energies

Review

Heat Transfer Analysis Using Thermofluid Network Models for
Industrial Biomass and Utility Scale Coal-Fired Boilers

Pieter Rousseau '*{7, Ryno Laubscher ? and Brad Travis Rawlins !

check for
updates

Citation: Rousseau, P.; Laubscher, R.;
Rawlins, B.T. Heat Transfer Analysis
Using Thermofluid Network Models
for Industrial Biomass and Utility
Scale Coal-Fired Boilers. Energies
2023, 16, 1741. https://doi.org/
10.3390/en16041741

Academic Editors: Pino Sabia and

Giancarlo Sorrentino

Received: 1 January 2023
Revised: 31 January 2023
Accepted: 6 February 2023
Published: 9 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

ATProM Research Unit, Department of Mechanical Engineering, University of Cape Town,
Cape Town 7700, South Africa

Department of Mechanical and Mechatronic Engineering, Stellenbosch University,
Stellenbosch 7600, South Africa

Correspondence: pieter.rousseau@uct.ac.za

Abstract: Integrated whole-boiler process models are useful in the design of biomass and coal-
fired boilers, and they can also be used to analyse different scenarios such as low load operation
and alternate fuel firing. Whereas CFD models are typically applied to analyse the detail heat
transfer phenomena in furnaces, analysis of the integrated whole-boiler performance requires one-
dimensional thermofluid network models. These incorporate zero-dimensional furnace models
combined with the solution of the fundamental mass, energy, and momentum balance equations
for the different heat exchangers and fluid streams. This approach is not new, and there is a large
amount of information available in textbooks and technical papers. However, the information is
fragmented and incomplete and therefore difficult to follow and apply. The aim of this review paper
is therefore to: (i) provide a review of recent literature to show how the different approaches to boiler
modelling have been applied; (ii) to provide a review and clear description of the thermofluid network
modelling methodology, including the simplifying assumptions and its implications; and (iii) to
demonstrate the methodology by applying it to two case study boilers with different geometries, firing
systems and fuels at various loads, and comparing the results to site measurements, which highlight
important aspects of the methodology. The model results compare well with values obtained from
site measurements and detail CFD models for full load and part load operation. The results show the
importance of utilising the high particle load model for the effective emissivity and absorptivity of
the flue gas and particle suspension rather than the standard model, especially in the case of a high
ash fuel. It also shows that the projected method provides better results than the direct method for
the furnace water wall heat transfer.

Keywords: boiler process models; furnace; radiative-convective heat exchanger

1. Introduction

Integrated whole-boiler process models are useful in the analysis of biomass and
coal-fired boilers. It can support the design process, serve as surrogate models for on-
line monitoring and control, and allow investigation of different operational scenarios,
such as the impact of fuel type and quality, boiler cleanliness, or off-design performance
such as low load operation. Although computational fluid dynamics (CFD) can resolve
the complex heat transfer and fluid flow characteristics in detail, it is not feasible for
whole-boiler performance analysis. This requires one-dimensional thermofluid network
models. These incorporate zero-dimensional furnace models combined with the solution
of the fundamental mass, energy, and momentum balance equations for the different heat
exchangers and fluid streams such as the combustion air, flue gas and steam.

This approach is not new, and there is a large amount of information already available
in textbooks and technical papers. However, it is often fragmented and incomplete and
therefore difficult to follow and apply. It also contains errors that create uncertainty unless
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there is a good understanding of the underlying fundamentals. The aim of this paper is
therefore to: (i) provide a review of recent literature to show how the different approaches
to boiler modelling have been applied; (ii) to provide a review and clear description of
the thermofluid network modelling methodology, including the simplifying assumptions
and its implications; and (iii) to demonstrate the methodology by applying it to two case
study boilers with different geometries, firing systems and fuels at various loads and
comparing the results to site measurements, which highlight important aspects of the
methodology. There are three major modelling approaches used in boiler analysis, namely
CFD modelling, one dimensional thermofluid network modelling, and coupled simulations
where the detailed three-dimensional CFD models are coupled to one-dimensional network
models and solved simultaneously. The rest of Section 1 below provides a review of
recent literature to show how these different approaches have typically been applied,
of which some papers are by the current authors. Following this, Section 2 provides a
detailed description of the network modelling methodology that highlights the underlying
assumptions. Section 3 reports new results of two case studies by the current authors where
the network methodology has been applied and the results compared to site measurements,
which highlight the impact of the various assumptions. Finally, Section 4 provides a
summary and conclusions.

1.1. CFD Modelling

CFD has been used extensively for the analysis of solid fuel combustion systems. It
can adequately resolve the complex fluid flow and heat transfer phenomena, as well as the
combustion processes [1]. This has allowed various researchers to model full-scale boilers
operating under steady-state conditions, provided that sufficient boundary conditions
and computational resources are available. Laubscher and Rousseau [2] utilised a CFD
modelling methodology, developed in ANSYS Fluent® 2019, to evaluate the thermal perfor-
mance of the evaporator and various superheaters of a 620 MW, subcritical boiler at full and
partial boiler loads. (Some of the results of this study are used in Section 3.1 to validate the
application of the thermofluid network modelling methodology). Laubscher and van der
Merwe [3] successfully used a CFD model to resolve the combustion phenomena and heat
transfer to the various heat exchanger surfaces of a semi-suspension fired bagasse boiler.
The model was also developed in ANSYS Fluent® 2019 and included custom sub-models
developed to capture the fuel particle grate interactions and non-spherical fuel particle drag
effects in the boiler furnace. (Some of the results of this study are also used in Section 3.2 to
demonstrate the applicability of the thermofluid network modelling methodology).

Constenla et al. [4] used the CFD modelling software ANSYS Fluent® to resolve
the flow characteristics and real operating conditions of a 350 MW, tangentially fired
pulverised coal furnace, with the results providing valuable insight into to combustion
stability. In addition, CFD provides insights into the fireside operational aspects, such as
pollution control and its mitigation. Modlinski et al. [5] utilised a CFD modelling approach
to validate its capabilities in predicting the particle and gas distribution temperatures in the
combustion chamber of a large utility scale boiler, since knowledge of the temperature field
and the elimination of high-temperature zones during operation is essential in reducing a
power plants NOx emissions. Rago et al. [6] investigated the effects of using swirl stabilised
burners on NOx formation distributions. This was achieved with CFD modelling that
incorporated the detailed chemical and kinetic characteristics found in the combustion
processes.

CFD plays an important role in investigating the retrofitting of boilers using new
technological advances in the industry. Li et al. [7] made use of CFD to investigate the
combustion characteristics and NOx formation of a burner retrofitted in a 330 MW, low
volatile coal fired boiler. The model was validated using site data, with the simulated results
showing a 15% reduction in the NOx formation for multiple boiler loads when using the
retrofitted burners. Using an open source CFD code, Madjeski [8] modelled the pulverised
coal combustion in a 225 MW, power plant to illustrate the optimal positioning of the over
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firing air nozzles. The CFD model was validated against site data under normal operating
conditions and the simulated results confirmed the correct position of the over-fired air
nozzles in the boiler furnace. Li et al. [9] presented a novel burner arrangement that was
proposed to improve the performance of a 660 MW, tangentially fired boiler. A CFD
model was used to investigate the effects and characteristics of the burner arrangement
under various operating conditions, with the results indicating the optimal configurations.
Furthermore, He et al. [10] utilised the CFD package, ANSYS Fluent®, to analyse the
overheating issues experienced in the reheater and superheater pendants of a pulverised
coal power plant. Various retrofitting cases were performed, with the best case being
observed to modify the flue gas flow field entering the reheater and superheater zones,
thus minimising the surface overheating effects.

The Eulerian-Lagrangian approach is acknowledged as the conventional CFD ap-
proach for modelling solid fuel combustion systems [11]. The approach uses a Eulerian
description of the gaseous phase, where the finite volume approach is used to derive the
governing equations in a stationary frame of reference. The solid fuel particles are mod-
elled using a Lagrangian frame of reference whereby tracking of the particle trajectories is
conducted for each particle injection. The particle source terms are calculated by averaging
over a multitude of particle trajectories [12], typically leading to variability of the continu-
ous phase source terms. This requires significant under-relaxation of the solid-phase source
terms in the continuous phase equations, resulting in extended computation times [11].

Many researchers have used CFD as a tool to provide insight into the fire side and
particulate effects of pulverised fuel combustion systems. Utilising the conventional CFD
approach, Laubscher and Rousseau [13] conducted a study to investigate the effects of
secondary air swirl direction on the heat absorption of the furnace, platen and high-
temperature superheaters in a 620 MW, utility scale boiler. Six swirl arrangements were
investigated. It was found that swirling the burners in the same direction increases the
furnace heat absorption compared to the current operational arrangement. Modlinski [14]
utilised a CFD model to conduct a numerical investigation of a tangentially fired pulverised
boiler to investigate the retrofitting of the boiler with rapid ignition jet swirl burners. The
study focused on the effects of the new firing systems on the combustion performance,
flow, and heat transfer in the furnace. The results highlighted the effect of the new burners
on reducing the likelihood of corrosion and slagging occurring in the furnace. In addition,
a stable flame operation was achieved even without the use secondary air swirl.

Liu et al. [15] investigated the co-firing of low-volatile and high-volatile coals for a
330 MW, tangentially fired pulverised coal boiler. The CFD model was validated against
experimental results. The primary objective was to simulate multiple cases that consider
the co-firing ratio, particle sizes, injection position and the unburnt carbon content. The
findings show that a substantial increase in the unburnt content and NOx emission was
observed when the co-firing ratio increases from 0 to 100%. It also showed that unburnt
carbon content could be reduced by 83% with only marginal costs involved by addressing
the particle size associated with the grinding of the low-volatile coal in the mill.

Low-load operation studies have recently been performed using CFD as the primary
simulation tool. The studies have focused on ensuring combustion stability, minimising
harmful emissions, and investigating the gas and solid flow interactions at low loads. Belo-
sevic et al. [16] conducted a numerical study into the combustion behaviour of pulverised
coal in a full scale 350 MW, tangentially fired utility boiler. Experiments highlighted the
complex fluid and interphase exchange of the dispersed particles. Findings show that the
particle combustion, depending on particle size, greatly influenced the vertical position
of the flame ball. In addition, the coal quality affects areas such the furnace exit gas tem-
perature (FEGT), products of combustion, and thermal loading on the evaporator walls.
Similarly, Hernik et al. [17] investigated the effects of using different mill system configu-
rations at a minimum boiler load of 40%. The most favourable mill system configuration
was selected based on the case that exhibited suitable combustion stability, which was
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defined for the study as the effective mixing of the fuel and oxidiser as well as maintaining
sufficient temperature distributions.

CFD modelling approaches have been used successfully by researchers to provide
engineering insight into boiler operational conditions. Using CFD does not interfere
with the regular operation of the plant, and it can resolve the complex heat transfer and
fluid flow characteristics with sufficient accuracy and detail for the fire side components.
However, the initial design and analysis of boiler systems as well as addressing what-if
questions in an operational environment require fast simulation tools that can resolve
both the fire side and working fluid components. Using CFD to resolve the integrated
whole-boiler performance is not feasible at present due to the long computational times
involved. Therefore, integrated one-dimensional thermofluid network models that can
resolve the fundamental mass, energy and momentum balance equations together with the
component characteristics for the various heat exchangers are a valuable alternative.

1.2. One-Dimensional Process Modelling

One-dimensional process modelling techniques have been developed by various re-
searchers to capture the steady-state and dynamic response of coal fired power plants, since
the modelling approach provides efficient use of computational resources [18]. Kuronen
et al. [19] utilised the one-dimensional process modelling software APROS to model a
750 MW, once-through ultra-supercritical boiler. The results were validated for both steady
state and transient applications using the measured site data for a load change from 87%
to 100% maximum continuous rating. The model was empirically tuned using a lumped
variable approach. The primary focus of the study was to develop a model for testing and
design purposes for future flexible operation.

The furnaces of coal fired power plants boilers are comprised of a multitude of complex
and interacting phenomena, such as the combustion dynamics, the gas-solid interactions,
fluid dynamics, and radiation heat transfer. As a result, the heat transfer in the furnaces
incorporate many non-uniformities, thus, many researchers utilise a lumped parameter
analysis when dealing with the furnace section, such as the Gurvich/Blokh method. This
method was first proposed by Blokh in 1984 [20] and has subsequently been used to create
boiler design manuals such as those provided in references [21,22]. A one-dimensional
process model of the start-up system of an existing 600 MW, supercritical once-through
boiler was developed by Deng et al. [23]. The model incorporates the two-phase homoge-
neous flow model to resolve the water/steam networks. The simulation software APROS
was used to build the entire model, including the flue gas and fire side interactions. The
model was able to provide sufficient resolution of the steam characteristics during start-up
with a 2.29% relative error between the design and simulated steam exit temperatures and
flow rate.

Zima et al. [24] analysed a subcritical boiler using a process modelling approach, with
the furnace heat transfer being captured using an energy and mass balance combined with
the empirical relations described in the Gurvich/Blokh method. Downstream components
were modelled in a similar manner using mass and energy control volumes. The model
heat fluxes and exit flue gas temperature were verified using a CFD model for a steady state
boiler loads of 40% and 100%. The study aided in development of an in-house program to
be used in support of the boiler design process.

Starkloff et al. [25] utilised a one-dimensional process modelling approach to capture
the full water and flue gas interactions of a coal fired power plant using the APROS
software package. The objective of the study was to develop a fast model to study the
flexible operation of large coal fired power plants. Minimal boundary conditions were
utilised by the model, which included the inlet temperature and mass flow rate to the
condensers, the ambient air conditions, and the fuel composition. The model was used
to investigate dynamic operations, namely a turn down of 100% to 27.5% load, and a
corresponding ramp up scenario from 27.5% to 100% load, with results showing that the
model can simulate the dynamic behaviour of the plant with high accuracy.
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Similarly, Oko and Wang [26] modelled a 500 MW, sub-critical boiler using a one-
dimensional approach that was validated for 70%, 80%, 94,4% and 100% steady-state
operating conditions. The furnace used a zero-dimensional model, with only the radiation
heat transfer component being considered. The full boiler including all the mechanical
components and control logic was incorporated in the model. The software package
gPROMS® was utilised to capture the whole boiler model. The model was validated for the
100% steady state load case using measured plant data. Further dynamic simulations were
conducted comparing a step change and ramp change control strategy for implementing
load changes, with the latter being best suited for the control strategy since minimal
fluctuations were observed.

Rousseau and Laubscher [27] developed a novel thermofluid model for the membrane
walls of a pulverised fuel boiler using an equivalent one-dimensional thermal resistance
network to resolve the unknown temperatures through the membrane wall. Detailed CFD
results were used to validate the model with the overall UA value being within 1%. A
further parametric study was conducted to investigate different geometries and operating
conditions that cover the full range of operations for both subcritical and supercritical
boilers. Trojan [28] developed a one-dimensional process model of a furnace combustion
chamber assuming that the flue gas temperature in the combustion chamber was uniform
and the specific heat of the flue gas was a function of temperature. The combustion
chamber approach proposed in the study is analogous to the Gurvich/Blokh method. The
downstream heat exchanger geometry was considered during the modelling setup and
the flue gas temperatures at the exit of these heat exchangers were determined using the
effectiveness NTU method. The model was verified against measured data with very good
agreement between the calculated and measured values at certain locations in the boiler.

