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1 - INTRODUCTION 

The importance of the coal and biomass as supplies for the useful energy production is 

increasing during last years contrarily to the common sense (Souza-Santos, 2004); 

furthermore, the conversion of some wastes with energy potential into useful energy it’s not 

just a goal but a need as a solution for the environmental problems that world is passing 

through. 

The optimization of the systems used for the conversion it’s therefore a need; the systems 

optimization is not just a question of competitiveness increase it’s as well a question of 

survival; the needs of the market, the standards as well as the emission regulation norms 

perform a narrow way to achieve the success on the markets.  

Hereupon, the projects should exhaustively explore the efficiency and look for the 

optimization of an existing operation. The modelling of the units should be based on 

simplified and well explain parts to allow others to use it and perhaps improve that. It should 

explain the calculations that were done by the simulation based on fundamental laws of 

thermodynamic, chemistry of physics; these are the simple unchangeable laws. 

The cost associated with the experimentation is a big slice of the project cost; the computation 

is an accurately tool to test different set of variables; in the process with multiple variables and 

where they suddenly can be changed without any expectation (as an example, the quality of 

the material change for some reason) its important to use a tool that can provides a quickly 

and cheap forecast for the new set of variables. That prevision can be given by a good and 

accurately model that has to be build focus on the real operation conditions. 

1.1 Aim of the work 

When a system is being developed with the goal to overcome the existing technologies level, 

all details matter and the minimal improvement can dictate the success of this new project. 

Furthermore it’s important to have a clear idea about the future steps to make the project solid 

and viable as a global solution.  

Concerning this, a system that doesn’t interfere with the normal development of the 

equipment (concerning the main goal of the project) are extremely advised as long as they can 

bridge in the right time a lack that the fast development and the market request will open. 

There are many variables (as it was referred above) that interfere on the experimental. It’s 

worthless to make as many tests as the combination of the set variable that can be used and so 

it’s extremely difficult to obtain the best set of variables just based on the empirical 
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experience, because it considers the influence of the variation of some variable but in some 

circumstances; this variation can’t be taken as a rule because nothing ensure that the 

behaviour of this variable its going to be the same if other variables change. Likewise, the 

production in mass of some reactor has to be based on a clear study that profs that the 

geometry of the reactor provides the best results; a modelling system can proof this, 

comparing other possible geometry for the same reactor. 

In short, the modelling of the unit provides a tool, that can be always used and always 

improved, that can give a quick and cheap answer to questions that in otherwise can be 

answered just using the experimental methods, with the cost and the time that is involved on 

that. 



5 

 

2 – LITERATURE REVIEW 

2.1 Energy panorama 

The energy demands were being increased during last century and as a result of 

industrialization and the living standards improve in the developing countries (with the 

consequent energy consumption that it cost) the energetic solution take a very important role 

nowadays. Moreover, the population is increasing; since the end of the Black Death in 1400 

the population has been growing, however, since me middle of last century the population 

grow rate has been also increasing. The projection appoints a 30% grow of the population 

until 2050 considering the medium value for the estimation (UN, 2004) mostly based on the 

population grow in the developing countries. The global population can reach 10 billion 

people in 2075. 

The growth of the energy needs varies from the developed to developing countries; developed 

countries need energy to meet standards like: 

• Available when is needed, in the intensity required; 

• Safe, clean and portable; 

• Ubiquitous but unobtrusive: 

However, mostly of the countries have more fundamental needs; one billion people haven’t 

reached yet the first level of the energy ladder and other three billion fulfil just the basic 

energy needs.  

This panorama obviously presents a growth in the energy demands worldwide. 

The supply sources are also changing basically because of three fundamental drivers: 

• The energy sources scarcity 

• New technology 

• Social and personal priorities 

Some sources commonly used nowadays aren’t scarce until 2050, however they have some 

limit. The same doesn’t happen with oil supply that presents a scarcity before 2025; it could 

be extend until 2040 if the efficiency of the vehicles will increase however it still limited in a 

short time (Shell, 2001).  

The new technologies present a different solution that tends to be viable and be able to replace 

the common technologies; The clean systems that use unlimited sources of energy are getting 

better interest by the developed countries and the social and personal priorities are also 
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influencing the demands; people start to concern about the environment and the energy that 

they want to consume. These points presented above have the potential to change the whole 

energy system; that change open the space for the new technologies that present good 

efficiencies and that are solutions for other problems (as example the waste conversion); 

Likewise, the decentralization of the energy sources and the different distribution of the 

electric grid seems to be a great solution to avoid costs in the transport of the energy as well as 

the raw material for those power centrals. The smaller conversion units for production 

integrated in the grid can join the large net of renewable sources with low production, such as 

wind mills or photovoltaic panels and restructure a new grid for energy supply that works 

interactively exchanging energy with the grid. It seems to be a great solution for the future if 

we consider that developed countries are looking for systems ubiquitous but unobtrusive at 

same time; such a distribution like that, avoid the high power lines, use sources that normally 

are generated at the place where is located avoiding the dependence of external sources, 

present a solution for the conversion of some waste and mostly of all presents a cleaner 

solution that along the time will replace the large fossil fuels power centrals. 

2.2 Modelling Technologies 

Various phenomena are involved in the gasification process; drying, devolatilization, 

gasification, etc. Naturally these processes are surrounded by combined phenomena in the 

form of homogeneous and heterogeneous chemical reactions. The complexity that it involves 

makes the modelling a terrified task. It’s too difficult for the human mind to interpret any 

phenomenon where more than 3 variables are involved; that can be easily seen in the graphic 

representation, the maximum number of variables represented at same time are three. 

However, models used in the industrial-scale operational conditions have been built and 

continue to provide an excellent reproduction of these operations. The great results already 

published for the different types of reactors shows that the models built may represent 

accurately the process; the constant comparison with the values measured experimentally are 

the key factors to look for a process representation with a small margin. 

It’s then important to assume an optimist approach and so imagine the process in a simplified 

way, or as sum of simplified phenomena. The concepts of simplification or complexity aren’t 

established and for this reason the modelling is considered a creative task (Souza-Santos, 

2004). 

The modelling is divided into different levels concerning the complexity and the space 

variation that is considered. The simplest model is so called the zero-dimensional model 
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which concerns the simplest analysis considering just the entering and exiting flows; there is 

no gradual iteration and so it’s unable to predict internal condition along the reactor. In this 

case the reactor is like a black box and the set of differential equations that model the system 

compute the output streams from the input conditions.   

The one-dimensional model considers the analysis of many properties of the system along one 

dimension. It simplifies a reactor to a stack of small intervals with the same conditions. Then 

the process computes the system of differential equations along the all length. The system uses 

the boundary conditions of the previous iteration to set the boundary conditions for the next 

interval; in the particular case it analyzes the different properties along the direction of the 

material movement, in the study case (the pyromatic) the direction is the one parallel to the 

main helical blades and the flow is going according the axial movement provided by that 

helical.  

The second and third levels of modelling consider more one or two space variables, 

respectively; the accurately representation using these approaches is difficult to reach because 

it expose the model to much more complex phenomena that are practically impossible to 

predict; the unpredictable movement of the material in the reactor requires some 

simplifications about the equipment. 

2.3 Gasification viability 

The gasification process involves a combination of thermal decomposition and 

devolatilization reactions with controlled supply of oxidant agent. The devolatilization process 

release volatiles such higher hydrocarbons from the carbon char. Then, the gas released has 

the potential to be directly used as fuel in high efficient turbines or combustors or it can be 

synthesized in order to produce other products using chemical synthesises techniques.  

The reactor types, the operation conditions and the nature of the feedstock have the biggest 

influence in the all process results and so a good combination of them can optimize the results 

that each of this reactors can provide. 

The different types of reactors are more appropriated to some cases according the power range 

of the unit in order to obtain an economical feasibility of the project. The image bellow makes 

a draft about the simplest description of the different gasification systems: 
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Figure 2.3.1 – Functional principals of the different gasifiers (Zuberbuhler, 2005) 

The gasifier reactor can be divided in two groups: fixed bed and fluidized bed; the difference 

is made because they differ in an important aspect; the fixed bed gasifier use the simple 

feedstock directly in the reactor without any inert medium mixed with that. It’s a simpler 

reactor and more proper for small scale use, while the fluidized bed reactors use an inert 

medium to mix the feedstock and to help the flow on the reactor and the heat transfer ratio 

with the consequent reaction ratio. 

The so called moving bed system, which is the type of reactor that this work study case 

concerns about, is a particular way of fixed-bed; the system has a device that helps the 

material in the bed to be moved pushing it throughout the reactor, helping consequently the 

heat transfer rate and the speed of the reactions. 

The second group of gasifiers uses an inert material to create a fluidized medium. This inert 

material mixed with the feedstock moves along the reactor with a higher heat transfer rate and 

consequently a higher reaction rate. Those systems present better results, however they have a 

more complex structure and so typically it is used in higher scale power range reactor which 

ensure the economical viability.  

In general, the higher advantage of the gasification systems in comparison with the 

combustion ones is the intermediate step between the release of the gas and the burning of the 

total gas released. As referred before the gasification process is an incomplete combustion 

process where the oxidant agent ratio doesn’t allow the complete combustion of the gas 

released;  

The products released from the gasification process can be used for different proposes giving 

to the technology a high possibility for the composition of the output stream. It allows 

feedstock with less potential that in the thermal decomposition can release some compounds 
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that can be useful for other proposes than the direct combustion. It gives the process more 

flexibility for the type of feedstock acceptable. 

2.4 Different conversion technologies 

2.4.1 Fixed / moving bed gasifiers 

Fixed-bed gasifiers can be classified primarily as counter-flow, or updraft, and co-flow, or 

downdraft. Counter-flow gasifiers represent the oldest and simplest gasifiers. It is composed 

by a reactor in which fuel is introduced into the top by means of a lockhopper or rotary valve 

and flows downward through the reactor to a grate where ash is removed.  

The gasification agent, which can be air or oxygen and possibly steam, is introduced below 

the grate and flows upward through the reactor. At the bottom of the reactor (combustion 

zone) char burns to form carbon dioxide (CO2) and steam (H2O), which then flow upward 

through the bed counter-currently to the down-flowing solids. Inside of gasifiers couple of 

other reactions occurs that involve processes as pyrolysis or combustion.  

This type of gasifiers demands a high fuel quality with homogenous piece size, low ash and 

moisture content needs to be less than 20%.  The fixed-bed reactors have an excellent heat 

exchange between the hot product gas and the supplied fuel. 

The maximum temperature in the combustion zone is typically higher than 1.200ºC. In the 

reduction zone CO2 and H2O are partially reduced to carbon monoxide (CO) and hydrogen 

(H2) through reaction with carbon in the char at temperatures of 800-1.200ºC. In the pyrolysis 

zone these gases contact dry biomass in the temperature range of 400-800ºC and devolatilize 

the biomass to produce pyrolysis products and residual char. Above this zone the gases and 

pyrolytic vapors dry the wet biomass. Typical product exit temperatures are 80-100ºC.  

A wide range of tars and oils, which can condense in product lines, are produced in the 

pyrolysis zone. For this reason updraft gasifiers are usually operated in a close-coupled mode 

to a furnace or boiler to produce steam or hot water. Certain feeds with low-melting ash may 

have slagging on the combustion grate. In addition, feed particle size needs to be controlled to 

maintain a uniform bed.  

In co-flow gasifiers the air and product both flow in the same direction as the solid bed. They 

are specifically designed to minimize tar and oil production. The fuel and gases/vapours from 

pyrolysis moves co-currently downward through the bed. The pyrolysis products pass through 

a hot char combustion zone, where they are contacted with air and the tars are thermally 

cracked and partially oxidized. Typical tar conversion is greater than 99%, and is a function of 

temperature, combustion efficiency and channelling. The combustion zone temperature is 
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typically 800-1.200ºC. The hot char in the reduction zone reduces CO2 and H2O, to CO and 

H2. The exit gas temperature is typically around 700ºC.  

Downdraft gasifiers have the same general constraints on feed properties as updraft gasifiers. 

The feed needs to have a fairly uniform particle size distribution with few fines to maintain 

bed physical properties and minimize channelling. The feed needs to have low ash with a high 

fusion temperature to prevent slagging. In addition, the feed moisture content needs to be less 

than about 20% to maintain the high temperatures required for tar cracking.  

A variation on the downdraft gasifier is the cross-flow gasifier, in which air is introduced 

tangentially at the bottom of the gasifier. The operating principle of the cross-flow gasifier is 

the same as for the downdraft gasifier.  

The study case gasifier will be inserted in the second variant of the fixed –bed gasifiers with 

the particularity, shown above, that the reactor has a device that push the material throughout 

the reactor; In any case, the main principal is quite de same, material and the stream (in the 

present case no input gas stream is used but the output is leaving the reactor at the opposite 

side of the input material) flows in the same direction in the reactor; the reactor presents a 

horizontal configuration what also differs from the typical fixed-beg structure. That particular 

case can be inserted in the fixed-bed group because no inert material is used in the bed and so 

the main principal that distinguishes both technologies still present. 

