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ABSTRACT

MOHAMMED, FAHD, M., Masters : June : [2018:],

Masters of Science in Mechanical Engineering

Title: Investigating the Potential of Recycling Flared Hydrocarbon Gas in an Industrial
Burner

Supervisor of Thesis: Samer, F., Ahmed and Fadwa, T., Eljack.

Flare gas is considered a global environmental concern. Flaring contributes to
wasting limited material and energy resources, economic loss and greenhouse gas
emissions. Utilizing flared gas as fuel feed to industrial cracking furnaces grants
advantages in terms of fuel economy and emissions reduction. This work presents the
results obtained by ANSYS fluent simulation of a flared hydrocarbon gas utilized in a
steam cracking furnace of ethylene process. The work focused on simulating the flue gas
side in a steam cracking furnace of the ethylene process when combusting hydrocarbons
flare gas. The flared stream assumed to be inlet from both primary and secondary staged
fuel nozzles. The simulation results illustrate the detailed temperature profiles along the
furnace flue gas side. It also investigates the influence of flare stream composition and

Wobbe Index (W1) influence on temperature profile.
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CHAPTER 1: INTRODUCTION

1.1 Gas Flaring
Gas flaring is the controlled burning of combustible materials such as hydrocarbon (HC)
and H:S in oil & gas and petrochemical industries during exploration, transportation or
processing [1]. During process operation, flaring safely manages the disposal of routine
small volumes of unrecoverable waste gas. On the other hand, potential causes for flaring
arise during abnormal process upsets such as process equipment malfunction, off-spec

production and startups or emergency planed shutdowns [1-3].

1.2 Flaring Adverse Impacts & Global Efforts

According to world bank statistics 149 billion cubic meters (bcm) of associated gas was
flared at oil production sites worldwide in 2016 which released millions of tons of CO2 to
atmosphere [4]. Gas flaring has adverse economic, environmental and societal impacts.
Flaring of associated gases results in waste of valuable energy source. Environmentally,
gas flaring emissions are considered a major contributor to global warming. Hence,
flaring is a major contributor to increasing levels of greenhouse gas (GHG) emissions
that impact rising sea levels and altering weather patterns. [2]. Furthermore, GHG and
pollutants emissions negatively affects human health. These gases include VOCs,
particulate soot and other pollutants which are linked to cause cancers, asthma, chronic
bronchitis, blood disorders, and other diseases [5].

Several international regulatory authorities, government organizations and oil companies

have initiated and implemented efforts towards emissions reduction [6] such as the
1



adoption of Koyoto Protocol agreement which obliges its signatories to set emission
reduction targets [7], the Intergovernmental Panel on Climate Change (IPCC) which
assess the climate change related science globally and help governments to develop
relevant policies [8], Global Gas Flaring Reduction Partnership (GGFR), a World Bank-
led organization which sponsor the “Zero Routine Flaring by 2030 initiative [9] and
Paris Agreement which aims to limit global temperature rise to below 2 degrees Celsius
within this century [10]. The state of Qatar is a signatory member of Koyoto protocol
[11], GGFR [12] and Paris Agreement [13]. Therefore, the Qatari Ministry of
Environment & Municipality initiatives and regulations target to cap Qatar’s gas flare to
1% of the inlet raw gas [14] and 0.3% of treated sweet gas among all gas production

facilities [15] which is also in line with Qatar’s 2030 vision.

1.3 Motivation and Project Objectives
In many countries, flare gas recovery projects are inevitable due to its project CAPEX,
limited funding and/or energy subsidies. Utilizing flared gas in existing facility while
meeting process safety, energy requirements will result in significant process power
savings and GHG reduction with lower initial cost [16]. One of the proposed flare
utilizing techniques is to recycle hydrocarbon (HC) rich gas streams to combustion units
such as furnaces, boilers and cogeneration units, to utilize their energy content. Fig.1
depicts a processing facility and its cogeneration unit used for supplying heat and power.
Streams A-G represent the potential flared gas streams from a process. Fig. 2 presents

the proposed process alternative where we are considering the recycle of flared gas
2



streams to be used as fuel feed to a cracking furnace in the process. For this study, an

ethylene process is considered as the base case process.

Before Flare Streams ABCDEFG After Flare Streams ABCDEFG
Recycling Recycling

N1 o 1

—>{COGEN Process
Feed ) Feed

COGEN || Process }—>

Figure 1.Utilizing flared gas in a pre-sized cogeneration unit[2]

Process Flare

e b { f
&)

b A
Products

Fuel

1 €
> Fumace |

Process Units
Sequence/ Interactions

Figure 2.Utilizing flared gas in a cracking furnace



Tim Gandler, energy coordinator in Baytown Olefins Plant, reported that Ethylene
cracking furnaces account for 60% of plants energy use as shown in Fig.3 [17]. Hence,
we will study the potential to utilize HC flared gas stream in the ethylene process as a

fuel feed to the steam cracking furnace.

5%

35%

\BFuel B Steam OPower

Figure 3.Ethylene plant energy consumption [17]

Compared to other combustion demand units (e.g. gas turbines, boilers, etc.), furnaces
offer an advantage when it comes to utilizing HC flared gas as fuel due to its low
restrictions regarding fuel composition. Hence, it can combust a wide range of HC gas
composition [18] with wide wobbe index range. Furthermore, furnaces operate at higher
fuel consumption rate compared to boilers and cogeneration units; and providing larger
opportunities for flare utilization. Yet, there is a need to study the impact of recycling

“flare streams” as fuel for furnaces with varying composition and at varying flowrate on

4



the furnace performance. Parameters such as temperature profile from the flare tip, fuel
composition, excess air percentage and primary to secondary fuel mass flow ratio are key
parameters that greatly impact the performance of the furnace in its ability to crack feed
gas.

Hence, the work presented here investigates the influence of composition and W1 of flare

gas streams as fuel source to ethylene furnace cracker.

1.4 Problem Statement
It is desired to study the technical and environmental impact of recycling potential flare
streams on the flue gas side of the furnace. A pre designed ethylene process is used as
base case design. Available are:

e Process design and operational data during abnormal operations for an ethylene
process. This includes historical flaring upset data: flare stream routes, causes,
and duration.

e Flare streams, flowrates and their compositions that are available for recycle
based on previous work presented by Kazi et al. [2]. The data is summarize in
section 3.2.1.

To address this objective(s), the following tasks will be carried out:

e Search the literature and gather data on furnace and burner geometry for a typical
ethylene cracking furnace.

e Construct a 3D CAD model for furnace and burner using suitable software such

as Solid Works



e Develop a CFD simulation model for furnace and burner using suitable software
such as ANSY'S Fluent
e Validate the stability of developed CFD models
e Conduct a temperature profile analysis to investigating the effect and limits of
utilizing flare streams as fuel source on the flue gas side of the furnace.
e Asses the suitability and impact of varying fuel feed flowrate and composition on
the burner combustion and furnace performance.
e Assess the environmental impact of recycling otherwise flared stream on the
process
In this wok, Chapter 2: Lecture Review, will brief some common flare reduction
techniques followed by an overview industrial fired heaters and burners. Then, CFD
modeling and GHG tracking & taxation are discussed. Research Methodologies, Chapter
3, shows the CFD Base case building blocks and the ethylene bases case including its
flaring profile followed by in-house developed GHG calculator. Finally, Results &

Discussion, Conclusion & Future Work are discussed in Chapters 4 and 5 consequently.



