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The application of forced unsteady-state reactors in case of selective catalytic 

reduction of nitrogen oxides (NOx) with ammonia (NH3) is sustained by the fact that 

favorable temperature and composition distributions which cannot be achieved in any 

steady-state regime can be obtained by means of unsteady-state operations. 

In a normal way of operation the low exothermicity of the selective catalytic 

reduction (SCR) reaction (usually carried out in the range of 280-350 °C) is not enough 

to maintain by itself the chemical reaction. A normal mode of operation usually requires 

supply of supplementary heat increasing in this way the overall process operation cost. 

Through forced unsteady-state operation, the main advantage that can be obtained when 

exothermic reactions take place is the possibility of trapping, beside the ammonia, the 



moving heat wave inside the catalytic bed. The unsteady state-operation enables the 

exploitation of the thermal storage capacity of the catalytic bed. The catalytic bed acts as 

a regenerative heat exchanger allowing auto-thermal behaviour when the adiabatic 

temperature rise is low.  

Finding the optimum reactor configuration, employing the most suitable operation 

model and identifying the reactor behavior are highly important steps in order to 

configure a proper device for industrial applications.  

The Reverse Flow Reactor (RFR) - a forced unsteady state reactor - corresponds 

to the above mentioned characteristics and may be employed as an efficient device for the 

treatment of dilute pollutant mixtures. As a main disadvantage, beside its advantages, the 

RFR presents the “wash out” phenomena. This phenomenon represents emissions of 

unconverted reactants at every switch of the flow direction. As a consequence our 

attention was focused on finding an alternative reactor configuration for RFR which is 

not affected by the incontrollable emissions of unconverted reactants. In this respect the 

Reactor Network (RN) was investigated. Its configuration consists of several reactors 

connected in a closed sequence, simulating a moving bed by changing the reactants 

feeding position. In the RN the flow direction is maintained in the same way ensuring 

uniform catalyst exploitation and in the same time the “wash out” phenomena is 

annulated. 

The simulated moving bed (SMB) can operate in transient mode giving practically 

constant exit concentration and high conversion levels. 

The main advantage of the reactor network operation is emphasized by the 

possibility to obtain auto-thermal behavior with nearly uniform catalyst utilization. 

However, the reactor network presents only a small range of switching times which allow 

to reach and to maintain an ignited state. Even so a proper study of the complex behavior 

of the RN may give the necessary information to overcome all the difficulties that can 

appear in the RN operation. 

The unsteady-state reactors complexity arises from the fact that these reactor 

types are characterized by short contact times and complex interaction between heat and 

mass transport phenomena. Such complex interactions can give rise to a remarkable 



complex dynamic behavior characterized by a set of spatial-temporal patterns, chaotic 

changes in concentration and traveling waves of heat or chemical reactivity. 

The main efforts of the current research studies concern the improvement of 

contact modalities between reactants, the possibility of thermal wave storage inside the 

reactor and the improvement of the kinetic activity of the catalyst used. Paying attention 

to the above mentioned aspects is important when higher activity even at low feeding 

temperatures and low emissions of unconverted reactants are the main operation 

concerns. Also, the prediction of the reactor pseudo or steady-state performance 

(regarding the conversion, selectivity and thermal behavior) and the dynamic reactor 

response during exploitation are important aspects in finding the optimal control strategy 

for the forced unsteady state catalytic tubular reactors. 

The design of an adapted reactor requires knowledge about the influence of its 

operating conditions on the overall process performance and a precise evaluation of the 

operating parameters rage for which a sustained dynamic behavior is obtained. An apriori 

estimation of the system parameters result in diminution of the computational efforts. 

Usually the convergence of unsteady state reactor systems requires integration over 

hundreds of cycles depending on the initial guess of the parameter values. 

The investigation of various operation models and thermal transfer strategies give 

reliable means to obtain recuperative and regenerative devices which are capable to 

maintain an auto-thermal behavior in case of low exothermic reactions. 

In the present research work a gradual analysis of the SCR of NOx with ammonia 

process in forced unsteady-state reactors was realized. The investigation covers the 

presentation of the general problematic related to the effect of noxious emissions in the 

environment, the analysis of the suitable catalysts types for the process, the mathematical 

analysis approach for modeling and finding the system solutions and the experimental 

investigation of the device found to be more suitable for the present process. 

In order to gain information about the forced unsteady state reactor design, 

operation, important system parameters and their values, mathematical description, 

mathematical method for solving systems of partial differential equations and other 

specific aspects, in a fast and easy way, and a case based reasoning (CBR) approach has 

been used. This approach, using the experience of past similar problems and their adapted 



solutions, may provide a method for gaining informations and solutions for new problems 

related to the forced unsteady state reactors technology. As a consequence a CBR system 

was implemented and a corresponding tool was developed. 

Further on, grooving up the hypothesis of isothermal operation, the investigation 

by means of numerical simulation of the feasibility of the SCR of NOx with ammonia in 

the RFR and in the RN with variable feeding position was realized. The hypothesis of 

non-isothermal operation was taken into account because in our opinion if a commercial 

catalyst is considered, is not possible to modify the chemical activity and its adsorptive 

capacity to improve the operation but is possible to change the operation regime. 

In order to identify the most suitable device for the unsteady state reduction of 

NOx with ammonia, considering the perspective of recuperative and regenerative 

devices, a comparative analysis of the above mentioned two devices performance was 

realized. 

The assumption of isothermal conditions in the beginning of the forced unsteady-

state investigation allowed the simplification of the analysis enabling to focus on the 

impact of the conditions and mode of operation on the dynamic features caused by the 

trapping of one reactant in the reactor, without considering the impact of thermal effect 

on overall reactor performance. 

The non-isothermal system approach has been investigated in order to point out 

the important influence of the thermal effect on overall reactor performance, studying the 

possibility of RFR and RN utilization as recuperative and regenerative devices and the 

possibility of achieving a sustained auto-thermal behavior in case of low exothermic 

reaction of SCR of NOx with ammonia and low temperature gas feeding. 

Beside the influence of the thermal effect, the influence of the principal operating 

parameters, as switching time, inlet flow rate and initial catalyst temperature have been 

stressed. This analysis is important not only because it allows a comparison between the 

two devices and optimisation of the operation, but also the switching time is the main 

operating parameter. An appropriate choice of this parameter enables the fulfilment of the 

process constraints. 

The level of the conversions achieved, the more uniform temperature profiles, the 

uniformity of catalyst exploitation and the much simpler mode of operation imposed the 



RN as a much more suitable device for SCR of NOx with ammonia, in usual operation 

and also in the perspective of control strategy implementation.  

Theoretical simplified models have also been proposed in order to describe the 

forced unsteady state reactors performance and to estimate their internal temperature and 

concentration profiles. The general idea was to extend the study of catalytic reactor 

dynamics taking into account the perspectives that haven’t been analyzed yet. 

The experimental investigation of RN revealed a good agreement between the 

data obtained by model simulation and the ones obtained experimentally. 
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The paper investigates the feasibility of the selective catalytic reduction (SCR) of 

NOx with ammonia in the reverse flow reactor (RFR) and in the reactors network (RN) 

by means of numerical simulations. The reactors network (RN) with periodical change of 

the feeding position is shown to be an alternative to the well investigated reverse-flow 

reactor (RFR) in order to fulfil the requirements on NOx conversion and ammonia 

emissions.  

Non-isothermal operation was considered evidencing that autothermal operation 

is feasible also with low temperature feed. The choice of the switching time is affected 

not only by the dynamic of the trapping of one reactant, but also by the dynamic of the 

heat wave, as too long switching time will lead to reaction extinction, due to the heat 

removal from the catalyst. The higher is the inlet flow rate, the narrower is the range of 

switching time where autothermal operation with high conversion is obtained. 

The resulting optimal value of the switching time both for the reverse-flow reactor 

and for the network of reactors with periodically varying feeding position is quite low 

(the order of magnitude is few seconds), due to the dimension of the catalytic reactor that 

has been chosen which refer to a lab-scale installation.  

Finally the response of the RFR and of the RN to disturbances in the feed 

composition has been investigated, evidencing that the robustness of the RN is higher, 

even if the controllability is poorer than in the RFR. 

The scale-up of these reactors to the industrial size is still an open problem as the 

increased dimensions of the catalytic bed will alter the dynamic of both the heat and mass 



storage and this issue is beyond the scope of this work and will be the subject of a future 

paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Nomenclature 

 

 

 

r   reaction rate, mol m
-3
 s
-1
; 

C   concentration, mol m
-3
; 

keq  adsorption equilibrium constant, m
3
 mol

-1
; 

q   maximum capacity of adsorption, mol m
-3
; 

CA,S  the solid phase concentration of NOx; 

CB,S  the solid phase concentration of NH3; 

*

iC  the gas phase concentration of species i in equilibrium with the solid 

phase; 

f  factor that from +1 or −1 upon a reversal of the flow direction; 








 −
2

L
xsBδ  molar source of ammonia when it is introduced in the middle of the 

reactor; 

De  effective diffusivity, m
2
 s
-1
; 

av   specific surface of the catalyst, m
2
 m

−3
; 

c
f
A   concentration of reactant A in the feed, mol m

-3
; 

z  non-dimensional distance; 

Da   Damkohler number; 

kc   reaction constant, m
3
 mol

-1
 s
-1
; 

Pe  Peclet number for mass transport; 

cA
*
 and cB

*
 gas concentration at the interface, mol m

−3
; 

rred  reduction kinetic constant, m
3
 mol

-1
 s
-1
; 

kads   adsorption kinetic constant, m
3 
mol

-1
 s
-1
; 

kdes   desorption kinetic constant, s
-1
; 



Ea   activation energy, J mol
-1
; 

R   ideal gas constant, J mol
-1
 K

-1
; 

T   temperature, K; 

hA, hB   mass transfer coefficients, m s
−1
; 

v   gas velocity, m s
-1
; 

x   axial coordinate, m; 

cp  specific heat, J kg
−1
 K

−1
; 

keff  effective conductivity, J K
−1
s
-1
 m

-1
; 

DR  reactor diameter, m; 

h, hT  heat transfer coefficient,  J m
−2
 s
−1
 K

−1
; 

C*   non-dimensional concentration; 

k, kred   reaction rate constant, mol m
-3
 s
-1
; 

k0   pre-exponential factor of the reduction kinetic constant, m
3
 mol

-1
 s
-1
; 

L   total reactor length, m; 

k0,red  pre-exponential factor of the reaction kinetic constant, m
3
 mol

-1
 s
-1
; 

k0,ads   pre-exponential factor of the adsorption kinetic constant, m
3
 mol

-1
 s
-1
; 

k0,des   pre-exponential factor of the desorption kinetic constant, s
-1
; 

t   temporal coordinate, s; 

t*   non-dimensional temporal coordinate; 

v*   non-dimensional gas velocity; 

x*   non-dimensional spatial coordinate; 

tc  non-dimensional switching time; 

Tf   inlet gas temperature, K; 

v0  superficial velocity, m s
-1
; 

hT   heat transfer coefficient, J m
−2
 s
−1
 K

−1
; 

−∆H   heat of reaction, J mol
−1
; 

tc  non-dimensional switching time; 

tsw   switching time, s; 

∆L  length of a reactor in the network, m; 

 

 



 

Greeks 

 

β   parameter for surface coverage dependence; 

γ   non-dimensional activation energy; 

θ   surface coverage; 

σ   parameter for the surface coverage dependence; 

ε   monolith void fraction; 

ρ   density, kg m
−3
; 

Ω  maximum catalyst capacity, mol m
−3
; 

λ  period of the operation, s. 

 

 

Subscripts and superscripts 

 

ads   adsorption process; 

A  identifies NOX; 

B  identifies NH3; 

BS   identifies NH3 adsorbed; 

red   reduction process; 

ads   adsorption process; 

des   desorption process 

i   interface; 

G   gas phase; 

S   solid phase; 

W  wall; 

0   inlet condition; 

i, e   internal, external. 

 

 

 



 

Abbreviations 

 

RFCR   Reverse-Flow Chromatographic Reactor; 

RFR   Reverse-flow Reactor; 

RN   Reactors Network; 

SCR   Selective Catalytic Reduction; 

PSS   Periodic Steady-State. 
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Chapter 1 

Selective catalytic reduction  

 

 

 

Air emissions of nitrogen oxides (NOx) have multiple negative effects on the 

ecosystems and the human health. Their presence into the atmosphere is related to 

acidification, eutrophication, increase of ground-level ozone, contribution to the 

formation of particulate matter and loss of biodiversity [1]. An almost exponential 

increase of NOx emissions over the time has been followed by a decrease in recent years. 

Such a trend was observed especially in Europe where the release of the nitrogen oxides 

is in a continuing decline due to the combined effect of the environment policy and the 

scientific efforts. The interest on the environment protection and the related regulations 

enabled the application of a strict management and determined the solutions to be 

identified, provided or foreseen in order to overcome the problems related to 

environmental constraints. Even if in the developed economies equilibrium has been 

achieved in the case of NOx issues related with environmental protection, in some 

regions characterized by growing economies such as Southeast Asia, the reduction of 

NOx emissions level is far from approaching the standards imposed in Europe and in 

North America [2]. However, the increasing consumption of fossil fuel energy and the 

rapid economic growth have the effect of increasing the atmospheric NOx emissions even 

in the developed economies. Only in the USA during 1998 the NOx emissions in the 

atmosphere were approximately of 24 million tons [3]. Several acts and environmental 

programs regulate the NOx emissions; such of these are the 1990 Clean Air Act 

Amendments which regulate NOx emissions from major sources [4] having the main goal 

to determine the achievement of NOx reduction level with 2 million tons below that of 
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the year of 1980. Environmental policies and health concern determined an increased 

research interest for development of low costs and efficient NOx abatement technologies.  

The nitrogen oxides are mainly the byproducts of high-temperature combustion. 

Being undesired pollutants in the atmosphere it is necessary to be removed by 

technologies suitable for all possible conditions which can arise in industry with the 

constraint of fulfilling the environmental conditions and the low costs operations.  

Current available NOx control technologies are combustion modifications and 

post-combustion techniques. Generally speaking combustion modifications techniques 

give low yields (25-50%) of NOx reduction despite their relative low operation costs [5]. 

The post combustion techniques include selective catalytic reduction [6, 7], selective non-

catalytic reduction (SNCR) [8], adsorption [9, 10] and absorption [11-14]. The major 

problem of the conventional NOx reduction technologies is the high operation costs for 

treating large emissions volumes of gases with low and medium concentrations of 

ammonia oxides. Moreover, the products of conventional techniques contain secondary 

waste which needs further treatment. Therefore several new NOx removal technologies 

have been developed. Some of these as the biological treatment of NOx emission streams 

[15, 16], the pulse corona discharge plasma [17, 18] and the pressure swing adsorption 

[19, 20] are efficient and more cost-effective than conventional techniques only for high 

NOx concentration emissions. In case of large volumes of gas and low NOx 

concentrations the above mentioned methods became much more expensive then the 

conventional ones.  

Nowadays the NOx removal from stationary installations, power plants or 

factories and from mobile sources (automotive vehicles) is imposed in all the advanced 

societies. The modality for NOx removal is the catalytic decomposition into molecular 

nitrogen at temperatures <800°C. In these conditions the oxides of nitrogen are extremely 

stable kinetically in the absence of suitable catalysts; instead they are thermodynamically 

unstable. The catalytic decomposition of NOx without a reductant was proven for a long 

period of time to be much too slow for the practical use [21]. For this reason 

decomposition by catalytic reaction gained more and more interest. When vehicles are 

involved the regulations specify an almost total removal of the products of incomplete 

combustion, such as NOx, CO or unburnt hydrocarbons. Moreover, the CO and 
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hydrocarbons proved to be on-site reductants for the nitrogen oxides. When modern 

electronic control is applied, enabling a composition of the exhaust gas over the catalyst 

bed as close to stoichiometry as possible [22], all the noxious pollutants can be removed. 

Due to the high excess of air present in fuel gas in stationary sources, the reductant used 

must be able to selectively reduce the nitrogen oxides. The reductant must be oxidized by 

the oxides of nitrogen without being burned by the oxygen. Usually when the oxygen is 

in excess, despite the large thermodynamic driving force in the reduction of the nitrogen 

oxides by the reducing agents, the NOx are often consumed by the oxygen combustion on 

almost all the heterogeneous catalysts. Only under certain conditions the selective 

catalytic reduction can be successfully accomplished, usually at temperatures <400°C and 

when the reductant is a molecule containing its own nitrogen atoms. 

Thus SCR, as a general rule, is the process where a gaseous or liquid reductant 

(most commonly ammonia, urea or hydrocarbons) is added to the flue gas stream and it is 

absorbed onto a catalyst. The reductant reacts with NOx in the flue gas to form N2 and 

H2O or CO2 respectively, depending on the reductant used.  

As seen above, there are two main classes of SCR systems defined by the source 

of the reductant used. These are: 

- ammonia-SCR (of which urea-SCR is the most common); 

- hydrocarbon-SCR (used mostly in case of low NOx content reduction). 

The SCR systems are highly effective for reducing NOx emissions from power-

generating equipment including gas turbines, utility/industrial boilers and reciprocating 

engines.  

Large-scale SCR installations have been constructed in industrialized countries in 

the world to clean power plant effluents from oxides of nitrogen. Several proposals 

indicated as reductants to be used the urea or the cyanuric acid, the ammonia or other N-

containing compounds and others proposals indicated the hydrocarbons. In spite of this, 

owing to its availability and ease of use, the NH3 is the reductant that was more applied in 

practice. 

There are considerable discussions about which reductant is the best. While 

ammonia offers slightly better performance, it is poisonous and a difficult substance to be 
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handled safely. Urea is safer to handle, not quite as effective as ammonia but it proved to 

be a more popular choice for engine manufacturers.  

Research regarding reductant technology continues. A wide variety of suggestions 

have been made for alternative reductants, especially those ones that have a wide 

distribution infrastructure. For example, due to the lack of a distribution infrastructure for 

both ammonia and urea the United States Environmental Protection Agency has been 

reluctant to certify any diesel engines fitted with SCR system. In Europe SCR is a 

common choice for NOx control technology by the engine manufacturers and a variety of 

ammonia and urea brands are available. 

A common problem with all SCR systems is ammonia slip. This represents 

tailpipe emissions of ammonia that occur when exhaust gas temperatures are too low for 

the SCR reaction to occur or when too much reductant is feed into the exhaust gas stream 

for the amount of NOx present. Concerning this a variety of strategies have been 

developed to deal with ammonia slip, including different types of reactors, different 

ammonia feeding, different operations types and even the fitting of extra catalysts after 

the SCR catalyst. 

 

  

1.1 Reactions and applications of the ammonia-SCR 

 

Ammonia-SCR systems use ammonia (NH3) to react with the NOx in order to 

form nitrogen (N2) and water (H2O). There are three reaction pathways by which nitrogen 

oxides are reduced: 

 

4NH3+4NO+O2->4N2+6H2O      (1.1.1) 

2NH3+NO+NO2->2N2+3H2O      (1.1.2) 

8NH3 + 6NO2 -> 7N2 + 12H2O     (1.1.3) 

 

Generally speaking any source of ammonia can be used to perform these reactions 

but the most commonly used is an aqueous solution of urea due to its safe 
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manipulation/handling. This aqueous solution of urea decomposes in the exhaust stream 

in two stages and releases ammonia and carbon dioxide (CO2):  

 

 NH2C(O)NH2->NHCO+NH3 

          (1.1.4) 

   NHCO+H2O->CO2+NH3 

 

The most typical applications of ammonia SCR are the stationary sources and the 

trucks and buses. 

 

 

1.2 Reactions and applications of the hydrocarbon-SCR 

 

Hydrocarbon-SCR (used especially for lean NOx composition reduction) systems 

use hydrocarbons as a reductant which may exist as a “native" presence in the exhaust 

gas or it may be added from the exterior. Hydrocarbon-SCR has the advantage that no 

additional reductant source (e.g. urea) is needed to be carried in, as the reductant is 

already present, but these systems cannot offer the performance of ammonia-SCR 

systems. 

The reaction pathways depend on the hydrocarbon used. Generally the following 

equation describes the total reaction in the system: 

 

[hydrocarbon] + [NOx] -> N2 + CO2 + H2O    (1.2.1) 

 

Two alternative hydrocarbon-SCR systems are available with different operating 

temperature domains, i.e. systems that work with low temperature catalysts (100-300°C) 

and with high temperature catalysts (300-600 °C). 

The most typical applications of hydrocarbon SCR are the diesel engine retrofit 

and the stationary sources. 

In both cases, Ammonia-SCR and Hydrocarbon-SCR, the reductant must be 

extremely pure; if not the impurities can clog or deactivate the catalyst. Typically SCR 
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catalysts require frequent cleaning even if the reductants used are very pure. The 

reductant can clog the inlet surface of the catalyst while the exhaust gas stream 

temperature is too low for the SCR reaction to take place. 

 

 

1.3 Catalysts used in the SCR of NOx with ammonia  

 

As a process SCR is similar to Selective Non-Catalytic Reduction (SNCR) 

because it uses a reductant injection in the flue gas to convert NOx emissions to elemental 

nitrogen and water. The key difference between SCR and SNCR is the presence in SCR 

systems of a catalyst which accelerates the chemical reactions. As a general 

characteristic, due to the catalyst presence, the SCR systems operate at much lower 

temperatures than the SNCR do. The SCR is usually carried out at temperatures between 

340-380°C and SNCR at temperatures between 870-1200°C; thus implementation of a 

SCR system enables a high economy of energy consumption emphasizing one of the SCR 

major advantages.  

SCR catalysts are used to reduce NOx from exhaust gas streams containing 

percents of O2 higher than one. As the name implies, NOx is selectively reduced by 

reacting with a reagent - usually ammonia (NH3) or an ammonia-based reductant such as 

urea - across an SCR catalyst which reduces the NO and NO2 to nitrogen and water, as 

shown below.  

 

4NO+4NH3+O2->4N2+6H2O      (1.3.1) 

2NO+4NH3+O2->3N2+6H2O      (1.3.2) 

 

Where there is a mixture of NO and NO2 present in the gas stream, the following -

faster – reaction will occur in parallel: 

 

NO+NO2+2NH3->2N2+3H2O      (1.3.3) 
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Most SCR catalysts use vanadium, tungsten, titanium, silica and/or zeolite-based 

materials depending on the required temperature of operation. These can be extruded into 

a honeycomb structure or coated directly onto a metallic or ceramic honeycomb support.  

The most commonly used catalysts are the vanadium/titanium formulation (V2O5 

stabilized in a TiO2 base) and zeolite materials. 

The reduction of NOx is dependent on the volume, reductant concentration, 

operating temperature and activity of the SCR catalyst. The major factors influencing 

catalyst selection include process gas temperature and a thorough examination of 

potential contaminants such as particulate and catalyst poisons.  

The majority of SCR catalysts in use today are designed to function on the 315-

425°C temperature range where conversions higher than 95% are routinely achieved. 

Depending on the temperature domain, where they are functioning, the SCR-NOx 

catalysts are grouped in three categories in the table 1.3.1. 

 

Table 1.3.1 Catalyst classification as a function of catalytic activity temperature domain.  

Low-temperature:  120-350°C  Porous extrudates in bed reactor. 

Medium-temperature:  265-425°C V/Ti/W on high-density honeycomb. 

High-temperature:  345-590°C  Zeolite on ceramic substrate. 

 

The V2O5/WO3/TiO2 catalyst type and metal-exchanged zeolites are the 

commercial catalysts currently used [23-26].  

Metal-exchanged zeolites received much attention because they can operate in a 

wider temperature range and do not contain toxic metals such as vanadium. Thus, there 

are many works dealing with the SCR of NOx using metal-exchanged zeolites [27-34]. 

The most promising results were obtained with metal-exchanged (Cu, Fe, Co, Pt, Rh and 

Ni) zeolites such as ZSM-5, mordenite (Y), ferrierite (beta) and faujasite. The Cu, V, and 

Fe-containing natural zeolites such as ferrierite, mordenite and cloniptilolite types with 

Si/Al ratios higher than 5 exhibit high performance in the SCR-NOx with NH3 [35]. 

Natural mordenite based catalysts proved to be excellent catalysts for SCR-NOx 

using ammonia or methane as a reducing agent, but sometimes they are deactivated by 
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water, SO2 or HCl [36-38]. Ag-containing zeolites are known as active catalysts above 

400°C for SCR of NO by light hydrocarbons [39-42] but the best observed conversions of 

NO are about 50 %. 

In spite of the above mentioned characteristics of the natural zeolites based 

catalysts, the amounts of catalysts demanded by the SCR-NOx technologies are very high 

and very difficult to be accomplished. Therefore the industry prefers to operate with 

synthetic zeolites for the preparation of catalysts. This imply an increase of operation 

costs because synthetic zeolites are more expensive that naturally occurring ones. A 

major disadvantage of using natural zeolites is the following one: even if they can be 

good candidates for the abatement of NOx from stationary or mobile sources by SCR 

technologies, the natural area where they can be found is restricted. Other inconvenient 

results from the difficulties that may appear when such zeolite powders typically with 

particle size of 1 mm are shaped into beads for fixed beds or washcoats for monolith 

applications (usually embedded in ceramic supports) is difficult and may have an adverse 

effect on the catalytic properties. The search for alternative catalyst formulations has led 

to new synthesis strategies permitting zeolites to grown on the surface of pre-shaped SiO2 

[43] or of metal substrate [44]. Attention was focused on practical aspects of the catalyst 

shaping procedure which may cause problems related with the catalytic activity of the 

composite partner, a possible loss of active catalyst during the shaping procedure (e.g. by 

inclusion in inaccessible voids of compacted pellets) and interactions between zeolite and 

composite partner during long-term usage of the catalyst. 

