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Summary 
This thesis concerns the design of a minimum entropy producing plug-flow reactor for 
the decomposition of sulphuric acid into sulphur dioxide, water and oxygen. The 
decomposition of sulphuric acid is a vital step in two promising thermochemical 
processes for the production of hydrogen from water. The endothermic decomposition 
reaction is catalysed and requires operating temperatures above 800 °C. Heat 
originating from a nuclear reactor is typically used as energy source. It is transported 
from the nuclear reactor to the sulphuric acid decomposer using two separate helium 
gas loops as intermediates.  
Minimising entropy production is equivalent to maximising the exergy efficiency, or 
wasting as little potential work as possible. The aim of this research was to develop a 
reactor that produces as little entropy as possible while decomposing a fixed amount 
of sulphuric acid. 
The theory of irreversible thermodynamics was used to quantify the entropy 
production in the reactor. This theory describes the total entropy production in a 
plug-flow reactor as the sum of a chemical reaction component, a heat transfer 
component and a frictional flow component. Optimal control theory provided the 
mathematical tools needed for finding the minimum entropy producing reactor design. 
The theory was used to determine the optimal profile of the exterior reactor wall 
temperature and the optimal reactor length. 
The first step of the optimisation was the development of a reference reactor that can 
be used as basis. A tubular packed bed reactor with a length of 3.09 m and a diameter 
of 3 cm was designed, based on a linear exterior wall temperature profile and in 
accordance with standard engineering practice. Optimisation of the reference reactor 
using the exterior wall temperature profile as variable resulted in a reduction in the 
entropy production of 9%. Subsequent optimisation using the exterior wall 
temperature profile and the reactor length as variables yielded a reduction of 33% and 
an optimal reactor length of 3.41 m. The optimal reactor is characterised by a more 
even distribution of the entropy production over the reactor length, which points at 
equipartition of entropy production. The reaction mixture’s pressure, temperature and 
composition at the reactor inlet and outlet remained fixed during these optimisations. 
The existence of an optimal reactor length is caused by fixing the inlet and outlet 
pressure of the reaction mixture. Removing some of the constraints on the reactor 
outlet proved to yield minor decreases in the entropy production. 
Starting from the optimal reactor, a practical reactor was developed by constraining 
the maximum temperature and translating the exterior wall temperature profile into 
a helium flow rate profile. The practical reactor has a length of 3.26 m and produces 
27% less entropy than the reference reactor. Two additional reactors were designed 
using a constant helium flow rate instead of a variable one; these additional designs 
were based on the reference reactor and the practical reactor. A comparison between 
the five reactor designs showed that the reference reactor with constant helium flow 
rate produces the most entropy and that the optimal reactor produces the least; only 
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55% of the former reactor’s entropy production. Both the constant helium flow rate 
reactors produce more entropy than their variable helium flow rate counterparts. The 
practical reactor with constant helium flow rate produces 34% less entropy than the 
reference reactor with constant helium flow rate.  
A sensitivity analysis of the operating conditions of the practical reactor was 
performed. The changes in the reaction mixture’s inlet and outlet were found to cause 
a change in the ideal work of the reactor. This change renders a comparison based on 
just the absolute values of entropy produced unsatisfying. Therefore, an evaluation 
criterion was introduced that is based on the entropy production per process 
achievements. It allows a comparison between reactors that decompose different 
amounts of sulphuric acid or between reactors to which different amounts of heat is 
transferred. This criterion is also dependent on the reactor length. The sensitivity 
analysis provided more understanding on how changes in the inlet conditions affect 
the entropy production and the outlet conditions. 
An alternative flow sheet was presented that further reduces the entropy production 
in the sulphuric acid decomposition section of the hydrogen production process. The 
main change is that the reaction mixture passes through the reactor a second time, 
but in the opposite direction and in the absence of a catalyst. The aim of this second 
pass is to recuperate heat and transfer it to the reaction mixture in the first pass. The 
overall result is that a part of the 850 °C heat input can be replaced with 575 °C heat 
from a separate heat source. 
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1. Introduction 
A limitation in the amounts of fossil energy sources, increasing worldwide energy 
consumption, the urge for secure energy sources and an increasing carbon dioxide 
concentration in the atmosphere are nowadays pushing the development of 
alternative energy sources. Examples of alternative energy sources are the sun, the 
wind, nuclear fission and fusion, rivers, the tides and the internal heat of the earth. 
The location and moment in time of fossil energy extraction and utilisation are often 
different. Energy carriers like LPG, gasoline, coal or kerosene are used to overcome 
these differences. The change from fossil to alternative energy sources may, 
depending on the type of energy source, also involve a change in the type of energy 
carrier that will be used. Examples of other energy carriers are biomass, vegetable 
oils, electricity and hydrogen.  
Important properties of an energy source for industrial use are its large-scale and 
continuous availability and the price of its exploitation. Important properties of the 
energy carrier are its storage, distribution system, compatibility with the energy 
source and compatibility with the current and future ways of energy consumption. 
When looking for attractive combinations for industrial applications, the production of 
hydrogen using nuclear fission as energy source is found to be an interesting option. 
Although nuclear fission still has some drawbacks like its radioactive waste and 
public acceptance, it already is a mature technology with an abundant feedstock. A 
current drawback of hydrogen is the lack of a proper distribution network, but its 
clear advantages like water as only reaction product and the possibility to use it very 
efficiently in a fuel-cell make it an attractive option [1]. In addition, several processes 
are already known that can convert water and high temperature heat from a nuclear 
reactor directly into hydrogen using thermochemistry. 

1.1. Energy and exergy efficiency 
In literature, several types of efficiencies are used to evaluate the performance of a 
process [2]. Concerning energy conversion processes, the efficiency based on the first 
law of thermodynamics is the most common. For example, when it is stated that “a 
fuel-cell efficiently converts hydrogen into electricity”, it is meant that a relatively 
large part of the chemical energy stored in the hydrogen is converted into useful 
electrical energy. This type of efficiency will be referred to as the energy efficiency. It 
is defined as the useful energy output divided by the total energy input. In the case of 
hydrogen production using high temperature heat, this reduces to dividing the 
chemical energy stored in the produced hydrogen by the amount of heat supplied to 
the process. 
The energy efficiency is based on quantities of energy, but it says nothing about the 
quality of the energy. The quality of energy is usually described by its potential to 
perform work, also known as exergy. Heat for example has a lower exergy than work. 
This means that it is impossible to convert the energy contents of heat into the same 
energy equivalent of work. The difference between the exergy inputs and outputs of a 
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process is the amount of work that has been consumed or produced. For a given work 
consuming process, the minimum amount of consumed work is called the ideal work. 
In practice the amount of consumed work is always larger than the ideal work 
because of irreversibilities that are present in the process, as given by the second law 
of thermodynamics. The exergy efficiency of a work consuming process is defined as 
the ratio between the ideal work and the actual amount of consumed work. The 
difference between the two is the amount of lost work, which is related to the 
production of entropy [3]. In the case of hydrogen production using high temperature 
heat, the exergy efficiency can be reduced to dividing the exergy contents of the 
produced hydrogen by the amount of exergy supplied by the process heat. 

1.2. Project objectives 
The Hybrid Sulphur process and the Sulphur-Iodine processes are currently the two 
most promising thermochemical processes for the production of hydrogen from water. 
They are found to share a sulphuric acid decomposition step. In the past, several 
attempts have been made to optimise the energy efficiency of this sulphuric acid 
decomposition step, by assessing different flow sheets [4][5]. In one case also the 
exergy efficiency has been evaluated, but in general most attention is paid to 
optimisation of the energy efficiency. Nowadays, it is increasingly argued that it is 
more important to optimise the exergy efficiency of a process instead of its energy 
efficiency. Contrary to the energy efficiency, the exergy efficiency always gives 
meaningful and useful values. In addition, it can be used to indicate possible process 
improvements [6][7]. 
Optimisation of the exergy efficiency is equivalent to minimisation of the amount of 
lost work, or minimisation of the entropy production. A relatively new method for 
minimising the entropy production is based on the use of irreversible thermodynamics 
in combination with optimal control theory [3]. This method has already been applied 
on the  oxidation of sulphur dioxide in a plug-flow reactor, the reverse reaction of a 
sub-reaction in sulphuric acid decomposition. A reduction in the entropy production of 
25% was achieved by optimising the temperature profile of the cooling utility and the 
reactor length [8]. 
The main goal of this project will be to design and evaluate a minimum entropy 
producing sulphuric acid decomposition system. The first step is to define a reference 
system and make a design for it according to standard engineering practice. Next, this 
reference system can be optimised in order to obtain a minimum entropy producing 
system. The last step is to evaluate the performance of the optimised reactor. The 
project objectives can be formulated as follows: 
 
 1.  Define a reference system for the decomposition of sulphuric acid, 
 2.  Minimise the entropy production in this reference system, 
 3.  Evaluate the performance of the optimised system. 
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1.3. Thesis outline 
The outline of this thesis is as follows. Chapter 2 gives a short overview of the 
chemical processes that are currently used for hydrogen production. Special attention 
is paid to the thermochemical production of hydrogen from water. The two most 
promising thermochemical processes are discussed in more detail, including the 
sulphuric acid decomposition reaction that these processes share. 
 
Chapter 3 starts by defining the boundaries of the system that is subjected to entropy 
production minimisation. It continues by providing theoretical background on the 
minimisation of the entropy production in a plug-flow reactor. First, the 
characteristics of a plug-flow reactor are discussed. Then it is shown how the theory of 
irreversible thermodynamics can be used to calculate the entropy production in a 
plug-flow reactor. Finally, it is explained how optimal control theory is used to obtain 
a minimum entropy producing reactor, using the temperature of the heating utility as 
control variable. It is explained in chapter 4 how the optimal temperature profile of 
the heating utility has been found using a computer model. 
 
Chapters 5, 6 en 7 describe the design of different sulphuric acid decomposition 
reactors. First, a reference reactor is designed in accordance with standard 
engineering practice in chapter 5. Next, the entropy production of this reference 
reactor is minimised in chapter 6, yielding the optimal reactor design. Chapter 7 
describes the translation of the optimal reactor in several more practical reactors. A 
short overview of all reactor design is presented in Appendix A. 
 
An evaluation of the different reactor designs is presented in chapter 8. The 
performances of five reactors are compared to each other and a sensitivity analysis of 
the reactor’s operation conditions is performed for one reactor design. 
 
Several interesting observations of the previous four chapters are discussed in more 
detail in chapter 9. The conclusions of this thesis are presented in chapter 10, and 
chapter 11 gives some general recommendations and suggestions for future work. 
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2. Hydrogen production 
This chapter starts with a short description of the processes that are currently the 
standards for hydrogen production in general, and hydrogen production from water in 
particular. Next, the basics and origin of the thermochemical production of hydrogen 
from water will be discussed, followed by a condensed overview of the previous and 
current research developments in this research field. Extra attention will be paid to 
two thermochemical processes that are currently considered to be the most promising 
ones. The chapter ends with a detailed overview of the sulphuric acid decomposition 
step that these two processes share. 

2.1. Steam methane reforming 
At the moment, the most wide-spread and most economic process for the production of 
hydrogen is steam methane reforming. This process consists of two main reactions. 
The first reaction is an endothermic one at a temperature around 800 °C; methane, 
which fulfills the role of both the feedstock as the fuel, reacts with steam, yielding 
hydrogen and carbon monoxide. In the second reaction the remaining carbon 
monoxide reacts with steam to carbon dioxide and again hydrogen. This reaction is 
exothermic and takes place at a temperature around 350 °C: 
 
 CH4 + H2O → CO + 3 H2 800 °C 
 CO + H2O → CO2+ H2 350 °C 
 
Both the energy and exergy efficiencies have relatively high values around 80%. This 
process has two main disadvantages however. Firstly, considerable amounts of carbon 
dioxide are produced. Secondly, the price of the produced hydrogen is highly 
dependent on the price of methane [9][10]. 

2.2. Water electrolysis 
The current standard for hydrogen production from water is electrolysis; water is split 
into hydrogen and oxygen using electricity. This process has a heat to hydrogen 
energy efficiency of 30%. The largest part of the inefficiency is caused by the 
conversion step of heat into electricity, which has an energy efficiency of 40% [10][11]. 
The exergy efficiency of electrolysis is estimated at 25% [10]. 
A way to increase the energy efficiency is to decrease the amount of electricity that is 
used. This can be done by increasing the electrolysis operating temperature, which 
decreases the standard Gibbs energy of reaction. Additional heat is required to reach 
the elevated temperature, but the decrease in electricity consumption decreases the 
overall energy consumption. The overall energy efficiency of such a process, which is 
called high temperature steam electrolysis, is estimated around 50% [9][12]. It has an 
exergy efficiency around 40% [10][12]. However, electrolysis cells such as the reverse 
solid oxide fuel cell still need further development before they can operate at high 
temperatures with high energy efficiency. 
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2.3. Thermochemical hydrogen production from water 
Another way to increase the energy efficiency of hydrogen production from water is by 
using processes that can directly convert heat into hydrogen, without first converting 
it into electricity. The direct thermal decomposition of water requires practically 
impossible process temperatures above 4000 °C. But by choosing an alternative 
reaction pathway, the maximum required process temperature can be lowered below 
1000 °C because of lower standard Gibbs energies of reaction. In general, such a 
thermochemical hydrogen production process can be represented by the following 
chemical reactions [11]: 
 
 H2O + X → XO + H2 
 XO → X + ½ O2 
 ───────────── + 
 H2O → H2 + ½ O2 

 
Hundreds of different reaction pathways have been identified and energy efficiencies 
above 50% have been estimated for the most promising processes [4][9]. Exergy 
efficiencies for recent thermochemical hydrogen production processes are 
unfortunately not available in literature. Only data for outdated or partial processes 
is available [4][10]. 
 
The idea of using high temperature heat from a nuclear reactor for the production of 
hydrogen dates back to the late 60s. At this time new uses for the high temperature 
gas-cooled nuclear reactor were being researched. As a result, a special program for 
the production of hydrogen from water was started in 1973 at the Joint Research 
Centre (JRC) in Ispra [13]. This year is also the start for an increasing amount of 
publications on the subject of thermochemical hydrogen production, with a peak in 
1977 of over 100 publications per year. The large interest for this topic coincides with 
the oil crises, stirring the world energy market in 1973 and 1979. In 1984 the program 
was ended and as from 1988 the number of publications fell back to an average of 
about ten per year [11], probably due to a decline in the oil price. 
In the period from 1999 to 2002 an extensive assessment on the production of 
hydrogen from nuclear heat has been performed by the company General Atomics [14]. 
This seems to reflect the start of another increase in the interest and the number of 
publications on the subject. Again, an increasing oil price seems to provide economic 
incentives. But also the growing concerns about climate changes and secure energy 
supplies play an important role. More details on the past and recent research will be 
discussed in the following sub-sections. 

2.3.1. Previous developments 
The objective of the research at the JRC was to assess the feasibility of a 
thermochemical process as a new method for hydrogen production. To accomplish this 
objective, twenty-four process routes, or cycles, have been identified and evaluated 
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over time. Criteria to compare the different reaction cycles were among others the 
thermodynamic feasibility, the number of elements and reactions involved, the 
maximum required operating temperature and the corrosiveness of the species 
involved. The first efforts were put in the development of cycles containing mercury, 
calcium and bromine, for example: 
 
(1) CaBr2 + 2 H2O → Ca(OH) 2 + 2 HBr 1050 K 
 2 HBr+ Hg → HgBr2 + H2 450 K 
 HgBr2 + Ca(OH) 2 → CaBr2 + HgO + H2O 450 K 
 HgO → Hg + ½ O2 900 K 
 
It was shown that this concept of water splitting is technically feasible. However, 
mercury was considered to be unsuitable for industrial practice. As a result, cycles 
with alternative elements like copper, manganese and vanadium were studied. 
Unfortunately these cycles were found to be less satisfactory. After several years of 
research on this family of cycles it was stopped in favor of a more promising family 
based on the use of iron and chlorine. After extensive studies and testing the final 
reaction alternative for this family looked as follows: 
 
(2) 3 FeCl2 + 4 H2O → Fe3O4 + 6 HCl + H2 950 K 
 Fe3O4 + 8 HCl → FeCl2 + 2 FeCl3 + 4 H2O 500 K 
 2 FeCl3 → 2 FeCl2 + Cl2 550 K 
 Cl2 + H2O → 2 HCl + ½ O2 900 K 
 
All reactions were found to be practically feasible, but the overall thermal efficiency 
and economic prospects were too low, mainly because of a low conversion of the third 
reaction. No more solutions could be found to solve these problems, so research on this 
family was stopped. The next family that was extensively investigated is based on the 
use of sulphur compounds. Some of these cycles are hybrid ones; they contain 
electrochemical reaction steps. The most promising ones were found to be: 
 
(3) SO2 + 2 H2O → H2SO4 + H2 350 K 
 H2SO4 → SO2 + H2O + ½ O2 1100-1200 K 
 
(4) SO2 + Br2 + 2 H2O → H2SO4 + 2 HBr 350 K 
 H2SO4 → SO2 + H2O + ½ O2 1100-1200 K 
 2 HBr → H2 + Br2 350 K 
 
(5) SO2 + I2 + 2 H2O → H2SO4 + 2 HI 350 K 
 H2SO4 → SO2 + H2O + ½ O2 1100-1200 K 
 2 HI → H2 + I2 600 K 
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The first reaction of cycle (3) and the third of cycle (4) are electrochemical ones. In 
literature, cycle (3) is also known as the Westinghouse or Hybrid-Sulphur cycle, cycle 
(5) is also known as the General Atomics or Sulphur-Iodine cycle. It should be noted 
that all sulphur cycles contain the same sulphuric acid decomposition step; this is an 
endothermic reaction where high temperature energy is added to the process. Because 
of experimental difficulties and less promising economic prospects, research on cycle 
(5) was stopped. Development on the other two cycles continued and a bench-scale 
plant for cycle (4) was successfully constructed and operated, producing 100 liter of 
hydrogen per hour. In parallel, specific attention was given to the sulphuric acid 
decomposition step. The use of an adiabatically operated reactor from acid-resistant 
bricks was proposed to circumvent the problems with corroding metal heat 
exchangers. Using this design, a pilot plant was constructed for cycle (3), producing 
10 Nm3 of hydrogen per hour. After successful operation of this plant, the research 
program was closed with the conclusion that the thermochemical production of 
hydrogen is a chemically and technologically feasible process [13]. 
In the same period as the research at the JRC, the thermochemical hydrogen 
production was also studied at other locations. For example, cycle (3) has also been 
extensively studied at the company Westinghouse Electric Corporation and a bench-
scale plant for cycle (5) has been build by General Atomics, producing 2 liter of liquid 
hydrogen per hour [15]. But also other cycles have been investigated. At the Los 
Alamos Scientific Laboratory, as improvement of cycle (3), the following hybrid cycle 
has been studied: 
 
