ“free_ﬂnw.m'era.ll
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Heat Transfer Surface Areas:

Fluegas-side Heat Transfer Area:
.

.
54 tube = ™9 tube Liube = 0961 m SA{ tube tot = Nrubes 34 fube = 87283 m

Fluegas-side Heat Transfer Area (per HX):

-]

SA‘i.tleE.tDt
SA tube tot HX = 5 =22431m

Air-side Heat Transfer Area:

2 y
o.tube Ltube! = 0-398m SA N BA = T181Tm

oA ={md o tube tot = ““tubes

o ftube - o tube

Airside Heat Transfer Area (per HX):

_ 544 tube tot 12 020 2
SAgtubetot HX = — = £353%m

a

Ratio of finned-tube heat transfer surface area to bare tube heat transfer surface area:

ROS =1 [Finless tubes]
Ratioc of external to internal surface area:
SA
fube tot
Areag o = —— 0 = 1067
S"\‘i.tube.tnt

Total fluid volume (air inside of air heater):

.

. . . . 3
Viuid = VAH ~ Viubes = 1212m

Total fluid volume (air inside of sub-HX):
Va -
. fhaid 3
Vimidgx = — = 040Mm

a

Tube material mass:
T If' . Y

, _ 2 b i 7832
Viube mat = i dotube ~ ditube ,."Ltube'}‘tubes

= 0.139-m Psteel = '

Laa
-
El...'- |f.|"-'l

Meybemat = “tube mat Psteel = 1089.307kg

Tube material mass (per sub-HX):
Miibe.mat
Minbemat HX = — 5 = -0-.16%kg

a4
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Air-side Inputs:

All inputs below, barring the outlet temperatures have been explained in the beginning of this report.

: k
Air mass flowrate: Mot airin = Mdotair JT = 14975
g
Inlet air pressure (absolute): Pairin = Pairin T = lﬂljli-kP#
Outlet air pressure (absolute): [P =P . .57 = li]l.i]ELS-kP:{
Nodal Pressures: Poir0 = Pairin = 101.325-kPa
P 1 = 101254kPa [from flownex result]
Intermediate pressures: P, = 101173kPa [from flownex result]
Pir3 = Poy oy = 101.083-kPa

Mote that the intermediate pressures (1&2) could have just been used by assuming a linear
pressure drop distribution. Instead the flownex results have just been used since it will give better
verification since we are not interested in solving for pressure in the analytical model.

Inlet air temperature:

Outlet air temperature: [Successive approximation with first guess

as 197 degC (i.e. as per MCR data)]

Nodal Temperatures: T,

SR = S08 = 14.991-%
3390

Intermediate temperatures:

['lote: Expressions with borders are inputs that can be changed when verifying/validating diﬁerenw

pperating points based on a different boiler load
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HX1 Air Fluid Properties:

Air Density evaluated at T.air.in and P.airin: This should give a more accurate result for the

inlet velocity.
. Fm_.n [EE LR LN L L] - kg
Pairin X1 = Phuid| 8" -Pairg-Tazeo. " -"" " | = 1176 —
m
Average air-side Temperature and Pressure:
T.: + T.; P_. + P
air.0 arl o tard air.1 .
Tairavg i1 = — -, = M43171°C Prravg HX1 = — 5 = 101.291Pa

F Fa

Air Specific Heat Capacity evaluated at T.air.avg and P.air.avg:
4

I:,PEJIE{I = C—pﬂmdl ”E.'i.f" _Paif.a"_g-mil_TajI-a."_g-m{]._“” -|||| -|||| -|||| :l = ].DDS kEK

Air Density evaluated at T.air.avg and P.air.avg:

.II bt | | mm mm mm ] kg
Pair HX1 = Piuid| "2 -Pairavg HX1- Tairavg Hx1-" - ") = 1078 =
m
Air Thermal Conductivity:
Mair HX1 = Muidl "2 - Pair ave Bt - Tairave Hx1 - ) = 0:028m —
m K

Air Dynamic Viscosity:

i (" mn kg
Pair HX1 = Miuid| "2 -Pairavg HX1- Tairave HX1-" ) = 0—
Air Kinematic Viscosity:
 MairHX1  m
Vair H¥1 = =

Pair HX1 s

Air Prandtl Number:
Proie i1 = Pravial "8 - Pair ave HX1 - Tairavg Hx1- " ) = 0.704

Total air-side heat transfer rate:

Qdot air HX1 = Mdot airin Cp.air HX1'| Tair 1 — Tairg) = 32426 6W
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HX2 Air Fluid Properties:

Air Density evaluated at T.air.in and P.air.in: This should give a more accurate result for the

inlet velocity.
.II bt | ) mm mm mm kg
Pairin HX2 = Phuid| 2" Pair1- Tair 1" ") = 0994 =
m
Average air-side Temperature and Pressure:
T 1+ T.: P. +P_:
air.1 2 o eme e - cairld air.2 .
Toiravg D = — 5 = W07.571:°C Poiravg D) = — 5 = 101213 4Pa

Air Specific Heat Capacity evaluated at T.air.avg and P.air.avg:
. .II it | | mm mm mm mm 'J kJ
Cpair X2 = CPauidl "8 -Pair ave 030 Taiwave b """ = LK

Air Density evaluated at T.air.avg and P.air.avg:

Pair X2 = Phuid! " - Paie ave 1300 Tair avg pcy " - 2" ) = 0926

ELA.'! |T.I?':ITL

Air Thermal Conductivity:

T

[ nn 1;'
M air 32 = Mluidl "8 - Pair ave B30 - Tairave x| ) = 0:032m —
m -K
Air Dynamic Viscosity:
kg

Mair HX = Miuid| "2 -Pair avg 132 Tairavg H2- 1 = 0 —

Air Kinematic Viscosity:
\

Hair F2 m
Vagn = — = 0—

Pair HI{2 5
Air Prandtl Number:
Prow 132 = Priuidl "2 - Poip ave 150 - Tairave 132 ) = 0
Total air-side heat transfer rate:

Qetot air X2 = Mdot airin Cp.air HX2 | Laird ~ Lair) = /8-601EW

tails
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Appendix B. Air Heater Verification De

HX3 Air Fluid Properties:

Air Density evaluated at T.air.in and P.air.in: This should give a more accurate result for the

inlet velocity.
.II bt | ) mm mm mm ] kg
Pairin HX3 = Phuidl 2" -Pair2- Tairn. """ ) = 0867 =
m
Average air-side Temperature and Pressure:
T : 2+ T,_: P:-~+P_.
air.2 air 3 o . ~ Card air.3 .
TE.‘iI.E‘.'g.H}{j = f = 157041-*C PE.‘iI.E‘.'g.H}{j = f = 101.128-kPa
Air Specific Heat Capacity evaluated at T.air.avg and P.air.avg:
. .II it | | mm mm mm mm kJ
Cpair 35 = CPauidl "8 -Pair ave 033 Tawave s = L0k
Air Density evaluated at T.air.avg and P.air.avg:
. (m_=n (RN RN R I AT -1 kg
Pair HX3 = Piluid| "2 -Pair ave HX3 - Tairavg Hx- """ ) = 0817 =
m
Air Thermal Conductivity:
[ nn 1;' f
Mair G = Mluidl "8 - Pair ave H3G - Tairave Hxs- ) = 0:036m —
m K
Air Dynamic Viscosity:
. [ _=n nn kg
Mair HX3 = Miuid| "2 - Pair avg X5 Tairavg Hi- 1= 0—

Air Kinematic Viscosity:

Hair I3 m

Vair HX3 = =
P air HI{3 5

Air Prandtl Number:

P ics = Priuidl "2 Poir ave 13- Tairave Fcs- ) = 0698

Total air-side heat transfer rate:

Qot.air HX3 = Mdot.airin Op.air F3 | Tair3 ~ Taira) = 74404EKW

tails
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Appendix B. Air Heater Verification Details

HX1 Air Heat Transfer Coefficient

Inlet velocity of air into the air heater (i.e. far field velocity):

m - -
Viar field HX1 = dotairin _ 232 Mote that the inlet air density is used rather than
Pair in FIX14HX 5 the average density of the inlet and outlet.

Max velocity in the pipe bundle:

m
Vmax HX1 = SCOFVear fiela i = 8099

Reynolds Number for air flow across pipe bundle:

vmaxl—D{I'do_tube
RBd.o.tubeHXl = = 27836273

Yair HX1
Air Nusselt Number:

1
3

0.6 0.15

Nugygy = 038 Req o upe 1 FOS  Prgepgy = 106938

Air Heat Transfer Coefficient:

Nupgsy Aair HX1 W
o.tube oK
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Appendix B. Air Heater Verification Details

HX2 Air Heat Transfer Coefficient

Inlet velocity of air into the air heater (i.e. far field velocity):

m - -
Vear field HX2 = dotaitin _ 26802 Mote that the inlet air density is used rather than

P air in FX2 AHX 5 the average density of the inlet and outlet.

Max velocity in the pipe bundle:

oo
Vmax HX2 = SCOF Vi fiatd g = 9947 "

Reynolds Number for air flow across pipe bundle:

Vinax HX2 9o tube o
Rey o tube HX2 = —— = 25258.019
Vair HX2

Air Nusselt Number:

Ll.'-ll—-

. . 0.6 ..—013 .
'_‘\.uI_Dﬂ = DJSREthI.IbEH}S:'. -ROS PIEJIm‘:'. = 147.759

Air Heat Transfer Coefficient:
Numo R X2 W

hmm = P = 7479 n
o.tube moK

HX3 Air Heat Transfer Coefficient

Inlet velocity of air into the air heater (i.e. far field velocity):

Mote that the inlet air density is used rather than
the average density of the inlet and outlet.

Viar field HX3 = = 3.083

M4 ot air in m
P air in HX3 “HX s

Max velocity in the pipe bundle:

Vi 03 = SCOF-veo goqq gy = 10054 5
. field. 3

Reynolds Number for air flow across pipe bundle:

Reg o tube HX3 = = 23334.890

Air Nusselt Number:

] . 0.6 ..—0.13 .
}.uij = DJSREdDmbEH}:S -BOS PIEJIIE‘:S = 140.784

Air Heat Transfer Coefficient:
NUuprss A air 3 W

hE.‘IIH.-XS = P = 78.761- 5
o.tube m K
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Appendix B. Air Heater Verification Details

Fluegas-side Fluid properties: [Assuming properties simillar to air]

All inputs below, barring the outlet temperatures have been explained in the beginning of this report.

Flue gas mass flowrate:

Inlet flue gas pressure (absolute):
Outlet flue gas pressure (absolute):

Nodal Pressures:

Intermediate pressures:

kg

Mot fzin = Mot fzJT = 194

Prg in = 690-KPa + Py = 1913254P]

Pty out = /91320kP3
Pg, g = 791.323kPa [from flownex result]
Pfg.{} = 791.322kPa [from flownex result]

Pga D = Ppg qut = 191.324Pa

Mote that the intermediate pressures (B&C) could have just been used by assuming a linear
pressure drop distribution. Instead the flownex results have just been used since it will give better
verification since we are not interested in solving for pressure in the analytical model.

Inlet fluegas temperature:

Outlet luegas temperature:

Nodal Temperatures:

Intermediate temperatures:

nglﬂ = 338 :ﬂ

= 221 650°C [Successive approximation with first guess

T.
fz.out
E as 230 degC (i.e. as per MCR data)]

ng__& = ng].ﬂ = 338-°C
Tg, g = 301492°C
Tgy ¢ = 262.674°C

ng_D = ng.ﬂ'lﬂ = 221.630-°C

Mote: Red Highlights indicate variables that are updated iteritively.

['lote: Expressions with borders are inputs that can be changed when verifying/validating different
pperating points based on a different boiler load
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Appendix B. Air Heater Verification Details

HX1 Fluegas Fluid Properties

Average fluegas-side Temperature and Pressure:

T + T P +P
f=CT =D . g CT gD )
ng.a‘rg.I-D{l = — -~ 242.166-7C Pfg.avg.lﬂil = = 701 321-%Pa

F Fa)

Fluegas Specific Heat Capacity evaluated at T.air.avg and P.air.avg:
- .II = n mnm mm mm mm kJ
®p fz HX1 = CPuial "2 -Pee ave 1 Trg ave s> ) = LO36 ek

Fluegas Density evaluated at T.air.avg and P.air.avg:

b
El_u |TJ":I

P HX1 = Phuid| " P ave HX1 g ave Hxt- " -"" ") = 5335

Fluegas Thermal Conductivity:

| n_:.n nn 1|;|';.'r
Mg HX1 = Munidl "3 Peg ave 1 Tigavg gy | = 0:041m —
m -K

Fluegas Dynamic Viscosity:

. | 1 — kg
Hfe HX1 = Piuid! "8 -Prg ave 131 Tre ave X1 | = 0—
Fluegas Kinematic Viscosity:

A

- ez HE1 m

Vreuyl = — —— =0—
Pfz HX1 s

Fluegas Prandtl Number:
Prfg-mﬂ = Prgigl "air" 'Pf'g.a‘a'g.H}il'ng_avg_H}_{l'“” | = 0.701

Total fluegas-side heat transfer rate:

Quot fg HX1 = Bdot fzin Spfz HX1'| Iz ¢ ~ Tgz p) = $2427EW
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Appendix B. Air Heater Verification Details

HX2 Fluegas Fluid Properties

Average fluegas-side Temperature and Pressure:

T + T
fzB fz.C . _
Tte avz 12 = ) = 282.083-°C Pteave H0 =

Fluegas Specific Heat Capacity evaluated at T.air.avg and P.air.avg:

Cp fe HX2 = CPfuid| "2 Pfp ave 12 Trg ave roa. """ = 10—

Fluegas Density evaluated at T.air.avg and P.air.avg:

.II ot ) ) mm mnm mm = kg
Prg F = Pruidl " Prgave 2 Trgavg """ ) = 4951 =
m
Fluegas Thermal Conductivity:
. P . W
Mo 30 = Muidl "2 Prg ave 100 Tre ave Fog ) = 0043 m—
m -E

Fluegas Dynamic Viscosity:
. LT nn kg
Mg HX2 = Muidl "3t -Prg avg 1002 Trg ave i " = 0 —
Fluegas Kinematic Viscosity:
"I
Hfz HX2 m
Ve = =0—
- Pfz HIX2 s
Fluegas Prandtl Number:

Prre 11300 = Prituial "8 - Peg ave 1300 Trg aveg - ") = 0702

Total fluegas-side heat transfer rate:

Qedot fz B2 = Mot fzin Spfe HX2 | Trg B ~ Tzl = 78.601EW

Pret P

= 101322-%Pa
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Appendix B. Air Heater Verification Details

HX3 Fluegas Fluid Properties

Average fluegas-side Temperature and Pressure:

Te, a +T P » + P
f=.A f=B e s - tfg AT 2B .
ng.a‘a'g.H}'IS = . = 319.7146-°C Pfg.a‘&'g.H}i'S - ———— 791324-kPa

F Fl

Fluegas Specific Heat Capacity evaluated at T.air.avg and P.air.avg:

W
Cp fr HX3 = CPauid! "8 -Pre ave 33 - Tre ave s -7 ) = L2k

Fluegas Density evaluated at T.air.avg and P.air.avg:

kez
Prg 1003 = Phiuid| "2 Peg avg s - Teg avg b """ ) = 4636 =
m

Fluegas Thermal Conductivity:

(n_-n nn 1;":
Mg HXG  Muid!"# Prgave 3 Tfgavg i | = 0046 —
Fluegas Dynamic Viscosity:
i = nn kg
Mg HI3 = Pluid| "2 Prg ave o3 - Treave B 1 =0 —
Fluegas Kinematic Viscosity:
A
Hfz 133 m
Veems = — = 0—
- Pfg F33 5
Fluegas Prandtl Number:
Pree 103 = Priial "2 Py ayve 10 Trg avg i ) = 0704

Total fluegasside heat transfer rate:

Qetot fz HX3 = Mdot fr.in p fo I3 | Tz A — TrgB) = 74455 KW
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Appendix B. Air Heater Verification Details

DETERMINING THE FLUEGAS HEAT TRANSFER COEFFICIENT FOR
FLOW INSIDE TUBES (Gnielinski correlation [5]):

