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Abstract

This thesis report discusses the design of a cost-effective and compact electric
combustion air preheating for the LSV® burner. The industry has a complex problem
to solve and an important role to play during the energy transition, that is needed
because of global warming. Many industrial processes use heat generated by the
combustion of fossil fuels. An alternative sustainable solution needs to be chosen
in the future. Fossil fuels can be replaced by biofuels, hydrogen, electric power or a
hybrid solution.

For this study a solution using electric power is investigated, which could also be
used in a hybrid solution. Electric combustion air preheating can be used to shift
the energy input from fuel energy to electrical energy. This is new since normally
combustion air preheating is accomplished in the convective part of the fired heater.
A system to heat up the combustion air to a temperature of 300°C is designed using
correlations for tube banks and CFD modelling. An experiment is also conducted to
investigate the impact of the combustion air preheater on the burner and fired
heater performance. It is important that the burner and fired heater performance
remain almost unchanged since the whole fired heater is designed around specific
performance parameters.

The design includes a staggered and finned tube bank that can reduce CO, emissions
with 3.2 % by using green electricity when operating 3000 hours per year. This
method for combustion air preheating will also result in an operating cost reduction
and a payback time of less than five years. A drawback of this system is that the
NOx emissions will increase by a factor of 2, which is bad for the environment since
it is responsible for the formation of smog and the general acidification of soil and
water. This could be avoided by improving the burner design or applying other
combustion control mechanisms.

The outcome shows that electric combustion air preheater is suitable technology
for CO, emissions reduction in the short term for fired heaters. With the increasing
CO, emissions cost and increasing volatility of the electricity market, this is an
attractive grid balancing equipment.
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Introduction 1

Introduction

Since the beginning of the petrochemical industry, fired heaters have been widely
used to provide the required process energy and are accountable for a significant
part of the energy demand of the petrochemical industry. Fired heaters provide the
required energy by fuel combustion, and reducing their fuel consumption and CO,
emissions is one of the biggest challenges for the industry in the energy transition.
Switching to renewable electricity for some high temperature processes is part of
the solution. Eventually, the fossil resources will be phased out as a resource for
high temperature processes and shall most likely be replaced by biofuels, hydrogen
and electric power. But this cannot be accomplished overnight, so innovative
technologies are needed to guide the fired heaters through this transition.

Fuel consumption and CO, emissions can be reduced by using renewable electricity
for combustion air preheating within the fired heaters. The concept of combustion
air preheating has already been applied for a long time, and is generally realized by
preheating of the combustion air in the convective part of the fired heater. In the
Netherlands, approximately half of the fired heaters use this type of combustion
air preheating and that number is somewhat less for the fired heaters worldwide.

Combustion air preheating using grid power, instead of using the heat from the flue
gases, is new. On top of the CO, emissions reduction accomplished over the
conventional method this could also allow other processes to use the heat from
the flue gases in the convective part. This new electric combustion air preheat
system could also be easily switched on and off and be used as electricity grid
balancing equipment.

During this study, the impact of using combustion air preheating with electrical
power on the heat flux profile and emissions of the burner and fired heater will be
analysed. Based on the LSV® burner from Technip Energies, a cost-effective and
compact electric combustion air preheater (ECAP) will be designed.




Introduction 2

1.1. Research questions

The purpose of this study is to design a cost-effective and compact electric
combustion air preheater (ECAP) for the LSV® burner from Technip Energies.
Further, the impact on the burner and fired heater performance is analysed.

Main questions and sub-questions:

What is the design of a cost-effective and compact ECAP for the LSV® burner from
Technip Energies?
e What’s the most suitable method to heat combustion air using electric power?
e What is the operating temperature range of such a system? And to what
temperature can the combustion air be heated?
e What is the extra pressure drop of such a system?

How will the ECAP influence the LSV® burner and fired heater performance?
e What is the effect on heat flux distribution within the fired heater?
e What is the effect on the CO, and NO, emissions?
e How much fuel and costs can be saved?

1.2. Research approach and planning

An answer to the above research questions defined above will be explored by the
following subprojects:

e Design of the ECAP using correlations and detailed CFD modelling.
e Burner testing at the test facility for different combustion air preheating
temperatures.

This study starts with a literature study, followed by designing the ECAP using
several heat transfer correlations. The heat transfer is also calculated by CFD
simulations. Based on the literature and the CFD check a suitable heat transfer
correlation is selected for the design of the ECAP. The influence of this system on
the burner and fired heater heat flux profile and emissions is analysed using
experimental results. In the end, conclusions are drawn with recommendations for
further research. This is illustrated in the timeline given in Figure 1.2.1.

Nov Dec Jan Feb Mar Apr May Jun July
Literature stud G S S5 END
’ Bee || 3 2 S5 || z ||| 22
2322 o o ag o & S
T3 T = T c 5 E w @
ol o a S g © 53
w52 = < G& < 85
Lod o T gg | x 8
O T Ew

Figure 1.2.1 — Timeline of the thesis.
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Literature review

2.1. Energy transition

The extensive usage of fossil fuel-based energy has led to a rapid increase of
greenhouse gas (GHG) concentrations in the atmosphere, resulting in global
warming and the climate change that we are facing now. The GHG effect is defined
as the warming up of the earth due to the re-radiation of energy by the GHG in the
atmosphere. Examples of greenhouse gasses are CO,, CH, and NOy, but there are
many more.

The world faces a huge challenge since there is an increasing demand for energy,
but at the same time the GHG emissions need to be reduced. In 2016 a landmark
was set in the multilateral climate change process by the Paris Agreement. The
Paris Agreement sets out a global framework to avoid dangerous climate change by
limiting global warming to below 2°C and pursuing efforts to limit it to 1.5°C. It also
aims at strengthening countries’ ability to deal with the impact of climate change
and support them in their efforts [1].

The energy transition is one of the most important actions to avoid climate change.
With the energy transition, the world wants to change the way we produce and use
energy so that GHG emissions can be reduced and eventually prevented. Multiple
countries have set up and published their own climate plans conform The Paris
Agreement like The Netherlands [2] and also multiple key players in the energy
industry, for instance, Royal Dutch Shell (Shell) [3] and British Petroleum (BP) [4],
have published their roadmap towards a net-zero carbon emission. Most of the
countries and companies aim to reduce their carbon emission with 30-60% by 2030
and to have net-zero carbon emission by 2050. In 2021 the District court in The
Hague ruled that by 2030 Shell must reduce its net carbon emissions by 45%
compared to its 2019 level [5]. Not only for its business in The Netherlands, but for
its business worldwide. That was the first time in history that an energy company
was ordered by the court to reduce their carbon emissions, but more cases are
likely to follow.

The energy resource profile is changing from fossil-based energy to more
sustainable energy and renewable energy resources to reduce GHG emissions and
address the climate challenges. Unfortunately, there is no singly storyline about the
future, and the policy responses about the energy transition opened up a wide range
of possible energy futures. By considering different assumptions about key
unknowns, multiple scenarios can be made.
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The report from the International Energy Agency (IEA) [6] describes multiple
scenarios and is discussed below. The scenario that will help the world to reach
the targets of The Paris Agreement is presented in this report, namely the
“Sustainable Development Scenario (SDS)”. These expected trends from the IEA are
also the expectation of multiple other agencies like IRENA [7], DNV-GL [8], and
Bloomberg [9]. There is only a quantitative difference between the scenarios
discussed in the reports. The Netherlands has on a national scale the same vision
and ambition [10].

According to the IEA will the energy sector in advanced economies and developing
economies must transform significantly towards renewable energy sources from
2019 to 2030. The share of fossil-based energy in the primary energy mix will
decrease from 80% to 70%, and the share of electricity in the final energy
consumption will rise from 19% to 24% over the 2019-2030 period. The demand for
electricity will mostly increase due to processes shifting from fossil fuel energy to
electric energy. It is also expected that renewables will grow from 25% to more
than 50% in global electricity generation over the 2019-2030 period. So, electricity
will have an increasing share of the energy mix due to the shift to renewable
energies like solar PV and wind and the phasing out of fossil resources.

The increase of capacity of fluctuating electricity resources (wind, solar) and the
decrease of the scalable electricity load resources (coal, gas) has a big impact on
the size of the installed electricity grid. Grid balancing has become an important
aspect of the electricity grid because it helps with matching the supply to the
demand for electricity. But with less scalable and more fluctuating electricity
resources, it will be more difficult to balance the grid load. On top of that, will it
be difficult for most of the TSO’s to scale up parallel to the increase of installed
capacity since these projects have a timeframe of 3-10 years at least. As a result of
this, a more volatile electricity price is expected with a higher average electricity
price [11], [12], [13]. The average electricity price per yearly operating hours in The
Netherlands is given in Figure 2.1.2 from [14]. According to this figure could a lower
average electricity price be expected in the future, when operating only a part of
the year [15]. For example, the average electricity price was in 2020 32 euro/MWh,
but when only operating during the cheapest 4000 hours, the average electricity
price became 20 euro/MWh. The price for operating 3000 hours per year is kept
constant for this thesis at 20 euro/MWh for the coming decade, which is a more
conservative number.

Average electricity transmission price per yearly operating hours load [NL]
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Figure 2.1.2 - Average electricity price per yearly operating hours in The Netherlands.
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The natural gas prices are kept constant in this thesis, since this is difficult to
predict and argue what these prices will do in the coming decade. It has also
remained fairly the same over the last decades, with some fluctuations due to the
financial market and the production in the petrochemical industry [16].

Another factor to keep in mind is the carbon emission taxes. In Figure 2.1.3 the
development of the price for the emission of one ton CO, is given from [17]. These
emissions taxes are introduced in 2005 in the European Union. The Cap of the CO,
emissions reduces over time so that the total emissions will fall. Within the cap,
companies can buy emission allowances, which they can trade with one another.
Technip Energies expect an increase to at least 125-150 euro within the coming
decade [18]. A forecast has also been made by PwC from the Dutch national CO,
emissions tax and the EU-ETS price projections from PBL [19], see Figure 2.1.4. One
should note that the EU intends to increase their CO, emissions reduction
ambitions, what will result in a higher carbon market price development. The
Technip expectation curve takes this into account, see Figure 2.1.4.

Weekly averaged EU ETS carbon market price
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2.2. Fired heaters

For this master thesis, we limit ourselves to the continuous oil refining and
petrochemical fired heaters. The monograph of P. Mullinger and B. Jenkins [20] is
used to describe the working principle of the fired heaters, burners and the
emissions from burning fossil fuels. These fired heaters achieve the required
temperature in the product, often a hydrocarbon, either by steam or direct heating.
In the latter case, the fluid is contained in tubes under pressure which are heated
from the outside by direct composure to the flames. The heat is transferred by
radiation and convection and needs to be carefully controlled, otherwise output is
lost or hot spots are created. These hot spots can lead to carbon formation on the
inside of the tubes, also known as coking. This will eventually lead to dangerous
situations and can lead to the failing of the heater and in worst cases to destruction
of the plant.

Fired heaters consist of the radiative area, the convective area, the process fluid
tubes, the stack and the fuel/air supply (Figure 2.2.6). In this master thesis, we limit
ourselves to the burner and the design of the combustion air supply system. The
combustion air supply system is an important part of the fired heater since the air
flow has a significant effect on the fuel-air mixing and the combustion process. The
combustion air supply can be divided in four types, namely [20]:

. Natural draught

. Induced draught
. Forced draught

. Balanced draught

Natural draught utilizes the buoyancy of the hot flue gas in the fired heater and
stack to provide air flow through the fired heater. No fans are needed, but the
suction is small, typically 100-500 Pa. Relative high flue gas temperatures are
needed to create the draught, so heat exchangers could not be used to recover all
surplus heat from the flue gases.

Induced draught uses a fan in the flue gas system to increase the suction, typically
installed in the stack. These fans should be able to deal with the hot flue gases
making the material more expensive. Forced draught uses a fan in front of the
burner to blow air through the burner and fired heater. High pressures can be
achieved with high flue gas velocities, increasing the convective heat transfer and
reducing the equipment size. A balanced draught system combines both types of
draught to get the best of both worlds. This system requires an advanced control
system to maintain stable operation.

Traditional fired heaters were very inefficient, using natural draft with high excess
combustion air, high flue gas temperatures and no heat recovery. They often had
an energy efficiency of less than 50%. Modern fired heaters utilize convective
preheating of the liquid and heat recovery of the flue gas to preheat the combustion
air. They also utilize a balanced draught system to control the excess air. They now
achieve much higher energy efficiencies. A schematic overview of a modern fired
heater is given in Figure 2.2.6 with its efficiency illustrated in the energy flow
diagram in Figure 2.2.5.
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The thermal efficiency of fired heaters is defined as the useful energy derived from
the fired heater relative to the energy input. Since fired heaters involve combustion,
the primary energy input is ultimately derived from the fuel, but it can also include
the energy required to preheat the combustion air, if applied. The useful energy
may also include waste heat recovery by other products or fluid flows in addition
to the primary product. Most fired heaters make use of heat recovery from the flue
gases and/or the product to improve the thermal efficiency. These heat recovery
systems usually involve heat exchangers to preheat combustion air and/or other
products products. So, the efficiency of the fired heater depends on the energy
transferred from the chemical fuel energy and electrical energy to the process
energy contained in product streams. The total efficiency depends on the efficiency
of each operation in the process, so for the total efficiency, we should also include
the energy needed to drive the air fans and fired heater drive motors.
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The primary driving force for making fired heaters much more efficient is the overall
cost of operation so that a product can be sold at a competitive price. These costs
are based on capital costs, fuel and electricity costs, maintenance costs and
environmental costs and charges. The latter was not that relevant in the 19th
century, but because of climate change and its relationship with carbon dioxide
concentrations, it has an increasing impact on the costs and efficiency
development.

2.3. Burners

Burners are transducers since they transform one form of energy into another form
of energy. In this case, chemical energy of the fuel into heat energy within the fired
heater. The effectiveness of this process is a measure of its performance. Burners
designed for fired heaters have to burn the fuel as efficiently as possible and
produce the best heat flux for the product to be heated. Different processes require
different heat flux profiles, so the design of a burner can be different for different
applications.

When fuel and oxygen are brought together at sufficiently high temperatures a
chemical reaction, i.e. combustion, takes place, resulting in heat and combustion
products. The fuel can be a gas, liquid or solid, and the rate at which the combustion
occurs can vary from slow decay to instantaneous explosions. When using
combustion as a heat source for fired heaters, it is important to obtain a steady
heat release at the required rate to suit the process.

Most of the fuels used are fossil fuels (hydrocarbons), having the elements carbon
and hydrogen, and these are oxidized by the oxygen in the air to release heat during
combustion. The chemistry of this oxidation process involves complex chain
reactions, but for most engineering design purposes, this can be simplified to four
basic reactions [20].

. The complete oxidation of carbon

. The complete oxidation of hydrogen

. The incomplete oxidation of carbon

. The incomplete oxidation of carbon monoxide

Incomplete combustion of fuels containing carbon refers to the formation of carbon
monoxide or even carbon (coke). The combustion is said to be complete when the
only carbon oxide present is CO, and no elemental carbon remains. The products
of combustion which leave the fired heater are usually referred to as flue gases. To
achieve complete combustion in is almost always necessary to provide excess
oxygen by excess combustion air. It is the percentage of air over and above the
minimum required for complete combustion, i.e. the stoichiometric air requirement.

All combustion processes take place in the following order: mixing, ignition,
chemical reaction and dispersal of products. The rate of combustion depends on
the slowest process, which is often the mixing. Therefore, the rate of completeness
of the combustion process is controlled by the rate of fuel-air mixing. Insufficient
mixing produces unburnt CO in the flue gas, wasting potential fuel energy.
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The burner needs to be designed in a way that the mixing of the fuel and air streams
is optimized and that enough air can be supplied to the combustion process [20].
Some burners are designed to premix the fuel and air prior to ignition, but most
industrial burners are non-premixed and designed for diffusion mixing of the
combustion air and fuel inside the fired heaters. For this master thesis, we limit
ourselves to the burners without premixing. The amount of air required for
complete combustion is in most combustion systems at least ten times that of the
fuel. Meaning that air dominates the mixing process between fuel and air since it
provides a greater momentum than fuel. The mixing of air and fuel influences the
flame stability, emissions and the thermal release profile.