CHAPTER 2: LITERATURE REVIEW

2.1 Flare Minimization Techniques
Current techniques to reduce GHG emissions from flared gas includes

e Injection into oil & gas wells or gas-gathering system by compression [19, 20]

e Converting flared gas to liquefied petroleum gas (LPG), liquefied natural gas
(LNG) [20]

e Storage as feed stock for petrochemicals production [20]

e Using as utility feed for onsite steam and power generation through plant fuel
network [20, 21]. Kazi et al. developed an optimization framework for sizing a
COGEN unit to utilize flared gas from uncertain sources. The results showed that
sizing the COGEN is a key factor on capping GHG tax with associated economic
loss and environmental impact [21]. Fahd et al. used in house generic GHG gas

calculator to assess the GHG impact from proposed COGEN [6].

2.2 Ethylene Process Overview
Ethylene is mainly produced by steam cracking of hydrocarbon feedstock such as
naphtha, gasoil and higher hydrocarbons as in Europe and Asia or ethane and propane as
in US, Canada and Middle East. The process mainly consists of four major blocks:
cracking, quenching, compression and drying, and separation. Fig.4 illustrates the
sequence of ethylene production process sections. In the cracking section, hydrocarbon

feedstock is cracked at low pressure and high temperatures (600-800 °C) [22] to ethylene,



lighter products including hydrogen, and other by products. The compression and drying
section, raise the pressure of the products to derive the flow along the process and
enhance the downstream separation profile. Within compression stages acid gas is being
removed through caustic soda tower and water is being separated through driers to
prepare for the next separation section at cryogenic temperatures. The separation section
consists of multiple distillation columns where ethylene and byproducts are being

separated based on their differences in boiling points.

e e T !
e & e L 1. Furnaces
@ ) @ ,:;.«\: ® 2. Quench column
Oitution =2 Xl 3. Compression systom
//\\ @ 4. Caustic scrubber
NEOR] M) Lights to | e y . Towaste 5. Drying unit
Ethanet | =] Ko fual 5 troatment | 6, Cold box
propans | oY ® = ; 7. Demothanizer column
AP =1 - 8. Doethanizer column
) 3 A 9. C2-splitter
Y {7:) 3 ~ 10. Depropanizer column
y 4 A | 1
Tacond L] A L F= PG A U F=Y 11. C3-spiittor
coketo - Wt T o}, Shlene L . prepione | 02000 S
! {8 @) > product 9 o+ propyiene
Hoavios L) Ll | || byeeediet | cw Cooling water
to fuel = = Y ctsto T ) PG Polymer grade

Figure 4.Ethylene process flow diagram [23]



2.3 Fired Heater Characteristics
2.3.1 Fired Heaters

Fired heaters (or Furnaces) are equipment used to heat fluids flowing in inner tubes along
the heater where the tubes are heated by means of radiative and convection heat transfer
from direct fire fuel burners. Furnaces are commonly used in hydrocarbon, chemical and
petrochemical process to heat. Furnaces can be classified to many types according to
function, geometry, burner arrangement, draft type, firebox temperature, etc. The most
common types of furnaces based on its function are:
Reformers: Used to reformulate a chemical feed stream into another product such as the
hydrogen reformer where natural gas feed is being reformulated into hydrogen by
endothermic catalytic chemical process [24].
Cracking furnaces: Used to crack large hydrocarbon molecules into smaller molecules
such as ethane feed cracking into ethylene and associated by products.
Other types of fired heaters include startup heaters, fired reboilers, process heaters,

process heater vaporizers, and crude oil heaters [25]

2.3.2 Fired Heater Geometry
Fig.5 shows a cross section of a natural draft furnace. The geometry from bottom to top is
as follows:
Radiant section or firebox: where burners are mounted to heat the radiant coils. Around
85% of the heat release from the burners should be transferred to radiant coils in this

section [25].



Shield section: located between radiant and convection section where rows of tubes
protect the convection tubes from direct radiant heat [25].

Convection section: where flue gas heat is being utilized to preheat process feed inlet
prior to radiant section inlet.

Breaching section and stack: located above convection section where most of emission

analyzers and combustion air flow control damper are mounted.

10
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2.3.3 Fire Heaters Duty
Furnaces are high energy demand industrial equipment due to its fuel consumption with a
duty ranges from 1.5MW in a small hot oil heater to 440MW of a reformer or a cracking
furnace [26]. The mean size of a natural draft heater is 21MW and can go as high as
32MW for a forced draft heater [24]. Table 1 list few of the most common heaters in
chemical and hydrocarbon industry classified to fire box temperature. AMETEK Process
Instruments, a worldwide analyzer and instrument manufacturer, estimates that energy
cost represent 65% of a chemical complex OPEX where furnaces and heaters are the

major contributors [25].

Table 1.Major Fired Heater Applications in the Chemical Industry [24]

Firebox 1985 Fired Heater % of Known
Temperature  Energy Requirement, Chemical Industry
Chemical Process Heater Type (0 (102 Btu/vear) Heater Requirements
Benzene Relormate extraction Rebaoiler 70N bas LA
Sty rens Ethyibenzin Steam superheater 1500-1600 21 49
fel ir senation

n o Ethvine dichlond Cr ng hama N/A y

ot ner I ng
I lor Xy menzati Reactor fir NJA \)

| vor
imethyl Reaction of p=xylene and P'reheater, hot oil 450540 111 1.7
terephthalate o thano furmace
Butadien Butviene dehvdrogenation I"'reheater, reboiler 1100
Ethanol (synthetic) Ethviene hvdration Prebeater 7 13
\cotor Varot H | turnace N/A )
Hig §
Ethylene/ propylene Thermal cracking Pyrolysis fuensce 19002300 137.0 518
Ammonia Naotural gas reforming Steam hydrocarbon 15001600 15 31
relorme
Methano! Hydrocarbon reforming Steam hvdnocarbon 021X 25.7 0
st 6524 1.0
Sanderford, EB., Alernative control technigues document—NOx emissions from process heaters, US. Environmental Protection
Agoncy Report EPAAS3/RAS015, February 1993



2.4 Burner Characteristics
2.4.1 Industrial Burners
Industrial burners are mechanical devices used to convert a fuel’s chemical energy to
thermal energy through properly mixing and combustion of the fuel with an oxidizer
while maintaining a stable flame inside fired equipment [18, 27]. The type, number, and

arrangement of burners within a combustion system are related to application size and

type.

2.4.2 Burner Design Considerations
Burner design should sustain acceptable flame pattern at specific operating condition to
meet process requirements [28]. Operating conditions are summarized as per American
Petroleum Institute (API) standards, and they include [28, 29]:

e Fuel type & composition range

Fuel heat release range
e Fuel temperature and maximum pressure
e Liquid fuel maximum atomizing medium pressures available
e Oxidant type and temperature
e Draft and flame type
e Furnace dimensions and firebox temperature
The key characteristics of a well-designed burner is it should efficiently guide fuel-

oxidant mixture into the flame zone, sustain continuous ignition zone and proper flame
13



shape while minimizing pollutant emissions [28]. A burner to burner spacing depends on
both burner to burner clearance based on flame diameter and burner to tube clearance.
Spacing normally ranges between 2-5 ft. [27]. Usually burner is optimized based on fuel

selection which is being specified by customer interest as per process specifications.

2.4.3 Burners Capabilities
Burners have the advantage of being able to combust a wide range of fuel composition,
even operating with multiple types of fuels one by one or simultaneously [18]. For
example, Fig.6 shows a dual-fuel burner capable of combusting gaseous fuel such as
natural gas and liquid fuel such as oil. However, operating with different fuel type or
composition is challenging from operation point of view. Combustion of different fuels
will not result in identical flare pattern (Flame shape, length and diameter) even at the
same combustion system [28]. Hence, a systematic approach is required to manage the

flame pattern with acceptable pattern tolerance.
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Figure 6.Dual fuel burner (courtesy of John Zink Co.) [18]

2.5 Challenges of Fuel Composition Variance
Test fuel selection, during burner testing phase, is an example of tackling approach. Since
customer fuel is difficult to reproduce in testing facilities, a fuel blend is used to simulate
customers fuel by reproducing its chemical and transport properties. Table.2 summarizes
both chemical and transport properties that are matched to reproduce a closer fuel match.

