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Preface 

Both the Universities of Dar Es Salaam (UDSM) and Eindhoven University of Technology (EUT) are 
working together in a Link Agreement. One of the current projects in the Agreement is the EvEn (MHO) 
project. In the EvEn project a masters course in Environmental Engineering is already developed and 
is currently offered at the Faculty of Engineering at UDSM. Student exchanges are a result of this Link 
Agreement and the EvEn project. In 1998 three students from UDSM performed a thesis study at EUT 
on the Technical Aspects of Usage of Waterhyacinths. In 1998-1 999 three students from EUT 
performed their Practical Training and fieldwork studies at UDSM (Faculty of Engineering, Chemical 
and Process Engineering Department) and in different Tanzanian industries like TPCC-Wazo Hill, 
TPC, KlOO Ltd. and small plastic manufacturing companies. These studies were organised by the 
Centre of Environmental Technology at Faculty of Chemicz! Engineering at TUIE. 

In the framework of the EvEn project this report describes a practical study of how to minimise energy 
usage in processes. It is carried out at Shivji & Sons Limited. 
Shivji & Sons has 130 employees who produces about 10,000 tons of laundry soap per year. In a few 
years they will try to enlarge their production up to 15,000 tons of soap per year, including new toilet 
soaps. Their main market is Dar Es Salaam, but they are selling soap throughout the country, including 
the rural areas, if it is possible to transport there. At Shivji there have been several environmental 
projects. With introducing sewage treatment, the water usage have been reduced by 30%. The next 
step is reducing the consumption of Industrial Diesel Oil. In the total process about 50 litres of ID0 is 
used for each ton of soap produced. This report describes where and how the fuel consumption can be 
minimised. 

A practical training in a developing country is a lot more than only carrying out a project. It's about 
working in a total different culture, about travelling around and get to know the country. 
Working in a third world country is very interesting but also very difficult to do. The first week started 
very good, at the university I could get all the information I needed. Don't think that they have all the 
information, but they were very cooperative. The second week I was supposed to start my project at 
KlOO Ltd, aglass factory. The plant manager wasn't available that week so it was better that I started 
my project one week later. The third week I was in Tanzania they cancelled my project because the 
factory was down, as they said. Thanks to other students and to Dr. Mrema from UDSM and Prof. 
Migiro from the Cleaner Production Centre of Tanzania I was able to find an other suitable project 
within 10 days. I found out later that several students coped with this situation. 
When I was working at Shivji & Sons I spent the most time waiting for people and information. Time is 
not as important there as it is here. The first few weeks that's very difficult, but once you're used to it 
it's hard to go back. Another interesting thing to see was that manual labour is very cheap, so a lot of 
work is done by hand. For example at Shivji & Sons loading a truck was done by at least 10 persons, 
and half of them is just doing nothing. 
During my three months stay in Tanzania I've seen a lot of the country; its nature, its infrastructure, 
its industry and, not unimportant, how people are living (together). This all has made a deep 
impression on me which i can not explain in this report. I caii reeoiiimend anjme to j ~ s t  go there 
themselves and see it with their own eyes, but be prepared. 

Finally I want to thank some people: 
Everyone from UDSM and EUT who made my stay possible and advised me during my project 
Shivji & Sons for their hospitality and cooperation 
Salum and all the Dutch students who made my time enjoyable 
My family, girlfriend and friends who supported me during my stay and helped me cope with all the 
things one sees and goes through in a third world country. 



Summary 

At the University of Dar Es Salaam Tanzania (UDSM) control engineering is taught at all three 
technical departments; Electrical Engineering (EE), Mechanical Engineering (ME) and Chemical & 
Process Engineering (CPE). The last two only treat the classical control techniques. At EE also the 
modern and non-linear control techniques are taught. Here students can also specialise in this field, 
which is not possible at ME and CPE 
Due to new developments in industry and many environmental projects supported by the Cleaner 
Production Centre of Tanzania, the industry starts using control techniques for minimising energy 
resources. From these projects there comes more demand for control students from ME and CPE. 
To cope with this demand the technical departments are starting to work together so students of ME 
and CPE can also specia!ise in the control field. 

Shivji & Sons is a soap factory who produces 10,000 tons of laundry soap per year. In the production 
process steam is used to heat up the raw materials of soap, to dry the soap and for stirring the 
materials in the boiling process. The steam is produced in a boiler through heating with Industrial 
Diesel Oil. In the total production process about 42 litres of ID0 is used per ton of soap. The most of 
this, namely 70% (30 litres), is used in the soap boiling process. Here a lot of energy is lost because 
steam is used for stirring. One way to minimise the steam usage, thus the fuel consumption, is to use a 
mechanical device for stirring the materials. With the use of this equipment a reduction can be made of 
40% in lndustrial Diesel Oil usage. If a heat regenerator is used for energy reuse, a total reduction can 
be made of 60% in ID0 usage, which is 18 litres of ID0 per ton soap. With an investment of USD 
80,000 the total cost can be reduced by USD 40,000 on a yearly basis. The pay-back time of this 
investment is thus 2 years. 