HX1 Fluegas Heat Transfer Coefficient

Total fluegas mass flowrate:

kg
Mot fgin = 194
Fluegas mass flowrate per tube: Fluegas velocity per tube:
Maotfzin kg Mot fz pt m
mdli.'lt.fg.pt = —_\\: . = D‘Dlﬁ? ‘fgptH:’{l = 7 - o = ].DQ:
“tu . <1
= Prg EX1| 7 Yitube |
= \ _u'l
Fluegas Reynolds Number for fluegas flow inside a tube:
Pz HX1 Vg pt HX1 % tube o
Regitube HX1 = - Repp 1 = Reg tube g = 12470954
Mg HX1
Surface Roughness (sheet metal, new) as per [9]
€ ctpp = 100pm For sheet metal, new (max) [5]
Friction factor:
1 2
fI‘IXl = = 0032
Esteel Smooth to rough correlation [6]
d Swamee and Jain, (1976)
ube 574
leg — o+ 09
' Eeq i tube HX1
Fluegas Nusselt Number:
(x|
T3 \Reeg e 1000)-Pegy g1ty
-_\N'L'Lfgmil = - ,"' 3 ) = 38.083 5
e «,IE'.ZI | — [ ]
Ly ) HEL 3
* g ) VifeEXL T
Fluegas Heat Transfer Coefficient:
_ MW EKIMeHEK1 W
heo 1y = _ = 26877 —
4 tube mE
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Appendix B. Air Heater Verification Details

HX2 Fluegas Heat Transfer Coefficient

Total fluegas mass flowrate:

kg
m o= 104 =
dotfz.in <

Fluegas mass flowrate per tube: Fluegas velocity per tube:
kg Maat fz pt m
mdﬂtfg.l}t = 0.016 ? Vfgptm = - 5 =1.174 ;
Pfg}m{; 4 tube )
Fluegas Reynolds Number for fluegas flow inside a tube:
Pz 00 Vi pt FO2 % tube
Regitube I = Repo iy = Regj qube 1 = 11838.698

p‘fg.[-l}t.l

Friction factor:

Fluegas Nusselt Number:
f;
HX2
(—a )'(Refg]-]}ﬂ ~ 1000)-Prg, ;1

£ 0.3 =
HX2 3
1+ 11.?'(T) - Pffgm -1

Fluegas Heat Transfer Coefficient:
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Appendix B. Air Heater Verification Details

HX3 Fluegas Heat Transfer Coefficient

Total fluegas mass flowrate:

K
=194

Mot fz in <

Fluegas mass flowrate per tube:

Fluegas velocity per tube:

kg Mot fz pt .. m
Mdot fzpt = D'Dlﬁ? Yz pt HX3 = = N = l.lj-l-;
Pre X3 | 7 Yitube |
= \ ,-'I
Fluegas Reynolds Number for fluegas flow inside a tube:
Pfg HX3 Vg pt X3 Y tube )
Regitube s = - Rege iy = Regj ube 1oygs = 11314458
Hfz H33
Friction factor:
1 2
Smooth to rough correlation [6]
4 tube 5.74 Swamee and Jain, (1976)
s T 09
' e i tube HX3
Fluegas Nusselt Number:
Ir- f ot ] l“'
Ty | Rerg s — 1000) Prg prcs
j‘-u.f'gl_]}{j = 05 F 3 Y = 33019 [5]
{ Forenn ) A1 = I
-1 . 3 |
Fluegas Heat Transfer Coefficient:
Nupe i3 Me HNS . W
th.H}i-E = = — = 27383 "
- 4 tube mK
Properties of Tube Material:
- A
Thermal conductivity of AISI 1010 at 300K: Agtea] = 63.9 ¥ [5]
m-E
Thermal Conductivity of Tubes: W
=X =639
Mube steel — 7
i - TQ7 kg
Steel density: Potes] = _-331—3 [5]
m
: . I
Steel specific heat capacity: Cp steel = 434 X [5]
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Appendix B. Air Heater Verification Details

HX1 UA Value

Thermal Reistances:

Thermal resistance due to the fluegas boundary layer on the inner tube wall:

TT Tl'l‘.r

By = B gy = 26877 —
m K

Thermal resitance due to fouling on the inside of the tubes (fluegas-side):

-

m -E

crreq =0 Assuming no fouling for now.
Brimx W [ g g |
Thermal resistance due to wall thermal conductivity:
]n?r dn.tubem":
R, _ \ ditube ) 0 K
w1 = =0
Liube W

lﬂ'kmbe' 3 '}‘-rubes

Thermal resitance due to fouling on the outside of the tubes (air-side):

Bromxy =0 - [Assuming no fouling for now.]

Thermal resistance due to air boundary layer on the outer tube wall:

T ri .‘;'RT
Romxt = Dairrmgy = 70178 —
m K
Inside tube surface efficiency (fluegas-side): e 1 = 1 [Unity for no fins ]
Outside tube surface efficiency (air-side): Mo EXL = 1 [Unity for no fins.]
Therefore we can calculate the UA value as:
/ -1
i | 1 ReiHx1 )
L:‘iH}{l = +
Neg X1 FEK S tube tot HX "z HX1 54 tube tot HX
AR, . B ommt . 1
. w HE(1 |
Nair X1 5% tube tot HX  Mair X1 Fo BX1 5% mube tot HX )
) KW
L-_Jila}:l = D-I—I-J K
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Appendix B. Air Heater Verification Details

HX2 UA Value

Thermal Reistances:

Thermal resistance due to the fluegas boundary layer on the inner tube wall:

T

pae

Rimo = g = 27243 —
m K

Thermal resitance due to fouling on the inside of the tubes {fluegas-side):

-

m -EK

crrvey =0 Assuming no fouling for now.
Reirma = V¢ 9 9
Thermal resistance due to wall thermal conductivity:
]n?r dn.tubex':
R, _ \ di.tube J 0
v HK2 = ==
Liube W

lF’1'-'>“I:|.1‘r:uE:' 3 'xtubes

Thermal resitance due to fouling on the outside of the tubes (air-side):

.
Rp oo =0 mﬁ:{ [Assuming no fouling for now.]

Thermal resistance due to air boundary layer on the outer tube wall:

T T 1;;‘.7
Romp = Mgy gy = 479 —
m K
Inside tube surface efficiency (luegas-side): Mgg 2 = 1 [Unity for no fins_]
Outside tube surface efficiency (air-side): TMair Hx2 = 1 [Unity for no fins_]

Therefore we can calculate the UA value as:

' —_ 1
e o | 1 . Reirmo \
K, :H}i__, =
Mg 10 0 SA tube tot HX g 10254 tube tot HX
R o 12 1
tRymot A + z A .
i\ Nair HX2 ®otubetot HX  Mair HI2 ™o HX2 ®otube tot HX
KW
Udgyy = 0455
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Appendix B. Air Heater Verification Details

HX3 UA Value

Thermal Reistances:

Thermal resistance due to the fluegas boundary layer on the inner tube wall:

T IS 1;;&'
Bimxs = Mg g = 27383 —
m K
Thermal resitance due to fouling on the inside of the tubes (fluegas-side):
2
m K . .
Reipey =10 . [Assuming no fouling for now ]
Thermal resistance due to wall thermal conductivity:
]n?r dn.tubex':
R, _ L di.rube J 0
v HHS T T
Liube W

lﬂ-hl.'l_lbe- 3 'xtubes

Thermal resitance due to fouling on the outside of the tubes (air-side):

.
Re oo =0 mﬁ:{ [Assuming no fouling for now]

Thermal resistance due to air boundary layer on the outer tube wall:

T 7 .‘;IRT
Ro s = Bayr gz = 78761 —
m K
Inside tube surface efficiency (fluegas-side): e i3 = 1 [Unity for no fins ]
Outside tube surface efficiency (air-side): Mo HY3 = 1 [Unity for no fins.]

Therefore we can calculate the UA value as:

4 —_ 1
G | 1 . ReiHX3 \
Apxs =
Neg B3 BIDG S tube tot X g 100354 tube tot X
R . Rp o HX3 . 1
Ry .
Mair HX3 5% tube tot X Mair X3 Ro I35 5% tube tot HX
) KW
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HX1 E-NTU For Cross Flow over a Tube Bank:

Appendix B. Air Heater Verification Details

The hot fluid is the fluegas and is denoted by the subscript H for the foregoing analyis.
The cold fluid is the air and is denoted by the subcripts C for the foregoing analysis.

Heat capacity of the Hot stream:

W
CHEX1 = Mdotfein SpfeEx1 = 200

Heat Capacity of the Cold stream:

KW
CeHRX1 = Mdotairin Cp.airHX1 = 1909

Minimum heat capacity:

L _ W
Conin 11 = min| Cpy 11351 -Co gy ) = 1309 =

Maximum heat capacity:

; W
Crax izt = ma¥ O gy -Co g ) = 200 =

Number of Transfer Units:
TA--
NTUpryey = — 0 _ 0204
HXL = o
min HX1
Heat capacity ratio:
C . -
Hx1
_mnBAY 0751

Crqy =

Cnax HX1

E-NTU correlation for cross-flow (single-pass), both fluids unmixed:

[7]
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Appendix B. Air Heater Verification Details

HX2 E-NTU For Cross Flow over a Tube Bank:

The hot fluid is the fluegas and is denoted by the subscript H for the foregoing analyis.
The cold fluid is the air and is denoted by the subcripts C for the foregoing analysis.

Heat capacity of the Hot stream:

. EW
CHEX2 = Mdotfgin CpfeHx2 = 20
Heat Capacity of the Cold stream:

_ L EW
Cerxa = Mot airin Cp.air HX2 = 1913
Minimum heat capacity:

... KW
Conin 1302 = Wi Cr 102 Coxma) = 1915
Maximum heat capacity:
EW

Number of Transfer Units:
A=
. HX2 .
ETLE‘:_, = .C_—_ = DJD].
min HE 2
Heat capacity ratio:

C_. -
HX2
Coppy = ———— = 0.748
Conax 1302
E-NTU correlation for cross-flow (single-pass), both fluids unmixed:

|:_ (1 \..I:I_E._E,I_D&-J-E‘I'L'I_Dﬂﬂ}

\ Sz )

E.H}.Q- =1-¢ [T]
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HX3 E-NTU For Cross Flow over a Tube Bank:

Appendix B. Air Heater Verification Details

The hot fluid is the fluegas and is denoted by the subscript H for the foregoing analyis.
The cold fluid is the air and is denoted by the subcripts C for the foregoing analysis.

Heat capacity of the Hot stream:

EW
CHEX3 = Mdotfgin CpfeHX3 = 20
Heat Capacity of the Cold stream:

_ e KW
CcHxs = Mot airin Cp.air HX3 = 1923
Minimum heat capacity:

. . <vs EW
Conin 103 = min{ Crp s - Corms) = 1925
Maximum heat capacity:
} ) g EW
Coax b3 = M2 Cpms- Cormas) = 204
Number of Transfer Units:
UAsrig
HX3
ETUIES = {:_—_ = 0303
min HX3

Heat capacity ratio:

(o IPp—
min F3C3
Cygxs = ——— = 0.147

Ema}:.HKS

E-NTU correlation for cross-flow (single-pass), both fluids unmixed:

[_ (1 [lcmunmu]}

e

[7]
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Appendix B. Air Heater Verification Details

HX1 Results

Hot-side Temperatures: Cold-side Temperatures:
THinm = Tfg o = 262674°C Te iy = Tairp = 27°°C
Quot ENTUHK1 = € 5X1 Cmin Bx1 | THin Ex1 ~ Tein x| = 82426 %W
Qqot fz Fx1 = 82427-kW

Qaot air Hg) = 52.426-KW

Dutlet temperatures, %error based on E-NTU method for single pass cross flow
[c_min mixed and ¢ _max unmixed) and heat transfer rate %error:

Fluegas:

Mot fz in Sp fz HX1 THin HX1 ~ Qdot ENTUHXI1 .
Teouto = = 221.639-°C

Mdot fz in “p fo HX1

Ty ouerxi — TieD
TeeD

= 0%

Eory £ out HX1 =

Qqot fu 11 = $2427-KW

Qaot ENTUHK1 ~ Qdot fz HX1
Qdot fz HX1

= —0.001-%

Efrorg) dot fg HX1 =

Air:

Qiot ENTUHX1 * Mdot airin Cp.air X1 L C.in HX1
_ I : LBiFi .t i _ -
TcoutHx1 = = 81.633-°C

Mdot airin “p air HX1

T =T,
Coout HX1 air.1 )
EMTOrT gip out X1 = = =0-%
air.1

Qaot ENTUHX1 ~ Qdot.air HX1
Efrory dot air HX1 = ST = 0.001-%
dot.air X1

Check Convergence:

gy p = 221.638°C T, 1 = 81633-°C
T out 1o = 221.639-°C Te out 0y = 81.633-°C
Emory g oue HX1 = 0% Errory g oty = 0%

Eﬂm[}.dnt.fg.ﬂ}il = —0.001-% EHDIQ.th.H.‘iI.mil 0.001-%%
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Appendix B. Air Heater Verification Details

HX2 Results

Hotside Temperatures: Cold-side Temperatures:

Ty inHx2 = Tgg p = 301492:°C Te i = oy q = 81633°5C
Qaot ENTUER? = € 132 Cmin 150 | THin 102 — Teinina) = 78.601-6W

Qqot fg Hxy = 78.60LEW

Qdot air H = 18-601-EW

Dutlet temperatures, %error based on E-NTU method for single pass cross flow
[c_min mixed and c_max unmixed) and heat transfer rate %error:

Fluegas:

Mot fa in"Cp fe HX2 THin HX2 ~ ot ENTUHX2 e ke
TH out 2 = = 262.674-°C
Mot fgin “p fig X2

_ THowmo ~Tggc
Emrory g oue 30 = - = 0-%
fz.C

Qqot £z HX2 = T8-601EW

Qaot ENTUI? ~ Qdot fz HI2

Errorgy dot fg Y2 = = —0.001-%
} Qdot fz D02

Air:

ant.E..‘-] TUHX2 T Mot airin ':p.a:i:.I-Dﬂ' T{}.j.ﬂ.l-]}ﬂ o
T = = 133.500-7C
Coout HX2
Mant airin’ Ep.ai:.l—]lﬂ

T y— T

Coout F2 air2 _

EfrorT gir out X2 = = = —0-%
air.2

Quot air X1 = T8.601-EW

 Qaot ENTUHX2 ~ Qdot air HX2 N
EITorQ) dot air I = P = —0.001-%
dot. air HX2

Check Convergence:

ng_{: = 262.674-°C TELiI 4 = 133.508-*C
TH.Dut.Iﬂﬂ = 42.674-°C T{: D'I.'IIH}E;_. 133 500.-5C
EorT f5 out HX2 = 0% Errory g qut 2 = 0%

Errorg gotfg Fxp = ~0.001%  Emorg go¢ i prygy = —0.001-%
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Appendix B. Air Heater Verification Details

HX3 Results

Hot-side Temperatures: Cold-side Temperatures:
THins = Tgg g = 398°C Teinmxs = Tapa = 133.509-°C
Quot ENTUHXS = € HX3 Cmin B30 | THin 3G — Toin Hxs) = T44946W

Qaot fo Hx3 = 4493 kW

Qiot air X3 = 14494 KW

Qutlet temperatures, Yerror based on E-NTU method for single pass cross flow
[c min mixed and ¢ max unmixed) and heat transfer rate %error:

Fluegas:

Mot fz in Cp f HX3 THin X3 ~ Qdot ENTUHX3 .
T out 53 = = 301.492-°C

Mot fiz in Cp fz HX3

T outs ~ TieB

= —0-%

EtrorT ¢ out X3 = T
f=zB

Qiot ENTUHXS ~ Qdotfg I

Errotg) dot fg HX3 = Sy 0.001-%
ot.fg H33
Air:
Qdot ENTUHX3 + Mdot.airin Sp.air X3 T C.in 13 .
T outHxs = = 182372°C
Mot airin Cp_air X3
T =T,
Coout HX3 air.3 _
EmOrT ajr out X3 = T = 0%
dif’.

Qot air K3 = T4494-EW

Qot ENTUHXS ~ Vdotair DG

Ermorq) dot.air X3 = ST 0-%
dot.air HX3

Check Convergence:

Tg, g = 301.492°C T, 3 = 182372°C

Ty out 3 = 301.492-°C Te gutins = 182372°C

ErworT fg out Hx3 = 0% Eor g qut 3 = 0%

Etrofy qotfe pgs = 0001-%  Errorg qot ajpppgy = 0
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Appendix B. Air Heater Verification Details

SUMMARY OF CONVERGED RESULTS:

Qdot AH = Qot ENTUHK! T Qaot ENTUI T Qot ENTU IS = 233.321EW

W

=1 =9A
'HX3

HX1 HX2 HX3
W W W
h_ g = 70178 —— h_ o = 7479 —— b s = 78761 ——
2 2 2
m -E m -E m -K
W W W
hey 170, = 26877 —— he, pcy = 27245 —— heg prcs = 27385 ——
g 2 £ 2 £ 2
m K m -E m -E
E_H}:l={'132 E}m=ﬂjjﬁ E}m={'239

Qaot ENTU Hx1 = 82426 kW Quot ENTU HX2 = 18.601-kW Qot ENTU I3 = 4404 KW
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Appendix B. Air Heater Verification Details

AIR HEATER - Flownex Model

The inputs used for the flownex maodel follow from the analytical model. The "quick scripts”
employed in flownex to calculate the fin-side heat transfer coefficient follow the same
methodology as the analytical model.