Due to the computational efficiency of one-dimensional process models the investiga-
tion of various control strategies and boiler retrofitting can be investigated in an efficient
manner. Chandrasekharan et al. [29] utilised a one-dimensional mathematical model to
optimise the control design and operational strategy of a 250 MW, coal fired power plant.
The economiser and steam drum of a subcritical boiler were modelled using mass and
energy balances derived from first principles. The focus was on the open loop control of
the steam drum, to retrofit the boiler with bypass valves after the primary and secondary
superheater to increase the steam drum temperatures. A retrofitting study conducted by
Chantasiriwan [30] focused on determining the optimum position of an air heater in a
conventional utility scale boiler. The Gurvich/Blokh approach was used to resolve the
furnace exit gas temperature and the heat load to the furnace, with the downstream heat
exchangers being modelled using conventional mass and energy balances. Three cases
were simulated using the boiler process model with additional heat exchanger models used
to resolve the air heater and fuel dryer. A cost-benefit analysis was conducted, but the
process model was not explicitly validated.

Gradziel [31] developed a one-dimensional model to investigate the evaporator of a
natural circulating boiler including the phase transition phenomena. An in-house program
code was developed for the study. The model incorporated the thermal response and
flow phenomena with only the evaporator walls being considered. The furnace radiative
heat transfer distribution was determined using the zone method, with the distinct nose
shaped heat flux profile being adopted to represent the complex thermal loading arising
from the combustion chamber. Experimental results were obtained to verify the evaporator
model for steady state operation and during start-up and shutdown, with satisfactory
results being obtained. Similarly, Wang et al. [32] considered a unique annular furnace
structure for a 600 MW, circulating fluidised bed boiler. The water wall circulation was
analysed using the appropriate process modelling techniques that capture the fundamental
mass, energy, and momentum balance equations. The model was used to investigate the
flow distribution, the thermal-hydraulic response, pressure drop and surface temperatures
for the various boiler loads, namely 100%, 75% and 30% of maximum continuous rating.
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The results show that a vertical water wall design with smooth tubes offers the optimal
performance across the simulated load ranges.

As with CFD simulations, researchers have used one-dimensional process models to
evaluate various types of boiler configurations. One-dimensional process models have been
used extensively in the modelling of circulating fluidised beds, due to the efficient solution
times and the use of minimal computational resources. Guoli et al. [33] investigated the
thermal-hydraulic characteristics of an ultra-supercritical steam cycle using circulating
fluidised bed combustion technology to burn low-grade fuels. The mathematical model of
the evaporator system was established based on energy and mass conservation equations
and incorporated an effective pressure balance for the parallel connecting tubes of the
furnace walls. In addition, a semi-empirical bed-to-wall heat flux model and a set of
empirical correlations available for heat transfer and hydraulic resistance calculation were
embedded in the thermal-hydraulic model. The model was run for operating conditions of
100%, 75% and 25% of nominal load. The results showed that the conceptual design of the
evaporative system is acceptable for a 660 MW, ultra-supercritical circulating fluidised bed
boiler. Similarly, Alobaid et al. [34] developed a sophisticated dynamic process model of a
1 MWy, circulating fluidised bed test facility. The model incorporates the details of the air
supply, the fluidised bed, the flue gas path, the water-cooling system, and the implemented
control structures. The model was validated and tuned using experimental data. Further
load change studies were implemented, and the validated model allowed the researchers
to numerically obtain parameters that cannot be fully measured.

Alobaid et al. [18] conducted a comprehensive review in 2016 of dynamic simulation
models, its development and application to various types of thermal power plants, includ-
ing coal-fired, nuclear and combined cycles, as well as municipal waste incineration. The
fundamental dynamic balance equations are presented together with its application to
various components, from basic pipe models and complex models including two-phase
flow, to the essential electrical and automation components. It presents an overview of
work completed in dynamic analysis of coal fired power plants in relation to disturbances,
start up, flexibility and the oxy fuel concept. It showcases the use of one-dimensional
process models for dynamic modelling applications, on-line calculations, whole boiler
operation simulations, and the efficient resolution of the water and steam side compo-
nents. However, it does not provide all the details necessary to enable the development of
integrated whole-boiler process models for biomass and coal-fired boilers.

1.3. Coupled Modelling Approaches

Coupled modelling approaches utilise the advantages of CFD and one-dimensional
process models to resolve the interactions between the fireside and waterside components
for various boiler types [35]. CFD allows for the detailed resolution of the combustion and
radiation heat transfer processes in the furnaces, while one-dimensional process models
can adequately resolve the complex water/steam network in an efficient manner. Park
et al. [36] developed a coupled CFD and one-dimensional water-steam process model for
a tangentially fired boiler. ANSYS CEX® was used to model the fireside effects of the
furnace and the main superheaters and PROATES was used to capture the water/steam
side components. The coupling was achieved via a direct method whereby the walls were
used as a data-transfer interface between the models. The model was validated against a
100% steady-state load case using measured plant data. The coupled model was further
used to provide operational guidance and allowed the plant engineers to optimise burner
settings and the heat exchanger performance.

Schuhbauer et al. [37] show the full development of a detailed tower type boiler
simulation using a coupled CFD and one-dimensional process model. APROS® is used to
model the waterside, while the combustion and three-dimensional effects are captured in
ANSYS Fluent®. The coupling interface is the heat exchanger walls where the CFD model
sends the heat flux as a boundary condition to APROS®, which would update the outer
tube temperatures. These temperatures would then be transferred back to the CFD model
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to update the boundary conditions. MATLAB® was used as an intermediate data transfer
link, since APROS® does not allow for direct coupling. The convective components in the
CFD model were modelled using the porous media approach, since the detailed modelling
of the tube bundles was deemed computationally expensive. The issue with porous media
model in modelling a tower-type boiler is that no visible surface is given, which resulted
in very low radiation exchange between the combustion chamber and the tube bundles.
A simple model was subsequently developed to account for the missing radiation flow
with reasonable results being obtained in accordance with the design data. Validation
was performed for the full load case, and from there, part load cases were simulated. The
simulation results are within 6% of the design data.

The coupled simulation technique has allowed researchers to commence detailed
studies for the various convective and radiative heat exchangers typically found in utility-
scale boilers, since the CFD component can provide detailed distributions of the radiative
and convective heat fluxes distributed on the tube surfaces. This, combined with the
one-dimensional process models of the waterside, allows researchers to investigate a range
of impacts. Laubscher and Rousseau [38] developed a coupled model utilising a one-
dimensional discretised two-phase model of the water/steam side of the evaporator and
radiative superheaters and a CFD model capturing the furnace combustion and heat transfer.
The model was used to investigate the impact of particle radiative effects. The study
highlighted the importance of using conversion-dependent particle radiative properties for
high-ash content fuels, with the conversion-dependent properties providing better results
corresponding to the experimental data.

Chen et al. [39] compared a coupled and decoupled approach of the supercritical
steam in the pendant superheater of a 1000 MW, tangentially fired boiler. The coupled
approach utilises a CFD model and a one-dimensional hydrodynamic model which accepts
the temperature distribution and energy fluxes to the pendant walls, while the decoupled
model primarily uses a CFD with a uniform temperature profile applied to the pendant
walls. The coal combustion and flue gas flow distribution were modelled using CFD,
and only the pendant superheater was modelled in a one-dimensional process model. It
was found that the coupled method offers the best approach to capture the energy flux
and wall temperature distributions. However, the model lacks validation for the given
operating conditions.

Yang et al. [40] modelled a 20 MWy, supercritical CO, boiler by combining a one-
dimensional analytical model for the supercritical CO, side and a CFD model for the
combustion and heat transfer processes. It employed ANSYS Fluent® user-defined func-
tions to couple the CFD and one-dimensional model. The 1D model was developed using
the governing equations and the appropriate Nusselt number correlations. The model
was able to capture the non-uniform nature of the heat fluxes in the superheater and re-
heater tube walls, providing a better understanding of the heat transfer processes and safe
operation of the 20 MWy, supercritical CO; boiler.

Fei et al. [41] utilised a coupled CFD and a one-dimensional process model in a boiler
retrofitting study. CFD was used to capture the coal combustion and heat transfer to the
waterwalls and heat exchangers. A reduced order model (ROM) was developed for the
integration of the CFD model into the full plant process model. CFD was used to generate
and develop a ROM using kriging interpolation. This ROM was integrated with the full
plant process model to offer faster simulation times in the retrofitting study. A range of
air-coal and oxy-coal conditions with different power loads (350-500 MW,) were simulated.
The results show that it is possible to retrofit the air-coal firing to oxy-coal firing while
maintaining the original design performance of air-coal firing.

Rousseau and Laubscher [42] investigated the impact of using very high ash coal
versus the design coal on the heat transfer distribution in a utility-scale boiler. A coupled
simulation was employed, using CFD to model the fireside and a one-dimensional ther-
mofluid network model capturing the water/steam side. The results show that the current
use of low-quality coal impacts the furnace heat uptake and steam generation rate when
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compared to the design fuel case. The main reason is the increased attenuation induced by
the increased particle load to the domain.

Coupled simulation techniques provide a valuable investigative tool for researchers
and engineers. However, the CFD modelled component limits the application of the models
in the analysis of transient events and the development of online monitoring systems [43]
due to the computational burden and long simulation times. The use of one-dimensional
process models of the whole boiler system can counteract these shortfalls provided that the
correct correlations and modelling approaches are incorporated.

2. Modelling Methodology

This section outlines the integrated boiler process modelling methodology that is built
on a one-dimensional thermofluid network approach. Since we are interested in analysing
the integrated performance of the system rather than resolving the details associated with
each component, we approximate the various components as one-dimensional elements
having one inlet and one outlet, which are connected at nodes to form a thermofluid
network. The analysis of each component consists of the following generic elements:

e  The simultaneous solution of the fundamental balance equations of mass, energy and
momentum written between the inlet and the outlet.

e  The performance characteristics of the specific component, which may include the
rate of heat transfer to or from the fluid, the rate of work performed on or by the fluid,
and the pressure drop or pressure rise in the fluid as it moves through the component.
We will call the set of equations needed to describe this performance the ‘component
characteristic’ equations.

The specific fluid property relationships or state equations.
The boundary values that may be specified at the inlet and /or outlet.

2.1. Balance Equations

The generic form of the balance equations of mass, energy and momentum for steady-
state incompressible flow through any thermofluid component may be written between
the inlets (i) and outlets (e) as:

‘ 1 : . 1 ,
Y i (hl-—i- 2012+gzi> +Q =) e <hg+ 20§+gzg> + W (1)
1 1
pi+ 5007 +p82i + Apm =pe + 500; + g2 + Apy

In Equation (1), m (kg/s) is the mass flow rate, 1 (J/kgK) is the static enthalpy, p (Pa)
is the static pressure, p (kg/ m?) is the fluid density, v (m/s) is the velocity, g (m/ s?) is the
gravitational acceleration, z (m) is the elevation, Q (W) is the rate of heat transfer to the
fluid, W (W) is the rate of work performed by the fluid, Apy; (Pa) is the total pressure rise
due to machine work, and Apy, (Pa) is the total pressure loss.

In the context of boiler heat transfer analysis, we usually exclude the detail analysis
of pumps and fans and simply specify the required mass flow rates as boundary values.
We may also neglect the kinetic energy terms and, if we are not interested in solving the
natural convection flow rate and static pressure head, we may also neglect the potential
energy terms. This then leads to the generic set of balance equations that may be applied
between the outlet and inlet of each of the components in the boiler, namely:

Y rite =) i
Y titche =Y iih; + Q 2
Pe =pi — ApL
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Although there are an infinite number of possible boiler layouts and several different
firing systems using many different fuels, it is possible to identify a collection of generic
components that represent those found in almost all boilers. It is also possible to identify
a simplified high-level layout that represents the connectivity between these different
components within a typical boiler. Figure 1 shows a process flow diagram (PFD) that
contains these generic components connected in such a simplified layout. We will make
use of this PFD to facilitate the discussion of the modelling methodology.

o )
-

fg,5

AH2

a,l fg,6

fg,7

Figure 1. Integrated PFD of a representative simplified boiler layout. AFT—adiabatic flame tempera-
ture, FUR—furnace, SH—superheater, AT—attemperator, CAV—cavity, EC—economiser, AH—air
heater, SD—steam drum, ba—bottom ash.

There are three distinct networks, namely the combustion air flow network (the green
lines with air nodes labelled from a,0 to a,2), the flue gas flow network (the red lines with
gas nodes labelled from fg,0 to fg,7), and the steam (or water) flow network (the blue lines
with steam nodes labelled from st,0 to st,5). In addition, we have the attemperator spray
water flow (the blue arrow with node labelled “AT”), the fuel feed line (the black arrow
with node labelled “F”), and the bottom ash (ba) extracted from the furnace. There could
also be a second steam flow network, namely the reheat steam path, but that will not be
included in the current discussion since the same principles can be applied there.

The combustion air enters at air node a,0 and is pre-heated in one or more heat
exchangers in series, which in this illustration are represented by only two air heater
components namely AH1 and AH2. It leaves AH?2 at air node a,2 and flows towards the
combustion zone within the furnace. The combustion zone is represented by the adiabatic
flame temperature (AFT) component. The combustion air is mixed (and/or pre-mixed)
with the fuel, which results in combustion and heat release, whereafter the hot products
of combustion leave the combustion zone at gas node fg,0. At the same time, a fraction of
the incombustibles in the fuel leaves as bottom ash while the rest, known as fly ash (fa),
is carried along with the other products of combustion at gas node fg,0. From there, it
passes through the furnace (FUR) component and exits at gas node fg,1. The products of
combustion consist of a suspension made up of a hot gas mixture and ash particles, which
is represented by the flue gas flow network.

Within the FUR component, heat is transferred from the flue gas suspension to the
surrounding water walls, primarily via thermal radiation. The partially cooled suspension
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then enters a train of radiative and convective superheater and reheater heat exchangers.
In this illustration, the heat exchanger train is represented by only two superheater com-
ponents, namely SH1 and SH2, and these are separated by a cavity (CAV) component.
Within these heat exchangers, the cavity heat is transferred from the flue gas suspension
to the outside surfaces of the heat exchanger tubes and surrounding water walls via a
combination of convection and radiation heat transfer. The flue gas leaves the superheater
train at gas node fg,4.

From gas node fg,4, the flue gas enters an economiser (EC) heat exchanger. Here, it
rejects more heat to the surfaces of the heat exchanger tubes, primarily via convection, since
at this point, the flue gas temperatures are significantly lower than in the superheaters and
reheaters. The mixture leaves at gas node fg,5 from where it enters the train of air heater
heat exchangers. Here, it again rejects heat to the heat exchanger surfaces, predominantly
via convection. The mixture leaves AH1 at gas node fg,7, from where it moves on to the
flue gas cleaning systems and is ultimately released to the atmosphere via the stack.

The feed water enters at steam node st,0 and is first pre-heated in the EC heat exchanger,
from where it leaves in a subcooled liquid state. In natural circulation boilers, the subcooled
water is mixed with saturated liquid water taken from the bottom of the steam drum (SD). It
then flows via a downcomer to the bottom of the boiler where it enters the membrane-type
water walls that surround the furnace. From there, it flows upwards through the upper
water walls that also surround the heat exchanger train and various cavities and then exits
into the steam drum as a mixture of saturated liquid and vapour, where separation takes
place. The saturated liquid leaves at the bottom of the SD and flows into the downcomer.
The saturated vapour leaves at the top of the SD at steam node st,2 and flows towards the
superheaters. The difference in the steam/water density between the downcomer and the
water walls results in continuous re-circulation via natural convection.