The goals of process control are minimising the production costs, minimisation of the negative 
influences on environment and optimising the quality of the product. The first two goals can be reached 
by controlling the temperature in the kettle to minimise the steam usage. For good quality soap besides 
the temperature also the pH-level and the moisture content are important. For both the pH and 
moisture it is not economically interesting to use an automatic controller in batch soap processing. For 
temperature control relative small investments are needed and great results can be reached. 
The controller is designed for a system which uses a mechanical stirring device and no heat 
exchanger. When a proportional feedback controller is used for temperature control, the steam usage 
can be further reduced by 4% to 240 kg per ton soap. Because the system is modelled as a first order 
system, the proportional feedback controller will not endanger in stability and the closed loop system is 
stable. The optimal gain is found by minimising a weighting function which weights the steam usage 
and temperature error. 
When a feedforward control is used the optimal boiling condition can not be reached. This controller 
calculates the energy needed to heat up the materials, but due to evaporation and losses to the 
surrounding this is not enough to keep the temperature at the desired level. The feedforward control 
has no influence on stability. 
A combination of feedforward and feedback control is the most satisfactory controller. With the 
feedback gaiii f ~ i i n d  by iiiii-iizisiiig the weighting finction the steam usage can be reduced te 192 kg 
per ton soap, for which less than 15 litres of ID0 is needed. 

If the current system is changed into a system with a mechanical stirring device and a temperature 
controller, it is possible to reduce the ID0 consumption in soap boiling by 50%. The total consumption 
is reduced by 35% to 27 litres per ton soap. When also closed steam coils with a heat regenerator is 
used, the ID0 usage can be further reduced to 21 litres per ton of soap. 
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1 Introduction 

In Tanzania a lot of research is and has to be done to reduce environmental pollution. Especially in 
industry the energy usage and waste is very large and can be reduced. One way to achieve this is 
using control techniques to control processes. This report describes the stage of implementing control 
systems in Tanzania. A case study is performed to minimise steam usage in a batch soap production 
process. 

In the first stage of the soap production process oil is heated up to 60 OC in a vessel and then 
transported to a kettle. Here the oil is mixed with a caustic soda solution and the mixture is heated by 
open steam up to 90 OC. During the boiling process the temperature will further rise to 1 0 0 ~ ~  due to 
reaction energy and heating by steam. Aftei the saponification reactior; is finished, the soap is 
transported to a vessel where perfume and colour can be added. After that the soap is transported to a 
plodder, which dries, cools and forms the soap. 

The most of the energy in soap production is used in the boiling process. In this process the steam is 
not only used for heating, but also for stirring the materials in the kettle. Because an open heat 
exchange system is used, most of the energy is lost in the air. This report comes up with a few 
possible modifications for the current system to reduce the energy consumption. If, for example, a 
mechanical stirring device and/or a closed heat exchange system could be used, the energy usage 
could be drastically reduced. A rough cost calculation is made to see which configuration is the most 
attractive. 

For further energy reduction a temperature controller could be used. This report describes the 
mathematical modelling of the saponification process and the choice and development of a process 
controller. 



2 Control Engineering in Tanzania 

The main problems in the industry in a developing country like Tanzania are: 
the costs of production 
a constant quality of the products 
the effects of production on environment 

One way to optimise these problems is to control the production process. Before control engineering 
can be applied on large scale in industry, first students have to be educated on this subject. In this 
chapter an inventory is drawn up of subjects in control engineering that are taught at the university of 
Dar Es Salaam. These subjects are compared to those taught at control engineering departments at 
universities in the Netherlands. 

2.1 Control Engineering at the university 

At the university of Dar Es Salaam control engineering is taught at three departments; Mechanical 
Engineering (ME), Chemical & Process Engineering (CPE) and Electrical Engineering (EE). It is 
possible for students to attend courses at other faculties. At ME only the basics of control engineering 
are taught. The course Advanced measurement & Control treats the different control subjects very 
briefly, but is mainly focussed on measurement techniques. CPE offers one course for process control 
only. It treats most of the Classical Linear Control techniques. At the electrical department also the 
modern as well as non-linear control techniques are taught. In table 2.1 a summary of control subjects 
is given. A complete list can be found in Appendix A. 

Mathematical modelling of physical systems 
State variables and State Equations 
Conservation principles 
Lagrange's Equations 
Linearisation + + + 

Signal analysis techniques - + 
Linear Systems Theory + + f 

Stability + + +  
using Lyapunov Criteria - + 

~ l a s s i c ~ ~ o n t r o l l e r  Design 
State Feedback 

1 Multivariable Control - - + 
Optimal LQWLQG Control 1 - 1 - 1 - 
Non-Linear Systems Control - - + 
Sampled-Data implementation - + 

I Parametei- Estimation 
LNeuro & Fuzzy Control - 
Table 2.1: Control subjects in courses at UDSM and EUT 

Since a few years students are free to take courses at other departments, so it is also possible for 
Mechanical Engineering students too study more control courses, but it is not possible too specialise in 
this field. Because of a demand from industry for control students, the three technical departments are 
starting to work together increasingly to give the students opportunities to specialise in more different 
subjects. 



