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Resumo 

 

 A produção de etileno e propileno a partir de nafta através de craqueamento térmico é um pilar 

da indústria química. Este processo é conduzido em fornalhas que opera a elevadas temperaturas, 

sendo que a otimização do seu funcionamento é necessária para manter rentabilidade.  

 No presente trabalho, foi desenvolvido em gPROMS®, um modelo de uma fornalha de 

craqueamento de nafta com uma serpentina do tipo SRT-VI. O modelo da fornalha foi usado para 

validação de mecanismos cinéticos presentes na literatura, usando dados típicos de cracking de nafta 

como fator comparativo.  

Foi desenvolvida uma afinação dos mecanismos cinéticos, ao adicionar componentes, 

conjuntos de reações, e afinando alguns dos parâmetros cinéticos do esquema reacional, levando a 

resultados próximos de valores típicos para o cracking de nafta. Os rendimentos previstos apresentam 

desvios menores que 5% para os produtos principais, olefinas leves (etileno e propileno) e cerca de 

15% para aromáticos.   
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Abstract 

 

The production of ethylene and propylene from naphtha via thermal cracking is a cornerstone 

of the chemical industry. This process is carried out in furnaces operating at high temperature and 

optimal operation of these furnaces is necessary to maintain profitability.  

In the present work, a model of a naphtha cracking furnace with a typical SRT-VI coil was 

developed in gPROMS®. This furnace model was used to validate implemented kinetics present in 

literature against typical data for naphtha cracking.  

The model predictions are compared to typical naphtha cracking yields to assess the gap. A 

tuning of the implemented kinetics was carried out, by adding new components, new sets of reactions 

and tuning a few of the kinetic parameters in the reaction scheme, leading to good predictions of yields 

for naphtha cracking. The results show yield deviations of less than 5% for the main products, light 

olefins (ethylene and propylene) and around 15% for aromatics.  
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form   Stands for formation. 

i   Refers to chemical species. 

int   Stands for internal. 

𝑗   Refers to chemical reactions. 

process  Refers to the process stream. 
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Glossary 
 

CFD     

  

 

 

Gas condensates   

  

 

 

Group additivity method  

  

 

Incipient cracking temperature 

  

 

Lumping    

  

 

 

PSSA      

 

 

 

Pygas     

  

 

 

RKS 

 

 

 

SEMK     

  

 

 

SUPERTRAPP 

 

 

Single-Event Microkinetic Model is a kinetic model consisting of 

elementary reactions and accounts for all energetically 

equivalent reaction paths to determine each reaction rate. 

 

Pyrolysis gasoline is a 𝐶5 to 𝐶12 product with a high aromatics 

content produced as a byproduct of high temperature naphtha 

cracking during ethylene and propylene production. 

 

Pseudo-steady state assumption that states the time rate of 

change of the concentration of all species   covered by this 

assumption can be considered as zero. 

 

 

Grouping of species which are generally isomers or 

homologous species with similar reactivity in order to 

reduce the total number of species in a kinetic model. 

 A low-density mixture of hydrocarbons that are present as 

gaseous components in raw natural gas and are extracted 

therefrom by condensation. 

A group additivity method is a technique that allows to 

predict properties from molecular structures. 

 
Temperature just below the cracking reaction temperature, 

normally achieved at the radiant coil inlet. 

 

Grouping of species which are generally isomers or 

homologous species with similar reactivity in order to reduce 

the total number of species in a kinetic model. 

 

NIST SUPERTRAPP is a computer database for the prediction of 

thermodynamic and transport properties of fluid mixtures, based 

on phase equilibria calculations.  

Redlich–Kwong-Soave cubic equation of state is an empirical, 

algebraic equation that relates temperature, pressure, and 

volume of gases. 

https://en.wikipedia.org/wiki/Equation_of_state
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Straight-run naphtha   

  

 

TLE     

  

 

 

 

 

 

 

 

 

 

 

 

Transfer-line exchangers are the exchangers that immediately 

follow the radiant coil, performing an indirect quenching of the 

cracked gas to prevent further cracking of valuable reaction 

products. 

 

Petroleum cuts composed by C5−C10 hydrocarbons obtained 

directly from the crude atmospheric distillation unit. 
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Chapter 1 
 

Introduction 
  

Hydrocarbon steam cracking is one of the most important processes in the petrochemical 

industry, as it is able to produce highly valuable olefins such as ethylene, propylene and butadiene from 

lower value feedstocks, which usually have fossil fuel origin and range from gaseous feedstocks like 

ethane and propane, to liquid, heavier feedstocks, such as naphtha, gas oil and gas condensates. From 

the mentioned feedstocks, naphtha is the most widely used, due to availability, low cost and potential 

for producing high yields of olefins, namely ethylene and propylene. [1] [2] 

Ethylene is the major product of a stream cracking unit, being almost exclusively produced in 

this process. With a world production of around 1.48 million tonnes/year in 2014 [3], with an annual 

growth at an average rate of 4%, it is the largest volume chemical building block, and it is mainly used 

for the production of polyethylene, ethylene oxide, vinyl acetate, and ethylbenzene and ethylene 

dichloride [4], very important components in modern society.  

Propylene is considered a co-product of an olefins plant as nearly 60% of its production – 109 

million tonnes in 2014 – is associated with ethylene’s manufacture. Propylene is a valuable olefin, being 

responsible for the production of polypropylene, propylene oxide, cumene and isopropanol [5].  

The method for the production of olefins from naphtha is through hydrocarbon cracking 

reactions, which occur in the presence of steam in the radiant coil of the furnace, at temperatures 

ranging from 700℃ at the inlet of the coil to 900℃ at the outlet. The cracking reactions occur via free-

radical mechanisms, resulting in (for the cracking of naphtha) yields of ethylene between 25 − 35% and 

propylene between 14 − 18% [1].  

The high temperatures inside the coil favour the formation of coke, which tends to accumulate 

of the tube walls, leading to reduced heat transfer and increased pressure drops, thus reducing the 

efficiency of the process and ultimately leading to furnace shutdown.  

For a whole-plant optimisation, models capable of predicting the cracking and coking 

phenomena are essential.  
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1.1 Motivation 

 

The production of ethylene and propylene from naphtha via thermal cracking is a cornerstone 

of the chemical industry. This process is carried out in furnaces operating at high temperature. 

  Model based optimisation of these furnaces requires predictive models to represent the 

cracking and coking phenomena. The current work has the aim of developing such detailed models and 

in the verification of their predictive capability against typical data for naphtha cracking.   

 The current work will focus on developing a furnace model, which will be used to implement 

published kinetic schemes, and to compare simulation results with typical data from naphtha cracking.  

 

 

1.2 State-of-the-art 

 

The steam cracking process is one of the most important in the petrochemical industry, and it 

has been thoroughly reviewed in engineering encyclopaedias [1] [6], books [7] [8], and several 

published articles [9] [10].   

Several kinetic models describing thermal cracking phenomena are available in published 

literature, ranging from empirical models [11] [12] to molecular schemes [13-15] and mechanistic/radical 

ones [16-20].   

Finally, several PhD and Master Thesis have focused on the study of the modelling of steam 

cracking [21-25].   

 

 

1.3 Outline 

 

To begin with, Chapter 2 will focus on reviewing the steam cracking process and the published 

kinetic mechanisms.  

In Chapter 3, an overview of the gPROMS® platform is made, describing the software and 

reviewing the most relevant tools to be used in the current work.  

Chapter 4 describes the mathematical furnace model for naphtha cracking is reviewed, and the 

main components and functionalities of that model are studied.   

Chapter 5 contains the results for the simulation studies performed using the developed model, 

comparison with typical data and tuning of the kinetic schemes.  

Finally, Chapter 6 contains the main conclusions of the current work, discussing what was 

achieved and proposing possible future work.  
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Chapter 2 
 

Background 
 

 In the current section of the work, the main parts of the topic of olefins production from the 

cracking of naphtha will be reviewed:  

First, a brief study of the market of olefins, showing statistics for the current market and 

predictions for the coming years.  

Next, the steam cracking process will be reviewed, with special emphasis on the cracking of 

naphtha: process description, as well as review of some plants currently operating. The study of the 

steam cracking process is of most importance in order to be able to develop predictive models for 

cracking furnaces.  

Finally, the cracking reactions will be reviewed, giving a brief overview on the reaction types 

that occur in the furnace, and by exploring published literature describing the kinetic models made to 

predict the cracking reactions.  

 

 

2.1 Olefins market 

 

Ethylene and propylene and the main products of any olefin plant, and are highly valued in the 

petrochemical industry, as they are the building blocks for several types of plastics and pharmaceutical 

products. Ethylene is almost exclusively produced by the steam cracking process [26], while 60% of 

propylene is produced by this process. 

Ethylene is the major product of a stream cracking unit, with a world production of around 1.48 

million tonnes/year in 2014 [3], and an annual growth at an average rate of around 4% for the last five 

years [1]. It is mainly used for the production of different plastics and pharmaceutical products, such 

polyethylene, ethylene oxide, vinyl acetate, ethylbenzene and ethylene dichloride [4], being 

polyethylene the dominant one, due to its importance as a plastic with several applications, accounting 

for 60% of demand of ethylene.  

Propylene production has registered 109 million tonnes in 2014 [1]. It is a valuable olefin, being 

responsible for the production of polypropylene, propylene oxide, cumene and isopropanol [5].  
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The market price of these olefins is closely tied to the cost of hydrocarbon feedstock, as this 

directly affects the cost of production. The table below shows ethylene and propylene prices in Europe 

as of October 2016 [27].  

 

 

Table 2.1 - Ethylene and propylene prices in the European market for October 2016. 

 
Olefin  

 

Price (€/tonne) 

Ethylene 940 

Propylene 725 

 

 

Steam cracking can be designed to use a wide variety of feedstocks, ranging from the gaseous 

feedstocks, such as ethane, propane and butane, to liquid feedstocks, such as naphtha, gas oils and 

gas condensates. Ethane and naphtha are the two major feedstock types, in which the plants work at 

operating rates of 80 − 90% [26]. The current work will focus on the cracking of naphtha.  

Naphtha has always dominated the olefins plant feedstock market, especially in the regions of 

Europe and Asia, due to having competitive prices in comparison with gaseous feedstocks, especially 

with the recent decrease of crude oil’s prices [3], as well as being able to produce many other important 

secondary products, such as aromatics.  