From a process modelling perspective, the evaporator (EV) heat exchanger component
consists of all the water walls and the SD combined, and it may also include the roof tubes
at the top of the boiler if these are connected in series with the water walls. Therefore,
pre-heated feed water enters the EV component as subcooled liquid at steam node st,1, and
it leaves as saturated vapour at steam node st,2.

In once-through forced flow boilers, the water from the EC also flows to the bottom of
the furnace, through the EV water walls to the superheaters. However, in once-through
mode, the water only passes through the water walls once; then, it passes through separa-
tors and a collector vessel and on to the superheaters. Therefore, there is no re-circulation.
At low loads (typically below 40% MCR), water from the collector vessel is also circulated
through the EC and EV via a circulation pump. For this discussion, we will only con-
sider the natural circulation case, but the modelling principles can equally be extended to
once-through boilers.

After passing through SH1, the superheated steam leaves at steam node st,3 and is
typically attemperated before it enters SH2, using high-pressure water from the feedwater
pump. This controls the outlet steam temperature of SH2 at steam node st,5 to the required
main steam set point value. The attemperation process is represented by the attemperator
(AT) component that accounts for the mixing of the superheated steam and subcooled
water, with the attemperated steam leaving at steam node st,4. The steam then absorbs
more heat in SH2 and leaves at steam node st,5 at the desired main steam temperature,
from where it flows through the turbine inlet valve to the high-pressure turbine.

The connectivity between the different components in the boiler is captured in the
model via the set of mass, energy and momentum balance equations that can be written for
the air, steam and flue gas flow networks, respectively, based on Equation (2).

2.1.1. Air Flow Network

Although the air flow network in our representative PFD is very simple, it is useful
to describe the approach for setting up the network equations in some detail. The same
approach can then be expanded to the more complex steam and flue gas flow networks.
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The mass balance equations for the air flow network are given by

mu,O = mu,cu
Mg — Mgp =0 3)
My — g1 =0

where r'rza,j is the air mass flow rate at node j and 11, ¢, is the total combustion air flow rate
provided by the primary and secondary air fans combined.

Equation (3) can be solved using a suitable direct or iterative method to yield the values
of the air mass flow rate at each of the nodes. From Equation (3), it should be clear that
the left-hand side effectively specifies the connectivity between the various components,
i.e., flow into and out of each component, while the right-hand side contains the inlet
boundary value.

The energy balance equations are given by

ma,Oha,O = ma,oha,ca
mg1ha1 — Maohao = QA1 4)
Maohay —Mgrhgn = Q amn

where h,  is the static enthalpy of the air at node j, l1,¢q is the static enthalpy of the incoming
combustion air supplied by the primary and secondary air fans combined, and Qa, ag1 and

Qg a2 are the rates of heat transfer to the air within AH1 and AH2, respectively.
Equation (4) can be solved to provide the values of static enthalpy of the air at each of
the nodes. Note that again, the left-hand side specifies the connectivity and the right-hand
side contains the inlet boundary value—and in this case also the rates of heat transfer
(energy sources) to the air within each of the components.
The momentum balance equations are given by

Pa,0 = Pa,ca
Pa1 — Papo = —DPa,am ®)
Pa2 — Pal = —APa,amH2

where p,; is the static pressure of the air at node j, ps,, is the static pressure of the
combustion air supplied by the primary and secondary air fans combined, and Ap, a1
and Ap, s> are the total pressure losses within AH1 and AH2, respectively.
The simultaneous solution of Equations (3)—(5) will yield the values for the mass flow
rate, static enthalpy and static pressure at each of the nodes in the air flow network.
However, in order to solve the equations, we need to know the boundary values
Mg ca, Naca and pgcq, as well as the source term values, namely the rate of heat transfer

Q, to the air within each of the components and the pressure drop Ap, within each of
the components. Furthermore, an iterative approach will be needed where each set of
equations are solved successively together with the source term values, which will have to
be updated in between the iterations.

The values of the source terms must be determined using the component characteristic
equations referred to earlier. To solve the component characteristic equations for each
component, we will need to know the values of other secondary fluid properties besides
enthalpy and pressure, such as temperature, density, and conductivity. For this, we need to
solve the specific fluid property relationships that relate the value of each of these secondary
properties to the enthalpy and pressure. The average values of enthalpy and pressure
within each component are usually assumed to be the arithmetic mean of the known values
at the inlet and outlet that are obtained by solving the balance equations.

We will leave the detailed discussion of the component characteristic equations and
the fluid property relationships for later and will now go on to write the balance equations
for the steam and flue gas flow networks. Since the focus of this paper is on heat transfer,
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we will only address the mass and energy balance equations while leaving the momentum
balance equations for the reader to explore.

2.1.2. Steam Flow Network

The mass balance equations for the steam flow network are given by

mst,O = mst,fw

Mg — Mgt = 0
Mgt — g1 =0
mst,3 - mst,z =0
mstA - mst,3 = mAT
mst,5 - mst,4 =0

(6)

where mst,j is the steam (or water) mass flow rate at node j, g fw 18 the feed water flow
rate provided by the feed water pumps and 1147 is the attemperator spray water flow rate.
From the perspective of the mass balance equations, 71 fw is a boundary value and MAr is
a source term. Note that we therefore have six equations and six unknowns, namely the
mass flow rates at each of the steam nodes numbered 0 to 5.

The energy balance equations for the steam flow network are given by

mst,Ohst,O = mst,()hst,fw )

Mt lst1 — st ohso = Qst e

Mst2lst2 — Misg1hsr = Qst v

st 3hst 3 — Mstohsi2 = Qst sH1 @)
Mt ahstq — Mst3hs3 —marhar =0

st shst 5 — Mt ahsia = Qs 52

mst,Shst,S = mst,5hst,ms

where hy;  is the static enthalpy of the steam at node j, hg 1, is the enthalpy of the feed

water from the feed water pump, Q; is the rate of heat transfer to the water/steam within
each of the components, h147 is the enthalpy of the attemperator spray water, and s s is
the enthalpy of the steam at the desired main steam temperature.

Some observations are necessary regarding Equation (7). Although the node number-
ing in the steam network is only from 0 to 5 (i.e., six nodes), there are actually seven nodes
in the network, since it also includes the AT node. Therefore, there are seven equations and
seven unknown variables. The seven unknown variables are the enthalpies at nodes 0 to 5
and the required attemperator spray water mass flow rate m 47 to ensure that we obtain the
desired main steam temperature.

Note that this allows us to solve for the attemperator spray water flow rate needed
to obtain the desired main steam enthalpy. This implies that we are building the spray
water controls directly into the model via the solution of the balance equations. The value
of m st obtained from the solution of the energy balance equations is then provided as a
source term value to the mass balance equations Equation (6). The alternative approach
of specifying m 47 and solving for hg; s is also valid if the aim is to study the impact of
different spray flow rates on the main steam temperature.

Another feature that requires consideration is the control of the water level in the
steam drum. In practice, this is usually studied by varying the feed water flow rate via a
control valve at the outlet of the feed water pump or by varying the rotational speed of the
pump. From a process modelling perspective, this means that the feed water flow rate is
adjusted to ensure that there will always be saturated vapour leaving the SD component.
This control feature can also be built into the model as follows:

. _ Qst,EC + Qst,EV
mst,fw = 5 1 1 (8)
hg‘pso - hst,fw
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where hg|p5D is the saturated vapour enthalpy at the steam drum pressure psp. The value

of mgy fw obtained from the solution of Equation (8) is provided as a boundary value to the
mass balance equations Equation (6).

2.1.3. Flue Gas Flow Network

There are two additional complications that must be considered for the flue gas flow
network. The first is that it represents the flow of a suspension consisting of the flue gas
mixture and the fly ash particles entrained within it. The second is that there is a possibility
that air from the surroundings may leak into the gas ducts due to the negative gauge
pressure maintained in the boiler. This is referred to as ingress air.

The fly ash particles are accounted for by specifying the fly ash mass flow rate iy,
leaving the combustion zone and entering the FUR at gas node 0. This value is then
assumed to remain the same throughout all the components. The mass balance equations
for the fly ash are therefore simply 15, ; = s, for j=0...7.

The ingress air is accounted for by allowing for a specified ingress air mass flow rate
i, to be included at the inlet to each component, excluding the furnace. Therefore, the
mass balance equations for the gas network are given by

Mg = Mg aft

Mpg1 — Mg =0

Mfen — Mfe1 = Mig SH2

Mfg3 = Nfgn = Mia,CAV ©)
Mfga —Mfg3 = MigSH1

Mpgs — Mpgq = Mig EC

Mfge — Mfgs5 = Mig AH1

Mfe7 — Mfge = Mig AH2

My, i is the mass flow rate of the gas mixture (excluding the fly ash) at each node j and
Mg qft is the mass flow rate of the gaseous combustion products leaving the combustion
zone at the adiabatic flame temperature, which is a boundary value.

Note that m fgaft isaboundary value that will be calculated within the AFT component,
while the ingress air flow rates at each component are known mass source terms.

The energy balance equations for the gas flow network include the effect of the ingress
air as well as the energy associated with the fly ash within the mixture and is given by

Mrgolfg0 = Mg ol fgafs
Mpglifer = Mygihpg for . ‘
mfg,zhfg,z - mfg,lhfg,l = mia,SHZhiﬂ + Qfg,SHZ — MfaCp,ash (ng,2 o ng/1>

Mg shpes — Mrgolifenr = Migcavhia + Qfecav — MfaCpash (ng,a —Trgp
1ol fga — 1 g ahpes = titig s1hia + Qg sH1 — M faCpash (ng,4 - ng,3> (10)
Tt pe shes — Mrgaltfoa = titig Echia + Qg EC — M faCpash (ng,5 —Tfeu

Tt po,6hfe6 — Mg shres = Mg arzhia + Qrg a2 — MpaCpash ( Tre6 — Tres

mfg,7hfg,7 - mfg,6hfg,6 = mia,Athia + Qfg,AHl - mfacp,ash ng,7 - ng,6

In Equation (10), Ky, ; is the enthalpy of the gas mixture (excluding the fly ash) at
each node j, hsq 4 is the gas mixture enthalpy at the adiabatic flame temperature, and
hyg fet is the gas mixture enthalpy at the furnace exit temperature. hy, ;¢ will be calculated
within the AFT component, and ki, r,; will be calculated within the FUR component. These
calculations will be addressed later as part of the component characteristic equations. h;,
is the enthalpy of the ingress air, Q f¢ is the rate of heat transfer to the flue gas mixture in
each component, ¢, 45, (J/kgK) is the ash specific heat capacity, and Ty, ; (K) is the flue gas
mixture temperature at each node j.
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In Equation (10), the left-hand side again specifies the connectivity, while the right-
hand side contains the boundary values, the rates of heat transfer to the gas mixture, and
now also the energy sources/sinks in the gas mixture due to the cooling/heating of the
entrained fly ash particles.

The flue gas mixture (excluding the fly ash particles) contains HO, CO,, Ny, SO, and
O;,. Therefore, besides the overall mass balances given in Equation (9), it is also necessary
to write the mass balances for each of the species while taking into account the ingress air,
which contains H,O, N and O,. This can be written for each component as follows:

Yfe H20,e = (m fe,iYfo,H20,i miaYai,Hzo) /Mg,

Yre,c026 = MfgiYre,cO2i/ Mfge

YreN2e = (MrgiYrgN2i + mmYm,m) [Mifg, (11)
Yro,5026 = Mfg,iYfe,502,i/ Mfge

Yre00e = (MfgiYrg02i + miuYai,OZ) /Mg i

with Yy i and Yy, ; . representing the mass fraction of each species j within the flue gas
mixture at the inlet and outlet respectively, and Yj, ; representing the mass fraction of each
species j within the ingress air.

2.2. Adiabatic Flame Temperature Model

The adiabatic flame temperature (Ty, ,;) is defined as the maximum theoretically
possible temperature of the flue gas mixture (flame ball) at the outlet of the combustion
zone. Combustion is a chemical reaction during which the carbon, hydrogen and sulphur in
the fuel are oxidised and energy is released. The composition of any fuel can be described
by a unique combination of elemental carbon, hydrogen, oxygen, nitrogen and sulphur,
together with moisture, and non-combustibles. Mass balance requires that the total mass
of each element be conserved during the chemical reaction, which in turn implies that the
number of moles of each element is conserved.

In the context of steady-state integrated boiler process models, we typically assume
instantaneous (i.e., not accounting for the kinetics) and complete combustion, except in
the case of solid fuels such as coal and biomass, where a fraction of unburned carbon is
assumed. This unburned carbon is conveyed out of the boiler via the flue gas flow stream,
but while assuming it has a negligible impact on the energy balance downstream of the
combustion zone.

The mass fractions of C, H, O, N, S, moisture, and ash in the fuel specification are
usually provided on an as-received (AR) basis with units kilogram per kilogram of fuel
(kg/kgs). However, for boiler process analysis, it is convenient to utilise the mass balance
on an ash-free basis.

The total mass flow rate of ash is equal to

Mgy = YashmAR,f (12)

with m g r representing the fuel mass flow rate on an as-received basis and Y, represent-
ing the ash mass fraction. The fly ash flow rate that is carried along with the flue gas is
assumed to be a fraction of the total ash flow rate, therefore

mfa = ffamush (13)

with ff, representing the fraction of fly-ash. Remember that 1, is an input to the source
terms of Equation (10).
The bottom ash flow rate is simply given by

My = Mgy — mfa (14)
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The fuel mass flow rate m fonan ash-free basis is given by

mf =(1- Yash)mAR,f (15)

The ash-free mass fraction Y ; of each element j in the fuel mixture (including the
moisture Yy 1) can be determined from

YaR,j
Yf,] 1- Yush (16)
where Y4p ; is the mass fraction of each element in the as-received fuel mixture (including
the moisture Y4r u1).

It is also convenient in the combustion model to include only the fraction of carbon
that is participating in the combustion process in the value of Y c, which then excludes
the unburned carbon. It is therefore good practice to reduce the participating carbon mass
fraction at the outset as follows:

Yrc=Yrc—Yuc (17)

where Y{;c is the mass fraction of unburned carbon in the ash-free fuel mixture in kg/kg;.
Note that the fuel mass fractions with units kg/kg; are normalised with the total ash-free
fuel mass flow rate that includes the unburned carbon but which excludes the ash.

The mean molecular mass of the ash-free fuel mixture is given by

-1
My = (2Yff> (18)
f - M

with M; (kg/kmol) representing the molecular mass of each element j.

We now define nsc, nyy, 1o, ngn, igs and nyp as the fuel flow-based mole fractions
of C, H, O, N, S and moisture (M) in the fuel, respectively, with units of kilomole per
kilomole of fuel (kmol/kmols). The fuel flow-based mole fraction for each element is
determined from

My
"0 =Yg, (19)

The actual mass flow rate ; of any element j can be obtained directly from the fuel
flow-based mole fraction as follows:

A M;

The minimum oxygen needed for complete combustion is called the stoichiometric or
theoretical oxygen. It is made up of the O, required for the combustion of the participating
carbon, hydrogen and sulphur, minus the elemental oxygen provided within the fuel.
Therefore, it is given by

1 1
Nsto2 = Mjc+ N — SN0 +1ys (21)

Now, let the fuel flow-based mole fractions of H,O, O, and N> in the combustion air
be 11,120, 11;02 and 1,5, respectively, again with units of kmol/kmol;. The combustion air
will include a given fraction of excess air indicated by a, where a« = 1.0 implies zero excess
air and « = 1.2 implies 20% excess air. Given this, the fuel flow-based mole fraction of O,
in the combustion air for a given value of & will be

ny02 = &-Nst02 (22)
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Since dry air can be approximated as a mixture consisting of 21% oxygen and 79% ni-
trogen on a volume/molar basis, the fuel flow-based mole fraction of N, in the combustion
air will be equal to

nyN2 = 3.7619a-n5t02 (23)

The moisture content of the air is expressed in psychrometry terms as a ratio called
the specific humidity (or humidity ratio), which is measured in kilogram of moisture
per kilogram of dry air (kg/kg,) and indicated with the symbol w. Therefore, the fuel
flow-based mole fraction of H,O in the combustion air will be equal to

M,.:
NyH20 — 4.7619aw M]:;ro Nst02 (24)

where M,;, = 28.84 kg/kmol is the mean molecular mass of air.