(6) SO2 + 2 H2O → H2SO4 + H2 350 K 
 H2SO4 + Bi2O3 → Bi2O3•SO3 + H2O 350 K 
 Bi2O3•SO3 → Bi2O3 + SO3  1000-1200 K 
 SO3 → SO2 + ½ O2 1100-1200 K 
 
The first reaction is again an electrochemical one. This cycle avoids the high 
temperature processing of corrosive sulphuric acid [16]. Another process that aims at 
avoiding the use of sulphuric acid has been investigated at the Lawrence Livermore 
Laboratory: 
 
(7) 2 ZnO + Se + SO2 → ZnSe + ZnSO4  800 K 
 ZnSe + 2 HCl → ZnCl2 + H2Se 350 K 
 ZnCl2 + H2O → ZnO + 2 HCl 900 K 
 ZnSO4 → ZnO + SO2 + ½ O2 1200 K 
 H2Se → Se + H2 750 K 
 
The National Chemical Laboratory of Japan has been investigating an alternative for 
cycle (5). In their cycle additional reactions have been added to improve the 
separation of the products of the first reaction: 
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(8) SO2 + I2 + 2 H2O → H2SO4 + 2 HI   350 K 
 2 MgO + H2SO4 + 2 HI → MgSO4 + MgI2   350 K 
 MgI2 + H2O → MgO + 2 HI < 680 K 
 MgSO4 → MgO + SO2 + ½ O2 1270 K 
 2 HI → H2 + I2 1280 K 
 
Another completely different cycle has been developed by the University of Tokyo: 
 
(9) CaBr2 + H2O → CaO + 2 HBr   950-1000 K 
 CaO + Br2 → CaBr2 + ½ O2   750-800 K 
 Fe3O4 + 8 HBr → 3 FeBr2 + 4 H2O + Br2 500-550 K 
 3 FeBr2 + 4 H2O → Fe3O4 + 6 HBr + H2 950-1000 K 
 
In literature this cycle is know as the UT-3 cycle. A bench-scale plant has been 
successfully constructed and continuously operated for 200 hours, producing 2 liter 
per hour of gaseous hydrogen at standard conditions [17]. 

2.3.2. Current research 
Recent research has been focused on only three cycles; namely cycles (3), (5) and (9). 
Work on cycle (9) has been performed mainly in Japan, first by the University of 
Tokyo and later also by the Japan Atomic Energy Research Institute (JAERI). The 
JAERI has also been working on cycle (5). Recently they have abandoned their work 
on cycle (9) and now their focus lies completely on cycle (5). After successfully 
performing bench-scale tests, plans for a pilot plant have been made [18]. In 2005 the 
JAERI merged with the Japan Nuclear Cycle Development Institute and is now 
known as the Japanese Atomic Energy Agency (JAEA). 
 
Cycle (5) is currently again under heavy investigation by General Atomics. After a 
profound literature study, up to 115 different possible cycles for thermochemical 
hydrogen production were identified. After a first screening stage only 25 serious 
candidates were left, cycles (3), (4), (9) and (5) were the four best options. A second 
more thorough screening stage yielded cycles (9) and (5) as best candidates, cycles (3) 
and (4) were eliminated because the large-scale use of electrochemistry was 
considered to be too difficult and expensive. Eventually cycle (5) was chosen over cycle 
(9) because it had better prospects for future efficiency improvements [14]. 
 
At the moment, Westinghouse is pursuing the development of cycle (3). They are 
actively trying to solve the problems concerning the electrochemical step and 
according to one of their recent studies this cycle has better financial prospects 
compared to cycle (5) [19]. Their expectations are partly based on improvements in the 
electrolysis step, as a result from parallel developments in the fuel cell industry. 
 



10 

Very recently, the European Committee has started the ‘HYdrogen THErmo-chemical 
Cycles’ program (HYTECH), mainly aimed at investigating the potential of cycle (5) 
and also comparing it with cycle (3) [20]. Also the use of solar energy to provide high 
temperature heat is studied. Contributors to this program are the Commissariat à 
l’Energie Atomique in France, the University of Sheffield, the Università degli Studi 
in Rome, the Deutsches Zentrum für Luft- und Raumfahrt, the Empresarios 
Agrupados in Madrid and the French company ProSim. 
 
The Dutch company Nuclear Research and consultancy Group (NRG) and the Delft 
University of Technology are other European players that are investigating cycle (5). 
 
The Argonne National Laboratory (ANL) is currently researching for alternative 
thermochemical cycles. One of their most promising new options is a relatively 
low-temperature hybrid cycle, the fourth reaction is an electrochemical one [21][22]: 
 
(10) 2 Cu + 2 HCL → 2 CuCl + H2   700 K 
 4 CuCl → 2 CuCl2 + 2 Cu   < 375 K 
 2 CuCl2 + H2O → CuO•CuCl2 + 2 HCl 600 K 
 CuO•CuCl2 → 2 CuCl + ½ O2 800 K 
 
Overall it can be concluded that at this moment only two cycles are seriously 
considered for the use of thermochemical hydrogen production; the Sulphur-Iodine 
and the Hybrid-Sulphur cycle. Both processes differ in the way that hydrogen is 
released, but contain the same sulphuric acid decomposition reaction They will be 
described in more detail in the following sections. Special attention will be paid to the 
common sulphuric acid decomposition step. 

2.3.3. Hybrid-Sulphur cycle 
A simplistic overview of the complete HyS-cycle is shown in Figure 2.1.  
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Figure 2.1: Schematic of the Hybrid-Sulphur process 
 
Based on the reactions involved, the cycle can be divided into two main sections; the 
first section concerns the electrochemical formation of hydrogen and sulphuric acid 
from water and sulphur dioxide, the second section concerns the sulphuric acid 
decomposition reaction. In practise, the flow sheet used for modelling looks a bit 
different. A flow sheet that is currently used by Westinghouse is shown in Figure 2.2 
[19].  
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Figure 2.2: Current flow sheet of the HyS-cycle process as used by Westinghouse 
 
In addition to an electrolysis and a decomposition section also an absorption section is 
present to purify the oxygen stream. The absorption and electrolysis sections are 
combined in a multi-stage absorber/electrolyser section to which the feed of the 
process is fed. The two product streams also leave the process via this section. 
The sulphuric acid decomposition section contains successively a preheater, a 
concentrator and evaporiser, a decomposer and a cooler. Concentration and 
evaporation is achieved by direct contact between the decomposer inlet and outlet 
streams. 

2.3.4. Sulphur-Iodine cycle 
A simplistic overview of the complete SI-cycle is shown in Figure 2.3.  
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Figure 2.3: Schematic of the Sulphur-Iodine process 



12 

The cycle can be divided into three main sections, again based on the involved 
reactions. The first section concerns the reaction of water, sulphur dioxide and iodide 
to sulphuric acid and hydroiodic acid, also known as the Bunsen reaction. The second 
section concerns again the sulphuric acid decomposition reaction and the third one the 
hydroiodic acid decomposition to yield hydrogen and iodide. The flow sheet of this 
process that is currently used by General Atomics looks quite different; it is shown in 
Figure 2.4 [14]. 
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Figure 2.4: Current flowsheet of the SI-cycle process as used by General Atomics 
 
The centre of the process is the reactor where the Bunsen reaction takes place, 
followed by a three phase separator where the reactor outlet stream is split into a 
gaseous phase containing mainly oxygen and unreacted sulphur dioxide, an aqueous 
hydroiodic acid phase and an aqueous sulphuric acid phase. The gas phase is passed 
through a scrubber where the residual sulphur dioxide is removed by reaction with 
water. The main part of the scrubbed oxygen stream leaves the process and a small 
part is used to strip the hydroiodic phase from unreacted sulphur dioxide. This 
sulphur dioxide is absorbed by an aqueous hydroiodic phase and recycled to the main 
reactor. 
The stripped hydroiodic phase is fed to a reactive distillation column. The use of a 
reactive distillation column has been developed at the Institute for Technical 
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Thermodynamics in Aachen [23]. In the column hydrogen is produced and the inlet 
stream is simultaneously split into streams rich is hydrogen, water and iodide. The 
hydrogen stream is stripped with fresh water, which is the water feed to the process, 
to remove residual hydrogen iodide. This water stream, combined with the water 
outlet of the reactive distillation column, is fed to the oxygen scrubber previously 
described. The iodide stream is fed back to the main reactor and the scrubbed 
hydrogen stream leaves the process as main product. 
The sulphuric acid phase passes through a multi-stage concentrator, a series of 
flashes and a vacuum distillation column to remove water. The removed water is also 
fed to the previously described oxygen scrubber. The concentrated sulphuric acid is 
preheated and vaporised before it is fed to the decomposer. The outlet of the 
decomposer is split into a gaseous and a liquid fraction. The gas stream is fed to the 
main reactor and the liquid stream is recycled to the sulphuric acid concentrator. 

2.3.5. H2SO4 decomposition 
Both processes contain a sulphuric acid decomposition section. When these sections 
are examined more closely, some differences and similarities can be identified. The 
sulphuric acid stream entering the HyS-section has a temperature of 90 °C and a 
concentration of 50%, the stream entering the SI-section has a temperature of 120 °C 
and a concentration of 20%. After distillation the SI-stream is heated up to a 
temperature of 210 °C and concentrated up to 90%. Before this stream enters the 
decomposition reactor it is further heated to 525 °C and evaporated. The HyS-stream 
has the same temperature and concentration when entering the reactor, but this has 
been achieved by first preheating and then combined heating, evaporating and 
concentrating. The HyS-decomposer operates at a 91 bar and 900 °C, the SI-
decomposer at 7 bar and 850 °C. The outlet sulphur dioxide concentration is in both 
cases around 27%. The high temperature heat that is needed to drive the 
decomposition reaction is typically provided via chemically inert helium gas [24]. 
The gas phase sulphuric acid decomposition reaction can be split into two 
endothermic sub-reactions. The first sub-reaction is the dissociation into sulphur 
trioxide and water, the second one is the decomposition of sulphur trioxide into 
sulphur dioxide and oxygen. 
 
 1. H2SO4 → SO3 + H2O 

 2. SO3 → SO2 + ½ O2 
 
Dissociation occurs both spontaneous as well as catalyzed, typically at temperatures 
above 350 °C. Decomposition is a catalyzed reaction starting at temperatures between 
750 and 900 °C [25][26]. Because of the harsh reaction environment, special attention 
is paid to select suitable catalysts and construction materials. Different metal alloys 
and oxides are considered as appropriate catalysts [25][26]. A corrosive resistant iron-
nickel-chromium metal alloy called Incoloy 800 was found to be suitable as 
construction material for the decomposition reactor [27]. 
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3. Theory on entropy production minimisation 
in a plug-flow reactor 

This chapter starts with a brief overview of work that has previously been done on the 
minimisation of entropy production in plug-flow reactors. 
It continues by defining the system that will be subjected to the entropy production 
minimisation in this thesis; the boundaries of the system are determined, a specific 
process flow sheet that will be used as basis is selected, and the conditions at the 
systems boundaries are discussed. 
Next, the basic assumptions and typical properties of a plug-flow reactor are treated 
in more detail. In addition, some basic equations that are used to describe the 
processes that take place inside this reactor are given. These equations are based on 
three text books on this subject [3][28][29]. 
Subsequently, the theory of irreversible thermodynamics will be discussed. This 
theory is used to quantify the entropy production in detail, based on the separate 
contributions of heat transfer, frictional flow and chemical reactions. The introductory 
data presented here is a compilation from two text books on this subject [3][30]. These 
text books can be consulted for more detailed information and extensive derivations. 
Special attention will be paid to the relation between the entropy production, the 
amount of lost work and the exergy efficiency. 
Finally, the basics of optimal control theory will be treated. Optimal control theory 
will be used to find a temperature profile that minimises the total entropy production 
in the reactor. It also shows that the reactor length can be used as variable to 
minimise the entropy production. Only a brief introduction on optimal control and a 
condensed derivation of the formula relevant for the current optimisation problems 
are presented, based on two text books on this subject [31][32]. These text books can 
be consulted for more detailed information and extensive mathematical derivations. 

3.1. Preceding work 
The work on entropy production minimisation in a plug-flow reactor as presented in 
this thesis is a continuation on the work of Eivind Johannessen and co-workers on the 
same subject [8]. Johannessen minimised the entropy production in a steam reformer 
and a SO2-oxidation reactor. The SO2-oxidation reactor was optimised using both the 
temperature profile of the cooling utility and the reactor length as variables, resulting 
in a total reduction in the entropy production of 25%. The steam reformer was 
optimised using only the temperature profile of the heating utility as variable; it 
resulted in a possible reduction of 65%, although a part of these reductions is 
countered by an increase in the entropy production elsewhere in the overall process. 
The same concept, using only a temperature profile as variable, has also been applied 
to an ammonia reactor, resulting in reductions between 4% and 16% [33], and to a 
propane dehydrogenation process, resulting in a possible reduction of 20% in the 
entropy production of the reactor [34]. 
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This thesis focuses on the minimisation of entropy production in a sulphuric acid 
decomposition system, using both the temperature profile of the heating utility and 
the reactor length as variables. 

3.2. Defining the system 
As already explained in section 2.3.5, the system that will be considered in this thesis 
is the sulphuric acid decomposition section of a thermochemical process to produce 
hydrogen from water. Two chemical reactions are involved; both are endothermic gas 
phase reactions. The heat required to drive these reactions is provided using hot 
helium gas as intermediate.  
The first step in specifying the system is to determine the system boundaries. One 
needs to choose which part of the decomposition section will be subjected to the 
entropy production minimisation. The most extensive option is to consider the entire 
decomposition section; another option is to consider only the decomposition reactor. 
When comparing the decomposition sections of the HyS-process and the SI-process 
described in 2.3.3 and 2.3.4, the reactor is the part that clearly shows the most 
similarities. The two processes start to differ significantly both upstream and 
downstream of the reactor. In order to keep the results of this thesis as relevant as 
possible for both processes, the entropy production minimisation will only be applied 
on the decomposition reactor. 
Although the decomposition reactors of the HyS-process and the SI-process show big 
similarities, they also have some differences. In addition, various flow sheets exist for 
both processes. So the next step in defining the system is to choose which process and 
which flow sheet will be used for further process details. The SI-process flow sheet of 
GA is the only one available containing detailed quantitative information on all 
process streams. Less information is currently available for other flow sheets. 
Therefore, the GA SI flow sheet will be used as basis for the model. A tubular reactor 
filled with solid catalyst particles is a standard reactor configuration for this type of 
reactions; it will be described in more detail in the next section. 
Next, the conditions of the process stream at the inlet and the outlet of the reactor 
need to be specified. As a standard, they will be fixed at the relevant GA values in 
order to keep optimal compatibility with the rest of the decomposition section.  

3.3. Plug-flow reactors 
The reactor that will be considered in this thesis is a tubular reactor with length L 
and diameter D. It is filled with spherical catalyst particles with diameter Dp. The 
loading of catalyst particles is given by bed density ρb, which is the mass of catalyst 
per reactor volume. The void fraction of the catalyst bed is given by ε.  
 
The reactor model is based on a plug-flow reactor model. The ideal plug-flow reactor 
uses several assumptions. First of all it is assumed that no radial gradients exists 
inside the reactor, so all variables are a function of only one spatial coordinate along 
the reactor length, which will be the z-coordinate in the system. A more detailed 
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description of the system could be obtained by adding a second spatial coordinate, in 
the radial direction. This radial coordinate allows for example to incorporate a radial 
velocity profile and other effects related to the reactor wall in the model. But an 
additional spatial coordinate also means that more detailed knowledge is required, for 
example about the catalytic properties. This information is often not available. The 
current model is limited to a single spatial coordinate. 
The next assumption is that transport along the reactor length is only caused by 
convection, so diffusion or back-mixing do not take place. 
The last assumption is that the chemical reactions that take place are completely 
kinetically limited, so no internal or external mass or heat transfer limitations are 
present. 
 