Figure 2.1 compares the various feedstocks used for ethylene production over the years, and 

makes it evident that naphtha is expected to remain the most prominent feedstock for the production of 

olefins through steam cracking. [28] 

 

 

 

 

Figure 2.1 - Feedstock comparison for ethylene production.  
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The capacity for industrial steam cracking units has had a big growth. At the beginning of the 

industrial ethylene production, in the 1950s, the first plants had capacities of 20 × 103 𝑡/𝑎. A decade 

later, a typical plant capacity had grown to of 60 − 80 × 103 𝑡/𝑎. Since then, plant capacity has 

continued to increase, and currently most of the largest crackers (almost all locates in the Middle East) 

have ethylene capacities of of 150 × 103 𝑡/𝑎, almost 1000 times the capacities of the first plants. [1] 

 The table below presents a list of modern steam cracker plants, of which some are still projects, 

starting in the upcoming years. [3] 

 

 

Table 2.2 - Modern steam cracking projects.  

 
Company 

 

Location 
Capacity 

 (𝒕/𝒂) 
Start-up 

Map Tha Phut Olefins Thailand 1.0M 2010 

Indial Oil Corp India 850,000 2015 

Sadara Saudi Arabia 1.5M 2015 

Borouge UAE 1.5M 2015 

Axiall/Lotte  Louisiana, USA 1.0M 2017 

Dow Chemical Texas, USA 1.5M 2017 

ExxonMobil 1.5m  Texas, USA 1.5M 2017 

Shell Pennsylvania, USA 1.5M 2018 

 

 

2.2 Steam cracking process 

 

Steam cracking of hydrocarbons (pyrolysis reactions) is the main industrial process for the 

production of olefins, responsible for the production of 98% of the production and 60% of propylene. [1] 

 A simplified flowsheet of this process is shown in Figure 2.2 [1], detailing the main units of the 

process as well as the main products. The most important elements of this process are represented by 

highlighted thicker lines, representing the feed and main products (olefins), as well as the steam 

cracking furnace, which is the reactor and “heart” of the chemical plant. The operations shown in blue 

are only present on plants running with liquid feedstocks (such as naphtha).  

Figure 2.2 - Simplified flowsheet of the steam cracking process. 



  

6 
 

The cracking furnace (Figures 2.3 and 2.4) is the most important unit of this process, and will 

be thoroughly reviewed, followed by a brief overview of the other units of the steam cracking process.  

 

The hydrocarbon feedstock enters the furnace in the convection section, where it is pre-heated 

by heat exchange against flue gases. It is then mixed with steam (dilution steam), and the resulting 

mixture is further heated to temperatures of 500 − 680 ℃, which favour the cracking reactions.  

This mixture of feed and steam, in the gaseous state, enters the radiant section of the furnace, 

where radiant coils act as tubular reactors, submitting the hydrocarbons to cracking reactions for periods 

of 0.1 − 0.5 𝑠. This section of the furnace operates at temperatures between 600 − 860 ℃, which are 

maintained through heat transfer with a firebox, where fuel burners reach temperatures between 1000 −

1200 ℃.  Due to the endothermicity of the cracking reactions occurring, high heat fluxes are required 

[1]. For the cracking of naphtha, and depending on the operating conditions (which heavily influence 

the severity of cracking), the product stream is made up of (in 𝑤𝑡.%)  25 − 35 % of ethylene, 14 − 18 % 

of propylene, 4 − 6 % of butadiene as well as  ~14 % of methane and 5 − 10 % of aromatics, namely 

BTX.  

After exiting the furnace, the resulting stream, in the gaseous phase, and with a high content 

on light olefins is subjected to a series of treatments to remove condensates, water and other undesired 

components before the fractionation step.  

The cracked gas then leaves the radiant coil at 800 − 860 ℃ (coil outlet temperature), and is 

cooled during a period of 0.02 − 0.1 𝑠  to 550 −  650 ℃  to prevent further cracking of valuable reaction 

products as well the formation of coke, which tends to occur at higher temperatures. This cooling 

process occurs in the transfer-line exchangers (TLE), by indirect quenching.  

An oil quench, which is only used only for liquid feedstocks, due to higher temperatures at the 

exit of the radiant coil, is used to reduce the temperature down to around 230 ℃. [1] 

Next, a primary fractionator (gasoline fractionator) is used in order to separate the pyrolysis fuel 

oil (heavier hydrocarbons) from the main stream. Part of the pyrolysis fuel oil is cooled and recycled 

back to perform cracked gas quenching.  

To be further processed, the hydrocarbon product stream is then cooled to near ambient 

temperature by means of water quench tower, in which it contacts with a large descending water stream.  

To compress the cracked gas, a series of 4 to 6 compression stages with inter-stage coolers is 

used, allowing the cracked gas to reach pressures up to 35 bars, while maintaining temperatures below 

100 ℃ [26]. The condensates, as well as water and other heavier components are removed during this 

cooling process, alongside with 𝐻2𝑆 and 𝐶𝑂2, which are removed by contacting with an alkaline solution 

(acid gas removal). [1] 

The resulting gas needs to be dried in order to remove water (up to < 1 𝑝𝑝𝑚), in order to 

proceed for the fractionation equipment. The gas drying is achieved with molecular sieves beds.  

Finally, the cracked and now purified gas is chilled and separated into its product streams 

(ethylene, propylene, crude 𝐶4 and pyrolysis gasoline and gas oil), by means of a fractionation train 

composed by the following distillation columns: demethaniser, deethaniser, depropaniser, debutaniser, 

ethylene fractionator and propylene fractionator. In order to further increase light olefins yield, 
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hydrogenation reactions occur, in which acetylene, methylacetylene and propadiene are converted to 

ethylene and propylene in catalytic hydrogenation beds. [1] [26] 

 

After summarising the main units of a steam cracking plant, a more detailed description of 

cracking furnace follows, detailing the various phenomena that occur and studying the optimal operating 

conditions.  

 

 

2.2.1 Cracking Furnace 
 

The cracking furnace is the “heart” of any steam cracking plant, being responsible for the 

cracking of lower-value feedstocks into higher-value products, such as olefins. The optimal operation 

of these units is a key factor in maintaining safety, efficiency and profitability of olefin plants.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 - Furnace section of a naphtha cracking plant. 

 

Cracking furnaces are divided into two main sections: convection section and radiant section 

(or firebox), as shown in the Figure 2.4 [9] that will be further reviewed in the next section of work.   
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Figure 2.4 - Diagram of a cracking furnace.  

 

 

2.2.1.1 Convection section  

 

This section of the furnace is responsible for pre-heating of the hydrocarbon feed, by convective 

heat transfer with hot flue gases coming from the radiant section. This allows for energy integration, 

which is essential for optimisation of any plant.  

In section also occurs the mixing with a dilution steam, which is used mainly in order to reduce 

the hydrocarbon partial pressure inside the coils, which could otherwise lead to high coke formation 

rates inside the coil.  The dilution steam is added to create Steam:Oil ratios (𝑘𝑔𝑠𝑡𝑒𝑎𝑚/𝑘𝑔ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛) of 

0.25 − 0.40 for gaseous feed and 0.40 − 0.55 in the case of naphtha.  
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2.2.1.2 Radiant section 

 

This section of the furnace is responsible for the cracking of the hydrocarbon feed, which occurs 

inside the radiant or cracking coils, at high temperatures (up to 860 ℃ in the case of naphtha cracking) 

and low pressure (1.50 − 2.75 bar) [1].  

The preheated gases from the convection section (at temperatures of 500 − 600 ℃) are fed into 

this radiant section, where they are heated to cracking-favouring temperatures, by heat transfer with 

the firebox burners, that reach temperatures as high as 1000 − 1200 ℃. The burners can be mounted 

on the wall and/or floor, thus influencing the firing type and the heat transfer between the firebox and 

the radiant coils. Due to the fact that the cracking reactions are highly endothermic, high heat fluxes 

(75 − 85 𝑘𝑊/𝑚2of coil) are needed, in order to keep the radiant coil at high temperatures that favour 

the pyrolysis.  

Nearly 90% of the heat transfer in this section is accomplished by radiation mechanisms, 

namely between hot flue gases/coil and between refractory walls/coil [26].  

 Cracking coils can have several different configurations (as seen in the figure below), ranging 

from single tubes to branching parallel tubes of different diameters, depending on the furnace design 

and on the feedstock. Typical coil dimensions are usually 40 − 90 𝑚 in length, diameters from 3 −

20 𝑐𝑚.  

 

 

 

 

 

 

 

 

Figure 2.5 - Industrial cracking coil. 

 

 

 

 

 

 

 

 

 

Figure 2.6 - Schematic of different coil configurations. 
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2.3 Steam cracking reactions 

 

Cracking refers to a reaction in which a large hydrocarbon produces a higher number of smaller 

molecules. This type of reaction can occur through two mechanisms: thermal cracking, in which the 

breakdown of the hydrocarbon molecule is induced by higher temperatures, and catalytic cracking, in 

which a selective catalyst promotes the breakage of the bonds in the hydrocarbon molecule.     

Both are of extreme importance in the petrochemical industry, but in the case of steam cracking, 

it is exclusively based on thermal cracking, which occurs in the presence of steam.  

 

 

 

 

 

 

 

 

 

Figure 2.7 - Cracking reactions. 

 

 

2.3.1 Thermodynamics 
 

A thermodynamic analysis determines whether or not a specific reaction path is favourable. 

At relatively low temperatures, unsaturated hydrocarbons are more unstable than the saturated 

compounds from which they were formed. At high temperatures, however, the opposite is observed 

[29]. This observation leads to two major conclusions: it explains why the steam cracking at operated 

at such high temperatures (700 − 900 ℃), and also explains the high reactivity of olefins at relatively 

low temperatures, making them highly flexible components for organic synthesis.  

 Cracking reactions lead to an increase of the number of molecules, which explains the fact that 

in order to promote the cracking reactions, pressures must be kept as low as possible (1.5 − 2.75 bar).  

 Given the fact that the 𝐶 − 𝐶 bond (345 𝑘𝐽/𝑚𝑜𝑙) is weaker than the 𝐶 − 𝐻 (413 𝑘𝐽/𝑚𝑜𝑙) [30],  

thermal activation causes the scission of the 𝐶 − 𝐶 bond easier, thus cracking the molecule, as opposed 

to the 𝐶 − 𝐻 bond, whose breakage causes the production of olefins by dehydrogenation.  
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2.3.2 Kinetic mechanisms 
 

It is widely accepted that the largest part of gas phase hydrocarbon pyrolysis occurs through a 

free radical mechanism, characterized by a vast number of species and reactions.  