The difference is that the "quick-scripts” in flownex recewve information such as fluid
properties and mass flowrates from flow elements in the network with the use of data
transfer links, whereas the analytical model requires the user evaluate the fluid properties
and manually update in a successive approximation.

3 x Finned-Tube Heat Exchanger components connected in series were used to model the
heat transfer in the air heater. These heat exchanger components were coupled with
“guick-scripts” which employed the same heat transfer calculation methodology as
presented in the analytical model.

The inputs to each of the three Finned-Tube Heaf Exchanger components were identical,
barring the heat transfer coefficient which would be calculated by the "quick-script” and then
given to the fin-side of the Finned-Tube Heat Exchanger component via data transfer links
from the script.

Flownex Inputs (Fin-side)

Fluids
Fluid data reference:

[For verification of analytical model]
"Air| Gases (Pure Fluids) {ATProM Database}”

[For intergrated model with the fluid speicifed mass fractions equal to that of air_i.e.only 02, N2

and M2 specified
“Coal fired flue gas| Flue gas (Mixed Fluids) {ATProM Database}”

=|Mass Fraction

Specify mass fraction Yes
=| Mass fractions 1
502 ]
Fly ash 0
Unburnt carbon 0
C0O2 - Carbon Dioxide 0
N2 - Nitrogen 0.772219
MO - Mitric Oxide 0
02 - Oxygen 0.204782
H20 - Water 0.0229939
Steady-state continuity option Calculate mass source

Specification

Specification option: "General Specification” [To ensure compatibility with the analytical methdology]
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Appendix B. Air Heater Verification Details

Fin {Primary) Side Geometry

Flow Direction: "Counter” [Makes no difference since the flownex model uses 3 sub HX in series]

"
Heat transfer area: SAL tubetot Hx = 23.939m” [External tube surface area for all tubes]
MArea ratio: Areag .. = 1.067 [Outside SAto inside SA ratio]
Fluid volume: Vamd B = 0.404-m~ [Volume occupied by the air]
Fluid path length: La.i:pass =Dpp=14m [Length of single air side pass]
Mumber of increments: N, =1 [Insignificant difference if discretised further]
o
Inlet Area: A et = A = 0536m” [Far-field air inlet area]
Inlet Area Ratio: A o= SCOF L_ 0282 [Ratio of free-flow area to far-field area at inlet]
gl
Outlet Area: A et = Agg=036m~  [Farfield air outlet area]
Outlet Area Ratio: A it ratio = SCOF L 0282
[Ratio of free-flow area to far-field area at outlet]
Material Data
Material option: "Select from data reference”
Mass: M e mat F = 363-169kg [Mass of all tube material]
Wall thickness: e = 2-mm
Material selection: "Carbon Steel - AISI 1010] Metals (Solids) {Master}”
Losses
Primary loss type: "Specify friction factor”
Friction factor f =004 [Insignificant but flownex requires a loss input to solve]

Heat Transfer

Convection Coefficient option: "Constant h"

Fin efficiency: Mifin = 1 [Finless tubes]
W
. Rpo=0 5 . .
Fouling factor: meK [Fouling not included - has small effects]
h: As calculated in script following the analytical methodology

Fixed Options

Fixed mass flow: Mo
Prevent flow reversal: Mo
Advanced

Specify advanced inputs: Mo
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Flownex Inputs (Tube-side)
Fluids

Fluid data reference:

[For verification of analytical model]
"Air| Gases (Pure Fluids) {ATProM Database}”

[For intergrated model with the fluid speicifed mass fractions egual to that of the combustion

products.

“Coal fired flue gas| Flue gas (Mixed Fluids) {ATProM Databasel”
Mote that the fluegas composition used were as a result of the combustion stoichiometric
calculations and are shwon below:

=| Mass Fraction

Specify mass fraction Yes Tl
=| Mass fractions 1

502 2.1739E-19

Fly ash 0000982234

Unburnt carban 0.00112597

C02 - Carbon Dioxide 0.111231

M2 - Nitrogen 0.60349

NO - Nitric Oudde o

02 - Owygen 0.0437381

H20 - Water 0.239433

Steady-state continuity option Calculate mass source

Tube |Secondary) Side Geometry

Mumber of parallel circuits: }Ipm_wc =130
MNumber of passes: }IPESSES =1 [In accordance with flownex
convetions and general
Tube rows- Neows = 4 arrangement]
Tube inside diameter: d; t11he = I9.3-mm
Total tub length: _ [ube
otal tube pass length: Liube pass = — - 1m

Losses

Frimary loss type:
Roughness option:

Roughness selection:

"Darcy Weisbach”
"Select from database”

"Seamless steel tubes - Mew, unused - Max"

Roughness: 100pm [As per above selection]
K actual inlet: 0 [Secondary losses not included]
K actual outlet: 0 [Secondary losses not included]
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Heat Transfer

Convection coefficent option:

Appendix B. Air Heater Verification Details

"Calculate h"

Convection coefficient correlation selection: "Tube inside (Gnielinski)"

Fin efficiency:
Fouling factor:

Tube roughness option:
Fixed Options
Fixed mass flow:

Prevent flow reversal:

Advanced

Specify advanced inputs:

Mfgn = 1 [Finless tubes on inside]

T

A . .
By =0 1: [Fouling not included - has small effects]
m -E

"Obtain from flow component”

Mo
Mo

Mo
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FLOWNEX RESULTS (air props on air and flue gas side)

Airmass flow  1.497 tg/s

B

__,.

T o~ '
&
101.325 kPa @ % g g @ 101 083 kPa
fr . "T AR Ao I«‘
3 '\_I‘I . '\"' \I __. |‘l' |
21.797°C 133.800 °C 1&:??3 C
Heat Transfer Rate 236220 kiv/
_21 ,341} C 335 E-I}D "

791.320 kPa U

Flue ges mass flow 1.940 ko's

@?ﬂmzﬁkpa

FLOWMNEX RESULTS (air props on air side and flue gas props on flue gas side)

Air mass flowe 1 457 kgls

Ty
D 101 075 kPa

"Y-:t'ﬁ
W

|.

—

—

14731 °C 1981358°C
234553 °C 338000°C
T p
791,220 kPa Q Fluegas mass How  1.94Ukg/s ME O 791325 kPa
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Appendix B. Air Heater Verification Details

Comparison of MCR, Analytical. and Flownex Results

Heat Transfer Rate (MCR Data): Qgot MCR = 237.659-EW
Heat Transfer Rate (Analytical - air props for flue gas): Qdot.analytical air = Qdot AF = 233.521EW
Heat Transfer Rate (Flownex - air props for flue gas): Qdot flownex air = 236 2206W
Heat Transfer Rate (Flownex - flue gas props): Qdot flownex fz = 239 T61EW
Qdot analytical air ~ Qdot MCR
EfT0T, a1y tical airvs MCR = - Q = —5.606-%
dot MCE.
_ Qdot flownex air ~ Qdot MCR I
Efrotq oy nex air ve MCE. = = —8.333-%
Qdot MCR.
_ Qdotflownexfg ~ Ydot MCR N
E“Imfﬂn“ne:»:.fg.vs.h{ER = =08-%
Qdot MCR.
Qdot flownex air ~ ant.analvtin:al.aj.r )
- = 0297.%

Em:'rﬂm‘mex.ajr.ﬁ's.malj,-‘lical.ajr = _ _
ant.aﬂal}-'un:al.m:

From the above error analysis between the various models and MCR data we can say the

following:
# [he Flownex model has been verified against the analytical model {0.297% error)
# The Flownex model has been verified against the MCE data (0.8% error)

Mote that a direct verification between the analytical model and the MCR data was not

explicitly accomplished due to limitations on including the real fluegas properties in the

mathcad model.

However, since we have agreement between the flownex model and analytical model for the
case where both models approximate fluegas properties using air as the fluid with and error of
0.297%, we can confidently conclude that the analytical model has been implicitly verified
against the MCR data. This is because the flownex model results for the case where the real

fluegas properties are used agrees with the MCR. data to within 0.8%.
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Appendix C. Fire-Tube Evaporator Verification Details

[+] Reference::\ lsersinmh&7iNesktnn\Conlnron Fliid Pronerties rev 1.smed (R

FIRE-TUBE EVAPORATOR VERIFICATION (Analytical vs.

MCR vs. Flownex)

E-NTU - Single Stream with Tube Wall Temperature Calculated
E-NTU method for a single stream heat exchanger was used since the water inside the shell is a
saturated liquid-vapour mix which exists at the saturation temperature and pressure as given by [3].

The Churchill and Chu correlation for natural convection around a cylinder was used to calculate the
water Musselt number and ultimately the water heat transfer coefficient. It should be noted that the
thermal expansion coefficient was evaluated at the saturated temperature inside the evaporator. The
tube wall temperature as well as the fluegas inlet temperature are guessed for the first
iteration. After the full calculation is completed, new values for the tube wall temperature
and the fluegas inlet temperature are calculated and then fed back into the next iteration.
The reference temperature at which the water fluid properties were evaluated at was the
saturation temperature. The saturared liquid properties were used in the Churchill and
Chu correlation since the fire tubes (containing the fluegas) are submerged in the
saturated liquid (not the saturated vapour).

As per VDI Heat Atlas, correlations which take into account the buoyancy effects are not always
reliable and often produce differences of up to 20% as compared with experimental data. As such,
buoyancy effects are not included in this simple analytical model. More importantly it is the fluegas
side heat transfer coefficient that dominates. The fluegas side heat transfer coefficient was
calculated using the Gnielinski pipe flow correlation.

M|

Reference List:

[1] TO400 TORRIFAC BOILER PROCESS FLOW DIAGRAM, 68756-03, rev 0

[2] MODEL TO400 (3200 kPa) BOILER SHELL, 68758-06, rev 0

[3] MODEL TO400 (3200 kPa) BOILER STAMDPIFPES, 68758-07, rev 1

[4] Heat and Mass Transfer, Fundamentals & Applications, Yunus A Cengal, Afshin J. Ghajar.

[5] Zeghadnia, ). Loup, and B. Achour, “Explicit solutions for turbulent flow friction
factor "a0: A review , assessment and approaches classification,” Ain Shams Eng. 1.,
vol. 10, no. 1, pp. 243252, 2019, doi: 10.1016/j.asej.2018.10.007

[6] Gregory Nellis and Sanford Klein, Heat Transfer, 1st ed. Cambridge, U.K.: Cambridge
University Press, 2019.

[7] Heat Transfer in Single and Multiphase Systems, Greg F. Naterer, pg 491

Papg = 101.325kPa [Atmospheric Pressure].
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Appendix C. Fire-Tube Evaporator Verification Details

John Thompson MCR Design Data [1]

This section summarises the Maximum Capacity Rating (MCR) design data as per
John Thompsons designs [1].

It includes:

¢ Feedwater and steam extract mass flowrates.

¢ Inlet feedwater pressure and temperature

o Steam extract temperature and pressure (i.e. saturated conditions)

» Fluegas mass flowrate

+ Fluegas outlet temperature and pressure

A simple heat transfer rate calculation Qg ;= mdat-n:p-ﬂl"is applied to determine

the heat transfer rate as per MCR data. This value will then be compared to the heat
transfer rate of the analytical model and Flownex as a verification.

Water Side

k=
Mot H20JT = 4000 ; [1]
PIﬂD.iﬂ.JT = 3183kPa + P_Ji-n.i = 3284 325.kPa [1]
Pra0.out JT = 3000kPa + Py mpp = 3101.325-kPa [1]
TH20 outJT = 236°C [1]

Fluegas Side

kg

dotfz JT hr
Pfg.D'L'lt.JT = §%0kPa + P_—‘i'['l"d = 781 325.%Pa [1]
ng.nut.JT =338°C [1]

MCR Heat Transfer Rate (using water side conditions)

Feedwater enthalpy: hee 77 = hauigl "water” P in T - To0 oot ) = JrQT-‘.ili-l;cE
Saturated pressure: Pt = Pro out T = 3101.325-kPa )
Saturated temperature:  T__, = Tg, ;4| "water” P__.."" """} = 235.703-°C

Vapour enthalpy: hsat_ﬁ_ap = hg g "water” P__."" " 1" ) = ESDE.IH-E

Liguid enthalpy: 115“]1-':1 = hg g "water” P """ 0" ) = 1[#1?'.1-5E )

Heat Transfer Rate:  Qquq¢\cR = Mot 20T | Peat vap — Bw.JT) = 2361.843-kW

MNote that this heat transfer rate is actually the sum of the radiative heat transfer in the furnace
and the convective heat transfer of the Firetube evaporator.
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Appendix C. Fire-Tube Evaporator Verification Details

FIRETUBE EVAPORATOR - Analytical Model

Feedwater inlet at top of drum

Large cylindrical shell filled with a saturated liquid-vapour mixture (water)

Average water level (AWL) 560mm above honzontal centre of drum

Steam extraction at top of drum

Matural circulation facillitated via downcomer linking to water-wall and back into drum
116 Firetubes (single flue gas pass)

Flue gas inlet to tubes on the left (from the furnace exit upstream)

Flue gas exit from tubes on the right {to air heater downstream)

21 solid steel staybars (rods for structural support)

I .
- L _
ICEH TR
Ilel Stagaars x 21

Flrctuke= v 1 18 psinele 2ass)

SN W—. T .

HMahiw
Clretabion el

Fluz s
nlwl ;FCT; =

Cail

Flatrel
Sl dridben Felb

Figure 1: Firetube Evaporator General Arrangement
GEOMETRIC INPUTS
Shell Geometry:

Shell OD: dy cheyy = 1900mm [2]
Shell thickness: topep) = 22mm 2]
Shell 1D: 4 hett = Qo shetl = 2 tspep = 1836-mm

Shell end plate thickness: to p shett = 22mm [2]
Shell length (inner): L ety = 4706mm [2]
Shell length (outer): Lo chell = Li chell + E'te.p.shell = 4750-mm

Tube Geometry:

Tube OD: dy fupe = 30.8mm [2]
Tube wall thickness: toe = 4.06mm [2]
Tube 1D: 4 ke = Qg tube = 2 thghe = 42.68-mm

Tube length: Leube = Li shell = 4?05-::::1 [2]

220



Appendix C. Fire-Tube Evaporator Verification Details

Tube Arrangement:

Bulk Arrangement (104 tubes):

o 13 vertical rows (columns) at equal 70mm pitches.

« Each column contains 8 tubes at equal 70mm pitches.

¢ 1vertical row (column) on the far left spaced 70mm from the adjacent vertical row (column).

Vertical tube row (column) on the far left (6 tubes):

» b tubes spaced at equal Y0mm pitches in the vertical row (column) with the top most tube
parallel with the tubes in the second row of the bulk arrangement and the bottom most tube
parrallel to the second last row of the bulk arrangement.

Vertical tube row (column) on the far night (6 tubes):
o  Mirror image of the far left vertical row/column.