Approximating those properties produces closer burner capacity curves and leads to

15



combustion with acceptable variance in flame heights, pollutant emissions and flue gas

temperature.

Table 2.Chemical and Transport Properties that Needs to be Matched to Reproduce

Similar Fuel [30]

Chemical Properties Transport properties

Adiabatic flame temperature Isentropic coefficient (Specific heats ratio)
Inert content Molecular weight

Olefins and Hydrogen content Wobbe Index

Lower Heating Value (LHV)

The diagram in Fig.7 illustrates the procedure used to approximate a fuel blend to another
fuel. In brief the hydrogen, inert and olefins content should be matched or substituted

with balanced propylene or natural gas according to rules illustrated in the figure.
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Table.3 and 4 shows a typical refinery fuel gas (RFG) composition and a fuel blend
reproduction with close chemical and transport properties based on aforementioned flow
chart rules [30]. The hydrogen content was matched. Propylene used to match ethylene
content. Natural gas/propane mixture used to match methane and ethane content. Then,
the Natural gas and Propylene composition adjusted iteratively to approximate RFG

LHV, MW, and adiabatic flame temperature.

Table 3.Example of a Refinery Fuel Gas Composition [30]

Fuel Component Formula Volume%
Methane CH, 8.132
Ethane GH, 19.92
Propane C,Hq 0.30
Butane C,H,, 0.06
Ethylene GH, 32.00
Propylene CyH, 0.78
Butylene CHg 0.66
I-Pentene GH, 0.07
Benzene C.H, 0.12
Carbon monoxide cO 0.22
Hydrogen H, 37.8¢

a Balance of fuel is primarily methane and
ethane.

b Level of olefins in the fuel.
Hydrogen content.
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Table 4.Fuel Blend Reproduction [30]

Component Yi (vol %) Why added Iterations
Hydrogen 38 To match RGF hydrogen N/A
content
Propylene 28 To match ethylene content Both compositions
Natural gas 34 To match methane and ethane  where adjusted
iteratively to match RFG
content LHV, MW, and adiabatic

flame temperature

Table 5.Comparison of RFG And Simulated Test Fuel [30]

Property Refinery Fuel  Test Fuel
LHV (Btu/scf) 1031 1026
HHYV (Btu/scf) 1124 1121
Molecular weight 18.09 18.38
Specific heat ratio at 60°F 1.27 1.26
Adiabatic flame 3481 3452
temperature (°F)
Wobbe index 1422 1407
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2.6 Flame Key Properties
Flame properties varry with fuel composition, direction and distribution of the fuel in the

air stream, and port velocity[28]. Few key flame properties are:

2.6.1 Adiabatic Flame Temperature (AFT)
Adiabatic flame temperature (AFT): AFT study is of interest due to its influence on heat
transfer rate.
2.6.1.1 AFT vs equivalence ratio

Maximum AFT is at stoichiometric combustion (equivalence ratio of 1) where there is
just enough oxidizer to combust all the fuel stream. Any excess oxidizer will partially
absorb flame sensible energy resulting in lower AFT. Fig.8 illustrates AFT vs
equivalence ratio relationship where air and fuel are at ambient temperature and pressure

(ATP).
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Figure 8.AFT vs equivalence ratio for air/H2, air/CH4, and air/C3H8 flames where the

air and fuel are at ATP [31]

2.6.1.2 AFT vs air and fuel preheats
AFT also depends on both air and fuel preheats as shown in Fig.9 & 10. Air preheat has
higher effect on AFT increment due to a higher air mass flow rate compared to fuel in a
compulsion system. Conversely, preheating air consumes more energy. Fig.11 shows
another example of fuel preheats for methane hydrogen fuel blend with more obvious

nonlinear relation compared to single component fuel in Fig.10.
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air/C3H8 flames where the fuel is at ATP [31]
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Fuel preheat temperature (°C)
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Figure 11.AFT vs fuel blend (CH4/H2) composition and air preheat temperature for

stoichiometric air/fuel flames where the fuel is at ATP [31]

2.6.1.3 AFT vs Hydrogen & Nitrogen content
AFT increases with fuel hydrogen content in a nonlinear relation where AFT rapidly
increase at high hydrogen content. The opposite for nitrogen fuel content, AFT decreases
with fuel nitrogen in a nonlinear relation where AFT rapidly decreases at low nitrogen

content. Fig.12 shows AFT for both components.
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air/fuel flames where the air and fuel are at ATP [31]

2.6.2 Available Heat
Available heat is the net heat transferred to the process fluid which is equivalent to the
total heat supplied by the fuel combustion excluding energy carried by flue gas, furnace
losses by radiations and convection thru furnace walls, and oxidant impurities. Fig.13, 14

and 15 show the available heat as a function of flue gas temperature, air preheat
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temperature and fuel preheat temperature. In Fig.13, a higher the flue gas temperature
indicates a lower heat transferred to the load. In Fig.14 and 15 the preheat temperature
increase indicates a lower available heat to be transferred to the load as the difference

was transferred to raise the air or fuel temperature.
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Figure 13.Available heat vs gas temperature for stoichiometric air/H2, air/CH4, and

air/C3H8 flames where the air and fuel are at ATP [31]
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Figure 15.Available heat vs fuel preheat temperature for stoichiometric air/H2, air/CH4,

and air/C3H8 flames at an exhaust gas temperature of 2000°F (1100°C) where the air is
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2.7 Computational Fluid Dynamics Simulation
Computational Fluid Dynamics (CFD) is an important tool in aerodynamics and
combustion analysis. To construct a CFD simulation, one may need to:

e Understand the physics of the problem

e Formulate mathematical relations that describes the physics

e Use numerical methods to solve governing nonlinear mathematical relations

Then, to build a CFD model, domain, mesh and boundary conditions must be identified.

2.7.1 Domain
CFD domain is the flow domain of the system built as CAD model. Bigger the domain,
the higher computational power and time required to solve system governing equations.
In furnaces CFD, it is common to simulate a cross-sectional sector of furnace depending
on the symmetrical nature of the furnace and burners. However, for that cross-sectional
sector, the burner domain must capture all governing physics of burner fuel jets to predict
flame pattern within the furnace sector [32]. Experience help compromises between the

level of detailed required and computer resources.

2.7.2 Mesh
Solving a system governing equations analytically is not usually practical due to the
complexity and nonlinearity between system parameters [32]. Hence, need to divide the
domain volume to smaller subdomains to solve discretize differential equations. The

small subdomains are called cells while their heads are called grid points and all together
29



they represent the mesh.

The grid points or so called mesh density differs from one region to another on the
overall domain. The mesh density is higher around the areas of interest to capture the
related physics such as boundary layer, reaction zone and circulation zone in a burner

CFD. Both mesh size and shape impact the accuracy and stability of the CFD solution.

2.7.3 Boundary Conditions
To start CFD simulation, the user must define the boundary conditions around the CFD
domain. In other words, to define what goes into and out the system in order to solve the
governing differential equation that describes the conservation of mass, momentum and
energy. For a well-defined system boundary condition should identify:
e Inlet streams: mass flow rate or velocity, composition, pressure, temperature and
phase.
e Qutlets streams: exit pressure and flux condition for velocity [32]
e COperating conditions: system pressure and thermal properties such as
conductivity, wall temperature, material of construction and wall radiation

properties [32].

2.7.4 CFD Models
The CFD model relies of the governing equations of mass, momentum and energy. In
burner CFD, model is complex in defining physical and chemical properties such as

chemistry-turbulence interactions[32]. Appendix Al shows general governing equations
30



in burner CFD simulations. The CFD model predicts mean gas properties in 3D
dimension’s, steady and turbulent flame velocity, temperature, density and composition,
particle and droplet size in multiphase reactions [32]. Figure 16 show associated sub

models in in simulating burner CFD.