In spite of this, extensive studies were conducted in case of selective catalytic 

reduction of NOx especially with hydrocarbons over various transition-metal-exchanged 

zeolites and oxide-supported catalysts [45-49]. Among the systems studied, supported 

cobalt is of special interest because cobalt catalysts can operate with CH4 as a reducing 

agent [46]. This allows, as a main advantage, the possibility of ammonia replacing as a 

reducing agent in SCR. It has been proposed that it is necessary a high dispersion of 

cobalt ions for obtaining good catalyst performances [47, 48]. The highest NOx 

conversion and selectivity towards nitrogen have been reported for Co-ZSM-52 and Co-

ferrierite catalysts [49]. However, these zeolitic materials are far from being practical 

applications because of their poor mechanical properties.  
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Due to their efficiency the vanadium-based catalysts used for selective catalytic 

reduction of nitrogen oxides with NH3, and their resistance to SO2 poisoning received 

much more attention [50-64] and a great number of studies were performed in order to 

investigate the reaction mechanism in case of using this type of catalysts. As a 

consequence the interest has grown also for the use of monoliths embedded with this type 

of catalysts in selective catalytic reduction, as a process to avoid emissions of NOx. All 

these required studies for mathematical modeling of this reaction [65-68]. Successful 

modeling of the real physical-chemical processes occurring in monolith reactors requires, 

among other things, consideration of the proper geometry and all possible interacting 

effects in the mathematical description. The quantification of the various aspects of the 

SCR of NOx with NH3 is also required because, in spite of the rapidly growing knowledge 

of the particular mechanisms, only a precise consideration and quantification of the 

phenomena taking place provide a reliable means for achieving maximal performance of 

the reactor for a given size, number and shape of the channel, and operating conditions 

such as temperature, gas velocity and pollutant concentrations.  

 In the following chapters in the present analysis the attention will be focused on 

studying the process performances under the circumstances of using the V2O5/TiO2 

materials and metal-exchanged zeolites as catalysts because of their commercial use and 

due to their characteristics previously emphasized. 

Generally, in most of the studies employing V2O5/TiO2 type catalysts the 

attention has been paid on the elucidation of the reaction mechanism. Further on a short 

review of the studies related to the investigation of NOx reduction with ammonia 

mechanism over this type of catalyst will be made. 

 

 

1.4 The mechanisms of SCR of NOx with NH3  

 

The selective catalytic reduction of nitric oxide by ammonia over 

vanadium/titanium catalysts is, as pointed out before, an effective process for NOx 

emissions control from stationary and mobile sources [69] because of the high NOx 

conversion enabled, the high selectivity and stability related to poisoning and 
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deactivation, as a constraint of one of the major issues for the industrial utilization of this 

technology, that of achieving high levels of nitric oxide conversion and minimum 

emissions of un-reacted ammonia (ammonia slip). The understanding of the factors that 

control the kinetics of the reaction over a wide range of reaction conditions, since 

simplified kinetic treatments may have severe limitations in situations where removal of 

compounds to the ppm level is required, i.e. ultra-purification or zero emission devices 

[70-74], is of great importance. Extensive studies have shown that the kinetic rate 

expression for the SCR reaction over vanadium/titanium catalysts is complex, such as the 

observed reaction orders with respect to nitric oxide and ammonia depending on reaction 

conditions. 

Many different types of reaction mechanisms have been proposed in the literature 

for the selective catalytic reduction of nitric oxides with ammonia over vanadium-

titanium catalysts in the presence of oxygen [69]. These mechanisms range from Eley-

Rideal-type processes, not involving strongly adsorbed NOx species, to processes where 

NOx is adsorbed in some manner. Odriozola et al. [70] considered V2O5/TiO2 as a bi-

functional catalyst and suggested a Langmuir–Hinshelwood reaction between adsorbed 

NO on TiO2 and adsorbed NH3 on V
5-
. Went et al. [71] proposed a mechanism involving 

a reaction between adsorbed NH3 on Lewis acids sites and adsorbed NO on some other 

unspecified sites. Such suggestions are inappropriate because their authors failed to 

observe the significant amounts of NO adsorbed under different reaction conditions [72-

74]. Also the study of Topsoe [72] has shown that desorption of the NO is weak. Takagi 

et al. [75, 76] proposed a Langmuir-Hinshelwood type reaction between adsorbed NO2 

and adsorbed NH
4+
. However, such a mechanism appears to be unrealistic since later 

studies of Inomata et al. (1980) did not observe oxidation of NO to NO2 by O2 in a flow 

of dilute gases. Later direct in situ studies of Topsoe (1991) did not detect NO2 on the 

catalyst surface under typical SCR conditions.  

The Eley–Rideal-type reaction mechanism between absorbed NH
4+
 and gas phase 

NO has been proposed by Inomata and al. [77, 78] and by Gasior et al. [74]. Bosch et al. 

[79] proposed a redox mechanism, where V
5+
 is first reduced by NH3 and is subsequently 

reoxidized by NO via an Eley–Rideal mechanism. This reaction mechanism has also been 

described by Janssen et al. [80]. Ramis et al. [81] proposed a redox mechanism in which 
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the reaction takes place between a strongly adsorbed form of ammonia and a gaseous or 

weakly bonded NO. However different adsorption sites and mechanistic details were 

suggested in the above-mentioned studies. Inomata and co-workers [77, 78] proposed that 

NH3 adsorption occurs on dual sites involving V-OH and an adjacent V=O which assists 

in the activation of NH3. They found out that the rate of NH3+NO reaction is proportional 

to the amount of V=O. Later studies [81-83] showed lack of correlation between the 

V
5+
=O and SCR activity. Gasior et al. [74] proposed V-OH to be the active site, idea that 

was sustained also by others researchers [81-83]. The interaction of ammonia with V-OH 

was confirmed by Topsoe [72] who noticed a correlation between the concentration of V-

OH groups and Bronsted acidity. Dumesic et al. [84] evaluated different mechanisms in a 

kinetic analysis of the deNOx reaction. It has been shown that a simple two-step Elay–

Rideal mechanism involving reaction between adsorbed NH3 and gaseous NO is not 

consistent with all data. These authors suggested a three–step mechanism [84] consisting 

of balanced ammonia adsorption, followed by an activation step of the adsorbed ammonia 

and a subsequent reaction between the activated ammonia species and NO. It was shown 

that it was not possible to distinguish from the kinetic point of view whether this last step 

was a true Elay–Rideal step involving reaction with gaseous NO or a reaction with 

weakly adsorbed NO. The three step mechanism could describe the NO conversion data 

under industrial type condition for vanadium/titanium catalysts. It gave very good 

description of the ammonia slip behavior which was found to be much more difficult to 

describe the conversion of the NOx. The studies of Topsoe et al. [56] indicate that the 

overall catalytic cycle for the SCR reaction consists in the adsorption of ammonia on the 

Bronsted acids sites, the reaction of some form of adsorbed ammonia with weakly 

adsorbed NO and the regeneration of active sites.  

In the results of his investigation Topsoe summarized them schematically in the 

diagram presented in figure 1.4.1. 
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Figure 1.4.1  The scheme of mechanism of NO reduction proposed by Topsoe [56]. 

 

During this ammonia activation, the vanadyl groups are reduced and additional 

reduced V-OH groups are liberated upon the subsequent reaction with NO. Finally, the 

reduced V-OH species are oxidized back to give the vanadyl groups thus the catalytic 

cycle being complete.  

Another catalytic cycle was proposed by Dumesic [85] (figure 1.4.2). 

 

 

 

 

 

 

 

 

Figure 1.4.2  The scheme of mechanism of NO reduction as proposed by Dumesic [85]. 

 

The catalytic cycle involves the adsorption of ammonia on acid sites (V
5+
–OH), 

the activation of adsorbed ammonia by interaction with redox sites (V=O), the reaction of 

activated ammonia with gaseous or weakly adsorbed nitric oxide, the recombination of 

surface hydroxyl groups (V
4+
–OH) to form water and the re-oxidation of reduced 

vanadium cations (V
3+
) by O2. Water competes with ammonia for adsorption on acid sites 
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(V
5+
–OH). The adsorption of ammonia on acid sites (V

5+
–OH) is a balanced process 

where the activation of adsorbed ammonia by reaction with redox sites (V=O) is 

reversible but not necessarily balanced. The recombination of surface hydroxyl groups 

(V
4+
–OH) to form water is irreversible at low water concentrations but it becomes 

reversible at higher water concentrations. Reactions of nitric oxide with activated 

ammonia on the surface and catalyst re-oxidation by O2 are irreversible processes. 

In the case of other catalysts for the SCR reaction, such as V2O5/Al2O3, /SiO2 or 

/TiO2, the Eley–Rideal mechanism, assuming the surface reaction step between adsorbed 

NH3 and bulk NO as a rate determining step, has been proposed to describe the observed 

kinetics [86-88].  

 All the above studies suggested, that more than probably, the occurrence of an 

Elay-Rideal mechanism that describes the chemical reaction. In this respect the 

mathematical model will be implemented in the following chapters. It will be also 

presented a mathematical model that involves a Langmuir-Hinshelwood mechanism just 

in order to emphasize the differences that appear in the system of partial differential 

equations when the two situations are compared.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 33 

 

 

 

Chapter 2 

Selective catalytic reduction reactors 

 

 

 

2.1 General aspects of the catalytic reactors 

 

Catalytic reduction, as a high capability method of reducing lean mixtures of 

gaseous pollutants, has received growing attention in the last years due to its high 

efficiency at relatively low temperatures. Applied to NOx reduction it enables low NOx 

emissions. 

Increased efforts have been devoted in recent years to the development of 

catalytic reducers for stationary and mobile emissions sources. The automotive emissions 

control, the catalytic incineration in industrial processes and the catalytic heaters for 

domestic and industrial supply are just few fields in which catalytic reduction is applied. 

Nowadays two main directions are being explored: new catalysts with improved activity 

and new design concepts of advanced reductors with improved thermal stability and 

configurations that enable catalyst thermal stresses reduction and increase efficiency of 

the energy used by employing special process configurations which leads to recuperative 

and regenerative devices. 

A high variety of physical-chemical phenomena interacting in a very complex 

way is governing the catalytic reductors. Regarding these complexities, finding the 

optimum reactor configuration, employing the most suitable operation model and 

identifying the reactor behavior is highly important in order to configure a proper reactor 

for industrial applications. 
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Intense studies were made on fixed bed reactors, as devices for catalytic 

reduction, taking into account a high variety of catalyst supports (pellets beds, foams, and 

honeycomb monoliths with different channels shapes) and modes of operation.  

The complex interaction between heat and mass transport phenomena is playing a 

major role in the behavior of the catalytic reductors, devices characterized by short 

contact times. A proper choice of the type of catalyst support can greatly influence the 

reactor performances. Literature published applications are focused mainly on two 

important aspects: the reactor steady-state performance (regarding the conversion and 

selectivity) and the dynamic reactor response during exploitation.  

Even if many catalyst configurations are proposed in scientific papers, the specific 

effects of the catalyst physical properties are not rigorously investigated. Among 

researchers that focused on studying the performances of different catalysts configuration 

are Bodke et al. [89] which explored the foam catalysts in case of syngas production. 

They suggested (as an example of increase of catalyst performances) that adding a 

washcoat layer prior to Rh deposition enhanced methane conversion and H2 selectivity. 

The effect was considered to be associated with the Rh properties as having an increased 

surface area. The foam cell density was also an investigated subject of these researchers 

who concluded that better yields are obtained in case of smaller foam pore size, as a 

consequence of progressive enhancement of mass transfer coefficients with the decrease 

of the pore size and in the same time due to the enhancement of the specific geometrical 

surface area of the catalyst. Regarding the kinetics, Bodke et al. [89] results suggested 

that both the diffusion processes in the gas phase and the chemical reaction are kinetically 

important steps. In a later work [90], Hohn and Schmidt concluded comparing at very 

high space velocity the performances of Rh-coated foam monoliths and spheres supported 

catalysts that on foams syngas selectivity decreased when space velocity was increased, 

while in case of spheres high conversions and selectivity were obtained even if higher 

space velocities have been used. The results were considered to be related with different 

heat transfer properties of the two support geometries considered. It was also analyzed 

the reactor behavior and concluded that foams enabled the progressive cooling of the 

reactor inlet at increased space velocities due to the enhancing of the convective heat 

transfer leading to reaction extinction. In case of spheres an analogous conclusion, as that 
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one of Hohn and Schmidt [90], was reported by Basini et al. [91, 92]. Bizzi et al. [93, 94] 

theoretically analyzed those conclusions without making a quantitative comparison 

between spheres and foams. 

Maestri et al. concluded in their work [95] that mass and especially heat transfer 

properties affect in a decisive manner the reactor behavior both at start-up and at steady-

state. As a consequence, the choice of catalyst support may determine different reactor 

performances. Studying the reactor at start-up conditions they concluded that in order to 

minimize the start-up time improved inter-phase heat transport properties and lower heat 

capacity are necessary. Also obtaining and maintaining an ignited steady-state is 

mandatory to favorable transport properties. The authors observed that the foam which is 

characterized by the best transport properties enabled the shortest start-up time and the 

lowest value of the maximum gas flow rate.  

The monolithic and different types of structured catalyst supports used in 

environmental catalysis [96, 97] were also addressed by many other researchers. As a 

general conclusion, comparing conventional packed-bed reactors, they pointed out that 

the most important advantage of the structured reactors is that of highly reducing of the 

pressure drops. Another advantage is the increased heat transfer due to heat conduction in 

successive and connected monolith supports which is impossible in normal packing of 

pellets. In spite of this the small number of reported studies related to heat transfer in 

monolithic structures [98-100] described low effective heat transfer characteristics of 

monolith supports as compared to packed beds of pellets. This is probably as a 

consequence of low properties optimization (construction material and geometry) of the 

catalyst support as regard to heat conduction because in their work Groppi and Tronconi 

[101-103] have shown through modeling and simulation that new metallic honeycomb 

supports for catalysts designed with appropriate materials and geometric properties 

enable much higher effective radial and axial thermal conductivities than a normal 

packed catalyst bed. They also showed and experimentally proved, in a study of the 

thermal behavior of home-made structured coated metallic catalysts, that multitubular 

fixed-bed reactors loaded with such structured systems can operate with significantly 

reduced temperature gradients even in case of external cooling conditions. They used as a 

reaction model the exothermic CO oxidation investigating the influence of the following 
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catalyst design aspects: intrinsic thermal conductivity of the support material, thickness 

of the slabs in the support, formulation of the catalytic washcoat, geometric configuration 

of the support, thermal contact of the support with the reactor wall.  

   Nevertheless the reactor geometric characteristics are very important, as the 

length of the structured catalysts and gas hydrodynamic through and between these 

elements are the parameters that need supplementary investigation. An adapted design of 

supports requires that catalyst construction material and its geometry are selected 

according to process necessities since they both play a significant role in determining the 

effective thermal conductivity of the catalyst matrix; also the study of various operation 

models and thermal transfer strategies is needed to arrive at recuperative and regenerative 

devices in order to maintain an auto-thermal behavior in case of low exothermic 

reactions. In this respect, the modular design of structured beds was encouraged by the 

concluding results of literature studies related to high conductivity and thermal behaviors 

similarities of such systems. When structured catalysts are going to be useed an 

inconvenient appears; the volume fraction of the active catalyst is limited compared to 

that of the usual pellet packed beds. But the effectiveness factors in the structured 

catalysts is higher than in pellet beds, approaching the value of 1, and because the 

effective thermal conductivity is higher in this type of structures the mean temperature 

level of the catalyst bed could be increased without increasing the hot spot temperatures 

in case of strongly exothermic reactions resulting an enhancement in its overall activity. 

And as another aspect, the structured catalyst configurations enable large loads of 

washcoat per unit reactor volume. For example, the extruded metallic honeycomb 

monoliths which are similar to the ceramic supports of catalytic mufflers characterized by 

large cell densities [104] may represent a valuable perspective in this respect [105]. 

A number of industrial catalytic processes are carried out in gas–solid fixed-bed 

reactors whose operation is limited by the convective heat transfer rates prevailing in the 

packed beds of catalyst pellets. Anyway, the experiments of Groppi et al. [106] show that 

heat conduction in the metallic supports of structured catalysts can provide an effective 

alternative mechanism to remove the heat generated by strongly exothermic reactions. It 

is also possible to maintain an auto-thermal behavior in case of low exothermic reactions. 
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Among the regenerative processes forced non-stationary reactors have received 

considerable attention in the last 20 years. The integration of regenerative heat exchange 

systems into the catalyst packing could provide specific advantages of a catalytic fixed 

bed over a simple combination of an adiabatic reactor with a separate heat exchanger. 

Endothermal and exothermal processes as well as reversible and equilibrium limited 

reactions can also be employed in forced unsteady-state catalytic reactors. Favorable 

temperature and composition distributions which cannot be attained in any steady-state 

regime can be reached by means of forced variations of inlet reactor parameters. In forced 

unsteady-state catalytic reactors it is possible to achieve a temperature distribution which 

is optimal for exothermic equilibrium limited reactions approaching the ideal profile 

corresponding to maximum product generation. 

Numerical simulations and experiments were employed to the investigation of 

forced unsteady-state catalytic reactors during the last 40 years emphasizing that 

unsteady-state operation may significantly enhance the conversion, the selectivity and the 

productivity and may decrease the operating costs in a wide range of catalytic processes. 

Unsteady-state operation may arise from variations (periodical or not) in the inlet flow 

rate, feed composition, temperature or pressure, as well as from the periodical reversal of 

the flow direction or from periodical change of the feeding position. 

Reverse-flow operation has two main advantages: first of all it allows trapping the 

moving heat wave inside the catalytic bed when exothermic reactions take place thus 

giving the possibility of exploiting the thermal storage capacity of the catalytic bed which 

acts as a regenerative heat exchanger allowing auto-thermal behaviour when the adiabatic 

temperature rise of the feed is low. Secondly when exothermic equilibrium-limited 

reactions are carried out the reversal of the flow allows approaching the temperature 

distribution corresponding to maximum product generation. The Reverse-Flow Reactor 

(RFR) operation was first suggested by Cottrell [107] as an efficient way to treat dilute 

pollutant mixtures. After this work, a large number of studies on the same topic appeared 

in the scientific literature for example the works of Matros and Kolios [108, 109].  

The idea of using a RFR for destruction of a pollutant A with a reactant B for 

which the maximum allowable emission is much lower than that for the first one was first 

proposed by Agar & Ruppel [109]. They suggested carrying out the selective catalytic 
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reduction of NOx with ammonia in a RFR using a catalyst that strongly adsorbs the 

ammonia. This operation method is referred to as Reverse-Flow Chromatographic 

Reactor (RFCR) and it was proven to allow, in case of selective catalytic reduction of 

NOx with NH3, the trapping of ammonia in the bed thus minimizing its emissions and 

providing an effective response to reactant fluctuations in the feed rate. Agar & Ruppel’s 

application of RFCR was the starting point for the works of Kallrath et al. [111], Falle et 

al. [112], Noskov et al. [113], Synder & Subramaniam [114].  

Nevertheless the RFR exhibits the problem of wash out, i.e. the emission of 

unconverted reactants occurring when the flow direction is reversed. Noskov et al. [113] 

proposed to feed the ammonia in the middle of the reactor rather than at the reactor inlet 

in order to avoid the wash out of unconverted ammonia. Recently, this solution was 

investigated by Yeong & Luss [115] by means of numerical simulations: the operation of 

the RFCR was demonstrated to be superior to the steady-state operation of a packed bed 

reactor when the trapped region remains within the reactor during each semi-cycle. Thus, 

the flow reversal period or the reactor residence time has to be selected to satisfy this 

requirement. Successful operation of a RFCR requires a finding of a catalyst which 

strongly adsorbs the ammonia: the higher the adsorptivity is, the more efficient the 

operation is. When ammonia is introduced in the middle of the reactor a long semi-cycle 

period causes the reactant concentration to be very low in half of the reactor at the end of 

the semi-cycle. This may lead to a rather large temporal emission of the pollutant upon 

the flow reversal. Yong & Luss [115] also investigated the possibility of feeding 

ammonia only during a fraction of the semi-cycle but they concluded that continuous 

ammonia feeding is more efficient than a discontinuous one on every cycle.  

The problem of wash out in the RFR has been addressed by Brinkmann et al. 

[116] in catalytic after-burners, by Velardi & Barresi [117] in low pressure methanol 

synthesis, by Fissore, Barresi & Baldi [118] in synthesis gas production and Fissore, 

Barresi & Botar [119] in case of selective catalytic reduction of NOx with ammonia. In 

all these papers an alternative reactor configuration was studied to avoid the occurrence 

of wash out, namely a Reactors Network (RN) made of two or three reactors connected in 

a closed sequence.  
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The reactor network operation was proposed for the first time by Vanden Bussche 

and Froment [120] as the concept of star reactor or “ring reactor”, corresponding to a 

simulated moving bed (SMB) which can operate in a transient mode giving practically 

constant exit concentration and higher conversion than the reverse flow reactor.  

The SMB reactor received little attention up to several years ago being used in 

industry and first patented by Universal Oil Products UOP in 1961 [121]. Since then it 

may found increasingly new applications in the areas of biotechnology, pharmaceuticals, 

and fine chemistry [122]. SMB technology was first conceived for bulk large-scale 

separations in which the solid movement was accomplished by means of a rotary valve 

that periodically shifted the feed, the effluent, the raffinate, and the extract lines along the 

bed. This was known as SORBEX technology [123-125] which included the PAREX 

process for p-xylene separation from C8 aromatics, the OLEX process to separate olefins 

from paraffins, the SAREX process to separate fructose from glucose for HFCS 

production, among others.  

As a new preparative chromatographic applications have been discovered thus the 

physical configuration of an SMB unit was changed to a set of fixed beds connected in 

series and segmented by valves and inlet-outlet lines [127, 197, 198]. Counter-current 

motion of the solid was simulated by convenient actuation of these valves so that, from 

time to time, the inlet and outlet streams were switched in the direction of fluid phase 

flow. The unsteady-state condition is achieved through such type of operation i.e. the 

change of the feeding position. In this way, the sequence of reactors is changed 

simulating the behaviour of a moving bed and achieving a sustained dynamic behaviour. 

Contrary to the RFR the flow direction is maintained in the same direction ensuring 

uniform catalyst exploitation and avoiding the wash out.  

One of the aims of this thesis is to study the possibility of carrying out the SCR of 

NOx with ammonia using the RN in order to overcome the problems raised by the RFR 

and to avoid its corresponding complex feeding configurations. 

Many authors have proposed theoretical models to describe the performance and 

internal profiles of SMB units [127-132]. 
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Haynes and Caram [133] presented some theoretical results concerning the 

operation of a two reactors network compared with reverse flow operation, showing the 

applicability to mildly exothermic processes both for reversible and irreversible reactions.  

Auto-thermal behavior, with nearly uniform catalyst utilization, is the main 

advantages of the reactor network. However this device presents a small range of 

switching times which allow for reaching and maintaining a pseudo steady-state (PPS) 

operation. The performance and the behavior of a network of three catalytic beds applied 

to non-stationary catalytic destruction of volatile organic compounds (VOC) have been 

investigated by means of numerical simulations by Brinkmann, Barresi, Vanni, and Baldi 

[134]. In that study, each reactor presented a large inert section for heat exchange 

followed by the catalytic active part. The authors studied the effect of transport 

parameters upon conversion and maximum bed temperature as well as the influence of 

the design variables. They pointed out that good conversion and auto-thermal behavior 

can be obtained in certain conditions even at low VOC concentration but safe operation is 

related to a narrow stability range of switching times. Velardi and Barresi [117] proposed 

also the methanol synthesis in a forced unsteady-state reactor network; they pointed out 

also the importance of switching time range for auto-thermal operation and high reactant 

conversions. The paper of Fissore, Botar & Barresi [119] proposed the reactor network as 

an alternative configuration to RFR in the case of the selective catalytic reduction of NOx 

with ammonia. The extended results of that study are emphasized in the chapter 3 of this 

thesis. 

In the case of all the works concerning the SCR of NOx with NH3 in RFCR the 

temperature rise in the reactor was assumed to be negligible and isothermal operation was 

studied. This assumption allowed the analysis simplification enabling to focus on the 

impact of the operation conditions and mode on the dynamic features caused by the 

trapping of one reactant in the reactor but it didn’t considered the impact of thermal effect 

on overall reactor performances. The adiabatic rise in NOx removal is usually of the order 

of 10-20 K but the temperature rise in a RFR and also in the RN as it will be highlighted 

in the following chapters will be a multiple of this value thus allowing, for example, auto-

thermal operation when low temperature gas is feed into reactor. In these conditions, as it 

was also stressed in the conclusions of the work of Yeong & Luss [115], the choice of the 
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switching time will be affected not only by the mass transfer but also by the dynamics of 

the heat wave as too long switching time will lead to reaction extinction due to the heat 

removal from the catalyst.  

 In this thesis a non-isothermal system approach will be investigated in order to 

point out the performance of RFR and RN, as recuperative and regenerative devices, 

through the operation mode and the possibility of achieving a sustained auto-thermal 

behavior in case of low exothermic reaction of SCR of NOx with ammonia and low 

temperature gas feeding. 

 

 

2.2 Open-loop and closed-loop operation 

 

In auto-thermal reactors, in order to minimize energy requirements, the reactants 

are heated by cooling the products. In conventional processes this is achieved in an 

external heat exchanger. For fixed catalyst beds recuperative heat exchange can also be 

accomplished with a forced dynamic operation by periodic reversal of the gas flow 

direction through the catalyst bed as first proposed by Cottrell [107] or alternatively 

modifying the feeding position of the gas inlet making use of the large thermal capacity 

of the catalyst bed compared to the gas phase as in the case of RN configuration. 

However, only since the ‘70s, the application of forced unsteady state operation by 

periodic gas flow reversals has been studied for exothermic reactions in large industrial 

processes initiated by the pioneering work of Russian researchers [135-137]. For 

exothermic reactions the reverse flow reactor allows for an auto-thermal operation with 

high temperatures in the centre of the reactor while maintaining low temperatures at the 

reactor inlet and outlet. Integration of regenerative heat exchange in the reactor by 

periodic flow reversals referred to as ‘closed-loop’ reverse flow operation by Matros and 

Bunimovich [138] has been studied extensively for exothermic reactions. In case of very 

low exothermic reactions and especially for endothermic reactions operated in forced 

unsteady state reactors the energy is not recovered by means of cooling the products 

through preheating the inlet reactants inside the catalytic bed but in an external heat 

exchanger (‘open-loop’ reverse flow operation). In case when both the endothermic and 
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exothermic reactions are employed, optimal energy efficiency and regenerative heat 

exchange should be achieved for both the endothermic and exothermic reaction phases. 

Related to this Frauhammer et al. [139] proposed an indirect closed-loop reverse flow 

reactor coupling methane steam reforming and methane combustion. In Frauhammer’s 

work the term ‘closed-loop’ refers to the energy efficiency of the process, i.e. a low 

average temperature difference between the gas inlet and outlet, in contrast to its mass 

transfer analogy for example in the simulated moving-bed chromatography reactor [140] 

or the pressure swing reactor [141]. For some processes both mass and energy 

efficiencies are important as for example the (modified) steam iron process for hydrogen 

production from industrial reducing waste gases as studied by Seiler and Emig [142] with 

model simulations.  