Niubes =

116 [2]
Average water level:

AW L reference to horizontal centre line of shell: AWL = 560mm

Water Volume:

Circle geometry defined as per figure below:

Top of Tank (1.865m)  Staybars x 21 Firetubes x 118 (single pass)
‘ \L”\_ _:'; )
Average Water Level (WL '1.4EE|'|1 :
v ;
Mid Flane {0_228m)
v HE
=
Bottorm of Tank {0m)
v T
Figure 2: Firetube Evaporator General Arrangement (AW )
Fluid Volumes Flxture Walume [ rks) Liguld Yoluma |Swarks)  [Yapour Yolume (Swarks)
. I 3
" = 11.43025108m

sat.mix. Swotks -

T . = 3
Vsat iq Sworks = -680638824m

= 176030223 Sm3

Vs at.vap. Swotks

Figure 3: Solidworks Fluid Volumes

Sense v —D.DDDDDDDD}m3

] —_v ) —_v =
sat.mix Sworks sat hg. Sworks satvap. Sworks
check: 1 P
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Heat Transfer Surface Areas:

Fluegas Heat Transfer Surface Area:

. i e 2
S'J"fg =74 tubeLi shett| Niubes = 73-193m

Water heat Transfer Surface Area:
-

SAm0 = (7dg tube'Li shett)| Nrubes = §7-121m
Feedwater Inputs:

. . kg kg
Inlet mass flowrate: Mot fiv = Mdot EIOIT = J,I}I}I}-E Mot fi = 1111 < [1]
Inlet temperature: Tg, = 118°C [1]
Inlet Pressure: Pg = 3183kPa + Py g = 3284.325kPa [1]
Specific Heat Capcity:
-II - n mmMm mm mm mm ] J
Ep.f'-‘i' = {:’Pﬂmdl water 'wa' wa. . . . :' = -LE-JE--I-QSLE—K
Density:
.II n mmMm mm mnM ] kg
Prw = Pauid! "water" Pa Te """ ") = 046245 —
a
m
Thermal Conductivity:
, W
M = Mgl "water' Pag Ty ") = 0684
m.
Dynamic Viscosity: Kinematic Viscosity: .
. -4k Hefy -7 m
Hee = Pl "Water’ Pao Tao ™) = 2371 x 107 28y = Y Z 2505k 107 W2
m-s P 5

Prandtl Number:
Prp. = Prg q| "water" Pe. Te " ) = 1467

Saturation State Checks:

k k
QOutlet mass flowrate: Mot steam = Mdot fiw = J,IZI'I}IZII-E'g Mot steam = 1-111 =£ [1]
: . : -
Qutlet steam temperature: Toteam = TH20.0utJT = 236-°C (1]
Qutlet steam pressure: Peieam = PHI0.outdT = 3101.325-kPa [1]

Check the saturation temperature using coolprop:

Tsatlc_hec_k = Tﬂuidl-”“l-atern -Pstem-"“ -|||| -|||| :I = 135703:{:

Tsteam - Ts at.check
Ts at.check

Therefore to be consistent, the saturation temperature used in the rest of the analysis is the
temprature evaluated by CoolProp at the saturation pressure:

= 3101325kPa Toat.= Tsat check = 235.703-°C

=0.058-%  ACCEPTABLE. Check saturation condition with CoolProp

P

gt P

steaim
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Saturated Liquid Fluid Properties:
Specific Heat Capcity:

-II - n mm mm mm mm ] J
“psat] = Cpguiqgl “water” [ B_..""."".0,"" " ) = -I-.-J-I-.ll?-H
Density: .
. k 1 0
Peatl ™= Pauigl "Water’ Pz, .0."" ") = §10.36 —= Vegt] = —— = 0.0012205 =
' o - Psatl kg
Thermal Conductivity:
; W
Nsat1 = Muid| "Water’ Py ™" .0) = 0631 —
: o
Dynamic Viscosity: Klnematl: Viscosity: i
; -4k tl -7m
hose1 = HglWater” P 0)= L12x 107 2y =S gapn0T
. sm . Psatl 5
Prandtl Number:
Pr_,. 1 = Prg 4 "water" B__. " 0] = 0.849
Saturated Vapour Fluid Properties:
Specific Heat Capcity:
; J
|:_ . := {:. R |II1“-atEr“ -P -IIII -IIII ) 1-IIII -IIII = ﬁﬁjﬁ.ﬁgg—
p.sats Pfluid zat | = 36333 ke K
Density: .
.II n mmMm mm mm - - kg 1 mJ
Peat v = Piggl "water” P " 1" ") = 15509 —= Veat = 0.064 —
m Psats kg
Thermal Conductivity:
; W
Mgt v = Mpuggl "water” P, " 1) = 0.046-
: o
Dynamic Viscosity: Kinematic Viscosity: .
. -5k Hsat v —fm
hestv = Rl "water’ P 1) = 1691 x 10 "2y = o o9 107 02
' sm ' Psatv 5
Prandtl Number:
Pr_. . = Prg .4 "water" P " 1} = 1331
H H L. n o omn nn - k"T
Saturated Liquid Enthalpy: Beaiq = hggl "water” P "0 ) = lﬂl.-.l-E
.II " mm mmMm mmMm ) 3 kJ
Saturated Vapour Enthalpy: B¢ = gl "water” P """ L, :.=;s[|._-,_1,.J,.E
H 1 T T ]"-J
Latent heat of vapourization: h_\_apnuﬁsaﬁm =h . —h= 1_.95_[;_.4.E
Saturated vapour mass: Moo = F'satﬁ.'j"rsat_ﬂ.'ap_ﬂwnrlp:s =27 445kg
Saturated liquid mass: M ey = Psat.l"i"sat.]iq.Swmks = 7931.945kg
Total mass of sat lig-vap mixture: Mg oo =M ey + Mge = 7958301 kg
mSEI.“.'
. 1 = —— = 000344815823
Steam quality: *steam
q ty Mg at mix
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Flue gas Side Inputs:

All inputs below, barring the flue gas inlet emperature have been explained in the beginning of this
report.

: kg kg
Fl ﬂ T_ - = = - — = _— 1
ue gas mass flowrate Mot fg = Mot £z JT = 6984 . Mdotfe 1.94 . [1]
Qutlet flue gas pressure (abs): Ptz out = P out JT = 791323 kP2 1]
Inlet flue gas pressure (abs): Pfgjn = 1_||:|1-1!'fg out = S07.152-kPa [Assuming 2% pressure drop.]
Qutlet flue gas temperature: Tgo out = Tgg oueJT = 338-°C [1]

Inlet flue gas temperature: _ [Successive approximation with first guess
as 600 degC]

Fluegas Fluid Properties:

Fluegas Density evaluated at T.fg.in and P.fg.in:

M gpe!! (SR AR LI E A LT kg
Pezin = Pruid|"2ir" Prgin-Tegin """ ") = 2301 =
m

Average fluegas-side temperature and pressure:

Te, .. + T B-... +PF
f f=_out f f=_out
— gJI'.I. g ou = MZMEDC — u

Tt avg = 3 Pte avg = = 799238 -kPa

Note: Fluegas properties taken to that of air at the same T and P

Flueqgas specific heat capacity evaluated at T.fg.avg and P.fg.avg:
} L—J

Cpfg = Cpﬂlﬁd{llajf' Pfgﬂ\nggﬂ\g . . . = 1125 ——

kg K

Fluegas density evaluated at T.fg.avg and P.fg.avq:

i kg
= Pidl 8" Py gve Tiegye: " """ ) = 3034 =
Pfz Pﬂmd{ fzavg: “fzavg } m3
Fluegas Thermal Conductivity:
W
= gl Mair" P cars L e = 0063 ——
:"fg hﬂmd{ fzavz: “fogavg } mK
Fluegas Dynamic Viscosity:
. (R ] nn — - j k-g
Mee = Pl "2 Peg ave Teg avg- ") = 4.088 x 10 —
Fluegas Kinematic Viscosity: Total fluegas-side heat transfer rate:

I_Lf _ =
vy = stk R

pfg 5
Fluegas Prandtl Number:
Prfg = Prﬂuid{"a.if' ‘Pfgﬂx'g‘ngﬂ\'g‘llll} = 0723

224



Appendix C. Fire-Tube Evaporator Verification Details

DETERMINING THE FLUEGAS HEAT TRANSFER COEFFICIENT
FOR FLOW INSIDE TUBES (Gnielinski correlation [4]):

Total fluegas mass florate:

kg
m =184—=
dotfz S

Fluegas mass flowrate per tube:
Mdotfe kg
mdﬂtfg.Pt = N— =0017—=
tubes 5

Fluegas velocity per tube:

Mot fz pt m
vfg-P‘t = - 3 = 3.851;
Pfe| 7 itube

Fluegas Reynolds Number for fluegas flow inside a tube:
pfg'vfg_pt'di_tube

Reqitube = = 12204 322 Refg =Regjype = 12204322
Mg
Surface Roughness |[sheet metal, new) as per [4].
Eetoa] = 100pm For sheet metal, new (max). [4]

Friction factor:

Fluegas Nusselt Number:

f
[E) '{Redi_tube - I'DIII} 'Pffg

sl 2
2 .
f 3
HH}[E) P~ -1

Fluegas Heat Transfer Coefficient:

Nufg = = 40315 [4]
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DETERMINING THE WATER HEAT TRANSFER COEFFICIENT:

Since the fire tubes are submerged in the water they are likely to be in thermal equilibrium with
the bulk fluid (i.e. sat mix of water). Therefore the average tube wall temperature in contact
with the fluid should be very close to the saturaion temperature. The tube wall temperature will
be slightly above the saturation temperature since this temperature difference is the driving
force for heat transfer. The initial guess is T.wall = T.sat + 1K.

Tube wall temperature: | Ty - = 2456631807 °C [Successive approximation with the first
: guess assuming a deltaT between fluid
T ¢ = 235.703-°C and wall of 1K_]

gnoring bouyancy effects for now and assuming natural convection driven purely by temperature
difference, the Churchill and Chu Musselt Mumber correlation for natural convection around a long
horizontal cyclinder as per [6] is:

(%]

0387-E
Nu = | 0.60 + 2 Tl where
37
g7
(0359 16
14| ——
| \ Pr J i
Fa= Gr-Pr
3
2L P~ Pw
Gr = —
u Py
or
gl
For convection driven soley by a temperature difference: Gr = — Ty - T, |.where
v
: _ 1 1 :
{3 = volume, expansion. coefficient) = — = holds for ideal gases.

Tw Tt.wa]l

— T
The Musselt Mumber correlation above holds for 0 < Pr < o~ and 10 - < Ra < 101‘, and the
characteristic length is the diameter, L= d

o.fube
['lote that for the fire-tube evaporator at hand:
T = Tiwal
I"Z'FC- = TSETI

['|lote also that the fluid properties should be evaluated at the reference temperature taken as the
averaqe temperature of the bulk fluid temperature and the tube wall temperature:

Tw + Ty Tt.wa]l + Tsat
Tref = N =

2

Fa

226



Appendix C. Fire-Tube Evaporator Verification Details

Reference Temperature: NOTE: This temperature was initially used to
evaluate the fluid properties of the water. However
Tt wall T Tsat . this temperature means that the water in contact
Trer = 2 = 220683°C  \yith the tubes is a superheated vapour (which is

NOT the case!)

Coefficient of Volume Expansion:

1 -
f=—=0002K 1

sat

EVALUATE FLUID PROPERTIES USING SATURATED LIQUID WATER:

These properties have already been evaluated previously. Below is a summary of the values:
gl

Fr

-

4 kg

Begeg = L132x 10— Peat] = 519.36]’:—% Vg = 13825100 W2 Pr=0840
3-m 3 5

Water thermal conductivity: "
LW

DO = Asat1 = 0631 —

Gravitational Acceleration: Characteristic Length for Grashof Number:

2= 0807 L= d pype = 0.051m

5
Grashof Number:
E'I—3 0

Gr =

BTy watt = Tsgg) = 1318 % 10

3
Veati

Rayleigh Number:

Ra=GrPr ;= 1119 1IIIIg

sat.

Water Nusselt Number for Natural Convection around a horizontal Cylinder:
-2

s

1

N —log 0387.Ra’ _ 123.05 NOTE: The correct
SUp0 = | PO 2 | = = characteristic length for this
= correlation is indeed the OD of
o | the tube as per [6].
{ 0359 16
1+ | |
\ Prsat.l;

Water Heat Transfer Coefficient:

M - T

HO H2O _ W

by = ————— = 1529252 —
m -E
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Properties of Tube Material:
Assume tubes are made of AIS] 1010:

™ 1;".'

Thermal conductivity of AISI 1010 at 300K: Mgtep] = 639 < [4]

= Aggpqy = 639 — :
Mube = Msteel = & kK
DETERMINING THE UA VALUE:
Thermal Resistances:
Thermal resistance due to the fluegas boundary layer on the inner tube wall:

KT

R; = hg, = 59.884 2

B m K
Thermal resistance due to fouling on the inside of the tubes (fluegas-side):

m:-K
=10
Thermal resistance due to wall thermal conductivity:
ﬁ{do.tuheJ

R, = Gitube C 0 10

2 Aube Lube Niubes w
Thermal resistance due to fouling on the outside of the tubes (water-side):

a
m K
=0
Thermal resistance due to water boundary layer on the outer tube wall:
';.1'
R, = hypyg = 1529252, 2
m K

Inside tube surface efficiency (fluegas-side): Mg =1 [Unity for no fins ]
Outside tube surface efficiency (water-side): 1750 =1 [Unity for no fins_]

Therefore we can calculate the UA value as:

/ -1
| 1 Rp; g 1 \

UA =| + + R + + |
e T "m0 SAmo Mmoo R SAmo)

T

W
UA = 422038
E

UA W i W W
= 37782 R; = 39.884-— ! 22—

e g
S:“'fg m -K m -K m -K
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E-NTU For Single Stream Heat Exchanger:

The hot fluid is the fluegas and 1s denoted by the subscript, H for the forefoing analysis.
The cold fluid is the water and is denoted by the subscript, C for the foregoing analysis.

Since there is a saturated liquid-vapour mix existing at the same temperature and pressure, the
heat transfered to the water contributes 100% to the evaporation of the water. This implies that the
water in the evaporator has an infinite specific heat capacity:

Therefore:

1
= infinity

~.——  MNote that mathcad will likely view this as

C e = 0O
LAty -
P k2K an extremely large truncated value.

p.sat.mix
Heat capacity of the hot stream:
EW

K

{:H = mdnt_fg- Epfg = 2.182-
Heat capacity of the cold stream:
Co = Mygt steam’ p.sat.mix

Minimum heat capacity:
EW
K

Cpyin = Cpg = 2182

Maximum heat capacity:

Number of transfer units:

UA

NIU = = 1938

Cinin
Heat capacity ratio:

C .

C=—n2t=p [C.max in the denom is infinite and therefore drives the heat capacity ratio to zero.]
max

For single stream (C = (), the E-NTU correlation is calculated as e = 1 - E[_EIL_} :
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Appendix C. Fire-Tube Evaporator Verification Details

At this point we have the following:

Tty qut = 338-°C [Given as per [1].]

gy i = 946.089-°C [Guessed value which is updated iteratively. Initial guess is 800 °C.]

T_..=235703-C [Saturation temperature evaluated by Coolprop at the pressure given as per [1].]

sat

T.

¢ wall = 243.663-°C[Guessed value which is updated iteratively. Initial guess is 0.5 °C above T__ ]

g = 0.856 [Calculated abaove ]

lterative solve is now conducted by calculating the actual fluegas inlet and actual tube
wall temperatures and then feeding them back into the analysis until convergence:

Calculate heat transfer rate using E-NTU from ng_]-n, T_,. and effectiveness:
Aot ENTU = € Crin | Tig i — Tgat) = 1327.074.EW

Calculate heat transfer rate of the fluegas to the inner tube wall based on the assumed
fluegas inlet temperature:

ant.fg = Mot fiz ':p.f'g'l Tf'g.in - ng.nut:' = 1327.055-kW

Calculate the actual fluegas inlet temperature by equating Qg4.; £ n117= Qudot fo actual -

where, ant.fg.an:rual = Myot fz in I31::.1"g'| ng.in.an:tual - ng.nut:':

Qdot ENTU
Treinactual =~ + Tgg out = 946.098-°C

Myot fz “p fg

Calculate heat transfer rate from the outer tube wall to the surrounding water based on
the assumed tube wall temperature:

Qot t wall = M0 530 Tewalt = Teat) = 1327.039-kW

Calculate the actual tube wall temperature by equating Q4. £ vTU= ot t wall actualr

where, ant.t.wa]l.an:rual = hHlD' s"1'LI-IDEJ"| Tt.wa]l.au:tual - Tsat:':

Qdot ENTU

T e T, = 245663-°C
o SAmp

twall actual =
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Appendix C. Fire-Tube Evaporator Verification Details

Calculate percentage errors between actual temperatures and guessed temperatures:

Flue gas inlet temperature: Tube wall temperature:
Te, - Te, ; T; . -T, .
fz i actual fzin ’ ~ “twall actual towall .,
EﬂDfogm = I. . = 0.001-%% EIIDII'I.“..EH = I =049
fzin towall

1. Calculate percentage errors between heat transfer rates between E-NTU and
fluegas-inner tube wall:

Qaot ENTU ~ Qdot £
o= o — 0.001:%

Error, =
Q.dotfz
Qdﬂlt.fg
2. Calculate percentage errors between heat transfer rates between E-NTU and
outer tube-water:

Qaot ENTU ~ Qdot t.wall
Efrorgy ot twall = = 0.001-%

ant.t.wa]l

Check for convergence:

Ty, in = 946.0893563-°C Quot ENTU = 1327.076W

Tty in actual = 246.0982034°C  Quocp, = 1327056W

Ervory ¢, i = 0.001-% Errorq dot gz = 0.001:%

T, oalt = 245.6631897-5C QotENTU= BEOTHY o= Qe
T, wall actual = 243.6633026°C  Quu ¢ wogp = 1327.06- KW

Ervory ¢ oo = 0-% Errorg got ¢ wall = 0.001-% "EVAP = ¢

[A total of 69 iterations before convergence]
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SUMMARY OF CONVERGED RESULTS

T e = 235.703-°C

P_,; = 3101.325kPa
L

T

®
: i - 1‘“" — -
ngm 046.089-°C NP ng-ﬂm > e
Pfgjn = 807.152-kPa m K Pfg.uut = 791.325-kPa
Qot EVAP = 1327.055-kW
epyap = 0.836
Ty wal) = 243.663-°C
Saturated Liguid Tube Wall
Temperature Temperature

. -
- o~
o~

- .