Based on Equations (20) to (24), the required total mass flow rate of humid combustion
air is given by

. m
Ma,ca = (n,02Moz + nyn2Mn2 + ”rHZOMHZO)ﬁ]; (25)

Remember that 11, ¢, is the boundary value required in Equation (3).

Let the fuel flow-based mole fractions of CO;, N5, SO,, H,O and O, in the combustion
products be 1,c02, npN2, 1pso2, NpH20 and 1,0z, respectively, with units of kmol/kmol;.
All the participating carbon in the fuel is oxidised to form CO; and therefore

npco2 = Nfc (26)

Some of the nitrogen in the fuel and combustion air forms various NOx variants in the
products. However, in the current context, it is assumed that all the nitrogen is converted
to stable diatomic nitrogen in the products. Therefore

1
MpN2 = 51N + 1eN2 (27)

The first term on the right-hand side of Equation (27) represents the elemental nitrogen
in the fuel, and the second terms represents the nitrogen introduced via the combustion air.
We also assume that all the elemental sulphur in the fuel burns to SO,, therefore

npso2 = Nfs (28)

The flue gas mixture will include the moisture introduced via the fuel, the water
formed during the oxidation of the hydrogen, and the additional moisture introduced via
the combustion air. Therefore

1
MpH20 = MfM + 57 fH + MrH20 (29)

The additional oxygen that enters via the excess air does not take part in combustion
and therefore forms part of the flue gas mixture as follows:

nyo2 = (& = 1)nseon (30)

The total mass flow rate of the gaseous combustion products leaving the combustion
zone can be determined from

) m
Mgaft = (MpcoaMcoz + npNaMn2 + 1502 Mso2 + 1pH20 ME20 + 1p02Mo2) ﬁj; (31)
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Remember that 7o .5, is the boundary value required in Equation (9) and that a
constant flow of fly ash at a rate of 717, will be carried along with it.

Based on Equations (21) to (30), the fuel flow-based molar balance in kmol/kmol¢ can
conveniently be written as

CieHin gy Onso Nipy Snps Min gy + 1120 H20 + 11,0002 + .82 N2

32
— 1pc02C02 + npNaN2 + 1502502 + 1pH20H20 + 150202 (2

Equation (20) can be employed to convert each term in Equation (32) to the mass flow
rate of the individual species.
The energy balance equation for the combustion zone is given by

mfg,ufthfg,aft = mfhf + ma,caha,ca + mf (HHVf - YL[CHHVC) - mfuhash,aft - mbuhash,but
(33)
HHVy (J/kg) is the higher heating value of the fuel on an ash-free basis, HHV =
32763 ]/ kg is the higher heating value of carbon, and /¢ is the sensible enthalpy of the
fuel entering the combustion zone. As stated before, hif, ,; is the gas mixture enthalpy at
Ttq,art, which can be determined from

higart = Prg (Yfg' Trgaftr Pfg,aft) (34)

with ¢, representing the appropriate fluid property relationship for the flue gas mixture,
which accounts for the local flue gas species mass fractions as well as the local temperature
and pressure. l,g, 471 is the sensible enthalpy of the fly-ash particles at the adiabatic flame
temperature, and g, 1, is the sensible enthalpy of the bottom ash particles at the bottom
ash temperature (Ty,;). Therefore

hash,ﬂft = Pash (ng,aft) (35)

and
hash,bat = 4)ash(Tbat) (36)

with ¢, representing the sensible enthalpy versus temperature relationship for the solid
fly ash particles. Note that a suitable value must be assumed for T,;. For the fuel, we have

hy = 9 (1Ty) (37)

with ¢ representing the sensible enthalpy versus temperature relationship for the solid fuel
particles, and Ty representing the temperature of the fuel at the inlet to the combustion zone.

It is important to note that Equation (33) utilises the HHV of the fuel as opposed
to the LHV (lower heating value), which is often employed in conventional combustion
calculations. This difference will be addressed in the next section, which explains the fluid
property relations.

Since Tygqf¢ is not known beforehand, an iterative approach is required to solve
simultaneously for Equations (33) to (35), which then yields the values of Trg 4ft, g aft
and hggp 47t Remember that hi, ¢4 is a boundary value required for Equation (10).

This brings us to the point where we need to consider what the appropriate property
relationships would be for ¢r¢, ¢ys, and ¢y

2.3. Fluid and Solid Particle Property Relationships

Values of enthalpy are always provided relative to a given reference state h,.s where

T}’E

Hyef " = 0 with T,er and py,r representing the chosen reference temperature and pressure,
pref

respectively. Therefore, the values of enthalpy that are commonly used in the energy
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balance equations are really enthalpy differences, i.e., Ah = h — hy,¢. In combustion
analysis, the composition of the fluids at the outlet of the process is no longer the same as
at the inlet of the process. This implies that there must be a common reference state for all
the substances taking part, which includes the combustion air, the fuel, the ash, and the
flue gas mixture. This chosen common reference state is at 25 °C and 101.325 kPa, which is
known as the standard reference state. Therefore, for the solid particles

(Pash(T) = Cp,ash(T - 25OC) (38)

and
4>f(T) = cp,f(T—ZSOC) (39)

where ¢, 45, and ¢, ¢ are the specific heat capacities of the ash and fuel, respectively, which
are usually assumed to be constant throughout the boiler.

The combustion and ingress air enthalpies h,, I, and hj, as well as the flue gas
enthalpies sy, g ot and higg 7ot are all expressed relative to the standard reference state.
The enthalpy of the H,O vapour in the gas mixture is therefore assumed to be zero at 25
°C and 101.325 kPa. However, at the reference state, the H;O would be a compressed
liquid rather than vapour. This means that the enthalpy of the vapour in the gas mixture

should include the latent heat of vaporisation at the reference temperature, i.e., lify —
24423 k] /kg. In the conventional textbook approach, combustion analysis is usually based
on ideal gas enthalpies where the latent heat of vaporisation is not included in the enthalpy
of the vapour. It is therefore assumed that the enthalpy of the water vapour is equal to
zero at 25 °C. This choice of using the ideal gas approach is rational, since boiler analysis
usually involves gas mixtures at low pressures and high temperatures. However, the ideal
gas approach necessitates the use of the LHV in the energy balance equation instead of
the HHV.

The fact that we have used the HHV in Equation (33) implies that we are using real
gas properties for the flue gas mixture rather than ideal gas properties. It can easily be
shown that we can replace HHV with LHV provided that the real gas enthalpy ks, 4 is

also replaced by its equivalent ideal gas value hifg ot ideas = Pfgari — YrgH20 M fg p5oc We
accomplish this by replacing HHV in Equation (33) with its definition in terms of LHYV, as

follows:

mfg,afthfg,aft = Thfhf + mﬂ,mhu,m + mf (HHVf - YUCHHVC) - mfahash,aft - mbahash,bat

Thfgﬂfthfg/”ff = mfhf + Mg calta,ca + rhf

LHV; + ™20 ’ ) . .
< f myg fs 25°C - mfahush,uft - mbuhash,bat
—YycHHV: (40)

mfg,afthfg,ﬂft - mfg,HZO hfg 250C = mfhf + ma,caha,ca + mf (LHVf - YUCHHVC) - mfuhash,aft - mbuhash,bat

mfg,afthfg,aft,ideal

= mfhf + ma,caha,ca + mf (LHVf - YUCHHVC> - mfahash,aft - mbahash,hat

One implication of using real gas properties for the gas mixture is that in the applica-
tion of the mixing law, the real gas enthalpy of each of the constituents must be evaluated at
the mixture temperature and partial pressure of the constituent rather than at the mixture
pressure. This is consistent with reality. The real gas enthalpy of the constituent at the
reference state is then subtracted from this to obtain the value that is employed in the
mixing law. The benefit of this approach is that it will provide consistent results even if the
gas mixture temperature falls below the dew point temperature, resulting in condensation
of the water vapour. It is important to account for this in the analysis of condensing boilers,
and condensation should be avoided in non-condensing boilers.

The mixing law applied for enthalpy and specific heat is usually a simple mass-
weighted average, while for viscosity and conductivity, the well-known Wilke method
is preferred. The density of the mixture is determined using the ideal gas law with an
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effective mixture specific gas constant defined as R, = }; YjR;, where R (J/kgK) is the
specific gas constant and j indicates the specific constituent in the mixture.

For the steam network, the enthalpies are also determined using real gas properties.
However, it is not necessary to scale the values relative to the standard reference state
because the steam does not take part in the combustion process. The reference state for the
standard steam properties is usually the triple point of water, i.e., 0.01 °C and 0.6113 kPa.

2.4. Furnace Model

The energy balance equation for the gas and particle suspension in the furnace can be
written similar to Equation (10) as:

Qfg,FLIR = mfg,aft (hfg,aft - hfg,fet) + mfacp,ash (ng,aft - ng,fet) (41)

with Q ¢, FUR Tepresenting the total rate of heat transfer from the flue gas mixture and

g, gt = brg (Yrgr Troper Prg st (42)

Note that for the furnace model, the rate of heat transfer from the gas is traditionally
written as a positive value as opposed to the conventional definition used in Equation (10)
where heat transfer from the gas would be a negative value. The traditional convention of
positive heat transfer in the furnace is also adopted here.

The so-called projected (Gurvich/Blokh) and direct (Hottel) methods are semi-empirical
zero-dimensional models of furnace heat transfer in which all the physical quantities are
assumed to be uniform, and the results are averaged over the heating surfaces. It includes
various empirical parameters that were originally derived for specific boiler layouts and a
limited range of operating conditions. Despite this, it is extensively applied in industry for
the design and analysis of all kinds of boilers over a wide range of operating conditions.

These zero-dimensional models assume that the heat transfer in the furnace is dom-
inated by radiation and that the furnace contains a single homogeneous participating
medium radiating to a single isothermal absorbing, reflecting, and emitting the surrounding
surface, even though it may consist of several different surfaces at different temperatures.

A single equation is therefore employed to calculate the total rate of radiant heat (Qrad)
projected from the gas volume to the surrounding surfaces. Following this, appropriate
portions of the total radiation are allocated to the different surfaces, which could include
the water walls, refractory, and the virtual furnace exit plane. The water flow path through
the water walls and the gas flow path through the furnace volume are again assumed to
be one-dimensional with the balance equations applied between the outlet and inlet, as
described in Sections 2.1.2 and 2.1.3. The difference between the projected method and the

direct method is in the calculation of Q.

2.4.1. Projected Method

The projected method essentially assumes that the surrounding wall temperature is
low enough so that emission from the wall can be neglected. Therefore, the total rate of
radiant heat projected from the gas volume to the surrounding surfaces is given by [44]

Qrad = 7~/J‘C'f‘7Ar11dT;gL (43)

with T, representing the effective gas temperature, A,,; (m?) representing the total sur-
rounding projected area, ¢ (W/m?K*) representing the Stefan-Boltzmann constant, and
¢r representing the furnace effective emissivity. ¢ is an area-weighted furnace efficiency
factor that accounts for the effects of fouling and angular coefficient (view factor) of the
different surfaces that make up the surrounding surface, including the virtual furnace exit
plane. The efficiency factor is defined as the ratio of the heat flux actually absorbed by the
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wall to the radiation heat flux incident on the wall (i.e., the irradiation). This area-weighted
efficiency factor is found from

PAra =Y PiAraai = Y %iliAraa, (44)
; 7

where x;, §; and A,,; ; are the angular coefficient, wall fouling factor and projected radiation
surface of each surface i. The angular coefficient value used for membrane-type water walls
is a function of the tube spacing and diameter and is typically around 0.9-1.0. For water
walls covered by refractory, it is 1.0, and for the furnace exit plane, it is also 1.0. The wall
fouling factor used for gas and oil-fired furnaces is 0.65; for heavy oil, it is 0.55; for coal,
it is 0.4; for grate fuels, it is 0.6; for other fuels, it is 0.2; for refractory, it is 0.1; and for the
furnace exit, it is 1.0.
The furnace effective emissivity is given by

gf=<1+zp(€;—1>)l (45)

with &g, representing the effective emissivity of the flame ball, i.e., the hot flue gas mixture
and particle suspension, at the gas temperature T, (the calculation of &g, will be addressed
later). Equation (45) can be derived from fundamental principles by approximating the
furnace wall and the gas as two infinitely large parallel surfaces. Then, we write the energy
balance equations for the radiation heat transfer network between the two in terms of
emissive power, irradiation and radiosity while including the emissivity and reflectivity of
both sides. The ratio of heat flux absorbed by the wall to the radiation heat flux incident on
the wall (which is equal to the radiosity of the gas) is replaced by . Finally, the radiosity of
the gas is written as ¢ fO'Tg,l, i.e., the effective rate at which radiant energy leaves the gas,
which then leads to Equation (45).

The heat losses from the furnace are accounted for via the heat preservation coefficient
¢ as follows:

Qrad = q)Qfg,FUR (46)

Since ¢ < 1, it implies that the heat transfer from the flue gas to the surrounding
surfaces is less than the heat extracted from the flue gas, thereby accounting for the losses
from the furnace.

The energy balance equation for the furnace can also be written as

Qg FUR = 10T (ng,a it — T, fet) (47)

with ve (J/kgiK) defined as the mean overall heat capacity based on the fuel flow rate.
Based on Equations (41) and (47), v¢ can be determined from

. Mg aft (hfg,uft - hfg,fet) + 1 faCpash (ng,uft - ng/fet) us)

g (ng,uft - ng,fet)

Combining Equations (43), (46) and (47) yields

q)mf%(ng,aft — ng,fet) = lperAdeg (49)

which provides the relationship between Tyg 4¢t, Trq rer and Tg. Assuming that Trg 4, is
known from the solution of the AFT model, an additional empirical closure relationship is
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required to solve for Ty ros and Tg. The projected method provides the following empirical
equation, which is also provided in references [20,44,45]:

T e\ 06 -1
o M<f> +1 (50)
ng,a ft Bo
M is the flame centre modification factor (or M-factor), and Bo is the Boltzmann
number defined as

1 ¢oc T,
Bo= — T — (51)
VoA TEg opr Lrgaft = g fer
The M-factor is derived from the empirical relationship
M = A - B(X; + AX) (52)

where X, is the normalised burner height, A and B are empirical constants depending on
the kind of fuel, and AX is a correction factor for the actual flame position, which depends
on the burner type and tilt.

Knowing Trg 5 and hgg o7 from the solution of the AFT model, the simultaneous
solution of Equations (48), (51), (50) and (42) yields the values of oc, Bo, Tyg ror and hgg fe;-

Following this, Q fg,FuR can be determined from Equation (41) or (47), and de can be
determined from Equation (46).