The choice of fuel is critical in the fired heater and burner design process, especially
since fuel is one of the larger contributors to the costs of fired heater operation.
Factor affecting the costs of the fuel are abundance or scarcity, ease of extraction
or manufacturing, ease of use, political policy and ease of transportation. The
relative importance of these changes with time. The properties of a fuel that
influence its use are availability and cost, calorific value, flammability limits, density
of fuel, chemical composition and the products of the combustion process. It is
conventional to classify fuels by their physical state, i.e. gases, liquids and solids.
For this master thesis, we limit ourselves to the gaseous fuels natural gas and
hydrogen, although in reality the burners are also used with for example reformer
gas or other standard refinery fuel gasses (petroleum gasses).

In this study only natural gas is considered as a fuel for the burner. Current
developments show that burning hydrogen or mixing hydrogen with natural as a
fuel for fired heaters to reduce the CO, emissions is also a solution that most
probably will be applied in the coming decades. Therefore hydrogen fuel is
discussed shortly. One of the most important parameters for any combustion
system is the heat release, i.e. lower heating value (LHV) or higher heating value
(HHV). The LHV is usually used in the industry, since it is representative for
combustion to hot products without condensation taking place.

Fuels - Natural Gas

Natural gas contains, apart from its basis molecule methane, multiple other
hydrocarbons, as well as carbon dioxide, nitrogen and some other molecules in
small concentration. Typical compositions for North Sea NG, Groningen NG, and for
the natural gas used during testing (called test fuel) are shown below in Table 2.3.1.
Natural gas specifications are normally available from the supplier and should
always be obtained prior to the development of a fired heater and burner.

Table 2.3.7 - Natural gas compositions of different sources from [21].

Property Canadian Gas Groningen Test fuel
CHa4 (Mol%) 95.2 81.6 93.1

CaHs (Mol%) 2.5 2.9 4.6

CsHs (Mol%) 0.2 0.4 0.8
Higher CiHy (mol%) 0.1 0.2 0.4

N, (mol%) 1.3 14.0 0.5

CO, (Mol%) 0.7 0.9 0.5
Molecular weight (g/mol) 16.8 18.6 17.3
Relative density (to air) 0.58 0.68 0.598
LHV (MJ/kg) 50.6 42.2 48.7
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Fuels - Hydrogen

Hydrogen could also be used as fuel and will most probably play a key role in the
future for high temperature processes because it combust without carbon dioxide
emissions [6]-[9]. At some plants, mostly steam methane reformers, hydrogen is
already mixed in the fuel to a certain percentage. Hydrogen has a LHV of 120 MJ/kg
and a much lower density than natural gas. Using hydrogen as a fuel has been
explored already [22], [23], [24]. The burners operate almost the same, with a
modest reduction in flame length [25]. The NOx emissions were slightly increasing
with increasing hydrogen percentage according to [22], [25]. Another paper suggests
that first the NO, emissions slightly increase, with a peak around 70% H.. After this
peak, the NOx emissions start to decrease [26]. The latter case is with MILD
flameless combustion of methane and hydrogen mixture. There is a difference
between staged combustion and MILD combustion as will be further explained in
[3.2 Burner NO, formation].

Hydrogen combustion is in general characterized by high flame speed, short ignition
delay time and wide flammability limits compared to natural gas [27]. The heat
transferred to the product flow inside the tubes should be as uniform as possible
to avoid coke formation on the inside of tubes [28]. In air-fired heaters grows the
NO, formation exponentially with the flame temperature. Adding hydrogen, which
burns at higher adiabatic flame temperatures and flame speed than natural gas,
would potentially increase the NO, emissions [23], although it could also be reduced
according to [24]. Preventing the increase in NOx formation is one of the biggest
challenges when using hydrogen has a fuel instead of natural gas. Another
important finding from [22] was that switching from natural gas to hydrogen
generally produced a decrease in convection section duty and a small increase in
radiant section duty. The fuel/air ratio of the combustion of hydrogen is lower
compared to natural gas resulting in a lower air flow rate, i.e. flue gas flow rate and
stack velocity.
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2.4. Burner emissions

The importance of the environmental impact of industrial operations increased
significantly in the latter part of the twentieth century and even more now in the
twenty-first century. fired heaters have a large footprint on the total emissions of
the industry because most of the emissions are derived from the combustion of
fuels. Most fuels consist of hydrocarbons with small quantities of sulphur, chlorine,
phosphorous and nitrogen, together with traces of metals. We have discussed the
complexity of the combustion of fuels, but when talking about emissions that are
of interest for this master thesis, these principal pollutant compounds can be
reduced to oxides of carbon and nitrogen as listed below [20].

C + 0, > CO,
€0, + C > 2C0
2C + 0, - 2C0
N, + 0, » 2NO

2NO + 0, - 2NO,

High temperatures and the presence of oxygen drive most of these reactions to the
right. CO, and NOy« has been identified as a primary cause of climate change. The
oxides of nitrogen are precursors in the formation of atmospheric smog and give
rise to acid rain, while CO, is most probably the most well-known Green House Gas
(GHG) contributing to global warming.

Carbon monoxide (CO) is highly toxic and is the result of incomplete combustion.
The concentration of CO present in the final flue gas is a very good indicator of the
combustion performance. There is always some residual CO in the fired heater flue
gases because mixing processes are not perfect, and the reaction between CO and
02 to produce CO, is reversible. In good combustion systems, CO formation should
be limited to a few parts per million (ppm), normally in the range of 0-50 ppm.
Unfortunately, CO tends often to increase when NOyx reduction techniques are
applied since these reduction techniques generally achieve their objectives by
delays in the mixing of fuel with air.

Nitrogen oxides (NOy) are also formed during combustion and are designated as
NOx emissions. Initially, NO is formed and most of this is further oxidized to NO2,
within the fired heater or after discharging in the flue gases into the atmosphere.

As discussed in [2.1 Energy transition] are the increasing concentrations of the
molecules CO, and NO,, which are increasing due to the usage of fossil fuels,
responsible for global warming and the climate change that we are facing now. But
they both contribute in their own way to these matters. All the different GHG
trapped in the atmosphere, like CO,, contribute with a certain factor to global
warming due to re-radiation of energy. This factor is called the Global Warming
Potential (GWP) and is the total heat absorbed by any other GHG in the atmosphere,
as a multiple of the heat that would be absorbed by the same mass of CO, [29].
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Although NOy is often referred to as a GHG since it does not re-radiate energy. But
it is responsible for the formation of ozone via secondary reactions with other
gases, which is a greenhouse gas with a GWP of 65 [30]. It is also responsible for
smog and the typical brown sky that often covers larger cities and reduces the air
quality. NOx is not only a source of atmospheric pollution but also contributes to
the general acidification of soil and water since they are also the most important
sources for acid rain. Sometimes Nitrous oxide (N.O) is also included in NO
emissions. Nitrous oxide reduces stratospheric ozone, also known as ‘good’ ozone
and has a GWP of 300 [29]. It is sometimes produced during the combustion of
biomass and coal and is the most important source of emissions in the use of
artificial fertilizers.

At this moment, there is no generally accepted approach to compare NO, emissions
with CO, emissions, but one could do an ecological based Life Cycle Assessment
(LCA), look into the regulations in an area and do a cost-based analysis. Any
operation with significant emissions will be subject to either regulatory or
environmental control by local, national and sometimes international agencies. The
fired heaters are part of a wider industrial plant operation, and regulations are
based on the total emissions of that plant. Sometimes these regulations, nationally
or internationally, are even covering whole industry sectors. Within these
regulations are often factors such as energy efficiency, noise, health & safety and
emissions.

Some of the emissions considered may be controlled by adjusting equipment design
and operation to avoid their formation, called pre-flame and in-flame control. Pre-
flame controls are processes that improve the quality of the fuel and often reduce
emissions by removing potential pollutants and improving the thermal efficiency.
In-flame controls are focusing on optimizing the mixing and turbulence in the
combustion process. These include gas recirculation, combustion staging and re-
burn [31]. The theory behind the formation of NO« during the combustion process
needs to be analysed, so that the increase in NO, emissions can be minimized while
using the ECAP. This is discussed further in [3.2 Burner NO, formation].

The EU have published a directive in 2016 on the reduction of national emissions of
certain atmospheric pollutants in which a limit for these emissions is stated for the
EU member states [32]. The emissions reduction commitments are based on the
emissions in 2005 and set for the period of 2020-2029, and 2030 and onwards. The
Netherlands have for instance their own emission reduction targets for sulphur
dioxide (S02), Nitrogen oxides (NO,) and non-methane volatile organic compounds
(NMVOC). These are given in Table 2.4.1. These emission reduction targets are likely
to be realized by the Netherlands according to PBL [33], [34].

Table 2.4.1 — Emissions reduction targets for The Netherlands from the EU [32].

SO0, NO. NMVOC
The Netherlands 2020 2030 2020 2030 2020 2030
Reduction target (%) | 28 53 | 45 61 | 8 15
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2.5. Combustion air preheating

Combustion air preheating can be used to increase the efficiency of the fired
heaters and reduce emissions. Combustion air preheating is a specific process that
is a form of heat recovery. Heat recovery equipment is generally classified by the
term heat exchangers. There is a considerable variation in the design of such heat
exchangers, governed by the physical and chemical properties of the hot and cold
fluids. In most industrial heating devices, the sensible heat of the flue gas or outflow
is circulated back in the system using heat exchangers.

There are two major groups of heat exchangers. These are recuperative and
regenerative heat exchangers. Recuperative heat exchangers transfer heat
continuously between the fluids, either by direct contact or through a thermally
thin divided medium. Regenerative heat exchangers use a thermally absorbent sink
to store the heat from the hot fluid and then release the heat to the cold fluid in a
cyclic operation mode.

There are multiple heat recovery equipment to recover waste heat commercially
available for different process heating systems in the industrial section. Combustion
air preheating takes place in the convective part of the fired heater, as is shown in
Figure 8. In this chapter, the heat recovery systems that are applicable for
combustion air preheating are described [20], [35]. These are:

e Stack recuperator; Metallic radiator recuperator, Convective recuperator
e Stack Regenerator; Heat (Thermal) wheels, Brick checker work

Within the stack recuperators, heat is transferred via a metallic wall from the flue
gas to the combustion air. Ducts are used to carry the fluids through the
recuperator. The stack regenerator, i.e. heat wheel, is a porous disk fabricated from
a high heat capacity material that is rotating between two ducts, within each duct
a flowing gas (cold or hot). The sensible heat is transferred via the material thermal
capacity from the hot flue gases to the cold combustion air. The stack regenerator
can normally achieve higher combustion air temperatures compared to recuperative
burners (not larger than 600°C) as can be seen in Figure 2.5.7 [36].
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Figure 2.5.7 — The working range of recuperative and regenerative burners from [36].
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With these high combustion air temperatures, NOyx emissions also increase
significantly. Applying a linear increase in combustion air preheating will most
probably also result in a linear increase in heat flux and firebox wall temperature
[36], [37]. This will be tested using the test fired heater described in [Burner test
methodology].

The ECAP that will be designed during this study should be able to heat up the
combustion air to a temperature in the same range as used with the recuperative
burners, to have a significant impact on the emissions and savings. That would be
between 200-600°C. So preferably the system should be able to heat up the
combustion air to at least a temperature of 300°C, according to Technip Energies.

2.6. Electric heating elements

To transfer the electrical energy to the air, heating elements are needed. These
elements heat up due to their electrical resistance, called resistance heating.
Resistance heating uses the heat generated by the Joule effect in a conductive
material in which an electrical current flows. These heating systems comprise the
following parts: heating elements, temperature control system and electric power
supply. In the heating elements, i.e. resistors, the electrical energy is converted into
heat, and they must have the following properties [38], [39].

. High operating temperature

. High electrical resistivity

. Temperature coefficient of resistivity low and positive
. Electrical properties and size constant in time

. High mechanical strength

. Ease of machining and welding

. Low chemical reactivity

The main requirement for the heating elements is the maximum operating
temperature, which is based on the power and laws of heat transfer by radiation
and convection. Calculations based on these provide useful information for the
selection of heating elements and the capacity and dimensions of the system. The
most common materials listed from lowest operating temperature to highest are
metal alloys, silicon, and graphite. Indirect heating of the air via resistance heating
can be accomplished with different types of heating elements [40], [41]. Namely:

. Open-coil heating elements
. Tubular heating elements
. Finned tubular heating elements

They are illustrated and compared in Figure 2.6.8 and
Table 2.6.1.

Table 2.6.7 - Types of heating elements compared.

Type of ‘ Heat transfer Pressure Mechanical Prone to
elements drop strength Fouling
Open coil ‘ highest lowest lowest highest

Tubular lowest middle middle lowest
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Finned tubular ‘ middle highest highest middle

A
&S

.'lnw.--"-'-v-n,.

Figure 2.6.8 — The three types of heating elements. Finned tubular (L), tubular (M)
and open-coil (R).

Open coil heating elements often consist of Nickel/Chrome alloy helical resistance
wires, bushing ceramics and a steel supporting construction. They generally have a
very low pressure drop, fast heat transferring, high heat capacity per area and a
quick response time. They are also easy to manufacture and a cheaper solution
compared to tubular or finned tubular heating elements. Drawbacks are that they
are not suitable for high humidity environments due to the direct contact with air,
they are prone to fouling due to dust particles that can get stuck in the coils, and
they need a support frame.

Tubular heating elements often consists of hollow stainless steel tubes with a
Nickel/Chrome alloy resistance wire centered in magnesium powder inserted in the
tube. Compared to open coils are they are less sensitive to humidity environments
and have better mechanical strength, but they have a higher pressure drop, are
more expensive, and have a lower heat capacity per area. The finned tubular
elements are almost the same as the tubular elements, but in addition, they have
stainless steel fins at the outer of the tubes, resulting in a higher heat transfer area
and mechanical strength, but also a higher pressure drop and manufacturing costs.

There are many studies available on forced convection heat transfer from straight
cylinders in cross-flow [42], [43] or on forced convection heat transfer from banks
of straight tubes in cross-flow [44]. But despite the extensive use of open-coil air
heaters, forced convection heat transfer from helically coiled resistance wires in
cross-flow has not been researched academically that much or made open-access
information. There are some papers concerning natural convection across helically
coiled resistance wires like [45]-[47], and some concerning the forced convection
[48]-[51].

For this specific application an high as possible operating temperature with a large
heat transfer area is needed, so that the heat transfer can be maximized. A fouling
proof and mechanically strong design needs to be chosen so that maintenance and
failing of the equipment can be minimized. The theory behind the heat transfer and
pressure drop over bare tubes and finned tubes will be discussed in [3.1 Heat
transfer & pressure drop in tube banks], together with the radiation of these heating
elements. It is important to understand the theory behind these mechanisms, so
that the right type of heating element can be chosen.
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Theory

3.1 Heat transfer & pressure drop in tube banks

To develop a cost-effective and compact electric combustion air preheater (ECAP)
for the LSV® burner [562] a calculation method for the heat transfer and pressure
drop is required. Multiple available methods will be discussed and compared, and
the most suitable for this application will be chosen. The most suitable method will
be discussed in more detail.

To understand the working principle of heating elements, i.e. a bank of tubes, one
first has to understand the basic fundamentals of conductive, convective and
radiative heat transfer, the correlations of experimental data and the flow behaviour
across cylinders.

Convection is a form of heat transfer from a material to a moving fluid and is the
most dominant form of heat transfer in this application. The flow of the fluid may
be forced, for example, by pumping or using a fan, or natural (free), driven by
buoyancy forces arising from a density difference. Either type can be internal, such
as a pipe flow or external, in open spaces. Either type can also be laminar or
turbulent, dependent on the Reynolds number.