2.2 Control Engineering in practise 

A few years ago control techniques were only used in electrical companies in Tanzania, like power 
plants etc. In mechanical or chemical process systems it was not used at all. The last years some 
western companies start their production in Tanzania. These modern factories have introduced control 
engineering especially for process control. With the coming of these clean factories, the government 
started some agencies for cleaner and cheaper production. 
Recently the Cleaner Production Centre of Tanzania is doing a lot of research in factories to optimise 
the processes. In some situation they advise these companies to use process control for controlling 
energy sources. A few examples are glass furnace control, furnace control in a cement factory and 
steam control in soap boiling. The demand for control students from industry comes mainly from these 
environmental projects. This means there is need for people with knowledge of control techniques, 
thljs to educate students. 



3 Soap 

What is soap? A simple definition will be that it is a substance that washes dirt away. Chemically, soap 
is a compound formed from fatty acid and an alkali. The fatty acids are in turn derived from fatty oils. 
The product soap is not only a mixture of these materials, but also contains many other substances 
which are designed to increase its cleansing power, to make it more stable, to improve its appearance 
and to make it more attractive to the customer. 
Shivji and Sons uses a batch-process method for making soap, also known as the semi-boiled 
method. This method represent soap-making in its simplest form; the fat is caused to react with a 
quantity of strong alkali very nearly equal to that just required for complete saponification (soap 
making), and the entire mass is solidified without separation of the free glycerine and without 
separation of neat and niger phases. This process has the advantage of requiring skipie eqiiipmeiit. 

3.1 Saponification 

The chemical reaction of making soap is called saponification. This process is a two-step reaction: 

(I) Hydrolysis of the oil to liberate fatty acids and glycerol 

Fatty Oil Water Fatty acid Glycerol 

(2) Neutralisation of fatty acids by alkali 

Fatty Acid Alkali Soap Water 

Shivji & Sons uses Sodium Hydroxide (NaOH) for alkali. Also Potassium Hydroxide (KOH) is used, but 
it makes the soap softer. For fatty oil, mostly tallow or coconut oil is used. 
In the overall reaction, no H20 is consumed or produced, but it is needed to catalyse the reaction. 
Off course, in theory the reaction is more complicated, but it is of no importance for the final product. 
The saponification process is carried out by boiling the fat and alkali together with open steam in a 
kettle. In the beginning the reaction goes very slow, but then accelerates as increased quantities of fat 
are produced, and then slows again toward the end as the concentration of fat becomes low (figure 
3.1). Although the reaction is exothermic and per kg of fat saponified about 230 kJ heat is liberated, 
energy has to be added to start the process.[l] 

time [hours] 

Figure 3.1: percentage soap against time 



3.2 Process Description 

In the first stage oil is heated up to 60 OC in a vessel and then transported to a kettle. Here the oil (30 
tons) is mixed with a caustic soda solution (30 tons) and the mixture is heated by open steam up to 
90 OC. During the boiling process the temperature will further rise to 1 0 0 ~ ~  due to reaction energy and 
heating by steam. After a few hours boiling the saponification is completed and a sample is taken to 
check the Free Caustic Alkali and the moisture-content. When all the proper conditions are reached, 
the soap is transported to a vessel where perfume and colour can be added. After that the soap is 
transported to a plodder, which dries, cools and forms the soap (figure 3.2). Per batch about 60 tons of 
soap is produced. 

Figure 3.1 : laundry soap factory [I] 

3.3 Kettle description 

The kettle used at Shivji & Sons is an insulated cylindrical steel tank with a diameter about half its 
height, a cone bottom, open steam coils controlled manually from the top, a bottom outlet and pipes to 
add water, sodium hydroxide, salt and oil on top. 
The steam is used for two reasons, (1) heating the oil and other materials and (2) stirring the materials. 
Off course for stirring a lot of open steam has to be used. This is very energy consuming, because just 
a fraction of the steam condenses in the kettle, the rest is emitted in the air. Steam contains a lot of 
energy, so a lot of energy is spoiled. In this way a lot of water is thrown away. This is not only very 
costly, but is also has a bad effect on the environment. 
There are a few possibilities to save the energy that is lost. Energy and water is now lost through 
agitation with open steam. To reduce these losses a mechanical stirring device could be used. Off 
course this will need an investment for the equipment and also the electricity consumption will grow. 
Another saving can be made by regenerating the energy put in the sieam and by reusing the water. 
This can be done by using a closed kettle, so the steam will stay in the kettle. Off course then the 
pressure in the kettle will rise and large investments have to be made to redesign the process. Another 
way to accomplish this is the use of a closed coil heat exchanger. No steam will float directly in the air 
and the energy put in the steam can be regenerated. This means less energy losses and a cleaner 
production. Because the reaction is exothermic, it is maybe possible to use a jacked cooler to recover 
the energy liberated in the process, but this is for further investigation. 
In the next chapter a comparison of costs will be made between three system configurations: 

the existing system 
a system which uses a mechanical stirring equipment and open steam to heat the materials 
a system which uses a mechanical stirring device and a closed steam heat exchanger with a 
regenerator. 



3.4 Cost comparison 

3.4.1 Existing system 

The total amount of steam used in production is 550 kg per ton soap. 70% of this is used in the boiling 
process, so per ton soap about 550*0.70 =385 kg steam is used. With one litre of Industrial Diesel Oil 
13 kgs of steam can be made, so per ton soap 30 litres is needed. 
From the open steam approximately 40% condenses in the kettle, so per ton soap 364 kg steam is lost 
in the air. 1 kg steam contains about 1 litre of liquid water at room temperature, so per ton soap about 
364 litres of water is lost. 