2.4.2 Fluidized bed gasifiers 

In a gas-solid fluidized-bed a stream of gas passes upward through a bed of free-flowing 

granular materials in which the gas velocity is strong enough that the solid particles are widely 

separated and circulate freely throughout the bed. During overall circulation of the bed, 

transient streams of gas flow upward in channels containing few solids, and clumps or masses 

of solids flow downward. The fluidized bed looks like a boiling liquid and has the physical 

properties of a fluid.  

In fluidized-bed gasification of biomass the gas is air, oxygen, or steam, and the bed is usually 

sand, limestone, dolomite, or alumina. The gas acts as the fluidizing medium, and if 

air/oxygen is used, is the oxidant for biomass partial oxidation. A fluidized-bed gasifier is a 

vessel with dimensions such that the superficial velocity of the gas maintains the bed in a 

fluidized condition at the bottom of the vessel, with a change in cross-sectional area above the 

bed that lowers the superficial gas velocity below fluidization velocity to maintain bed 

inventory and act as a disengaging zone. To obtain the total desired gas-phase residence time 

for complete devolatilization, the larger cross-sectional-area zone is extended.  
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A cyclone is used to either return fines to the bed or to remove ash-rich fines from the system. 

A gas distribution manifold or series of sparge tubes are used to fluidize the bed. Biomass is 

introduced either through a feed chute to the top of the bed or through an auger into the bed. 

In-bed introduction provides residence time for fines that would otherwise be entrained in the 

fluidizing gas and not converted in the bed.  

The bed is usually preheated using an external burner fired by natural gas, propane or fuel oil. 

The hot flue gas from the external burner is used to heat the fluidized bed to the fuel ignition 

temperature. For biomass this temperature is around 540ºC. Supplemental firing can be used 

to heat the freeboard gas to normal gasification temperature. At this point biomass is slowly 

introduced into the bed to raise the bed temperature to the desired operating range, normally 

790-870ºC. Bed temperature is governed by the desire to obtain complete devolatilization 

versus the need to maintain the bed temperature below the ash-fusion temperature of the 

biomass ash.  

The exothermic combustion provides the heat to maintain the bed at temperature and to 

volatilize additional biomass. Fluidized-bed gasifiers have the advantage of extremely good 

mixing and high heat transfer, resulting in very uniform bed conditions. Gasification is very 

efficient, and 95%-99% carbon conversion is typical. Bubbling fluidized-bed gasifiers are 

normally designed for complete ash carryover, necessitating the addition of cyclones for 

particulate control.  

2.4.3 Circulating fluidized bed gasifiers 

If the gas flow of a bubbling fluid bed is increased, the gas bubbles become larger, forming 

large voids in the bed and entraining substantial amounts of solids. This type of bed is referred 

to as a turbulent fluid bed.  

In a circulating fluid-bed the turbulent bed solids are collected, separated from the gas, and 

returned to the bed, forming a solids circulation loop. A circulating fluid bed can be 

differentiated from a bubbling fluid bed in that there is no distinct separation between the 

dense solids zone and the dilute solids zone. Circulating fluid-bed densities are about 560 

kg/m3 compared to a bubbling-bed density of 720 kg/m3. To achieve the lower bed density, 

gas rates are increased from the 1.5-3.7 m/s of bubbling beds to about 9.1 m/s. The residence 

time of the solids in a circulating fluid bed is determined by the solids circulation rate, the 

attrition of the solids, and the collection efficiency of the solids separation device. 
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2.5 Solid fuels 

The carbonaceous solid fuels include the coal and biomass, which are the typical solid fuels 

used but also other kinds of fuels normally obtained as an industrial waste. The composition 

of that type of solid materials consist on a collection of organic polymers mainly made by 

aromatic chains combined by hydrocarbons and other atoms such as Nitrogen, Oxygen, 

Sulphur, Potassium, Sodium, etc. 

The characterization of the solid materials is extremely important to establish relations 

between the characteristics and the changes on the output of the conversion systems. The solid 

fuels can be classified through its physical and chemical properties. 

2.5.1 Physical properties 

There are several aspects concerning the physical properties of the materials; the material 

should be analysed taking a sample that can represent the one that is used on the process 

within a certain error. Because of the transport, the pre-treatments and so on the materials can 

differ in some stack. To avoid that it should be used few samples to study the main physical 

characterization. 

The physical properties are related with three main aspects: the particle size distribution, the 

shape of the particle and the porosity. This aspects have a big influence on the heat transfer 

that can reach the particle, therefore they should be intensively analysed. 

The rate at which the reactions take place inside the vessel is extremely influenced by the 

physical properties; if for instances a particle size distribution present highly different sizes for 

the particles the smaller particles will be consumed and the bigger ones will be just on the 

drying phase. 

The shape of the particle is as well important to allow the higher surface between the solid and 

the gas stream inside the reactor; if some particle create some isolation for other ones the 

process won’t be uniform and some particles won’t be suggest to the thermal decomposition. 

That characteristic can be defined by the sphericity of the particles. 

Other factor that has high influence on the process is the porosity of the particle; normally half 

of the particle is empty due to tunnels with microscopic diameter and that may have a big 

influence due to heat transfer and the gases released.   
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2.5.2 Chemical properties 

In general the carbonaceous solid fuels have a very complex composition with substantial 

variety of inorganic and organic compounds. The behaviour of the materials when exposed so 

some conditions will on the proximate and ultimate analysis. The first one is based on the 

simplest analysis of the fuel concerning moisture, volatile, ash and fixed carbon content. 

These are the first characteristics that deeply influence the behaviour of the material.   

The second type analysis will be focus on the elemental analyze of the most significant 

elements, Carbon, Hydrogen, Oxygen, Nitrogen and Sulphur.  

For the utilization on the software CeSFaMBi, the proximate analysis should be on the wet 

basis and the ultimate analysis should be given in the dry basis.  

2.6 The mathematical model 

There are different levels of complexity to describe a process. It can be useful only if a good 

level of representation can be achieved; otherwise a better representation for the operational 

conditions with a simpler level that is favourably because it will be close to the real situation. 

In the case of fixed/moving bed gasifiers the three dimensional analyse is in mostly of the case 

worthless because the moving of the material in the bed doesn’t follow any flow rule; in this 

cases the best level for modelling representation is the one dimensional model. 

The first-order model assumption may seem simple, but one should realize that the process 

involves up to five physical phases, chemical reactions in all phases, dynamics of each phase, 

heat and mass transfers among all phases, heat transfer between phases and the internal (tubes 

and walls) parts of the reactors. In addition, the model considers around a hundred possible 

chemical reactions, including processes such as devolatilization and drying of carbonaceous 

solid fuels. The structure considers 18 gas and 14 solid chemical components, but it can be 

expanded to include more species. Most of these chemical components are present in all 

physical phases. (Souza-Santos, 2004) 

2.6.1 Different models complexity 

There are further representations concerning the levels of freedom that the model concerns 

about. The one dimensional model, concerns just about the streams that enter and exit the 

reactor while the one dimensional model concerns the evolutions along one direction. The two 

dimensional and three dimensional models beyond the main direction evolution concern the 

analysis in another direction or more two directions if the two dimensional and three 

dimensional modelling are applied, respectively. 
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As written above, the zero dimensional models are the simpler level of modelling and 

simulation for an equipment or set of equipments. It’s the main and the basis step that should 

be done because it’s based on fundamental equations of energy and mass transfer, although it 

refers only to input and output and so it doesn’t give a representation of the occurrence of the 

different processes. 

To apply a zero dimensional model we should know the following information: 

• The composition, mass flow and temperature of all streams entering the reactor 

• The group of selected independent reactions representing the process 

• A chosen value for efficiency (Href) 

• The pressure of the exiting stream and the entering stream 

All of these values are physical properties of the process. With these values we can compute 

the mass flow, composition and temperature of the exiting stream. Excluding the inert ones, 

the number of reactions should be such to include all components of the exiting stream. 

From now on we will talk about control volume (CV) and control surfaces (CS), which is the 

surface surrounding the CV, to describe the operation. A CV is equipment or a part of it that 

has interested to be studied independently. (1) 

When we analyse the process taking in consideration the different reactions that are occurring 

along the control volume we found out that considerable changes in temperature, velocity, 

pressure and composition are taking place and so that density, viscosity, thermal conductivity, 

diffusivity and any other properties can not be assumed as a constant. In this case just a 

differential representation is able to describe the numerical solution. The solutions for these 

variables are solved for very large series of small control volumes and so the boundary 

conditions set the data for the next small control volume. 

Any computer programme used to solve these systems of equations need the data from a bank 

of physical-chemical properties. The program needs to access several times to this bank of 

information to recalculate the different properties. 

The first task should be focus on the interface of the solid and gas phase along the reactor. For 

instances, we establish a surface area with the same area of the sum of all solid phase. 

Through this interface, heat and mass would be exchange. 

As a rule, the one-dimensional approach would be reasonable for ratios above 30 between the 

reactor and particle diameter, what means that for our example the particles shouldn’t be 

bigger than 6.5mm. 
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From the point of view of mass exchange between phases, the simplification of pug-flow 

regime needs a more elaborate discussion. As oxygen, water and other chemical species from 

the gas phase react with the carbonaceous fuel, mass is necessarily transferred to the solid 

phase. At the same time, carbon dioxide, carbon monoxide, hydrogen and several other gases 

components leave the solid phase and migrate to the gas phase.  

2.6.2 General considerations of the model 

The simplification doesn’t have to mean less powerful model representation; there are a bunch 

of simplifications that can be assumed to simplify the operational process but in somehow are 

simplification that can be done because they don’t   

a) Steady-state operation – This is a general assumptions in almost all industrial rectors. 

b) Gas flows throughout the reactor in a plug-flow regime – Its considered that no 

rotational velocity is present and at a given cross section of the bed all variables 

uniformly distributed. 

c) Solid particles flow throughout the reactor in a plug-flow regime – also in the solid 

particles the only speed that will be considered is the axial. 

d) Momentum transfers between the two phases are negligible – what means that velocity 

profiles of one phase are not affected by the flow of the other phase. 

e) Inviscid flow for the two phases – The idea to consider a non-viscose flow seems 

reasonable mainly due to the approximation of plug-flow regime. 

f) At each phase, temperature and concentration profiles are flat - Once that in every 

position we have different composition of the gas and solid phases this conditions will 

be taken for each of this phases. However if the layers within the solid particle were 

relatively thin when compared with the average particle diameter the temperature 

profile would remind flat for most of the particle volume. The flat temperature profile 

can also be assumed to the gas phase due to the thin layer between the particles. The 

assumption of flat concentration profiles within each phase follows similar 

concentrations. For that, mass transfer coefficient between solid and gas phases would 

replace the convective heat transfer coefficient and diffusivity would replace thermal 

conductivity.  

g) Heat transfer by radiation inside each phase and between phases can be neglected as a 

first approach. This approach can be assumed because the large flow of gas and solids, 

transfers by radiation and even conduction, would be masked by the overall 

convention in the same direction. 
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h) Secondary influences, such as dissipations of energy due to viscous effects and 

influences of one basic transport phenomena into another are neglected.  

The first approach may have some considerations that can’t be done. Of course it needs to be 

tested and verified after running the simulations for specific cases. 

2.6.3 General equations 

In the annex B is presented a group of differential equations that are the base of the routines 

that perform a model; these equations will be simplified once the conditions presented above 

are applied.  

Bellow is presented the applications of these simplifications and the consequences that it 

brings on the set of equations that closely describe the model. 

The mass balance should be equal to zero if every phases balance will be analyzed. Across the 

control volume there is neither storage nor production of material, therefore summarize of the 

all phases should be equal to zero.  

The energy balance takes in considerations the different energies present at the CV.  

The equation 2.6.3.1 presented bellow, describes the general equation for the energy balance: 

dt

dE
WQIzg

u
hF icv

iCViCViCViSRiSR

nSR

iSR

iSR

iSRiSR =−+++∑ &&
,

2

)..
2

(        (Eq. 2.6.3 .1) 

FiSR is the flow of the stream iSR, hiSR is the enthalpy of this stream, uiSR is the velocity of this 

stream z is the vertical position. The IiSR,iCV is the direction of the flow, it’s +1 if flow is 

entering the CV and -1 if the flow is leaving the CV. 

This equation takes in consideration the analysis of each stream entering and exiting the 

control volume. The flow, FiSR, it’s multiplied by the different energies forms present at the 

process, which are enthalpy, kinetic and potential energy. The flow is an average computed 

over the cross section in the entrance or exit of the control volume.  

In the specific case, few simplifications can be done assuming the process working in the 

steady-state regime, which is a reasonable consideration for our unit. 

So, the work produced or consumed its equal to zero. Kinetic and potential energies can be 

negligible when compared with variation of the enthalpy among inputs and outputs.  

Applying these considerations to the general energy balance equation will simplify it to the 

equation 2.6.3.2, represented bellow: 
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To have the full flow balance for the CV we should take in consideration all of the streams 

entering and exiting the CV.  They can be grouped by the different components and then 

summarized. 

We can calculate the total flow from some specie through the equation 2.6.3.3, shown bellow. 