Heat transfer rates tend to be much higher in turbulent than laminar flows, owing
to the vigorous mixing of the fluid. The rate of heat transfer is usually a complicated
function of surface geometry and temperature, fluid temperature and velocity, and
the fluid thermophysical properties.

q = hA(Ts — Tp) (M

Most engineering calculations for convective heat transfer are based on correlations
from experimental data [53]. In general, these correlations express the heat transfer
coefficient h, as the dimensionless Nusselt number Nu

hel 2)

Nu = X

Where L represents the characteristic length and k the thermal conductivity of the
fluid. This formula can be written in multiple forms. Various correlations for the
Nusselt number for a flow across a tube or bank of tubes can be found. These
correlations are a function of the dimensionless Reynolds and Prandtl number.

Nu = f(Re, Pr) (3)
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The flow over a tube bank can be steady or unsteady, laminar or turbulent and
boundary layers are developed along the surface of the tubes. To understand these
flow characteristics, one needs to understand the flow across a single cylinder.

Flow across a cylinder

The flow pattern around a cylinder depends very much on the Reynolds number
that can be determined by

vd, (@)

ReD =

With V the velocity, d, the diameter of the cylinder and v the kinematic viscosity.

The local skin friction coefficient, i.e. drag coefficient, is another important variable
that varies in a complicated fashion around the cylinder. In practice, usually the
total drag force on the cylinder due to both friction, i.e. viscous drag, and pressure
imbalance, i.e. form drag is required. The total drag force F can be determined from
the drag coefficient. The drag coefficient is dependent on the Reynolds number and
is usually gained from experimental data or a correlation formula. Above Rej, ~ 103,
the flow separates at 6 = 80°, and the form drag dominates to give Cp = 1.2, nearly
independent of Reynolds number [53].

separation point
potential flow streamlines g e - —)>

_—— -

boundary layer

stagnation point

Figure 3.1.9 — The flow across a cylinder visualized with the important designations
highlighted.

The corresponding variation of the local heat transfer coefficient around the
cylinder is also very complicated, as might be expected. The Nusselt number is high
on the front of the cylinder, where the boundary layer is thin and the Nusselt
number decreases as the boundary layer grows in thickness around the cylinder.
Along the cylinder where the flow does not separate, the Nusselt number decreases
steadily, toward a minimum at the separation region.

There are multiple correlation formulas for the Nusselt number for a flow across a
single cylinder. Four of the most well-known are, Hilpert [54], Zukauskas [44],
Churchill & Bernstein [42] and Gnielinski [55]. These correlations with some
adaptations are also used for the Nusselt number calculation of a flow across a
bare tube bank and a finned tube bank, as discussed next.
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Crossflow over a bare tube bank

Cross-flow over tube banks is widely used in the industry, for example in heat
exchanger equipment. The tubes can be finned, but in this paragraph bare tubes
are discussed. The finned tubes will be discussed in the next section. The
configuration of the tubes inside the bank can be aligned or staggered, as shown in
Figure 3.1.10. For this application, only the staggered arrangement is analyzed since
a staggered arrangement often provides a better heat transfer [56].

In-line Staggered
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Figure 3.1.10 - Tube bank arrangement from [53].

The flow inside tube banks is complex, involving boundary layer separation on each
tube and interactions of the resulting wakes with adjacent wakes and downstream
tubes. Important parameters are the tube diameter, transverse and longitudinal
pitch, the pitch ratios and the number of tubes transverse to the rows. The pitch
ratios are the ratios between the tube diameter and the pitch in a certain direction.
The heat transfer coefficient is initially larger in tube banks than for a single tube
in cross-flow since the fluid must accelerate to pass through the spaces between
adjacent tubes.

Three methods that are widely used to calculate the Nusselt number for a bare
tube bank are described by the VDI Heat Atlas [567] from now on called VDI, the
HTFS handbook [58] form now on called HTFS and the Basic Heat and Mass Transfer
book [563] from now on called BHaMT. The equations for these methods are given in
Table 3.1.1. The VDI and BHaMT methods use the same method to correct a
correlation for a single cylinder for a bare tube bank based on the Gnielinski method
[69], but they differ in the correlation used for the flow across a cylinder. The VDI
method [60] uses the correlations of Gnielinski [565], while the BHaMT method [53]
uses the correlations of Churchill & Bernstein [42].

The HTFS method [61] uses another method to correct the correlation for a single-
cylinder so that it can be used for a bare tube bank. It uses an equation like the
correlations of Zukauskas [44], with multiple correction factors to tune the
correlation to the specific application. All methods are provided on the next page
in Table 3.1.1.
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Table 3.1.1 — The equations used for each method to calculate the Nusselt number
for the bare tube banks. A more detailed explanation can be found in the Appendix.

VDI (Gnielinski single cylinder correlation)

— — 2 — 2
Nu;o =03+ \/Nul,lam + Nug eurp 10 < Rey,; < 10° (5)
Nuyjam = 0.664Rey, "/ *Pr1/3
(6)
m _ 0.037Re{;{Pr
U turp = 1+2.443Re 0 (Pr2/3-1) @
BHaMT (Churchill & Bernstein single cylinder correlation)
— 0.62Re}? pr/3
Nujg=03+—2L—707 0 < Rep < 10*
Lo [1+(0.4/Pr)2/3]"/* b (8)
—-— 0.62Re11)/21?'r1/3 Rep \1/2 4 5
Nu,o =03+ W[l + (282’000) 2x10* < Rep < 4 x 10 (9)
4/5
— 0.62Re11,/2 prl/3 Rep /8 5 6 (10)
Nul_o =03+ W[ (282,000) ] 4x10° < ReD <5x10
VDI and BHaMT bare tube bank calculation method
L L (1)
Nupynate = NUo punaie Ka
Nu, = faNu for #of rowsn = 10 (12)
0,bundle A 1,0 =
—_— 14+(n—-1)fa
Nug pundgie = ———=Nuy o for #of rowsn <10
, n : (13)
With the arrangement factor fa and a correction factor K.
HTFS bare tube bank calculation method
Nubundle =a Reglprk?'34¢1¢2¢3 (14)

With constants a and m and correction factors ¢4, ¢,, ¢s.
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Comparing these methods, there are some differences in the assumed information
to be known, the temperature used for physical properties and the Reynolds
number calculation. The most significant difference in the information to be known
is that the HTFS method uses a fixed length for the tube bank depth compared to
the VDI method. The physical properties used are different for each method since
the specific temperature used is also different for each method. The VDI and the
HTFS method uses the mean temperature between the inlet and the outlet as given
by

(T + Tou) (15)
M 2

The BHaMT method states that properties are to be evaluated at the mean
temperature between the inlet and the outlet for liquids and the mean film
temperature for gases. (average of the mean temperature of the in- and outlet and
the film temperature). Given by:

_ 1 (Tln + Tout) (16)
Tw =15 (TS + f>

Comparing the calculation methods for the Reynolds number, the VDI method uses
the mean velocity w = wy/y with w, the velocity in the cross-section in an empty

channeland =1 — % , a streamed length of L = nd/2 and the kinematic viscosity
v, resulting in the equation
woL (17)

Rey) = ——
eq,'l lIJ‘U

The procedure similar to that of Gnielinski, but with the correlation of Churchill &
Bernstein, which is recommended by the BHaMT method, uses the velocity in the
cross-section in an empty channel w,, a streamed length of d, and the kinematic
viscosity v, resulting in the equation

Wo do (1 8)

ReD =

The HTFS method the same formula as the BHaMT method to calculate the Reynold
number, only with different parameters. It uses a streamed length of d,, the mass
flow m, the dynamic viscosity of the bulk 1, and the minimum cross-flow area A,
resulting in the equation.

md, (19)

Rep = ——
P 7/’bAm
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Crossflow over a finned tube bank

The heat release and absorption from surfaces can be enhanced by adding fins
[566], [62]. Normally the fins are placed on the side with the lower heat transfer
within the heating tubes. The basic requirement is an ideal contact between the
fin and the fin base on the tube and that the fluid flow direction corresponds to
the orientation of the fins. A mean heat transfer coefficient has to be found and
evaluated based on the geometry of the fins.

Two methods that are widely used to calculate the Nusselt number for a finned
tube bank are again described by the VDI Heat Atlas [57] and the HTFS handbook
[58]. The Nusselt number is used to calculate the heat transfer coefficient of the
finned tubes. Both methods do not take the fin top area into account as well as
losses due to fouling. They both use a correction on the heat transfer coefficient
for the fin efficiency and geometry.

Table 3.1.2 - The equations used for the VDI and HTFS method to calculate the
Nusselt number for the finned tube banks.

VDI finned tube bank calculation method

_ A -0.15
Nuj = 0.38Re® (A—w) Pri/3 (20)
i he(he + dg + 6)

Ay~ sdy (21

HTFS bare tube bank calculation method

Nu = NulNuzNU3 (22)
Nu; = 0.292Re}} with n = {0.585 + 0.0346In(d,/f;)} (23)
115 0.257
£\ (fs
— pp0.333 [ 23 1o 24
Nu, = Pr (df hy (24)

X 0.473 0.7717
. :(2)0666 ﬁ ﬁ (25)
3\ d, 5
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Comparing these two methods, there are again some differences in the assumed
information to be known and the Reynolds number calculation. This is the same as
with the crossflow over a bare tube bank.

Comparing the calculation for the Reynolds number, the VDI method uses the mean
velocity w = wy /P with w, the velocity in the cross-section in an empty channel and

Y=1- % , a streamed length of L = nd/2 and the kinematic viscosity v, resulting
in the equation
WbL (26)

Reqm :::B;;

The HTFS method uses a rather different formula to calculate the Reynold number.
It uses a streamed length of d,, the mass flow m and a minimum crossflow area for
the finned tube S,,, resulting in the equations.

_ do (27)
nbsm

_ thfh) L (28)
Pr ‘

Re,

Sm = N, <Py ~d,
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Pressure drop of a tube bank

To calculate the pressure drop of a bare tube bank, multiple methods and
correlations can again be used. All methods use the same equation form, but with
different ways to calculate correction factors for the temperature differences, the
number of rows used and tube arrangement. A method for the calculation of the
pressure drop for a finned tube bank is only provided by HTFS. Again different
correction factors for the friction factor and tube arrangement are calculated.

Table 3.1.3 — The equations used for the VDI, BHaMT and HTFS method to calculate
the pressure drop for the bare tube bank.

VDI bare tube bank calculation method

Wma_x2
AP = ENR <pb 2 ) (29)

BHaMT bare tube bank calculation method

AP = N, <pb szax )f (30)

HTFS bare tube bank calculation method

L Wmax2 (31)

HTFS finned tube bank calculation method

72
c

2005, (32)

AP; = 4f Ny
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Radiation of a tube bank

Apart from convective heat transfer inside the ECAP, radiative heat transfer also
occurs. Thermal radiation is a form of electromagnetic radiation which occurs in all
matter and space. A particle of electromagnetic energy is a photon and the heat
transfer can be viewed either in terms of electromagnetic waves or in terms of
photons. The flux of radiant energy incident on a surface is called irradiation (G)
and the energy flux leaving a surface due to emission and reflection of
electromagnetic energy is called radiosity (J).

These two are of importance for the definition of the two types of surfaces. A black
surface, i.e. blackbody, is defined as a surface that absorbs all incident radiation
(irradiation) and reflects none. Hence, all radiation leaving a black surface is emitted
by the surface and is given by the Stefan-Boltzmann law:

] =E, = oT* (33)

With E, the blackbody emissive power, T the absolute temperature (K) and ¢ the
Stefan-Boltzmann constant (~ 5.67 x 1078 W/m?2K?*).

The black surface is an ideal surface. A real surface absorbs less radiation and is
called a grey surface. The fraction of incident radiation that is absorbed is called
the absorptance a, and the fraction reflected is the reflectance p. For object that
are opaque, i.e. not transparent to electromagnetic radiation, the following equation
is valid. Both are constants values for surfaces.

pta=1 (34)

Real surfaces (grey surfaces) also emit less radiation than black surfaces. The
fraction of the black surface emissive power emitted by the grey surface is called
the emittance €. The emittance is equal to the absorptance, and constant and
independent of its temperature.

If heat is transfer via radiation between two finite size grey surfaces, the rate of
heat flow will depend on the temperatures, emittances and geometry of the
surfaces. Determining the rate of heat flow is difficult, but in general the following
equation is used [53].

Q12 = A1F120(T14 - T24) (35)

With Q;, the net radiant energy heat transfer from surface 1to 2, and F;, the shape
factor depending on the geometry.

Considering a square box, grey surface 1 enclosed by another square box, grey
surface 2. Both having a specific surface area and uniform temperature. By
symmetry, the irradiation and radiosity of the surfaces are also uniform. The
fraction of energy leaving surface 1 and intercepted by surface 2 is J;A;F;,, where
the shape factor F;, is the same that is introduced for black surfaces, because of
the assumption that the grey surfaces are diffuse emitters and reflectors. Likewise
the energy leaving surface 2 that is intercepted by surface 1 is J,A,F,;. Using the
reciprocal rule and conservation of energy, and by eliminating the radiosities the
net radiant energy transfer can be written as:
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_— Ep1 — Ep; (36)
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Figure 3.1.11 — simplification of the tube bank for the calculation of the radiation
from the tube bank to the wall.

Considering a geometry as graphically shown in Figure 3.1.11, in which the tube bank
can be simplified to a square box placed inside another square box. F;. , F,, and
F;. represent the shape factor from the n* row in the tube bank to the casing wall.
By simplifying the geometry the shape factor F;. becomes 1. The equation becomes:

&4 37
By, — Eyy) (37)

The radiation from the tube bank to the air can be neglected, since the only radiative
species in air is H,O, which is a minor component of air. They slightly absorb or
reflect the radiative heat, but this is really small. CO, is also a radiative species, but
it is in very small amounts present in air. It becomes more relevant in the
combustion chamber, where CO, is present in larger amounts and the radiation is
more important for the characteristics of the fired heater [63].

The radiative heat transfer from the tube bank to the casing will eventually also
heat up the air, since the air extracts the heat out of the isolated casing by
convection. For further calculations, the radiation of the tube bank is neglected,
since this only account for less than 4% of the heat transferred from the tube bank
to the air by convection. This is calculated using an emissivity of 0.7 for the grey
surfaces (stainless steel 321) and an inside box temperature of 650°C and an outside
box temperature of 200°C. The air outlet temperature calculated during this thesis
using the correlations for convective heat transfer will therefore be slightly below
the actual air outlet temperature achievable.
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3.2. Burner NO, formation

As discussed in [], nitrogen oxides (NOy) are formed during combustion. NO is mostly
produced in the reaction zone, and the subsequent oxidation from NO to NO, occurs
in the post-burn process away from the combustion zone [31], [64], [65].

The formation of nitrogen oxides in flames is generally controlled by three routes:

e Thermal NOy (T-NOy) — formed from atmospheric nitrogen and oxygen and is a
function of combustion temperature.

e Fuel NOy (F-NO,) — formed from nitrogen in the fuel and is a function of the
fuel composition.

e Prompt NOx (P-NOy) — formed from atmospheric nitrogen and fuel and is a
function of mixture stoichiometry.

T-NOy is often the dominant mechanism due to the high temperatures in most
combustion flames. The understanding of the formation of T-NOy is based on the
Zeldovich mechanism [66]. The rate of formation rapidly increases with increasing
temperature as a result of a high activation energy. T-NOy is also the mechanism
that’s most important for this master thesis, since the flame temperature will
probably change due to a higher combustion air temperature.

F-NOx formation is commonly found with nitrogen-bearing fuels, but it is almost
absent in natural gas-fired flames since natural gas contains almost no nitrogen
compared to coal/oil. However, that does not imply that natural gas fuel has lower
NOx emissions because their flame temperatures are often higher. The F-NOy is
formed through oxidation of the nitrogen contained in the fuel and is created once
the nitrogen is bound to the fuel by excess oxygen during combustion. The
production of F-NOy is dependent on the stoichiometric ratio between air and fuel.