The variables that are used to describe the state of the gaseous reactor system are the 
pressure (p), the temperature (T ) and the extents of reaction (ξj) of the two chemical 
reactions that are occurring in the reactor. In optimal control theory nomenclature, as 
defined in section 0, these variables are called the state variables. The temperature of 
the exterior of the reactor wall (Tw) is used to describe the temperature at which heat 
is provided to the reactor. This temperature is the variable that will be used as handle 
on the system to minimise the entropy production, it is therefore the control variable 
as defined in control theory nomenclature. When helium is used as heating utility, the 
exterior wall temperature can be controlled by varying the helium flow rate. A 
schematic of the configuration is given in Figure 3.1. 
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Figure 3.1: Schematic of the plug-flow reactor configuration 
 
For each of the four state variables a balance equation can be used to describe their 
change along the reactor length. The change in pressure is described by Ergun’s 
equation, a momentum balance 
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In this equation η is the viscosity of the gas, ρ0 is the gas density at the reactor inlet, v 
is the gas velocity and v0 is the gas velocity at the reactor inlet. The Ergun equation is 
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an empirical relation that describes the pressure drop of a packed bed for both 
laminar and turbulent flow regimes. The first term on the right-hand side of equation 
(3.1) dominates in the laminar regime and the second term in the turbulent regime. 
For the change in temperature an energy balance is used 
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Where J'q is the measurable heat flux through the reactor wall, Ac is the cross 
sectional area of the reactor, rm is the reaction rate per catalyst weight, ∆rH is the 
enthalpy of reaction, F is the molar flow rate and Cp is the heat capacity of the 
components. 
Finally, the mole balance describes the change in extents of reaction, both defined 
with respect to sulphur trioxide and using the initial molar flow rate of sulphur 
trioxide FSO3,0 
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3.4. Irreversible thermodynamics 
Conventional thermodynamics typically describes systems that are at global 
equilibrium. In practice however, the systems of interest are often outside global 
equilibrium, resulting in the transport of mass, heat and charge and the occurrence of 
chemical reactions. These dynamic systems can be described in more detail with the 
use of irreversible thermodynamics, also known as non-equilibrium thermodynamics. 
Irreversible thermodynamics is based on the second law of thermodynamics, which 
states that the production of entropy is always positive for non-reversible processes. It 
describes the total entropy production (σ ) as the sum of conjugate fluxes (Ji) and 
driving forces (Xi) 
 
 0i i

i
J Xσ = >∑  (3.4) 

In addition, each of the fluxes is assumed to be a linear combination of all driving 
forces 
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And the phenomenological coupling coefficients (Lij) are found to be related 
reciprocally 
 
 ij jiL L=  (3.6) 
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The driving forces are related to for example a temperature gradient or a 
concentration gradient. The fluxes are for example the transport of heat or mass. The 
coupling coefficients, also known as the Onsager coefficients, are a bit more 
complicated. As an example, the Lii-coefficients can be related to the thermal 
conductivity or the diffusion coefficient. The Lij-coefficients describe the coupling 
between different fluxes. 
 
In addition to quantifying the entropy production and describing coupled transport 
processes, irreversible thermodynamics also allows checking of the entropy balance of 
a specific process. 

3.4.1. Entropy production 
To obtain an expression for the entropy production, we start from a local equilibrium 
assumption and take the local form of the Gibbs’ equation. Next, the time derivative 
of the entropy density can be obtained, which results into 
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Here T is the temperature, s is the entropy density, u is the internal energy density, µ 
is the chemical potential and c is the concentration. The last term of the right hand 
side of equation (3.7) can be rewritten using the conservation law for components 
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In this equation Jm is the component flux, ν is the stoichiometric coefficient and rv is 
the chemical reaction rate per volume. The spatial partial derivative ∂/∂x is used to 
represent the divergence. In reality, the divergence has three terms; one in each of the 
three spatial directions x, y and z. To keep the appearance of the equation simple, 
only the x-direction term is shown. 
The first term of the right hand side of equation (3.7) can be obtained by a more 
extensive derivation based on the equation of motion and conservation of energy, 
which gives 
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In this equation Jq is the heat flux and Π:∇v is the scalar product of the velocity 
gradient and the tensor part of the pressure tensor. The derivation uses the 
assumption that no external driving forces like an electric field or a magnetic field are 
present. The last term of the right hand side of equation (3.9) can be rewritten as 
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Here, a single dot is used for the interior product. By taking into account mechanical 
equilibrium, which means that the velocity does not change over time, the last term 
on the right hand side of equation (3.10) can be rewritten as 
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So equation (3.9) can be also be written as 
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By introducing equations (3.8) and (3.12) into equation (3.7) a balance equation can be 
constructed 
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Equation (3.13) can be rewritten using the product rule and by introducing the Gibbs 
energy of reaction (∆rG ) 
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The first term of the right hand side of the equation can be recognised as the net 
entropy flux to the system, which leaves the remaining terms as the entropy 
production. If the heat flux is replaced by the more practical measurable heat flux (J'q), 
a general equation for the three dimensional local entropy production (σ3D ) can be 
obtained 
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Here the subscript T indicates that the partial derivative of the chemical potential is 
taken at constant temperature. Because the temperature difference that is driving the 
heat flux in a plug-flow reactor is directed perpendicular to the velocity, the second 
term of the entropy production cancels. The third term of the entropy production 
represents the contribution caused by diffusional flow. In the case of a plug-flow 
reactor, no diffusion is assumed to occur, so the third term disappears as well. This 
leads to the following expression for the entropy production in a plug-flow reactor. 
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As can be seen, equation (3.16) is structured as the sum of couples of fluxes and 
driving forces, as given in equation (3.4). It contains flux-force pairs for heat transfer, 
frictional flow and chemical reactions. By defining the entropy production per reactor 
length unit (σ ) and introducing multiple reactions, equation (3.16) transforms into 
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Where again D is the reactor diameter, Ac is the cross-sectional area, ρb is the catalyst 
bed density and rm,j is the reaction rate on a catalyst weight basis; Tw is the 
temperature of the reactor wall at the hot helium side. 
The total entropy production (dSirr/dt) is in this case given by the integral over the 
entire reactor length, starting from z0 till zf 
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3.4.2. Efficiencies, lost work and entropy production 
The different types of relevant efficiencies have already been explained in words in 
section 1.1. In this paragraph the accompanying equations will be given. The first law 
or energy efficiency (ηI) is defined as the useful energy output (Eout,useful) divided by the 
total energy input (Ein,total) 
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For a work consuming endothermic reactor, the second law or exergy efficiency (ηII) is 
defined as the ratio between the ideal work (wideal) and the actual work (wactual), or the 
ratio between the minimum required exergy difference (∆Amin) and the actual amount 
of exergy provided (∆Aactual) 
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The difference between the actual work and the ideal work is the lost work (wlost). The 
lost work is also given by the entropy production multiplied with the temperature of 
the environment (T○) according to the Gouy-Stodola theorem 
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In addition to the procedure described in section 3.4.1, the entropy production can also 
be calculated using an entropy balance. The entropy production results when 
subtracting the entropy in the inlet reaction mixture and the entropy added due to 
heat transfer from the entropy in the outlet reaction mixture 
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A comparison between results of equations (3.18) and (3.22) allows to check the 
consistency of the thermodynamic data set that is used as basis for the calculations. A 
consistent set should yield the same total entropy production using both equations. 
This is indeed the case for the thermodynamic data presented in Appendix B. 
Equation (3.22) also shows what the effect of minimising the entropy production is: 
when the inlet, the outlet, and the total energy flow remain the same, a decrease in 
the entropy production must involve a decrease in the average wall temperature. 

3.5. Optimal control theory 
The basic idea of optimal control theory is to determine the values of a number of 
control variables (ui) that correspond to the optimum of a given performance index 
(L(ui)). In theory, any number of control variables can be used and the optimum can 
be either a maximum or a minimum. However, for the purpose of this thesis we will 
restrict ourselves to the use of a single control variable to obtain the minimum of the 
performance index. A local minimum can be found when the first partial derivative of 
the performance index equals zero and the second partial derivative is positive 
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The performance index is determined by the characteristics of the system that is 
considered. In practice, the index is often also a function of a number (n) of state 
variables (xn) in addition to the control variables. It depends again on the system 
which state variables are used. They are functions of the control variable, and the 
equations (fn(xn,u)) that describe their relations represent the constraints on the 
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system. In order to find the minimum for the performance index within the 
constraints, a new function (H ) can be composed, consisting of the performance index 
function and the constraint relations multiplied with undetermined multiplier 
functions (λn) 
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If the multiplier functions are chosen correctly, it can be shown that necessary 
conditions for a minimum in this case are 
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3.5.1. Dynamic systems 
Until now, the system that is considered is a function of state and control variables 
only; we will call this a static system. Another type of system is a so called dynamic 
system. In a dynamic system one additional variable is used to describe the system. 
This variable represents a trajectory over which the system evolves, starting from a 
given initial state. Constraints in the form of differential equations describe the 
relations between subsequent evolution steps. In most cases this evolution variable is 
the time, but in this thesis the spatial coordinate z will be used. The objective of the 
optimisation now changes from finding a single optimal value for the control variable 
into finding the optimal trajectory of the control variable, in this case the temperature 
profile of the exterior reactor wall (Tw(z)). 
Special attention needs to be paid to the start (z0) and the end (zf) of the trajectory, 
because boundary conditions for the state variables need to be specified at these 
locations. These boundary conditions can be both specified values or they can be set 
free. The end of the trajectory can also be specified or set free. The performance index 
of a dynamic system that needs to be minimised becomes a sum over the entire 
trajectory. In this thesis it is the sum of the local entropy production (σ ) over the 
reactor length, which results into the total entropy production (dSirr/dt ). 
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Similar to equation (3.24), the constraints on the system, which are given by 
equations (3.1), (3.2) and (3.3) for the current state variables, can be added to the 
performance index using multiplier functions, giving 
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Based on a calculus of variations approach using variations in x, Tw, dxn/dz, λn and zf, 
it can be found that for a minimum the variation in dSirr/dt is given by 
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Equation (3.28) can be split into two parts; the integral part and the non-integral part. 
The non-integral part is related to the conditions at zf. The integral part needs to be 
zero, independently of these conditions. When substituting equation (3.27) into the 
integral part and choosing the multiplier function in such a way that the coefficient of 

nxδ  equals zero, the following necessary conditions for a minimum can be obtained, 
with z0 < z < zf 
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As can been seen, a new function   has been introduced for convenience. This 
function is known as the Hamiltonian and it is defined as 
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3.5.2. Boundary conditions 
The necessary conditions related to the boundary conditions can be obtained by 
setting the non-integral part of equation (3.28) equal to zero and again substituting 
equation (3.27) into it, yielding 
 
 0 n f fx zλ δ δ= − +  (3.33) 

 
Equation (3.33) can be used to evaluate the influence of either specifying or setting 
free the final boundaries of the evolution and state variables. Specifying the evolution 
or state variables corresponds to substituting 0fzδ =  or 0fxδ =  into equation (3.33). 
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Four different cases can be distinguished, resulting in four different sets of boundary 
conditions. An overview is given in Table 3.1.  
 
Table 3.1: Boundary conditions for all evolution and state variable combinations 
Evolution variable State variables

Specified Specified x f,n  = x specification,n z f  = z specification

Specified Free λ n  = 0 z f  = z specification

Free Specified x f,n  = x specification,i   = 0
Free Free λ n  = 0   = 0

Boundary conditions at z f

 
 
The state variables are not necessarily specified or set free all at the same time. In 
addition, they can also be specified or set free at the start boundary. In this case the 
appropriate boundary conditions change again from the state variable specifications 
into multiplier functions equal to zero. The evolution variable will always be specified 
at the start boundary. 

3.5.3. Additional properties 
In the case when the Hamiltonian of the system does not depend explicitly on the 
evolution parameter, but only implicitly through the state and control variables, 
additional necessary conditions for a minimum apply. If the final boundary of the 
evolution variable is specified, the Hamiltonian must be constant over the entire 
trajectory. And if the final boundary of the evolution variable is free, the Hamiltonian 
must equal zero over the entire trajectory. Since neither the entropy production 
function nor the differential constraint relations depend explicitly on the spatial 
coordinate variable, these conditions do apply for the current system. 
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4. Computer model of a H2SO4 decomposer 
Based on the theoretical background presented in chapter 3, a computer model has 
been developed in Matlab to find the exterior wall temperature profile that 
corresponds to minimum entropy production. The model that has been used is largely 
based on a model that has previously been created to minimise the entropy production 
in a SO2-oxidation plug-flow reactor [8]. The main structural changes to the original 
model are the addition of a second reaction, the inclusion of new components and an 
update of the reaction kinetics involved. In a later stage, the helium flow rate has also 
been included as variable. 
This chapter first describes how Matlab is used to obtain profiles of the four state 
variables along the length of the reactor, starting from a given exterior wall 
temperature profile. The four state variables are the pressure, temperature and 
extents of reaction. The local entropy production profile and other quantities of 
interest can be calculated using these four profiles. Next, it is described in more detail 
how Matlab is used to find the optimal exterior wall temperature profile that 
minimises the total entropy production in the reactor. The actual Matlab code, 
including the changes that have been made, can be made available as a special report 
upon request. 

4.1. Modelling the reactor 
The relations that govern the profiles of the four state variables are already given by 
equations (3.1) till (3.3). If it is assumed that the gas phase can be described as an 
ideal gas, the gas velocity that is used in the first equation can be calculated using 
 

 v = tot

c

F RT
A p

 (4.1) 

 
Here, Ftot is the total molar flow and R is the universal gas constant. The total molar 
flow rate is the sum of the component molar flow rates Fi 
 
 =∑tot i

i
F F  (4.2) 

 
The component molar flow rates are calculated using the initial component molar flow 
rates Fi,0 and the sum of the products of the initial sulphur trioxide flow rate FSO3,0, 
the stoichiometric coefficients νj  and the extents of reaction ξj  
 
 

3,0 ,0 ,i i SO j i jj
F F F ν ξ= + ∑  (4.3) 

 
Both extents of reaction are defined as the ratio between the amount of sulphur 
trioxide consumed by the specific reaction and the initial amount of sulphur trioxide. 
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The measurable heat flux that is used in equation (3.2) is modelled using the 
following relation 
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The terms at both sides of the almost equal sign give very comparable results. The left 
hand side term is used in the model because it proved to simplify the numerical 
solution methods. The relation between the measurable heat flux and the molar 
helium flow rate (FHe) is given by an energy balance over the helium 
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The enthalpies of reaction, Gibbs energies of reaction, component heat capacities and 
other thermodynamic quantities are calculated using tabulated values of 
thermodynamic coefficients, as described in Appendix B. 

4.1.1. Reaction rates 
Modelling of the reaction rates requires special attention. A heterogeneous reaction is 
typically divided in several successive steps: transfer of the reacting components from 
the bulk phase to the catalyst, diffusion of these components towards the active sites 
at the surface of the catalyst, adsorption on the surface, the actual chemical reaction, 
desorption of the reaction products, diffusion of the products away from the surface 
and transfer of the products back to the bulk phase. Each of these sub-steps has its 
own rate and in the ideal case the overall reaction rate is a function of all these sub-
rates. In practise however, it is often found that one single sub-step is very slow 
compared to the other ones. This step is the rate-determining step and the overall 
reaction rate can be properly approximated by the reaction rate of this rate-
determining step. 
If it is assumed that mass transfer and diffusion are not limiting the reaction, the 
only remaining steps are related to adsorption and chemical reaction. At high 
temperatures the adsorption equilibrium constant becomes very small, which 
corresponds to a low surface coverage. In this case only the chemical reaction step is 
left as rate limiting step. The overall rate-expression is then approximated by a 
function of the rate constant, the partial pressures of all components and the 
equilibrium constant. In practice this expression is often further simplified to a 
function of the rate constant and the partial pressure of the reactants only; an 
irreversible rate expression [28].  
The simplification from a reversible rate expression to an irreversible one is not just 
another approximation however; it is a change in the nature of the rate expression. 
The theory of irreversible thermodynamics helps to understand this change better. 
According to irreversible thermodynamics each of the fluxes should be a function of 
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the driving forces, as explained in section 0. For chemical reactions the flux is the rate 
and the driving force can be thought of as the difference between the current and the 
equilibrium reaction compositions. This driving force should be recognisable in the 
rate. For a reversible rate expression this is indeed the case, but for an irreversible 
one the link with the driving force is completely lost. So it is essential that a 
reversible rate expression is used instead of an irreversible one. 
Because no detailed information on the reaction mechanism and corresponding 
reaction orders is available for both sub-reactions, all components are assumed to 
have a stoichiometric reaction order. The rate expression that are used are the 
following 
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Where ki is the rate constant and Ki is the equilibrium constant. 

4.1.2. Solving the reactor model 
Now that the reactor model is fully specified, the next step is to solve it and obtain the 
profiles of all quantities of interest along the reactor length. The model has been 
solved as an initial value problem using the ‘ode15s’-function of Matlab. In addition to 
the inlet conditions and differential equations for the state variables, also a given 
profile of the control variable is used as input for this function. For the reference 
reactor, the profile of the control variable is a reference profile based on literature. 
The reference reactor is discussed in more detail in chapter 5. For optimised reactors, 
the profile of the control variable is the outcome of the optimisation routine, as will be 
explained in section 4.2. The time it takes to obtain a solution is in the order of 
seconds. 
In some cases also the helium flow rate is incorporated in the model. The profile that 
is used as input for the Matlab function is then a helium flow rate profile instead of 
an exterior wall temperature profile. In this case, equation (4.5) is used as additional 
differential equation to obtain the resulting exterior wall temperature profile. 
The numerical accuracy of the solution can be controlled by varying the relative and 
absolute tolerances that the ‘ode15s’-function uses. The settings that have been used 
are 10-8 for both tolerances. To check whether these settings provide sufficient 
accuracy, also some calculations are done with larges tolerances. Changes in the 
fourth digit of the total entropy production were first observed for tolerances of 10-5. 
So it can be concluded that tolerances of 10-8 provide sufficient accuracy. 
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4.2. Finding the optimal exterior wall temperature profile 
As explained in section 0, optimal control theory provides a set of equations that need 
to be satisfied in order for a solution to be an optimal solution; the necessary 
conditions. The first four conditions are given by equation (3.31); when looking closer 
these four equations are simply the balance equations for the pressure, temperature 
and extents of reaction as given in equations (3.1) till (3.3). The next four conditions 
are given by equation (3.29); they relate the derivatives of the multiplier functions to 
the partial derivatives of the Hamiltonian with respect to the corresponding state 
variables. The next condition is given by equation (3.30), it states that the partial 
derivative of the Hamiltonian with respect to the exterior wall temperature must 
equal zero. When rewriting this equation for the current system, as presented in 
Appendix C, it reduces to the following algebraic equation 
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The last eight conditions are related to the boundary conditions of the four state 
variables at both the reactor inlet and outlet. Depending on the type of boundary 
condition, either fixed or free, they are given by 
 
 , n         or          0λ= =n n specificationx x  (4.9) 

 
In the case of fixed boundary conditions, the values of the state variables at the inlet 
and outlet of the reference reactor are used as specifications for the boundary 
conditions. In a later stage, the temperature, pressure and conversion of the first sub-
reaction will also be set free to evaluate the influence of these changes on the outcome 
of the optimisation. Since it is the purpose of the reactor to convert chemical species, 
the conversion of the second sub-reaction, which corresponds to the amount of sulphur 
dioxide produced, will not be varied.  
When combining equations (4.8) and (4.9), it can be seen that in the case of a free 
boundary condition for the temperature, equation (4.8) reduces to Tw = T  at this 
boundary. 
The combination of the eight differential equations, the single algebraic equation and 
the eight boundary conditions forms a two point boundary value problem. This 
problem has been solved successfully using the ‘bvp4c’-function of Matlab. In addition 
to functions describing the differential equations and boundary conditions, the ‘bvp4c’-
function also requires a reasonable initial guess as input. The function uses a 
collocation method to solve the problem. This method obtains a solution by selecting 
from a number of candidate solutions the solution that best satisfies the differential 
equations at a certain number of collocation points. The solution is typically a 
polynomial from a degree that is related to the number of collocation points.  
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The numerical accuracy of the optimisation can be controlled by varying the relative 
and absolute tolerances that the solver uses. The settings that have been used during 
all optimisations are 10-5 for both tolerances. To check whether these settings provide 
sufficient accuracy, also some calculations are done with larges tolerances. Changes in 
the sixth digit of the total entropy production were first observed for tolerances of 10-2. 
So it can be concluded that tolerances of 10-5 provide sufficient accuracy. The optimal 
solutions were also found to be independent of the initial guess, as long as the initial 
guess leaded to a solution. 
 