Following this, the radiant heat transfer to each individual surface i, excluding the
water walls, can be determined from

. Aradi
Qrad,i#ww =7 ll]l)lemd’l Qrad (53)
ra

where 7; is a non-uniformity factor that depends on the assumed heat flux distribution
along the height of the furnace and the position of surface i. Note that a low value of ;
will result in a small portion of the heat transfer being allocated to surface i. Therefore, for
refractory covered walls, we typically have § = 0.1 [46], which is equivalent to specifying a
large thermal resistance, resulting in a high surface temperature and low heat absorption
rate. The value of ¢ therefore effectively compensates for the fact that the projected method
does not account for the surrounding wall temperature in Equation (43).

For the direct radiation onto the furnace exit plane, an additional re-radiation factor 8
(or furnace—platen superheater interaction factor) is also included as follows

: o Y feArad, fe -

de,fe = ﬁ’?feWde (54)
where f is a function of Ty, ¢+ and the type of fuel, and its value varies between 1.0 and
0.5, and A,44 s, is the area of the furnace exit plane. An attractive attribute of the projected
method is that it allows for the calculation of this direct radiation onto the furnace exit
plane, which is then assumed to impinge onto the heat exchangers situated at the furnace
exit without knowing the details of the downstream heat exchanger.

Finally, to ensure an overall energy balance for the furnace, the remainder of the total

radiant heat is allocated to the water wall, i.e.,

de,ww = de - Z Qrad,i (55)

i£ww
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Combining Equations (49) and (50) also provides the relationship for T as a function
of Trg rer and T 51 as follows:

4 5/3 —2/;
Tg Trofer) Trofet\
— | mSeS 1 J&set (56)
Tfaft Tfgaft Trgaft

or T, can simply be determined implicitly from Equation (43) or (49).

2.4.2. Projected Method for Large Boilers

According to Zhang et al. [44], the projected method described above was developed
based on experimental data from a boiler with output of 200-300 t/h (160-240 MW), and
the influence of non-uniformity in the furnace was ignored during the data analysis and
modelling. Therefore, it should not provide very accurate results for larger boilers in the
sense that the calculated furnace outlet temperature is typically lower than the measured
values. This in effect implies that the total heat transfer is overestimated. Therefore, for
larger boilers, they provide an alternative empirical formulation to Equation (50), namely:

T e Tz 0.6
Faet _ g agf SV igart 57)
ng,aft 10800'(]1-[

where qp is the heat release rate per unit of radiative heating surface area in (kW/ m?),
which can be approximated as

gy ~ Mf(HHfoYucHHVC) [ Arad (58)

2.4.3. Direct Method

In contrast to the projected method of Equation (43), the direct method accounts for
the temperature and emissivity of the surface surrounding the furnace. It states that [44,47]

: € 4 4
Quit = e A (eqpTd — gy T (59)

with Ty, representing the effective surrounding wall/surface temperature, ¢;, representing
the wall emissivity and ag, representing the effective gas and particle suspension absorptiv-
ity determined at the wall temperature Ty, (the calculation of ¢¢) and a¢, will be addressed
later). The value of the wall emissivity is usually around 0.8-0.85.

It is important to understand where Equation (59) originated. It can be derived
by writing the energy balance equations for radiation heat transfer between multiple
diffuse-grey surfaces surrounding a single participating medium (gas). It accounts for the
view factors between the various surfaces, the emissivity of the walls, and the absorption
and emission due to the participating medium, but it neglects scattering. This results in
a set of equations representing a radiation heat transfer network, which can be solved
simultaneously to obtain the net rate of heat transfer from the gas and from each of the
surfaces, as a function of the effective gas temperature T and the various wall temperatures
Ty,i- 1f it is now assumed that there is only a single surrounding surface with effective
temperate Ty, we arrive at Equation (59).

The guideline provided by [47] regarding the representative gas temperature Ty is
that it should be taken as equal to the furnace exit temperature T, r.;. (This may not be
completely consistent with the derivation of the equation from fundamental principles,
since the weighted average temperature of the gas volume will be higher than the furnace
exit temperature).
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The direct radiation leaving the furnace exit plane and impinging onto the heat
exchangers situated behind the furnace exit can then be determined from

Ew, hx
“gp,hx + Ewhx — ‘Xgp,hxsw,hx

Qrad,fe = UArad,fe (ggp Tg — Qgphx T;}],hx) (60)

where T, , represents the heat exchanger surface temperature, ¢, represents the heat
exchanger wall emissivity and ag, s, represents the gas absorptivity determined at the
heat exchanger wall temperature T;, . This implies that some detail of the downstream
heat exchanger must be known to solve the furnace model. Note that the direct radiation
eventually absorbed by the downstream heat exchanger will depend on the view factor
between the virtual furnace exit plane and the tube bundle, which will be addressed later.

The direct method accounts for the heat losses from the furnace via a radiation loss
factor (frad10ss < 1) as follows:

de + de,fe = (1 - fmdloss)Qfg,FUR (61)

One benefit of accounting for the wall temperature in Equation (59) is that one can now
explicitly include the conductive/convective thermal resistances of the different surfaces,
such as the water wall and refractory that may cover portions of the water wall. This means
that the heat fluxes through the different surfaces to the water/steam can be estimated. The
energy balance at the surrounding wall is given by

de = (Tw - Tsat) /Rw (62)

with T, representing the saturation temperature of the steam within the water wall tubes.

-1

Ry (K/W) is the effective wall thermal resistance determined from R, = | Y. 1/ Rw,i) ,
i

with Ry, ; representing the thermal resistance of the physical wall associated with each

surface. (In this regard, the convective heat transfer coefficient for the evaporating wa-

ter/steam mixture within the water wall is often simply assumed to be very large).
Knowing T, ;¢ from the solution of the AFT model, simultaneous solution of Equa-

tions (41), (42), (59) and (60)—(62) yield the values of Ty = Trg ret, fg fets Q fe,FUR, Qrads

de,fe and Tw.
Following this, the heat transfer to each individual surface i, excluding the furnace
exit, can be determined from

de,i;ﬁ fe = (Tw — Tsat) / Ruy,i (63)

2.5. Thermal Radiation of Gas—Solid Suspension

There are three possible approaches to the calculation of the effective emissivity
and absorptivity of the flue gas and particle suspension, which will be referred to as the
‘standard model’, the ‘low particle load model’, and the ‘high particle load model’.

In all the models, the mean beam length (S) characterises the geometry of the heat
transfer surface involved. For the furnace, it is determined as

3.6Vfy
Afur

Sfur = (64)

with Vi, (m3) representing the furnace volume and Ay, (m?) representing the total surface
area surrounding the furnace volume, which includes the virtual furnace exit area.

2.5.1. Standard Model

The standard model is presented by Zhang [44] as the former Soviet Union’s proposed
1973 standard for boiler thermal calculation, as well as by Lin [45] and Basu [46]. It only
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addresses the calculation of the emissivity of the flue gas and particle suspension and not
the absorptivity.
The effective emissivity of the flue gas and particle suspension is given by

sgp =1—- efkfurpfursfm (65)

with kf,, representing the effective furnace pressure-based absorption/emission coefficient
with units (m-MPa)~! and p rur T€presenting the furnace pressure in MPa. (Note that the
absorption coefficient x with units m~! is defined in terms of the pressure-based absorption
coefficient as x = k x p).

The effective furnace pressure-based absorption coefficient is given by

kgyr = kg (X fo,H20 + Xfg,c02 + ng,soz> +kfabfa + keokeX1%2 (66)

with k, representing the effective pressure-based absorption coefficient of the triatomic
gasses in the flue gas mixture with units (m-MPa)~1, X fo,H20, Xfgcor and Xyo s0p are
the mole fractions of H,O, CO; and SO, respectively, in the flue gas mixture, ky, rep-

resenting the fly ash pressure-based absorption coefficient with units (m-MPa)~!, u fa =
M,/ (m fgtm fa) representing the mass fraction of the fly ash in the flue gas and parti-

cle suspension, and kg, = 10.2 (m-MPa)~! representing the pressure-based absorption
coefficient of coke particles. x; is an empirical constant associated with the kind of coal,
which is equal to 1.0 for anthracite coal with low volatile matter and 0.5 for other coals with
high volatile matter. x, is an empirical constant accounting for the influence of the burning
equipment, which is equal to 0.03 for grate firing and 0.1 for suspension firing.

The pressure-based absorption coefficient of the triatomic gasses at the gas temperature
T, is given by Zhang [44], Lin [45] and Basu [46] as

7.8+ 16X T,
ke = J$/ 20 ~1 Q—n37é3> 67)

1000
3.16 (ng,HZO + Xfgcon + X fg,SOZ) P furS fur

with the pressure and temperature given in MPa and Kelvin, respectively.
The fly ash pressure-based absorption coefficient at the gas temperature is given by

Zhang [44] as

4835004,

1
(123)°
with py. , representing the flue gas density in kg/ m? at normal conditions (101.325 kPa,
0 °C) and d), representing the average diameter of the fly ash particles in pum. For tubular
ball mills, d, is typically 13 pm, for hammer mills, it is 16 um, and for grate firing, it is
20 pm.

With regard to Equation (68), it is important to note that we have presented the version

applied in the example calculation provided in Zhang [44]. In Chapter 2 of the same

reference [44], the equation is given as k¢, = 23000p & (m-MPa)~!, which will provide a

kfa (68)

value for k¢, that is about 89% of the value obtained with Equation (68). Furthermore, in
Basu [46], the equation is given as k¢, = (ngz(;l v
from Lin [45].

Using this would result in a value of k¢, that is about 9.2% of the value obtained

when using Equation (68). Having these different versions of what is supposedly the
same equation creates uncertainty about the standard method for calculation of the fly

(m-MPa)~!, which was taken directly
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ash pressure-based absorption coefficient. This will be addressed again in the case studies
presented in Section 3.

2.5.2. Low Particle Load Model

The emissivity of the gas mixture (excluding the particles) is given by
gg =1 — ¢ MsSpur (69)

with ¢ representing the emission coefficient of the gas mixture with unit m~! (as opposed
to the pressure-based coefficient k with units (m-MPa)~1).

The low particle load model is presented by Brummel [48] and employs the weighted
sum of grey gases model for the emissivity of the flue gas mixture, which was originally
presented by Hottel [49] and given in Vortmeyer [50] while referencing Johnson and
Beér [51]. For a mixture of H,O and CO; at a total pressure of p = 1.0 bar, ’;’;—é‘;’ =1land
1100K < Tg < 1800K and 0.2 m < S < 6 m, the emissivity of the flue gas mixture at the gas

temperature Ty is determined as follows:
> Tg ki (X fo 120+ X fo cO2)PS
— _ p Kil&fe H2O0T&fg,CO2)P
e¢(Ty) g[<b11+b2110001<> (1-e )} (70)

with the pressure given in bar and the coefficients provided in Table 1.

Table 1. Coefficients for Equation (70).

i by by ; k; (m-bar)—1
1 0.130 0.265 0.0

2 0.595 —0.150 0.824

3 0.275 —0.115 2591

According to Vortmeyer [50], the corresponding absorptivity a, of the gas mixture at
the wall temperature T, can also be calculated using Equation (70) and Table 1 by replacing
the gas temperature with the wall temperature.

Brummel [48] presents the low particle load model while referencing Biermann [52].
Here, the emissivity of the particle cloud is determined via a simple absorption model while
neglecting any scattering of radiation by the d1spersed particles. This simplification is only

< 0.005 kgf *. The effective emissivity of

valid for low particle loads given by L, = i /P
fg

the particles is then given by
8}7 — 1 _ e_QubsAprSfur (71)
with A, = 2 m (m?) the projected area of the fly ash particles per unit mass (d,

has units pm). Qs is the non-dimensional particle absorption efficiency, which will be
addressed later.
The effective emissivity of the flue gas and particle suspension at the gas temperature
is given by
egp(Ts) = eg(Tg) +ep —£g(Tg)-¢p (72)
Similarly, the effective absorptivity of the flue gas and particle suspension at the wall
temperature is given by

tgp(Tw) = ag(Tw) +&p — ag(Tw)-gp (73)

2.5.3. High Particle Load Model

The high particle load model is also presented by Brummel [48]. It employs the same
weighted sum of grey gases model for the emissivity of the flue gas mixture as before.
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Having determined ¢, from Equation (70), the emission coefficient of the gas mixture at Tg
can be determined from: .
1—eg(T,
n(1—e(Tg)) (74)

Keg(Tg) = — Srur

According to Brummel [48], the low-particle load model presented before tends to
overestimate the heat transfer from clouds of small ash particles with higher loads, and the
root cause for this is the scattering of the radiation by the particles. The total scattering is
divided into forward and backward scattering (backscattering). While forward scattering
is assumed to have no impact on the radiation, the backscattering attenuates the emissivity
by redirecting part of the radiation in the opposite direction. This backscattering becomes
significant when the wavelength of the radiation and the size of the particles are of the
same magnitude.

In the high particle load model, the effective emissivity of the flue gas and particle
suspension is given by [48]

— o= Pegp(Ty)
1—e gpitg ) (75)

1+ pe—Pesr(Ts)

egp(Tg) = (1 - B) (

with B = % andy = ,/1+ 2(52;},:5_ D, ¢p is the optical thickness for the gas particle mixture

which incorporates the emission coefficient of the gas mixture from Equation (74) and is
given by

D gp (Tg) = (Kﬁ,g(Tg> + QapsApLp + kcokexlxzpfur) SfufY (76)

Q.ps is the non-dimensional particle absorption efficiency (also encountered in Equation (71))
and Qps. is the non-dimensional particle scattering efficiency. Brummel [48] provides graphs
for Qgups and Qps, as a function of d), for representative coal ashes. To facilitate computer-based
calculations, Laubscher and Rousseau [53] presents the following correlations derived from the
graphs (with d, given in pum):

Quaps = 0.275dy>* — 0.305 (77)

6.2188 x 107> — 1.0492 x 1072d), 4 7.287 x 107345 — 2.1925 x 10~°d;)
1.851 x 10~1 — 2.0405 x 107343 + 6.254 x 10~4d3

(78)

bsc =

The corresponding absorptivity a¢ of the gas mixture at the wall temperature T, can be
calculated using Equation (70) and Table 1 by replacing the gas temperature with the wall
temperature. The absorption coefficient of the gas mixture can then be determined from:

Kac,g(Tw) = - ln(lsfoii(w (79)

The associated optical thickness @, ¢, of the gas particle mixture is then given by

thx,gp(TW) = (Kﬂé,g(Tw) + QabsApLP + kcokexl x2pfur) Sfur’)’ (80)

Finally, the effective absorptivity of the flue gas and particle suspension at the wall
temperature is then given by

— —CI)‘X, (Tw)
1—e 8P ) (81)

1+ Be— Puer(Te)

agp(Tw) = (1 - ﬁ)(

2.6. Radiative-Convective Heat Exchanger Model

Superheaters and reheaters are typically tubular heat exchanger banks inserted in the
flue gas stream downstream from the furnace to heat the steam to the required turbine inlet
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conditions. These heat exchangers are usually classified as either the radiant type, where
thermal radiation is the predominant heat transfer mechanism, or the convective type,
where convection is the predominant mechanism. Radiant-type superheaters and reheaters
are located either in the furnace zone (platen zone) or in the convective pass zone closer
to the furnace, whereas the convective superheaters and reheaters are found either in the
convective pass zone further away from the furnace or in the back-pass zone of the boiler.
However, all the heat exchangers transfer heat via a combination of radiation and con-
vection, where the ratio between the two phenomena varies according to the temperature
of the flue gas mixture surrounding the tubes and the flue gas velocity due to the spacing
between the tubes. For this reason, it is convenient to formulate a generic one-dimensional
radiative—convective heat exchanger model where the ratio between the mechanisms is
determined automatically based on the local operating conditions. This model effectively
provides the ‘component characteristics” of the heat exchanger that were referred to ear-
lier. The principles encapsulated in this model can be applied to superheaters, reheaters,
economisers and air heaters while correctly accounting for the differences in geometry.
Figure 2 provides a schematic showing all the relevant heat transfer phenomena to-
gether with the fluid flow paths in such a generic radiative/convective heat exchanger model.

hst,e Qre“ hjg,e hfa,e
— pr Qb;c&
' th A " Qroof
% :Qst % ) gb .
o = O =) O,
< L —
hia
hSt,i Q}"i hng hfa9i

Figure 2. Heat transfer phenomena and energy flow paths in a generic radiative/convective heat
exchanger.