  

 

2.3 Stability of forced unsteady state reactors 

 

 Chemical reactors with non-linear kinetics can give rise to a remarkable complex 

dynamic behavior characterized by a set of spatial-temporal phenomena. These include 

chaotic changes in concentration, traveling waves of heat and chemical reactivity and 

stationary spatial patterns. In the past 20 years a lot of studies pointed out the existence 

and relevance of these phenomena and much progress was made in characterizing, 

designing, modeling and understanding them. 

The steady state of the reacting chemical system characterized by a large number 

of parameters was studied using the catastrophe theory witch became an essential tool 

which allows a systematic determination of the number of possible solutions and the 

influence of slow changes of an operation variable on solutions number. The theory 

serves also as a powerful computational tool in predicting the range of parameter values 

for which complicated behavior occurs. It also helps in the design of experimental studies 

and rational organization of knowledge of reacting systems [143]. 

Numerical bifurcation techniques are quite general and can be applied to systems 

of partial differential equations whose time independent solutions are defined by 

boundary value problems. 
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Such a system is the fixed-bed reactor under periodic flow reversal for which 

Matros [144] has enumerated many advantages extending the idea proposed by Boreskov 

and Matros [145]. The reactor can maintain an ignited state without the need of additional 

heat for even low exothermic reactions. This property makes the reverse flow reactor 

particularly attractive for its use in the catalytic combustion of trace organic wastes in the 

air [146 -148] the oxidation of SO2 [149] and it has been adapted for endothermic 

reactions such as the production of styrene [150, 151]. This reactor is part of a larger 

class of interesting systems that are designed to operate in a cyclic state. Others include 

pressure and temperature swing adsorption [152,153] which are used extensively for air 

separations and purifications and the simulated counter-current moving bed 

chromatographic reactor [154], which has been used to reach near unit conversion in 

equilibrium-limited reactions.  

The performance of the fixed-bed reactor with periodic flow reversal is dependent 

on many design parameters such as reactor length and overall bed porosity, as well as 

many operating parameters such as feed concentration, gas flow rate, and flow switching 

frequency. A number of researchers have used mathematical modeling to better 

understand the effects of system parameters on the reactor's behavior [155-157]. The 

various models are almost all one-dimensional time-dependent models over the length of 

the reactor and include axial dispersion. A finite-difference method is usually used to 

discretize the partial differential equations in space which are then integrated through 

time until a periodic state is approached. Convergence often requires integration over 

hundreds of cycles [148, 155] depending on the initial guess and parameter values. 

Researchers had some success in deriving simplified models that capture much of the 

behavior of the full models [148, 158]. In the limiting case of high-frequency flow 

reversals a model for the steady-state solution has been derived by Boreskov et al. [159]. 

With this model it is possible to solve directly the system for both stable and unstable 

steady states of the reactor in a fine domain of parameters. Reactor analysis in the high 

switching period limit has been a valuable tool for studying the effects of other 

parameters on the reactor behavior [158, 160, 161]. An alternative model which neglects 

axial dispersion has been proposed by Gawdzik and Rakowski [162, 163] and Bhatia 

[164], in which case the system separates into two ordinary differential equations in space 
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and one in time. Using the Bhatia [164] formulation, Gupta and Bhatia [165] reported a 

4-7 fold reduction in the time needed to reach the periodic state by posing the system as a 

boundary-value problem in time. By integrating the equations over one flow switch (one-

half period) and requiring the catalyst temperature profile to be cyclic, the authors then 

solved a set of integral-differential equations for the periodic solution. 

Calculations with all of the above models for the reverse flow reactor have shown 

that the nonlinearity of the system can often lead to hysteresis where a desirable ignited 

state coexist with the extinguished state for a range of a system parameter. This 

phenomenon has been observed with respect to flow switching period [166], gas flow 

[167], catalyst activity [168], feed concentration and reactor length [158], and for design 

alternatives such as the addition of inert zones and the withdrawal of hot gas [169]. 

Bifurcation analysis techniques have been used in investigating such nonlinear effects in 

steady-state systems, both for lumped models [170, 171] as well as for distributed models 

[172]. However, the lack of a usual steady state in this periodically forced system has 

determined researchers to use a trial-and-error approach where both the parameter value 

and initial conditions are varied to locate the extent of the ignited solution branch.  

Salinger and Eigenberger [173, 174] build upon the idea of Gupta and Bhatia 

[165] and formulate the full model (with axial dispersion) of Nieken et al. [158] as a 

boundary value problem in both space and time where periodicity is enforced as the 

boundary condition in time. They discretized the problem in both dimensions 

simultaneously using the Galerkin finite-element method and solving for the entire 

solution over one flow switching time. In this manner the problem was reformulated as a 

steady-state problem in the space-time domain and the power of bifurcation analysis 

techniques could be used. Solutions have been located without regard to stability using 

Newton-Raphson iteration. The more significant gains of this formulation come after 

locating the first solution where it can quickly and automatically track the dependence of 

the system's behavior with respect to key parameters using arc-length continuation [175]. 

Turning points and performance constraints which formerly involved a trial and error 

approach have been also directly calculated.  

The literature centers on two main methods for directly calculating periodic states. 

Posing the model as a boundary value in time with periodic boundary conditions and 
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discretizing the time domain implemented by Doedel and Heinemann [176] and Seydel 

and Hlavacek [177, 178] for autonomous ODEs, where an additional equation is needed 

to fix the period. The method that has been predominantly applied to chemical 

engineering systems is the shooting Salinger and Eigenberger method which solves for 

the fixed point in a Poincare map. Newton's method is used to converge to the correct 

initial condition that, after being integrated through one cycle, will return to itself. 

Stability of the periodic solutions can be analyzed through Floquet analysis. Kevrekidis 

and co-workers [179, 180] have applied this method to study periodically forced ODEs, 

the Brusselator model and heterogeneous reactions. Salinger and Eigenberger [174] use 

the direct calculation and bifurcation analysis methods to study two complicated 

phenomena that appeared in the fixed-bed reactor with periodic flow reversal. First of all, 

they study the multiplicity of ignited states that can occur when two different reactants 

are feed to the reactor including the effect of replacing catalyst with inert packing on this 

behavior. Secondly, they investigate the bifurcation of normal symmetric solutions to 

asymmetric and aperiodic solutions using Floquet analysis to determine the stability of 

simulation obtained solutions.  

The open question with respect to the methods for the direct calculation of 

periodic states is whether the method of solving for a steady state in the space-time 

domain or the shooting method performs better. Some papers reveal the fact that the 

space-time formulation has more robust convergence behavior since the Jacobian matrix 

contains more information. The shooting method has the advantage of requiring less 

memory since the Jacobian matrix is much smaller but often exhibits subquadratic 

convergence with Newton's method [181, 182] which may result from the variation in the 

adaptive time-step algorithm between consecutive iterations. 

 Croft and Levan [182, 183] found period doubling bifurcations in their study of 

adsorption cycles by the shooting method. 

The computational effort of solving the full model of the reverse flow reactor may 

be considerably reduced by the procedure proposed by Gupta and Bhatia [165] of 

calculating directly the periodic solutions by forcing the temperature profile after a flow-

reversal period (half cycle) to be a mirror image of the original one. Thus, the set of 

partial differential equations is solved as a spatial and temporal boundary-value problem. 
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The RFR operates under conditions for which in addition to the extinguished (low 

temperature) state at least one periodic state exists with a hot zone trapped in the reactor. 

Chumakova and Matros [184] showed that the model of an RFR in which a single 

reaction occurs has three periodic solutions at least one of them unstable. Ivanov et al. 

[162] and Salinger and Eigenberger [174] have shown that up to five periodic solutions 

(two of them unstable) may exist for some parameters of a RFR model, in which two 

independent exothermic reactions occur. Nieken et al. [185] observed this multiplicity 

during the simultaneous oxidation of propylene and propane. 

Information about the impact of the operating and design conditions (parameters) 

on the periodic states of an RFR is usually presented in the form of bifurcation diagrams. 

At first numerical simulations were used to construct these bifurcation diagrams [141, 

148, 157, 164, 165, 186-188]. Chumakova and Matros [184] used the catastrophe theory 

to find isolated branches in the bifurcation diagrams of conversion versus the superficial 

flow velocity for the limiting model of very short flow-reversal periods. Salinger and 

Eigenberger [172, 173] used a numerical continuation technique to track limit points of a 

two-phase model of an RFR in which either one or two independent reactions occurred 

and determined parameter regions with different numbers of solutions. Khinast and Luss 

[189] developed a systematic numerically efficient procedure for mapping parameter 

regions with qualitatively different bifurcation diagrams of the RFR. The efficiency of 

their numerical procedure was due to the direct application of the singularity theory to the 

infinite dimensional model, continuation techniques, and Broyden’s method which uses 

repeated computation of the Jacobian matrix. Salinger and Eigenberger [172, 173] and 

Khinast and Luss [189] found that, in general, an adiabatic RFR attains only symmetric 

states. Numerical simulations by Rehacek et al. [155, 190] showed that a cooled RFR 

may have complex and aperiodic states. Simulations by Salinger and Eigenberger [173] 

supported some of these findings suggesting that, in case of external cooling systems, 

cooling causes the complex dynamic behavior. The stability of the symmetric periodic 

states was analyzed through Floquet theory [191] by computing the eigen values of the 

monodromy matrix. This method has been applied to various periodic systems in the 

chemical engineering literature [172, 173, 179, 181-183].  
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In some industrial applications a RFR has to be cooled in order to avoid catalyst 

damage or undesired reactions. Additionally, it is extremely difficult to avoid heat losses 

in laboratory and pilot reactors.  

 Khinast and Luss presented [192] a systematic numerically efficient method for 

constructing maps of parameter regions in which a cooled RFR has qualitatively different 

dynamic features. The technique is applied to determine the dependence of these dynamic 

features on the cooling capacity and on the flow reversal period. Stable quasi-periodic 

and asymmetric period states exist mainly for short flow-reversal periods. They showed 

that the quasi-periodic states usually exist for lower cooling capacities than those for 

which the asymmetric period states exist. Stable symmetric and asymmetric period states 

exist for the same set of parameters in very narrow regions of the parameter space.  

The interaction between the fluid flow and the front motion has been studied by 

Sheintuch and Shvartsman [193]. The authors suggested that a homogeneous model of an 

adiabatic reactor typically does not admit local bistability and the front does not exist. 

The interaction of flow and dispersion terms, however, creates front-like solutions and 

these may move in response to feed conditions or follow changes in activity. Fronts that 

separate different states may also emerge in a non-adiabatic bed with a continuous 

reactant supply along the bed. In that case the system may reach asymptotic space-

independent solutions and when bi-stability of such solutions exists fronts and patterns 

may be established. Another idea of Sheintuch and Nekhamkina [194] was to extend the 

study of catalytic reactor dynamics into new cases that were not analyzed, examining a 

simple exothermic reaction with positive-order kinetics as a source of instability. In order 

to obtain oscillatory behavior, the preceding reaction was coupled with a slow reversible 

process of changes in the catalytic activity. This mechanism was justified and proposed 

by Sheintuch [195] and Middya et al. [196] to describe spatiotemporal patterns in a 

catalytic reactor and a heterogeneous fixed-bed model.  

The pattern formation mechanisms was studied by Sheintuch et al. [194] using a 

homogeneous model of a fixed catalytic bed for reactions with oscillatory kinetics. Two 

cases were analyzed: a non-adiabatic reactor with a continuous mass-supply and a simple 

adiabatic or cooled reactor. Sheintuch et al. concluded that in the former case the system 

may reach asymptotic space-independent solutions and when bistability of such solutions 
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exists fronts may be established. Stationary or oscillatory front solutions, oscillatory 

states that sweep the whole surface or excitation fronts may be obtained then and the 

reactor behavior can be predicted from the sequence of phase planes spanned by the 

reactor. The authors suggested that, in an adiabatic reactor, fronts are formed only for 

sufficiently small Pe numbers but these front-like solutions do not separate different 

steady states. The reactor behavior can be predicted by the sequence of phase planes 

spanned by the reactor using an approximate finite difference presentation. 

 

 

2.4 Numerical methods for solving unsteady state systems and 

estimation of the parameter  

 

In kinetic studies the reactor is mostly operated under steady state conditions, the 

catalytic bed is considered a closed system and only the inlet and outlet flow streams are 

analyzed in order to obtain kinetic information. In this way only partial information about 

overall process are being included in the obtained data. Even if the kinetic characteristics 

of overall reaction emphasize the reaction mechanism, it cannot be useful in accurate 

prediction of reaction elementary steps as the same kinetic behavior can be generated by 

different sequence of elementary reaction steps [199-201]. This kind of information can 

be provided by applying instead of steady state experiments the transient techniques. 

The concept of transient techniques in heterogeneous catalysis was implemented 

for the first time by Tamaru [202] and a number of other researchers [199, 203, 204] 

focused on this technique since then. Transient technique consists in the introduction of a 

perturbation in the system through step modification in gas concentration, temperature or 

pressure. The system responds to these disturbances transiting from one steady state to a 

new one. This represents a dynamic system response which enables the determination of 

the characteristics of surface processes, as the time constant, and due to this the 

concentration of the intermediates species can be measured.  

 Both quantitative and qualitative information about the reaction can be obtained 

when transient techniques are applied. Mechanistic information about the reaction is 

obtained through qualitative information. It is possible, for example, to discover short-
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live intermediates of reaction that desorbs from the catalyst surface into the gas phase 

using the temporal analysis of product [205, 206]. The elementary steps of reaction may 

be evaluated by taking into account the previous information. Kobayashi and Kobayashi 

[204] suggested another way for determining the characteristics of the reaction 

mechanism. Their method uses a concentration input step followed by the system 

response analysis. The shape of the response curve is related to the reaction mechanism 

as the authors suggested. 

Applying the transient techniques it is possible to obtain two kinds of quantitative 

information from the system. First of all it is possible to quantify the amount of certain 

species adsorbed on the catalyst surface [204, 206, 207], by integration of the response 

curve obtained. The amount of the species adsorbed by the catalyst can be evaluated by 

making the difference between area determined by an instantaneous response of an inert 

gas and the corresponding transient response. The second type of quantitative information 

is the determination of the reaction rate constants for elementary reaction steps and the 

number of active sites. This is more challenging and involves implementation of a model 

that describes the transient response of a system. In the simplest case the model only 

accounts for the time dependent equations, describing the mean value outlet 

concentration as a function of time; thus, considering in the equations system the time 

dependent term which is not taken into account in steady state conditions. As a 

consequence the system of ordinary differential equations (ODEs) [208, 209] that 

describe the process will contain as many equations as the number of present reactant 

species. The catalyst surface will be considered as a well mixed tank disregarding in this 

way the gradient spatial concentration profiles. More often, this simplification is not 

possible to be made when transient techniques are applied for flow experiments. In this 

case a concentration wave passes through the catalyst bed introducing a concentration 

gradient. 

 In case of more complicated cases that accounts for concentration profiles over 

the reactor space as a function of time, the system is described by partial differential 

equations (PDEs) [209-212]. Phenomena as convection, dispersion and catalytic 

conversion are generally taken into account in these situations.  



 50 

Because the steady state model doesn’t account for mass and heat transport 

phenomena related to catalyst porosity, in order to assure the absence of such influences 

several criteria must be accomplished. In case of transient experiments Dekker et al. 

[213] have developed such criteria, which are related to the steady state criteria since 

these are easily examined. 

 The extraction of the kinetic parameters is generaly made using transient 

techniques for a PDE model which describes the reaction that took place. This involves 

solving the PDE followed by the estimation of the kinetic parameters in such a way that 

the model describes the course of the experimental data. Methods with which the PDE 

may be solved are the finite difference methods [214]. The various kinetic parameters in 

the model may be estimated minimizing the difference (sum of squares) between the 

model and the experimental data through variation of the parameters. Several techniques 

have been developed in the past to accomplish this. 

 

 

2.5 Analysis of control strategies possibilities 

 

As stated in Chapter 1 the problem of wash out is one major disadvantage of the 

RFR. This problem was addressed by Brinkmann et al. [116] in catalytic after-burners, by 

Velardi & Barresi [117] in low pressure methanol synthesis and by Fissore, Barresi & 

Baldi [118] in synthesis gas production.  

As a consequence of this major disadvantage and due to the numerous industrial 

applications for chemical tubular reactors the problem of monitoring and controlling them 

effectively is a consequence of a safety exploitation necessity, a reduction of pollutant 

emissions and a reduction of operation costs. It has been numerically, analytically, and 

experimentally shown [215] that in some cases the parabolic PDEs governing the 

temperature and the concentration inside the tubular reactor can have more than one 

steady state solution. The multiple steady states can be either stable or unstable. The 

standard approach, once it was realized that there could be more than one steady state, 

was to find a priori estimates of the conditions under which there would be uniqueness or 

multiplicity. The obtained estimates would then be used to design the equipment in such a 
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way that undesired phenomena would be eliminated and the equipment operated 

rationally. 

A way to suppress the undesired behavior in chemical tubular reactors is through 

active control. A recent perspective on the control of these systems can be found in the 

book of Christofides [216]. 

The control of a distributed parametric system (DPS) is usually accomplished by 

transforming the PDEs and the boundary conditions to a system of ordinary differential 

equations (ODEs) that permit the synthesis of a controller. High order solutions of PDEs 

systems almost always result in a controller synthesis that cannot be implemented. This is 

primarily attributed to a lack of distributed measurements and actuators to measure and 

implement such a solution. Consider the simple illustration shown in figure 2.5.1 where 

there are three actuators (cooling/heating zones) and five sensors; satisfactory control of 

this infinite order system must be achieved using a finite set of actuators and 

measurement devices. 

 

 

                    

 

 

 

  Figure 2.5.1 A tubular reactor with three actuators and five sensors. 

 

Generally, the exact description of the DPS is not known and some other data 

driven methodologies must be employed to arrive at a low-order approximation. Some 

researchers have proposed to use input–output data, which may be available about a 

stable nominal operating condition. For instance Gay and Ray [217] proposed such an 

approach with the aim of arriving at a low-order model using singular value 

decomposition (SVD) method. In that strategy the input and output data are used to find 

system function that links the inputs to the outputs. 

Other approaches to reduce the order of PDE are the finite difference and finite 

elements methods [218] and the orthogonal collocation method [219]. Such methods 
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simplify the equations but may lose some essential dynamics of the process mainly the 

variations in the spatial direction. Nevertheless, the control of distributed systems 

approximated by ODEs has been studied extensively. Omer [220], Toure, Biston and 

Gilles [221] used boundary control to study the closed-loop behavior of DPS. The Model 

Predictive Control was applied by Patwardhan, Wright & Edgar [222] while Mandler, 

Morari & Seinfeld [223] dealt with the Internal Model Control. On the other side of the 

spectrum optimal control methods were also used by Avgerinos & Papageorgiu and 

Cavin and Tandon [224]. 

The most recent methods include order reduction by partitioning the eigen 

spectrum of the spatial differential operator for quasi-linear parabolic PDEs [225]. 

Each of the approaches referred to above has a limitation or a restriction in the 

way it is applied. Discretization and order reduction may often result in the loss of useful 

dynamics and always raises the question of discretization efficiency. Most other methods 

are developed only for a certain class of linear or nonlinear DPS and cannot be 

generalized.  

The unsteady-state reactors complexity arise from the fact that unsteady state 

reactors present, beside the very complex internal dynamic behaviour, problems related to 

unexpected external perturbations such as variations in the inlet flow, reactant 

concentration, temperature changes which, together or independently, can induce 

extinction of chemical reaction resulting in pollutant emissions or catalyst overheating.  

As a conclusion it can be enounced that the main efforts of the current research 

studies are focused on the improvement of contact modalities between reactants storing 

the thermal wave inside the reactor and the improvement of the kinetic activity of the 

catalyst used in this process in order to have higher activity even at low temperatures 

(usually the SCR is carried out in the range of 280-350 °C) and to avoid emissions of 

unconverted ammonia. It is worthwhile noticing that the maximum allowable 

concentration in the emission is lower for ammonia than for NOx. Moreover, the SCR 

reaction exhibits a low exothermicity which is not enough to sustain the reaction itself 

thus requiring heating of the feed which is the most relevant cost of the operation. Also 

finding the optimal control strategy represents one of the important goals in case of 

catalytic tubular reactors. 
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The problem of the control of the unsteady-state catalytic reactors is imperious to 

be addressed and a real control strategy has to be identified. 

Due to the theme of this thesis the control of these types of reactors will not be 

addressed here, but the study of literature enables us to make some suggestions about it. 

An adecvat strategy of control that can be applied for forced unsteady state reactors is the 

Model Predictive Control (MPC) as its application allows both the minimisation of the 

cost of the operation and the fulfilment of the environmental regulations. This control 

strategy is based on a mathematical model which requires a reliable model of the process.  

A simplified model is required to allow the on-line optimisation.  

The simplified model can be used in the MPC algorithm. 

Beside the MPC approach, a state-space based control algorithm (LQR) can be 

also tested and the results compared with those obtained with the MPC. In this framework 

a soft-sensor is needed to be built in order to estimate the outlet NOx and ammonia 

concentration from some temperature measurements in the reactor. This simple system 

will avoid the use of expensive gas analyser (thus increasing the costs of the operation) as 

well as it will give fast estimations, thus making the control action much more efficient 

particularly in industrial plants. 

In summary, all the aspects highlighted previously emphasize the complexity of 

forced unsteady state processes. The retrieval of useful information for design purposes 

remains one of the main issues in case of unsteady-state reactors. In our opinion there are 

two main methods that could be applied in order to obtain such information: first one, 

belonging to the artificial intelligence class, i.e. the case based reasoning approach and 

the second one the classical approach for design, i.e. beginning from scratch, involving 

model implementation and simulation.  
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Chapter 3 

Case based reasoning system for SCR of NOx with 

ammonia application 

 

 

 

As it was presented in the previous chapter the design and simulation of forced 

unsteady-state chemical reactors involves complex mathematical modelling containing 

the description of transport phenomena and reactions in processes that take place in 

multi-phase systems. The detailed mathematical models of these systems that account for 

inter and intra-phase gradients as well as the exchange or interaction between the phases 

are very complex and may be expressed in the form of several partial differential 

equations in two or three spatial coordinates and in time. In addition, these detailed 

models contain a large number of physical-chemical parameters. There are regions of the 

parameter space in which the rates of some of the transport or reaction processes are 

much slower or faster as compared to the other parts of this space. It results in a big 

complexity of the phenomena that take place inside the reactors making the models very 

often inadequate for analysis or computation. The numerical procedures to solve 

mathematical models related to forced unsteady state reactors required a lot of work 

focused on the reduction of computational time. This is realized by using highly-efficient 

numerical methods by simplifying mathematical models to one dimension and by fixing 

the boundary values in time at the beginning and at the end of the half cycle to avoid the 

need to solve over the long transient period before the establishment of the stationary 

conditions.  
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Despite a large body of literature in this field there is no standard procedure 

developed for the design of reverse flow reactors. Usualy the design is carried out by trial 

and error coupled with extensive and tedious detailed numerical simulations.  

Concerning above mentioned general characteristics of the forced unsteady-state 

reactors design this chapter attempts, withought diminishing the importance of clasical 

quering of information in the scientific literature, to provide a method for obtaining 

information and solutions for a new problem related to forced unsteady state reactors 

technology using past experience of similar problems and adapting their solutions. To 

illustrate this a case based reasoning (CBR) approach has been used in order to provide 

the insight into the reverse flow reactor behavior needed for design decisions. This 

approach automatically generates the alternative representations, frames the problem, 

provides computational information for modeling, evaluates and adapts design 

alternatives and generates new ideas.  

 

 

3.1 Basic concepts of CBR  

 

As a general definition case-based reasoning is a paradigm of artificial 

intelligence which uses stored cases, retrieves the ones describing similar characteristics, 

adapts their solution in order to fit to new needs and  contributes to solve new problems 

or guide feature reasoning. It should be stated from the beginning that case based 

reasoning is not a technology by itself but it is just a methodology which relies on past 

experience in order to retrieve knowledge which can be applied for solving new 

scenarios. 

In the last few years the case-based reasoning received a general interest induced 

by the idea that similar problems could have similar ways to deal with and having even 

similar solutions. It is more often much easier and more efficient to start solving a 

problem taking into account the solutions offered by previous similar ones than to 

generate a fully new solution beginning from the basis. 

There are many fields of activity that rely on the principles of CBR in order to 

solve different tasks. Some of the fields in which the CBR finds its applicability are the 
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chemical engineering design [226], the thermal analysis support [227], the 

troubleshooting plant problems [228], the process control and plant supervision [229, 

230], the ecological tasks [231], the supporting design in process engineering related with 

equipment selection [232, 233], the process synthesis and the flowsheet design [234, 

235], the component selection [236], the equipment selection [237], etc. 

The case is at the basis of any case based reasoning system. A case usually 

contains the problem statement and its corresponding solution. A case based system 

contains a library (case base) of cases that stores all cases related with certain issues. 

When a new problem is encountered, instead of relying only on a sequence of rules and 

principles for specific problem solving the system retrieves similar cases from the library 

and uses their solutions as a basis for constructing new solutions to new problems. 

The case-based approach enables trained engineers to handle even poorly 

structured domains, as it is well-known that decision making is more an art than a 

science, and knowledge is very difficult to completely represent such domains in rules 

[238]. In general a typical CBR system performs in the following way: when a new 

problem is encountered the statement of it and especially the key features of the problem 

are identified. Some of relevant features (key features) are used in the retrieval process of 

similar cases. The case retrieval may include feature concordance and similar data from 

the case base organized hierarchically. If for a new problem more than one case is found 

to be similar with it, the one which has the highest degree of similarity is chosen in order 

to adapt or modify its solution to mach the new needs. The new solution and the 

statement of the new problem generate a new case which can be stored in the case library 

further on.  