The kinetic mechanism is summarised by the following reaction classes [16] [31].  

 

1) Initiation and termination reactions 

 

These reactions involve either the C-C bond scission, thus forming two smaller radicals (Eq. 2.1a), 

or the formation of a new bond (C-C or C-H) as two radicals come together and produce a single 

molecule (Eq. 2.1b).  

 

𝑅1  +  𝑅2  →  𝑅1
∗  +  𝑅2

∗                 (2.1a) 

𝑅1
∗  +  𝑅2

∗  →   𝑅1 + 𝑅2               (2.1b) 

 

2) Propagation reactions 

 

After the initiation step, radical species undergo a series of propagation reactions in which a radical 

reacts with a molecule and produces a smaller molecule and a new radical, keeping the reaction chain 

going. These reactions can be of different types: 

 

A. Hydrogen abstraction 

 

Smaller reactive radicals, such as hydrogen, methyl, ethyl, propyl and vinyl radicals abstract a 

hydrogen atom from another molecule, creating both a new molecule and a new radicals. Kinetic 

parameters of these reactions are mainly function of the H abstracting radical and the site from which 

H-atom is abstracted. 

 

𝑅1  +  𝑅2
∗  →  𝑅1

∗  +  𝑅2                 (2.2) 

 

 

B. Radical addition 

 

Radicals react with olefins, thus forming less saturated compounds and a new radical. Addition 

reactions explain the presence in cracked gases of heavier products than those initially present in the 

feed. 

 

𝑅1
∗  +  𝑅2 = 𝑅3  →  𝑅1 − 𝑅2 − 𝑅3

∗                  (2.3) 
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C. Radical isomerisation  

 

Responsible for the transfer of the active radical position within the molecule. This can be 

accomplished whether by intramolecular H-abstractions or by an internal addition of the radical position 

on unsaturated bonds. Internal radical addition on double bonds, typical for olefin and aromatic radicals, 

favours the formation of five or six membered cyclic components, precursors of aromatic compounds.  

 

 𝑅1
∗ − 𝑅2 − 𝑅3 − 𝑅4  ↔  𝑅1 − 𝑅2 − 𝑅3

∗ − 𝑅4               (2.4) 

 

 

3) Condensation reactions 

 

Smaller molecules (ethylene and propylene) and radicals (vinyl, benzyl), when in abundance, 

experience successive addition and condensation reactions, leading to heavier components.    

 

𝑅1 = 𝑅2 + 𝑅3 = 𝑅4  →   𝑅3 − 𝑅4 − 𝑅3 = 𝑅4              (2.5) 

 

 

2.3.3 Kinetic models 
 

Steam pyrolysis of hydrocarbons has a great deal of importance for the petrochemical industry, 

so the need arises to develop kinetic models capable of predicting the product distribution in a cracking 

process, for different feedstocks and varying operating conditions.  

 Three major types of kinetic models have been developed:  

 

1. Empirical or regression models 

 

Empirical are the simplest models, based on historical or calculated data sets and, being mainly 

used by operators. These are appropriate process computer control and optimisation in plants, as they 

require little computing power. This type of models, based on regression, rarely give accurate results 

when falling out of the range of the empirical data field and lack for being feedstock-specific, thus being 

inappropriate when it comes to simulate the furnace behaviour with different operating conditions and 

several feedstocks. For this reason, this type of models will not be considered for the current work.  
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2. Molecular models 

 

Molecular models reflect a more advanced approach to hydrocarbon pyrolysis, applying global 

molecular reactions and describing the main products as a function of the feedstock.  

Even though these models have been published and implemented, they are only able to provide 

reasonable results to simple cases of hydrocarbon thermal cracking, namely lighter feedstocks, such 

as ethane and propane. When it comes to naphtha, the more complex nature of the reactions occurring 

make it so the predictions of the product distribution are rather unsatisfactory.  

Still, it is worth to further review these models, as they might prove useful for the prediction of 

simple cracking cases, or to extract reactions and add them to complement more complex models.  

Several literature has been published on this topic, and the main ones will now be reviewed.  

Sundaram and Froment [14] published a very simple set of molecular reaction models and their 

kinetic parameters for the cracking of ethane, propane and their mixtures. This model contained about 

10 reactions. 

The same authors same authors later reported the same kind of kinetic models, for the cracking 

of i-butane, n-butane and for ethane/propane/n-butane mixtures, now with more reactions per model 

(rounding 11-23), being the able to cover practically all the gaseous feedstocks for steam cracking [32]. 

 These same authors later reported a mechanistic model [18], which will be discussed in the 

next segment of the work.  

Kumar and Kunzru [15] proposed a set of 22 molecular reactions for naphtha pyrolysis. The 

authors represented naphtha as a pseudo-pure compound, and its decomposition was defined by a 

single reaction with the initial selectivity determined experimentally, thus giving the model a rather 

empirical nature as well.  

Belohlav et al. [13] proposed a set of 64 molecular reactions involving several species up to 𝐶5 

for a wide range of feedstocks, mainly focusing on naphtha. This scheme was meant to be used in 

conjunction with another mechanistic scheme, which was not disclosed, making it unlikely to use the 

published scheme to accurately predict plant data. The same authors later published a semi-

mechanistic scheme, used for more specific feedstocks [33].  

 

 

Table 2.3 - Molecular kinetic models found in literature. 

Kinetic model Feedstock No. of species 
No. of 

reactions 

Sundaram and Froment 
[14] 

Gaseous  
(up to 𝐶4) 

11 23 

Kumar and Kunzru [15] Naphtha 15 22 

Belohlav [13] 
Ethane, LPG 
and Naphtha 

55 64 
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3. Mechanistic (free-radical) models 

 

These models are based on schemes of free-radicals, are much more complex, being able to 

cover a wide variety of feedstocks and operating conditions, and can be easily extrapolated. For these 

reasons, these models are the only models capable of accurately simulating thermal cracking 

phenomena and predict product yields, proving themselves as particularly appropriate for the design, 

operation and optimisation of modern olefins plants.  

In terms of kinetic models, these will be the main focus of the current work, and the main 

available schemes will now be reviewed.  

Barazandeh et al. [34] published a rather simple model for naphtha cracking which 

encompasses elements empirical, molecular and mechanistic approaches. This model comprises a set 

of 22 molecular reactions, 8 radical reactions, 7 coke formation reactions and one single empirical 

equation for the naphtha cracking itself, yielding smaller products which then react according to the 

other reactions.  

After their work on the molecular models and realising its limitations, Sundaram and Froment, 

reported [18] a kinetic scheme consisting of 133 reactions and including 42 chemical species with 

number of carbon atoms up to 𝐶4. This model greatly improved on its predecessor, being able to much 

better predict data for gaseous feedstock. 

Joo and Park, from KAIST, South Korea, developed a PC-based software, CRACKER, which 

includes a reaction scheme for naphtha cracking comprising a total of 231 reactions between 79 

chemical species up to 𝐶9 [20] [22]. The published scheme can be found in Appendix B.  

Towfighi et al. [19] [35] from Olefin Research Group of Tarbiat Modares University, Iran, 

developed a simulation software for the prediction of product yields and run lengths of ethane and 

naphtha cracking furnaces. The detailed mechanistic kinetic scheme is said to involve 1230 reactions 

and 122 molecular and radical species, but the available data references account for only 150 reactions, 

involving 54 components, used for the cracking of naphtha.  

Keyvanloo et al. [36] presented a scheme of 96 reactions including components up to 𝐶6. This 

work heavily focused on the lumping of components, which removed complexity.  

 

 

 

Table 2.4 - Radical kinetic models found in literature. 

Kinetic model Feedstock No. of species 
No. of 

reactions 

Sundaram and Froment 
[18] 

Up to 𝐶5 38 133 

Joo [20] [22] 
Naphtha 
(up to 𝐶9) 

86 230 

Towfighi [19] [35] 
Naphtha 
(up to 𝐶8) 

54 150 

Keyvanloo [36] 
Naphtha 
(up to 𝐶6) 

45 96 
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Apart of kinetic models involving reaction schemes published in literature, some other 

mechanistic model software has been developed, with the objective of more accurately predict the 

pyrolysis data.  The four most prominent softwares are: SPYRO® [37], CRACKSIM, CRACKER [20] and 

SHAHAB [38].   

SPYRO® is Technip’s proprietary yield prediction software for the steam cracking process, 

having been established for over 30 years allowing for feedstock selection, optimal ethylene furnace 

operation, being one of the key instruments for design, operation and optimisation of cracking coils [37].  

It currently comprises over 6000 reactions, including over 200 components – varying from methane to 

hydrocarbons up to 𝐶42.  

CRACKSIM is a SEMK model developed at the Laboratory for Chemical Technology of the 

University of Ghent and contains over 1500 reactions.   

 In the current work, software tools such as SPYRO and CRACKSIM are not used for modelling 

naphtha cracking. The cracker model is developed in gPROMS ProcessBuilder and it uses kinetics from 

literature.  
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Chapter 3 
 

Implementation 
 

3.1 The gPROMS platform 

 

gPROMS® is the software used in the development of the present work. It is the proprietary 

modelling platform of Process Systems Enterprise Ltd. (PSE), and is used for high-fidelity predictive 

modelling for the process industries. It is the foundation on which all of PSE’s gPROMS family modelling 

and optimisation products are built. 

Some of the most notable advantages of this custom modelling platform are the ability of 

building steady-state and dynamic process models of any complexity, and the simultaneous solving of 

all the equations in a model or flowsheet, making it a fast and robust environment  

gPROMS ProcessBuilder® is the new product in the gPROMS family, having been released in 

2015. Not only does it feature process flowsheeting capabilities and an extensive set of model libraries, 

but it also includes a custom modelling option, allowing for an easy drag-and-drop flowsheeting 

integration with custom models. This product was the main platform used for the present work, having 

been used for model development and flowsheeting, kinetic validation and furnace simulation.  

 

 

3.2 Foreign Objects 

 

gPROMS allows the usage of external software components, which provide certain additional 

computational services to gPROMS models and complement the already existing features. These are 

named Foreign Object (FO) and are defined as parameters in the model implementation. They include 

physical properties packages, external unit operation modules, or even complete computational fluid 

dynamics (CFD) software packages.  

