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Abstract

Biomass is a renewable, cost-efficient, carbon-neutral fuel obtained from agricultural waste streams
or energy crops that can be combusted in a furnace to co-generate electricity and heat. Integrating
a supplementary high efficiency cycle, such as the supercritical-CO2 (sCO2) Brayton cycle, with an
existing industrial Rankine cycle and a biomass fired boiler may be an economical option to increase
overall thermal efficiency and net generation. However, the integration of sCO2 heaters within the
biomass boiler presents challenges related to operating philosophies and component specifications.

The focus of this research was to investigate the integration of a sCO2 Brayton cycle with a combined
heat and power steam cycle with a modular biomass boiler firing typical Southern African bagasse
fuel. A quasi-steady state 1D thermofluid network-based process model of the sCO2, steam and flue
gas cycles was developed for nominal and partial load analysis. It accounts for the detailed
component characteristics for the Rankine and Brayton cycles, as well as the biomass boiler,
together with the complex interactions between all of the components in the different cycles. To
facilitate the analysis of these intricate systems, a sophisticated simulation code was developed to
allow for necessary customization and enforcement of required boundary conditions and control
parameters. The network model solves the mass, energy, momentum, and species balance
equations for the various fluid streams, accounting for radiative and convective heat transfer
phenomena in the boiler. Due to the novelty of the proposed integrated cycle, high-fidelity 3D CFD
modelling was then also used to validate the heat uptakes for the sCO2 heaters in the biomass
boiler. Two configurations with the sCO2 heater/s situated within the flue gas flow path were
investigated, namely a single convective-dominant heater, and a dual heater configuration with a
radiative and a convective heater.

At nominal load, the network model results show the required rate of overfiring for the sCO2
configurations, with a 15.3% increase in fuel flow rate resulting in an additional 21.2% in net power
output. The impact of the sCO2 heaters situated in the gas flow path was quantified, with reduced
heat uptakes for downstream steam heat exchangers offset by increased furnace waterwall heat
transfer. At partial loads, between 100%-60%, inventory control proves to be the better performing
control strategy for load following, maintaining high thermal efficiency across partial loads. Notably,
at 60% load, the sCO2 compressor inlet conditions are near the pseudo-critical point, which requires
careful management of inventory control. The boiler CFD modelling highlighted lower heat uptakes
for sCO2 heaters compared to the 1D model, exacerbated at lower loads, particularly for the dual
heater configuration. The 1D model was consequently calibrated based on these results.

The single sCO2 heater configuration is recommended as the preferred configuration to minimise
adverse impacts on the Rankine cycle superheaters. Further iterations between the 1D process
model and CFD model are recommended.

Key Words: Biomass; supercritical-CO2, thermofluid process modelling; computational fluid

dynamics;
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Chapter 1. Introduction

1. Introduction

1.1 Background and Motivation

Fossil fuels are currently the world’s largest source of energy [1]. However, there are growing
concerns about global warming, unsustainability, and increasing greenhouse gas emissions from the
use of fossil fuels. The International Energy Agency (IEA) has outlined a roadmap for net-zero
emissions by 2050, where 90% of electricity production is predicted to come from renewable
sources [2]. Biomass can be classified as renewable organic matter from plants or animals, derived
from waste streams or commercial crops grown specifically for energy generation, known as energy
crops [3]. Typical biomass fuels include wood, by-products from crops (such as bagasse from
sugarcane processing), animal waste, and biogenic material from municipal solid waste. Biomass is
therefore classed as a renewable, cost-efficient, carbon-neutral fuel. South Africa is the largest
producer of sugarcane in Africa [4], producing approximately 18 million tons of sugarcane in
2022/2023 [5]. Consequently, bagasse, a by-product from sugarcane processing, also accounted for
approximately 93% of electricity produced by biomass in South Africa in 2023/2024, estimated at
242 MWe [6]. Sugarcane is also grown all year round in South Africa, making bagasse a promising

candidate for biomass fuel.

Common methods to extract energy from solid biomass are through thermochemical processes such
as direct combustion, pyrolysis, or gasification [7]. Direct combustion is generally the method of
choice for heat and power production, due to its flexibility and adaptability [3], [8]. Direct
combustion of biomass has inherent issues due to fuel preparation and constituent variability of the
fuel [9]. The high moisture content in biomass fuel, around 50%, can lead to combustion instability
and discrepancies in boiler efficiency, necessitating simulation models to study the effects of fuel
variability on boiler design and operation [10]. Biomass combustion also has benefits for distributed

or embedded generation due to the availability and proximity to fuel sources [11].

Small- to medium-scale, modular, co-generating biomass boilers are well-suited to rural agro-
industrial settings which require electricity and process heat, allowing for self-sustaining generation
systems [12]. Excess electricity can also potentially be supplied to surrounding rural communities at
cheaper costs compared to national grid access, providing an additional revenue stream [13], [14].
In a South African context, there have been several changes in energy policy for generation projects
over the last few years to address the critical shortfall of generation capacity in the country [15],
[16]. These policy adjustments reduce barriers for implementation of medium-scale generation
systems, including those using biomass fuels, to help relieve a severely constrained power grid. The

MicroGen® boiler is a modular grate-fired boiler, capable of producing up to 35 MW, for combined
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heat and power generation. The boiler is developed and manufactured by John Thompson, a South
African boiler manufacturer, and can accommodate a wide range of renewable biomass fuels, as

well as coal [17].

Biomass fuel is typically used to generate electricity through various Rankine-type steam cycles, with
an industrial steam Rankine heat and power cycle shown in Figure 1.1. However, supercritical
carbon dioxide (sCO2) Brayton power cycles have been identified as a potentially attractive
technology with a small physical footprint and improved thermal efficiency compared to Rankine

cycles, reducing initial capital and operating expenditure [18].

G e oresar]
]\I Generator

Boiler
Condenser
<—( C ja— «—] C «—

~— Pump  De-aerator  Pump

Figure 1.1: Typical industrial Rankine cycle

Turbine

Cooler
Figure 1.2: Simple recuperated sCO2 Brayton cycle layout

The sCO2 Brayton cycle was initially proposed by Angelino [19] as well as Feher [20] in 1968, and
has garnered significant research attention particularly over the past decade. Since the cycle
operates in the supercritical region (>7.4 MPa and 31°C) at high pressures and densities,
component sizes can be reduced. Additionally, the real gas compressibility and density of CO2 near
the critical point can be leveraged to decrease the compression work required. Several cycle layouts

have been investigated, along with operating and process parameters [21]. The simple recuperated
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cycle has been studied extensively as a stand-alone cycle for various applications, including nuclear,
solar, and waste heat recovery [21]-[25], and additionally for combined cycles [26]-[28] with
topping and bottoming configurations. Figure 1.2 shows the simple recuperated cycle layout,
consisting of a compressor and turbine, cooler (or pre-cooler), heater, and recuperator (RX).
Currently, there are no utility-scale sCO2 plants in operation, however, there are pilot plants in
development [29]. By leveraging the high efficiency of the sCO2 Brayton cycle, increases in net
generation may provide avenues for additional revenue streams. Moreover, when integrated with
a biomass boiler, the additional power generation may be used to drive a CO2 sequestration plant,
which captures CO2 released from biomass combustion, helping reduce emissions. These potential
benefits highlight the utility of integrating an sCO2 Brayton cycle with existing low efficiency

generation systems.

1.2 Research statement

Energy efficiency plays a key role in net-zero emissions by 2050 [2], and the integration of high
efficiency supplementary cycles with existing generation systems can potentially increase energy
efficiency and net generation. For existing industrial Rankine cycles, increasing generation capacity
poses challenges, particularly with large capital expenditure requirements and potential boiler
limitations. This is further exacerbated by the relatively low thermal efficiency of industrial Rankine
cycles. Retrofitting an existing modular boiler with a high efficiency supplementary sCO2 power
cycle may prove to be more economical regarding capital expenditure as well as overall thermal

efficiency.

The proposed approach involves situating the sCO2 heater directly in the flue gas flow path of the
boiler. Due to the compact and modular nature of the MicroGen® boiler, integration of a sCO2
power cycle with a Rankine steam cycle fuelled by biomass in the MicroGen® boiler has potential.
The reduced physical footprint of sCO2 power cycles is particularly beneficial when incorporating a
supplementary sCO2 power cycle in existing generation systems. The integration of these cycles
together with the biomass boiler requires adjustments to system configuration and operating
philosophy. Further research is required to identify and analyse the integrated system layout, how
the integrated cycle operates, the impacts on the existing cycle, and the overall performance and
efficiency for various operating conditions. There is also a need to focus on the applicability of the
proposed cycle for Southern African conditions using Southern African biomass fuel. Moreover, the
integration of a sCO2 Brayton cycle into a biomass boiler, such as the MicroGen®, together with an

existing Rankine cycle has not been previously explored in literature.

With the novelty of the proposed cycle and integration, an experimental approach is not practical.

Numerical modelling is a robust tool that can be used to gain insight into feasibility and overall

3
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performance for such a cycle. 1D thermofluid process modelling is a powerful simulation tool and is
used to simulate power cycles at varying levels of complexity. These models are also
computationally efficient and able to accurately capture various flow phenomena and component
characteristics, including empirically-derived heat transfer correlations. Thus, 1D process modelling
is well-suited to simulate the proposed integrated cycle. High-fidelity computational fluid dynamics
(CFD) simulation is typically the most accurate approach, particularly for boiler modelling, however
this approach has high computational expense. Empirical models commonly used for 1D modelling
of combustion and radiative heat transfer lack accuracy compared to detailed CFD modelling, mainly
due to the spatial characteristics of these phenomena. 3D CFD modelling can therefore be used to

capture detailed combustion modelling, as well as radiative and convective heat transfer for boilers.

In summary, there is a need to investigate a steam Rankine and sCO2 Brayton combined heat and
power cycle for typical Southern African biomass fuels by applying 1D and 3D thermofluid modelling
to gain insight into the overall performance and operation of such an integrated cycle. Particular
attention is paid to the integration of these cycles in the biomass boiler and the practical

implications that arise from integrating these cycles.

1.3 Hypothesis

The hypothesis for this research is as follows: A Rankine and sCO2 Brayton combined heat and
power cycle with a modular biomass boiler firing typical Southern African bagasse fuel can be
analysed by applying 1D thermofluid network-based process modelling and 3D CFD to study the
integrated system performance, the interaction between the components in the different cycles,

and the impact on operating philosophies.

1.4 Research approach and objectives

The focus of the project is to investigate the integration and configuration of a steam Rankine and
sCO2 Brayton combined heat and power cycle with the MicroGen® boiler using typical Southern
African biomass fuel, by applying 1D and 3D thermofluid modelling. This includes a quasi-steady-
state analysis of the integrated cycle for nominal and partial loads. The research will be completed

through the following research objectives:

e Develop a 1D thermofluid process model of a steam Rankine and sCO2 Brayton combined
heat and power cycle incorporating the MicroGen® boiler for typical Southern African
biomass fuel.

o Specify detailed component characteristics, including sCO2 turbomachinery.
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o Specify the size and layout of sCO2 heaters situated in the boiler, including two
different sCO2 heater configurations.
o Develop a solution methodology for quasi-steady-state analysis at various loads.
e Analyse the integrated system performance at nominal and partial loads for the two
different configurations.
e Develop a 3D CFD model of the MicroGen® boiler to explore the practical implications and
effects of integrating the sCO2 heaters into the biomass boiler, and to validate heat uptakes
at the sCO2 heaters.

Transient analysis of the integrated cycle lies outside the scope of this study. Part-load case studies
are explored through quasi-steady-state analysis and control. Additionally, a techno-economic

analysis of the integrated cycle is not within the scope of the study.

1.5 Thesis layout

The thesis is laid out in two parts. The first part addresses the development of the integrated 1D
thermofluid process model and analysis of the integrated cycle at nominal and part loads. The
second part focuses on the development of the 3D CFD model and its results. Figure 1.3 shows the

thesis layout, broken down into chapters.

1. Introduction I

v

2. Literature Review
]

Integrated 1D process model Biomass boiler CFD modelling

‘f& Materials and 4. Results and 5. Materials and 6. Results and
d Methods Discussion Methods Discussion
7. Comparison of CFD results and adjustments to
integrated 1D process model

h 4
8. Conclusions and
Recommendations

Figure 1.3: Thesis layout
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Chapter 2 provides a review of existing literature relating to sCO2 power cycles, modelling of
biomass-fuelled boilers, including both 1D process models and 3D CFD models, and lastly sCO2

power cycles using biomass fuels.

Chapter 3 and Chapter 4 form the first part of the thesis. Chapter 3 details the case study cycle
layout and operation, as well as the integrated 1D process model theory and development. Chapter
4 discusses simulation results for the integrated cycle, including two sCO2 heater configurations.
Part-load analysis is also conducted for the integrated cycle, with various control methodologies
investigated for the sCO2 Brayton cycle. The first two publications, as mentioned in the Declaration
on the inclusion of publications, form a part of Chapters 3 and 4, particularly the nominal load case
study discussions. The third publication forms a part of Chapter 3 and 4, particularly the part-load

case study. These publications contribute directly to the research forming this PhD thesis.

Chapter 5, Chapter 6, and Chapter 7 form the second part of the thesis. Chapter 5 discusses the
theory and development of the 3D CFD model, while Chapter 6 explores simulation results from the
CFD models. Chapter 7 compares the results from the CFD modelling and integrated 1D process
model and explores tuning the 1D process model accordingly. Lastly, Chapter 8 provides conclusions

and recommendations for future work.



Chapter 2. Literature Review

2. Literature Review

The literature review is split into three sections. Firstly, sCO2 Brayton power cycles were
investigated, including cycle-level modelling, turbomachinery models, and using a sCO2 cycle as a
topping/bottoming cycle. Next, biomass boiler models are investigated, specifically 1D process
models and detailed 3D CFD studies. Lastly, a review of sCO2 power cycles integrated with

generation systems fuelled by biomass is presented.

2.1 sCO2 power cycles

sCO2 power cycles have garnered significant interest over the past decade due to technological
breakthroughs, high cycle efficiency, and compactness. sCO2 cycles have been researched for a wide
range of applications, including nuclear [30], solar [31], and waste heat recovery (WHR) [32]. 1D
modelling is used extensively to characterize sCO2 Brayton cycles due to its computational efficiency
when analysing and optimising various cycle layouts [21], [33]-[35]. Typically, simple
thermodynamic analysis is used to model the cycle, with the majority of studies solving mass and
energy balance equations. While several cycle layouts are explored in literature, the simple
recuperated cycle is selected as the sCO2 Brayton cycle layout for this study, due to its simplicity

while maintaining a relatively high thermal efficiency, as high as 40% [21].

Sarkar investigated steady-state energy and exergy analyses and the optimisation of maximum cycle
efficiency for a sCO2 cycle at a system-level for nuclear applications [36]. The model solved the mass
and energy balance equations for cycle components. Inputs provided to the model included
isentropic efficiencies for the turbine and compressors, compressor pressure ratio, high
temperature recuperator (HTR) and low temperature recuperator (LTR) effectiveness, compressor
inlet temperature (CIT), turbine inlet temperature (TIT), and the maximum cycle pressure. These
parameters were varied in a sensitivity analysis. For increasing CITs, the thermal efficiency

decreased, as the main compressor work increased as the CIT shifted further from the critical point.

Turchi et al. performed a system-level study of sCO2 power cycles for concentrated solar power
(CSP) systems using cycle component models [34]. The authors investigated various cycle layouts,
including the recompression cycle with reheat, and the partial cooling cycle with recompression and
reheat. The selected cycles were optimized for maximum thermal efficiency for a range of operating
conditions, including cycle reheat, TITs, and CITs. The turbomachinery was modelled using fixed
isentropic efficiencies. Recuperators were modelled as counterflow heat exchangers and were
discretized to account for the variation in thermophysical properties of CO2 near the critical point.

A fixed effectiveness value was assumed for the HTR and the high-temperature flow streams for
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both recuperators. Heat exchangers with external sources or sinks, such as the pre-cooler or heater,
were modelled to meet specified temperatures at the heat exchanger outlet, such as the CIT or TIT
respectively. The sizes of these heat exchangers and external conditions were not considered. The
recompression cycle with reheat was the best performing cycle below a 700 °C TIT, with a thermal

efficiency of approximately 52.3%.

Dostal et al. compared several sCO2 cycles in detail for nuclear applications, using a code developed
in-house called CYCLES [35]. The authors recommended the standard recompression cycle due to
its relative simplicity, compactness, and high efficiency. A steady-state 1D detailed model of the
recompression cycle and simple recuperated cycle was developed. Printed circuit heat exchangers
(PCHE) were used for all the heat exchangers including recuperators, and pressure drops in the
PCHEs were also modelled. Multi-stage axial turbomachinery was modelled using real gas properties
with the ability to account for off-design conditions using characteristic curves developed using the
AXIAL code library. The authors conducted a performance analysis and optimization on the
recompression cycle using parameters such as pressure ratios, CITs, TITs, sizes of recuperators, and
the size of the pre-cooler. The recompression fraction was highlighted as an important cycle
parameter, particularly for off-design modelling, as it directly affected the flow rate through the
compressors. The optimal size of total heat exchanger volume was also found based on cycle

efficiency and cost. Component sizes were specified, with the dimensions of the 600 MW, power

cycle at 18 m tall and 7.6 m wide.

The sCO2 power cycle has also been researched as a viable supplementary cycle for several
applications, including biomass fuelled systems and WHR [32], [37]-[39]. Akbari et al. performed a
system-level thermo-economic analysis and optimization of a topping sCO2 recompression cycle
and a bottoming organic Rankine cycle (ORC) for nuclear applications [40]. A parametric study was
carried out to investigate the performance of both cycles as well as a total unit cost optimisation,
achieving a 43% thermal efficiency. Moroz et al. evaluated gas turbine exhaust heat recovery using
a sCO2 bottoming cycle [37]. Approximately 16.30 MW (32.01% increase) of power could
theoretically be recovered using the sCO2 power cycles. Wright et al. performed a thermo-economic
analysis of four sCO2 cycles for WHR from a gas turbine [32]. The authors found that sCO2 cycles
designed for WHR increased net cycle efficiency to approximately 46.5-49%, from 35.5% for only

the gas turbine.

Part load modelling and analysis requires sufficiently detailed component models to accurately
capture how a cycle performs for a wide operating envelope, particularly for turbomachinery. While
the current work focuses on quasi-steady-state analysis, it is important to review current control
methodologies used for sCO2 Brayton power cycles. This is typically explored through dynamic

modelling, however, can also be explored through steady state control. For example, Dostal et al.
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[35], discussed above, also explored several control methodologies for steady-state control typically
used for gas power cycles with a focus on the sCO2 recompression cycle. These included valve
control, as well as inventory control. Inventory control involves controlling the mass flow rate of the
cycle by charging or discharging working fluid from the cycle to pressurised storage tanks. By
controlling the inventory of the cycle, the cycle power output can be varied for different loads.
Dostal et al. recommended a mixed control methodology, highlighting valve control for its simplicity,
and the high thermal efficiency typically maintained across part loads using inventory control. Using
dynamic modelling, Wang et al. [41] performed a review of control strategies for sCO2 Brayton
cycles. Several control strategies for load-following are explored, including inventory control, valve-
based control, as well as controlling the heat source inputs. The authors noted that the main
advantage with inventory control was its ability to maintain high thermal efficiency. However, the
drawbacks are its slow transient response as well as narrow load range. In contrast, valve control
allows quick transient response but with a low cycle efficiency. Heifetz et al. [42] explored both
inventory control and a turbine bypass valve for a sCO2-recompression Brayton cycle, as well as a
mixed-mode control methodology utilising both inventory control and the turbine bypass valve. The
mixed-mode controller utilised the quick response of the turbine valve and thereafter gradually
switched to inventory control to maintain high thermal efficiency. Wang et al. [43] compared
different load-following control strategies for a sCO2 recompression Brayton cycle through dynamic
modelling. The authors concluded that a coupled control strategy using inventory control and

compressor anti-surge had a large advantage over valve control.

With regards to part-load performance of specifically supplementary sCO2 Brayton cycles, Fan et al.
[44] explored part-load performance of a recompression sCO2 Brayton cycle combined with a
transcritical CO2 cycle. Various control strategies were explored, including adjusting compressor
rotational speed, a turbine bypass valve, and inventory control. Inventory control was found to be
the most efficient method for 100-35% load operating range. A composite control strategy
combining both inventory control and a bypass valve was suggested for the sCO2 cycle. Fan et al.
[45] also explored part-load analysis for a combined sCO2 and Kalina cycle. A bypass valve and
variable-speed compressor were used to control the sCO2 cycle, while a sliding pressure control was

used for the Kalina cycle which was sufficient for a wide operating load range.

Colombo [46] performed part load analysis of sCO2 power cycles for gas turbine bottoming
applications. For various cooling methods, the TIT was varied to maximise cycle net power output.
Notably, the influence of inventory control was also explored, and through a technoeconomic
analysis it was found that inventory control was beneficial for part-load operation for maintaining

high thermal efficiencies.
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The studies above highlight the benefits of using inventory control as a control strategy for the sCO2
cycle. Additionally, the coupled use of valve control and inventory control was found to be the better
overall performing control strategy, providing the benefits of responsive control through valves, and

maintaining high thermal efficiency through inventory control.

2.2 Biomass-fuelled boilers

1D modelling has been used extensively for modelling power cycles due to its computational
efficiency and relative accuracy [47], and has been used to capture steady-state and dynamic
behaviour of coal-fired power plants [48]—[50]. Additionally, to capture highly non-linear behaviour
and complex heat transfer phenomena in furnaces and boiler heat exchangers, lumped parameter
models are often used. Several commercial simulation codes have been developed with varying
levels of complexity, including Engineering Equation Solver (EES), Flownex SE, and Advanced Process
Simulation Software (APROS), with the latter commonly used for coal-fired power plants. 1D process
modelling is well-suited for modelling large integrated power cycles and has been used to

investigate various operating conditions and for sensitivity analyses.

In a biomass context, several studies have focused on cycle-level applications using biomass
combusted in boilers as an energy source. Singh investigated the integration of a Kalina cycle with

an existing bagasse-fired 16 MW, cogeneration plant [51]. The Kalina cycle, using NH3-H20 as the

working fluid, was integrated as a WHR system. A 1D steady-state mass and energy balance was
used to model components within the co-generation system and boiler. Detailed gas-side heat
transfer and balance equations were not modelled for the boiler, with the focus on the steam/NHs-
H,O side. Cavalcanti et al. performed energy and exergy analyses of a sugarcane bagasse power
cogeneration system in Brazil [52]. A 1D mass and energy balance was used to model the air, flue
gas, and water/steam fluid streams at a cycle level. The 200 ton/hr boiler was modelled, including
the furnace, air heaters, economizers, evaporator, and superheater. The energy balance in the
furnace was carried out by calculating the stoichiometric coefficients of the gaseous combustion

products through a chemical species balance.

The two studies discussed above focused on high-level cycle modelling without modelling detailed
heat transfer in the boiler or considering sizes of integrated heat exchangers. Chantasiriwan
explored the optimum installation of the economizer, air heater, and a flue gas dryer for a biomass
boiler [53]. The 1D model solved mass and energy balance equations and considered the effects of
component sizing on boiler performance. An energy balance of the furnace including the fuel, air,

and flue gas streams was used to calculate the furnace exit gas temperature.

10
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Laubscher and De Villiers developed an integrated 1D model of a 105 ton/hr bagasse-fired industrial
water tube boiler in Southern Africa with varying fuel moisture content [10]. The model accounted
for detailed heat transfer in the boiler heat exchangers and solved the mass, momentum, and
energy balance equations for the water/steam, flue gas, and air streams. A moving-grate stoker
boiler was modelled with two superheaters, a spray-type desuperheater, evaporator tube bank, air
heater, and economizer. A higher heating value (HHV) correlation for Southern African bagasse was
used, accounting for varying moisture content. The model was simulated for three load cases and
validated using plant measurements and a CFD model, with good agreement for higher boiler loads.
For a sensitivity analysis, fuel moisture content was varied between 30-60%, and the impacts on

boiler efficiency, furnace exit gas temperature and superheater outlet temperature were quantified.

Rousseau et al. performed heat transfer analysis using thermofluid network models for industrial
biomass and utility-scale coal-fired boilers [54]. The analysis focuses on the integrated whole-boiler
performance, incorporating 0D furnace models combined with the solution of mass, momentum,
and energy balance equations. An instantaneous combustion model is used, assuming complete
combustion with a fraction of unburned carbon. Two 0D furnace models are investigated, including
the projected method and direct method. A generic radiative-convective heat exchanger model is
formulated to capture component characteristics of various boiler heat exchangers, including
superheaters, reheaters, economisers, and air-heaters. The heat exchanger model accounts for both
convective and gas radiative heat transfer, and direct radiation. The developed methodology was
used to investigate various loads for two different boilers, including a sugarcane bagasse fired
biomass boiler located in Southern Africa. Results compared well to site measurements for full load
and part load operation. The current research builds upon this methodology by Rousseau et al. [54]

and is applied for 1D modelling of the case study biomass boiler, the MicroGen®.

Due to the complexities associated with the direct combustion of biomass, CFD has been used to
simulate combustion and heat transfer in biomass boilers. Grate fired boilers are widely used in the
direct combustion of biomass and are the focus of this research. Bermuidez et al. developed a

transient 3D CFD model of a 4 MW, grate fired biomass furnace for wet woody biomass fuel [3].

The simulation was segregated into a bed and freeboard, where the bed was modelled as a porous
zone with user-defined scalers, and the freeboard was characterised by the gas phase. ANSYS-Fluent
was used to simulate the gas phase, and a coupled Eulerian fixed bed sub-model was used for solving
the biomass fuel bed and interaction with the gas phase. Bed temperature profiles and fuel mass

fractions were calculated across the bed height and distance along the grate.

Zhou et al. investigated the effect of varying air supply and oxygen enrichment on biomass

combustion in a 40 t/h grate fired boiler [55]. A 1D dynamic model was used to simulate the fuel

11
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conversion process of biomass on the grate bed, accounting for varying primary air conditions and
furnace radiation. A 3D CFD model was used to simulate the combustion process in the freeboard,
taking the gas production results from the dynamic 1D model as inlet boundary conditions. An
optimum ratio of primary air to secondary air was found for thermal efficiency and minimization of

ash slagging.

Centeno-Gonzdlez et al. modelled the combustion of sugarcane bagasse in an industrial boiler using
CFD [56]. User-defined functions were developed for devolatilization and grate combustion, and
thermal field and combustion behaviour were predicted. The model assumed a continuous phase
of reacting gases and a discrete phase of fuel particles immersed in the continuous phase. The
conversion process of biomass fuel particles from initial heating to char combustion and ash was
tracked. Devolatilization was found to be the dominant phenomenon of the particle trajectory and

an important factor in predicting thermal fields.

Laubscher and Van Der Merwe investigated heat transfer modelling of a 100 ton/hr semi-
suspension bagasse-fired industrial boiler at full- and part-load using CFD [57]. In contrast to the
previous studies mentioned above, Laubscher and Van Der Merwe focused on resolving the heat
transfer to the furnace walls, superheater tubes, and evaporator tube bank. The combustion process
of biomass fuel was simplified into four steps: heating and evaporation, devolatilization, char
combustion, and volatile combustion. A 1D mass and energy balance model was coupled to the gas-
side in the CFD model to predict steam temperatures in superheaters. The model was validated

using experimental data, as well as verified using a boiler process model for heat load predictions.

2.3 sCO2 power cycles using biomass fuels

The integration of sCO2 power cycles into generation systems using biomass as an energy source
has been explored before at a cycle level. Several studies investigate the utilisation of biomass
through gasification or digester systems [38], [39]. There are also a few studies investigating
biomass-fuelled systems through direct combustion. Manente et al. proposed a biomass to power
conversion system based on cascaded sCO2 Brayton cycles [58]. A 1D cycle level model was
developed to explore the proposed system. A combination of cascaded cycle configurations using
the simple cycle and recompression cycle were explored to maximize heat recovery from flue gas.
Two biomass boiler configurations burning woody biomass were considered, including a radiative-
convective configuration and a convective configuration. These configurations were also considered
with co-current and counter-current flows. Optimization of the configurations with respect to net
power output was performed. The configuration with a recompression topping cycle and simple

bottoming cycle with a counter-current radiative-convective boiler achieved a maximum heat

12



Chapter 2. Literature Review

recovery efficiency of 36%. For this configuration, the thermal efficiencies of the topping and

bottoming cycles were 44.1%, and 36.9% respectively.

Mutlu et al. developed a hybrid system incorporating a single-flash geothermal power plant with a
topping sCO2 and bottoming Rankine combined cycle fuelled by olive residue biomass [59]. The
authors used the radiative-convective counter-current boiler configuration outlined by Manente et
al [58]. The bottoming cycle Rankine cycle utilized waste heat rejected from the sCO2 topping cycle,
as well as the existing turbine from the geothermal system. A 1D steady-state model of the

combined cycle was developed for a nominal operating point. Additional net powers of 3.4 MW,
and 5.3 MW, were generated by the sCO2 topping cycle and Rankine bottoming cycle, with thermal

efficiencies of 40.1% and 16.9% respectively.

Zignani et al. [60] performed a preliminary feasibility study on the application of sCO2 power cycles

to biomass-fired power plants. An existing 16 MW, power plant using a Rankine cycle fuelled by

woody biomass burnt in a moving-grate stoker boiler was selected as a case study. The proposed
sCO2 cycle was intended to replace the Rankine cycle. Design optimization was completed for three
sCO2 cycle configurations, including the recuperated cycle, recompression cycle, and partial cooling
cycle. A 1D steady-state model was developed for both the Rankine cycle and sCO2 cycle
configurations. Turbine and compressor models assumed a fixed isentropic efficiency. PCHEs
recuperators were used, modelling the pressure drop as well as a calculated surface area based on
the overall heat transfer coefficient. A water-cooled shell and tube heat exchanger was used for the
heat rejection unit. A thermodynamic and geometric sizing of the sCO2 boiler was also investigated
for counter-current flow. The recompression cycle had the highest thermal efficiency compared to

other configurations over a range of TITs from 450 °C—570°C. Partial load analysis for the

recuperated cycle was also investigated, using MATLAB and the ‘fsolve’ solver tool. Heat exchanger
areas obtained from design conditions were used to calculate pressure drops and heat transfer
coefficients for off-design conditions. Isentropic efficiencies for turbomachinery remained the same
for off-design operation. However, compressor rotational speeds were unfixed, and the maximum
operating pressure was determined by the turbine swallowing capacity. Plant load was varied from
100%-30%, and the effects on the cycle, boiler, and plant efficiency were quantified. Inventory
control was also explored as a control strategy by varying the minimum cycle pressure and was

found to have less impact on plant efficiency.

These studies provide valuable insights into the integration of sCO2 power cycles with biomass
boilers. However, the analyses include high level lumped parameter component models, with
limited focus on detailed boiler modelling. Very few studies on supplementary sCO2 cycles fuelled

by biomass focus on part-load analysis. Additionally, to the author’s knowledge, there have not been
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any studies focusing on sCO2 cycles integrated with an existing cycle in the same biomass boiler.
Further investigation is therefore warranted, specifically looking at the integration of an sCO2

Brayton cycle with a combined heat and power Rankine cycle, and the effects on boiler operation.
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3. Integrated 1D process model: Materials and
Methods

Using a high detail 1D model capable of capturing complex boiler heat transfer as well as detailed
component characteristics for the integrated cycle is key to understanding the proposed integrated
cycle behaviour. The novelty of the research lies with the proposed integrated cycle configuration,
as well as the complexity of the developed 1D model. While works of similar nature focus on simple
thermodynamic analyses through mass and energy balances, the present work solves the
momentum balance equations in addition to mass and energy balances. This requires detailed
component characteristics, including performance curves for turbomachinery, and allows for quasi-
steady-state analysis for nominal and part loads. Moreover, Southern African bagasse is selected as

the fuel source for this study, giving relevance to the prospective application of the integrated cycle.

A conventional combined heat and power industrial Rankine cycle without sCO2 integration, as well
as with integration of two sCO2 Brayton cycle layouts are analysed and compared. The two Brayton
cycle layouts differ only in terms of its heater configurations, namely a single convective-dominant
heater, and a dual heater configuration with a radiative and a convective heater. The simple
recuperated Brayton cycle configuration is selected for both sCO2 Brayton cycle layouts. The heaters
for the supplementary sCO2 Brayton cycle are situated in the flue gas flow path inside the boiler. A
1D thermofluid process model is developed and applied to investigate the three cycle layouts with
a biomass-fired boiler. These cycle layouts are simulated at nominal and part loads by applying a

steady-state control methodology.

This chapter describes the development of the 1D process model. The integrated cycle including
the MicroGen® boiler is described, along with two proposed sCO2 heater configurations.
Additionally, governing equations, the integrated cycle layout, component characteristics, steady-

state control, and solver methodology is discussed.

3.1 Cycle layout and operation

The case study existing biomass boiler is a compact modular grate-fired boiler, accommodating a
wide range of fuels, such as bagasse which is the fuel used for this study. The boiler is rated at
approximately 35 MW, nominal heat generation, heating steam to 485°C at 69 bar. Schematics of
the boiler geometry with the proposed single and dual sCO2 heater configurations included are
shown at the top and bottom of Figure 3.1. The green arrows indicate the combustion air inlets and

the black arrows the fuel inlet, while the red arrows indicate the flue gas flow path. For the existing
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cycle without the sCO2 Brayton cycle integration, the schematic remains the same, except for the

presence of the sCO2 heaters (shown in grey).
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Figure 3.1: Boiler schematic with single sCO2 heater (top) and dual sCO2 heaters (bottom)

From Figure 3.1, evaporative water-walls fed by the steam drum via the downcomer pipe surrounds

the furnace and other heat exchangers. There are two in-line steam superheaters (SH1 and SH2), an

indirect attemperator, top and bottom evaporator tube banks (tEV, bEV), two heat exchanger
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screens (SCR1, SCR2), two cavities (CAV1 - split into tCAV1, bCAV1, and CAV2), several tubular air-
heaters (tAH, bAHt, bAHb), and three economizer heat exchangers (EC1, EC2, EC3).

The sCO2 heaters are a crucial component in the proposed integrated cycle, directly influencing the
sCO2 Brayton cycle performance. The location of the sCO2 heaters in the boiler is also a key
consideration which impacts existing downstream boiler heat exchangers. Two sCO2 heater
configurations are proposed, namely, the single sCO2 heater configuration which has a convective
sCO2 heater, and the dual sCO2 heater configuration which has a radiative and a convective sCO2
heater. The driving concept behind the dual configuration is to utilise incoming direct radiation from
the furnace in sCO2H1 in addition to the convective heater, sCO2H2. In order to maximise the
capacity of the sCO2 Brayton cycle, adequate sizing of the sCO2 heaters is required. The largest
available space for the sCO2 convective heater is at CAV1. Thus, the convective sCO2 heaters,
sCO2HX for the single configuration and sCO2H2 for the dual configuration, are positioned in CAV1,
splitting the cavity into tCAV1 and bCAV1. For the dual configuration, the radiative sCO2 heater,

sCO2H1, is positioned before SH2 allowing for absorption of direct radiation from the furnace.

Fuel, in this case wet Southern African bagasse in its raw form, is distributed via distribution air onto
a moving grate which transports the fuel to the furnace rear. For industrial applications at sugarcane
mills, boilers are typically designed to fire bagasse with high moisture, i.e. without any drying
treatment [61]. Heated primary and secondary combustion air streams respectively are injected
from below through the grate and directly into the lower furnace volume. The bagasse has a higher
heating value (HHV) and lower heating value (LHV) of 8838 kJ/kg and 7165 kJ/kg respectively, with
as-received ultimate analysis shown in Table 3.1. An excess air percentage of 27% is assumed, with

bagasse boiler furnaces typically using an excess air percentage of 25-35% [62].

Table 3.1: Bagasse composition (as-received)

Fuel constituent Carbon Hydrogen | Oxygen Nitrogen | Sulfur Moisture | Ash Unburnt
carbon
Mass fraction (%) | 21.09 2.68 20.77 0.16 0.02 50.0 4.66 0.62
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Figure 3.2: Industrial Rankine cycle process flow diagram

Figure 3.2 shows the industrial Rankine cycle schematic (without the boiler circuit). The CFP and BFP
are used to pump the condensate and feedwater streams through the boiler evaporating circuit.
Additionally, there are valves to allow for quasi-steady-state control of the Rankine cycle for various
operating conditions. These include the CFP valve, BFP valve, turbine valve, process heat valve, and
bypass valve. Power is generated by the HPT and LPT. The main flow stream splits after the HPT into
the process heat line and the LPT. Process heat is provided according to the required demand. For
this study, it is assumed that the process heat demand is fixed at 2 MW and water returning from
the external process is saturated liquid. Moreover, a bypass line exists in parallel with the process
heat line to allow for additional steam flow directly to the de-aerator. The steam flow through the
LPT passes through the condenser where it is cooled by 1000 kg/s of cooling water provided at 25
°C. The CFP then pumps the condensate into the de-aerator, where the process heat and bypass

lines also connect.
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Figure 3.3: Boiler process flow diagram for single sCO2 heater configuration

Figure 3.3 shows the boiler schematic for the single sCO2 heater configuration. Boiler heat
exchangers are modelled as tube bank heat exchangers. As mentioned previously, the convective
sCO2 heater (sCO2HX) is slotted in CAV1. Note for the existing configuration, there is no sCO2
heater, and a single cavity is modelled in place (CAV1). For the air stream (green), primary and
secondary air inlet is preheated through the air heaters and fed into the combustion chamber,
alongside distribution air and fuel. Flue gas created from combustion goes through the boiler
(orange), starting from the furnace and then downstream to various boiler heat exchangers as
shown in Figure 3.1. The BFP pumps the main feedwater through the boiler (blue), including the
economizers, water walls, evaporators, attemperator, and superheaters. Steam from the
waterwalls and evaporating circuit collects in the steam drum, which feeds the superheaters, and
in turn, the HPT. The indirect attemperator receives water from the drum, attemperates steam

coming from SH1, and returns the heated water back to the drum.

Process flow diagrams of the complete integrated cycle for the single and dual sCO2 heater

configurations are shown in Figure 3.4 and Figure 3.5 respectively. The process flow diagram for the
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existing cycle without the integration does not include the sCO2 Brayton cycles nor sCO2 heaters.
For this study a simple recuperated sCO2 Brayton cycle layout is selected. It includes a single
compressor and turbine, recuperator, pre-cooler, and direct attemperator as shown in the process
flow diagrams (Figure 3.4 or Figure 3.5). High-pressure sCO2 from the compressor outlet splits into
two flow streams, with the majority flowing to the high-pressure side of the recuperator (RXHP) and
the remaining going to the direct attemperator. From the turbine outlet, high temperature sCO2 on
the low-pressure side of the recuperator (RXLP) heats up the sCO2 at the RXHP. sCO2 then enters
the pre-cooler, where it is cooled by 500 kg/s of cooling water at 25°C. The sCO2 is cooled to 33°C

at 10 MPa, which are the compressor inlet conditions.

It is important to include attemperation in the sCO2 cycle, allowing for temperature control at the
heater outlet, i.e. the turbine inlet. For the single heater configuration, a portion of the flow
bypasses the RXHP and is then mixed with the sCO2 heated in the RXHP, from where it flows into
the sCO2 heater (sCO2HX). The dual heater configuration, shown at the bottom of Figure 3.1 and in
Figure 3.5, utilises two sCO2 heaters. The first heater, sCO2H1, is a platen radiative heat exchanger,
positioned in front of SH2. The second heater, sCO2H2, is like the heater in the single heater
configuration (sCO2HX) and is positioned between tCAV1 and bCAV1. Attemperation for the dual
configuration takes place between sCO2H1 and sCO2H2, with a portion of the flow bypassing
sCO2H1 which is then mixed with the CO2 heated in sCO2H1.
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Figure 3.5: Process flow diagram for integrated cycle with dual sCO2 heaters

21



Chapter 3.

Integrated 1D process model: Materials and Methods

The high flue gas temperatures (>700 °C) allow for high maximum sCO2 Brayton cycle temperatures.
Consequently, three turbine inlet temperatures (TIT) were initially explored, namely 550 °C, 650 °C
and 720 °C. The maximum TIT was limited by incoming gas temperatures. At TITs greater than
720 °C, the terminal temperature difference (TTD) across the tube bank reduced significantly. A
parametric study was conducted for the three TITs using initial sCO2 heater specifications. The sCO2

heater specifications were then tuned for the selected 550 °C TIT, shown in Table 3.2.

An iterative design process was used to select heater specifications to ensure that the Rankine cycle
performance is not adversely impacted. TP347HFG was selected for the sCO2 tube bank material,
typically used for superheaters in supercritical boilers [63]. The tube outer diameter and thickness
are selected from standard ASTM sizes based on an allowable material stress (30 MPa fluid pressure)
at 700 °C [64]. Figure 3.6 shows the layout and geometry of a horizontal boiler tube bank heat
exchanger, used for the convective sCO2 heater (sCO2HX/H2) as well as other in-line tube bank heat
exchangers such as SH1, evaporators, and economisers. Similarly, Figure 3.7 shows a pendant heat
exchanger, used for the radiative sCO2 heater (sCO2H1) and SH2.

Table 3.2: sCO2 heater specifications

Single heater

WGVQ (m) Hﬂ'/g (m) Lduct (m) Nt N/ St (m) SI (m) dOD (m) twall (m) Aho (mZ)

sCO2HX | 1.535 4.41 4.833 7 81 | 0.2 0.06 0.0381 0.00711 | 298.85

Dual heaters

sCO2H1 | 441 4.272 0.12 22 3 0.2 0.042 0.0381 0.00711 | 20.83

sCO2H2 | 1.535 4.41 3.40 7 43 | 0.2 0.08 0.0381 0.00711 | 251.27

The transverse pitch, S,, is fixed at 0.2 m due to boiler spacing constraints. For the dual heater

configuration, the width and height of sCO2H1 is based on the geometry of SH2. The geometry for
sCO2H2 is limited by the size of CAV1, particularly the width and height of the heat exchanger tube
bundle. The duct length, L, , and longitudinal pitch, S,, were adjusted iteratively for both sCO2H1

and sCO2H2. sCO2H1 is modelled as a platen heat exchanger due to the small longitudinal pitch
compared to the tube outer diameter. For the single heater configuration, similar to sCO2H2, the
geometry is limited to the space available in CAV1, and the same geometric parameters are

iteratively determined (L,,.,, S,). By adjusting L, for sSCO2HX and sCO2H2, the lengths of tCAV1
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and bCAV1 are also adjusted. For the conventional cycle without the sCO2 integration, CAV1 is
equally split to form tCAV1 and bCAV1.
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Figure 3.7: Pendant heat exchanger layout and geometry

For comparison purposes, the heater geometries are determined to ensure that both heater
configurations are simulated with similar fuel flow rates. The objective of the iterative design
process for the sCO2 heaters was to maximise the heat uptakes at the sCO2 heaters while

minimising impacts on Rankine cycle boiler heat exchangers. To ensure Rankine cycle performance
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was unaffected, the nominal steam temperature at the outlet of SH2 (485 °C) had to be reached for
a given sCO2 heater configuration. This included a sufficient margin for attemperation between SH1
and SH2 of at least 300 kW (or ~10 °C at low load). Heater configurations were then finalised by

iterating the tube bank geometric parameters (L, , S,) to maximise sCO2 heat uptakes with these

constraints in place. Detailed heat exchanger geometries are specified for all boiler heat exchangers,
including the proposed sCO2 heaters, as shown in Table 3.2. Heat exchanger surface areas are

computed from the provided boiler heat exchanger geometry. External areas (A, ) for all boiler heat

exchangers are provided in Appendix B for reference.

3.2 1D Thermofluid process model

The analysis is based on a thermofluid network modelling approach as described by Laubscher and
De Villiers [10] and Rousseau et al. [54]. To analyse the integrated performance of a large system,
each of the components, such as pipes, valves, heat exchangers, pumps, and turbines, are
approximated as one-dimensional (1D) elements having one inlet and one outlet. The different
elements are connected at nodes to form a thermofluid network as shown in Figure 3.8. The analysis
consists of the simultaneous solution of (i) the balance equations of mass, energy, and momentum
written between the inlet and outlet of each element; (ii) the component characteristics of each
element such as the rate of heat transfer, the power input or output, and the pressure drop or
pressure rise; (iii) the specific fluid property relations, and (iv) the boundary values at the
boundaries of the network. The balance equations applied here are obtained from the differential
form by integrating over the length of each element in the flow direction between the inlet and
outlet, while assuming uniform properties over the cross-section. An element may also represent a
single increment within a physical component that is discretised into a number of control volumes,
if more detail is required. Heat transfer elements are used to facilitate heat transfer between two
elements, as shown in Figure 3.8. Boundary conditions are enforced at boundary nodes by specifying
pressure, temperature/enthalpy, or mass source/sinks. The thermofluid network modelling
approach has been validated with site data for industrial-scale biomass-fired and coal-fired boilers
[10], [54].

Node

O

Element

Heat transfer
element

Y

Figure 3.8: 1D network comprising of nodes, elements, and heat transfer elements
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The differential forms of the 1D steady-state mass, energy, and momentum balance equations are

given respectively as:

Apv) _

o 0 (3.1)

1,2
6(,0V(h+ 2V +QZ)) :qm_Wm (32)
ox

v P 02 Pow oy

3.3
ox Ox = Ox Ox Ox (8:3)

where x is aligned with the flow direction between the inlet and outlet. The energy balance
equation can be written in terms of total enthalpy h, :h+§v2 +gz, and the momentum balance
equation in terms of total pressure p, =p+%,ov2 + pgz. By integrating over the length of each

element in the flow direction between the inlet and outlet Egs. (3.4) to (3.6) are derived.
D m,—>.m =0 (3.4)
> mh,, = > mhy,=Q-W (3.5)
Poe — Po; = AP, (3.6)
with Ap, =Ap,,, —Ap,, -

For gas mixtures, Eq. (3.7) is used to ensure species balance for each species constituent, where

subscript j is a species constituent.
2. my, —> my, =0 (3.7)

The thermofluid network model therefore solves the spatially integrated 1D incompressible
steady state mass, energy, momentum, and species balance equations (Egs (3.4)-(3.7) respectively)
for the networks shown in the process flow diagrams (Figure 3.4 and Figure 3.5). Component
characteristics are solved at elements, including Q and W for the energy balance, and Ap, for
momentum balance. Additionally, mass flow rates are updated at elements. The custom-built 1D
thermofluid network solver was developed in Python 3.7.2, leveraging NumPy, SciPy and Pandas

libraries. Fluid properties are computed at nodes using the real-fluid CoolProp library [65].

The energy balance Eq. (3.5) results in a set of simultaneous equations that can be solved for the
total enthalpy at each node. For momentum balance, the component characteristics are written in

a generic linearised form of
Ap, =a,+a,m (3.8)
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This is substituted into the momentum balance Eq. (3.6) to get

mzw (3.9)

al
This in turn is substituted into the mass balance Eq. (3.4) to get a set of simultaneous equations that

can be solved for the total pressure at each node, which also satisfies the mass balance. The generic

linearised form used to capture component characteristics, a, and a, are computed as follows:

0
a1 = _(Apo) (310)
om
0o =Apo —aim (3.11)

For turbomachinery components, polynomial equations are used to compute the pressure ratio for

a given non-dimensional flow rate, and in turn, used to compute Ap, . For heat exchangers and

pipes, the total pressure change is calculated using:

K L.
Ap,=——"—|m|m (3.12)

with K, __ a non-dimensional pressure loss factor determined by the specific characteristics of each

loss
component. The equations for Ap, are then used to compute the generic linearised component

characteristics in Eq. (3.10) and Eqg. (3.11).

An iterative solution procedure is used to enforce the balance equations for each flow stream.
Figure 3.9 shows the solver process flow diagram. Using initial guesses and specified boundary
values, component characteristics are updated for each element, followed by heat transfer
elements. Momentum balance and energy balance matrix equations are constructed based on a
network connectivity table, which identifies which nodes each element is connected to. A similar
connectivity table is setup for heat transfer elements These matrix equations are of the form Ax=b
, Where A is the balance equation matrix, b the source term vector, and X a vector of pressures or
enthalpies at nodes. The balance equation matrix is inverted, and the matrix equation solved using
the Scipy linalg module. Relative residuals are then computed for pressures, enthalpies, and mass
flows. Relaxation is applied in the solution of node enthalpies and pressures to ensure numerical
stability, and node pressures and enthalpies are updated for non-boundary nodes. Fluid properties
are then updated using the newly calculated enthalpies and pressures through CoolProp, and the
solver repeats till convergence. A relative convergence of 1E-6 is used for pressures, and 1E-4 for

enthalpies.
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Figure 3.9: Solver process flow diagram

The thermofluid solver has been thoroughly verified. Component characteristic sub-component
models have been verified using similar models developed in Mathcad and Python, with agreement
within 2%. Additionally, the implementation of the balance equations has also been verified using
Flownex SE® 2022, which is a commercial 1D thermofluid solver. Unfortunately, the current model
could not be validated via comparison with plant measurements for this study since the plant has
not yet been constructed. However, a detailed CFD analysis is used to verify the heat uptakes of
boiler heat exchangers and to further calibrate the 1D integrated model, as described in Chapters 5
and 6.

The following sub-sections describe the component characteristics and modelling methodology for

the cycle components shown in the process flow diagrams in Figure 3.4 and Figure 3.5

3.2.1 Boiler

3.2.1.1 Combustion

The combustion model is based on the assumption of instantaneous combustion (i.e. not accounting

for the kinetics) with an assumed fraction of unburned carbon. The inputs to the combustion model
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include the HHV, fuel composition, fuel temperature, fuel mass flow rate, air temperature and
absolute humidity, fly-ash fraction, excess air ratio, and the fractional distribution of air across
primary, secondary, and distribution streams. The combustion model computes the mass fractions
of flue gas, the mass flow rates of combustion air, flue gas, and fly ash, as well as the adiabatic flame

temperature [54].