The steam flow path (in blue) with inlet and outlet enthalpies h; ; and ks ¢, respectively,
is separated by the heat exchanger wall from the flue gas flow path (in red) with inlet and
outlet enthalpies i, ; and hy, ., respectively. A fixed mass flow rate of fly ash (in black)
with inlet and outlet enthalpies h¢,; and hy, ., respectively, is carried along with the flue
gas, while a specified mass flow rate of ingress air (in green) with enthalpy #;, may also
leak into the flue gas flow path. The effects of the ingress air on the overall mass balances
and flue gas mixture compositions were addressed in Equations (9) and (11).

Heat is extracted from the flue gas in several ways. The first is via a combination of
convective and radiative heat transfer to the heat exchanger surfaces from the flue gas

directly surrounding it, as indicated with Qj,,. The radiation heat transfer involved here is
simply referred to as gas and particle radiation (as opposed to direct radiation). The second
is via a combination of convective and radiative heat transfer to the furnace water walls
that surround the cavity in which the heat exchanger is situated, as indicated with Q..
The third is via a combination of convective and radiative heat transfer to the furnace roof
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that may form part of the enclosure surrounding the cavity in which the heat exchanger is

situated, as indicated with Q,,, - The fourth is the direct radiation from the hot flue gas
inside the heat exchanger cavity radiating out the back towards the next heat exchanger

surface, which is indicated with Qp,-

In addition to this, there is also direct radiation impinging on the heat exchanger
surface from the previous heat exchanger situated in the flue gas flow path or from the
furnace in the case of the platen heat exchanger situated behind the furnace exit. This is

indicated by Q.- A portion of this incoming direct radiation bypasses the heat exchanger,
as indicated by pr, while the rest is absorbed by the heat exchanger walls, as indicated by
Qups- pr together with Qpack Makes up the total direct radiation impinging onto the next

heat exchanger surface, as indicated by Qe

These heat transfer rates are all formulated to provide positive values. The total rate
of heat transfer to the flue gas needed as a source term in Equation (10) will have a negative
value and is given by the following energy balance

Qfg == (th + Qwﬂll + Qroof + Qback) (82)

The other energy balances internal to the heat exchanger model are

Qabs = Qri - pr (83)
Qre = pr + Qback (84)
and _ _ .
Qst = Qux + Qubs (85)
Qy provides the source term required for the energy balance of the steam given in
Equation (7).

We will now consider the calculation of each of the heat transfer rates in more detail.

2.6.1. Convection and Gas Radiation Heat Transfer

For an increment of a heat exchanger surface, for which the fluid properties may be
assumed to be constant, the rate of heat transfer can be characterised by the overall UA
value. The overall UA value is equal to the inverse of the thermal resistance between the
two fluid streams. Considering fouling and/or scaling on the outside and inside of the
tubes, the UA (W /K) value can be written as

1 1 +sz‘

1 Rfo 1
UA  nhiA; 1A

+
Ho Ao 7’]oh0 Ao

+ Ry +

(86)

h; (W/m?K) and h, (W/m?K) are the convective heat transfer coefficients on the inside
and outside, respectively, A; (m?) and A, (m?2) are the total heat transfer area on the inside
and outside, respectively, #; and 7, are the overall surface efficiency on the inside and
outside, respectively, Ry; (m?K/W) and R fo (m?K /W) are the fouling factors on the inside
and outside, respectively, and Ry, is the thermal resistance of the tube wall material.

In the case of platen heat exchangers, the outside heat transfer area is taken as the
projected flat surface areas formed by the tubes that are stacked closely together alongside
one another in the flow direction. For all other heat exchangers, it is the total wetted outside
surface area of all the tubes that are in contact with the flue gas.

To account for the gas radiation on the flue gas side, the outside convective heat transfer
coefficient is replaced with an effective convective/radiative heat transfer coefficient

ho = g(ho,c + ho,r) (87)
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where b, (W/ mZK) is the convective heat transfer coefficient and h,, (W/ mzK) is the
effective gas radiative heat transfer coefficient. A correction factor ¢ is also included to
compensate for the non-uniform sweeping of the flow across the outer surface, with typical
values of 1.0 for cross-current flow and 0.95 for mixed-current flow. In the case of a platen
heat exchanger, a multiplication factor is included to account for the fact that the convection
heat transfer area is the total wetted outside surface area in contact with the flue gas and
not only the projected flat surface area. Therefore, for platen heat exchangers, we have

mtd
ho = C( (ZSL) ho,c + ho,r) (88)

with d (m) representing the tube outer diameter and S; (m) representing the longitudinal
pitch (spacing in the flow direction) between the tube rows.
The value of h,  is obtained by again considering the radiation heat transfer given in

Equation (59). According to Zhang [44], the coefficient W can be approximated

with H% Further assuming that the flue gas directly surrounding the heat exchanger
surface is an isothermal and diffuse-grey medium leads to &gy = agp. Therefore, the
radiative heat transfer between the gas and the tube surfaces is given by

. 1+e¢
Qrad = ——gp0 Arai ( Ty — Tt (89)
2 8

The effective h4eat4transfer coefficient due to radiation can then be obtained from
. ~(14en Ti-T3 . C . .
Qrud = ( x egr’aTiTw> A(Ty — Ty) = hoyA(Ty — Ty), which implies that

14+ ey Té_Tz%

I’lo,r = 5 EgpT Tg -7,

(90)

The procedures described in Section 2.3 are also used here to determine the flue gas
and particle suspension emissivity ¢¢, in the heat exchanger cavity. For this purpose, the
mean beam length for platen heat exchangers is given by

1.8

Shx =

H (m) is the average height of the heat exchanger, by, (m) is the depth in the flow
direction determined from by, = (N, — 1)S with Ny, representing the number of tube rows
in the flow direction, and St (m) is the transvers pitch (spacing perpendicular to the flow
direction) between the tube rows. For all other heat exchanger tube banks, it is given by

4StSL
td?

Shx = O.9d< (92)
with d (m) representing the outer tube diameter.

Figure 3 shows a single increment of a convective/radiative heat exchanger with the
various thermal resistances between the flue gas and steam flow paths.
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Figure 3. Schematic of a single convective/radiative heat exchanger increment showing the thermal
resistances between the flue gas and steam flow paths.

Note that h,, in Equation (90) is a function of the outer wall temperature of the
heat exchanger, which according to Figure 3 will be the outer surface temperature of the
fouling layer on the outside Ty,. Given this, it is convenient to assume a uniform surface
temperature and to divide the total thermal resistance into two thermal resistances in series
given by

1 1
| = 93
UA|, 1ohoAo (93)
and . . R R
fi fo
—| = + Ll LRy + 94
UA|,  mihiAi " iAo 0 oA (%4)

The heat transfer from the flue gas to the outside of the outer fouling layer can then be
written in terms of the well-known effectiveness-NTU method as

th = th,fgmfg (ng,i - Tfo) (95)

where ¢, r, is the effectiveness on the flue gas side defined as

ual,

Eh g =1—e "D (96)

with ¢, ro (J/kgK) is the specific heat capacity of the flue gas.
Similarly, the heat transfer from the outside surface of the outer fouling layer to the
steam can be written in terms of the effectiveness-NTU method as

Qst = 8hx,st”lisif (Tfo - Tst) 97)

where ¢, ; is the effectiveness on the steam side defined as

Al
Enx,st = 1—e "tpst (98)

with ¢y, st representing the specific heat capacity of the steam.
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Knowing the value of Q, from Equation (83), the simultaneous solution of Equa-

tions (85), (95) and (97) yields the values of Qy,, Qs and T,.

Note that the LMTD method may be employed here instead of the effectiveness-NTU
method, since these are exactly equivalent. However, the authors prefer the latter, since it
is less problematic for computer-based implementation.

There are several correlations available for calculating the relevant convective heat
transfer coefficients based on the geometry of the specific heat exchanger surface. For
instance, for flow over tube bundles, the reader is referred to [54], and for flow within tubes,
the reader is referred to [55].

The heat transfer to the water walls (Qwﬂ”) and roof (Qmo f) surrounding the heat
exchanger is usually simply calculated as

Qwall = hoAyanl (ng - wall) 99)

and 4 _
Qroof = hOAroof (ng - Troof) (100)

with Ay and Ay, ¢ representing the wetted wall and roof heat transfer areas, respectively,

Twan and Ty, representing the wall and roof temperature, respectively, T r¢ Tepresenting the
average flue gas temperature and k, being obtained from Equation (88) with 0.5 < ¢ < 1.0.

2.6.2. Direct Radiation towards the Next Heat Exchanger Surface
The direct radiation from the hot flue gas inside the heat exchanger cavity radiating

out the back towards the next heat exchanger surface, namely Qy,., is required in the
energy balance of Equation (84) and can be determined from [22,46]

- —4
Qpack = grsng'Aeng (101)

A, is the outlet area behind the heat exchanger, which is also the inlet area to the
next heat exchanger, T fg is the average flue gas temperature within the heat exchanger
cavity, and (; is a correction factor for the type of fuel, which is equal to 0.5 for coal and
liquid fuels.

2.6.3. Direct Radiation Bypassing the Heat Exchanger

The direct radiation that bypasses the heat exchanger surfaces, namely pr, is required
in the energy balances of Equations (83) and (84), and it is given by [22,48]

_ Qi1 —egp)e
p

B is the same as in Equation (54) for the platen heat exchanger at the outlet of the
furnace, while B = 1 for all other heat exchangers. x. is the angular coefficient and is

given by
1/2
(/b 2 br
ORI

If the heat exchanger is situated behind an empty cavity in the flue gas flow path,
there will be additional direct radiation from the hot gas inside the cavity to the surface of
the heat exchanger. A simplified approach to include this is to apply a correction to the
effective gas radiative heat transfer coefficient as follows

/ ng,cav 025 be 007
ho,r—ho,r<1+A( 1000) (bL) (104)

Qup (102)
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with Tfg .y representing the flue gas temperature inside the cavity, bc (m) representing
the depth of the cavity in the flow direction and by, (m) representing the depth of the heat
exchanger tube bundle as before. A is an empirical constant which is equal to 0.3 for fuel
oil and gas, 0.4 for bituminous coal and anthracite, and 0.5 for lignite.

An alternative to this simplified approach is to apply a cavity model as presented
below.

2.7. Cavity Model

The convective heat transfer between the flue gas and the walls surrounding a cavity
is typically assumed to be negligible. However, the radiative heat transfer to the wall may
be significant, depending on the flue gas temperature, and there will be direct radiation
entering and leaving the cavity. Therefore, the gas radiation to the wall surrounding

the cavity wall is given by Q,, in Equation (95) but with h,. = 0. Furthermore, since
the primary heat transfer surface consists of the surrounding wall and roof, we have

Quall = Qroof = 0. All the other components of heat transfer are calculated in the same

way as for the radiative-convective heat exchanger model, including pr, Qabs, Qback/ Q,e,

Qfg and Q.

2.8. Evaporator Model

The EV component consists of all the water walls in the furnace and the SD combined,
plus all water walls surrounding the flue gas duct, and the roof tubes at the top of the boiler
if these are connected in series with the water walls. Therefore, the total heat transfer to the
steam in the evaporator is given by

Qst,EV = de,ww + Z Qwull + Z Qroof + 2 th (105)

cao

Remember that Qst,EV is needed in the steam energy balance given by Equation (7)
and in the steam drum level control given by Equation (8).

2.9. Membrane Water Wall Model

In Section 2.4, we have seen that the projected method for furnace heat transfer does
not account for the temperature of the water wall surface. The reason for this is that even
if it was considered, the calculated radiation heat transfer to the water walls is relatively
insensitive to the wall temperature. However, in some cases, it may be important to
determine the temperature distribution within the water wall to ensure that the maximum
metal temperature is within the allowed range. The maximum metal temperature occurs in
the fin section and could be much higher than the average wall temperature, depending on
the specific geometry. Rousseau and Laubscher [27] proposed a thermofluid network-based
model for membrane walls of boiler furnaces that allows the prediction of the temperature
distribution within the water wall tubes and fins. A schematic of the proposed network
model consisting of equivalent 1D thermal resistances is shown in Figure 4.

The model takes as input the uniform heat flux onto the planar projected inner surface

facing the furnace, which would be equal to de,ww/ Ajadww in the furnace model, the
bulk steam/water temperature within the water wall tubes, and the inside convective heat
transfer coefficient. It then provides as outputs the area-weighted average temperature
of the total planar projected surface area exposed to the furnace, which would be Ty, in
the furnace model, as well as the overall UA value of the water wall, which in the furnace
model would be the inverse of the effective wall thermal resistance Ry,. Given this, the
membrane wall model can be connected to the furnace model and solved simultaneously
to provide the wall temperature and heat flux. Finally, the membrane model then provides
the maximum temperature at the centre of the fin facing the furnace. The reader is referred
to the original paper in [27] for further details.
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Figure 4. Equivalent thermal resistance model for the water wall taken from [27].

3. Application Case Studies

This section presents the results of two case studies prepared by the authors with the
results compared to site measurements to demonstrate the application of the modelling
methodology described in Section 2.

3.1. Utility-Scale Coal-Fired Boiler

The first case study that will demonstrate the application of the modelling methodol-
ogy is a utility-scale 620 MW, pulverised coal-fired subcritical drum-type boiler located in
Southern Africa.

3.1.1. Boiler Layout and Operating Conditions

The unit has a maximum continuous rating (MCR) of 473 kg/s of steam at an exit
pressure and temperature of 165 bar(a) and 540 °C, respectively. In addition to the high-
pressure steam circuit, the boiler has a medium pressure reheat circuit which delivers steam
at 37 bar(a) and 540 °C and a flow rate of 457 kg/s. The boiler has a two-pass configuration,
with fully welded membrane walls surrounding the combustion chamber, superheaters,
reheaters and economiser. The combustion chamber is fed by 36 wall-mounted swirl
burners, which direct the heated primary air (PA) and secondary air (SA) along with the
fuel into the furnace. The general arrangement of the boiler is shown in Figure 5 (left).

Combustion gases generated in the furnace travel up to the platen superheater (SH2),
after which they travel to the final superheater (SH3), then the final reheater (RH2), primary
superheater (SH1), primary reheater (RH1), and finally the economiser (EC). Once the gas
exits the EC, it is used to preheat the incoming combustion air in the air heater (not shown).
The combustion chamber is approximately 64 m high and 24 m wide. Both SH2 and SH3
are widely pitched (SH2-1143 mm, SH3-828 mm) platen-type superheaters used to cool the
flue gas down before it reaches the other more tightly pitched heat exchangers (RH2-229
mm, SH1-304 mm, RH1-153 mm and EC-77.8 mm).
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Figure 5. Utility-scale coal-fired boiler general arrangement (left) [2]; contour of gas temperatures for
100% case, calculated using CFD (right).