Three different FOs were used in the present work: 

 Multiflash – physical property package; 

 LSKM - responsible for the implementation of Large Scale Kinetic Mechanisms; 

 ReadDataFO - used to supply external data to gPROMS, namely the molecular weight 

of all chemical species; 
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3.3 The Multiflash Software 

 

MultiflashTM is a physical property package developed by Infochem Computer Services Ltd, 

mainly used for the study of fluids’ physical properties and process simulation. It is accessible through 

a gPROMS interface and is licensed together with it as the standard property package.   

On the graphical interface of Multiflash, the user defines all the components to be used, along 

with the physical property models selected. The resulting file (.mfl) is then imported into ProcessBuilder 

as a FO.  

This package was used for kinetic testing and furnace simulation, having used the Redlich-

Kwong-Soave (RKS) cubic equation of state as the thermodynamic model, due to its simplicity, 

robustness and efficiency and being especially appropriate for petrochemical applications [68]. The 

SuperTRAPP model was used to provide the transport properties, namely viscosity and thermal 

conductivity. 

This physical property package will be used in a comparison with other sources for 

thermodynamic properties, in Appendix A, to test its reliability as a source of physical property 

calculations.  

 

3.4 Implementation of Large Scale Kinetic Mechanisms 

 

The implementation of the mechanistic kinetic models presents a few challenges, such as the 

modelling of the radical species involved, the uncertainty in the determined kinetic parameters, and the 

size of the scheme/problem (number of species and reactions), represented by stoichiometric matrices 

(reactions × species). The latter is the focus on this section of the work, since its optimisation brings 

great advantages to modelling by reducing the computing time.  

To solve this problem, two approaches can be considered: reducing the number of chemical 

species and reactions, which is achievable by lumping, as discussed in the previous chapter, and will 

be further studied in Chapter 5; and the implementation of Large Scale Kinetic Mechanisms (LSKM), in 

which the objective is to pack the stoichiometric matrices by eliminating the zero elements.  

This FO was developed by Tewardson [39] and takes advantage of the fact that the 

stoichiometric coefficient matrix is sparse (most of the elements in it are zero). This allows for the matrix 

to be compressed significantly, only including the non-zero values alongside with the necessary 

indexing information. There are several advantages in using this compression scheme: 

 

 The compressed matrix takes up much less space in the computer memory; 

 Getting data from the matrix in its compressed form is much easier and quicker; 

 Only non-trivial operations are performed, saving a substantial amount of computing 

time; 
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3.4.1 Sparse matrix compression method 
 

In this scheme, the data contained in the matrix is stored in three arrays: VE, RI and CIP. VE 

contains all the non-zero values of the matrix, while RI and CIP are used to extract the positions these 

values occupy in the matrix. 

 VE (Value of Elements): length of the number of non-zero elements, only stores the 

non-zero values of the matrix; 

 RI (Row Indices): length of VE, stores the row index of the corresponding element in 

VE. For a given 𝑉𝐸(𝑥), 𝑅𝐼(𝑥) stores the row where the value from VE is located in the 

original uncompressed matrix;  

 CIP (Column Index Pointer): length of the number of columns, stores the position in 

which the non-zero element appears for each column. If the first non-zero element of 

the 𝑦𝑡ℎ column is in position 𝑘 then𝐶𝐼𝑃(𝑦) = 𝑘. 

 

To give an example of the compression method, matrix 𝑀 will be compressed into the three arrays:  

 

𝑀 = 

[
 
 
 
 
0 𝑏 𝑑 0 𝑔
𝑎
0
0
0

𝑐
0
0
0

0
0
𝑒
0

0
0
0
𝑓

0
ℎ
0
0]
 
 
 
 

                        (3.1)   

 

𝑉𝐸 = [𝑎 𝑏 𝑐 𝑑 𝑒 𝑓 𝑔 ℎ]             (3.2a) 

𝑅𝐼 = [2 1 2 1 4 5 1 3]             (3.2b) 

       𝐶𝐼𝑃 = [1 2 4 6 7]                       (3.2a) 

  

 In this example, the original matrix 𝑀 has size 5 × 5, storing 25 elements. With the application 

of the reduction scheme, it is possible to store the same amount of information in three arrays of lengths 

8, 8 and 5, adding up to 21 elements. Note that for this small matrix the application of the reduction 

scheme does not bring relevant results, but when dealing with larger sparse matrices (with thousands 

of elements), the benefits of using this compression method are immediately noticeable.  
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3.4.2 LSKM preparation and application 
 

When imported into ProcessBuilder®, the LSKM FO is composed of two different . 𝑡𝑥𝑡 files, one 

containing the data about the species involved in the reaction mechanism, and another one containing 

the data regarding the reactions: enthalpy of formation, forward and backwards pre-exponential factors 

and activation energy, as well as the species involved in each reactions, their stoichiometric coefficients 

and reaction orders. These files will be referred as SpeciesFile and ReactionFile, respectively, and are 

prepared in an Excel file, which includes the following sheets: 

 Species: lists the species (and their molecular weight) that take part in the scheme, 

and attributes each one a Species_ID. 

 

 

 

 

 

 

Figure 3.1 - Species sheet of the LSKM Excel file. 

 

 

 LSKM input: lists the reactions present in the scheme, supplying all the data regarding 

the thermodynamic and kinetic parameters (reaction enthalpy, pre-exponential factors, 

activation energy) and the species involved in each reaction (stoichiometric coefficients 

and reaction order) by each species’ ID. 

 

Figure 3.2 - LSKM input sheet of the LSKM Excel file. 

 

 

 Control: Generates the . 𝑡𝑥𝑡 files from the previous two sheets.  



  

21 
 

After setting the Excel file, the FO now contains all the information needed regarding the used 

reaction scheme. 

 

For definition of the size of the problem, the following integer scalar outputs are generated: 

 NoSpecies: total number of species; 

 NoReactions: total number of reactions; 

 NoStoichCoeffs: total number of non-zero stoichiometric coefficients; 

 NoReactants: total number of species acting as reactants in forward reactions; 

 NoProducts: total number of species acting as products in forward reactions; 

 

For the stoichiometric matrix of 𝑟 rows of reactions and 𝑠 columns of species the following 

arrays are generated: 

 ReactionSC(𝑘): size of NoReactions, contains the values of the non-zero stoichiometric 

coefficients stored in the matrix; 

 ReactionID(𝑘): size of NoReactions, returns the reaction for the stoichiometric 

coefficient in ReactionSC(𝑘); 

 SpecStartAddress(𝑠): size of NoSpecies, returns the position of the first non-zero 

stoichiometric coefficient of each species 𝑠 in ReactionSC.  

 

The following arrays are also generated based on the matrix, but contain data regarding the 

reaction order:  

 ForwardReactionOrder(𝑘): size of NoReactants, contains the values of the non-zero 

reaction orders of each species 𝑠 in each of the forward reactions 𝑟; 

 ReactionID_reactant(𝑘), size of NoReactants, returns the reaction, 𝑟, for the reaction 

order in ForwardReactionOrder(𝑘); 

 ReactantStartAddress(𝑠), size of NoReactions, stores the value where the reaction 

orders for the component 𝑠 start in the ForwardReactionOrder array. 

 BackwardsReactionOrder(𝑘): size of NoProducts, stores the values of the non-zero 

reaction order of each species 𝑠 in each the backwards reactions 𝑟; 

 ReactionID_product(𝑘), size of NoProducts, returns the reaction, 𝑟, for the reaction 

order in BackwardsReactionOrder(𝑘); 

 ProductStartAddress(𝑠), size of NoReactions, stores the value where the reaction 

orders for the component 𝑠 start in the BackwardsReactionOrder array. 
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Finally, the kinetic parameters are stored in the following arrays: 

 ForwardPreExponentialFactor() size of NoReactions, contains the forward pre-

exponential factors for each reaction; 

 ForwardActivationEnergy() size of NoReactions, contains the activation energy for 

each reaction; 

 BackwardsPreExponentialFactor() size of NoReactions, contains the backwards pre-

exponential factors for each reaction; 

 BackwardsActivationEnergy() size of NoReactions, contains the activation energy for 

each reaction; 
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Chapter 4 
 

Steam cracking furnace 
 

 The focus of this chapter is to describe the models used in this work, namely the ones that are 

essential parts of the cracking furnace and the connections between these models, as well as showing 

the process of modelling a new coil, which will be used for simulation and optimisation in Chapter 5.  

  

The basic schematic representation of the structure of the furnace model is as showed in the 

Figure 4.1.  

 

 

 

 

  

 

 

 

 

 

 

Figure 4.1 - Schematic of the models and connections in the cracking furnace. 

 

 

Material connections are shown in blue, while connections regarding flux of energy/heat 

(distributed thermal contact) are shown in red.  

In the next section of the work, each of these models will further studied, detailing the main 

equations that define each of one of them, as well as the purpose of the model. The coil model will be 

studied with greater detail, as it represents the heart of furnace, and where the cracking reactions take 

place, making it the most crucial model for this work.  
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4.1 Model equations 

 

This section of the work has the focus of doing an overview of the most important models that 

constitute the cracking furnace (as seen in Figure 4.1), by detailing the purpose of each model and 

going over the main equations (mass, energy and momentum balance) that define such models.  

The models reviewed in this section are “generic” models that are already implemented into the 

general libraries of gPROMS, and that will serve as a foundation for the development of custom models, 

adapted to specific requirements of the current work, in subchapter 4.2 and Chapter 5.  

 

4.1.1 Source and Sink models 
 

These models are part of the gML (gPROMS Modelling Libraries), developed by PSE. These 

are two of the most used models, since they define the conditions from the inlet and outlet of a specified 

flowsheet.  

The Source model is used for defining the material stream entering the flowsheet. The user 

may define the phases present (liquid, vapour or two phase), as well as assigning variables such as 

temperature, pressure and flow and composition. It is into this model that the FO Multiflash is imported, 

providing the physical properties for the specified components.  

The Sink model is used for defining the material stream exiting the flowsheet. In the current 

work, there weren’t any specifications to be made, but variables like pressure, temperature or mass 

fraction can be specified, in cases of flow reversal.  

 

4.1.2 Coil/Tube model 
 

In the furnace, the radiant coil can have many different configurations, ranging from being 

composed of only one tube associated with one energy input model to several tubes associated in 

series and/or parallel, with the same number of energy input models. The decision of the configuration 

of the tubes is made based upon the gathered information of the coil.  