 

 

3.2 The CBR problem solving algorithm 

 

As a result of a constant need for more efficient catalytic reactors, aiming to 

increase the efficiency of energy use, tighter safety and environmental regulations, the 

design methods have evolved over the past few decades into very complex 

methodologies. The actual demands create more difficult and challenging design issues 
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for today's forced unsteady-state catalytic reactor problems and require more 

sophisticated solutions and increased level of knowledge than can be provided by 

traditional techniques alone. This chapter provides a methodology of solving important 

contemporary challenges of chemical engineering related issues and not only, noting the 

design and implementation of the sophisticated artificial intelligence techniques required 

to take on these challenging problems. The specific case study involving the forced 

unsteady-state reactor design for selective catalytic reduction of nitrogen oxides with 

ammonia enable to concretely illustrate the methodology used to find solutions in a fast 

and easy way for this kind of systems. 

Most if not all classical solving problems fail to provide from the beginning 

potential solutions for engineering problems found in practice. Answers to, for example: 

which type, shape and length of the catalytic reactor has to be adopted, which type and 

shape of the catalyst has to be taken into account, which parameters and transfer 

phenomena should be considered in the mathematical model, which inputs should be 

manipulated, and which links should be made between them, so on and so forth are in 

general not given. Finding all these answers usually require a hard and tedious modeling 

and simulation work that not always emerge in finding a solution.  

There are two main approaches to the problem in which in a fast and easy way a 

solution can be provided, a mathematically oriented approach (mathematical modeling 

description and simulation) and a queering for information approach. Both approaches 

are investigated and analyzed in the present thesis. Emphasis is put on the case based 

reasoning, showing that the idea “similar problems may have similar solving algorithms 

and even solutions” represent a solid way to generate new solutions for new problems 

based on past experience.  

The case based CBR approach is, in fact, more based on a psychological theory of 

human cognition than on any specific computer methodology. The main power of the 

CBR technology resides in the potential to develop a tool that learns as cases are 

resolved. The ideal input of a CBR is the case solving process itself, provided by the 

original structuring of systems features, an activity intrinsically very close to the way of 

human experts acting. 
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A CBR system is of considerable utility to complex types of systems such as 

forced unsteady state reactors design analysis. The "instant" availability of previous 

related cases on a computer significantly reduces the time and analytical procedures 

invested in completing such an investigation. With the CBR, the critical key elements of 

the forced unsteady state reactors design are readily apparent from previous cases. In case 

of incomplete information provided by a case the novelty is introduced by reasoning 

starting from available knowledge. 

When performing a diagnosis, a properly designed CBR could support the human 

expert who, employed in forced unsteady state reactors design analysis, conducts a logic 

“interview” to determine the nature of the design issues. During the interview -  which is 

essentially a question-and-answer session - the human expert would naturally seek 

precise details of apparatus, shapes, parameters, operating conditions, solving methods 

etc., but usually widens these inquiries to include what would be the most standard 

considerations for these kind of processes applicability, way of operation and design of 

such complex systems:  

- Which is the level of knowledge in the field of forced unsteady state reactors 

systems? There are undocumented paths related to this particular issue?  

- Which is the level of understanding of the possible advantages that could be 

provided by this technology? There is sufficient understanding to exploit efficiently 

those advantages in order to obtain high performance?  

- How should this performance be interpreted: economically, environmentally, 

technologically, or in another way? The performances point of view justifies the use 

of such systems? There is necessary to stress efforts in finding new design ways for 

such systems? 

- What are the safety implications of the suggested design solutions?  

- There is sufficient information in order to obtain reliable solutions from case 

studies in this particular field? 

- How does the information concerning the case compare to information related to 

earlier knowledge provided by earlier cases?  

- How representative is the case based and also the case to be studied?  
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- How many features and sub-features could represent a case and how these 

features can influence the retrieval process?  

- How many features can influence the solution retrieval process? And how 

representative are they? 

- How many features are to be included in the similarity determination?  

- Which of such features interact in a decisive manner and which have negligible 

interaction? What importance this kinds of features have? This importance can be 

attributed arbitrarily to all types of information that is subjected to the query? How 

flexible is the process of features weight of importance attribution? 

- What types of data may and have to be taken in to consideration?  

- How difficult would it be to include and quantify the impact of human errors in 

the investigation? Expert opinion is sufficient? 

A critical issue for the successful development of such systems is the creation of a 

solid feature representation system since the success of a diagnosis depends heavily on 

the selection of the most similar stored cases. Any misdirection can lead a query down a 

path of secondary symptoms and factors. It is therefore very important to establish a 

feature representation system that will effectively indicate the applicability of the solution 

provided by a stored case. It is very important that the feature representation system to be 

built taking into account the following aspects:  

- The cases must be represented by truly relevant features;  

- The main features must be generalized, otherwise only an exact match will be the 

criterion for case applicability;  

- It is also necessary to have specific sub-features representation in order to stress 

relevant characteristics, otherwise important or specific aspects could be lost; 

- Similarity attribution should rely on all types of features representation and their 

corresponding values.  

The construction of a Knowledge Based System (KBS) to mimic the human 

expert's knowledge and as a consequence the implementation of a decision support 

system (DSS) meets a number of obstacles. How does the expert decide which features 

are relevant to be taken into account and in what order may them be structured? How can 

be coped with cases that may contain errors or imprecise information? How can be sure 
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that the case database, upon which the forced unsteady state processes knowledge would 

be based, is sufficiently representative, i.e. that the 'experience' of the expert is 

sufficiently broad to encompass the specific issue in this specific field? Given the broad 

range of parameters involved in most forced unsteady state reactors system and the 

frequent absence of hard data, the process representation approach selected in the present 

analysis was constructed on knowledge-based principles with mechanisms triggered by 

inductive reasoning. This approach was adopted to reduce the complexity of ordinary 

forced unsteady state operation system problems while allowing to operate with a limited 

number of representative cases due to lock of information provided by the scientific 

literature. 

This highly case-specific and scientific approach requires that a multitude of 

questions have to be asked, questions aroused through different tasks such as:  

- the processes characteristics identification; 

- the mathematical modeling and computer simulation of such systems;  

- laboratory investigations of the process at hand in different operations conditions;  

- validation of the solution, etc.  

Even if this kind of approach may not always lead to immediately right solution, 

finding it following the CBR approach represent a fast and easy way. 

More then this, the systems approach in which an 'expert' applies his experience 

and forced unsteady reactor processes knowledge to a situation can frequently provide a 

solution to a new problem without the needed to recourse to a classical intensive 

investigation. 

The main problem faced by KBS and DSS developers is to structure computerized 

information in a fashion that will respect the functions carried out by human experts.  

Surprisingly, despite of the vast amount of investigation in the field of forced 

unsteady state reactors, there have been few attempts to structure specific problems in 

this field and to organize the knowledge in logical formats amenable to algorithmic 

interpretation. 

The idea to elaborate a systematic framework of the features involved in the 

design of forced unsteady state reactors is an excellent model to organize the knowledge 

and information concerning such a specific domain. 
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Once a model is firmly established, it can be used to organize the available 

information into a KBS and DSS compatible system. But in order to avoid context 

sensitivity and provide a solid feature representation system for reasoning with real 

information it is also important to test and document the framework with cases and other 

descriptive material. This was achieved by searching a database of modern engineering 

literature with general keywords to capture all the publications related to the present 

theme. 

By the mode as it is implemented, accounting in general for four main processing 

steps: case description, similarity assessment and retrieval, adaptation and evaluation of 

the application, and storage; the CBR can provide robust reasoning, decision supporting 

and even learning in various domains which may be or not codified in rule-based 

algorithms. When similar cases are cumulated to a certain number that warrants general 

rules, inductive methods can be applied to generate rules from the cases information 

[239-244]. 

 

3.2.1 Case description 

 

The case is represented by a set o features, with their corresponding attributes and 

by their solution. The features can be quantified in numerical and hierarchical values and 

symbolic representation. The solution in a case is defined by the mathematical model 

representation which is dependent of certain characteristics and specifications related to 

the case which can affect the model structure. The cases in the case based have a specific 

number of common features which are identified and used in the similarity assessment 

and retrieval process. 

 

3.2.2 Similarity assessment and cases retrieval  

 

3.2.2.1 Similarity assessment 

 

Organizing the cases by independent features the similarity assessment has to 

cover all attributes of these features. In general the degree of importance of a specific 
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feature is represented by its attribute and the corresponding weight. Two features of 

different cases are considered correspondent if they accomplish the same function in 

relation with other features in their own case. The similarity between two cases is 

attributed when all or just some of the features have the same values; contrary when no 

feature can be matched with another one in a different case the complete dissimilarity is 

attributed. In this way a complete or partial similarity can be computed. The value 

expressing how much two cases are similar defines the degree of similarity, which in 

general, is normalized in the range of zero to one; the value 1 being attributed to the 

similarity of 100 % and the value 0 to the total absence of similarity. The total degree of 

similarity is computed from the weighted sum of each feature similarity. 

The quality of the similarity assessment depends on the similarity measure.  

For two cases A and B of one type, characterized by a set of features with their 

values VA = (a1, a2, . . ., an) and VB = (b1, b2, . . ., bn), where corresponding indices 

represent corresponding features of the cases, the similarity is defined as: 

   (3.2.2.1.1)  

If the cases have a weighted structure the similarity is calculated considering also 

the weights value wi: 

      (3.2.2.1.2) 

In case of conditionally similar cases the conditional degree of similarity is 

calculated with the following equation: 

   (3.2.2.1.3) 

where C represents the condition, a is the classification law; µ is the affiliation value of a 

and b features to a class. If the value of the affiliation to a class is difficult to be 

calculated or if it could present a degree of uncertainty than the parameter µ takes values 
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in the domain [0, 1]. If bi is a member of a class, the function µ(ai, bi) represents the 

value of similarity between ai and bi. 

 Taking into consideration the hierarchical representation of a case the global 

similarities as presented before and the local or partial similarities between singularly 

features can be calculated. It is possible in this way to talk about the determination of the 

distance between two features.  

Between two features a and b the local similarity l can be calculated by the 

following equation: 

 

l(a, b) = 1 − d(a, b)        (3.2.2.1.4) 

 

where d(a, b) is the distance function. The distance d takes values in the interval [0, 1]. 

The distance is inverse proportional with the degree of similarity. Therefore the value 1 

attributed to the distance corresponds to the total dissimilarity between features.  

 

 3.2.2.2 Distance evaluation 

 

If it is to be considered the total distance between two features a and b noted with 

∆ and d is the ratio between the total distance and a maximum distance than the numerical 

values of distance, for independent features or classes of features, is calculated in a 

independent way as presented below. 

 

a. Numerical values 

 

In case of features represented by numbers the distance is determined by the 

absolute value of the difference between the features values: 

      (3.2.2.2.1) 

where range is the domain in which a and b takes their values. 
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In case of classes of features represented by the vectors a and b where is a = (a1, 

a2, . . ., an) and b = (b1, b2, . . ., bn) the distance can be calculated following the 

following equation from below: 

      (3.2.2.2.2) 

In a more general case for n-dimensional vectors the Minkowski formula referred 

also as the Lk norm [245] can be used for distance calculation: 

       (3.2.2.2.3) 

In case that all the coordinates of the vector a and b have the same level of 

importance the normalization of the values must be applied in order to convert their real 

values into relative ones in the interval [0, 1]. 

If the vectors are represented in space the maximum distance between two 

coordinates can be calculated in a n-dimensional unit cube having the basis vectors e1 = 

(1,0,. . .,0), e2 = (0,1,. . .,0), . . . en = (0,0,. . .,1). In this case the maximum distance is 

represented by the cube diagonal or by the sum of basis vectors. As a consequence the 

relative distance can be calculated with the following equation which can be applied 

either to a number or to a one dimensional vector: 

     (3.2.2.2.4) 

b. Sets 

 

The values of corresponding features in a case can be also represented as sets. In 

this case the distance or the difference value is determined by the number of the elements 

in the sets which differ one from another following the next formulas for total and 

relative differences: 
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    (3.2.2.2.5) 

 Many types of data such as signs, symbols cannot be compared qualitatively 

requiring exact matching. These types of data can be taken into account also as sets. In 

case of exact matching the intersection is equivalent with the union and the value of 

relative difference is 0 and when the intersection contains no element and the relative 

difference equals 1.  

 

c. Hierarchical structures 

 

In case that the features with their values correspond to a hierarchical 

representation the location of these can be situated on different branches and different 

levels of the tree. A value can be described by its corresponding path in the hierarchical 

tree. For example if a tree representation is considered as in the following figure 2.2.2.1 

the elements a and b can be described as:  

 

a = {n1, n5, n10};  b = {n1, n6}     (3.2.2.2.6) 

 

 

 

 

 

 

Figure 3.2.2.1 Example of hierarchical representation with the root (r) and its 

corresponding branches. 

 

The distance between features is represented by the maximum difference between 

their paths in the hierarchical structure: 

       (3.2.2.2.7) 

or in a more explicit way: 



 67 

   (3.2.2.2.8) 

The above equation represents Levenshtien’s formula of distance. The maximum 

distance is determined as the distance between feature locations on different branches of 

the tree that meet only in the root. As a consequence the relative distance can be 

calculated using the following equation: 

 

    (3.2.2.2.9) 

Besides the quantitative approach of determining the degree of similarity another 

way of its determination is the evaluation of the distance between two values on a 

qualitative scale [246]. When two features belong to the same qualitative category the 

distance between their values is considered equal to 0. Contrarily, the distance is 

represented by the number of other categories separating the values from each other on 

the qualitative scale [226].  

The level of similarity decreases with the increase of the number of the categories 

that separate two qualitative values. An integer value can be assigned to each qualitative 

category and the similarity measure between two qualitative variables can be computed 

by determination of distance between these integer numbers. 

 

3.2.2.3 Retrieval 

 

The retrieval process is a well defined but interdependent process. In the retrieval 

stage it is decided the most suitable level of abstraction and the classes of features and 

features from which the alternatives have to be generated. The selected classes and 

features represent the target case which is used to start the retrieval of cases.  

The retrieval process uses the similarity measures, as presented previously, to 

retrieve similar classes and features that satisfy the specific aspect of the target case. Only 

the classes and features with the same specific functional group are considered for 

retrieval.  
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The process of retrieving similarity is improved and much more efficient by 

organizing the cases from a case base, in key features, characterizing the circumstances in 

which the cases are likely to be relevant. In the specialty literature there are several 

proposals for retrieving the mechanism related with case based reasoning. Kolodner [247] 

proposed a parallel approach for retrieving, Wall et al. [248] and Cain et al. [249] 

proposed to use semantics domain to facilitate the retrieval step and Seifert [250] 

proposed a goal orientated mechanism for retrieval. 

 

3.2.3 Adaptation and evaluation of the application 

 

Contrary to the retrieval phase the adaptation is based on the knowledge that in 

general is not readily available [246]. The successful adaptation is based on the 

adaptation knowledge thus it is usually acquired by the complex process similar to the 

other approaches encountered in the development of knowledge- based systems.  

The adaptation revises the solutions of the retrieved cases and generates suitable 

new ones.  

 The generated solutions are evaluated and tested in order to determine their 

appropriateness for a new problem. This may include additional changes in the previous 

solutions and recurrent cycles of adaptation and evaluation. When an appropriate solution 

is found this is applied to the new problem. In case that the adaptation and evaluation 

process fails the cases are reevaluated in order to repair possible errors occurred in the 

previous steps.  

 

3.2.4 Storage 

 

  The storage step retains in the case library all the new cases with corresponding 

statement, solutions and results even if the processing mechanism of case based reasoning 

results in success or failure. In this way the cases which solutions were successful 

represent a base for future similar problems dealing and the solutions of the cases, found 

to be inappropriate, represent warnings for certain issues.  
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3.3 The forced unsteady state problem representation and 

implementation  
 

The chemical engineering problems especially the design and modeling tasks are 

often quite difficult to be represented as a structured list of features of one or two data 

types. The representation of design cases requires increase attention because design 

content involves various chemical and physical properties, geometric aspects and 

relations between them [251]. Many problems in chemical engineering are very large and 

complex, the problem description is often incomplete and uncertain. 

As presented in the first part of this chapter the forced unsteady state reactor and 

processes are highly complex. Structuring the features in this case requires increased 

attention in order to be avoided the loss of essential characteristics and information that 

could influence the retrieval of similarity and the appropriate solution suggestion.  

In order to obtain relevant information in the case library have been stored 

significant literature cases dealing with processes involving forced unsteady state 

operation.  

The input information in case of unsteady state reactor operation analysis consists 

of the numerical value representation of the technical characteristics and implicit 

information, and some textual aspects related to the description of the problem. The 

intelligent support system comprises the following fundamental steps in a general view: 

1. Engineering problem related properties (physical object type and properties, 

purpose of the analysis) extracted from the problem statement. 

2. Problem description corresponding to unsteady state systems under 

consideration using: 

2.1. information about the previously solved problems for which the 

analogy relation can be established with the present problem, 

2.2. information about dependencies between properties of the previous 

problems corresponding to the target problem. 

3. Solution and solving technique description using: 

3.1. information about the previously solved problem for which the 

analogy relation can be established with the target problem, 
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3.2. information about dependencies between properties of previous 

solving problems corresponding to the target problem.  

The current problem is defined by the list of the features with their values. Expert 

opinion was used in order to set up the most important feature for the correct 

identification of the forced unsteady state systems statement. The design experience of 

existing forced unsteady state process is stored as cases. The data of each case 

representation are schematized further on, depending on specific information: 

- substance class: inorganic, organic; 

- substance name: nitrogen oxides, ammonia, carbon monoxide, methane, etc;  

- process type: combustion, oxidation, hydrogenation, reduction, synthesis, etc; 

- reactor characteristics: type, shape, reactor and inert zone dimensions, 

- process and operating parameters: feed temperature, catalyst initial temperature, 

switching time, space velocity, pollutant concentration; 

- catalyst description: catalyst type, shape, particle size; 

- solution description: type and dimension of mathematical model, type of 

transport phenomena considered, numerical method used, supplementary comments 

(information), as represented in figure 3.3.1; 

- simplifications in mass and energy balance and related to the reactor type as 

represented in figure 3.3.2. 

 

 

Figure 3.3.1 Example of solution description in case of the representation. 
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Figure 3.3.2 Example of simplifications description in case representation. 

 

The unsteady state reactor operation problem was submitted to the engineering 

analysis by structuring it on stages. This has been implemented in CBR tool, as presented 

above, with interactive querying and abstractness procedure. In this purpose the following 

structure was taken into account in order to implement the decision supporting system: 

 1. Problem identification stage: 

  1.1. Classification of substances involved in the process, 

  1.2. Analysis of the reaction type, 

  1.3. Type of the reactor used for the process: 

   1.3.1. Reactor shape, 

   1.3.2. Type of the catalyst and its geometric characteristics, 

   1.3.3. Type of the inert zones and their geometric characteristics, 

  1.4. Values of the following important parameters: 

   1.4.1. Space velocity, 

   1.4.2. Feed temperature, 

   1.4.3. Catalyst initial temperature, 

   1.4.4. Pollutant concentration, 

   1.4.5. Switching time 

2. Mathematical model formulation and solving stage: 

  2.1. Type of the mathematical model used  
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   2.1.1. Dimension of the model 

2.1.2. Number of phases considered 

  2.2. Mass balance simplification 

   2.2.1 type of gases (ideal, not ideal) 

   2.2.2. reaction type (homogeneous, heterogeneous)  

   2.2.3. mass accumulation 

   2.2.4. spatial mass transport 

2.3. Energy balance simplification 

   2.3.1 existence of gradients between phases 

   2.3.2. type of energy transport  

  2.4. Type of the reactor  

3.4.1. Adiabatic 

   3.4.2. Isothermal 

   3.4.3. Non-isothermal 

  2.5. Model solving method 

3. Computation stage: 

  3.1. Algorithm selection  

  3.2. Retrieving solutions 

 4. Post-computation stage: 

  4.1. Un-indexing supplementary information 

  4.2. Comments 

  4.3. Results visualization, 

4.4. Results interpretation, 

5.5. Adaptation and new solutions generation. 

The following algorithms have been used in the framework of the CBR 

mechanism implementation: the CBR-query formulation support algorithm, the case 

retrieval algorithm, the property based similarity (PBS) computation algorithm and the 

case adaptation algorithm which uses rules and similarity paths. 

The CBR-query formulation support algorithm allowed to reduce the amount of 

the routine work needed to input information and to enforce domain model integrity. It 

can be viewed as a means for the physical system and engineering problem description 
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auto-completion based on the information provided by the user. It supports inheritance of 

the components, properties and relations from classes, creation of virtual components 

corresponding to complex structural relations, model verification, etc.  

The case retrieval algorithm, which is the key part of the CBR system, was based 

on the similarity measure. 

The PBS computation algorithm features the selection of the most appropriate 

mapping between the relation sets of the compared individuals by testing all possible 

paths against the maximal similarity criterion. This ensures the correctness of the 

obtained PBS values. Also, the use of weighting coefficients for relations allows flexible 

tuning of the algorithm and similarity functions.  

The developed CBR tool performs two of the four CBR stages meaning the 

retrieval and the storage stage. Its performance is integrated in an interactive cycle where 

the human designer plays a critical role. The tool processes a problem description of a 

new forced unsteady state process matching it in comparison with all the cases in the case 

base. The most similar cases are retrieved and the best one is selected in two steps, the 

first one - tool based corresponding to the usual CBR retrieval and the second one - 

expert based taking into consideration the specific supplementary information or 

comments related to specific features in order to improve the reliability of a possible new 

solution. 

Due to the complexity of forced unsteady state processes the inclusion of 

adaptation and evaluation of the application stages within the CBR tool would imply the 

integration of a complex knowledge-based system and a chemical process simulator. The 

objective of the present CBR tool is to support the user in the generation of process 

alternatives and not to carry out such generation autonomously. Even so, the evaluation 

of the suggested solutions is realized in the following chapters of this thesis taking into 

account a complete literature review and analysis.  
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The library of cases  

 

Each case in the library of cases is represented by features grouped in specific 

classes that correspond to the forced unsteady state operation process as it is represented 

in figure 3.3.3. The features are taken directly from the existing processes and the classes 

are generated automatically through the application of the abstraction procedure as 

previously described. The cases have a specific number of common characteristics such 

as the process variables, the type of reactor and its characteristics, the abstraction level, 

etc.  

The characteristics of a case depend on the type of classes and features. 

Thus, given the abstraction level in the case representation, it can be distinguished 

complex cases represented at higher levels of abstraction containing classes with their 

corresponding features. 

The way in which cases and their description are represented in case based 

reasoning tool interface is presented in figure 3.3.4, following the algorithm above 

mentioned. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3 Case representation for CBR implementation process.  

 

 

 

Classes of 

features  Feature
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Figure 3.3.4 Representation of cases library and case representation in developed 

CBR tool. 

 

The organization of cases in the library is performed according to the type of 

function of the classes and features: 

• General function: a function that can be achieved by several items of the case 

specific domain. These functions deal with the transformation of mass or energy. For 

example functions denoting general changes of a certain property such as temperature, 

concentration, etc. 

• Specific function: the abstract function as known in the case specific domain of 

the process. These functions relate process variables to specific physical-chemical 

properties.  

 

 

 

 

 

 

Library of cases 

Case description 
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Retrieval stage 

 

In the retrieval stage it is decided the most suitable level of abstraction and the 

classes and features from which the alternatives have to be generated. The representation 

of target case compilation taking into account the possibility of weights and similarity 

acceptance attribution is presented in figure 3.3.5. The selected classes and features 

represent the target case that is used to start the retrieval of cases (figure 3.3.6). 

The similarity tool used similarity measures, as presented previously, in order to 

retrieve analogous classes and features that satisfy the specific aspect of the target case. 

Only the classes and features with the same specific functional group are considered for 

retrieval.  

The similarity tool uses functional orientated targets to search in the library of 

cases. Functional orientated models depend strongly on the relationship between the 

classes and features and their characteristics. Therefore, global similarities and local 

distances are computed. 

The similarity retrieval process works with real (symbolic) or integer values. The 

determination of numerical distance is applied when comparing values of variables such 

as temperature, velocity, diameter, concentration, etc. The symbolic measure works with 

sets of features describing attributes in the case functions, i.e. it searches for similar 

features between two different data sets. The hierarchical measure finds the distance 

between tree nodes because classes contain trees composed of merged classes and/or 

features. Thus, the hierarchical measure determines the distance between two classes 

and/or features according to their tree representation. 

The computation of similarity is performed by a measure of similarity obtained 

from the abstract description of the target case, by means of symbolic and numerical 

similarity measures of its features. 
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Figure 3.3.5 Representation of target case compilation taking into account the 

possibility of weights and similarity acceptance attribution.  

 

The features values and their corresponding weights are defined for the target 

process, as represented in figure 3.3.6 – lower image, and used for the retrieval of similar 

cases from the case library. In case that the CBR returns no solutions with reasonable 

similarity, being established the domain of similarity acceptance, as it can be seen in 

figure 3.3.5, the retrieval procedure can be repeated until a desired level of similarity is 

achieved.  
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Figure 3.3.6 Representation of retrieved cases after similarity calculation.  
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Example 

 

In the present analysis the target case was represented by the following features 

organized as in the table 3.3.1. 

 

Table 3.3.1 Problem description of the target case 

Parameter Value 

Reaction type  Reduction 

Pollutant name Nitrogen oxides (NOx) 

Pollutant concentration Lean (order of ppm) 

Reactor shape Tubular 

Catalyst support Monolithic 

Reactor length (dimension) 0.45 m 

Catalyst type Pt/Al 

Length of the inert zone 0 m 

Feed temperature 298 K 

Catalyst temperature 630 K 

Switching time 100 s 

Space velocity 0.27 m/s 

 

The maximum number of accepted case to be retrieved was fixed at the three most 

similar ones, and the feature corresponding weights as presented in table 3.3.3. 

As imposed at the beginning of the retrieval stage, the CBR tool retrieved three 

cases based on the information given and on the level of acceptance imposed. The 

problem statement in the retrieved cases is exemplified in the table 3.3.2. 