C H O SM+nHO+nO+nN

Nge” "Ny Npo n/N Ngs rH20 ro2 rN2

(3.13)
pCOZCO + npNZN + npSOZSO2 + anon O+ npOZO
=4.7619 M"” ; = ; =3.7619
rHZO - CO—— nstOZ’ nrOZ - anstOZ' rNZ_ anstOZ
H20
n =n,.; n —1n +3.7619an.,,; n =n
pCO2 fc N2 2 N : St027 pSO2 fs (3.14)
= ! 4.7619 M"" ; = 1
anzo - nfM + Eanz +4. aw N6y npOZ - (0{ - )(nswz)
H20
1 1
Ngor = fC+ an_Enfo"'nfs

Mass fractions of the bagasse from Table 3.1 and excess air ratio are used to calculate the resulting
flue gas mixture composition. The flue gas mixture produced during combustion consists of H0,
CO3, N2, SO, and 0. A mass balance between the reactants and products of the combustion
reaction is performed by balancing the molar amounts of reactants and products per kilogram of
fuel shown in Eq. (3.13). The reactants include fuel (ash-free) and combustion air, accounting for
moisture in the fuel and air. Molar amounts of combustion air are computed for stoichiometric
combustion and adjusted for excess air and moisture. The mass fraction constituents of the flue gas
are then computed based on the molar fractions shown in Eq. (3.14). Additionally, the humid air
ratio (HAR) and flue gas ratio (FGR) are calculated per kilogram fuel in Eq. (3.15), and the mass flow
rate of combustion air, flue gas, and fly ash in Eqg. (3.16). Fly-ash is not explicitly included in the gas-
mixture, however, is accounted for during radiation heat transfer as well as energy balances in the

furnace and downstream heat exchangers.

HAR = ZNCAij; [kgc, /kgfue/]
)

(3.15)
FGR=Y" Ny, M,; [kgys / kGj]
J

m,, :HARrhue, =FGRm_,
Juel "R Juel (3.16)

( fuelash fueluc )m fuel

An energy balance is conducted over the combustion zone control volume to determine the
adiabatic flame temperature, assuming all the combustion heat is released in the furnace control

volume. Eq. (3.17) shows the energy balance equation.
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T

ref Y

Mehes  +m f

FG''FGpper FaC,

(T

AFT — ) = mfuel (CPfuel (Tfuel - Tref ) + HHVf

vel

Pash e/UC HH VC ) +

. . . (3.17)
mPAhPA +mSAhSA +mDAhDA

As the adiabatic flame temperature (T, ) is initially unknown, an iterative procedure is used to

satisfy Eq. (3.17), accounting for the flue gas and fly ash exiting the combustion control volume, as

well as fuel, unburned char, and various air supply streams entering the control volume. The

constants in Eq. (3.17) are shown in Table 3.3. The enthalpy of flue gas exiting the boiler (h,, ) is

derived from T,., based on the appropriate real gas mixture properties. Primary and secondary air

streams are assumed to come from the air heaters and enter the combustion control volume
together. Ambient distribution air also feeds into the combustion control volume. The fractions of
these air streams are shown in Table 3.3, as specified by the manufacturer for operation of the
MicroGen® boiler and applied for all cycle configurations. The mass flow rates of the air streams are

then computed using the respective fraction split and the total combustion air mass flow rate, m_, .

Table 3.3: Constants used in Eq (3.17) and air stream fractions

CP,ash CP, fuel Tref HHVC f PA f SA f DA
710J/kgk 1200 J/kgk 298.15K 32763 kl/kg 0.508 0.402 0.090

3.2.1.2 Furnace

The furnace is dominated by radiative heat transfer to the furnace water walls. The Gurvich method
[66] is used to calculate the projected radiative heat transfer from hot gases and particles to the
furnace water walls, as well as the furnace exit temperature. Eq. (3.18) shows the empirical formula

for calculating the furnace exit gas temperature.

T

T e = AT 06 (3.18)
SE ur
Mﬂame|: . :| +1
Bo
The flame modification factor M is calculated as:
M=A'-B'(X +AX) (3.19)

In Eg. (3.19), for the present study with a grate-fired bagasse boiler, A'=0.59, B'=0.59, and
(X, +AX)=0.14 [67]. Typically, the flame modification factor may be tuned further based on

experimental data or CFD simulations for a particular boiler. Bo, the Boltzmann number, in Eq. (3.18)

is calculated as:
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m_ VC
Bo :%—f‘“”a (3.20)
o WA T

rad, fur ° AFT

In Eq. 10, VC is the mean overall heat capacity of flue gas per kg of fuel, P =1 1T, where

adloss

frodioss =0.0101, A is the projected radiative furnace area accounting for the angular coefficient

rad, fur
at the tube walls, refractory walls, furnace exit, and grate. y is the area weighted furnace efficiency

factor, accounting for the angular coefficient, geometric arrangement, and fouling factors of furnace

surfaces. The furnace efficiency factor is calculated using Eq. (3.21).
W =XnS (3.21)

Where x,,, are the angular coefficient and & furnace wall fouling factor. For membrane water

walls, x,. . is calculated below based on empirically fitted data:

]

—0.850475

b
Xopg =1.15484 —tubeuals (3.22)

tubewalls

The furnace wall fouling factor accounts for the ash deposits, which inhibit heat transfer from the
gasses to the working fluid. Zhang [24] recommends a value of 0.6 for grate fuels. For refractory,

& =0.1, and for the furnace exit plane and grate, £ =1. The area-weighted efficiency factor is then

found using:

— : ,!r//i‘ ‘radi
— —I 3-23

rad

From Eq. (3.18), € is the effective gas emissivity in the furnace, calculated using the approach

eff , fur
by Brummel [68], considering high particulate loading and radiation scattering as recommended by
Rousseau et al. [54]. The calculation is detailed below. The furnace gas emissivity is influenced by
tri-atomic gas radiation, coke particle radiation, ash particulate absorption and radiation scattering.

To characterise the geometry of the furnace heat transfer surface, the mean beam length is used.

3.6V,
fur A

(3.24)
fur

Flue gas tri-atomic emissivity is computed using the weighted-sum-of-gray-gas model at a gas

temperature T and pressure p,, in bar, shown in Eq. (3.25), with coefficients presented in Table

3.4 [54].

3
gg = Z[(bl,i + b2,iTg )(1 - exp(_k/’(ng,HZO + ng,COZ )pfursfur)] (325)
i=1
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Table 3.4: Coefficients for Eq. (3.25)

i b, [-] b, ; [1/K] k. [m bar]™
1 0.130 2.65x10™* 0.0

2 0.595 -1.50x107* 0.824

3 0.275 —1.15x10™* 2591

Consequently, the emission coefficient of the flue gas mixture can be calculated:

« __In(l—gg(fq))

emi,T, - S

(3.26)
fur

Non-dimensional particle absorption and scattering efficiency, Q

abs

and Q,,. respectively, are

empirically determined based on ash particle diameters [68]. A particle diameter of 20 um is used,

typical for grate-fired boilers. Laubscher and Rousseau [69] presented correlations derived from

graphs of [68] for Q,,, and Q,,:
Q,,, =0.275d,** —0.305
6.2188x10™° —1.0492x107%d,, +7.287x10°d> —2.1925x10~°d (3.27)
e 1.851x10" —2.0405x10 °d; +6.254x10 *d;

The optical thickness of the gas-particulate mixture is then calculated:

(Dgp =(Q, AL +k +kcokex1x2)5fw7/ (3.28)

bs” "pp emi,T,

, particulate loading Lp=.—"s", scattering factor

where the particulate area A =
2
Pash fa fa

0.5
2 _
y:[1+&J ,and k,,, =10.2(mMPa) . x, and x, are empirical coefficients, set to 0.5 high

abs
volatile matter and 0.03 for grate firing respectively. The effective emissivity of the flue gas and

particle mixture is calculated as:

1-exp(—D,,(T,))
1+ fexp(=®,,(T,))

&, =(1- ) (3.29)
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from Eq. (3.18) can be calculated

-1
where [ I Finally, the furnace effective emissivity, € ,,
y+1 ’

using area-weighted furnace efficiency factor from Eq. (3.23), concluding the furnace effective

)
1

Eeff, fur =[1+V7{5__1J] (3.30)
ap

Returning to the furnace heat transfer calculation, once T, .. from Eq. (3.18) has been computed,

emissivity calculation:

the heat transfer in the furnace control volume is computed using:

QFG,fur = QFE +qur,loss +QWW +QRF (3.31)

Q5 1, is evaluated using an energy balance over the furnace control volume, shown in Eq. (3.32).

The energy balance accounts for flue gas and fly-ash particles, using the calculated furnace exit gas

temperature and the adiabatic flame temperature calculated at the combustion control volume.

QFG,fur = thG (hFG,AFT - hFG,FE) + thA(hFA,AFT - hFA,FE) (3-32)
~ Q ur¢ ur
Qi = LrellePre A—f (3.33)
eff , fur
~ Q ur¢ ur
Qe = 1 Ae Ll (3.34)
Aeff,fur
qur,loss = (1 - ¢fur )Q ur (335)

Q,, is the direct radiation leaving at the furnace exit plane and is evaluated using Eq. (3.33), where
B is an empirical re-radiation coefficient dependent on the furnace exit temperature, 7, is the

coefficient of heat flux non-uniformity at the furnace exit determined by empirical curves along the

furnace height, A, is the projected furnace exit area, and A the total effective projected

eff , fur

furnace area. Q,, is the heat transfer at the refractory covered walls in the furnace evaluated using

Eqg. (3.34). Q is calculated in Eq. (3.35), and consequently the water wall heat transfer OWW is

fur ,loss

calculated using Eq. (3.31) with all other variables known.
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3.2.1.3 Boiler heat exchangers

Boiler heat exchangers include radiative-convective heat exchangers, evaporators, screens, and
cavities. Radiative and convective heat transfer is modelled for each heat exchanger, as well as to
water walls surrounding the heat exchanger. Flue gas control volumes are explicitly modelled for
each heat exchanger, as shown in the process flow diagrams in Figure 3.4 and Figure 3.5. A lumped
control volume for the water side, EV, is used to capture heat transfer to the water walls, cavities,
evaporators, and screens. Geometric parameters, such as those described for the sCO2 heater in

Table 3.2, are specified for each boiler heat exchanger.

hsec : h
sec,e Qre . fg.e L
A le’l{?k fae
___________________________________ ‘---T-,
Q.€$ ; E
' Secondary Qby;mss i Q?‘Oﬂf i i
; Stream | ~ 5 ; 5
| (Water/co2 O Fluegas | | BV
L /AN abs ot
E E Qwall :
Qri hfa,i
hsec,a’ hfg,:i

Figure 3.10: Radiative-convective heat exchanger modelling

Radiative-convective tube bank heat exchangers include superheaters (SH1, SH2), sCO2 heaters
(sCO2HX, sCO2H1, sCO2H2), economizers (EC1, EC2, EC3), and air heaters (tAH, bAHt, bAHb). For
radiative-convective heat exchangers, the secondary fluid stream (water/CO2/air) is explicitly
modelled and coupled to the corresponding flue gas control volume for heat transfer modelling.

Figure 3.10 shows the generic heat transfer flow diagram for radiative-convective heat exchangers.
Fly-ash in the gas stream is accounted for in the energy balance for the flue gas volume using the
inlet and outlet flue gas temperatures, ¢, ,, =710 J/kgK, and m,, calculated at the combustion

control volume. For flue gas, the gas and particulate mixture emissivity is again calculated using the
approach by Brummel [68] described in section 3.2.1.2 for the furnace. However, the mean beam

length for boiler heat exchangers and a platen heat exchanger is calculated as:
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48,5
S, =0.9d,, [ — L 1}

oD

1 (3.36)

.8

Splaten.HX = 1 1
—+—+
H, b,

ave

1
St
For radiative cavities, the mean beam length is calculated similarly to the furnace using Eq. (3.24).

Qr,. is the heat transfer rate of incoming direct radiation from up-stream gas flows. For example, at

SH2 which is downstream the furnace control volume, Q sH2 = Q, = C'zre,fu, . Absorbed radiation, Q,.

Tl

, is the difference between Q, and bypassing radiation, Obypass calculated using Eq. (3.37) [70]. The

angular coefficient of incident direct radiation absorbed by the heat exchanger, ¢, , is calculated

ng ’
using Eq. (3.38), dependent on heat exchanger depth, b, and S,. For all heat exchangers
downstream of the furnace,  =1. For radiative cavities, with no tube bank heat exchangers in the

flue gas flow path, ¢ =1

ang

_ Qri (1 - gfg )¢ang

Qbypass - ,B (3 37)

Pong = (SEJ +1 _52 (3.38)

The outgoing direct radiation from the heat exchanger, Q_, is made up of Q and additional gas

re / bypass

radiation leaving the outlet plane of the heat exchanger, Ob calculated using Eq. (3.39).

ack ?

Qoo = 0.5€,, 00 Aroue T (3.39)

fg,avg

1 —Tt0 av —Flue gas
Flue gas convection Toavg
h'nge.rt
T . .
Outer fouling conduction Rf o fo Outer fouling deposit
Aext T
In(re/r; y, Twe .
Tube wall conduction (ro/r:) Tube wall
27rktubeLtube NINt T .
wi
R ) . .
Inner fouling conduction i Inner fouling deposit
Aip T
1 .
Secondary fluid convection — T Secondary fluid stream
hsecA:int sec,avg

Figure 3.11: Thermal resistance network for radiative-convective heat exchanger tube bank
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Heat transfer for radiative-convective heat exchangers is dominated by two mechanisms, namely
gas and particulate radiation, and forced convection from the flue gas surrounding the tube bank.

Figure 3.11 shows the thermal resistance network that characterise the heat exchanger tubes.

The combined flue gas external heat transfer coefficient, h, , is the sum of the convective heat

fa’

transfer coefficient, h and gas radiative heat transfer coefficient, h, ... h, ., is calculated

fag,conv ? fg,ra

using the radiative heat flux from the flue gas to the outer fouling layer of the heat exchanger tubes.

_ qu,rad
Proros =3 7
fwgl fo (3.40)
_ 6fo + 4 4
qu,rad - 2 Goefg,i (T fg,avg _Tfo)

€, is the emissivity of the outer ash layer on the tubes, set to 0.8, typically used for solid-fuel fired

boilers [67]. The external forced convection heat transfer coefficient, h is calculated using

fg,conv ?
correlations by Gnielinski [71]. Eq. (3.41) computes the gas void fractions through the tube bank.
Eqg. (3.42) computes the Reynolds number using the open duct velocity adjusted for the gas void
fraction. Additionally, the effect of oblique flow over the tube bank is accounted for through the
cos(@) term, particularly for SH2 and the radiative sCO2 heater sCO2H1.

S S
a= t " b = /
AOD dOD

v

1-— b>1 (3.41)
4a
= .
1-— b<1
4ab
m
fa
vV =
fag,open
fg,angopen
T
LGnl EdOD (342)

P 1% L.
Rel// — fg,avg” fg,open—Gni COS(@)
W'ufg,uvg

Eq. (3.43) calculates the laminar-turbulent smoothed Nusselt number for a single heat exchanger
row. Eq. (3.44) corrects the single row Nusselt number, accounting for an in-line tube bank

arrangement and for the depth of the tube bank.
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1
Nu,, =0.664 ReWPr 3

1,lam fa,avg

0.037Re °®Pr
v ”gf (3.43)
1+2.443Re, ™ (Pr*?-1)

ul Jturb =

_ 2 2
Nu,, =03+ ,(Nu, " +NU, ,,

0.7(2-0.3)
fA: + 157p 2

y(;+0.7) (3.44)
Nu =Nu 1+ N =1f,

0,bundle 1,0

N,

Lastly, the effect of the difference in the bulk flue gas temperature and outer fouling surface

temperature on fluid properties is accounted for in Eq (3.45).

T 0.12
_ fag,avg
Nubundle - NuO,bundle ( J

T,

(3.45)
Nu k

_ bundle™ fg
fg,conv —
LGni

For radiative cavities, with no tube bank in the gas flow path, radiation is assumed to be the
dominant heat transfer mechanism to the water walls surrounding the cavity, with convection
assumed negligible. This assumption is made as majority of the gas flow path is unobstructed, and
the water walls form a relatively small part of the overall control volume. Consequently,

h =0. The effective convective/radiative fluegas heat transfer coefficient is then:

fg,conv,CAV

h. =h +h (3.46)

fa fq,rad fg,conv

For the platen-type sCO2H1, where tubes are stacked closely in the flow direction, the projected
flat surface area formed by the tubes are used for the external heat transfer area. When calculating

h,, for the platen heat exchanger, an area correction factor is applied accounting for the total
wetted external surface area as opposed to the projected flat surface area, shown in Eq. (3.47).

zd
hfg,platen = hfg,rad + hfg,conv (F(:DJ (347)

For internal forced convection of the secondary fluid, h__, the Gnielinski turbulent convection

sec’

correlation is used [72]. The correlation is valid for 3x10° <Re <5x10°, and applicable for water,

air, and CO2 flow streams.
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f=(0.79In(Re) - 1.64)2
! (Re—1000)Pr

Nuconv in = (348)
™ 1412.7(2)° (Prt 1)
hsec :IVUCLtkseC,avg
d

ID

For evaporator heat exchangers, the convective thermal resistance of the bulk water volume, EV, is
assumed negligible as the water is evaporating. For cavities, where there is no secondary flow

stream explicitly modelled, only the direct radiation and wall heat transfer is accounted for.

An outer and inner fouling layer around the tube walls is accounted for in the model. R, is the

(o]

2
thermal resistance due to ash deposits on the tube bank, set to 0.0043 W [67]. The inner fouling

thermal resistance is assumed to be negligible. For air heaters, a utilization factor, v, ,, =0.9, is

applied to impose fouling thermal resistances, while the utilization factor is set to 1 for other boiler

heat exchangers. A balance between the internal heat transfer rate to the secondary fluid, Q.__, and
the external heat transfer rate from the flue gas and absorbed direct radiation, Q,, and Q,,, is

obtained via iteration while varying the outer surface temperature of the fouling T, . The external

overall heat transfer coefficient and effectiveness-NTU method is used to calculate Q,, as shown in
Eq. (3.49).

UAfg = 770 hfg Aext

UA
— fa
NTU 0=

mfgcp-fg,avg
(3.49)

_ -NTU,,
Enxfg = l1-e g

Q, = €uxtgMCp.19,avg (ng,i - Tfo)

Similarly, Q

Sec

is calculated using the thermal resistances from the outer surface of the fouling to

the secondary fluid as shown in Figure 3.11, including outer and inner fouling layers, and tube wall

conduction.
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lr//HX
UA. =
sec R. I ‘ R
1 + i, n('}, /",) + fo

ninthsecAint 77intAint 27Tk L NINt 77extAext

tube “tube

UA
NTU,, =——=—
m

SECCP.SEC,GVQ

(3.50)

=NTUg,

SHXsec = 1 —-€

T

Qsec = gHXsecmsecCp.sec,avg (Tfo - sec,i)

where A . is the tube internal surface area, A

int

is the tube external surface area, and y,, is the

ext

heat exchanger utilisation factor. Note for the platen-type sCO2H1, A . is adjusted to account for

ext

the tubes being modelled as flat plates as previously discussed.

Lastly, the outer and inner tube wall metal temperatures, T, and T, are computed using the

respective thermal resistances and Q

sec ©

R, .
To =T — Qsec
nextAext
__In(r, /1)
wi wo 272',( L Nth sec

tube “tube

(3.51)

The heat transfer rate to the water walls, Q and roof, Q is calculated using the radiative and

wall ? roof

convective heat transfer coefficients calculated for flue gas across the tube bank. However, to
account for the reduced gas flow velocities surrounding the water walls, the heat transfer coefficient
is corrected as shown in Eq. (3.52) using tuning coefficients derived from preliminary CFD analyses.
The preliminary CFD analyses modelled the convective pass in the boiler, including the convective
sCO2 heater. The calculated heat transfer coefficients at the waterwalls were then used to derive

the tuning coefficients. The tuning coefficients used are f,,6 =-0.678 and g, =0.375.

conv

Consequently, Eq. (3.53) is used to calculate Q_, and Q A, is the water wall/roof area

wall roof *

surrounding the tube bank, and T, is the outside surface temperature of the water walls of the

al
evaporating circuit, which is assumed to be equal to the saturation temperature of the steam, i.e.
285°C.

hfg,wa// = (1 + ﬂconv )hfg,conv + (1 + ﬂrad )hfg,rad (352)

Owa// = hfg,waIIAwa/l (ng,avg - Twall) (353)
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For tubular air heaters, the internal Gnielinski correlation is used for flue gas, while the external flow
correlations are used for the air stream. Economisers are modelled as radiative-convective heat

exchangers as described above. The air heaters and economisers are not surrounded by water walls.

The steam drum separates the incoming flow from the economiser into vapour and liquid streams,
modelled as a simple mixture node with two-phase separation. The level control in the drum is
simulated by specifying a fixed quality within the drum. An external control loop is used to ensure
energy balance across the steam drum while maintaining the drum pressure at 6.914 MPa,
explained further in Section 3.2.4. The attemperator is used to ensure a fixed outlet temperature at

SH2 of 485 °C by extracting heat as required between SH1 and SH2. The required QATT is found

iteratively via an external control loop.

3.2.2 Rankine cycle

The component characteristics for the turbomachinery, including the CFP, BFP, HPT, and LPT, are
specified via generic performance curves for the pressure ratio and isentropic efficiency versus

normalized mass flow rate. Second-order polynomial curves of the form a, +a,CM, +a,CM,* are used
for Rankine cycle turbines, and ao+011/7'7+012n'12 for the pumps. These performance curves

determine the Rankine cycle feedwater flowrate, provided by the BFP, as well as the performance
of the turbomachinery through the isentropic efficiency performance curves. For turbines, the
isentropic efficiency at the nominal operating point is designed to be 0.7 and 0.6 for the HPT and
LPT respectively and 0.65 for pumps, observed in literature for similar steam conditions and cycle
size [52], [73], [74]. Valve components are modelled as simple 1D pipe components with a secondary
is iteratively tuned to satisfy a selected target function

loss factor, K, . For various valves, K

valve valve

which in reality would be achieved via a controller.

In this study, an assumed fixed amount of process heat, 2 MW, is extracted at the process heat line,
with the flow returning from the process as saturated liquid. The external control loop ensures an
energy balance for the process heat line. The de-aerator is modelled like the steam drum, with only

a saturated liquid outflow. The pressure at the de-aerator is fixed at 835kPa, and a mass balance

across the de-aerator is enforced via an external control loop, discussed further in Section 3.2.4. The
steam drum pressure is 6.9 MPa, and respective saturation temperature is 285 °C. The condenser is
modelled as a heat exchanger with a fixed UA value. The &-NTU method is used to model heat

transfer between the incoming steam and ambient cooling water in a counter-flow arrangement.
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3.2.3 Brayton cycle

The turbine for the Brayton cycle is also modelled using generic performance characteristic curves
for pressure ratio and isentropic efficiency, captured using the normalized mass flow rate shown in
Eq. (3.54), through 4% order polynomials, a, +a,CM, +a,CM,” + a,CM,* +a,CM," . Figure 3.12 and
Figure 3.13 show the performance curves for the sCO2 turbine and compressor respectively. The
development of these curves were informed by sCO2 turbomachinery curves observed in literature
for a wide range of operating conditions [75]. Detail design of the turbomachines is outside the
scope of this study. For the proposed integrated cycle, sCO2 turbomachinery will be grid-

synchronised, hence constant speed curves are used.

T,
cm, =Y (3.54)
pOi
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Figure 3.12: sCO2 Turbine performance curves
25.00 1.00
0.90
20.00
0.80
o 15.00
_4_‘_‘ - 0.70
> 2
= S 00
T 1000
0.50
5.00
0.40
0.00 0.30
000 001 002 003 004 005 006 007 000 001 002 003 004 005 006 007
Volume flow rate (m?3/s) Volume flow rate (m3/s)

Figure 3.13: sCO2 Compressor performance curves
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For the compressor, generic performance characteristic curves are used for the isentropic head and

isentropic efficiency against volume flow rate in the form o, +a,Q. +0,Q.> +a,Q.° +a,Q.*, where
Q. is the compressor volume flow rate. This formulation takes the inlet density to the compressor

into account, which is important to consider for highly non-ideal gas behaviour of sCO2 near the
critical point. The approach has been used for comparisons to experimental data for various inlet

conditions with reasonable success [76].

The compressor pressure ratio performance curve is specified to ensure a pressure ratio of 2.5 at
nominal load. The nominal mass flow rate for the Brayton cycle is selected to ensure the chosen
turbine inlet temperature (550°C/650°C/720°C). Similarly, isentropic efficiency curves are specified
with nominal full load efficiency of 0.9 for both compressor and turbine. A compressor inlet pressure
of 10 MPa is selected at nominal load operating conditions. This pressure needs to be high enough
to ensure that at lower loads the compressor inlet pressure will not be below the sCO2 psuedo-
critical point (=7.4 MPa) resulting in liquid entering the compressor. The same set of performance

curves are used for both heater configurations.

The recuperator and pre-cooler are both modelled using a pre-defined overall conductance, UA
value, and detailed geometry is not considered. Due to the large variation in CO2 fluid properties
near the critical point, it is important to discretize the pre-cooler to capture the considerable change
in fluid properties. Similarly, the recuperator is also discretised. A grid independence study was
conducted, and a discretization resolution of six elements was selected for both recuperator and
pre-cooler. The overall conductance is divided equally for each discretized element. The recuperator

is sized using UA,, which is selected by ensuring an overall nominal full-load recuperator
effectiveness, ¢, =0.9 in Eq.(3.55) [35]. The pre-cooler is sized using UA,., which is selected to

ensure an outlet temperature of T,.,=33°C=T,

comp,i *

hce_hci hhf_hhe
gRX = - - = 2 z (3'55)
hh,i —h |p,,,e,TC,,‘ h,—h lph,e,Tc,;

i
,

A direct attemperator is used for the sCO2 Brayton cycle. The fraction of the flow stream for
attemperation is fixed at 10% for both heater configurations, enforced through a secondary loss
factor specified at the attemperator control valve, K,,, . The attemperation stream and primary flow
stream are then mixed at the attemperation node, modelled as a simple mixing chamber. The sCO2
heaters are modelled as radiative-convective heat exchangers, discussed in section 3.2.1.3. A 1%
pressure drop is assumed for both sCO2 heat exchangers, implemented using specified secondary

loss factors.

41



Chapter 3.

Integrated 1D process model: Materials and Methods

3.2.4 Boundary conditions, control philosophy, and solution procedure

Geometric parameters and properties described in the previous section are used to compute
component characteristics for various components in the integrated cycle model. Figure 3.14 shows
various inputs and boundary conditions for the integrated cycle. Variables shown in black text are
boundary conditions. Component characteristic inputs are as described in the previous section, such
as turbomachinery performance curves, and not explicitly shown in the figure. As the model solves
the momentum balance equations, set points for various cycle parameters are not enforced directly,
and are instead converged to via steady state control. For example, to enforce a mass flow rate for

a valve, the secondary loss factor for that valve, K, _, is specified and iteratively tuned via steady

loss 7
state control to obtain the required mass flow rate. While this approach requires steady state
control of the integrated cycle, it also captures component characteristics which in turn determine
cycle operating points. This is beneficial when simulating various operating conditions and is
required for part load analysis. In contrast, without solving the momentum balance equations,
operating points such as mass flow rates, must be directly imposed, meaning component
characteristics may not necessarily be captured, which is the approach typically used for similar
studies observed in literature. For pipes, the loss factor remains fixed, while the loss factor for valves

is tuned via steady state control.
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Figure 3.14: Inputs and boundary conditions for integrated cycle
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For the boiler, inputs for the combustion reaction are provided, including HHV, excess air ratio, fuel

constituents, and more as described in section 3.2.1.1. Initially, for a given m_,,, the combustion

model provides the required mass flow rate for air supply and flue gas streams as well as flue gas

composition, which is used as a boundary condition. Iteratively, T,., and T, are calculated at the

combustion and furnace control volumes and applied each iteration as temperature boundary

conditions.

For the Rankine cycle, p the K,___ for various valves, and Qm for attemperation are specified.

cond ,out ? loss

The condenser ambient cooling water inlet pressure, temperature, and mass flow rate are also

specified. K,,, is used to vary the load of the Rankine cycle. At nominal load, the turbine valve is

fully open. For partial load operation, the turbine valve is adjusted to meet the required load
percentage, defined as the percentage of feedwater flow rate at partial load compared to full load.
For industrial boilers of this size and specific application (sugarcane mill), at lower loads, = 40%, the
boiler becomes highly inefficient and unstable. Therefore, the plant typically operates between 60-
100% of the maximum continuous rating (MCR). Thus, in this study Rankine cycle load is varied from
100% (nominal load) to 60% load.

For both Brayton cycle configurations, the pre-cooler outlet pressure/compressor inlet pressure is
specified, as well as the ambient cooling water inlet pressure and temperature, and mass flow rate.
The pre-cooler bypass valve shown in Figure 3.14 is used to maintain the compressor inlet

temperature/pre-cooler outlet temperature above 33°C to avoid liquid entering the compressor.

The sCO2 Brayton cycle is proposed as a supplementary cycle, consequently, its performance also
varies based on the Rankine cycle load, using a load-following strategy. Throughout this work, the
specified load percentage refers to the Rankine cycle load. Initially, to investigate various control
methodologies for the sCO2 Brayton cycle, the single heater configuration is used. A control
methodology is then selected and used to simulate both single and dual configurations. Two control
methodologies are explored, namely inventory control only, as well as inventory control combined
with a throttling valve. Additionally, the sCO2 Brayton cycle is also simulated without any control
methodology for comparison purposes. Inventory control requires a pressure differential between
the fluid in the cycle and the fluid in the storage tanks to allow for fluid in the cycle to be charged
or discharged. Reducing the overall fluid pressure in the cycle maintains the same operating points
on the T-s diagram (given other operating conditions are unchanged). This allows for the cycle
efficiency to be maintained at lower loads while reducing the mass flow rate and consequently net
power output. For ideal gases, turbomachinery operating points also remain unchanged at lower
loads. For this work, the minimum sCO2 pressure is constrained by operation above the sCO2 critical

pressure (7.4 MPa). For the maximum pressure, moving too far away from the critical sCO2 pressure
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reduces the cycle efficiency, as well as increases the maximum cycle operating pressure which can

impact tube material operating lifetime. As such, for inventory control, p is varied linearly from

comp.in
10 MPa at nominal load to 7.5 MPa at low load (60%), while there is no control on the maximum

Brayton cycle temperature. For inventory control combined with a throttling valve, p is again

comp.in
varied linearly from 10 MPa at nominal load to 7.5 MPa at low load, however, the throttling valve

in the Brayton cycle, seen in Figure 3.14, is adjusted to maintain the turbine inlet temperature, T,

turb.in

, at 550°C. Lastly, for the sCO2 Brayton cycle without any control methodology, the throttling valve

remains fully open and p remains fixed at 10 MPa for all loads.

comp.in

Table 3.5: External control loop parameters, target functions, and constraints

CO ntro I I ed pcond,out KcFP Kpracess Kbypass KBFP
parameter
Target Saturated liquid at Mass balance | Energy balance Energy balance at de- Fixed
condenser outlet over de- for 2 MW process aerator pressure at
aerator heat extraction steam drum
Constraint cond = Poa = Tprocess,e = mDAhDA :mCFPhCFP Psp =
hS”“"q @pw"d 835 kPa Tsat,/iq @ppracess + mHPT.prﬂsshHPT.byPass 6.914 MPa
+mpracess.authprucess.out
Controlled l‘hqu, QAW KPC.bypass Kthrott/e
parameter
Target Energy balance at Fixed sCO2 compressor | sCO2 turbine inlet
steam drum temperature inlet temperature | temperature
at SH2 outlet
Constraint Moohgy = Mees ouchecsone | Toae = Teompin 233°C Tourin =550°C
+ mEV.authE\/‘aut 485 °C

Several constraints are applied to the model, shown in red text in Figure 3.14. The various controlled
parameters are shown in green text in Figure 3.14. Table 3.5 shows the control parameters, target
functions, and constraints satisfied by the external loop. For each iteration of the external search

loop, the balance equations are solved to convergence. K, , is a primary input to the Rankine cycle

turb

model and specified for the required load percentage. Similarly for the Brayton cycle, p is also

comp.in
a primary input, specified for the required load percentage for inventory control. The controlled
parameters in Table 3.5 are adjusted for full convergence with the provided component

characteristics, sCO2 heater configurations, K,,,, and p

comp.in *

Effectively, this means that Rankine
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cycle performance for a given load percentage is the same for various sCO2 heater configurations,

however, boiler operation and sCO2 Brayton cycle performance varies.

To arrive at a fully converged solution where the specified constraints are satisfied, the iterative
solution process is wrapped within an external search loop, as shown in Figure 3.15. With all inputs,
boundary conditions and component characteristics specified, the model is solved till full
convergence of balance equations. The target functions for the respective controlled parameters
are then setup and provided to the external loop. For each iteration of the external loop, the balance
equations are solved to convergence. The target functions are then re-calculated, and the controlled
parameters updated. Due to the large non-linearities associated with the different control variables,
a multi-variate search algorithm resulted in solution instability. As such, a single-variate secant
algorithm from the SciPy library [77] is used to iterate the various control parameters to satisfy the
respective target functions and provided constraints. The secant method is derived from Newton’s
method [78], shown in Eq. (3.56) where x, is the updated value of the control parameter, and x,1
the value at the previous iteration. As there is no closed-form analytical expression for the target
function derivative, a finite-difference method is used to approximate the derivative shown in Eq.
(3.57).

Xn = Xn-1 —% (3.56)
F'(Xn1) = f(’;”‘l):ﬁ(x"*) (3.57)

The controlled parameters are updated every iteration of the external loop. Once convergence of
the controlled parameters is reached, the calculation concludes. A relative convergence of 1% is

assumed for all controlled parameters to meet the respective constraints.

The complete integrated model consists of 82 elements and solves within 1-15 minutes on a 12-core
AMD Ryzen 5900X CPU depending on the initial guesses. Although the thermofluid network
modelling approach applied here has been validated with site data for industrial-scale biomass-fired
and coal-fired boilers [10], [54], it has not been validated via comparison with plant measurements
for this specific layout since the plant has not yet been constructed. A detailed CFD analysis is
conducted in Chapters 5, 6, and 7 to verify the heat uptakes of boiler heat exchangers and to further

calibrate the 1D integrated model.

Appendix A contains a brief description and code listing for the integrated 1D process model. The
structure of the model is explored, as well as a summary of the codebase. Code for a driver program
for the single heater configuration is presented as an example, as well as several boiler classes and

their implementation.
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This concludes the chapter on the integrated cycle layout and 1D thermofluid process modelling

development.
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Figure 3.15: External solver loop process flow diagram
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4. Integrated 1D process model: Results and
discussion

Chapter 4 discusses the results from the integrated 1D process model. The chapter first details the
integrated cycle performance at nominal load, including overall cycle performance, as well as a
detailed analysis of boiler heat exchangers. Initially, a preliminary study to select the sCO2 Brayton
cycle maximum temperature, or TIT, is discussed. The selected TIT is thereafter used for further
investigation. The 1D model is used to simulate three configurations, namely, the existing Rankine
cycle without the sCO2 Brayton cycle integration, the integrated cycle with the single sCO2 heater
configuration, and the integrated cycle with the dual sCO2 heater configuration. For reference,

these are referred to as existing cycle, single configuration, and dual configuration respectively.

The second part of this chapter discusses the part-load analysis of the integrated cycle. Various sCO2
Brayton cycle control methodologies are explored across the operating load range. The selected
control strategy is then used to investigate the integrated cycle for both single and dual sCO2 heater

configurations.

4.1 Nominal load case study

A preliminary parametric study was conducted to select an appropriate TIT from three options
namely 550°C, 650°C, and 720°C. The integrated model was simulated for these TITs at nominal

load. Detailed results are presented thereafter for only one selected TIT.

Table 4.1 shows high level cycle results for the existing cycle without the sCO2 Brayton cycle
integration, single sCO2 heater configuration, and dual sCO2 heater configuration. Since all cases
are simulated at nominal load for the Rankine cycle, the feedwater flow rate, condenser pressure,
and net electrical power output for the Rankine cycle are the same for all cycle configurations,

shown in Table 4.2.

The Rankine cycle has a net electrical power output of 8.8 MW (excluding the 2 MW of process
heat), and thermal efficiency of 25.30%. Comparing the fuel flow rates for the existing cycle and for
the sCO2-integrated cycles, an increase of approximately 15% is observed for the 550°C case, 9% for
the 650°C, and 5% for the 720°C. This difference represents the overfiring required to maintain the
Rankine cycle at full load while providing sufficient additional heat to the sCO2 Brayton cycle. The
increase in fuel flow rate results in an increase in the flue gas mass flow rate due to the increase in
the mass of the reactants in the combustion process. The fuel flow rate decreases for higher TITs

because the required sCO2 mass flow rate decreases with higher TIT.
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Table 4.1: High level simulation results for the existing cycle, dual sCO2 heaters, and single sCO2 heater for TITs of
550°C, 650°C and 720°C

Fuel flow rate [kg/s] Flue gas flow rate Q'A,_,mm [kw] sCO2 flow rate
[ke/s] [kg/s]
Existing cycle (no
sC0O2) 5.647 23.099 1580 -
550°C | Single sCO2 heater 6.512 26.636 1271 19.358
Dual sCO2 heaters 6.501 26.591 922 19.076
650°C | Single sCO2 heater 6.151 25.158 1331 10.577
Dual sCO2 heaters 6.149 25.153 1033 10.350
720°C | Single sCO2 heater 5.888 24.083 1373 4.970
Dual sCO2 heaters 5.979 24.454 1045
sCO2 Brayton cycle net Total net en srayton 120] T overan 1%6]
electrical power output electrical power
[kw] output [kW]
Existing cycle (no
sC02) - 8760 - 25.32
550°C | Single sCO2 heater 1861 10621 35.68 26.66
Dual sCO2 heaters 1811 10621 35.41 26.60
650°C | Single sCO2 heater 1221 9981 40.37 26.50
Dual sCO2 heaters 1197 9957 39.80 26.62
720°C | Single sCO2 heater 627.9 9388 42.34 26.00
Dual sCO2 heaters 833.2 9593 41.66 26.19

Table 4.2: Rankine cycle results for all configurations

Feedwater flow rate

Condenser

Rankine cycle net

nth.kankine [%]

[kg/s] pressure [kPa] electrical power output
[kw]
All cycle configurations 13.127 18.3 8760 25.30%

48



Chapter 4.

Integrated 1D process model: Results and discussion

Comparing the three TIT cases, the 650°C and 720°C cases have lower sCO2 mass flow rates (-45%
and -73% compared to 550°C) to obtain the higher TITs. Consequently, the sCO2 heaters for the
650°C and 720°C cases have lower heat uptakes in the boiler, resulting in lower fuel flow rates and
flue gas flow rates. Additionally, the sCO2 Brayton cycle net electrical power output for the 650°C
and 720°C cases are 1.2 MW and 0.7 MW, compared to 1.8 MW for the 550°C cases (-34% and -
61%). However, as expected, with the higher TIT at 650°C and 720°C, the sCO2 Brayton cycle thermal
efficiency is 4.4% and 6.4% higher compared to the 550°C cases.

Comparing the overall integrated cycle thermal efficiency with that of the existing Rankine cycle
alone, the 550°C cases have the largest increase (+1.31%), followed by the 650°C cases (+1.24%),
and lastly the 720°C cases (+0.78%). While the Brayton cycle thermal efficiency does increase slightly
when increasing the TIT, the reduction in net sCO2 Brayton cycle generation results in a slight
decrease in the overall integrated cycle efficiency for the 650°C and 720°C cases compared to the
550°C cases. As the sCO2 Brayton cycle efficiency at 550°C is already 10% higher than the Rankine
cycle efficiency, the further thermal efficiency gain at higher TITs is negated by the drop in net
electrical power output for the sCO2 Brayton cycle. Therefore, the 550°C TIT is selected for further
investigation due to it having the highest efficiency and net electrical power output. The 550°C

cases require a 15.3% increase in fuel flow rate for a 21.2% increase in net electrical power output.

The Rankine cycle attemperation rate, Qmmm, allows for control of the SH2 outlet steam

temperatures, with a set point of T, =485 °C. The existing cycle requires 1580 kW of

SH2,0ut
attemperation, while for the selected 550 °C sCO2 cases, the single configuration requires 1271 kW
(-19.6%) and the dual configuration 922 kW (-41.6%). The reduction in required attemperation is
due to the heat uptake in the radiative sCO2 heater, which results in less heat uptake to the steam
in SH2. Notably, the single configuration requires more attemperation compared to the dual
configuration (+46%), even though both configurations have nearly the same sCO2 flow rates. The
significant difference in attemperation is attributed to the different heater configurations and its
positioning in the boiler. The sCO2 heater positioning influences downstream flue gas temperatures

as well as heat uptakes in downstream heat exchangers, which is discussed in detail in Section 4.1.3.

4.1.1 Rankine cycle

Figure 4.1 shows the Rankine cycle T-s diagram for the existing cycle. Note that this diagram would
be relatively the same for the configurations with the sCO2 Brayton cycle, with only a difference in
attemperation capacity and boiler heat exchanger performance. The process heat line is also shown

as a dashed line, with 2 MW of heat extraction. Various valve pressure drops, necessary for Rankine
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cycle control, are accounted for, such as CFP to DA (CFP valve), and HPT to DA (process heat valve).
The HPT and LPT generate approximately 3.9 MW and 5.0 MW respectively.

The total feedwater flow rate at nominal load is 13.13 kg/s. Of this, 78% flows through the LPT and
22% towards the process heat line. The process heat line then splits again with 29% providing the
required process heat and 71% bypassing the process heat extraction and flowing to the DA. For the
existing cycle, the single sCO2 heater configuration, and the dual sCO2 heater configuration
respectively, temperature drops of 41°C, 23°C, and 31°C are calculated due to attemperation
between SH1 and SH2.

600

500 SH2
485°C
383°C
400 SHT
HPT
ey ATT 341°C 317°C
8, 300 285°C EV
— 285°C
EC3 Drum
EC2 n3c
200 EC]_ 202°C
BFP 186°C Process heat
D/:\uz“c extraction
100 Process heat LPT
CFP return
58°C soc
0 Condenser
0 1 2 3 4 5 6 7 8
s (kJ/kgK)

Figure 4.1: Rankine cycle T-s diagram

4.1.2 sCO2 Brayton cycle

Figure 4.2 shows the T-s diagrams for both configurations of the sCO2 Brayton cycle with a TIT of
550°C. The recuperator, which is split into RXHP and RXLP, and pre-cooler are each discretised into
6 increments. The lowest temperature in the cycle of 32°C is just above the critical point, as shown
by the saturation curve in grey. At the lowest pressure in the cycle of 10 MPa, the corresponding
density is 741 kg/m?3, leveraging the high density of CO2 near the critical point. This pressure is
selected above the critical pressure of 7.377 MPa to allow for inventory control at lower loads by

lowering the overall pressure level in the cycle.
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The two sCO2 Brayton cycle configurations have similar performance. For the turbomachinery, both
configurations have a TIT of ~555°C, as well as a PRc of 2.5, and PRy of 2.4, as specified through the
performance curves. As the sCO2 mass flow rates are approximately the same between the two
configurations, net electrical power output and thermal efficiency are also similar. The Brayton

cycles have a thermal efficiency of Mg =35.5%. This is lower than many of the simple

recuperated sCO2 Brayton cycles reported in literature of up to 40% [35]. This is due to the selected
higher minimum cycle pressure of 10 MPa, which is essential for inventory control purposes,
demonstrated in the part-load case study. The pre-cooler and recuperator sizing is the same for
both configurations, with UA,. =170 kW/K and UA,, =210 kW/K.

The main differences between the two Brayton cycle configurations are the heater arrangement
and attemperation point. For the dual configuration, attemperation occurs between sCO2H1 and
sCO2H2. For the single configuration, attemperation occurs before the flow stream enters sCO2HX.
The attemperation extraction point is the same for both configurations, with a flow stream split

before the recuperator, as shown in Figure 4.2.

Table 4.3: Outlet temperatures at RXHP, sCO2H1, and ATT for dual and single heater configuration

TRXHP(M [°C] Tscozmout [*C] Ty [°C]

out

Single config 381 - 340
Dual config 384 447 397

Table 4.3 shows the outlet temperatures at RXHP, sCO2H1 (dual configuration) and ATT. For the
dual configuration, where attemperation occurs after the flow stream is heated at sCO2H1, the inlet
temperature to the convective sCO2 heater, sCO2H2, is 397°C, compared to 340°C for the single
heater (sCO2HX) case.
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Figure 4.2: T-s diagram for TITsrayton= 550°C; Dual sCO2 heater configuration (top) and single sCO2 heater
configuration (bottom)

4.1.3 Boiler heat exchangers

4.1.3.1 Flue gas heat transfer rates and temperatures

Figure 4.3 shows the flue gas heat transfer rates at the different boiler heat exchangers for the

existing, single, and dual configurations. Q;, accounts for all heat loss from a flue gas volume,

excluding Q.. from upstream incident radiation. For the existing cycle, the largest flue gas heat

abs
transfer rates are at the furnace, SH1, and SH2. The higher flue gas heat transfer rate at SH1 over

SH2 is due to the larger heat exchanger surface area at SH1 (+109% of SH2), which counteracts the
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lower inlet flue gas temperature (-33% of SH2). Note that this does not account for Q,. which

abs

contributes significantly more to overall heat transfer at SH2 compared to SH1.
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Figure 4.3: Flue gas heat transfer rate (loss) for existing, single, and dual configs (left). Relative difference to
existing cycle (right).

At the combustion process outlet, T, is the same for both configurations at 1342°C. The furnace
exit temperature, T, is higher for configurations with the sCO2 heater integration compared to the
existing cycle (991°Cvs 965°C). The higher T,, for sCO2 heater configurations is due to the increased
fuel firing rate, consequently increasing Bo in Eq. (3.18) and T,.. This also results in increased

furnace radiant heat at the furnace exit plane, Q., , and to furnace waterwalls and refractory walls,

FE 7
shown in Table 4.4. The majority of the heat uptake in the furnace is via the waterwalls (82.5%)
followed by furnace radiation through the exit plane (14.8%), which is absorbed by downstream

heat exchangers.

Table 4.4: Furnace heat uptake breakdown

QFE [kW] QWW [kW] ORF [kW] Qlassjur [kW] Qfg_fur (TOt) [kW]

Existing 1940 10865 210 133 -13148
Single 2091 11588 226 142 -14047
Dual 2094 11603 226 142 -14065
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For the dual configuration, Qfglscom is relatively small, due to the small physical size of the heat

exchanger to minimise adversely impacting heat uptake at SH2. Consequently, AT ., =

-19°C,
which counteracts the increased T,. from the increase in fuel firing rate. This brings the flue gas

inlet temperature at SH2 for the dual configuration closer to the existing cycle, (972°C vs 965°C

respectively), while the inlet temperature to SH2 for the single configuration is T, =991°C. The

increased flue gas inlet temperature, as well as increased flue gas mass flow rate from overfiring,
results in increased flue gas heat transfer rates at SH2 for the sCO2-integrated configurations

compared to the existing cycle. Additionally, the increased inlet flue gas temperature for the single

configuration over the dual configuration results in slightly higher Qfgls,_,z (+2.2%).

For the single and dual configurations, there is a significant flue gas temperature decrease due to
heat transfer to the sCO2 heater (sCO2H2/sCO2HX) slotted in CAV1. For the single configuration,

Q;, sconx is the largest flue gas heat transfer rate at -6.3 MW, excluding the furnace. Comparing the

single and dual configurations, Qfg,sCOZHX is higher than Qfg,sCOZHZ primarily due to the larger surface

area of sCO2HX, as well as a lower inlet sCO2 temperature as shown in Table 4.3.

Because of the position of sSCO2H2/sCO2HX in the flue gas flow path, flue gas temperatures and
heat transfer rates downstream are reduced. The effect of reduced flue gas temperatures can be
seen in Figure 4.3 with reduced heat uptakes at bCAV1, SCR2, CAV2, SH1, bEV, and tEV, which then
approaches and exceeds the existing cycle heat uptakes thereafter. sCO2HX has a larger impact on
the downstream heat exchangers compared to sCO2H2 due to the larger gas heat loss. Notably, at

CAV2 where radiative heat transfer dominates, the reduced flue gas temperatures have a larger

impact on radiative heat flux. Consequently, there is a 32% and 23% reduction in Ofg_Csz for the

single and dual configuration respectively. Additionally, at SH1, there is a 18% and 10.8% reduction

in flue gas heat transfer rates for the single and dual configuration respectively.

4.1.3.2 Water/sCO2/Air temperatures and heat transfer

Figure 4.4 shows the heat transfer rates to various flow streams, Q__, for the steam Rankine cycle,

sec /

sCO2 Brayton cycle, and combustion air streams for the three cycle configurations. Q__ is broken

sec

down into Q,,_, absorbed radiation from upstream gas volumes, and Q_ , external convective and

abs 7 ex /

radiative heat transfer from the coupled flue gas control volume.

For the water stream, the main areas of interest are the outlet of SH1/inlet of ATT, and outlet of
ATT/inlet of SH2. At the inlet to SH1, all configurations have the same inlet temperature from the

steam drum. For sCO2-integrated configurations, the placement of sCO2H2/X reduces flue gas
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temperatures at SH1 and consequently Ofg,SHl' as discussed previously. This also results in a
decrease in Qsec,SHl compared to the existing cycle (-18% single config, -11% dual config). The single

configuration is impacted more in this regard due to the larger area of sSCO2HX compared to sCO2H2

for the dual config.