Since each tube is modelled in the same way, the focus of this chapter is to review the tube 

model, as well as its constituting sub-models, which are: 

 Fluid properties model; 

 Heat transfer coefficient model; 

 Friction factor coefficient model; 

 Kinetic model 

 

These sub-models are independent and can be used outside the tube model, in other higher-

level models. With the integration of these sub-models into the main tube model allows the latter to fully 

describe all phenomena occurring in the tube, from heat transfer to cracking reactions.  
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The tube model, in itself, contains the equations of mass, energy and momentum balance, that 

allow it to describe such phenomena inside of the tube. These equations are briefly described in the 

next section.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 - Schematic of a tube cross section area and differential volume control. 

 

 The cross sectional area of the tube can vary along the tube, due to the deposition of coke 

across the reactor length, which causes the radius 𝑅 to decrease, making 𝐴(𝑧) =  𝜋𝑅(𝑧)2 decrease as 

well alongside the reactor length.  

 

 Due to the turbulent nature of the flow inside the tube (high Reynolds number) and the low 

viscosity, the tube will be treated as plug-flow reactor (PFR) the radial contribution of the flux can be 

neglected, making the mass balance being represented by the following equation: 

 

𝑑

𝑑𝑧
[𝑁𝑖(𝑧)𝐴(𝑧)] =  𝑀𝑊𝑖𝐴(𝑧)𝑟𝑖(𝑧)              (4.1) 

 

Where 𝑁𝑖 represents the mass flux for component 𝑖, 𝐴 is the cross-section area of the tube, 𝑀𝑊𝑖 is the 

molecular weight of component 𝑖 and 𝑟𝑖 is the overall reaction rate (rate of formation/disappearance) of 

component 𝑖.  

 

 The energy balance can be described by the following equation: 

 

𝑑

𝑑𝑧
[𝑞(𝑧)𝐴(𝑧)] =  𝑞𝑒𝑥𝑡(𝑧)2𝜋𝑅𝑒𝑥𝑡              (4.2) 

 

Where 𝑞(𝑧) represents the heat flux and 𝑅𝑒𝑥𝑡 represents the outside radius of the tube, through which 

the heat flux 𝑞𝑒𝑥𝑡 is exchanged.  
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 The momentum balance (associated with pressure drop) can be described by the following 

equation:  

 

  
𝑑

𝑑𝑧
[𝑃(𝑧)𝐴(𝑧)] =  − 𝑁𝑡𝑜𝑡𝑎𝑙(𝑧)𝐴(𝑧)

𝑑𝑣(𝑧)

𝑑𝑧
− 

𝑣(𝑧)2𝐴(𝑧)𝜌(𝑧)

2
(
2𝑓𝐹𝑎𝑛𝑛𝑖𝑛𝑔

𝑅(𝑧)
+

𝑛𝐵𝑓𝑏𝑒𝑛𝑑(𝑧)

𝐿
)             (4.3) 

 

where 𝑃 is the pressure of the process stream, 𝑁𝑡𝑜𝑡𝑎𝑙 is the total mass flux, 𝑣 and 𝜌 the linear velocity 

and density of the process stream, 𝑓𝐹𝑎𝑛𝑛𝑖𝑛𝑔 is the Fanning friction factor and 𝑛𝐵 and 𝑓𝑏𝑒𝑛𝑑 are the number 

and friction factor of the bends.  

 

4.1.2.1 Fluid properties model 
 

This model has the purpose of making all calculations regarding the physical properties of the 

fluids in the tube, like density, enthalpy, heat capacity, viscosity and thermal conductivity.  

In most cases, an external physical property package (like Multiflash) is used to calculate most 

of the properties, expect for concentrations and gas density, which are calculated within this model, 

according the ideal gas law. Moreover, the kinetic scheme used is a radical one, and since Multiflash 

does not have support for radical species, all properties for the radical species are calculated in this 

fluid property model.  

 

4.1.2.2 Heat transfer coefficient model 
  

This model contains correlations regarding heat transfer that takes place in the tube. For this, 

the Dittus-Bolter correlation for turbulent flow was applied: 

 

𝑁𝑢(𝑧) =  2.43 × 10−2𝑅𝑒(𝑧)0.8Pr (𝑧)0.4           (4.4) 

 

Which is applicable for 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 > 1000 and 0.7 < 𝑃𝑟𝑎𝑛𝑑𝑡𝑙 < 170. [40] 

 

4.1.2.3 Friction factor coefficient model 
 

To calculate the friction factor in the tube, the Churchill equation was applied (for Re>4000) 

[29].  

 

1

√𝑓𝐹𝑎𝑛𝑛𝑖𝑛𝑔
= log10 (

𝜀

3.7𝐷
+

7.0

𝑅𝑒0.9)                      (4.5) 

 

In which 𝜀 is the inner roughness of the tube. 

 

To calculate the friction factor in the bend, the Nekrasov equation was applied [41]:  
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𝑓𝑏𝑒𝑛𝑑 = (0.7 + 0.35
𝛼𝑏𝑒𝑛𝑑

90
) (0.051 + 0.019

2𝑅(𝑧)

𝑅𝑏𝑒𝑛𝑑
)             (4.6) 

 

In which 𝛼𝑏𝑒𝑛𝑑 and 𝑅𝑏𝑒𝑛𝑑 are the angle and radius of the bend.  

 

 

4.1.2.4 Kinetic model 
 

This model has the purpose of selecting the kinetic scheme to use (by choosing from an array 

of different types of schemes), and to calculate the forward (𝑓) and backwards (𝑏) rate constants (𝑘), 

for each reaction 𝑗, using the Arrhenius equation:  

 

𝑘𝑗 = k0 𝑒
−

𝐸𝑎𝑗

𝑅𝑇(𝑧)                                  (4.7) 

 

In which k0 represents the pre-exponential factor and 𝐸𝑎𝑗 the activation energy. 

  

 It can also calculate the reaction rate, 𝑟𝑗, for each reaction 𝑗: 

 

𝑟𝑗(𝑧) = 𝑘𝑓,𝑗 ∏(𝐶𝑟𝑒𝑎𝑐𝑡(𝑧)) − 𝑘𝑏,𝑗 ∏(𝐶𝑝𝑟𝑜𝑑(𝑧))             (4.8) 

 

Where 𝐶𝑟𝑒𝑎𝑐𝑡 represents the molar concentration of the reactants (for the forward reactions) and 𝐶𝑟𝑒𝑎𝑐𝑡 

the molar concentration of the products (for the backwards reactions).  

 

4.1.3 Energy input model 
 

This model is responsible for specifying and/or determining the heat flux between the furnace 

burner and the cracking coils. It allows three different heat flux specifications:  

 Specify the heat flux profile, and thus calculating the process gas temperature 

profile as a result; 

 Impose the process gas temperature profile, and thus calculating the heat flux 

profile;  

 Predict the heat flux profile; 

 

When calculating the heat flux profile, the Stefan-Boltzmann law is employed, which relates the 

heat flux with the temperature of the flames, 𝑇𝑓𝑙𝑎𝑚𝑒, and the temperature of the tube wall, 𝑇𝑀𝑇.  

 

𝑞𝑒𝑥𝑡(𝑧) = 𝜀 ∙ 𝜎(𝑇𝑓𝑙𝑎𝑚𝑒
4 − 𝑇𝑀𝑇4)                          (4.9) 
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4.2 Modelling of the naphtha cracking furnace 

 

The focus of this section is to review the process of modelling a naphtha cracking furnace with a 

typical cracking coil, which will be used to simulate typical operation and to compare the model 

predictions to typical data.  

 This coil model is constructed using the existing model libraries in gPROMS ProcessBuilder.  

 

 

 

4.2.1 Coil type 
 

The goal of this simulation is to model a coil that accurately predicts and matches typical data 

for naphtha cracking units. A Naphtha cracker with a typical SRT VI (Short Residence Time) coil is 

selected for the model development. These cracking coils have short residence time ( ~ 0.22 sec) and 

operate at high heat fluxes (q> 100 KW/m2). The first pass of the coil consists of four parallel tubes 

which are then merged into a single second pass. [42] 

 

4.2.2 Coil geometry and operating conditions 
 

In order to be able to model the coil, it is necessary to gather information regarding the geometry 

of the coil (length, tube diameter, angle bends) and operating conditions, like typical values of flow rates, 

inlet and outlet temperature and pressure. After doing some research on literature regarding SRT-VI 

coils [42-44], it is possible to get a schematic representation of the coil and a summary of its most 

important operating conditions.  

Figure 4.3 shows a schematic of a SRT-VI coil, while Table 4.1 shows typical operating 

conditions used with this type of coil.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 - Schematic of a SRT-VI two pass coil. 
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Table 4.1 - Operating Conditions for a SRT-VI coil. 

 Unit [44] [42] [43] 

Pass 1: inner diameter 𝑐𝑚 5.08 - - 

Pass 1: outer diameter 𝑐𝑚 6.35 - - 

Pass 1: number parallel tubes  16 - - 

Pass 2: inner diameter 𝑐𝑚 10.16 - - 

Pass 2: outer diameter 𝑐𝑚 11.43 - - 

Pass 2: number parallel tubes  4 - - 

Length of pass 𝑚 9.144 - - 

Hydrocarbon flow 𝑡𝑜𝑛𝑛𝑒/ℎ 
4.00 

per coil 
37.9 

per furnace 
- 

Residence time 𝑠 - 0.22 0.40 

Steam:Oil ratio  0.5 - - 

Inlet temperature ℃ 621.1 - - 

Coil outlet temperature  ℃ 833.3 - 850 

Coil outlet pressure  𝑏𝑎𝑟 𝑎𝑏𝑠 - - 1.70 

Pressure drop 𝑏𝑎𝑟 0.1103 - - 

Maximum wall temperature ℃ 1068.9 - - 

Firebox temperature ℃ 1185 - - 

Pass 1: Heat transfer coefficient 𝑊/𝑚2 191.17 - - 

Pass 2: Heat transfer coefficient 𝑊/𝑚2 177.92 - - 

External heat transfer area 𝑚2 42.317 - - 

 

 

Based on the figure and table presented above, it was decided to model the coil with four-to-

one configuration of tubes, in which four smaller diameter tubes (𝑑 = 5.08 𝑐𝑚) converge into one tube 

(𝑑 = 10.16 𝑐𝑚). The length of each pass was also considered to be 9.15 𝑚, as found in literature. 

However, in order to get a more realistic approach and model the plant coil as accurately as possible, 

a new horizontal pass was added between passes 1 and 2, as well as 2 adiabatic sections, at the start 

of pass 1 (pass 0) and at the end of pass 2 (pass 2a), as shown in the Figure 4.4.   