3.4.2 System with a mechanical stirring equipment and open steam coils 

For the totai energy needed tc heat up the materials and to covei the energy losses to the 
surroundings during the boiling process, the following approximation can be made: 

t 

Qt = c,, mA (T -TA) + cpB mB (T -TJ + p4 (T - T,,, )dt - AHr m, + Q vap 
0 

We can say that, because the materials are heated up to 98 '~ ,  almost all the reaction energy is lost in 
vapour, hence: 

m r  m~ Qvap 

The total energy needed can now be calculated: 
t 

(For values of the parameters see Appendix B.) 

Per batch 60 tons of soap are produced, so per ton of soap 2.5 - lo5 kJ is needed. 
The steam enters the system completely saturated at a pressure of 7 bars. About 40 percent of it 
condenses [ I ]  and the rest leaves the system at 1 bar and k 100'~. The energy put in the system per 
kg steam can be calculated as follows: 

Saturated steam at 7 bar: T,=I 65 '~ ,  hg i =2766 kJ/kg. 
Saturated steam at 1 bar: T,=IOO'C, hge =2675 kJ/kg, hCe =2258 kJ/kg 

h,, = hgi - hge + 0.4. hce = 994 kJ/kg 

So per ton soap about 250 kg steam is needed. 60 percent of the containing water is lost in the air. 19 
litre of ID0 is consumed per ton of soap. 
To stir the materials, a stirring device with a power of 50 kW is needed. The average production time is 
8 hours, so per batch 400 kWhr electricity is used. Per ton soap this is 7 kWhr. The investment costs in 
a stirring device is about 5000 US Dollar. Annual maintenance costs are about 506 USD. 

3.4.3 System with a stirring equipment, closed steam coils and heat regenerator 

The amount of energy needed in this configuration is equal to the previous one. Because closed steam 
coils are used, no steam is lost in the air. 
To calculate the total amount of fuel needed, the efficiency of the entire system has to be known. The 
system can be divided into 4 parts, the boiler, the transport pipes for the steam, the heat exchanger 
(steam coils) and the regenerator. For the total efficiency the following equation yields: 

7, = v b  ' vp . v h  ' 71. 

For the efficiencies of the separate systems the average efficiencies according to [2] are taken, so it 
follows that 
qt =0.7.0.9.0.8-0.8 = 0.40=40% 

The total amount of energy needed in the process is thus 2.5.10~*0.60=1 .5.105 kJ. In this configuration 
about 12 litre of ID0 is used per ton soap. 



The stirring equipment for this configuration is the same as the above, so 7 kWhr electricity per ton 
soap and an investment of 5000 US Dollar has to be taken into account. With the use of a regenerator 
another investment of 3000 US Dollar has to be made. The annual maintenance costs of the 
regenerator are 300 US Dollar. 

3.4.4 Choice of system configuration 

The most interesting system to implement in the soap production line is the one that is most profitable. 
As we can see from table 3.23 that is the one with mechanical stirring device and closed steam coils 
with heat regeneration. 

I Existing system \ stirrer, open coiis 1 stirrer, cioseei eoiis & 1 
cost of fuel1 
Cost of electricity 
Cost of water 
Total costs savings 

~ n n u a l  savings based on a production of 10,000 tons of soap 

Investment costsL 
Maintenance costs 
Annual savings [USD] 
Pay back time [years] 

1 Costs of ID0 is 0.30 USD per litre. 
2 Costs of investment and maintenance are estimated by Shivji and Sons. 

Table 3.1 : Boiling process cost savings per ton soap 

[US Dollar] 
9.00 

Table 3.2: Pay back time of investment 

stirrer, open coils 

50,000 
5,000 
21,000 
2.5 

[US Dollar] 
5.70 
1.20 

2.10 

stirrer, closed coils & 
regenerator 
80,000 
8,000 
42,000 
2.0 

regenerator [US Dollarj 
3.60 
1.20 

4.20 



4 Optimising the soap-boiling process 

In this chapter a few possibilities for further optimising the process using control techniques are 
discussed. 

The goals of process-control in the soap boiling are: 
a) minimisation of the production costs: 

In soap boiling most of the production costs (costs of raw material not included) are the costs of 
steam production. So when steam production is minimised, also the costs are minimised. In the 
previous chapter a stirring device is discussed for minimising the steam usage. Another way of 
doing this is controlling the temperature in the kettle for optimising the energy addition to the 
process. 

b) optimisation of the quality of the product: 
For good quality soap the following conditions are important: 
1. no free alkali or free oil in the soap 
2. moisture content during boiling at 25% and after boiling at 33% 
3. boiling temperature between 9 5 ' ~  and 1 0 0 ' ~  (optimum temperature is 98 '~)  

The first condition can be achieved by controlling the pH value of the reaction mixture, which is 
discussed below. Condition 2 and 3 can be achieved by controlling the state directly, 
respectively the temperature and moisture content. 

c) minimisation of the negative influences on environment: 
The most pollution is caused by the steam losses in the open air. This goal is thus also minirnised 
by controlling the temperature in the kettle. 