The as-received ultimate analysis of the coal burnt in the boiler is provided in Table 2.
From the composition, it is noted that the fuel has a high ash concentration (>35 wt %),
which together with the applied excess air ratios (Table 3) leads to a flue gas particle loading
of 0.013 kgusn/ mi’( ¢ This is well above the limiting threshold of 0.005 kg, / m]%g sited for
the low particle load model. The HHV of the fuel is provided in Table 3 along with the
assumed furnace radiation loss and unburned carbon percentages.

Table 2. Coal composition (from actual fuel analysis).

Constituent C H (0] N S Ash Moisture
Units wt % wt % wt % wt % wt % wt % wt %
Value 0.4156 0.0222 0.079 0.0097 0.0094 0.409 0.055

Table 3. Coal-fired boiler case study model inputs (from site measurements).

Load Case Values

Parameter 100% MCR 80% MCR Units
Fuel
HHYV of fuel 15,070 15,070 KJ/kg
Unburned carbon 0.021 0.021 kg/kg
Radiation loss 0.0056 0.0056 W/W
percentage
Air
Ambient air 306 306 K
temperature
Ambient air pressure ~87,100 ~87,100 Pa
Relative humidity ~50 ~50 %
AH outlet air 561 559 K
temperature

Excess air ratio 1.15 1.2 -
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Table 3. Cont.

Load Case Values

Parameter 100% MCR 80% MCR Units
Water
Inlet water 500.8 510 K
temperature
Inlet water pressure 17.2 16.7 MPa
Steam drum pressure 16.9 16.5 kPa(a)
ATT 1 flow rate 38.9 29.5 kg/s
ATT 2 flow rate 3.1 2.3 kg/s
Final steam flow rate 4721 386.5 kg/s

Reheat water

Inlet water

607 601 K
temperature
Inlet water pressure 3.7 3 MPa
ATT RH flow rate 13.5 13.5 kg/s
ATT water 4299 430 K
temperature
Final steam flow rate 457.9 374.5 kg/s

For the case study boiler under consideration, numerous CFD studies have been
performed previously by the authors to investigate phenomena such as the effect of swirl
direction on furnace heat uptake, heat uptake of radiant superheaters for varying loads and
effect of high ash on furnace heat transfer [2,13,38]. The CFD model was developed using
ANSYS Fluent® 2019 and includes the evaporator waterwalls and the radiant superheaters
directly downstream of the furnace outlet plane. The model is based on the steady-state
Eulerian-Lagrangian approach to approximate the flue gas and fuel particle flow and heat
transfer. The conservation equations are solved using the respective Reynolds averaged
forms, with particle tracking accounting for the momentum and energy interaction between
the phases. A separate transport equation is solved for each chemical constituent in the
reaction mechanism. The turbulent quantities in the transport equations are closed using
the realisable k epsilon turbulence model, and the radiation transport is modelled using
the Discrete Ordinates Method (DO). The diffusion-kinetic model was applied to model the
char combustion reaction rates and the eddy dissipation model for the gas phase chemical
reaction rates. For a more detailed description of the model, the reader is referred to [2].

During these studies, the CFD model has been thoroughly validated using various site mea-
surements at different load conditions. Figure 5 (right) shows a plot of the flue gas temperature
results for the 100% MCR case along with the furnace exit temperature of 1678 K.

For the present case study, two load conditions were simulated using the process
modelling methodology described in Section 2, namely 100% and 80% MCR. The mea-
surements collected earlier by the authors are again employed in the current case study.
However, there are no flue gas temperature measurements available. Therefore, selected
gas temperatures calculated with the process model will be compared to the CFD results
from the above-mentioned studies. The various input boundary conditions taken from site
measurements are provided in Table 3. The excess air ratios were determined using O, and
CO, measurements at the exit of the EC.

3.1.2. Thermofluid Network Model

The PFD of the thermofluid network for the process model is shown in Figure 6. It
consists of eight heat exchanger elements (numbered in square blocks) and various nodes
(numbered in circles) per fluid stream between these heat exchangers (air, high-pressure
water, reheater water and flue gas). Note that the high-pressure water circuit has two
attemperators, namely at the inlet of SH2 and at the inlet of SH3, which are both fed
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with incoming feed water piped from the inlet of the EC. The reheat circuit has a single
attemperator at the inlet of RH2, which is fed with water taken from the pre-boiler plant.
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Figure 6. Process flow diagram of utility-scale coal-fired boiler model.

In this boiler, the roof tubes convey saturated steam from the top of the steam drum to
SH1 while picking up more heat from the flue gas. The total EV heat load consists of the
heat transfer rate to the furnace water walls together with the walls and roof surrounding
heat exchangers 2-7. Therefore, the steam at the outlet of the EV is slightly superheated
rather than saturated. In the diagram, the steam drum is simply shown for illustrative
purposes, and node 3 represents the outlet of the evaporator (EV) circuit, which is also the
inlet to SH1.

The network model consists of 460 variables and 460 equations that must be solved
simultaneously. These equations include all the mass, energy and momentum (momentum
for the water side only) balance equations similar to those described in Section 2.1 as well
as all the component characteristic equations as described in the rest of Section 2. The
equations were custom programmed and solved using the Engineering Equation Solver
(EES) software package (https://fchartsoftware.com/ees/, accessed on 13 December 2022).
It is a general equation-solving program that can numerically solve large sets of coupled
non-linear algebraic and differential equations by applying a modified Newton—-Raphson
method. It also includes a built-in high accuracy thermodynamic and transport property
database. The equations are solved down to a maximum relative residual of 10~3, which
is defined as the difference between the left-hand and right-hand sides of the equation
divided by the magnitude of the left-hand side of the equation. The time required for the
solution is approximately 30 s on a laptop computer with an Intel(R) i7 7500CPU processor
and 16 GB of RAM.
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The basic projected method described in Section 2.4.1 was applied in the furnace heat
transfer calculations, and the generic radiative-convective heat exchanger model described
in Section 2.6 was applied for each of the heat exchangers. To demonstrate the role of the
flue gas and particulate emissivity model, the analysis was conducted using both the high
ash loading model presented in Section 2.5.3 (M1) and the standard model presented in
Section 2.5.1 (M2).

In both models, the final steam flow rate was fixed at the mean measured value, and
the attemperator spray water flow rates were set equal to the measured values. To ensure
that the correct heat is transferred to the water flowing through the EV circuit, the fuel flow
rate was then adjusted in M1 until the predicted temperature at node 3 equalled the mean
measured value. In this manner, the appropriate firing rate was obtained while enforcing
the other boundary conditions and inputs shown in Tables 2 and 3. For direct comparison,
the same fuel flow rate was then also applied in M2.

The appropriate excess air ratio was also found by adjusting it in the process model
until the calculated dry volume fraction of O in the flue gas equalled the value measured
on site.

3.1.3. Results and Discussion

The site measurements were taken over a period of approximately five hours, and
the mean, minimum and maximum values were extracted from the data, as provided in
Table 4. Using the M1 model, a fuel flow rate of 99.5 kg /s was obtained for the 100 MCR
case, with a dry volume fraction of O, in the flue gas of 2.8 V/V%, while the measured
value is 2.7 V/V%. Table 4 also shows the various values predicted with the M1 and M2
process models for the 100% MCR case.

Table 4. Comparison between measured and calculated water/steam values for utility-scale coal-fired
boiler model for 100% MCR load case.

Measurements Model
Parameter Node Units Mean Min Max M1 M2
High-pressure water

Feed water temperature * 1 K 520.8 520.8 520.8 520.8 520.8
Feed water pressure * 1 kPa(a) 17,200 17,000 17,400 17,200 17,200
EC outlet temperature 2 K 566.3 558.7 572.2 560.7 561.4
Steam drum pressure * 3 kPa(a) 16,900 16,600 17,100 16,900 16,900

SH1 inlet temperature 3 K 625.1 624.3 626.6 626.1 638

SH1 outlet temperature 4 K 682.6 679 688.2 678 700

SH2 outlet temperature 6 K 757.2 746.4 766.4 740.6 753
SH3 outlet temperature 8 K 808.9 806.9 810.7 803 807.6
SH3 outlet pressure 8 kPa(a) 16,200 16,000 16,500 16,100 16,010
Final steam flow rate * 8 kg/s 4721 469.6 475.8 472.1 4721

Reheat water

RH1 inlet temperature * 1 K 607.2 606.2 608.4 607 607
RHI1 inlet pressure * 1 kPa(a) 3700 3700 3700 3700 3700

RH1 outlet temperature 2 K 709 705.1 714.3 687 689

RH2 inlet temperature 3 K 673.8 662.8 684.8 654 657

RH2 outlet temperature 5 K 808 804.7 811.5 808 798
Final steam flow rate * 5 kg/s 457.9 455.5 461.5 457.9 457.9

* Values are inputs to model.

Table 4 shows that the M1 and M2 models predict similar EC exit water temperatures
and that both model predictions fall within the min/max range of the measurements.
For the inlet water temperature of SH1, the M1 prediction compares well with the mean
measured value, but M2 significantly overpredicts the SH1 inlet steam temperature. This
implies that the rate of heat transfer to the EV circuit is overestimated, resulting is an
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excessive degree of superheating at the inlet of SH1. The overprediction of the inlet
temperature of SH1 by M2 also leads to an overprediction of the outlet water temperature of
SH1 by approximately 2.6%, whereas M1 slightly underpredicts, but by less than 1%. Both
M1 and M2 provide good results for the outlet temperatures of SH2 and SH3. For the reheat
circuit, both models underpredict the RH1 outlet water temperature by approximately 3%,
but M1 performs better when considering the outlet water temperature of RH2.

Figure 7 (left) shows the heat transfer rates per heat exchanger calculated from the
measured values along with the values predicted using M1 and M2. Figure 7 (right)
shows the Q-T diagram, which has the flue gas temperatures on the vertical axis and the
cumulative heat transfer rates on the horizontal axis.
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Figure 7. Calculated and measured heat transfer rates to different heat exchanger components (left);
Q-T diagram for two modelling approaches (right) for the utility-scale coal-fired boiler model.

The results show that M1 and M2 overpredict the EV heat load, i.e., the furnace heat
transfer rate, by 3.5% and 13.7%, respectively. The furnace exit gas temperature calculated
using the CFD model (Figure 5 right) is 1678 K, whereas the furnace exit gas temperatures
calculated using M1 and M2 are 1572 K and 1496 K, respectively. This again shows that both
models overpredict the furnace heat transfer rate, thereby underpredicting the furnace exit
gas temperature, and much more so in the case of M2. These results show the importance
of utilising the high particle load model for the effective emissivity and absorptivity of the
flue gas and particle suspension, rather than the standard model, especially in the case of a
high ash fuel. It also confirms the statement by Brummel [48] that at higher values of mean
beam length (such as in the furnace) and at very high particle loads, “a thermal insulation
of the hot core zone of a gas—solid mixture can occur. The radiation of the core zone cannot
reach the enclosure walls anymore, as the layer of the gas solids mixture close to the walls
turns out to be opaque, insulating gas as well as particle radiation from the core zone”.

In Section 2.5.1, it was pointed out that Equation (68) was taken from Zhang [44] and
that a different version is provided by Lin [45] and Basu [46]. If we replace the version by
Zhang [44] with the version of Lin [45] and Basu [46] in the M2 model, it will result in the
EV heat transfer being about 4% lower for this case study. Although this brings it closer to
the measured value, it would still overpredict the EV heat load by 8.7%. The uncertainty
about Equation (68) as well as the overprediction of the EV heat loads lead the authors to
prefer the use of the high ash loading model presented in Section 2.5.3 (M1) rather than the
standard model presented in Section 2.5.1 (M2).

For the other heat exchangers, we see that M1 and M2 perform similar with the relative
error percentages ranging from 3.3% (SH2) to 26.7% (RH1) for M1 and from 6.1% (RH2) to
22.4% (RH1) for M2.
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Figure 8 shows the contribution of the different heat transfer mechanisms for each heat
exchanger predicted using the M1 and M2 models. It shows that hardly any of the direct
radiation from the furnace bypasses SH3. Therefore, the platen-type superheaters (SH2
and SH3) are achieving the goal of shielding and cooling the gas temperature below the
ash deformation temperature (1250 K) before it enters the closely pitched convective type
heat exchangers (RH2, SH1, RH1 and EC). The higher furnace exit gas temperature in M1
results in higher gas and particulate radiation in SH2 and SH3 compared to M2. Figure 7
showed that M1 overpredicts the steam heat transfer rate in RH2 water. This is due to the
higher gas and particulate heat transfer rate shown in Figure 8, which in turn is due to the
higher calculated inlet gas temperatures for RH2.
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Figure 8. Breakdown of heat transfer rates per mechanism for M1 (left) and M2 (right) for the
utility-scale coal-fired boiler model.

A study was also performed at 80% MCR to demonstrate the applicability to part load
conditions using the M1 model only. The model inputs are also provided in Table 3. The
fuel flow rate was again adjusted until the predicted SH1 inlet water temperature matched
the mean measured value. Using this strategy, a fuel flow rate of approximately 82 kg/s
was obtained. Figure 9 shows that the M1 model results compare well with the site data
with a maximum relative error of 24% (RH1) and minimum relative error of 1% (EV). The
predicted furnace exit gas temperature is 1510 K, which is within 5.5% of the value of 1599 K
from the CFD prediction [2].

In addition to the above analyses, the direct method for furnace analysis presented in
Section 2.4.3 was compared to the results obtained with the projected method for the 100%
MCR load case, both employing the high particle load model. The results are provided in
Table 5 together with the measured values. The results show that the direct method over-
predicts the EV heat load by 7.6%, compared to the projected method, which overpredicts
by 3.5%. The projected method also fares better around the platen superheater situated
behind the furnace exit (SH2), with an underprediction within 3% of the measured value as
opposed to the direct method with an underprediction within 5.6% of the measured value.
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Figure 9. Calculated (M1) and measured heat transfer rates per heat exchanger for the utility-scale
coal-fired boiler 80% load case.

Table 5. Direct method and projected method heat transfer rate results for 100% MCR coal-fired
boiler case study.

Heat Exchanger EV SH1 SH2 SH3 RH1 RH2 EC
Direct method 581 153 185 91 83 159 83
Projected method 559 161 190 95 85 163 84
Experimental values 540 175 196 78 108 141 97

3.2. Industrial Biomass-Fired Boiler

The second case study is an industrial-scale sugarcane bagasse fired boiler located in
Southern Africa. The sugarcane burnt in the combustion chamber is pre-processed in a cane
diffuser; therefore, the raw fuel has a small fibrous texture and burns in semi-suspension.
In other words, a portion of the fuel burns on the stoker grate and the remainder burns in
the freeboard above the grate.

3.2.1. Boiler Layout and Operating Conditions

The selected boiler has a maximum continuous rating of 28.8 kg/s of steam flow at
a temperature and pressure of 3 MPa(a) and 400 °C, respectively. The steam is used to
generate electricity and process heat for a sugar mill. The general arrangement of the boiler
is shown in Figure 10 (left).