Secondary fluid heat transfer rates Relative difference to existing cycle

12000 Single config Dual config

11000 Existing Qdot_abs Existing Qdot_ex 30
: 20
10000 m Single Qdot_abs Single Qdot_ex
10
9000 B Dual Qdot_abs M Dual Qdot_ex
0
___8000
g -10
27000
- -20
6000 x®
P
0 -30
S 5000 |

4000
3000
2000

o

1000

hll .
LI [ T IIIII -80

& I S N S s TR« PRI S\ S A S S B ¢ 2 .4 ©
& w&@g’&d 1,\'*&'@' Qm‘;l:»“ ,@g‘?‘&”@d“@’@\o ""‘ ’& %s&f\.ﬁl‘\‘o@é FHFE EFEEE Q\‘?g‘
3
&
<

0

‘-:

Figure 4.4: Heat transfer rates to water, sCO2, and air streams (left). Relative difference of Qdotsec to existing
cycle (right).

As a general trend, Qabs decreases significantly along the flue gas flow path, with the majority of
furnace radiant heat absorbed by SH2. Additionally, heat radiated by the flue gas at the boiler heat
exchangers, Q,,, also reduces due to lower flue gas temperatures, with 180 kW at SH2 compared
to 30 kW at SH1. At SH2, all configurations have the same outlet temperature as this is controlled

via attemperation, T, g, =485°C. The single configuration has the largest lem (+10% vs

existing), followed by the existing cycle, and lastly the dual configuration (-3% vs existing).

For the single config, the increase in Qsec,SHZ is attributed to the increased m, from overfiring, as

well as increased furnace exit temperature. The increase in Q for the single configuration

sec,SH2

balances out with a decrease in Q

. s and slight reduction in Q,

TT ,Rankine *
For the dual configuration, the radiative sCO2H1 has direct impact on the heat uptake at SH2. From
Figure 4.4, Qabs,scom absorbed from furnace incident radiation forms majority of C'Zse,clscazﬁ,1

compared to C'Zex,scom1 (63% vs 37%). The absorption of furnace radiant heat at sSCO2H1 results in a

decrease in Qabs,SHZ , 1301 kW for the dual configuration, compared to 1788 kW for the existing cycle,
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and 1927 kW for the single configuration (-27% and -32% respectively). On the other hand, Q

ex,SH2
for the dual configuration is higher than the existing cycle, due to the higher flue gas mass flow rate

from overfiring. The overall result is that Q for the dual configuration is only 3% lower than the

sec,SH2

existing cycle.
4.1.3.3 Tube metal temperatures and degradation potential

A detailed thermal resistance network is captured by the model, allowing for the calculation of tube
metal temperatures, as shown in Figure 3.11, including the outer fouling layer and outer and inner
tube metal temperatures. This highlights an additional feature of the developed 1D model, which
would not be captured by a lumped parameter model. As overfiring is required with sCO2-integrated
configurations, it is important to check tube metal temperatures are within material specifications.
Figure 4.5 shows the maximum tube metal temperatures for the radiative-convective boiler heat

exchangers.

Due to the outer insulating fouling layer between the flue gas and the tubes, internal fluid
temperatures have a larger influence on tube metal temperatures due to the lower internal thermal
resistances. The highest tube metal temperature is at sCO2H2/X due to the higher sCO2 operating

temperature, at 497 °C and 506 °C for the single and dual configuration respectively.
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Figure 4.5: Maximum tube metal temperatures
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At SH2, tube metal temperatures are similar for the existing, single, and dual configurations, at
458°C, 457°C and 459°C respectively. An increase in tube metal temperatures at SH2 would be
expected for the sCO2-integrated configurations, due to the increased flue gas temperatures
resulting from overfiring. However, the placement of the sCO2H2/X and its impact on SH1 also
results in a change in steam temperatures at SH2. The average steam temperature at SH2 is 6°C
lower for the single configuration, and 2°C lower for the dual configuration compared to the existing
cycle. In comparison, average flue gas temperatures are 27°C higher for the single configuration,
and 11°C higher for the dual configuration. The reduced steam temperatures at SH2 counteract the
higher flue gas temperatures for sCO2-integrated cycles, resulting in similar tube metal
temperatures between all cycle configurations. This effect is less pronounced for the dual

configuration due to the flue gas temperature drop across sCO2H1.

At SH1, sCO2-integrated cycles have lower average flue gas temperatures, as well as lower average
steam temperatures due to the presence of sSCO2H2/X upstream of SH1. This results in decreased
tube metal temperatures compared to the existing cycle (357°C) for the single (341°C), and dual

(347°C) configurations.

Cold end corrosion can occur in boilers when the exhausting flue gas temperature approaches dew
point temperature. For coal applications, typically the sulfuric acid dew point temperature (between
100 °C - 150°C) is used to check for cold end corrosion. However, for biomass fuels, sulfur content
is significantly lower, and thus presents low risk of corrosion from sulfuric acid. Instead, for biomass
boilers, cold end corrosion can be caused by alkaline hygroscopic salts which absorb moisture from
the flue gas. Deliquescence, which is when the hygroscopic salts fully dissolve in the moisture and
form a solution, occurs at temperatures below 120 °C [79]. For all configurations, the lowest
observed flue gas temperature was 165 °C, indicating low risk of cold end corrosion. This flue gas

temperature also lies above the typical sulfuric acid dew point temperature.

For the superheaters and radiative sCO2H1, the predicted metal temperatures and operating gas
temperatures lie within the stable zone to reduce the risk of fuel ash corrosion on the heat
exchanger tubes as described by [62]. The maximum gas velocity through each tube bank is limited
to the erosion potential of fly ash and the amount of fly ash in the fuel [62]. The maximum allowable
gas velocity is 19.8 m/s based on a ash to fluegas ratio of 0.52% observed in this study [62]. The
highest gas velocities were at sCO2H2/X at 14.3 m/s, followed by EC3 at 12.3 m/s. The highest
observed gas velocity is therefore below the maximum allowable gas velocity to prevent high levels

of erosion.
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4.1.3.4 Boiler heat load breakdown

The majority of the boiler heat load contributes towards heating the evaporating circuit, through
the water walls around the furnace and boiler heat exchangers, evaporators, and screens. Table 4.5
shows a summary of heat loads for all the Rankine cycle heat exchangers as well as the sCO2 heaters.
Importantly, radiant heat absorbed by waterwalls surrounding the furnace makes up a larger
percentage of the EV heat uptake, at 3.4% for the single configuration and 3.7% for the dual
configuration. There is also an increase in heat uptakes at the EC heat exchangers (+4.8% and 8.6%
respectively. The increase in these heat uptakes counteracts the reduced heat uptake at other
evaporator heat exchangers due to the reduction in flue gas temperatures caused by the sCO2

heater(s).

As previously discussed, for the SHs, there is a shift in heat uptake between SH1 and SH2. For the
single configuration, SH1 has reduced heat uptake compared to SH2 due to sCO2HX positioned
upstream of SH1. Consequently, SH2 makes up a higher percentage of the required heat load, also
due to the increased flue gas temperatures and mass flow rate from overfiring. For the dual
configuration where SH2 is also adversely impacted by sCO2H1, attemperation is reduced to ensure

steam is heated to the required exit temperature.

Table 4.5: Boiler heat load breakdown for existing cycle, single configuration, dual configuration

Existing (kW) | Single (kW) | Dual (kW) | Existing % | Single % | Dual %
EC EC1 715 797 824 25.2 26.8 26.8
EC2 922 975 1010 325 32.8 32.8
EC3 1199 1201 1246 42.3 40.4 40.5
2836 2973 3080 (+4.8%) | (+8.6%)
EV furn 11075 11814 11830 46.4 49.8 50.1
bEV 2897 2522 2746 12.1 10.6 11.6
tEV 1665 1540 1667 6.97 6.49 7.06
Other 8251 7853 7382 34.5 33.1 31.2
23889 23729 23626
SH SH1 4462 3634 3950 56.4 46.0 50.0
ATT -1580 -1271 -922 -20.0 -16.1 -11.7
SH2 5030 5543 4879 63.6 70.1 61.7
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7912 7906 7907

Total 34637 34608 34612
sCO2 sCO2H1 - - 1336 - - 26.1
sCO2H2/X - 5215 3778 - 100 73.9

5215 5114

Q,., 34637 39823 39726

Mioier (70) 64.36 64.32 64.18

Lastly, overall boiler efficiency, 7,,,. is calculated using Eq. (4.1), where Q is defined as the total

water

heat transfer rate to the water from the BFP outlet to SH2 outlet.

' ater +O5
Mpoiter = Quser + Ueon : (4.1)

mfuel (hfuel + HHVfue/ ) +mPA+SAhair,tAH,out + mDAh

amb,air

Boiler efficiency remains similar for all the configurations, around 64.29% on average, which
correlates well with the value of 64.48% reported in Laubscher & De Villiers [10]. However, the
sCO2-integrated configurations have slightly higher flue gas exit temperatures (169 °C, 170 °C, and
165 °C for the single, dual, and existing configuration respectively), which indicates increased dry
gas losses via the flue gas. The overall integrated cycle thermal efficiency increased for the sCO2-
integrated cycles at 26.5% compared to 25.3% for the existing cycle. The incremental efficiency from

adding the sCO2 cycle is calculated as the increase in power output from the sCO2-integration (

Wiet sco2 ) divided by the thermal power associated with the increase in fuel flow rate ( Am e HHV el

). The average incremental efficiency for sCO2-integrated configurations is 24.7%.

4.1.4 Summary of results

For the sCO2-integrated cycle configurations a 15.3% increase in fuel firing rate is required to
provide sufficient heat uptake for both the Rankine and Brayton cycles. A 21.2% increase in net
electrical power output is observed for sCO2-integrated cycles, with an additional 1.9 MW
generated by the sCO2 Brayton cycle over the 10.8 MW of combined heat and power generated by
the Rankine cycle. This highlights the potential for increased net electrical power output at higher
thermal efficiencies, as well as the feasibility of the proposed integration. Due to overfiring, furnace

exit temperatures are elevated for sCO2-integrated configurations. There is also an increase in
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radiative heat uptake at water walls surrounding the furnace, offsetting the reduced heat uptake at

boiler heat exchangers downstream the sCO2 heaters.

Comparing the sCO2 heater configurations, the single heater configuration appears to perform
similar to the dual heater configuration in terms of fuel firing rate and net electrical power output.
However, the single heater configuration has less impact on SH2, and more Rankine cycle
attemperation capacity which improves controllability. Furthermore, the single heater configuration
is inherently less complex than the dual heater configuration. With overfiring required to run both
configurations, the practical impacts on boiler longevity, with increased fouling and furnace exit
temperatures, must also be considered. A detailed sensitivity analysis exploring the impacts on

boiler cleanliness and varying fouling factors may be warranted.

The integrated 1D model is computationally efficient and numerically robust, allowing for the
impacts of the sCO2 integration to be quantified through detailed analysis on boiler heat exchanger
and overall cycle performance. In the next section, the model is also used to study the integrated
cycle at varying loads, which highlights further impacts of the sCO2 Brayton cycle integration on the

overall system operation.

4.2 Part-load case study

For the part-load case study, the 1D model is used to simulate the existing Rankine cycle for 100%
load down to 60% load in 10% increments. Next, the two sCO2 Brayton cycle control methodologies
are explored using the single sCO2 heater cycle configuration. The Brayton cycle control
methodologies include inventory control only, and inventory control together with a throttling
valve. For comparison purposes no control of the sCO2 cycle is also simulated, i.e. where the Rankine
cycle load is reduced while allowing the sCO2 cycle to find its own resultant operating point. Lastly,
the selected Brayton cycle control methodology is implemented for both single and dual sCO2

heater configurations and overall integrated cycle performance is explored.
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4.2.1 Rankine cycle

Figure 4.6 shows the Rankine cycle T-s and p-h diagrams at 100% down to 60% load for the existing
cycle. As the sCO2 Brayton cycle is proposed to load-follow the Rankine cycle, Rankine cycle
performance only differs in attemperation and boiler heat exchanger performance for sCO2-
integrated configurations. The effect of various control valves on the Rankine cycle is highlighted in
the p-h diagram. The turbine valve is closed more for lower loads, while the CFP valve and process

valves are opened more.
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Figure 4.6: Rankine cycle T-s and p-h diagram for 100%-60% load
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Table 4.6: Rankine cycle results for 100%-60% loads for all cycle configurations

my,, [kg/s] Feedwater flow Condenser pressure Rankine cycle net 7 — 7
rate [kg/s] [kPa] electrical power output
(Existing cycle) [kW]
100% load | 5.664 13.17 18.66 8575 24.69
90% load 5.141 12.00 15.95 7834 24.76
80% load 4.552 10.67 13.31 6956 24.72
70% load 3.959 9.32 11.06 6035 24.57
60% load 3.407 8.05 9.20 5292 24.55

Table 4.6 shows Rankine cycle results for 100%-60% loads. As the load percentage decreases,
feedwater flow rate and consequently net Rankine cycle generation decreases. Process heat is fixed
at 2 MW for all loads. The required fuel flow rate also decreases with the decrease in Rankine cycle
load. Additionally, the condenser backpressure decreases due to the reduced cooling load through

the condenser at lower cycle loads.

4.2.2 sCO2 Brayton cycle control methodologies

The two control methodologies for the sCO2 Brayton cycle were explored using the single sCO2
heater configuration. Figure 4.7 and Figure 4.8 shows the T-s and p-h diagrams for the single heater
sCO2 Brayton cycle simulated at 100% down to 60% loads with two control methodologies namely,
(i) inventory control only, (ii) inventory together with a throttling valve, and additionally with no
control. Figure 4.9 shows various results, including sCO2 Brayton cycle efficiency, overall integrated
cycle efficiency, sCO2 Brayton cycle net electrical power output, required boiler fuel flow rate, and
sCO2 Brayton cycle mass flow rate for varying loads. Initially, 100%-70% load is discussed, with the

60% load cases discussed thereafter.

Starting with inventory control, for 100%-70% load, the compressor inlet pressure is decreased for
lower loads, as shown in Figure 4.8. This results in a lower maximum cycle pressure. The use of
inventory control results in a decrease in sCO2 mass flow rate, from 19.29 kg/s at 100% load down
to 16.21 kg/s at 70% load (-16%), as seen at the bottom of Figure 4.9. A pressure ratio of 2.5 is
maintained for the various load percentages due to lower densities at lower loads, negating the
decrease in mass flow rate. With the reduction in fuel flow rate for lower Rankine cycle loads, the
reduction in sCO2 mass flow rate from inventory control alone is not sufficient to maintain the

nominal maximum Brayton cycle temperature of 550°C for lower loads. Consequently, the
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maximum Brayton cycle temperature decreases, from 555°C at 100% load to 478°C at 70% load,

seen in Figure 4.7.

The second control methodology uses inventory control with a throttling valve to maintain the
maximum sCO2 Brayton cycle temperature at 550°C. Inventory control alone is not sufficient to
maintain the 550°C temperature at lower loads as shown previously, which warrants the use of a
throttling valve. The same inventory control methodology is used as the first method, with the same
compressor inlet pressures for lower loads. However, to overcome the additional pressure drop
across the throttling valve, the compressor pressure ratio increases, from 2.5 at 100% load to 2.8 at
70% load. This results in a higher maximum Brayton cycle pressure compared to using only inventory
control. The pressure drop across the throttling valve increases from 595 kPa at 90% load to 4000
kPa at 70% load. The throttling valve is used to maintain the turbine inlet temperature at 550°C, as
shown in the T-s diagram in Figure 4.7. This results in a decrease in sCO2 mass flow rate from 19.29
kg/s at 100% load to 12.09 kg/s at 70% load (-37.3%). The throttling valve allows for a further
reduction in sCO2 mass flow rate compared to only using inventory control, while maintaining the

550°C maximum cycle temperature.
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Figure 4.7: T-s diagrams for the sCO2 Brayton cycle (single configuration) at 100%-60% load for various control
methodologies
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Figure 4.9: Results for various sCO2 Brayton cycle control methodologies at 100%-60% load.

Top left: sCO2 Brayton cycle efficiency, Top right: Overall integrated cycle efficiency, Middle left: sCO2 Brayton cycle net
generation, Middle right: Fuel flow rate, Bottom: sCO2 Brayton cycle mass flow rate

66



Chapter 4.

Integrated 1D process model: Results and discussion

With no control of the sCO2 Brayton cycle, there is no control on the Brayton cycle max
temperature, and the compressor inlet pressure remains at 10 MPa for all loads as seen in the p-h
diagram in Figure 4.8. With lower fuel flow rates required at lower Rankine cycle loads, the
maximum temperature of the sCO2 Brayton cycle decreases due to less heat available from lower
flue gas flow rates, from 550°C at 100% load to 362°C at 60% load, shown in the T-s diagram in Figure
4.7. The sCO2 mass flow rate in this case increases from 19.29 kg/s at 100% load to 20.30 kg/s at
70% load (+5.2%). Figure 4.10 shows the operating points for the sCO2 turbomachinery for each
control methodology. For no control, the reduction in turbine inlet temperature, and consequent
increase in density, results in a decreased pressure ratio over the turbine. Thus, the volume flow
rate through the compressor increases for a reduced isentropic head and pressure ratio. This results

in the slight increase in sCO2 mass flow rate for lower loads with no control in place.
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Figure 4.10: Operating point on turbomachinery curves at 100%-60% loads for each control methodology. Top:
Compressor, Bottom: Turbine

At 100% load, 77, 50000 1S 35.75%. At 70% load, 7, ..., for inventory control is 34.71% (-1.04%),
inventory control with throttling is 29.39% (-6.36%), and for no control 30.64% (-5.11%). This can

also be seen at the top left of Figure 4.9. Inventory control alone maintains thermal efficiency better

from nominal load down to 70% load compared to inventory control with the throttling valve. The
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larger decrease in thermal efficiency is due to the pressure reduction and entropy generation across
the throttling valve, which is required to maintain the cycle temperature at 550°C. Even though the
Brayton cycle temperature is higher for the control strategy with the throttling valve, the increase
in compressor work required to overcome the flow resistance of the throttling valve, as well as the
reduced work done by the turbine, results in a substantial nett decrease in thermal efficiency. Lastly,
for the case with no control, the reduced turbine inlet temperature results in a decrease in thermal
efficiency at lower loads, demonstrating the need for a control methodology to maintain thermal

efficiency at lower loads.

Notably, the sCO2 Brayton cycle with no control has a higher thermal efficiency at 70% load
compared to using inventory control with a throttling valve. Comparing sCO2 Brayton net electrical
power output at 70% load, the case with no control has the largest net electrical power output at
1480 kW but the lowest thermal efficiency (30.64%), the inventory control case has the 2nd largest
net electrical power output at 1349 kW and the highest thermal efficiency (34.71%), and the
throttling case has the lowest net electrical power output at 698 kW and the lowest thermal
efficiency (29.39%). These results therefore show that inventory control alone maintains the highest
thermal efficiency across the low load operating range while still providing nearly the same net

electrical power output as the case with no control.

Observing the results at 60% load for inventory control and for the throttling valve cases, there is a
large shift in performance for the sCO2 Brayton cycle. At 60% load for inventory control, the cycle
low pressure is 7.5 MPa. At a compressor inlet temperature of 33°C, the compressor inlet operating
conditions are close to the pseudo-critical point, which can be seen in Figure 4.11. Comparatively,
for 100% - 70% load operation, the compressor inlet conditions are away from the pseudo-critical
point for the respective compressor inlet pressures. However, for the 60% load case, there is a large
reduction in compressor inlet density, from around 576 kg/m?3 at 70% load down to 332 kg/m?3 at
60% load (-42%).

68



Chapter 4.

Integrated 1D process model: Results and discussion

——10 MPa 9.375 MPa 8.750 MPa 8.125 MPa 7.5 MPa ® Inventory control A Throttling valve

900 60000
800

700 \—m
600
500
400
300
200

»

[ ]
)
i
[}
[}
[=]
(=]

40000

30000

Density (kg/m?3)

20000 *
A

Specific heat (J/kgK

L)
10000

100 ro—
0 0
27 29 31 33 35 37 3 27 29 31 T?S’C) 33 3 39
T (°C)

Figure 4.11: sCO2 density and specific heat at compressor inlet for various inlet pressures with inventory control and
throttling control.

From Figure 4.10, the compressor volume flow rate for inventory control remains relatively the

same between 70% and 60% loads. However, with the large reduction in density at the compressor
inlet at 60% load, the mass flow rate through the compressor also reduces significantly, with m,,

decreasing by 44% compared to 70% load, as seen at the bottom of Figure 4.9. This also results in a
substantial decrease in net electrical power output of the sCO2 Brayton cycle. Additionally, the
compressor pressure ratio drops from 2.5 to 2.0 at 60% load. However, with the decrease in sCO2
mass flow rate, the maximum sCO2 cycle temperature increases, from 478°C at 70% load to 555°C
at 60% load. Notably, 555°C is close to the nominal maximum temperature of the sCO2 Brayton
cycle. This also results in a thermal efficiency increase, from 34.7% at 70% load to 36.8% at 60%

load.

For the inventory control with throttling similar results are observed. However, as throttling is used
to reduce the sCO2 cycle flow rate, there is a smaller reduction in m_,, from 70% to 60% load (-

25.7%). Due to the significant reduction in sCO2 mass flow rate at 60% load, the sCO2 maximum
cycle temperature automatically reaches the nominal temperature of 555°C. As a result, throttling
at the 60% load case is not required, and the throttling valve is fully open. However, this implies that
a quick change in operation is required down from 70% load, where the throttling valve is partially

closed.

Effectively, cycle operation near the pseudo-critical point results in a large reduction in cycle
capacity and generation, however, with an increase in thermal efficiency. Importantly, these results

demonstrate that reducing the minimum cycle pressure through inventory control must be carefully
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managed. Approaching the pseudo-critical point through inventory control at low loads results in
large fluctuations in cycle performance and operation. Compressor surge may also become
problematic with the sharp decrease in mass flow rate through the compressor. It may be beneficial
to increase the cycle minimum pressure for 60% load to avoid approaching the pseudo-critical point
at 32.5°C, or similarly, raise the cycle low temperature. This may however impact negatively on the

efficiency at nominal load.

While dynamic modelling is outside the scope of this study, the transient response of different
control strategies should also be considered when selecting a control methodology. Typically,
inventory control has a slower response time compared to valve control as seen in literature. For
effective control of the sCO2 Brayton cycle, a coupled control strategy will be required. The
throttling valve and attemperation valve can be used for fast control, and inventory control for
slower response times like load-following while maintaining high thermal efficiency. This is the
typical approach used in several studies [35], [41]-[43]. For the purposes of this study, inventory

control is selected as the control strategy for further investigation.

4.2.3 Single and dual sCO2 heater configurations

The single heater and dual heater sCO2 configurations were compared with inventory control
selected as the control methodology for the sCO2 Brayton cycle. Both sCO2 heater configurations
have been previously compared 100% load, with the dual heater configuration having a bigger
impact on Rankine cycle attemperation due to the placement of both radiative and convective

heaters before SH2 and SH1 respectively.
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Figure 4.12: T-s diagrams for the sCO2 Brayton cycle — single heater and dual heater configurations - at 100%-

60% load
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Figure 4.13: p-h diagrams for the sCO2 Brayton cycle — single heater and dual heater configurations - at 100%-

60% load
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Figure 4.14: Results for single heater and dual heater sCO2 Brayton cycle configurations at 100%-60% load.

Top left: Thermal efficiency, Top right: Net generation, Bottom left: Rankine cycle attemperation, Bottom right: sCO2
Brayton cycle maximum temperature

Figure 4.12 and Figure 4.13 show the T-s and p-h diagrams respectively for the single and dual heater
configurations at 100% - 60% load. Additionally, Figure 4.14 shows various results for the single and
dual heater configurations at varying loads, including thermal efficiency, net electrical power
output, Rankine cycle attemperation, and sCO2 Brayton cycle maximum temperature. For further
insight, Appendix C shows tabulated pressures and temperatures for both the single and dual heater

configurations at 100%-60% load.

As the sCO2 heaters have been similarly sized for comparison purposes, there are only slight
differences in high level results which become more apparent at lower loads. This can be seen in

the T-s and p-h diagrams in Figure 4.12 and Figure 4.13, where the single and dual heater
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configurations exhibit similar cycle performance at 100%-80% loads. Additionally, net electrical
power output and thermal efficiency are also relatively the same. At 70% and 60% loads, the dual
heater configuration has a higher maximum sCO2 Brayton cycle temperature compared to the single
heater configuration, +13°C and +40°C for 70% and 60% load respectively, shown in the bottom right
of Figure 4.14. The fuel flow rates are relatively the same between the two heater configurations

for all load percentages.

For the dual configuration, the radiative-dominant heater absorbs direct radiation from the furnace.
For low loads, heat uptakes at the convective-dominant sCO2 heaters (sCO2H2/X) are adversely
impacted more than the radiative dominant sCO2H1. From 100% - 60% load, there is a 38% decrease
in heat uptake at the radiative-dominant sCO2H1, while there is a 77% and 67% decrease in heat
uptake for the convective-dominant sCO2H2 and sCO2HX respectively. Therefore, at low loads
direct radiation absorbed at sCO2H1 for the dual configuration makes up a higher percentage of
sCO2 heat uptake, and results in a higher maximum sCO2 cycle temperature at 70% and 60% loads.
Additionally, this leads to an increase in thermal efficiency of the sCO2 Brayton cycle for the dual
heater configuration at 70% and 60% loads (34.9% and 38.4%) compared to the single heater
configuration (34.7% and 37.5%).

With the dual configuration, the direct radiation absorbed by sCO2H1 results in reduced heat
uptakes at SH2. A reduction of Rankine cycle attemperation also follows, shown on the bottom left
of Figure 4.14. At 60% load, the single heater configuration has 662 kW of attemperation, compared
to 335 kW for the dual configuration. A reduction in attemperation may impede effective control of

SH2 outlet temperatures, particularly at lower loads.

These results show that the dual configuration performs slightly better at lower loads compared to
the single heater configuration. However, the slight increase in thermal efficiency of the sCO2
Brayton cycle may be negated by the reduced ability to control the Rankine cycle maximum
temperature via attemperation. Importantly, fuel variability as well as boiler cleanliness can
potentially further impact heat uptakes for the Rankine cycle superheaters. As the dual
configuration already has less attemperation, a further reduction may result in reduced SH2 outlet

temperatures, which would adversely affect Rankine cycle performance.

Conservatively, the single heater configuration may be more feasible to increase energy efficiency
and net electrical power output over the full load range via the integration of the sCO2

supplementary cycle.

74



Chapter 4.

Integrated 1D process model: Results and discussion

4.2.4 Summary of results

The results show that inventory control is the most effective control methodology for slow load
following, maintaining high thermal efficiency for a wide load range. In comparison, the use of a
throttling valve to maintain the maximum cycle temperature results in a decrease in thermal
efficiency and net electrical power output due to the additional pressure loss and reduced turbine

work.

Using inventory control at 60%, compressor inlet conditions are near the pseudo-critical point. This
results in large fluctuations in cycle performance, with a sharp decrease in sCO2 Brayton cycle
capacity due to the density of sCO2 nearly halving compared to higher load cases. Comparing the
two sCO2 heater configurations controlled via inventory control, it was found that the dual heater
configuration performed marginally better at lower loads due to the smaller reduction in radiative
heat transfer at low loads. However, with the dual configuration, both SH1 and SH2 for the Rankine

cycle are adversely affected, demonstrated by the reduced attemperation requirement.
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5. Biomass boiler CFD modelling: Materials and
Methods

Empirical models commonly used for 1D modelling of combustion and radiative heat transfer lack
accuracy compared to detailed CFD modelling, mainly due to the spatial characteristics of these
phenomena inside a boiler furnace. CFD modelling can be used to capture detailed combustion
modelling phenomena, as well as radiative and convective heat transfer for boilers. The aim of the
CFD modelling in this research was to provide validation of the heat uptakes calculated by the 1D
model for the sCO2 heaters. With overfiring required for sCO2-integrated configurations, CFD
modelling may also provide further understanding of overfiring implications. As CFD modelling can
capture spatial characteristics of the relevant phenomena in the boiler, and with the lack of
experimental data, CFD modelling may be used to provide validation of the results for the 1D
process model, particularly heat uptakes at the sCO2 heaters. Additionally, CFD model results can
be used to further tune empirical parameters and heat exchanger performance of the 1D process
model. An iterative tuning methodology between the CFD models and 1D process models may be
beneficial, however this lies outside the scope of the current work and is recommended for future

improvements to the models. A single tuning iteration is explored in this work.

This chapter details the materials and methods applied in the development of the CFD model for
the selected biomass boiler, including the relevant governing equations and modelling procedure.
In the next chapter, chapter 6, the CFD modelling results are presented, including results at nominal
and part loads. In chapter 7 comparisons between CFD and integrated 1D process model are made.

The 1D model is then tuned accordingly and updated results presented.

Similar to the 1D process models, CFD models were developed for three cases, namely, the existing
Rankine cycle without the sCO2 Brayton cycle integration, the integrated cycle with the single sCO2
heater configuration, and the integrated cycle with the dual sCO2 heater configuration. Each of
these cases were simulated at 100%, 80%, and 60% loads, resulting in a total of nine models. The

inputs/boundary conditions for the CFD models were derived from the 1D process model.

The case study boiler was presented in section 3.1. However, additional geometry considerations
are required for the CFD model, as presented in the following section. The fuel composition for the
typical Southern African bagasse was previously presented in Table 3.1. For the CFD models, the
ultimate analysis (DAF) and proximate analysis (AR) are presented in Table 5.1. The proximate
analysis was derived from a study by Laubscher and van der Merwe [57], which also used Southern
African bagasse, and determined proximate analysis from fuel sample tests. Moisture and ash

content is known for the bagasse used in this study. The percentage weighting of volatile matter
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and fixed carbon from Laubscher and van der Merwe’s [57] analysis was used to determine the
proximate analysis for this study. The HHV of 8838 kJ/kg was used [80], the same as for the 1D

process model.

Table 5.1: Bagasse ultimate and proximate analysis

Constituent C H 0] N S

Ultimate analysis (DAF) | Mass fraction (%) | 47.88 5.91 45.82 0.35 0.04

Constituent Volatile Fixed Moisture Ash

matter carbon

Proximate analysis (AR) | Mass fraction (%) | 39.5 5.8 50.0 4.7

The CFD modelling in this research was conducted using ANSYS® Fluent 2023 R1. Two user-defined
sub-models developed in C were used. The Eulerian-Lagrangian approach is used for the model.
The Eulerian description of the gas phase solves the governing conservation equations using a finite
volume approach with a stationary frame of reference. On the other hand, the solid fuel particles
are modelled in a Lagrangian (discrete) reference frame, which tracks the particle trajectories
moving through the computational domain. The Eulerian phase is modelled using the species
transport approach, where a species conservation equation is solved for each species present in the
mixture excluding N,. The gas mixture defined for the gas phase uses the following species:
0,, CO,, H,0, CO, SO,, N,, and CxHyO;NyS, for the pseudo-volatile species. Source term coupling
was used to account for the mass, momentum, species, and energy transfer between gas and

discrete phases.

5.1 Domain, numerical mesh, and inputs

Figure 5.1 shows the boiler geometry for the existing configuration without the sCO2-integration,
as well as various boundary conditions. The focus of the CFD modelling is capturing the effects of
the sCO2 heater integration into the boiler, using the existing configuration as a baseline. Therefore,
to reduce computational expense, the boiler is modelled up to CAV2. Only SH2 and the sCO2 heaters
are modelled with detailed geometry, while other boiler heat exchangers, particularly SCR1 and
SCR2, are modelled as porous media with accompanying heat and momentum sources. Boiler and
furnace membrane water walls as well as refractory are modelled as planar surfaces. For the grate,
in practice, zoning dampers are used to force ~60% of primary air through ~40% of the grate area

towards the rear wall, with the remainder of primary air through the front *60% of the grate. The
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grate is modelled using five porous media volumes, with the two volumes closest to the rear wall

accounting for 40% of the grate.
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Figure 5.1: Boiler geometry for existing configuration
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Bagasse is fed into the furnace through three fuel spreaders. Each spreader has two inlets, including
a fuel inlet for bagasse particles fed by gravity, and a distribution air inlet to spread the bagasse
particles towards the furnace rear. Primary air is injected through the bottom of the furnace.
Secondary air is injected through six nozzles on the right and left walls, as shown in Figure 5.1.
Distribution air is injected through seven nozzles at the rear wall, in addition to the fuel spreaders.
SH2 is modelled using explicit vertical tube walls stemming from the boiler roof towards the nose.
In practice, SH2 tubes serpentine, however, to simplify the meshing procedure, vertical tubes were
assumed, allowing for the bends at the bottom of the tubes to be ignored which assisted in ensuring
a pure hexahedral mesh can be achieved. For the existing configuration, a cavity, CAV1 is modelled

in absence of a convective sCO2 heater.

Figure 5.2 shows the boiler geometry for the single heater configuration. The sCO2 convective
heater for the single heater configuration, referred to as sCO2HX, is modelled using explicit
horizontal tubes between the side walls. Similar to SH2, bends were ignored to simplify the mesh.
sCO2HX is sized such that the tube bank does not extend into the cavity below the heater, bCAV1.
This is done to minimise dead spots in the heater, while maximising available space in the cavity

sCO2HX is positioned in. The sCO2 heaters are proposed with a counter-current design.

SH2

sCO2HX — sCO2 convective heater

bCAV1

Figure 5.2: Boiler geometry for the single heater configuration
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SH2

sCO2H2 —

Figure 5.3: Boiler geometry for the dual heater configuration

Figure 5.3 shows the boiler geometry for the dual sCO2 heater configuration. For the radiative
platen sCO2H1, tubes are modelled as flat plates in the longitudinal (horizontal) direction. A similar
approach is used as SH2, where vertical tubes are modelled from the roof. For the dual heater
configuration, a slight extension of the boiler nose is required to accommodate sCO2H1 to avoid
dead spots at the upper half of the heater, and to shield the heat exchanger from high radiative heat
fluxes from the furnace. This includes extrusion of the nose to form the required space, shown in
Figure 5.4. Practically, this results in an increase in the furnace exit plane area, as well as slightly
increased furnace water wall area. The convective heater for the dual configuration is referred to as
sCO2H2. The dual heater configuration has a smaller convective heater (sSCO2H2) compared to the
single configuration (sCO2HX), as established from the 1D process model results to reduce adverse

impacts on the Rankine cycle, particularly the superheaters.

The existing configuration mesh had 11.3 million cells. For the single heater configuration, the final
mesh consisted of 14.6 million cells, while the dual heater configuration mesh had 15.9 million cells
due to the additional refinement of sCO2H1 and SH2. For the single and dual heater configurations,

grid independence tests were conducted using three mesh sizes, shown in Table 5.2.

81



Single heater

/

Y/

Chapter 5.

Biomass boiler CFD modelling: Materials and Methods

Extrusion of nose to

\ accommodate

Dual heater

I~
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Figure 5.4: Adjustments to nose for dual heater configuration (right) compared to original nose for single
heater configuration (left)

Table 5.2: Mesh cell counts for grid independency tests

Cell count
Mesh 1 (M1) Mesh 2 (M2) Mesh 3 (M3)

Single heater configuration | Cell count 11.8m 13.3m 14.6m
mesh

Xmesh (MmM) 0.0104 0.0092 0.0084
Dual heater configuration | Cell count 12.0m 13.6m 15.9m
mesh

Xmesh (MmM) 0.0103 0.0095 0.0078

For grid independence, a representative cell size, xns» (M), was calculated using Eq. (5.1) [81], with

results shown in Table 6.1:

(5.1)
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where N is the number of cells in the domain, and V; the cell volume for the it cell.

The wall fluxes, particularly for the sCO2 heaters, were compared, and the fine mesh, M3, was
deemed suitable for both configurations. Consequently, the existing cycle configuration adopts a
similarly fine mesh. To ensure numerical stability, mesh orthogonal quality was kept above 0.15,
and skewness below 0.9. To ensure convective heat transfer at the walls of the sCO2 heaters and
SH2 was correctly captured, a 3-layer and 5-layer cell inflation was adopted respectively, with a first
layer thickness of 5mm. This resulted in an area weighted average Y™ ~ 40, which is suitable for the
standard wall function used in this study, valid for 30<Y" <300 [82]. The alternative of accurately
resolving the viscous sublayer through mesh refinement would require a significantly finer mesh

which would introduce substantial computational expense at this scale.

Table 5.3 shows the various inputs and boundary conditions used for the CFD models. These inputs
were extracted from the 1D process model results. Mass flow rate boundary conditions were used
for the various air inlets. These include spreader/distribution air inlets, primary air inlets, side wall
air nozzles, and rear wall air inlets. Air temperatures were specified for each inlet, with distribution
air temperature constant for all models. The fuel flow rate was specified for the particle injection
stream. The convective thermal boundary condition was used for tube walls for the explicitly
modelled tube bank heat exchangers, as well as for boiler water walls. This requires conductivities
of the tube and ash layers, as well as the average internal fluid temperature and heat transfer
coefficient. This is specified in Table 5.3 for SH2, sCO2H1, and sCO2HX/2. As screens were modelled
as porous media, energy source terms for the screen volumes were specified to capture heat
transfer. These are found from the 1D process model and divided by the specified duct volume to

determine the volumetric energy source term. For the evaporator water walls, the steam saturation
temperature of T, =285°C was used for the internal fluid temperature, applied using the

convective thermal boundary condition.
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Single heater configuration

Dual heater configuration

Existing configuration

Load % 100% 80% 60% 100% 80% 60% 100% 80% 60%
Fuel flow rate (kg/s) 6.510 5.276 3.675 6.533 5.302 3.698 5.664 4.552 3.407
Total primary air inlet (kg/s) 10.394 8.250 5.467 10.432 8.291 5.504 9.043 7.111 5.121
Side wall air nozzle inlet (kg/s) 4.113 3.245 2.121 4.127 3.262 2.136 3.578 2.797 1.993
Total secondary air inlet (kg/s) 8.225 6.492 4.243 8.255 6.525 4.272 7.156 5.594 3.986
Spreader air inlet (kg/s) 1.154 1.154 1.154 1.158 1.158 1.158 1.004 1.004 1.004
Rear wall air nozzle inlet (kg/s) 0.687 0.687 0.687 0.690 0.690 0.690 0.598 0.598 0.598
Total distribution air inlet (kg/s) 1.841 1.841 1.841 1.848 1.848 1.848 1.602 1.602 1.602
Toassa (°C) 208.2 200.6 196.8 210.4 202.8 198.7 214.3 206.5 199.8
hers ( Vz/ j 1579.7 1338.5 1060.8 1565.5 1321.9 1050.7 1568.7 1323.6 1054.1
m°K
Tsteam,avg,sn2 (°C) 401.8 394.6 395.4 411.0 406.2 406.8 408.7 404.9 401.1
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Single heater configuration

Dual heater configuration

Existing configuration

Load % 100% 80% 60% 100% 80% 60% 100% 80% 60%
wW - - - 3230.3 2977.4 1729.1 - - -
hSCOZHl 5
m°K
7—avg,sCOZHl (OC) - - - 4231 3808 5433 - - -
W 9385.6 8613.9 4879.1 9328.4 8569.1 4859.6 - - -
hSCOZHX/Z 2
m°K
Tova,scorms2 (°C) 405.9 358.9 464.0 4733 433.3 556.5 - - -
E source sc1 (KW/m?) -304.0 -254.2 -182.4 -294.0 -244.3 -176.2 2722 -224.1 -169.6
Evurce.scrs (KW/m?) -151.6 -111.6 -87.1 -163.1 -123.5 -99.0 -193.8 -152.3 -107.5
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The sections below discuss the relevant governing equations and modelling procedure used for the
CFD model.

5.2 Gas phase modelling

As previously discussed, the gas mixture transport is modelled using a Eulerian approach. Equations

for discrete phase modelling are presented thereafter.

Since the flow being modelled is highly turbulent, the Reynolds averaged form of the Navier-Stokes
(RANS) equations are used. The steady-state form of the differential continuity equation is written

as:

0 _

—(psti) =S, (5.2)
aX,'

where §, is the continuity source term, accounting for mass transferred between the discrete

particle phase to the gas phase, and U; the mean velocity vector in Cartesian coordinates. S, is

calculated as:

& dm, 1
S, = g (5.3)
g Zl dt v

mp

. . . dm, .
where N, is the number of particle parcels for a given cell, —— is the rate of mass release due to

combustion related processes, such as moisture evaporation, devolatilization, or char combustion,
and V is the volume of the cell. In Eq. (5.2), p, is the density of the gas mixture calculated using

the ideal gas law, which depends on the mixture pressure, temperature, and species concentration.

The RANS form of the momentum equation is given as:

0 oP 0 ou; ou; 2 . Ou; 0 —
—— Pl +—— = ——| p| =L+ L =285, = | |+ = (—poult}) + Sp + Spm 5.4
o, Pqglil; ox, o, |:,u( oxi  ox; 3 ' ax ]} o, (—=pgUitj)+ Spo + Spmi (5.4)

In this work, the Reynolds stress term, (—pgu,f_u}) , is related to the mean velocity gradient using the
Boussinesq model. The Boussinesq equation together with the RANS governing equations were
closed, as mentioned, with a two-equation turbulence model. This method has been successfully
implemented for various boiler analyses [3], [57]. In Eq. (5.4), Sy, is the drag force source term due
to the relative velocity difference between gas and particle phases. S, « is the momentum source

term for a given porous media zone, k. These source terms are expanded upon in subsequent

sections below.

The RANS form of the energy equation is given as:
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%(ui[ng—l—P]) =ai{g, %ergﬂf'w,reﬁ}sh + Sh ok (5.5)

j j
where E is the total energy of the fluid, and A, the laminar thermal conductivity. S, is the energy
source term accounting for various convective and radiative heat transfer mechanisms between
particles, energy released by gas phase reactions, and additional energy source/sink terms. Sp pm«
is the energy source term for a given porous media zone, k . Both SCR1 and SCR2 are modelled as
porous media. pgﬁ in Eqg. (5.5) is the turbulent energy flux, and 7. the viscous dissipation term,

discussed later on. The total energy term is defined as:

2
E:h—i+”7 (5.6)

Py

N
where h:ZYkhk, with k referring to an individual species, and Y, the corresponding mass
k=1

fraction.

The species transport approach accounts for the transport, creation, and destruction of various gas
mixture constituents throughout the boiler gas domain. For a species mass fraction, Y, the species

transport equation is defined as:

0 0 ~. .
87(ngij):—67(.]/<)+(0/< +Srp (57)
i )

where @ is the net rate of creation (or destruction) of the respective species due to chemical

Np
reactions calculated using a turbulence-chemistry interaction model, and S, :Z
i=1

d 1
Mok 2 s the

. . . dm
rate of species creation from the release of gaseous components from the particle phase. ek

represents the rate of mass release of species k, which is calculated with the aid of evaporation,
devolatilization, or char oxidation rate equations. Ji is the mass diffusion flux. For turbulent flows,

it is calculated as:

= = Mt oY«
Je=—| pgDim +— |— 5.8
‘ [pg “ Sctjaxj 58

The turbulent Schmidt number, Sc:, is set to a default of 0.7 in Fluent v23.1 [82]. To accurately
capture the diffusion coefficient, Dy .., for species k into mixture m requires a computationally

expensive calculation. Therefore, for this work, the constant dilute phase approximation value of
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Di.m =2.88x10°> m®/s is used. This assumption can be made due to the dominance of turbulent

diffusion, represented by &, in the furnace and around boiler heat exchangers.

C:

5.2.1 Turbulence

In this work, turbulence is modelled with the RANS approach, using a two-equation realizable k—¢
model [82]. The realizable k—¢& is well-suited for modelling reactive flows, and has been used
successfully for boiler analyses [57], [83], as well as biomass particle combustion [84]. Compared to
the standard k — ¢, the realizable model uses an enhanced model dissipation rate equation, which
better captures separation and swirling flows, typically experienced close to fuel spreaders or air
nozzles. The steady-state realizable k — & transport equations for kinetic energy and dissipation rate

are given as:

0 0 ok
(pokuj) = — (ﬂ/ +ﬂj— + GGy — Py — Y (5.9)
an aXi O an

0 0 1) O g’ &
—(pyeU;)=— +— |— |+ p,SCie— p,C; ———+C1, —C3,G
8x,-(pg ) ax[(,ul 0'(]6 } Pg>L1E = Py 2/(4_@ 1 P 3:0p

X j

} (5.10)
Ci = max(0.43,L); n=S—; S$=./25;S;
n+5 g

where G, represents the generation of turbulence kinetic energy due to mean velocity gradients,
G, is the turbulence generation term due to buoyancy forces, and Yy represents the contribution
of fluctuating dilatation of compressible turbulent flows. The constants, Ci., C,, ok, and o, are
set to 1.44, 1.9, 1.0, and 1.2 respectively [82]. The turbulent viscosity is expressed as a function of

k and ¢:

2

He = pgCu— (5.11)
g

The Boussinesq approximation of Reynolds stresses in the momentum transport equation (Eq. (5.4)

) is typically used alongside two-equation turbulence models:

— ou; ou;)| 2 Ouy
—pguil; = —+—|—=0; k+ 5.12
Polilj = ( ox, | ox j 30 (pg Ht o, j ( )

Consequently, by using the above approximation and realizable k—¢&, the turbulent flux terms
shown in the conservation equations above (Egs. (5.4), (5.5), and (5.8)), are closed off. The turbulent

energy flux from Eq. (5.5) is also modelled using a gradient assumption [85]:
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_ Cotte 0T,

u'E
Pagl; Pr. ox,

(5.13)

where the Prandtl number, Pr;, is set to 0.85 by default [82]. The turbulent thermal conductivity is
then defined as:

A = Cotlr (5.14)
Pr;

The effective thermal conductivity which is utilised in the energy balance equation, Eq. (5.5) is then

determined as in Eq. (5.15).

Aesp =11 + A (5.15)

5.3 Discrete phase modelling

Discrete phase modelling (DPM) is used to model particle dispersion as well as solid phase
combustion. Individual fuel particles are tracked via a Lagrangian reference frame, while the
continuous gas-phase is resolved using a Eulerian reference frame. A two-way coupling accounting
for particle interaction with the gas (continuous) phase is implemented using Fluent® v23.1, with
source terms for the particles incorporated into the gas phase conservation equations. Correctly
capturing the motion pattern of the fuel particles is important, as it influences particle residence
time in the furnace, and consequently combustion efficiency. In this work, bagasse fuel particles are

modelled as small cylinders by modifying the shape factor for drag coefficient calculations.

A force balance using Newton’s second law resolves the particle motion, given as:

dﬂZFD(Ug_Eip) g(pp — o) (5.16)
dt Pr

Particle density, ©p, is set to 900 kg/m’ for bagasse, as taken from [56]. The discrete random walk
model in Fluent® v23.1 is used to account for the effect of gas phase turbulence fields on particle

momentum. The instantaneous gas phase velocity vector, Uy, is calculated as:

Ug:<u:L7+u',v:V+v',W:vT/+W'> (5.17)
With kinetic energy of turbulence known, the fluctuating velocity component in the x-direction u’,
is calculated as u’=§\/u_7:\/¥ where ¢ is a normally distributed random number. This also
applies for y and z components. For particle size distribution, a Rosin-Rammler [82] size distribution

for typical Southern-African sugarcane bagasse was used [57], [86].
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Table 5.4: Bagasse particle size distributions

Size distribution parameter Value
Mean particle diameter (mm) 1.43
Maximum particle diameter (mm) 9.146
Minimum particle diameter (mm) 0.189
Spread parameter 0.8379

The particle drag force, Fy, in Eq. (5.16), is calculated using [87]:

_ 184 CoReq

Fy =
’ pody 24

(5.18)
where d, isthe particle diameter, C, the drag force coefficient, Rey the relative Reynolds number
based on the particle diameter, defined as:

_ pdp |ap _ag|
y2i

Rey (5.19)

As previously mentioned, biomass particles are typically larger and have a more non-uniform shape
compared to fuels such as pulverised coal. Consequently, the bagasse fuel particles are modelled as
non-spherical particles. The drag force coefficient, Cp, is modelled using the correlation of Haider

and Levenspiel [88]:

24
CD = (1 + blReg;here) +

Rephere 4 + Resphere
b, = exp(2.3288 —6.4581¢,; +2.4486¢,°)
b, =0.0964 +0.5565¢,
bs = exp(4.905—13.8944¢; +18.422¢° —10.25994;°)
b, =exp(1.4681+12.2584¢; —20.7322¢° +15.8855¢°

b3 R e sphere

(5.20)

where ¢ is the shape factor, defined as ¢y =s/S, with s the surface area of the bagasse particle,

and S the surface area of an equivalent volume sphere [57].

Particles interact with the surrounding gas phase through convective and radiative heat transfer as
they move through the boiler domain. The energy balance equation for each particle parcel is given

as:

dar, 4 o4, dm. dMeyap
myc,, — =hA, (T, —T,) + ,A,0(0r —T, ) — Heo —
pCpp dt p( g p) pp ( R p) dt co dt

hfg,water (521)
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0.25
Where 6 Z(%a) , and G the incident radiation, h the convective heat transfer coefficient

between the discrete and gas phases, and Hq the heat of reaction for CO. The specific heat for the
biomass particle was set to c¢,, =1200 J/kg [89], and the emissivity of the particles set to &, =0.9
[56]. Laubscher and van der Merwe [57] emphasised the importance of using the correct drag
coefficient formulation, with bagasse particles experiencing significantly higher drag forces
compared to spherical particles. Bagasse particles spread deeper into the depth of the furnace, with

a higher percentage of particles in suspension.