Turbulent
Fluid
Mechanics
Gaseous Reactions Il\’;er:;‘caul:?::
(Homogeneous) (Dispersed Phase)
Pollutant Particle/Droplet/
Formation Heat Transfer Surface Reactions
|(Trace Chemistry) (Radiation, (Heterogeneous)

Conductions)

Figure 16.Typical sub-model components in comprehensive CFD code [32]
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2.7.5 CFD Strengths and Inabilities
CFD shortened burner development cycle while maximizing its efficiency and lifetime.
The tool allowed engineers and scientist to explorer many design and operating
parameters in burner design. In addition, allowed for investigating designs which was
experimentally impossible due to safety constraints [32]. However, like any tool, CFD

have strengths and downfalls in combustion analysis as summarized in Table 7.
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Table 6.Strengths and Downfalls of Combustion CFD

Strength

Downfall

Predicting disastrous failure [33]
Visualizing results and predict non-
reactive gaseous flows[33]

Qualitative analysis of temperature,
velocity and radiation heat flow[33]
Visualizing flame pattern and geometry
shape change effects[33]

Allow to test new operation parameters
of existing system[32]

CFD analysis supports planning real
experiment and reduce cost of
unnecessary real experiments[32]
Prediction of flame interaction in
furnaces and associated flame

impingement or rollover process tubes

Limited explanation for complex
reactive flow systems specially for
complex fuels such reaction Kinetics,
multiphase reactions, solids reactions
and deposition (e.g: soot)[32]
Scientific and cost related difficulties
while evaluation real furnaces which
can arise from numerical error or
experimental data error[32]

Typical CFD tools are not designed
to optimize combustion equipment
such as burners[32]

Difficulties in predicting premixed
fuel combustion[30]

Difficulties in predicting emissions
and pollutants due to the variation of
reaction  rates  between  main
combustion reaction and NOx
formation.[30]

Excessive refinement for near burner
zone which requires more mesh size,
computational power and time

subsequently[30]
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2.8 GHG Emission Tracking & Taxations
Reporting of GHG emission plays a significant role for industry. Suitable and adaptable
GHG tracking methodology is necessary to comply with the regulatory authority’s
requirements and to explore mitigation approaches for industrial flaring [6, 34]. Global
efforts towards GHG emission reduction are being done by policy makers who argued for
a long time to impose a price for carbon equivalence emissions due to its environmental
and social damage. Worldwide, there are two approaches for tracking carbon pricing.
Carbon tax is one of them where tax depends on type of burned fossil fuel and its carbon
content. And other is the cap-and-trade (CAT). In the carbon tax approach, the tax is
passed on to end users through petrol stations, electricity bills and products cost.
Managing carbon tax price is important in many countries such as British Columbia
(BC), Canada. For example, BC government started implemented carbon tax in July 2008
at a rate of 10 Canadian dollars per COze metric ton with an annual increment of 5
Canadian dollars till 2012, considering no further increase or planned policy change.
Therefore, according to BC’s price management guideline, the carbon tax in 2014 was
about 30 Canadian dollars, equivalent to 23.03 U.S dollars per metric ton of CO2ze [35,

36]. Table 8 summarizes major pros and cons of Carbon Tax legislation.
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Table 7.Pros vs. Cons of Carbon Tax Legislation [37]

Pros Cons
e Support changing to e Generates regressive effect of
renewable & clean energy taxation
e Revenues can be invested in e Increases enterprises' costs

environment protection
e Lower administrative cost, e Affects energy price & supply—
easier implementation and demand relationship

more predictable effects

In the CAT approach, generation companies (GENCQOs) hold emission permits. These
permits are being distributed or sold through a regulatory agency, and can be traded later
on. The overall amount of emissions permits is limited by a pre-determined cap, which
will be progressively tightened over time [38]. The emission trading system of the
European Union (EU ETS) uses the CAT approach; and it the largest multi-national
greenhouse gas emissions trading system in the world [38]. According to the EU
Commission GHG reduction strategy in 2009, Europe aim to reduce GHG emissions to
20% by 2020, 40% by 2040 and 80-95% by 2050 compared to 1990 GHG emissions
[39]. In fact, EU ETS controls about 50% of EU CO2 emissions and supports developing
a market for carbon permits [40]. Recently, CO2 average trading price in Europe during
April 2016 is about 6.18 Euros, equivalent to 7.01 US dollars per metric ton of CO2 [41].

The key advantage of CAT legislation is it sets a clear overall emission limits, after
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which industry is forced to achieving the overall allowable emissions target with the
lowest conceivable cost [42]. Consequently, a key emitter country like Australia is
converting from carbon tax to CAT. The Australian senate voted in July 2014 for
repealing country’s carbon tax and plan for emission trading scheme (ETS) [43]. The
ETS has targeted to be the third largest emission trading scheme after Europe and
Guangdong, China within 2015 [44].

The estimation of CO2 emissions, using appropriate emission factors, conversion factors
and heating values, is crucial step for building GHG calculator. It is also important to
maintain proper documentation of CO2 emission in order to monitor the approach
towards GHG reduction [45]. In this work, a GHG calculator has been developed to
estimate GHG emissions from fuel combustion and process upset flaring. This GHG
calculator can estimate the emissions for different upset scenarios while each scenario has
multiple flare sources. It has the flexibility of estimating the wasted energy content of
process flared streams depending on mixture Wobbe index using international accredited
standards from the EU commission such as DIN German institute for standardization. In
addition, the calculator is able to estimate the carbon tax and credit using the latest carbon
tax rates at various focal countries around the globe. These added features of the
calculator, make it a useful tool for tracking and reporting GHG emissions and it can be

used as a tracking tool to develop suitable alternatives for GHG reduction.
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CHAPTER 3: RESEARCH METHODOLOGIES

This work includes here main building blocks. Firs the CFD Base case including the
Furnace/Buner geometry, computational mesh building and CFD models. Second, the
fired heater based HC process (FHBHCP) which is the ethylene process in our work
including the flaring profile, duration and composition. Finally, the in-house developed

GHG calculator. Fig.17 shows a simplified flow chart for the work presented below.

Fired Heater Based g CFD Base Case (BC) h
HC Process (FHBHCP)

Flaring Profile
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Boundary Conditions
h

v
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Flare Wi

COs-e Results : WI & Temperature Profile

Carbon Tax

Figure 17. Flow chart of work presented
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3.1 CFD Simulation Set Up
3.1.1 Geometry
The geometry of the system depends on Bo Liu’s exponential setup. Furnace and burner
drown in Solid Works. Outer geometry dimensions are identical while the inner details
dimensions were drown from the published reference using a scale factor.
3.1.1.1 Furnace geometry
Furnace is equipped with one fuel-staged low NOx burner (FS-LNB) at the bottom. The
furnace sidewalls are insulated with firebreaks. Fig.18 and 19 shows furnace 3D view and

dimensions.

Figure 18. Furnace 3D view

38



#1080

a—t—i
| B A-A
=
E
5
N y
[ve]
A
X o
- Burmner
o
oy
N
Flue gas
duct 2688 2930
h
4/
= Measurement
2 |af]|  hole  [§a
o
~
o~
o o
- S
W
Ve N
Combustion p 8
chamber o
?|
|
Burner X
5618 .| Dimensions in mm

Figure 19.Furnace dimensions [46]



3.1.1.2 Burner geometry
FS-LNB designed to work with tube furnaces. Fig.20 and 21 show burner 3D view and
dimensions. The burner consist of

e Airduct

e A venturi shape quarl

e Flame holder to diffuse air flow and create turbulence for initial mixing with
primary fuel

e Primary fuel gun with two sets of primary nozzles at different planes. A
horizontal set parallel to ground with 4 nozzles each 1.4mm in diameter. An
angled set forms a 45 degree with the horizontal plane each 2.8mm in diameter.

e Four fuel staged guns each with three sets of secondary nozzles at different
planes. Each gun has a horizontal nozzle, 45 and 75 angled nozzles. Nozzles
dimensions are 1.4, 1.5, and 4.6 mm in diameter. The fuel from the four staged
guns impinges on the fuel from the primary gun, and then impinges on each other
at higher elevation for better air fuel mixing.