The initial guess is obtained by using the ‘fmincon’-function of Matlab to execute a 
constrained minimisation. The quantity that is minimised is the total entropy 
production, the balance equations and the boundary conditions are used as 
constraints. The temperature, pressure and conversion profiles from the reference 
reactor are used as initial guess for the constrained minimisation. The ‘fmincon’-
function uses a sequential quadratic programming algorithm. This iterative algorithm 
is based on Newton’s method, which is a well-known mathematical method to find the 
zeros of a certain function. The idea of Newton’s method applied to a one-dimensional 
function is shown in Figure 4.1. 
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Figure 4.1: Schematic of Newton’s method 
 
Starting from a certain initial approximation (xn) of the zero (x), a better 
approximation (xn+1) is obtained using the first derivative of the function (f'(x)) and the 
function itself (f(x)). If the function is replaced by the first derivative of the function 
and the first derivative of the function by the second derivative of the function, 
Newton’s method can also be used to find the optimum of the function, or the zero of 
the first derivative. In this case, the function is approximated in each of the iteration 
steps by a quadratic function around the initial approximation of the optimum. The 
better approximation of the optimum is obtained by moving towards the optimum of 
the quadratic function. This approach, extended to multi-dimensional functions, is the 
one that the ‘fmincon’-function uses. 
The outcome of the complete optimisation routine is always a profile of the exterior 
wall temperature along the reactor length. The profiles of all other quantities are 
calculated using this optimal exterior wall temperature profile as described in section 
4.1.2. The time it takes to find the optimal solution is in the order of several minutes. 
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5. Reference reactor 
This chapter starts with the development of a detailed design for the reference reactor 
that is to be optimised. This reactor is based on a linear exterior wall temperature 
profiles and has been numbered as reactor design 1a. Next, several typical profiles, 
that are calculated for the obtained reference reactor configuration, are discussed in 
more detail. 

5.1. Detailed design  
The design of the reference reactor has been determined in four steps. The first step 
was specifying the inlet conditions of the reaction mixture and the inlet and outlet 
temperatures of the helium stream. The second step consisted of obtaining rate 
constants for the sulphuric acid dissociation and sulphur trioxide decomposition 
reactions. The third step was specifying values for the other reactor model parameters, 
except for the total molar flow rate and the reactor length. During the last step, a 
suitable combination of values for the total molar flow rate and the reactor length was 
chosen for a specified chemical conversion. 

5.1.1. Inlet and outlet conditions 
Most of the inlet and outlet conditions of the reaction mixture and the inlet and outlet 
temperatures of the helium stream are set at the values that are used in the process 
design made by General Atomics [14]. Only the outlet temperature and pressure of 
the reaction mixture are determined otherwise. The values of these latter two result 
from calculations based on the rest of the reactor configuration; they are given in 
section 5.2.1. The specified inlet and outlet conditions that are used are given in Table 
5.1. 
 
Table 5.1: Inlet and outlet conditions 
Condition Value
Inlet H2O fraction / - 0.481
Inlet H2SO4 fraction / - 0.094
Inlet SO3 fraction / - 0.425
Inlet temperature / K 800
Inlet pressure / bar 7.1
Outlet H2O fraction / - 0.458
Outlet H2SO4 fraction /- 0.001
Outlet SO3 fraction / - 0.155
Outlet SO2 fraction / - 0.257
Outlet O2 fraction / - 0.129
Helium inlet temperature / K 1123
Helium outlet temperature / K 975   
 
A target sulphur dioxide conversion of 0.623 is calculated from the outlet mole 
fractions. This conversion was determined to be the best one during the design of the 
flow sheet for the entire hydrogen production process. 
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The inlet and outlet temperatures of the helium stream are used as inlet and outlet 
values for the temperature of the exterior reactor wall. Future improvements in the 
construction material properties are expected to increase the maximum allowable 
helium temperature. This could increase the inlet helium temperature up to 1223 K. 
For the reference reactor however, a modest inlet temperature of 1123 K has been 
used. The helium temperature is assumed to have a linear profile. 

5.1.2. Rate constants 
Each rate expression contains a rate constant, which is dependent on the temperature. 
This rate constant and its temperature dependency can often be found in literature or 
calculated from experimental data available in literature. 
 
H2SO4 dissociation into H2O and SO3 
Literature on the rate constant of the dissociation of sulphuric acid is scarce, 
especially for the temperature interval that is relevant for the current process. Most 
publications that are available describe the reverse reaction and aim at a better 
understanding of atmospheric processes and the formation of acid rain, therefore they 
are limited to a temperature around 300 K instead of the 800-1100 K that will be used 
[35][36][37]. 
At high temperatures the dissociation reaction is sometimes assumed to be fully 
completed [38]. At an atmospheric pressure this is a reasonable approximation, but at 
elevated pressures the equilibrium shifts towards the sulphuric acid side of the 
reaction and the approximation becomes worse. The effect of neglecting the sulphuric 
acid dissociation on the reference reactor design is discussed in Appendix D. In other 
cases, the rate constant for sulphuric acid dissociation is included in the one for 
sulphur trioxide decomposition [25][26][39][40]. This can be a useful approximation 
when the focus lies on the amount of sulphur dioxide produced. But in the case of a 
detailed model that requires concentrations of all reacting components and both the 
heats of reaction, the two reactions need to be modelled separately. 
Because no literature is available on the rate constant of this single reaction at high 
temperatures, an approximation has been made. It is assumed that the components of 
this reaction are at equilibrium at all times. This has been modelled by using a very 
high rate constant, which is reasonable because of the high temperatures involved. 
Because this is a very crude approximation, no temperature dependency of the rate 
constant is introduced; a constant value of 10-3 mol SO3.Pa-1.m-3.s-1 is used. To show 
that this value indeed ensures an equilibrium conversion, the conversion profiles for 
several values of the rate constant are plotted in Figure 5.1. The values that are used 
range from 10-1 to 10-6 mol SO3.Pa-1.m-3.s-1. 
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Figure 5.1: Profiles of the H2SO4 conversion for rate constants of 
10-6 (bottom line), 10-5, 10-4, 10-3, 10-2 and 10-1 (top line) 
mol SO3.Pa-1.m-3.s-1. The top three lines are practically the same. 

 
The most important observation is that the profiles for rate constants of 10-1 to 10-3 
mol SO3.Pa-1.m-3.s-1 are practically the same. This indicates that increasing the rate 
constant above 10-3 mol SO3.Pa-1.m-3.s-1 does not have any effect anymore on the 
conversion, so indeed the equilibrium conversion has been reached at this value. 
 
SO3 decomposition into SO2 and O2 
Several articles on the activity of different types of sulphur trioxide decomposition 
catalysts are available in literature. Unfortunately, most articles do not fully specify 
the reactor configuration that was used during the experiments. Typically they only 
contain data that suffice for the calculation of the rate constant based on an 
irreversible first order rate expression [26][39][40][41][42]. Only one article allowed 
the calculation of the rate constant based on a reversible rate expression [25]. This 
confirms that in practise mostly an irreversible reaction model is used, as stated in 
section 4.1.1. 
Appendix E describes the calculation of the rate constant and its temperature 
dependency from experimental data in more detail. Descriptions for both reversible as 
well as irreversible rate expressions are included. The results for the article allowing 
calculations based on a reversible rate expression are also presented. The rate 
constant for a platinum catalyst deposited on three different kinds of support has 
been determined. From these three supports, titania was selected for use in the 
reference reactor because it showed the most constant operation over a long time 
period. The rate constant that belongs to this catalyst and support combination is 
given by 
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The rate constant has the units of mol SO3.kg-1.Pa-1.s-1; it is based on the mass of 
catalyst that is used. In the detailed reactor design the rate constant will be defined 
on a mass basis as well; here it is assumed that the catalytic activity does not depend 
on the geometry of the support that is chosen. 

5.1.3. Reactor model parameters 
Values for the other reactor model parameters are taken from several literature 
sources. An important source concerns a design study on a decomposition reactor for 
exactly the same chemical conversion step in a plug-flow reactor [43]. However, this 
design aims at the use of high temperature heat from a solar source instead of a 
nuclear one, so different operation temperatures and pressures are involved. An 
overview of all parameters that are used is given in Table 5.2. 
 
Table 5.2: Reactor model parameters 
Parameter Value Source
Overall heat transfer coefficient / J.m-2.K-1.s-1 170 [43]
Gas viscosity / kg.m-1.s-1 4.10-5 [44][45]
Catalyst bed void fraction / - 0.45 [8]
Catalyst pellet density / kg.m-3 4200 [45]
Catalyst pellet diameter / m 0.003 [43]
Inner reactor diameter / m 0.030 [43]  
 
The gas viscosity has been estimated by averaging the viscosities of water, oxygen and 
an approximation for sulphur dioxide at 950 K, which is the average temperature in 
the reactor. The catalyst and reactor diameters have a pre-defined ratio of 10. 

5.1.4. Total flow rate and reactor length 
The last step in determining the reference reactor design has been to find a suitable 
total flow rate and reactor length combination. The reactor length has to be in the 
order of 100 times the reactors diameter and a conversion of 0.623 has to be achieved. 
This has been done by first calculating the total flow rate required for a reactor length 
of 3.0 m; the required amount is 0.033 mol.s-1. Next, a total flow rate of 0.034 mol.s-1 
has been chosen, which corresponds to a sulphur dioxide production rate of exactly 
0.010 mol.s-1. This production rate makes it easy to compare the component flows with 
the ones that are used in the General Atomics report. Finally, the corresponding 
reactor length is calculated to be 3.09 m, which completes the reference reactor design. 

5.2. Profiles 
This section discusses the profiles of the temperatures, conversions and local entropy 
production components along the length of the reference reactor. These profiles are 
used in chapter 6 to compare reference reactor design (1a) to other optimised reactors. 
The profiles are obtained as described in section 4.1.2 and without any numerical 
problems. 
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5.2.1. Temperatures and conversions 
Figure 5.2 shows the profiles of the exterior wall temperature (Tw), the reaction 
mixture temperature (T), the equilibrium temperature (Teq), the conversion of the 
sulphuric acid dissociation reaction (ξ1), the conversion of the sulphur trioxide 
decomposition reaction (ξ2) and the equilibrium conversion of the decomposition 
reaction (ξ2,eq). The equilibrium temperature is the temperature that would be 
attained at equilibrium, given the actual conversion. The equilibrium conversion is 
the conversion that would be attained at equilibrium, given the actual temperature. 
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Figure 5.2: Temperature and conversion profiles for the reference reactor (1a). 
 
No equilibrium conversion for the dissociation reaction has been plotted, because the 
dissociation conversion is modelled to equal the equilibrium conversion at all times. 
The profile of the pressure, which is the fourth state variable in the model, is not 
shown because it does not give much additional information. The pressure drops 
almost linearly from its initial value to a value that is 2.8 % lower, the total pressure 
drop amounts 0.2 bar. In the General Atomics design there is no pressure drop 
mentioned. The absence of pressure drop is not very realistic in a packed plug-flow 
reactor, so the current model provides a first quantification. 
The exterior wall temperature profile is the linear profile that has been imposed on 
the system. The resulting mixture temperature shows a relatively steep increase near 
the inlet of the reactor, and levels off to a more flat increase. The difference between 
the two temperatures reduces constantly, and at the end of the reactor it is almost 
constant. The final temperature of the mixture is around 1107 K, which is slightly 
higher than the outlet temperature used in the General Atomics design. 
The dissociation conversion starts at its specified value of 0.82 and after an initial 
steep increase at the reactor inlet, it slowly approaches completion. At the end of the 
reactor there is practically no sulphuric acid left. The decomposition conversion shows 
a trend similar to the mixture temperature, as they are related through the 
equilibrium constant. The conversion at the outlet has the required value of 0.623. 
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5.2.2. Local entropy production 
Figure 5.3 shows the profiles for the total local entropy production and its three 
components; the local entropy production due to heat transfer, chemical reactions and 
pressure drop. 
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Figure 5.3: Local entropy production profiles for the reference reactor (1a). 

 
It can immediately be seen that the pressure drop component is negligible compared 
to the other components; it is practically invisible in the figure. The other two 
components are comparable in the largest part of the reactor. Only at the reactor inlet 
the heat transfer component is more important than the reaction component. 
It can be observed that almost all of the entropy is produced in the first third of the 
reactor. This corresponds well with the fact that the largest driving forces for entropy 
production can be found at the reactor inlet too, as shown in the previous section. But 
only half of the final production is being produced in this first third of the reactor. So 
during the production from a conversion of 0.3 up to the final conversion much less 
entropy is produced than during the production of the first half of the total production. 
This difference in the amount of entropy produced per amount of sulphur dioxide 
converted already suggests that improvements in the overall entropy production 
might be possible. 
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6. Reactor optimisation 
Now that the reference reactor is completely configured, the next step is to find the 
exterior wall temperature profile that minimises the overall entropy production. In 
the first section of this chapter the typical profiles of the optimised reference reactor 
are discussed. This reactor has been numbered as reactor design 2a. Next, the 
dependency of the total entropy production on the reactor length is investigated and 
an optimal reactor length is determined, resulting in reactor design 2b. For a reactor 
with this optimal length, the typical profiles are also discussed and a comparison is 
made between the reference reactor (1a), the reactor with optimised exterior wall 
temperature profile (2a) and the reactor with optimised length and exterior wall 
temperature profile (2b). Subsequently, the influence of setting free one or more outlet 
boundary conditions on the total entropy production profile and the temperature 
profiles at the outlet of the reactor is investigated, yielding reactor design 2c. 

6.1. Optimal exterior wall temperature profile 
Figure 6.1 shows profiles for a reactor with reference length and an optimised exterior 
wall temperature profile (2a). The shown profiles are the exterior wall temperature 
(Tw), the reaction mixture temperature (T), the conversion of the sulphuric acid 
dissociation reaction (ξ1), the conversion of the sulphur trioxide decomposition 
reaction (ξ2), the equilibrium conversion of the decomposition reaction (ξ2,eq) and the 
total local entropy production and its components. 
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Figure 6.1: Temperature, conversion and local entropy production profiles for a reactor with 
the reference length and an optimised exterior wall temperature profile (2a).  
 
The most remarkable profile is the exterior wall temperature profile. It starts at 
882 K with an increase that levels off at a local maximum; next it decreases towards a 
local minimum, jumps up to the maximum and finally drops again to a final value of 
1098 K. The mixture temperature shows the same increases and decreases, but they 
are positioned more towards the end of the reactor and are less extreme. These 
temperature profiles result into a positive temperature difference that decreases 
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slowly towards a local minimum, next it increases again and it finishes at a slightly 
negative value. The crossing of temperatures and the irregular maxima and minima 
might lead one to suspect that a better solution exists. In sections 6.3 and 6.5 it is 
shown that this is true and that these temperature effects are related to a non-
optimal combination of the reactor length and the boundary conditions at the reactor 
outlet. 
The profiles of both conversions increase continuously up to their outlet values. The 
sulphur trioxide decomposition conversion profile is less steep at the reactor inlet and 
around 90% of the total reactor length. The difference between the actual 
decomposition conversion and the equilibrium conversion increases near the reactor 
inlet because of the increasing mixture temperature; next it starts reducing towards a 
minimum and at the reactor outlet it shows a small increase. The actual 
decomposition conversion remains below the equilibrium conversion at all times. 
The pressure drop component of the local entropy production is the smallest; it 
increases linearly towards the reactor end because of an increasing velocity. Both the 
heat transfer and reaction components have considerable contributions. The reaction 
component shows a peak near 20% of the total reactor length, which is mainly caused 
by a high reaction rate of the sulphur trioxide decomposition reaction. The heat 
transfer component is overall the most important one and it decreases almost linearly 
towards the reactor end. At the end it remains at a very low value for a while and 
shows a small peak at the very end; these effects are related to the temperature 
difference resulting from the irregular temperature profiles. In the last fifth of the 
reactor almost no entropy is produced. 

6.2. Variable reactor length 
As described in section 3.5, the total entropy production can not only be minimised by 
optimising the exterior wall temperature profile, but also by optimising the reactor 
length. Figure 6.2 shows the total entropy production and its three separate 
components as a function of the length of the reactor. For each reactor length, exactly 
the same inlet and outlet values for the temperature, pressure and conversions are 
used. So each case has exactly the same inlet and outlet flows and the same total 
amount of heat is transferred through the reactor wall. 
The pressure drop component of the total entropy production is again very small; 
when looking more closely it shows a small constant decrease upon increasing the 
reactor length. Both the heat transfer and reaction components have a considerable 
contribution to the total entropy production; in addition they both show a separate 
minimum at a specific reactor length.  
The minimum entropy production due to heat transfer corresponds to a reactor length 
of 3.39 m; the minimum entropy production due to reactions corresponds to a reactor 
length of 3.44 m. The resulting minimum in the total entropy production corresponds 
to a reactor length of 3.41 m. This optimal reactor length and the length of the 
reference reactor are both indicated in Figure 6.2. It can be concluded that both the 
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heat transfer and the reaction component are necessary to determine the reactor 
length that corresponds to the minimum in the total entropy production. 
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Figure 6.2: The total entropy production and its components as a function of the 
length of the reactor. The reference length (3.09 m) and the optimal length 
(3.41 m) are shown. 