The most similar case found in the case library presented a degree of similarity of 

0.9481 and was identified in the case library as being the case saved under the name 

“NOx reduction” described by the following characteristics presented in table 3.4. The 

CBR tool was designed to show all information characterizing the case retrieved, besides 

the one corresponding to the ones used in the retrieving process. This supplementary 

information is related to model description, transport phenomena involved and 

simplifications in mathematical model. 
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Table 3.3.2 Problem description of the retrieved cases 

Item Case 1 Case 2 Case 3 

Target case similarity degree 0.9481 0.8742 0.8485 

Parameters    

Reaction type  Reduction Combustion Decomposition 

Pollutant name 
Nitrogen oxides 

(NOx) 
Methane Diesel exhaust 

Pollutant concentration 
Lean (order of 

ppm) 

Lean (order of 

ppm) 

Lean (order of 

ppm) 

Reactor shape Tubular Tubular Tubular 

Catalyst support Monolithic Monolithic Monolithic 

Reactor length (dimension) 0.3 m 0.5 m 0.58 m 

Catalyst type TiO2/V2O5/WO3 Al2O3/Pd TiO2/V2O5/WO3 

Length of the inert zone 0 m 0 m 0 m 

Feed temperature 293 K 298 K 298 K 

Catalyst temperature 573 K 400 K 298 K 

Switching time 15 s 1 s 50 s 

Space velocity 0.1 m/s 0.1 m/s 0.1 m/s 

Model type  
1-D, two phase 

model 

1-D, two 

phase model 

3-D, two phase 

model 

Transport phenomena Convection  Convection  Convection  

 Diffusion Diffusion Diffusion 

Comments    

Improved bed conductivity No No No 

Heat losses compensation No No No 

Good agreement with analytical 

results 
Yes Yes Yes 

Good estimation of the 

maximum asymptotic 

temperature 

Yes Yes Yes 

Necessity of supplementary 

analysis of the system 
Not specified Not specified Not specified 

Complex dynamic behavior Not specified Not specified Not specified 

Catalyst deactivation caused by 

temperature 
No No No 

Catalyst deactivation by other 

causes 
Not specified Not specified Not specified 

Catalyst deactivation by water Not specified Not specified Not specified 

Normal feeding position No Yes Yes 

Side feeding position Yes No No 

Simplifications    

Ideal gases  Yes Yes Yes 

Uniform inlet mixing Yes Yes Yes 

Heterogeneous reaction Yes No Yes 

Bulk temperature  Yes Yes Yes 

Isothermal system  Yes No (adiabatic) Yes 
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Table 3.3.3 Weights of importance corresponding to the target case features 

Parameter Weight  

Substance class 9 

Reaction type  6 

Reactor shape  2 

Reactor dimension 9 

Feed temperature 9 

Inert zone length 6 

Switching time 9 

Space velocity 8 

Catalyst type 2 

Catalyst temperature 2 

Pollutant concentration  7 

Mathematical model 8 

Phenomena described in the model 2 

Simplifications in the model 2 

Solving method 2 

 

Table 3.3.4 Problem description of the retrieved case 

Parameter Value 

Reaction type  Reduction 

Pollutant name Nitrogen oxides (NOx) 

Pollutant concentration Lean (order of ppm) 

Reactor shape Tubular 

Catalyst support Monolithic 

Reactor length (dimension) 0.3 m 

Catalyst type TiO2/V2O5/WO3 

Length of the inert zone 0 m 

Feed temperature 293 K 

Catalyst temperature 573 K 

Switching time 15 s 

Space velocity 0.1 m/s 

 

The use of the CBR tool provided information about the mathematical model 

description, degree of assumption and phenomena that contribute to the overall process 

behavior in the retrieved case. The possible solutions obtained using the CBR tool have 

been taken into consideration and the one accepted, after expert opinion, was that 

provided by the most similar retrieved case. This solution is presented in the tables 3.3.4 

and 3.3.5. 
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Table 3.3.5 Representation of supplementary comments in retrieved case 

Item Characteristic 

Model type  1-D, two phase model 

Transport phenomena Convection  

 Diffusion 

Comments  

Improved bed conductivity No 

Heat losses compensation No 

Good agreement with analytical results Yes 

Good estimation of the maximum asymptotic 

temperature 

Yes 

Necessity of supplementary analysis of the 

system 

Not specified 

Complex dynamic behavior Not specified 

Catalyst deactivation caused by temperature No 

Catalyst deactivation by other causes Not specified 

Catalyst deactivation by water Not specified 

Normal feeding position No 

Side feeding position Yes 

Simplifications  

Ideal gases  Yes 

Uniform inlet mixing Yes 

Heterogeneous reaction Yes 

Bulk temperature  Yes 

Isothermal system  Yes 

 

All this information is obtained in a simplified manner provided by CBR tool 

enabling the expert to forward reasoning about the way of dealing with a specified 

problem. In the present analysis of forced unsteady-state reactor operation in the case of 

selective catalytic reduction of NOx with ammonia, the solution provided by the 

information retrieved suggests that: 

- the catalyst used could be the one containing TiO2/V2O5/WO3, disposed on 

monolithic supports; 

- the inert catalyst section used for the recuperation of the heat release during 

reaction could be absent; 

- the feeding of the gas at normal ambient temperature does not affect the process; 

- the range of initially catalyst temperature could be comprised between 400-600 

K depending of the catalyst used; 
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- the reaction could be considered heterogeneous; 

- the process could be described by a 1-D two phase model without affecting the 

reliability of the results. 

Nevertheless, the final decisions are not taken at the end of the retrieved process. 

Just the possible solutions are suggested in this way but their reliability must be tested in 

the adaptation and evaluation of the application stage. In the present analysis this stage is 

realized in the following chapters, combining the experience gained in this chapter with a 

rigorous literature review concerning the topic of this thesis. 

 

Adaptation and evaluation of the application stage 

 

As emphasized above, in addition to similarity, each retrieved case is computed to 

suggest the most suitable succession of features and as a consequence the solution. In the 

adaptation phase the differences between the target case and the solution case and the 

relationships between features and their influence on the overall process are identified. In 

this way, through evaluation of the application (verification), all features affected 

downstream or upstream, in the case representation, are taken into account in the process 

of finding similar units from the library of cases.  

Neither adaptation nor verification can be performed automatically by the CBR 

tool because the suggested solution corresponds to real items and real processes. The 

modifications made by users to some sections during tool exploitation may affect the 

global performance of the process. Adaptation is highly domain dependent and it requires 

verification of the solution performance. Only rigorous numerical simulation can predict 

such performance with an acceptable accuracy. The adaptation and verification are the 

steps from an iterative and interactive cycle where the human designer checks the 

performance of the proposed cases. The iterative process finishes when the alternative 

solution satisfies the new requirements. 
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Storage stage 

 

New cases are stored in the library of cases when new specific organized features 

are implemented in the modeling process. The adapted case is retained in the case base 

for future use. The alternative process is not retained as a whole, only the new classes and 

their corresponding features obtained or derived from the case based are. This avoids 

redundancy of information in the library. It is important to maintain the consistency of the 

adapted case (classes and features) with respect to the overall process such as general and 

specific functions, information about the goal, etc. For this reason, the overall alternative 

process must be modeled again to identify the adapted characteristics and the different 

sections to be retained in the library of cases. 

In summary, following the above-mentioned methodology, the aim of the CBR 

application was gaining information about the mode of forced unsteady state processes 

approach including reactor design, system, important parameters and their values, 

mathematical description of the process, mathematical method of solving the system of 

partial differential equations and other specific information. 

In order to achieve this goal in the case library significant literature cases dealing 

with processes involving forced unsteady state operation have been stored, organizing 

them as presented previously in this chapter. 
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Chapter 4 

Mathematical modelling of the SCR of NOx in 

unsteady-state catalytic reactors  

 

 

 

 The design and simulation of forced unsteady-state chemical reactors involves the 

mathematical modelling of the transport and reaction processes occurring in multi-phase 

systems. Detailed mathematical models of these systems that account for a low field, 

inter-and intra-phase gradients as well as exchange or interaction between phases are 

often complex and may be expressed in the form of several partial differential equations 

in two or three spatial coordinates and in time. In addition, these detailed models contain 

a large number of physical-chemical parameters [252]. There are certain regions of the 

parameter space in which the rates of some of the transport or reaction processes are 

much slower or faster as compared to others, resulting in a big complexity of phenomena 

that take place inside the reactors, making the models very often inadequate to analysis or 

computation, thus resulting the necessity to simplify those models.  

For the mathematical approach of heat and mass transfer processes in fixed bed 

reactors there are two general types models: a) one phase models in which both phases 

are approximated by a quasi-homogeneous medium and b) two phase models in which 

both phases exchange mass and/or heat, the processes being accounted separately. 

Several recommendations have been made to meet minimal accuracy 

requirements to describe satisfactorily the dynamic behavior of each reactor type.  

Vortmeyer and Schaefer [253] studied the equivalence between one- and two-

phase models for heat transfer processes in packed beds. Gilles [254] used a quasi-

homogeneous model and approximated the relative heat release curve by a Gaussian 
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distribution. Baiker and Epple [255] used the same model and a collocation technique for 

the determination of the parameters. Pinjiala [256] used an approximation of Kiselev and 

Matros [257] to evaluate the maximum temperature of the traveling wave inside the 

unsteady state reactors. Concerning the description of the gas and solid phases both 

pseudo-homogeneous [155, 258] and heterogeneous models have been proposed.  

Eigenberger and Nieken [166] used a pseudo-homogeneous model with heat and 

mass axial dispersion. Purwono et al. [259] used a pseudo-homogeneous model to 

simulate the behavior of a catalytic reverse-flow after-burner assuming steady state 

condition for the gas phase and an overall heat transfer coefficient to describe the heat 

transfer to the reactor wall. Gosiewski and Sztaba [260] used a one-dimensional pseudo-

homogeneous model for a system with low reactant concentration. Burghardt et al. [261] 

used a pseudo-homogeneous model to approximate the characteristic of a moving 

temperature front inside a fixed-bed catalytic reactor, assuming that the resistance to the 

interface of mass and heat transfer is negligible. Khinast et al. [262] pointed out that 

qualitatively different dynamic behavior may arise in a forced unsteady state reactor with 

external refrigeration when pseudo-homogeneous and heterogeneous models are used.  

Gawdzik and Rakowski [162], Silveston and Matros [263], Thullie and Burghardt 

[264], and Bhatia [265] used a one-dimensional heterogeneous model to account for the 

gas-solid temperature gradient neglecting the axial diffusion terms. Sapundzhiev et al. 

[278], Young et al. [267] and Rehacek et al. [156] proposed a similar model. 

Sapundzhiev et al. [266], Young, Hildebrandt and Glasser [267], van de Beld and 

Westerterp [148] and Rehacek, Kubicek and Marek [190] used a similar model but 

including the axial diffusion terms. At a higher complexity level Sapundzhiev et al. [266] 

developed a two-dimensional heterogeneous model including radial diffusions and heat 

and mass transfer between the phases. Later on, van de Beld and Westerterp [268] 

concluded that a two-dimensional model must be used to improve the model accuracy at 

low velocities and for small reactor diameters.  

Vanden Bussche et al. [269] simulated methanol synthesis by means of a 

heterogeneous model with plug flow in the gas phase and taking into account the 

accumulation terms both in the gas and in the solid phase. Chaouki et al. [270] obtained a 

good agreement between experimental data and simulations in the case of methane 
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catalytic combustion using a two-dimensional model, taking into account heat losses at 

the wall but neglecting axial heat and mass dispersion. Other authors proposed that the 

axial conduction in the solid phase may be neglected [165] or not [188, 268]. Because of 

the higher thermal capacity of the solid with respect to the gas phase, temperature 

changes of the solid are slower than those of the gas; as a consequence several authors 

simplified the models assuming the gas phase in steady-state [155, 260, 162, 267, 271]. 

Vanden Bussche et al. [269] concluded that this assumption might not be justified not 

only at high pressure but also in the condition of low pressure operation when the 

dynamics in the gas phase may influence the performance of the system immediately 

after the inversion of the flow direction. Cittadini et al. [272] concluded that in case of 

bench scale units an additional energy balance for the reactor wall must be included in 

order to be taken into account the radial heat loss from the bed to the wall and the axial 

conduction at the wall. In small diameter reactors these effects are particularly relevant 

while large industrial reactors can be considered to operate adiabatically because of their 

high bed diameter/wall thickness ratio. When the switching time is very low it can be 

comparable to the time scale of the catalytic reactions; as a consequence the solid 

operates in dynamic conditions and the kinetic model that have been obtained in steady-

state conditions may not be adequate to describe properly the reaction. Bunimovich et al. 

[273] used a non-stationary kinetic model to simulate the catalytic oxidation of SO2 

obtaining a good agreement with the experimental results. From this discussion it follows 

that a model which has to be adequate to describe the dynamics of a forced unsteady-state 

reactor should be heterogeneous and dispersive [151, 262, 274]. 

This information was suggested also using the case based reasoning (CBR) 

system. The CBR system implementation, methodology and results obtained have been 

presented in the previous chapter. 

Concerning the mass balance, despite a few exceptions using a homogeneous 

model [155, 275, 277], the heterogeneous model is generally used, its mass transfer term 

being represented by a linear expression [e.g. 158, 173, 268, 277, 278, 279]. The later 

authors also included the convective and the diffusion terms for energy (both fluid and 

solid phases) and mass balances. Vanden Bussche et al. [269] specified that the 
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introduction of mass and energy capacity terms for both the bulk gas and the gas phase 

contained inside the pores of the catalyst is also essential for an adequate modeling.  

Concerning specifically the energy balance, Kiselev, Matros and Chumakova 

[280] found that heat dissipation should be taken into account and it can be defined by 

several means such as axial heat conduction, heat transfer between the phases or heat 

transfer inside the catalyst pellets. Rehacek, Kubicek and Marek [156] and Rehacek et al. 

[190] found that complicated regimes existing inside the reactors can only be found by 

introducing both axial dispersion in the gas phase and axial heat conduction into the 

model. Gosiewski [276] specified that the most important parameter is the gas–solid heat 

transfer coefficient and he observed that an overall radial heat transfer coefficient has to 

be introduced to account for radial heat loss. Furthermore, Sapundzhiev et al. [266], van 

de Beld and Westerterp [268] added a heat balance term for the reactor wall since its heat 

capacity can be significant. They also suggested that due to the presence of a thick layer 

of insulation a considerable heat buffer has been created and the performance of a model 

might be improved by considering its heating capacity. However, Sapundzhiev [266] and 

his co-workers found out that heat loss could be neglected for reactors with an inner 

diameter larger than 1 m. Finally, Khinast, Jeong and Luss [262] concluded that the safest 

simulation of cases involving large temperature difference between the solid and the gas 

phase is by using a two-dimensional model.  

Taking into consideration the numerical procedures found in the literature to solve 

mathematical models related to forced unsteady state reactors, lots of works focused on 

the computational time reduction are using different numerical methods, simplified 

mathematical models (one dimension mathematical models) or fixed boundary values in 

time at the beginning and at the end of the half cycle in order to avoid the need to solve 

the system over long transient periods before the establishment of the stationary 

conditions [278, 281]. The technique of fixing the boundary values in time has shown 

satisfactory results for the approximation of the temperature profiles and it is useful for 

basic parametric studies. However, for the majority of the forced unsteady-state reactor 

industrial applications the accuracy of simulations, because depends on calculations, is 

the main concern in the final design of large units when testing the reactor behavior under 

critical situations. Therefore the computer program must be written in such a way that it 
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allows the detailed design of reactors including complex geometries, pieces of equipment 

and other aspects as automatic control of the process, variations of inlet conditions in 

time and different modes of heat recuperation or removal.   

  In this respect, taking into account the aspects above mentioned the following 

section will focus on the mathematical models that can be implemented for forced 

unsteady-state reactors in order to emphasize different aspects of SCR of NOx with 

ammonia process. 

 

 

4.1 The one phase model  

 

 In the case of pseudo-homogeneous model the Langmuir-Hinshelwood 

mechanism describes the reaction between NOx (as species A) and ammonia (as species 

B) on the catalyst surface: 

 

 CBA SS →+         (4.1.1) 

 

The subscript s denotes the species adsorbed on the solid which has a large 

adsorption capacity of species B. The success of a chromatographic reactor depends on 

finding an active catalyst with a large adsorptivity. On the assumption of a second order 

reaction, the reaction rate expression is the following one: 

 

 SBSA CkCr ,,−=        (4.1.2) 

 

Under the assumption that the temperature rise and the volume change due to the 

reaction may be neglected, at equilibrium the concentrations will be: 
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where *

iC denotes the gas phase concentration of species i in equilibrium with the solid 

phase and q is the maximum adsorptivity of reactant B. The equilibrium relation (4.1.3) 

may be rewritten as: 
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The periodic operation of a RFCR in which the reactant B is introduced at the 

middle of the RFCR is described by the set of equations: 
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where f alternates from +1 or −1 upon a reversal of the flow direction and 
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L
xsBδ is 

the molar source of B, this term appears when the reactant B is introduced at the middle 

of the reactor and disappears in the case of a normal B feed. When A is introduced at x = 

0 (f = 1), the boundary conditions are: 
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When the flow direction is reversed the boundary conditions are interchanged 

between x=0 and L. The periodic operation satisfies the conditions: 

 

( ) ( ),,, τ+= txCtxC ii        (4.1.8) 

 ( ) ( ),,, ,, τ+= txCtxC SiSi       (4.1.9) 

 

for all x in (0, L), where τ  is the flow reversal (semi-cycle) time and  Ci  and  Ci,S are the 

gas and solid phase concentrations at point x. 

 Introducing the dimensionless variables: 
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 Equations (4.1.5)-(4.1.6) are transformed to: 
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The corresponding boundary conditions are: 
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The dimensionless equilibrium relations are: 
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4.2 The two-phase model  

 

In the case of a heterogeneous mathematical model an Eley-Rideal mechanism 

describes the reaction between NOx (as species A) in the gas phase and the ammonia (as a 

species B) adsorbed on the catalyst: 

CBA S →+         (4.2.1) 

SBSB →+         (4.2.2) 

If the reduction reaction is considered to be of first order with respect to each reactant 

than: 

 

BAredred ckr θ*−= ,       (4.2.3)   
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where Bθ is the ammonia surface coverage and cA
*
 is the concentration of reactant A at 

the gas-solid interface. If the adsorption rate of ammonia on the catalyst surface is 

assumed to be proportional to the ammonia concentration in the gas phase and to the free 

fraction of surface sites then: 

 

)1(* BBadsads ckr θ−= ,       (4.2.4) 

 

and if the rate of desorption is assumed to be proportional to the concentration of the 

adsorbed specie then: 

 

Bdesdes kr θ= ,        (4.2.5) 

 

If an Arrhenius type dependence of the kinetic constants k, kads and kdes from the 

temperature is assumed it results: 
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If a Temkin-type adsorption isotherm is assumed, the activation energy for 

desorption is a function of the surface coverage: 

 

( )σβθBdesadesa EE −= 10

,, .      (4.2.7) 

          

In case of a monolith support catalyst considered for the SCR reaction: mass and 

energy dispersive transport could not be taken into account due to the low conductivity of 

the monolithic support and also the pressure loss inside the reactor can be neglected and 
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if an adiabatic operation is assumed, the system of partial differential equation that 

describes the process dynamic is the following: 

- gas phase mass balances: 
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The value of cA
*
 and cB

*
, the gas concentration at the interface can be calculated from the 

mass balance at the interface assuming that there is no accumulation:  

 

( ) Ω⋅=−− redAAvA rccah * ,      (4.2.10) 

( ) ( ) Ω⋅−=−− desadsBBvB rrccah * ,     (4.2.11) 

      

- solid phase mass balance: 
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- gas phase energy balance: 
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- solid phase energy balance: 

 

When small scale equipments are considered, a further equation is needed in order 

to take into account the effect of the reactor wall: 
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4.3 Simulation of forced unsteady state reactors 

 

Forced unsteady-state gas-solid catalytic reactors have been deeply investigated in 

the past 40 years by means of experimental and numerical simulation. The interest in 

such systems is related to the fact that the dynamic operation can improve the catalytic 

activity, the conversion and the selectivity, as a consequence of changes in state, the 

composition and the structure of the catalyst enabling at the same time an optimum 

composition and temperature distribution towards high productivity, lower catalyst 

deactivation rates and process intensification. 

Unsteady-state operation may arise from variations (periodical or not) in the inlet 

flow rate, feed composition, temperature or pressure, as well as from the periodical 

reversal of the feed direction. In particular it has been studied the influence of switching 

time, feeding position and flow direction, feeding flow rate (generally by means of 

numerical simulation), feeding composition, reactor temperature and wall temperature 

(being poorly investigated).  

 

4.3.1 The reverse flow reactor (RFR) 

 

 The reverse flow reactor is a packed bed reactor whose operation implies the 

periodical reverse of the flow direction. The basic operation mode of a RFR is very 

simple and does not include forced oscillations of the inlet gas temperature or 

composition; the fixed catalyst bed is pre-heated and the flow direction of the cold feed is 

periodically reversed. Figure 4.3.1.1 illustrates the concept of RFR operation. When the 

control valves 1 and 4 are opened the feed flows through the reactor from left to right 
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(forward flow mode), while when the control valves 2 and 3 are opened the feed flows 

through the reactor from right to left (reverse-flow mode). The total operation cycle 

consists of these two operations and the term switching time is used to denote the time at 

which the flow direction is changed from forward flow to reverse flow. If the forward and 

reverse flow times are the same the operation is called symmetric, while if the two flow 

modes have different times the operation is defined as being asymmetric. The cycle 

duration is the sum of the times of forward and reverse flow. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1.1 Mode of the reverse-flow reactor operation [282]. 

 

Reverse-flow operation has two main advantages: first, it allows for trapping the 

mass (when a catalyst that has a high adsorbance capacity is used) and the moving heat 

wave inside the catalytic bed when exothermic reactions take place, giving the possibility 

of exploiting the thermal storage capacity of the catalytic bed which acts as a regenerative 

heat exchanger allowing for auto-thermal behaviour even when the adiabatic temperature 

rise of the feed is low. Second, when exothermic equilibrium-limited reactions are carried 

out the reversal of the flow allows for approaching the temperature distribution 

corresponding to maximum product generation.  

When exothermic reactions occur, a moving heat wave is formed and trapped in 

the RFR due to the effect of flow reversal. This enables that the temperature in the reactor 

to rise much above the temperature that may be obtained in case of a single direction flow 
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operation. The moving heat wave behavior is presented in figure 4.3.1.2 [282]. In section 

(a) a temperature profile inside the reactor is presented. This profile is similar to the one 

that might be obtained in a standard unidirectional flow fixed bed operation in case of a 

exothermic reaction. In case of forward feeding the temperature initially raises slowly as 

the cold gas is heated up by the hot catalyst until the reaction ignition temperature is 

achieved. At this point the temperature rises sharply due to the released heat by the 

chemical reaction. The temperature rise depends exponentially on the reaction rate 

constant. The temperature profile depends on the inlet parameters, especially the inlet gas 

temperature. If the inlet temperature is lowered the reaction rate will fall and the 

temperature peak will tend to migrate towards the reactor exit. If the temperature is 

sufficiently low and if the flow direction is maintained for a long period of time the heat 

wave gets out from reactor and the reaction extinguishes. If the operation condition 

enables a steady temperature profile as that in the section (a) and (b) when the flow is 

reversed, the high temperature at the exit of the reactor acts as a regenerative heat 

exchanger due to the energy stored during the chemical reaction, which pre-heats the cold 

flow when the feeding direction is changed. Due to the energy stored in the reactor it may 

be possible to reach temperatures higher than the adiabatic temperature rise based on the 

fresh feed inlet temperature and to obtain autothermal reactor operation at feed 

temperatures well below those required for auto-thermal operation with unidirectional 

flow making unnecessary the use of auxiliary external heat source. In such a case, a quasi 

steady state operation may be achieved in which the reactor temperature profile has a 

maximum value near the core of the reactor which slowly oscillates as the feed is 

switched between the two ends of the reactor, as shown in sections (c)–(e).  

The Reverse-Flow Reactor (RFR) operation was first suggested by Cottrell [258] 

as an efficient way to treat dilute pollutant mixtures. 

 The idea of using a RFR for destruction of a pollutant A with a reactant B for 

which the maximum allowable emission is much lower than that of the first one was first 

given by Agar and Ruppel [284]. They suggested carrying out the selective catalytic 

reduction of NOx with ammonia in a RFR with a catalyst that strongly adsorbs the 

ammonia. This operation method is referred to as reverse flow chromatographic reactor 

(RFCR) and it allows not only the trapping of the hot wave but also the trapping of 
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ammonia in the bed minimizing its emissions and providing an effective response to 

reactant fluctuations in the feed rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1.2 Heat wave trap effect in reverse-flow operation [282]. 

 

 Successful operation of a RFCR requires finding a catalyst which strongly adsorbs 

the ammonia: the higher the adsorptivity, the more efficient the operation. 

 The assumption of negligible temperature rise in the RFR and the isothermal 

condition is present in almost all the works concerning the SCR with NH3. This allowed 

simplifying the analysis, enabling to focus on the impact of the operation strategy on the 

dynamic features caused by the trapping of one reactant in the reactor. 

The adiabatic rise in NOx removal is usually of the order of 10-20 K but the 

temperature rise in a RFR can be a multiple of this value, thus allowing auto-thermal 

operation even when low temperature gas is feed in the reactor. In these conditions, as it 

was stressed in the conclusion of the paper of Yong & Luss [285], the choice of the 

switching time will be affected also by the dynamics of the heat wave, as, for example, a 

too long switching time will lead to reaction extinction due to the heat removal from the 

catalyst. 
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Nevertheless, the RFR exhibits the problem of wash out, i.e., the emission of 

unconverted reactants occurring when the flow direction is reversed. Noskov et al. [286] 

proposed to feed the ammonia in the middle of the reactor in order to avoid the wash out 

of unconverted ammonia. Anyway, a long semi-cycle period causes the reactant 

concentration to be very low in half of the reactor at the end of the semi-cycle and this 

may lead to a rather large temporal emission of the pollutant upon the flow reversal.  

Yeong and Luss [285] investigated also the possibility of feeding ammonia only 

during a fraction of the semi-cycle, but concluded that continuous ammonia feeding is 

more efficient than a discontinuous one on every cycle.  

 

 

4.3.2 Reactor network (RN) 

 

Due to the wash out effect and the complex reactor operation different reactors 

configurations were tested in order to obtain the auto-thermal operation. Intense 

investigations were made in this direction and for the first time Vanden Bussche and 

Froment [119] introduced the concept of “star reactor” which can operate in a transient 

mode giving practically constant exit concentrations and higher conversion than the RFR. 

Another way to obtain a sustained dynamic behavior [287] is to implement a 

reactors network (RN) which consists of a closed sequence of catalytic fixed bed reactors. 

This configuration which has been also called “ring reactor” was also previously 

addressed by Barresi’s group [116, 117, 118] who proposed a RN made of two or three 

reactors connected in a closed sequence as an alternative configuration to RFR. The RN 

is operated by means of a set of valves which enable to change the feed position, thus the 

sequence of reactors is modified, simulating the behaviour of a moving bed and achieving 

a sustained dynamic behaviour. Contrary to the RFR, the flow direction is maintained in 

this way ensuring uniform catalyst exploitation and avoiding the wash out effect.  