The dimensions of flame holder gaps, primary gun elevation from burner base, and
secondary fuel guns elevation from burner base were approximated and drown using at

scale form printed reference.
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Figure 20.Burner’s 3D view
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3.1.2 Mesh

3 Primary gun

__/ Dimensions in mm

The mesh generated using ANSYS Meshing. It consists of around 6 million cells. The

mesh density around the burner quarl and fuel guns is the highest as shown in Fig.22 and

23. Fig.24 summarizes mesh sizing properties.
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Figure 22.Furnace mesh
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Figure 23.Burner mesh
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Display Style Body Color
+|| Defaults
-|| Sizing
Size Function Proximity and Curvature
Relevance Center Fine
Initial 5ize Seed Active Assembly
Smoothing High
Transition Slow
Span Angle Center Fine

Curvature Mormal Angle | Default (12.0 %)
Mum Cells Across Gap Default (5)
Proximity Size Functio... | Faces and Edges

Min Size Default (2.37760 mm)
Proximity Min Size Default (2.37760 mm)
Max Face Size Default (237,760 mm)
Max Tet Size Default (475.520 mmy)
Growth Rate Default (1.10)

Automatic Mesh Base... | On
Defeaturing Tolerance | Default (1.18220 mm)
Minimum Edge Length | 3.23720 mm

Figure 24.Mesh sizing details

The mesh was further refined around primary and secondary fuel nozzles, primary gun,
secondary guns, and burner domain using a face sizing of 0.25, 5, 3, and 10 mm element

size. Mesh element quality and skewness graphs are shown in Fig.25 and 26.
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3.1.3 Boundary Conditions
The boundary conditions change as subject of study. The boundary condition for the Base
Case (BC) model are summarized in Table 11. Furnace bottom wall radiation is - 100

w/m2 and the furnace radiation walls temperature is 1050 K.

Table 8.CFD Boundary Conditions [47]

Boundary Mass flow ratefgs ') TemperatureK Gauge pressure/kPa Hydraulic dameter/mm
Irimary gas inlet T84 30 120 52
Staged gas inlet 20 00 120 16
Airinlet 560 n 02 4
Qutlet - ~ 0 1080

Based on total fuel and air mass flow rates, the excess air % in the BC model is 18.3%.
The excess air percentage will be kept at 18.3% except in experiments studying the effect

of excess air % on the temperature profile.

3.1.4 Models

The main equations for solving our CFD model are turbulence and combustion models.

Both are described below.
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3.1.4.1 Turbulence model
The turbulence flow through the furnace domain is solved through Reynolds-averaged
Navier—Stokes equation (RANS) which is a time-averaged equation of motion for fluid
flow. RANS is enclosed with standard wall function K-epsilon (k-¢) model account for
tangential velocity near the walls [46, 47]. The turbulence kinetic energy and its rate of
dissipation are obtained from Appendix A2, equations 1, and 2.

3.1.4.2 Combustion model
Assuming equal diffusivities of fuel streams, which is acceptable for turbulent flow [46-
48], the fluid thermochemistry can be simplified to conserved scalar quantity, the mixture
fraction (f). The mixture fraction can be written in terms of the atomic mass fraction as

Appendix A2, equation 3. The transport equation for is as Appendix A2, equation 4.

ANSYS Fluent solves a conservation equation for the mixture fraction variance, f 2 is as
Appendix A2, equation 5 where default values for the constants o;,C;, and C, are 0.85,
2.86, and 2.0, respectively [46-48]. In non-adiabatic system, the average scaler properties
such as density-weighted mean species mass fractions, enthalpy, and temperature, can be
calculated using probability density function as Appendix A2, equation 6 [46-48].

In practice, PF is unknown and is modeled as a mathematical beta function that

approximates the actual PDF shapes based on experimentally observed PDFs [46-48].
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3.1.5 Validation
The CFD BC model was validated against the published CFD simulation model by Bo

Liu using the temperature profile along the burner axis form furnace bottom wall at

elevation Z=0 m to Z=2 m as showed in Fig.27.
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Figure 27.Temperature profile validation by MED mesh
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The blue curve, Exp, represents Bo Liu’s temperature profile. As illustrated in Fig. 27,
the temperature profile increases slightly at 0<Z<0.1 m and stabilizes at 0<Z<0.2 as
effect of the primary fuel combustion. The zone of 0<Z<0.2 is called inner recirculation
zone (IRZ). Then there is significant increase in temperature at 0.2<Z<0.6 m due to the
effect of the secondary fuel which represents around 75% of the total fuel supply. Then,
form 0.6<Z<2 m temperature start to decease slightly as consumption of combusting
reactants and radiation to furnace walls. Fig.28 shows the temperature contour of the

furnace while Fig.29 shows a zooming in to the IRZ.

Figure 28.Furnace temperature contour
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Figure 29.Burner IRZ

While MED Mesh curve represents our temperature profile. Both profiles are almost
identical from Z=0.8m and higher. However, There is notable difference in temperature
profile at elevations lower than Z=0.5m. The difference is due to the aforementioned
differences in geometry regarding the elevation of primary fuel gun, secondary fuel guns
and flame holder intersection with primary fuel diffusion.

The mesh confirmation test was done to confirm the independency of the solution on

mesh size. Fig.30 shows two different meshes. The medium mesh (MED) with 5.2
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million cells while the fine mesh (Fine) is 6 million cells.
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Figure 30.Temperature profile of MED and Fine mesh
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Both meshes show a very close temperature profile with minor difference at 0<Z<0.3
around the IRZ. However, along the study, all simulations will be performed using the
finer mesh with 6 million cells in order to capture as much details as possible at the IRZ.

The model was done by two different radiation models, P1 and discrete ordinates (DO)
models. Fig.31 shows comparison between those two radiation model and their effect on

the temperature profile.
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Figure 31.Temperature profile of P1 and DO model with Fine mesh
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Both models showed a close temperature profile. However, DO model is more accurate
in terms of predicting the radiative heat transfer by simplifiying the radiative transfer
equation (RTE) to simultaneous partial deferential equations. On the other hand, P1
model reduces RTE to quite simpler partial deferential equation by expressing radiative
intensity with generalized Fourier series and spherical harmonics [49]. Hence, DO model

will be used along the study.

3.2 Preliminary Data: Ethylene Process Base Case
3.2.1 Ethylene Base Case
An Ethylene case study with a capacity of 900,000 tons / year of high grade ethylene was
constructed based on front-end technology where the separation section is led by the de-
ethanizer unit and its overhead product is fed to the acetylene hydrogenation unit [50].