 

6.3. Optimal reactor length 
Figure 6.3 shows profiles for a reactor with an optimised length and an optimised 
exterior wall temperature profile (2b). The shown profiles are the exterior wall 
temperature (Tw), the reaction mixture temperature (T), the conversion of the 
sulphuric acid dissociation reaction (ξ1), the conversion of the sulphur trioxide 
decomposition reaction (ξ2), the equilibrium conversion of the decomposition reaction 
(ξ2,eq) and the total local entropy production and its components. 
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Figure 6.3: Temperature, conversion and local entropy production profiles for a reactor with an 
optimised length and an optimised exterior wall temperature profile (2b). 
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The exterior wall temperature profile increases linearly from its start value of 828 K 
up to a local maximum; next it decreases towards a local minimum and ends at the 
final maximum of 1165 K. This final temperature is well above the helium inlet 
temperature of 1125 K. More attention will be paid to the maximum helium 
temperature in section 7.1. The mixture temperature follows the same trend as the 
exterior wall temperature profile. However, the maxima and minima are positioned 
more towards the end of the reactor and are less extreme. The resulting temperature 
difference increases slowly from the inlet of the reactor towards the end. At the end it 
shows a steep minimum where it even attains a negative value because the 
temperatures cross. This means that the reaction mixture should be cooled instead of 
heated in a small part of the reactor. At the very end of the reactor the temperature 
difference is positive again. 
The sulphuric acid dissociation conversion starts with a slow increase and continues 
to increase up to completion towards the end of the reactor. The sulphur trioxide 
decomposition conversion starts with a relative steep increase and continues to 
increase up to the final value. Both conversions don’t show any local maxima or 
minima. The difference between the actual decomposition conversion decreases slowly 
towards the reactor outlet, and shows a local minimum just before the outlet caused 
by the local minimum in the mixture temperature. 
At the very inlet of the reactor the reaction component of the local entropy production 
is the most dominant one, but its contribution drops rapidly. In the middle of the 
reactor it remains relatively constant and it drops again at the reactor outlet. Overall, 
the heat transfer component it is the most important one. It increases slowly towards 
the reactor end and at the very end it shows a sharp minimum. The total entropy 
production is quite well distributed over the reactor length, except for the reactor inlet 
and outlet. It shows a small linear increase in the middle part of the reactor. 

6.4. Effects of optimisation 
The influence of the two optimisation steps on the initial reference design is 
investigated in this section. The results for the reference reactor (1a) as discussed in 
section 5.2, the reactor with optimised exterior wall temperature profile (2a) as 
discussed in section 6.1 and the reactor with optimised length and exterior wall 
temperature profile (2b) as discussed in section 6.3 are compared. 

6.4.1. Temperatures and conversion 
Figure 6.4 shows profiles of the exterior wall temperature (Tw), the reaction mixture 
temperature (T), the conversion of the sulphuric acid dissociation reaction (ξ1) and the 
conversion of the sulphur trioxide decomposition reaction (ξ2) for the three reactors. 
When comparing the temperature profiles of the reactors, there are two important 
observations. Firstly, the exterior wall temperature at the reactor inlet decreases from 
975 K via 882 K to 828 K due to the optimisations. So heat is transferred at lower 
temperatures and the average temperature is lower too. Secondly, the temperature 
difference becomes smaller and more constant. Another observation is that the local 
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temperature maximum introduced by optimising the exterior wall temperature profile 
shifts towards the reactor outlet when the reactor length is optimised too. A relatively 
sharp change in temperature exists for both optimised reactors at the reactor outlet. 
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Figure 6.4: Comparison between the temperature and conversion profiles of optimal reactor 2b 
(boldest lines), optimal reactor 2a and the reference reactor 1a (thinnest lines). 
 
Both the conversions follow the trend of the mixture temperature, except for the 
sulphur trioxide decomposition conversion at the reactor inlet. This deviation is 
caused by the fixed high initial driving force for this reaction, limiting the influence of 
an increasing temperature on the reaction rate. Overall, the position in the reactor 
where both reactions take place shifts away from the reactor inlet; they are 
distributed more evenly over the total reactor length. 

6.4.2. Local entropy production 
Figure 6.5 shows the profiles of the total entropy production for the three reactors. 
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Figure 6.5: Comparison between the total entropy production profiles of 
optimal reactor 2b, optimal reactor 2a and reference reactor 1a . 
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The effect of the optimisations on the total entropy production profile is quite clear; in 
the reference reactor the entropy production is concentrated at the reactor inlet, but 
by optimising the entropy production becomes more distributed over the entire reactor. 
Optimal reactor 2b has a profile that is even nearly horizontal in the middle part. 
The maximum at the reactor inlet still exists however, although it is smaller. In the 
reference reactor this peak is caused by both the heat transfer and reaction 
components. But by optimising the contribution of heat transfer component decreases 
because the exterior wall temperature decreases, and therefore the temperature 
difference. Since only the exterior wall temperature can change at the reactor inlet 
and it does not have any direct influence on the reaction component, the contribution 
of the reaction component remains unchanged. So because of the fixed inlet 
temperature and conversions, a peak in the entropy production at the reactor inlet is 
unavoidable. The maxima and minima at the outlet of the reactor are caused by the 
heat transfer component and correspond to the maxima and minima in the 
temperature profiles. 
  
Table 6.1 shows a quantitative comparison of the three reactors. The reactor length, 
the total entropy production and its three components, the reduction in entropy 
production and the exterior wall temperature averaged over the heat flux are given. 
This last quantity can be used as a more practical number to quantify the result of the 
optimisations. 
 
Table 6.1: Comparison between the total entropy production of optimal reactor 2b, optimal 
reactor 2a and reference reactor 1a 
Reactor design 1a 2a 2b
Reactor Length / m 3.09 3.09 3.41
Entropy production

Heat transfer / J.K-1.s-1 0.120 0.101 0.071
Reactions / J.K-1.s-1 0.080 0.079 0.061
Pressure drop / J.K-1.s-1 0.009 0.009 0.008
Total / J.K-1.s-1 0.208 0.189 0.140

Reduction 0% 9% 33%
Average exterior wall temperature / K 1024 1015 987  
 
By only optimising the exterior wall temperature profile a moderate reduction in the 
entropy production of 9% can be achieved. Most of this reduction is realised by 
reducing the contribution of the heat transfer component. However, when both the 
reactor length and the exterior wall temperature profile are optimised a more 
considerable reduction of 33% can be achieved. So by extending the reactor with 0.32 
m another 24% reduction in the entropy production can be realised. Again most of the 
reduction comes from a reduction in the heat transfer component, but also the 
reaction component plays a considerable role. The pressure drop component shows a 
minor decrease. The average exterior wall temperature decreases from 1024 K to 987 
K; this means that the average temperature at which heat is transferred to the 
reaction mixture is lowered, as explained in section 3.4.2. 
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6.5. Outlet boundary conditions 
Optimising the reactor length and exterior wall temperature profile introduces 
irregularities in the temperature and local entropy production profiles at the outlet of 
the reactor, as discussed in sections 6.1, 6.3 and 6.4. The fact that these irregularities 
are only located at the outlet leads one to suspect that they might be related to the 
outlet boundary conditions that are enforced. Therefore, the influence of changing the 
outlet boundary conditions will be investigated in this section. As explained in section 
3.5.2, optimal control theory provides the means to set a boundary condition free; in 
this way the optimal boundary condition is obtained automatically. The variables for 
which the boundaries are set free are the mixture temperature, the pressure and the 
dissociation conversion. The decomposition conversion remains fixed at all times in 
order to ensure the same sulphur dioxide production rate, since this is the main goal 
of the reactor. 
 
When looking at the temperature profiles, two different phenomena can be 
distinguished that result from either setting free or fixing the boundary conditions; 
examples of these phenomena are shown in Figure 6.6. 
The first phenomenon is the occurrence of multiple temperature maxima; the thin 
lines illustrate this behaviour. A local maximum is located near 97% of the reactor 
length, and the absolute maximum is position at the reactor outlet. The second 
phenomenon is the occurrence of crossing temperatures, as also discussed in section 
6.1; the normal lines show this behaviour. The bold lines in this graph show an 
example where neither temperature crossing nor multiple temperature maxima occur. 
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Figure 6.6: Examples of the outlet temperature profiles of a reactor that shows 
temperature crossing (normal lines) and a reactor that shows multiple 
temperature maxima (thin lines). 
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With three different variables that can be either fixed or set free at the reactor outlet, 
eight unique combinations of boundary conditions exist. Table 6.2 contains an 
overview of the results for each of these eight combinations. In addition to the 
occurrence of temperature crossing and multiple temperature peaks, also the total 
entropy production and the values of the mixture temperate, pressure, dissociation 
conversion and exterior wall temperature at the reactor outlet are given. 
 
Table 6.2: Overview of the characteristics of all possible free outlet boundary condition 
combinations 
Free Pout No No No Yes No Yes Yes Yes
Free Tout No No Yes No Yes Yes No Yes
Free ξ1,out No Yes No No Yes No Yes Yes
No Temperature Crossing No No No Yes Yes No No Yes
Single Temperature Peak No Yes No No Yes No Yes Yes
Total Entropy Production / J.K-1.s-1 0.1405 0.1380 0.1397 0.1399 0.1379 0.1393 0.1379 0.1379
Pout / bar 6.8984 6.8984 6.8984 6.8963 6.8984 6.8966 6.8979 6.8981
Tout / K 1107.5 1107.5 1098.5 1107.5 1111.3 1099.4 1107.5 1111.0
ξ1,out / - 0.9981 0.9982 0.9981 0.9981 0.9982 0.9981 0.9982 0.9982
Tw,out / K 1164.5 1093.6 1098.5 1157.7 1111.3 1099.4 1095.0 1111.0  
 
When looking for patterns in the occurrence of the two described phenomena, two 
relations appear. Firstly, a single temperature peak only occurs when the outlet 
dissociation conversion is set free. Temperature crossing can not be related to setting 
one single boundary condition free, but the combination of no temperature crossing 
and a single temperature peak only occurs when both the outlet temperature and 
dissociation conversion are set free. It can be concluded that fixing the outlet 
dissociation conversion causes the occurrence of multiple temperature peaks. The 
cause of temperature crossing is not univocal, but it can be prevented by setting free 
both the outlet temperature and the dissociation conversion. 
The optimal set of boundary conditions can be found by looking at the total entropy 
production. A reactor with all outlet boundary conditions fixed produces the most 
entropy, and a reactor with all outlet boundary conditions free produces the least. 
This is logical, since constraints are removed from the system by setting free 
boundary conditions. Unfixing the dissociation conversion, or preventing multiple 
temperature maxima, has the largest effect on the total entropy production. The 
optimal set of boundary conditions corresponds to no temperature crossing and a 
single temperature peak, so it can be concluded that these phenomena should be 
strived for in order to obtain an optimal design. 
When comparing the initial fixed outlet values with the ones obtained when setting 
the boundary conditions free, only small deviations appear in the pressure, mixture 
temperature and dissociation conversion. So by allowing a small deviation in the 
outlet values, better profiles can be obtained. Another observation is that the outlet 
exterior wall temperature and the mixture temperature are exactly the same when 
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the outlet mixture temperature is set free. This effect has already been explained in 
section 4.2. 
It can be concluded that the occurrence of temperature crossing and multiple 
temperature maxima should be prevented. This can be done by modifying the outlet 
boundary conditions of the temperature and dissociation conversion. Figure 6.7 shows 
the temperature and conversion profiles over the entire reactor length of an optimal 
reactor with free outlet boundary conditions of the temperature and dissociation 
conversion. This reactor will be numbered as reactor design 2c. 
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Figure 6.7: Temperature and conversion profiles of an optimal reactor with 
free outlet temperature and dissociation conversion boundary conditions. (2c) 

 
As can be seen, the temperature profiles of this reactor are rather smooth, and only 
one temperature maximum exists. 
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7. Towards a practical reactor 
Now that the reference reactor is completely optimised, the next step is to convert the 
theoretical optimal exterior wall temperature profile into a profile that can be put into 
practise. The first step towards a practical temperature profile was the inclusion of a 
constraint on the maximum exterior wall temperature, resulting in reactor design 3a. 
The next step was to obtain the theoretical helium flow rate profile that needs to be 
applied in order to obtain the desired exterior wall temperature profile. Subsequently, 
the theoretical helium flow rate profile has been translated into a more practical 
helium flow rate profile, yielding reactor design 3b. This helium flow rate profile is 
required for evaluation of the reactor performance in the next chapter. At the end of 
this chapter, two additional reactor designs (1b and 3c) are introduced that are based 
on a constant helium flow rate instead of a variable helium flow rate. 

7.1. Maximum exterior wall temperature 
So far, the exterior wall temperature has been allowed to attain any value. In practice 
however, this temperature is limited to a maximum, which is the maximum helium 
temperature of 1125 K. When looking at the optimised reactors in section 6.4.1, it can 
be seen that this maximum temperature is exceeded in every case. So in order to 
obtain temperature profiles that can be applied in practice, a maximum temperature 
constraint has been enforced on the system. 
In addition to a maximum temperature, two more requirements have been taken into 
account. Firstly, the maximum temperature may only be reached at one single 
location in the reactor. The reason for this is related to the helium inlet. After the 
helium with the highest allowable temperature has entered the reactor, it starts 
cooling down as it flows through the reactor. It would require the addition of an 
infinite amount of helium at the highest allowable temperature to maintain the same 
temperature. Next, using the results of section 6.5, no multiple temperature peaks 
and no temperature crossing should occur. The last requirement suggests a free outlet 
dissociation conversion and temperature as boundary conditions. 
The combination of the maximum temperature constraint and the first requirement 
resulted in a new practical reactor length of 3.26 m. At this length, it was found that 
using a free boundary condition for just the dissociation conversion already satisfied 
the second requirement. In order to maintain as much resemblance as possible, fixed 
boundary conditions for the temperature, pressure and decomposition conversion have 
been used. A comparison between the temperature profiles of an optimal reactor with 
length 3.41 m and both free outlet temperature and dissociation conversion (2c) and of 
a practical reactor with length 3.26 m and only a free outlet dissociation conversion 
(3a) is shown in Figure 7.1. 
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Figure 7.1 & Table 7.1: Comparison between the characteristics of optimal reactor 2c (thin 
lines) and of  practical reactor  3a (bold lines). 
 
Table 7.1 shows an overview of the quantitative results for both reactors. The main 
conclusion is that the enforcement of the maximum temperature constraint results in 
a shorter reactor and a reduction in the entropy production of 28% instead of 34%. 

7.2. Helium flow rate profile 
When helium is used as heating utility, the only way to put a desired exterior wall 
temperature profile into practise is by varying the helium flow rate. This means that 
helium is injected to or ejected from the main helium stream along the reactor length. 
The required helium flow rate profile can be calculated using equation (4.5). The 
solution of a reactor specifies both the required exterior wall temperature profile as 
well as the required heat flow profile. Since the heat capacity of helium is constant, 
the determination of the required helium flow rate profile is then straightforward. 
Before we can start calculating the required helium flow rate profile, we should first 
have a closer look at the exterior wall temperature profile. The exterior wall 
temperature shows a maximum near the reactor outlet. This has two implications for 
the helium flow rate. Firstly, helium is always flowing in the direction of a decreasing 
temperature. This urges a subdivision of the reactor into two parts. In the first and 
largest part of the reactor, helium flows counter-currently with respect to the reaction 
mixture. In the second and smallest part however, it flows co-currently. Secondly, an 
inconvenience is encountered at the maximum temperature. Since the temperature 
derivative passes through zero at this point, the required theoretical helium flow rate 
approaches infinity, a very unpractical value. 
The theoretical helium flow rate has been rendered more practical by manually 
tuning of the temperature derivative near the reactor outlet. The aim of tuning the 
derivative has been to obtain a continuous helium flow rate profile without an 
unrealistic peak, while still resembling the theoretical profile quite well. A constant 
temperature derivative has been used in the last 20% of the first reactor part, equal to 
the average temperature derivative of the preceding 10%. The temperature derivative 

Reactor design 2c 3a
Reactor length / m 3.41 3.26
Free Pout No No
Free Tout Yes No
Free ξ1,out Yes Yes
Maximum Temperature / K 1148 1125
No Temperature Crossing Yes Yes
Single Temperature Peak Yes Yes
Total Entropy Production / J.K-1.s-1 0.1379 0.1502
Reduction in Entropy Production 34% 28%
Pout / bar 6.8984 6.8984
Tout / K 1111 1107
ξ1,out / - 0.9982 0.9981
Tw,out / K 1111 1119
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in the second reactor part has been changed such that its starting value equals the 
final value of the first reactor part; the final value of the second part remains 
unchanged. 
The above described procedure has been applied on the results of practical reactor (3a). 
The resulting reactor is numbered as reactor design (3b). Figure 7.2 shows the results 
for both the theoretical and practical helium flow rate profiles. In addition, 
temperature profiles that correspond to both helium profiles are shown, including an 
enlargement of the reactor outlet. A vertical dotted line is added in both cases to 
indicate the reactor length at which the direction of the helium changes. 
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Figure 7.2: Comparison between the helium flow rate and temperature profiles of a practical 
helium flow rate profile (bold lines) and a theoretical helium flow rate profile (thin lines). The 
vertical dotted lines represent the reactor length at which the helium flow direction changes. 
 