The boiler consists of a moving-grate stoker, membrane-type furnace walls, two bare
tube superheaters (SH1 and SH2), spray-type attemperator, condenser, an evaporator tube
bank (EV) which forms part of the steam generation circuit along with the furnace, single-
pass tubular air heater (AH), and an extended surface economiser (EC). The combustion
chamber is approximately 22 m high and 6.5 m wide. The two inline superheaters are both
transversely pitched at 200 mm, and the downstream EV tube bank is pitched at 100 mm.
SH2 consists of four longitudinal rows, SH1 of 10 rows and the EV bank of 23 rows. For the
air heater, flue gas travels inside the tubes and ambient combustion air passes across the
tube bank. The AH has a staggered arrangement with transverse and longitudinal pitches
of 90 mm and 70 mm, respectively, and with tube diameters of 63.5 mm. The economiser
consists of tubes with outside diameters of 50.8 mm, which are pitched transversely and
longitudinally at 125 mm. The EC fins are 2.8 mm thick square fins that are 120 mm wide.

The as-received ultimate analysis of the biomass fuel can be seen in Table 6. Important
differences to note between the biomass fuel and the coal in the previous case study are
that for the biomass fuel, the moisture content is significantly higher (49.6% vs. 5.5%), and
there is a significantly lower ash mass fraction (4.7% vs. 40.9%). Using the excess air ratios
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Figure 10. Industrial biomass boiler general arrangement (left) [3]; contour of gas temperatures for

100% case, calculated using CFD (right).

Table 6. Biomass fuel composition (from actual fuel analysis).

Constituent C H (0] N S Moisture
Units wt % wt % wt % wt % wt % wt %
Value 0.2127 0.027 0.2094 0.0016 0.0002 0.496

Table 7. Biomass-fired boiler case study model inputs (from site measurements).
Load Case Values
Parameter 100% MCR 62% MCR Units
Fuel
HHYV of fuel 8894 8894 KJ/kg
Unburned carbon 0.007 0.007 Kg/kg
Radiation loss percentage 0.00514 0.00514 W/W
Air
Ambient air temperature 298 305 K
Ambient air pressure 101,325 101,325 Pa
Relative humidity 95 85 %
Excess air ratio 1.24 1.24 -
AH outlet air temperature 493 493 K
Water
Inlet water temperature 371 370 K
Spray water temperature 487 509 K
Final steam pressure 2773 3095 kPa(a)
Desired final steam 675 675 K
temperature
Final steam flow rate 28.8 18.8 kg/s
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As with the coal-fired boiler model in Section 3.1, a thoroughly validated CFD model
of the biomass boiler was created as part of a previous study by the authors [3]. The
modelling approach used is the same as for the coal-fired boiler except for the fuel firing
system. Whereas the pulverised coal suspension-fired boiler has wall-mounted swirl
burners, the biomass boiler has pneumatic fuel spreaders and a moving grate with the
primary air forced upwards through the grate. The grate is therefore modelled as a porous
zone and special scripts are used to account for the grate-particle interaction. This includes
the translation motion of the grate and the particle drag and gravitational forces. For
a more detailed description of the model, the reader is referred to [3]. Figure 10 (right)
shows the side view of the temperature contour results for the 100% MCR load case along
with the predicted furnace exit temperature of 1264 K. For the present case study, two
load conditions were simulated using the process modelling methodology described in
Section 2, namely 100% and 62% MCR. Site measurements collected earlier by the authors
are again employed in the current case study. However, there are only flue gas temperature
measurements available at the exit of the EV bank, AH and EC. Therefore, the CFD results
will be used to evaluate the furnace exit gas temperature predictions obtained with the
process models.

The input boundary conditions obtained from the site measurements are also provided
in Table 7. The excess air ratios were again determined from O, and CO, measurements
taken at the exit of the EC.

3.2.2. Thermofluid Network Model

The PFD of the thermofluid network for the process model is shown in Figure 11. The
network consists of seven heat exchanger components and various fluid nodes between
the heat exchangers. Feed water enters the economiser (EC) and is heated by the flue gas.
The feed water then flows through a shell-and-tube condenser and is further pre-heated
while condensing steam that is extracted from the steam drum. The pre-heated feedwater
(node 3) is then fed into the steam generation circuit which comprises the furnace water
walls and the membrane walls surrounding SH1 and SH2 in parallel with the EV tube bank.
The generated steam is then collected in the steam drum from where it is piped to the inlet
of SH1. From there, the steam is heated to its final conditions (node 8) in SH2. The liquid
water generated in the condenser (node 10) is used as attemperator spray water at the inlet
of SH2.

The air heater (AH) is explicitly modelled in this case. The AH has a bypass control
mechanism to ensure that the temperature of the air entering the combustion chamber does
not exceed 493 K. This is included in the process model between nodes 1, 2 and 3 of the
air circuit. Furthermore, in the boiler, only 85% of the combustion air passes through the
AH, which makes up the primary air. The primary air is fed from below upwards through
the stoker grate bars. The remaining 15% of the air is fed into the furnace at atmospheric
conditions as overfire air and spreader air. The latter is used to physically fling the fibrous
fuel onto the boiler grate.

The network model consists of 392 variables and 392 simultaneous equations that
were again solved using the EES software package.

As in the first case study, the basic projected method was applied in the furnace heat
transfer calculations and the generic radiative-convective heat exchanger model for each of
the heat exchangers. The analysis was made using both the high particle loading model
(M1) and the standard model (M2).

In both models, the final steam flow rate was fixed at the mean measured value. The
fuel mass flow rate was then adjusted in M1 to ensure that only saturated steam leaves
the evaporator circuit at the top of the steam drum (node 5). Since the attemperator flow
rate was not measured, it was adjusted in M1 to ensure that the final steam temperature
(node 8) is equal to the desired final steam temperature shown in Table 7.
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Figure 11. Process flow diagram of industrial-scale biomass-fired boiler model.

3.2.3. Results and Discussion

The site measurements were taken over a period of approximately two hours, and
the mean, minimum and maximum values were extracted from the data, as provided in
Table 8. Using the M1 model, a fuel flow rate of 12.92 kg /s was obtained for the 100% MCR
case. The measured O, fraction was 4.2% (minimum 3.1% and maximum 6.2%), and the
measured CO, was 16% (minimum 12.5% and maximum 17.5%), while the values obtained
with the M1 model after adjustment of the excess air ratio are 4.2% for O, and 16.6% for
COs,. Table 8 also shows the other values predicted with the M1 and M2 process models for
the 100% MCR case.

The results show that both M1 and M2 provide good results for the steam temperatures
that are within 0.4% at the EC outlet and within 3.3% at the SH1 outlet. M1 only slightly
overpredicts the flue gas temperature at the EV exit by 0.6%, while M2 underpredicts by
1.0%. The flue gas temperature at the outlet of the AH is overpredicted by both M1 (5.7%)
and M2 (4.3%), while the outlet temperature of the EC is underpredicted by both M1 (4.8%)
and M2 (5.3%). The air outlet temperature of the AH obtained with M1 is within 0.04% of
the measured value, while for M2, it is within 1.3%. The differences in the results of M1
and M2 are much smaller than in the case of the coal-fired boiler.

Figure 12 (left) shows the heat transfer rates per heat exchanger calculated from the
measured values along with the values predicted using M1 and M2, while Figure 12 (right)
shows the Q-T diagram of the flue gas temperatures and cumulative heat transfer rates for
both model results, excluding the condenser. The results show that M1 and M2 produce
very similar results that are mostly within the min/max range of the measured values. For
M1, the deviations from the measured values range between 0.9% (EC) and 4.2% (SH1),
and for M2, they range between 1% (EC) and 10% (SH1).
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Table 8. Comparison between measured and calculated water, flue gas and air values for industrial-
scale biomass-fired boiler model for 100% load case.

Measurements Model
Parameter Node Units Mean Min Max M1 M2
Water side
SH1 outlet temperature 6 K 661.6 651.3 669 640 639.8
ATT outlet temperature 7 K 566.1 555 576.6 567 568.6
Spray water temperature * 10 K 487 472 506 487 487
SH2 outlet pressure * 8 kPa(a) 2773 2228.7 3054.4 2773 2773
SH2 outlet temperature 8 K 674.4 668.4 687 675.2 676.6
Final steam flow rate * 8 kg/s 28.8 25.3 31 28.8 28.8
Steam drum pressure 5 kPa(a) 3115.2 2660.7 3357.9 3053 3053
EC inlet water 1 K 370.2 262.2 376.2 371.2 371.2
temperature
EC outlet water 2 K 460.2 456.2 465.2 462 458.6
temperature
Flue gas side
EV outlet temperature 5 K 701.2 695.2 712.2 705.2 693.9
AH outlet temperature 6 K 570.9 565.2 576.2 603.2 595.2
EC outlet temperature 7 K 4452 441.2 448.2 424 422
Air side
AH inlet temperature * 1 K 298.5 298.2 299.2 298.5 298.2
AH outlet temperature 3 K 492.2 488.2 497.2 492.4 486
* Values are inputs to model.
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Figure 12. Calculated and measured heat transfer rates to different heat exchanger components (left);
Q-T diagram for two modelling approaches (right) for industrial-scale biomass-fired boiler model.

M1 overpredicts the EV heat load, i.e., the furnace heat transfer rate, by only 1.7%,
while M2 overpredicts by 4.0%. The furnace exit gas temperatures calculated using M1
and M2 are 1206 K and 1151 K, respectively, compared to the CFD result of 1264 K. M1
therefore underpredicts by 4.6%, while M2 underpredicts by 8.9%, which is consistent with
the overpredictions of the evaporator load. However, the difference between M1 and M2
is much less in this case (2.2%) than in the case of the high-ash coal-fired boiler (9.8%).
These results show that for the biomass case with its low particle loading, comparable
results are obtained with the high-particle load model and the standard model. The
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high-particle load model is therefore also applicable in cases of low particle loads. This
confirms the statement by Brummel [48] that “It is generally recommended to apply the
more sophisticated coupling calculation model (referring to the high particle load model)
even for operating conditions with low particle loads ... ” It also confirms the authors’
preference for using the high ash loading model presented in Section 2.5.3 (M1) rather than
the standard model presented in Section 2.5.1 (M2), even in cases with low ash loading.

The breakdown of heat transfer phenomena for each heat exchanger is shown in Figure 13.
For SH2, which is directly exposed to the furnace, the direct radiation is significant, and the
gas and particle radiation is of similar magnitude as the convection heat transfer. From the
EV onwards, convection is by far the dominant mechanism. This is different from what was
found in the coal-fired boiler, where gas and particle radiation continued to play a notable role,
even far downstream from the furnace. The reasons for this are that in the biomass case, the
furnace exit gas temperature is much lower (and therefore, the flue gas temperatures are lower
in general), there are much lower entrained particle concentrations, and the heat exchangers
tubes are more tightly pitched, thereby enhancing convection.
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Figure 13. Breakdown of heat transfer rates per mechanism for M1 (left) and M2 (right) for industrial-
scale biomass-fired boiler model.

To showcase the capability of the process model to capture low load performance
of the boiler, an additional simulation was performed and compared to site data. This
load case was for the boiler operating at 62% MCR. Again, the fuel flow rate along with
the attemperator flow rate were adjusted to find the correct steam generation rate and
final steam temperature. The fuel flow rate and attemperator flow rate are found to be
8.2 kg/s and 1.75 kg /s respectively. Figure 14 shows the predicted heat transfer rates per
heat exchanger using model M1, along with the measured values. The results show that
the results from the process model compare well with the site data at part load, with a
minimum error of 0.5% (EC) and maximum error of 22% (SH2). The predicted furnace
exit gas temperature is 1097 K, which is within 0.7% of the value of 1089 K from the CFD
prediction [3].
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Figure 14. Calculated and measured heat transfer rates per heat exchanger component for industrial-
scale biomass-fired boiler 65% load case.

The direct method for furnace analysis presented in Section 2.4.3 was also compared to
the results obtained with the projected method for the 100% MCR case, both employing the
high particle load model. The results are provided in Table 9 together with the measured
values. For the biomass case, the direct method underpredicts the furnace and EV bank heat
load by 3%, while the projected method slightly overpredicts the furnace and EV bank heat
load by 1.7%. The projected method fares better downstream with SH1 underpredicted by
3.9% as opposed to an overprediction of 8.7% for the direct method and SH2 overpredicted
by 2.6% as opposed to an overprediction of 9.2% for the direct method. The overpredictions
by the direct method is due to the underprediction of the furnace heat transfer rate, which
leads to higher furnace exit gas temperatures and consequently higher predicted heat
absorption rates by SH1 and SH2.

Table 9. Direct method and projected method heat transfer rate results for 100% MCR biomass boiler

case study.
Heat Exchanger Furnace+ EV SH1 SH2 AH EC
Direct method 51 11.2 8.3 6.9 11.8
Projected method 53.5 9.9 7.8 6.6 11.2
Experimental values 52.6 10.3 7.6 6.7 11.1

4. Summary and Conclusions

The integrated boiler process modelling methodology described here is built on a
generic framework that is applicable to each component within the boiler. It consists
of the simultaneous solution of the fundamental balance equations of mass, energy and
momentum written between the inlet and the outlet, the component characteristic equations
that provide values for the source terms, the appropriate fluid property relationships, and
the boundary values that may be specified at the inlet and/or outlet. The key component
models are the adiabatic flame temperature model, which includes the combustion analysis,
the furnace model, and the generic convective-radiative heat exchanger model.

The adiabatic flame temperature model assumes instantaneous and complete combus-
tion, except in the case of solid fuels such as coal and biomass, where a fraction of unburned
carbon is assumed. It also employs real fluid properties in the gas mixture analysis referred
to the standard reference state rather than the ideal gas assumption. This requires the HHV
to be used in the energy balance equation rather than the LHV.
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There are two zero-dimensional models typically employed in the furnace analysis,
namely the projected method and the direct method. These provide the radiation heat
transfer to the water wall and the direct radiation leaving the furnace exit plane and
impinging onto the heat exchangers situated behind the furnace exit. For the coal-fired
boiler 100% MCR case study, the projected method overpredicts the evaporator heat load
by 3.5%, while the direct method overpredicts by 7.6%. For the 100% MCR biomass case,
the projected method slightly overpredicts the furnace and evaporator bank heat load by
1.7%, while the direct method underpredicts the furnace and evaporator bank heat load by
3%. The projected method therefore provides better results overall.

An important aspect throughout the analysis is the calculation of the effective emissiv-
ity and absorptivity of the flue gas and particle suspension. For this, there are three possible
approaches, namely the ‘standard model’, the ‘low particle load model’, and the ‘high
particle load model’. The results of the case studies show the importance of utilising the
high particle load model rather than the standard model in the case of a high ash fuel such
as the current coal-fired boiler case study. However, it can also be used with confidence
in the case of low particle loading, such as the current biomass-fired boiler case study.
The uncertainty about the equation for calculating the fly ash pressure-based absorption
coefficient in the standard model, as well as the resultant overprediction of the EV heat
loads, leads the authors to prefer the use of the high ash loading model rather than the
standard model even in cases with low ash loading.

A generic radiative—convective heat exchanger model was presented. It accounts for
the combination of convective and radiative heat transfer to the heat exchanger surfaces
from the flue gas directly surrounding it, the direct radiation from the hot flue gas inside the
heat exchanger cavity radiating out the back towards the next heat exchanger surface, the
direct radiation impinging on the heat exchanger surface from the previous heat exchanger
situated in the flue gas flow path, the portion of this incoming direct radiation that bypasses
the heat exchanger, as well as the rest that is absorbed by the heat exchanger walls. The
interplay between the different heat transfer mechanisms is determined automatically
based on the local operating conditions. It can therefore be applied to superheaters, re-
heaters, economisers and air heaters, provided that the differences in geometry are correctly
considered.

The case studies showed that the results obtained with the process models using the
projected method and the high particle load model compare well with the values obtained
from site measurements and the detail CFD models for full load and at part load, even
though the two boilers have very different geometries, firing systems and fuels.
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