P-NOy occurs mostly in fuel-rich systems and is based on the Fenimore mechanism
[67]. The formation mechanism involving hydrocarbon radicals and atmospheric
nitrogen depends on the mixing rate of fuel and air. P-NOy is more prominent at
lower temperatures, and it is called prompt NOx because of the very early
appearance at the flame front, i.e. fuel-rich regions.

Applying the NO, emissions reduction techniques that will be discussed on the next
page controls the flame core stoichiometry and peak flame temperature, which
decrease mostly the T-NO, formation. This makes the P-NO, the more important
mechanism, when the others are suppressed [68].

Dependency of NO, formation on different parameters

NOx control requires control of one or more parameters that affect NO, generation
in a flame, which are flame temperature [69], residence time of hot gases in the
flame [70], oxygen availability (especially in the hottest part), fuel-air equivalence
ratio and type of fuel. Each of these parameters is interdependent, fluctuating and
plant-specific. There is often a dilemma between reducing NOx formation and
reducing CO formation. If all three parameters are reduced, the formation of both
NO and CO, will be reduced, resulting in an increase in CO formation [71].
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Reducing the NO, emissions can be achieved by [72], [73], [37]:

e Introducing an inert species — most commonly achieved by adding flue gas
recirculation (FGR) to the combustion air. (reburning)

e Combustion control — by changing the fuel or modifying the mixing. For
instance by staging and swirling.

e Reduce or increase the amount of air preheat — depends on the fired heater
design.

e Post-combustion exhaust treatment - A catalyst can be used to filter the flue
gases.

The combustion control includes reducing the oxygen and/or nitrogen in the flame
zone, reducing the peak temperature, and reducing the residence time at elevated
temperatures. Another combustion control method applied commercially, like at
the LSV® burner, is the use of combustion staging. The mixing of the fuel and air
in the flame is delayed to create zones with a typical air/fuel ratio [20], [74].
Combustion staging may affect the heat transfer and flame volume. The reaction
rates are lower in the secondary burnout zone than those operating under
conventional conditions, resulting in a larger flame volume.

A specific type of staged combustion is flameless combustion, which is combustion
with an almost non-visible flame. This can be achieved when both the firebox
temperature and recirculation ratio of the flue gases are high enough. The firebox
temperature should be above the auto-ignition temperature, and the recirculation
ratio of the flue gases should be higher than 3 and lower than 20 for flameless
combustion. If the firebox temperature requirement is not met, the flame becomes
unstable and could blow out, as is graphically shown in Figure 1.2.1. For natural gas-
fired burners, the firebox temperature should be above 750°C [64].

1
4 6
Exhaust gas recirculation

Figure 3.2.12 — The required firebox (fired heater) temperature when firing with NG
for flameless combustion from [64].
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MILD combustion (Moderate or Intense Low-oxygen Dilution combustion) is another
combustion control method which is investigated extensively. It is characterized by
low-oxygen concentrations due to intensely burned gas recirculation and high inlet
temperatures. The characteristics of the oxidation process are a homogeneous
temperature, distributed ignition, the absence of a visible flame and low CO, NOy
and soot emissions [63]. MILD combustion is often called flameless combustion
and the understanding of staged combustion and flameless combustion is
important for the understanding of literature regarding NO, formation.

During flameless combustion, the temperature profile is almost uniform within the
flame, avoiding hot spots, which results in a significant reduction of thermal NOy
formation. This is the result of the dilution of the combustion air and/or fuel with
flue gases inside the fired heater. The temperature fluctuation inside the flame
decrease because of the low 02 concentrations. The colour and size of the flame
also depend on the natural gas composition, fuel chemical property, oxygen
concentration and combustion air preheat temperature.

So NOx formation is dependent on the oxygen percentage in the combustion
products, therefore also dependent on the amount of excess air. A graph showing
this phenomenon is given in Figure 3.2.13 from [75]. It should be noted that the rate
of increase of NOx formation is also dependent on the burner design, fuel and
combustion air characteristics and burner and fired heater layout. So, this graph
shows a generic curve and is not applicable to individual low NOy burner designs.
This trend in NO4 formation is confirmed in multiple other sources, in which burner
tests are conducted at different oxygen concentrations in the combustion products
[76]-[78]. The oxygen percentage in the combustion products in typical process
heaters is normally maintained at 2% during operation [18].
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Figure 3.2.13 - Effect of percent oxygen in combustion products on NO, formation
from [75].
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The NO« formation will also increase as the firebox temperature increases, since in
certain cases this results in an increase in local gas temperature. The firebox
temperature is dependent on the choice of burner configuration and burner heat
flux variations within the fired heater. A graph showing this dependency of NOy
formation on the firebox temperature is given in Figure 3.2.14 from [75]. Again, it
should be noted that this is also dependent on multiple other factors affecting the
NO, formation during operation, so this graph shows a generic curve and is not
applicable to individual low NO4 burner designs. This trend in NOx formation is also
confirmed in multiple other sources [36], [79] and is applicable for well-mixed fired
heaters with a uniform temperature.
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Figure 3.2.14 - Effect of the firebox temperature on NO, formation from [75].

The use of preheated combustion air results in an increase in NO, emissions,
especially in traditional combustion. It is generally accepted that the increase in
NOx formation is dependent on the flame temperature, which increases with
increasing combustion air temperature. A graph showing this phenomenon is given
in Figure 3.2.15 from [75]. It should be noted that the rate of increase of NOy
formation is also dependent on the burner design, fuel and combustion air
characteristics and burner and fired heater layout. So, this graph shows a generic
curve and is not applicable to individual low NO4 burner designs. This trend in NO
formation is confirmed in multiple other sources, in which burner tests are
conducted at high combustion air temperatures [76], [77], [36], [64], [80].

2.00 - /<< \ \ \ >/
o \
5 180 \\ \
s /<< ‘\\
82 1so NEANAN
5 \\sy
Zz0
82 ad \ S
&g ' N >>Y
25 «\&
E 1.20 P -
& [ >

1.00 ‘E&:ﬁi

Q 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Combustion Air Temperature (°F)

Figure 3.2.15 - Effect of combustion air temperature on NO, emissions from [75].




Theory 30

Correlations for determining NO, emissions

Finding correlations for the formation of NO, during combustion in fired heaters
could be valuable for predicting the NOy increase for this specific application.
Finding a reliable correlation is difficult due to the number of parameters that affect
NO,x formation. Despite the difficulty, some researchers have tried to derive a
correlation for the scaling of NO, emissions [81], [65], [82].

The adiabatic flame temperature (AFT) is an important parameter for the formation
of Thermal NO,, because it is the highest attainable temperature and it provides
information on maximal thermal-NOx formation. It can be theoretically calculated
by assuming complete combustion of the fuel gas. A correlation based on the AFT
is derived by [81] for hydrogen reforming fired heaters with about 2% excess 02.
This is not validated for higher temperatures, other percentages of excess air and
using ethylene fired heaters. This correlation may require adjustments for this
specific application.

The study on MILD combustion [65] found that although firing rate, dilution, heat
extraction, air preheating, excess air and fuel type all affect the NO, emissions, but
none of them is the dominant factor. A correlation based on the global residence
time and characteristic fired heater temperature provided the best correlation
compared to the other methods but was considered not good enough. The
dependence of temperature was found to be much weaker than expected based on
the Thermal NOx mechanism alone. This would suggest that no single NOy
mechanism is dominant in MILD combustion, meaning that the Prompt NOy
mechanism is of significance comparable to that of Thermal NO, [68].

According to Technip Energies [18], most engineering companies use in-house
information to derive a correlation for NO, formation in hydrogen and ethylene fired
heaters. Preferably this is done by finding a correlation based on the NO4 emissions
from similar application and burners. If that’s not possible, a data fit correlation is
used from standard burner emissions. Technip uses a correlation based on the
adiabatic flame temperature with correction factors for the specific firebox
temperature and burner type based on [81].

3.3. Heat flux within the fired heater

The heat flux is in the context of fired heaters, the amount of heat transfer through
the heater tubes per unit of outer surface area. When talking about the heat flux
within a fired heater, it is usual to provide the specific section of the fired heater
in which this heat flux is found, since the heat flux is different per section. For
instance the radiant section average heat flux. It is also important to know the
maximum heat flux, i.e. peak heat flux, in a fired heater. Most fired heaters are
specified with a maximum allowable radiant section average heat flux. A high heat
flux results in a high radiant tube wall temperature and coking of hydrocarbon in
the heating tubes.

The heat flux profile of the fired heater tells something about the reliability and
performance of the fired heater. A well designed fired heater has a evenly spread
heat flux. The amount of heat flux and how the heat flux is distributed is dependent
on the amount of fuel that is burned and the fuel type, the temperature of the
combustion air and firebox, and the recirculation of the burned gas.
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3.4.FloEFD CFD Solver

For this study a CFD model is build and analyzed using FLoEFD (version 2020.2).
FLOEFD is a commercial CFD software package that can be embedded as an add-in
in existing CAD software programs like SolidWorks. The solver used on FLOEFD uses
certain equations to predict the laminar and turbulent flow and uses a numerical
method to solve these equations in a certain mesh. This section provides the
governing equations and numerical method used in FLoOEFD.

Governing equations

It solves the Navier-Stokes equations, which are equations of mass, momentum,
and additional to that it solves energy conservation laws for fluid flows. These are
supplemented by fluid state equations defining the nature of the fluid, and by
empirical dependencies of fluid density, viscosity and thermal conductivity, on
temperature. A particular problem is finally specified by the definition of its
geometry, boundary and initial conditions.

To predict turbulent flows, the Favre-averaged Navier-Stokes equations are used
to calculate time-averaged properties of the flow. To close the system of equations,
FLOEFD employs the so-called k-¢ model for transport equations for the turbulent
kinetic energy and its dissipation rate. This model is considered to be one of the
most popular turbulence models, since it has a good numerical stability and
convergence. The k-¢ model also has a well-defined region of capability, meaning
that is relative easy to investigate whether the model can be used for a specific
engineering problem [83].

The following equations are used to solve the CFD model. Formally, these equations
describe both laminar and turbulent flow, and the transition, but different sub
models are needed in each case. More information can be found in the technical
reference of FLoOEFD [84].

The conservation laws for mass, linear momentum and energy in the cartesian
coordinate system can be written in the conservation forms as follows:

dp 0 (38)
F e (ou) =0
Frae i(pul)
dpu; 0 op 0 - (39)
ot ' ox (pusy) + ox;  ox; (ry+1)+S =123
dpH opwH 0 W g (40)
- axli =a—xi(uj(‘[ij+T5-)+CI1’)+E—T5’a_x;+P5+5iui+QH
(41)
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For Newtonian fluids the viscous shear stress tensor is defined as:

N L L (42)
=k dx;  0x; 3 Yox

Following Boussinesq assumption, the Reynolds-stress tensor has the following
form:

ax; Fox 3% 0r,) T3P

R ou; Ou; 2 Ouy\ 2 (43)
Tij = He Y 3

1 and k are zero for laminar flows. The k-¢ model defines the turbulent viscosity
I; using two basic turbulence properties, namely, the turbulent kinetic energy k and
the turbulent dissipation rate «.

Cupk? (44)
€

ut:fu

Here f, is a turbulent viscosity factor and is defined by following the expression
with y (the distance to the wall).

20,5
fu = [1— exp(—0.0165R,)]* - (1 + ) (45)
_ pk* (46)
Rp="
pVky (47)
Ry="—

Two additional transport equations are used to describe the turbulent kinetic
energy and dissipation:

opk | 0 iy 2 ( +ut)6k s (48)
ot " ox T T o \\M o) ax ) Tk
dpe 0 G, ut) de (49)
E-i_a_l(puls) a—xl((u‘l'—s o, +Se
Where the source terms S, and S, are defined as
du; 50
Sk = l_p£+utPB (50)

R
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Y ax]

ef . p 0y pe? (51)
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Here Py represents the turbulent generation due to buoyancy forces and can be
written as:
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gi10dp (52)

op pOx;

B =

The constant oz = 0.9, and constant Cz defined as 1 when P;>0 and O otherwise.
The other constants are defined empirically.

1y (0_05> 53)
fl - fp.
fo =1—exp(—R%) (54)

And for the other constants the following typical values are normally used:

€, =009, C, =144, C,=192, C.=13, op =1

2

To describe the flows in near-wall regions, a laminar/turbulent boundary model is
used, i.e. Two-Scales Wall Functions (2SWF) Model, which consist of two
approaches coupling the boundary layer calculation with the main flow properties.
This model is employed to characterize laminar and turbulent flows near the walls
and the transitions from laminar to turbulent and vice versa.

To describe the boundary layer on a fine mesh (number cells across the boundary
layer is 6 or greater) the thick-boundary-layer approach is used. In this approach
the calculation of parameters of laminar boundary layer is doing via Navier-Stokes
equations and for the turbulent boundary layer is performed by the so-called
Modified Wall Function approach. This model uses a Van Driest’s profile instead of
the classical approach where the logarithmic velocity profile is used.

If the size of the mesh cell near the wall is more than the boundary layer thickness
(number of cells across the boundary layer is 4 or less), the thin-boundary-layer
approach, is used. In this approach the Prandtl boundary layer equations already
integrated along the normal to the wall (from the wall to the dynamic boundary
layer thickness) are solved along a fluid streamline covering the walls. If the
boundary layer is laminar these equations are solved with a method of successive
approximations based on the Shvetz Trial Functions Technology. If the boundary
layer is turbulent or transitional, a generalization of this method to such boundary
layers employing the Van Driest hypothesis about the mixing length in turbulent
boundary layer is used.

In intermediate cases, a compilation of the two above approaches is used, ensuring
a smooth transition between the two models as the mesh is refined, or as the
boundary layer thickens along the surface. In addition to the 2SWF model, the thin-
channel approach is used to describe the flow through narrow slots on a coarse
mesh (number of cells across a slot is 7 or less). According to this approach, the
shear stress and heat flux near the wall are calculated by using approximations
based on experimental data. By default, an appropriate boundary-layer approach is
selected automatically according to the computational mesh.
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The system of Navier-Stokes equations is supplemented by definitions of
thermophysical properties and state equations for the fluids. FIOEFD provides
simulations of gas and liquid flows with density, viscosity, thermal conductivity,
specific heats, and species mixtures, as well as equilibrium volume condensation
of water from steam can be taken into account when simulating steam flows.
Excluding special cases (real gases, water vapor condensation and relative
humidity), gases are considered ideal, i.e. having the state equation of the form

P
. (55)

RT
Where, R is the gas constant which is equal to the universal gas constant R,
divided by the fluid molecular mass M,,, or, for the mixtures of ideal gases.

Y 56
R = Runiv M_m ( )
m

m

Specific heat at constant pressure, as well as the thermophysical properties of the
gases, i.e. viscosity and thermal conductivity, are specified as functions of
temperature. The state equation of ideal gas become inaccurate at high pressure
or in close vicinity of the gas-liquid phase transition curve. Taking this into account,
a real gas state equation together with the related equations for thermodynamical
and thermophysical properties should be employed in such conditions. At present,
this option may be used only for a single gas, probably mixed with ideal gases.

Numerical method

FLOEFD computational approach is based on a generated mesh grid on which the
governing equations are numerically solved. It solves the governing equations with
a discrete numerical technique based on the finite volume method.

A mesh grid can be classified in two categories based on topology, structured and
unstructured grids. Compared to structured grids defined by a global arrangement,
unstructured grid cells are defined by local connections and can have varying shape.
In terms of accuracy and complexity, both types have their advantages and
disadvantages and are widely used by CFD software packages. Both mesh grids can
also be combined, forming a hybrid grid. The mesh grid can also be classified based
on the cell geometry. For two dimensional problems, the triangle and quadrilateral
shaped cells are often used and for three dimensional problems tetrahedron and
hexahedron shaped cells. The number of edges and faces play a role in the accuracy
of the calculations that can be reached. For the same amount of cells, the accuracy
of solutions in hexahedral meshes is the highest.
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The mesh generation used in FIOEFD is an automated structured mesh generator.
That means that the mesh grid is less personalized but easier and faster to generate
and easier to adjust. The mesh generation of FIOEFD will automatically calculate
the boundary layer thickness and will include cells overlapping the solid to fluid
layer. It uses the hexahedron geometry for the mesh cells.