Figure 7.2 shows that indeed the unpractical peak in the helium flow rate has been 
removed without changing the rest of the helium flow rate profile to a large extent. 
The corresponding temperature profiles are also very similar, except for the reactor 
outlet. As a result of removing the helium flow rate peak, both the exterior wall 
temperature and mixture temperature increase a few degrees. A clear discontinuity in 
the exterior temperature derivative can be observed at the location where the helium 
flow direction changes. The derivative of the mixture temperature remains continuous. 
The second co-current part of the reactor is very small compared to the first part. It is 
no problem to include this small part in a theoretical description of the reactor. But in 
practise a subdivision of the reactor into two parts is probably too much effort for such 
a small part.  

7.3. Constant helium flow rate 
In section 7.2 it is discussed how a helium flow rate profile can be determined that is 
required to obtain a desired exterior wall temperature profile. Although the profile 
has already been rendered more practical by removing the peak in the helium flow 
rate near the reactor outlet, it would still be more practical to have a helium flow rate 
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that does not change at all. It can even be argued that a constant helium flow rate 
should have been the basis for the reference reactor design, instead of a linear 
temperature profile. Because of this, two additional reactor designs have been 
determined that use a constant helium flow rate. 
The first additional design resembles the reference reactor; it uses the same boundary 
conditions at the reactor inlet and the same exterior wall inlet and outlet 
temperatures. The helium flow rate and reactor length are set at a values that ensure 
these temperatures and an outlet decomposition conversion equal to the one of the 
reference reactor. The resulting reactor is numbered as reactor design (1b) 
The second additional design is based on the practical reactor. Again the same inlet 
boundary conditions are used. The reactor length remains fixed at the length 
previously determined for the practical reactor. The exterior wall temperature at the 
helium inlet remains also fixed at the maximum allowable 1125 K. These constraints 
on the reactor length and maximum temperature cause a change in the exterior wall 
temperature at the helium outlet. Another change with respect to the practical reactor 
is that only one helium flow rate direction is used instead of two. The resulting 
reactor is numbered as reactor design (3c). An overview of the temperature and 
conversion profiles of these two new reactor designs is shown in Figure 7.3. 
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Figure 7.3: Overview of the temperature and conversion profiles of reference reactor 1b (left) 
and practical reactor 3c (right), both have a constant helium flow rate. 
 
This reference reactor has a length of 2.17 m and a constant helium flow rate of 
0.588 mol.s-1. The practical reactor has a constant helium flow rate of 0.372 mol.s-1 
and the resulting exterior wall temperature at the helium outlet amounts 887 K. 
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8. Reactor evaluation 
Several reactor designs have been discussed in chapters 5, 6 and 7. The last step is to 
evaluate the performances of these designs. First, a new criterion is introduced that 
can be used to compare different reactor designs with each other, even if the total 
production, heat transferred or reactor length is changed.  
The first part of the actual evaluation consists of a comparison between five different 
reactor designs. The second part of the evaluation concerns one single reactor design. 
The performance of the reactor is investigated by determining the responses in the 
reactor outlet caused by disturbances in the reactor inlet, including disturbances in 
the helium flow. The effects of different catalyst activities are also investigated. 

8.1. Evaluation criterion 
So far, the total entropy production rate has been used to compare different reactor 
designs with each other. When exactly the same inlet and outlet boundary conditions 
are used for the designs, this is a proper criterion. The use of the same boundary 
conditions ensures that, for example, exactly the same amount of chemicals is 
converted and that exactly the same amount of heat is transferred. Even in the case of 
small deviations in one or a few boundary conditions, as is the case in chapters 6 and 
7, this can be a suitable criterion. 
When the deviations become too large and numerous however, a new criterion is 
desired that relates the entropy production to quantities like the total chemical 
production and total heat transferred. For example, a decrease in the heat transfer 
component of the entropy production is not an improvement if the total amount of 
heat transferred decreases to a larger extent. This also holds for the reaction and 
pressure drop components. It is of course the combination of the three components 
that determines the overall result. Since the main purpose of the new evaluation 
criterion is to compare different reactor designs, it will be calculated relative to a 
reference design.  
For each of the entropy production rate components, the entropy production is 
calculated per corresponding total quantity. For the reaction components this 
quantity is the total amount of chemicals converted, or the difference in the 
conversion between the reactor inlet and outlet. The heat transfer component of the 
entropy production is expressed per total amount of heat transferred. For the pressure 
drop component, the calculation might seem counter-intuitive. In parallel with the 
previous two components, one could think that the entropy production due to pressure 
drop should be expressed per total pressure drop. This would be wrong however. 
When looking more closely, the first two components are calculated per corresponding 
thermodynamic flux, integrated over the entire reactor. So the pressure drop 
component should be expressed per integrated velocity; or per integrated volumetric 
flow if multiplication with the cross-sectional area is included. If we then have the 
time dependencies of the entropy production rate and the integrated thermodynamic 
flux cancel each other, as has been done for the other two components, the integrated 
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velocity becomes the total reactor length, and the integrated volumetric flow becomes 
the total reactor volume. The quantities calculated accordingly will be referred to as 
the specific entropy productions (Σi) from now on, where the subscript rx,i is used for 
the reaction components, the subscript q for the heat transfer component and the 
subscript p for the pressure drop component 
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     and           and       (8.1) 

 
The specific entropy productions are calculated for both a reference reactor and the 
reactor that will be compared to it. Next, the ratios between the specific entropy 
productions of both reactors are calculated, the relative component performances (ηi) 
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Finally, the relative total performance (ηtot) is calculated by taking the product sum of 
the relative component performances and the contributions of the components to the 
total entropy production of the reference reactor. 
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The reference reactor has always a relative total performance of one, a reactor that 
performs better than the reference reactor has a relative total performance lower than 
one and a reactor that performs worse than the reference reactor has a relative total 
performance higher than one. 

8.2. Reactor design comparison 
This section describes a comparison between five different reactor designs, using the 
evaluation criterion introduced in section 8.1. The first design is the reference reactor 
with a constant helium flow rate (1b), as discussed in section 7.3. The second design is 
the reference reactor (1a) as defined in chapter 5; this is the design that is used to 
compare the other designs to. The third design is optimal reactor design (2c) as 
discussed in section 6.5. The reactor has an optimised exterior wall temperature 
profile and reactor length; in addition, free outlet boundary conditions for the mixture 
temperature and dissociation conversion are used. The fourth design is the practical 
reactor with practically feasible, but varying, helium flow rate profile (3b), as 
discussed in section 7.2. The fifth design concerns the practical reactor with constant 
helium flow rate (3c), as discussed in section 7.3. The results of the comparison 
between these reactors are shown in Table 8.1. Because all integrated thermodynamic 
fluxes show little differences for these five cases, the relative total performance is 
practically the same as the ratio between the total entropy productions.  
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Table 8.1: Comparison of entropy production performances of five different reactor designs 
Reactor design 1b 1a 2c 3b 3c
Constant FHe Yes No No No Yes
∆ξ1 / - 0.180 0.179 0.179 0.180 0.180
∆ξ2 / - 0.622 0.623 0.623 0.627 0.627
Qtot / J 1835 1833 1841 1846 1844
L / m 2.17 3.09 3.41 3.26 3.26
σrx,1 / J.K-1.s-1 0.008 0.007 0.002 0.003 0.004
σrx,2 / J.K-1.s-1 0.086 0.073 0.058 0.063 0.066
σq / J.K-1.s-1 0.147 0.120 0.069 0.077 0.088
σp / J.K-1.s-1 0.006 0.009 0.008 0.008 0.009
σtot / J.K-1.s-1 0.246 0.208 0.138 0.151 0.166
ηrx,1 / - 1.15 1.00 0.30 0.42 0.57
ηrx,2 / - 1.17 1.00 0.80 0.85 0.90
ηq / - 1.23 1.00 0.58 0.64 0.73
ηp / - 0.98 1.00 0.87 0.93 0.96
ηtot / - 1.19 1.00 0.66 0.72 0.79  
 
When looking at the results, three important observations can be made. First of all, 
the best design is indeed the optimal reactor design. Secondly, upon changing the 
optimal design into more practical designs, the performance of the designs worsens. 
But the performance of the most practical design is still better than the performance 
of the reference designs. The third observation is that both designs using a constant 
helium flow rate have a worse performance than the reactor designs on which they 
are based. 
The last observation has two implications. Firstly, the use of a variable helium flow 
rate instead of a constant one allows an improvement in the reactor performance. 
Next, the reference reactor that is currently used as basis for the optimisation can 
actually be regarded as a partly optimised version of the more practical reference 
reactor that uses a constant helium flow rate. So if the optimal and practical reactors 
would be compared to this practical reference reactor, the improvements in 
performance would even be higher. 
Another observation is that the relative performance of the pressure drop component 
shows little deviations compared to the other relative performances, while the 
relatively large deviations in the reactor length suggest the contrary. The explanation 
for this behaviour is that the pressure drop component of the entropy production 
follows the trend of the relative performance. This confirms that the total entropy 
production rate can still be useful criterion for comparing the reactor designs in 
chapters 5 and 6, where only small changes in the reactor length are applied. 

8.3. Reactor performance 
The second part of the reactor evaluation concerns a sensitivity analysis of the 
operation conditions of a reactor. When designing other process units, it is useful to 
know how the reactor reacts on disturbances in inlet conditions. The results of the 
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analysis also give more insight into the behaviour of the reactor during start-up and 
shut-down of the process. And in addition, the effect of a decreasing catalyst activity 
on the reactor performance can be determined. 
This section discusses the responses in the reactor outlet and reactor performance on 
disturbances in the reaction mixture inlet, the helium flow inlet and the reaction 
kinetics. The practical reactor design with variable helium flow rate (3b), as presented 
in section 7.2, has been used as basis for the evaluation. 
As explained in section 4.1.2, the helium flow rate profile is used as basis for solving 
the reactor profiles of all other variables. The helium flow rate profile is modelled 
using three terms; the inlet helium flow rate, a profile of the change in the helium 
flow rate, and a profile of the standard exterior wall temperature as it is when no 
disturbances are introduced in the reactor. The combination of the first two terms 
defines the helium flow rate profile. The third term is used to determine the 
temperatures at which helium is injected to the main helium flow. These injection 
temperatures are always the same, except if a disturbance in the helium temperature 
is introduced. Helium that is being ejected always leaves the main helium flow at 
current temperature; so at a temperature that can deviate from the standard 
temperature as a result of disturbances. 

8.3.1. Responses on disturbances in the reaction mixture 
The reaction mixture that is fed to the reactor is disturbed in four different ways. The 
simplest disturbance is introduced by varying the total flow rate with plus or minus 
20%. 
The next two disturbances are introduced in the pressure and the temperature. The 
pressure is increased or decreased with 20% and the temperature is increased or 
decreased with 20 K. A change in the pressure or temperature also changes the 
equilibrium conversion of the dissociation conversion. The inlet dissociation 
conversion has been adjusted in order to compensate for this change. It is set at a 
value that results in the same driving force for the dissociation reaction as for the 
practical reactor design without any disturbances. 
The last disturbance is introduced in the water content of the feed, or the water to 
sulphuric acid ratio; where the amount of sulphuric acid is calculated based on a 
dissociation conversion equal to zero. A change in the water content can be caused by 
a change in the performance of the distillation step upstream in the process. The 
amount of excess water is varied with 50%; which brings along a small change in the 
total molar flow rate too. The inlet conversion is adjusted like it has been adjusted for 
disturbances in the pressure or temperature. 
An overview of the resulting responses and the reactor performances is shown in 
Table 8.2. In addition to the values of the pressure, temperature, conversions and 
exterior wall temperature at the reactor outlet, also the component and total entropy 
productions and relative performances are given. 
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Table 8.2: Responses in the outlet conditions and reactor performance caused by disturbances 
in the inlet conditions of the reaction mixture 
Disturbance Normal

- -20% 20% -20 K 20 K -50% 50% -20% 20%
P0 / bar 7.09 5.68 8.51 7.09 7.09 7.09 7.09 7.09 7.09
T0 / K 800 800 800 780 820 800 800 800 800
ξ1,0 / - 0.819 0.847 0.792 0.765 0.861 0.823 0.814 0.819 0.819
F0 / mol.s-1 0.034 0.034 0.034 0.034 0.034 0.033 0.036 0.027 0.041
P / bar 6.90 5.43 8.35 6.90 6.90 6.90 6.89 6.95 6.84
T / K 1110 1108 1112 1109 1112 1112 1109 1127 1089
ξ1 / - 0.998 0.999 0.998 0.998 0.998 0.998 0.998 0.999 0.997
ξ2 / - 0.627 0.633 0.618 0.622 0.631 0.629 0.625 0.676 0.554
Tw / K 851 858 845 832 867 853 849 891 827
σrx,1 / J.K-1.s-1 0.0028 0.0033 0.0025 0.0037 0.0020 0.0027 0.0029 0.0033 0.0029
σrx,2 / J.K-1.s-1 0.0629 0.0769 0.0527 0.0627 0.0634 0.0619 0.0639 0.0547 0.0745
σq / J.K-1.s-1 0.0770 0.0728 0.0807 0.0895 0.0673 0.0766 0.0775 0.0749 0.0890
σp / J.K-1.s-1 0.0084 0.0134 0.0057 0.0082 0.0085 0.0080 0.0088 0.0050 0.0129
σtot / J.K-1.s-1 0.1511 0.1664 0.1416 0.1641 0.1412 0.1491 0.1531 0.1380 0.1793
ηrx,1 / - 1.00 1.40 0.78 1.02 0.93 0.99 1.01 1.18 1.04
ηrx,2 / - 1.00 1.21 0.85 1.00 1.00 0.98 1.02 0.81 1.34
ηq / - 1.00 0.96 1.03 1.10 0.92 1.00 1.00 1.15 1.05
ηp / - 1.00 1.60 0.68 0.98 1.02 0.95 1.05 0.60 1.54
ηtot / - 1.00 1.11 0.93 1.05 0.96 0.99 1.01 0.98 1.20

Pressure Temperature Water content Flow rate

 
 
If we look at the responses in the reaction mixture, we see that the dissociation 
conversion hardly changes. This also holds for the pressure, except for disturbances in 
the pressure itself. The mixture temperature and decomposition conversion show 
some deviations, especially for disturbances in the flow rate. The biggest deviations 
are found in the exterior wall temperature, where again disturbances in the flow rate 
cause the biggest deviations.  
Looking at the total relative performances, we see that a higher pressure and a higher 
temperature improve the performance. The water content hardly influences the 
performance and it can be concluded that the flow rate should not be increased. If we 
compare the case of an increased pressure with the case of an increased temperature, 
we see that the latter is better in terms of total entropy production but that the 
former is better in terms of total relative performance. This difference proves the use 
of the new criterion.  

8.3.2. Responses on disturbances in the helium flow 
The helium flow is disturbed in two ways. The first disturbance is again introduced by 
increasing or decreasing the flow rate with 20%. The next disturbance is introduced in 
the helium temperature. In addition to an increase or decrease of 20 K, also an 
increase of 50 K is used to investigate the effect of a possible future increase in the 
maximum helium temperature.  
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An overview of the resulting responses and the reactor performances is shown in 
Table 8.3. The reactor outlet conditions and the component and total entropy 
productions and relative performances are given. 
 
Table 8.3: Responses in the outlet conditions and reactor performance 
caused by disturbances in the inlet conditions of the helium flow 
Disturbance Normal

- -20% 20% -20 K 20 K 50 K
THe / K 1132 1132 1132 1112 1152 1182
FHe / mol.s-1 0.287 0.229 0.344 0.287 0.287 0.287
P / bar 6.90 6.91 6.89 6.90 6.89 6.89
T / K 1110 1091 1120 1091 1131 1162
ξ1 / - 0.998 0.997 0.999 0.998 0.999 0.999
ξ2 / - 0.627 0.564 0.656 0.585 0.667 0.724
Tw / K 851 811 890 849 853 857
σrx,1 / J.K-1.s-1 0.0028 0.0020 0.0042 0.0026 0.0030 0.0033
σrx,2 / J.K-1.s-1 0.0629 0.0561 0.0700 0.0594 0.0664 0.0716
σq / J.K-1.s-1 0.0770 0.0650 0.0962 0.0698 0.0846 0.0966
σp / J.K-1.s-1 0.0084 0.0075 0.0090 0.0082 0.0086 0.0090
σtot / J.K-1.s-1 0.1511 0.1307 0.1794 0.1400 0.1626 0.1804
ηrx,1 / - 1.00 0.72 1.50 0.93 1.07 1.17
ηrx,2 / - 1.00 0.99 1.06 1.01 0.99 0.99
ηq / - 1.00 0.91 1.21 0.96 1.04 1.10
ηp / - 1.00 0.90 1.07 0.98 1.03 1.07
ηtot / - 1.00 0.94 1.15 0.98 1.02 1.05

Flow rate Temperature

 
 
If we look at the results, we see again that the pressure and dissociation conversion 
are hardly affected by any disturbance. The mixture temperature and decomposition 
conversion deviate significantly for all disturbances. The helium temperature is 
mainly affected by changes in the helium flow rate; changes in the helium 
temperature itself are largely nullified by changes in the mixture temperature. 
The use of more and hotter helium can considerably increase the decomposition 
conversion. However, this increase in production is accompanied by a worsening of the 
total relative performance. The worsening is mainly caused by the heat transfer 
component, which increases because the average temperature difference becomes 
larger. This negative effect can be prevented by increasing the inlet mixture 
temperature too. 
The total relative performance improves if a lower helium flow rate is used. 
Unfortunately, this improvement corresponds to a significant decrease in the 
decomposition conversion, which translates in a larger recycle. It depends on the 
effect that the increase recycle has on the rest of the process, whether a lower helium 
flow rate is an overall improvement or not. 
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8.3.3. Responses on changes in the reaction kinetics 
The reaction kinetics are altered in two ways. The first change is the use of different 
types of catalyst. Instead of TiO2-supported platinum, also platinum supported on 
Al2O3 and ZrO2 are used. The corresponding expressions for the rate constants are 
determined in Appendix E. It is assumed that the same volume of catalyst particles is 
present in the reactor. Because the densities of the three supports are not the same, 
different amounts of catalyst mass are used; the mass ratio of Al2O3 to TiO2 is 0.95 
and the mass ratio of ZrO2 to TiO2 is 1.36 
The second change is a decrease in the catalyst activity. Decreases down to 50% and 
10% of the original activity are used to investigate the influence of catalyst 
deactivation on the reactor performance. 
An overview of the resulting responses and the reactor performances is shown in 
Table 8.4. Again the reactor outlet conditions and the component and total entropy 
productions and relative performances are given. 
 