∑=
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n

i

iSRiCPiSR FF ,
                                                                                   (Eq. 2.6.3.3) 

Where iCP is the chemical components in each stream iSR, and so the FiCP,iSR is the flow for the 

stream iSR and for the component iCP. 

 

In this case the equation for the total flow will be described by the equation 2.6.3.4, shown 

below: 
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The chemical reactions occurring inside the CV will rearrange the chemical species although 

it won’t modify them. So, the composition obtained by mixing all streams will be the same in 

the entrance and in the exit of the CV. 

A chemical reaction can be described by the sum of the products and reactants. A simple way 

how to represent a chemical reaction is shown bellow, in the equation 2.6.3.5: 

0
1

, =Ξ∑
=

j

n

J

ij

CP

ν
                              (Eq. 2.6.3 .5)                                  

Where, ν is the stoichiometric coefficient and it is positive for the products and negative for 

the reactants. Ξ is the chemical formula of the chemical specie j. 

The reaction rate coefficient is influenced by other parameters then just the stoichiometric 

coefficients. Some chemical species that do not take part in the reaction such as catalyst or 

poisoning can also influence the rate coefficient. 
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When the residence time inside of the reactor is long enough the chemical reaction reach the 

equilibrium. In this situation we find out a relation between the products and reactants, the 

equilibrium coefficient.  

Equation 2.6.3.6 shows that relation: 
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The computation of the streams with bigger representation could follow the algebraic 

approach and so the calculation of the exiting conditions could be done considering the 

chemical equilibrium, however this computation will be useless for the understanding of the 

different parameter along the reactor.  

To find a model that described the changes along the reactor, and so across the time, the One 

Dimensional Model should be introduced. 

2.6.4 Simplifications on the present case 

Adopting a cylindrical system of coordinates and applying the simplifications criterions that 

were referred before the differential equations that described the process are: 

• Total mass continuity 

As consider in the first simplification above, the reactor operates in steady-state regime 

what means that all derivates against time should be equal to zero. Also by the second 

simplification we know that there are no velocities in other direction than the axial 

direction, so any derivate from the equation related with other velocities will be equal 

to zero.  

So the equation for the total mass continuity will be simplified to: 

 0
)(
=

dz

ud ρ
                                                                                              (Eq. 2.6.4 .1) 

Where, direction z is the direction parallel to the main screw.  
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• Species j continuity 

The simplifications considered above are also valid for the equation of the species j 

continuity; therefore the derivates against time and against the directions different than 

the axial one are equal to zero. 

The equation simplified will be: 

Mj

j

j

j
R

dz

d
D

dz

d
u +=

2

2ρρ
             nj ≤≤1                 (Eq. 2.6.4.2) 

In the equation the average diffusivity Dj of the component j in the mixture of gases is 

assumed. 

• Energy conservation 

The simplifications a) and b) are once again considered and so the derivates against 

time and other directions than the axial are equal to zero. Also the simplification d) is 

valid here and so the heat dissipation by viscous effects and by diffusion is negligible. 

So, the equation simplified is: 

QR
dz

ud
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dT
cu +=

2

2

λρ                                    (Eq. 2.6.4.3) 

The term RQ in the equation represents the rate of energy transformation of chemical 

energy into internal energy of the fluid. In other words, depending on the reaction 

(endothermic or exothermic) it will provoke increase or decrease in the temperature at 

the rate RQ.  

The heat transfer by radiation isn’t considered by the energy balance equation because 

it should consider some parameters such as emissions, absorption or scattering which 

become the modelling much more complex. An assumption of over estimation for the 

thermal conductivity can suppress this need.  

• Momentum conservation 

At same way, the simplifications a) and b) are considered and so the derivates against 

time and other directions than the axial are equal to zero. Also the simplification f) 

eliminates all terms with gravity components and the simplification g) avoids creation 

of turbulence because the slow reactions and a linear flow are assumed. 
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• Appliance of the differential equations 

The four equations shown above make a representation of the reactor and are able to 

produce profiles of velocity, temperature and concentration (main variables). The 

system provides 3 + n equation which is also the number of variables.  All of the other 

variables (global density, viscosity, specific heat, thermal conductivity, diffusivity, 

energy and mass source) can be calculated using the primary variables. 

As the first example we can look at the global density ρ which isn’t more than the sum 

of the all chemical species: 

 ∑
=

=
n

j

j

1

ρρ
                                                                         (Eq. 2.6.4.5) 

All of the other properties can also be calculated based on the main variables using the 

methods for evaluation of properties of pure elements as well as them mixtures. 

2.6.5 Boundary conditions 

The system of equations that described the system can be constructed based on the equations 

shown above and so can provide a general solution for a problem; however this solution can’t 

be used independently to check for the real solutions. The set of coherent boundary 

conditions should be made.  

The transport variables (velocity, temperature or concentration) are the first-kind boundary 

that should be set. Within this kind two subcategories should be made concerning the initial 

and intermediate/final conditions. The second-kind of boundary conditions is the ones that set 

values for the transport flux or flow (rate of momentum transfer, heat flux or mass flow). The 

last-kind of boundary conditions are the ones that make the connection between value of flux 

and the transport variable at a given space position or time. 

A boundary value problem (BVP) is a combination of differential equations and the set of 

necessary and sufficient boundary conditions to solve that problem. Naturally the BVP it’s as 

complex as the number of variable and boundary conditions. 

For instance, if the initial condition of temperature is known and if we neglect the changes of 

density, velocity and conductivity the balance of the energy (equation 8) would become a one-

dimensional ordinary difference equation. Once that the entering temperature can be easily 

measured the reaction rate would be dependent only of the temperature and so that differential 

equation can be easily solved.  
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In other hand, if the entering temperature is unknown and an intermediate temperature is 

known (at position zi) we have another kind of BVP and so we have to fulfil the next steps: 

• Guess a first value for the initial temperature (z = 0); 

• Compute the numerical solution until the position zi; 

• Compare that solution with the measured for the position zi ( Ti); 

• Adjust the first guess temperature proceed the previous steps until the difference 

between the numerical solution and the measured temperature will be lower than the 

error established; 

Commercial available computational libraries provide efficient numerical procedures for the 

numerical solution converge faster. When the same approach it’s used to compute the second-

kind of BVP the solutions are normally harder to achieve.  

2.6.6 From the model to the simulation program 

Once that the correlations are find out the next step is to find a simulation program where 

these equations and correlations work together in an ordinary way. It should also be ensured 

that no mathematical/logical contradictions are at this program. Normally these contradictions 

are found only during the computation. 

One of the important parameters that should always be presented is the comparison with the 

real data. No matter how sophisticated and mathematically coherent a model is it’s worthless 

if unable to reproduce the basic characteristics of the process or equipment operation within 

an acceptable range of deviation (Souza-Santos, 2004).  

This level of deviation is complex because there are no simple rules for that, however there 

are several factors influencing comparisons between simulations and real operations: 

• Confidentiality: Usually, pilots or industrial units are under some sort of commercial 

contract that does not allow publication of all details regarding geometry or operational 

conditions. 

• Unreliability and inaccuracy: After careful examination, it is common to verify flaws 

on report data. Most of those are due to careless measurements or even mistakes or 

misinterpretations of the operational data. Many aspects as the deviation from the 

average on the composition and other physical properties, the fluctuation in the mass 

rate feeding into the reactor, the fluctuation of any other entering stream, the intrinsic 

uncertainty of the instruments is masked by the fluctuation of the measured variables. 
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• Incomplete information: Most published reports do not reveal all required inputs to run 

the simulation program. 

• Precision of the correlations: As seen, even for models based on fundamental 

equations several empirical and semi-empirical models are needed as constitutive 

equations to provide values of various parameters. For example, most of the 

correlations for physical.-chemical properties lead to deviations around a few percent. 

The problem increase in case of chemical reaction kinetics, where correlation of the 

parameters for those may be affected by deviations around 30%, or even higher. 

Considering all of these aspects there is a value appointed as an average acceptable which 

includes deviations of temperatures, pressures, compositions, residual particle size distribution 

and mass flow. This value should be around 5%; however it isn’t an absolute rule. 

2.6.7 Structure of a program chart 

The base of the simulation can be useful to build a program with the considerations presented 

above but can also be really important to understand and know where and how to correct an 

existing model or some mouldable comprehensive software that is able to modulate the 

operational conditions of some equipment. 

The simulation program should have the same approach as the one used in the construction of 

the mathematical model. The steps should include the choosing of the programming language, 

then define the program chart (logic order of the operations), start writing the program and in 

the end test the program. 

The first step of any simulation program is the acquisition of data reading. In our case, the 

data are related to: 

• Physical input to the equipment: 

o The mass flow, temperature, composition (proximate and ultimate analysis), 

density, porosity, heat value and particle size distribution of carbonaceous 

particles solid feeding at the top of the equipment. 

o In the case of the gasification, not the present case is also necessary to read the 

data of the mass flow, temperature and composition of the gas stream injected 

into the gasifier or combustor. 

  



23 

 

• Description of the equipment geometry: 

o Reactor diameter. In our case the cross section of the reactor is constant and so 

it’s a known value. 

o Bed length 

o Description of the external and internal insulation; the thickness, the average 

conductivity and emissivity. The reactor should be considered adiabatic as a 

first reasonable approach but these parameters can be important to measure the 

heat transfer conditions of the equipment. 

o In the present case, such other features of the equipment such as main screw 

rotation should be also defined. 

• Control Variables 

o Printing control. Apart from the printing of the data and the results, it could be 

necessary to print the value of several computed variables. This may be 

important to follow the progress of the computation and to allow the diagnosis 

of faults and problems, mainly during the phase of programme development.  

o Parameters to control convergences and solutions of differential equations. 

Most of the available commercial mathematical libraries require the definition 

of the maximum number of iterations, maximum allowed deviation, etc. 

The data reading should be based on the same approach for all values. For instance if the 

value are giving in the wet basis all of the values should follow that. Also the units should be 

the same and the SI (International System) should be used. 

2.7 The comprehensive model CeSFaMBi
©
 

The software CSFMB
©

 is a comprehensive simulator for bubbling/circulated fluidized beds 

and moving bed equipments which includes the concepts described above. It’s a powerful 

simulator, built on the base of the fundamental equations of mass and energy conservation and 

which may be used as a base to be modified and calibrated with a given case, in the present 

case a moving bed system for conversion of waste materials in a low controlled temperature. 

The comprehensive simulator suffered many improvements during the last 20 years where the 

developer, Prof. Souza-Santos, worked on the development based on practical and theoretical 

backgrounds. The specificity of the software simplifies the main processes of energy and mass 

balance analysis. The software has been developed and applied always on the try to come 

close to the real conditions that the software simulates. 
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As discussed above, the present situation fits in a case of 1dimensional model and that’s the 

strategy that CeSFaMBi use to approach the problem. The first step before simulation is to 

ensure that the model reproduce the operational conditions of the equipment; this process is 

the most difficult and doesn’t give any information about the operational conditions until the 

model represents accurately the process. Once that level is achieved, there are many 

applications that can improve the operational process. 

The software can be applied to predict operational conditions of equipments with different 

scale range and applications; the software already proves to be an accurately tool on the 

representation of the operational process in the small scale units as well as in the large 

industrial units, as long as the input variables are accurately obtained and the real operative 

parameters can be accurately measured. 

The application of the software covers a wide range of proprieties that can be improved with 

the use of this comprehensive model; it can be used to: 

• Optimized designing of process and equipment. 

• Optimized scaling-up of phase of a project. This brings substantial savings of time and 

money because simulation eliminates or drastically reduces the need for intermediate 

pilot scales. 

• Resetting or adjusting the operation of an existing unit. This would be certainly 

required in cases of modifications on project or nominal conditions such as: 

o Quality or characteristics of feeding fuel 

o Required power output from the unit 

o Strategy of the plant in which the unit is inserted 

o Eventual alterations in geometric characteristics of the unit 

• Safety and control development because it allows to recognize possible dangerous 

operational conditions such as collapse of bed due surpassing ash-softening 

temperature, slugging flow due to large bubbles, segregation of solids, etc. 

• Process development since simulation requires much less financial resources than the 

experimental investigation. In addition, it provides greater understanding of the 

experimental data and results that complement the acquired knowledge. It also allows 

exploring operational conditions, which are difficult or costly to be achieved by trials 

on pilots or large units. Actually, simulation constitute the only feasible method for 

studies that require the analysis of values of parameters at points of the equipment, 

which are difficult or impossible to access by experimental probes or any other 
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method. Such conditions include high temperature points, as the usually found in 

combustion and gasification processes, phases with variable positions as bubbles, etc. 

• Optimization of experimental investigation because the viable region for operation can 

be searched before the work starts. This also avoids tests at uninteresting or even 

dangerous range of operations. (9)  

2.7.1 Convergence parameters 

The convergence factors affect the routines of the software. The software will run some 

routines until some proposition will be filled. For example, in the case of the carbon 

conversion convergence, the software will need a set of expected values for CCMINP and 

CCMAXP, the minimum and maximum respectively, correspondent to the convergence of 

solid carbon into gases. After, the programme will compute all feeding carbonaceous 

transformations including the conversion of carbon from fixed-carbon fraction to gas. Once 

the computation is done, the computed value is compared with the value CCMIN; if the 

compute value is higher than CCMIN the program repeats the integration using CCMAX. If 

the new computed value is smaller than CCMAX the convergence routine will replace the 

guess values and repeat the integration. The program stops if the differences of the percent 

weighted deviation between guessed and computed values of the two previous passes through 

the bed do not present reverse sign. In the other hand if the signs are reversed the whole 

process is repeated until that difference falls below a given desired maximum deviation value, 

called CCDEVP. 