Fig.32 represents the process flow diagram for the ethylene base case.
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Figure 32.Process flow diagram, and major flaring sources in Ethylene process [50]

The raw feed stream contains 96 wt. % of ethane, 3 wt. % hydrogen sulfide, and 1 wt. %
of carbon dioxide pass through desulfurization unit to remove hydrogen sulfide acid gas.
Hydrogen sulfide concentration assumed to be reduced from 18pp, to 0 ppm. Sweet gas
feed will be combined with recycled ethane stream and dilution steam before entering the
cracking furnace in order to increase the furnace’s yield and to avoid any carbon deposits
(coke) forming. The gas to steam ratio in the feed is 3. Conversion and yield of the
cracking furnace is 87.6% and 67.1% respectively. The selectivity is 76.6% based on
yield and conversion. The outlet cracked gas stream will be cooled and enter quench

tower for washing and further cooling. Quench tower outlet stream pass through multi
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stage compression process and feed to caustic wash tower to remove carbon dioxide. The
upstream from the caustic wash tower in vapor phase will be dehydrated in the dryers and
feed to de-ethanizer column where C2 and lighter components are being separated from
the Cs and heavier components. The net overhead from the de-ethanizer flows to an
acetylene reactor where acetylene is being converted to ethylene. Acetylene reactor’s
conversion assumed to be 100%. The outlet stream enters de-methanizer column. De-
methanizer‘s downstream to the C2 Splitter to separate the mixed C2 stream into an

ethane recycled stream and the ethylene which is the main product.

3.2.2 Flaring in the Ethylene Process
Abnormal upsets associated with ethylene process include process startup and shutdown,
insufficiencies in process compressors & refrigeration compressors, over pressurized
vessels & columns, off-spec products and deviation from normal operating conditions [2,
51]. These process upsets and the flare locations that they impact for our base case
ethylene plant were identified and validated by industrial experts. Fig.32 illustrates seven
possible flare sources as bold dashed arrows in ethylene process base case [50]. Table 9
shows seven common abnormal scenarios in ethylene process and its associated flaring

streams in ethylene process.
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Table 9.Common Abnormal Scenarios in Ethylene Process [6]

Scenario  Upset type Attached flares

1 All furnaces trip A/B,C,D,E,F,G
2 CGC trip A,B,C,D,E,F,G
3 PRC trip A,B,C,D,E,F,G
4 Utility failure from supplier A,B,C,D,E,F,G
5 Off-Spec C,D,E

6 Acetylene reactor trip Cc,D

7 Pump trip D

8 Furnace shutdown A

In the presented case, flaring scenario assumed to be 12 non-continuous hours per annum

where flaring occurs from all flare sources A-G mentioned in Table 10. The detailed

composition of each stream is presented in the appendix A3.
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Table 10.Ethylene Case Study Flared Gas Streams Specifications [6]

Flare Name
Parameter .
Unit

A B C D E F G

Mass Flow  ton/hr 190.6 1711 1711 1246 1027 219 465

Temperature K 318.0 223.7 355.7 2653 2446 2446 1918
Pressure psia 23.0 3347 4640 4614 270.0 270.0 460.0

3.3 Tracking CO; Emissions

An in-house developed GHG calculator used in this study was based on European

commission guidelines for the monitoring and reporting of greenhouse gas emissions

[52]. This calculator can compute CO2/CO2-e emission both for the fuel combustion and

flare steam combustion.

3.3.1 CO; Emissions Due to Fuel Combustion

The amount of emitted GHG gases like carbon dioxide, methane and nitrogen dioxide can

be measured according to EU guidelines when fossil fuel is combusted. The followi

equation is used to calculate the GHG emissions:

CO2 emissions =

Activity data x [EFco, + (EFcy, X GWPcy,) + (EFyn,0 X GWPy,0)] % (1)

ng
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Oxidation factor
Activity Data = Fuel Consumed x NCV 2

According to 2006 IPCC guidelines for national greenhouse gas inventories, the unit of
activity data is TJ, fuel consumption is tons, NCV is TJ/ton and emission factor (EF) is
tons CO2/TJ while combustion oxidation factor represents the amount of oxidized carbon
[53]. Oxidation factor should be set based on standardized method which is approved by
competent authority [52]. In the absence of standardized values, a value of 1.00 can be
assumed [53]. Global warming potential (GWP) values of CH4 and N20O for 20 years are

56 and 280 respectively according to UN Climate Change website [54].

3.3.2 CO; Emissions Due to Flare Combustion
Industrial flaring can occur from single or multiple stream sources. Therefore, the
CO2/CO2-e emissions at certain upset can be calculated from the summation of CO2/CO-
e emissions from the responsible flared gas stream sources. The following equations are

used to estimate the CO2/CO2-e emissions for each upset:

CO, — e emissions at Upset

= Z CO, emissions from each flared gas stream

+ Z CH, emissions from each flared gas stream X GWPcy, 3)
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CO, emissions from flared gas stream ='m X duration

X;
X MW, —— X Combustion Ratio; X CCF;
MW (4)
CH, emissions from flared gas stream ='m X duration X Xcy,[1 — CCF] (5)

Conversion factor reflects the proportion of non-oxidized carbon and assumed equal for

each flared gas stream. In absence of real data a value of 1.00 can be used [53].
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3.4 Quantifying Energy Loss due to Flaring at Abnormal Situation (Upsets)

The energy content of any specific flare stream at variant mixture composition can be

measured by Wobbe number, or Wobbe index (WI), which is a representative parameter

for the effect of combustion energy output of variable fuel mixture and composition [55].

The following equations can be used to estimate the Wobbe index of certain hydrocarbon

gas on a stream gas line[56]:

H, (T
WV (Tb) = ‘:/;—b)
Hy,, (Ty)Py,

Hy (T) = 2 YiHi (Ty)

o (§)

ZVLM
v p—

ZVML

yi M

=<
Il
i

(6)

()

(8)

@

(10)

(11)

WI and relative density both can be estimated at combustion reference conditions using

DIN standards [56]. The WI has units such as BTU per SCF or MJ per m3, however to

avoid any possible confusion with the volumetric heating value of the gas, it is customary

to represent WI as a unit-less quantity [57].
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3.5 Evaluation of CO2 Emissions Tax (Developed GHG Calculator)
The following formula can be used to evaluate CO2 emissions tax:

CO,e emissions tax ($) = CO,e emissions (tons) X CO,e price (ﬁ) (11)

Oze

Fig.33 illustrates the methodology for estimating CO2 emissions, carbon tax and Wobbe

Index (WI1)

Combustion _ Type of
Emissions - emissions
Amount
NCV
Upset Flare Emissions
Emission [ Flare Source(s) Specifications ]
Factor Amount
Flow Ratwo Lrevpeeras Corvesrion
Owidation ! ] [ X ] [ ]
Factor Wobbe Index
CO, Emissions ]
[ CO, Tax Credit I

Figure 33.Methodology for estimating CO2 emissions, carbon tax and Wobbe Index (WI)
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CHAPTER 4: RESULTS & DISCUSSION

The CFD simulations main scope was to study the temperature profiles for various flare
streams, composition, air and fuel mass flow, and excess air percentage. However, the
boundary conditions of fuel and air temperatures, PF to SF mass flow ratio, furnace walls

temperature and radiation were fixed along the study.

The composition, WI of each flare stream and flare mixture stream are stated in the
appendices A3-A4. Each simulation case was performed till convergence with continuity
residual below 102, mass balance error below 0.15% and energy balance error below 3%.
In average, the convergence happened around 4000-10000 iterations. Appendix A5
summarizes the air/fuel flow follow, WI, mass/energy balance differences and error

percentages.

Then, each chart during the comparison between temperature profiles, the elevation along
the burner axis was divided to four different zones. The first zone (0<Z<0.3-0.4 m) is the
inner recalculation zone (IRZ) where the turbulence is at maximum due to air passage
thru burner’s flame holder and start of PF air mixture combustion. In Zone 2 (0.3-
0.4<Z<0.6-0.8 m), the influence of SF combustion comes into effect and temperature
peaks. Zone 3 (0.6-0.8<Z<1.3-2.5 m), starts from the peak temperature and continue with
minor decline in temperatures. Then, the temperature declines gradually as combustion
proceeds to its end where flue gas lose heat by radiation thru furnace walls in zone 4 (1.3-

2.5<Z<7 m)
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4.1 Effect of Fuel Inlets Flow at Constant Excess Air%

The BC model of methane fuel combustion was simulated with multiple flows of 2, 4,

and 10 times BC fuel flow while excess air percentage and primary fuel to secondary fuel

mass flow ratio are constants. Table 12 summarizes fuel and air flow boundary

conditions.