The cells overlapping the solid to fluid layer are cut by the geometry, which makes
them more complex. The curved geometry is approximated by a set of polygons
which vertexes are surface’s intersection points with the cells’ edges. These flat
polygons cut the original hexahedron cells. This is illustrated in Figure 3.4.16.

s centers of fluid control volumes
* centers of solid control volumes

i original curved geometry boundary

Figure 3.4.16 — Explanation of the fluid-solid interface mesh cells from [84].

First of all a basic mesh is generated, which does not depend on the fluid-solid
interface. Then the basic mesh cells intersecting with the fluid-solid interface are
split uniformly into smaller cells to capture the interface with mesh cells with the
specified size. Next the mesh obtained is further refined in accordance with the
fluid-solid interface curvature. The maximum angle between the normal to the
surface inside one cell should not exceed a certain threshold, otherwise it is further
refined. Finally the mesh obtained is further refined to satisfy the so-called narrow
channel criterion. For each cell lying in the solid-fluid interface, the number of mesh
cells lying in the fluid region along the normal must not be less than the criterion
value. As a result of these meshing procedure steps, a locally refined rectangular
computational mesh is obtained. The clarification of the mesh cell anatomy is
illustrated in Figure 3.4.17.
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Figure 3.4.17 — Explanation of the anatomy of the mesh cells from [84].

The FloEFD solver makes use of the cell-centered finite volume (FV) method to
obtain conservative approximations of the governing equations on the locally
refined grid that consist of parallelepipeds and more complex polyhedrons near
boundary. Following the FV method, the governing equations are integrated over a
control volume, in this case the mesh cell, and then are approximated. All basic
variables are referred to mass centers of control volumes. These cell-centered
values are used for approximations.

The integral conservation laws may be represented in the form of the cell volume
and surface integral equation.

%bedv+_<§bF-ds=bedv (57)

In discrete form
0
E(Uv)+ Z F-S=Qv (58)

cell faces

The fluxes F are approximated in accordance with a type of the related faces. The
faces are classified and divided into two groups in accordance with their properties:
if they are axis-oriented and common for two adjacent control volumes, or they are
arbitrary oriented boundary faces. Approximation are constructed in different ways
for these two cases.
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Equipment desigh methodology

The design of the cost-effective and compact combustion air preheating system for
this application has its limitations in dimensions and should be able to meet the
required performance. These limitations and the required performance can have an
influence on some of the design choices and therefore exclude certain solutions to
the questions; What type of shape will the casing be and what are the dimensions,
what is the airflow rate and to what temperature can the air be heated, what type
of heating elements can be used, what is the amount of pressure drop that is
allowed? The limitations, boundary conditions and requirements will be discussed
in this chapter. They will help with making the right design choices based on the
calculations using the correlations. First, in the basis of design, the properties of
the combustion air will be discussed, followed by the type of heating elements,
casing dimensions and tube bank specifications. At the end of this chapter a working
procedure for the design process will be given. The results out of the correlation
calculations is discussed in [7 Equipment design].

4.1. Basis of design

This paragraph describes the principles, assumptions and the basis for the
calculations required for the design of the electric combustion air preheater. As
discussed in [3.1 Heat transfer & pressure drop in tube banks] the VDI method is
used for the correlation calculations.

Combustion air properties

A certain amount of combustion air is needed for the combustion process, which
is dependent on the size of the burner and fuel flow rate. For this study, a 2 MW
burner is used. The combustion air will enter the heater at ambient temperature
and pressure, and the preheater should be able to heat up the air to a temperature
of at least 300°C. The physical properties of the combustion air entering the
preheater can vary a bit since it is location and climate-dependent.

The combustion air preheater will also imply a pressure drop in the airflow. The
pressure drop should be minimized to keep the size and electricity consumption of
the fan as low as possible and also to not disturb the performance of the burner
and fired heater. The operation parameters of the burner and fired heater are based
on a certain pressure drop range through the whole system. For now, a maximum
limit for the pressure drop implied by the preheater is set. All parameters are
provided in Table 4.1.1.




Equipment design methodology 38

Table 4.1.1 — The combustion air properties and additional parameters.

Temperature inlet 20 °C Burner capacity 2 MW
Temperature outlet 300 °C Air mass flow 0.691 | kg/s
Max pressure drop 200 Pa Duty ECAP 197 kW

Heating elements

A choice has to be made between the three different types of heating elements
available for this application. The below limitations apply for the combustion air
preheater according to Technip Energies [18], namely:

. Minimal gap spacing of 5 mm between all elements (prevent fouling)
. Minimal investments and low maintenance costs
. Compact design and easy to manufacture

Applying a minimal spacing of 5 mm between everything and preventing the system
from fouling will make the open-coil heating elements a less suitable option.
Therefore they are left out of consideration in the following chapters and the choice
for the heating elements will therefore be between tubular and finned tubular
heating elements. Both types of heating elements consist of a bare tube with the
same specifications. The finned tubes have extra fins to increase the air-side heat
transfer. This results in a higher price per tube meter but also reduces the bare
tube surface area needed. The cost of the heating elements will depend on the
length, the simplicity of the shape and the material.

The type of material used for the heating elements is of great importance. There
are several types of material that are used for the sheath of the electric tubular
heating elements. These materials are listed in Table 4.1.2 with its maximum
operating temperature and typical watt densities given from [85], [86]. These values
are confirmed by other manufacturers [40], [87]. The elements need to be corrosion
resistant, applicable for high temperatures and should be able to cope with high
watt densities. Therefore the preferred material would be Stainless steel 304 or 316
or Alloy 800. A tube sheath temperature of 650°C will be used for the calculations.

Table 4.1.2 — Types of material and their properties that can be used for the sheath
of the tubular heating elements from [85].

Sheath material Max. Operating Typical watt density
temperature [°C] [W/cm?]

Steel 400 6.9

Stainless steel (304 or 316) 650 9.3

Alloy 800 870 9.3

Alloy 600 982 6.9
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Casing shape and dimension

The casing shape and dimension of the ECAP are of great importance for the
performance and further design of the heating elements. The combustion air is
supplied to the burner via an air duct that could be cylindrical or rectangular,
meaning that it is not of importance of the design choice on the shape of the casing.
Both option, rectangular or round have their pros and cons, but a round casing air
heater can be more complex during the calculations and production of the system.
The two casing options are given in Figure 4.1.18. Both shapes are compared in [6.1
Fluid properties and casing dimensions] and the optimal dimensions of the casing
are also discussed.

The casing also needs to be isolated, it should be able to cope with a temperature
of 300°C and it must be corrosion resistant. The more heat can be kept inside and
doesn’t leak to the environment, the more efficient the combustion air preheater
becomes.

Figure 4.1.18 - Casing options for the combustion air preheater.

Comparison of calculation methods

As discussed previously, there are some differences in the calculation methods for
a bare tube bank. There are differences in the input data needed, the temperature
used for physical properties and the Reynolds number calculation.

Comparing these methods, the VDI method is the most suitable method for this
specific calculation because of its requirements for the information to be known.
The HTFS method requires a fixed-length input for the tube bank, but this is the
parameter that needs to be minimized for a compact design. The BHaMT method is
excluded from now on because it is an alternative to the Gnielinski method that is
used in VDI method. The BHaMT book recommends using this Gnielinski method if
possible, instead of the alternative provided in the book. After the initial design is
determined using the VDI method, a CFD model will be made so that the outcome
of the correlations can be confirmed by a different method.
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Cost estimation

The capital costs of the ECAP can be estimated using the Lang factor [88], [89] at
the end of the design procedure when the system parameters are determined. The
Lang factor is an estimated ratio of the total cost of creating a new process within
a petrochemical plant, to the costs of only the major technical components. It
includes the material costs, installation, construction and engineering costs of the
process. The Lang factor is usually around 5 and its accuracy is estimated to be

within 35%.

The CAPEX of the ECAP is confidential information, so a fictitious number is chosen,
which is 10.000 euro. The estimated costs for the engineering,

construction and installation of the ECAP are 50.000 euro.

Summary
Burner capacity 2 MW
Fuel gas Natural gas -
Combustion air flow 0.691 Kg/s
Ambient pressure 1.013 bar
Ambient temperature 20 °C
Temperature inlet 20 °C
Temperature outlet 300 °C
Temperature tube sheath 650 °C
Air duct diameter 320 mm
Minimal gap spacing 5 mm
Maximum casing length 1000 mm
Duty ECAP ~ 200 kw
Maximum pressure drop 200 Pa
Heat transfer correlation VDI method -
Lang factor 5 -
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4.2. Design procedure

This paragraph provides the design procedure that is used for the design of the
electric combustion air preheater. A procedure similar to the procedure suggested
by [Sinott & Towler] is used. The results out of the correlation calculations are
provided and discussed in chapter [Equipment design results] and the outcome of
the CFD model is provided at the end of this report in chapter [CFD modelling].

Step 1:

Define the duty, this is important for the calculation of the amount of heat
that needs to be released by the heating elements. Calculate and define the
fluid flow rate and in- and outlet temperatures. Define the heating elements
sheath temperature and the shape and preferred dimensions of the casing.

Step 2:

Collect the fluid physical properties required: density, kinematic viscosity,
specific heat coefficient and thermal conductivity. These properties are
extracted out of the software “REFPROP” [90] for the given temperature and
pressure.

Step 3:

Decide type of heating elements, tube diameter and pitches, tube lay-out and
materials used for the heating elements. Try to limit the by-passing and
extract the highest performance out of a single heating element.

Step 4.

Calculate single tube area and number of tubes needed. The wall heat flux
can be calculated and should be within the limits of the material. The number
of tube rows should be minimized by maximizing the performance of a single
heating element and optimization of the spatial arrangement.

Step 5:

Calculate air-side heat transfer coefficient. This can be calculated using the
correlations discussed in [3.1 Heat transfer & pressure drop in tube banks] by
using the Nusselt number.

Step 6:
Calculate air-side pressure drop implied by the tube bank. Again using the
correlations discussed in [3.1 Heat transfer & pressure drop in tube banks].

Step 7:
If the requirements are not met, start over from step 3. If they are met tune
and optimize for the most suitable outcome and continue with step 8.

Step 8:
Estimate the capital (and operating) costs of the preheater

Step 9:

Carry out detailed simulation of the specific geometry to confirm that the heat
transfer coefficients and pressure drops that have been assumed are realistic.
This step is carried out using a commercial CFD program.
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Burner test methodology

To investigate the influence of the combustion air preheating system on the burner
and fired heater performance and the GHG emissions, an experiment has been
performed. This experiment has been performed at the Technip test facility using
a 2 MW LSV® burner. First a hypothesis will be formulated, followed by the
equipment used during the experiment. At the end the test procedure will be
discussed.

5.1. Hypothesis

In this paragraph the necessity of the experiments will be discussed and a
hypothesis will be formed. Figures of merit are the heat flux profile of the fired
heater and the flue gas composition. Various temperatures, pressures, flow rates
and gas concentrations will be measured, and these parameters will most likely
vary between the test runs.

The goal of this experiment is to provide insight into the influence of combustion
air preheat temperature on the NO, emissions and heat flux profile for this specific
test fired heater. Correlations are available to calculate the NO, emissions, but they
are not valid for fired heater operations with varying combustion air temperature.
This experiment should help to draw a conclusion about the added value of the
combustion air preheater by providing information about the emissions and heat
flux profile changes.

Hypothesis

It is expected that the increase in combustion air temperature has a minor influence
on the heat flux profile. For the NO, emissions, it is expected that this will increase,
since the flame temperature will also increase due to the higher combustion air
temperature.
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5.2. Experimental setup

The experimental fired heater setup consists out of the firebox with radiative coils,
the LSV® burner, the fuel supply skid and different types of measurement
equipment. All of them will be discussed briefly in this paragraph.

The Large Scale Vortex (LSV®) burner [35] [13] used during this experiment was
developed in 2003 to match the demand and expectations from clients and
regulators. They wanted larger capacity, greater reliability and lower costs together
with higher efficiency and lower emissions of pollutants like carbon monoxide and
nitrogen oxides. Field results confirm the ultra-low NO, emissions, uniform flame
heat release profile and trouble-free plant operations.

It can be applied to different process heating applications like ethylene cracking
fired heaters or steam methane reformers, and it can be used in different air supply
modes (natural draft, induced draft and forced draft) with ambient or preheated
combustion air. It is also suitable for a wide range of fuel gas compositions and
firing configurations, and it can be placed on the floor (bottom-firing) or on the roof
(top firing) of a firebox. The burner can also be applied to retrofit projects, replacing
existing burners.

The LSV® burner consists of a metal burner assembly, a metal flange and a
refractory tile. The burner assembly has two types of openings: one large port for
the central device and eight or ten small ports for fuel staging lances. The central
device stabilizes the vortex ring flame by anchoring inside the central cavity
resulting in stable conditions at extremely fuel-lean firing conditions. A small part
of the fuel will be used by this vortex ring flame and most of the fuel will be routed
to the staging tips. This stable vortex ring flame is held in the stagnant region and
is able to attach the main flame to the burner. The vortex ring flame and fuel staging
tips are highlighted in figure X, which was taken during the experiments. Figure X
illustrates the formation of the vortex ring flame, from which the name of the Large
Scale Vortex (LSV®) burner originates from.

|I:arge Scale Vortex
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Figure 5.2.19 - A picture taken during the Figure 5.2.20 — The central device
experiments to illustrate the vortex ring assembly that results in the
flame and staging tips. formation of the vortex ring flame.
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The location of the test fired heater is at the Technip test facility at Plant One in
the Port of Rotterdam, and the test fired heater is illustrated in Figure X. A LSV®
burner configured for cracking fired heaters fires inside a 40-foot container with
refractory inside. The flames of a cracking fired heater configured LSV® burner has
a typical flame length of 4-8 meters and uses 8 asymmetrical patterned staging
tips which can have a drilling angle between 0 and 10 degrees inward. Air-cooled
radiative coils are installed in the top part of the fired heater for heat flux
measurements and it has a balanced draught system.

Flue gas
concentrations

) Lo . measurement
Air cooled radiative coils O

(for heat flux profile of furnace)

A~ STACK
— —

e LTI R
[ ® Frebox emperatur e
O BURNER Peak holeI

Figure 5.2.21 - Setup of the test fired heater.

Measurement equipment

Measurement equipment is available for logging the 02, CO and NO4 concentration
in the flue gases, the heat flux for the 36 air-cooled tubes, the firebox temperature
at fixed locations, the combustion air temperature, the fuel and airflow and the
pressure. An experiment will be conducted to measure the heat flux, temperatures,
mass flows, and NOx and CO emissions for a specific range of combustion air
preheat temperatures. The operating costs savings and CO, emissions reduction will
be calculated during the aftermath.

The heat flux of the 36 air-cooled tubes inside the fired heater is measured using
temperature sensors on each tube. They are also used to check whether the system
has reached a steady-state. The firebox temperature is measured at 2 location, at
the burner and at the stack, and the combustion air temperature is measured at
the front of the burner.

The fuel flow is measured using gas flow meters, and the pressure of the fuel and
air is measured at the inlet at the burner and at the stack. The gas concentrations
of the flue gases of 02, CO, NO and NO2 are measured using an ECOM J2KN-PRO
gas analyzer. The airflow is calculated using the fuel flow and the 02 content in the
flue gasses. All measurement equipment is listed in Table 5.2.3 with its range and
product number, and they are calibrated at the factory by the supplier.
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Table 5.2.3 - Specifications of the measurement equipment used during the
experiment.