The chart of the figure 2.7.1.1 illustrates the way how the software deals with the conversion 

of fixed carbon in the bed; as written above, the software makes the first iteration using the 

guess given values and computes all feeding carbonaceous transformations, among then the 

conversion of carbon from fixed-carbon fraction to the gas. As a result a new value for fixed-

carbon conversion will outcome; this new value, AKON(1,conversion), will be compared with 

CCMIN (value used by the software as the minimal conversion parameter) and if the value is 

greater than CCMIN the software will compare it with CCMAX. If it’s smaller than CCMAX 

the software will generate new limits for the fixed-carbon conversion. As long as the 

AKON(n,carbon) value still between the previous limits generated the software will run the 

next iteration until the software computes a value that is greater than CCMAX or smaller than 

CCMIN. In this case the software stops or in the case that the accuracy is set up by setting up 

CCDEVP the software will repeat the iterations until the percent weight deviation will drop 

below the CCDEVP established.  
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Figure 2.7.1.1 - CSFMB fixed carbon conversion chart 

The software shows the iterations that software is doing in a DOS scream that shows the 

convergence factors influence. Normally the absolute value of “weighted deviation” should 

decrease after the 3
rd

 iterations because the new set of values should be closer to the one that 

software is converging to. 

It’s important to notice that the total-fixed carbon conversion is normally smaller than the total 

carbon conversion because of volatile conversion to gases and tar. 

Generally in 10 iterations the software achieves the convergence, however in low bed 

temperatures cases may happen that convergence takes longer because much tar is present in 

the exiting gas. 

2.7.2 Equipment data 

A characteristic that differentiates CSFMB from any other chemical analyser software is the 

concerning about the equipment data and the features of this equipment or devices attached to 

the unit. It considers not only the streams characterization, pressures, temperatures, rates, etc 

but also the geometrical data, where the attention to the location of devices, thickness of 

insulation, number of gas injectors, etc 
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That detail makes it closer to reality; the user is able to reproduce more accurately the design 

of the equipment just with the input data that the software is asking. 

The selection of the kind of equipment and the type of reactor allows the software to make the 

first approach about the reproduction of this unit; then, the geometrical characteristics of the 

bed (diameter, length, position of the gas stream (in the case it is present) number of orifices 

of gas/stream in the distributor (also not applied for the first model approach of the study 

case), porosity, position of solid fuel feeding and some others) will reproduce the main reactor 

that serves the base of the equipment.  

After this particularization of the case, further data will complete the equipment with 

characteristics like: 

• Thermal insulation (thickness, conductivity, emissivity) 

In the study case, we consider two insulation materials with the referent thickness 

according the description of one developer of the Unit. The insulation is made firstly 

by a layer of air with 5cms that is followed by a second layer of cotton batts with 

15cms. That’s not regular in the whole equipment but we consider that those are the 

average values for that. 

The scheme of the figure 2.7.2.1 illustrates that:  

 

Figure 2.7.2.1 – Insulation scheme of the study case reactor 

The calculation of the equivalent conductivity was made by the follow formula: 
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The final characterization of the insulation by the software its then written on the 

form shown in the figure 2.7.2.2 shown bellow: 

 

Figure 2.7.2.2 – CSFMB characterization of the equipment thermal insulation 

• Cyclones and recycling (geometrical description and number) 

The cyclone that of the study case is used as a particles filter to clean the gas that is 

released. It doesn’t have direct influence in the results of the gas that is released and 

so it won’t be considered by the software. 

• Tube bank data ( configuration, number of serpentines, location, etc) 

The tube bank isn’t used at the actual configuration of the unit, although after the 

first simulations using the unit as it is now, some simulation will also add a tube 

bank to study the influence of adding a gasification agent to the process. 

• Jacket (purpose, stream characterization, heat transfer rate, etc) 

As it was already described above, the jacket works like input of heat to the process. In 

general jackets can assume different proposes to add or to capture heat. In the study case, the 

jacket is used in the form: “Heating is placed around the bed or freeboard” where the software 

considers a stream of gas constituting the result gas of the propane combustion. 

2.7.3 Carbonaceous stream characterization 

The stream characterization should be fully describing the conditions of the feeing material; 

that description will have the main influence because all routines will be applied on those 

values that characterize the initial state of the feedstock.  
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The software considers a list of known carbonaceous fuel feeding (MTKIND) to global 

describe the type of material; then a bunch of characteristics concerning heating value, 

moisture/volatile/fixed-carbon/ash contents, ultimate chemical analyses of each element, 

particle size/sphericity distribution and density. 

In this last one a difference should be made between the different densities considered: 

The particles bulk density (ROBES(1)) – it’s the average bulk density of the feeding 

carbonaceous particles and it’s given by: 

 

 

 

The particles apparent density (ROPES(1)) – it’s the average apparent density of the feeding 

carbonaceous particles and it’s given by: 

 

     

 

The particles true density (RORES(1)) – it’s the average real, or skeletal, or true density of the 

feeding carbonaceous particles and it’s given by: 

 

 

 

The particles characterization is extremely important to achieve the model because it defines 

the behaviour of the material according heat and mass transfer. Some of this data request 

laboratory analysis to look for the properties.  

It has a big influence in the bed and freeboard dynamics as well as in the kinetics, mass and 

energy balance. 
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2.7.4 Reactor jacket 

The heat is provided to the reactor through a stack of burners located beneath reactor. The 

group of burners performs a heating stream that flows around the walls of the reactor and 

consequently transfers part of this heat to the feedstock.  

The distribution of this heat around the perimeter of the cross-section isn’t uniform, however, 

and because the movement of the material inside the reactor in somehow compensates those 

differences, the software will simplify that stream and will assume that the stream is uniformly 

distributed all over the outside surface area of the reactor.  

The software considers the possibility of using the space around the reactor to provide or 

capture energy in heat form. In some devices it can be used for example to pre-heat the air or 

other gasification agent that is fed in the gasification process; it can have also electric 

resistances to control de heat on each zone of the reactor. In the study case the jacket is used 

as “heating is placed around the bed or freeboard
1
”. The imagine 2.7.4.1 shows the main 

illustration of the jacket and the way how the software recognize each of the input variables 

for the general case. In the study case, the vertical direction Z will be assumed as the 

horizontal direction of the reactor, parallel to the main screws. 

 

Figure 2.7.4.1 - Jacket surroundings part of the bed/freeboard (Souza-Santos, 2009) 

                                                 
1
 The freeboard concept can’t be used in the study case because the bed flow is constant along the whole 

reactor, therefore there are no freeboard zone. The whole reactor should be seen as bed.    
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The software allows the entering of few characteristics to define the jacket. The figure 2.7.4.2 

shows the input data and the type of jackets that can be chose. Furthermore software allows 

the entering of the composition of the stream that flows over the jacket by its 20 compounds, 

tar and oil composition. 

 

Figure 2.7.4.2 – Description of the jacket by the software CSFMB
©

 (software interface) 

The jacket has an extremely importance in the process because it’s the whole source of heat to 

the process once that the absence of air doesn’t allow any partial combustion. In that way, 

there will be much more energetic needs to the dry phase, pyrolysis and devolatilization. 

The good and accurately measurement of the energy consumption in the reaction allows some 

understanding of the energy involved in the process, and the tendency of some zones of the 

reactor; along the reactor some of these zones will demand more energy than another; the 

cross of the data from the computed values of the energy along the reactor and the real energy 

consumed can draw an accurately profile for energy balance involved in each zone. 

For instances, the accuracy of the model can be checked by simulating different situations and 

verify the changes between the overall energy balance that software computes and the real 

ones. It is predicted now that the simplification of the jacket can be done, however just the 

simulation of some real experimentation prove the quality of this simplification. 

The balance of the heat transfer and the study of the amount of the heat that flows from the 

gas combustion stream to the walls of the reactor are extremely important for the study of the 

reactions that take place in the reactor.  

The software CSFMB considers as the most important parameter for the jackets type 4, where 

heating is placed around the reactor, the heat that this jacket transfers to the reactor and so 

software call this heat by ARHJK 
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2.7.5 Heat transfer balance in the reactor 

The heat balance it’s one of the parameters with higher influence in the reactor. Some 

reactions occurs over some temperatures; if we want to ensure the high energetic potential of 

the output gas we have to make sure that the temperature in the bed doesn’t rise the burning 

temperature for the conditions given. It’s then extremely necessary to prevent this in other 

case the combustion will take place and the temperature will rise even more.  

The control of temperature in the CSFMB for an equipment type downdraft moving bed 

reactor with operation mode drying or devolatilization is done by controlling the devices that 

provide heat to the reactor. In the first analysis, if we are dealing with drying and 

devolatilization heat is highly needed, because both processes are extremely endothermic.  In 

this case we have to provide heat to the reactor in some form. The real reactor operates with 

gas burners’ located downdraft on the reactor providing heat to the reactor and to the 

reactions. As it was explained above, the software considers a jacket that can be used to 

provide or collect heat; in the study case the jacket will be used as the only source of the heat 

providing the system.  
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3- EXPERIMENTAL METHODOLOGY 

3.1 Pyromatic presentation 

The “pyromatic” pretends to be an unit for conversion of waste materials with the potential to 

release gas with hydrocarbons suitable to be used as a clean energy source. The project is 

preceded by the project “pyrotronic” that used the same base of technology but in the smaller 

scale. The scheme of the figure 3.1.1 illustrates the scheme of the first unit. 

 

 

Figure 3.1.1 – “Pyrotronic” operation scheme; courtesy of Arrowline, S.A. 

After a long period of experiments with different waste materials and the mixture of waste 

materials with coal or other materials the unit confirmed that the output gas for many of the 

materials used (special the scrap tyres and some plastics) present viability to go deep on that 

project and scale up that technology. 

From that moment the “pyromatic” project starts to be discussed and in 2009 the project was 

ready for the first experiments. 

The pyromatic is composed by two helical blades working side by side horizontally, forcing 

the material throughout the 4 meters on a reduced atmosphere; to ensure this, the deposit of 

material is filled and a stream of inert gas pass throughout the reactor and the feeding device 

to ensure that atmosphere is free of gasification agent. To ensure the drying, the 
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devolatilization and the pyrolysis, the unit is provided by 5 group of burners located under the 

vessel; this burners use natural gas to provide heat with a controlled power that can reach the 

200kW. This stream is controlled by the thermocouples installed in both sides of the unit that 

are linked to the management system that ensures the desired temperatures at each zone. The 

unit has a second helical blade that will prolong the residence time of the solid material when 

it leaves the main reactor. This second part of the rector is located under the art composed by 

the two main helical blades. 

The image 3.1.3 shows a simplified scheme of the unit, while the figure 3.1.2 shows a draft of 

the most important parts of the reactor. 

 

Figure 3.1.2 – “Pyromatic” operational scheme - Courtesy of Arrowline, S.A. 

The part of this work concerns the analysis of the material conversion throughout the reactor; 

the parts here represents (feeding device, engines to move the helical blades, coolers, cyclone, 

etc) is not represented by the modelling.  



 

Figure

The simplification of the figure

involves irregular movements of the material in the bed, therefore the simplification that will 

be done will follow the suppositions considered at the chapter 2.

In this simplified model, the operation will be consi

continuously feeding of material at same conditions, a fix value for the 

input burners (that will work like a resistance around the reactor) and the analyse of the output 

stream at the moment that they leave the system.

3.2 CeSFaMBi reading of the pyromatic case

The CeSFaMBi software provides analysis for different equipment types and operational 

modes; furnaces, boilers, dryers, 

types that can be read by the comprehensive model.

The pyromatic was observed as a dryer and devola

the different types of operation, the 

mode of the real equipment. In the 

for moving bed equipment 
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Figure 3.1.3 – “Pyromatic” scheme simplified 

figure 3.1.3 shows the first step to model the process; the process 

involves irregular movements of the material in the bed, therefore the simplification that will 

w the suppositions considered at the chapter 2.6.4. 

In this simplified model, the operation will be considered as a steady state regime 

continuously feeding of material at same conditions, a fix value for the energy provided by the 

will work like a resistance around the reactor) and the analyse of the output 

stream at the moment that they leave the system. 

3.2 CeSFaMBi reading of the pyromatic case 

provides analysis for different equipment types and operational 

modes; furnaces, boilers, dryers, gasifier, isothermal cases, etc are some of the equipment 

types that can be read by the comprehensive model. 