Table 11.Fuel and Air Flow Boundary Conditions

SIMULATION PFmass SFmass Total fuel mass Air mass Excess
flow (g/s)  flow (g/s) flow (g/s) flow (g/s) air (%)

BC FLOW 7.84 20 27.84 560

2 TIMES BC 15.68 40 55.68 1120

FLOW

4 TIMES BC 31.36 80 111.36 2240 18.3%

FLOW

10 TIMES BC 78.4 200 278.4 5600

FLOW
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Fig.34 shows the temperature profile for the methane fuel combustion at aforementioned

mass flow boundary conditions.
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Figure 34.Temperature profile along burner axis for multiple inlets flow at constant

excess air %
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As shown in Fig.34, at all fuel flows, the temperature profiles deviate slightly at IRZ
where 0<Z<0.4 m [zone 1]. At Z>0.4 m, zone 2 start point, the secondary fuel
combustion come into effect and temperature of all fuel flows increased dramatically to
flame peak temperature at 1920 degree K approximately where Z=0.7 m, zone 2 end
point. The maximum flame temperature is an intensive property which depends on the
composition of the fuel stream. Hence, the maximum flame temperature is the same at all
fuel flows. At 0.7<Z<2.5, zone 3, the temperature profiles start to deviate from each other
as combustion proceeds and reactants being consumed. At Z>2.5, zone 4, the deviation
amplifies in a descending order. The lower the fuel flow the lower the temperature
profile. This is explained as the higher flow the higher energy content and the higher
excess of internal energy after losing portion to the furnace walls through radiation. The

remaining internal energy is being reflected in the flue gas temperature.

4.2 Flare Streams as Fuel Source at Constant Fuel Mass Flow and Excess Air%o

Each flare was used as a fuel source to the base case model. Fig.35 shows the temperature

profile for the combustion of flare G and F with WI of 40.82 and 62.87.
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Figure 35.Temperature profile along burner axis for flares F & G at constant fuel flow

and excess air %

Both flares showed different temperature profile especially at zone 3 where 0.6<Z<2.4 m.
Flare F reached the peak temperature in relatively lower elevation (1680 deg. K at
Z=0.6m) than flare G (2080 deg. K at Z=0.7m). At Z>2.2, flare G showed sharp decrease
in temperature compared to flare F as a result of energy loss through heat radiation to the

furnace walls.
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Fig.36 shows the temperature profile for the combustion of flare A and B with WI of

47.14 and 49.37.
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Figure 36.Temperature profile of fuel A and B

Again, both flares showed a relative difference in temperature profile. However flare A

has lower WI, it showed higher peak temperature compared to flare B. On the other hand,

at Z>1.4 m, temperature of both flares start to decrease as effect of radiation to furnace

walls. Since flare A has lower WI, it showed a sharper temperature decline compared to

flare B.
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Fig.37 and 38 show the temperature profiles for two sets of flares with close WI. First set

is Flare B & C with WIs of 49.37 and 49.47. Second set is flare E & D with WIls of 60.21

and 60.65 WI.
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Figure 37.Temperature profile along burner axis for flares B & C at constant fuel flow

and excess air %
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Figure 38.Temperature profile along burner axis for flares D & E at constant fuel flow

and excess air %

In first set, flares B & C showed a very close temperature profile except at IRZ. In set
two, both flares D & E showed relative difference in temperature profile compared to set
one at Z>1.8 m. This is explained by comparing the flare streams composition of each
set. In set one, flare B & C have a very close composition while in set two flare D & E

have significant composition difference.
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A comparison between two flares one from each set, flare B & E is showed in Fig.39.
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Figure 39.Temperature profile along burner axis for flares B & E at constant fuel flow

and excess air %

Both flares have significant difference in WI as flare B W1 is 49.37 while flare E WI is
60.21. Furthermore, their compositions are dissimilar. However, both flares showed a
relatively close temperature profiles. A similar example presented in Fig.40 for flare A &

G.
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Figure 40.Temperature profile along burner axis for flares A & G at constant fuel flow

and excess air %

Flare A & G have different have different composition and a variant WIs of 47.14 and
40.80 consequently. However, they showed a similar temperature profiles over the
elevation of 0.7<Z<3.4 m.Hence, in the two previous examples, investigating how two
streams different in composition and WI resulted in a close temperature profiles may
answer how to utilize a mixture of two different flare streams in a cracking furnace while

maintaining the necessary temperature profile for the cracking process.
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4.3 Flare Mixture Streams as Fuel Source at Constant Fuel Mass Flow and
Excess Air%

Flare mixtures of different composition were used as fuel source and simulated in our

CFD model. The methodology of mixing flare streams was to find the optimum flare

stream mixture WI to match NG WI which was the main fuel source in the ethylene base

case. Fig.41 shows the temperature profile of each mixture.
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Figure 41.Temperature profile along burner axis for flare mixtures 1-5 at constant fuel

mass flow and excess air %
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Fig.42 shows the temperature profile for mixture 2 and 3 with WI of 51.07 and 51.17

consequently.
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Figure 42.Temperature profile along burner axis for flares mixtures 2 & 3 at constant

fuel flow and excess air %

74



Both mixtures showed slight difference in their temperature profile. However, their WI is
significantly close. This is explained by the composition difference.

Fig.43 shows another temperature profiles for mixture 1 & 2.
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Figure 43.Temperature profile along burner axis for flares mixtures 1 & 2 at constant

fuel flow and excess air %
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Like flare sets (B, E) and (A,G), Mixture 1 and 2 have identical temperature profiles over
many periods along the furnace elevation at Z>0.3m. However, they have considerable

composition difference in terms of ethane and ethylene content.

4.4 Excess Air Effect on Temperature Profile Selected Flare Streams
In Fig.44, the BC fuel flow rate of 27.84 g/s was simulated with different excess air flow
of 18.3%, 10% and stoichiometric air flow of 0%. It was expected that lowering the
excess air will reduce the temperature dilution effect caused by flue gas heat loss to the
excess air. Hence, temperature profile was expected to shift up and come close to the
temperature profiles of the multiple fuel flow rates of 2, 4, or 10 times the fuel flow rate.
However, at both excess air of 10 & 0%, the temperature profile declined sharply where

the 10% excess air showed more negative slope than the 0% excess air.
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Figure 44.Temperature profiles along burner axis for BC at variant excess air % and

multiple inlets flow

In Fig.45-46, Flare A and Mixture 4 were simulated with 18.3, 10 and 0 % excess air.
Again, both excess air flows did not shift the temperature profile up as it was expected. In
addition, in zone 2, the 10% excess air in Fig.45 showed closer temperature profile to the
18.3% excess air flow while in Fig.46 the 0% excess air showed a closer temperature

profile to the 18.3% excess air.
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Figure 45.Temperature profile along burner axis for flare A at variant excess air % and

flare B at 18.3% excess air

78



2100

1900

1700

900

700 -

500
0.000 1.000 2.000 3.000 ¢ (m) 4.000 5.000 6.000 7.000

e Mix 4,WI[=52.13,18.3% excess air == Mix 4,10% excess air
e Mix 4,0% excess air e Mix6,W1=52.71,18.3% excess air

Figure 46.Temperature profile along burner axis for mixture 4 at variant excess air %

and flare 6 at 18.3% excess air

Hence, the effect of excess air on temperature profile along the elevation is not
mathematically predictable and it is required to be simulated and to be studied as case by

case.
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CHAPTER 5: CONCLUSION AND FUTURE WORK

This work has investigated the potential of recycling flared gas in an ethylene process to
ethylene cracking furnace to manage flares from uncertain sources during abnormal
situations. An ethylene base case study is studied to examine the applicability of the
proposed methodology for flare utilization. A GHG calculator was developed to assess
the carbon emission and WI of ethylene process potential flares. A CFD simulation was
developed for a low NOx burner which is commonly used in industrial furnaces including
the ethylene cracking furnaces. The developed simulation can assess the flue gas
temperature, velocity, pressure, radiation and composition profiles. In addition, it can be
used as a tool to test several burner geometries such as primary and secondary fuel
number of guns, nozzle angle and height and tile shape. Furthermore, it can be integrated
with any optimization framework for evaluating fuel supply alternatives. The main scope
in this study was the temperature profile due to its significant influence on the cracking
process which is the main function of the furnace.