-

- o
i
.

Qdot.ww = qdﬂtMCR = Qdot.E?ﬁP = 1234 T88-EW [HE'at Uptake i”-watemallﬁ, i.e radiation after
combustion inside furnace]
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Appendix C. Fire-Tube Evaporator Verification Details

FIRETUBE EVAPORATOR - Flownex Model

The inputs described here are for the standalone evaporator model and include the following:
» Pipe components:
- Fire Tubes
- Feedwater Inlet
- Downcomer
- Waterwall
- Steam extract
Modes
Two Phase Tank
Boundary Conditions
Composite Heat Transfer Component - Gnielisnki Forced convection of flue gas side &
Churchill and Chu Natural Convection on water side
o Quick Script - Employing Churchill and Chu correlation to determine the water heat transfer
coefficient
s Data Transfer Links:
- Mass flowrate from stream extract pipe transfered to Downcomer pipe
- Saturated liquid fluid properties from Two-phase tank to Quick Script

F
. "L
I ]
o E el
w..T-u [ -\.1- " L 301 propa e = " mmE
- - v
; ] )
! | .|
- = — e e
i
H i v
1 |
: L
by ol : ™ [ T : U OISR ] LR ST l:‘
i 1
e S N - - -
’ o

Figure A: Firetube Evaporator - Flownex Model

Mote: Air was used on the fluegas side for verification with the analytical model which also uses
air to approximate the flue gas properties. However, the real flue gas properties were also used in
a seperate run with mass fractions as seen below from a combustion analysis based on the fuel
and air compositions.

M=z Fraton
Spacify mag rackn bl w

= Mess frechons

ale L1TI0E-18
Ty ash BLOANAR?7
unbume crbon 00112357
202 - Carban Diveide 111731
N2 - Mbrepen DRCEE I
Wi = Rl Covie L]
07 - (eygen L. FEELY ]
=30 = Wdaber [k ek
Gteary sede somtinuiy aptnn Calculzne MEsE soLrcs

Figure B: Fluegas composition based on fuel & air compositions from combustion analysis
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Pipe Component Inputs o

Geometry:

¢ The actual pipe specifications are indicated on the relevant John Thompson Workshop
drawings.

¢ Wherever possible, the geometry of the pipe components in Flownex were extracted from the
relevant data base which is built-in to Flownex.

« Most of the piping as per JTs drawings were found in the ASME B36.10M database for
Welded and Seamless Wrought Steel Pipe

ASME B30.10M
Welded and Seamless Wraught Stecl Pipe

Click an blue cells to selecl schedule and press O to confirm
Table 1 Bimensions and Weights of Welded and Seamless Wrought Steel Pige

Custarmary Linits Itentification % Limiea

Cuiside Wall Plain Emd [Starmlard (S0, Schedule Dutside Wall Flain

rps Dlameter Thickness Wisght Iu?::;u;:f.[::::; Ma. on Dlamater Thichness Ma
[Mate 1] in, in, Ih /e vosl) [Mate 2] mm mm kel
Ld 0.2405 019 10 [ 10.a 0.2
1A 0 ans oz n [ ! ni
18 1 205 n#a ST A [ I nia
1A 0 ans [ Rh 5 AN [ i3 nd
1454 LT ] i3 10 B 117 0.4
L4 054 .56 - A0 11 131.7 ns

Figure C: ASME B36.10M Database in Flownex

+ By choosing the suitable pipe specification, Flownex automatically assigns the relevent
nominal bore and wall thickness.

¢ The length of the pipes were specified manually to suit the true lengths as per the Workshop
drawings (unless stated otherwise below).

Losses:

For each pipe component:
Primary loss type:  "Darcy Weisbach”
Roughness option:  "Select from Database”

Rougness selection: "Welded Steel tubes - Mew or old, but in good condition, welded or riveted
Joints - Max"

Rougness: 100pm
Discretisation:

The number of pipes in parallel are accurate as per the workshop drawings and the
number of increments is 1 for non-critical flows and 10 for pipes which are involved in heat
transfer via composite heat transfer components.
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Summary of All Pipe Inputs

Fire Tubes: Pipe Inputs
Carbon Steel - AIS| 1010| Metal (Solids) {Project}
Length 4.706 m
Wall thickness 4.060 mm
1] 42 680 mm
Number in parallel 116
Number of increments 10 Discretised into 10 increments for
heat transfer accuracy.

Roughness 100.000 pm

Feedwater Inlet: Pipe Inputs
DN: 32 Schedule: 40 STD
Diameter (from schedule) 35.080 mm
Wall thickness (from schedule) 3.560 mm 200mm length chosen for verification of

standalone evaporator model.
Length 200.000 mm The true piping network length can be
. included in the intergrated boiler model.

Number of increments 1
Number in parallel 1
Roughness 100.000 pm

Waterwall Pipe Lengths

Figure D: Waterwall Pipe | engths taken as Sidewall Height)
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Waterwalls: Pipe Inputs

Carbon Steel - AISI 1010| Metal (Solids) {Project)

Length 5.450 m
Wall thickness 4,060 mm

ID 99.380 mm
Number in parallel 122

Number of increments 10
Roughness 100.000 pm
Heat input 1240.129 kW

Length taken as vertical distance between
bottom header and top header (i.e. length
of side wall). The rear wall curves inside
the furnace and the front wall curves into
the roof but these lengths can be
incorporated in the intergated model.

122 membrane tubes making up waterwall

Discretised into 10 increments for heat
transfer accuracy (future proofing)

Heat input is designed such that the
tank has a zero energy accumulation for
the specified tank gquality boundary
condition.

Downcomer: Pipe Inputs
DN: 150 Schedule: 40 STD

Diameter (from schedule) 154.080 mm
Wall thickness (from schedule) 7.110 mm
Length 4 500 m
Number of increments 1

Number in parallel 2

Roughness 100.000 pm

Steam Extract: Pipe Inputs
DN: 50 Schedule: 80 XS

Diameter (from schedule)

49.220 mm

Wall thickness (from schedule) 5.540 mm

Length 200.000 mm
Number of increments 1

Number in parallel 1
Roughness 100.000 pm

200mm length chosen for verification
of standalone evaporator model.

The true piping network length can be
included in the intergrated boiler
model. This is not necessary since of
boiler control volume stops at the
steam extract from the drum.
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Node Inputs —(e—
2511 m
Elevations were given to the relevant flow nodes in an attempt to account for elevation heads.
In some cases the effect of the elevation difference between nodes are overwritten if for example
a fixed mass flow is specified on a pipe componet linking to this node.

Mode elevations taken as per JT site general arrangement drawings:
« Bottom of waterwall: 2.511m

Bottom of tank: 6.867m

Feedwater inlet node: 8.823m (100mm above top of tank)
Steam extract outlet node: 8.823m (100mm above top of tank)
Fluegas inlet and outlet nodes: 7.2m (middle of tank

Branch connection heights

Bottom of tank: O0m (REFERENCE DATUM)

Top of tank: 1.856m

Feedwater inlet branch: 1.856m (i.e. top of tank)

Matural circulation inlet branch: 0.928m (i.e. at centre of tank)

Steam extract branch: 1.856m (i.e. top of tank) - extract saturated liquid (x=1)
Downcomer branch: Om (i.e. bottom of tank) - to extract saturated liquid

Note: The branch heights are relative to the Two-Phase Tank (so the true elevations of
the branches would include the elevation specified for the Two Phase Tank itself. The
elevation specified for the Two Phase Tank is from the Ground Level to the bottom of the
tank.

Figure E: Schematic of Boiler Architecture Indicating Elevation Heights
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Composite Heat Transfer Inputs .
Conduction
Conduction areas: “Use upstream pipe areas” [This would be the OD surface area of

Lavers (Geometry) the tubes - in contact with the water]

Thickness in element direction: t,_ , = 4.06-mm [as per JT drawings]

Number of nodes: 2 [sufficient to capture conduction effects
Lavers (Material Data) with limited computational expense]
Material option: "Select from data reference”

Material major conductivity direction: "Parralel”

Material: “Carbon Steel - AlISI 1010] Metal (Solids) {Project}”

Area discretisation scheme: "Standard (average areas)”

Configuration

Heat transfer arading factor: 1 [Default settingl

Order of discretisation: "Second order” [Default setting]

Convection Radiation And Wall Flux

Upstream (Configuration)

Heat transfer option: “Convection” [mode of heat transfer from flue gas to
Upstream (Convection) pipe wall is convection]
Convection area option: “Use as specified in conduction”
Convection coefficient option: “Calculate h"
Convection coefficient correlation specification: "Tube inside (Gnielinski)”
Temperature differencing scheme:  "Awverage temperature difference”
Fin efficiency: 1
.
, ) m K [Fouling not included, has small
Fouling factor:
W effects]
Cross flow area option: “llse cross area from flow element”
Hydraulic diameter option: "Specify hydraulic diameter”
Hydraulic diameter: d; 41ihe = 42.68-mm
Forosity option: "lUse porosity from flow element”
Tube roughness option: "Obtain from flow element”
Downstream (Configuration)
Heat transfer option: "Convection” [mode of heat transfer from pipe wall to

Downstream (Convection) surrounding water]

Convection area option: "Use as specified in conduction”
Convection coefficient option: “Constant h"
A . . . .
h- by = 1529.252- ¥ [This is calculated in the Quick Script
’ m=x Using the Churchill and Chu correlation]
Temperature differencing scheme: "Awerage temperature difference”
Fin efficiency: 1
.

. ) m K [Fouling not included,

Fouling factor: 0 W has small effects]
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Two Phase Tank Inputs: kﬁ

Flownex treats the Two Phase Tank as a special flow node with limited inputs. The nature
of a flow node is that it should be completely filled with fluid but it allows for seperation
between the liquid and gas phases.

Fluids

Fluid data reference: H20 - Water| General (Two Phase Fluids)
{Master}”

Solver guess values

Specify guess values: "Mo"

Specify incondensible concentration guess value: "MNo"”

Boundary Conditions
Elevation: 6686m  [This is the elevation to the bottom of
Geometry the tank as per JT drawings]

Since the tank needs to be filled by fluid, it is necessary to discretise the evaporator to
account for the true fluid volume. The evaporator is a horizontal shell but it contains both fire
tubes and staybars which occupy some of the volume inside the shell.

The volume was discretised by modelling the true volume "shape” in Solidworks, slicing it
into 1mm heights and extracting the top surface area at each slice. The combination of
height and planar surface area will be used as inputs to a polygon table in Flwonesx.

Twai-Phase Tank
Tank hizight 1.HEE m
lank Lzl 14BE m
Hode voluma 11.450 m"
Average\Mater-Level Tatal mass LS00 kg
as per JT Design: Epoiiic valume 0,007 mAkg E
1.453m Cuality .00
P mat 2055 555 kPa
T_aat A BRI T
Ermsngy sooeie IR
Figure F- True Fluid Volume Fiqure G- Visual representation of flownex
"Shape” (Solidworles) polvgon volume implemenitation
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Geometry option: "Specify geometry”
Vessel shape: “Polygon”

Table option: “Use table”
Dimensions table: =| Dimensions tabie Choh here w edit and remowve...
= [3]
=| Geometry
Height o mi| =~
Ared 0.563634 m |
=l [1]
=| Geomatry
Helght 0.00L m|~|
Area D.690E15 m EI
=| [2]
=| GeearreLy
Haight n.naz m|w
Area 0.73815% mi |
=l [3]
=| Geometry
Height 0.003 m| -
Area 0.BE2E49 | -

=| [4]

Figure D: First 4 entries of dimensions table {bottom of tank @0m
and top of tank @ 1.865m)

Connection Geometny:

Connection specification: "Specify height”

Connections: —| Connectiang ek Fare to adit And rermnya_
=| [0]
= CORMPCTior
Specify Yez
Kdanofner Fipe - 8 Copy el
Deccriotier Feedwater Inlet
Height 1856 m
=| [1]
— Cornechien
Specity vee
Idantifier Fipe - 21 Copy[002]
Descriiar SIRAm Exit
Height 1.B56 m
=| [Z]
= Cormadhior
Spewily s |;|
dantifiar Pipe - 4 Copy{004)
Deacrintior Dowincomer
Height (1 i
[3]
= COrmecTior
Specify Yes
danufer Fipe - 23 Copy[(02]
Deccriotior Wwatersalls
Heziight 0.328 m |~

i

Figure E- Branch connection heights
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Boundary Conditions

Feedwater Inlet
Temperature:  Tp = 118-°C [as per MCR]
Pressure: 3100.304kPa [designed such that two phase tank pressure is as per MCR]

Steam Extract
Mass source: —my .o = __mu[r-%[as per MCR. Mass sink at outlet]

Flue gas Inlet
Temperature: Tgo iy = 946.089-°C [as per analytical model]

Pressure: Pgy iy = 807.152-kPa [as per analytical model]

Flue gas outlet

Mass source: —M ot fr = 4954-5 [as per MCR. Mass sink at outlet]
S hr

Two Phase Tank

Quality: Quality = 0.0034481823464  [designed such that tank level is as per JT's
designs]

Waterwall

Heat input: Qgot Wi = 1240.1226W [designed such that tank energy

accumulation is nullified]
Note: At steady state operation, the quality constraint on the two-phase tank ensures the
correct level. But the quality constraint requires that all energy inlets and outlets
balence to produce this level. As such it calculates the energy accumulation in the tank.
In the bigger picture of the entire boiler system, the water that enters the twophase tank
from the waterwalls would be heated via radiation in the furnace. 5o for the purposes of
verifying the standalone evaporator model, a heat input has been given to the
waterwalls (emulating the radiative heat transfer).
The heat input that nullifies the tank energy source should then be close to the
waterwall heat uptake from combustion in the furnace in the intergrated whole boiler
model.

Downcomer
Circulation Rate: CE =1

The natural circulation is a complex phenomena which requires accurate pressure drop
characteristic of the complex flowpaths of the furnace walls which is outside the scope of this
research. Therefore a fixed mass flow is applied to the downcomer pipe, thereby overiding any
pressure drop characteristics in the circulation loop. The natural circulation mass flow has been
set equal to the steam extraction for the case of the stand alone evaporator verification. The
circulation rate can be much higher, but its contibution the heat transfer is not significant enough
to warrant accurate pressure drop modelling. The focus is on the dynamic behaivior.

The circulation rate should atleast be high enough to avoid dry-out inside the waterwalls. The
circulation rate is set to 10 in the integrated model.
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FLOWNEX RESULTS (air props on fluegas side)
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Comparison of MCR, Analytical, and Flownex Results

Thie MCR data does not have data for the circulation loop nor does it have data for the inlet fluegas
stream (i.e. at the furnace exit). So the heat transfer rate as per MCR is actually the combination
of the furnace radiation and the convection in the evaporator. This is the heat required to take the
subcooled feedwater to a saturated steam state at the exat of the evaporator.