ﬁgmte = ux,g‘rate; T 03 + O’—C

Grate rear

surface (40%) Grate porous

volume
Grate front

Sy,gmte,rear surface (60%)
S, y,grate, front

Figure 5.5: Grate modelling, including grate rear and front zones

To model the interaction between the grate and particles, a custom C program is used [57], which
considers the grate motion and effects of drag and gravitational forces on particles lying on the grate
surface. Figure 5.5 shows the grate zones, split into rear and front zones. Five volumes are used to
model the grate. In reality, zoning dampers are used to force =60% of the inlet PA through the rear
grate zone, which in this case constitutes ~40% of the grate area. In the model, the rear grate and
front grate zones are shown in Figure 5.5, with two of the five grate volumes making up the rear
grate zone (40%). The PA pressure drop through the grate is accounted for by modelling the grate
volume as a porous media, which allows for the zoning damper settings to reflect in the model. A

discrete phase boundary condition at the grate top plane is used to incorporate the grate model.

For the biomass boiler investigated by Laubscher and van der Merwe [57], a PA pressure drop of
100-200 Pa is estimated based on practical experience with all the dampers completely open. For
this work, a PA pressure drop of 150 Pa is initially assumed. The grate porous volume was modelled

with a thickness of 150 mm. The y-direction source term is then calculated as:
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dp
grate
Sy,grate = = _CO |V

grate

G

(5.22)

where tgq. is the grate thickness. To account for the rear and front grate zones, the power law
formulation was used, shown in Eq. (5.22) as the term on the far right. For simplification, C; =1,
which results in a negative source term for a positive velocity. To determine C,, the velocity is
calculated using mp,, the grate area, and the density determined at ambient pressure and Tpa it -

With the initially assumed pressure drop and the grate thickness, the constant C, is calculated for

Pa-s Pa-

s
both the rear grate zone and front grate zone as Co reer #1500 —= and Co fiont = 3425—~ , which

m m

is used to enforce the correct damper configuration.

Particles which end up on the grate surface are assumed to have a velocity vector equal to that of
the grate surface, however, only if the gravitational force acting on the particle is greater than the
induced y-directional drag force. If the drag force is greater than the gravitational force, the particle

is allowed to move in the freeboard. The gravitational and drag forces are calculated as [57]:

Fy drag = Fo(Uy — Uy, )M,
_m (5.23)
Fyorav =(pp — P)g —=

P
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5.4 Combustion modelling

Combustion processes are driven by three main criteria, temperature, turbulence, and time. High
enough temperatures are required to activate chemical reactions, turbulence to ensure sufficient
mixing of reactants and oxygen, and time to ensure complete combustion takes place. Solid fuel
combustion includes modelling of discrete phase heterogeneous and gas-phase homogeneous
reaction rates. Heterogeneous reactions produce the oxidising reactants, which then allow for gas-

phase homogeneous reactions to take place.

Bagasse fuel (AR)
[FC, VM, Moisture, Ash]

< [ 1. Particle heating ]
Y L Fly-ash and bottom
2. Moisture evaporation ash formation
and boiling
Evaporation A
AMevap €———— >
dt A 4

Bagasse fuel (Dry) v .| 3.Devolatilization .| 4. Char combustion

Ash, VM, FC 7| [CO, Hy, CxHy, tar] i [CO, Ash]

Volatile
combustion dm.
dmuol dt
dt A 4 \ 4
Homogeneous gas phase
reactions

[CO,. Hy0, SOx, NOX]

Figure 5.6: Combustion sequential process

Figure 5.6 shows the combustion processes, consisting of four sequential steps, including heating,
moisture evaporation/boiling, devolatilization, and char oxidation. The sequential approach for
combustion modelling has been shown to be a reasonable numerical simplification for biomass fuels
[57], [84].

Fuel particles enter the furnace domain at ambient temperature (27 °C). In the furnace domain,
particles are then heated via convection and radiation from the surrounding hot gases, resulting in
particle moisture loss through evaporation. This continues up to the water boiling temperature of

Thoit water =100 °C . Correlations by Miller [90] and Sazhin [91] are used in Fluent® [82] to calculate

the rate of evaporation. At Tu.iwaer the moisture in the particles boils off, which greatly increases
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the rate of moisture loss from the particle. The rate of mass loss while boiling is calculated by
dividing the net heat transfer rate to the particle by the latent heat of vaporisation,

hywater =2263 kl/kg [82]. When all moisture is boiled off from the fuel particles, the particle is then
heated up to the devolatilisation temperature Ty, =127 °C [57], [92]. To capture the rate of

volatile release, a simplified single kinetic rate formulation is used. Single-rate Arrhenius based
models are computationally inexpensive and are adequate to capture system-level heat transfer
characteristics [93]. Several other advanced models exist, which generally use complex turbulence-
chemistry interaction models at higher computational expense. These models are typically used for
prediction of pollutants [57]. The focus of this study lies with determining performance of various
boiler heat exchangers, therefore the single rate Arrhenius based model is sufficient. The single

kinetic rate formulation calculates the rate of mass loss using [94]:

dm,,
i " = kot [Mp — (1= f10)Mp0] (5.24)

where f,, is the initial mass fraction of volatiles, and m,, the initial particle mass. The

devolatilisation process kinetic rate is calculated as:

_Eavol
Koo = Avor €Xp| ——— (5.25)
P p( RT, J

p

The empirical rate constants of Gera et al. [89] are used, with A, =3.12x10° 1/s and the activation
energy E... =7.4x10" J/kmol. These constants are based on burnout data from Sandia National

Laboratories Multifuel Combustor for switch grass, and were successfully implemented for
modelling of Southern African sugarcane bagasse by du Toit [92], [95]. To account for shrinkage of

the bagasse particles during the devolatilisation process, a swelling coefficient of 0.56 is used [89].

The devolatilisation process is followed by char combustion, consuming the remaining fixed carbon.
The rate of particle mass loss during char combustion is modelled using a diffusion-kinetics limited
approach of Baum and Street [96], successfully implemented by Laubscher and van der Merwe [57].
The model considers chemical reaction kinetics alongside the diffusion of oxygen through the

porous structure of bagasse particles. The char combustion rate is calculated as [82]:

dmc —_A pRTgYoz DoRc
dt ’ My 02 Do +R.

(5.26)

1% R Tg Yoz

w,0;

where A, is the surface area of the particle, the partial pressure of 0,, Dy the diffusion

rate coefficient, and R. the kinetic rate coefficient. Note that Eq. (5.26) is used in the particle energy

balance equation, Eq. (5.21). D, and R. are calculated as:
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e [05(T,+7,)]”
dp

R. =C,exp —Eac
RT,

Empirical coefficients are taken from [56], and are given as C;=1x10"" kg/(m’sPa),

Do

(5.27)

C, =6.7 kg/(m’sPa) and E,.=1.138x10% J/kmol. The surface reaction of the char combustion

produces CO, and is given as:
Cis) +0.50,4) — COy, (5.28)

For the product species CO, it is assumed the particles absorb 100% of the char combustion heat

[97]. The heat of reaction for char burnout is set to 1.01x10’ J/kg [98].

The gaseous species released from the devolatilisation and char burnout processes above react with
supplied oxygen from the provided combustion air to form the respective flue gas product species.

The modelled gas phase reactions are given as:

CH,00.97No.0085S0.0004 +0.510, — CO + H,0 +0.0042N, +0.0004 50,

(5.29)
C0+0.50, = CO,

where CH,0057No00ssS0.0004 1S the pseudo-volatile species released into the domain. The composition
of the pseudo-volatile species is determined through an elemental mass balance using the dry ash-
free ultimate analysis and proximate analysis provided in Table 5.1. A stoichiometric balance of

reactants and products results in the first reaction in Eq. (5.29).

For gas phase reactions, the rate of reaction for volatiles and CO is influenced by gas temperatures,
reactant concentrations, and turbulence. Turbulence-chemistry interaction models are used to
capture the gas phase reactions. There are two main approaches, including fast reaction models and
detailed chemical kinetic models such as the Eddy-dissipation concept (EDC) model [99]. The EDC
model solves chemical kinetics differential equations for each cell, making it very computationally
expensive. The EDC model is typically recommended when the fast chemistry assumption is invalid.
For modelling gas-phase reactions in boilers, the time scale of chemical reactions is significantly
smaller than the that of turbulent mixing [57], [100]. Consequently, the fast reaction chemistry is
assumed in this work to reduce computation time. The fast reaction-based eddy dissipation model
by Magnussen and Hjertager [101], provided in Fluent® v23.1 [82], is applied in this study. This
model has been used successfully for CFD modelling of bagasse boilers [56], [57]. The reaction rate

for each chemical reaction can be calculated using:
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& . Yreactant
S -Mw (Ap—min| ———
k,rIVIw k ,Ok (lgj,er,jj

Rk,f =min Z Yproducts (530)

€ products
S My (ABp = B2
k > M,
)

where %, is the stoichiometric coefficient of reactant k for reaction r, Y the mass fraction of

reactant or product species, and M,,; the molecular weight of the j* species. The model constants,

A and B are set to 4 and 0.5 respectively in Fluent® [82].

5.5 Radiative heat transfer modelling

Radiation heat transfer is the dominant heat transfer mechanism in the furnace, making up the
majority of heat absorbed by furnace water walls and thermal energy transport through the gas and
particulate volume. Modelling gaseous and particle heat transfer interactions due to radiative
effects is therefore crucial to obtain realistic results. The radiative transport equation (RTE) is used
to solve for radiation transport between the gas, particles, and various heat exchanger surfaces in

the boiler. For a gray-participating gas and particle medium [102]:

Gas Absorption and
emission scattering losses
~ A
di(r,s) —— f N O .
2L L gl + Aol p — (g + p + ), §) +—2 j I(r,$)Pdew (5.31)
ds T
H_j \w_/ \ 4z }
Y

Radiation Particle Internal scattering
intensity emission

where dI(r,w) is the radiation intensity at point r in direction s, I, is the intensity of radiation
emitted by a black body, a, and «, are the overall gas and particle absorption coefficients

respectively, and @ the phase function, which tends to 0 when assuming isotropic scattering [83].

Numerical modelling of radiative heat transfer through Eq. (5.31) include several methods, such as
statistical, zonal, or flux methods. Flux methods assume uniform radiation intensity for a finite
number of discrete solid angles. In this work, the Discrete Ordinates (DO) method is used for
radiative heat transfer modelling. By discretizing the solid angle into discrete number of directions,
the integral on the RHS of Eq. (5.31) can then be replaced by a summation of terms over the discrete

number of directions, M :
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M
I(r,s}dw =) I;(r,5;)®m 0,
4.[1 12—1: j j jj (5.32)

m=1,2,..M
where w; are the quadrature weights associated with directions s;. The DO method therefore

solves the radiative transport equation, including particulate effects, for the specified finite number

of discrete solid angles, M :

dl(r,sm)
ds

M
~ O ~
=yl + 0ply p — (g + p + T )T, 5m) +E, +4—”Z/,-(r,s,)q>m,,coj (5.33)
j=1

where E, is the equivalent emissive power of particles. Scattering due to the gas phase is assumed
negligible compared to particle scattering [68]. In Fluent® v23.1, for the implementation of the DO

model, each octant of the angular space 4 at any spatial location is discretized into NygN, solid
angles, with extent w;. @ is the polar angle, and ¢ the azimuthal angle, both measured with respect
to the global Cartesian system. Therefore, a total of 8 NyN,, RTE equations are solved. In the present
work, Ny and N,, are both set to four divisions [57] to sufficiently capture large spatial variations in

temperature and small geometric features.

With the gray gas assumption, the gaseous mixture absorption coefficient, , from Eq. (5.31), is
calculated through the domain-based weighted-sum-of-gray-gases model (WSGGM). The WSGGM

has been previously described in section 3.2.1.2, Egs. (3.25) and (3.26), where «, is estimated using

Eq. (3.26).

Particle radiative effects are defined by E,, the equivalent emissive power, «,, absorption

coefficient, and o, , scattering coefficient. These parameters are defined as [82], [102]:

N 4
E _ ||m Z 8p,nAproj,no-SBTp
b= _—
V-0 Py 7Z'V

N
T Ep,nAprojn
a,= m;—v (5.34)

N
. Aproj,n
Op =‘|/ILTE)HZ:1:(1_5p,n)(1_fp,n) Vv

where parameters are defined for particle n with N particles in volume V. &,, is the particle

emissivity, Ap.;,» the particle projected area, and f,, the particle scattering factor. &,, and f,,

are set to constant values of 0.9 and 0.6 respectively [57], [103].
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5.6 General heat transfer

To model heat transfer to boiler water walls and heat exchanger tubes, an effective heat transfer

coefficient approach is used. The internal fluid temperature, Tuqx, and internal heat transfer
coefficient, h;,, are specified. Moreover, the tube wall thickness, t.sewar, and ash layer thickness,
tash,fouing are specified. An effective thermal conductivity is calculated, k., which accounts for the

thickness and thermal conductivities of both the tube wall and ash fouling layer, calculated as:

tU e,wa
ket = il (5.35)

ttube,wal/ + tush,fou/ing

ktube kash,fouling

t in
where Kee seer =47 W/mK , <2529 — 0,0043 m?K/W . For refractory covered furnace water walls:
ash, fouling

t ube,wall
keff,refr = t— (536)

ttube,wal/ + trefr

ktube krefr
where a refractory thickness of 150 mm is used and k., =1.4 W/mK . ks is then used with tuse wan
to calculate the effective heat transfer coefficient. To implement this in Fluent®, k. is the specified

thermal conductivity for the combined tube metal and ash fouling material/refractory material. The

effective heat transfer coefficient is then calculated as:

1
1 ttube ,wall

hintAhi keffAhi

heff = (537)

For water wall/tube wall boundary conditions, the convective thermal boundary condition in
Fluent® v23.1 is used. The model balances the heat flux to the walls with the heat transfer rate from

the boundary walls to the internal fluid, shown in Eq. (5.38)
hg (Tg _Twall)+ Qrad = hint (Twall _Tfnt) (538)

where subscript g refers to flue gas, and wall the external tube surface. g..s is the radiative heat
flux absorbed by the walls. The emissivity of all wall surfaces is set to 0.8 [67]. For SH2 and the sCO2
heaters, h,,; and the average T,,: are extracted from the 1D process model, shown in Table 5.3. For
boiler water walls, T;,; =285 °C which is the saturation temperature of water at the drum pressure,
and hi,» =20000 W/m’K for internal flow boiling in the water wall tubes to account for the fact that

the internal thermal resistance is negligible compared to the external resistance.
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5.7 Porous media modelling

Both SCR1 and SCR2 are modelled as porous media. The physical velocity formulation is used in
Fluent®, with porosity set to 1. By modelling SCR1 and SCR2 as porous media, the relevant pressure
drops and heat transfer from the flue gas can be captured at minimal computational expense. The
momentum and energy sources/sinks are included as source terms for the gas phase momentum
and energy balance equations (Eq. (5.4) and Eq. (5.5)) as described above. The momentum source

term is calculated as:
1 1
Somk.j :—[u—v, +C, —p|v|v,»j (5.39)
a 2

where S, is the momentum source term for a porous medium k in the j” direction, — is the
a

inverse absolute permeability, and C, the inertial resistance factor [82]. For SCR1 and SCR2, inertial
resistance is assumed negligible compared to the viscous resistance, and C, =0. Therefore, only the
viscous loss term, or Darcy term, is accounted for. For both SCR1 and SCR2, the inverse absolute

1 1 1
permeability is set to (—j =5x10> m?, (—J =1x10° m~, and (—j =5x10> m™2. For the energy
a), a), a),

source term, S, ,m«, the provided inputs from the 1D process model in Table 5.3 are specified for

both SCR1 and SCR2.

5.8 Numerical setup

The model is developed in ANSYS Fluent® v23.1. The pressure-based solver is used, alongside the
SIMPLE pressure-velocity coupling. The solver process diagram is shown in Figure 5.7 [82]. The
momentum, energy, and species equations were discretized using the second-order upwind
method. The pressure equation was discretized using PRESTO!. The remainder of the field variables,
including turbulent kinetic energy and dissipation, and DO, were discretised using the first order
upwind scheme. DO radiation source terms were updated every 10 iterations. Discrete phase source

terms were updated every 100 iterations.

All simulations were run until convergence, as well as when various monitors, including SH2 and
sCO2 heater temperatures, and species mass fractions at the outlet plane, stabilised. The maximum
mass imbalance recorded for all simulation cases was 0.0003 kg/s for a total flue gas flow rate of
26.63 kg/s , and heat imbalance of 0.0090 MW for a total heat transfer rate of 43.63 MW at 100%
load. Simulation residuals were below 5E-3 for continuity and 1E-6 for energy. All simulations were

run for approximately 10,000 iterations with an approximate wall-time between 50-60 hours
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depending on the model. The simulations were run using 144 Intel(R) Xeon(R) E5-2690 2.90 GHz

cores, made available by the Centre of High-Performance Computing in South Africa.
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Figure 5.7: Pressure-based coupled solver process diagram
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6. Biomass boiler CFD modelling: Results and
discussion

This section compares the results of the CFD modelling, broken down into nominal (100%) load
comparisons and low (80% and 60%) load comparisons. For each load percentage, the existing cycle
configuration without the sCO2-integration, single sCO2 heater configuration, and dual sCO2 heater
configuration are compared. Lastly, the 1D process model is compared with the CFD results. The
CFD results are then used to inform the 1D process model, and the updated 1D process model

results presented.

The main aim of the CFD study was to validate the heat uptakes at sCO2 heaters predicted by the
1D process model. 3D CFD modelling is also able to capture spatial characteristics of heat and mass
transfer which 1D models lack. Therefore, the CFD model is also used to study some of the practical
implications and to determine feasibility of the sCO2-integrated configurations such as heat
exchanger metal temperatures and species concentration variations due to overfiring. This applies
not only to heat and mass flux distribution over the heat exchangers, but also the combustion

processes.

For the grid independency study, to compare mesh refinement, the mass-weighted temperature at
the outlet of SH2, and sCO2HX/H2 is compared, along with the total heat uptakes at those heat

exchangers in Table 6.1.

- - - Single configuration Dual configuration - -® - Single configuration Dual configuration
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Figure 6.1: Heat uptakes at SH2 and sCO2 heat exchangers for meshes M1, M2, and M3
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Table 6.1: Mesh refinement error for single and dual heater configurations

Single configuration model error (%) Dual configuration model error (%)

M1 to M2 M2 to M3 M1 to M2 M2 to M3
Tsu2,0ut 0.802 0.259 -0.756 -0.109
Tscozm1,0ut - - -2.250 -0.689
Tscoarx/2,0ut 0.302 0.025 1.870 1.003
OSHZ 0.841 0.239 -1.023 -0.291
Qscozm B - -4.120 -0.544
QSCOZHX/HZ 1.217 0.346 2.410 1.232

From Table 6.1, gas temperatures had relatively low errors between the three meshes, with slight
reductions observed between M2 to M3 compared to M1 to M2. The largest error decreases were

observed for heat uptakes at sCO2 heaters from M2 to M3, particularly for sCO2H1.

Figure 6.1 shows the heat uptakes at SH2 and sCO2 heat exchanger tube banks for both the single

and dual configurations plotted against the representative grid size for each mesh. For each plot, as

Xmesh becomes smaller, the heat uptakes tend to a fixed value. M3 was selected as the final mesh
for both single and dual configurations. While only slight errors were observed between M2 and
M3, the finer mesh, M3, was still selected to minimise errors, particularly within the sCO2 heat

exchangers.

6.1 Nominal load

For biomass boiler analysis the flue gas temperature distribution in the furnace and convective
passes are important considerations. High gas temperatures can potentially lead to thermal damage
of heat exchanger tube banks or excessive slagging if the gas temperature is higher than the ash
deformation temperature. For bagasse, this temperature is between 1210°C-1350°C [57], [104]. This
becomes even more important when considering elevated gas temperatures from overfiring, which
is required for the sCO2-integrated configurations. Figure 6.2 shows the gas temperature
distribution along the centreline of the boiler for all three configurations. Table 6.2 shows gas

temperatures at the furnace exit, as well as furnace metal temperatures.
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Figure 6.2: Gas temperatures at nominal load for the three configurations (left: existing configuration, middle: single
sCO2 heater configuration, right: dual heater configuration)

Table 6.2: Furnace gas temperatures and metal temperatures at nominal load

Existing Single Dual

configuration  configuration  configuration

Furnace maximum exit temperature (°C) 1136 1156 1146
Furnace mass-weighted exit temperature (°C) 958 989 978
Furnace maximum metal temperature (°C) 298 298 305

The maximum furnace exit temperatures for all configurations were below the ash deformation
temperatures for bagasse. The mass-weighted furnace exit temperature was highest for the single
configuration, followed by the dual configuration, and lastly the existing configuration at 958°C (-
3.1% from single configuration). This can also be seen in Figure 6.3, which shows gas temperatures
and velocity profiles at the furnace exit plane. The higher gas temperatures at the furnace exit are

expected for sCO2-integrated configurations, due to overfiring and higher gas flow rates. For the

existing configuration, Mg ouer =23.19 kg/s, while My oumer =26.65 kg/s  for the single

configuration, and My ouee =26.74 kg/s for the dual configuration. Observing the gas temperature

distribution for the single configuration compared to the existing configuration, hotter gases extend

further towards SH2 as well as the boiler roof as a result of overfiring, shown with the black circle in
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Figure 6.2. This can also be observed for the dual configuration; however, the effect is even more
pronounced due to the extension of the boiler nose required to house sCO2H1. This results in an
increase in heat flux towards the boiler roof. This is also observed for gas mass fluxes and heat
fluxes, from Figure 6.3. Hotter gas is pushed towards the roof of the boiler, as seen by the increase
in temperatures at the upper half of the furnace exit plane. Similarly, gas velocity in that region is

also higher relative to the single and existing configurations
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Figure 6.3: Furnace exit plane temperatures and velocity profiles at nominal load for
all configurations
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Figure 6.4: Furnace heat fluxes and metal temperatures at nominal load for all configurations

Figure 6.4 shows the heat flux distribution in the furnace as well as furnace metal temperatures for

all configurations. The highest heat fluxes were observed at the side walls and rear walls just above

the refractory zone, as well as towards the boiler nose. Notably, portions of the refractory walls

radiate heat back into the furnace domain (=100 kW/mz). This counteracts the colder direct air

injection at the fuel spreaders and maintains a high temperature at that zone, where moisture
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evaporation occurs. Comparing the single configuration to the existing configuration, higher heat
fluxes were observed to the furnace water walls as a result of overfiring. Additionally, as previously
mentioned, higher heat fluxes were also observed towards the boiler roof. For the dual
configuration, the adjustment of the boiler nose closer towards the front wall forces the heat flux
higher up towards the roof of the boiler. This can be seen in Figure 6.4 in the side and rear heat flux
contours. Moreover, with combustion taking place lower in the furnace, and closer to the rear wall,

higher rear wall metal temperatures are observed.

Table 6.3: Furnace exit plane and water wall heat transfer rates at nominal load for all configurations

Existing Single Dual

configuration  configuration configuration

Qe (kW) 2137 2190 2815

Quw, furn (KW) 11612 12659 12600

Table 6.3 shows the heat transfer rates at the furnace exit plane and to the furnace water walls for
all configurations. sCO2-integrated configurations had higher furnace water wall heat transfer rates
+9.0%), driven primarily by overfiring and increases in flue gas flow rates from combustion. The

direct radiation heat transfer rate through the furnace exit plane, Q,,, was calculated indirectly from

the CFD results through a mass and energy balance over the furnace control volume, as shown in

Appendix A.

The dual configuration had a higher Q. compared to the single configuration (+28.5%), which

correlates with the higher flame position mentioned before. Inputs such as fuel flow rates and air
flow rates were much the same for the single and dual configurations. Additionally, furnace water
wall heat uptakes were also very similar. The difference between the two configurations lies with

geometric changes, particularly the extension of the boiler nose to house sCO2H1. This extension
shifts the furnace exit plane slightly further towards the front wall. The notable difference in Qs is

therefore attributed to the spatial characteristics of radiative heat transfer throughout the furnace
volume. The increases in gas mass flux towards the boiler roof result in an increase in direct radiation

through the furnace exit plane.

Tube metal temperatures were calculated from the CFD model using Eq. (6.1), with q,, ., the total

heat flux to the external wall.

Ttube,meta/ = Twall,ext - qCFD,caIcho (6 1)
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From Table 6.2 and Figure 6.4, the maximum furnace metal temperature was determined for the
dual configuration at 305 °C and 298 °C for the single and existing configurations, approximately
20°C higher than the water saturation temperature in the tubes. From Figure 6.4, the metal
temperatures for the dual configuration were slightly higher, particularly in the zone below the
boiler nose, at +7 °C. While still within operational limits, prolonged exposure to elevated

temperatures may reduce the lifetime of the furnace waterwalls [105].
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Figure 6.5: Gas velocities and water and carbon dioxide mass fractions at nominal load for all configurations
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Figure 6.5 shows the gas velocities and CO2 and H20 mass fractions for all configurations. From the
gas velocity contour, several high velocity zones were identified. For the single and dual
configurations, high velocities were observed through the convective sCO2 heater. Notably, highly
turbulent wakes were observed within the tube banks, which would assist with convective heat
transfer. In order to more accurately characterize heat transfer within the highly turbulent regions,
a more refined mesh would be required with a significantly lower Y* value to resolve the boundary
layer near the tube walls. As the current study focuses on the overall boiler, such a mesh would
incur significant computational expense. A study focusing on the convective sCO2 heater, using the
velocity profiles from the current work, may prove valuable to gain further insights into heat transfer
for the convective sCO2 heaters. For the dual configuration, a high velocity zone is also observed at
sCO2H1, created by the extension of the boiler nose. Importantly, a dead spot (zones with low
heat/mass flux) is also observed towards the bottom of sCO2H1 and SH2, which is not present for
the existing and single configurations. The presence of a dead spot results in reduced heat uptakes

for the given zone of the heat exchanger.
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Figure 6.6: sCO2H1 heat fluxes and tube metal temperatures at nominal load

Table 6.4 shows the maximum and mass-weighted average gas velocities at SH2 and the sCO2
heaters. The peak gas velocities observed at SH2 were 14.7 m/s for the existing configuration,
19.5 m/s for the single configuration, and 18.0 m/s for the dual configuration. At the radiative
platen heater for the dual configuration, sCO2H1, the peak gas velocity observed was 17.0 m/s.

sCO2-integrated configurations had higher peak velocities due to overfiring. For the convective
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sCO2 heaters, sCO2HX and sCO2H2 for the single and dual configurations, the peak velocities
observed were 38.4 m/s and 36.5 m/s respectively. In contrast, for the existing configuration, the
peak velocity observed in CAV1 was 20.1 m/s. These peak velocities are observed in localised
limited regions of the heat exchangers. For sCO2HX/2, the peak velocities are observed at the
intersection of the tube bank and boiler nose cavity. A better representation of the gas velocity in
the tube bank is the mass-weighted average gas velocity, shown in Table 6.4. The mass-weighted
average gas velocities are all within specifications to prevent erosion, as previously discussed in
section 4.1.3.3. An erosion screen situated before the convective sCO2 heaters may however be

beneficial to reduce erosion potential and high localised velocities.

Table 6.4: Maximum and mass-weighted gas velocities at SH2 and sCO2 heat exchangers for all configurations

Existing Single Dual

configuration configuration configuration

SH2 maximum gas velocity (m/s) 14.7 19.5 18.0
SH2 mass-weighted average gas velocity (m/s) 5.86 6.61 6.73
sCO2H1 maximum gas velocity (m/s) - - 17.0
sCO2H1 mass-weighted average gas velocity (m/s) - - 7.90
sCO2HX/2 maximum gas velocity (m/s) - 38.4 36.5
sCO2HX/2 mass-weighted average gas velocity (m/s) - 11.1 10.9

Concentrations of CO2 and H20 directly influence tri-atomic gas emissivity and can be used to
determine highly radiative zones. Highly radiative zones were therefore identified at SH2 as well as
the radiative platen sCO2H1. For the existing configuration, there is no tube bank situated in the
first convective pass. As a result, the gas remains at a high temperature relative to the sCO2-
integrated configurations. The high temperature gas radiates heat to the water walls surrounding
the cavity. In contrast, for sCO2-integrated configurations, mass fractions of CO2 and H20 drop
significantly in the convective pass relative to the existing configuration due to the presence of the
convective sCO2 heater which would result in decreased CO2 and H20 partial pressures and thus
reduce radiative heat transfer. For the dual configuration at sCO2H1, a high velocity region coincides
with a highly radiative region, which identifies an area for localised peak heat fluxes and metal

temperatures.
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Figure 6.6 shows the heat fluxes and tube metal temperatures at sCO2H1 for the dual configuration.
As previously identified, the maximum heat fluxes were located towards the centre of the heat
exchanger, in line with the temperatures observed at the furnace exit plane in Figure 6.3.
Additionally, a dead spot is identified at the lower left zone of the heat exchanger, as observed in
the velocity contour in Figure 6.5. The highest tube metal temperatures were also observed at the
confluence of the high velocity and radiative zones, which had the highest heat flux. The maximum

observed tube metal temperature was 470 °C, within material specification.

Figure 6.7 shows the heat fluxes and tube metal temperatures at SH2 for all configurations. For the
single and dual heater configurations, the localised maximum heat flux was located towards the
lower half of the heat exchanger. In contrast, for the dual configuration the maximum localised heat
flux was towards the centre of the heat exchanger, caused by the adjustment to nose geometry.
Notably, dead spots with low heat fluxes were identified for all configurations, as shown in Figure
6.7. The existing and single configurations exhibited similar dead spots towards the upper left half
of the heat exchanger. For the dual configuration, an additional dead spot towards the lower left
half of the heat exchanger was identified, again due to geometry adjustments. With the spatial
characterisation of heat fluxes through CFD modelling, heat exchanger utilisation factors may need

to be used in the 1D process model to account for the dead spots.
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Figure 6.7: SH2 heat fluxes and tube metal temperatures at nominal load
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Table 6.5: Heat uptakes at SH2 and sCO2 heat exchangers and water walls surrounding the heat exchangers

Existing Single Dual

configuration configuration configuration

Qstiz,tubes (kW) 5352 5791 5044
Qscozmubes (KW) - - 1609
Qscorrxsatues (KW) - 4755 3383
Quw, 52 (KW) 690 746 598
Quw,scoarn (KW) - - 239
Quw,scormxs2 (kW) - 1071 937

Table 6.5 shows the heat uptakes at SH2 and the sCO2 heaters, as well as to the water walls
surrounding those heat exchangers. Comparing heat uptakes at SH2, the single configuration had
the highest heat uptakes, due to overfiring and increased gas flow rates. The dual configuration had
the lowest SH2 heat uptake, caused by the heat absorption at sCO2H1 situated in front of SH2. This
can be seen in the heat flux contour in Figure 6.7, with reduced heat fluxes in comparison to the
other configurations. This also results in reduced heat uptakes at water walls surrounding SH2.
Mass-weighted average gas temperatures at the inlet and outlet planes for SH2 and the sCO2 heat

exchangers are presented in Table 6.6. The dual configuration also has a lower Tsuz,in, due to

absorbed heat flux by sCO2H1. The maximum tube metal temperatures observed at SH2 is provided
in Table 6.7. The dual configuration had a slightly lower SH2 maximum tube metal temperature,
influenced by the reduced heat uptakes in comparison to the other configurations. SH2 tube metals

were within operational specifications.
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Table 6.6: Mass-weighted average gas temperatures for SH2 and sCO2 heat exchangers at nominal load

Existing

configuration

Single

configuration

Dual

configuration

Tscoam1,in (°C) - - 978
Tscoamn,out (°C) - - 945
Tst2,in (°C) 958 989 945
Tsr2,00t (°C) 820 863 847
Tscoanxsz,in (°C) - 755 744

- 628 644

Tscoanx /2,00t (°C)

Table 6.7: Tube metal temperatures at SH2 and sCO2 heat exchangers at nominal load

Existing

configuration

Single

configuration

Dual

configuration

SH2 maximum tube metal 477 474 468
temperature (°C)

sCO2H1 maximum tube - - 470
metal temperature (°C)

sCO2HX/2 maximum tube - 421 485

metal temperature (°C)

Figure 6.8 and Figure 6.9 show the tube wall heat fluxes and metal temperatures for the convective

sCO2 heater (sCO2HX and sCO2H2 for the single and dual configuration respectively). Note the

different scales between the figures for the metal temperatures. Localised maximum heat fluxes are

observed at the top right half of the heat exchanger, influenced by the gas velocity profile incident

to the heat exchanger. The opening from the boiler nose allows gas to enter the tube bank from the

side, as shown in the middle contour in Figure 6.8. Additionally, peak metal temperatures were

observed at the same region, peaking at 421 °C for the single heater configuration, and 485 °C for
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the dual heater configuration. The higher metal temperatures for sCO2H2 were due to the higher
internal sCO2 temperature, 473 °C compared to 406 °C for the single configuration. Metal
temperatures were therefore 12 °C and 15 °C higher than internal sCO2 temperatures respectively.
From Table 6.5, the total heat uptake for sCO2HX was 4755 kW compared to 3783 kW for the smaller
sized sCO2H2. Similarly, water wall heat uptakes were also slightly lower for sCO2H2, due to reduced

water wall surface area.
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Figure 6.9: Dual configuration sCO2H2 tube wall heat fluxes and metal temperatures at nominal load
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Figure 6.10: Volatile matter, CO mass fractions, and carbon burnout at nominal load for all configurations

Figure 6.10 shows the volatile matter (VM) and CO mass fractions, and carbon burnout for all
configurations. The carbon burnout contours highlight that majority of the fixed carbon in the
particles were consumed on the grate. For sCO2-integrated configurations, additional carbon
burnout was observed in the freeboard as a result of overfiring. The VM contour shows that most
of the release of VM takes place towards the rear wall of the furnace, above the grate in the
freeboard. For sCO2-integrated configurations, a small amount of VM was also observed at the front
wall below the fuel spreader. The CO mass fraction contours highlight high concentrations in the

furnace where combustion takes place. Importantly, mass-weighted CO mass fractions were
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negligible at the furnace exit, at 890 ppm, 517 ppm, and 570 ppm for the existing, single, and dual
configurations respectively. The low CO concentrations at the furnace exit indicates complete

combustion within the furnace volume.

6.2 Partload

Figure 6.11 shows the gas temperature distribution for all three configurations at 80% and 60% load.

Compared to the nominal load case, the high temperature zone is shifted lower in the furnace.
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Figure 6.11: Gas temperatures at 80% and 60% load for all configurations

Additionally, from the inputs provided in Table 5.3, the direct air mass flow rate at the fuel spreader
and rear nozzles remains fixed for all loads to ensure adequate spreading of the bagasse into the
furnace domain. This results in a higher ratio of direct air mass flow rate to fuel flow rate, and
consequently a deeper spread as shown in Figure 6.11, with combustion closer to the lower rear
wall. This effect is further exacerbated by the lower PA and SA mass flow rates at lower loads. Table
6.8 shows the furnace exit gas temperatures and furnace metal temperatures for 80% and 60%
loads. Similar to nominal load, at part loads, the single configuration had the highest furnace exit

temperatures, followed by the dual configuration and the existing configuration. As expected, gas
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temperatures were lower for low loads, and below bagasse ash deformation temperatures.
Compared to nominal load, the mass weighted gas temperatures at the furnace exit were 3.2%
lower on average at 80% load, and 13.5% lower on average at 60% load. Furnace metal
temperatures were mainly influenced by the water saturation temperature and were relatively

unchanged at 80% load and slightly lower at 60% load.

Table 6.8: Furnace gas temperatures and metal temperatures at part loads

Load % Parameter Existing Single Dual

configuration configuration configuration

80% Furnace maximum exit temperature (°C) 1107 1148 1111
Furnace mass-weighted exit temperature (°C) 927 955 946
Furnace maximum metal temperature (°C) 298 299 305

60% Furnace maximum exit temperature (°C) 1026 1048 1037
Furnace mass-weighted exit temperature (°C) 834 847 848
Furnace maximum metal temperature (°C) 296 297 302

Figure 6.12 shows the heat flux distribution and furnace metal temperatures for all configurations
at part loads. For part load cases, the heat flux distribution at the front wall is higher compared to
the nominal load case. Additionally, the heat flux distribution at the rear wall is lower and is
concentrated towards the lower half of the furnace. Compared to nominal load, these differences
arise due to the higher ratio of DA mass flow rate at the rear wall nozzles for part load cases.
Moreover, the heat flux at the nose is lower for the part load cases, particularly the 60% load case,
due to the shift in heat flux distribution towards the front wall. Furnace metal temperatures were
also reduced for the same reason, with the maximum furnace metal temperatures still located

towards the lower rear wall of the furnace.
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Figure 6.12: Furnace heat fluxes and metal temperatures at 80% load (left) and 60% load (right) for all configurations
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Figure 6.13 shows the gas temperatures and velocity at the furnace exit plane for part load cases.
Compared to the same parameters presented for the nominal load case in Figure 6.3, observed
furnace exit gas temperatures are lower, with a change in the higher temperature regions. For the
80% load case, high temperature zones were observed at the lower half of the exit plane, towards
the left and right sides. For the 60% case, high temperature zones were observed at the lower left
half of the furnace exit plane. This contrasts with the nominal load cases, which had a relatively even
temperature distribution across the lower half of the furnace exit plane. These differences were
attributed to the variation in air mass flow rates, as well as the increase in DA mass flow rate ratios.
Low gas velocities were observed towards the top of the furnace exit plane, i.e. the boiler roof. At
60% load, for sCO2 integrated configurations, low velocities were observed at both the top and
bottom of the furnace exit plane, indicating regions of low mass flux and potential dead spots for
SH2 and sCO2H1 for the dual configuration.

Table 6.9 shows the heat transfer rates at the furnace exit plane and to water walls surrounding the
furnace at part load. As expected, heat transfer rates were lower for lower load percentages, due
to the reduction in fuel, air, and flue gas mass flow rates produced from combustion. sCO2-
integrated configurations had higher heat transfer rates due to overfiring. The dual configuration

had the highest Qs , as observed at nominal load. On average, Quuw sum Was 1617 kW lower (-13.2%)
at 80% load, and 3633 kW lower (-29.6%) at 60% load compared to nominal load.

Table 6.9: Furnace exit plane and water wall heat transfer rates at part load

Existing Single Dual

configuration  configuration configuration

80% load Qe (kW) 1804 1864 2319
Quw o (kW) 10195 10878 10947
60% load Qfe (kW) 1456 1506 1732
Quw jorn (kW) 8343 8820 8810

Figure 6.14 shows gas velocities at 80% and 60% loads respectively. Due to reduced flue gas flow
rates, lower velocities were observed for lower loads. Notably, at the convective sCO2 heaters,
fewer turbulent wakes were observed compared to the nominal load case, which would adversely
impact convective heat transfer. Additionally, localised high velocity regions were observed towards

SH2 around the boiler nose. At 60% load, regions of low velocity/dead spots were identified for
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sCO2-integrated configurations at SH2, as previously discussed. High velocities were also observed

at the rear wall nozzles and spreader distribution air.
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Figure 6.14: Gas velocities at 80% load (left) and 60% load (right) for all configurations
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Figure 6.15: sCO2H1 heat fluxes and tube metal temperatures at part load

Figure 6.15 shows the heat fluxes and tube metal temperatures at sCO2H1 (dual configuration) at
80% and 60% loads. Localised maximum heat fluxes were identified as observed from the furnace
gas exit temperature distributions in Figure 6.13. At 60% load, dead spots were observed by the low
heat flux distributions around the heat exchanger extremities, particularly at the top and bottom.
This is attributed to the lower velocities at 60% load and lower mass flux towards the boiler roof.
The maximum tube metal temperatures were 427 °C at 80% load, and 586 °C at 60% load. The high
tube metal temperature at 60% load was largely influenced by the high internal sCO2 temperature,
543 °C, compared to 381 °C at 80% load. The metal temperature is within operational limits of the
sCO2 heat exchanger material (TP347HFG). The high internal fluid temperature was a result of
operation near the sCO2 critical point, as highlighted in the part load study of the integrated 1D
process modelling section. Reduction in this internal fluid temperature, which would then reduce
metal temperatures, would be possible by adjusting operation at 60% load away from the critical

point.

Figure 6.16 shows the heat fluxes and tube metal temperatures at SH2 for 80% and 60% loads. At
80% load, maximum heat fluxes were observed towards the lower left and right half of SH2,
compared to only the lower right half at nominal load. At 60% load, the maximum heat flux was

observed towards the lower left half of SH2. The heat flux distributions were influenced by the gas
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mass flux/velocity, as shown in Figure 6.14. As expected, the highest metal temperatures were also
observed at the regions with the highest heat flux. Dead spots can be observed in Figure 6.16 located
towards the rear of SH2 at the top and bottom of the heat exchanger. Noticeably, at 60% load, the
dual configuration had significantly larger dead spots, influenced by lower gas velocities and the
additional heat uptake at sCO2H1. In comparison to the nominal load case, dead spots were
observed in similar regions at low load, however particularly exacerbated at 60% loads for the dual

configuration.
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Figure 6.16: SH2 heat fluxes and tube metal temperatures at 80% load (left) and 60% load (right)
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Figure 6.17: Heat transfer rates at heat exchangers and water walls at part loads

Figure 6.17 shows the heat uptakes at SH2 and sCO2 heaters, and the water walls surrounding those
heat exchangers, at 80% and 60% load. Moreover, Figure 6.18 shows the inlet and outlet gas
temperatures at SH2 and the sCO2 heaters at part load. Comparing heat uptakes at SH2, like the

nominal load case, the single configuration had the highest heat uptakes, followed by the existing
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configuration and lastly the dual configuration. The dual configuration had lower heat uptakes due
to the heat uptakes and absorbed radiation at sCO2H1, as well as reduced incoming gas
temperatures into SH2. Similarly, water wall heat uptake was also adversely affected for the dual
configuration at 80% and 60% loads. On average, heat uptakes to SH2 tubes decreased by 896 kW
(-16.6%) at 80% load, and 2289 kW (-42.4%) at 60% load compared to the nominal load cases.

Gas temperatures (°C) at boiler heat exchangers
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Figure 6.18: Mass-weighted gas temperatures at boiler heat exchangers for part loads

Comparing heat uptakes at sCO2H1, a significant decrease was observed at 60% load. Between
100% and 80% load, Qscoznawees decreased by 119 kW (-7.4%), and between 80% and 60% loads by
816 kW (-54.8%). The substantial decrease for the 60% load case can be attributed to the reduced

direction radiation from the furnace exit plane, as well as reduced gas velocities, mass flow rates
and inlet temperatures incident to sCO2H1, with a decrease of 98 °C observed at 60% load.
Additionally, the internal sCO2 temperature for the 60% load case is the highest out of all loads (as
shown in Table 5.3), due to operation near the critical point. These factors adversely impact the heat
uptakes at the sCO2 heaters. For sCO2HX/2, these adverse effects were even more pronounced.
Between 100% and 80% loads, a decrease of 740 kW (-15.6%) was observed for the single
configuration, and 595 kW (-17.6%) for the dual configuration. In contrast, between 80% and 60%
loads, a respective decrease of 2635 kW (-65.6%) and 2356 kW (-84.5%) was observed. The
significant decrease, particularly for the dual configuration, was also due to the lower incoming gas
temperatures and higher internal sCO2 temperatures. From Figure 6.18, gas temperatures at

sCO2HX/2 inlet decreased by approximately 79 °C. The average temperature difference between
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the internal sCO2 in the tube bank and the incoming gas for the single configuration was 280 °C and

112 °C at 80% and 60% load. Similarly, for the dual configuration, the temperature differences were

205 °C and 41 °C respectively. This can be visualised using heat exchanger duty (T-Q) diagrams for

the sCO2 heaters shown at the end of Appendix E, using Appendix Figure 11, Appendix Figure 12,

and Appendix Figure 13. The low TTD, particularly for the dual configuration at 60% load, results in

a sharp decrease in heat uptakes at the convective sCO2 heater. In contrast, water wall heat uptakes

were affected less, due to the lower internal steam temperature at 285 °C, as shown in Figure 6.17.

As the internal sCO2 temperatures were derived from the integrated 1D process model, the

substantial decrease in heat uptakes at 60% load indicates adjustments would potentially be

required for cycle operation at 60% load. This is explored further in the next section.

Table 6.10: Tube metal temperatures at SH2 and sCO2 heat exchangers at part loads

Existing

configuration

Single

configuration

Dual

configuration

80% load  SH2 maximum tube metal temperature 473 469 462
(°C)
sCO2H1 maximum  tube metal - - 427
temperature (°C)
sCO2HX/2 maximum tube metal - 374 445
temperature (°C)

60% load  SH2 maximum tube metal temperature 471 469 469
(°C)
sCO2H1 maximum tube metal - - 586
temperature (°C)
sCO2HX/2 maximum tube metal - 474 563

temperature (°C)

Table 6.10 shows the tube metal temperatures at SH2 and the sCO2 heaters. As previously

mentioned, the highest tube metal temperatures were observed at sCO2H1 at 60% load, followed

by sCO2H2. While the temperatures are still below material specifications at approximately ~ 600 °C

, they are high relative to other operating cases. These high tube metal temperatures were primarily
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influenced by the high internal sCO2 temperatures in the sCO2 heaters. The remainder of the metal

temperatures were all below 475 °C.

Appendix E highlights a few additional results of the part load case study, including CO2 and H20
mass fractions, and tube heat flux distributions at the sCO2 heaters, as well as metal temperatures
which were discussed above. VM, CO mass fractions, and carbon burnout are also presented. Slight
differences were observed compared to the nominal load case, particularly with VM release towards
the centre of the furnace, as opposed to near the rear wall for the nominal load case. The higher
ratio of DA influences the trajectory of the bagasse particles from the spreader, specifically the rear

wall nozzles. This results in a larger amount of VM towards the centre of the furnace at the grate.
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7. Comparison of CFD results and calibration of
integrated 1D process model

The main purpose behind the CFD modelling of the boiler was to validate heat uptakes at sCO2
heaters predicted by the 1D process model. In addition, practical implications were also explored
with regards to heat exchanger geometry and spatial characteristics that cannot be captured by the
1D process model. This chapter compares the CFD modelling results with the 1D process model and

addresses the variances by tuning various parameters within the 1D model.

7.1 Comparison of CFD and integrated 1D process modelling
results

Table 7.1 compares various parameters between the 1D process model and the CFD model,

including flue gas mass flow rate, furnace exit temperature, direct radiation at the furnace exit

plane, and heat transfer to furnace water walls. Flue gas mass flow rates, my, and furnace exit
temperatures, Tz, were relatively the same between the 1D process model and CFD models.
Particular attention is paid t0 Quw sum and Qp . At 100% load, the CFD models predicted a higher

heat transfer rate to the furnace water walls, Quw sum, by 943 kW (+8.3%) on average. This

discrepancy reduces at lower loads, at +5.6% and +3.2% for 80% and 60% loads respectively.

Notably, the furnace exit temperatures were relatively the same for the existing and single

configurations even with the difference in Quu, . FOr the existing and single configurations, the
direct radiation at the furnace exit, Qs is within 200 kW between the 1D process models and CFD
models. However, for the dual configuration, the CFD model predicts a higher Qs at all load

percentages, up to 34% higher at nominal load, dropping to 12% higher at 60% load. The higher Q.

determined by the CFD model may be attributed to the adjustment of the furnace exit plane to

accommodate sCO2H1, as well as geometric adjustments to the boiler nose.
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Table 7.1: 1D process model compared to CFD results for various parameters

Existing configuration

Single configuration

Dual configuration

1D Process CFD Rel diff % Abs diff 1D Process CFD Rel diff % Abs diff 1D Process CFD Rel diff %  Abs diff
100% load  my, (kg/s) 23.17 23.19 0.09 0.02 26.63 26.65 0.09 0.02 26.72 26.74 0.07 0.02
T (°C) 967 958 -0.96 -9 991 989 -0.21 -2 992 978 -1.37 -14
Qfe (kw) 1954 2137 9.34 183 2091 2190 4.75 99 2099 2815  34.13 716
wa,fum (kw) 11587 12659 7.22 782 11625 12600 9.25 1072 10830 11612 8.39 975
80% load my, (kg/s) 18.62 18.63 0.05 0.01 21.58 21.60 0.09 0.02 21.69 21.64 -0.23 -0.05
T (°C) 923 927 0.41 4 951 955 0.42 4 952 946 -0.65 -6
Qfe (kw) 1732 1804 4.16 72 1865 1864  -0.08 -1 1873 2319  23.82 446
warfum (kw) 9598 10195 6.23 598 10337 10878 5.23 541 10380 10947 5.47 568
60% load my, (kg/s) 13.94 13.93 -0.02 -0.003  15.03 15.03 -0.01 -0.002  15.13 15.13 -0.01 -0.002
T (°C) 862 834 -3.24 -28 878 847 -3.51 -31 879 848 -3.55 -31
Qfe (kw) 1471 1456  -1.01 -15 1531 1506  -1.63 -25 1538 1732 12.58 193
wayﬂm (kw) 8151 8343  2.36 193 8485 8820 3.95 335 8525 8810 3.35 285
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Due to the boiler nose adjustment, the variation of heat flux along the height of the furnace is
impacted compared to the single and existing configurations, as shown in the heat flux contours in
Figure 6.4 and Figure 6.12. The 1D process model can be tuned by adjusting the non-uniformity

factor 7., which in turn adjusts Q. . Moreover, the species mass fractions determined by the CFD

model and process model at the boiler outlet were within 2%, with only O species fractions within
5%.

Figure 7.1 shows the heat uptakes at SH2 tubes and water walls for the 1D process model and CFD
models. For all configurations, the CFD model predicted a slightly higher heat uptake for the tube
bank at 100% and 80% load by 5.1% and 1.7% on average. At 60% load, the CFD model predicted
lower heat uptakes at the tube bank, -211 kW (-6.2%), -364 kW (-10.0%), and -274 kW (-8.8%) for
the existing, single, and dual configurations respectively. Interestingly, the CFD model already
underpredicts the heat uptakes for the existing configuration without any sCO2-integration,

indicating sCO2-integrated configurations would be even more impacted.