 

 

 

 

 

 

 

 

 

 

Figure 4.4 - Schematic of the modelled SRT-VI coil. 
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Table 4.2 shows the geometry details used for the modelled coil, and Table 4.3 shows main 

operating conditions for the furnace, which will be further analysed in chapter 5.  

 

Table 4.2 - Geometry details for the modelled coil. 

 
Geometry parameter 

 

Unit Pass 0 Pass 1 Horizontal pass Pass 2 Pass 2a 

Number of parallel tubes  4 4 1 1 1 

Inner diameter 𝑐𝑚 5.08 5.08 10.16 10.16 10.16 

Outer diameter 𝑐𝑚 6.35 6.35 11.43 11.43 11.43 

 

The tube wall thickness is the same for every pass of the coil, at 0.635 𝑐𝑚 

 

Table 4.3 - Operating conditions for the modelled furnace.  

Furnace operating conditions  Unit  

Number of coils  24 

Naphtha feed rate 𝑡𝑜𝑛𝑛𝑒/ℎ 36.0 

Steam:Oil ratio  0.50 

Residence time 𝑠 0.22 

CIT ℃ 620 

COT ℃ 835 

COP 𝑏𝑎𝑟 𝑎𝑏𝑠 1.70 

 

It is worth mentioning that furnace was modelled with 24 coils (Figure 4.4 displays 2 coils) so 

that, given the flowrate, the residence time was set to 0.22 𝑠 and a turbulent flow was kept inside the 

tube.  

 

 After defining all the geometry parameters and operating conditions, the models for the SRT-

VI coil and furnace can be built. The following figures show the flowsheet for the coil and furnace 

models.  

The furnace model (Figure 4.5) includes the source models HC, for hydrocarbon feed, and 

Steam, as well as a Sink model, all reviewed in section 4.1.1. The coil model is externally connected to 

the furnace through material and energy ports.  

For the coil model (Figure 4.6) it is to note that all passes are built using the same tube model, 

whose equations have been described in section 4.1.2. The models FM_1 and FM_2 represent flow 

multipliers, which are responsible for the branching of the material flow: dividing the flow before pass 1 

(which has 4 parallel tubes) and converging it into a single tube for the horizontal pass (pass_h), as 

seen in figure 4.4. The energy_input models had their basic structure reviewed in section 4.1.3. It is 

noteworthy that the heat flux for passes 0 and 2a are set to zero, since those are adiabatic sections.  
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Figure 4.5 - Flowsheet of the furnace model. 

 

 

 

Figure 4.6 - Topology of the SRT-VI coil model. 
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Chapter 5 
 

Furnace simulation and kinetic tuning 
 

This chapter will focus on the simulation study for the modelled furnace, with the objective of 

trying to predict and match the typical data for the cracking of naphtha. (Appendix C)  

In order to accurately match typical data for naphtha cracking, the simulation results will have 

to give reasonable predictions for the yields of the most relevant olefins (ethylene, propylene, 

butadiene), but it will also have to match conversion for the main elements present in the naphtha feed. 

For that reason, the kinetic mechanisms used for the simulation will have to include the highest number 

possible of the components that are present in the feed.   

First, in section 5.1, the kinetic mechanisms will be reviewed, to assess if they include the 

components of interest, and to set up a lumping procedure to include the components that are not 

present.  

In the next section 5.2 the work will focus on doing a simulation study with the modelled furnace, 

using the chosen kinetics, and performing some sensitivity analysis of the main operating conditions.  

Finally, in section 5.3 the work will focus on performing kinetic tuning, with the objective of 

accomplishing better predictions, the kinetic mechanisms will be manually tuned, by adding 

components and reactions from other sources, as well as the tuning of the kinetic parameters.  

 

 

5.1 Component Lumping 

 

In this section of the work, the component list for feed and product in typical data for naphtha 

cracking furnaces is compared with the component list from the various kinetic mechanisms. In order 

to try to as accurately as possible match the typical data, the components which are not part of the 

kinetic schemes will be lumped with already existing components. This procedure will be reviewed in 

section 5.1.2. 
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5.1.1 Comparison of the kinetic schemes 
 

As previously said in Chapter 2, for naphtha cracking, the radical kinetic mechanisms result in 

better predictions of the yields of olefins. From the available kinetics, the schemes from Joo [20] [22] 

and Towfighi [19] [35] were chosen for this work. 

Table 5.1 shows the comparison of the components of interest and their presence in the kinetic 

schemes from literature.  

 

Table 5.1 - Components comparison between typical data and kinetic schemes. 

 
 
 

Typical 
Data 

Joo Towfighi 

Feed: Number of components 24 17 19 

Feed: % of components - 81.6 85.8 

    

Products: Number of components 97 38 35 

Products: % of components - 89.6 86.1 

 

It can be seen that the chosen kinetic mechanisms do not include all the components that are 

present in the naphtha feed and product. It is most noticeable for the products, in which only 38 or 35 

components are represented, out of 97. However, the components that are not present make up 10.4% 

and 13.9% of the product composition, which is somewhat manageable by means of component 

lumping.  

In the next section, component lumping will be applied so that the feed composition of naphtha 

can be reproduced and that all products of the cracker are included in the kinetic schemes.  

 

 

5.1.2 Lumping of the components 
 

The objective of this procedure is to group components into an equivalent or pseudo 

component, with similar physical properties, and that would reacts in a similar manner, if added to a 

pyrolysis reaction. [46] [47] 

For the lumping of components, some rules will be defined, in order to perform the lump in the 

same way for the different reaction schemes.  

 

 Isomers will be lumped into another isomer (1,3-Hexadiene → 1,4-Hexadiene); 

 Branched alkanes/alkenes will be lumped into the closest linear alkane/alkene, 

maintaining the number of carbon atoms; 

 Heavy components will be lumped into the heaviest component present in the scheme, 

taking into account its type (linear alkanes, cycloalkanes and aromatics).  
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The following tables present components that are not in the kinetic schemes, their weight 

percentage and the component they were lumped into in each of the schemes (components that are 

already in one of the schemes are not lumped, and shown as – in the table).  

 

Table 5.2 - Component lumping for the feed. 

Component wt. % Joo Towfighi 

Ethyl-Benzene 0.39 Toluene - 

C7-NAF 1 6.21 methyl-cyclohexane cycloheptene 

C8-NAF 2 4.67 methyl-cyclohexane cyclooctane 

i-nonane 3.31 n-nonane - 

C8-NAF 3 2.44 methyl-cyclohexane Isopropyl-cyclohexane 

C9-ARO 4 0.52 Xylene 

n-decane 0.18 n-nonane 

i-decane 0.68 n-nonane i-nonane 
 

 

Table 5.3 - Component lumping for the products. 

Component wt. % Joo Towfighi 

Acetylene 0.003 Ethylene - 

Propadiene 0.64 Propylene 

vynil-acetylene 0.04 1,3-butadiene 
2-butene 1.03 - 

1-butene 
i-butene 2.91 - 

cyclopentadiene 1.54 Cyclopentane 

1,3- / 1,4-pentadiene 0.49 1-pentene 

isoprene 0.64 3-methyl-1-butene 1,3-butadiene 

cyclopentene 0.33 cyclopentane 

2-pentene 0.14 - 

1-pentene 
2-methyl-1-butene 0.25 

3-methyl-1-butene 
2-methyl-2-butene 0.05 

3-methyl-1-butene 0.10 - 

methyl-cyclopentadiene 0.40 methyl-cyclopentane 

2-methyl-1,3-Pentadiene 0.29 1-hexene 1-pentene 

methyl-cyclopentene 0.10 methyl-cyclopentane 

1-hexene 0.04 - 

1-pentene 2- / 3-hexene 0.003 - 

C6 olefins 0.06 1-hexene 

C7-NAF 0.16 
methyl-cyclohexane cycloheptene 

methyl-cyclohexene 0.06 

1-heptene 0.01 - 
1-pentene 

C7 olefins 1.54 1-heptene 

Styrene 0.60 - Toluene 

1-Octene 0.003 
1-heptene 1-pentene 

C8 Olefins 0.01 

C8-NAF 0.04 methyl-cyclohexane cyclooctane 

i-Nonane 0.02 n-nonane - 

C9-NAF 0.01 methyl-cyclohexane Isopropyl-cyclohexane 

C9-ARO 0.14 Xylene 

Methyl-Styrene 0.33 

Xylene Indene 0.27 

Naphthalene 0.90 

>C10 Olefins 0.30 n-heptene n-pentene 

>C10 Aromatics 0.20 Xylene 
 

1- Naphthenic C7; 

2- Naphthenic C8; 

3- Naphthenic C9; 

4- Alkyl-aromatic component with 9 carbon atoms.  
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5.2 Simulation of the naphtha cracking furnace 

 

After performing the components lumping, it is now possible to reproduce the naphtha feed to 

the cracker and simulate the furnace to try to predict and match typical data for naphtha cracking 

furnaces  

Two different cases were run, using with the two different kinetic schemes. The operating 

conditions are shown in table 5.4.   

 

Table 5.4 - Operating conditions for the real naphtha cracking furnace.  

Furnace operating conditions  Unit  

Naphtha feed rate 𝑡𝑜𝑛𝑛𝑒/ℎ 36.0 

Steam:Oil ratio  0.50 

Residence time 𝑠 0.22 

CIT ℃ 620 

COT ℃ 835 

COP 𝑏𝑎𝑟 𝑎𝑏𝑠 1.70 

 

The feed composition, the comparison between typical yield data and simulation results for 

yields and conversion is shown in tables 5.5 and 5.6, for the cases of using the kinetics of Towfighi and 

Joo, respectively.   

 

 

Table 5.5 - Simulation results and comparison with typical yields for the Towfighi kinetic scheme. 