Table 8.4: Responses in the outlet conditions and reactor performance caused by disturbances 
in the catalyst type and activity 
Catalyst
Activity 100% 50% 10% 100% 50% 10% 100% 50% 10%
P / bar 6.90 6.90 6.90 6.90 6.90 6.90 6.89 6.89 6.90
T / K 1110 1106 1110 1088 1083 1088 1121 1120 1114
ξ1 / - 0.998 0.998 0.993 0.997 0.997 0.992 0.999 0.998 0.993
ξ2 / - 0.627 0.580 0.362 0.593 0.556 0.412 0.668 0.664 0.629
Tw / K 851 866 922 875 886 922 831 833 848
σrx,1 / J.K-1.s-1 0.0028 0.0063 0.0316 0.0037 0.0080 0.0301 0.0042 0.0073 0.0276
σrx,2 / J.K-1.s-1 0.0629 0.0865 0.1195 0.0949 0.1077 0.1260 0.0125 0.0144 0.0282
σq / J.K-1.s-1 0.0770 0.0701 0.0575 0.0741 0.0710 0.0594 0.0975 0.0952 0.0829
σp / J.K-1.s-1 0.0084 0.0083 0.0080 0.0079 0.0079 0.0078 0.0088 0.0087 0.0085
σtot / J.K-1.s-1 0.1511 0.1712 0.2166 0.1807 0.1947 0.2233 0.1230 0.1256 0.1471
ηrx,1 / - 1.00 2.26 11.62 1.33 2.88 11.15 1.50 2.60 10.18
ηrx,2 / - 1.00 1.49 3.29 1.60 1.93 3.05 0.19 0.22 0.45
ηq / - 1.00 0.95 0.97 1.02 1.01 0.98 1.21 1.19 1.07
ηp / - 1.00 0.99 0.96 0.94 0.94 0.93 1.04 1.04 1.01
ηtot / - 1.00 1.20 2.13 1.26 1.43 2.03 0.78 0.80 0.98

Pt on TiO2 Pt on Al2O3 Pt on ZrO2

 
 
Table 8.4 shows that deactivation of the catalyst has almost no influence on the 
pressure, temperature and dissociation conversion. Deactivation will mainly result in 
a decrease of the decomposition conversion and an increase in the exterior wall 
temperature because less energy is required for the reactions. In spite of the 
decreasing decomposition conversion, reasonable conversions are still possible at a 
deactivation of 50%. 
When looking at the total relative performances, we see that deactivation has a large 
negative effect. Especially the reaction components worsen a lot. If we compare the 
three different types of support, ZrO2 proves to be the best option instead of TiO2. 
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Even if the ZrO2 supported catalyst has 10% of its initial activity left, it performs 
better than the TiO2 supported catalyst at its initial activity. This suggests that, even 
though the stability of the ZrO2 supported catalyst is much worse, it might still be the 
best option in terms of entropy production. The large differences between the three 
catalyst types also points at the importance of reliable and accurate kinetic data. 
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9. Discussion 
This chapter elaborates on some of the observations that are made in previous 
chapters. First, a more detailed explanation is presented for the existence of an 
optimal reactor length, as has been found in chapter 6. Subsequently, the 
optimisation results are discussed in view of the findings of Johannessen and 
Kjelstrup related to the equipartition of entropy production [46]. Next, the evaluation 
criterion that is introduced in chapter 8 is discussed in terms of work and exergy 
efficiency. Finally, an alternative flow sheet is proposed for the sulphuric acid 
decomposition section that further minimises the entropy production of the process. 

9.1. The existence of an optimal reactor length 
In section 6.2 it is shown that an optimal reactor length exists. This optimal length is 
close to the reference length. If we only look at the heat transfer component of entropy 
production however, an infinite reactor length would be optimal. An infinite reactor 
length results in infinitely small temperature differences along the reactor, resulting 
in minimal entropy production due to heat transfer. In practise, the reactor length 
will be limited by the increasing pressure drop component of entropy production. 
Since this component is very small in our case, the expected optimal reactor length is 
much larger than the current optimal length. So why do we find the current optimal 
length? 
The occurrence of the current optimal reactor length is a combination of three effects. 
Firstly, optimising the entropy production is related to a decrease in the average 
temperature, as is explained in section 3.4.2. When looking at the Ergun equation, a 
lower temperature results in a lower velocity, which means a smaller pressure drop. 
The second effect is the elongation of the reactor, which involves an increase in the 
pressure drop. Finally, fixing the inlet and outlet pressures means that the pressure 
drop is fixed too. 
The optimal reactor length corresponds to the length at which the first two effects 
cancel each other, so that the required fixed pressure drop is the net result. In other 
words, the potential reduction in entropy production that results from the 
temperature profile optimisation cannot be fully functionalised due to the constraint 
on the outlet pressure; it does not allow a decrease in the pressure drop. Elongation of 
the reactor is required to compensate for the decrease in pressure drop and fully 
functionalise the potential reduction in entropy production. 
This also explains the first maximum in the temperature profile of the reactor with an 
optimised exterior wall temperature profile but with the reference length. The 
average temperature needs to remain the same in this case, but decreasing the 
temperature difference in the first part of the reactor can still lower the total entropy 
production a little. 
So it is in fact the fixed pressure drop that determines the optimal reactor length. 
Optimisations of reactors with lengths up to 7 m and with a free outlet pressure 
confirm this explanation. It was found that the total entropy production kept 
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decreasing when increasing the reactor length. The maximum allowable pressure 
drop is typically constraint by the rest of the chemical process. 

9.2. Equipartition of entropy production 
Two important concepts in the work of Johannessen and Kjelstrup are the so-called 
equipartition of entropy production (EoEP) and equipartition of forces (EoF) [46]. 
These concepts say that a minimum entropy producing system is characterised by a 
constant entropy production rate in the case of EoEP, or by constant thermodynamic 
forces in the case of EoF. A hypothesis is proposed stating that “EoEP, but also EoF 
are good approximations to the state of minimum entropy production in the parts of 
an optimally controlled system that have sufficient freedom.”. 
Using irreversible thermodynamics, it is easy to understand that an even distribution 
of forces yields minimum entropy production for a given process. If we compare two 
possible force distributions, the fact that the process is given requires that the 
thermodynamic rates integrated over a fixed system length must be equal for both 
distributions. If the coupling coefficients between the rates and the forces are 
assumed to be constant, this means that the forces integrated over the system length 
must be equal too. The entropy production is then proportional to the rate times the 
force, so to the squared force. For a given process, the squared force integrated over a 
system with a constant force distribution is always smaller than the squared force 
integrated over a system with a non-constant force distribution. This is illustrated 
with the simple numerical example shown in Figure 9.1. 
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Figure 9.1: Schematics of the force and the squared force along the system for both a constant 
force (bold lines) and a non-constant force (thin lines), arbitrary units are used. 
 
The surfaces under the lines in the left graph are equal, meaning that the forces 
integrated over the system are equal. But the surfaces under the lines in right graph 
differ, meaning that the entropy productions are different. The surface under the 
horizontal line in the right graph is always the smallest for distributions with equal 
surfaces under the lines in the left graph.  So a constant force corresponds indeed to 
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minimum entropy production. If all forces are constant, the entropy production is 
automatically also constant. This explains that EoEP and also EoF are good 
approximations to the state of minimum entropy production in an optimally controlled 
system; the first part of the hypothesis. 
 
The second part of the hypothesis says that sufficient freedom is needed for this first 
part to be valid. In the context of this thesis, this can be explained by looking at the 
boundary conditions. For example if the inlet boundary is fixed at one and the outlet 
boundary at three, the optimal distributions of the forces and the entropy production 
is still constant around two in the middle part, but they are not constant in the parts 
near the inlet and outlet. So by enforcing these boundary conditions, the system does 
not have sufficient freedom anymore to attain EoEP near the inlet and outlet. If the 
boundary conditions are fixed at values not too far away from their optimal values, a 
horizontal middle part will always exist. 
 
If we look at the optimisation results in section 6.4.2, we can see that they correspond 
very well with the hypothesis. The optimal profile approximates EoEP in the middle 
part and the fixed boundary conditions are explained to cause the peaks in entropy 
production at the inlet and outlet. If we want to quantify to what extent a profile 
approximates EoEP, or how constant the entropy production is, we can use the 
standard deviation of the entropy production as a measure. For a perfectly constant 
entropy production, the standard deviation equals zero. But as the entropy production 
becomes less constant, the standard deviation will start to increase. 
When comparing the standard deviation of two profiles, the coefficients of variation (cv) 
should be used; which are the standard deviations divided by the corresponding 
means. In addition to the coefficient of variation of the total entropy production, we 
can also calculate the coefficients of variation of the entropy production components 
separately. The coefficient of variation of a sum of profiles is typically calculated by 
taking the root of the sum of the squared profile coefficients of variation. The above 
described quantities are calculated for reactor designs 1a, 2a, 2b and 2c; the results of 
the calculations are shown in Table 9.1. 
 
Table 9.1: Coefficients of variation for several reactor designs. 
Reactor design 1a 2a 2b 2c
cv,tot 1.50 0.93 0.22 0.16
cv,rx.1 2.81 1.87 0.71 0.78
cv,rx.2 1.21 0.97 0.35 0.34
cv,q 1.94 1.02 0.29 0.15
cv,p 0.18 0.21 0.25 0.24
(cv,rx.1+cv,rx.2+cv,q+cv,p)

-1/2 3.63 2.35 0.88 0.90  
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If we look at the coefficients of variation of the total entropy production in Table 9.1, 
we see that indeed the most optimal reactor design approaches zero the most and is 
thus the closest to perfect EoEP. Another observation is that most of the component 
coefficients of variation are larger than the coefficients of variation of the total 
entropy production. And the sum of the component coefficients of variation is always 
larger than the coefficients of variation of the total entropy production. The relative 
difference between these two quantities even increases for more optimal reactor 
designs. This indicates that the total entropy production is more constant than the 
separate forces are constant, so it is rather EoEP than EoF that describes the optimal 
reactor design. This can be explained by the fact that EoF requires a number of 
control variables that is at least equal to the number of forces. The system that is 
optimised in this thesis has only one control variables available to control three forces. 
In this configuration EoF is impossible, but apparently EoEP can still be 
approximated very well with a single control variable. 

9.3. Handling changes in the ideal work 
Section 8.1 introduces a criterion that allows reactor designs that have different 
boundary conditions to be compared. It is possible to try and explain this approach in 
terms of work. As explained in section 3.4.2, the production of entropy is related to 
lost work. The quantities called the integrated thermodynamic fluxes can be 
interpreted as representing the ideal amount of work. So in fact, the new criterion 
allows comparing reactors with differences in the ideal work, which are caused by 
changes in the boundary conditions of the system. The relative total performance can 
be seen as the ratio between the lost work and the ideal work. Since these two 
quantities define the exergy efficiency, the relative total performance can be regarded 
as a measure for the ratio of the exergy efficiencies of the two reactors that are 
compared. It is not the exact ratio however, because each component’s contribution to 
the total entropy production probably differs from each component’s contribution to 
the total ideal work. It can only be stated that an increase in the exergy efficiency 
corresponds to a relative total performance smaller than one, and a decrease 
corresponds to a relative total performance larger than one. 
One of the insights that the criterion provides is a dependency of the reactor 
performance on the reactor length. This dependency is very small for the reactors that 
are considered in this thesis, because the pressure drop component of entropy 
production is small compared tot the total entropy production and because the 
pressure drop component appears to be dependent on the reactor length. This is not 
the case however for the optimisation of the SO2-oxidation reactor performed by 
Johannessen [8]. In this work, the reactor length is also used to minimise entropy 
production, but the pressure drop component of entropy production is much more 
important. The optimal reactor has a smaller length than the reference reactor, but a 
larger entropy production due to pressure drop. The entropy production is reduced 
with 25%, but the relative total performance improves with only 17%. 
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9.4. Improvements in the process flow sheet 
One of the conclusions that can be drawn from sections 6.4.1 and 8.2 is that a 
constant temperature difference should be strived for when designing a piece of 
process equipment. If we look at the process flow sheet of the sulphuric acid 
decomposition section with this aim in mind, a big opportunity for another 
improvement presents itself. At the moment, the process stream that leaves the 
decomposition reactor is fed to a heat recuperator, where it is used to preheat the feed 
to the decomposition reactor. The temperature difference at the hot side of the 
recuperator is about 300 K. The temperature difference at the cold side is only 20 K, 
resulting in a highly inconstant temperature difference. A schematic of this part of 
the sulphuric acid decomposition section is shown in Figure 9.2. 
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Figure 9.2: Selected part of the current flow sheet for the H2SO4-decomposition section. 
The helium stream is shown in grey and the process stream in black. 
 
The big temperature difference at the hot side of the recuperator is the main problem. 
There is an easy way to prevent the occurrence of such a big temperature difference 
without wasting high quality heat, namely by having the hot reactor outlet pass 
another time through the reactor, in a direction opposite to the first pass. The feed to 
the reactor should now be preheated with an additional heat stream. This new flow 
sheet not only reduces the entropy production in the feed preheating step, but also 
requires a smaller helium flow rate to heat the reactor. Because of the smaller helium 
flow rate, an additional heat source is required to deliver the same amount of heat to 
the vaporiser. An overview of the proposed flow sheet is given in Figure 9.3. 
 

Vaporiser

Pre-heater/
Recuperator

Reactor
685 K685 K

850 K

850 K800 K

1125 K

1100 K

800 K

705 K

850 K

850 K

850 K

850 K705 K

705 K

705 K
 

Figure 9.3: Proposed new flow sheet for selected part of the H2SO4-decomposition section. 
The helium streams are shown in grey and the process stream is shown in black. 
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In addition to the discussed changes in the process and helium streams, also a new 
helium temperature at the reactor outlet has been used. It is the temperature that 
was determined in chapter 6 to be the optimal temperature. It is assumed that the 
process stream leaving the reactor after the second pass has the same temperature. 
Because these temperatures are the same, the two additional heat sources required in 
the vaporiser and recuperator also have the same temperature. So in fact only one 
additional heat source is required.  
If we compare the inlet and outlet temperatures of the three separate process units, 
we see that the temperature differences of all three units have become more constant. 
So each unit produces less entropy. Furthermore, the process streams that are 
connected to the rest of the process still have the same temperatures, so no changes in 
the rest of the process are required. The helium outlet temperatures of the vaporiser 
and recuperator can be controlled by varying the helium flow rates of the 850 K 
helium streams. A new helium stream of 705 K leaves this section of the process. 
Helium is already available at this temperature elsewhere in the sulphuric acid 
section of the process; these two streams can be combined if desired. 
Practical designs of complete hydrogen production plants are usually coupled to 
multiple nuclear reactors that provide the required heat. Normally, the nuclear 
reactors are all delivering heat at the same temperature. The change from a process 
with a single heat input at 1125 K into a process with heat inputs at 1125 K and 
850 K can very well be brought into practise by replacing a number of high 
temperature nuclear reactors with lower temperature ones. 
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10. Conclusion 
Starting from a reference reactor based on a linear exterior wall temperature profile, 
an optimal reactor has been obtained that produces 34% less entropy. The exterior 
wall temperature profile and reactor length have been used as variables in the 
optimisation. The optimal reactor is characterised by a more even distribution of the 
entropy production over the entire reactor length, which corresponds to equipartition 
of entropy production. The exterior wall temperature at the reactor inlet drops from 
975 K to 850 K. The optimal reactor is 10% longer than the reference reactor. This 
optimal length is a result of fixing the pressure drop over the reactor during the 
optimisation. 
The optimal reactor has been rendered more practical by constraining the maximum 
temperature and translating the exterior wall temperature profile into a helium flow 
rate profile. This practical reactor is 6% longer than the reference reactor and in the 
last 3% of the reactor helium is flowing co-currently instead of counter-currently. The 
reduction in entropy production is 27% compared to the reference reactor. 
Based on the reference reactor and the practical reactor, two reactors have been 
designed that use a constant instead of a variable helium flow rate. A comparison 
between the five reactor designs showed that the reference reactor with constant 
helium flow rate produced the most entropy and that the optimal reactor produced the 
least, the difference corresponds to a reduction in the entropy production of 45%. Both 
the constant helium flow rate reactors produced more entropy than their variable 
helium flow rate counterparts. The practical reactor with constant helium flow rate 
produces 34% less entropy than the reference reactor with constant helium flow rate.  
In order to make a comparison between reactors with different lengths, amounts of 
chemical production and amounts of transferred heat, a criterion has been introduced 
that is based on the entropy production relative to these process achievements instead 
of the absolute value of the entropy production alone. A sensitivity analysis of the 
operating conditions and kinetic data has been performed using this criterion. The 
analysis shows how changes in the inlet conditions affect the outlet conditions and the 
exergy efficiency. The reactor is especially sensitive to the reaction mixture flow rate. 
Disturbances in the inlet streams mostly affect the sulphuric acid decomposition 
conversion and the temperature. 
An alternative flow sheet is presented that further reduces the entropy production of 
the sulphuric acid decomposition section by replacing a part of the high temperature 
heat input with heat of a lower temperature. 
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11. Recommendations and future work 
This chapter presents various recommendations and suggestions for future work, 
based on the experiences gained during the work on this thesis. 

11.1. Using solar energy 
The reactor designs discussed in this thesis all use heat from a nuclear reactor as 
energy source. An alternative to nuclear energy is the use of solar energy. Several 
reactor designs that directly use concentrated solar energy can already be found in 
literature, including designs meant for thermochemical hydrogen production [20][47]. 
When using a nuclear energy source, the entropy production in the reactor is 
minimised by applying a specific helium flow rate profile. Although it is possible to 
bring a variable helium flow rate into practise, it introduces significant practical 
inconveniences compared to a constant helium flow rate. In the case of using solar 
energy, the heat transfer to the reactor is dependent on the concentration of the solar 
flux instead of the helium temperature. In practise, it is probably easier to apply a 
varying solar flux concentration along the reactor than to apply a helium flow rate 
profile. So the use of solar energy is expected to provide a better control variable for 
entropy production minimisation. It would be very interesting to develop a model for 
the minimisation of entropy production in a reactor using solar energy. The main 
difference between such a model and the model used in this thesis is that the heat 
transfer component needs to be changed. 