Heat Transfer Rate (MCR Data):
Qqot total MCR = Qdot MCR. = 2361.843- kW

Analytical Results (air props for flue gas props)

Heat Transfer Rate of Evaporator only (analytical using air props for flue gas):
Qdot EVAP analyticalair = Qdotfg = 1327.033kW

Heat Transfer Rate for Waterwall heat uptake (analytical using air props for flue gas):
Qdot ww.analytical air = Qdot MCR ~ “dot EVAP analytical air = 1234.788- KW

Tube wall temperature:

T

t wall analytical air = 1

t wal] = 243.663-°C

Flownex Results (air props for flue gas props)
Total Furnace+Evaporator Heat Transfer Rate (Flownex using air props):

Qqot total Flownes.air = 2561.978kW

Heat Transfer Rate of Evaporator only (Flownex using air props for flue gas):
Qdot EVAP Flownex.air = [323.126kW

Heat Transfer Rate for Waterwall heat uptake (Flownex using air props for flue gas):

ant.‘-‘n‘i‘.ﬂn“‘ﬂEx.EjI = 1238.833kW

Sense check: Qdot total Flownex.air ~ Qdot EVAP Flownex.air = [238.832EW

rt.“.'ajl.l-"lmwmex. air -

= 245837°C
Flownex Results (flue gas props for flue gas props)
Total Furnace+Evaporator Heat Transfer Rate (Flownex using real flue gas props):

ant.tntal.l’lnwnex.fg = 2561.97TEW

Heat Transfer Rate of Evaporator only (Flownex using real flue gas props):
ant_E‘i.'_—",_P.Hn“nE}:.fg = 1636.337kW
Heat Transfer Rate for Waterwall heat uptake (Flownex using real flue gas props):

Qd':'t-““-'-ﬂminex.fg = 025 642KW

Sense check: ant.tntal.l’lnwﬂex.fg - ant_E‘n'_-‘iP.l:'lmnnex.fg = 813.64-kW

T

twall Flownexfz = 2475376°C
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Appendix C. Fire-Tube Evaporator Verification Details

Qdot EVAP Flownex.air — Qdot EVAP analvtical air .
2 = _0296-%

EtT01()esap Flownex air.vs analytical air = Q -
dot EVAP analytical air

Tt.wa.ll.f'lnwrlex. air

EIrOr g ol Flownes air.vs. analytical air -~ T - :
t-wall analytical air

T wall. analytical air

= —0.003-%

_ Qth.tDtEl.HD‘-TﬂE:{.EjI - ant.tntal.}»-i{:R .
EHDIQtDt.HD‘-‘iﬂE}I.EjI.YS.:‘vﬂ:-R = = 0.005-%
Qdot total MCE.

ant.tntal.l:'lm‘mex.fg - Qth.tDtEl.:\-ﬂ:—R o
= = 0.005-%

Etroroyot Flownex fz vs MCR = Q
dot.total MCE.
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Appendix D. Water-Cooled Furnace “Example” Calculation

Appendix D. Water-Cooled Furnace “Example”
Calculation

Water-Cooled Furnace Example Calculations

Fluid properties

|.Inclu e <{|C:\.Users\;::mbﬁ?‘\,()rueDri\.fe\Dt:-cum-a-nts\l\ﬁ;ﬂ‘«STEP.S\.UIO‘B'. MathCad Models\IAPWS-IF97 Water-Prop rev2.0
'Prime5.0.mcdx

|-Include “|C:\Users\pmbB?\OneDrive\Documents\MASTERS\DOQ. MathCad Models'\Jacques' Furnace MathCad
'ModeN\WPF\Fluegas-Prop rev 2.0 Prime5.0-ATProM-PG.mcdx

kJ):= 1000 J kmol|:= 1000 mol P,,.:=101.325 kPa

Important values from reference sheets:

4) SOLID PHASE PROPERTIES:

The solid phase components in the flue gas is modelled with constant specific
heat values. For the enthalpy functions the reference temperature is set to 25 C.
Previous version had 273.15K (0 C) as

the reference temperature but it is now

25C to align with the reference for HHV

Cprpati=1.38 _J:J’ cye=0.71 —kJ— Ccpypi=0.73-
kg-K kg-K kg-K

Th_ﬁ?f = 25 .C

he ot (Temp] = Crpal * (Temp - T oo f)

hyc(Temp):=cyc+ (Temp—T), .f)

'h‘FA {Tﬁmp) =Cpac (TE"IP — T.t'_“,!)
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Appendix D. Water-Cooled Furnace “Example” Calculation

WATER-COOLED FURNACE - Combustion Example

The analytical furnace model has been developed to partially verify its results against the
MCR data. Note that the MCR data does not contain a furnace exit condition. As such the
furnace exit condition on the fluegas side will be taken as the condition specified as the flue
gas input to the tubes in the firetube evaporator analytical model.

Additionally the fuel composition and combustion methodology used to produce the MCR
data is unknown so the whole boiler energy balance is not possible to verify. The combustion
heat and flue gas composition is very sensitive to the fuel composition so this section just
serves tro show the methodology based on an assumed fuel composition and other
simplifying assumptions.

Q"md=C-a'-A-{:Ef-TJr" —QI'TII'-l)

11 x L. 3
fn m 7 Fire-tube -
G ; S evaporator __ Fheoss
. i ‘-'-J'_.:. -
Water-cooled Y1
Furnace

. | 3 o _"\ L ":.' ..
-+ i A
Heates )
h | Inket
S5 T . L" =
L 1 SE =
®-
' 9
v @
Battom A
Fi 1: 0 I Boiler P Fl D

References:
[1] TO400 TORRIPAC BOILER PROCESS FLOW DIAGRAM 68756-03, rev 0
[2] FIRE-TUBE EVAPORATOR VERIFICATION (Analytical vs. MCR vs. Flownex)
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MCR Data [1]:
Water Side Inputs:
Main steam mass flow rate:
Main steam pressure:

Main steam temperature:

Main steam enthalpy:

Feedwater mass flow rate:

Feedwater pressure (EVAP in):

Feedwater temperature (EVAP in):

Feedwater enthalpy (EVAP in):

Sense check (sub-cooled state):

Feedwater pressure (ECON in):

Feedwater temperature (ECON in):

Feedwater enthalpy (ECON in):

Sense check (sub-cooled state):

Appendix D. Water-Cooled Furnace “Example” Calculation

’ R —
main.steam *— WY steamMCR = L111

kg

8

m

P

i stean

=3000 kPa + P,,,, = 3101.325 kPa
Tﬂmin.a!eum = Tsfneum (anr'i:..steam * = * - * “”} =235.708 *C

3 1] 3 1] vy H
hnwin.a!sﬂrra = hsteum {iniu.sfmm? “ b) = b 1, = ) =2803.284 E

' —1111 %9

F —
M py =M gin steam 8

Py, pvapi="3183 kPa + P, = 3284.325 kPa
T pvap=118 °C

[*3 1] [*3 1] [*3 1] ”
hfu'.E‘Ir"AP =Mpeam (Pfu-E‘I."AP: wa_ﬂ’__lpe PR :] =497.482 E

L i EVAP ™= Tstenm {P_fu'.EWr'AP-' wa..EVA.P'- R “”} =-0.302

Py, oo = 3236 kPa + P,,,, = 3337.325 kPa
T poon=80°C
hfo 200N = Neteam (Ppuwpcon s Thepcon =7 %7 ":l =337.567 —

0, BCON = Tsteam (P fu.pcon s Trwpcons <7+ 47 7) = —0.396

Heat to Convert subcooled feedwater to saturated steam:

Drum inlet to drum outlet:
Economiser inlet to drum outlet:

T4 = 0.00344818235

hnai_m'm_out = hstmm (anr'i:..st.mm H o H o .0 1 “") =1017.117 E

-— ET R
hnai.m'rt'_i'n = h‘st«eum (Pmt'n_staam ?

T D s ) = 1023.276 ——
kg

ersteam.l :=mdmrz:|'n..stmm * (hnmin_ateam - hju'_E‘b"AP) = 2562.002 kW

ersteam..? = mdnu:'n..stmm * {hnmin.atec:m — thI_ECONI =2739.685 kW

[1]

(1]

(1]

[1]

[1]

[1]

[1]

[Quality evaluated at the average water level of 1.488m at

the main steam pressure of the MCR saturated condition]

kJ

kJ

Qﬂmm.um'7= ]nlr:m:at'n.steum * {hrmt.ct'n:.in - h:mt.cém.out} =6.843 kW

247



Appendix D. Water-Cooled Furnace “Example” Calculation

Air Side Inputs:

As seen in Figure 2 below, there are two air supply streams:
1. Cooling air (for grate cooling)

* Supplied from ambient conditions
* Blowed by CA fan to the front zone of the grate

2. Heated air

Supplied from ambient conditions

Blowed by FD fan to air heater

Heated in the air heater

Splits into primary and secondary air streams

Primary air - supplied to the middle and rear zones of the grate

* Secondary air - injected into the free-board (abobe the grate) through nozzles in the lower front
wall and the rear wall

T 11 %
"E i i Fire-tube '

C = — evaporator

Water-cooled

Furnace 1
] » ' g ) ]
ol SS
$ JEon
" @
Figure 2: True Flowpath of all Air Streams L ——

Note all air streams (including) the cooling are are injected into the furnace and
therefore all partake in the combustion with the fuel. Water-cooled
From a simplified combustion analysis point of view, where we assume Furnace
instantaneous and complete combustion, we are only interested in a single air
temperature to model the sensible heat of the air stream. As such the temperature
of the air as seen by the furnace for combustion purposes will be taken as the
mixing temperature of the heated air and the cooling air.

Cooling air mass flow rate: m's,:=539 kg [1] >____ )
Cooling air pressure: Ppy= Pu,,,t:hrDI.SES kPa [From atmosphere] == ————h—
Cooling air temperature: T, ,:=27 °C 1]
& 4
i - kg
Heated air mass flow rate:  m'y,:=5390 —= [1] e
Heated air pressure: Pyi=P,,.= {'51 .325 kPa [Assume negligeable AP] ® ®

Heated air temperature: [1]
Air specific humidity: W= 0.0147 —= JT Mathcad] Figure 3: Simplified Air Flow Pat

Note: A heated air temperature of 213.57 d&c ensures a mixing temperature of 197
deg C. But this was not used since the heated air temperature as per [1] is 197 degC.
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Appendix D. Water-Cooled Furnace “Example” Calculation

kg

Total combustion air mass flow rate: M eopma=mM'cq +m'yy=1.647 =  [Continuity]
8

[Excess air as calculated in
flownex for the MCR air
and fuel flowrates. NOTE:
25% excess air is typical
Theoretical Final Gas Air Ratio: @iy 3= 100% + QU7 (01 g epcess = 1-249  for simillar furnaces. ]

ETT
kg
e - e

Dry air molar mass: M =Y g Mps + Yy « My = 28848803072 _kg_ [Ambient air composition method
r Flownex implementation

Furnace excess air ratio:
Theoretical Furnace Air Ratio:

;= 100% + air
Final Gas excess air ratio:

Calculate ambient air (moist air)composition:

[Assume that dry air only contains 02 and N2]

- M,
02 in air: Yopun=Yop—r=0.232486195814121
L My
N2 in air: Ygas =Y ps =0.767513804185879
air
Sense check: Yoouir+ Yananr=1
0
YNE.at'r
—1 + o - 0 {;Cozu
arr
) 0.75639 “N2T
Moist air composition: Y obair = | ———— | = 0.22012 gases=| “02"
L+ wair | 0.01449 “H20"
Wair 1] “s027
1+ Wi
0
Sense check: MY nme=1
o kJ
Cooling air enthalpy: hea=Rpyegas (Toas Y amb.air) = 38.619 -
g
. k7
Heated air enthalpy: Rpra = Mtegas (Tra s Y amb.air) = 211.927 ™
g
My +m'ygyrh
Combustion air enthalpy:  hronma = oA hg’:‘ HA A 196.171 Lo
M CoNMBA g

Combustion air temperature:T,_, 5 . (Tmne”} =root ((hﬂuegq,g {Tgm . Ymbm-,) —hcm_mﬂ) ,Tgm) Tguesa:z 170 °C'
Teonmsa =T eomb.air (T guess) = 181.875 °C

Sense ChECk: hﬂm!?a‘ (TCU.FJ.BA N Yamb.a.ir} =196.171 % hc.au'm= 196.171 %
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Appendix D. Water-Cooled Furnace “Example” Calculation

Ambient Conditions:

Ambient Pressure: P n=P..,=101.325 kPa [1]
Ambient Temperature: T,w=27°C [1]
Fuel Side Inputs:
Fuel temperature: T fuer =T, =27 °C [Assumed equal to ambient temperature]
Fuel Pressure: P et = Py = 101.325 k.Pi’ [Assumed equal to ambient pressure]
Fuel sensible heat: hfoiet = Mg (T fuset) =‘2.1'(‘3r ry &7
Fuel (Bagasse) Higher heating Value: HHV fuer = 8.049 - 10% = 4 8049 — [T Mathcad]
Mass Fractions (Wet Basis): kg kg
Fly Ash: Ypa=0.2
Bottom Ash: Yga=1-Y,;,=08
Carbon (Participating): Y -:=0.19041 -
Unburned Carbon: Y =0.0061
Carbon (Total): Yoior =Yoo+ Y,=0.197
Hydrogen: Y :=0.0263
Oxygen: Y 5:=0.18576
Sulphur: Ye=10"=1.10"""
Water: Yipn=0.57
Ash: Y g i=0.02043
Nitrogen: Yy :=0.0010 v
Mass Fraction Check: YointYu+Yo+ YN+ Y+ Yo+ Yasu=1 Yipoan = % =1.326
Mass Fractions (Dry Basis): F20
YC““""W::CTZ;OZUAS? YH_dm:=:THm=n.nﬁl YO.dry7=1_Y—}?Hﬁo=0'432
Y Ny = :T""m= 0.002 Y gy = I_L};G =0 Y At dny = 157;‘:'20 =0.048
Mass Fractions (Wet Basis) for a new moisture content:
New fuel moisture content: Y im0mew = 44% [Renegade moisture test results, 2021]
Unburned Carbon: Y | :=0.0061
Carbon (Total): [}ZA =Y totdry* (1= Y #20.new) = 0-256
Carbon (Participating): Yd=Yem—Yue
Hydrogen: @:: Yiary* (1= Yi0.mew) = 0.034
Oxygen: Y=Y 0.ty * (1 — Y i120.nens) = 0-242
Nitrogen: V=Y ey (1= ¥ 100 e} = 0.001
Sulphur: V=Yg 4y~ (1= Yo ) = 1.30232558139535 - 107
Water: ¥ind =Y 120 new=0-44
Ash: Y asH =Y astrary* (1 — ¥ 120.0e) = 0-027
Mass Fraction Check: Yoin+t Y+ Yo+ Y+ Yo+ Yo+ Y ey=1
Formation Enthalpies Evaporation Enthalpies
“Cm 32765 0
“H~ 119959 21820
ol R o = 0 . ,;E hepapi=| 0 E Carbon energy content: HHV = hform[,: 32765 LA
e 0 g o | ke kg
w8 9256 0
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Appendix D. Water-Cooled Furnace “Example” Calculation

Specific heat capacities of solid fuel constituents 9from reference Mathcad worksheet:

Cop = 1.38 cre="0.71 epa=0.73
ool kﬂ'K oc ky-K FA kﬂ'K
Calculated CV: -
CVNIC::(YC-hfm +Y b Porm, + Y0 Pgoran, + Y * Rorm, +Y5-hfmu) 4=13041.443§

+(YC heuup +YH h‘ +YO heuup +YN h +YS heuﬂp_')

Combustion calculations
Convert all fuel mass fractions (except ash) to molar amounts per kg of fuel.
Number of Moles of each Fuel Constituent:

Y-

Npi=—2 11 kg =20.799 mol Nyi=—2 .1 kg=233.951 mol
Me My
Y Y'\f

Ny=—2.1 kg=15.12 mol Ny=——=1kg=0.093 mol
Mg My
Yq Yimo

Ng:= -1 kg=0 mol Nipagi= -1 kg=24.424 mol
Mg Mo

Mixture Moles: Number of Moles of Fuel:

Mixture Molar Mass: Molar Mass of Fuel:

N, N, N N, Ny
M= Mo+ —2 M+ —— Mg+ —— . My 4 — My =0.008 —F8_
Calculate Theoretical Air-Fuel Ratio: kg s = kg kg =kg
]Lr O’r R\H{-f 5+ @Jr [Ozfg;g\l Mo [Q*' A0r e )
‘.I’Jr () .«ﬁ ;,{ ) li1vd N J’]l [r.r »1’{"
Tineo =Ne Ytheo = Nu Ztheo =No Ptheo =Ny theo =Ns Titheo = N0
+2er,
Bipeo = Tipen = 20.799 mol cmm:mhw%:d].dldmd €4en = Diheo =0 TOL
2abynt Cotent 22 €0 — Zihen— T gy, 3.7619.2 +
gy i= e ~ theo 7 7 theo Tiheo e0 _ 91734 mol  dy,, = —os Piheo _ £1.809 mol
2 2
Qe (22 M5+ 37619 2. My k
AF,,, ,=—e (@-Mo N) _p gy o
1 kg fue kgsuet
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Appendix D. Water-Cooled Furnace “Example” Calculation

Calculate Actual Air-Fuel Ratio:

Calculate furnace and boiler exit air fuel ratios and water in air mole amounts:
A'Fm:tuf = A'Ftheo' iy = 3.720 A'Factunl.&ﬂ't = AFH»ED O = 3.729
Calculate the amount of moisture entering the combustion control volume with the actual dry air:

- 1n K8 _ .. kg
M0 air = “air * A'Factwuf =0.0548 k_ M0 i erit *— “air 'AFactuaI_en't =0.0548 h_
g already per kg fuel g
- ME0.air - ME20.air.exit
N H2air = * 1 kg =3.043 mol N H20.qirerit™= - * 1 kﬂ =3.043 mol
Mo Mipo

Using the moles of water entering with the combustion air the final form of the chemical reaction can be balanced:

b C/'|- t‘/H + 7 O +fM ,}-:5 e szo_‘— X i a @ 12, ?6‘\&2] i ____,_.)Hzom:r
—*0h CO&’L C HZO*I“f i‘\\{r Y4 O (o - :‘;OZ

Balance furnace chemical reaction to find gas composition on mass basis:
2C + yH + 20+ pN + ¢S + tH,0 + ;0™ + (05 + 3.76 Ny) + sH,0 =bCO, + cH,0 + dN, .