4.1 pH control 

In the first stage of the saponification reaction the oil is turned into a fatty acid. Because of the 
presence of water this results in a lower pH value of the mixture. When the alkali dissolves in water, 
this results in a higher pH value. At pH=7 there's no free alkali nor oil in the kettle, which is the desired 
level. In industry automatic pH control systems are widely used, also in soap making. 
In the current system the pH is measured and controlled manually. This is possible because of the 
slow reaction. There's enough time to measure and adjust the pH value. Although it is possible to 
implement an automatic pH control system, it is economically more interesting to measure and control 
the pH manually. For continuous soap making it is advisable to use automatic pH control systems to 
maintain better quality soap. [3] 

4.2 Moisture control 

Instruments for moisture measurement may be considered periodic or continuous. Periodic systems 
are usually automated versions of conventional laboratory moisture analysis procedures with 
measurement time varying from 2 to 20 minutes. Because the moisture content in soap boiling varies 
very slowly, it is possible to use a periodic instrument for measurement and control. -. 
I ne hign costs of impiernenting moistire control and relative !cw !abeur costs in Tanzania makes it 
more interesting to control the system manually. It's for further research to see if moisture control is 
economically interesting. 

4.3 Temperature control 

In all goals the temperature control is of great importance. The temperature can be controlled either 
manually or automatically. Because several system parameters have influence on the temperature in 
the kettle, it is very hard to control this temperature manually. It demands a lot of knowledge and 
experience from the controller to optimise the process. To achieve the best results an automatic 
controller should be used. The temperature needs a relative small investment and can reach great 
results. In the next chapter this controller is further described and developed for the system with open 
steam coils and mechanical stirring device (chapter 3.4.2). 



5 Dynamical Model of the Boiling Process 

To design a controller, first the dynamical behaviour of the process due to input and disturbances has 
to be known. In this chapter a dynamical model will be derived for the kettle with mechanical stirring 
equipment and heating with open steam (figure 5.1). 
The input of the system is the mass-flow of the steam (m ), which is the variable that can be 
manipulated. The disturbances are the temperatures and volume-flows of the raw materials (TAT TB, FA 
& FB) and the temperature of the surroundings (T,,,). The output variables, which denote the effect of 
the process on the surroundings, are the temperature (T), the energy losses to the surroundings (Qsur), 
the energy !osses due to evaporation (QVap) and the energy production by the reaction (H,). The last 
three outputs can not be measured directly, but can be estimated because they are a function of the 
temperatiire T. 

Boiling 
Process 

Qsur 

Figure 5.1 : Kettle process Figure 5.2: Input-Output model 

5.1 Derivation of dynamical model 

Before developing the mathematical model, a few assumptions have to be made: 
1. The kettle is perfectly stirred 
2. The momentum of the kettle does not change under any operating conditions for the reactor and 

can be neglected 
3. Only the fatty oil and the caustic soda solution are added in the reactor 
4. The shaft work done by the stirring equipment can be neglected 
5. At any time there's sufficient water in the kettle 

The following exothermic reaction takes place in the reactor: 

A + 3 B  -+ 3 C  + D 
Fatty oil + 3 NaOH + 3 Soap + Glycerol 

The derivation of the mathematical model is described in Appendix C. The state equations are: 

Total mass balance: 

Mass balance on components: 



Energy balance: 

The energy added by the steam can be written as: 

The energy losses to the surroundings can be written as: 

QS,, = u - 4  .(T- T,,) 
The amount of vaporisation of water depends on the temperature. At temperatures below 1 0 0 ~ ~  some 
of the energy will be used for vaporisation. If the temperature of the materials reaches 1 OoOc, all the 
energy accumulated in the kettle is used for vaporisation. The temperature will remain at this level. The 
amount of energy used for vaporisation can be expressed as: 

The amount of vaporisation depends on the ratio of the saturation pressure of saturated water and 
steam and the pressure above the kettle [2]: 

Calculation of k and I with the least-square error method gives the following approximation: 

f ( T )  = T 3  (5.1 1) 

PsatfPsat(lD0) and fm (--I 

, : i n  

Figure 5.3 experimental data according to [3] and estimation 

For the reaction rate it is very difficult to derive an expression. Mostly the expression is extracted from 
experimental data, but it is very costly to do the experiments. It is known that the saponification 
reaction depends on the concentration of both the oil and alkali and that soap catalyses the reaction. 
The reaction rate increases also with increasing temperature. From this information we can say that 
the reaction rate should be of the form: 

From experience is known that after 6 hours boiling at 1 0 0 ~ ~  about 95% of the oil is saponified. If the 
production of soap is plotted against time, it shows a Sigmoid curve (figure 3.1). 



The parameters are estimated through simulation of the process in Simulink. The results are: 

-15yT 
v = 2 e - c, . c, . (c, + 0.01) [kmol/m3*hour] (5.13) 

For the simulink file see appendix D.1. 
There is too less data available to make a good estimation of the reaction rate. If a more accurate 
model is needed, some experiments can be done, but they are very costly. 

5.2 Analysis of the system 

To study the behaviour of the system due to changes of the input and disturbances, the system is 
simuiated iri simuiiiik. To get a good iiisight ir; the process 3 extreme situation, are simu!ated. The 
results are shown below. Because the oil will not ? 00% saponify in finite time, we say that the reaction 
is completed when 95% of the oil is saponified. 