The direct radiation at the furnace exit, Qfe , was relatively the same between the 1D process model

and the CFD model (for the existing and single configurations). At 60% load, the CFD model
calculated lower furnace exit temperatures, by approximately 30 °C (-3.4%) on average, indicating
lower gas temperatures inlet to SH2, which would reduce heat uptakes, including direct gas
radiation. Observing water wall heat transfer, the CFD model calculates lower heat uptakes for
water walls for all cases. This holds true for the sCO2 heaters as well. To calculate water wall heat
transfer in the 1D process model, the heat transfer coefficients calculated for the tube bank were
also used to calculate water wall heat transfer, with correction factors. The lower heat uptake
predicted by the CFD model indicates the correction factors used for heat transfer to water walls in

the 1D process model, B, and S, from Eq. (3.52), require further adjustment.

conv
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Figure 7.1: SH2 tubes (left) and water wall (right) heat uptakes from 1D process model and CFD model at all loads
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Figure 7.2: sSCO2HX/2 tubes (left) and water wall (right) heat uptakes from 1D process model and CFD model at all loads
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Figure 7.3: sCO2H1 tube (left) and water wall (right) heat uptakes from 1D process model and CFD model at all loads
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Figure 7.2 shows the heat uptakes at the convective sCO2 heaters, sCO2HX/2 for the single and dual
configuration respectively. The CFD model underpredicts heat uptakes at the tube bank for both the
single and dual configurations. For the single configuration, the CFD model underpredicts by 322
kW (-6.4%), 384 kW (-8.7%) and 292 kW (-10.0%) at 100%, 80%, and 60% loads respectively. For the
dual configuration, a bigger discrepancy was observed, with an underprediction of 425 kW (-11.2%),
445 kW (-13.8%) and 388 kW (-47.3%) respectively. On average, gas inlet temperatures to the
convective sCO2 heaters were 6% lower for the single configuration, and 5% lower for the dual
configuration compared to the 1D model. The significant discrepancy for the dual configuration at
60% load was attributed to the low TTD between the gas and internal sCO2 temperature as
previously discussed. Inlet gas temperatures for that case were approximately 40 °C higher for the

1D process model, resulting in higher predicted heat uptakes compared to the CFD model.

It is important to note that the CFD model also captures the accurate inlet gas velocity profile, while
the 1D process model assumes a uniform profile. As shown in the heat flux contours in the previous
section, the gas inlet to the convective sCO2 heat exchanger enters at an angle due to the opening
created by the boiler nose. This results in non-uniform distribution of the gas over the tube bank,
which reduces heat uptakes in certain parts of the heat exchanger. The large discrepancies at 60%
load were driven by the lower TTD across the tube bank. The high internal sCO2 temperatures at
60% load were caused by operation close to the critical point, which results in a rapid decrease in
sCO2 mass flow rate across the compressor, thereby resulting in a high sCO2 temperature in the

heat exchanger.

As the CFD model highlights large decreases in heat uptakes at 60% load, cycle operation at 60%
load may need to be adjusted. This can be done by adjusting the compressor operating
pressure/temperature at this load percentage or adjusting turbomachinery performance curves to
shift operation away from the pseudo-critical point. Additionally, to address the slight decreases in
heat uptakes at 100% and 80% loads, the sCO2 cycle capacity may need to be reduced slightly to
reach the required cycle maximum temperature of 550 °C. This would again require adjustments to
component characteristics of the cycle, particularly turbomachinery and valves. For the single
configuration, the variances observed between the CFD model and 1D process model were within
10% maximum, which is within the uncertainty range of the heat transfer correlations used in the
1D process model. Nevertheless, a heat exchanger utilisation factor could also be used to tune the

convective heat exchanger performance for the 1D model.

Figure 7.3 shows the heat uptakes at the radiative platen sCO2H1 for the dual configuration. At
100% and 80% loads, the CFD model predicts a higher heat uptake compared to the 1D process
model at +226 kW (16.4%) and +211 kW (16.5%). This is driven largely by the higher predicted direct

radiation from the furnace exit plane, Qfe , Which increases absorbed radiation at sCO2H1. At 60%
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load, the CFD model predicts only a slightly higher Q. compared to the higher load cases, as shown
in Table 7.1. Additionally, the incoming gas temperature from the furnace exit is slightly lower
compared to the 1D process model (-31 °C). This results in a slightly lower heat uptake for sCO2H1
at 60% load, 176 kW lower than the 1D process model. For water wall heat uptakes surrounding
sCO2H1, the CFD model calculates slightly higher heat uptakes for all load cases, at +51 kW on

average.

7.2 Adjustments to integrated 1D process models

To inform the 1D process model by the CFD model results, several adjustments were made to the
1D process model. For sCO2 heaters, a heat exchanger utilisation factor, v _,,, was used to factor
in discrepancies between the heat uptakes predicted by the CFD model and the 1D process model.
Practically, the heat exchanger utilisation factor is used to account for dead spots on the heat
exchanger. UA;, from Eq. (3.49) is multiplied by (1+0,) . For the dual configuration, to account

for the adjustments to the boiler nose and resulting effects, the non-uniformity factor, 7., from
Eq. (3.33) is multiplied by a correction factor, (1+ awnur) based on the calculated Q,, from the CFD

models. Table 7.2 shows the tuned parameters for the 1D process model.

It is important to note that tuning the 1D model using the CFD model is an iterative process. By
adjusting the parametersin Table 7.2, integrated cycle performance is impacted, including sCO2 and
gas temperatures, as well as other inputs and boundary conditions used for the CFD model. These
changes would update the boundary conditions used for the CFD models, which would then need
to be simulated again. This lies outside the scope of the current study. The integrated 1D model is
updated based on the CFD results discussed in the previous sections, demonstrating how CFD
modelling can be used to inform the 1D process model. Further iterations are recommended for

future work.
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100% load 80% load 60% load
Single configuration ... -0.42 -0.45 -0.8
Dual configuration v _. .., 0.00 0.00 -0.70
Y conra -0.20 -0.45 -0.90
Onur 0.18 0.18 0.18
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Table 7.3: Initial and tuned integrated 1D model high level results for the single configuration

Single configuration 100% load 80% load 60% load

Initial 1D model Tuned 1D model Initial 1D model Tuned 1D model Initial 1D model Tuned 1D model

Wiet or (KW) 10436 10262 8535 8313 5924 5798
Wiee srayeon (KW) 1860 1687 1580 1357 632 506
Neot (%) 26.03 25.87 26.15 25.64 25.92 25.43
Narayton (%) 35.75 34.51 35.00 31.54 37.60 31.82
Tnax,srayton (°C) 557 510 502 421 554 429
Micoa (kg/s) 19.30 19.76 17.86 18.35 9.07 9.53
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Table 7.4: Initial and tuned integrated 1D model high level results for the dual configuration

Dual configuration

100% load

80% load

60% load

Initial 1D model

Tuned 1D model

Initial 1D model

Tuned 1D model

Initial 1D model Tuned 1D model

Wiet or (KW) 10390 10341 8525 8323 5887 5637
Wiet srayton (KW) 1815 1766 1569 1368 644 394
Mot (%) 26.03 26.02 26.11 25.68 25.61 24.67
TNerayton (%) 35.03 35.08 34.79 31.94 38.37 26.13
Trnox,grayton (°C) 553 530 507 429 594 333
Micoa (kg/s) 19.11 19.34 17.67 18.19 8.77 9.88
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Table 7.3 and Table 7.4 shows the tuned as well as the initial integrated 1D model results for
comparison for the single and dual configurations respectively. The tuned results were simulated by
implementing the tuned parameters in Table 7.2 and re-simulating all load cases to convergence

using the prescribed solving methodology.

From Table 7.3, for the single configuration, the maximum Brayton cycle temperature, Tmax srayton,
reduces at all loads due to the decrease in heat uptakes enforced by v, - This leads to a decrease

in Brayton cycle thermal efficiency compared to the initial 1D model results, up to a 5.8% decrease
at 60% load. Consequently, the overall thermal efficiency also decreases. For the worst case, at 60%
load, the overall thermal efficiency decreases from 25.92% to 25.43%, while net Brayton cycle

generation decreases from 632 kW to 506 kW. Due to the decrease in turbine inlet temperature/
Tmax srayton , the operating point on the turbine shifts. As a result, the tuned 1D models exhibit slightly

higher sCO2 mass flow rates compared to the initial model results.

From Table 7.4 for the dual configuration, similar results were observed as the single configuration.
However, sharper decreases in heat uptakes for sCO2 heaters were predicted by the CFD model at
60% load compared to the single configuration. Consequently, the heat exchanger utilisation

factors, ¥ ., and v, were lower at 60% load for the dual configuration. This resulted in a

significantly lower T at 60% load for the dual configuration compared to the single

max ,Brayton

configuration, and consequently a lower 7, ... As previously discussed, the low heat uptakes at

60% load were driven primarily by the low TTD across sCO2H2. With the tuned 1D model results,

the average internal sCO2 temperature across the convective heater is T, ,,,,,, =348 °C,

compared to 553 °C from the initial results. The updated internal sCO2 temperature would result in
a significantly higher TTD compared to that currently used in the CFD model, which highlights the

importance of an iterative procedure between the 1D model and CFD models.

Another improvement that can be made to the integrated cycle is operation of the Brayton cycle at
60% load. Currently, compressor inlet conditions lie close to the pseudo-critical point, which results
in a sharp decrease in sCO2 mass flow rate, as can be seen in Table 7.3 and Table 7.4 above. For the
initial 1D model, this resulted in significant increases in average sCO2 temperatures across the sCO2
heaters. The compressor inlet pressure/temperature can be increased to move away from the
pseudo-critical point, which should increase sCO2 Brayton cycle capacity at 60% load and reduce
the fluctuation in fluid temperatures. This would improve net generation; however, thermal

efficiency may be adversely affected due to lower Trax srayton achievable with higher sCO2 mass flow

rates. Nonetheless, further iterations between the CFD model and 1D model will be required

particularly for the 60% load cases. Slight degradations in overall cycle performance were observed
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with the updated 1D model results for the 100% and 80% load cases in terms of Brayton cycle
efficiency and net electrical power output. To improve Brayton cycle efficiency, the Brayton cycle
capacity may need to be reduced slightly to achieve nominal maximum Brayton cycle temperatures
at 550 °C. This would require adjustments to turbomachinery performance characteristics to reduce

sCO2 mass flow rates at nominal operating conditions.

140



Chapter 8.

Summary, conclusions, and recommendations

8. Summary, conclusions, and recommendations

The focus of this research was to investigate the integration of a sCO2 Brayton cycle with a combined
heat and power steam cycle with a modular biomass boiler firing typical Southern African bagasse
fuel. Two numerical modelling methods were used, namely integrated 1D thermofluid process
modelling, and high-fidelity 3D CFD modelling. The low computational expense and robustness of
the 1D thermofluid process model was leveraged to simulate the Rankine and Brayton cycles along
with the biomass boiler in an integrated manner, gaining insight into overall cycle and component
level performance. Due to the novelty of the proposed cycle, high-fidelity CFD modelling was used
to validate the heat uptakes predicted by the 1D model at the sCO2 heaters situated in the boiler.
Additionally, by capturing spatial characteristics in the CFD model, which the 1D process model

cannot do, various practical implications of the sCO2 Brayton cycle integration were also explored.

8.1 Integrated 1D process model

To facilitate the analysis of these intricate systems, a sophisticated simulation code was developed
to allow for necessary customization and enforcement of required boundary conditions and control
parameters. The quasi-steady state 1D thermofluid network-based process model of the sCO2,
steam and flue gas cycles was developed for nominal and partial load analysis. It accounted for the
detailed component characteristics for the Rankine and Brayton cycles, as well as the biomass boiler,
together with the complex interactions between all the components in the different cycles.
Particular attention was paid to the specifications and layout of the sCO2 heaters situated in the
boiler. The 1D thermofluid process model was used to analyse the integrated cycle performance at

nominal and part loads for the two sCO2 Brayton cycle heater configurations.

For the sCO2-integrated cycle configurations a 15.3% increase (+7.67 MW4,) in fuel firing rate was
required to provide sufficient heat uptake for both the Rankine and Brayton cycles. A 21.2% increase
in net generation was observed for sCO2-integrated cycles, with an additional 1.9 MW generated
by the sCO2 Brayton cycle in addition to the 10.8 MW of combined heat and power generated by
the Rankine cycle. The average incremental efficiency arising from the sCO2-integration was 24.7%.
This highlighted the potential for increased net generation at higher thermal efficiencies, as well as

the feasibility of the proposed integration.

For the sCO2-integrated configurations, furnace exit temperatures were elevated due to overfiring.
This resulted in increased radiative heat uptake at water walls surrounding the furnace, contributing
a higher percentage to the total evaporative circuit heat load compared to the existing cycle. For

the dual configuration, the sCO2H1 absorbed a portion of the incoming radiative heat from the
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furnace, resulting in a decrease of absorbed radiant heat at SH2 compared to the existing case.
Conversely, for the single configuration, there was an increase in heat uptake at SH2 due to the
larger flue gas mass flow rate from overfiring. The convective sCO2 heaters had considerable impact

on downstream heat exchangers, including reduced flue gas temperatures and heat uptake at SH1.

The total heat uptake at the superheaters required to heat steam to the desired temperature
remained the same for all configurations. However, the heat uptake ratio between SH1 and SH2 was
affected. Consequently, attemperation for the dual configuration decreased more compared to the
single configuration. The reduced heat uptakes at evaporative heat exchangers downstream of the
convective sCO2 heaters was counteracted by the increased heat uptake at furnace waterwalls and

economisers.

The results of the part load analysis show that inventory control was the most effective control
methodology for slow load following, maintaining high thermal efficiency for a wide load range. In
comparison, the use of a throttling valve to maintain the maximum cycle temperature resulted in a
decrease in thermal efficiency and net electrical power output due to the additional pressure loss
and reduced turbine work. With the use of inventory control at 60% load, the compressor inlet
pressure and temperature were close to the pseudo-critical point. This resulted in a sharp decrease
in sCO2 Brayton cycle capacity, as the density of sCO2 nearly halves compared to the higher load

cases, causing a substantial decrease in sCO2 mass flow rate through the compressor.

With inventory control selected as the preferred control methodology for the sCO2 Brayton cycle,
the single and dual heater configurations were simulated and compared. It was found that the dual
heater configuration performed slightly better at lower loads. For lower loads, the heat uptake at
the radiative sCO2 platen heater decreased less compared to the convective dominant sCO2
heaters. This was due to the direct radiation absorbed by the radiative sCO2 heater, while
convective-dominant heaters were more negatively affected at lower loads due to decreased flow

rates.

For the dual heater configuration, the placement of the radiative and convective sCO2 heaters
impacted both SH1 and SH2. For the single heater configuration, only SH1 was adversely impacted.
The heat uptakes at the Rankine cycle superheaters were therefore impacted more for the dual
heater configuration, which was demonstrated by the reduced Rankine cycle attemperation

requirement.

The outcomes from the integrated 1D process modelling addressed the first two research objectives
proposed in section 1.4, namely the development of a 1D process model to analyse the proposed
integrated cycle, and the analysis of the cycle at nominal and part loads. The developed simulation

code allowed for the necessary customization and enforcement of required boundary conditions
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and control parameters for the various operating conditions in a computationally efficient and
robust manner. Moreover, overall cycle- and component-level performance were characterised.
The integration of the sCO2 Brayton cycle highlighted the potential for increased net electrical
output as well as higher overall thermal efficiencies. Impacts on Rankine cycle performance was
qguantified by an adjustment in the boiler heat load profile and reduced attemperation requirements
between the superheaters, indicating adjustments in operation philosophy required for the
integrated cycle. At low loads, particularly 60% load where the sCO2 compressor operates near the
pseudo-critical point, large fluctuations in cycle performance were observed. This signified the
importance of carefully managing inventory control at lower loads, particularly near the pseudo-
critical point, in order to avoid large reductions in sCO2 compressor throughput. It may be beneficial
to increase the compressor inlet pressure or inlet temperature at 60% load to avoid the large
fluctuations in sCO2 fluid properties near the pseudo-critical point. Based on the 1D process model
results alone, the single heater configuration is recommended as it had less impact on the Rankine
cycle and only performed marginally worse at lower loads compared to the dual heater
configuration. The integration of the sCO2 Brayton cycle demonstrated tangible benefits at nominal
and part loads and could potentially be a more feasible option to retrofit existing boilers for
increased net electrical power output and to improve thermal efficiencies. The sCO2 Brayton cycle
integration has been investigated in this work as load-following the Rankine cycle. Prioritising the
Brayton cycle for power generation, with its higher thermal efficiencies, while using the Rankine

cycle for process heat generation may also be a configuration worth exploring.

8.2 Biomass boiler CFD modelling

High-fidelity CFD modelling of the biomass boiler was used to validate the heat uptakes calculated
by the 1D process model for the sCO2 heaters. 3D CFD modelling captures various spatial
characteristics and detailed radiative heat transfer that the 1D process model cannot. Therefore,
practical implications of the sCO2 heater integrations were explored using the CFD model, in

addition to detailed combustion characteristics and any effects caused by overfiring.

The CFD models characterised gas temperatures and velocities, tube and water wall heat fluxes,
tube metal temperatures and more. For all load cases and configurations, including sCO2-integrated
configurations with overfiring, furnace exit temperatures were below the ash deformation
temperature of bagasse. The maximum metal temperature observed in the furnace was 305 °C, well
within operating limits, with the dual configuration exhibiting slightly higher metal temperatures
compared to other configurations. Compared to the existing configuration, sCO2-integrated
configurations exhibited higher furnace exit temperatures and velocities due to overfiring, as

expected. At 100% load, heat fluxes in the furnace were concentrated towards the side and rear
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walls. In contrast, at 80% and 60% loads, heat fluxes were slightly higher towards the front wall,

caused by the increase in the ratio of DA at lower loads and higher air flow rates at rear wall nozzles.

For the convective sCO2 heaters (sCO2HX and sCO2H2 for the single and dual configurations
respectively), a non-uniform gas velocity inlet profile was observed. The opening created by the
boiler nose resulted in gas entering the tube bank towards the top right corner, resulting in localised
maximum heat fluxes as well as tube metal temperatures in that region. For the dual configuration,
the adjustment of the boiler nose to accommodate the radiative platen type heater, sCO2H1, shifted
the flame position closer to the boiler roof and influenced the gas flow path. At 100% load, this
resulted in higher heat fluxes observed at the boiler roof. Moreover, because of the boiler nose
adjustment, a dead spot was observed towards the bottom of both sCO2H1 and SH2. This was
exacerbated further at lower loads due to lower gas mass flux, with dead spots identified at the top
and bottom of sCO2H1. The direct radiation at the furnace exit was also impacted, with a 28%

increase observed for the dual configuration compared to the single configuration at 100% load.

Heat uptakes were characterised at SH2 and the sCO2 heaters. For the dual configuration, the
reduction in heat uptakes at SH2 due to the heat absorbed by sCO2H1 was quantified. For both
sCO2-integrated configurations, heat uptakes at sCO2 heaters decreased substantially from 80% to
60% load. At 60% load, as simulated by the 1D process model, the sCO2 cycle compressor inlet
conditions were close to the pseudo-critical point, resulting in a large decrease in sCO2 mass flow
rate, and consequently, a higher maximum cycle temperature. This increased the average sCO2
temperature in the convective sCO2 heaters. Moreover, at 60% load, incoming gas temperatures
were also reduced compared to higher loads. This resulted in substantially lower TTDs in the CFD
model. These factors resulted in significantly lower heat uptakes at 60% load. The highest tube metal
temperatures were observed for the dual configuration at 60% load, with 586 °C observed at
sCO2H1 and 563 °C observed at sCO2H2, largely influenced by the high internal sCO2 temperatures
at 60% load. While these metal temperatures were within operating limits, they were highly

elevated compared to other load cases.

By capturing detailed combustion processes and spatial characteristics within the boiler, the CFD
models provided additional insights into the impacts of the sCO2 heater integrations into the
biomass boiler. Quantifying impacts from practical implications arising from the integration of the
sCO2 heaters, such as modifications to existing boiler geometry, can only be captured by CFD models

in the absence of plant measurements.

Heat flux distribution within the furnace were concentrated at the rear wall for higher loads,
compared to the front wall for lower loads. Moreover, for the dual configuration which required
adjustments to the boiler nose, the shifted flame position also resulted in higher heat fluxes at the

boiler roof. The shifts in heat flux distribution results in different hotspots for tube metal
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temperatures, which is an important consideration for potential failure zones and maintenance
considerations. For the dual configuration, higher maximum furnace tube metal temperatures were
observed. Additionally, at 60% load, the dual configuration had the highest tube metal temperatures
at the sCO2 heaters. While within specification, prolonged exposure to these elevated metal
temperatures can decrease the material lifetime, leading to additional maintenance requirements
and costs. Other than increased metal temperatures, no considerable issues with overfiring were
observed, indicating feasibility of overfiring required for the sCO2-integrated configurations. For the
convective sCO2 heaters, highly turbulent wakes were observed, particularly at higher load. To
better characterise heat transfer for the convective sCO2 heaters a more refined mesh would be
required to resolve the viscous sublayer, which would introduce significant computational expense
at the current scale of the model. A standalone model of the convective heaters may therefore be

beneficial, using boundary conditions obtained from the present research.

8.3 Comparison of CFD results and adjustments to 1D process
model

The results from the CFD modelling, particularly the heat uptakes at the sCO2 heaters, were
compared to those from the 1D model. Various parameters in the 1D model were then tuned to
ensure parity with the heat uptakes observed with the CFD models, and the 1D models simulated

to convergence.

Furnace exit temperatures were very similar between CFD and 1D model results. The CFD models

predicted a higher Quwsum, Up to 8.3% higher at 100% load. For the existing and single

configurations, the incoming direct radiation through the furnace exit plane, Qs , was within 200
kW between CFD and 1D model results. For the dual configuration, the CFD models predicted a
higher Qg for all load percentages, up to 34% higher at 100% load. The higher Qs for the dual
configuration was attributed to the boiler nose adjustments, which affected the flame position
within the furnace, and the variation of heat flux along the furnace height. For the 1D model, the

non-uniformity factor, 7., , was tuned to account for this.

Comparing heat uptakes at the convective sCO2 heaters, the CFD model predicted lower heat
uptakes for both the single and dual configurations, with a larger discrepancy observed for the dual
configuration, particularly at 60% load. This finding is opposite to that from the 1D model, where
the dual configuration slightly outperformed the single configuration at 60% load, underscoring the
importance of the CFD modelling. The CFD model also predicted lower gas temperatures at 60%
load, which resulted in lower heat uptakes with a smaller TTD across the convective heaters. For

the radiative platen heater, sCO2H1, the CFD model predicted higher heat uptakes at 100% and 80%
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loads, particularly due to a higher Q. compared to the 1D model. These findings highlight the

necessity of the CFD models in this research.

To inform the 1D models based on the CFD results, a heat exchanger utilisation factor for the sCO2

heaters was introduced, accounting for dead spots within the sCO2 heaters. For the dual
configuration, 7., was also tuned to account for the higher Q. arising from boiler nose geometry

adjustments. With the tuned 1D model, a decrease in maximum Brayton cycle temperatures was
observed for both single and dual configurations, and consequently, a decrease in thermal
efficiency. Slight degradations in cycle performance were observed for the 100% and 80% load cases
with regards to Brayton cycle efficiency and net electrical power output for the single configuration.
The biggest decreases were at 60% loads, which saw overall cycle thermal efficiency decrease from
25.92% to 25.43% for the single configuration, and 25.61% to 24.67% for the dual configuration.

The dual configuration was impacted significantly more after tuning the 1D model, particularly with
the significantly lower heat uptakes observed in the CFD model. At 60% load, the low TTD across the
convective heaters resulted in significantly lower heat uptakes. With the tuned 1D model, the lower
heat uptakes resulted in lower internal sCO2 temperatures compared to those observed in the initial
1D model, nearly 205 °C lower for the dual configuration. This significant decrease in internal sCO2
temperature would indicate a much higher TTD compared to that currently observed for the CFD
model. This highlights the importance of an iterative procedure for tuning the 1D model. As the CFD
model inputs are derived from the 1D process model, major changes in inputs and boundary
conditions, such as the internal sCO2 fluid temperature, would directly impact the CFD results. While
this iterative procedure lies outside the scope of this study, the work highlights how the CFD models

can be used to tune the 1D model and the importance of doing so.

Based on the single iteration performed in this work, the single heater configuration is
recommended, particularly for its higher overall performance at lower loads. Moreover, the single
heater configuration does not require adjustments to the boiler nose and only uses a single heat
exchanger, reducing barriers to implementation. However, further iterations are strongly
recommended between the CFD and 1D models to gain better insights into cycle performance with
the adjusted tuning parameters. Even with the reductions in net generation and thermal efficiency
observed after tuning the 1D model, the sCO2 Brayton cycle integration still highlights tangible
improvements to overall thermal efficiency and net electrical power output. To increase Brayton
cycle thermal efficiency, turbomachinery performance curves may need to be adjusted to decrease
Brayton cycle capacity, which would allow for the nominal maximum cycle temperature of 550 °C
to be reached. Another consideration for the 60% load case is to adjust the compressor inlet

pressure to move away from the pseudo-critical point. This would reduce the impact on Brayton
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cycle capacity at 60% load, however, at the cost of a lower maximum cycle temperature. It is
important to note that increases in tube metal temperatures associated with overfiring of the boiler
may adversely impact boiler lifetime. Further iterations between the 1D and CFD models would also
provide a more accurate prediction of tube metal temperatures, particularly at lower loads. The
effect of overfiring on boiler longevity in this study has been limited to tube metal temperatures
and areas with high heat fluxes. Further investigations into the effect of overfiring on boiler
longevity are recommended, taking into account boiler thermal capacity and throughput

restrictions.

The outcomes from the CFD modelling and informing the 1D process models addressed the last
objective of the study as proposed in section 1.4, namely the development of a 3D CFD model of
the MicroGen® boiler to explore practical implications of the sCO2 heater integration and validating
heat uptakes at the sCO2 heaters. Informing the 1D process model based on the results of the CFD
model allows for better predictions of cycle performance, particularly for lower loads where a bigger
discrepancy was observed. This sets up the 1D process model to be used for further sensitivity
analyses for the single and dual heater configurations, as well as the implementation of different

sCO2 Brayton cycle configurations.

By considering the above summaries and conclusions, all the research objectives outlined in section

1.4 are met, with recommendations for future work presented below.

8.4 Recommendations for future work

Based on the conclusions derived from this research, the following recommendations are made for

further research and consideration:

e Adjustments to 60% load operation for the sCO2 Brayton cycle could be considered, such as
higher compressor inlet pressures, to move away from the pseudo-critical point which would
increase sCO2 compressor throughput and net electrical power output.

e For operation at 100%, the turbomachinery performance curves should be adjusted to
ensure the nominal maximum Brayton cycle temperature of 550 °C is reached. This would
ensure high thermal efficiencies at nominal loads.

e Further iterations between the CFD and 1D models are recommended to gain insight into
more accurate heat uptakes at the sCO2 heaters, and the resulting effects on the integrated
cycle performance, particularly at 60% load.

e Additional sensitivity analyses could be conducted using the tuned 1D model, considering
boiler cleanliness, variations in fuel constituents and biomass fuel types, adjustments to

excess air and PA/SA ratios, as well as process heat requirements.
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More complex sCO2 Brayton cycle configurations with higher thermal efficiencies could be
explored, such as the recompression cycle, to investigate potential improvements to overall
thermal efficiency.

Lastly, an economic analysis on the proposed sCO2 Brayton cycle integration is beneficial to
investigate the financial viability of the proposed cycle compared to traditional capacity

uprate methods.
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Appendix A. Integrated 1D model — Python code
listing

This appendix details the Python code developed for the integrated 1D process model. A brief
structure of the codebase is presented, as well as a code listing in subsequent sections. Due to the
size of the codebase, only snippets of the codebase are presented to provide the reader with an

understanding of how the model works.

The 1D thermofluid network solver used in this study comprises of four fundamental
modules/classes. This includes the node class, element class, heat transfer element class, and lastly
the solver code module, ‘solver.py’. These classes form the fundamental building blocks to create
thermofluid networks used by this program. The node and element methodology presented in
section 3.2 is implemented using these classes. Heat transfer elements allow for heat transfer

between elements, including those in two different thermofluid networks.

At each node, thermofluid properties are updated every iteration. For specified boundary nodes,
boundary conditions remain fixed. For momentum balance, pressures must be specified at
beginning and end nodes. Alternatively, a combination of mass source/sink and pressure can also
be provided as a momentum boundary condition. For energy balance, enthalpies must be provided
at boundary nodes. For closed cycles, a floating enthalpy boundary is assumed for the first node,
which is updated in the following iteration using the last node’s enthalpy value. For non-boundary

nodes, guess values must be specified to allow for the solver to proceed.

Node Element QEp2 = Q1+ Q2
No Ng2 Ng3
+Q2 .
+@Q1
HT2 HT1
—Q2 —Q
N43 e@e N42 e@«— N1 1
QE12 = _Q2 QEII = _Ql

Appendix Figure 1: Heat transfer element example
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At elements, linearised component characteristics used in the momentum balance matrix equations
are calculated each iteration. Additionally, average thermofluid properties are also computed using

the averaged value of the two nodes the element is connected between. Each element also has a
W and Q term. W, such as with turbomachinery, is calculated in the element object itself. On the

other hand, Q is calculated using heat transfer elements. Heat transfer elements can be connected

between two elements. For each steady state iteration, the heat transfer element is used to solve

the required heat transfer phenomena and calculates the Q term that the respective heat transfer
element represents. Each element can be connected to multiple heat transfer elements,

representing different heat transfer mediums. Consequently, heat transfer elements add or subtract

the calculated Q from the respective element as defined by the user. Thereafter, the total Q for
that respective element is used in the energy balance matrix equations. An example is provided in

Appendix Figure 1. Two heat transfer elements are connected to Eo2, one from E11 and one from
E12, where the subscript refers to a specific thermofluid network. The total Q term at Eo2 is

therefore made up of the summed contributions from HT1 and HT2, Q and Q.

The element class is a fundamental class in the thermofluid network solver program. Each
component, such as a pipe, turbine, compressor, etc. inherits the element class. Pipe components
are also a core element. Heat exchangers are represented by pipe components. Heat transfer
elements are then used to connect the respective pipes to facilitate heat transfer. For fluegas
streams, a component called ’fluegas pipe’ is developed, inheriting the ‘pipe’ component but also
accounting for fly-ash streams and potential ingress air. Compound components are also used, such
as with discretised heat exchangers, or to represent a large component made up of smaller
components, such as a boiler. Compound components are also setup as classes, allowing for
flexibility and the ability to create multiple instances of a compound component if required. A
compound component must be initialised, which creates all the required nodes and elements in the

compound component, or sub-compound components.

Lastly, the solver code and function are contained in ‘solver.py’. The solver function takes the
connectivity matrices provided by the user, in addition to the list of nodes, elements, and heat
transfer elements. User-defined solver parameters are also available, such as convergence criteria,
maximum iteration count, verbosity, and more. The solver function, when called, then goes through
the solver process as shown in Figure 3.9, involving matrix inversion and the solution of the

momentum and energy matrix balance equations.

Appendix Figure 2: Codebase structure shows the structure for the codebase. Blue blocks represent
folders, while red blocks represent code and other files. The driver files are written as Jupyter

notebooks using VS Code. A brief description of the various folders and files are provided. The
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‘components’ folder contains various .py code for the different components/elements used in the
study, such as turbines, pumps, compressors, etc. The classes for each component are contained in
this folder and are imported as required in the driver folder. As the boiler has a lot of components,
a separate boiler class is used, also found in the ‘components’ folder. The boiler class is then called
in the driver file to initialise all the boiler sub-compound components, nodes, and elements.
Similarly, the ‘heat transfer’ folder contains various classes for the heat transfer elements, including
detailed heat transfer calculations used for heat exchangers. ‘Cycle_notebooks’ contains several
driver files (as Jupyter .ipynb notebooks) for the different configurations. The ‘results’ folder
contains .xlsx files as results from the driver files. In ‘newton’, a modified version of the Newton
Raphson solver from the SciPy library is present, modified to account for additional relaxation
parameters between iterations. Lastly, the ‘misc’ folder contains several .xlIsx input files for the

various configurations, including geometry, uncertainty factors, and tuning coefficients.

1D_thermofluid_solver ‘ Folder ‘ |Codefi|e

\ 4
| base_classes |<—{ src }—)| components ‘
‘ GasMixtureProperties_BICU |(74>| heat_transfer ‘

] solver «———+——»{ cycle_notebooks
e results |
e newton |
> misc |

Appendix Figure 2: Codebase structure

The ‘base_classes’ .py file contains the core classes for the codebase, including node, element, and
heat transfer classes. For elements, components in the ‘component’ folder inherit the element class,
and similarly for the heat transfer classes. ‘GasMixtureProperties_BICU' .py, referred to as GMP, is
used to calculate fluid properties for gas mixtures and has been further modified to leverage the
bicubic interpolation method by CoolProp for significant speed up. Lastly, the most important code
in the codebase, ‘solver’.py contains the code which solves the conservation equations based on the

created thermofluid networks from the driver file.
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GMP_BICU ——
driver

base_classes — Y
‘ Import required Specify inputs, guess Construct thermofiuid
> libraries, classes, and |—» values, and boundary >
- networks
solver — modules condition values

components ——| misc J

Geometry and
uncertainty factors Specify nodes,
newton — including boundary » Specify elements
nodes
|
Specify solver { |
< components
parameters L ) For each
elements — t K
‘—‘—{ heat_transfer ‘ networ
I )

Y

Y

Solve thermofluid

solver >
networks

Specify network
connectivity matrix for
elements and heat
transfer elements

I I
I I
I I
I I
I I
I I
| I
I I
: Specify heat transfer : thermofluid
I I
I I
I I
I I
| I
L I
I I
| I

Appendix Figure 3: Generic driver file code process flow shows the process flow diagram for a
generic driver file. The driver file begins by importing required external libraries, as well as internal
modules. The internal modules include base classes for nodes, GMP if required, the solver, as well
as components and elements as required. Next, inputs are specified, which can be imported through
Xlsx files using Pandas. The required thermofluid networks are then constructed using the node
class, component/element classes, and heat transfer element classes. The connectivity matrix
contains which elements are connected to which nodes, and similarly which heat transfer elements
are connected to which elements, as defined by the user through a ‘connect_IO’ (input/output)
function. The connectivity matrix is automatically created by the solver. This process is repeated for
each thermofluid network required. Lastly, solver parameters are specified, including relaxation and
convergence values, as well as iteration maximums and more. The solver function is then called in
the driver file, and the steady-state solver commences till convergence or the maximum iteration

count is reached.
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Creation of MicroGen I ) .
F boiler_init_rankine_convective_sco2.py
instance

class MicroGen

Creation of boiler
—» heat exchanger
instances

boiler_hx.py

class Radiative_Convective_HX boiler_heat_transfer.py
I

class Radiative_Convective_EV class direct_radiation

Creation of
> combustion and
furnace instances

class Radiative_Convective_AH

class sidewall_HT

class Radiative_Cavity \
l class roof_HT

class Combustion_CV ‘

class steam_HT
class Furnace_Compound [

T
class furn_re

class furn_st

I

Appendix Figure 4: Class instance creation for boiler class in driver program

For the current work, a boiler class called ‘MicroGen’ is created for each configuration analysed. As
the boiler contains a significant number of components, a class for the boiler is useful to localise
code for boiler compound component creation and keep the driver file clutter free. Appendix Figure
4: Class instance creation for boiler class in driver program shows how the boiler class is
implemented along with other sub- compound component classes. In the ‘MicroGen’ class,
instances of several other compound component classes are created, including the combustion,
furnace, and various boiler heat exchanger classes. The code for these compound component
classes is presented below. Appendix A.2 shows the code listing for the ‘MicroGen’ class, Appendix
A.3 shows the code listing for the various boiler heat exchanger classes, and lastly Appendix A.4
shows the code listing for the boiler heat transfer element classes. There are four boiler heat

exchanger compound component classes, including a radiative convective heat exchanger, radiative

160



Appendix A.
Integrated 1D model — Python code listing

convective evaporator, radiative cavity, and radiative convective air heater. Additionally, classes are
used for the combustion control volume, as well as the furnace. For each of these boiler heat
exchanger compound components, pipe elements for each fluid stream, including the flue gas and
secondary streams, are created (except for radiative cavities). Moreover, instances of heat transfer
element classes are also created in each compound component, accounting for various phenomena,
such as direct radiation, external heat transfer to the secondary fluid through convection and gas

radiation, as well as heat transfer to water walls in the roof and side walls. The heat transfer element

classes in ‘boiler_heat_transfer’.py is used to calculate the required Q for each heat transfer
element. This includes various heat transfer correlations, implemented as functions, and described
in the theory section 3.2. Consequently, for each boiler heat exchanger instance (other than
radiative cavities), two pipes and four heat transfer elements are created. Each of these heat
transfer elements is then connected to the relevant input and output pipes to facilitate the required

heat transfer phenomena.

It is important to note that only the boiler class is described here-in. Elements such as turbines,
compressors, pipes, as well as other compound heat exchangers used in this work are not
presented. The reasoning is to provide the reader with a brief understanding of the inner workings
of the integrated network model, rather than provide a complete code listing and in-depth review
of the solver. The driver code listing is presented below in Appendix A.1, with several miscellaneous

functions omitted for clarity.
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A.1 Driver file code - single sCO2 heater configuration

W o0 NGOV WNBRE

OO0 000UV UVIUVUUVUVUVUVIUVUVUBASDBSDSDBEDEDBEDEDEDEDRBWWWWWWWWWWNNNNNNNNNNRRRRERRERRRPR
W oo NOUEAE WNROUOUOONOOUDEWNEREOOOVUONOUAEWNROUOUOONOODULDEWNROOOUONOGODUEAEWNROOOVOONOGOOUVULDEEWNEREO®

Driver file for single configuration integrated cycle’

#import required libraries and modules

import numpy as np

import sympy

import CoolProp.CoolProp as CP

import pandas as pd

from newton.zeros import * #adjusted newton to include relaxation

#import required modules for solver, elements, and heat transfer elements
from solver import *

from base_classes import Node

from heat_transfer.heat_transfer import *

from components.compressor import Compressor_isentropic_head_v2
from components.turbine import Turbine

from components.pipe import Pipe

from components.compound_hx import *

from components.pump import Pump

from components.two_phase_tank import Two_Phase_Tank

from components.compound_hx import Compound_HX_Counterflow

#import required boiler element modules

from components.boiler.combustion_cv import Combustion

import components.boiler.furnace_projected as fp

from components.boiler.boiler_init_rankine_convective_sco2 import MicroGen

import GasMixtureProperties_BICU as gmp

INPUTS
inputs = pd.read_excel(('results//brayton//conv_invcontrol_ 100% load_ 10%ATT_CFD_compare.xlsx"')\
, hrows = 20, usecols = 'A:B')

load = 100

p_cond_out = inputs.loc[0,0]*1E3

K_CFP_pipe = inputs.loc[1,0]

K_HPT_bypass = inputs.loc[2,0]

Qdot_ATT = inputs.loc[3,0]*1E3

K_BFP_pipe = inputs.loc[4,0]

#Turb valve value based on fitted data for various loads

K_turb_valve = 9.87437E+04 + -2.31872E+05 * load/100 + 1.83143E+05\
* (load/100)**2 + -5.00000E+04 * (load/100)**3

K_process = inputs.loc[6,0]

K_process_2 = 4.0

K_cond_pipe = 1.5

T_ext_cond = 25 + 273.15

Qdot_process = 2000E3

bool_process_heat = True

mdot_f = inputs.loc[11,0]

K_ATT_co2 = inputs.loc[12,0]

K_RXLP_valve = inputs.loc[13,0]

K_PC_bypass = inputs.loc[14,0]

p_comp_in = (load - 60)/(100 - 60) * (10E6 - 7.5E6) + 7.5E6

UA_RX = inputs.loc[16,0]

UA_cooler = inputs.loc[17,0]

UA_cond = inputs.loc[18,0]

#Ambient inputs

H = 250 #[m]

p_amb = barometric_pressure(H)

T_amb = 25+kel

RH_amb = 0.8

w_amb = CP.HAPropsSI('W','T',T_amb, 'RH',RH_amb, 'P',p_amb)
p_fur = p_amb

T_f = 27+kel

T_ca = T_amb

w_ca = w_amb

#Mass fractions

Y_amb = {'02'
Y_fg = {'H20"

22923, 'N2': ©.75450, 'H20': 0.01626}

: 0. :
: 0.15, 'C02': @©.15, 'N2': @.5, 'S02': 9.0e-05, '02': 0.030}
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70
71
72
73
74
75
76
77

T ia = T_ca

f ia =0
alpha_air = 1.27
HHV = 8.838E6
cp_f = 1200

Y_fa = 0.40

T_ba = 800+kel

Y f = {'C':0.2171-0.0062, 'H':0.0268,

#[kg/kg_f]

78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

114

124

139
140

f_pa = 0.508
f_sa = 0.402

f da = 0.090
T_pa = 240+kel
T_sa = T_pa
T_da = 32+kel

#Uncertainty factors - for uncertainty analysis

'0':0.2077,

'N':0.0016,

alpha_angular_coef = UFx['fur']["alpha_angular_coef']

alpha_flame_modification =

#Guess
T aft = 1360
h_pa = gmp.enthalpy(Y_amb, T=T_pa)
h_aft = gmp.enthalpy(Y_fg, T=T_aft)

#Furnace Inputs

f_radloss = 0.0101

# Combustion chamber geometry
d_tubewalls = 0.0762 #[m]

b_tubewalls = 0.1 #[m]

A_fur = {}

A_fur[ 'tubewalls'] = 150.3832 #152.082
A_fur[ 'refractory'] = 26.704 #[m"2]
A_fur[ ' furnaceexit'] = 19.814 #[m~2]
A_fur['grate'] = 20.758 #[m~2]
Vol_fur = 184.09 #[m"3]

#[mA2]

# Wall fouling factor - xi
xi_fur = {}

UFX['fur'][ 'alpha_angular_coef']

xi_fur[ 'tubewalls'] = fp.wall_fouling_factor[ 'grate_fuels']
xi_fur['refractory'] = fp.wall_fouling_factor[ 'refractory’]

xi_fur['furnaceexit'] = 1.0
xi_fur['grate’'] = 1.0

# Wall angular coefficient - x

Appendix A.
Integrated 1D model — Python code listing

'S':0.0002, 'H20':0.50, 'ASH':0.0466, 'UC':0.0062}

x_fur = fp.angular_coefficient(b_tubewalls, d_tubewalls, alpha_angular_coef)

#Effective furnace emissivity
d_fa = fp.d_fa[ 'grate_firing']
x1_coke = fp.x_1_coke[ 'other_coals"']
x2_coke = fp.x_2_coke['grate_firing']

#Flame modification factor
X_fl = 0.14 #nominal
M_flame =

#CoolProp using BICU interpolation for speed up
BICU water = CP.AbstractState('BICUBIC&HEOS',

#Guess values for Rankine cycle
h_cond_out = CP.PropsSI('H"', 'Q', 0,
p_CFP_out = 880E3

h_CFP_out = CP.PropsSI('H',
p_BFP_out = 6800E3
h_BFP_out = CP.PropsSI('H',
p_boiler_out = 6790E3
T_boiler_out = 485 + 273.15
h_boiler_out = CP.PropsSI('H",
T _HPT out = 320 + 273.15

p_HPT out = 860E3

‘Q', @, 'P', p_CFP_out,

'Q', 0, 'P', p_BFP_out,

'T', T_boiler_out,

'P', p_cond_out,

'Water')

'Water")
'Water')

'Water")

'P', p_boiler_out,

(fp.A_prime[ 'grate_stoker'] - fp.B_prime[ 'grate_stoker']*X_fl) * (1 + alpha_flame_modification)

'Water')
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141 h_HPT_out = CP.PropsSI('H', 'T', T_HPT_out, 'P', p_HPT_out, 'Water')

142 p_IPT_out = 1.05*p_cond_out

143 h_IPT_out = CP.PropsSI('H', 'P', p_IPT_out, 'Q', 0.9, 'Water')

144

145 p_cond_in_ext = 101.3E3

146 p_cond_out_ext = 101.2E3

147

148 h_cond_in_ext = CP.PropsSI('H', 'T', T_ext_cond, 'P', p_cond_in_ext, 'Water')

149 h_cond_out_ext = CP.PropsSI('H', 'T', T_ext_cond + 5, 'P', p_cond_out_ext, 'Water')
150 K_cond_ext = 1

151 A _cond_ext = 1

152

153 p_DA = 835E3

154 x_DA = 0.5

155 h_DA = CP.PropsSI('H', 'P', p_DA, 'Q', x_DA, 'Water")

156

157 #Rankine cycle turbomachinery curves

158 a_CFP = np.array([2.0155E+02, -1.85E+03, -606840])
159 a_BFP = np.array([1.00E1, -2.20E3, -8.50E6])

160 b_CFP = np.array([4.00E-1, 4.80E1, -2.10E3])

161 b_BFP = np.array([4.00E-1, 2.21E3, -4.61E6])

162

163 a_HPT = np.array([0.00E+00, 0.00E+00, 1.54E+09])
164 a_IPT = np.array([5.68E-13, 4.76E+05, 5.22E+08])
165 b_HPT = np.array([-3.00E-01, 4.70E+04, -5.31E+08])
166 b_IPT = np.array([-1.00E-01, 7.40E+03, -1.82E+07])
167

168 #Pipe areas - dummy variables used for now

169 A_CFP_pipe = 0.1

170 A_BFP_pipe = 0.05

171 A_cond_pipe = 1

172 A _turb_valve = 0.1

173 A _HPT_bypass = 0.1

174 A _process_heat = 0.1

175 A_process_cond_split = 0.1

176 A_IPT_valve = 0.1

177

178 sC02 cycle
179 #Simple recuperated Brayton cycle network

180 #region

181 #CoolProp BICU interpolation for speed up

182 BICU_CO2 = CP.AbstractState('HEOS', 'C02")

183 BICU_Water_sC02 = CP.AbstractState( 'BICUBIC&HEOS', 'Water')

185 PR_comp = 2.5

186 PR_turb = 2.25

187 #Boundary Conditions and guess values

188 T_comp_in = 32.6491 + kel

189 h_comp_in = CP.PropsSI('H', 'P', p_comp_in, 'T', T_comp_in, 'C02")
190 p_RXHP_in = PR_comp * p_comp_in

191 h_RXHP_in = CP.PropsSI('H', 'P', p_RXHP_in, 'T', T_comp_in+30, 'C02")
192 p_heater_in = ©.995*p_RXHP_in

193 h_heater_in = 700E3

194 p_turb_in = ©.991*p_RXHP_in

195 h_turb_in = 1080E3

196 p_RXLP_in = p_turb_in/PR_turb

197 h_RXLP_in = 8@@E3

198 p_cooler_in = 0.995*p_RXLP_in

199 h_cooler_in = 620E3

200

201 p_cooler_ext_in = 101.3E3

202 T_cooler_ext_in = 25 + kel

203 h_cooler_ext_in = CP.PropsSI('H', 'P', p_cooler_ext_in, 'T', T_cooler_ext_in, 'Water')
204 p_cooler_ext_out = 100.3E3

205 T_cooler_ext_out = 38 + kel

206 h_cooler_ext_out = CP.PropsSI('H', 'P', p_cooler_ext_out, 'T', T_cooler_ext_out, ‘Water')
207

208 K_RXHP = 1.81E4

209 K_H = 0.5E6

210 K_RXLP = 0.2E4

211 K_PC = 0.75E4

212 K_PC_mid = 1E2
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K_PC_ext =1
K_RX_pipe = 50

#Turbomachinery curves

a_C = np.array([2.32200E+01, -8.13240FE+01, -3.10990E+03, -3.63450E+02])
b_C = np.array([5.7017E-01, 3.0758E+01, -8.0928E+02, 4.5139E+03])

a_T = np.array([1.0000E+00, 4.1900E+04, 8.9500E+08])

b_T = np.array([3.7606E-01, 5.0077E+04, -1.3483E+09, 7.0178E+12])

RX_n_disc = 6
PC_n_disc

n
)}

T_heater_ext = 600+273.15
T_PC_ext = 35 + 273.15

#Setup nodes for sC02 Brayton cycle

n_comp_in = Node(BICU_CO2, 'n_comp_in', p = p_comp_in, h = h_comp_in, p_bc = True, h_bc = True)
n_RXHP_in = Node(BICU_CO2, 'n_RXHP_in', p = p_RXHP_in, h = h_RXHP_in)

n_RXHP_out = Node(BICU_C02, 'n RXHP out', p = ©.99%p_RXHP_in, h = h_RXHP_in)

n_RXLP_in = Node(BICU_CO2, 'n_RXLP_in', p = p_RXLP_in, h = h_RXLP_in)

# n_RXLP_valve_in = Node(BICU_CO02, 'n_RXLP_valve_in', p = 0.99%p RXLP_in, h = h_RXLP_in)
n_cooler_in = Node(BICU_CO2, 'n_cooler_in', p = p_cooler_in, h = h_cooler_in)

n_cooler_out = Node(BICU_C02, 'n_cooler_out', p = ©0.99*%p_cooler_in, h = h_cooler_in)

n_end_sC02 = Node(BICU_CO02, 'n_comp_in', p = p_comp_in, h = h_comp_in, p_bc = True)

n_cooler_ext_in = Node(BICU_Water_sC02, 'n_cooler_ext_in', p = p_cooler_ext_in, h = h_cooler_ext_in, \
p_bc = True, h_bc = True)

n_cooler_ext_out = Node(BICU_Water_sC02, 'n_cooler_ext out', p = p_cooler_ext_out, h = h_cooler_ext_out,\
p_bc = False, h_bc = False, m_source = -500)

#Setup elements for sC02 Brayton cycle

comp = Compressor_isentropic_head_v2(a_C, b_C, 'comp', mdot_guess= 20)

turb = Turbine(a_T, b_T, 'turb', mdot_guess = 20)