T

+e50, |
+ a!h " (Qcﬂ'r'_ 1) * OZ
x:=Ng y =Ny z:=Ng p=Ny q:==Ng r=Nps 5:=Npmo nir

Dy,
i YFETHLS
2

bhi=x

solve ., a
a=z+7r+o,ar245—2+b—c—-2.e—a- (c:m-r— 1} «2 ——— 21.734284513773154062 « mol

T

p+o,; ~a-3.7619.2 2.h Dip—z—T—
di= air e T AT TS 51 .7342845137732 mol

2 2

‘NT f

y=a (0, — 1) +b+c+d+e=172.816 mol

Calculate Mole Fractions of Fluegas Constituents:

b
rfg
d
rjg 0.1204 “Co2”
(O —1)-a | |05911 "Nz
X, i=| ————[=]0.0313 gases=| “027
fa T
N : ,
fg 0.2573 “H20~
© 2.3502.107"7 “g02”
=
fa
(=
Nf::r
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Appendix D. Water-Cooled Furnace “Example” Calculation

Calculate Mass Fractions of Fluegas Constituents:

Meoa | [o0.04401
Mg 0.02801

. kg - P kg
Mj,=| Mgy |=|0.032 | —=— My ogi=Xp,» My, =0.0274914 ==
Mypo| | 0.01802 mol mol
Mgy 0.06406
0.1927
+ 7 |0.6023
X, .M
Y= 0 | 0.0364 L]
Myyag | 0.1686 kg
5.4767+107"7
0.192671725078338 “C02”
0.602328698373747 “N2”
Y;,=|0.036422002254334 gases=| “02"
0.1685775742093582 “H20"
D HSDQ:?

Balance chemical reaction to find gas composition on mass basis at boiler exit:

oo, ol

— (04 OrdN, 12504 Ol -DO
oC+yH+z0+pN+g9S+rH,0+a
+ Sepitt 20 + €503 J
+am-(am-t—l)

2
- . . . y+2+r+2.3€1‘“’
Serit ':NH‘EO‘_E:'P_E:E:'E bEz‘iI =T Eegei=4q Corit = f
Q= 2'bem'i+csrit+2'een'!_Z_T_Sem't —91.734 I dem't:= p+a£1’it'aer€t°3'?ﬁ'2

2

‘Nrfg_szﬂ =gt [:aerl'! - 1) +be:n'f + Cogiz T der:'i + it = 172.764 mol

bs:ﬂ't
J'Vfg.ﬂ'z't
der:'t
B | 022
5
(ae:m't - ]) Tt
ng,m'g = 'V— =|0.031 ﬂ'favg.m't:zxfg.eﬁt
¥ fgemt 0.257
Cerit 0
J'Vfg.ﬂ'z't
€erit
Nrg.exit ]
0.1927
; 0.6022
Xioexit- My, kg
Yfg et = ——— = 0.0364 —
’ BLE —— kg
avg.ert 0.1686

5.4784. 1077

Hzoqfr

' z
it + (O +3.76 No) J = b, COy+ CopigHyO + N5

-0

2

kg
M, =0.027 —2_
fo mol
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Appendix D. Water-Cooled Furnace “Example” Calculation

Vectors for fuel constituent data:

[ “C(participating)” 1
“H” 0.25
Fuel := “or Stochg.p:=| —0.5
IFNE'E- ['
'.'.Ss! 1
Ye 0.24982
Yy 0.034251162790698
Yia=|Yp Y= 0.24192
Yy 0.001302325581395
Ys 1.30232558139535- 10"
Mc 0.012
My 0.001] o
‘n"jfusl'.c = Jph.ro anr']'qu:_c ={0.016 | ——
My 0.014 | ™ol
Mg 0.032
Ne 20.799
Ny 33.981
Niwere=|No Nyt =[15.12 | mol
Ny 0.093
"!VS 0
Loss Factors:
Radiation Loss Factor: Rad,, :=0.5%=0.005
Unnaccounted Carbon Loss Factor: C e foss = 0.5% = 0.005
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Flue Gas Side Inputs:

Appendix D. Water-Cooled Furnace “Example” Calculation

ot + L ¥
” i ; Fire-tube
S — | SSE evaporator .
Jull =
P— g I »@TEvap e
Water-cooled i
/Furnace ]
l ¥
\ // Tea=Tuc™Tecon.ext
X L Tecon exit
Adr —
N, Heater
\\ .T AFT Ec_un—
-_____—!____!__._ . I n
9 — (L]
T At exit
‘TBfTFET
Figure 4: Fluegas Flow (Temperatures)
MNotes:

» Not clear if MCR flue gas mass flow rate includes fly ash and unburnt carbon

» No bottom ash mass flowrate data

» No furnace exit temperature (the inlet temperature to the firetube evaporator as per the fire tube
evaporator flownex model will be used as the furnace exit temperature (FET).

» The bottom ash is assumed to exit the bottom of the boiler at the FET.

» The fly ash and all the unburnt carbon is assumed to leave at the flue gas temperature at the exit of the
economiser (i.e. exit of the whole boiler).

Flue gas mass flowrate:

Furnace exit temperature (FET):

Furnace exit pressure (FEP):

Evaporator exit temperature:
Evaporator exit pressure:

Air heater exit temperature:
Air heater exit pressure:

Economiser exit temperature:

Economiser exit pressure:
Bottom ash temperature:
Fly ash temperature:

Unburnt carbon temperature:

Tfypvap=338°C

Py, pvap=690 kPa
Tiyan=230°C

Py, ap+=808 kPa

Tty pcon=154°C

Py, peon =907 kPa
Tasn=Tppr=945.535 °C
Ty = Trpr=945.535 °C
Ty i=Tppp=945.535 °C

[1]
[Inlet bound
firetube evaporator flownex model]

verified

[Inlet boundary condition to partially verified
firetube evaporator flownex model]

[1]
[1]
[1]
[1]
[1]
[1]
[Assumed equal to
[Assumed equal to FET]

[Assumed equal to FET]

[Assumed equal to econ exit (i.e. total boiler exit)]
[Assumed equal to econ exit (i.e. total boiler exit)]
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Furnace exit enthalpy:

Evaporator exit enthalpy:

Air heater exit enthalpy:

Economiser exit enthalpy:

Bottom ash enthalpy:

Fly ash enthalpy:

Appendix D. Water-Cooled Furnace “Example” Calculation

hyp rurn = Ppuegas (Trer- Y fpemd) = 1611.818 P
Mo mvar = Ntegas (Trgmvaps Y fgeeir) = 798.733 &g

hfﬂ'..-iH = hf!mga.-; {ng.AH? Yfg.en’i:] =666.63 k_

kJ

4
kJ

kJ
g

|=4rd M
Mty £CON = Pftuegas (T fg.600N » ¥ fg.exie) = 575-991 kg

kJ
hpas = hpa (Tpaas) = 671.991 o

g

kJ
e = by (Tpaa) = 94.17 kg

Qlfuel ’

1
Q combust

1
Q comb .air

. Whole Boller
. Control Volume

m'carbon Joss
.'erad.loss
b{:J-'E!pﬁx.l«oss
.'Qrunnaccounted.loss
"Q'FA.Ioss
4.Q'ﬂuegas

»Q steam
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Appendix D. Water-Cooled Furnace “Example” Calculation

Whole Boiler Energy Balance to Determine the Required Fuel Flowrate

P carban oseMiyel Yue HHVE)

B0 a4 loss(Miyel Raies CVeale )
Q Illel(mfueerfuel] — >

Wh'OIe BOi Ier —"Q.BA_Im(mfuel-YEl.ﬂgyﬁ-SH-TFET)
Q.CCIITI hust{"‘lfuelscvnalc.} —»> '—.'Q.u nn aI:I:DI.IH‘tEﬂJCIES{mﬁ.IehCVI:EII::CLI nau.luss]

Q'comb airlMruerAF  Toomea) > Control Volume — »aseatmaTeen
I m.ﬂueggs(mmehTFET)

PO st am=M'steamf Nsat steamNew EVAR in)

Figure 5: Boiler Energy Balance

Energy inlets:

Energy outlets:

Q' o = 2562.002 KW

!

Qoo = 6.843 KW

Balance ener uation to calculate flowrate (Boiler Energy Balance
gl k
' _q kg

S| etgen =10
g 1
(G

Q puct (M fuct guess) 4 = Qcarbon.toss (M fuel guess) 4
21+ @i (W ) &+ Q vt (Mt )
B+ Q combaair (M fuclguess)  + @ bot.ash.loss (T fuel guess) <
‘g + QFM.MS (mlfuel_gueas} o
V] + Q' sernsibie. fiyash.exit (T fuel. guess) <

+ Qﬁ_fg.m.l.t (m'fuefgqm) + Qrstem

‘.g m' —ﬁnd{m’ :|=044:3,'=—lir
g fuel fuel guess §
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Fuel Mass Flowrate:

Humid Air Mass Flowrate:

Appendix D. Water-Cooled Furnace “Example” Calculation

mfm— 0. 442963?6110?891

i = = AF et it - (14 @,ip) = 1.67599940248141

ﬂ
—~ 6033. .Jﬁs .
hr

k

hr
M,
Theoretical Air Ratio: TAR:= Y“"’ coef * NV fuet e = 2-99145082943064
a2
- : m'gy
Humid Air Ratio: HAR:=———=3.38001063219605
m fuel
. i HAR
Dry Air Ratio: DAR:=———=3.33104428126151
1+ we
Excess Air Ratio: air,, ... :=%— 1=0.113521321657658

Fluegas Mass Flowrate: = g M g (1= Yy Vgg) = 2. 1095345872207

Fluegas Ratio: =4.T6231866449897

m’ _fue!
Bottom Ash Flowrate: Mg i=m e Y » ¥ gy = 0.009428576368527 ?
Fly Ash Flowrate: Mg =M+ Vg » Y 4g=0.002357144092132 kTﬂ

Energy inlets: Energy outlets:

Q'sens fuet = Q' fuet (m'fud) =1.223 kW " s = @ carbon loss (m}m!) =B588.534 kW

Q it = Qe (m}m) =5776.889 kW " team = 2562.002 kW

Q o= Q combair (M fr) = 328.783 kW Q' adiation toss = Q'rad tass (M fuel) = 28.884 kW
Q'Botash = Q'hot.ash toss (M fuct) = 6.336 kW
Q' snaccount loss = @ unacetoss (T fuet) = 28.884 kW
Q' Fryash = Q@ sensible.fryash.exit (M fuet) = 0.222 KW
Q' = Q' ot (M per) = 3392.032 kW

Boiler energy balance checks:

Q= Q' e puet + @ compust + Q'compa = 6106.891 KW

out = Qe toss + Q'steam + @ radiation.toss + Q' Botash + @ unaccount toss + Q' Fiyash + Q'py = 6106.894 kW
Q= Q' =0W
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Appendix D. Water-Cooled Furnace “Example” Calculation

Calculate adiabatic flame temperature (AFT Energy Balance): Py, = P,,,,=101.325 kPa

M= 0.443 L m'p,=2.11 ko 0002 ¥ —0000 B8 m'. = 1.676 4
8 8§ 8 8 8
kJ kJ k7
By =2.76 2 By = 671.991 22 onma=196.171 =
“fuel kﬂ BAsh kﬂ' thWBA kg
Y -=0.006 T 1= 945.535 °C
HHV,.—32765 %L
kg
2
CV., = 13041448 ¥ cre=T10 -
kg 8K
T;,=1000 K

(m’fg — m’j.—A} . h‘ﬁuegas {ng, Yfﬁl) + ﬂlrFA' hFA (ng} + m’ﬂ_,_ . hEA.sh + nl}ue! - YL"C'HHVC Jd= 0

r r ]
—mfuef'hfud—masr' MﬂA—mfuef'C Veate

T e = find (T'y,) = 2069.035 K

T fjypne = 1795.885 °C

1 ey * OV e = 5T76.880 KW e =R goe (Tiame » ¥ gy) = 2851.671 kg

kJ

ng:z 1000 K

m'}-g- hﬂuegas (ng N Yfg) +m‘FA" hFA. (ng) + n‘erA - hﬂm"‘ﬂlafue{' Yb'Cr‘HHI‘rrC A 0

r I '
—mfuef'hfud—maar' J\fﬂﬂ_n]'fuef'c Veate

T ypr+=find (Tg) = 2066.783 K

HeatInput :=m'q, « HHV . —m/g 0+ Yo« HHV o= 3476882 kW

' kg
e B
m}u;=o.443k—g

8

m'y,=2.1095 kg
g 8

r | 4 — p— H
1 * OV 1o = 5T76.880 KW Py i= e (Tapr s Y ) = 2848.487 o

g

, kg
M yeqmagon = 1,111 Y

kg

M pyer niop = 0-434 e

kg

r —
M oonmancr = 1647 —




Appendix D. Water-Cooled Furnace “Example” Calculation

Cfuctm' =1.2 En':z 1.0 Ef:z 0.6 ﬂf:zé'f: 0.6

TH':-”P‘“"-'“'“ =642.981°C TH-".dmrermur:L"z 237.167 °C
TH.-:= TH".L:P#EN.'um+Tﬂ".dmnbstnum — 440,074 °C
2
Ewr e T 1o Tyt
qun[?=cjacw-a'- W (Cf flame f W :] — =37 631 ﬁ
(1—(1—ew)-(1-ay) m’

Ay i=56.4156 m”

Q!rud = 'gfur'r! 'A_fur'r! =41613.91 kW

IGNORE THESE.