The working principle and the practical implementation of a network made of 

three reactors are represented in figure 4.3.2.1. The system is feed through the lower 

reactor (reactor number 1) then the flow passes through the middle reactor (reactor 

number 2) and exits through the upper reactor (reactor number 3). In this case the order of 
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reactors is 1-2-3. After a time period (switching time tc) the feed position is shifted to the 

second reactor by a set of valves. Now the first reactor of the sequence becomes the 

second one thus changing the order in the close sequence to 2-3-1. A further change of 

the feed position leads to the sequence of reactors 3-1-2. By this way it is possible to 

create a closed cycle which prevents the heat front from leaving the system; the flow 

direction is maintained in the same way, contrarily to the RFR this ensures uniform 

catalyst exploitation because temperature and concentration profiles migrate throughout 

the entire length of the system. The strategy of changing the feeding position is flexible.  

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.2.1 Practical implementation of a network of three catalytic fixed bed reactors 

with periodically variation of the feeding position [119]. 

 

Instead of switching from one reactor to the next one in the close sequence, it is 

possible to switch the feeding position from the first one directly to the last one and to 

have the products leaving the system from the second. In this case the order in the close 

sequence is 1-3-2 and the flow direction is also maintained on a single sense. In this way 

it is possible to exploit the catalyst length of one reactor more efficiently in one cycle, 



 101 

until the disturbances caused by the switching appear. This configuration has not been 

investigated in the literature yet and it will be stressed in the present thesis. 

The simulated moving bed reactor received little attention up to several years ago. 

Haynes and Caram [133] presented some theoretical results concerning the operation of a 

two reactors network compared with reverse flow operation, showing the applicability to 

mildly exothermic processes both for generic reversible and irreversible reactions. Auto-

thermal behavior with a nearly uniform catalyst utilization are the main advantages of the 

network; it however presents a small range of switching times which allow to reach and 

maintain a pseudo-steady state of operation. The performance and behavior of a network 

of three beds applied to non-stationary catalytic destruction of volatile organic 

compounds (VOC) have been investigated by means of numerical simulations by 

Brinkmann et al. [134]. Each reactor presented a large inert section for heat exchange 

followed by the catalytic active part. The effect of transport parameters on conversion 

and the maximum bed temperature have been studied as well as the influence of the 

design variables. The results suggested that good conversion and auto-thermal behavior 

can be obtained in certain conditions even at low VOC concentration but safe operation is 

related to a narrow range of switching times. This aspect has been investigated in detail 

and a more robust control policy than the open loop strategy based on fixed switching 

time has been proposed [288, 289; 290]. Brinkmann et al. [116] and Barresi et al. [288] 

suggest that a network of catalytic fixed bed reactors can be a suitable alternative to 

reverse flow operation because it can reduce the emissions of unburned gas related to the 

phenomenon of washout, i.e., in that case, the drop in combustion efficiency upon each 

flow reversal, due to the removal of unconverted gas immediately after the change of the 

feeding position [291]. Velardi and Barresi [117] investigated the application of the 

reactors network to methanol synthesis showing that this device allows for higher 

conversion than the RFR and it is not significantly affected by the wash-out at the 

beginning of the cycle. Furthermore, a proper choice of the switching time allows for 

slight variation of the outlet gas temperature along the cycle, differently from the RFR, 

thus reducing the potential disturbances of the equipment downward. Fissore et. al. [292], 

Fissore and Barresi [293] summarized the main characteristics and performances of the 
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RN with respect to both the combustion of lean VOC mixtures and to the exothermic 

equilibrium-limited reactions. 

All previous studies involved high exothermic reactions in case of isothermal 

conditions; the authors did not study low adiabatic temperature rise reactions and the 

influence of thermal balance on overall reactor performances. This type of reactions will 

be the case study of this thesis; i.e. the selective catalytic reduction of NOx with 

ammonia. For this reaction the adiabatic temperature rise is about of 10-20 K but the 

temperature rise in a forced unsteady state reactor will be a multiple of this value, thus 

allowing auto-thermal operation when low temperature gas is feed to the reactor. In these 

conditions, as it was also stressed in the conclusion section of the work of Yeong and 

Luss [115], the choice of the switching time will be affected by the dynamics of the heat 

wave.  

In order to emphasize the performance of the RFR and RN and the possibility of 

using the RN, as a successful alternative to the RFR, a comparative analysis will be 

presented in the following section. 

 

 

4.3.3 Comparison between RFR and RN 

 

In this work the SCR of NOx is investigated for both isothermal and non-

isothermal conditions even if we consider that, if a commercial catalyst is used (and thus 

it is not possible to modify the chemical activity and adsorptive capacity to improve the 

operation) the main advantage which can be achieved through the forced unsteady-state 

operation is the possibility to store the heat of reaction (beside storing adsorbed 

ammonia). The influence of the switching time will be also stressed because the 

switching time is the main operating parameter that can be changed to fulfill the 

operation’s goals. 

In order to study the possibility of improving the reactor operation we also took 

into account, besides the storage of the adsorbed ammonia on the catalyst bed, the 

different chemical activities and the adsorptive capacities of the catalyst. 
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If considering the assumptions of negligible temperature rise and isothermal 

operation, as in almost all the works concerning the SCR of NOx with NH3 in forced 

unsteady state reactors appeared in the literature, this simplified analysis enables to focus 

on the impact of the operation conditions and on the mode of operation over the dynamic 

features caused by the trapping of one reactant on the catalyst surface. 

The model used for these assumptions is a heterogeneous mathematical model 

throughout which the performance of the RFR and the RN is investigated. An Eley–

Rideal mechanism is used to describe the reaction between NOx (A) in the gas phase and 

the ammonia (B) adsorbed on the catalyst: 

 

CBA S →+         (4.3.3.1) 

 SBSB →+         (4.3.3.2) 

 

The kinetic model proposed by Tronconi et al. [294] for a V2O5/TiO2 catalyst 

(with V2O5 loading of 1.47%) is used; the reduction reaction is considered to be of first 

order with respect to each reactants: 

 

Ω−= BAredred ckr θ* ,       (4.3.3.3) 

 

where Bθ is the ammonia surface coverage, Ω  is the maximum adsorption capacity of the 

catalyst and cA
*
 is the concentration of reactant A at the gas solid interface. The 

adsorption rate of ammonia on the catalyst surface is assumed to be proportional to the 

ammonia concentration in the gas phase (cB
*
) and to the free fraction of surface sites: 

 

Ω−= )1(* BBadsads ckr θ ,      (4.3.3.4) 

 

if the rate of desorption is assumed to be proportional to the concentration of the adsorbed 

specie: 

 

Ω= Bdesdes kr θ  .           (4.3.3.5) 
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An Arrhenius type dependence of the kinetic constants k, kads and kdes from the 

temperature is assumed: 
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The kinetic model of Tronconi et al. [294] invokes a Temkin type desorption 

isotherm where the activation energy for desorption is a function of the surface coverage: 

 

( )σβθBdesadesa EE −= 10

,,        (4.3.3.7) 

 

A monolith is considered for the SCR reaction: mass and energy dispersive 

transport are not taken into account due to the low conductivity of the monolithic support, 

and also the pressure loss inside the reactor is neglected; the adiabatic operation has been 

assumed as this is the condition which closely approximates real-scale devices. The 

influence of non-adiabatic conditions on the stability and on the performance of the 

reactor, which can be important in small and lab scale devices, can be subjected to 

analysis including a term for heat loss to the environment in the gas-phase energy 

balance. The results available in literature both for the RN [295] and for the RFR [296] 

show that when the heat loss is considered, the length of the hot zone is only slightly 

reduced and the temperature profile is only slightly modified. In addition, the heat loss 

may be relevant only during the start up. Considering all these aspects the system of 

partial differential equations that describes the process dynamics is the following one: 

• Gas phase mass balances: 

 

( )AAvA
AA ccah
x

c
v

t

c
−+

∂
∂

−=
∂
∂ * ,      (4.3.3.8) 
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( )BBvB
BB ccah
x

c
v

t

c
−+

∂
∂

−=
∂
∂ * .      (4.3.3.9) 

 

 

The value of cA
*
 and cB

*
, the gas concentration at the interface, can be calculated 

from the mass balance at the interface, assuming that there is no accumulation: 

 

( ) redAAvA rccah =−− * ,       (4.3.3.10) 

( ) ( )desadsBBvB rrccah −=−− * .      (4.3.3.11) 

 

• Solid phase mass balance: 

 

reddesads
B rrr
t

−−=
∂
∂

Ω
θ

      (4.3.3.12) 

 

The influence of reaction kinetics and catalyst characteristics will be stressed in 

this case as well as the influence of the switching time in both reactor configurations. 

This analysis is important not only because it allows to compare the two devices and to 

optimise the operation, but also the switching time is the main operating parameter that 

can be changed to fulfil the operation constraints. 

When the isothermal conditions are considered in order to emphasize the 

relationships between adsorption, desorption and chemical reaction without the 

interference of the heat transfer, the system of non-dimensional partial differential 

equations, in a non-dimensional form, that describes the process dynamics is the 

following one: 

 

1. Gas phase mass balance: 

 

( )**
*

*
*
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AA ccPe
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      (4.3.3.13) 
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     (4.3.3.14) 

 

 

where CA
*
 and CB

* 
are the non-dimensional gas concentration at the interface. 

 

2. Solid phase mass balance: 
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(4.3.3.15) 

where the non-dimensional model parameters are explained in the following section:  
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 Conventional Danckwerts boundary conditions are assumed at the inlet of the 

RFR and RN and the continuity of the gas concentration and temperature profiles are 

imposed among the reactors of the network. 

Reactants are supposed to be feed at the same part of the reactor. The inlet 

concentration of the gases are considered constant and equal to the feeding value and the 

initial concentration of ammonia adsorbed on the catalyst surface is equal to zero in all 

the reactor configurations considered. 

The mathematical model written in the non-dimensional form offers, through 

simulations, the possibility of process investigation as the model is defined by a system of 

equations, containing input factors, parameters, and variables aimed to characterize the 

process. Usually the inputs are subject to many sources of uncertainty including errors of 
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measurement, absence of information and poor or partial understanding of the driving 

forces and mechanisms. As a consequence, the system characterization is possible by 

studing the influence of above mentioned variables through variations over a wide range 

of values. This may be obtained by the implementation of the sensitivity analysis method 

in order to study how the variations in the output of the system can be assigned, 

qualitatively or quantitatively, to different inlet variations. The lack of information for 

complete understanding of periodically forced systems has forced us to use this approach 

in order to underline the complex dynamic behavior of such devices. 

 

The influence of reaction kinetics, catalyst activity and switching time 

 

Further on it is investigated the influence of reaction kinetics and catalyst activity 

on NOx selective catalytic reduction with ammonia in isothermal conditions system, both 

in the RFR and RN. For this, as mentioned above, a sensitivity parameter analysis was 

implemented. The sensitivity analysis consists in process simulations with different 

values of the Damkoler numbers, associated with reaction Da, adsorption Da(ads) and 

desorption Da(des), covering a wide range of kinetic scenarios in order to point out the 

influence of kinetic activity and adsorption/desorption kinetics on the overall 

performance of the system. The results that can be obtained in the system with a 

commercial catalyst will be also shown being used in this purpose the kinetic model 

proposed by Tronconi at al. [294] for a V2O5/TiO2 catalyst (with V2O5 loading of 1.47%), 

which main parameters values are presented in table 4.3.3.1. 

In order to investigate the influence of the unsteady-state operation mode on the 

adsorption-desorption of ammonia and on the reaction between ammonia and NOx in the 

gas phase, the reactor was considered to operate in isothermal conditions. The devices 

used in the analysis are the RFR and a RN made of three reactors with variable feeding 

position, i.e. 1-2-3 ---> 2 -3-1 sequence strategy.  
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Table 4.3.3.1 Values of the main operating parameters used in the simulations. 

cNOx 560 ppmV 

cNH3 450 ppmV 

Ω 210 mol m
-3
 

L 0.45 m 

v 0.27 m s
-1
 

av 200 m
-1
 

 

The switching time is the main operating parameter particularly for control 

purposes. The influence of this parameter was investigated for different values of Da 

(figure 4.3.3.1), Da(ads) (figure 4.3.3.2) and Da(des) (figure 4.3.3.3).  

The inlet concentration of NOx was fixed to 560 ppmV; a slightly lower 

concentration of ammonia (450 ppmV) was considered to be feed into the reactor.  

The performance of devices studied was evaluated after the transient, when the 

periodic steady-state was reached, in terms of mean outlet concentrations of NOx and 

NH3 calculated over the entire length of a period. 

The first evidence is that when either the catalyst activity (figure 4.3.3.1) or the 

adsorption kinetics (figure 4.3.3.2) are enhanced, the emissions of both NOx and NH3 

decrease, as it is expected; the same behavior is obtained when desorption kinetics (figure 

4.3.3.3) is decreased. The influence of the switching time on the mean outlet 

concentration of NOx and NH3 in the RFR and in the RN is similar. At high switching 

time the performances of the RFR and that of the RN are the same both from the point of 

view of NOx and NH3 emissions. As far as lower values of the switching time are 

considered the emissions of NOx and of NH3 in the RFR have low values. When the 

switching time increases, as a consequence of the higher amount of ammonia present in 

the inlet part of the reactor corroborated with the time needed for adsorption on the 

catalyst surface, the emissions of NH3 increase to a certain switching time value when 

they begin to decrease. The RN system behaves differently; there is a first range of 

switching time where the outlet ammonia concentration is almost zero and the outlet NOx 

concentration decreases almost linearly. After this range the outlet pollutant 

concentrations start increasing up to a certain value, decreasing after that and approaching 
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the level concentration in the RFR. This different behaviour can be explained considering 

the existence of different dynamics of the concentration front in the two devices: while in 

the RFR a bell shaped profile is obtained as a consequence of the reversal of the flow 

direction, the RN is characterized by more complex profiles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.1 Influence of the switching time on the mean outlet concentration of NOx 

(upper graph) and of ammonia (lower graph) for various values of Da in the RFR and in 

the RN (isothermal system). 

 

Nevertheless, as a consequence of the switching strategy in the RN, the ammonia 

profile may exit from one of the reactors of the network, thus giving rise to higher 
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reactants emissions. This behaviour is similar to that observed Brinkmann et al [116] in 

case of the temperature profile in the RN.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.2 The influence of the switching time upon the mean outlet non-dimensional 

concentration of NOx (upper/above graph) and of ammonia (lower/beneath graph) for 

various values of Da(des) in the RFR and in the RN (isothermal system).  
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Figure 4.3.3.3 Influence of the switching time on the mean outlet non-dimensional 

concentration of NOx (upper graph) and of ammonia (lower graph) for various values of 

Da(ads) in the RFR and in the RN (isothermal system). 

 

As a conclusion, there is a wide range of switching times where the RN exhibits 

almost no ammonia emissions and NOx emissions are lower than those obtained in the 

RFR, when isothermal conditions are considered. This is enabled also by the absence of 

wash-out phenomena as a consequence of the single sense gas flow direction, as 

previously discussed. The extent of this “optimal” range of switching times is a function 

of the parameter of the system, namely Da, Da(ads), Da(des).  
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The performances obtainable with a commercially available catalyst employing 

the same non-dimensional equations model are considered next. In this case several 

different design configurations are investigated. The kinetic model of Tronconi et al. 

[294] was used for simulations. The influence of the switching time is analysed in various 

configurations, namely the RFR and the RN made up of two and three reactors (with 

different switching strategies). The influence of the switching time (figure 4.3.3.4) on the 

mean outlet concentration of NOx and NH3 is very different from that above presented 

one: it was found a maximum value of switching time beyond which conversion 

decreases both in the RFR and in the RN. 

With respect to the outlet emissions in the RFR two zones of high conversions, at 

low and high switching times, can be found, the performance of the RN with different 

switching strategy being similar. Very low NOx emissions are obtained at low switching 

times, while for ammonia high switching times are required to decrease the emissions. If 

low emissions of both NOx and ammonia are required, a narrow range of switching times 

can be found; this range being a function of switching time strategy considered. 

When non-isothermal conditions are applied, the system of dimensional partial 

differential equation will contain the energy balance for the gas and solid phase: 

 

• Gas phase energy balance: 

 

( )SG
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• Solid phase energy balance: 
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 (4.3.3.18) 

 

In this case the influence of the switching time is more complex due to the 

combined effect of mass and heat transfer phenomena (figure 4.3.3.5). The results are 
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presented in a non-dimensional form in order to facilitate the comparison with the 

previous isothermal system. In the RFR the higher the switching time the lower the outlet 

concentration of ammonia, as in the isothermal case, even if the range of switching times 

which allows low emissions of both reactants is restricted. In the RN the curve of outlet 

concentration of NH3 exhibits a minimum. This is a consequence of the different profile 

of adsorbed ammonia in both devices types.  
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Figure 4.3.3.4 The influence of the switching time on the mean outlet non-dimensional 

concentration of NOx (left graph) and of ammonia (right graph) in the RFR and in various 

configurations of the RN for the operating parameters of Table 4.3.3.1 (isothermal 

system). 
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Figure 4.3.3.5 The influence of the switching time on the mean outlet non-dimensional 

concentration of NOx (left graph) and of ammonia (right graph) in the RFR and in various 

configurations of the RN for the operating parameters of table 4.3.3.1 (non-isothermal 

system). 
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The switching time interval for high conversions of NOx and ammonia, in case of 

simulation parameters considered above, is 480-530 for the RFR and 45-65 for the RN 

(1-2-3 -> 3-1-2) (figure 4.3.3.5), switching time intervals that will be taken into 

consideration in the following analysis. 

The mean value of the outlet reactant concentration calculated over a period, once 

the pseudo steady state is reached, is shown in figure 4.3.3.5 both for the RN and for the 

RFR as a function of the switching time. As far as the ammonia outlet concentration is 

concerned its value decreases when the switching time is increased in the RFR, while in 

the various RN considered a minimum appears. It is important to notice that it is 

mandatory that no ammonia is present in the product stream thus only the network of the 

three reactors with switching strategy 1-2-3 -> 3-1-2 can be used even if the optimum 

results are achieved for a narrow range of switching times. Anyway, the emissions of 

NH3 in RN are lower than those obtained in the RFR in the conditions of high reactor 

performance. 

As far as the emissions of NOx are concerned the RFR exhibits stable behavior in 

a wide range of tc, from 0 to about 3000, but only for tc lower than 1000 the mean outlet 

concentration of NOx is lower than 10 ppmV. At higher values of the switching time the 

outlet concentration increases due to the lower temperature in the system which is a 

consequence of the heat removal form the catalyst. As expected, the RN has a different 

behavior: auto-thermal operation with low NOx emissions at low value of tc can be 

obtained but in a narrower range.  

It must be pointed out that the analysis of the influence of the switching time is of 

straightforward importance as it is the most important parameter that can be used for 

control purposes, ensuring proper operation (in terms of low emissions) when the inlet 

parameters (in particular the inlet flow rate) change. 

The different concentration profiles that appear in figures 4.3.3.4-4.3.3.5 related to 

the other plots presented above for isothermal conditions can be explained if the values of 

Da, Da(ads), Da(des) are calculated experimentally for the commercial catalyst considered 

in the paper of Tronconi et al. [294]; for example Da is very high, about 10
5
, thus altering 

the dynamics of the system in comparison with the values previously considered and 

masking the wash out phenomena. 
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Figures 4.3.3.6-4.3.3.9 show the temporal evolution after the transient (i.e., when 

the periodic steady state has been reached) of the outlet concentration of NOx and NH3, in 

a RFR in isothermal and non-isothermal systems. Even if auto-thermal operation is 

possible (the feed being at ambient temperature), in correspondence with the flow 

reversal there are spikes in the emissions of both NH3 and NOx.  

 

 

 

 

 

 

 

 

Figure 4.3.3.6 The mean value outlet concentration of NOx and NH3 as a function of 

time in RFR in case of isothermal system at switching time of 900 s. 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.7 The mean value outlet concentration of NOx and NH3 as a function of 

time in RN 1-2-3->3-1-2 in case of isothermal system, at switching time of 900 s. 

 

The results obtained in the RN made up of the three reactors, with the same 

amount of catalysts and similar operating conditions, present almost no emissions of NH3 

and of NOx (when optimized parameters are used in the simulations) due to the constant 

flow direction which prevents the wash out of the unconverted reactants and ensures a 
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uniform exploitation of the catalyst. As it has been stated, the switching time is the main 

operating parameter. 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.8 The mean value outlet concentration of NOx and NH3 as a function of 

time in RFR in case of non-isothermal system, at switching time of 900 s. 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.9 The mean value outlet concentration of NOx and NH3 as a function of 

time in RN 1-2-3->3-1-2 in case of isothermal system, at switching time of 50 s. 

 

As presented in figure 4.3.3.5, in what concerns the NH3 concentration, the 

behaviour of RN is strongly affected by the influence of the heat transfer. There are 

different switching time intervals which enable high conversions in the RFR and RN 

when non-isothermal conditions are applied. The strong influence of the heat transfer can 

also be observed from the axial profiles of the reactants both in the RFR and RN. In the 

figure 4.3.3.10 there are presented the axial concentration profiles of NOx, NH3 and NH3 
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adsorbed on the catalyst surface in case of isothermal conditions. In what NOx is 

concerned both systems present high reactant conversions. Differences appear in case of 

NH3 and NH3(s) axial profiles due to different gas circulation that affects the trapping of 

ammonia inside the reactor configurations considered. For NH3(s), in the RFR a typical 

bell shape axial profile is obtained (figure 4.3.3.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.10 Axial profile of NOx, NH3 and NH3 adsorbed on the catalyst 

surface - isothermal conditions (RFR on the left side and RN in the right side).  
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When non-isothermal conditions are considered, the difference between RFR and 

RN are more obvious. Axial concentration and temperature profiles can be observed in 

figure 4.3.3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.11 Axial profile of NOx, NH3 and NH3 adsorbed on the catalyst 

surface - non-isothermal conditions (RFR in the left side and RN in the right side).  
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When the pseudo stationary state is achieved, the temperature of the catalyst 

support can hardly follow the gas temperature changes and remains almost constant 

(figure 4.3.3.11). If we consider specific RFR and RN high performance operating 

conditions as above mentioned and when the stationary state is establish, for the devices 

considered, different temperature profiles (figure 4.3.3.12) are obtained when the heat 

transfer parameters of the catalyst are the same and the heat resistance of the wall is 

negligible.  

 

 

 

 

  

 

 

 (a)       (b) 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.12 3D and 2D representation axial profiles of catalyst surface 

temperature in RN (figures (a) upper - graph and RFR (figures (b) – lower graph) - non-

isothermal conditions.  
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Different temperature profiles are obtained due to different modes of operation. 

As long as in the RFR the solid temperature profile has a typical bell shape, in the RN the 

profile is more uniform and tends to form a platform (figure 4.3.3.12). The uniformity of 

the temperature profile in the RN is a function not only of the reactors number that forms 

the network but also a function of mode of operation (fast or slow switching operation) as 

is exemplified in the next chapter. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.13 Axial profiles of catalyst surface temperature in RN and RFR - non-

isothermal conditions.  

 

 The more uniform temperature profile obtained in the RN enables a much more 

efficient exploitation of the total catalyst length with direct effect on increasing the 

reactant conversion. Even if the temperature level obtained in the RN is lower than in the 

RFR it is enough to sustain the chemical reaction. Also the presence both in the inlet and 

in the outlet section of the RN of almost the same temperature level as in the middle of 

the catalyst bed explains the performance of this device in achieving almost no emission 

of unconverted reactants and almost uniform concentrations in the outlet stream when the 

feeding position is changed. The uniformity of the temperature profile along the reactor 

length allows also an easier implementation of a control system. As explained in the 

chapter 2 a control system is very difficult to be implemented in case of devices with 
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distributed parameters. One of the possible control strategies is to estimate the internal 

state of the reactors (in term of temperature level) through concentrations level in the 

inlet and in the outlet flow. Knowing that along the RN length the temperature profile is 

almost uniform, is much easier to estimate the internal state and to take appropriate 

control actions when disturbances appear in the outlet or in the inlet reactor flow. As a 

consequence of all the above mentioned aspects in conditions of appropriate values of 

switching time used the RN is the device more suitable for the selective catalytic 

reduction of NOx with ammonia. 

 

 

Influence of feeding position 

 

Due to the RFR emissions problem of unconverted reactants occurring when the 

flow direction is reversed, Noskov et al. [286] proposed to feed the ammonia in the 

middle of the reactor in order to avoid this phenomena; but a long semi-cycle period 

causes the reactant concentration to be very low in half of the reactor at the end of the 

semi-cycle and this may lead to a rather large temporal emission of the pollutant when the 

flow is reversed. Yeong and Luss [115] also investigated the possibility of feeding 

ammonia only during a fraction of the semi-cycle but concluded that continuous 

ammonia feeding is more efficient than a discontinuous one on every cycle.  

In case of the RN the performance depends especially on the number of the 

reactors in the network but an important contribution is also attributed to the feeding 

position and more important to the strategy of changing it, as it was stressed above. It was 

shown that as far as the ammonia outlet concentration is concerned, in the various RN 

considered, a minimum appears. Almost no ammonia is present in the product stream in 

the network of the three reactors with switching strategy 1-2-3 -> 3-1-2, even if the 

optimum results are achieved for a narrow range of switching times.  

As a consequence, in case of the RN, a normal continuous ammonia feeding and 

an adapted strategy of switching of feeding position may create the premise of high 

conversions and no ammonia slip in the outlet stream. 
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Influence of gas velocity 

 

The change of the superficial velocity determines the modification of the range of 

switching time for which high reactant conversions are obtained. The decrease of the 

velocity determines an increase in the domain of switching times which enables high 

reactor performances.  
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Figure 4.3.3.14 The influence of the flow rate on the mean outlet non-dimensional 

concentration of NOx (upper graph) and of ammonia (lower graph) in the RFR and in 

various configurations of the RN for the operating parameters of table 4.3.3.1 (non-

isothermal system). 

 

The results obtained both in the RFR and in the RN are shown in figure 4.3.3.14 

where the mean outlet concentration of NOx and NH3 is given as a function of the 

switching time for two values of the surface velocity. The higher the inlet flow rate is the 

narrower is the range of switching times where auto-thermal operation with high 

conversion is obtained both in the RFR and in the RN.  