RX = Compound_HX_Counterflow(n_disc = RX_n_disc, K_1 = K_RXHP, K_2 = K_RXLP, UA_HX = UA_RX, id = 'RX")
# RXLP_valve = Pipe(A = 1, fins = False, n_disc = 1, K = K_RXLP_valve, id = 'RXLP_valve')
RXHP_mid_pipe = Pipe(1, 0, 1, K_RX_pipe, 'RX_internal_pipe")

pre_cooler = Compound_HX_Counterflow(n_disc = PC_n_disc, K_1 = K_PC, K_2 = K_PC_ext, UA_HX = UA_cooler, id
ATT_pipe_co2 = Pipe(1, 0, 1, K_ATT_co2, 'ATT_co2_pipe')

PC_bypass_pipe = Pipe(A = 1, fins = False, n_disc = 1, K = K_PC_bypass, id = 'PC_bypass"')

PC_mid_pipe = Pipe(A = 1, fins = False, n_disc = 1, K = K_PC_mid, id = 'PC_midpipe")

#endregion

##HHHHEISolver parameters#itiitiit

#Global max and min pressures, temperatures, and enthalpy
p_global_max = 1E9

p_global_min = 1E3

T_global_max = 2000 + 273.15

T_global_min = @ + 273.15

p_global_min = [1E3, 1E3, 1E3, 1E6, 1E3]

p_global_max = [1E9, 1E9, 1E9, 1E9, 1E9]

h_global_min = [-5E6, 20E3, 1E3, 1E5, 1E5]

h_global_max = [5E6, S5E6, S5E6, 1.5E6, 3E6]

vals_global = [p_global_min, p_global_max, h_global_min, h_global_max]

#Relax params
p_relax = 0.8
h_relax = 0.10
p_relax_co2 = 0.5
h_relax_co2 = 0.05

#Initialisation function for all boiler components
MicroGen_1 = MicroGen(Y_f, mdot_f, T_f, T_da, Y_fa, f_pa, f_sa, f_da, HHV, alpha_air,\
w_ca, cp_f, p_amb, p_fur, f_radloss, A_fur, Vol_fur, \
xi_fur, x_fur, d_fa, x1_coke, x2_coke, M_flame, Qdot_ATT,\
HX_params = Gx, uncertainty_factors=UFx, high_ash= 1)
MicroGen_l.initialise()

#Setup nodes for Rankine cycle
n_cond_out = Node(BICU water, 'n_cond_out', p_cond_out, h_cond_out, p_bc = True, h_bc = True)
n_CFP_out = Node(BICU_ water, 'n_CFP out', p_CFP_out, h_CFP_out, p_bc = False, h_bc = False)

= 'PC")
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n_DA = Two_Phase_Tank(BICU_water, p = p_DA, h = h_DA, x_mix = x_DA, p_bc = True, liq = True,\

vap = False, id = 'DA', K_lig= 1)

n_BFP_out = Node(BICU_water, 'n_BFP_out', p_BFP_out, h_BFP_out, p_bc

False, h_bc = False)

n_turbvalve_out = Node(BICU_water, 'n_turbvalve out', ©.98*MicroGen_l.node_SH2_out_w.p, \

h_HPT_out, p_bc = False, h_bc = False, m_source= 0)
n_HPT_out = Node(BICU_ water, 'n HPT out', p_HPT_out, h_HPT_out, p_bc
n_IPT_out = Node(BICU_water, 'n_IPT out', p_IPT_out, h_IPT_out, p_bc

False, h_bc = False, m_source= 0)
False, h_bc = False)

n_IPT_valve_out = Node(BICU_ water, 'n_IPT valve out', ©.99%p IPT_out, h_IPT_out, p_bc = False, h_bc = False)

n_end = Node(BICU_water, 'n_end', p_cond_out, h_cond_out, p_bc = True, h_bc
n_process = Node(BICU_water, 'n_process', ©0.95%p HPT_out, h_IPT_out, p_bc

T_bc = bool_process_heat, T = 50+kel)

= False)

False, h_bc = False,\

n_cond_in_ext = Node(BICU_water, 'n_cond_in_ext', p_cond_in_ext, h_cond_in_ext, p_bc = True,\

h_bc = True)

n_cond_out_ext = Node(BICU_ water, 'n_cond out_ext', p_cond_out_ext, h_cond_out_ext, p_bc = False, \

h_bc = False, m_source = -10000)

#Setup elements for Rankine cycle

CFP = Pump(a_CFP, b_CFP, 'CFP', mdot_guess = 5.5)

CFP_pipe = Pipe(A_CFP_pipe, 0, 0, K_CFP_pipe, 'CFPpipe")

BFP = Pump(a_BFP, b_BFP, 'BFP', mdot_guess = 12)

BFP_pipe = Pipe(A_BFP_pipe, 0, 0, K_BFP_pipe, 'BFPpipe’)
turb_valve = Pipe(A_turb_valve, 0, 0, K_turb_valve, 'turbvalve')
HPT = Turbine(a_HPT, b_HPT, 'HPT', mdot_guess = 12)

IPT = Turbine(a_IPT, b_IPT, 'IPT', mdot_guess = 6)

cond = Compound_HX_Counterflow(n_disc=1, K_1=K_cond_pipe, K_2= K_cond_ext, \

UA_HX=UA_cond, id='cond', A_1l = A_cond_pipe, A_2 = A_cond_ext, cond_1=True)

HPT_bypass = Pipe(A_HPT_bypass, 0, 0, K_HPT_bypass, 'HPTbypass')

process_heat_pipe = Pipe(A_process_heat, 0, 0, K_process, 'Process_heat_pipe")
process_heat_2_pipe = Pipe(A_process_heat, 0, 0, K_process_2, 'Process_heat_pipe 2")

#Connect nodes to elements
comp.connect_IO(n_comp_in, n_RXHP_in)
RX.connect_IO_dual(n_RXHP_in, n_RXHP_out, n_RXLP_in, n_cooler_in)
RXHP_mid_pipe.connect_IO(n_RXHP_out, MicroGen_1.node_inlet_co2)
ATT_pipe_co2.connect_IO(n_RXHP_in, MicroGen_1.node_inlet_co2)
turb.connect_IO(MicroGen_l.node_outlet_co2, n_RXLP_in)
# RXLP_valve.connect_IO(n_RXLP_valve_in, n_cooler_in)
pre_cooler.connect_IO_dual(n_cooler_in, n_cooler_out,\
n_cooler_ext_in, n_cooler_ext_out)
PC_mid_pipe.connect_IO(n_cooler_out, n_end_sC02)
PC_bypass_pipe.connect_IO(n_cooler_in, n_end_sC02)

#Connect nodes to elements for Rankine cycle
CFP.connect_IO(n_cond_out, n_CFP_out)
CFP_pipe.connect_IO(n_CFP_out, n_DA.node_mix)
BFP.connect_IO(n_DA.node_liq, n_BFP_out)
BFP_pipe.connect_IO(n_BFP_out, MicroGen_l.node_inlet_w)

# boiler_pipe.connect_IO(n_BFP_pipe_out, n_boiler_out)
turb_valve.connect_IO(MicroGen_1l.node_SH2_out_w, n_turbvalve_out)
HPT.connect_IO(n_turbvalve_out, n_HPT_out)

# process_cond_split_pipe.connect_IO(n_HPT_out, n_process_cond_split)

HPT_bypass.connect_IO(n_HPT_out, n_DA.node_mix)
IPT.connect_IO(n_HPT_out, n_IPT_out)

# cond_pipe.connect_IO(n_IPT_out, n_end)
process_heat_pipe.connect_IO(n_HPT_out, n_process)
process_heat_2_pipe.connect_IO(n_process, n_DA.node_mix)

cond.connect_IO_dual(n_IPT_out, n_end, n_cond_in_ext, n_cond_out_ext)

#Initialise compound heat exchangers
RX.initialise()
pre_cooler.initialise()

cond.initialise()

#Specify whether closed or open cycle
closed_cycle_fg_air = [False]

closed_cycle_rankine = [True, n_cond_out, n_end]
closed_cycle_cond_ext = [False]

closed_cycle_sC02 = [False, n_comp_in, n_end_sC02]
closed_cycle_sC02_cooler_ext = [False]
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#Process heat extraction
HT_process = Fixed_Q(Qdot_process, id = 'process_heat")

HT_process.connect_IO(process_heat_pipe, 'null")
solve_connectivity_fluid_iter = [1, 1, 1, 1, 1]

#Specify lists of nodes and elements for each network
nodes_fg_air = MicroGen_l1.fg_nodes + MicroGen_l.air_nodes
elements_fg_air = MicroGen_1.fg_elements + MicroGen_1.air_elements

nodes_w = [n_cond_out, n_CFP_out, n_DA.node_mix, n_DA.node_liq,\
n_BFP_out] + MicroGen_l.w_nodes + [n_turbvalve_out,\
n_HPT_out, n_process, n_IPT_out, n_end] + cond.nodes_1
elements_w = [CFP, CFP_pipe, n_DA.pipe_liq, BFP, BFP_pipe] +\
MicroGen_1.w_elements + [turb_valve, HPT, IPT,\
HPT_bypass, process_heat_pipe, process_heat_2_pipe] + cond.elements_1

nodes_ext = [n_cond_in_ext, n_cond_out_ext] + cond.nodes_2
elements_ext = [] + cond.elements_2

nodes_C02 = [n_comp_in, n_RXHP_in] + RX.nodes_1 + [n_RXHP_out] + \
MicroGen_1.co2_nodes + [n_RXLP_in] + RX.nodes_2 + [n_cooler_in]\
+ pre_cooler.nodes_1 + [n_cooler_out, n_end_sC02]
elements_C02 = [comp, ATT_pipe_co2] + RX.elements_1 + [RXHP_mid_pipe] \
+ MicroGen_l.co2_elements + [turb] + RX.elements_2 + pre_cooler.elements_1 \
+ [PC_mid_pipe, PC_bypass_pipe]

nodes_sC02_cooler_ext = [n_cooler_ext_in] + pre_cooler.nodes_2 + [n_cooler_ext_out]
elements_sC02_cooler_ext = pre_cooler.elements_2

nodes_all_ls = [nodes_fg_air, nodes_w, nodes_ext, nodes_C02, nodes_sCO2_cooler_ext]
elements_all_ls = [elements_fg_air, elements_w, elements_ext, elements_C02,\
elements_sC02_cooler_ext]

elements_all = MicroGen_l.air_elements + MicroGen_1.fg_elements + \
[CFP, CFP_pipe, n_DA.pipe_liq, BFP, BFP_pipe, turb_valve, HPT,\
IPT, HPT_bypass] + MicroGen_1.w_elements + cond.elements_1 + \
cond.elements_2 + elements_C02 + elements_sC02_cooler_ext
#List of heat transfer elements
elements_HT = [HT_process] + MicroGen_1.HT_elements + cond.HT_elements + RX.HT_elements \
+ pre_cooler.HT_elements

#Connectivity matrix for each network

conn_matrix_1 = conn_matrix_fn(nodes_fg_air, elements_fg_air)

conn_matrix_2 = conn_matrix_fn(nodes_w, elements_w)

conn_matrix_3 = conn_matrix_fn(nodes_ext, elements_ext)

conn_matrix_C02 = conn_matrix_fn(nodes_C02, elements_C02)

connectivity matrix_sC02_cooler_ext = conn_matrix_fn(nodes_sC02_cooler_ext, elements_sC02_cooler_ext)

#Connectivity matrix for each HT element
connectivity_matrix_HT = conn_matrix_fn_HT(elements_all, elements_HT)
connectivity_ fluid = [conn_matrix_1, conn_matrix_2, conn_matrix_3, conn_matrix_C02, \
connectivity _matrix_sC02_cooler_ext]
closed_cycle = [closed_cycle_fg_air, closed_cycle_rankine, closed_cycle_cond_ext, \
closed_cycle_sC02, closed_cycle_sC02_cooler_ext]

#Solver function
mom_conv, enth_conv = network_solver(connectivity fluid, connectivity_matrix_HT, closed_cycle,\
relax_params = [[p_relax, h_relax], [p_relax, h_relax], [p_relax, h_relax], \
[p_relax, h_relax_co2], [p_relax, h_relax]], \
enthalpy_conv_crit=1E-3, mom_conv_crit=1e-4,global_limits = vals_global, \
timer = False, mom_bal = True, energy_bal = True, debug = '', max_iter= 1500, \
solve_connectivity fluid_iter=solve_connectivity_fluid_iter)

#Print inputs and results

res_ins, res_comp = res_inputs_process()
print(res_ins)

print(res_comp)
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434
435
436
437

Cond outlet pressure (kPa)
CFP Valve K

HPT Bypass K

ATT Qdot (kW)

BFP Pipe K

Turb Valve K

Process heat K

Process heat pipe 2K
Cond Pipe K

T_ext_cond (C)

Process heat (kW)

Fuel Flowrate (kg/s)
K_ATT_co2

sC0O2 Main valve
K_PC_bypass

sCO2 Compresser inlet pressure (MPa)
UA RX (W/K)

UA cooler (W/K)

UA_cond (W/K)

sCO2 eta_th

Set

hsat_lig (kl/kg)  245.164096
mdot_cond_bal (kg/s) 10.243412
esource_DA (kW) 0
esource_SH2 (kW) 0
Boiler mdot_bal (kg/s) 13.174206
Boiler pres bal (kPa) 6914.663114

esource_SD (kW) 0
process_esource (kW) 0
T_sco2_out (C) 550

T_sco2_comp_in (C) 32.500000
sC02 RX efficiency 0.850000

#Print inputs and results for each node and element in each network

res_nodes, res_elems =
display(res_nodes[0])
display(res_elems[0])
display(res_nodes[1])
display(res_elems[1])
display(res_nodes[2])
display(res_elems[2])
display(res_nodes[3])
display(res_elems[3])
display(res_nodes[4])
display(res_elems[4])

0
1.865657e+01
2.596213e+04
2.798208e+04
1.256906e+03
7.96282%e+02
1.470000e+01
2.465100e+05
4.000000e+00
1.500000e+00
2.500000e+01
2.000000e+03
6.509767e+00
4.600000e+07
0.000000e+00
2.000000e+11
1.000000e+01
2.100000e+05
1.700000e+05
7.181772e+05

3.412503e-01

Actual Diff
245.164418 0.000322
10.243123  -0.000289
-0.610210 -0.610210
0.168526 0.168526
13.174213 0.000007
6914.663106 -0.000008
0.341185 0.341185
-0.021277  -0.021277
509.631140 -40.368860
32649108 0.149108
0.891174 0.041174

results_gasmix()

Rel Diff
0.000000
-0.002823
NaN

MNaMN
0.000054
-0.000000
NaMN

MNaN
-7.339793
0.458793
4.844032

Appendix A.
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furn_node_inlet

node_furn_out_fg

n_SH2_out_fg

n_SCR1_out_fg

n_tCAV1_out_fg

n_sCO2HX_out_fg

n_bCAV1_out_fg

n_SCR2_out_fg

n_CAV2 out_fg

n_SH1_out_fg

n_bEV_out_fg

n_tEV_out_fg

n_tAH_out_fg

n_EC3_out fg

n_EC2_out_fg

n_EC1_out_fg

n_bAHt_out_fg

n_bAHb_out_fg

n_inlet_air

n_bAHb_out_air

n_bAHt_out_air

n_tAH_out_air

p (kPa)

98.344441

98.342849

98.341519

98.340275

98.339070

98.337973

98.336971

98.335983

98.335009

98.334102

98.333300

98.332564

98.331882

98.331247

98.330649

98.330082

98.329543

98.329036

98.355940

98.354277

98.352362

98.350109

h (kl/kg)

2271.284937

1744671976

1565.499203

1518.858145

1466.142269

1244678146

1227.677612

1208.461210

1196.098653

1044.775390

947.340028

887.902377

825.827893

779.952275

742.909945

712.689998

679.786321

642.359288

39.798565

93.484201

140816671

230.529148

T(O)

1340.518184

991.094101

867.737219

835.152120

798.063977

638.692987

626.426416

612.288553

603.166747

488.730597

414.802553

368.305387

319.078045

282.247077

252.226376

227.549213

2004933816

169.490441

25.000000

77.225716

123.093175

208.284783

Density
(kg/m3)

0.198607

0.253496

0.280902

0.289157

0.299164

0.351371

0.356237

0361921

0.365685

0.420056

0.465803

0.499563

0.541085

0.576963

0.609928

0.639954

0.676538

0.723920

1.133591

0.964606

0.852931

0.700530

Energy Source
(kW)

56184.717008

34111443

12.083314

3.176130

3.602088

15.997516

1.176764

1.345400

0.861180

10.834005

7178864

4479702

4.795596

3.595195

2.835955

2416579

2847244

-17100.917970

741.020287

-0.005157

-0.005896

0.013812

Mass Source

(kg/s)

8.007506

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

0.000000

-26.626779

18.619272

0.000000

0.000000

0.000000
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Gas Mixture Y

{H20" 0.1932903799772433, 'CO2"

0.188926813...

{H20" 0.1932903799772433, 'CO2":
0.188926813...

{'H20" 0.19329037997724333, 'CO2"
0.18892681...

{'H20": 0.19329037997724333, 'CO2";
0.18692681...

{'H20™ 0.19329037997724333, 'CO2"
0.18892681...

{'H20" 0.19329037997724333, 'CO2"
0.18892681...

{'H20" 0.19329037997724335, 'CO2"
0.13892681...

{'H20" 0.19329037997724335, 'CO2":
0.18892681...

{'H20" 0.19329037997724335, 'CO2"
0.18892681...

{'H20™ 0.19329037997724335, 'CO2":
0.18892681...

{'H20" 0.19329037997724335, 'CO2"
0.18892681...

{'H20" 0.19329037997724335, 'CO2":
0.18892681...

{'H20" 0.19329037997724335, 'CO2"
0.18892681...

{'H20" 0.19329037997724335, 'CO2"
0.18692681...

{'H20™ 0.19329037997724338, 'CO2"
0.18892681...

{'H20" 0.19329037997724338, 'CO2"
0.18892681...

{'H20"% 0.19329037997724338, 'CO2"
0.13892681...

{'H20" 0.19329037997724338, 'CO2"
0.18892681...

{02 0.2291296237414236, 'N2"
0.75460878973...

{02 0.22912962374142362, "N2":
0.7546087897...

{02 0.22912962374142362, "N2"
0.7546087897...

{102 0.22912962374142362, "N2";
0.7546087897...
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mdot (kg/s) Qdot (kW) Wdot (kW)

Combustion_CV 18619273 0.000000 0.0
furn_CV_furn 26626779 -14056.116127 0.0
SH2_pipe_1 26626780  -4782.870955 0.0
SCR1_pipe_1 26626782  -1245.078389 0.0
tCAV1_pipe_1 26626781  -1407.221565 0.0
sCO2HX_pipe_1 26626806  -5912.798791 0.0
bCAV1_pipe_1 26626834 -453.854592 0.0
SCR2_pipe_1 26.626831 -513.024240 0.0
CAV2_pipe_1 26626528 -330.053987 0.0
SH1_pipe_1 26626816  -4040.136465 0.0
bEV_pipe_1 26626795  -2601.596190 0.0
tEV_pipe_1 26626780  -1587.125163 0.0
tAH_pipe_1 26626773  -1657.641666 0.0
EC3_pipe_1 26626771  -1225.115523 0.0
EC2_pipe_1 26626770 -989.252952 0.0
EC1_pipe_1 26626770 -807.074962 0.0
bAHt_pipe_1 26626771 -878.764856 0.0
bAHb_pipe_1 26626771 -999.591923 0.0
bAHb_pipe_2 18619271 999.591923 0.0
bAHt_pipe_2 18619270 681.301645 0.0
tAH_pipe_2 18619272 1670.368818 0.0

p (kPa) h (kJ/kg) T (°C) Density (kg/m3) Energy Source (kW) Mass Source (kg/s) Gas MixtureY

n_cond_out 18656570 245160839  58.561556 983.899089 2511.216931 Q i

n_CFP_out 2283.040221 248596500 58.927273 984.695820 -0.000046 0 &

n_mix DA 835.000000 1749.361158 172.189780 8.625156 -0.608217 a i

n_lig DA 834994921 728678691 172.189525 895.201792 -13446.669152 a 4

n_BFP_out 6951495819  739.596229 173.934686 897.262872 0.000038 Q &

n_BFP_pipe_out 6920.690092  739.596215 173.938514 897.239617 -0.000258 0 4

n EC1 outw 6918.739741  800.898728 187.924739 882343241 -0.006471 a i

n EC2 outw 6916.751269 876.039760 204.514941 863.013534 -0.003338 a 4

n EC3_outw 6914710548  968.748063 225.192898 837461181 -0.008932 ] O

n_mix_steam_drum 6914.663830 2018.490604 285.000008 68.715913 -140.807015 0 4

n_lig_steam_drum 6914.663890 1263.249760 285.000963 741.252972 -9949.689556 a i

n_gas_steam_drum 6914.662055 2773.731471 284.998147 36.027883 9949.731940 0 &

n_SH1 out.w 6914100182 3059.680550 363.568497 26.928660 0.225475 a 4

n_ATT out_w 6913.483309 2964.277689 332.614665 29.451556 0.000870 0 &

n_SH2_out.w 6912.774654 3375.964676 485.000000 21.000159 -103.412754 a i

n_turbvalve_out 6906.697431 3375964676 484.968678 20.981574 -0.000056 1] &

n_HPT_out 1625942708 3089.249795 324.460449 6.105960 0.000085 a i

n_process 835008396  728.243492 172.090201 895305768 -0.018776 a 4

n_IPT_out 18974740 2603.357294  58.924866 0124642 0.000005 Q &

n_end 18.656570  245.160843 58561557 983.899089 -2511.279306 0 &
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mdot (kg/s) Qdot (kW) Wdot (kW)

CFP 10.243141 0.000000  -35.192006

CFPpipe 10.243141 0.000000 0.000000

pipe_lig_DA 13.174194 0.000000 0.000000

BFP 13174195 0.000000 -143.529648

BFPpipe 13174194 0.000000 0.000000

EC1_pipe_2 13.174194 807.617002 0.000000
EC2_pipe_2 13.174194 989.9254599 0.000000
EC3_pipe_2 13174194 1221.364147 0.000000
EC3_Pipe 13.174193 0.000000 0.000000
pipe_lig_steam_drum 13.174194 0.000000 0.000000
pipe_vap_steam_drum 13.174194 0.000000 0.000000

EV_w 13174194 23920.012419 0.000000
SH1_pipe_2 13174210 3766.988107 0.000000
ATT 13.174222  -1256.905847 0.000000

SH2_pipe_2 13.174206 5526.999538 0.000000
turbValve 13174194 0.000000 0.000000
HPT 13174194 0.000000 3777.237567

IPT 10.243395 0.000000 4977.188627
HPTbypass 2.083695 0.000000 0.000000

Process_heat_pipe 0.847104 -2000.000000 0.000000
Process_heat_pipe_2 0.847104 0.000000 0.000000
pipe_1_Ocond 10.243395 -24155.936592 0.000000

p (kPa) h (kJ/kg) T(°C) Density (kg/m3) Energy Source (kW) Mass Source (kg/s) Gas Mixture Y
n_cond_in_ext 101.300000 104.920097 24.999998 997.047644 1.049201e+06 0 it
n_cond out ext  51.147558 107.335585 25.588735 996.872397 -1.073357e+06 -10000 ]

mdot (kg/s)  Qdot (kW) Wdot (kW)

pipe_2_Ocond 10000.0 24155936592 0.0
p (kPa) h (kJ/kg) T(°C) Density (kg/m3) Energy Source (kW) Mass Source (kg/s) Gas MixtureY
n_comp_in 10000.000000 280.651714  32.649108 742.497568 5819.551163 1] i}
n_RXHP_in 24528.163089 301.310304 53.383146 814.075678 0.008161 1] it}
n_10RX 24504.096716 328.857871 65.908746 751.711736 -0.217929 o {
n_11RX 24477.856701 358.135432  78.817717 684.712135 -0.025316 1] i}
n_12RX 24448.519455 395.603544 95236819 601.165650 0.442962 1] it}
n_13RX 24413.890147 450.321841 120.647347 492278514 1.070401 o {
n_14RX 24369.642534 531.488570 165399573 372144704 0.541120 1] i}
n_RXHP_out 24310.353974 637.513607 237.555410 277.270394 -0.235570 1] it}
n_sCO2HX_in 24310.323954 603.368230 212.920765 301.890530 -0.006391 o I
n_turb_in 24171404759 835.694079 392.147091 190.404908 -0.735332 o {
n_RXLP_in 10218.987876 747.181277 299.472508 97.226826 -0.689036 1] it
n_20RX 10194.789370 651.924316 217.212769 118.528491 0.185462 ] i
n_21RX 10174958964 579.007834 156.340794 144.744170 -0.519421 o {
n_22RX 10158.527867 529.850358 118.568219 171.919608 -1.043578 1] i}
n_23RX 10144.513087 496.187480  95.663871 198.243276 -0.434544 1] it}
n_24RX 10132.286788 469.884009 80.268106 225.524699 0.046244 ] {
n_cooler_in  10121.586541 445135912  £8.342458 258.770555 0.251214 1] i}
n_10PC 10089.278115 398.486387 53325948 349.288460 0.239458 1] it}
n_11PC  10064.712627 365.063293 47.457698 443088533 0.183520 o {
n_12PC 10044962474 337.696968  43.848284 537.637789 0.142396 1] i}
n_13PC  10028.317455 314.672202 40396443 622.376940 0.163947 1] it}
n_14PC 10013.596103 296.697469  36.741406 688.101000 0.207214 ] {
n_cooler out 10000.029228 283.170225  33.342685 734.189265 0.238838 1] i}
n_comp_in 10000.000000 283.351929 33.391897 733.585620 -5875.496443 1] it}
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mdot (kg/s)  Qdot (kW) Wdot (kW)

comp 20.735848 0.000000 -428.357173
ATT_co2_pipe 2.106235 0.000000 0.000000
pipe_1_0RX 18.629585 513.404875 0.000000

pipe_1_1RX 18.629579 545.478936 0.000000
pipe_1_2RX 18629652 £97.681702 0.000000

pipe_1_3RX 18.629866 1018.462913 0.000000
pipe_1_4RX 18.630055  1511.599576 0.000000
pipe_1_5RX 18.630005  1975.425203 0.000000
R¥_internal_pipe 18.629933 0.000000 0.000000
sCO2HX_pipe_2 20.736027  4818.090821 0.000000
turb 20.735880 0.000000 1834.704322
pipe_2_0RX 20.735923 -1975.425203 0.000000
pipe_2_1RX 20735911  -1511.599576 0.000000

pipe_2_2RX 20.735732 -1018.462913 0.000000
pipe_2_3RX 20.735472  -697.681702 0.000000
pipe_2_4RX 20.735313  -545.478936 0.000000

pipe_2_5RX 20.735261 -513.404875 0.000000
pipe_1_0PC 20.711966  -966.422176 0.000000
pipe_1_1PC 20.711988  -692.405804 0.000000

pipe_1_2PC 20.712063  -566.912028 0.000000
pipe_1_3PC 20712170 -472.869248 0.000000

pipe_1_4PC 20.712288  -376.606777 0.000000
pipe_1_SPC 20.712390  -280.396180 0.000000
PC_midpipe 20.712433 0.000000 0.000000
PC_bypass 0.023277 0.000000 0.000000
p (kPa) h (kJ/kg) T (°C) Density (kg/m3) Energy Source (kW) Mass Source (kg/s) Gas MixtureY
n_cooler_ext_in  101.300000 104.920097 24.999993 997.047644 52460.043265 0 o
n_20PC 100.547766 105480618 25.134219 997.012793 -0.150338 0 &
n_21PC  99.795501 106.233576 25.314465 996.965841 -0.142026 0 O
n_22PC  99.043196 107.179094 25.540769 996.906543 -0.122940 0 ¢
n_23PC 98290842 108312709 25.812065 996.834890 -0.116358 0 o
n_24PC  97.538428 109.697233 26.143379 996.746526 -0.160023 0 ¢
n_cooler_ext_out 96785933 111.629624 26.605748 996.621635 -55814.968793 -500 o

mdot (kg/s) Qdot (kW) Wdot (kW)

pipe_2_0PC  499.999999 280.396180 0.0
pipe_2_1PC 499999998 376.606777 0.0
pipe_2 2PC 499999997 472.869248 0.0
pipe_2_3PC  499.999996 566.912028 0.0
pipe_2_4PC  499.999995 £92.405804 0.0
pipe_2 5PC  499.999993 966.422176 0.0

438 #Fuel flowrate control - Outer loops
439 def rankine_process_solver_inner_bp(x):

440 #Set inputs from x input vector

441 #Backpressure, CFP valve, Process heat valve, Bypass valve
442 n_cond_out.p = x[0]

443 n_end.p = x[0]

444 CFP_pipe.K = np.abs(x[1])

445 process_heat_pipe.K = np.abs(x[2])

446 HPT_bypass.K = np.abs(x[3])

447
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#Update connectivity matrices if required

elements_all = [CFP, CFP_pipe, n_DA.pipe_liq, BFP, BFP_pipe, turb_valve, HPT,\
IPT, HPT_bypass] + MicroGen_1l.w_elements + cond.elements_1 + cond.elements_2

elements_HT = [HT_process] + cond.HT_elements

conn_matrix_2 = conn_matrix_fn(nodes_w, elements_w)
conn_matrix_3 = conn_matrix_fn(nodes_ext, elements_ext)

connectivity_matrix_HT = conn_matrix_fn_HT(elements_all, elements_HT)
connectivity fluid = [conn_matrix_2, conn_matrix_3]
closed_cycle = [closed_cycle_rankine, closed_cycle_cond_ext]

#Global max and min pressures, temperatures, and enthalpy

p_global_min = [1E3, 1E3, 1E3, 1E6, 1E3]

p_global_max = [1E9, 1E9, 1E9, 1E9, 1E9]

T_global_max = 2000 + 273.15

T_global_min = @ + 273.15

h_global_min = [le3, 1e3]

h_global_max = [5E6, 5e6]

vals_global = [p_global_min, p_global_max, h_global_min, h_global_max]

#Enforce required boundary conditions for quick boiler update
MicroGen_l.node_EC1_out_w.alpha_h = True
MicroGen_l.node_EC2_out_w.alpha_h = True
MicroGen_1l.node_EC3_out_w.alpha_h = True
MicroGen_l.node_SH1_out_w.alpha_h = True
MicroGen_l.node_ATT_out_w.alpha_h = True

# MicroGen_l.node_SH2_out_w.alpha_h = True

# print("Inputs: cond pressure: {0:.4f} (kPa), CFP_pipe_K: {1:4f}, ATT_Qdot: {2:4f} (kW),\
# BFP_pipe_K: {3:4f}, Fuel flow: {7:4f}, Turb_valve: {4:4f}, process_K: {5:4f},\

# bypass_K: {6:4f}".format(n_cond_out.p/1E3, CFP_pipe.K, MicroGen_1.ATT_HT.Qdot_fixed/1E3,\
# BFP_pipe.K, turb_valve.K, process_heat_pipe.K, HPT_bypass.K, MicroGen_1.mdot_f))

#Solve network

mom_conv, enth_conv = network_solver(connectivity fluid, connectivity_matrix_HT, closed_cycle,

[[p_relax, h_relax]], \
enthalpy_conv_crit=1E-4, mom_conv_crit= 1E-6, global_limits = vals_global, timer = False, mom_bal = True, energy_bal

484

= True, debug =

485
486
487
488
489
490

494

514

516

', verbose=False, iter_print = 100, max_iter=1500)

#Calculate target functions

h_sat_liq_CFP_in = CP.PropsSI('H', 'P', n_cond_out.p, 'Q', @, 'Water")
eq_p = (n_cond_out.h - h_sat_liq_CFP_in)

eq_CFP = CFP.mdot - cond.elements_1[0].mdot

eq_DA = n_DA.node_mix.energy_source

eq_boiler_valve = MicroGen_1.SH1l.pipe_2.mdot - MicroGen_1.EC3.pipe_2.mdot
eq_ATT = MicroGen_1.node_SH2_out_w.energy_source

eq_SD = MicroGen_1.steam_drum.node_mix.energy_source

eg_process = n_process.energy_source

#List of target functions corresponding to inputs
x_eq = [eq_p, eq_CFP, eq_process, eq_DA]

#Dataframe to show results each iteration of secant algorithm
indep_var = [n_cond_out.p/1E3, CFP_pipe.K, MicroGen_1.ATT_HT.Qdot_fixed/1E3, BFP_pipe.K,\
MicroGen_1.mdot_f, process_heat_pipe.K, HPT_bypass.K]

dep_var = [eq_p/1E3, eq_CFP, eq_ATT/1E3, eq_boiler_valve, eq_SD/1E3, eq_process/1E3, eq_DA/1E3]

relax_params =

df_res = pd.DataFrame(index = ['Inputs', 'Outputs'], columns = ['Backpressure (h_satliq)', 'CFP Valve (cond mdot)",

"ATT Qdot (SH2_T_out)', 'BFP pipe valve (boiler pres)', 'Fuel flow rate (SD esource)', \

'Process heat K (e_process)', 'Bypass K (e_DA)'])
df_res.iloc[0:,] = indep_var
df_res.iloc[1:,] = dep_var

# display(df_res)

#Return target functions to secant algorithm
return x_eq

def rankine_process_solver_outer(x):

#Set inputs from x vector
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517 #Qatt, BFP valve, Fuel flow rate, pre-cooler bypass valve

518 MicroGen_1.ATT_HT.Qdot_fixed = x[0]

519 BFP_pipe.K = np.abs(x[1])

520 MicroGen_l.mdot_f = x[2]

521 PC_bypass_pipe.K = np.abs(x[3])

522 K_PC_bypass = x[3]

523 print('Inner backpressure, CFP valve, bypass valve iteration')

524 print("Inputs: cond pressure: {0:.4f} (kPa), CFP_pipe_K: {1:4f}, ATT_Qdot: {2:4f} (kW), BFP_pipe_K: {3:4f},
Turb_valve: {4:4F} (kg/s), process_K: {5:4f}, bypass_K: {6:4f}" . format(n_cond_out.p/1E3, CFP_pipe.K,
MicroGen_1.ATT_HT.Qdot_fixed/1E3, BFP_pipe.K, turb_valve.K, process_heat_pipe.K, HPT_bypass.K))

525 h_boiler = [MicroGen_l.node_EC1_out_w, MicroGen_1.node_EC2_out_w, MicroGen_1.node_EC3_out_w,
MicroGen_1.node_SH1_out_w, MicroGen_1.node_ATT_out_w, MicroGen_1.node_SH2_out_w]

526 # res = newton(rankine_process_solver_inner_bp, [n_cond_out.p, CFP_pipe.K, process_heat_pipe.K, HPT_bypass.K], \
527 #maxiter = 100, tol = [le-1, le-1, le-3, le-3], relax = 0.5)

528

529 #Adjust BC for quick boiler update

530 MicroGen_1l.node_EC1_out_w.alpha_h = False

531 MicroGen_1.node_EC2_out_w.alpha_h = False

532 MicroGen_1.node_EC3_out_w.alpha_h = False

533 MicroGen_1.node_SH1_out_w.alpha_h = False

534 MicroGen_1.node_ATT_out_w.alpha_h = False

535

536 #Target functions for inner iteration loop

537 h_sat_liq_CFP_in = CP.PropsSI('H', 'P', n_cond_out.p, 'Q', @, 'Water")

538 eq_p = (n_cond_out.h - h_sat_liq_CFP_in)

539 eq_CFP = CFP.mdot - cond.elements_1[0].mdot

540 eq_DA = n_DA.node_mix.energy_source

541 eq_boiler_valve = MicroGen_1.SHl.pipe_2.mdot - MicroGen_1.EC3.pipe_2.mdot

542 eq_ATT = MicroGen_1.node_SH2_out_w.energy_source

543 eq_SD = MicroGen_1.steam_drum.node_mix.energy_source

544 eg_process = n_process.energy_source

545

546 indep_var = [n_cond_out.p/1E3, CFP_pipe.K, MicroGen_1.ATT_HT.Qdot_fixed/1E3, BFP_pipe.K, \

547 MicroGen_1.mdot_f, process_heat_pipe.K, HPT_bypass.K]

548 dep_var = [eq_p/1E3, eq_CFP, eq_ATT/1E3, eq_boiler_valve, eq_SD/1E3, eq_process/1E3, eq_DA/1E3]

549 df_res = pd.DataFrame(index = [ 'Inputs’', 'Outputs'], columns = ['Backpressure (h_satliq)', 'CFP Valve (cond mdot)"',\
550 "ATT Qdot (SH2_T_out)', 'BFP pipe valve (boiler pres)', 'Fuel flow rate (SD esource)', \
551 '"Process heat K (e_process)', 'Bypass K (e_DA)'])

552 df_res.iloc[0:,] = indep_var

553 df_res.iloc[1:,] = dep_var

554

555 #Quick boiler update iteration

556 boiler_update_short()

557 print('Outer fuel flow, process, and cond iteration')

558

559 #Re-establish connectivity matrices if required after boiler update iteration

560 elements_all = MicroGen_1l.air_elements + MicroGen_1.fg_elements + [CFP, CFP_pipe, n_DA.pipe_liq, BFP, BFP_pipe,
turb_valve, HPT,\

561 IPT, HPT_bypass] + MicroGen_1.w_elements + cond.elements_1 + cond.elements_2 + elements_C02 +
elements_sC02_cooler_ext

562 elements_HT = [HT_process] + MicroGen_1.HT_elements + cond.HT_elements + RX.HT_elements + pre_cooler.HT_elements
563

564 conn_matrix_1 = conn_matrix_fn(nodes_fg_air, elements_fg_air)

565 conn_matrix_2 = conn_matrix_fn(nodes_w, elements_w)

566 conn_matrix_3 = conn_matrix_fn(nodes_ext, elements_ext)

567 conn_matrix_C02 = conn_matrix_fn(nodes_C02, elements_C02)

568 connectivity matrix_sC02_cooler_ext = conn_matrix_fn(nodes_sC02_cooler_ext, elements_sC02_cooler_ext)

569

570 connectivity matrix_HT = conn_matrix_fn_HT(elements_all, elements_HT)

571 connectivity_fluid = [conn_matrix_1, conn_matrix_2, conn_matrix_3, conn_matrix_C02,
connectivity_matrix_sC02_cooler_ext]

572 closed_cycle = [closed_cycle_fg_air, closed_cycle_rankine, closed_cycle_cond_ext, closed_cycle_sC02,
closed_cycle_sC02_cooler_ext]

573

574 #Global max and min pressures, temperatures, and enthalpy

575 p_global_min = [1E3, 1E3, 1E3, 1E6, 1E3]

576 p_global_max = [1E9, 1E9, 1E9, 1E9, 1E9]

577 T_global_max = 2000 + 273.15

578 T_global_min = @ + 273.15

579 #fg, steam (Rankine), cond_rankine_ext, sC02, water_cond_sC02

580 h_global_min = [-5E6, 20E3, 1E3, 1E5, 1E2]

581 h_global_max = [5E6, 5E6, S5E6, 3E6, 1le8]
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vals_global = [p_global_min, p_global_max, h_global_min, h_global_max]

#Relax params

p_relax = 0.8

h_relax = 0.1

p_relax_co2 = 0.7

h_relax_co2 = 0.05

relax_fg = [p_relax, h_relax]
relax_rankine = [p_relax, h_relax]
relax_rankine_cond = [p_relax, h_relax]
relax_sC02 = [p_relax_co2, 0.08]
relax_sC02_cond = [p_relax, 0.1]

mom_conv, enth_conv = network_solver(connectivity fluid, connectivity_matrix_HT, closed_cycle, relax_params = \
[relax_fg, relax_rankine, relax_rankine_cond, relax_sC02, relax_sC02_cond], \
enthalpy_conv_crit=1E-3, mom_conv_crit=1E-6, global_limits = vals_global, timer = False, \
mom_bal = True, energy_bal = True, debug = '', verbose=False, iter_print = 100, max_iter=500)

#Update target functions for outer loop

h_sat_liq_CFP_in = CP.PropsSI('H', 'P', n_cond_out.p, 'Q', @, 'Water")
eq_p = (n_cond_out.h - h_sat_liq_CFP_in)

eq_CFP = CFP.mdot - cond.elements_1[0].mdot

eq_DA = n_DA.node_mix.energy_source

eq_BFP_valve = 6914.663114 - MicroGen_1.steam_drum.node_mix.p/1E3
eq_ATT = MicroGen_1.node_SH2_out_w.energy_source

eq_SD = MicroGen_1.steam_drum.node_mix.energy_source

eg_process = n_process.energy_source

eq_throttle_co2 = MicroGen_1.node_outlet_co2.T - 273.15 - 550
eq_PC_bypass = n_end_sC02.T - 273.15 - 32.5

x_eq = [eq_ATT/1E3, eq_BFP_valve, eq_SD/1E3, eq_PC_bypass]

indep_var = [n_cond_out.p/1E3, CFP_pipe.K, MicroGen_1.ATT_HT.Qdot_fixed/1E3,BFP_pipe.K, \
MicroGen_1.mdot_f, turb_valve.K, process_heat_pipe.K, HPT_bypass.K, K_RXLP_valve, PC_bypass_pipe.K]
dep_var = [eq_p/1E3, eq_CFP, eq_ATT/1E3, eq_BFP_valve, eq_SD/1E3, eq_SD/1E3, eq_process/1E3,\
eq_DA/1E3, eq_throttle_co2, eq_PC_bypass]
df_res = pd.DataFrame(index = [ 'Inputs’, 'Outputs'], columns = ['Backpressure (h_satliq)', \
"CFP Valve (cond mdot)', 'ATT Qdot (SH2_T_out)', 'BFP pipe valve (SD esource)', 'Fuel flowrate (SDEsource)',\
"Turb Valve K (SD Pres)','Process heat K (e_process)', 'Bypass K (e_DA)', 'C02 Throttle K (T_co2heater_out)"',

'"PC Bypass K (T_co2_comp_in)'])
df_res.iloc[0:,] indep_var
df_res.iloc[1:,] = dep_var

display(df_res)
return x_eq

626 #Newton raphson/Secant function call for outer loop solve
627 newton(rankine_process_solver_outer, [MicroGen_1.ATT_HT.Qdot_fixed, BFP_pipe.K, MicroGen_1.mdot_f, PC_bypass_pipe.K], tol
= [1lel, 1le0, 1le-4, 1le2], relax = 0.8)
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A.2 Boiler class code —single sCO2 heater configuration

boiler_init_rankine_convective_sco2.py

from
from
from
from
from
from

W o0 NGOV A WNBRE

a0 000UV UVTUVuUVUVUVUVUVUVU DSBS DSBS DBEDDDEDEDBDBWWWWWWWWWWRNNNNNNNNNNRERRERRRRRERRR
NO U B WNREPEOOUONOOUEAWNROOUOVONOOODULDEWNROOOWONOODUEAEWNREOOUOVUOONOGODUULDEWNROOOVWONOOUEAEWNEREROS

#import dependencies

import numpy as np

import CoolProp.CoolProp as CP
from scipy.optimize import fsolve

base_classes import Node
heat_transfer.heat_transfer import *
heat_transfer.boiler_heat_transfer import *
components.pipe import Energy_Pipe, Pipe
components.two_phase_tank import Steam_Drum
components.boiler.combustion_cv import Combustion

from components.boiler.boiler_hx import *
import GasMixtureProperties as gmp
kel = 273.15

#MicroGen boiler class
class MicroGen():

#Constructor

def _ init_ (self, Y_f, mdot_f, T_f, T_da, Y_fa, f_pa, f_sa, f_da, HHV, alpha_air, w_air, cp_f, p_amb,\

def

p_fur, f_radloss, A_fur, Vol_fur, xi_fur, x_fur, d_fa, x1_coke, x2_coke, M_flame, Qdot_ATT,\

HX_params, uncertainty_factors, high_ash
self.Y_f = Y_f
self.mdot_f = mdot_f
self.T_f = T_f

self.T_da = T_da
self.Y_fa = Y_fa
self.f_pa = f_pa
self.f_sa = f_sa
self.f_da = f_da

self.HHV = HHV
self.alpha_air = alpha_air
self.w_air = w_air
self.cp_f = cp_f

self.p_amb = p_amb
self.p_fur = p_fur
self.f_radloss = f_radloss
self.A_fur = A_fur
self.vVol_fur = Vol_fur

self.xi_fur = xi_fur
self.x_fur = x_fur
self.d_fa = d_fa
self.x1_coke = x1_coke
self.x2_coke = x2_coke

self.M_flame = M_flame

self.Qdot_ATT = Qdot_ATT
self.high_ash = high_ash
self.HX_params = HX_params

self.uncertainty_factors = uncertainty_factors
initialise(self):

cp_fa = 710

T_amb = 25 + 273.15

T_aft_guess = 1100 + kel

1):

p_w_in = 6914.914588E3

T_fw_i = 130+kel

h_w_in = CP.PropsSI('H"','T", T_fw_i,'P"', p_w_in, "Water")
x_drum = 0.5

p_drum = CP.PropsSI('P','T", 285+kel, 'Q', x_drum, 'Water")
h_drum = CP.PropsSI('H','T', 285+kel, 'Q"', x_drum, 'Water')

#Combustion model and initialisation

self.combustion_CV = Combustion(self.Y_f, self.mdot_f, self.T_f, self.T_da, 1.005*self.p_fur,\
self.Y_fa, self.f_pa, self.f_sa, self.f_da, \

self.HHV, id = 'Combustion_CV', alpha =
self.combustion_CV.initialise()

self.alpha_air, w_air =

self.w_air, cp_f = self.cp_f)
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128
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Y_ca = self.combustion_CV.Y_ca
self.combustion_CV.mdot_fa
= gmp.enthalpy(Y_ca, T_amb, self.p_amb)
t = gmp.enthalpy(self.combustion_CV.Y_fg, T = T_aft_guess, p = self.p_fur)

mdot_fa =
h_amb_air
self.h_af

BICU_wate

r = CP.AbstractState( 'BICUBIC&HEOS', 'Water')
BICU_CO2 = CP.AbstractState('BICUBICEHEOS', 'C02')

#Set up gas mixture for CoolProp BICU updates
= self.combustion_CV.Y_fg.copy()
air_gasmix = Y_ca.copy()
fg_gasmix.update(air_gasmix)
self.BICU_fg_dict = fg_gasmix.copy()

fg_gasmix

for key in self.BICU_fg_dict:
self.BICU_fg_dict[key] = CP.AbstractState('HEOS&BICUBIC', key)

#Enthalpy guess and temperature values

n_fg_node
n_w_nodes
T_fg_out
T_fw_out
T_fg_gues

h_fg_gues

T_w_guess

s = 16

=8
= 100 + kel
= 485 + kel

s = np.zeros(n_fg_nodes)
T_fg_guess[0] = T_aft_guess
for i in range(1l, n_fg_nodes):
T_fg_guess[i] = T_fg_guess[i-1] - (T_aft_guess - T_fg out)/n_fg_nodes
s = np.zeros(n_fg_nodes) + gmp.enthalpy(self.combustion_CV.Y_fg, T_fg_guess, self.p_fur)

= np.zeros(n_

w_nodes)

T_w_guess[0] = T_fw_i + kel
for i in range(l, n_w_nodes):
T_w_guess[i] = T_w_guess[i-1] + (T_fw_out - T_fw_i)/n_w_nodes

h_w_guess

#Assign g
h_sh2_out
h_scrl =
h_cavl =
h_scr2 =
h_cav2 =
h_shl =

= np.zeros(n_

uess values

= h_fg_guess|[

h_fg_guess[2]

h_fg_guess[3]

h_fg_guess[4]

h_fg_guess[5]
g_guess[6]

h_f
h_bev = h_fg_guess[7]
h_f

h_tev =

g_guess[8]

h_tah = h_fg_guess[9]
h_ec3 = h_fg_guess[10]
h_ec2 = h_fg_guess[11]
h_ecl = h_fg_guess[12]

h_baht =
h_bahb =

h_ecl_w =
h_ec2_w =
h_ec3_w =
h_shl_w =
h_att_w =
h_sh2_w =

#fg nodes

h_fg_guess[13]
h_fg_guess[14]

h_w_guess[1]
h_w_guess[2]
h_w_guess[3]
h_w_guess[5]
h_w_guess[6]
h_w_guess[7]

self.furn_node_inlet =

w_nodes) + CP.PropsSI('H', 'T', T_w_guess, 'P', p_w_in, 'Water")

1]

Node(self.BICU_fg_dict, 'furn_node_inlet', 0.992*self.p_fur, self.h_aft, T =

p_bc = False, h_bc = True, Y_bc = True, gasmixture=self.combustion_CV.Y_fg, m_source=

self.combustion_CV.mdot_fg\

129
130
131
132
\

133
134

h_fur_gue
Y_fg_fur

p_bc

- (self.combustion_CV.mdot_pa + self.combustion_CV.mdot_sa))

ss = self.furn_node_inlet.h
= self.furn_node_inlet.gasmixture
self.node_furn_out_fg = Node(self.BICU_fg_dict, 'node_furn_out_fg', ©.991*self.p_fur, h_fur_guess, T_aft_guess,

= False, h_bc

= True, gasmixture= Y_fg_fur)

self.node_SH2_out_fg = Node(self.BICU_fg_dict, 'n_SH2 out fg', 0.990*self.p_fur, h_sh2_out, T_aft_guess, h_bc =
False, gasmixture= Y_fg_fur)
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135

self.node_SCR1_out_fg = Node(self.BICU_fg_dict,

False, gasmixture= Y_fg_fur)

136

self.node_tCAV1_out_fg = Node(self.BICU_fg_dict,

False, gasmixture= Y_fg_fur)

137

self.node_sCO2HX_out_fg = Node(self.BICU_fg_dict,

= False, gasmixture= Y_fg_fur)