The pyromatic was observed as a dryer and devolatilization equipment type; the considering 

the different types of operation, the downdraft gasifier seems to be close to the operation 

mode of the real equipment. In the figure 3.2.1 the basic characteristics of the downdraft mode 

for moving bed equipment are shown: 

 

3.1.3 shows the first step to model the process; the process 

involves irregular movements of the material in the bed, therefore the simplification that will 

dered as a steady state regime with 

energy provided by the 

will work like a resistance around the reactor) and the analyse of the output 

provides analysis for different equipment types and operational 

, isothermal cases, etc are some of the equipment 

tilization equipment type; the considering 

close to the operation 

3.2.1 the basic characteristics of the downdraft mode 



36 

 

 

 

Figure 3.2.1 – Scheme of the downdraft operation mode for a moving bed reactor 

 

The scheme of the figure 3.2.1, when seen horizontally looks to be similar to the pyromatic if 

we consider just the main reactor; in short, there is a material flowing in the same direction as 

the gas stream, that in our case is zero, and in the end there is the ash removal (solid phase) 

and the main withdraw of the gases released in the bed. 

The figure 3.2.2 shows the same scheme as the figure 3.2.1 but when we see it horizontally; 

the gravity was no influence on the process model, in that way the simplification can be done. 

  

Z = 0

Z = ZD

main injection of

gasifying agents (z = 0)

main withdraw of

gases (z = zD)

Z

BED

carbonaceous solid feeding

ash withdrawal (z = zD)

insulation

possible intermediate 

injection of gases (0 < z < zD)
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Figure 3.2.2 – Scheme of the downdraft moving bed reactor working horizontally 

The comprehensive model allows geometrical characteristics and the characterization of parts 

like insulation, jackets, distributors, bed, freeboard, etc 

A base draw of the general rector where a jacket is surrounding the bed and freeboard is 

displayed in the figure 3.2.3; 

Figure 3.2.3 – General scheme of the reactor with jacket surrounding the bed  
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The jacket may be used to provide or to collect heat from the unit; this charact

controlled by the variable JACKET; when JACKET is equal to 4 at some position of the 

bed/freeboard heat is provided at the rate controlled by the variable ARHJK; when some the 

propose of the JACKET is to provide heat to the system the only varia

in the system are: the ARHJK (to control the global rate of heat that is provided to the 

system), the ZBJK (to control the position in the reactor where JACKET begins), the ZTJK (to 

control de position in the reactor where the JACK

thickness of the device that provides heat to the system).

Appling the jacket to the study case, considering the two parts that compose the system, 

considering also the jacket that is applied to all parts of the reactor

reactor are provided with heat) the configuration will be as 

3.2.4; 

 

 

Figure 3.2.4 – General scheme of the reactor with jacket surrounding the 

 

The figure 3.2.4 shows a reactor with the two

around the bed along the four meters of the main part of reactor and the four meters of th

secondary part of the reactor;

the remaining gas from the reaction in the second part of the reactor will join the main 

withdrawal gas stream; the solid phase leaves the system after flow over the 8 meters, the 

main and the secondary parts.
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The jacket may be used to provide or to collect heat from the unit; this charact

controlled by the variable JACKET; when JACKET is equal to 4 at some position of the 

bed/freeboard heat is provided at the rate controlled by the variable ARHJK; when some the 

propose of the JACKET is to provide heat to the system the only variables that have influence 

in the system are: the ARHJK (to control the global rate of heat that is provided to the 

system), the ZBJK (to control the position in the reactor where JACKET begins), the ZTJK (to 

control de position in the reactor where the JACKET ends) and the SBJK (to control de 

thickness of the device that provides heat to the system). 

Appling the jacket to the study case, considering the two parts that compose the system, 

considering also the jacket that is applied to all parts of the reactor (because all parts of the 

reactor are provided with heat) the configuration will be as the one represented at the figure

General scheme of the reactor with jacket surrounding the 

ws a reactor with the two parts, representing the pyromatic;

the bed along the four meters of the main part of reactor and the four meters of th

secondary part of the reactor; the withdraw of gas is located at the end of the main reactor and 

om the reaction in the second part of the reactor will join the main 

; the solid phase leaves the system after flow over the 8 meters, the 

main and the secondary parts. 

The jacket may be used to provide or to collect heat from the unit; this characteristic is 

controlled by the variable JACKET; when JACKET is equal to 4 at some position of the 

bed/freeboard heat is provided at the rate controlled by the variable ARHJK; when some the 

bles that have influence 

in the system are: the ARHJK (to control the global rate of heat that is provided to the 

system), the ZBJK (to control the position in the reactor where JACKET begins), the ZTJK (to 

ET ends) and the SBJK (to control de 

Appling the jacket to the study case, considering the two parts that compose the system, 

(because all parts of the 

the one represented at the figure 

 

General scheme of the reactor with jacket surrounding the bed 

parts, representing the pyromatic; heat flows 

the bed along the four meters of the main part of reactor and the four meters of the 

of the main reactor and 

om the reaction in the second part of the reactor will join the main 

; the solid phase leaves the system after flow over the 8 meters, the 
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3.3 Case1 - Model based just on the geometrical approach 

The limitation of the model based just in geometrical parameters without analysis of 

operational parameters presents a great level of inaccuracy due to the high differences on the 

heat transfer conditions; although it’s a great approach to see the reactivity and the influence 

of some parameters on the global process. 

3.3.1 Characterization of the first model 

Material characterization: 

• Brown coal is used as raw-material 

• No feeding of gasification agent - An inert gas stream is fed with rate 1.0E-12kg/s (the 

gas stream has to be defined as condition of the model; It’s just representative because 

the rate its much smaller than the carbonaceous feeding rate) 

• The feeding rate of brown coal will be 1,65E-02 kg/s  

• The temperature of the feeding material is 293K 

• Real particle size distribution: 

o 20mm – 20% 

o 10mm – 50% 

o 6mm – 6% 

o 2mm – 20% 

• Proximate analysis: 

 

 

 

• Ultimate analysis: 

 

Geometrical characterization: 

• A main reactor with hydraulic diameter equal to 0,3m (the diameter was calculated 

considering the area of the cross-section of the real unit. The cross-section isn’t 

circular although for modelling propose that will be considered) 

• A secondary reactor with hydraulic diameter equal to 0,1m 
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• A jacket is used to simulate the stream of heat provided by the burners that is applied 

to the walls of both reactors; 

• The jacket should provide 60kW (value expected by the developers of the project as 

being 60% of the total stream from the burners when they operate at half load) of 

power to the inside part of the reactor although, due to changes in the devolatilization 

profiles of the model and the pyromatic with this power the model can’t achieve 

convergence not even with the lowest level of accuracy; Therefore, the first model 

approach will be divided in the case a and b, where the power is decreased to 45kW in 

the case a and increased to 70kW in the case b 

• The gas withdrawal is located at the end of the unit line, as well as the solid phase. 

Parameters related to the convergence of the model: 

• When the model was inputted at the conditions shown above, with an expected carbon 

conversion value between 60 and 90%, the results were “no convergence” after the 

limit of interaction; the first try to correct this problem was define another expected 

carbon conversion values; that wasn’t enough either and as a last chance the parameter 

related to the convergence criterion was reduced.  

• The final parameters that allowed convergence where: 

• CCMINP = 0 (Minimal guess for carbon conversion) 

• CCMAXP = 10% (Maximal guess for carbon conversion) 

• TOLMB = 1.0D-5 (Convergence criterion for numerical integration of mass and 

energy) 

3.3.2 Results of the case 1 

The graph of the figures 3.3.2.1/2 shows the temperature profile in the bed for the 

carbonaceous solid fuel and for the emulsion gas;  

 

Figure 3.3.2.1 – Temperature profile in the bed for the case 1_a (CeSFaMBi) 
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Figure 3.3.2.2 – Temperature profile in the bed for the case 1_b 

 

In the case 1_b it’s possible to conclude from the excessively high difference between the gas 

and the solid in the bed that the model is dealing with heat transfer problems inside the bed. It 

is advised
(1)

 that the ratio between the diameter of the reactor and the diameter of the particle 

size should be smaller than 30 what means smaller than 6.5mm for the present case to ensure a 

good representation of the model; the present particle distribution size is higher than that. That 

situation could be corrected by decreasing the particle distribution size as will shown in next 

chapter. 

The graph of the figure 3.2.2.2 describes for the case 1, the evolution of gas rate released from 

the solid material along the bed; in the end of the reactor, (near the 8m) there is a suddenly 

increasing of the gas rate, probably provoked by the combustion of some hydrocarbons 

released. That idea can be supported in the next graphs concerning reactivity in the bed. 

 

 

Figure 3.3.2.3 – Flow of gas released throughout the bed for the case1_a 
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Figure 3.3.2.4 – Flow of gas released throughout the bed for the case1_b 

 

The two graphs presented above show different profiles of gas flow released from the 

material; the conclusion from that is that the first case doesn’t go far than the drying phase; 

that will be supported by the graphs of mass profile shown bellow. 

The next 4 graphs show the profile of devolatilization in the case b, where the devolatilization 

was achieved. 

 

 

Figure 3.3.2.5– Molar fraction profiles for the CO2, CO and O2 in the case1_b 
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Figure 3.3.2.6– Molar fraction profiles for the H20, H2 and CH4 in the case1_b 

 

 

Figure 3.3.2.7– Molar fraction profiles for the H2S, NH3 and TAR/OIL in the case1_b 

 

 

Figure 3.3.2.8– Molar fraction profiles for the SO2, NO and C2H6 in the case1_b 
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The profile of temperatures change all parameters related with devolatilization; the 4 graphs 

shown above (figure 3.3.2.5 to 3.3.2.8) shows the influence that the temperature profile has in 

the devolatilization profile; The heat provided by the burners should be somewhere in the 

middle of the two cases although the convergence isn’t possible due to differences on the 

profiles of devolatilization of the material.  

For further models, operational parameters should be changed in order to achieve convergence 

within a profile of temperatures closer to the measured at the experiments.  

The table 3.3.2.a shows the composition of the gas stream (dry and tar free) released from the 

system for in the case b; it’s worthless to show the table for the case 1_a while the water 

percentage in the output gas is 99.95%, the remaining part has no representation to be 

analyzed. 

 

Table 3.3.2-a – Composition of the gas stream released for the case1_b 

Component 
SIMULATED 

Mass percentage

MEASURED 

Mass percentage 

Ar 0.0000 n.d.
2
 

H2 4.5478 19.0 

H2S 0.4166 n.d. 

NH3 0.0969 n.d. 

NO 0.0000 n.d. 

NO2 0.0000 n.d. 

N2 0.1593 n.d. 

N2O 0.0000 n.d. 

O2 0.0000 n.d. 

SO2 0.0000 n.d. 

CO 83.8415 6.5 

CO2 2.4069 11.0 

HCN 1.1473 n.d. 

CH4 6.6685 11.0% 

C2H4 0.2429 

The total of hydrocarbons in the gas except of the 

CH4 represent 14.23% of the total gas released 

C2H6 0.2024 

C3H6 0.0135 

C3H8 0.0135 

C6H6 0.2429 

 

  

                                                 
2
 n.d. – Not determined 
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The tables 3.3.2.b and 3.3.2.c show another important operational parameters which help to 

understand the devolatilization profile of the material in each of the case; 

Table 3.3.2.b – Comparison of operational parameters for the case 1_a  

Process 

Parameters 
Simulated Measured 

Mass flow of the exiting gas stream 

(kg/s)
3
 - (TAR included) 

2,68E-3 1,20E-2 

Mass flow of TAR with the exiting 

gas stream 
4,50E-5 n.d. 

Mass flow of solid discharged from 

the the bed (kg/s) 
1.38E-2 4,5E-3 

Carbon conversion in the Bed 0,08% n.d. 

Average Temperature at the bed 

middle (K) 
419 790 

Average Residence time 

(Based on the feeding rate) 
43.10 45 

Total rate of energy input to the 

system
4
 

392.4 kW n.d. 

Ration between the exergy of the 

exiting gas and the total exergy 

entering the equipment 

0.18 % n.d. 

 

                                                 
3
  The sum of the mass flow of solids discharged from the bed, the mass flow of exiting gas stream (tar free) 

and the mass flow of tar with the exiting gas stream should be equal to the carbonaceous input mass flow and 

the mass flow of gas input to the bed, although small changes can be observed because the verification for the 

convergence of each element may have some small error, although the changes should be small; 
4
 The value is given by the sum of energy rates brought into the equipment by all entering streams. Energy 

rate of each entering stream is defined by:(Hearting Value + Enthalpy Surplus) x Mass Flow 

Heating Value is the combustion enthalpy taken at 298 K. and Enthalpy surplus is the enthalpy, taken at the 

actual temperature of the stream, minus its value taken at 298K. 
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Table 3.3.2.c – Comparison of operational parameters for the case 1_b 

Process 

Parameters 
Simulated Measured 

Mass flow of the exiting gas stream 

(kg/s) - (TAR included) 
1.25E-2 1,20E-2 

Mass flow of TAR with the exiting 

gas stream 
0.0 n.d. 

Mass flow of solid discharged from 

the the bed (kg/s) 
4.47E-3 4,5E-3 

Carbon conversion in the Bed 71,03% n.d. 

Average Temperature at the bed 

middle (K) 
555 790 

Average Residence time 

(Based on the feeding rate) 
14 45 

Total rate of energy input to the 

system 
417.4 kW n.d. 

Ration between the exergy of the 

exiting gas and the total exergy 

entering the equipment 

22.34 % n.d. 