Moreover the second interval of tc, where the operation is feasible in the RN, is 

not only reduced but also moved towards lower values of tc when the flow rate is 

increased.  

The effect of the flow velocity is more important for the RN operation. Applying 

an appropriate gas velocity the range of switching times which enables high 

performances of the RN can be increased and the related problems can be solved. 
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The variation of the inlet gas velocity influence is also shown in the figures 

4.3.3.15 and 4.3.3.16; these reveal that higher conversions and catalyst temperature are 

obtained when the flow rate is low in both reactor configurations. 

  

 

 

 

 

 

 

Figure 4.3.3.15 The influence of inlet gas velocity on the mean value outlet 

concentration of NOx and ammonia in the outlet gas on RFR (left) and RN (right) 

 

Compared with the RFR, in the RN the domain of the inlet gas velocity for which 

the auto-thermal operation is possible it is much smaller. The gas residence time must be 

higher in the RN in order to enable a stable operation due to the one way gas circulation 

as it is the case of this reactor configuration. As a consequence a low gas velocity must be 

applied in order to obtain high reactor performances.  

 

 

 

 

 

 

 

 

Figure 4.3.3.16 The influence of inlet gas velocity on maximum temperature 

obtained on the catalyst support on RFR and RN 
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Influence of initial catalyst temperature 

 

As regarding the influence of initial catalyst temperature, it is necessary to be 

stated from the beginning that in order to achieve an auto-thermal behavior both in the 

RN and the RFR initially the catalyst must be preheated over the chemical reaction 

ignition temperature. The simulation results revealed the fact that once the condition for 

reaction ignition is fulfilled, the maximum temperature obtained in the studied reactors is 

different. As regarding the RFR, when autothermal conditions are accomplished and 

when the pseudo-steady state (PSS) is obtained (figure 4.3.3.18), the maximum 

temperature achieved is maintained at the same level. In the RN, the maximum 

temperature achieved is a function of the initial temperature of the catalyst; it increases 

when initial temperature increases. As a consequence of this effect the mean value outlet 

concentration of NOx and ammonia decreases when the initial temperature of the catalyst 

increases. Even so, any initial catalyst temperature that allow for an auto-thermal 

operation gives higher conversions of both NOx and NH3. 

In the case of RFR the mean value outlet concentration of NOx and ammonia are 

maintained at almost the same level for any initial catalyst temperature that allow for an 

auto-thermal operation (figure 4.3.3.17). Comparing the RFR and RN, in conditions when 

maximum reactants conversion takes place, it can be seen that differences appear in the 

case of mean outlet concentration values of ammonia. The RFR presents higher NH3 

emissions due to the reverse of the flow reversal and also because of the high temperature 

regime obtained, which makes the adsorption capacity of the catalyst to be affected. 

Increasing the initial catalyst temperature and making abstraction of the catalyst 

destruction, the quantity of ammonia adsorbed decreases or the quantity of the desorbed 

ammonia increases.  
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Figure 4.3.3.17 The influence of initial catalyst temperature on mean value outlet 

concentration of NOx and on RFR (left) and RN (right) 

 

 

 

 

 

 

 

 

 

Figure 4.3.3.18 The influence of initial catalyst temperature on maximum 

temperature obtained on the catalyst support in RFR and RN 

 

As a consequence of all the above highlighted aspects the level of the initially 

catalyst temperature is important only as long as it enables the ignition of the chemical 

reaction and it belongs to the catalyst temperature working domain. 

 

The influence of disturbances appeared in the inlet flow 

 

The RFR is capable to respond much more efficiently than a fixed bed working in 

steady-state to any perturbation in the pollutant feed rate and/or concentration and it is 

our concern to demonstrate that the RN too behaves in the same way. In particular, if the 
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operation is carried out using a fixed concentration of NH3, the adsorbed NH3 may be 

used to remove NOx when its concentration is higher than the stoichiometric one; 

similarly, if the concentration of NOx is lower than the stoichiometric, the catalyst may 

adsorb the NH3 in excess. In order to highlight the robustness of these devices to face 

disturbances without any control actions, we have considered an extreme situation: the 

stop in NH3 feeding, after a couple of operation cycles, a period in which the pseudo-

steady state (PSS) is achieved. Figure 4.3.3.19 is evidencing the mean outlet NO (left 

graph) and NH3 (right graph) concentrations as a function of the number of cycles; the 

stop in ammonia feeding takes place after 150 switches (about 4 hours) both in the RFR 

and in the RN. It is important to stress that in this simulation the same value (tc = 100 s) 

of the switching time has been used for both reactor configurations. In this condition the 

RN shows lower stability compared to the RFR in what concerns its capacity of 

maintaining almost unitary conversion of NOx over a long period of time. But when 

different simulation parameters are applied RN can show higher stability as compared to 

the RFR due to the more uniform exploitation of the catalyst surfaces.  

 

 

 

 

 

 

 

 

Figure 4.3.3.19 The influence of interruption of the NH3 feeding after 150 cycles on 

the NOx mean value outlet concentration in RFR and RN. 

 

In the present case the RFR allows for almost unitary NO conversion for 200 

cycles (about 6 hours), after stopping of NH3 feeding, while the RN only for 100 cycles 

(about 3 hours).  

The NH3 adsorbed and not consumed by the reduction reaction, when both 

reactants are being feed, enables to sustain the chemical reaction after the NH3 



 127 

interruption. In the RN the NH3 is consumed quite constantly in time. In the RFR the 

response is quite different: the NO concentration in the effluent gas is maintained at low 

values until almost all NH3 is consumed; after that it starts immediately increasing 

sharply.  

In conclusion, the feasibility of SCR of NOx with ammonia in unsteady-state 

reactors was studied for two main reactors configurations of reactors such as the RFR and 

the RN with different feeding configurations. The investigation was conducted by means 

of numerical simulations using a heterogeneous mathematical model and an Eley-Rideal 

kinetic mechanism. The isothermal system, in which the problem of the heat storage in 

the reactor is neglected, was simulated. In this case, the results are strongly influenced by 

the values of the system parameters used, namely Da (kinetic constant of the reduction 

reaction), Da(ads) (kinetic constant of the adsorption reaction) and Da(des) (kinetic constant 

of the desorption reaction). In particular, when the adsorption and the reaction rate are not 

very high the RN, which does not exhibits the wash out phenomena, is the only device 

which ensures the fulfillment on the emissions limits. When the adsorption and the 

reaction rate are very high, as in the case of using the parameters of Tronconi et al. [294], 

the results are different, not only the RN but also the RFR may fulfill the emissions limits 

because the problem of wash out is bypassed by the high adsorption and reaction rate. 

When the non-isothermal conditions are considered, the thermal balance highly 

influences the overall reactor performances. The ranges of switching times for which high 

performances are achieved differ significantly from one device to another. In the RN just 

a narrow domain of tc enables auto-thermal operations. Even so the lack of wash out, the 

level of the conversions achieved, the more uniform temperature profiles, the uniformity 

of catalyst exploitation, the much simpler operation mode and the possibility of 

increasing the switching time range by adjusting the flow velocity impose the RN as a 

much more suitable device for SCR of NOx with ammonia in usual operation and also in 

the perspective of control strategy implementation.  

Taking into account the control perspective, it is necessary, due to the very 

demanding computationally efforts (long time simulations) for obtaining the pseudo 

steady-state solutions, to use simplified models which may approximate the internal state 
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of both reactor configurations. More important is the possibility of thermal behavior 

approximation.  

The use of the simplified reactor models in a control model reduce the 

computational time needed to find the system solution. In this way the approximation of 

the internal reactor state is realized in a shorter time than in case of using a detailed 

model giving to the control system the possibility to take more efficient and prompt 

control actions.  
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Chapter 5  

Simplified models 

 

 

 

The evaluation of complex reactors behavior characterized by transient and 

pseudo-steady state solutions both in the RFR and RN is computationally very 

demanding even if one-dimensional models are used for system simulation. To obtain the 

solution needs a very long simulation time. Usually hundreds of cycles are necessary to 

obtain the pseudo-steady state. Also finding the domain of high operation performance 

and the limit conditions, which can cause reaction extinction and/or catalyst destruction 

require, besides demanding simulation efforts, a trial and error approach. Some authors 

[272, 297] demonstrated that a complete mathematical model can predict the behavior of 

the unsteady-state reactor (in that cases the behavior of RFR) even before obtaining the 

pseudo-steady state solution and it can help to gain a good understanding of the process 

and of the influence of all relevant process parameters, but can be unpractical for the feed 

optimization, sizing and the outline design. Due to the problems enounced before and 

encountered in the system characterization, simplified models were developed. Breskov 

and Matros [137], Matros et al. [298, 299], Eigenberger and Nieken  [146], Nieken et al. 

[147, 168] proposed a simplified high-switching frequency model for the RFR and 

Sheintuch et al. [300] and Fissore et al. [301] for the RN. 
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5.1 Simplified model for RFR 

 

Matros and Bunimovich [302] presented a model for high-frequency flow reversal 

in which the system of partial differential equations is reduced to a system of ordinary 

differential equations that, through further simplifications, can be solved analytically for 

the maximum temperature in the bed. Nieken et al. [158] presented simplified models 

analyzing two limiting cases of the periodic operation; of very large switching period 

when the temperature profile approaches that of the stationary traveling reaction front, 

and of very short switching period, when the behavior of the RFR is similar to that of a 

counter-current reactor. Haynes et al. [161], instead of sending the mass flow during one 

period in one direction (figure 5.1.1 a) and during the next period in the opposite 

direction (figure 5.1.1b), suggested that the same net result can be obtained by 

simultaneously sending half of gas stream in each of the two direction (figure 5.1.1c) and 

assuming that each of the two flows interacts with only one-half of the available catalyst 

area.  

 

Figure 5.1.1 Flow circulation and simplified temperature profiles for the RFR with fast 

switching time (a, b) and for the counter-current reactor (c). Solid temperatures are 

symbolized with solid lines and gas one with dashed line [161]. 
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This means that the reactor and the catalyst are split into two halves with opposite 

flow directions: counter-current fixed-bed reactor arrangement results with heat exchange 

over a catalytic wall that is ideally permeable for heat but impermeable for mass. The 

pseudo steady state (PSS) temperature profile developed after a large number of cycles 

keeps a symmetric shape with a slight increase and decrease in the lateral sides and a high 

constant value in the middle reactor zone. During the cycle period, the profile does not 

change in shape and values; it only moves through the reactor bed. By simplification of 

the pseudo-homogeneous model it is possible to obtain simple quasi-analytical 

expressions for the most important parameters of the PSS temperature profile. 

Haynes et al. [161] demonstrated that the high switching frequency model can be 

derived from the full dynamic quasi-homogeneous model by expressing the process 

variables as a Taylor series in time and he compared its performances with those of the 

complete model. A different approach was proposed by Sun et al. [303] who neglected 

axial conductivity in the bed but who allowed heat transfer between gas and solid by 

considering different gas and solid temperatures. They succeeded in reducing the model 

to a simple system of ordinary differential equations and they also suggested a design 

procedure for the RFR. Zufle and Turek [304] discussed the analogies between the RFR 

and the two other devices: the conventional adiabatic fixed bed reactor with external heat 

exchangers and the counter-current reactor. They developed a model different from that 

of the previous authors, based on the partition of the bed in a cascade of electrically 

heated elements and on the subsequent discretization of the variables. The solution is 

more complex and an additional system parameter, the centre of gravity of the energy 

release caused by exothermic chemical reaction is required. But through an iterative 

procedure it is possible to obtain again the main parameters of the pseudo steady-state 

profiles. 

Design rules have been proposed in generalized form by Haynes et al. [161]: the 

bed length and the gas velocity can be calculated from given values of conversion. It is 

important to note that in all the previous works the cycle period was not taken into 

consideration, while Thullie and Burghadt [305] pointed out that the maximum cycle time 

is the most relevant parameter because lower frequencies cause extinction of the reactor, 

and they proposed a very simplified procedure to estimate it. Cittadini et al. [306] 
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developed a simple design procedure further pursuing the approach proposed by Nieken 

et al. [158]; under simplified assumptions, these results are exploited to predict the 

limiting operating conditions for autothermal operation: minimum bed length, maximum 

cycle period, minimum inlet concentration, minimum and maximum flow rate. 

As a consequence of the above literature ideas cited, the thesis is trying to 

investigate the applicability of the fast switching simplified model, i.e. the counter-

current reactor (CCR) model, in case of the selective catalytic reduction of NOx with 

ammonia. 

For a better understanding of the design simplified model, figure 5.1.1a 

schematically presents the counter-current circulation and an additional temperature 

profile in case of CCR in the catalyst bed. The circular reactor is filed with a catalyst 

placed on a monolith support. The catalyst bed is considered pre-heated at a temperature 

that enables the ignition of the chemical reaction. The cold gas is considered to be feed in 

both directions through one half of the catalyst surfaces. Passing through the hot catalyst 

the gas is heated up and as soon as the ignition temperature T
ign
 is exceeded, the 

conversion starts and counter-current heat exchange and reaction take place 

simultaneously. In the reaction zone the temperature rises over T
ign
. As a lower limit 

approximation for the maximum temperature we therefore get T
max
 > T

ign
 + ∆Tad and the 

temperature profiles as given in the figure 5.1.2a result.  

In the figure 5.1.2b it is represented the temperature profile in case of RFR in the 

catalyst support. 

The simple graphical design represented figure 5.1.2 allows for an easy 

interpretation of the influence of design and operating parameters on the temperature 

profiles in the counter-current or reverse flow reactors. If the two reactors run under 

identical operating conditions, the temperatures profiles obtained on the catalyst surface 

are almost the same. 
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

Figure 5.1.2  Scheme of a CCR - figure (a), RFR - figure (b) and temperature profiles 

inside the reactors 

 

The figure 5.1.3 shows the axial temperature profile inside the RFR and CCR for 

a stoichiometric ratio between reactants. Compared to the reverse flow reactor in the 

counter-current fixed-bed reactor the maximum temperature will be considerably lower 

since the catalytic reaction will ignite at about the same ignition temperature T
ign
. The 

highest temperature observed in the RFR is due to a better trapping of thermal wave 

inside the catalyst support as a consequence of the reverse of the flow direction.  
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Figure 5.1.3  Axial solid temperature profile in the RFR and CCR. 

 

The RFR presents an asymptotic behavior related to the CCR. This is revealed in 

figure 5.1.4 in terms of transient temperature obtained. Simulations were made for 

different switching times and all confirmed the same asymptotic configuration. 

 

Figure 5.1.4 Asymptotic profile of temperatures in case of RFR related with CCR. 

As a consequence of this similar thermal behavior the CCR model can be applied 

as a limiting case of the RFR operation in condition of fast switching of the flow 

direction. This assumes quasi-steady gas balances which means that the residence time of 

the gas has to be considerably shorter than the switching period. Nevertheless this 

analogy provides a simple basis for short-cut calculations since the steady-state profile of 

a counter-current reactor can be computed much easier than the periodic steady-state of a 
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reverse flow reactor. This has been called the sliding regime by Matros et. al [258] as 

well as by Bhatia [265].  

In case of selective catalytic reduction on NOx with ammonia the analogy is 

valuable also in the case of reactant concentration estimation being possible to be used 

for drawing simplified plots corresponding to periodic steady state profiles obtained in 

the RFR. Figures 5.1.5 and 5.1.6 show the axial mean value concentration of NOx and 

NH3 profiles in the RFR and CCR, under the same operation conditions as those 

previously discussed.  

 

 

 

 

 

 

 

Figure 5.1.5 Axial profiles of mean value concentration of NOx in the RFR and CCR. 

 

 

 

 

 

 

 

Figure 5.1.6 Axial profiles of mean value concentration of NH3 in the RFR and CCR. 
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The profiles of NOx and ammonia in the gas phase, obtained by model simulation, 

are similar. Both RFR and CCR reactor configurationsHigh reactant conversions have 

been obtained in.  

Differences appear in the case of ammonia concentration on the catalyst surface, 

due to different mode of operation. Higher quantities of NH3 are adsorbed on the catalyst 

bed inside the RFR, as the reverse flow operation allows higher quantities of ammonia 

trapped in the middle of the reactor. This is represented in figure 5.1.7 which shows the 

axial mean value concentration profiles of NH3 adsorbed on the catalyst surface in both 

reactor configurations. 

 

 

 

 

 

 

 

 

 

Figure 5.1.7 Axial profiles of mean value concentration of NH3 adsorbed on the catalyst 

surface in the RFR and CCR. 

 

If we considered an adiabatic fixed-bed reactor with fast flow reversals when the 

pseudo stationary state is achieved, the temperature of the catalyst support can hardly 

follow the gas temperature changes due to the flow reversal and remains almost constant. 

The catalyst temperature profiles obtained are presented in the figure 5.1.8.  

If the cold gas comes from the left it is heated up by the hot monolith, if the hot 

gas comes from the right out of the hot central part it delivers its heat to the catalyst 

support. 

If similar operating conditions are considered, when the stationary state is 

established for a counter-current fixed bed reactor the same temperature profile is 

obtained (figure 5.1.3). 
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Figure 5.1.8  3D representation of axial temperature profile in time (figure a) and steady 

state axial temperature profile of catalyst and gas (figure b) in case of RFR. 

 

Almost the same gas concentration profiles are obtained in the two catalyst parts 

of the CCR as those obtained under fast flow reversal in the RFR in successive semi-

cycles (figure 5.1.5 and 5.1.6). All these when the heat transfer parameters of the catalyst 

are the same and the heat resistance of the monolith wall is negligible (the case of high 

thermal conductivity catalyst supports).  
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Figure 5.1.9 3D simulation of axial temperature profile in time (figure a) and steady state 

axial temperature profile of catalyst and gas (figure b) in case of CCR. 
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As regarding the influence of initial catalyst temperature, taking into account the 

fact that for achieving an auto-thermal behavior both in the CCR and in the RFR initially 

the catalyst must be preheated over the chemical reaction ignition temperature, the 

simulation results revealed that once the condition for reaction ignition are fulfilled the 

maximum temperature obtained in the reactor is the same when the stationary state 

(CCR) or pseudo-stationary state (RFR) is obtained (figure 5.1.10).  

 

 

 

 

 

 

 

 

 

 

Figure 5.1.10 Influence of initial catalyst temperature on maximum temperature 

obtained on the catalyst support 

 

As a consequence the mean value outlet concentrations of NOx and ammonia are 

maintained too at the same level for any inlet catalyst temperature that allows an 

autothermal operation (figure 5.1.11). Differences appear in the case of maximum mean 

values concentrations of ammonia adsorbed on the catalyst surface. The adsorption 

capacity of the catalyst is affected In the RFR, because the high temperature regime 

obtained. The quantity of ammonia adsorbed decreases by increasing the initial catalyst 

temperature and making abstraction of the catalyst destruction. 
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Figure 5.1.11 Influence of inlet temperature on the mean value outlet concentration 

of NOx and NH3 in RFR and CCR 

The study of the variation of the inlet gas velocity influence reveals (figure 

5.1.12) that higher conversions and catalyst temperature are obtained when the flow rate 

is low in both reactor configurations.  
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Figure 5.1.12 The influence of inlet gas velocity on maximum temperature obtained on 

the catalyst support (figure a) and on mean value concentration of ammonia in the outlet 

gas (figure b). 

 

Compared with the RFR in the counter-current reactor the domain of the inlet gas 

velocity, for which the auto-thermal operation is possible, is much smaller. The gas 

residence time must be higher in the CCR in order to enable a stable operation for this 

reactor. 
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Auto-thermal catalytic reactors are in a certain range self-adaptive with respect to 

disturbances that can appear in the inlet flow. Compared to the CCR the RFR is less 

sensitive to concentration changes. This can be qualitatively seen in figure 5.1.13.  

The concentration profiles correspond to a stoichiometric feeding of NOx and 

NH3, for a time interval of 10
5 
s, in which the steady-state is achieved and than for 

another 10
5 
s in which ammonia feeding is stopped. After the interruption in ammonia 

feeding, the NOx concentration begin to rise in the CCR after about 4*10
3
 s and in the 

RFR after about 15*10
3 
s as a consequence of higher quantities of adsorbed ammonia in 

the RFR. 

 

 

 

 

 

 

 

 

 

Figure 5.1.13. The influence of interruption of the NH3 feeding after 10
5 
s on the NOx 

mean value outlet concentration in the CCR and the RFR 

 

 In conclusion, the CCR model is a suitable choice as a simplified model for the 

RFR. It was analyzed its maximum temperature and reactants conversion, the dynamic 

behavior and the ease of implementation and operation, as an indication of its successful 

application for the process of the SCR of NOx with ammonia. The counter-current 

reactor is technically much simpler than the RFR since it operates at a steady state and 

simulations indicate that for low flow rates the CCR enables to achieve auto-thermal 

behavior and maximal reactants conversions. Its asymptotic behavior related with RFR 

enables the internal state estimation of the last one, reducing significantly the simulation 

time. In case of disturbances in the inlet concentration the CCR has an effective response 

which is similar to the self adaptive behavior of the RFR. Anyway the analogy between 
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the CCR and the RFR is not universal valid as the simplified model can be applied 

especially in case of the low flow rate. As a consequence, further studies must be made to 

analyze the influence of catalyst geometry and hydrodynamics as regarding to the transfer 

phenomena inside the reactor 

 

 

5.2 Simplified models for RN 

 

 As mentioned in previous chapter, the reverse-flow reactor concept was extended 

from the two port feeding, one port at one end of the reactor and the second to the other 

end of the reactor, through the loop reactors to the rotating port feeding in a close 

sequence. Rotating port feeding can be applied to networks made of two [133], three 

[301] or N-finite number of reactors [300]. In order to analyze the complex behavior of 

the reactor network system, two simplified models were implemented: one corresponding 

to slow switching velocities or slow switching of feeding position and one of fast 

switching velocities. For these two models Sheintuch et al. [300] demonstrated that when 

the ratio of switching velocity to front propagation velocity is close to unity, rotating 

pulses emerge over a wide domain of parameters and when that ratio is high and in a 

narrow domain of parameters, around the Hopf bifurcation to spatial oscillations. Also 

they concluded that between the slow- and fast-switching behaviors the system exhibits a 

complex structure of solutions. 

As the limiting model of slow switching emerges finally in describing the 

behavior of a simple plug flow reactor, the attention was focused on the asymptotic 

solutions generated by the fast switching model. As regards this model it was 

implemented and tested as an asymptotic and simplified model for the RN operation in 

case of the SCR of NOx with ammonia. The limiting case of the fast switching (FAS) 

considers the switching velocity vsw defined as: 

 

λ
L

t

L
v

sw

sw =
∆

= ,         (5.2.1) 
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being significantly faster than the gas velocity. The period of operation ( swtN ⋅=λ ) is 

assumed to be smaller than all other characteristic time scales, namely the characteristic 

time for convection, adsorption, desorption and reduction reaction. 

 The figure 5.2.1 shows that for the reactor network configuration, when the 

switching time is reduced, the temperature axial profiles converge to the limiting curve 

predicted by the fast switching model.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1 Temperature profiles on the catalyst in case of the FSA and of reactor 

network model. 

 

In the limit of many ports and fast switching velocities the axial profile of 

temperature is continuous on the total catalyst length due to the fact that the outlet 

position almost coincides with the inlet one. For a fixed value of the gas flow rate and 

number of reactors, the lower the switching time is the better is the approximation 

obtained between the FAS and the reactor network in case of fast switching of the feeding 

port. In the same time the fast switching model generates asymptotes related to maximum 

temperature obtained in RN model simulation. This makes from the FAS model a feasible 

tool in estimating complex thermal behavior of the RN, in fast switching operation, 

especially in terms of calculating the maximum temperature level which can be achieved. 
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Chapter 6  

The model validation  

 

 

 

The model simulations, in the previous chapters, enabled to evaluate and 

characterize the complex dynamic behavior of the RFR and the RN and in the same time 

to impose the RN as the more suitable device for the SCR of NOx with ammonia. Even if 

the simulations covered a wide range of possible scenarios a real behavior was imposed 

to be evaluated. The experimental investigation of RN was realized in order to determine 

the correctness of model predictions. 

The model validation for NOx reduction with NH3 in a RN has been finalized at 

Politecnico di Torino by the co-workers of professor Barresi [308]. Experimental 

investigations of unsteady state reactors operation in case of NOx reduction with 

ammonia began in 2004 during the Marie Curie fellowship of Botar-Jid Claudiu Cristian 

at Politecnico di Torino, contract number HPMT-CT-2001-00343 “Stays at Marie Curie 

Training Sites Program” concluded between the European Comision and Politecnico di 

Torino and finalized after by the research group mentioned above.  

During the Marie Curie training stage the author of this thesis contributed to the 

realization of the experimental setup and to the development of the analytical method, 

carring out the first set of experiments and working on the modeling aspects. The final 

experimental data presented in the following section have been determined by the group 

of prof. Barresi. 

The experimental apparatus consisted of a network of three reactors. Each reactor 

was made up of a tube of stainless steel (AISI 316) with a diameter of 2.54*10
-2
 m and a 

length of 15*10-2 m, and contained 7.5*10
-2
 m of a monolith (64 CPSI) supporting the 

catalyst for the SCR reaction. The NOxCAT
TM
 ETZ commercial zeolite based catalyst by 

Engelhard has been used. Isothermal conditions have been applied for the experimental 
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investigation in order to focus on the interaction between chemical reaction and the 

complex transport phenomena occurring in the reactor; i.e. trapping of one of the 

reactants (NH3) on the catalyst surface. Considering isothermal conditions, the dynamics 

of the heat wave inside the reactor and its impact on overall reactor performance was 

neglected, this being the subject of a future work. In order to achieve isothermal 

conditions the network of the three reactors was placed in an oven which enabled a 

uniform temperature level along the reactors length. The oven was embedded with a 

measurement and a control of temperature system which enabled the temperature to be 

varied during the experimental investigation, the temperature range being 200-350°C.  

The unsteady state conditions, i.e. changing of feeding position in the network, 

were generated through five three-way solenoid valves. 

Figure 6.1 shows the layout of the system. 

Acting on the three-way valves, the periodical change of the sequence of the 

reactors in the network it is possible. The resulting operating configuration became 3–1-2 

starting from the 1–2-3 to 2–3-1, as exemplified in the figure 6.1. The thicker lines 

represent the path ways of the gas through the network, during one switching period.  