138
False,
139
False,
140
False,
141
False,
142
False,
143
False,
144
False,
145
False,
146
False,
147
False,
148
False,
149
150
151
152
153
154

self.node_bCAV1_out_fg = Node(self.BICU_fg_dict,
gasmixture= Y_fg_-
self.node_SCR2_out_fg
gasmixture= Y_fg_-
self.node_CAV2_out_fg
gasmixture= Y_fg_-

self.node_S

gasmixture= Y_fg_-

self.node_b

gasmixture= Y_fg_-

self.node_t

gasmixture= Y_fg_:

self.node_t

gasmixture= Y_fg_-

self.node_E

gasmixture= Y_fg_:

self.node_E

gasmixture= Y_fg_-

self.node_E

gasmixture= Y_fg_:
self.node_bAHt_out_fg
gasmixture= Y_fg_:
self.node_bAHb_out_fg

fur)
fur)

fur)
H1_out_fg
fur)
EV_out_fg
fur)
EV_out_fg
fur)
AH_out_fg
fur)
C3_out_fg
fur)
C2_out_fg
fur)
Cl_out_fg
fur)

fur)

= Node(self.BICU_fg_dict, 'n_SCR2_out_fg',
= Node(self.BICU_fg_dict, 'n_CAV2 out_fg',
Node(self.BICU_fg_dict, 'n_SH1 out fg', @.
Node(self.BICU_fg_dict, 'n_bEV out_fg', 0.
Node(self.BICU_fg dict, 'n_tEV_out_fg', @.
Node(self.BICU_fg_dict, 'n_tAH out fg', O.
Node(self.BICU_fg dict, 'n_EC3 out_fg', @.
Node(self.BICU_fg_dict, 'n_EC2 out fg', 0.
Node(self.BICU_fg dict, 'n_EC1 _out_fg', @.
= Node(self.BICU_fg_dict, 'n_bAHt out fg',

= Node(self.BICU_fg_dict, 'n_bAHb_out_fg',

m_source= -self.combustion_CV.mdot_fg, p_bc = False, h_bc =

#air nodes
self.node_i

gasmixture= Y_ca)
self.node_bAHb_out_air

155
False,
156
False,
157
False,
158
159
160
161
162
163
164
165
166
167
168
169
False,
170
171
172
173
174
175

184

gasmixture= Y_ca)

nlet_air =

self.node_bAHt_out_air

gasmixture= Y_ca)

self.node_tAH_out_air

h_bc = False, \
gasmixt

# water/ste
self.node_i
self.node_E
self.node_E
self.node_E

self.steam_

p_bc =
self.node_S
self.node_A
self.node_S

T_bc = True, m_so

# CO2 nodes
#Initial gu
p_heater_in
h_heater_in
p_turb_in =
h_turb_in =
self.node_i
self.node_o

ure= Y_ca)

am nodes

nlet_w = Node(BICU_ water,

Cl_out_w =
C2_out_w =
C3_out_w =

Appendix A.
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'n_SCR1_out_fg', 0.989*self.p_fur, h_scrl, T_aft_guess, h_bc =
'n_tCAV1_out_fg', 0.988*self.p_fur, h_cavl, T_aft_guess, h_bc =
'n_sCO2HX out_fg', 0.985*self.p_fur, h_cavl, T_aft_guess, h_bc

'n_bCAV1 out_fg', 0.977*self.p_fur, h_cavl, T_aft_guess, h_bc =

0.976*self.p_fur, h_scr2, T_aft_guess, h_bc =

0.975*self.p_fur, h_cav2, T_aft_guess, h_bc =

974*self.p_fur, h_shl, T_aft_guess, h_bc =
94*self.p_fur, h_bev, T_aft_guess, h_bc =
935*self.p_fur, h_tev, T_aft_guess, h_bc =
93*self.p_fur, h_tah, T_aft_guess, h_bc =
925*self.p_fur, h_ec3, T_aft_guess, h_bc =
92*self.p_fur, h_ec2, T_aft_guess, h_bc =
915*self.p_fur, h_ecl, T_aft_guess, h_bc =
0.91*self.p_fur, h_baht, T_aft_guess, h_bc

0.905*self.p_fur, h_bahb, T_aft_guess, \
False, gasmixture= Y_fg_fur)

Node(self.BICU_fg_dict, 'n_inlet_air', self.p_amb, h_amb_air, T_amb, \
m_source = self.combustion_CV.mdot_pa + self.combustion_CV.mdot_sa, p_bc = True, h_bc = True, Y_bc = True,

= Node(self.BICU_fg_dict, 'n_bAHb_out_air’
= Node(self.BICU_fg_dict, 'n_bAHt out_air’

= Node(self.BICU_fg_dict, 'n_tAH out_air’,

» 0.999*%self.p_amb, h_amb_air, T_amb, h_bc
» 0.995*self.p_amb, h_amb_air, T_amb, h_bc

0.993*self.p_amb, h_amb_air, T_amb, p_bc =

'n_BFP_pipe_out', p_w_in, h_w_in, p_bc = False, h_bc = False)
Node(BICU_water, 'n_EC1 out w', ©.9999%p_w_
Node(BICU_water, 'n_EC2 out_w', ©.9998*p_w_
Node(BICU_water, 'n_EC3 out w', ©.9997*p_w_

in, h_ecl_w, h_bc = False)
in, h_ec2_w, h_bc = False)
in, h_ec3_w, h_bc = False)

drum = Steam_Drum(BICU_water, p_drum, h_drum, x_drum, liq = True, vap = True, id = 'steam_drum’,
False, K_lig= 1,K_vap=1)
Node(BICU_water, 'n_SH1 out_w', ©.999*p_drum, h_shl_w, h_bc = False)
Node(BICU_water, 'n_ATT out w', ©.998%*p_drum, h_att_w, h_bc = False)
Node(BICU_water, 'n_SH2 out_w', ©.997*p_drum, h_sh2_w, T = T_fw_out, p_bc = False, h_bc =

H1l_out_w =
TT_out_w =
H2_out_w =
urce= 0)

esses
= 20.9E6
= 700E3
20.8E6
1080E3
nlet_co2 =
utlet_co2

Node(BICU_CO2, 'n_sCO2HX_in', p_heater_in,

h_heater_in, p_bc = False, h_bc = False)

Node(BICU_CO2, 'n_turb_in', p_turb_in, h_turb_in, p_bc = False, h_bc = False)

#Secondary loss factors

#fg
K_furn = 1E

-3

#tassume same for all HX to obtain required % dp

K_fg = 1E-3
K_SH2_fg =
K_SCR1_fg =
K_tCAV1_fg

K_fg
K_fg
= K_fg

\
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190

200
201
202
203
204
205
206
207
208
209
210

214

220

224

232
heater
233

\

234

235

236

237
high_ash
238

239
high_ash
240

241

1)\
242

243

244
245
1) \
246
247

K_sco2_fg =K_fg

K_bCAV1_fg = K_fg
K_SCR2_fg = K_fg
= K_fg

K_CAV2_f
K_SH1_fg
K_bEV_fg
K_tEV_fg
K_tAH_fg
K_EC3_fg
K_EC2_fg
K_EC1_fg
K_bAHt_f
K_bAHb_f

#air

g

8
8

K_a = 1E-2
K_bAHb_a = K_a
K_bAHt_a = K_a

K_fg
K_fg
K_fg
K_fg
K_fg
K_fg
K_fg

= K_fg
K_fg

K_tAH_a = K_a
#water

K_w = 20000
K_st = 200
K_EC1_w = K_w
K_EC2_w = K_w
K_EC3_w = K_w
K_SH1_w = K_st
K_SH2_w = K_st
#co2

K_sCO2HX = 1.5E5

#telement

#EV element to represent evaporating circuit heat uptakes

self.EV_w = Energy_Pipe(1,0,0,K_w, 'EV_w")

self.ATT

S

1

Pipe(1,0,1,K_st,
#Intermediate pipe for EC3

self.EC3_pipe =

#HT elem for ATT
self.ATT_HT = attemperator_HT(Qdot_fixed= self.Qdot_ATT)

#Setup compound elements for boiler heat exchangers

Pipe(1,0,1,100,
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#Furnace, Radiative Convective HX, Radiative Cavity, Radiative Convective Evaporator, Radiative Convective Air

self.fur

n

= Furnace_Compound(self.combustion_CV.mdot_f, self.combustion_CV.mdot_fa, self.combustion_CV.mdot_fg,

self.f_radloss, self.A_fur, self.Vol_fur, self.xi_fur, self.x_fur, self.d_fa, self.xl_coke, self.x2_coke, \

self.M_flame,

"furn_CV', high_ash= self.high_ash, K = K_furn,\
**self.uncertainty_factors['fur'])

self.SH2 = Radiative_Convective_HX(mdot_fa, cp_fa, K_SH2_fg, K_SH2_w, 'SH2', mdot_ia = 0, Y_ia = {}, T_ia = 0,

=1, \
****self.HX_params['SH2'], **self.uncertainty_factors['SH2']})
= Radiative_Convective_EV(mdot_fa, cp_fa, K_SCR1_fg,

self.SCR

=1, \

1

'SCR1', mdot_ia = 0, Y_ia = {}, T_ia = 9,

**{**kself . HX_params['SCR1'], **self.uncertainty_factors['SCR1']})
self.tCAV1

= Radiative_Cavity(mdot_fa, cp_fa, K_tCAvl_fg,

"tCAV1', mdot_ia = 0, Y_ia = {}, T_ia = 0, high_ash

**{**kself . HX_params['tCAV1'], **self.uncertainty_factors['tCAV1']})
self.sCO2HX = Radiative_Convective_HX(mdot_fa, cp_fa, K_sco2_fg, K_sCO2HX, 'sCO2HX', mdot_ia = @, Y_ia = {},
T_ia = 0, high_ash = 1, \
**{**kself . HX_params['sCO2HX'], **self.uncertainty_factors['sCO2HX']})

self.bCAV1l = Radiative_Cavity(mdot_fa, cp_fa, K_bCAvVl_fg,

'bCAV1', mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash

**{**self.HX_params['bCAV1'], **self.uncertainty_factors[ 'bCAV1']})

self.SCR2 = Radiative_Convective_EV(mdot_fa, cp_fa, K_SCR2_fg,

high_ash = 1, \

248
249

'SCR2", mdot_ia = @, Y_ia = {}, T_ia = o,

**{**self HX_params[ 'SCR2'], **self.uncertainty_factors['SCR2']})

self.CAV2 = Radiative_Cavity(mdot_fa, cp_fa, K_CAvV2_fg,

'CAV2', mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash = 1,

**f**self HX_params[ 'CAV2'], **self.uncertainty_factors['CAV2']})
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251
high_ash
252
253
1, \
254
255
1, \
256
257

high_ash =

258
259

high_ash =

260
261

high_ash =

262
263
high_ash
264
265

1,

i,

i,

i,

1,
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self.SH1 = Radiative_Convective_HX(mdot_fa, cp_fa, K_SH1_fg, K_SH1_w, 'SH1', mdot_ia = @, Y_ia = {}, T_ia = 0,
\
**{**kself HX_params['SH1'], **self.uncertainty_factors['SH1']})
self.bEV = Radiative_Convective_EV(mdot_fa, cp_fa, K_bEV_fg, 'bEV', mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash =

**{**self . HX_params['bEV'], **self.uncertainty_factors[ 'bEV']})
self.tEV = Radiative_Convective_EV(mdot_fa, cp_fa, K_tEV_fg, 'tEV', mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash =

**{**self . HX_params['tEV'], **self.uncertainty_factors['tEV']})
self.tAH = Radiative_Convective_AH(mdot_fa, cp_fa, K_tAH_fg, K_tAH_a, 'tAH', mdot_ia = 0, Y_ia = {}, T_ia = 0,
\
**{**self . HX_params['tAH'], **self.uncertainty_factors['tAH']1})
self.EC3 = Radiative_Convective_HX(mdot_fa, cp_fa, K_EC3_fg, K_EC3_w, 'EC3', mdot_ia = 0, Y_ia = {}, T_ia = 0,
\
**{**self HX_params['EC3'], **self.uncertainty_factors['EC3']})
self.EC2 = Radiative_Convective_HX(mdot_fa, cp_fa, K_EC2_fg, K_EC2_w, 'EC2', mdot_ia = 0, Y_ia = {}, T_ia = 0,
\
**{**self.HX_params['EC2'], **self.uncertainty_factors['EC2']})
self.EC1 = Radiative_Convective_HX(mdot_fa, cp_fa, K_EC1_fg, K_EC1l_w, 'EC1', mdot_ia = 0, Y_ia = {}, T_ia = 0,
\
**{**self.HX_params[ 'EC1'], **self.uncertainty_factors['EC1']})
self.bAHt = Radiative_Convective_AH(mdot_fa, cp_fa, K_bAHt_fg, K_bAHt_a, 'bAHt', mdot_ia = 0, Y_ia = {}, T_ia

0, high_ash = 1, \

266
267

**{**self . HX_params['bAHt'], **self.uncertainty_factors['bAHt']1})
self.bAHb = Radiative_Convective_AH(mdot_fa, cp_fa, K_bAHb_fg, K_bAHb_a, 'bAHb', mdot_ia = 0, Y_ia = {}, T_ia

0, high_ash = 1, \

268
269

278

**{**self . HX_params['bAHb'], **self.uncertainty_factors['bAHb']1})

#Connect elements with nodes
self.combustion_CV.connect_IO(self.node_tAH_out_air, self.furn_node_inlet)

self.furn.connect_IO(self.furn_node_inlet, self.node_furn_out_fg)
self.SH2.connect_IO_dual(self.node_furn_out_fg, self.node_SH2_ out_fg, self.node_ATT out_w, self.node_SH2_out_w)
self.SCR1.connect_IO(self.node_SH2_out_fg, self.node_SCR1_out_fg)

self.tCAV1l.connect_IO(self.node_SCR1_out_fg, self.node_tCAV1_out_fg)
self.sCO2HX.connect_IO_dual(self.node_tCAV1l_out_fg, self.node_sCO2HX_out_fg, self.node_inlet_co2,

self.node_outlet_co2)

279

self.bCAV1.connect_IO(self.node_sCO2HX_out_fg, self.node_bCAV1_out_fg)
self.SCR2.connect_IO(self.node_bCAV1_out_fg, self.node_SCR2_out_fg)
self.CAV2.connect_IO(self.node_SCR2_out_fg, self.node_CAV2_out_fg)
self.SH1.connect_IO_dual(self.node_CAV2_out_fg, self.node_SH1l_out_fg, self.steam_drum.node_vap,

self.node_SH1_out_w)

283
284
285

self.bEV.connect_IO(self.node_SH1 out_fg, self.node_bEV_out_fg)
self.tEV.connect_IO(self.node_bEV_out_fg, self.node_tEV_out_fg)
self.tAH.connect_IO_dual(self.node_tEV_out_fg, self.node_tAH_out_fg, self.node_bAHt_out_air,

self.node_tAH_out_air)

286
287
288
289

self.EC3.connect_IO0_dual(self.node_tAH_out_fg, self.node_EC3_out_fg, self.node_EC2_out_w, self.node_EC3_out_w)
self.EC2.connect_IO_dual(self.node_EC3_out_fg, self.node_EC2_out_fg, self.node_EC1l_out_w, self.node_EC2_out_w)
self.EC1l.connect_IO_dual(self.node_EC2_out_fg, self.node_EC1_out_fg, self.node_inlet_w, self.node_EC1_out_w)
self.bAHt.connect_IO_dual(self.node_EC1_out_fg, self.node_bAHt_out_fg, self.node_bAHb_out_air,

self.node_bAHt_out_air)

290

self.bAHb.connect_IO_dual(self.node_bAHt_out_fg, self.node_bAHb_out_fg, self.node_inlet_air,

self.node_bAHb_out_air)

291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

self.EV_w.connect_IO(self.steam_drum.node_liq, self.steam_drum.node_mix)
self.ATT.connect_IO(self.node_SH1_out_w, self.node_ATT_out_w)
self.EC3_pipe.connect_IO(self.node_EC3_out_w, self.steam_drum.node_mix)
self.ATT_HT.connect_IO(self.ATT, self.EV_w)

#Initialise compound components
self.furn.initialise()
self.SH2.initialise()
self.SCR1.initialise()
self.tCAVl.initialise()
self.sCO2HX.initialise()
self.bCAVl.initialise()
self.SCR2.initialise()
self.CAV2.initialise()
self.SH1.initialise()
self.bEV.initialise()
self.tEV.initialise()
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309
310

324

325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351

352
353
354

355
356
357
358
359
360
361
362

374

self.tAH.initialise()
self.EC3.initialise()
self.EC2.initialise()
self.EC1l.initialise()
self.bAHt.initialise()
self.bAHb.initialise()

#Assign relevant pipes from steam drum
self.EV_w.fixed_pipe = self.EC3.pipe_2
self.steam_drum.pipe_liq.fixed_pipe = self.EC3.pipe_2

#Connect HT elements for each HX

self.furn.steam_HT_elem.connect_IO(self.furn.furnace, self.EV_w)
self.furn.re_HT_elem.connect_IO(self.furn.furnace, self.SH2.pipe_1)
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hx_list = [self.SH2, self.SCR1, self.tCAVl, self.sCO2HX, self.bCAVl, self.SCR2, self.CAV2, self.SH1l, self.bEV,
self.tEV, self.tAH, self.EC3, self.EC2, \

self.EC1, self.bAHt, self.bAHb]

hx_ev_list = [self.SCR1, self.tCAVl, self.bCAVl, self.SCR2, self.CAV2, self.bEV, self.tEV]

hx_ah_list = [self.bAHb, self.bAHt, self.tAH]
hx_cavity_list = [self.tCAVl, self.bCAVl, self.CAV2]

#Connect HT elems from various HXs
for i in range(len(hx_list)):
hx = hx_list[i]
if i !'= (len(hx_list) - 1):
hx_ds = hx_list[i+1]
hx.re_HT_elem.connect_IO(hx.pipe_1, hx_ds.pipe_1)
if hx not in hx_ah_list and hx not in hx_cavity_list:
hx.wall_HT_elem.connect_IO(hx.pipe_1, self.EV_w)
hx.roof_HT_elem.connect_IO(hx.pipe_1, self.EV_w)

if hx in hx_ev_list:
hx.steam_HT_elem.connect_IO(hx.pipe_1, self.EV_w)

#Collect nodes + elems for each stream
self.air_nodes = []
self.air_elements = []

self.fg_nodes = [self.furn_node_inlet]
self.fg_elements = [self.combustion_CV , self.furn.furnace]
self.HT_elements = self.furn.HT_elements

self.w_nodes = [self.node_inlet_w, self.node_EC1_out_w, self.node_EC2_out_w, self.node_EC3_out_w,
self.steam_drum.node_mix, \
self.steam_drum.node_liq, self.steam_drum.node_vap, self.node_SH1_out_w, \

self.node_ATT_out_w, self.node_SH2_out_w]

self.w_elements = [self.ECl.pipe_2, self.EC2.pipe_2, self.EC3.pipe_2, self.EC3_pipe, self.steam_drum.pipe_ligq,
self.steam_drum.pipe_vap, \

self.EV_w, self.SHl.pipe_2, self.ATT, self.SH2.pipe_2]

self.co2_nodes =[self.node_inlet_co2, self.node_outlet_co2]
self.co2_elements = [self.sCO2HX.pipe_2]

for i in range(len(hx_ah_list)):
hx = hx_ah_list[i]
self.air_elements.extend(hx.elements_2)
self.air_nodes.extend(hx.nodes_2)

self.air_nodes.append(hx.inlet_2)
if i == (len(hx_ah_list) - 1):
self.air_nodes.append(hx.outlet_2)

for i in range(len(hx_list)):
hx = hx_list[i]
self.fg_elements.extend(hx.elements_1)
self.HT_elements.extend(hx.HT_elements)
self.fg_nodes.extend(hx.nodes_1)
if hx in hx_ev_list:
self.fg_nodes.append(hx.inlet)
if i == (len(hx_list) - 1):
self.fg_nodes.append(hx.outlet)
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380
381
382
383
384

else:
self.fg_nodes.append(hx.inlet_1)
if i == (len(hx_list) - 1):
self.fg_nodes.append(hx.outlet_1)

self.HT_elements.remove(self.bAHb.re_HT_elem)
self.HT_elements.append(self.ATT_HT)
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A.3 Boiler heat exchanger classes

boiler_hx.py

Appendix A.
Integrated 1D model — Python code listing

= {}, T_ia = @, high_ash = 1, **kwargs):

1 #import dependencies

2 import sys

3 import numpy as np

4 import CoolProp.CoolProp as CP

5 from scipy.optimize import fsolve

6

7 from base_classes import Node

8 from base_classes import Element

9 from heat_transfer.heat_transfer import *

10 from heat_transfer.boiler_heat_transfer import *

11 from components.pipe import Fluegas_Pipe, Pipe, Pipe_Energy

12 from components.boiler.furnace_projected import Furnace

13 import GasMixtureProperties as gmp

14

15 #Radiative Convective HX

16 class Radiative_Convective_HX(Element):

17 #Constructor

18 #K_1, K_2 = secondary loss factor for each fluid stream in series
19 #1 - fg, 2 - sec

20 def _ init_ (self, mdot_fa, cp_fa, K_1, K_2, id, mdot_ia = 0, Y_ia
21 Element.__init_ (self)

22 self.mdot_fa = mdot_fa

23 self.mdot_ia = mdot_ia

24 self.Y_ia = Y_ia

25 self.T_ia = T_ia

26 self.cp_fa = cp_fa

27 self.K 1 = K_1

28 self.K_2 = K_2

29 self.id = id

30 self.high_ash = high_ash

31

32 self.alpha_conv_i = @

33 self.alpha_conv_o = 0

34 self.alpha_rad_epsilon_g = 0

35

36 self._ dict__.update(kwargs)

37 self.geo_inputs = kwargs

38

39 #Initialise function once input and output streams have been connected to external nodes
40 def initialise(self):

41

42 #Initialise pipes for both streams

43 #Stream 1 = fg

44 #Stream 2 = other fluid - sec

45 # self.pipe_1 = Pipe(0,0,1,self.K_1, self.id+'_pipe_1', fixed_mdot= 46.575893)
46 self.pipe_1 = Fluegas_Pipe(self.mdot_fa, self.mdot_ia, self.Y_ia, self.T_ia, self.cp_fa, self.K_1, self.id+' pipe 1°,
\

47 high_ash = self.high_ash, fixed_mdot= 0, **self.geo_inputs)
48 self.pipe_2 = Pipe(1,0,1,self.K_2, self.id+' pipe 2', fixed_mdot=0, **self.geo_inputs)
49

50 #Specify other properties

51

52 #Flue gas side

53 #A_open for open duct

54 self.pipe_1.W_ave = (self.pipe_1.W_i + self.pipe_1.W_e)/2

55 self.pipe_1.H_ave = (self.pipe_1.H_i + self.pipe_1.H_e)/2

56 self.pipe_1.A_open = self.pipe_1.W_ave * self.pipe_1.H_ave

57 self.pipe_2.A_open = self.pipe_1.W_ave * self.pipe_1.H_ave

58

59 #A_ho for external flow area

60 if self.pipe_l.platen == 1:

61 self.pipe_1.A_ho = 2 * self.pipe_1.L_avg * self.pipe_1.d_OD * self.pipe_1.N_1 * self.pipe_1.N_t
62 self.pipe_2.A_ho = 2 * self.pipe_1.L_avg * self.pipe_1.d_OD * self.pipe_1.N_1 * self.pipe_1.N_t
63 self.pipe_1.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1
64 self.pipe_2.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1
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self.pipe_1.S_mbl = 1.8 / (1/self.pipe_1.H_ave + 1/self.pipe_1.b_1 + self.pipe_1.S_t)
self.pipe_2.S_mbl = 1.8 / (1/self.pipe_1.H_ave + 1/self.pipe_1.b_1 + self.pipe_1.S_t)

else:
self.pipe_1.A_ho = np.pi * self.pipe_1.d_OD * (self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t)
self.pipe_2.A_ho = np.pi * self.pipe_1.d_OD * (self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t)
self.pipe_1.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1
self.pipe_2.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1

self.pipe_1.S_mbl = 0.9 * self.pipe_1.d_OD * ((4 * self.pipe_1.S_t * self.pipe_1.S_1)/(np.pi * self.pipe_1.d_OD**2)

self.pipe_2.S_mbl = 0.9 * self.pipe_1.d_OD * ((4 * self.pipe_1.S_t * self.pipe_1.S_1)/(np.pi * self.pipe_1.d_OD**2)

#Steam side

#Internal diameter

self.pipe_1.d_ID = self.pipe_1.d_OD - 2 * self.pipe_1.t_wall
self.pipe_2.d_ID = self.pipe_1.d_OD - 2 * self.pipe_1.t_wall

#Free flow internal area
self.pipe_1.A_ff = self.pipe_1.N_t * self.pipe_1.pp * np.pi/4 * self.pipe_1.d_ID**2
self.pipe_2.A_ff = self.pipe_1.N_t * self.pipe_1.pp * np.pi/4 * self.pipe_1.d_ID**2

#Internal heat exchange area
self.pipe_1.A_hi = np.pi * self.pipe_1.d_ID * self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t
self.pipe_2.A_hi = np.pi * self.pipe_1.d_ID * self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t

#Ingress air adjustment
if self.mdot_ia != @:
self.h_ia = gmp.enthalpy(self.Y_ia, self.T_ia, self.inlet_1.p)
self.node_ia = Node('gasmix', self.id+' node_ia', self.inlet_1.p , self.h_ia, self.T_ia, \
p_bc = True, h_bc = True, Y_bc = True, gasmixture= self.Y_ia)
self.pipe_ia = Pipe(0,0,1,1E-6,self.id+' pipe_ia', fixed_mdot = self.mdot_ia)
self.pipe_pre_fg = Pipe(0,0,1,1E-10,self.id+ ' pipe _pre_fg')
self.node_pre_fg = Node('gasmix', self.id+' node_pre_fg', self.inlet_1.p , \
self.inlet_1.h, self.inlet_1.T, gasmixture= self.inlet_1.gasmixture)

#Heat transfer elements

#Radiation

self.re_HT_elem = direct_radiation(id = self.id+'_re_HT")

#Wall and roof

self.wall_HT_elem = sidewall_HT(id = self.id+' wall HT")

self.roof_HT_elem = roof_HT(id = self.id+' roof HT'")

#Sec - steam/sC02/air

self.steam_HT_elem = steam_HT(id = self.id+' steam HT', HX_type = 'radiative_convective')

#Account for ingress air if required when connecting nodes and elements

if self.mdot_ia != @:
self.pipe_ia.connect_IO(self.node_ia, self.node_pre_fg)
self.pipe_pre_fg.connect_IO(self.inlet_1, self.node_pre_fg)
self.pipe_1l.connect_IO(self.node_pre_fg, self.outlet_1)
self.pipe_2.connect_IO(self.inlet_2, self.outlet_2)

else:
self.pipe_l.connect_IO(self.inlet_1, self.outlet_1)
self.pipe_2.connect_IO(self.inlet_2, self.outlet_2)

#Connect HT element between fluegas and sec fluid
self.steam_HT_elem.connect_IO(self.pipe_1, self.pipe_2)

if self.mdot_ia !=0:
self.nodes_1 = [self.node_ia, self.node_pre_fg]
self.elements_1 = [self.pipe_ia, self.pipe_pre_fg, self.pipe_1]
self.nodes_2 = []
self.elements_2 =
else:
self.nodes_1 = []
self.elements_1 = [self.pipe_1]
1

[self.pipe_2]

self.nodes_2 = [
self.elements_2
#Collect HT elements
self.HT_elements = [self.re_HT_elem, self.wall _HT_elem, self.roof_HT_elem, self.steam_HT_elem]

[self.pipe_2]

class Radiative_Convective_EV(Element):
#Constructor
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135 #K_1, K_2 = secondary loss factor for each fluid stream in series

136 def _ init_ (self, mdot_fa, cp_fa, K_1, id, mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash = 1, **kwargs):
137 Element.__init_ (self)

138 self.mdot_fa = mdot_fa

139 self.mdot_ia = mdot_ia

140 self.Y_ia = Y_ia

141 self.T_ia = T_ia

142 self.cp_fa = cp_fa

143 self.K_1 = K_1

144 self.id = id

145 self.high_ash = high_ash

146

147 self.alpha_conv_i = 0

148 self.alpha_conv_o = @

149 self.alpha_rad_epsilon_g = ©

150

151 self._dict__ .update(kwargs)

152 self.geo_inputs = kwargs

153

154 #Initialise function once input and output streams have been connected to external nodes
155 def initialise(self):

156

157 #Initialise pipes for both streams

158 #Stream 1 = fg

159 #Stream 2 = other fluid

160 self.pipe_1 = Fluegas_Pipe(self.mdot_fa, self.mdot_ia, self.Y_ia, self.T_ia, self.cp_fa, self.K_1, self.id+  pipe 1°,
\

161 high_ash = self.high_ash, fixed_mdot= 0, **self.geo_inputs)

162

163 #Specify other properties

164 W_ave = (self.pipe_1.W_i + self.pipe_1.W_e)/2

165 H_ave = (self.pipe_1.H i + self.pipe_1.H_e)/2

166 self.pipe_1.A_open = W_ave * H_ave

167

168 #A_ho for external flow area

169 if self.pipe_1l.platen == 1:

170 self.pipe_1.A_ho = 2 * self.pipe_1.L_avg * self.pipe_1.d_OD * self.pipe_1.N_1 * self.pipe_1.N_t
171 self.pipe_1.b_1

= (self.pipe_1.N_1 - 1) * self.pipe_1.S_1
172 self.pipe_1.S_mbl =

1.8 / (1/self.pipe_1.H_ave + 1/self.pipe_1.b_1 + self.pipe_1.S_t)
173 else:
174 self.pipe_1.A_ho = np.pi * self.pipe_1.d_OD * (self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t)
175 self.pipe_1.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1
176 self.pipe_1.S_mbl = 0.9 * self.pipe_1.d_OD * ((4 * self.pipe_1.S_t * self.pipe_1.S_1)/(np.pi * self.pipe_1.d_0D**2)
- 1)
177
178 #Steam side
179 #Internal diameter
180 self.pipe_1.d_ID = self.pipe_1.d_OD - 2 * self.pipe_1.t_wall
181
182 #Free flow internal area
183 self.pipe_1.A_ff = self.pipe_1.N_t * self.pipe_1.pp * np.pi/4 * self.pipe_1.d_ID**2
184
185 #Internal heat exchange area
186 self.pipe_1.A_hi = np.pi * self.pipe_1.d_ID * self.pipe_1l.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t
187
188 #Ingress air adjustment
189 if self.mdot_ia != @:
190 self.h_ia = gmp.enthalpy(self.Y_ia, self.T_ia, self.inlet.p)
191 self.node_ia = Node('gasmix', self.id+' node_ia', self.inlet.p , self.h_ia, self.T_ia, p_bc = True, h_bc = True,
\
192 Y_bc = True, gasmixture= self.Y_ia)
193 self.pipe_ia = Pipe(0,0,1,1E-6,self.id+' pipe_ia', fixed_mdot = self.mdot_ia)
194 self.pipe_pre_fg = Pipe(0,0,1,1E-10,self.id+ _pipe_pre_fg")
195 self.node_pre_fg = Node('gasmix', self.id+'_node_pre_fg', self.inlet.p , self.inlet.h, self.inlet.T, \
196 gasmixture= self.inlet.gasmixture)
197
198 #Heat transfer elements
199 #Radiation
200 self.re_HT_elem = direct_radiation(id = self.id+' _re HT")
201 #Wall and roof
202 self.wall_HT_elem = sidewall HT(id = self.id+' wall HT")
203 self.roof_HT_elem = roof_HT(id = self.id+' roof HT')
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204 #Sec - water/steam

205 self.steam_HT_elem = steam_HT(id = self.id+' steam_HT', HX_type = 'radiative_convective EV")
206

207 #Account for ingress air if required when connecting nodes and elements

208 if self.mdot_ia != 0@:

209 self.pipe_ia.connect_IO(self.node_ia, self.node_pre_fg)

210 self.pipe_pre_fg.connect_IO(self.inlet, self.node_pre_fg)

211 self.pipe_l.connect_IO(self.node_pre_fg, self.outlet)

212 else:

213 self.pipe_l.connect_IO(self.inlet, self.outlet)

214

215 if self.mdot_ia !=0:

216 self.nodes_1 = [self.node_ia, self.node_pre_fg]

217 self.elements_1 = [self.pipe_ia, self.pipe_pre_fg, self.pipe_1]

218 else:

219 self.nodes_1 = []

220 self.elements_1 = [self.pipe_1]

221

222 self.HT_elements = [self.re_HT_elem, self.wall_HT_elem, self.roof HT_elem, self.steam HT_elem]
223

224 #For radiative cavity, the linked steam side is the EV element, therefore all HT is to walls and roofs for the steam
side

225class Radiative_Cavity(Element):

226 #Constructor

227 #K_1, secondary loss factor for fg in series

228 def _ init_ (self, mdot_fa, cp_fa, K_1, id, mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash = 1, **kwargs):
229 Element.__init_ (self)

230 self.mdot_fa = mdot_fa

231 self.mdot_ia = mdot_ia

232 self.Y_ia = Y_ia

233 self.T_ia = T_ia

234 self.cp_fa = cp_fa

235 self.K_1 = K_1

236 self.id = id

237 self.high_ash = high_ash

238

239 self.alpha_conv_i = @

240 self.alpha_conv_o = 0

241 self.alpha_rad_epsilon_g = @

242

243 self._ dict__.update(kwargs)

244 self.geo_inputs = kwargs

245

246 #Initialise function once input and output streams have been connected to external nodes
247 def initialise(self):

248

249 #Initialise pipes for both streams

250 #Stream 1 = fg

251 self.pipe_1 = Fluegas_Pipe(self.mdot_fa, self.mdot_ia, self.Y_ia, self.T_ia, self.cp_fa, self.K_1, self.id+' pipe 1°,
\

252 high_ash = self.high_ash, fixed_mdot= 0, **self.geo_inputs)

253

254 #Specify other properties

255

256 #Flue gas side

257 #A_open for open duct

258 W_ave = (self.pipe_1l.W_i + self.pipe_1.W_e)/2

259 H_ave = (self.pipe_1.H_i + self.pipe_1.H_e)/2

260 self.pipe_1.A_open = W_ave * H_ave

261

262 #Cavity volume and area for mean beam length - Assume full planar area
263 self.pipe_1.V_cav = self.pipe_1.A_open * self.pipe_1.L_duct

264 self.pipe_1.A_cav = 2 * (W_ave + H_ave) * self.pipe_1.L_duct + 2 * self.pipe_1.A_open
265

266 #A_ho for external flow area

267 self.pipe_1.A_ho = self.pipe_1.A_wall

268 self.pipe_1.S_mbl = 3.6 * self.pipe_1.V_cav / self.pipe_1.A_cav

269 self.pipe_1.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1

270

271 #Steam side

272 #Internal heat exchanger area = External area

273 self.pipe_1.A_hi = self.pipe_1.A_ho
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if self.mdot_ia != 0@:
self.h_ia = gmp.enthalpy(self.Y_ia, self.T_ia, self.inlet.p)
self.node_ia = Node('gasmix', self.id+' node_ia', self.inlet.p , self.h_ia, self.T_ia, p_bc = True, h_bc = True,

= True, gasmixture= self.Y_ia)

self.pipe_ia = Pipe(90,0,1,1E-6,self.id+' pipe_ia', fixed_mdot = self.mdot_ia)
self.pipe_pre_fg = Pipe(0,0,1,1E-10,self.id+  _pipe_pre_fg')
self.node_pre_fg = Node('gasmix', self.id+' node_pre_fg', self.inlet.p , self.inlet.h, self.inlet.T, gasmixture=

self.inlet.gasmixture)

281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297

320

337

340
341
342

#Radiation

self.re_HT_elem = direct_radiation(id = self.id+' _re_ HT', HX_type = 'radiative_cavity"')
#Steam side - HT to evaporator

self.steam_HT_elem = steam_HT(id = self.id+' steam_HT', HX_type = 'radiative_cavity')

#Note steam HT elem is connected to evaporator control volume in the boiler initialisation file

#Account for ingress air if required when connecting nodes and elements
if self.mdot_ia != @:
self.pipe_ia.connect_IO(self.node_ia, self.node_pre_fg)
self.pipe_pre_fg.connect_IO(self.inlet, self.node_pre_fg)
self.pipe_l.connect_IO(self.node_pre_fg, self.outlet)
else:
self.pipe_l.connect_IO(self.inlet, self.outlet)

if self.mdot_ia !=0:

self.nodes_1 = [self.node_ia, self.node_pre_fg]

self.elements_1 = [self.pipe_ia, self.pipe_pre_fg, self.pipe_1]
else:

self.nodes_1 = []

self.elements_1 = [self.pipe_1]
self.HT_elements = [self.re_HT_elem, self.steam_HT_elem]

class Radiative_Convective_ AH(Element):
#Constructor
#K_1, K_2 = secondary loss factor for each fluid stream in series
def _ init_ (self, mdot_fa, cp_fa, K_1, K 2, id, mdot_ia = @, Y_ia = {}, T_ia = 0, high_ash = 1, **kwargs):

Element.__init_ (self)
self.mdot_fa = mdot_fa
self.mdot_ia = mdot_ia
self.Y_ia = Y_ia
self.T_ia = T_ia

self.cp_fa = cp_fa
self.K_1 = K_1
self.K_2 = K_2
self.id = id

self.high_ash = high_ash

self.alpha_conv_i = 0
self.alpha_conv_o = 0
self.alpha_rad_epsilon_g = @

self._ dict__.update(kwargs)
self.geo_inputs = kwargs

#Initialise function once input and output streams have been connected to external nodes
def initialise(self):

#Initialise pipes for both streams
#Stream 1 = fg
#Stream 2 = air
self.pipe_1 = Fluegas_Pipe(self.mdot_fa, self.mdot_ia, self.Y_ia, self.T_ia, self.cp_fa, self.K_1, self.id+' pipe 1°,

high_ash = self.high_ash, fixed_mdot= 0, **self.geo_inputs)
self.pipe_2 = Pipe(1,0,1,self.K_2, self.id+' pipe 2', fixed_mdot=0, **self.geo_inputs)

#Specify other properties
#Air side
#A_open for open duct

W_ave = (self.pipe_l.W_i + self.pipe_1l.W_e)/2
H_ave = (self.pipe_1.H_i + self.pipe_1.H_e)/2

187



Appendix A.
Integrated 1D model — Python code listing

343 self.pipe_1.A_open = W_ave * H_ave

344 self.pipe_2.A_open = W_ave * H_ave

345

346 #A_ho for external flow area

347 self.pipe_1.A_ho = np.pi * self.pipe_1.d_OD * (self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t)
348 self.pipe_2.A_ho = np.pi * self.pipe_1.d_OD * (self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t)
349 self.pipe_1.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1

350 self.pipe_2.b_1 = (self.pipe_1.N_1 - 1) * self.pipe_1.S_1

351

352 #Flue gas side

353 #Internal diameter

354 self.pipe_1.d_ID = self.pipe_1.d_OD - 2 * self.pipe_1.t_wall

355 self.pipe_2.d_ID = self.pipe_1.d_OD - 2 * self.pipe_1.t_wall

356

357 #Mean beam length

358 self.pipe_1.S_mbl = 0.9 * self.pipe_1.d_ID

359 self.pipe_2.S_mbl = 0.9 * self.pipe_1.d_ID

360

361 #Free flow internal area

362 self.pipe_1.A_ff = self.pipe_1.N_t * self.pipe_1.pp * np.pi/4 * self.pipe_1.d_ID**2

363 self.pipe_2.A_ff = self.pipe_1.N_t * self.pipe_1.pp * np.pi/4 * self.pipe_1.d_ID**2

364

365 #Internal heat exchange area

366 self.pipe_1.A_hi = np.pi * self.pipe_1.d_ID * self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t
367 self.pipe_2.A_hi = np.pi * self.pipe_1.d_ID * self.pipe_1.L_avg * self.pipe_1.N_1 * self.pipe_1.N_t
368

369 #Ingress air adjustment

370 if self.mdot_ia != 0@:

371 self.h_ia = gmp.enthalpy(self.Y_ia, self.T_ia, self.inlet_1.p)

372 self.node_ia = Node('gasmix', self.id+' node_ia', self.inlet_1.p , self.h_ia, self.T_ia, p_bc = True, h_bc =
True, Y_bc = True, gasmixture= self.Y_ia)

373 self.pipe_ia = Pipe(0,0,1,1E-6,self.id+' pipe_ia', fixed_mdot = self.mdot_ia)

374 self.pipe_pre_fg = Pipe(0,0,1,1E-10,self.id+ ' pipe _pre_fg')

375 self.node_pre_fg = Node('gasmix', self.id+' node_pre_fg', self.inlet_1.p , self.inlet_1.h, self.inlet_1.T,
gasmixture= self.inlet_1.gasmixture)

376

377 self.re_HT_elem = direct_radiation(id = self.id+'_re HT', HX_type = 'radiative_convective_ah")
378 self.air_HT_elem = air_HT(id = self.id+' steam_HT")

379

380 #Account for ingress air if required when connecting nodes and elements

381 if self.mdot_ia != @:

382 self.pipe_ia.connect_IO(self.node_ia, self.node_pre_fg)

383 self.pipe_pre_fg.connect_IO(self.inlet_1, self.node_pre_fg)

384 self.pipe_l.connect_IO(self.node_pre_fg, self.outlet_1)

385 self.pipe_2.connect_IO(self.inlet_2, self.outlet_2)

386 else:

387 self.pipe_l.connect_IO(self.inlet_1, self.outlet_1)

388 self.pipe_2.connect_IO(self.inlet_2, self.outlet_2)

389

390 self.air_HT_elem.connect_IO(self.pipe_1, self.pipe_2)

391

392 if self.mdot_ia !=0:

393 self.nodes_1 = [self.node_ia, self.node_pre_fg]

394 self.elements_1 = [self.pipe_ia, self.pipe_pre_fg, self.pipe_1]

395 self.nodes_2 = []

396 self.elements_2 = [self.pipe_2]

397 else:

398 self.nodes_1 = []

399 self.elements_1 = [self.pipe_1]

400 self.nodes_2 = []

401 self.elements_2 = [self.pipe_2]

402 #Collect HT elements

403 self.HT_elements = [self.re_HT_elem, self.air_HT_elem]

404

405 #Compound furnace element
406 class Furnace_Compound(Element):
407 def _ init_ (self, mdot_f, mdot_fa, mdot_fg, f_radloss, A_fur, Vol_fur, xi_fur, x_fur, d_fa, x1_coke, \

408 x2_coke, M_flame, id, high_ash = 1, K = 1E-5, **kwargs):
409 Element.__init_ (self)

410 self.mdot_f = mdot_f

411 self.mdot_fa = mdot_fa

412 self.mdot_fg = mdot_fg
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self.f_radloss = f_radloss
self.A_fur = A_fur
self.Vol_fur = Vol_fur
self.xi_fur = xi_fur
self.x_fur = x_fur
self.d_fa = d_fa
self.x1_coke = x1_coke
self.x2_coke = x2_coke
self.M_flame = M_flame

self.id = id
self.high_ash = high_ash
self.K = K

self._ dict__ .update(kwargs)
self.geo_inputs = kwargs

def initialise(self):

#0bject of furnace element

Appendix A.