Components Feed 
Compositon 

(wt. %) 

 Typical 
data yield 

(%) 

Simulation 
yield (%) 

yield 
dev. 

yield 
dev. 
(%) 

 Typical data 
conversion (%) 

Simulation 
conversion (%) 

Hydrogen 0  0.87 0.25 -0.6 -71%  - - 

Methane 0  14.36 9.64 -4.7 -33%  - - 

Ethylene 0  27.62 21.60 -6.0 -22%  - - 

Ethane 0  3.53 0.10 -3.4 -97%  - - 

Propylene 0  17.51 6.75 -10.8 -61%  - - 

Propane 0  0.48 0.01 -0.5 -99%  - - 

n-butane 6.64  1.35 0 -1.3 -100%  79.6 100 

1-butene 0  5.77 0.03 -5.7 -99%  - - 

1,3-butadiene 0  5.70 6.07 0.4 6%  - - 

n-pentane 11.48  1.10 6.32 5.2 476%  90.4 45.0 

i-pentane 9.78  0.97 1.66 0.7 72%  90.1 83.1 

n-hexane 9.13  0.48 3.93 3.4 718%  94.7 57.0 

i-hexane 10.83  0.43 0.89 0.5 110%  96.1 91.8 

Benzene 0.61  5.61 0.98 -4.6 -83%  - - 

Toluene 1.52  3.67 1.52 -2.1 -58%  - - 

Xylene 2.31  2.80 2.31 -0.5 -18%  - - 

n-heptane 5.31  0.15 2.28 2.1 1398%  97.1 57.0 

i-heptane 7.79  0.17 0.59 0.4 255%  97.9 92.5 

Cycloheptane 6.21  0.22 6.28 6.1 2732%  - - 

n-octane 4.12  0.07 4.12 1.0 6192%  - - 

i-octane 6.39  0.08 6.39 6.3 8257%  - - 

Cyclooctane 4.67  0.04 4.67 4.6 11986%  - - 

n-nonane 2.10  1.87 2.10 0.2 13%  - - 

i-nonane 3.99  0.02 3.99 3.9 15870%  - - 
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Table 5.6 - Simulation results and comparison with typical yields for the Joo kinetic scheme. 

Components Feed 
Composit
on (wt. %) 

 Typical 
data yield 

(%) 

Simulation 
yield (%) 

yield 
dev. 

yield 
dev. 
(%) 

 Typical data 
conversion (%) 

Simulation 
conversion (%) 

Hydrogen 0  0.870.87 0.27 -0.6 -69%  - - 

Methane 0  14.36 9.12 -5.2 -36%  - - 

Ethylene 0  27.96 25.91 -2.1 -7%  - - 

Ethane 0  3.53 3.72 0.2 5%  - - 

Propylene 0  17.51 19.70 2.2 12%  - - 

Propane 0  0.48 0 -0.5 -100%  - - 

n-butane 6.64  1.35 0.35 -1.0 -74%  79.6 94.7 

1-butene 0  1.83 11.95 10.1 552%  - - 

1,3-butadiene 0  5.05 4.64 -0.5 -8%  - - 

i-butene 0  2.91 1.17 -1.7 -60%  - - 

n-pentane 11.48  1.10 2.15 1.1 96%  90.4 80.9 

i-pentane 9.78  0.97 1.08 0.1 12%  90.1 88.7 

n-hexane 9.13  0.48 3.77 3.3 687%  94.7 57.8 

i-hexane 10.83  0.43 1.35 1.0 218%  96.1 87.3 

methyl-cyclohexane 13.32  0.27 0.08 -0.2 -90%  - - 

Benzene 0.61  5.61 0.60 -5.0 -89%  - - 

Toluene 1.91  3.67 1.87 -1.8 -49%  - - 

Xylene 2.31  2.80 2.26 -0.5 -19%  - - 

n-heptane 5.31  0.15 0 -0.2 -100%  97.1 100 

i-heptane 7.79  0.17 0 -0.2 -100%  97.9 100 

n-octane 4.12  0.07 0 -0.1 -100%  - - 

i-octane 6.39  0.08 0 -0.1 -100%  - - 

n-nonane 6.10  1.87 5.98 4.1 220%  - - 

 

 

It is noteworthy that the feed composition is slightly different for the two cases, since the same 

component in the feed can be lumped into a different component for each kinetic scheme, since the two 

don’t share the same list of components.  

Analysing the two sets of simulations, it is clear that the simulations using the Joo kinetic 

scheme produce much better predictions than those using Towfighi,  in terms of the yields of the light 

olefins (ethylene, propylene), as well as the conversion of the main components found in the naphtha 

feed (pentane and hexane). There are, however, still some components which are not being well 

predicted, such as the aromatics. In order to solve this, section 5.3 will focus on kinetic tuning. 

 

5.2.1 Sensitivity analysis 
 

Before kinetic tuning, a sensitivity analysis will be performed on one of the operating conditions, 

the Coil Outlet Temperature, (𝐶𝑂𝑇 =  835℃ during the initial simulation), as it is a variable which greatly 

affects the performance of cracking furnace.  

This variable will vary between 830℃ and 845℃, and the yields of the main olefins and the 

conversion of the main components in the feed will be analysed.  
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Table 5.7 - Sensitivity analysis of COT on the yields and conversions. 

Components Simulation 
yield (%) 

Case 1 
yield (%) 

Case 2 
yield (%) 

Case 3 
yield (%) 

Simulation 
conversion 

(%) 

Case 1 
conversion 

(%) 

Case 2 
conversion 

(%) 

Case 3 
conversion 

(%) 

Hydrogen 0.27 0.26 0.27 0.28 - - - - 

Methane 9.12 8.08 9.28 9.71 - - - - 

Ethylene 25.91 25.08 26.32 27.44 - - - - 

Propylene 19.70 19.55 19.76 19.9 - - - - 

n-butane 0.35 - - - 94.7 94.2 95.1 95.5 

1,3-butadiene 4.64 4.36 4.77 5.16 - - - - 

n-pentane 2.15 - - - 80.9 77,4 84,1 87,0 

i-pentane 1.08 - - - 88.7 85,9 91,1 93,1 

n-hexane 3.77 - - - 57.8 55,0 60,7 63,5 

i-hexane 1.35 - - - 87.3 84,6 89,7 91,7 

n-heptane 0 - - - 100 100,0 100,0 100,0 

i-heptane 0 - - - 100 100,0 100,0 100,0 

 

1- 𝐶𝑂𝑇 =  830℃ 

2- 𝐶𝑂𝑇 =  840℃ 

3- 𝐶𝑂𝑇 =  845℃ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 - Sensitivity analysis of COT on yields of olefins.  

 

 

 From analysing these results, one can conclude that the yield of ethylene and propylene has a 

slight with the increase of COT, but at the cost of worse predictions for the conversion of some other 

components, such as n-butane, which is highly prominent in the naphtha feed. 𝐶𝑂𝑇 =  835℃ is then 

chosen as the temperature for performing further studies, as it is able to better balance the yields of all 

major components.   
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5.3 Kinetic tuning 

 

This section focuses on extending and tuning the kinetic scheme from Joo[22] to improve the 

model predictions. New components and reactions were added to the original scheme. The kinetic 

parameters of specific reactions were manually tuned to get better match to typical yield data. The 

original values of kinetic parameters as reported by Joo [22] can be found in Appendix B”  

 

The main goals of the procedure are: 

 Increase ethylene production, since it is the most relevant olefin and is being under 

predicted; 

 Decrease 1-butene, since it is being over predicted; 

 Produce benzene and toluene, since these components are not being produced in any 

reaction; 

 Crack n-nonane, which is not taking part of any reaction, exiting the furnace unreacted.  

 

Even though the components benzene, toluene and n-nonane are present in the feed and in 

the Joo kinetic scheme, the authors do not include reactions involving these components, meaning they 

go through the cracker without reacting, which explains the reason for their composition in the feed and 

in the product being the same.  

In order to make this components take part in the cracking reactions, it becomes necessary to 

add reactions from other sources that involve these components, or to “create” new reactions within the 

Joo scheme, considering existing reactions as a foundation.  Both of these options will be explored in 

the next section of the work.  

   

5.3.1 Addition of new components 
 

The first change to be made is the addition of important components that are missing from the 

kinetic scheme. For that to happen, one must then review other kinetic schemes to add reactions to 

crack/produce the added component, so that it is actually part of the reaction mechanism.  

The added component was acetylene (𝐶2𝐻2), alongside the following reactions 

 

Table 5.8 - Added reactions for acetylene. 

Source Added Reaction  

Towfighi (reaction 103) C2H2 + H →  C2H3 

Towfighi (reaction 142) C2H2 + H2  →  C2H4 

Towfighi (reaction 144) C2H2 + C4H6  →  C6H6 + H2 

Belohlav (reaction 56) C2H2 + C2H4  →  C4H6 

Towfighi (reaction 74) C2H3  →  C2H2 + H 

Towfighi (reaction 76) C3H5  →  C2H2 + CH3 

Belohlav (reaction 19) C2H4  →  C2H2 + H2 
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5.3.2 Addition of new reactions 
 

In order to be able to be able to produce benzene and toluene and consume n-nonane, new 

reactions need to be added from other kinetic schemes. The schemes reviewed were the ones from 

Towfighi [19] and Belohlav [13], which are intended for the cracking of naphtha, being the latter a 

molecular scheme.  

 In total, two reactions were found for the production of the benzene (reaction 143 in Towfighi 

and reactions 9 and 35 in Belohlav) and three for the production of toluene (10 and 36 from Belohlav). 

These, along with the rest of the kinetic scheme, can be found in Appendix B.  

 These reactions are now added to the “main scheme” Joo, by modifying the FO LSKM file in 

order to include these five extra reactions, along with their kinetic parameters, which will be unaltered 

from the original source.  

 In the kinetic schemes considered, no reactions involving n-nonane were found. To crack this 

component, new reactions will have to be “created” for the scheme. The method applied is based on 

the fact that in the Joo scheme, the same type of reactions involving the cracking of hexane (reactions 

70-82), heptane (reactions 83-99) and octane (100-119) all have the same kinetic parameters. This 

allows one to create the same of reaction, using n-nonane as the cracked component, and using those 

same kinetic parameters.  

These extra reactions are also added through the Excel file of the LSKM FO.  

 

 

Table 5.9 - Added reactions for the production of benzene. 

Source Added Reaction  

Towfighi (reaction 143) C4H6 + C2H2  →  C6H6 + H2 

Belohlav (reaction 9) C4H6 + C2H4  →  C6H6 + 2H2 

Belohlav (reaction 35) CH3 − C6H5 + H2  →  C6H6 + CH4 

 

 

Table 5.10 - Added reactions for the production of toluene. 

Source Added Reaction  

Belohlav (reaction 10) C4H6 + C3H6  →  CH3 − C6H5 + 2H2 

Belohlav (reaction 36) CH3CH3 − C6H5 + H2  →  CH3 − C6H5 + CH4 
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5.3.3 Tuning of the kinetic parameters 
 

After adding the previously mentioned reactions into the Joo scheme, the next step is to tune 

the kinetic parameters of specific sets of reactions, in order to improve the prediction of the yields of the 

desired components.  

In this work, kinetic parameter adjustment is done manually by adjusting the pre-exponential 

factor of certain reactions. The reactions for kinetic parameter adjustment are chosen based on the 

mismatch in the yields between the initial model prediction and typical results for cracking of naphtha. 