The results demonstrated that utilizing a flared gas in an ethylene cracker can satisfy the
temperature profile required for the cracking process. However, extra attention should be
given to the mixing compositions, excess air ratios and heating values of the mixture.
Having a fuel with similar heating value or WI will not result in similar temperature
profile of existing fuel source. Using different excess air percentage has no linear effect
on burner’s temperature profile. Hence, in order to establish a frame work for mixing
flare streams during abnormal situation, it is recommended to run multiple simulations of

variant flare streams at variant excess air flows. Then, simulations with close temperature
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profiles could be identified. In addition, based on process specific flaring profile, a
median temperature profile could be developed as the main fuel gas source in basis of
design of a new furnace as a preconstruction mitigation.

Further research could involve the impact of hydrogen composition, olefin and paraffinic
content of fuel, and PF to SF mass flow ration on temperature profile. In addition, the
effect of burner’s geometry and staged fuel angle on the temperature profile of the

racking furnace.
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APPENDICES

Appendix Al.Cartesian Set of Differential Equations Solved in CFD [32]
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Appendix A2.Main Equations for Solving CFD Model
a a d K\ ok
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Where

Z;: elemental mass fraction

Subscript ox: oxidizer stream inlet

Subscript fuel: fuel stream inlet.

K Laminar thermal conductivity of the mixture
C,: Mixture specific heat

o Prandtl number

Ue: Turbulent viscosity.

1)

(2)

(3)

(4)

()

(6)
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Appendix A3.Flare A-G Stream Temperature, Pressure, Flow Rate, WI and Composition

Fuel Flare A Flare B Flare C Flare D Flare E Flare F Flare G Flare NG
T(K) 318 224 356 265 245 245 192
P (Psia) 23 335 464 461 270 270 460

WI 47.14 49.37 49.47 60.65 60.21 62.87 40.82 47.06
Mass flow ate (Kg/h) 190591 171115 171115 124613 102740 21873 46503 1108
Hydrogen H2 0.0484 0.0539 0.0530 0.0000 0.0000 0.0000 0.1952 0.0000
Methane CH4 0.0821 0.0914 0.0914 0.0000 0.0000 0.0000 0.3365 0.8345
Acetylene C2H2 0.0105 0.0117 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Ethylene C2H4 0.6401 0.7129 0.7255 0.8245 1.0000 0.0000 0.4604 0.0000
Ethane C2H6 0.1175 0.1300 0.1300 0.1755 0.0000 1.0000 0.0079 0.0729
Propadiene C3H4 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
c |Propene C3H6 0.0105 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
.9 | Propane C3H8 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0201
-E 12-Butadiene |C4H6 0.0143 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8_ Butane C4H10 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0103
c VinylAcetate C4H602( 0.0029 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
O |Cyclopentene |C5H8 0.0048 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
O [pentane C5H12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0016
Benzene C6H6 0.0114 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Hexane C6H12 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0015
Carbon Dioxide [CO2 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0126
Water H20 0.0565 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Nitrogen N2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0456
Oxygen 02 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0009
Sum. 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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Appendix A4.Fuel Mixture Composition

Component Mix 1 Mix 2 Mix 3 Mix 4 Mix 5
Wi 50.64 51.07 51.17 52.13 51.96
Component

C2H6 0.16 0.16 0.14 0.17 0.18
C2H4 0.48 0.52 0.41 0.52 0.53
CH4 0.31 0.26 0.38 0.26 0.23
H2 0.03 0.05 0.03 0.03 0.04
C3H8 0.01 0 0.01 0
H20 0 0 0 0.01 0.01
N2 0.01 0.01 0.03 0.01 0.01
Sum 1 1 1 1 1
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Appendix A5.Fuel / Air Flow and Mass / Energy Balance Errors for Each Simulation Case

Data PE SF Air Total Maszrt:zlrance Mas(serbrzlremce Co?niursét\;on Energe\cliarlance Energeyrrt:)arlance
Simulation
g/s % Kw %

BC flow,18.3% exs air 7.84 20.0 560.0 587.84 0.05 0.01 1408.8 13.70 0.97

BC flow,10% exs air 7.84 20.0 520.9 548.74 0.21 0.04 1392.7 6.10 0.44

BC flow,0% exs air 7.84 20.0 473.5 501.34 0.22 0.04 1374.9 30.60 2.23

2X flow,18.3% exs air 16.68 | 40.0 1120.0 | 1176.68 | 0.14 0.01 2744.0 55.70 2.03

4X flow,18.3% exs air 31.36 | 80.0 2240.0 | 2351.36 2.60 0.11 5577.3 26.10 0.47

10X flow,18.3% exs air 78.40 | 200.0 | 5600.0 | 5878.40 | 1.50 0.03 13922.9 59.60 0.43

Flare A,WI=47.14 7.84 20.0 494.0 521.84 0.05 0.01 1341.1 1.00 0.07

Flare A,10% exs air 7.84 20.0 459.4 487.24 0.31 0.06 1340.6 22 1.6

Flare A,0% exs air 7.84 20.0 417.6 445.44 0.7 0.16 1333.1 12 0.9

Flare B,WI=49.37 7.84 20.0 527.0 554.84 0.36 0.06 1316.7 16.30 1.24

Flare C,WI=49.47 7.84 20.0 526.9 554.74 0.49 0.09 1327.1 7.60 0.57

Flare D,WI=60.65 7.84 20.0 488.2 516.04 0.21 0.04 1316.0 1.40 0.11

Flare E,WI=60.21 7.84 20.0 480.6 508.44 0.06 0.01 1313.0 7.20 0.55

Flare F,WI=62.87 7.84 20.0 523.0 550.84 0.20 0.04 1323.5 0.30 0.02

Flare G,WI1=40.82 7.84 20.0 633.3 661.14 0.30 0.05 1378.5 17.30 1.25

NG 7.84 20.0 521.8 549.64 0.49 0.09 1301.0 26.70 2.05

*continued
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Mix 1,WI=50.64 7.84 20.0 526.6 554.44 0.17 0.03 1321.7 11.20 0.85
Mix 2,WI=51.07 7.84 20.0 535.0 562.84 0.36 0.06 1321.8 2.90 0.22
Mix 3=WI=51.17 7.84 20.0 521.7 549.54 0.06 0.01 1293.1 14.30 1.11
Mix 4,W1=52.13 7.84 20.0 517.9 545.74 0.24 0.04 1307.7 4.70 0.36
Mix 4,10% exs air 7.84 20.0 481.6 509.44 0.19 0.04 1309.2 12.6 1.0

Mix 4,0% exs air 7.84 20.0 437.8 465.64 0.1 0.02 1309.5 10.3 0.8

Mix 5,WI=51.96 7.84 20.0 522.3 550.14 0.35 0.06 1309.6 42.10 3.21
Mix 6,W1=52.71 7.84 20.0 525.5 553.34 0.72 0.13 1330.9 6.50 0.49
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