Integrated 1D model — Python code listing

self.furnace = Furnace(self.mdot_f, self.mdot_fa, self.mdot_fg, self.f_radloss, self.A fur, self.Vol_fur, self.xi_fur,
self.x_fur, \

self.d_fa, self.x1_coke, self.x2_coke, self.M_flame, self.id+' furn', high_ash= self.high_ash, \
K = self.K, fixed_mdot=0, **self.geo_inputs)

#Direct radiation and HT to steam
self.re_HT_elem = furn_re(self.id)
self.steam_HT_elem = furn_st(self.id)

self.furnace.connect_IO(self.inlet, self.outlet)

self.elements = [self.furnace]

self.HT_elements = [self.re_HT_elem, self.steam_HT_elem]
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A.4 Boiler heat exchanger heat transfer element classes

boiler_heat_transfer.py

1 #import dependencies

2 import numpy as np

3 from base_classes import HeatTransfer

4 import GasMixtureProperties_BICU as gmp

5 from scipy.optimize import fsolve

6 import scipy as sp

7

8 #Heat transfer elements

9

10  #References from BoilerProcessModels.py by Prof Pieter Rousseau

11 kel = 273.15

12 rho_ash = 2200

13 sigma_sb = 5.6704e-8 #[W/m2-K”4]

14  cp_ash = 710

15

16 #Relevant equations to use in heat transfer classes

17  #high ash fluegas (gas + particles) emissivity

18  def highash_fluegas_emissivity(fg_pipe, T):

19 e

20 Calculates high ash fluegas (gas + particles) emissivity.

21

22 Parameters

P

24 fg_pipe: Fluegas pipe object

25

26 Returns

27 mmmmme-

28 epsilon_g_p: Fluegas (gas + particle) emissivity

29

30 e

31 #WSGGM model coefficients

32 fg_pipe.b_@ = np.array([0.13, 0.595, 0.275])

33 fg_pipe.b_1 = np.array([0.000265, -0.00015, -0.000115])

34 fg_pipe.k_gi = np.array([0.0, ©0.824, 25.907])

35 fg_pipe.a_i = fg_pipe.b_0 + fg_pipe.b_1*T

36

37 #Particulate area and loading

38 fg_pipe.A_p = 3/(2*rho_ash*fg_pipe.d_fa)

39 rho_avg = gmp.density(fg_pipe.inlet.gasmixture, T = T, p = fg_pipe.p_avg)
40 fg_pipe.L_p = fg_pipe.mdot_fa/(fg_pipe.mdot/rho_avg)

41

42 #Gas emissivity

43 X_fg_H20 = fg_pipe.outlet.X[ 'H20"]

44 X_fg_C02 = fg_pipe.outlet.X['C02"]

45 fg_pipe.epsilon_gi = fg_pipe.a_i * (1 - np.exp(-fg_pipe.k_gi*((X_fg_H20+X_fg_C02) *
fg_pipe.p_avg/1E5)*fg_pipe.S_mbl))

46

47 #Epsilon_g with uncertainty factor

48 fg_pipe.epsilon_g = np.sum(fg_pipe.epsilon_gi) * (1 + fg_pipe.alpha_rad_epsilon_g)
49

50 fg_pipe.K_emi_g = -np.log(l-fg_pipe.epsilon_g)/fg_pipe.S_mbl

51 fg_pipe.K_coke = 10.2*fg_pipe.x1_coke*fg_pipe.x2_coke * fg_pipe.p_avg/lE6 #MPa
52

53 #Account for particle absorptivity and back scatter - uncertainty factors for each
54 Q abs = 0.275%(fg_pipe.d_fa*1E6)**0.298 - 0.305

55 fg_pipe.Q_abs = Q_abs * (1 + fg_pipe.alpha_Q_abs)

56

57 Q_scat = (6.2188E-3 - 1.0492E-2*(fg_pipe.d_fa*1lE6) + 7.287E-3*(fg_pipe.d_fa*1E6)**2 - 2.1925E-
5*%(fg_pipe.d_fa*1E6)**3) \

58 / (1.851E-1 - 2.0405E-3*(fg_pipe.d_fa*1E6)**2 + 6.254E-4*(fg_pipe.d_fa*1E6)**3)
59 fg_pipe.Q_scat = Q_scat * (1 + fg_pipe.alpha_Q_scat)

60 fg_pipe.gamma = (1 + 2*Q_scat/fg_pipe.Q abs)**0.5

61

62 #0ptical thickness of gas-particulate dispersion
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fg_pipe.phi_g_p = (fg_pipe.Q_abs*fg_pipe.A_p*fg_pipe.L_p + fg_pipe.K_emi_g + fg_pipe.K_coke) * fg_pipe.S_mbl *
fg_pipe.gamma

beta = (fg_pipe.gamma - 1)/(fg_pipe.gamma + 1)

epsilon_g p = (1 - beta) * (1- np.exp(-fg_pipe.phi_g p))/(1 + beta * np.exp(-fg_pipe.phi_g_p))

return epsilon_g_p

#Calculate bypass direct radiation through tube bank

def

def

bypass_direct_radiation(fg_pipe, epsilon_g):
#Angular coefficient of incident direct radiation
phi = ((fg_pipe.b_1/fg_pipe.S_t)**2 + 1)**9.5 - fg pipe.b_1/fg pipe.S_t

#Bypass direct rad
#Supplied beta value ---- need to query
Qdot_bp = (fg_pipe.Qdot_ri*(1 - epsilon_g)*phi)/fg_pipe.beta

return Qdot_bp

back_direct_radiation(fg_pipe, epsilon_g):

A_e_fg = fg_pipe.W_e * fg_pipe.H_e

Qdot_back = 0.5*epsilon_g*sigma_sb*A_e_fg*fg_pipe.T_avg**4
return Qdot_back

#Gnielinski external heat transfer correlations

def

Gnielinski_external_tube_bank(pipe, T_w):
#Void fraction for gas velocity in bank
pipe.a_Gni = pipe.S_t/pipe.d_OD
pipe.b_Gni = pipe.S_1/pipe.d_OD

if pipe.b_Gni < 1:

psi = 1 - np.pi/(4*pipe.a_Gni*pipe.b_Gni)
else:

psi = 1 - np.pi/(4*pipe.a_Gni)

# #Open duct flow area

# W_ave = (pipe.W_i + pipe.W_e)/2

# H_ave = (pipe.H_i + pipe.H_e)/2

# A_open = W_ave * H_ave

#0pen duct velocity

pipe.v_open = pipe.mdot/(pipe.rho_avg * pipe.A_open)
pipe.L_Gni = np.pi/2 * pipe.d_OD

#Nusselt number - Laminar & turbulent
pipe.Re_o = (pipe.rho_avg * pipe.v_open * pipe.L_Gni)/(psi * pipe.mu_avg
pipe.Pr_o = (pipe.cp_avg * pipe.mu_avg)/pipe.k_avg

) *np.sin(pipe.theta*np.pi/180)

pipe.Nu_1_turb_o = (0.037 * pipe.Re_o**0.8 * pipe.Pr_o)/(1 + 2.443 * pipe.Re_o**-0.1 * (pipe.Pr_o**(2/3) - 1))

pipe.Nu_1l_lam_o = 0.664 * np.sqrt(pipe.Re_o) * pipe.Pr_o**(1/3)
pipe.Nu_10_o = 0.3 + np.sqrt(pipe.Nu_1_lam_o**2 + pipe.Nu_l_turb_o**2)

#Bundle correction
if pipe.inline == 1:

pipe.f A =1 + (0.7 * (pipe.b_Gni/pipe.a_Gni - ©.3))/(psi**1.5 * (pipe.b_Gni/pipe.a_Gni + 0.7)*%*2)

else:
pipe.f_ A = 1 + 2/(3*pipe.b_Gni)
pipe.Nu_0_bundle_o = pipe.Nu_10_o * (1+(pipe.N_1 - 1)*pipe.f_A)/pipe.N_1
# pipe.Nu_0_bundle_o = pipe.f_A * pipe.Nu_10_o
#Boundary layer correction
pipe.Nu_bundle_o = pipe.Nu_0_bundle_o * (pipe.T_avg/T_w)**0.12

#Uncertainty factor correction
pipe.Nu_bundle_o = pipe.Nu_bundle_o * (1 + pipe.alpha_conv_o)

pipe.htc_conv_o = pipe.Nu_bundle_o*pipe.k_avg/pipe.L_Gni

return pipe.htc_conv_o

#Gnielinski internal heat transfer correlations

def

Gnielinski_internal_tube(pipe):
#Velocity of fluid in tube (using free flow area of all tubes)
pipe.v_i = pipe.mdot/(pipe.rho_avg*pipe.A_ff)

pipe.Re_i = (pipe.rho_avg * pipe.v_i * pipe.d_ID)/pipe.mu_avg
pipe.Pr_i = (pipe.cp_avg * pipe.mu_avg)/pipe.k_avg
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#Friction factor

pipe.f = (0.79 * np.log(pipe.Re_i) - 1.64) **-2

#Nusselt number and uncertainty factor

pipe.Nu_i = ((pipe.f/8) * (pipe.Re_i - 1000) * pipe.Pr_i)/(1 + 12.7 * (pipe.f/8)**0.5 * (pipe.Pr_i**(2/3) - 1))
pipe.Nu_i = pipe.Nu_i * (1 + pipe.alpha_conv_i)

pipe.htc_conv_i = pipe.Nu_i*pipe.k_avg/pipe.d_ID
return pipe.htc_conv_i

#Calcuate radiative heat transfer coefficient from heat flux

def effective_radiation_htc(fg_pipe, epsilon_g, T_w):
q_fg_rad = (fg_pipe.epsilon_w + 1)/2 * sigma_sb * epsilon_g * (fg_pipe.T_avg**4 - T_w**4)
fg_pipe.htc_rad = q_fg_rad/(fg_pipe.T_avg - T_w)
return fg_pipe.htc_rad

#Gurvich projected method - solved using fsolve
def fet_gurvich(T_fe, furnace):
T_fe = T_fe[0]

furnace.epsilon_g = highash_fluegas_emissivity(furnace, T_fe)
furnace.epsilon_eff_fur = 1/(1l+furnace.psi_eff_fur*(1/furnace.epsilon_g -1))

#Boltzmann number calculation

furnace.h_fg_fe = gmp.enthalpy(furnace.inlet.gasmixture, T = T_fe, p = furnace.inlet.p)

furnace.h_fa_aft = cp_ash*(furnace.inlet.T - (25+kel))

furnace.h_fa_fet = cp_ash*(T_fe - (25+kel))

furnace.VC = ((furnace.inlet.h - furnace.h_fg_fe)*furnace.mdot + furnace.mdot_fa*(furnace.h_fa_aft -\
furnace.h_fa_fet))/(furnace.mdot_f*(furnace.inlet.T - T_fe))

furnace.phi_fur = 1 - furnace.f_radloss

furnace.Bo = furnace.phi_fur*furnace.mdot_f*furnace.vC /

(sigma_sb*furnace.psi_eff_fur*furnace.A_rad_fur*furnace.inlet.T**3)
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eq = T_fe - furnace.inlet.T/(furnace.M_flame*(furnace.epsilon_eff_fur/furnace.Bo)**0.6 + 1)
return eq

#Direct radiation heat transfer
class direct_radiation(HeatTransfer):
def _ init__ (self, Qdot_bp = @, Qdot_back = @, id = 'dir_rad', HX_type = 'radiative_convective'):

HeatTransfer.__init_ (self)
self.Qdot_bp = Qdot_bp
self.Qdot_back = Qdot_back
self.id = id
self.HX_type = HX_type

#Solved each steady state iteration
def comp_char(self):
#Flue gas + particulate emissivity
self.epsilon_g = highash_fluegas_emissivity(self.inlet, self.inlet.T_avg)

#Bypass radiation
#Bypass for cavity
if self.HX_type == 'radiative_cavity':
try:
self.Qdot_bp = self.inlet.Qdot_ri * (1 - self.epsilon_g)
except:
self.inlet.Qdot_ri = ©
self.Qdot_bp = self.inlet.Qdot_ri * (1 - self.epsilon_g)
#No bypass for airheater
elif self.HX_type ==
self.Qdot_bp = ©
else:
try:
self.Qdot_bp = bypass_direct_radiation(self.inlet, self.epsilon_g)
self.Qdot_bp = self.Qdot_bp * (1 + self.inlet.beta_fg bp)
except:
self.inlet.Qdot_ri = 0
self.Qdot_bp = bypass_direct_radiation(self.inlet, self.epsilon_g)
#Back radiation

'radiative_convective_ah':

#No back radiation for airheater
if self.HX_type == ‘'radiative_convective ah':
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n
®

self.Qdot_back
else:
self.Qdot_back = back_direct_radiation(self.inlet, self.epsilon_g)

#Total outlet (outgoing) direct radiation
self.Qdot_re = self.Qdot_bp + self.Qdot_back

def Qdot_fn_inlet(self):
self.inlet.Qdot -= self.Qdot_re

#Set outlet radiation, bypass, and back radiation for inlet HX
self.inlet.Qdot_re = self.Qdot_re

self.inlet.Qdot_bp_out = self.Qdot_bp

self.inlet.Qdot_back_out = self.Qdot_back

def Qdot_fn_outlet(self):
self.outlet.Qdot += self.Qdot_re

#Set incoming direct radiation, bypass, and back radiation for outlet HX
self.outlet.Qdot_ri = self.Qdot_re

self.outlet.Qdot_bp_in = self.Qdot_bp

self.outlet.Qdot_back_in = self.Qdot_back

#Water wall heat transfer
class sidewall_HT(HeatTransfer):
def _ init_ (self, Qdot = 0, id = 'sidewall'):
HeatTransfer.__init_ (self)
self.Qdot = Qdot
self.id = id
#Solve each steady state iteration
#htc wall informed from steam_HT heat transfer class
def comp_char(self):
try:
self.htc_wall_conv = self.inlet.htc_conv_fg * (1 + self.inlet.beta_wall_conv)
self.htc_wall_rad = self.inlet.htc_rad_fg * (1 + self.inlet.beta_wall_rad)
self.htc_wall = self.htc_wall_conv + self.htc_wall_rad
self.Qdot_wall = self.htc_wall * self.inlet.A_wall * (self.inlet.T_avg - self.inlet.T_wall)
except:
#If htc_fg hasn't been initialised yet, set to default value
self.htc_wall = 100
self.Qdot_wall = self.htc_wall * self.inlet.A_wall * (self.inlet.T_avg - self.inlet.T_wall)

def Qdot_fn_inlet(self):
self.inlet.Qdot -= self.Qdot_wall
self.inlet.Qdot_wall_out = self.Qdot_wall

def Qdot_fn_outlet(self):
self.outlet.Qdot += self.Qdot_wall

#Water wall - roof - heat transfer
class roof_HT(HeatTransfer):
def _ init_ (self, Qdot = @, id = 'roof'):
HeatTransfer.__init_ (self)
self.Qdot = Qdot
self.id = id

#Solve each steady state iteration
def comp_char(self):
try:
self.htc_roof_conv = self.inlet.htc_conv_fg * (1 + self.inlet.beta_wall_conv)
self.htc_roof_rad = self.inlet.htc_rad_fg * (1 + self.inlet.beta_wall_rad)
self.htc_roof = self.htc_roof_conv + self.htc_roof_rad
self.Qdot_roof = self.htc_roof * self.inlet.A_roof * (self.inlet.T_avg - self.inlet.T_roof)
except:
#If htc_fg hasn't been initialised yet, set to default value
self.htc_roof = 100
self.Qdot_roof = self.htc_roof * self.inlet.A_roof * (self.inlet.T_avg - self.inlet.T_roof)

def Qdot_fn_inlet(self):
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self.inlet.Qdot -= self.Qdot_roof
self.inlet.Qdot_roof_out = self.Qdot_roof

def Qdot_fn_outlet(self):
self.outlet.Qdot += self.Qdot_roof

#Heat transfer to secondary fluid (sec)
class steam_HT(HeatTransfer):
def _ init_ (self, Qdot = @, id = 'steam HT', HX_type = 'radiative_convective'):
HeatTransfer.__init__ (self)
self.Qdot = Qdot
self.id = id
self.HX_type = HX_type

#Solve each steady state iteration
def comp_char(self):
#If not initialised yet, initialise Qdot abs
try:
self.Qdot_abs = self.inlet.Qdot_ri - self.inlet.Qdot_bp_out
except:
self.inlet.Qdot_ri = 0
self.inlet.Qdot_bp_out= ©
self.Qdot_abs = self.inlet.Qdot_ri - self.inlet.Qdot_bp_out

#Guess temperature for T_fo - outer wall fouling temperature
T_fo = (self.inlet.T_avg + self.outlet.T_avg)/2

#Balance function to solve for wall temperatures
def balance_eqns(x):
self.T_fo = x[0]

#Flue gas + particulate emissivity
self.epsilon_g = highash_fluegas_emissivity(self.inlet, self.inlet.T_avg)

#Convective and radiative flue gas heat transfer coefficient (htc)
#Assume convective heat transfer negligible for radiative cavities
if self.HX_type == 'radiative_cavity':
self.htc_conv_fg = 0
else:
self.htc_conv_fg = Gnielinski_external_tube_bank(self.inlet, self.T_fo)
#Radiative heat transfer
self.htc_rad_fg = effective_radiation_htc(self.inlet, self.epsilon_g, self.T_fo)

#Convective steam htc

if self.HX_type == 'radiative_convective':
self.htc_st = Gnielinski_internal_tube(self.outlet)

#For boiling, assume negligible resistance for water boiling

elif self.HX_type == 'radiative_convective EV' or self.HX_type == 'radiative_cavity':
self.htc_st = 1E30

#Adjust heat transfer coefficients using tuning coefficients as required
self.htc_conv_fg_adj = self.htc_conv_fg * (1 + self.inlet.beta_tube_conv)
self.htc_rad_fg_adj = self.htc_rad_fg * (1 + self.inlet.beta_tube_rad)

#Platen external area correction for combined flue gas htc
if self.inlet.platen ==

self.htc_fg = ((np.pi*self.inlet.d_OD)/(2*self.inlet.S_1) * self.htc_conv_fg_adj + self.htc_rad_fg_adj)

* (1 + self.inlet.beta_fg_tot)

else:
self.htc_fg = (self.htc_conv_fg_adj + self.htc_rad_fg_adj) * (1 + self.inlet.beta_fg_tot)

#Overall external (fg) heat transfer coeff - accounting for surface efficiency
self.psi = self.inlet.psi * (1 + self.inlet.alpha_psi)

self.eta_o = 1 - self.inlet.AfoverA_o*(1-self.inlet.eta_fin_o)

self.UA_fg = self.psi/(1/(self.eta_o*self.htc_fg*self.inlet.A_ho))

self.UA_fg = self.UA_fg * (1 + self.inlet.beta_UA_ fg)

#eff-NTU method - use fg as limiting side

self.NTU_fg = self.UA_fg/(self.inlet.mdot*self.inlet.cp_avg)
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(np.log(self.inlet.d_OD/self.inlet.d_ID))/(2 * np.pi * self.inlet.k_tube * self.inlet.L_avg *

self.psi/(1/(self.eta_i*self.htc_st*self.inlet.A_hi) + self.R_fi/(self.eta_i*self.inlet.A_hi) +

self.epsilon_hxfg * self.inlet.mdot * self.inlet.cp_avg * (self.inlet.inlet.T - self.T_fo)

self.Qdot_wall

self.Qdot_wall

self.Qdot_st

self.Qdot_st

348 self.epsilon_hxfg = 1 - np.exp(-self.NTU_fg)

349

350 #Overall internal (st) heat transfer coefficient - accounting for surface efficiency
351 self.eta_i = 1 - self.inlet.AfoverA_i*(1 - self.inlet.eta_fin_i)
352 self.R_fi = self.inlet.R_dep_i * (1 + self.inlet.alpha_R_fi)

353 self.R_fo = self.inlet.R_dep_o * (1 + self.inlet.alpha_R_fo)

354

355 #Wall thermal resistance

356 #Cavity resistance is just tube thickness

357 if self.HX_type == 'radiative_cavity':

358 self.R_w = self.inlet.t_wall / (self.inlet.k_tube * self.inlet.A_ho)
359 #Tube wall thickness

360 else:

361 self.R_w =

\

362 self.inlet.N_1 * self.inlet.N_t)

363

364 self.UA_st =

self.R_w + \

365 self.R_fo/(self.eta_o*self.inlet.A_ho))

366

367 if self.HX_type == 'radiative_convective':

368 #eff-NTU method - use st as Cmin

369 self.NTU_st = self.UA_st/(self.outlet.mdot*self.outlet.cp_avg)
370 self.epsilon_hxst = 1 - np.exp(-self.NTU_st)

371 self.Qdot_st = self.epsilon_hxst * self.outlet.mdot * self.outlet.cp_avg * (self.T_fo -
self.outlet.inlet.T)

372 elif self.HX_type == 'radiative_convective EV':

373 self.Qdot_st = self.UA_st * (self.T_fo - self.outlet.T_avg)
374

375 elif self.HX_type == 'radiative_cavity':

376 self.Qdot_wall = self.UA_st * (self.T_fo - self.outlet.T_avg)
377 self.Qdot_st = @

378

379 #Heat transfer rates

380 self.Qdot_ex =

381

382 if self.HX_type == 'radiative_cavity':

383 eq = self.Qdot_wall - (self.Qdot_ex + self.Qdot_abs)

384 else:

385 eq = self.Qdot_st - (self.Qdot_ex + self.Qdot_abs)

386

387 return eq

388

389 #fsolve to iteratively heat transfer balance equations

390 self.T_fo = fsolve(balance_eqns, T_fo)[0]

391

392 #Calculate required wall temperatures

393 if self.HX_type == 'radiative_cavity':

394 self.T_wo = self.T_fo - self.R_fo/(self.eta_o * self.inlet.A_ho) *
395 self.T_wi = self.T_wo - self.R_w*self.Qdot_wall

396 self.T_fi = self.T_wi - self.R_fi/(self.eta_i * self.inlet.A_hi) *
397

398 else:

399 self.T_wo = self.T_fo - self.R_fo/(self.eta_o * self.inlet.A_ho) *
400 self.T_wi = self.T_wo - self.R_w*self.Qdot_st

401 self.T_fi = self.T_wi - self.R_fi/(self.eta_i * self.inlet.A_hi) *
402

403 self.inlet.T_fo = self.T_fo

404 self.inlet.T_wo = self.T_wo

405 self.inlet.T_wi = self.T_wi

406 self.inlet.T_fi = self.T_fi

407

408 self.outlet.T_fo = self.T_fo

409 self.outlet.T_wo = self.T_wo

410 self.outlet.T_wi = self.T_wi

411 self.outlet.T_fi = self.T_fi

412

413 #Assign heat transfer coefficients

414 self.inlet.htc_fg = self.htc_fg

415 self.inlet.htc_conv_fg = self.htc_conv_fg

416 self.inlet.htc_rad_fg = self.htc_rad_fg
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self.inlet.htc_conv_fg_adj = self.htc_conv_fg_adj
self.inlet.htc_rad_fg_adj = self.htc_rad_fg_adj

#Qdot update functions for heat transfer elements
def Qdot_fn_inlet(self):
self.inlet.Qdot -= self.Qdot_ex + self.Qdot_abs
self.inlet.Qdot_st_out = self.Qdot_st
self.inlet.Qdot_abs_out = self.Qdot_abs
self.inlet.Qdot_ex_out = self.Qdot_ex
self.inlet.Qdot_a_out = ©
if self.HX_type == 'radiative_cavity':
self.inlet.Qdot_wall_out = self.Qdot_wall

def Qdot_fn_outlet(self):
self.outlet.Qdot += self.Qdot_st
if self.HX_type == 'radiative_cavity':
self.outlet.Qdot += self.Qdot_wall
self.outlet.Qdot_st_in = self.Qdot_st
self.outlet.Qdot_abs_in = self.Qdot_abs
self.outlet.Qdot_ex_in = self.Qdot_ex

#Furnace direct radiation heat transfer
class furn_re(HeatTransfer):
def init_ (self, Qdot = @, id = 'furn_re'):
HeatTransfer.__init_ (self)
self.id = id

#Update each steady state iteration
def comp_char(self):
#Solve Gurvich method (projected) using fsolve for iteration
T_fe_guess = 0.7*self.inlet.inlet.T
self.T_fe = fsolve(fet_gurvich, T_fe_guess, args = (self.inlet))[0]
self.Qdot_fg = self.inlet.mdot * (self.inlet.inlet.h - self.inlet.h_fg_fe) + \
self.inlet.mdot_fa * (self.inlet.h_fa_aft - self.inlet.h_fa_fet)
self.Qdot_fur = self.inlet.phi_fur * self.Qdot_fg
self.Qdot_loss_fur = (1 - self.inlet.phi_fur) * self.Qdot_fg
self.q_fur = self.Qdot_fur/(self.inlet.A_rad_fur * self.inlet.psi_eff_fur)

self.eta_fe = non_uniformity_factor(self.inlet.NUF_fuel_type, 1.0) * (1 + self.inlet.alpha_nuf_coef)
self.beta_fe = reradiation_coeffecient(self.inlet.RC_fuel_type, self.T_fe, self.inlet.alpha_reradiation_coef)

self.Qdot_fe = self.beta_fe * self.eta_fe * (self.inlet.psi_fur['furnaceexit'] *

self.inlet.A_fur['furnaceexit']) * self.q_fur

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

484

self.Qdot_re = self.Qdot_fe
self.inlet.outlet.h = self.inlet.h_fg_ fe

#Qdot update functions for heat transfer elements

def Qdot_fn_inlet(self):
self.inlet.Qdot -= self.Qdot_re + self.Qdot_loss_fur
self.inlet.Qdot_loss_fur = self.Qdot_loss_fur
self.inlet.Qdot_re = self.Qdot_re

def Qdot_fn_outlet(self):
self.outlet.Qdot += self.Qdot_re
self.outlet.Qdot_ri = self.Qdot_re

#Furnace water wall heat transfer
class furn_st(HeatTransfer):
def _ init_ (self, Qdot = @, id = 'furn_st'):
HeatTransfer.__init_ (self)
self.id = id

def comp_char(self):
T_fe_guess = 0.7*self.inlet.inlet.T
self.T_fe = fsolve(fet_gurvich, T_fe_guess, args = (self.inlet))[0]

self.Qdot_fg = self.inlet.mdot * (self.inlet.inlet.h - self.inlet.h_fg_fe) + \
self.inlet.mdot_fa * (self.inlet.h_fa_aft - self.inlet.h_fa_fet)

self.Qdot_fur = self.inlet.phi_fur * self.Qdot_fg

self.q_fur = self.Qdot_fur/(self.inlet.A_rad_fur * self.inlet.psi_eff_fur)

self.eta_fe = non_uniformity_factor(self.inlet.NUF_fuel_type, 1.0) * (1 + self.inlet.alpha_nuf_coef)
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488 self.beta_fe = reradiation_coeffecient(self.inlet.RC_fuel_type, self.T_fe, self.inlet.alpha_reradiation_coef)
489 self.Qdot_fe = self.beta_fe * self.eta_fe * (self.inlet.psi_fur['furnaceexit'] *
self.inlet.A_fur['furnaceexit']) * self.q_fur

490

491 self.eta_rf = non_uniformity_factor(self.inlet.NUF_fuel_type, ©.0)

492 self.Qdot_rf = self.eta_rf*(self.inlet.psi_fur[ 'refractory']*self.inlet.A_fur['refractory’'])*self.q_fur
493

494 self.Qdot_ww = self.Qdot_fur - (self.Qdot_fe + self.Qdot_rf)

495

496 self.inlet.outlet.h = self.inlet.h_fg fe

497

498 self.Qdot_st = self.Qdot_ww + self.Qdot_rf

499

500 def Qdot_fn_inlet(self):

501

502 self.inlet.Qdot -= self.Qdot_st

503 self.inlet.Qdot_st_out = self.Qdot_st

504

505 def Qdot_fn_outlet(self):

506

507 self.outlet.Qdot += self.Qdot_st

508
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A.5 Combustion and furnace classes

Combustion class:

1 #import dependencies

2 import numpy as np

3 import CoolProp.CoolProp as CP

4 from base_classes import Element

5 import GasMixtureProperties as gmp

6 from scipy.optimize import fsolve

7

8 #Combustion element class

9 #References from BoilerProcessModels.py by Prof Pieter Rousseau

10

11  class Combustion(Element):

12 #Constructor

13 def _ init_ (self, Y_f, mdot_f, T_f, T_da, p_fur, Y_fa, f_pa, f_sa, f_da, HHv, id, alpha = 1.0, w_air = 0.0, f_ia =
0.0, \

14 cp_f = 710, cp_ash = 710):

15 Element.__init_ (self)

16 self.Y_f = Y_f

17 self.mdot_f = mdot_f

18 self.id = id

19 self.alpha = alpha

20 self.w_air = w_air

21 self.Y_fa = Y_fa

22 self.f_ia = f_ia

23 self.T_f = T_f

24 self.T_da = T_da

25 self.p_fur = p_fur

26 self.f_pa = f_pa

27 self.f_sa = f_sa

28 self.f_da = f_da

29 self.HHV = HHV

30

31 self.cp_f = cp_f

32 self.cp_ash = cp_ash

33 self.K = 1E-2

34 self.A =1

35 self.id = id

36

37 #Initialise function is called on creation of combustion element

38 def initialise(self):

39 #Assign molar mass dict

40 self.M = {'C':12.011e-3, 'H':1.00795e-3, '0':15.9995e-3, 'N':14.0065e-3, 'S':32.065e-3,
"H20":CP.PropsSI('M", 'H20"), \

41 'CO2":CP.PropsSI('M","'C02"), 'N2':CP.PropsSI('M','N2"), 'SO2':CP.PropsSI('M','S02"), '02"':CP.PropsSI('M', '02")}
#[kg/mol]

42

43 #Combustion element is only for fuels with the below composition
44 self.M_fuel_comp = {'C':12.011e-3, 'H':1.00795e-3, '0':15.9995e-3, 'N':14.0065e-3, 'S':32.065e-3,
'"H20" :CP.PropsSI('M', 'H20"), \

45 'UC':12.011e-3}  #[kg/mol]

46

47 #Gas composition molar masses

48 self.M_gas_comp = {'H20"':CP.PropsSI('M', 'H20"), 'CO2':CP.PropsSI('M"',"'C02"), 'N2':CP.PropsSI('M','N2"), \
49 'S02"':CP.PropsSI('M"','S02"), '02':CP.PropsSI('M','02')} #[kg/mol]
50

51 #Dry air molar mass

52 M_air_dry = 0.2101*self.M[ '02']+(1-0.2101)*self.M[ 'N2'] #[kg/mol]
53

54 #Molar amounts of reactants in fuel mix [mol/kg_f] (no ash)

55 self.N_f = {}

56 N_f_tot = 0.0

57 for key in self.M_fuel_comp:

58 self.N_f[key] = self.Y_f[key]/self.M_fuel_comp[key]

59 N_f_tot += self.N_f[key]

60

61 #Molar amounts of reactants in combustion air [mol/kg_f]

62 self.N_ca = {}
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N_st_02 = self.N_f['C'] + 0.25*self.N_f['H'] - 0.5*%self .N_f['0'] + self.N_f['S']

N_st_N2 = 3.7619 * N_st_02

self.N_ca['02"'] = self.alpha*N_st_02

self.N_ca['N2"'] = self.alpha*N_st_N2

self.N_ca[ 'H20'] = 4.7619*self.alpha*self.w_air*(M_air_dry/self.M fuel_comp[ 'H20'])*N_st_02
N_ca_tot = self.N_ca['02']+self.N_ca[ 'N2']+ self.N_ca[ 'H20']

#Molar amounts of products in flue gas [mol/kg_f]

self.N_fg = {}

self.N_fg['C02'] = self.N_f['C"]

self.N_fg['N2'] = 0.5%self.N_f['N'] + self.alpha*N_st_N2

self.N_fg['S02'] = self.N_f['S"']

self.N_fg['H20'] = self.N_f['H20'] + 0.5*self.N_f['H'] + 4.7619*self.alpha*self.w_air \
*(M_air_dry/self.M_fuel_comp[ 'H20'])*N_st_02

self.N_fg['02'] = (self.alpha - 1)*N_st_02

N_fg_tot = self.N_fg[ 'CO2']+self.N_fg[ 'N2']J+self.N_fg['S02']J+self .N_fg[ 'H20']+self.N_fg['02"]

#Mol fractions for combustion air [mol/mol_ca]

self.X_ca = {}

self.X_ca['02"'] = self.N_ca['02"']/N_ca_tot

self.X_ca['N2"'] = self.N_ca[ 'N2"']/N_ca_tot

self.X_ca['H20'] = self.N_ca[ 'H20"']/N_ca_tot

X_ca_tot = self.X_ca['02']+self.X_ca[ 'N2']+self.X_ca[ 'H20"]

if abs(X_ca_tot - 1) > 1E-3:
err_msg = 'Sum of combustion air mol fractions {@:.4e}'.format(X_ca_tot)
raise Exception(err_msg)

#Molecular weight of combustion air [kg/mol_ca]
M_ca = self.X_ca['02']*self.M_gas_comp['02'] + self.X_ca[ 'N2']*self.M_gas_comp[ 'N2'] +

self.X_ca[ 'H20"]*self.M_gas_comp[ 'H20"]
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#Mol fractions for flue gas [mol/mol_fg]
self.X_fg = {}
X_fg_tot = 0.0
for key in self.M_gas_comp:
self.X_fg[key] = self.N_fg[key]/N_fg_tot
X_fg_tot += self.X_fg[key]
if abs(X_fg_tot - 1) > 1E-3:
err_msg = 'Sum of flue gas mol fractions {0:.4e}'.format(X_fg_tot)
raise Exception(err_msg)

#Molecular weight of flue gas [kg/mol_fg]
M fg = 0.0
for key in self.M_gas_comp:
M_fg += self.X_fg[key]*self.M_gas_comp[key]

#Mass fractions of combustion air [kg/kg_ca]
self.Y_ca = {}
Y_ca_tot = 0.0
for key in self.X_ca:
self.Y_ca[key] = self.X_ca[key] * self.M_gas_comp[key]/M_ca
Y_ca_tot += self.Y_ca[key]
if abs(Y_ca_tot - 1) > 1E-3:
err_msg = 'Sum of combustion air mass fractions {0:.4e}'.format(Y_ca_tot)
raise Exception(err_msg)

#Mass fractions of flue gas [kg/kg_fg]
self.y_fg = {}
Y_fg_tot = 0.0
for key in self.X_fg:
self.Y_fg[key] = self.X_fg[key] * self.M_gas_comp[key]/M_fg
Y_fg_tot += self.Y_fg[key]
if abs(Y_ca_tot - 1) > 1E-3:
err_msg = 'Sum of flue gas mass fractions {0:.4e}'.format(Y_fg_tot)
raise Exception(err_msg)

#Mass flow rate calcs

TAR = N_st_02*self.M_gas_comp[ '02'] + N_st_N2*self.M_gas_comp[ 'N2']

DAR = self.N_ca['02']*self.M _gas_comp['02']+self.N_ca[ 'N2']*self.M_gas_comp[ 'N2"]

HAR = self.N_ca['02']*self.M _gas_comp['02']+self.N_ca[ 'N2']*self.M_gas_comp['N2'] \
+self.N_ca[ 'H20" ]*self.M_gas_comp[ 'H20"]

FGR = self.N_fg['02']*self.M_gas_comp[ '02']+self.N_fg[ 'N2']*self.M_gas_comp[ 'N2"'] \
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134 +self.N_fg[ 'H20"']*self.M_gas_comp[ 'H20']+self.N_fg['C02']*self.M_gas_comp[ 'CO2'] \

135 +self.N_fg[ 'S02"']*self.M_gas_comp[ 'S02"]

136

137 self.mdot_ca = HAR*self.mdot_f

138 self.mdot_pa = self.f_pa*self.mdot_ca

139 self.mdot_sa = self.f_sa*self.mdot_ca

140 self.mdot_da = self.f_da*self.mdot_ca

141 self.mdot_fg = FGR*self.mdot_f

142 self.mdot_fa = self.Y_fa*(self.Y_f[ 'ASH']+self.Y_f['UC'])*self.mdot_f

143 self.mdot_ba = (1 - self.Y_fa)*(self.Y_f['ASH']+self.Y_f['UC'])*self.mdot_*f

144 self.mdot_ia = self.f_ia * HAR * self.mdot_f

145

146 #Component characteristics - updated every steady state iteration

147 def comp_char(self):

148 # Set mdot to pa+sa since upstream air side is dependent on this mdot value

149 self.mdot = self.mdot_pa+self.mdot_sa

150 #Average fluid properties from upstream and downstream nodes

151 self.p_avg = (self.inlet.p + self.outlet.p)/2

152 self.T_avg = (self.inlet.T + self.outlet.T)/2

153

154 #If CoolProp BICU interpolation is used, update fluid properties as such

155 if type(self.outlet.fluid) == CP.AbstractState:

156 self.h_avg = gmp.enthalpy(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X, self.outlet.BICU)
157 self.rho_avg = gmp.density(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.M_M,
self.outlet.BICU)

158 self.cp_avg = gmp.specific_heat_pressure(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X,
self.outlet.BICU)

159 self.mu_avg = gmp.viscosity(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X, self.outlet.BICU)
160 self.k_avg = gmp.conductivity(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X,
self.outlet.BICU)

161 #For regular CoolProp interface (slower)

162 else:

163 self.h_avg = gmp.enthalpy(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X)
164 self.rho_avg = gmp.density(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.M_M)
165 self.cp_avg = gmp.specific_heat_pressure(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X)
166 self.mu_avg = gmp.viscosity(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X)
167 self.k_avg = gmp.conductivity(self.outlet.gasmixture, self.T_avg, self.p_avg, self.outlet.X)
168

169 #Pressure drop, mass flow rate, pressure component characteristics

170 self.dp = self.outlet.p - self.inlet.p

171 self.C_1 = self.K/(2 * self.rho_avg * self.A**2)

172 self.mdot = -self.dp/np.abs(-self.dp) * np.sqrt(np.abs(-self.dp)/np.abs(self.C_1))

173

174 self.A_1 = -self.C_1 * np.abs(self.mdot)

175 self.A_0 = self.dp - self.A_1*self.mdot

176

177 kel = 273.15

178 HHV_C = 32.763E6 #[J/kg]

179 self.h_f = self.cp_f*(self.T_f-(25+kel))

180 self.h_da = gmp.enthalpy(self.Y_ca, T=self.T_da, p = self.p_fur)

181 self.outlet.gasmixture = self.Y_fg

182

183 #Adiabatic flame temperature calculation

184 def energy balance(T_aft):

185 h_fg_aft = gmp.enthalpy(self.Y_fg, T = T_aft, p = self.p_fur)

186 h_fa_aft = self.cp_ash*(T_aft - (25+kel))

187

188 #AFT Energy balance

189 #Products

190 RHS = self.mdot_fg*h_fg_aft+self.mdot_fa*h_fa_aft

191 #Reactants

192 LHS = self.mdot_f*(self.h_f + self.HHV - self.Y_f['UC']*HHV_C) + self.mdot_pa*self.inlet.h +
self.mdot_sa*self.inlet.h \

193 + self.mdot_da*self.h_da

194 eq = RHS - LHS

195 return eq

196

197 self.T_aft = fsolve(energy_balance, 1500 + kel)[0]

198

199 self.h_fg_aft = gmp.enthalpy(self.Y_fg, T = self.T_aft, p = self.p_fur)

200 self.h_fa_aft = self.cp_ash*(self.T_aft - (25 + kel))

201
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202 #Set outlet node enthalpy to enthalpy at adiabatic flame temperature
203 self.outlet.h = self.h_fg_aft

204

205 self.energy_sources = 0

206

Furnace class:

1 #import dependencies

2 import numpy as np

3 import CoolProp.CoolProp as CP

4 from base_classes import Element

5 import GasMixtureProperties as gmp

6 from scipy.optimize import fsolve

7 import scipy as sp

8

9 #Furnace model - projected (Gurvich)

10  #References from BoilerProcessModels.py by Prof Pieter Rousseau

11 kel = 273.15

12 rho_ash = 2200

13  sigma_sb = 5.6704e-8 #[W/m2-K 4]

14  cp_ash = 710

15

16  #Furnace factors for various fuels and conditions

17  wall_fouling_factor = {'gas_o0il':0.65, 'heavy o0il':0.55, 'coal':0.4, 'grate_fuels':0.6, \

18 ‘other_fuels':0.2, 'open_pitch':0.2, 'refractory':0.1}

19 A _prime = {'gas_fuel o0il':0.54, 'high_volatile_coal':0.59, 'low_reactive_coal':0.56, 'grate_stoker':0.59}
20 B_prime = {'gas_fuel oil':@.2, 'high_volatile coal':0.5, 'low_reactive_coal':0.5, 'grate_stoker':0.5}
21 dX = {'horizontal':0.0, 'tilting_horizontal_pos':0.1, 'tilting_horizontal_neg':-0.1, 'front_opposing_walls':0.075}
22 d_fa = {'tubular_ball mill':13e-6, "hammer_mill':16e-6, 'grate_firing':20e-6}

23 x_1_coke = {'anthracite':1.0, 'other_coals':0.5}

24  x_2_coke = {'suspension_firing':0.1, 'grate_firing':0.03}

25

26  #Functions to extract inputs for required fuels

27  def angular_coefficient(b_tubewalls, d_tubewalls, alpha_ang_coef):

28 return { tubewalls': (1.15484*(b_tubewalls/d_tubewalls)**(-8.50475E-1)) * (1 + alpha_ang_coef), \
29 'refractory': 1.0, 'furnaceexit':1.0, 'grate': 0.0}

30

31  def non_uniformity_factor(fuel, h_hfur):

32 c_1 = {'lignite': 1.4728, 'coal': 1.9745, 'oil_gas': 1.5214}

33 c_2 = {'lignite': 1.3324, 'coal': 1.808, 'o0il_gas': 2.9035}

34 lam = {'lignite': 1.7131, 'coal': ©.9821, 'o0il_gas': 1.575}

35 mu = {'lignite': 0.2275, 'coal': ©.2275, 'oil_gas': 0.2675}

36 sigma = {'lignite': ©.1907, 'coal': ©.2371, 'oil_gas': 0.1968}

37

38 return c_1[fuel] * lam[fuel]/2 * np.exp(lam[fuel]/2 *(2*mu[fuel]**c_2[fuel] + lam[fuel]*sigma[fuel]**2 - 2*h_hfur))
\

39 * sp.special.erfc((mu[fuel]**(c_2[fuel])+lam[fuel]l*sigma[fuel]l**2 - h_hfur)/(np.sqrt(2)*sigma[fuel]))
40

41  def reradiation_coeffecient(fuel, T_fe):

42 if fuel == 'solid_fuel':

43 if T_fe < 1060+kel:

44 beta = 1.0

45 else:

46 beta = (-2.18793E-6)*(T_fe-kel)**2 + 4.36338E-3*(T_fe-kel) - 1.16738

47 elif fuel == 'heavy oil':

48 if T_fe<950+kel:

49 beta = 0.9

50 else:

51 beta = -1.43393E-6%(T_fe-kel)**2 + 2.53702E-3*(T_fe-kel) - 0.217727

52 return beta

53

54  #Furnace element
55 class Furnace(Element):

56 #Constructor

57 def _ init__(self, mdot_f, mdot_fa, mdot_fg, f_radloss, A_fur, Vol_fur, xi_fur, x_fur, d_fa, x1_coke, x2_coke,
M_flame, id, \

58 K = 1E-5, high_ash = 1, NUF_fuel_type = 'coal', RC_fuel_type = 'solid_fuel', fixed_mdot = 0, A = 1, **kwargs):
59 Element.__init_ (self)

60 self.mdot_f = mdot_f

61 self.mdot_fa = mdot_fa
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63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
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83
84
85
86
87
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109
110

120

self.mdot_fg = mdot_fg
self.f_radloss = f_radloss
self.A_fur = A_fur

self.Vol_fur = Vol_fur
self.xi_fur = xi_fur

self.x_fur = x_fur

self.d_fa = d_fa

self.x1_coke = x1_coke
self.x2_coke = x2_coke
self.M_flame = M_flame

self.id = id

self.K = K

self.high_ash = high_ash
self.NUF_fuel_type = NUF_fuel_type
self.RC_fuel_type = RC_fuel_type
self.fixed_mdot = fixed_mdot
self.A = A

self._ dict__ .update(kwargs)

#Component characteristic function for furnace
def comp_char(self):

self.p_avg = (self.inlet.p + self.outlet.p)/2

self.T_avg = (self.inlet.T + self.outlet.T)/2

self.h_avg = gmp.enthalpy(self.inlet.gasmixture, self.T_avg, self.p_avg)

self.rho_avg = gmp.density(self.inlet.gasmixture, self.T_avg, self.p_avg)

self.cp_avg = gmp.specific_heat_pressure(self.inlet.gasmixture, self.T_avg, self.p_avg)
self.mu_avg = gmp.viscosity(self.inlet.gasmixture, self.T_avg, self.p_avg)

self.k_avg = gmp.conductivity(self.inlet.gasmixture, self.T_avg, self.p_avg)

#Furnace projected radiative area
self.A_rad_fur = 0.0
for key in self.x_fur:

self.A_rad_fur += self.x_fur[key]*self.A_fur[key]

#Furnace wall efficiency - psi
self.psi_fur = {}
self.psi_eff_fur = 0.0

for key in self.x_fur:

self.psi_fur[key] = self.x_fur[key]*self.xi_fur[key]
self.psi_eff_fur += (self.psi_fur[key]*self.A_fur[key])/self.A_rad_fur

# Furnace mean beam length S
self.A_tot_fur = 0.0
for key in self.A_fur:

self.A_tot_fur += self.A_fur[key]

self.S_mbl = 3.6 * self.Vol_fur / self.A_tot_fur

#Pressure drop, mass flow rate, pressure component characteristics

self.dp = self.outlet.p - self.inlet.p

self.C_1 = self.K/(2 * self.rho_avg * self.A**2)

if self.fixed_mdot == 0:

self.mdot = -self.dp/np.abs(-self.dp) * np.sqrt(np.abs(-self.dp)/np.abs(self.C_1))

else:
self.mdot = self.fixed_mdot

self.A_1 = -self.C_1 * np.abs(self.mdot)
self.A_0 = self.dp - self.A_1*self.mdot

#No work
self.Wdot = @

#Qdot updated through heat transfer element

self.Qdot = 0

self.energy_sources = 0

Appendix A.
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Appendix B. Boiler heat exchanger areas

Appendix Table 1: External heat transfer surface areas for boiler heat exchangers

Heat exchanger | A, [m?]
sCO2H1 20.83
SH2 120.39
SCR1 32.56
tCAV1 46.63
SCO2HX 298.85
SCO2H2 251.27
bCAV1 35.44
SCR2 23.94
CAV2 24.00
SH1 252.58
bEV 219.59
tEV 219.59
tAH 425.71
EC3 200.58
EC2 200.58
EC1 200.58
bAHt 340.57
bAHb 340.57
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sCO2 Brayton cycle pressures and
temperatures for varying loads

Appendix Table 2: Pressures and temperatures for the single heater configuration at various loads using inventory

control

Load 100% 90% 80% 70% 60%
p(kPa) T(°C) | p(kPa) T(°C) | p(kPa) T(°C) | p(kPa) T(°C) | p(kPa) T (°C)
comp_in 10000  32.5 9375  33.6 8750  34.5 8125  34.2 7500 32,5
RXHP_in 24974 535 | 23655 56.5| 22079 60.2 20140 64.5 15193  74.6
RXHP_out | 24730 383.4 | 23427 357.9 | 21874 3325 | 19966 316.1 | 15102 441.1
sCO2HX_in | 24730 3415 | 23427 3195 | 21874 297.9 | 19966 284.6 | 15102 401.5
turb_in 24572 557.2 | 23275 530.5 | 21733 501.7 | 19844 479.2 | 15043 554.3
RXLP_in 10211 450.6 9586  425.2 8954 399.0 8309 380.4 7535 473.3
PC_in 10106  71.9 9485  70.1 8861  69.0 8229  68.9 7504  75.0
PC_out 10000 32.4 9375 335 8750 34.4 8125  34.2 7500  25.0

Appendix Table 3: Pressures and temperatures for the dual heater configuration at various loads using inventory

control
Load 100% 90% 80% 70% 60%
p(kPa) T(°C) | p(kPa) T(°C) |p(kPa) T(°C) | p(kPa) T(°C) | p(kPa) T(°C)
comp_in 10000  32.5 9375  33.5 8750  34.4 8125  34.1 7500  32.5
RXHP_in 25022 536 | 23726 56.4 | 22174  60.2 20271 644 | 15229  75.0
RXHP_out 24788 389.9 | 23507 367.2 | 21975 346.9 20101 337.4 | 15123 496.4
sCO2H1_in 24788 389.9 | 23507 367.2| 21975 346.9 20101 337.4 | 15123 496.4
sCO2H1 out | 24600 453.8 | 23326 431.0| 21807 411.0 19952 403.4 | 15046 583.6
sCO2_ATT 24600 391.2 | 23326 372.4 | 21807 356.4 19952 351.5 15046 513.9
turb_in 24438 552.6 | 23169 529.4 | 21661 506.6 | 19823 4919 | 14985 593.6
RXLP_in 10210 447.0 9585  424.7 8953  403.8 8308 392.2 7539 510.8
PC_in 10104  73.2 9483  71.2 8859  70.0 8227  69.6 7504  77.2
PC_out 10000 32.4 9375  33.5 8750  34.3 8125  34.1 7500  25.6

204



Appendix D
Calculation of direct radiation through
furnace exit plane for CFD models

Appendix D. Calculation of direct radiation through
furnace exit plane for CFD models

This appendix details the calculation of the direct radiation through the furnace exit plane, Qy. , for

the CFD models. A Mathcad Prime 9.0 model was setup for the calculation, taking inputs in from the
CFD model. Special thanks to Tinashe Kadakure from the Applied Thermofluid Process Modelling

research unit for providing the Mathcad model for this calculation.

An energy balance is conducted around the furnace control volume to determine Qg . Various mass

flow rates, including total air, fuel, and fluegas, are extracted from the CFD model. Additionally, the
fraction of fly-ash is also extracted from the mass flow report from particle tracking. The ash, fly-

ash, and bottom ash mass flow rates are then calculated as:

Mash = Mair + Mjpuel — My,

Mgy =Y 5aMgsh (D.1)

oo = Mess =g
Next the sensible enthalpies for the fuel, air, fluegas, fly-ash and bottom-ash are determined. This
requires the inlet fuel temperature, T, =27 °C, T, taken as the mass weighted average at all air
inlets, Ty, is taken as the mass weighted average at the furnace exit plane, and T, is taken as the
area weighted average at the grate top plane. The sensible enthalpy of air, h,; , is taken as the mass
weighted average at all air inlets, and for fluegas, hy, is taken as the mass weighted average at the
furnace exit plane. For fuel and ash, the sensible enthalpies are calculated as:

hfuel = Copyer (Tfuel -25°C)

hfa = Cp,.y (Trg =25 °C) (D.2)

hba = Cp,,, (Tgr —25 °C)
Consequently, the sensible energy flows can be computed, by the respective flow stream mass flow
rate and sensible enthalpy, resulting in the calculation of Qu:, Qpuer, Qy, Q, and Qvo . Energy
sources are then computed, including from heat of reaction released from the gas, Qs , and from
char combustion Quar . Ques is determined from Fluent®, through the total heat of reaction source.
To calculate Qe , the amount of char burnout, DPMyinout chor is determined in the furnace volume
from discrete phase sources. The heat of reaction for char is given as LCV., =10100 ki/kg.

Consequently, Quor can be calculated:

Ochar = DPMbumout,charLCVchar (D3)
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The total heat of reaction, Qe is then computed by summing Ques and Qeor .

The latent heat required for moisture evaporation is calculated. The latent heat of vaporisation is
given as hg waer =2263 ki/kg . The total latent heat required for moisture evaporation is then

calculated as:
Qiatent = YAR,Mrhfue/hfg,water (D4)

The heat transfer rates to the water walls surrounding the furnace volume, Qu., is extracted. The

final energy balance is written in Eq. (D.5), with the calculation of Q. :

Oin = Oair +Q.fuel + Oreact
Qout = Qfg "'Q'fa +Oba +Q.ww "'O/atent (DS)
AQ = Ofe = Oin - Oout
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Additional CFD modelling results: Part

This appendix discusses additional results from the part load case study of the CFD modelling.

Observing concentrations of CO2 and H20 in Appendix Figure 5, radiative zones were identified at

SH2 above the boiler nose. For the dual configuration, this zone was slightly larger compared to the

single configuration and holds true for all load percentages. Compared to the nominal load case, the

radiative zones were smaller and concentrated around the boiler nose, rather than extending

further up to the boiler roof. For the dual and existing configurations, higher mass fractions were

observed in the convective pass compared to the single configuration.
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Appendix Figure 5: Carbon dioxide and water mass fractions at 80% load for all configurations
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At 60% load, shown in Appendix Figure 6, concentrations of CO2 and H20 were lower around the
boiler nose compared to 80% load, and were more spread out throughout the furnace domain. The
spread of radiative species throughout the furnace domain would result in decreased partial
pressures at previously observed radiative zones, near SH2 and the boiler nose, and would reduce

local radiative heat transfer rates.
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Appendix Figure 6: Carbon dioxide and water mass fractions at 60% load for all configurations
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Appendix Figure 7 and Appendix Figure 8 shows the tube wall heat fluxes and metal temperatures
for the convective sCO2 heater (sCO2HX and sCO2H2 for the single and dual configurations
respectively). Localised maximum heat fluxes can be observed at the top right half of the heat
exchanger, towards the side wall. Compared to the nominal load case, the zone with maximum heat
flux is smaller, particularly for the 60% load case with the dual configuration. Notably, the heat flux
distribution through the entire tube bank is significantly reduced for the dual configuration at 60%

load, attributed to the low TTD between the gas and tube wall temperature.
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Appendix Figure 7: sSCO2HX and sCO2H2 tube wall heat fluxes and metal temperatures at 80% load

The highest tube metal temperatures were observed at the exposed area of the tubes due to the
boiler nose, where the localised maximum heat flux zone was located. The remainder of the tubes
were largely influenced by the internal sCO2 temperature. This is evident especially for the 60% load

cases.
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Appendix Figure 8: sSCO2HX and sCO2H2 tube wall heat fluxes and metal temperatures at 60% load

Appendix Figure 9 and Appendix Figure 10 show the volatile matter, CO mass fractions, and carbon
burnout at part loads. Similar to the nominal load case, carbon burnout contours highlight majority
of fixed carbon is consumed on the grate. On the other hand, the VM contours highlight that most
of the release of VM occurs in the freeboard, closer to the centre of the furnace. For the nominal
load case, majority of the VM released occurred towards the rear of the furnace. The higher ratio of
DA mass flow rate for part load cases compared to the nominal load case shifts the particles away
from the rear of the furnace. For 60% load cases, this effect is more pronounced, with a significant
fraction of VM released on the grate at the centre of the furnace. The reduction in PA and SA mass
flow rates relative to DA mass flow rates at lower loads may influence the spread of particles,

especially along the grate, and consequently the release of VM during combustion.
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Appendix Figure 9: Volatile matter, CO mass fractions, and carbon burnout at 80% load

Lastly, the CO contours highlight majority concentration in the furnace where combustion takes

place, similar to the nominal load case. Negligible CO was observed outside of the furnace domain,

indicating complete combustion within the furnace.
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Appendix Figure 10: Volatile matter, CO mass fractions, and carbon burnout at 60% load

Appendix Figure 11, Appendix Figure 12, and Appendix Figure 13 show the sCO2 heat exchanger
duty (T-Q’) diagrams for sCO2H1, sCO2H2 and sCO2HX at 100%, 80%, and 60% loads respectively
based on the CFD results. All sCO2 heaters are configured for a counter-current configuration. The
decrease in heat uptakes is visualised in these figures, particularly at 60% load. A pinch point is
observed for the convective heaters (sCO2HX/2) at 60% load. This reduction in TTD results in a
significant decrease in heat uptakes at the sCO2 heaters compared to higher loads, as discussed in
Chapter 7.1.
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Appendix Figure 11: sCO2 heat exchanger duty diagrams (T-Q’) at 100% load
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Appendix Figure 12: sCO2 heat exchanger duty diagrams (T-Q’) at 80% load
60% load
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Appendix Figure 13: sCO2 heat exchanger duty diagrams (T-Q’) at 60% load
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