1) mSt = 0 kglhour for each t 
FA = 66.67 m3/hour for O<t<0.5 hour (total of 30 tons) 
FB = 47.14 m3/hour for OQ<0.5 hour 

If no steam is added to the process, the reaction starts very slow and takes a lot of time. After 14 hours 
of boiling the reaction is still not completed. Because of the heat liberated during saponification, the 
temperature will rise io 6 9 ' ~  (figures 5.4 and 5.5). To reach the proper operation conditions addition of 
energy is needed. 

Temuerature - time 

t [hour] t [hour] 

Figwe 5.4: temperature Figure 5.5: saponification 



2) mst = 5000 kglhour for each t 
FA = 66.67 m3/hour for OCt~0.5 hour 
FB = 47.14 m3/hour for O<ta0.5 hour 

When the steam input is 5000 kglhour, the temperature will rise to 1 0 0 ~ ~ .  The reaction is completed 
after 6 hours boiling (see figures 5.6 & 5.7). 

Production of soap - time 

t [hour] 

Figure 5.7: saponification 

From the theory and the simulation resuits we can see that the temperature will not rise above 1 0 0 ~ ~  
due to evaporation. Once this level is reaches, the energy put into the system is only used for 
evaporation of water. The temperature will also not fall below room-temperature because of interaction 
with surroundings. During the reaction the heat losses to the surroundings are negligible to the heat 
liberated due to the exothermic reaction. Even when the reaction is finished the energy losses are 
relatively small (figure 5.8). The temperature will finally go to T,,,. 

x l o6  accumulation of energy -- time 

t [hour] 

Figure 5.8: Q, - Qsur 

Because the temperature is bounded by 1 0 0 ~ ~  and T,,,we can say that the system is stable. 



3) mSt = 5000 kg/hour for O<ts2 hour 
FA = 10 m3/hour for O<ts0.5 hour 
FA = 56.66 m31hour for 4cts4.5 hour 
FB = 7 m3/hour for O<ts0.5 hour 
FB = 40.14 m3/hour for 4<ts4.5 hour 

When new raw materials flow in the kettle the temperature will decrease. A good controller will take 
this effect into account and will not let the temperature fall down. 

soap production - t ime 

Figure 5.9: temperature Figure 5.1 0: saponification 



6 Design of a Controller 

To control the temperature we can use two different control configuration, namely: 
1. temperature feedback (figure 6.1) 
2. disturbance feedforward (figure 6.2) 

I I-: ~ v a p  m;p' C ~ i i t i d k i  r i ~  1 Boiling , , 7 n u s u r  
Process H, 

T 

Figure 6.1: Temperature feedback 

In the first configuration we only need to measure the temperature in the kettle. This is a cheap and 
fast measurement, so very suitable for soap process control. 

Controller Boiling 
Process b 

b 

.Qvap 
Qsur 
H r 

. T  

Figure 6.2: Disturbance feedforward 

For feedforward control we need to measure the inlet flows and -temperature. This system is thus 
more expensive than the feedback controller. Tsu, is not included in the feedforward, because this 
disturbance has only effect on Qsur which is a system output. 

The results of the feedback- and feedforward controller will be compared with a controller that uses 
both feedforward and feedback control to see whether the control result are better with this more 
expensive control. 

6.1 feedback control 

li-i feedhack ~ ~ i i t r d  the teiiiperatuie i-iieasuiei-iient is used to adjiist the valiie of thz stem inpiit to 
keep the temperature at a desired level. There are three basic types of feedback controllers: 
Proportional, Proportional-Integral and Proportional-integral-Derivative. We try to keep the controller as 
simple and cheap as possible, so we first start to develop the P-controller. If this controller can not 
reach our control-objectives then an additional control action (D- or I-action) can be introduced. 

The goals of the controller are minimising the steam production and maintaining optimal process 
temperature. These goals can not be reached both at the same time, because with a minimum steam 
production the temperature stays below 7 5 ' ~  (figure 5.4), which is not the optimum. To quantify these 
goals we introduce a weighting function: 

where q and r are the weighting parameters. 
To find the optimal gain we need to solve the problem min J .  To do this analytical is very difficult 

P 

because of the non-linearity of the process. The system is simulated in simulink with different P to 
solve this problem numerical. The weighting parameters are adjusted so the temperature stays 



between 95 and 1 0 0 ~ ~  even with large disturbances. For good soap boiling it is necessary that the 
temperature reaches 97 C within one hour boiling. If the weight r is taken to small relative to q, then 
this demand will not be reached. 
With q=l *I o - ~  and r=l  the temperature stays within these bounds, the simulation results are shown in 
figure 6.4. We can see that for p=3.1*106 the weighting function is minimum. Once the materials are 
added in the kettle, the temperature, shown in figure 6.5, stays above 95 OC. 

Weiqht function result with P as variable 

P 
X lo6  

Figure 6.4: weight function result 

The simulation results of the system with proportional controller with optim~ 

Temperature - time 

11 P are shown below. 

t [hour] t [hour] 

" S a  

Because the system is a first order system, the proportional controller doesn't make the system 
instah!e. The tota! steam used in a normal soap boiling process (39 tons of oil and alkali added in the 
first half hour) is 240 kg per ton soap. 