 

The comparison of the table 3.3.2.c shows compatibility between the measured values and the 

simulated ones; these results reinforce the idea that the model needs to be calibrated for some 

situation that allows better conditions for the heat transfer or for some profile of 

devolatilization that allows more residence time in the reactor. 

In order to look for better conditions of heat transfer the distribution particle size will be 

changed and the results will be studied; as it was already shown the conditions set for the first 

case doesn’t allow devolatilization for the given case; when the heat rate is set around 60kW 

(something in the middle of case1_a and case1_b) the model can’t converge. The geometrical 

parameters related with the jacket where already analyzed, although the heat needs of the 

system will be studied in the next chapter crossing the experimental work with the information 

from the model to verify how good it is representing the real operational conditions.  



 

3.4 Optimization of operational and geometrical parameters

One of the first things to retain from the first model is that a better representation for the 

profile of temperature has to be found. The analysis of the unit in operation could be useful to 

get some conclusions about the needs in each zone of the reactor. 

3.4.1 Operational optimization

On the day 16
th

 of the past July, an experiment was carried out using the same

was used in the first case (that was already an approach to the model, therefore the material 

used will be the same). The steady

The records of gas consumption in each of the five sector

warm up 80cm’s of the main reactor and consequently the secondary rector that is located 

below) was saving the gas flow for each group of burners and was recording that parameter in 

every minute.  

The analyse of the total consumption during 

 

Figure 3.4.1.1 – Total gas consumption on the burners

 

The graph shows a higher consumption of gas in the first zone of the reactor; considering this, 

the uniform jacket with a heat rate uniform along the reactor surface isn’t appropriate to the 

study case.  

The figure 3.4.1.2 shows the percentage of gas consu

first half of the reactor about 85% of the total gas is consumed; Considering this point, the 
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3.4 Optimization of operational and geometrical parameters 

One of the first things to retain from the first model is that a better representation for the 

ature has to be found. The analysis of the unit in operation could be useful to 

get some conclusions about the needs in each zone of the reactor.  

3.4.1 Operational optimization 

of the past July, an experiment was carried out using the same

was used in the first case (that was already an approach to the model, therefore the material 

used will be the same). The steady-state moment was achieved from 09:30 to the 10:30a.m.

The records of gas consumption in each of the five sectors of burners (each one responsible to 

warm up 80cm’s of the main reactor and consequently the secondary rector that is located 

below) was saving the gas flow for each group of burners and was recording that parameter in 

tal consumption during 1 hour is show at the graph 

Total gas consumption on the burners during 1h (experiment

The graph shows a higher consumption of gas in the first zone of the reactor; considering this, 

the uniform jacket with a heat rate uniform along the reactor surface isn’t appropriate to the 

2 shows the percentage of gas consumed in each zone and identify that in the 

first half of the reactor about 85% of the total gas is consumed; Considering this point, the 

2nd Zone 3rd Zone 4th Zone

 

One of the first things to retain from the first model is that a better representation for the 

ature has to be found. The analysis of the unit in operation could be useful to 

of the past July, an experiment was carried out using the same brown coal as 

was used in the first case (that was already an approach to the model, therefore the material 

state moment was achieved from 09:30 to the 10:30a.m.; 

s of burners (each one responsible to 

warm up 80cm’s of the main reactor and consequently the secondary rector that is located 

below) was saving the gas flow for each group of burners and was recording that parameter in 

hour is show at the graph of the figure 3.4.1.1; 

 

experiment) (1.0D-2m
3
) 

The graph shows a higher consumption of gas in the first zone of the reactor; considering this, 

the uniform jacket with a heat rate uniform along the reactor surface isn’t appropriate to the 

med in each zone and identify that in the 

first half of the reactor about 85% of the total gas is consumed; Considering this point, the 

5th Zone



48 

 

application of the jacket just in the 2 first meters (2,5 group of burners) could bring substantial 

improvements of the level of representation of the model. 

 

Figure 3.4.1.2 – Gas consumed in each burner during 1h (experiment) (1.0D-2m
3
) 

In short, two main operational changes for the model optimization where found: 

The particle size distribution – The particle size distribution has to be used in a reduced scale 

to ensure that the process of drying, devolatilization and pyrolysis occurs softly at some 

controlled temperature that ensure that material doesn’t start the combustion 

The JACKET should be applied to the first 2 meters – By monitoring the gas consumption 

was possible to visualize that the heat provided to each zone is different; the tendency is to 

consume the biggest part of the gas for warming in the first zone. That’s expectable because 

the process of drying and devolatilization are strongly endothermic. 

3.4.2 Secondary reactor optimization 

From the point of view of the geometry of the equipment is difficult to evaluate how good 

the model represents the unit; although, the are some simplification that were made at 

beginning that may be analyzed;  

The reactor is composed by two parts; the remaining solid phase from the main part will 

flow over the secondary reactor to extend the residence time of this material.  

To check the amount of material released in each of the parts, a process was conduced with 

limited feeding material and so the steady-state moment was achieved only by a short time; 

that allows the reading of the data separately, because it comes a time that the material 

stops to be fed and after a while the main reactor was without solid material. 

The graph of the figure 3.4.2.1 presents the evolution of the gas analysis along the time.  

The material started to be fed at the 5min and immediately the concentration of the gases 

was increasing; after 21 min (residence time of the main reactor) the reactor reached the 

steady-state moment, what occurs for a short time because the feeding of material ends 

after 5 min. 

The second reactor is as long as the first one but the speed of the helical blades it’s higher, 

therefore the residence time is lower.  



 

 

Figure 3.4.2.1 – Gas analysis during an 

 

The last material entering the reactor leaves the main reactor 48min after the start of the 

experiment; after that, the analysis of the gas is being made just to the gas released at the 

secondary reactor, because 

When compared with the first one, the concentration of the compounds is to low, therefore 

it looks a better representation if the volume of the secondary reactor will be attached to 

the main one and the configuration will take the simplest form, a cylinder with a single 

diameter. 

The model has to be able to accurately represent the process and not only the equipment. 

That’s why the different optimization discussed in this chapter should contribute to a be

approach on the searching for the model that represents the process.

3.4.3 Global model optimized

The figure 3.2.4, presents the model in the simple geometrical approach that doesn’t consider 

the operational conditions; the model has to be able to acc

only the equipment. That’s why the different 

contribute to a better approach on the searching for the 
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Gas analysis during an experiment with limited amount of material

The last material entering the reactor leaves the main reactor 48min after the start of the 

experiment; after that, the analysis of the gas is being made just to the gas released at the 

 the main reactor is no longer with material on it. 

When compared with the first one, the concentration of the compounds is to low, therefore 

it looks a better representation if the volume of the secondary reactor will be attached to 

configuration will take the simplest form, a cylinder with a single 

The model has to be able to accurately represent the process and not only the equipment. 

That’s why the different optimization discussed in this chapter should contribute to a be

approach on the searching for the model that represents the process. 

3.4.3 Global model optimized 

The figure 3.2.4, presents the model in the simple geometrical approach that doesn’t consider 

the operational conditions; the model has to be able to accurately represent the process and not 

only the equipment. That’s why the different optimization discussed 

contribute to a better approach on the searching for the model that represents the process.

 

experiment with limited amount of material 

The last material entering the reactor leaves the main reactor 48min after the start of the 

experiment; after that, the analysis of the gas is being made just to the gas released at the 

the main reactor is no longer with material on it.  

When compared with the first one, the concentration of the compounds is to low, therefore 

it looks a better representation if the volume of the secondary reactor will be attached to 

configuration will take the simplest form, a cylinder with a single 

The model has to be able to accurately represent the process and not only the equipment. 

That’s why the different optimization discussed in this chapter should contribute to a better 

The figure 3.2.4, presents the model in the simple geometrical approach that doesn’t consider 

urately represent the process and not 

 in this chapter should 

model that represents the process. 
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Figure 3.4.3.1 – Scheme of the model for CeSFaMBi after optimization of operational 

conditions 

 

The figure 3.4.3.1 shows a representation of the new geometry for the model considering the 

operational optimizations.  

It’s then composed by a single reactor, with diameters equivalent to the cross area of the main 

reactor of the pyromatic, the length it’s the same as the main reactor with the additional 

volume correspondent to the secondary reactor.  

The jacket is applied to the first two meters of the unit; the main gas withdrawal is located at 

the end of the reactor as well as the solid gas discharged. 
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4- RESULTS AND DISCUSSION 

4.1 Model with operational optimization – Case_2 

The characterization of the second case is similar to the first one in the matter of the material 

characterization although some parameters are changed in order to look for a better 

representation of the study case. 

4.1.1 Characterization of the case_2 (Improved operational conditions) 

Material characterization: 

• Brown coal used in the experiment 

• No feeding of gasification agent - An inert gas stream is fed with rate 1.0E-10kg/s (the 

gas stream has to be defined as condition of the model; It’s just representative because 

the rate its much smaller than the carbonaceous feeding rate) 

• The feeding rate of brown coal will be 1,65E-02 kg/s  

• The temperature of the feeding material is 293K 

• Real particle size distribution: 

o 2mm – 20% 

o 1mm – 50% 

o 0.6mm – 10% 

o 0.2mm – 20% 

o Proximate analysis: 

 

• Ultimate analysis: 
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Geometrical characterization: 

• A single reactor with hydraulic diameter equal to 0,3m  

• A jacket is used to simulate the stream of heat provided; the jacket will be applied just 

for the 2,4 first meters of the reactor, equivalent to the 3 first group of burners or 85% 

of the total gas consumed in the experiment. 

• The jacket provides 300kW of power to the inside part of the reactor; that value was 

calculated to ensure the good profile of temperatures however is just representative 

because the pyrolysis profile should be slower and then the power requested would be 

much less. The high value shows also that for such conditions the heat transfer of the 

equipment it’s to low. 

• The gas withdrawal is located at the end of the unit line, as well as the solid phase. 

Parameters related to the convergence of the model: 

• The operational improvements will allow another profile of temperature and some 

reactivity of the material, therefore the range for the guess carbon conversion as to be 

change; A good representation may be: 

• CCMINP = 60 (Minimal guess for carbon conversion) 

• CCMAXP = 90% (Maximal guess for carbon conversion) 

• TOLMB = 1.0D-6 (the convergence criterion for numerical integration of mass and 

energy was changed for a more rigorous one because the profile of temperature ensure 

some better convergence of the results) 

4.1.2 Results of the case_2 

The 2
nd

 case shows a different profile of temperature more acceptable for the evolution of the 

temperature of the bed throughout the reactor although with some differences when compared 

with the measured one. 

The pyrolysis profile of the material shows a different behaviour at the experiment; this is 

mostly because of the heat transfer rate of the unit that request a long time for the 

devolatilization and pyrolysis of the material. 
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Figure 4.1.2.1 – Profile of temperature throughout the bed 

 

The graph of the figure 4.1.2.1 shows the profiles of temperature in the bed; the real situation 

has a controlled warming system to ensure that the temperature is kept at some desirable 

value; in the CeSFaMBi the value of the heat transfer rate should be set (because the system is 

assumed as steady-state moment) and the conditions of heat transfer are fixed by the software. 

The maximum temperature simulated is close to 800ºC while all thermocouples of the unit 

present values bellow 650ºC.  

The change of the profile of temperature may induce some error in the concentration of the 

final gas while the conditions for combustion will be improved. 

 

The table 4.1.2.a display the composition of the exiting gas stream. In red it’s displayed the 

values that were measured for some of the compounds; 
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Table 4.1.2.a – Composition of the gas stream for the 2
nd

 case 

SIMULATED MEASURED 

Component     Mass percentage     Molar percentage        Mass percentage 

   Ar              0.0000                 0.0000 n.d. 

   H2              3.0155                30.9329 19.0 

   H2S             0.2907                 0.1764 n.d. 

   NH3             1.1326                 1.3753 n.d. 

   NO              0.0000                 0.0000 n.d. 

   NO2             0.0000                 0.0000 n.d. 

   N2              0.0008                 0.0006 n.d. 

   N2O             0.0000                 0.0000 n.d. 

   O2              0.0000                 0.0000 n.d. 

   SO2             0.0000                 0.0000 n.d. 

   CO             41.9186                30.9491 6.5 

   CO2            38.8822                18.2706 11.0 

   HCN             0.0289                 0.0221 n.d. 

   CH4            13.7586                17.7354 11.0% 

   C2H4            0.3301                 0.2433 The total of hydrocarbons in the 

gas except of the CH4 represent 

14.23% of the total gas released 
   C2H6            0.2751                 0.1892 

   C3H6            0.0183                 0.0090 

   C3H8            0.0183                 0.0086 

   C6H6            0.3301                 0.0874 

 

The table 4.1.2.a present significant differences which may be results of four main factors: 

• The profile of temperatures presented by the model shows a range with higher 

temperatures that allow devolatilization/pyrolysis of the tar and therefore another 

pyrolysis profile for the material. 