TEHSE VALUES ARE NOT USING
MCR FURNACE. It is using site
calibrated integrated model.
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Appendix E. Steady State Calibration and Fine Tuning
Details (Parametric Studies)

10% Grate Cooling Air — Radiation Only

Furnace Radiation Calibration : 10% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)

1150
1100 e Economiser Exit (fw)
1050 » Air Heater Exit (Air)
1000 FET (fe)
950 » Firetube Exit (fg)
900 Economiser Exit (fg)
——Economiser Exit (fw) Target
850 ——Air Heater Exit (Air) Target
800 FET (fg) Target
=) 750 ——Firetube Exit (fg) Target
e, 700 Economiser Exit (fg) Target
L 650 | '
2 600 — ‘
g 550 ‘ 7‘7 557.43
o
g 500
= 450
400
350 —— 2.90, 273.06‘
300 = e = v e e o o L N ) 2 8 8 A8 273 00
250 i 0.45,197.52 ‘
200 == I T--- T v e (R ) e e e e e Ere L
150 | | 132.29
100 * Tt 7T7v7-7-7T7v7v7-7 7-7-7-7T7-7-7-7T7-7-7-7T7-7-7-7T7-7-7-7T7-7-7-7T7-7-7-7T7-7-7-7T7-7-7-7T7-717-7T 89.71
50~ 0.35,89.56
0 sl LI | | | | | | | | E=
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 22 2.4 2.6 2.8 3
C-Factor
Furnace Radiation Calibration : 10% Grate Cooling Air, Furnace Rad Only (e=0.6, g=0.000001, i.e. absorptivity=emissivit
1150 : : ,
1100 e Economiser Exit (fw)
1050 « Air Heater Exit (Air)
1000 FET (fg) f
950 * Firetube Exit (fg)
Economiser Exit (fg)
900 ——Economiser Exit (fw) Target |
850 ——Air Heater Exit (Air) Target
800 FET (fg) Target ]
) 750 ——Firetube Exit (fg) Target
e, 700 Economiser Exit (fg) Target -
L 650
=]
& 600 —
g_ 550 — 557.43
£ 500 e
= 450
400
350 e 2.50,273.12
300 = v P = 273.00
250 : 0.4,198.9308399 ’
200 = — EEE SR RS EE SRS SRR
150 - 0.35,89.45 { 132.29
e e e N e e e e s e e e e e e e e e
< ! T EESESEEEAREE SRS EEEE RSB "'T"'T'T'T"'T"'ng'n
o EERE | | \ \ \ \ \ EEEE \ \
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 22 2.4 2.6 2.8 3
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad Only (e=0.8, g=1.5-->a=1)

1100 - -
1050 o E§0n0m|serFX|t(fw)
1000 o Air Heater Exit (Air)
950 FET (fg)
¢ Firetube Exit (fg)
900 Economiser Exit (fg)
850 ——Economiser Exit (fw) Target
800 ——Air Heater Exit (Air) Target
750 FET (fg) Target
T 700 ——Firetube Exit (fg) Target
% 650 Economiser Exit (fg) Target
S 600 .
B 550 : 557.43
3 500 ——
5
& 450
400
350 . 2.00,272.89
273.00
198.43
132.29
89.71
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 26 2.8
C-Factor
Furnace Radiation Calibration : 10% Grate Cooling Air, Furnace Rad Only (e=0.8, g=0.000001, i.e. absorptivity=emissivit
1100 : : :
1050 s Economiser Exit (fw) B
1000 » Air Heater Exit (Air) |
FET (fg)
950 * Firetube Exit (fg) B
900 Economiser Exit (fg)
850 ——Economiser Exit (fw) Target
800 ——Air Heater Exit (Air) Target -
750 FET (fg) Target E
T 700 —Firetube'Exit (fg) Target B
% 650 Economiser Exit (fg) Target |
% 600
g 550 — 557.43
g 500 ——
@ 450
400
350 5 1.90, 272.86
2% T 030 10508 v v v v vy 273.00
150 | 132.29
100 - T 7***.*T*.*.*.*T*.*.*.*T*.*.*.*T7-7-7-7T7-7.7.7T7.7.7-*T*-*T*-*T*-7.7.7T7.7.*.*T*.*.*FT*.*.*TT*.*.*.*T 89.71
50 0.25, 89.66
0 | ] | | | | | ESES | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8 3
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

10% Grate Cooling Air — Radiation + Convection @10W/m?K

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m"2K)

1100 - -
1050 * Economiser Exit (fw) E
» Air Heater Exit (Air)
1000 FET (fg) 7
950 * Firetube Exit (fg) Bl
900 Economiser Exit (fg) Bl
850 ——Economiser Exit (fw) Target
200 ——Air Heater Exit (Air) Target
750 FET (fg) Target
o 700 ——Firetube Exit (fg) Target E
o Economiser Exit (fg) Target
o 650
3 600 =
©
§_ 550 — 557.43
g soo ‘ ———
@ 450 ‘
400
2.30, 272.98
350 +
300 Stee. YT T e v e b e e e %
e et oeoalag 273.00
250 ——————0.30,199.20
200 A S AR R R IR N S R EE TR R TR T TN TE TETE TN T
150 1 132.29
100 S S S S S S A B S S A S S A A B E
50 f
0.25, 89.67195339 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ ‘
0 ! ;
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 26 2.8 3
C-Factor
Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=10W/mA"2K
1050 ‘ - -
1000 . Egonomlser E.Xlt (fw) B
950 ‘ e Air Heater Exit (Air) |
FET (fg)
900 e Firetube Exit (fg) B
850 Economiser Exit (fg) 1
800 ——Economiser Exit (fw) Target
750 —— Air Heater Exit (Air) Target o
— 700 FET (fg) Target E
@) " :
. 650 ——Firetube Exit (fg) Target B
%’ 600 = Ec‘onomise‘r Exit (fg)‘Target ]
o 550 — 557.43
S 500 —L ‘ ‘
g i
g 450
400
350 .. 2.05, 272.90
300 *tee v v 4% e e e e
e vy 273.00
250 —————1——70.30,198.85
200 2 l T b [ e o o e o o o o o o o * . 198.43
'~ 0.25,89.59 TR e e deoedoeeqdoceis e oe
150 i 132.29

89.71

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
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=10W/m"2K)

1000 . : :
950 e Economiser Exit (fw)
= Air Heater Exit (Air)
900 FET (fg)
850 ¢ Firetube Exit (fg)
800 Economiser Exit (fg)
750 ——Economiser Exit (fw) Target
200 ——Air Heater Exit (Air) Target
FET (fg) Target
=) 650 ——Firetube Exit (fg) Target
": 600 Economiser Exit (fg) Target
5 550 — 557.43
©
S 500 —
g 450 e
& 400
350 1.60, 272.96
o
300 L R } L e R
Lot L e e e e 273.00
250 ——————0.25,197.37 o * *
200 o — .
I B R T T B T B S e S T 19843
150 132.29
100 — 7?7.7.7.7 7v7v7v7 7-7.7'7 7U7U7l7 7I7U7.7 7l7l7.7 7'7‘7‘7T7.7l7.7T7O7O7l7T7.7.7.7T7.7.7.7T7‘7‘7‘7T7‘7‘7‘7T 8971
50 0.20, 89.36
o ‘ | | | | | | |
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
C-Factor
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]
1000
950 ¢ Economiser Exit (fw) |
o Air Heater Exit (Air)
900 FET (fg) |
850 « Firetube Exit (fg) 1
800 Economiser Exit (fg) B
750 —— Economiser Exit (fw) Target -
700 ——Air Heater Exit (Air) Target |
= 650 FET (fg) Target
b 600 ——Firetube Exit (fg) Target 1
<4 Economiser Exit (fg) Target
2 550 — + 557.43
& \
T 500 — ‘
Q.
£ 450 ——
® 400
350 o 1.55,272.75
300 T e o e S I S '
oo oo LA L e e e % 273.00
250 ————— 0.25,197.23 *
200 . I A : 1 = 198.43
. . P . e PP T T T S T S T ST S S S O S PRSP PSPPI (PSP
1;2 | 132.29
B B i T i B . B B e T B B B B B B T B B B B 89.71
T v ¥ ¢ ¥ & & 0 L2 ] LI LA & & & & o ¢ L ® o o
“ ommn ||| S Ressasssnasss Aesnusas RusRuRES
O I |
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

C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

10% Grate Cooling Air — Radiation + Convection @15W/m?K

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m"2K)
1050 T T T
1000 o ico:omise; Exi:A(fv;/) E
¢ Air Heater Exit (Air]
930 FET (fg)
900 « Firetube Exit (fg) B
850 Economiser Exit (fg) =
800 ——Economiser Exit (fw) Target —
750 —— Air Heater Exit (Air) Target
700 FET (fg) Target
o) ——Firetube Exit (fg) Target
E Economiser Exit (fg) Target |
o 600
g 550 — 557.43
2 500 ——
§ 450
400
350 : 2.05, 273.02
300 et e ML SR 3 ST S PSP SPAP P P 273.00
50 =05, 199.77
200 * s 198.43
l T * e L ) o o 0 o o o ® o o ¢ o o @ * o 0 o 0 o o 0 o o o e o o e o o
150 | i 132.29
100 e e e e e e S e e e e S e S Sssess==
© 02;899-6- UUUT-"T-"TU"T""...TI“TT‘.TOl.TO.‘T...T‘..T8971
o 20,8998 | | | | | EEES | | | |
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
C-Factor
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)
1050
1000 e Economiser Exit (fw)
o Air Heater Exit (Air)
950 FET (fg)
00 e Firetube Exit (fg)
850 Economiser Exit (fg)
800 ——Economiser Exit (fw) Target
750 —— Air Heater Exit (Air) Target
—. 700 FET (fg) Target
£ 650 ——Firetube Exit (fg) Target
2 600 Economiser Exit (fg) Target
=]
® 550 557.43
“g’. 500 S
@ 450
400
350
*s ., 1.85,272.92
300 ! — T T reeeseeedsregta ———y—— v 273.00
250 =———="7075,199.47
.
2 ] ¥ T == s L o o 0 e o o P -~ P — L ) o o o e o o ° o 0 e 0o 0 o o o 19843
150 | | 132.29
100 .
S SRAR A S A A0 A S A S A S A S A AN A BN B B B A B B B B B A B B B B B e B R B B B B B e e ae e SR:ENAY
50 020, 59,89 T T T T T T T T T 7 7 )
0 20,8989 | | | | | EE== | | | | |
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
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=15W/m"2K)

1000 . . .
950 e Economiser Exit (fw) E
« Air Heater Exit (Air)
900 FET (fg)
850 o Firetube Exit (fg) B
800 Economiser Exit (fg) Bl
750 ——Economiser Exit (fw) Target |
200 ——Air Heater Exit (Air) Target
650 FET (fg) Target
=) ——Firetube Exit (fg) Target
> 600 Economiser Exit (fg) Target
S5 550 : 557.43
2
500 =
[
g 450 ===
& 00
350 1.45,272.84
300 L R .
2 L= S e L T v e L) e o ® o o 273.00
250 ———10.20,19862
200 . —_— 198.43
150 . ® o o L . * 9 @ . e o o o o o o o e o o o o o ® o o o @ ® o 0
132.29
e e ——, D R RN . L
—— vy 89.71
T L LA LA ] LI ® o o o o e & o e o o e & o e o o o o o o o o
” 0158952 T‘ ‘T T‘ T‘ I T‘ I I ‘T
0 [
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
C-Factor
Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=15W/mA2K)
1000
950 « Economiser Exit (fw) 1
300 o Air Heater Exit (Air)
FET (fg)
850 « Firetube Exit (fg) 1
800 Economiser Exit (fg)
750 ——Economiser Exit (fw) Target
700 ——Air Heater Exit (Air) Target
o 650 FET (fg) Target 1
% 600 ——Firetube Exit (fg) Target ]
3 550 557.43
®
$ 500 —
Q
£ 450 ———
& 400
350 : 1.40,272.75
300 > . B B
2o o an A A, N L v = <% 273.00
250 ———0.20, 198.50 T =t *
200 T 5 e v s ¢ s . e 198.43
oo IEEEEERERE © 6 090003 e00b000sbo0ogeer oo boecece
132.29
100 7.7.7T7.7'7.7T7'7.7.7T7.7'7.7T7.7'7.7T7'7.7.7T7.7.7.7T7‘7'7‘7T7‘7‘7.7T7‘7‘7‘7T7‘7.7'7T7‘7‘7.7T7‘7‘7.7T7‘7‘7‘7T 89.71
P il ess | | | | | | | | | | |
0 ‘ I
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
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

10% Grate Cooling Air — Radiation + Convection @20W/m?K

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m"2K)

1050 Ec T Exit (fw)
e Economiser Exit (fw
1000 : P
* Air Heater Exit (Air)
950 FET (fg)
900 e Firetube Exit (fg)
850 Economiser Exit (fg)
800 ——Economiser Exit (fw) Target
750 ——Air Heater Exit (Air) Target
FET (fg) Target
. 700 ——Firetube Exit (fg) Target
£ 650 Economiser Exit (fg) Target
@ 600
‘g 550 = 557.43
2 500 ——
g 450
400
350 1. 1.85,273.09
300 e . -
) ° e o e o o P - v s 273.00
250 ————1—025,199.06
198.43
132.29
— 89.71
‘I‘ 0.20, 89.76 ‘
I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 2.6 2.8 3
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/mA2K)
1050
1000 ¢ Economiser Exit (fw) B
950 o Air Heater Exit (Air) E
FET (fg)
900 o Firetube Exit (fg) B
850 Economiser Exit (fg) El
800 Economiser Exit (fg) Target |
750 ——Air Heater Exit (Air) Target
—. 700 FET (fg) Target -
£ es0 ——Firetube Exit (fg) Target
o ——Economiser Exit (fw) Target
S 600 -
® 550 = 557.43
“é;’ 500 ==
g 450 ——
400
350 1.70, 272.91
273.00
198.43
132.29
89.71

0.20, 89.70
I

0.2 0.4 0.6

0.8 1 1.2 1.4 1.6 1.8 2 2.2 24 2.6 2.8 3
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=20W/m"2K)

950
e Economiser Exit (fw)
900 « Air Heater Exit (Air)
850 FET (fg)
800 ¢ Firetube Exit (fg)
250 Economiser Exit (fg)
——Economiser Exit (fw) Target
700 ——Air Heater Exit (Air) Target
650 FET (fg) Target
S 600 . —Firetube' Exit (fg) Target
<, Economiser Exit (fg) Target
o 550 = i 557.43
2 500 —
S %0 —o—
€
@ 400
350 : 1.30,273.21
300 —- =
250 B b S m— v vy s T vt v v s v v v v v s v s v s s e e s 27300
0.20, 197.93
200 et 198.43
© © ¢ 9000 9000904090000 0006006040004bo0s0sb0o0ebosoesoeoos
150
132.29
100 —— Ti-iviTi-iuiui VT 5§ 5 5 5 ¥ 5 0 0 9 5§ 5 9§66 6 05 656960096 s e e qeee s eessee s 8971
50 ———] B
<|> 0.15,89.72
0 .
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
C-Factor
Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=0.000001, i.e. absorptivity=emissivity) +
950 Furnace Conv( h=20W/m”"2K)
900 e Economiser Exit (fw)
* Air Heater Exit (Air) ]
850 FET (fg) 1
800 e Firetube Exit (fg) 1
750 Economiser Exit (fg) 1
——Economiser Exit (fw) Target
700 —— Air Heater Exit (Air) Target
650 FET (fg) Target B
T 600 ——Firetube Exit (fg) Target
E 550 Economiser Exit (fg) Target 557.43
p=)
£ 500
& 450 e
€
° 400
350 1.25,273.26
300 = B e
T ===== = o L. L L L 2 ) e e o e o o ® o o e o o e o o 273.00
0.20, 197.81
200 = 198.43
150 St e et eceteccioans PP S G G 0 S 0
132.29
100 ———Foo et oo - N e ssHHh=H s
vUTvU- L ¥ ¢ & & & & ¢ L] ® o o ® o o ® o o o o e o o o o o e o o e o o 8971
50
0.15, 89.70
0 .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 26 2.8 3
C-Factor
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

10% Grate Cooling Air — Radiation + Convection @25W/m?K

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m”2K)

1000 p -
e Economiser Exit (fw)
950 * Air Heater Exit (Air)
900 FET (fg)
850 ¢ Firetube Exit (fg)
800 Economiser Exit (fg)
750 ——Economiser Exit (fw) Target
——Air Heater Exit (Air) Target
700 FET (fg) Target
o 650 ——Firetube Exit (fg) Target
2. 600 Economiser Exit (fg) Target
°§ 550 = | 557.43
®
£ s00
g 450
& 400
350 “ 4, 1.70,272.93
300 > e - e
250 e Vv vy s v vy sy 273.00
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 10% Grate Cooling Air, Furnace Rad (e=0.8, g=1.5) + Furnace Conv( h=25W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration : 15% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m~2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m”"2K)
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Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 15% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m~2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

20% Grate Cooling Air — Radiation Only

Furnace Radiation Calibration : 20% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)
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Furnace Radiation Calibration : 20% Grate Cooling Air, Furnace Rad Only (e=0.6, g=0.000001, i.e. absorptivity=emissivity)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/mA2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

20% Grate Cooling Air — Radiation + Convection @20 W/m?K

Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=20W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

20% Grate Cooling Air — Radiation + Convection @25 W/m?K

Furnace Radiation Calibration: 20% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=25W/m”2K)
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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)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration : 25% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m"2K)
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Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=10W/m~2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/m"2K)
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Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=15W/m~2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

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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Furnace Radiation Calibration: 25% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=20W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

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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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

30% Grate Cooling Air — Radiation Only

Furnace Radiation Calibration : 30% Grate Cooling Air, Furnace Rad Only (e=0.6, g=1.5)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

30% Grate Cooling Air — Radiation + Convection @10 W/m?K

Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=10W/m"2K)
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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|
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

30% Grate Cooling Air — Radiation + Convection @15 W/m?K

Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=1.5) + Furnace Conv( h=15W/mA2K)
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Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=15W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

30% Grate Cooling Air — Radiation + Convection @20 W/m?K

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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Furnace Radiation Calibration: 30% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
Furnace Conv( h=20W/m"2K)
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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

30% Grate Cooling Air — Radiation + Convection @25 W/m?K

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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Furnace Radiation Calibration: 30% 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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Appendix E. Steady State Calibration and Fine Tuning Details (Parametric Studies)

40% Grate Cooling Air — Radiation + Convection @25 W/m?K

Furnace Radiation Calibration: 40% Grate Cooling Air, Furnace Rad (e=0.6, g=0.000001, i.e. absorptivity=emissivity) +
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Appendix F. Off design Points

Appendix F. Off Design Points
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