6.2 feedforward control 

In feedforward control the disturbances measurements are used to adjust the value of the steam input 
to keep the temperature at the desired level. To calculate the steam needed, we first need an 
expression for the total energy needed to heat the materials: 

The energy supplied by the steam is 994 kJlkg, so the steam mass flow needed can be expressed as: 

[kglhour] m,, = - 
994 

This controller is simulated in Simulink, the results are shown in figure 6.6. We can see that with only 
feedforward control the temperature can not be kept at the desired level. The steam usage in this case 



is less than with a feedback controller. In a normal soap boiling process about 160 kg steam per ton of 
soap is needed. 

Temperature - time 

t [hour] 

Figure 6.7: process temperature 

t [hour] 

Figure 6.8: Steam mass-flow 

Feed-forward control has no effect on the stability of a system, thus also the controlled system is 
stable. 

6.3 feedforward-feedback control 

If we use a combination of a feedforward- and feedback control, we have to find the optimal feedback 
gain again. The weighting function with P as variable is shown in figure 6.9. The minimum is found at 
~=0 .6*2  06. 

Figure 6.9: result weight function with P as variable 



The simulation results are of the boiling process with this controller are shown in figure 6.10 and 6.1 1. 

Temperature - time 
100 

L 

5 
t [hour] t [hour] 

- 

The total amount of steam per ton of soap now used is 192 kg. It's obvious that the best results are 
achieved with this control configuration. It is for further research whether it is economically attractive or 
not. 
If the temperature is not satisfactory for quality soap, this analyses can be done with different weighting 
parameters. A larger r will result in a faster increasing temperature. 

This optimisation is done for a system without a heat regenerator. When also a regenerator is used, 
the energy usage can be further reduced. From chapter 3.4.3 we can see that the efficiency of the total 
heat exchange system (boiler, transportation pipes, heat exchanger and regenerator) is about 40%. Th 
total energy consumption will then be 192*0.60=115kg per ton of soap, which is equivalent to 9 litres of 
IDO. The fuel consumption in the complete process is now reduced by 21 litres to 21 litres. 



Conclusion and recommendations 

Although control courses are given at all technical departments at UDSM, only the classical control 
methods are taught. It's not possible for students from ME and CPE to specialise in the systems & 
control field. To cope with the demand from industry for control students it's important for the 
departments EE, ME and CPE to work together to educate students in this field. 

The usage of steam for stirring the materials in soap boiling is very energy consuming. If a mechanical 
stirring device is used for this purpose, a reduction of 40 % can be reached. If also closed steam coils 
are used with a heat exchanger to recover the energy from the steam, the total ID0 usage can be 
reduced from 42 litres to 24 litres per ton of soap. On a yearly basis this means a cost reduction of 
42,000 USD with a single investment of 80,000 USD. To compare, the average monthly income in 
Tanzania is 200 USD. 

For further minimising the steam usage the temperature in the kettle can be controlled. When a 
feedforward control in combination with temperature feedback is used at the system with mechanical 
stirring device and open steam coils, the steam usage can be reduced to 192 kg per ton soap in the 
boiling process. The total ID0 consumption is reduced from 42 to 27 litres. With the use off a heat 
regenerator this amount can be further reduced to approximately 21 litres. For more accurate values 
the efficiency of the boiler, transport pipes, heat exchanger and regenerator has to be measured. 

For better quality soap it is possible to use controllers for the pH level and moisture content. These 
controllers are relative expensive, so not economically interesting for batch soap production. 

It is maybe possible to use a jacked cooler for better temperature control and energy reuse, but this is 
for further investigation. 
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Appendix A: Subjects of Control Engineering 

In this table the control subjects are listed. A plus (+) sign indicates that the subject is discussed at the 
corresponding faculty, a minus (-) sign indicates that it is not part of the courses. If there is only one 
plus or minus sign, it means that all the subjects of the corresponding category are treated, 
respectively not treated, in courses. 

Mathematical modelling of physical systems 
State variables and State Eqtlations 
Conservation principles 
Lagrange's Equations - - 

Linearisation 
Linear Systems Theory 

Linearity Properties 
The Zero-Input Solution 

Solution by Laplace Transforms 
Dynamic modes 

The Zero-State Response 
The Matrix Transfer Function 
Poles and Zeros 

Observability 
Controllability 
Realisations 

The Jordan Form 
Canonical Decomposition 

Stability 
Performance specifications 

Time-domain 
Frequency domain 
Sensitivity 

Open-Loop Control 
Stability Conditions 
Performance Limitations 
Effect of RHP Zeros on Frequency Response 
Feedforward control 

Closed-loop control, 1 DOF 
Stabilitv Conditions 

Closed-loop cdntro~, 2 DOF 
Stability 

Routh Criterion 
Root Locus Method 
Nyquist Criterion 
Lyapunov Criteria 

Approximation techniques 
Finite differences 
Linearisation 
Pade 

Parameter Estimation 
Emperical Model ldentification 
Optimal Linear Filtering 

Recursive Filters 
Kalman Filters 

Optimal Linear Smoothing 
Non-linear Estimation 
Real-Time Parameter ldentification 

Signal analysis techniques 
(correlation, Power spectrum etc.) 