Measurement Amount + Type Range Accuracy
Air cooled
tubes
Firebox 2x OMEGA HH-801B -40 - 1200°C 0.1% rdg + 1°C
temperature
Combustion air | OMEGA HH-801B -40 - 1200°C 0.1% rdg + 1°C
temperature
Fuel flow Multiple different types of 5 - 480
BROOKS INSTRUMENT Nm3/hr
MT3809-XXX
Air pressure 2x DWYER MARK I 0 - 80 mmWC
Flue gas ECOM J2KN-PRO vol% / ppmv 5% rdg
concentrations dry

5.3. Test procedure

All measurements are performed on the same day without shut down of the fired
heater between the runs in December 2020. The LSV® burner shown in figure X has
two different valve positions, i.e. operation modus, the Start-Up modus (SU) and
Low- NOx modus (LN). The start-up modus is used during the start-up of the burner
to heat up the fired heater to a temperature above 750°C, so that the Low-NO
modus can be activated. During the test runs it is also necessary to keep the oxygen
percentage at the flue gases constant since this has a significant influence on the
NO, formation in the firebox.

Since the combustion air preheater designed during this study is not yet
manufactured, another air heating method is used to test the influence of the
combustion air temperature on the burner and fired heater performance. The
required air preheat temperature can be accomplished by using the heated air from
the air-cooled radiative coils. The heated air is rerouted and inserted at the
combustion air inlet. Since the heated air from the radiative coils is mixed with the
ambient air entering at the air inlet, a lower temperature will be achieved for the
combustion air. The combustion air temperature will range from ambient
temperature to the maximum temperature possible during the tests.

Table 5.3.4 - Logging template for the test results.

Test nr. 1 2 3 4 5 6 7 8
Burner firing mode SuU SuU SuU SuU LN LN LN LN
APH temperature (°C) 0 100 | 200 (300 | O 100 | 200 | 300
Coil temperatures (in file) Xls | .xls | .xls | .xls | .xls | .xls | .xls | .xls

Firebox temp. (°C) @ burner
Firebox temp. (°C) @ stack
02 (vol% dry)

CO (ppmv dry)

NO (ppmv dry)

NO2 (pmmv dry)
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Equipment design results

This result for the design of the combustion air preheater using the correlation
calculations are provided and discussed in this chapter. First step 1 and 2 of the
design procedure are discussed followed by the decision on casing shape and
dimensions. Step 3-8 are discussed next, in which the heating element design and
tube bank lay-out is chosen. At the end the air-side heat transfer coefficient and
pressure drop for the final design are provided. This design will be used for a
detailed simulations using CFD.

6.1. Fluid properties and casing dimensions

The first steps of the design procedure are discussed in this paragraph. For heating
up the air from ambient temperature to 300°C, a duty of 200 kW is required. The
air mass flow through the system is 0.697 kg/s, derived from the combustion
capacity of the 2MW LSV® burner. Heating up the air changes its density, resulting
in an increasing velocity throughout the system, see Figure 6.1.22. This is of great
importance for the calculation of the heat transfer and pressure drop. The
conductivity, kinematic viscosity and specific heat coefficient also changes with
temperature. All fluid properties are implemented into the calculations using
“REFPROP” [90], which is the NIST Reference Fluid Thermodynamic and Transport
Properties Database.
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Figure 6.1.22 — Air density versus temperature.




Equipment design results 47

The shape of the casing, round or rectangular, has a significant impact on the
performance, costs and accuracy of the calculations. The size of the cross-sectional
area is important for the flow velocity, therefore also for the heat transfer and
pressure drop. A higher velocity results in a higher heat transfer, but also a higher
pressure drop. By setting a maximum for the pressure drop, a cross-sectional area
can be derived. Correlations used for tube banks are derived from straight tube
bank experiments and will be more accurate for the square heater compared to the
cylindrical heater. If a cylindrical casing is used, the shape heating elements must
also become circular.

With the maximum allowable pressure drop set at 200 Pa (20 mm WC), a solution
using a cylinder with the same diameter as the burner inlet is not feasible since the
implied pressure drop of the bare tube bank would be above 1000 Pa according to
the calculations. The significantly smaller cross-sectional area of a circle compared
to a square resulted in a too high velocity. A square-shaped casing is therefore the
preferred option. Using a square casing instead of a cylindrical casing is also
beneficial for the cost of the heating elements, since this will depend on the length,
the simplicity of the shape and the materials used.

Size of the casing

Now the shape of the casing is determined, the ideal dimensions of the casing can
be derived out of the calculations. With the maximum allowable pressure drop set
at 200 Pa, the minimum cross-sectional area of the square air heater can be
determined using the calculation for the pressure drop for tube banks. The outcome
is displayed in Figure 6.1.23, and this indicates that the ideal cross-sectional area
would be around 0.16 m?, i.e. a duct with a width (W) and height (H) of 0.4 m
approximately.
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Figure 6.1.23 - Pressure drop versus cross-sectional area for a finned tube bank
with square casing.
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The size of the air heater using a square casing is not only dependent on the number
of tube bank rows and the tube pitch in the longitudinal direction, but also on the
flanges to connect the cylindrical air duct to the square casing. The minimum angles
for the flanges at an inlet and outlet are 30° and 45°, respectively [18].

The minimum cross-sectional area for the casing of the combustion air preheater
that can heat up the air to a temperature of 300°C with a maximum allowable
pressure drop is 0.16 m?, i.e. 0.4 width (W) and height (H) for a square. The transition
flanges from the air duct to the square casing are designed in such a way that they
have a maximum angle of 30° at the inlet (o) and 45° at the outlet (B). The side view
of the casing with the flanges is displayed in with the lengths provided in the figure.
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Figure 6.1.24 — The side view of the casing with flanges showing the flange angles
and lengths.

6.2. Heating elements and tube bank specifications

This paragraph provides the design details for the tube bank.. This is done by
executing the design steps 3 to 8 of the design procedure. The results of the
calculations using the correlation provided by the VDI method are provided and
discussed. First, the type of heating element will be determined, followed by the
outer tube diameter, tube pitches, fin specifications and tube lay-out.

Tubular vs finned tubular

As discussed in [4.1 Basis of design] is the heat transfer performance of the bare
tubular heating elements and finned tubular heating elements compared. A gap
spacing of 5 mm between every component is required to prevent fouling. This
requirement results in a minimum spacing of 5 mm between every fin for the finned
tubular heating elements. For the comparison of the bare tube vs finned tube, a
circular straight fin is used with the specifications as given in Table 6.2.1.

Table 6.2.1 - Comparison of a bare tube and a finned tube bank.

o1
3
3

Fin spacing
Fin height
Fin width 1 mm

o1
3
3
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Bare tube Finned tube
Ngundie 38.0 26.6 -
Required bare surface area m?
Heat flux 9.7 6.1 W/cm?
Number of rows 17 9 -

As can be concluded out of the calculation results provided in Table 6.2.1, is the
heat transferred per area lower for finned tubular heating elements, but the area is
increased significantly. Therefore fewer rows of tubes are needed, a factor of 2
compared to the bare tubular heating elements. From these calculations and the
results provided in Table 6.2.1 can be concluded that while maintaining a gap
spacing of 5 mm, a finned tubular heating element is preferred over the bare tube
heating element since it would result in significantly less required bare tube heat
transfer surface, i.e. more compact design.

Tube bank specifications

Now that the preferred casing properties and the type of heating element are
determined, an optimal configuration of the finned tubular heating elements can be
derived. Two important parameters to analyse the performance are the heat flux
and pressure drop. The heat flux and the pressure drop for different finned tube
outer diameters are given in Figure 6.2.25. As expected from the calculations, a
smaller tube diameter provides a higher heat flux. Therefore the tube diameter
should be minimized within the design limitations. The tube diameter is limited by
its mechanical strength, its sensitivity to vibrations, the resistance wire inside the
tubular heating element and the availability at manufacturers. The latter is for this
specific application the limiting factor. In practice the tube outside diameter shall
be at least 8 mm.
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Figure 6.2.25 - The heat flux per row and pressure drop of the system for varying
tube diameter with fin height 5 mm.
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Besides the tube diameter, also both longitudinal and tangent tube pitches, S, and
Sy respectively, have an impact on the flow characteristics, heat transfer and
pressure drop. Figure 6.2.26 provides the heat flux and pressure drop of the variable
transverse tube pitch ratio with a constant tube diameter of 8 mm for a square
duct heater. There seems to be an optimum in the pitch ratio tangent to the flow
direction around 2.9, most probably due to an increasing velocity at lower pitch
ratios. The increase at higher pitch ratios is caused by an increase in tube rows and
length of the tube bank.
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Figure 6.2.26 - Graph showing the pressure drop Fjgure 6.2.27 — A schematic
of the system for varying transverse pitch ratio. overview of the tube lay-out.

Another limitation of the transverse pitch ratio (Si/D.,) of the tubes is the
manufacturing of the heating elements. The heating elements will be bend multiple
times, so that one heating element can cover the whole cross sectional area, while
maintaining the minimal spacing of 5 mm between each tube. This results in a lay-
out of one heating element as illustrated in Figure 6.2.28 with the transverse pitch
Sy and bending radius illustrated in Figure 6.2.29. The minimum bending radius
(Roena) Of these tubes is limited due to the coiled wire and magnesium oxide powder
inside these elements. From multiple heating element producers a minimum
bending radius of 1.5 times the tube diameter (in factory) is accomplished, to
produce tubular heating elements without failures [40], [85]. Therefore the
minimum transverse tube pitch ratio R« for this design will be 3, resulting in a
transverse pitch Sy of 24 mm.
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Figure 6.2.28 — single tube lay-out of Fjgure 6.2.29 - The transverse tube
one heating element. pitch and bending radius graphically
illustrated.

As expected from the calculations, a small as possible longitudinal pitch of the
tubes should be used in the flow direction, minimizing the length of the bank and
the pressure drop. The limitation for the longitudinal pitch ratio is the tube pitch in
the transverse direction, since using a smaller tube pitch in longitudinal direction
compared with the transverse direction would result in a higher velocity, i.e.
pressure drop, due to a smaller gap in that direction. This results in a minimum
longitudinal pitch ratio Ry, of 2.6 when using a pitch ratio of 3 in the transverse
direction, because that would result in an triangular pitch between the tubes, as
illustrated in Figure 6.2.27. Due to practical reasons this is also beneficial, since this
maintains the same bending radius is all direction.

Fin specifications

For the comparison of the tubular vs finned tubular heating elements, a guess of
the actual fin specifications was used, but these specifications also have a
significant influence on the performance of the combustion air preheater. As stated,
does the spacing of the fins Sf needs to be at least 5 mm to prevent fouling,
resulting in a fin pitch St of 6 mm. Using the longitudinal and tangent tube pitch
ratios of 3 and 2.6 respectively, results in a maximum fin height hs of 5 mm, to keep
a minimum spacing between the tubes of 5 mm. The only variable parameters of
the fins are the fin width wr and shape. These parameters are illustrated in Figure
6.2.31. Figure 6.2.30 provides the heat flux and pressure drop of the variable fin
width for a straight fin with a height of 5 mm, a fin pitch of 6 mm. The tube diameter
is again kept constant at 8 mm for a square duct heater.
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Figure 6.2.30 — Graph showing the number of rows Figure 6.2.31 — A schematic
needed for a varying fin width. overview of the finned tube
lay-out.

There seems to be an optimum for the fin width at 1.2 mm, but there seems to be
not much of a difference between 0.8 and 1.8 mm. The fin width also contributes
to the weight and price of the finned tubular heating element, and a smaller fin
width results in more fins per length, i.e. more heat transfer area per length.
Therefore a smaller width of the fin has the preference and a width of 1.0 mm is
chosen.
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6.3. Final design

This chapter provides the results and the reasoning behind the results for the
design of the ECAP, heating the air to a temperature of 300°C. According to the
VDI method, that is used to calculate the heat transfer and pressure drop of the
ECAP, a casing having a cross-sectional area of 0.16 m? is preferred to maintain a
pressure drop lower than 200 Pa. This cross sectional area is the basis for the
design specifications that are calculated in the steps after, such as the bare tube
heat transfer area needed.

If the design should be able to heat up the air to a higher temperature, a larger
cross sectional area is needed. With a larger cross-sectional area, extra rows of
tubes can be installed. This results in a less compact design, but with a larger
operating range.

The design specifications derived out of the calculations for the ECAP that can heat
up the air to a temperature of 300°C are given in Table 6.3.1. A render of this tube
bank together with the in- and outlet flanges are given in Figure 6.3.32 and Figure
6.3.33. For a combustion air preheater that can heat up the air to a temperature of
500°C, the design specifications are given in Appendix B.

Table 6.3.1 - The initial design specifications.

Inside width casing 0.396 | m Temperature inlet 20 °C
Inside height casing 0.396 | m Temperature outlet 300 °C
Outside diameter tube | 8 mm Temperature tubes 650 °C
Pitch ratio longitudinal | 2.598 | - Duty kW
Pitch ratio transverse | 3 - Air mass flow 0.691 | kg/s
Fin spacing 5 mm Inlet velocity bank 3.65 m/s
Fin height 5 mm Outlet velocity bank | 7.15 m/s
Fin width 1 mm

Nugyndie 26.7 -

Heat flux 6.0 W/cm?

Average heat flux 5.1 W/cm?

Heat transfer coefficient 103 W/K-m?

Number of rows 7 -

Tube bank length 140 mm

Total length (with flanges) 468 mm

Pressure drop 182 Pa
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Figure 6.3.32 - A render of the tube bank top view.

Figure 6.3.33 - A render of the tube bank together with its in- and outlet flanges.
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6.4.CO; emissions reduction and cost savings

This paragraph will show and discuss the results originated out of calculations for
the costs and CO, emissions based on multiple sources. These results are based on
a constant amount of energy provided to the LSV® burner, meaning that amount of
fuel used will decrease with increasing amount of electricity used. This is
graphically shown in Figure 6.4.34. That is not the case during the experiments that
were conducted. During the experiment the fuel input was kept constant, so the
total energy input increased.

Energy balance of the 2 MW LSV burner
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Figure 6.4.34 — Total heat released, combustion air preheat duty and fired heat
versus combustion air temperature for the 2MW LSV® burner.

There are two scenarios that will be compared with the baseline condition of firing
without electric combustion air preheating. One scenario uses the ECAP for 3000
hours per year, heating the combustion air to a temperature of 300°C, while the
other scenario uses the ECAP for 3000 hours per year heating the combustion air
to a temperature of 500°C. The amount of hours active cannot be increased, since
for that amount of operating hours green certificates are available hence no CO,
emissions for the electricity. This will slightly increase over the years, but is not
taken into account in these results. For these two scenarios CO, emissions savings
are graphically show in Figure 6.4.35.

Fuel and CO2 emissions savings for 3000 operating hours
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Figure 6.4.35 - Fuel and CO. emissions savings for varying combustion air
temperature for the 2MW LSV® burner.
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The forecast of the price for the emissions of a ton CO, equivalent is derived from
the European Emissions Trade System (EU ETS) and the Dutch emissions taxes and
a forecast is made by Technip as can be seen in Figure 2.1.4. The expected price for
electricity for the industry during the coming decade for North-Western Europe is
provided by [11], [12], [13]. It is kept at 20 euro per MWh for operation during the
cheapest 3000 hours per year, since the exact price is difficult to forecast. The
same can be said about the natural gas price, which is also kept constant. From
this information is it possible to calculate the operating costs for different scenarios
and the amount of CO, emissions for scope 1 and 2.

The CAPEX of the combustion air preheater is also calculated [18] using the Lange
factor [88], [89]. For this report a fictional value for the CAPEX of 50.000 euro is
used. The OPEX for the scenarios can be calculated using the prices for electricity,
gas and CO, emissions. For simplification the prices for the electricity, gas and CO,
emissions are chosen as given in Table 6.4.2 for the two scenarios compared to the
baseline scenario. A profit curve has been made to estimate the pay-back time of
the investment in an ECAP, see Figure 6.4.36.

Table 6.4.2 — The OPEX savings and CO. emissions savings for one 2MW LSV® burner.
Calculated for the two scenarios in 2022 and 2030 using the parameters provided
in the table.