Tables 5.11 and 5.12 show the reactions that had their kinetic parameters tuned, as well as the 

tuning factor for each considered reaction. The tuning factor represents the factor by which the pre-

exponential factor is changed from the initial case (as presented in literature) to the “improved” kinetics.  

 

Table 5.11 - Tuned reactions involving Ethylene. 

Reaction ID Tuned Reaction  Tuning factor (×) 

34 1_C3H7  →  C2H4 + CH3 1.25 

67 1_C5H11  →  C2H4 + 1_C3H7 1.25 

79 i_C6H13  →  C2H4 + 1_C4H9 1.25 

95 1_C7H15  →  C2H4 + 1_C5H11 1.50 

114 1_C8H17  →  C2H4 + 1_C6H13 2.00 

160 5_MP2 →  C2H4 + i_C4H9 1.50 

191 6_MH2 →  C2H4 + i_C5H11 1.50 

228 7_MHP2 →  C2H4 + 5_MP2 2.00 

 

 

Table 5.12 - Tuned reactions involving 1-butene. 

Reaction ID Tuned Reaction  Tuning factor (×) 

22 C4H8  →  C3H5 + CH3 1.50 

45 C4H8 + H → 1_C4H9 1.25 

46 C4H8 + H → 2_C4H9 1.25 

Belohlav - 29 C4H8 → C4H6 + 𝐻2 1.50 

69 3_C5H11  →  C4H8 + CH3 0.80 

81 3_C6H13  →  C4H8 + 1_C2H5 0.65 

98 3_C7H15  →  C4H8 + 1_C3H7 0.65 

116 3_C8H17  →  C4H8 + 1_C4H9 0.50 

189 4_MH2 →  C4H8 + 2_C3H7 0.50 

226 5_MHP2 →  C4H8 + i_C4H9 0.50 
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5.3.4 Results 
 

The simulation results using the improved kinetic scheme and its comparison to typical data is 

shown in table 5.13 

 

 

Table 5. 13 - Simulation results for the kinetic tuning. 

Components Feed 
Composit
on (wt. %) 

 Typical 
data yield 

(%) 

Simulation 
yield (%) 

yield 
dev. 

yield 
dev. 
(%) 

 Typical data 
conversion (%) 

Simulation 
conversion (%) 

Hydrogen 0  0.87 0.53 -0.3 -38%  - - 

Methane 0  14.36 11.57 -2.8 -19%  - - 

Ethylene 0  27.96 27.99 0.0 0%  - - 

Ethane 0  3.53 4.74 1.2 34%  - - 

Propylene 0  17.51 17.75 1.0 4%  - - 

Propane 0  0.48 0 -0.5 -100%  - - 

n-butane 6.64  1.35 0.49 -0.9 -64%  79.6 81.7 

1-butene 0  1.83 2.94 1.0 50%  - - 

1,3-butadiene 0  5.05 4.85 -0.2 -5%  - - 

i-butene 0  2.91 1.27 -1.7 -58%  - - 

n-pentane 11.48  1.10 2.82 1.7 157%  90.4 75.5 

i-pentane 9.78  0.97 1.52 0.6 58%  90.1 83.7 

n-hexane 9.13  0.48 0.92 0.4 90%  94.7 90.4 

i-hexane 10.83  0.43 1.41 1.0 218%  96.1 88.7 

methyl-cyclohexane 13.32  0.27 0.06 -0.2 -93%  - - 

Benzene 0.61  5.61 4.74 -0.9 -18%  - - 

Toluene 1.91  3.67 3.50 -0.2 -4%  - - 

Xylene 2.31  2.80 2.05 -0.7 -27%  - - 

n-heptane 5.31  0.15 0 -0.2 -100%  97.1 100 

i-heptane 7.79  0.17 0 -0.2 -100%  97.9 100 

n-octane 4.12  0.07 0 -0.1 -100%  - - 

i-octane 6.39  0.08 0 -0.1 -100%  - - 

n-nonane 6.10  1.87 1.98 0.1 6%  - - 

 

 

  

The kinetic tuning has helped to reduce the gap between model prediction and typical data, 

being capable of predicting ethylene accurately, as well as the other main olefins, propylene and 

butadiene with deviations lower than 5%. Reasonable predictions are obtained for other key 

components, such as the main components present in the naphtha feed and aromatics. 
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Chapter 6 
 

Conclusions and Future Work 
 

 In this work a furnace model with a SRT-VI coil for the stream cracking of naphtha was 

developed in gPROMS ProcessBuilder.  

Typical operation of the naphtha cracker is simulated using two different kinetic schemes from 

literature. The simulation results are compared to typical yields from naphtha cracking. The kinetic 

scheme from Joo gave better predictions of yield, showing, however some mismatch for heavier 

components and aromatics.  

 To further improve the yield predictions, the kinetic scheme from Joo is extended by adding 

additional reactions. The kinetic parameters of few reactions are manually adjusted. The extended 

kinetic scheme with adjusted kinetic parameters gave better yield predictions. 

 

 

6.1   Achievements 

 

The model of a naphtha cracking furnace with SRT-VI coil is developed in gPROMS 

ProcessBuilder. This model together with improved kinetic schemes from literature is a useful tool for 

understanding the steam cracking of naphtha. 

 

 

6.2   Future Work 

 

The naphtha cracker model developed in the current work can be further validated using formal 

parameter estimation techniques. Considering additional operating data will benefit the model validation 

process. The reaction scheme can be further extended based on evidence in the new data. 
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Appendix A 
 

Thermodynamics 

The following two tables contain a comparison of physical properties (for both molecular and 

radical components) between various sources, from Multiflash (main physical property package used 

in the current work) and others, found in literature (48) (49) (50) 

Table A.1 – Comparison of physical properties of molecular species between Multiflash and other databanks. 
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Table A.2 - Comparison of physical properties of radical species between Multiflash and other databanks. 
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Appendix B 
 

Kinetics 
 

Tables B.1 to B.4 show the kinetic mechanism of Joo (45), containing all the reactions that are 

part of the scheme and the kinetic parameters for each reaction: Activation Energy, 𝐸𝑎, in 𝐽/𝑚𝑜𝑙 and 

Pre-Exponential Factor, 𝑘0, in 𝑠−1 for first order reactions and 𝑚3 𝑚𝑜𝑙−1 𝑠−1 for second order reactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reactions considered 𝒌𝟎 𝑬𝒂 (𝑱/𝒎𝒐𝒍) 

Table B.1 - Reaction mechanism proposed by Joo: reactions 1-48.  
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Table B.2 - Reaction mechanism proposed by Joo: reactions 49-120. 
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Table B.3 - Reaction mechanism proposed by Joo: reactions 121-195. 
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Table B.5 compares the kinetic parameters from the same reactions taken from different 

published kinetic mechanisms (the ones that were mainly used in the current work – Joo (22) and 

Towfighi (19)) and other sources (online databank NIST (48) and work published by Sabbe and Van 

Geem (51)). This comparison is of high importance since kinetic tuning was implemented in this work, 

in which reactions from different sources were added together. For this “unification” to be successful 

and reliable, one must guarantee that the kinetic parameters are in agreement when taken from different 

sources.  

 

 

 

 

 

 

 

 

 

Table B.4 - Reaction mechanism proposed by Joo: reactions 196-231. 
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Table B.5 - Comparison of kinetic parameters between several published kinetic mechanisms and other data sources. 
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Appendix C 
 

Typical data for naphtha cracking 
 

 The next two tables represent typical data for a naphtha cracking furnace, containing typical 

values for composition of the naphtha feed (Table C.1) and cracked gas composition (Table C.2).  

These sets of data were used for modelling the furnace developed in this work.  

 

Table C.1 - Typical naphtha composition. 

Component  Mass fraction 

n-butane 0.0663 

n-pentane 0.1148 

i-pentane 0.0977 

cyclopentane 0.0067 

Methyl-cyclopentane 0.0221 

n-hexane 0.0913 

i-hexane 0.1083 

cyclohexane 0.0140 

n-heptane 0.0531 

i-heptane 0.0779 

Naphthenic – C7 0.0621 

n-octane 0.0412 

i-octane 0.0639 

Naphthenic – C8 0.0467 

n-nonane 0.0192 

i-nonane 0.0331 

Naphthenic – C9 0.0244 

n-decane 0.0018 

i-decane 0.0068 

Benzene 0.0061 

Toluene 0.0152 

Xylene 0.0178 

Ethylbenzene 0.0038 

Aromatic – C9 0.0052 
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Table C.2 - Typical cracked gas composition from naphtha cracking.  

 

 

 

 

 

 

  

  

  

   

 

 

 

 

Component Mass fraction 

Hydrogen 0.0087 

Methane 0.1436 

Acetylene 0.0034 

Ethylene 0.2762 

Ethane 0.0352 

Methyl-acetylene / Propadiene 0.0063 

Propylene 0.1688 

Propane 0.0048 

n-butane 0.0135 

i-butane 0.0004 

1-butene 0.0183 

2-butene 0.0103 

i-butene 0.0291 

1,3-butadiene 0.0501 

Vinyl acetylene 0.0004 

isoprene 0.0064 

2-methyl-2-butene 0.0004 

3-methyl-1-butene 0.0010 

3-methyl-1-butene 0.0025 

n-pentane 0.0110 

i-pentane 0.0097 

cyclopentane 0.0005 

1-pentene 0.0012 

2-pentene 0.0014 

Methyl-cyclopentane 0.0010 

1,3-pentadiene 0.0069 

cyclopentadiene 0.0158 

cyclopentene 0.0033 

Methyl-cyclopentene 0.0006 

Component Mass fraction 

n-hexane 0.0048 

i-hexane 0.0042 

cyclohexane 0.0007 

cyclohexene 0.0009 

1,3-hexadiene 0.0005 

1-hexene 0.0004 

C6 Olefins 0.0006 

Methyl-cyclohexene 0.0005 

n-heptane 0.0015 

i-heptane 0.0016 

1-heptene 0.0001 

C7 Olefins 0.0002 

n-octane 0.0006 

i-octane 0.0008 

C8 Olefins 0.0001 

n-nonane 0.0002 

i-nonane 0.0002 

Others 0.0105 

Benzene 0.0560 

Toluene 0.0307 

Xylene 0.0106 

Ethylbenzene 0.0018 

Styrene 0.0060 

Methyl-styrene 0.0033 

di-methyl-styrene 0.0007 

Other aromatics 0.0003 