The experimental device, besides the oven and the reactor network, contains two 

reactants cylinders, two digital mass flow controllers allowing for setting and controlling 

the desired flow rate and composition of the process feed, and a quadrupole mass 

spectrometer (QMS) enabling continuously concentration measurements of the reaction 

products. 

The cylinders are filled with the following mixtures: the first one contains NO 

(950 ppmV) and Ar as carrier, while the second one contains NH3 (969 ppmV), Ar as 

carrier and also O2 (2%) required in the SCR reaction: 

 

4NH3 + 4NO+ O2 �  4N2 +6H2O      (5.1) 
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Figure 6.1 Experimental device operation scheme [119]. 

 

The mass flow controllers flow rate range is 0-4 Nl min. The concentrations of the 

NO and NH3 at the reactor inlet are to 450 and 425 ppmV, respectively.  

Retrieving reliable quantitative measurements with the quadrupole mass 

spectrometer requires special calibration of the apparatus; as a consequence, the group of 

prof. Barresi [308] explained the procedure that had to be followed during the 

measurements in order to achieve this goal.  

 

The kinetic study of the catalytic reaction 

 

In the experimental investigation preliminary runs were carried out in order to 

obtain the parameters of the reduction reactions, adsorption and desorption, these 

parameters being used later in the numerical simulations. 

The calculation of the kinetic constants required application of the transient 

methods, being used the same apparatus, but employing just a single reactor. In this way 
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it has been investigated the kinetic and mechanistic aspects of the heterogeneous catalytic 

reaction involved in the present study that cannot be distinguished in steady state 

experimental conditions. 

In this purpose, step-wise changes in the inlet NO and/or NH3 concentration have 

been imposed, being investigated the dynamics of the SCR, the adsorption/desorption of 

the reactants and clarifying the mechanistic aspects of the reaction. Comparison between 

experimental results and the dynamic model results can give quantitative kinetic 

indications about the reacting system [309]. 

Transient study for the NH3 adsorption/desorption was performed by imposing 

step perturbations of the NH3 concentration in the inlet feed at various temperatures and 

maintaining the overall flow rate constant. In order to investigate the possibility of 

homogeneous gas-phase reactions, blank experiments without catalyst were employed. 

The authors found no evidence of this type of reactions. 

The adsorption/desorption transient experiments results obtained in the case of 

NH3, are presented in figure 6.2 (doted values). In the upper graph, after a step in NH3 

inlet concentration, in the outlet stream the ammonia concentration curve shows a dead 

time and then a rapid increase up to the value of its inlet concentration. 

In the outlet stream the inlet value concentration of NH3 was reached after about 

2500 s. The total quantity of NH3 adsorbed on the catalyst surface has been calculated 

according to Lietti et al. [307]. After stopping the ammonia feeding the value of NH3 

outlet concentration begins to decrease stressing out the desorption process.  

The NH3 adsorption/desorption experiments were performed at different 

temperatures in a range of 500-650 K.  

Considering the previous dynamic studies of this type [309, 311] a Temkin-type 

NH3 desorption kinetic has been considered. The kinetic parameters were calculated by 

minimizing the differences between experimental curves and the analytical ones using the 

MATLab routine FMINSEARCH. The solid line in the figure 6.2 represents the data fit 

curve. 
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Figure 6.2  Upper graph: TS = 320°C; during the adsorption run a flow rate of 2 Nl min
-
1 

of a mixture containing 969 ppmV of NH3 in Ar is feed to the reactor, while in the 

desorption run a flow rate of 1 Nl min
-
1 of Ar is feed into the reactor. 

Lower graph: TS = 320°C; feed composition: 969 ppmV of NH3, 950 ppmV of NO, 1% 

O2 difference Ar, feed flow rate: 2 Nl min
-
1 [308]. 

 

Using the above method a good agreement between experimental and analytical 

data was obtained being reproduced the most relevant features of the experiment. Similar 

experiments and analysis have been carried out to obtain the kinetic parameters of the 

reduction reaction. For this, the catalyst bed was saturated with ammonia, allowing in this 

way the calculation of the parameters required for the QMS calibration. The experiments 

were carried out at different temperatures in the range of 500-650 K and with various 

values of the flow rate when both NO and NH3 were feed to the reactor. In figure 6.2 

(lower graph, symbols) the transient results are exemplified.  
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Table 6.1 The calculated values of the kinetic parameters of the adsorption, desorption, 

and reduction reaction [308]. 

Parameter Value 

k0,red, [s-1] 3.23*10
5
 

k0,ads [m3 mol-1s-1] 0.887 

k0,des [s-1] 2.43*10
5
 

Ea,red [J mol-1] 77500 

Ea,ads [kJ mol-1] 9.54 

Ea,des [J mol-1] 113970 

Θ  0.013 

σ  1.0 

β  0.163 

Ω [ mol m-2] 130 

 

 

A good fit vas obtained when the rate of reaction is considered independently of 

the ammonia surface coverage. The results presented in the figure 6.2 lower graph, as a 

continuous line, suggest a good approximation of the experiments. 

The results of this study are summarized in table 6.1. 

 

Experimental investigation of the SMB reactor 

 

The experimental device was made of three reactors each reactor containing the 

same amount of catalyst. The length of the catalyst employed was 7.5*10
-2
 m. During 

experiments various working temperatures, feed flow rates, and compositions were used 

and the behavior of the reactor was studied in the conditions of forced unsteady state 

operation by periodically varying the feeding position.  
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Figure 6.3 Concordance between the experimental values (dots) and the model 

predictions (lines) in case of the mean outlet concentration of NO (upper graph) and of 

NH3 (lower graph) at various temperatures [308]. 

 

The results of experimental runs are exemplified in the figure 6.3. The curves 

represent the mean value outlet concentration over a complete operation cycle at three 

different temperatures 250°C, 300°C, 350°C and at constant switching time (60 s). 

Every run was performed with no ammonia adsorbed on the catalyst surface at the 

beginning of the experiment. It was observed that by increasing the temperature the 

system performs better, as the previous analytical results suggested in terms of higher 

reactant conversions achieved and lower ammonia emissions (in case of catalyst length 

considered). The experimental investigation reveal the fact that at the beginning of the 

experiments the conversion of NO is low due to the fact that low amounts of ammonia 

are adsorbed on the catalyst surface. Nevertheless the skip of ammonia was not present 

this occurring when the catalyst is oversaturated in ammonia and the reaction rate is to 

low.  
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Figure 6.4 Concordance between the experimental values (dots) and the model 

predictions (lines) of the mean outlet concentration of NO (upper graph) and of NH3 

(lower graph) for various feed flow rate (o: 2 Nl min
-
1, ▫: 4 Nl min-1. Feed composition: 

485 ppmV of NH3, 475 ppmV of NO, 1% O2, difference Ar; temperature: 300°C, tc = 60 

s) [308]. 

 

The analytical results obtained with experimentally calculated parameters give a 

good concordance with the experimental data. This is exemplified by the curves 

represented with solid lines in figure 6.3. 

Studying the influence of the feed flow rate, at fixed switching time, experimental 

runs indicated that the lower the flow rate the lower the reactants concentrations in the 

outlet stream. 

This is a consequence of higher residence time, of the NO and NH3, in the reactor, 

assured by lower flow rates. But the lower the inlet flow rates, the higher the time 

necessary for achieving the steady-state conditions. Also in this case, both for NO and 

NH3, the analytical results are in concordance with those of experimental runs; being 

shown in figure 6.4. 
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As exemplified in chapter 5, the RN responds efficiently at any perturbations in 

the pollutant feed rate and/or concentration. Ammonia adsorbed on the catalyst surface 

enables maintaining the chemical reaction, until its concentration drops under the 

stoichiometric value. If the NOx concentration is below the stiochiometric value, the 

catalyst adsorbs the unconverted NH3, until its maximum adsorbtive capacity is reached. 

In the experiments two extreme situations were explored beginning from the conditions 

of pseudo steady-state.  

In the first case the NO feeding is stopped, the results are exemplified in the 

figure 6.5 (upper graph), and in the second case the ammonia feeding is stopped, the 

results being presented in the same figure (lower graph). The two extreme situations have 

been investigated in order to study the robustness of the RN, in case of absence of any 

control actions, when such disturbances occur.   

 

Figure 6.5 The response of the RN to a stop in the feed of NO (upper graph, feed 

composition: 485 ppmV of NH3, 1% O2, difference Ar) and the response to a stop in the 

feed of NH3 (lower graph, feed composition: 475 ppmV of NO, difference Ar). 

Operation conditions: temperature 350°C, feed flow rate: 2 Nl min
-
1. Experimental data 

symbols: o, tc= 60 s, ▫, tc= 600 s and model predictions: lines) [308]. 
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The variation of the mean outlet concentration of ammonia when the feeding of 

NO was stopped is represented in figure 6.5 (upper graph). The experimental runs and the 

numerical simulations have been conducted by employing two values of switching time: 

600 s and 60 s. In case of the first value of switching time, the mean outlet concentration 

of NH3 in the outlet stream achieves its inlet concentration after a small number of cycles 

(< 3) in about one hour. In case of the second value of the switching time, the same thing 

happens, but this time it takes 20 cycles occurring in about one hour 

When the feeding of NH3 is stopped (figure 6.5, lower graph) the same behavior 

is distinguished.  

In conclusion, the model simulations and the experiments results are in good 

concordance in the both extreme conditions considered. 
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Chapter 7 

Conclusions 

 

 

 

State of the art in selective catalytic reduction of nitrogen oxides 

 

The air emissions of nitrogen oxides (NOx) have multiple negative effects on the 

ecosystems and the human health. Their presence into the atmosphere is related to 

acidification, eutrophication, increase of ground-level ozone, contribution to the 

formation of particulate matter and loss of biodiversity. The interest on the environment 

protection and the related regulations imposed the application of a strict management and 

create the premise of to identify, provide or foreseen the solutions in order to overcome 

the problems related to environmental constraints. As a consequence the research 

activities focused on the direction of finding suitable technologies to remove undesired 

pollutants release in the atmosphere. 

Current available NOx control technologies are combustion modifications and 

post-combustion techniques. Combustion modifications techniques give low yields (25-

50%) of NOx reduction despite their relative low operation costs. The post combustion 

techniques include selective catalytic reduction, selective non-catalytic reduction, 

adsorption and absorption. The major problem of the conventional NOx reduction 

technologies is high operation costs for treating large emissions volumes of gases with 

low and medium concentrations of ammonia oxides. Moreover, the products of 

conventional techniques contain secondary wastes which need further treatment. 

Therefore new NOx removal technologies have been developed. Some of these 

unconventional ones as the biological treatment of NOx emission stream, the pulse 

corona discharge plasma and the pressure swing adsorption are efficient and more cost-
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effective than conventional techniques only for high NOx concentration emissions in 

small volumes of gas. When treating large volumes of gas and low NOx concentration the 

above mentioned methods became much more expensive than the conventional ones.  As 

a consequence the necessity of finding new ways of treating NOx emissions appeared. 

Nowadays two main directions are being explored: new catalysts with improved activity 

and new design concepts of advanced reductors with improved thermal stability and 

configurations that enable catalyst thermal stresses reduction, increase the efficiency of 

the used energy by employing special process configurations which leads to recuperative 

and regenerative devices. The possibility of auto-thermal operations creates the premises 

of considerable reduction of the operation costs. In this respect the solution for NOx 

removal is the selective catalytic reduction at low temperatures in devices that enable 

auto-thermal operations.  

The success of a selective catalytic reduction process resides in finding a catalyst 

that enables high selectivity, high stability related to poisoning and deactivation, high 

adsorption capacity and high activity at low operation temperatures. Such catalysts have 

been found to be the vanadium-based and the metal-exchanged zeolites catalysts. Due to 

their efficiency and due to the necessity of low pressure drops, the interest has grown also 

for the use of these types of catalysts embedded on monoliths supports. 

 Another important aspect in selective catalytic reduction of NOx with ammonia is 

the understanding of the factors that control the kinetics of the reaction over a wide range 

of reaction conditions, since simplified kinetic treatments may have severe limitations in 

situations where removal of compounds to the ppm level is required. The kinetic rate 

expression for the SCR reaction over above mentioned catalysts is complex. Many 

different types of reaction mechanisms have been proposed in the literature especially for 

vanadium-based catalysts. The suggested mechanisms ranged from the Eley-Rideal-type 

to the Langmuir–Hinshelwood-type. The researchers described as more probably to occur 

in practice the Elay-Rideal mechanism which considers that the reaction occur between 

the ammonia adsorbed on the catalyst surface and the NOx present in the gas phase. In 

this respect increased efforts have been devoted to the increase the transfer between the 

phases leading to the design of new types of catalytic reactors. 
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The catalytic reactors are governed by a high variety of physical-chemical 

phenomena interacting in a very complex way. Finding the optimum reactor 

configuration, employing the most suitable operation model and identifying the reactor 

behavior are highly important steps in order to configure a proper reactor for industrial 

applications. 

Among the regenerative processes forced unsteady-state reactors have received 

considerable attention in the last 20 years due to the fact that favorable temperature and 

composition distributions which cannot be attained in any steady-state regime can be 

reached by means of forced variations of inlet reactor parameters.  

The unsteady-state operation may arise from variations (periodical or not) in the 

inlet flow rate, feed composition, temperature or pressure, as well as from the periodical 

reversal of the flow direction or from periodical change of the feeding position. 

Reverse-flow operation has two main advantages: first of all it allows trapping the 

moving heat wave inside the catalytic bed when exothermic reactions take place thus 

giving the possibility of exploiting the thermal storage capacity of the catalytic bed which 

acts as a regenerative heat exchanger allowing auto-thermal behaviour when the adiabatic 

temperature rise of the feed is low. Secondly when exothermic equilibrium-limited 

reactions are carried out the reversal of the flow allows the approaching the temperature 

distribution corresponding to maximum product generation. 

Changing the feeding position along the reactor simulates a moving bed giving 

the possibility of using in this way the thermal storage capacity of the catalyst bed and 

assuring a one way flow circulation which enable a more efficient and nearly uniform 

exploitation of the catalyst length and uniform outlet reactant concentrations. 

As a consequence the attention in the present thesis was focused on the possibility 

of carrying out the SCR of NOx with ammonia in the reverse flow reactor and as an 

alternative in a simulated bed reactor-the reactor network. 

The unsteady state reactors can give rise to a remarkable complex dynamic 

behavior characterized by a set of spatial-temporal phenomena. 

The performance of a fixed-bed reactor with periodic flow reversal or periodic 

switch of the feeding position is dependent on many design parameters such as reactor 

length and overall bed porosity as well as on many operating parameters such as flow or 
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position switching frequency, feed concentration, gas flow rate, initial catalyst 

temperature etc. 

Various mathematical models have been proposed by the researchers in order to 

better describe and to understand the effects of system parameters on the unsteady state 

reactors behavior. In general one-dimensional time-dependent models over the length of 

the reactor including axial dispersion have been proposed. A finite-difference method 

was usually applied to discretize the partial differential equations in space which are then 

integrated through time until a periodic state is approached. However, the lack of a usual 

steady state in this periodically forced system has determined researchers to use a trial-

and-error approach where both the parameter value and initial conditions are varied to 

locate the solutions. There have been also methods for directly calculating the periodic 

states, imposing the model as a boundary value in time with periodic boundary conditions 

and discretizing the time domain. All the computational efforts had the same goal, i.e. to 

reduce the time necessary to obtain the system solution, because using a usual 

mathematical model the solution is obtained only after hundreds of switching cycles. 

 

 

Analytical investigation of the process 

 

The research work presented in this thesis focused on the feasibility of the 

Selective Catalytic Reduction of NOx with ammonia in forced unsteady state reactors. A 

reverse flow reactor (RFR) and, as a better alternative, a simulated moving bed (SMB) 

consisting in a network of three reactors with periodical variations of the feeding position 

have been explored by means of numerical simulations.  

The study consisted in mathematical modeling and simulation, reactor design and 

experimental investigation. 

The analysis begins with introspection in the modern modalities of treating high 

volume of diluted emissions of noxious gases. The attention was focused on the NOx 

emissions removal. The available technologies for NOx reduction have been suggested, 

highlighting the advantages, disadvantages and the possibility of their use in treating 

large volumes of waste gases.  
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Due to its perspective as highly effective for reducing NOx, from the point of view 

of economical efficiency, selectivity and yields predicted, the selective catalytic reduction 

has been the process employed for the analysis. In this respect a study of the available 

catalysts have been done resulting that the process performances should be investigated 

under the circumstances of using the vanadium based catalysts and metal-exchanged 

zeolites materials, using an Elay-Rideal mechanism in reaction description.   

Because favorable temperature and composition distributions, which cannot be 

obtained in any steady-state regime, can be obtained by means of forced unsteady-state 

operations, the RFR and RN have been subjected to the study. 

In order to gain information in a fast and easy way, a CBR application was 

initially implemented. Such information is related to the mode of forced unsteady state 

processes issue concerning the reactor design, the important system parameters and their 

values, the mathematical description of the process, the mathematical method of solving 

the system of partial differential equations etc. 

The solutions suggested by the CBR system enabled forward reasoning about the 

way of dealing with reactors in forced unsteady-state operation and selective catalytic 

reduction of NOx with ammonia, taking into account the organization of the feature in the 

most similar retrieved cases. Nevertheless, the final decisions in approaching the selective 

catalytic reduction of NOx with ammonia in forced unsteady state reactors were not taken 

based just on the CBR suggestions. The solutions obtained in this way and their reliability 

has been tested, combining the information provided by the CBR system with a rigorous 

literature review concerning the topic of this thesis. 

As a consequence, for these devices, first of all a sensitivity analysis has been 

applied in order to obtain qualitative and quantitative information about their complex 

behavior over a wide range of parameters.  

First, isothermal operation has been investigated in order to focus on the 

consequence of trapping of one reactant on the catalyst surface, emphasizing in this way 

the complex interaction between the chemical reaction and the mass transfer processes. 

The analysis assessed by means of simulations covered the influence of reaction 

kinetics, catalyst activity and switching time. 
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It was found that when adsorption and reaction rates are not very high, the RN is 

the only device which ensures the fulfillment on the emissions limits for the two reactants 

while when the adsorption and the reaction rates are very high not only the RN but also 

the RFR may fulfill the emissions limits because the problem of wash out is bypassed by 

the high adsorption and the reaction rate. 

The switching time was identified as the most important variable, and its effect on 

overall reactors performances was studied. In isothermal conditions the sensitivity 

parameter analysis revealed the fact that there is a wide range of switching times where 

the RN exhibits almost no ammonia emissions and the NOx emissions are lower than 

those obtainable in the RFR. This effect is enabled not only by the absence of wash-out 

phenomena, as a consequence of single sense of gas flow circulation, but also by the most 

uniform exploitation of the catalyst length. Nevertheless, the extent of this “optimal” 

range of switching times is a function of the value of system parameters. When the 

simulation have been performed with the parameters experimentally obtained by the 

Tronconi at al. [295], the influence of the switching time on the mean outlet 

concentration of NOx and NH3 was very different from that above presented one: it was 

found a maximum value of switching time beyond which conversion decreases both in 

the RFR and in the RN. With respect to the outlet emissions in the RFR two zones of high 

conversions, at low and high switching times, can be found, the performance of the RN 

with different switching strategy being similar. Very low NOx emissions are obtained at 

low switching times while for ammonia high switching times are required to decrease the 

emissions. If low emissions of both NOx and ammonia are required, a narrow range of 

switching times can be found, this range being a function of switching time strategy 

considered.  

Finally, the non-isothermal conditions have been considered; in this case it was 

taken into account the complex influence of the dynamics of the heat wave on overall 

reactor performances. The analysis assessed by means of simulations covered the 

influence of the switching time, the feed flow rate, the initial catalyst temperature on the 

composition of product stream.  

The range of switching times for which high performances are achieved differ 

significantly from the isothermal case; more important, in the RN just a narrow domain of 
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switching times enable auto-thermal operations. As far as the ammonia outlet 

concentration is concerned its value decreases when the value of the switching time was 

increased in the RFR, while in the various RN considered a minimum appeared. In 

addition, only the RN with the switching time strategy 1-2-3�3-1-2 allowed high 

performances regarding the NH3 emissions. As far as the emissions of NOx are concerned 

the RFR exhibits stable behavior in a wide range of the switching time. At higher values 

of the switching time the outlet concentration increases due to the lower temperature in 

the system which is a consequence of the heat removal form the catalyst. As expected, the 

RN has a different behavior: auto-thermal operation, with low NOx emissions is achieved 

at low value of the switching time and just in a narrower range. 

Another important aspect highlighted by the different modes of operation is the 

shape of the temperature profiles obtained in the RFR and the RN. In the RFR the solid 

temperature profile has a typical bell shape and in the RN the profile is more uniform and 

tends to form a platform. The uniformity of the temperature profile in the RN is a 

function not only of the reactors number that forms the network but also a function of 

mode of operation (fast or slow switching operation). The more uniform temperature 

profile obtained in the RN enables a much more efficient exploitation of the total catalyst 

length with direct effect on increasing the reactant conversion. Even if the temperature 

level obtained in the RN is lower than in the RFR it is enough to sustain the chemical 

reaction. Also the presence both in the inlet and in the outlet section of the RN of almost 

the same temperature level as in the middle of the catalyst bed explains the performance 

of this device in achieving almost no emission of unconverted reactants and almost 

uniform concentrations in the outlet stream when the feeding position is changed. The 

uniformity of the temperature profile along the reactor length also allows an easier 

implementation of a control system. 

When the influence of gas velocity was addressed it was found that when the 

superficial velocity changes it determine the modification of the range of switching time 

for which high reactant conversions are obtained. The decrease of the velocity determines 

an increase in the domain of switching times which enables high reactor performances. 

When the gas velocity is increased the higher the inlet flow rate is the narrower is the 

range of switching times where auto-thermal operation with high conversion is obtained 
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both in the RFR and in the RN. The effect of the flow velocity is more important for the 

RN operation because applying an appropriate flow velocity the problems generated by 

the narrow range of switching times may be solved. As a recommendation, the gas 

residence time must be higher in the RN than in the RFR in order to enable a stable 

operation. This inconvenient is generated by the one way gas circulation in the RN. 

When the influence of initial catalyst temperature was addressed the simulation 

results revealed the fact that once the condition for reaction ignition is fulfilled in the 

RFR the maximum temperature achieved is maintained at the same level. Also, the mean 

value outlet concentration of NOx and ammonia are maintained at almost the same level 

for any initial catalyst temperature that allows an auto-thermal operation. In the RN the 

maximum temperature achieved is a function of the initial temperature of the catalyst; it 

increases when initial temperature increases. As a consequence of this effect the mean 

value outlet concentration of NOx and ammonia in the RN decreases when the initial 

temperature of the catalyst increases. Even so, any initial catalyst temperature that allow 

for an auto-thermal operation gives higher conversions of both NOx and NH3. As a 

consequence the level of the initially catalyst temperature is important only as long it 

enables the ignition of the chemical reaction and it belongs to the catalyst temperature 

working domain. 

The level of the conversions achieved, the more uniform temperature profiles, the 

uniformity of catalyst exploitation and the much simpler mode of operation impose the 

RN as a much more suitable device for the SCR of NOx with ammonia in usual operation 

and also in the perspective of control strategy implementation.  

The investigation of systems response to disturbances in the feed composition 

evidenced the robustness of both forced unsteady state reactors and their ability to face 

against perturbations in the feeding for a long time interval without any control action.  

Even so the control perspectives have been suggested and in this respect 

simplified models have been developed both for the RFR and for the RN. 

In case of the RFR, the counter-current reactor has been studied as a simplified 

model. Simulation results revealed asymptotic thermal behavior of the CCR related to the 

RFR and almost the same concentration profiles. This analogy provides a simple basis for 
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short-cut calculations since the steady-state profile of a counter-current reactor can be 

computed much easier than the periodic steady-state of a reverse flow reactor. 

In case of the RN, the fast switching model (FAS) generates asymptotes related to 

RN model simulation. This makes from the FAS model a feasible tool in the estimation 

of complex thermal behavior of the RN, in fast switching operation, especially in terms of 

calculating the maximum temperature level. 

 

 

Experimental investigation of the process 

 

The final analysis of this thesis was subjected to model validation. The model 

simulations enabled to evaluate and characterize the complex dynamic behavior of the 

RFR and the RN and in the same time to impose the RN as the more suitable device for 

the SCR of NOx with ammonia. Even if the simulations covered a wide range of possible 

scenarios a real behavior was imposed to be evaluated. The experimental investigation of 

RN was realized in order to determine the correctness of model predictions. The model 

validation was performed only in conditions of an isothermal system. New kinetic 

parameters have been obtained by applying transient experiments. The simulations 

performed with the new kinetic parameters revealed a good concordance between the 

mathematical model predictions and the experimental runs. 

 

 

Personal contributions  

 

The present thesis gives new perspectives of the forced unsteady-state reactors 

analysis. The main achievements of the present analysis are: 

- the review of the forced unsteady-state reactor research work highlighting all the 

aspects related with this kind of reactors;  

- the complete sensitivity parameters analysis in case of RFR and RN; 

- description of the complex interaction between transport phenomena and the 

chemical reaction in case of forced unsteady-state reactors; 
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- the complete description of forced unsteady state reactor behavior in case of low 

exothermic reaction of selective catalytic reduction of NOx with ammonia in conditions 

of isothermal and especially of non-isothermal operation (the conditions of the non-

isothermal operation have not been investigated in the past); 

- finding an alternative reactor configuration - the RN to the RFR and the 

switching time strategy that enables high reactor performances and a sustained auto-

thermal behavior.  

- the description of the condition when the RN is superior to the RFR; 

- the analysis and identification of simplified models that can approximate the 

internal state of both the RFR and RN in the perspective of the control systems 

implementation; 

- explanation of the conditions in which the CCR model can be applied as a 

asymptotic model for the RFR; 

- explanation of the conditions in which the FSA model can be applied as a 

asymptotic model for the RN; 

- design of an experimental device and experimental investigation of the selective 

catalytic reduction of NOx with ammonia in RN. 

 

 

Future work suggestions 

  

Future work should concern: 

- the experimental investigation of the SMB operated under non-isothermal 

operation, thus focusing on the impact of the heat balance on the results and confirming 

the preliminary results obtained by simulation; 

- further investigation of the simplified models and of the control perspectives in 

case of forced unsteady state reactors; 

- investigation of the forced unsteady-state reactor application in case of real 

stationary and mobile installations.  
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