• The sample for analysis was too much time in the laboratory before the analysis; it 

may change the characteristics of the sample mainly the water content which have 

direct influence in the results; also the characterization of density and the profile of 

devolatilization wasn’t studied 

• The devolatilization profile of the material should be adapted to the high residence 

time equipment. The conditions of heat transfer request higher input of energy on the 

jacket two ensure devolatilization and pyrolysis of the material although the residence 

time isn’t controlled and the fast input of energy may lead to wrong results 

• The analyze of the final gas shows the composition for 70.2% (including the water/tar 

that condensates) and nothing is known about the remaining 29,8%; The software 

computes the composition of the stream when in leaves the system without 

condensation of any other reaction associated.  
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The table 4.1.2.b shows another important process parameter and the measured values; 

 

Table 4.1.2.b – Comparison of operational parameters for the case 2 

Process 

Parameters 
Simulated Measured 

Mass flow of the exiting gas stream 

(kg/s) 

(TAR included) 

1,01E-2 1,20E-2 

Mass flow of TAR with the exiting gas 

stream 
4,52E-5 n.d. 

Mass flow of solid discharged from the 

the bed (kg/s) 
6.9E-3 4,5E-3 

Carbon conversion in the Bed 52,28%  n.d. 

Average Temperature at the bed middle 

(K) 
1000 790 

Average Residence time 

(Based on the feeding rate) 
40 45 

Total rate of products released during 

devolatilization (kg/s) 
6.826E-03 n.d. 

Total rate of energy input to the system 547.4 kW n.d. 

Ratio between the exergy of the exiting 

gas and the total exergy leaving the 

equipment 

44.31 % n.d. 

Ration between the exergy of the exiting 

gas and the total exergy entering the 

equipment 

11.83 % n.d. 

Energy flow out of the equipment 331.5 kW  

 

The phase compositions shows less solid material at the experiment; as it was written before, 

the slow movement of the material in the reactor allows greater conditions for the heat to be 

driven to whole particle. That will increase the mass flow of gas release from the solid 

material and consequently reduce the mass discharge from the bed. The conditions of maximal 
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and average temperature were already discussed before on the discussion of the temperature 

profile graph, the graph 4.1.2.1.  

 

Table 4.1.2.c – Comparison of exiting gas parameters for the case 2 

Exiting gas parameters Simulated Measured 

Temperature (K) 1045 n.d. 

Specific heat (J/kg/K) 2.170E+3 n.d. 

Density at exiting temp.(kg/m
3
) 0.28 n.d. 

Viscosity (kg/m/s) 3.884E+3 n.d. 

Average molecular mass (kg/kmol) 20.32 n.d. 

Standard density (kg/m
3
) 

(273.15k and 1atm) 
0.9066 n.d. 

Standard volume flow (m
3
/s) 

(273.15k and 1atm) 
1.11E-2 n.d. 

 

The graph of the figure 4.1.2.2 describes the release of gas throughout the bed. That’s a key 

graph to understand the thermal process that model is considering throughout the bed. 

 

Figure 4.1.2.2 – Profile of mass flow in the bed (kg/s) 

 

The graphs of the figures 4.1.2.3/4/5/6 shows the molar fraction profile of the most released 

gas throughout the bed. The cross of these profiles with the profiles of the most important 
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reactions will give a comprehensive analyse for the results concerning concentration in the 

exiting gas stream. 

 

 

Figure 4.1.2.3 – Mass fraction profile in the system (CO2, CO, O2) 

 

Figure 4.1.2.4 – Mass fraction profile in the system (H2O, H2, CH4) 
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Figure 4.1.2.5 – Mass fraction profile in the system (H2S, NH3, TAR/OIL) 

 

It’s notorious that in the first zone (until the 2m) the mass fraction profile in the system is 

composed just by water; when the drying phase ends the devolatilization start to released the 

hydrocarbons (mostly methane) and at same time hydrogen, carbon oxide and dioxide;  

In the graphs of the figures 4.1.2.6/7/8/9/10 it’s possible to identify the increase of the 

reactivity responsible for the change of the mass fraction profiles along the bed. 

 

 

Figure 4.1.2.6 – Reaction rates (Kmol/m
2
/s) of the reactions R1, R3-R6 (see annex C) 
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Figure 4.1.2.7 – Reaction rates (Kmol/m
2
/s) of the reactions R8 (see annex C) 

 

The fraction profile is highly influenced by the different pyrolysis profile of the reactor. The 

intensity of the activity in so short time shows that the process is faster in the modelling than 

in the experimental model; the calibration of the model with the study case could give a 

different profile for the molar fractions and the reactions activity along the bed; the 

devolatilization/pyrolysis is concentrated in about 10% of the bed length influenced by the 

changes of the particle size distribution that was made in order to achieve convergence of the 

model. 

 

Figure 4.1.2.8 – Reaction rates (Kmol/m
2
/s) of the reactions R41 (see annex C) 
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Figure 4.1.2.9 – Reaction rates (Kmol/m
2
/s) of the reactions R50 (see annex C) 

 

Figure 4.1.2.10 – Reaction rates (Kmol/m
2
/s) of the reactions R51 (see annex C) 

4.2 Case 3 - Scrap tires pyrolysis using bituminous coal pyrolysis profile 

The third case makes an approach based solely on the material composition discarding the 

profile of devolatilization and pyrolysis of the scrap tires; The good approach using this 

material would need good results from an experiment running in steady-state regime (as the 

case presented before) as well as the thermal analysis of the material in order to input to the 

model database the profile of devolatilization that define the product use. 

The scrap tires are a raw-material with high potential, therefore with high interest to the 

project; furthermore, the results from the pyrotronic unit (the previous unit) gave to this type 

of material one of the best results concerning the potential of the gas released. 
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4.2.1 Characterization of the case_3 (Scrap tires) 

Material characterization: 

• Scrap tires 

• No feeding of gasification agent - An inert gas stream is fed with rate 1.0E-10kg/s (the 

gas stream has to be defined as condition of the model; It’s just representative because 

the rate its much smaller than the carbonaceous feeding rate) 

• The feeding rate of brown coal will be 1,65E-02 kg/s  

• The temperature of the feeding material is 293K 

• Real particle size distribution: 

o 2mm – 20% 

o 1mm – 50% 

o 0.6mm – 10% 

o 0.2mm – 20% 

• Proximate analysis: 

 

 

• Ultimate analysis: 

 

Geometrical characterization: 

• A single reactor with hydraulic diameter equal to 0,3m  

• A jacket is used to simulate the stream of heat provided; the jacket will be applied just 

in the first 2,4 meters of the reactor, equivalent to the 3 first group of burners or 85% 

of the total gas consumed in the experiment. 

• The jacket provides was set first like 160kW and then with 170kW.  

• The gas withdrawal is located at the end of the unit line, as well as the solid phase. 
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Parameters related to the convergence of the model: 

• The operational improvements will allow another profile of temperature and some 

reactivity of the material, therefore the range for the guess carbon conversion as to be 

change; A good representation may be: 

• CCMINP = 60 (Minimal guess for carbon conversion) 

• CCMAXP = 90% (Maximal guess for carbon conversion) 

• TOLMB = 1.0D-6 (the convergence criterion for numerical integration of mass and 

energy was changed for a more rigorous one because the profile of temperature ensure 

some better convergence of the results) 

4.2.2 Results of the case 3 (Scrap tires) 

The low moisture content of the sample and the high composition in carbon makes even more 

difficult to set a heat rate that could allow devolatilization / pyrolysis and keep the profile of 

temperatures within the range expected by experiment.  

The graphs of the figures 4.2.1.1 ad 4.2.1.2 shows the difference when the heat rate is 

increased just 5kW, from the 160 used in the first case to the 165kW used in the second case. 

 

 

Figure 4.2.2.1 – Temperature profile when the heat rate provide by the jacket is 160kW 
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Figure 4.2.2.2 – Temperature profile when the heat rate provide by the jacket is 165kW 

The table 4.2.2.a shows the some important process parameters in the case that jacket is 

defined with 160 or 165kW of heat transfer rate.  

Table 4.2.2.a – Comparison of process parameters for the 3
rd

 case when ARHJK is 160 and 

165kW 

Process Parameters ARHJK = 160kW  ARHJK = 165kW

Mass flow of the exiting gas stream 

(kg/s) 

(TAR included) 

1,89E-3 1,25E-2 

Mass flow of TAR with the exiting 

gas stream 
9,36E-4 2,0E-5 

Mass flow of solid discharged from 

the bed (kg/s) 
1.46E-2 5,17E-3 

Carbon conversion in the Bed 10,90 %  70,23 % 

Average Temperature at the bed 

middle position(K) 
683 688 

Average Residence time 

(Based on the feeding rate) 
85min 29min 

Total rate of products released during 

devolatilization (kg/s) 
1,65E-03 1,11E-2 

Total rate of energy input to the 

system 
781,0 kW 786,0 kW  

Ratio between the exergy of the 

exiting gas and the total exergy 

leaving the equipment 

2,99 % 58,51% 

Ration between the exergy of the 

exiting gas and the total exergy 

entering the equipment 

2,51 % 11,70 % 
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The profile of temperatures highly influence the release of gas in the bed because the 

devolatilization profile of the material; the control of the residence time, the maximal 

temperature or the calibration of the devolatilization profile for the given case could found the 

half point where the material would be released in a control atmosphere of temperature.  

4.3 Case 4 - Fixed temperature of the bed when z=0 (TGUESS
5
) 

The difficulties concerning the heat transfer approach that the software considers for the given 

case are in the base of the differences verified between the simulated and measured 

parameters. The software CeSFaMBi gives the user the possibility to set the starting 

temperature of the bed by controlling the variable TGUESS. That would “force” the 

temperature to reach an higher temperature since the beginning of the bed. 

4.2.1 Characterization of the case 4 (TGUESS=600ºK) 

The parameters concerning geometrical characterization, characterization of the carbonaceous 

material and the convergence parameters will be the same as in the case 2; the aim of the case 

4 is to change of the profile of temperature to a range close to the measured at the experiment. 

The TGUESS fix the temperature at the start of the bed, although the jacket should be 

provided by heat, otherwise the temperature wouldn’t pass the TGUESS temperature. The 

value for the heat transfer rate (ARHJK) was found based on the best profile given by the 

model for the different values of heat transfer rate tried for the jacket, although the value 

should be neglected once that TGUESS is set. 

4.3.2 Results of the case 4 (variable TGUESS set as 600ºK) 

The graph of the figure 4.3.2.1 shows the profile of temperature for the case 4, where the 

temperature at the start of the bed will be fixed and equal to 600ºK;  

 

                                                 
5
 TGUESS controls the temperature of the bed at the beginning and assume that the solid and liquid phases 

have the same temperature throughout the bed. 
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Figure 4.3.2.1 – Temperature profile in the bed for the case 4 (TGUESS=600ºK)
 

The TGUESS value force the temperature to be the value it was defined and force the profiles 

of the solid and gas in the bed being the same. The temperature profile is therefore controlled 

by that and that’s also he reason for the high temperature of the bed at the entrance of the 

reactor. 

The table 4.3.2.a makes the comparison of some important process parameters between the 

simulation and the measured experimentally when TGUESS is set; 

 

Table 4.3.2.a – Comparison of process parameters for the case 4 

Process Parameters Simulated Measured 

Mass flow of the exiting gas stream 

(kg/s) - (TAR included) 
9,51E-3 1,20E-3 

Mass flow of TAR with the exiting 

gas stream 
2,54E-4 n.d. 

Mass flow of solid discharged from 

the bed (kg/s) 
7,0E-3 4,5E-4 

Carbon conversion in the Bed 51,84% n.d. 

Average Temperature at the bed 

middle (K) 
758 790 

Average Residence time 

(Based on the feeding rate) 
40 43 min 

Total rate of products released during 

devolatilization (kg/s) 
6.83E-03 n.d. 

Ratio between the exergy of the 

exiting gas and the total exergy 

leaving the equipment 

43.01 % n.d. 
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Compared with the case 2, the TGUESS doesn’t bring improvement to the model. The profile 

of temperature varies although the brown coal profile gets on the devolatilization phase just 

after some temperature; to ensure that the gas phase is closed to the one obtained 

experimentally the value of the heat power rate needs to be increased what will lead the results 

close to the ones studied for the second case. 

 

4.2 Case 5 – 70% of Brown Coal + 30% Biomass (wood)  

The following case use a mix of carbonaceous solid fuels and will make the comparison 

between the simple use of the coal and the use of the biomass in 30%; 

4.2.1 Characterization of the case 5 (Brown Coal + Wood) 

 

Material characterization: 

• 70% of the inlet rate is composed by the Brown Coal used at the experiment (the 

material analysis are presented in the annex D or in presentation of the case2) 

• The remaining 30% are composed by wood with the follow characteristics: 

o Proximate analysis(as received) 

Moisture 4,94 %

Volatile 79,39 

Fixed Carbon 14,90 %

Ash 0,77 %

 

o Ultimate analysis(dry basis) 

Carbon 48,4 %

Hydrogen 6,31 %

Nitrogen 0,21 %

Oxygen 44,23 %

Sulphur 0,03 %

Ash 0,82 %

 

o Particle Size Distribution 

1,68 mm 5 %

0,841 mm 28,4 %

0,354 mm 30,4 %

0,25 mm 21,7 %

0,177 mm 14,5 %
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Geometrical characterization: 

The geometry of the model for the case 5 is the same as the one experimented in the case 2; 

Parameters related to the convergence of the model: 

The tolerance was increased and the guess values for carbon conversion assume now a higher 

range from 40 to 70%. 