11.2. Model improvements 
The model that has been used for the calculations can be further improved in several 
ways. A great extension would be to include a second dimension in the system to 
account for radial variations. Other possible improvements are to introduce a 
temperature and composition dependency of the viscosity, a temperature and velocity 
dependency of the heat transfer coefficient or to model all components as real gasses 
instead of ideal gasses. 
Another possibility is to extend the system that is modelled from a single plug-flow 
reactor, to a combination of numerous plug-flow reactor tubes in a single shell 
through which the helium is flowing. Such a model can also include the entropy 
production due to helium flow and the possible entropy production related to injecting 
and ejecting helium to the main helium flow. If the model is extended even further, 
also other pieces of equipment can be included. 
As explained in section 4.1.1, it is very important for the current model that the 
chemical reactions are modelled as reversible reactions. In 5.1.2 it proved to be 
difficult to find suitable experimental data that could be used to determine an 
expression for the rate constant based on a reversible reaction model. Therefore, it 
will be useful to try and convince the people that are doing these experiments of the 
importance of using reversible reaction models and providing the necessary set-up 
characteristics. 
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11.3. Process improvements 
Section 9.4 describes a possible process improvement that involves the addition of an 
850 K heat source that replaces a part of original 1125 K heat source. It is very 
interesting to investigate this proposed process in more detail. A good approach would 
be to determine the optimal ratio between 850 K and 1125 K heat sources. The 
corresponding reduction in entropy production for the entire section of the process 
should be calculated. A cost evaluation can be made that compares the use of a single 
high temperature heat source to the use of two heat sources at different temperatures. 
Another possible process improvement that can be investigated is to allow a larger 
pressure drop over the decomposition reactor. As has been explained, the fixed 
pressure drop over the reactor determines the optimal reactor length. If a larger 
pressure drop can be allowed, even higher reductions in the entropy production can be 
achieved. But a larger pressure drop has implication for the rest of the process and 
the optimal reactor length will increase too. It is therefore interesting to investigate 
the influences of a larger pressure drop on the reactor’s performance, the process’ 
performance and the costs. 
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List of symbols 
 
Latin symbols 

A  J  exergy 
A  variable pre-exponential Arrhenius factor 
Ac  m-2  cross-sectional area 
Cp  J mol-1 K-1 molar heat capacity 
c  mol m-3 molar concentration 
D  m  reactor diameter 
Dp  m  catalyst particle diameter 
E  J  energy 
Ea  J  activation energy 
F  mol s-1  molar flow rate 
∆rG  J mol-1  Gibbs energy of reaction 
H  J mol-1  molar enthalpy 
∆rH  J mol-1  enthalpy of reaction 
Ji  variable thermodynamic flux of type i 
Jm  mol m-2 s-1 component flux 
Jq  J m-2 s-1 heat flux 
J'q  J m-2 s-1 measurable heat flux 
K  variable equilibrium constant 
k  variable rate constant 
L  m  reactor length 
Lij  variable coefficient for coupling of flux i and force j 
m  kg  mass 
p  bar  pressure 
Q  variable reaction quotient 
Qtot  J  total heat transferred 
R  J K-1 mol-1 universal gas constant 
rm  mol kg-1 s-1 reaction rate per catalyst weight 
rv  mol m-3 s-1 reaction rate per reactor volume 
S  J mol-1 K-1 molar entropy 
∆rS  J mol-1 K-1 entropy of reaction 
dSirr/dt J K-1 s-1 irreversible entropy production rate 
s  J K-1 m-3 entropy density 
T  K  temperature 
Tw  K  exterior wall temperature 
t  s  time 
U  J K-1 m-2 overall heat transfer coefficient 
u  J m-3  internal energy density 
V  m-3  volume 
v  m s-1  velocity 
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w  J  work 
Xj  variable thermodynamic driving force of type j 
y  -  molar vapour fraction 
z  m  position coordinate along reactor length 

 
 
Greek symbols 
ε  -  void fraction 
η  kg m-1 s-1 viscosity 
η  -  component relative performance 
ηI  -  first law or energy efficiency 
ηII  -  second law or exergy efficiency 
ηtot  -  total relative performance 
µ  J mol-1  chemical potential 
ν  -  stoichiometric coefficient 
Π  bar  non-hydrostatic part of the pressure tensor 
ρ  kg m-3  density 
ρb  kg m-3  catalyst bed density 
Σ  variable specific entropy production 
σ  J s-1 K-1 m-1 one dimensional local entropy production 
σ3D  J s-1 K-1 m-3 three dimensional local entropy production 
ξ  -  extent of reaction 

 
 
Mathematical symbols and functions 
∇  gradient 
∆  difference 
d  differential 
δ  variation 
∂  partial derivative 
∂a/∂x  divergence of a 
fn  constraint relations 
H  composed performance index 
  Hamiltonian 
L  performance index 
λn  multiplier functions  
u  control variable 
xn  state variables 
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Superscripts and subscripts 
◦  superscript for standard conditions 
0  subscript for initial conditions 
f  subscript for final conditions 
i,j,n  subscript index number 
p  subscript for the pressure drop component 
q  subscript for the heat transfer component 
rx  subscript for the chemical reaction component 
T  subscript for temperature 
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A. Overview of reactor designs 
This appendix gives a short overview of all numbered reactor designs that are used 
throughout this thesis. They are shown in Table 11.1, 
 
Table 11.1: Short overview of all reactor designs that are used in this thesis 
Reactor design 1a 1b 2a 2b 2c 3a 3b 3c
Type of reactor Ref Ref Opt Opt Opt Pract Pract Pract
Reactor length / m 3.09 2.17 3.09 3.41 3.41 3.26 3.26 3.26
Constant helium rate No Yes No No No No No Yes
Free outlet boundary conditions n.a. n.a. none none T, ξ1 ξ1 n.a n.a
Tmax / K 1125 1125 1134 1165 1148 1125 1132 1125
Introduced in section 5.1 7.3 6.1 6.3 6.5 7.1 7.2 7.3  
 
In addition to the reactor design number, also some other characteristics of the 
designs are given. The types of reactors that are used are reference reactors (Ref), 
optimal reactors (Opt) and practical reactors (Pract). The last row of the table gives 
the sections in which the designs are introduced in this thesis. 
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B. Thermodynamic relations 
All thermodynamic quantities of interest in this thesis can be calculated starting from 
a set of tabulated coefficients [44]. The values of these coefficients, in combination 
with the temperature range for which they are valid, are given in Table 11.2. 
 
Table 11.2: Thermodynamic coefficients of selected components 
Gas Mw,i / kg.mol-1 Ai Bi Ci Di Ei Fi Gi Tmin / K Tmax / K
SO2 6.40E-02 21.430 74.351 -57.752 16.355 0.087 -305.769 254.887 298 1200
O2 3.20E-02 29.659 6.137 -1.187 0.096 -0.220 -9.861 237.948 298 6000
SO3 8.01E-02 24.025 119.461 -94.387 26.962 -0.118 -407.853 253.519 298 1200
H2O 1.80E-02 30.092 6.833 6.793 -2.534 0.082 -250.881 223.397 500 1700
H2SO4 9.81E-02 47.289 190.331 -148.123 43.866 -0.740 -758.953 301.296 298 1200  
 
The molar weights of the components are given by Mw. The standard molar heat 
capacities of the components (Cºp,i in J.mol-1.K-1) can be calculated at a given 
temperature using  
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The standard molar enthalpies of the components (HºT,i in kJ.mol-1) can be calculated 
at a given temperature using 
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And the standard molar entropies of the components (SºT,i in J.mol-1.K-1) can be 
calculated at a given temperature using  
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The standard enthalpy of reaction (∆rHºT) and the standard entropy of reaction (∆rSºT), 
can both be calculated at a given temperature using the product sums of the 
stoichiometric coefficients (νi) and the standard molar enthalpies and entropies of the 
components 
 
 , ,   and   ν ν∆ = ∆ =∑ ∑o o o o

r T i T i r T i T i
i i

H H S S  (B.4) 

The standard enthalpy and entropy of reaction then allow calculating the standard 
Gibbs energy of reaction at a given temperature (∆rGºT) 
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 ∆ = ∆ − ∆o o o
r T r T r TG H T S  (B.5) 

 
This standard Gibbs energy of reaction can be used to calculate the equilibrium 
constant 
 
 lnr TG RT K∆ = −o  (B.6) 
 
The Gibbs energy of reaction can be calculated using the standard Gibbs energy of 
reaction and the thermodynamic reaction quotient (Q ) according  
 

 ln lnr T r T
QG G RT Q RT
K

∆ = ∆ + =o  (B.7) 

 
Where the thermodynamic reaction quotient is given by 
 
 
 i

i
i

Q pν=∏  (B.8) 

 
At equilibrium, the thermodynamic reaction quotient equals the equilibrium constant. 
The partial pressures (pi) are calculated using 
 
 
 i ip py=  (B.9) 
And the molar fractions (yi) using 
 

 = i
i

tot

Fy
F

 (B.10) 

 
The total molar entropy of a mixture (Stot) can be calculated at a given temperature 
and pressure using 
 

 , ln ln= − −∑ ∑o
tot i T i i i

i i ref

pS y S R y y R
p

 (B.11) 

 
The second term of this relation represents the entropy of mixing and the third term 
is related to a pressure different from the reference pressure (pref), which is taken at 1 
bar. 
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C. Optimal exterior wall temperature 
One of the necessary conditions from control theory is that the partial derivative of 
the Hamiltonian with respect to the exterior wall temperature equals zero 
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The exterior wall temperature is present in the Hamiltonian only in the heat transfer 
term of the local entropy production and in the right-hand side of the energy 
conservation equation. Omitting the other terms, the Hamiltonian now gives 
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Where the heat flux is given by 
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If now equation (C.3) is introduced into (C.2), we obtain 
 

     ( )
2

2
2

,

1 1
1 1 ww

T
w i p ii

T
T TT

T
DU T T FC

λ
π

⎛ ⎞⎛ ⎞
−⎜ ⎟⎜ ⎟⎛ ⎞ ⎝ ⎠⎜ ⎟= − +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎜ ⎟⎜ ⎟

⎝ ⎠

∑


 (C.4) 

 
By expanding this equation and again omitting the terms independent on the exterior 
wall temperature, it reduces to  
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For which the partial derivative with respect to the exterior wall temperature 
becomes 
 

 

2

22 2

2 3 2
, ,

1 12 2 2 0
2

T
w T

w w w i p i w w i p ii i

T
TT T T

T T T FC T T T FC

λ
λ⎛ ⎞∂

= − + = − + =⎜ ⎟⎜ ⎟∂ ⎝ ⎠∑ ∑
  (C.6) 

 



84 

Resulting in the following expression for the exterior wall temperature 
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D. Neglecting H2SO4 dissociation 
In section 5.1.2 it is mentioned that the sulphuric acid dissociation reaction is 
sometimes neglected. To check if this approximation can be useful, the results of a 
reference reactor design with and without the sulphuric acid dissociation reaction 
have been compared. The first difference appears when determining the required 
reactor length that corresponds to a production of 0.010 mol SO2.s-1 with a conversion 
of 0.623. The reactor length for the design excluding the dissociation reaction is found 
to be 2.99 m, while the length was previously determined at 3.09 m for a design 
including this reaction. 
Figure 11.1 shows the profiles of the mixture temperature (T), the conversion of the 
decomposition reaction (ξ2) and the heat transfer and reaction components of the local 
entropy production. 
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Figure 11.1: Temperature, conversion and local entropy production profiles for a reference 
reactor with (black lines) and without (grey lines) the H2SO4 dissociation reaction 
 
Both the temperature and the conversion are higher at the inlet for the model 
neglecting sulphuric acid dissociation, but at the end of the reactor both models give 
the same results. When looking at the local entropy production components, we see 
that the heat transfer component for the model neglecting sulphuric acid dissociation 
is lower, the reaction components are comparable. The resulting total local entropy 
production is lower; the total entropy production over the entire reactor is 20% less. 
The decrease in the heat transfer component can be explained by the decrease of 15% 
in the required amount of heat and thus an overall decrease in the heat flux. The 
increase in the reaction component near the inlet is explained by an increased 
reaction rate at the inlet of the reactor due to the higher mixture temperature. The 
conclusion of this comparison is that neglecting sulphuric acid dissociation is a bad 
approximation. Therefore it has not been used in further modelling. 
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E. Calculating the rate constant 
This appendix describes a method to obtain an expression for the rate constant from 
experimental data. Methods for both an irreversible as well as a reversible reaction 
model are described [28]. The decomposition of sulphur trioxide into sulphur dioxide 
and oxygen is taken as basis for both reaction models. 
 

E.1 Irreversible reaction model 
For the first order irreversible decomposition reaction model, the reaction rate (rdc,irr) 
is defined as follows 
 
 

3, ,dc irr dc irr SOr k c=  (E.1) 

 
Where kdc is the rate constant for the decomposition reaction and cSO3 is the molar 
concentration of sulphur trioxide. The standard form of an expression for the rate 
constant as function of the temperature (T ) is given by the Arrhenius equation 
 

 exp aEk A
RT

⎛ ⎞= −⎜ ⎟
⎝ ⎠

 (E.2) 

 
Where A is the pre-exponential factor, Ea is the activation energy and R is the 
universal gas constant. The rate constant for a specific reaction and catalyst 
combination is defined by the pre-exponential factor and activation energy, which are 
considered constants. In order to obtain values for these constants, values for the rate 
constant at two or more different temperatures are required. These values can be 
calculated from experimental results where the chemical conversion (ξ ) is typically 
given for several temperatures. The chemical conversion (ξ ) is defined as 
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Where cSO3,0 is the molar concentration of sulphur trioxide at the reactor inlet. Based 
on the conversion, the design equation for a plug-flow reactor is given by 
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In this equation mcat is the mass of catalyst that is used, V is the free reactor volume 
and FSO3,0 is the molar flow rate of sulphur trioxide at the inlet of the reactor. If we 
now write the reaction rate as function of the conversion and the initial sulphur 
trioxide concentration using equation (E.3), we obtain 
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Next, the right-hand side of equation (E.4) can be rewritten by inserting equation (E.5) 
into it and performing the integration 
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From equation (E.6) we can now distil the desired expression for the rate constant as 
function of the chemical conversion 
 

 ( ) ( ) ( )3

3

,0 ,0
,

,0

ln 11 ln 1 ln 1
ξ

ξ ξ
τ
−

= − − = − − = −SO V
dc irr

SO cat cat cat

F F
k

c m V m V m
 (E.7) 

 
Where FV,0 is the total volume flow at inlet of the reactor. The ratio of the total volume 
flow and the free reactor volume is often called the space velocity (SV ) and is similar 
to the reciprocal residence time (τ ) of the reactor. These values are all defined by the 
experimental set-up that is used. 
 
In summary, a relation for the rate constant can be obtained from experimental data 
that described the conversion as function of temperature. First, the conversion in 
combination with the set-up specification is used to calculate the rate constant for 
different temperatures. Next, these rate constants at different temperature are used 
to calculate the pre-exponential factor and activation energy used in the Arrhenius 
equation. 
 

E.2 Reversible reaction model 
For the reversible decomposition reaction model with stoichiometric order in the 
components, the reaction rate (rdc,rev) is defined as follows: 
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The concentrations of the components are expressed as partial pressures and Kdc is 
the equilibrium constant of the decomposition reaction. This constant is a function of 
temperature and can be calculated using the standard Gibbs free energy of reaction, 
as described in Appendix B. Combining the reaction rate with the design equation for 
a plug-flow reactor now yields 
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Expressing the partial pressures of all components in terms of the initial partial 
pressure of sulphur trioxide and the conversion results into 
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If we then also take into account that the total pressure should not change due to 
reaction and that the feed typically consists of an equimolar mixture of sulphur 
trioxide and water, we obtain the final expression 
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E.3 Comparing required set-up specifications 
Both reaction models require the conversion at different temperatures as input in 
order to obtain an expression for the rate constant. Since the rate constant should 
always be expressed per quantity of catalyst for catalysed reactions, the amount of 
catalyst used is also required in both models. 
The number of additional set-up specifications that are required is different however. 
The irreversible model only requires the space time as additional specification, or the 
inlet volume flow rate and the free reactor volume. The irreversible model requires 
the inlet sulphur trioxide flow rate as well as the inlet sulphur trioxide pressure. 
Publications on catalysts activities provide generally sufficient specifications to obtain 
a quantified expressing for the rate constant based on an irreversible reaction model, 
although this is not even always true. Unfortunately, most of the publication do not 
provide all additional specification that are required to obtain a quantified expressing 
for the rate constant based on a reversible reaction model. 
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E.4 Calculations 
The method for a reversible reaction model has been used to obtain expression for the 
rate constants of platinum catalysts deposited on three different types of support [25]. 
The set-up specifications that have been used are an initial sulphur trioxide flow rate 
of 1.47*10-4 mol.s-1, a catalyst mass of 1 g and an initial partial sulphur trioxide 
pressure of 0.5 bars. The resulting parameters of the Arrhenius equation are shown in 
Table 11.3. 
 
Table 11.3: Arrhenius parameters for three catalyst types 
Catalyst/Support A / mol SO3.kg-1.Pa-1.s-1 Ea / kJ.mol-1

Pt/Al2O3 1.3*107 -284
Pt/TiO2 4.7*10-3 -99
Pt/ZrO2 9.6*10-6 -26  
 
The three types of support give rather different results. This is probably caused by the 
limited number of measurements that were available for each type. A graph of the 
rate constants of the three catalyst/support combinations over the temperature 
interval that is relevant in this thesis is given in Figure 11.2. 
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Figure 11.2: The rate constants as function of temperature 
 