BL Scenario Scenario 1 Scenario 2

APH temperature (°C) - 300 500
Operating hours (hours) - 3000 3000
Electricity price 3000 hrs (€/MWh) | - 20 20
Gas price (€/MWh) 20 20 20
CO, emissions 2022 (€/ton) 70 70 70
CO, emissions 2030 (€/ton) 140 140 140
OPEX savings 2022 (€/year) - 7957 12612
OPEX savings 2030 (€/year) - 18785 29775
CO, savings (ton/year) - 114 180

x10*

12

Profit curve

Scenario 1
Scenario 2

107

Profit [euro]

Period [years]

Figure 6.4.36 — A profit curve for the two scenarios for one 2MW LSV® burner.
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Burner test results

The result of the measurements proposed in [Burner test methodology] are shown
in the following paragraphs. The values obtained in the SU modus and LN modus
are separated in the result for the heat flux profile and merged in the results for
the NO, emissions. 100% LN modus was not reached, due to the cold weather and
low fired heater temperature. Normally a fired heater temperature of 750°C is
needed to operate the LSV® burner in 100% LN modus. The results obtained for the
LN modus are achieved operating in 75% LN modus. The tests were carried on
December 10, 2020.

7.1. Heat flux profile

This paragraph will show and discuss the results originating from the temperature
measurements of the 36 air-cooled radiative coils during the experiments. This will
help to investigate the influence of the combustion air temperature on the burner
and fired heater performance. Figure 7.1.37 shows the relative duty of each of the
36 air-cooled coils for different combustion air preheat temperatures for the LSV®
burner firing in SU modus. Figure 7.1.38 shows the same for the 75% LN modus.
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Figure 7.1.37 - Relative duty of the 36 Figure 7.1.38 - Relative duty of the 36

air-cooled coils when firing the burner air-cooled coils when firing the burner

in SU modus. in 76% LN modus.
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Both graphs in Figure 7.1.37 and Figure 7.1.38 show a peak duty between the 19
and 23" coil that does not shift closer to or further away from the burner. That
suggests that the area in the firebox with the highest heat flux does not move and
the flame length does not change. Figure 7.1.37 also shows flatter curves of the
duty with increasing combustion air temperature. That could be a result of the
increasing combustion air temperature, which should result in an increase of firebox
temperature while keeping a constant fuel flow rate. This will be discussed further
below. Figure 7.1.38 shows the same shape of the curve, or at least not a significant
change in curve shape. That would suggest that the combustion air preheat
temperature in low NOx modus has little to no influence on the heat flux profile.

To find a clarification for why the shape of the curve in Figure 7.1.37 changes,
another graph is shown. Figure 7.1.39 shows the air outlet temperature for each of
the 36 air-cooled radiative coils for different combustion air preheat temperatures
for the LSV® burner firing in SU modus.
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Figure 7.1.39 — Air outlet temperature of Figure 7.1.40 — Air outlet temperature of
the 36 air-cooled coils when firing the the 36 air-cooled coils when firing the
burner in SU modus. burner in 75% LN modus.

The left graph in Figure 7.1.39 shows that an increase in combustion air temperature
also results in an increase in outlet temperature of the air used for cooling of the
coils. This suggests a higher heat flux in all areas from the flame to the coil which
is a result of a slightly higher flame temperature, as could not be derived from
Figure 7.1.37 because of the representation as ‘relative’ duty. This could be a result
of the increased total energy input, by increasing the combustion air temperature
while keeping a constant fuel flow rate. However, Figure 7.1.40 does not show the
same trend as Figure 7.1.39. This could be due to the changing mass flow of the
cooling air, which is adjusted between every run to keep the oxygen level at 2%. But
the increased total energy due to the increased combustion air temperature is
minimal, so It can be that the increase in heat flux is small and almost not
measurable with the test performed during this study. It also takes around 15
minutes for the temperature to rise to a constant level again, which is longer than
the actual time between the test runs.
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Another parameter that may indicate that the increased temperature at the air
outlet could be a result of the increased combustion air temperature is the firebox
temperature. The firebox temperature at the burner side (front) and at the stack
side (back) as illustrated in Figure 5.2.21 are given in Table 7.1.3. The test runs are
carried out from left to right as mentioned in the table with test number. This table
shows an almost steady temperature for the test numbers 3 to 8 with a small
increase with increasing combustion air temperature. This would again indicate that
the change in heat flux is small and that the combustion air preheating has little
influence on the heat flux. A reason for the lower temperatures at test runs 1 and
2 could be that the firebox wasn’t warmed up enough while doing the test runs. In
other words, the firebox temperature did not yet reach steady state, or almost
steady state, during the first two test runs.

Table 7.1.3 - The firebox temperature at the burner side (front) and at the stack
side (back) as illustrated in Figure 5.2.21 for the different combustion air preheat
temperatures in both firing modes.

SU 75% LN
Test nr. 1 2 3 4 8 7 6 5
Tarn [°C] 10 100 200 270 10 100 200 270
Ttront [°C] 532 584 631 639 - 647 662 657
Toack [°C] 624 698 47 763 - 728 749 740

Outliers

Another thing worth mentioning are the outliers in the graphs shown in Figure 7.1.37
to Figure 7.1.40. Especially at coil number 15, 22, 30 and 32 the raw data points are
not in line with the expected outcome. The most probable reason for this is a higher
flow resistance, resulting in less air flowing through that coil. The cause of this
increased flow resistance could be a thicker weld joint, a burr inside the coil, or a
inaccuracy of the tube diameter. The air flow is distributed over all 36 coils having
a diameter of 89 mm and a wall thickness of 3 mm, so a slightly difference in flow
resistance of a coil results in a difference of air flowing through a coil. The air is
heated to from 5°C to 400°C approximately, so a difference of 1% in air flow rate
results in a difference of 4°C in air outlet temperature of the coils. The value of coil
15 seems to be approximately 30°C to high, which would suggest that the air flow
rate through that coil is 7-8% lower. This could be caused by a diameter that’s
around 2% smaller, i.e. an inaccuracy of 1-2 mm in diameter, or other resistances
due to the welding of the coils.

To clear this error, or at least minimize, a 5-point moving average is used. An
average is taken out of the point value plus the two left and right of that value. This
is the trendline in Figure 7.1.37, Figure 7.1.38, Figure 7.1.39 and Figure 7.1.40.
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7.2. NOx emissions

This paragraph will show and discuss the results originated from the flue gases
concentration measurements using the ECOM J2KN-PRO gas analyzer during the
experiments. This will help to investigate the influence of the combustion air
temperature on the NO« formation within the firebox. Figure 7.2.41 shows the
amount of NOx in ppmv for different combustion air preheat temperatures at both
SU and 75% LN modus. Full LN modus was not reached as discussed earlier. A
trendline of the form of an exponential as illustrated in Figure 3.2.15 can be
observed in the experimental results. The error bars are derived from the accuracy
of the measurement equipment.
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Figure 7.2.41 — The amount of NO. Figure 7.2.42 — Range of ratios given for
formation for different combustion air the NO. formation for both tested
preheat temperatures measured in the burner firing modes.

flue gases for both burner firing modes.

From the measured data, a polynomial or exponential fit can be derived to calculate
the increase in NO, formation for different combustion air preheat temperatures
compared to the baseline condition. This can be done for both firing modus and
they result in a range of ratios for the NO, formation at the new condition to the
baseline conditions. This is illustrated in Figure 7.2.42. The accuracy of the
measurement equipment is again taken into account, which resulted in a wide range
for the ratio per APH temperature. This graph is useful for comparison with the
graph shown in figure Figure 3.2.15.

The correlation for NO, emissions in hydrogen and ethylene fired heaters from
Technip Energies would result in 25.4 ppmv NOx emissions using a firebox
temperature of 700°C, no preheating and bottom or top firing pf the LSV® burner in
full LN modus. This is in line with the measured NO, emissions of 52.2 ppmv during
75% LN modus without preheating.
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CFD modelling

The previous chapter's design for the ECAP will be used for a numerical model
analysis with CFD to get a better understanding of the airflow, heat flux, and
pressure drop of the system. First, the difficulties and pitfalls of making and
analyzing a CFD model will be discussed, followed by the geometry, mesh
generation, model selection and the results.

A numerical model can provide a good alternative for experiments, saving time and
costs. However, the results can only be of any value if the model has been
developed according to certain guidelines. Above all, there should be a proper
understanding of heat transfer, fluid mechanics and numerical equations used by
the software package. The creator of the CFD model should at all times be aware
of every simplification and assumption that has been made to understand the
outcome and determine the quality of the results. A CFD model consists of three
main components, a pre-processor, a solver and a post-processor. The pre-
processing stage often requires the most time to ensure the quality of a CFD model.

The CFD model built during this thesis will be analyzed using FloEFD (version
2020.2). Compared to other CFD software packages like ANSYS Fluent, this is easy
to use and requires less CFD training and knowledge. FlLoEFD was mainly developed
to simulate and study turbulent flows since most fluids problems encountered in
engineering practice are turbulent flows, but it is also capable of predicting laminar
flows and the transition from laminar to turbulent flows.

As provided in section [3.4 FIoEFD CFD Solver], does FLoEFD solve the Navier stokes
equations supplemented by steady state equations, empirical dependencies of fluid
properties, and the so-called k-¢ modelto predict the turbulent flows. The methods
used to describe the flow in near wall regions is also discussed in section [3.4
FIoEFD CFD Solver].

All calculations have been simulated on a desktop from Technip Benelux with a
FLOEFD license. This desktop had the following hardware: Intel® Xeon® W-2145 CPU,
64 GB of RAM and a NVIDIA Quadro P4000 graphics card.
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8.1. Geometry

Determining the system's geometry is the first step that has to be taken to develop
a CFD model. It is almost impossible to make a detailed CFD analysis of the whole
system at once because this requires a lot of computational resources.
Consequently, the mesh should be a trade-off between the accuracy and the
calculation time needed, where smaller grid cells are placed in critical regions in
order to capture the relevant heat transfer and flow characteristics, and more
coarse cells are used in less relevant regions. Therefore the geometry used during
the CFD modelling is a slice cut of the whole system that represents the whole
system.

This geometry will consist of a cross-sectional area of 12x3 mm with a piece of the
tube bank that represents the whole tube bank geometry. This geometry is
illustrated in Figure 8.1.43 to Figure 8.1.45 and inspired by other studies [56], [91].
The upper part of Figure 8.1.45 is a right plane view and the lower part of Figure
8.1.45 the front plane view.

Table 8.1.4 — The dimensions, ratio of the cross-sectional area of the whole ECAP
(Ar) and CFD geometry (Ag) and the mass flow of the computational domain.

Width (x) 12 mm
Heigth (z) 3 mm
Length (y) 250 mm
Ratio A¢/Ag 4356 _
Mass flow 1.59 E-4 | kg/s
—
= @@ @@
|
ow I
dirFelct'onL’y_@____ ____@————@ ————————— |
- (@ (e~ (e (o

Figure 8.1.43 — Side view (x-y plane) of the used computational domain.
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Figure 8.1.44 — Side view (z-y plane) of the used computational domain.
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Figure 8.1.45 — Geometry of the used computational domain.
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8.2. Mesh generation

The mesh generation is of great importance for the quality and calculation time
required for the CFD model. The Favre-averaged Navier Stokes equations, energy
conservation laws and fluid state are solved numerically on a mesh in the
computational domain using the finite volume method. The computational domain
is divided into smaller domains called cells, and a more refined mesh generally
yields a more accurate result but is also more expensive in terms of calculation
time. After sufficient refinement of the mesh a solution is obtained that no longer
changes after even more grid refinements. This is called grid-convergence or grid
independence.

Mesh refinement validation

A mesh grid is often non-uniform, which means that the grid is more refined in
areas where large gradients in fluid or solid properties are encountered and more
coarse in areas where little gradients in fluid or solid properties occur. Therefore
the refinement level of the automated mesh generator is adjusted from 1 (coarse)
to 7 (finest) while the outlet bulk temperature and pressure drop are observed. The
meaning of these refinement levels is given in Appendix C. If these values are
identical within the required accuracy for two subsequent mesh refinement levels,
it can be concluded that the values of these two parameters do not depend on the
size of the grid elements anymore and that grid independence has been reached.
In general, when specific phenomena inside the computational domain are
important, also for the model predictions related to those phenomena, a grid
independence test has to be performed.

The only parameter required for the mesh generator of FLOEFD is the minimum gap
size, which is the smallest gap within the system. The minimum gap size is set at 2
mm for this specific CFD model. The automatic grid generator will take this into
account when generating the mesh grid, while the mesh refinement can be adjusted
from 1 to 7. Figure 8.2.46 provides the grid independence, i.e. grid convergence, for
this specific CFD model. Appendix C provides the outcome of these refinements
levels for this CFD model together with the meaning of these refinement levels.
According to the grid convergence, refinement level 6 provides a sufficiently refined
mesh grid for this geometry. The results for the generated mesh corresponding to
mesh refinement level 6 for one heating element are shown in Figure 8.2.47.
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Figure 8.2.46 — Grid convergence of the computational mesh to a bulk temperature
value of 353. Mesh refinement level 7 to 7 from left to right point box.
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Figure 8.2.47 - Mesh grid for refinement level 6. Front view (L) and right view (R).
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8.3. Boundary conditions

During the pre-processing stage, the initial ad boundary conditions are set, which
are an essential part of the development of a CFD model. Within the FloEFD
software program, several possible boundary conditions exist like internal flow,
external flow, wall and periodic boundary conditions. For the present application,
only the internal flow and wall boundary conditions are needed.

Internal flow boundary conditions can be manually specified at the model inlets
and outlets, i.e. openings. They are classified into ‘pressure openings’, ‘flow
openings’ and ‘fans’. A pressure opening which can be static, total or environment
pressure is imposed when the flow direction and/or magnitude at the opening are
not known. A flow opening is imposed when the dynamic flow properties are known
at the opening. If the flow enters the model, the temperature, fluid composition
and turbulence parameters must also be specified. A fan condition is used when a
fan is installed at a model opening. The dependency of the volume flow rate on
pressure drop is prescribed at the opening, which is commonly provided in the
technical documentation of the fans. The variables that are not specified at the
inlet are calculated from the solver equations.

Wall boundary conditions must be specified at solid walls of the model. They are
classified into real, ideal and outer walls. A real wall corresponds to the well-known
no-slip condition for velocity, and the ideal wall corresponds to the well-known slip
condition. The walls are also considered impermeable, and the ideal wall condition
can be used to model planes of flow symmetry. If conjugate heat transfer through
the solid walls is not considered, the wall temperature or heat flux boundary
condition can be imposed. When the conjugate heat transfer is considered, these
do not have to be specified and they will be calculated during the solver stage. The
surface roughness determines the friction of the air along the real walls.

The boundary conditions used here are:

An internal flow - static pressure boundary condition at the outlet.

An internal flow - flow boundary condition at the inlet.

An ideal wall boundary condition at the casing walls. (zero surface roughness)
A real wall boundary condition at the bare heating tube outer walls.

A real wall boundary condition at the fins.

Table 8.3.5 — Values for certain boundary conditions.

Variable Value Units
Temperature air in 293.15 K
Mass flow air in 1.59 E-4 | kg/s
Temperature bare tubes 923.15 K
Pressure air out 101345 Pa
Surface roughness 5 um
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8.4.Material properties

All materials properties of the air and the solids are specified in FIoEFD input for
the CFD modelling of the ECAP system. All solids, in this case the bare tubes and
fins, are specified as stainless steel 321 with the material properties as given in
Table 8.4.6. The properties of the combustion air are also given in that table. The
outer walls are specified as insulator material, so no heat is transferred through
these walls, meaning that the heat flux is zero.

Table 8.4.6 — The material properties for stainless steel 321 (left) and dry air (right)
at atmospheric pressure and a temperature of 300 K.