Ricatti Equations 



Classical Controller Design 
Design Objectives in terms of Open-Loo 

dc Steady State 
Transient Response 
Frequency Response 
Stability Margins 

Feedback Control 
P, PI & PID Controllers 
Cascade Control 
Dead-Time Compensation 

Dynamic Compensatior! 
Bode Gain-Phase Relationship 
Lag and PI Compensation 
Lead and PD Compensation 
Lag-Lead and PID Control 

Feedforward Control 
Ratio Control 

2-DOF Control 
Systems with Delay 

State Feedback 
Pole Placements 
Linear-Quadratic Regulator 

Matrix Lyapunov Equation 
Optimal LQRlLQG Control 

Disturbance and Reference Input 
Compensation 

Feedforward Compensation 
Integral Feedback 

State Observers 
Observer-Based Feedback 

Multivariable Control 
Sampled-Data implementation 

Spectral Characteristics of Sampled Sig 
Impulse Samples 
Aliasing 
Zero-Order Hold 

z-Transforms 
Stability 

Jury Criterion 
Root Locus 
Nyquist Criterion 

Discretisation of Continuous-Time Desi! 
Neuro & Fuzzy Control - 
Non-Linear Systems Control 

Adaptive Control 
Model-based Predictive Control 
Input-Output Linearisation 
Feedback Linearisation 



Appendix B: Calculation of constants 

Molar weight 

Tallow contains of mainly 3 oils. 
32.5% Palmetic: 256 [glmol] 
14.5% Stearic: 285 [glmol] 
53.0% Oleic: 282 [glmol] 

The average molar weight can be calculated from he weight percentage of these materials. 
MTrriiow = M A  = 0.325.256 + 0.145.285 + 0.530 -282 = 274 [glmol] 

M,, = M, = 40.0 [glmol] 

Ratio's A : B 

Molar ratio A : B = 1 .O : 3.0 
Weight ratio A : B = 274 : 40.0 = 1.0 : 0.44 
Because the Sodium Hydroxide is added in a 40% weight solution, we can say: 

Weight ratio A : (solution B) = 1.0 : 0.44*100/40 = 1.0 : 1 .I 

Specific Heats 

Palmetic: cp=0.542 [calIglK] 
Stearic: cp=0.585 [calIglK] 
Oleic: cp=0.489 [cal/g/K] 

The specific heat of Tallow can be calculated from the weight percentage of these 3 materials. 

For a 47% NaOH solution, the specific heat is 3.6 [kJIkglK] 

The heat capacity of the emulsion can be calculated from the weight ratio and cpA and cpB : 

Density 

According to [3]: 
pA = 0.91 [kgll] 
According to 151 
pB = 1.4 [kgll] 

Again, the average density can be calculated from the weight ratio: 
i .o%.9i+i . i*i .4  

PC+D = P = = 1.2 [kgll] 
1.0+ 1.1 



Appendix C: Derivation of the Dynamical model 

Total mass balance: 

Assumed that p is the average of p~ & ps, we can say 

Mass balance on components: 

.V)  dV dcA 
Using the rule =cA .-+V-, 

dt dt dt 

the equations lead to: 

d ( c d  - c, B: - --. CB- (FA + F') +2.4  - 3~ 
dt V V 

Total Energy balance: 

Assuming the reactor does not move (i.e., dWdt=dP/dt=O) and neglecting the shaft work of the stirring 
equipment, the left-hand side of the total energy balance yields 



Since the system is a liquid system, the following approximation can be made: 

The input of energy with a feed per time unit can be expressed as: 

Hence, the totai energy balance leads to the equation: 

The enthalpy of a liquid system is a function of temperature and its composition: H=H(T,n,,nb,n,,nd) 
Differentiating this expression, we get: 

dH - dT 2H dn, dnB a dn, hfl dn, ---.- +-.- +-.- +-.- +-.- 
dt Z dt A, dt A, dt a, dt A dt 

But, 

With the mass balance on components it follows that: 

With the total energy balance, this leads to 

But, 

p . F . h ( T ) = F [ p . h ( q ) + p - c p ( T  - T ) ] = F [ ~ . I ? ( T ) + ~ - C , ( I ;  - T ) ]  

Consequently, equation B.6 becomes: 
dT 

P . V . C ,  -=pA  .FA .cpA(TA - T ) + p e  .FB .cp,(TB - T ) + - .  
dt 

where [ H A  + 3HB - 317, -gD]  = -AHr 



Appendix D.l: Process Simulink file 

Total system: 

Fa a T 

m-&;st 1 
Steam Process 

Process scheme: 

mst  

Temperature 

Reaction rate: 



Mass balances: 



Total energy balance: 

I 

Qvap 

1/(1.2e3*2.9) 

M 

I /u 

- 
.+ 

L 

- 

Q 
Qvap 

I Is 

-+ .-+ 
T 

- 
- 
- 



Appendix D.2: Controller Sirnulink file 

Feedback controller scheme: 

Process 

Feedforward controller scheme: 

+ Tb 

-+ m b 
- 

Q.---+Q mst .  mst 
Ta 

Process 

Feedforward calculation: 



Feedforward-feedback controller scheme: 

1 .  

n n + u 
II 

I1 

I I  

)Fb T. 

Tb 

mst 

. I  

II 

I I LTb 
4 rnb > Ta Q .  

. 
Process 

Steam 

. 
> 

Fa 

Ta 

, .I 
ma 

Q mst 
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