4.4.2 Results of the case 5 (Brown Coal + Wood) 

The graphs of the figures 4.4.2.1 and 4.4.2.2 show the temperature profile for the case 2 

(closest model achieved) and to the case 5 (test using 30% of wood mixed in the carbonaceous 

feeding solid fuel), respectively; 

 

Figure 4.4.2.1 – Temperature profile of the bed in the case 2
 

 

Figure 4.4.2.2 – Temperature profile of the bed in the case 5
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The table 4.4.2.a compares some important operational parameters between the case 2 and 5; 

Table 4.4.2.a – Process parameters in the case 2, case 5 and values measured experimentaly 

Process Parameters 

Case 2 

(Model with 

improved 

operational 

conditions) 

Case 5 

(70% of 

Brown coal + 

30% of 

biomass) 

Measured 

Mass flow of the exiting gas stream 

(kg/s) 

(TAR included) 

1,01E-2 1,12E-2 1,20E-3 

Mass flow of TAR with the exiting 

gas stream 
4,52E-7 5,73E-6 n.d. 

Mass flow of solid discharged from 

the bed (kg/s) 
6,92E-3 5,66E-3 4,5E-4 

Carbon conversion in the Bed 52,28% 62,76 n.d. 

Average Temperature at the bed 

middle (K) 
1000.92 576,88 790 

Average Residence time 

(Based on the feeding rate) 
40 min 57 min 43 min 

Total rate of products released 

during devolatilization (kg/s) 
6.83E-03 8,7E-03 n.d. 

Ratio between the exergy of the 

exiting gas and the total exergy 

leaving the equipment 

44.31 % 55,49 % n.d. 

Ration between the exergy of the 

exiting gas and the total exergy 

entering the equipment 

11,83 % 13,52 % n.d. 

 

The combination of biomass in the coal present better results concerning energy need to 

devolatilization, products released during devolatilization, carbon conversion and in general 

all other parameters from the process.  

The next graphs will show the evolution of the molar fraction of the principal compounds 

along the bed and the chemical reaction that are modelling the process. 
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Figure 4.4.2.3 – Mass flow of gas in the bed for the case 5
 

 

 

Figure 4.4.2.4 – Molar fraction profile of H2O, H2 and CH4 throughout the bed in the case 5
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Figure 4.4.2.4 – Molar fraction profile of CO2, CO and O2 throughout the bed in the case 5
 

 

 

Figure 4.4.2.4 – Molar fraction profile of H2S, NH3 and TAR/OIL throughout the bed in the 

case 5
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5 - CONCLUSIONS 

This work brings a new concept to the project and shows the importance of the simulation 

on the search of high efficiency and deep understanding of the processes surrounding the 

experiment. It proved the importance of the modelling but at same time it shows how hard 

this task may be because all parameters are very sensitive to the quality of the data 

available.  

The project was developed in a line of continuity from a previous unit that was used to 

convert some wastes with high content of carbon in usable gas. The understanding of the 

process and the explanation for the results obtained experimentally allow the development 

group to reach other results based on the comprehension of the processes and the needs of 

the system. 

The model achieved present some differences from the results obtained experimentally 

mainly because of the changes between the profile of devolatilization that some material 

has throughout the bed and consequently the profile of temperature that the software 

assumes for some moving bed gasifier. Also the quality of the parameters was difficult to 

reach because the quality has less importance when the method is based in the 

experimental approach. The input of the devolatilization data from the unit based on 

experiments for calibration of the model could bring substantial improvements to the 

results which would give to the simulation a much better representation of the system for 

any simulation concerning geometrical or operational conditions. 

6 - REMARK ABOUT THE SOFTWARE CeSFaMBi 

The software CeSFaMBi was used with a personal licence kindly donate by the developer 

of the software to the strictly use in this project by me; the calibration would require the 

addition to the databank of the profile of devolatilization of the pyromatic; it could be done 

just by the developer because the software doesn’t allow the input of devolatilization 

profiles. 

By the results achieved the software proved the potentiality for the application in the study 

case; the comprehensive simulator shows sensitivity for all the parameters and show the 

compatibility that it offer with the wide range of equipments and accessories that may be 

attached to the study case in order to improve the system efficiency. 

The modelling allows the product development to be one step ahead because it saves time 

and money which allows the development to look at more than one direction at same time.   
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6.1 CeSFaMBi license 

The follow report was entirely based on the simulation analysis of the software CeSFaMBi, 

under the license registration number: 

V312G11JUL2010OSTRAVA 

The license was a result of a contract that was sign between the company that distributes 

the software and me after the acquisition of rejection of the software by the department 

because of some the limitations of the budget.  

The contract was sign by me and by the legal representative of the company FR7 and 

witnessed by Prof. Ing. Roubíček Václav, CSc.,Dr.h.c. 

The conditions and the user obligations are listened bellow; the full contract may be found 

at the attach E; 

Conditions 

a) In the spirit of academic cooperation between the Developer and the Technical 

University of Ostrava, a special permission for the application of CeSFaMB would 

be granted to the User.  

b) Only the User is allowed to install CeSFaMB at his personal computer. 

c) The name of Technical University of Ostrava would be listed in the CeSFaMB 

Internet site as institution applying CeSFaMB. 

d) The User will do his best to find funds or grants that would allow the acquisition of 

CeSFaMB License. 

e) Installation of CeSFaMB in other computers of the Technical University of Ostrava 

would be allowed only upon receiving the value related to CeSFaMB License. 

All other conditions described at this Agreement regarding the User’s obligations (see 

ahead) apply at any time. 

MF7 or Developer will not be legally liable or responsible to any consequence due to the 

application or use of CeSFaMB
™

. 

User Obligations 

In addition to the above conditions, the User should agree on not to: 

a) Commercialize, give, donate, or lent CeSFaMB
™

, or any part of it, in any form to 

any other part not included or mentioned in the present document.  

b) To be legally responsible for the license of CeSFaMB
™

 in his or her possession. 
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c) Not to apply reverse engineering, decompilation, disassembling or use any method 

to uncover the source codes behind CeSFaMB
™

. The User shall not try to modify 

or, within his or her knowledge, allow any other part to modify or uncover any 

section or part of CeSFaMB
™

 code or codes 

Each individual license of CeSFaMB
™

 is identifiable by the series number that appears at 

the computer screen each time the program is put to run. The User is not allowed to hide or 

to try to erase that number. 
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Annex C –Reactions included in the CeSFaMB and referred on the thesis 
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Annex D –Results form the samples analysis 

 

Results from the sample analysis 

Requested by: Eng. Rui Pedro de Jesus Teixeira 

 
SAMPLES 

Moisture 

Content 

Ash 

Content 
Elemental analysis 

Sample 

Nº  
(%) (%) N (%) 

C 

(%) 

H 

(%) 

S 

(%) 

1 
Brown coal  

(particle size from 2 to 20mm) 
16,34 4,11 0,99 64,23 5,64 0,34 

2 Solid discharged from the bed 6,39 11,61 1,08 76,03 1,67 0,00 

3 Liquid phase that condensates n.d. n.d. n.d. n.d. n.d. n.d. 

4 TAR from the liquid phase n.d. n.d. n.d. n.d. n.d. n.d. 

5 
Scrap tires drilled  

(particle size up to 2mm) 
1,23 3,31 0,32 87,60 6,95 0,85 

6 
Plastics from credit cards 

drilled (particle size up to 2mm) 
0,55 7,01 0,11 19,10 0,13 0,00 

 
n.d. - not determined 

Received on the 14th October 2010 

Sent by: Marie Laborová - Faculty of Mining and Geology 

 

Sample 

Nº 
Notes 

1 

The analysis didn't give any information about the partial remaining; it was 

considered the typical profile for a brown coal with the remaining composed 48% 

by Fixed Carbon and 52% by Volatile  

2 
  

3 
  

4 
  

5 

The elemental composition of the scrap tires come close to the composition of the 

bituminous coal; by lack of the pyrolysis profile for the scrape tires, the 

simulation will be done using the profile of the bituminous coal 

6 

The high fraction of remaining composition not identified and the lack of the 

pyrolysis profile for this material are reasons not to be using this material in the 

simulation  
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Annex E –CeSFaMBi copy of the contract 

 

CeSFaMB™ / CSFMB
©
 Special Agreement 

 

 

Objective 
 

The present document is a particular agreement between the Mr. Rui Teixeira, presently 

working at the Technical University of Ostrava at the Czech Republic and MF7 

Corporation. The agreement covers special conditions related to the license of CeSFaMB™ 

(Comprehensive Simulator of Fluidized and Moving Beds) software. 

 

Definitions 
 

Product 

 
a) The Simulation Package CeSFMaB

™
 (Comprehensive Simulator of Fluidized and Moving 

Beds) is composed by: 

b) An installation disk with for the CeSFMaB interface in Windows XP or Windows Vista 

ambient or compatible one. 

c) CeSFaMB Executable with license number and basic information of the User. 

d) Set of input and output data, which exemplify the application of CeSFaMB to various 

cases. 

e) Manual with instructions for the installation and proper use of CeSFaMB. 

 

The Trademark of the simulation package is CeSFaMB™ has been issued by the US Patent 

and Trademark Office, while the copyright of the simulation program is registered at the 

US Copyright Office under the name CSFMB
©

. Therefore, the names CSFMB and 

CeSFaMB are equivalent. 

The CeSFaMB
™

 simulation package is referred in this document just as CeSFaMB
™

. 

No CeSFaMB or CSFMB source codes or their parts are transmitted to the User. 

 

Developer 

 

 Professor Marcio Luiz de Souza-Santos is the developer of CeSFaMB and retains full 

rights of CSFMB
©

 intellectual property, according to Copyright number TXu 1-610-655, 

issued by the United States Copyright Office. Such rights include all parts of CSFMB
©

, 

i.e., the simulation code, executables, interfaces, manual, and examples of data and 

simulation results included in the package sent to the User. Prof. De Souza-Santos is 

referred in the document as Developer. 
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Distributing Company 

 

The CeSFaMB
™

 license is distributed by MF7 Corporation, which is company properly 

registered with Brazilian authorities under CNPJ/MF number 08.425.395/0001-86 and Sao 

Paulo State number 206.240.830.118. Onward, that company is referred in the present 

document as MF7. 

 

 Legal Representative and User 

 

Mr. Rui Teixeira graduate student of The Technical University of Ostrava, Department of 

Chemistry, Ostrava‐Poruba, Czech Republic, is referred here as User. 

 

Conditions 

 
The following conditions apply to the present agreement: 

 
a) In the spirit of academic cooperation between the Developer and the Technical University 

of Ostrava, a special permission for the application of CeSFaMB would be granted to the 

User.  

b) Only the User is allowed to install CeSFaMB at his personal computer. 

c) The name of Technical University of Ostrava would be listed in the CeSFaMB Internet site 

as institution applying CeSFaMB. 

d) The User will do his best to find funds or grants that would allow the acquisition of 

CeSFaMB License. 

e) Installation of CeSFaMB in other computers of the Technical University of Ostrava would 

be allowed only upon receiving the value related to CeSFaMB License. 

All other conditions described at this Agreement regarding the User’s obligations (see 

ahead) apply at any time. 

MF7 or Developer will not be legally liable or responsible to any consequence due to the 

application or use of CeSFaMB
™

. 

  

 

User Obligations 

 

In addition to the above conditions, the User should agree on not to: 
a) Commercialize, give, donate, or lent CeSFaMB

™
, or any part of it, in any form to any other 

part not included or mentioned in the present document.  

b) To be legally responsible for the license of CeSFaMB
™
 in his or her possession. 

c) Not to apply reverse engineering, decompilation, disassembling or use any method to 

uncover the source codes behind CeSFaMB
™
. The User shall not try to modify or, within 

his or her knowledge, allow any other part to modify or uncover any section or part of 

CeSFaMB
™
 code or codes. 

  

Each individual license of CeSFaMB
™

 is identifiable by the series number that appears at 

the computer screen each time the program is put to run. The User is not allowed to hide or 

to try to erase that number.  
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Sending CeSFaMB
™
 

 

In the present case, the User already received the CeSFaMB
™

 installation disk and would 

receive the CeSFaMB executable by E-mail. 

 

License Value 

 

If funds to acquire an Academic license of CeSFaMB
™

 it will be rated at USD 5,900.00 

(five thousand and nine hundred United States Dollars). 

 

 

Legal Forum 

  

Any legal dispute regarding the terms and conditions related in this agreement would be 

resolved at the Justice Forum of Campinas city, São Paulo, Brazil. 

 

Evandro de Fraia     User: 

MF7   Manager                                                         

                                     

 

 

 

 

 

-------------------------------------------   ------------------------------------------- 

Place and date:      Signature, complete name and 

address  

        and date: 

 

 

Witness: Prof. Ing. Roubíček Václav, CSc.,Dr.h.c. 

 

 

 

 

 

 

Signature, place and date: 

 

                                                     

                                     

 

 

 