Variable Value | Units Variable Value | Units
Density 8100 Kg/m”3 Molar mass 28.96 Kg/kmol
Specific heat 510 J/kg*K Specific heat 1006 J/kg*K
Thermal 15.1 W/m*K Thermal 0.026 W/m*K
conductivity conductivity

Melting 1683.15 | K Dynamic viscosity | 1.8 E-5 | Pa*s
temperature

8.5. CFD results

This chapter provides the results of the CFD modelling using mesh refinement 6
with a minimum gap size set at 1 mm. The results are discussed in [9.2 CFD
modelling].

Table 8.5.7 — Results from FIOEFD for mesh refinement level 6.

Average temperature bare tubes (BC) 650 °C
Average temperature fins 586 °C
Average temperature heating elements 600 °C
Average heat flux bare tubes 5.28 W/cm?
Average heat flux fins 4.43 W/cm?
Average heat flux heating elements 4.61 W/cm?
Average heat transfer rate bare tubes 13.3 W
Average heat transfer rate fins 41.2 W
Average heat transfer rate heating elements 54.4 W
Factor (total tube bank geometry vs CFD geometry) 4356 -

Bulk temperature air in (BC) 20 °C
Bulk temperature air out 353 °C
Average air velocity in (BC) 3.66 m/s
Average air velocity out 8.35 m/s
Pressure drop of tube bank 175 Pa
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Figure 8.5.48 - Temperature isosurfaces from left to right, front plane view at 0 and
3 mm (z-direction), and right plane view at 0 and 712 mm (x-direction).
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Figure 8.5.49 - Velocity isosurfaces from left to right, front plane view at 0 and 3
mm (z-direction), and right plane view at 0 and 12 mm (x-direction).
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Discussion

This chapter will discuss the results, as described in chapter 6-8, for each sub-
project separately. In the next chapter the findings of the overall project will be
discussed.

9.1. Equipment design

The design of the ECAP was obtained using the design procedure and the
correlations. The outcome of the results of the equipment design is discussed here.

Equipment design

The results show that within the limitations and by meeting the criteria set at the
beginning, the ECAP is able to heat up the air to a temperature of 300°C by using a
finned tube bank of 400x400x200 (WxHxL) with a bare tube temperature of 650°C.
Also higher temperatures up to 500°C could be achieved within these limitations.
During the design, It is important to keep the velocity of the air within certain limits.
Otherwise, the maximum pressure drop will be exceeded. The limiting factor for a
more compact design is first of all the heating elements temperature since a higher
temperature would result in more heat transfer per area. Other limiting factors are
the tube diameter, the minimal gap spacing and the transverse pitch ratio. The tube
pitch and transverse pitch ratio are limited by the manufacturing capabilities of
these heating elements at suppliers.

For these finned tubular heating elements, round straight fins are used that are
placed parallel to the flow to increase the heat transfer area. Maximizing the heat
transfer area results also in a more compact design. It could be worth analysing the
use of interconnecting rectangular plate fins between the tubes of one heating
element, i.e. larger fins. This would results in a larger heat transfer area without
exceeding the minimum gap spacing of 5 mm. The interconnecting plate fins could
be attached per row. Another advantage of these rack-shaped heating elements is
that they are easily replaceable, and extra rows of tubes can be added if more
performance is needed.

The by-passing of the air at the outer side of the tube bank, between the tube bank
and the casing, should be minimized or even prevented. By-passing of air results in
less heating of the air, and performance will be lost. This can be prevented by
reducing the gap between the outer tubes and the casing or by adding dummy tubes
on the casing wall.
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The results of the calculations done using the correlations for the heat transfer via
convection are most probably an underestimation of the actual achievable heat
transfer since radiation is not taken into account. The radiation from the heating
elements to the casing can results in an increase of approximately 4% of the heat
transfer rate. This heat is transferred from coil to casing by radiation and then from
casing to air by convection.

CO; emissions reduction & cost savings

Using the ECAP with the LSV burner reduces the CO, emissions significantly. When
operating for 3000 hours per year by using renewable electricity, 3.3% of CO,
emissions can be reduced, i.e. 114 tons of CO, per burner per year, using combustion
air temperature of 300°C. Increasing the combustion air temperature to 500°C
results in an emissions reduction of 5.2%, i.e. 180 tons of CO, per burner per year.
Not only does it reduce the CO, emissions, the implementation of the ECAP can
also reduce the costs of the operation of the burner significantly over the years. On
top of that, over time, the operating hours could increase to more than 3000 hours
per year due to an increasing portion of renewable electricity resources installed,
providing the possibility to increase the operating hours of the ECAP over the years,
i.e. strengthening the business case.

9.2. CFD modelling

The chosen design of the ECAP was modelled using the CFD package FIoEFD. The
outcome of the results of the CFD modelling is discussed here.

The mesh grid refinement level of the CFD model is verified using the grid
independence method. Refinement level 6 was sufficient enough to obtain a result
with the preferred accuracy. That means that the mesh cells around the geometry
were small enough to accurately calculate the convection from the heating element
to the air and the airflow around the heating elements. The standard k-e turbulence
model is accurate enough to predict the flow of air around finned tubular heating
elements, and the geometry that Is used provides a good representation of the
ECAP.

The result from CFD matches the results from the equipment design well. The rows
from the equipment design were rounded off so that a discrete number of rows
could be used. For the CFD model 8 numbers of rows were used, while the number
of rows obtained from the correlations was slightly above 7. By changing the
number of rows in the calculations to the exact number of 8, an air outlet
temperature of 335°C is obtained. This is within the range of 353°C that was
obtained using CFD modelling. The same can be said about the pressure drop since
the 183 Pa from the calculations matches the 175 Pa from CFD modelling. It can be
concluded that both the correlations and the CFD modelling can predict the heat
transfer and pressure drop match within certain limits and can be used for
predicting the heat transfer and pressure drop for this system.
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9.3. Burner test results

From the burner test results, the influence of combustion air preheating on the
burner and fired heater performance was analysed. The outcome of the results is
discussed here.

Heat flux

The results show that heating up the air to a temperature of 300°C has little to no
influence on the heat flux profile. A slightly higher heat flux can be achieved while
keeping the fuel gas flow constant. Another option is to keep the total energy input,
which is the combustion heat release plus the combustion air preheat, constant by
decreasing the fuel gas flow with increasing combustion air temperature. In that
case will the heat flux stay the same. Also, the peak heat flux does not shift closer
or further away from the burner, according to the test results. Both outcomes are
beneficial for the implementation of the ECAP since no significant interventions
have to take place. This can be studied in more detail using CFD of the fired heater.

It could also be that the change in total energy input was too small to observe
changes in the heat flux profile. To investigate this, a higher combustion air
temperature could be tested, for instance, 600°C. The time between the test runs
was also relatively short (10 min). To make sure that the measured data is taken
during steady-state operation this could be increased. Both could result in a more
accurate and clearer outcome. The results also show outliers in the data measured.
These could be resolved by checking the cooling coils inside the test fired heater
on faults in weld joints, a burr inside the coil, or an inaccuracy of the tube diameter.
For now, this is resolved by using a moving average for the measured data.

NO, formation

The NO4 emissions should be reduced as much as possible because it is responsible
for the formation of ozone (GHG), the formation of smog and the general
acidification of soil and water. Looking at the results, they show that the NOy
formation does increase with increasing combustion air temperature. Although no
full Low-NO4x modus ( LN modus) was reached due to a low fired heater temperature
and a 75% LN modus was used, an expected trend of the NO, formation as
discussed in [3.2 Burner NO, formation] was observed. The increase of the NOy is
mainly due to the increase of flame temperature caused by the increase in
combustion air temperature. Again this can be studied in more detail using CFD of
the fired heater.
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Conclusions and Recommendations

Reducing the CO, emissions of the fired heaters that provide the required energy
for industrial processes is one of the biggest challenges for the industry in the
energy transition. Switching to renewable electricity for some high-temperature
processes can be part of the solution. Fuel consumption and CO, emissions are
reduced by using renewable electricity for combustion air preheating within the
fired heaters.

The objective of this study is to design a cost-effective and compact electric
combustion air preheater (ECAP) for the LSV® burner from Technip Energies.
Analyzing the impact of such a design on the burner and fired heater performance,
also based on experiments, shows the potential in reducing CO, emissions. This
section summarizes the findings of the research questions and provides some
recommendations for future research.

10.1. Conclusions

What is the design of a cost-effective and compact ECAP for the LSV® burner from
Technip Energies?

The most suitable method to heat combustion air using electric power for this
specific application with the limitations as discussed in the Basis of Design is by
using finned tube heating elements. These tubes are less prone to fouling, have a
good mechanical strength and are easy to install. Using fins on the bare tubes,
provides the most compact design, and the tubes can be used at an operating
temperature of 650°C. The design recommended and calculated using the VDI
method for the heat transfer and pressure drop can heat up the combustion air to
a temperature of 300°C. It is even possible to achieve higher temperatures by
adjusting the design as given in the Appendix B. The maximum allowable pressure
drop for this system was set at 200 Pa, which is not exceeded by the design
recommended.

How will the ECAP influence the LSV® burner and fired heater performance?

The usage of combustion air preheating in combination with the LSV® burner is
experimented with using the Technip test fired heater. The heat flux profile does
not change significantly when increasing the combustion air temperature. The NO,
emissions do increase exponentially with increasing combustion air temperature.
This is mainly due to the increasing flame temperature resulting in Thermal NO
formation. NOx emissions should be reduced, since they are responsible for the
formation of smog and the general acidification of soil and water. Possible solutions
are discussed in recommendations.
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How much CO. emissions can be reduced and costs can be saved using the ECAP?

The amount of CO, emissions that can be reduced and costs that can be saved is
substantial. A condition for saving CO, emissions is that renewable electricity is
used. According to best current estimates savings on costs can only be achieved if
the operating hours of the electric combustion air preheater are limited to 3000
hours per year. This could increase over time. While operating 3000 hours per year
and heating up the air to a temperature of 300°C, a reduction of 114 tons of CO, per
year, i.e. 3.2%, can be achieved for each burner. The implementation of the
equipment is already making a profit after five years, and it can save 10.000 euros
per year on OPEX, which will increase over time. By increasing the combustion air
temperature to 500°C, the amount of CO, emissions that can be reduced is 180 tons
per year, i.e. 5.2%. The breakeven point is already at four years, and more OPEX can
be saved.

10.2. Recommendations

Based on the work done during this study, some recommendations for
improvements and further research can be given. One recommendation would be
toward the improvement of the performance of the heating elements. The heat
transfer area could be increased by using interconnecting rectangular plates
covering one heating element instead of the circular fins. This could result in a
higher heat transfer rate per heating element to the air. The tubular heating
elements could also be improved by using a smaller tube diameter, decreasing the
transverse pitch ratio or using oval-shaped tubes.

Another recommendation would be towards improving the accuracy of the burner
test and making adjustments to the test fired heater. This could result in a more
clear change in heat flux profile and or better results for the prediction of NOy
emissions. The test results could be made more accurate by increasing the time
between the test runs so that a steady-state temperature of the fired heater can
be reached. A modification to the test fired heater would be using another method
to heat up the combustion air so that higher temperatures could be obtained in the
range of 500-600°C. The test fired heater was not able to reach higher combustion
air temperatures due to the limiting temperature of the heating coils.

Not only the test fired heater design could be improved, also the burner design
could be improved. When improving the design of the burner, the following NOy
control strategies should be taken into account: Increasing the mixing of the air and
fuel by swirling and staged combustion, reducing the oxygen and nitrogen content
in the flame zone by gas recirculation, decreasing the peak temperature and
reducing the residence time at elevated temperatures. Also, using a catalyst for
post-flame flue gas treatment is an option to decrease NOyx emissions. A document
from the US Environmental Protection Agency (EPA) on the NOx control during
external combustion provides a solid foundation from which can be worked further
on.

For further research, the electric combustion air preheater could also be tested
using another fuel, like natural gas and hydrogen mixtures. Using hydrogen as a fuel
is one of the solutions for the decarbonization of fired heaters. The combustion of
hydrogen has other characteristics compared to the combustion of natural gas.
Thermal NOx becomes more relevant when increasing the amount of hydrogen in
the fuel due to a higher flame temperature.
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Appendix A

Fuel gas specifications

From supplier:

CHs4 93.1207 mol%
CaHe 4.5759 mol%
CsHs 0.8194 mol%

Ca 0.3416 mol%

Cs 0.0447 mol%

Cs 0.0237 mol%
CO, 0.4883 mol%

H» 0 mol%

He 0.05 mol%

N, 0.5357 mol%
Total 100 mol%
Density ratio 0.5985 -

Density air 1.2922 kg/m”3
Density_fuel 0.7734 kg/m”3
Wobbe 538667 MJ/m3(n)
Hi 37.623 MJ/m3(n)
Hs 41.667 MJ/m3(n)

Derived using COMCON software and above information:

Fuel flow 1 kg/hr Density_fuel 0.771 kg/m”3
excess air 0 % Density air 1.2922 kg/m”3
T_comb.air 10 degC Density ratio 0.5967 -
T_fuel 10 degC M_air 28.965 g/mol
T_ambient 10 degC M_fuel 17.282 g/mol
Humidity 70 % M_fuel 17.284 g/mol
fuel-air ratio 16.8113 | - Capacity 2 MW

Hi 37.535 MJ/m3(n) Fuel flow rate | 0.041 kg/s
LHV 48.6831 | MJ/kg 147.895 kg/hr
Hs 41.562 MJ/m3(n) Combustion 0.691 kg/s
HHV 53.9071 | MJ/kg air flow rate | 2486.312 | kg/hr
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Alternative 1

Appendix B

Other setups

Width casing 0.444 | m Temperature inlet 20 °C

Height casing 0.444 | m Temperature outlet 400 °C

Diameter tubes 8 mm Temperature tubes 600 °C

Pitch ratio longitudinal | 2.598 | - Air mass flow 0.691 | kg/s

Pitch ratio transverse | 3 - Inlet velocity bank 2.91 m/s
Outlet velocity bank | 6.68 m/s

Fin spacing 5 mm

Fin height 5 mm

Fin width 1 mm

Nugyngie 22.2 -

Heat flux 5.9 W/cm?

Average heat flux 4.2 W/cm?

Heat transfer coefficient 94 W/K-m?

Number of rows 9 -

Length of tube bank 192 mm

Length of total system 613 mm

Pressure drop of system 172 Pa

Alternative 2

Width casing 0.492 | m Temperature inlet 20 °C

Height casing 0.492 | m Temperature outlet 500 °C

Diameter tubes 8 mm Temperature tubes 650 °C

Pitch ratio longitudinal | 2.598 | - Air mass flow 0.691 | kg/s

Pitch ratio transverse 3 - Inlet velocity bank 2.37 m/s
Outlet velocity bank 6.25 m/s

Fin spacing 5 mm

Fin height 5 mm

Fin width 1 mm

Nupyngie 18.8 -

Heat flux 5.5 W/cm?

Average heat flux 3.4 W/cm?

Heat transfer coefficient 97 W/K-m?

Number of rows 13 -

Length of tube bank 265 mm

Length of total system 778 mm

Pressure drop of system 166 Pa
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Appendix C

CFD modelling

Mesh grid

The Level of initial mesh governs the mean number of cells (Nmean) per the model’s
middle size (Hmean) and the number of cells (Ngp) per the smallest flow
passage/channel height, which specified by the Minimum gap size value (hgyp). First
of all, the geometry resolution coefficient (Kes) is defined as the ratio of the model’s
middle size (Hmean) to the minimum gap size (hgp). If it is smaller than 2.5, the
number of cells per the model size (Nmean) and the number of cells per the minimum
gap size (Ngp) are specified by using the table below. Note, that the real number of
cells per a gap is restricted by the maximum allowed channel refinement level (L"+).

Mesh refinement levels explained from [84].

Level of Nmean

initial External

mesh Internal Incompressible | compressible Ngap L"eh
1 5 2 3 2 0
2 7 3 5 3 1
3 10 5 7 5 2
4 14 7 10 7 2
5 20 10 14 10 2
6 28 14 20 14 4
7 40 20 28 20 4
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Appendix C

Number of cells, outlet bulk temperature and pressure drop for different mesh

refinement levels with a minimum gap size set at 2 mm.
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Figures
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