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ABSTRACT 

 
Power generation with steam as the working fluid has been proven technology in 
many developed countries around the world. The advantages in using this 
technology include its ability to use a wide range of fuel and using the cheapest 
material (water) as a working fluid. This means that if this technology is invested 
in it can boost the levels of power generation especially in developing countries 
where only the minority of the population has access to electricity. 
 
Currently there is no power plant in Uganda which uses steam technology 
despite Uganda being endowed with vast sources of fuel ranging from solar, 
biomass, geothermal and the recently discovered oil in the Albertan region. 
Blessed by nature, Uganda has a lot of potential to generate power using steam 
technologies which power when generated can boost the economic development 
of the country. 
 
Due to a low technology level in the country in areas of power generation, there 
are few commercial steam power plants which are mainly owned by sugar 
manufacturers and some of them generate power which is supplied to the 
National grid. There are however accessible demonstration steam power plants 
in the engineering faculties at both Makerere and Kyambogo Universities. 
However, the one at Makerere University is malfunctioned and one can only 
make a study of the performance of these power plants using the plant at 
Kyambogo University. This study can help the researcher understand the exact 
challenges of steam power plants, the performance and how to improve 
efficiency of performance. 
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CHAPTER ONE: INTRODUCTION 

1.1 Introduction 

  
Over the last thirty years the world’s energy consumption has doubled with an 
annual increase in demand of 1.5%. Despite the world’s oil and gas reserves 
predicted to be depleted in 100 years, the world’s coal reserves are estimated to 
be able to last for the next 500 years and this makes thermal power generation 
still a major contributor to world’s energy supply currently contributing over 50%. 
The use of boiler technology has among others posed the advantages of low 
cost of production and hence low cost of electricity, high reliability and availability 
and can use waste and biofuels to be combusted in a boiler. Today the 
technology which involves thermal power technologies is fully developed due to 
its very useful applications for electricity production, heating and cooling. Most 
thermal power plants have got relatively low efficiencies (lower than 40%) due to 
the fact that many of them are used for electricity generation only. 
 
In Uganda, biomass contributes 90% of the total energy usage (Uganda Energy 
Policy 2002) where most of this is used for cooking. Almost all agro based 
factories use wood for their thermodynamic processes and this is because wood 
is the cheapest fuel available even though this heavy reliance of wood fuel has 
got long term effects on the climate. The main reason why factories depend on 
wood for almost all their thermodynamic processes is due to the high cost of 
electricity in Uganda which is at USD 0.25 per kWh which makes operation using 
electricity much more expensive than any other energy source. The high cost of 
electricity is attributed to low electricity generation levels in the country which 
currently stands at 859MW from all power generation plants of which 153MW 
(18%) is from thermal power generation of which 30MW (3.5%) is from steam 
power plants of KSL and KSW. The rest (82%) is from hydro power generation 
(ERA, Annual report 2010/2011). This means that thermal power generation has 
a significant role in the energy sector of Uganda and if it is given enough 
research, development and investment, it can lead to an increase in power 
generation significantly.  
 
From all the electricity purchased by UETCL, 39% of it is from thermal power 
plants (ERA, ESI performance report 2011) meaning that thermal power plants 
have got a big role to play in the energy sector. A total of 168MW of electricity is 
produced from thermal power plants which used HFO and these are namely 
Aggreko, Kiira and Mutundwe (100MW), JUPPCL (50MW) and Electro-max (U) 
Ltd which generates 18MW. This however excludes the power generated from 
the co-generation power plants owned by sugar producers led by KSL and 
SCOUL. Power generation in Uganda is dominated by hydro power but this is 
greatly affected by hydrology in which some seasons are too dry and this leads 
to the drop in power production from hydro sources. In these times some of the 
turbines are turned off to enable the available flow rate run a fraction of the 
turbines and this leads to rampant load shedding throughout the country. 
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As mentioned above, steam power plants can be developed with various fuels 
that range from MSW, biomass, fossil fuels, peat, geothermal and solar. This 
means that an investment is thermal power plants is a good investment for a 
developing country like Uganda which is greatly endowed with all the above.  
 
In a steam power plant, pressurized water is heated to temperatures between 
2500C – 6000C. From Boyle’s law, the pressure of a fluid will increase when 
heated from a confined volume and hence the out flowing steam from the boiler 
will be a very high pressure causing it to move at velocities between 300m/s – 
800m/s. These high momentum steam particles strike the blades of the steam 
turbine causing them to rotate at very high RPM and hence rotate the shaft 
which is connected to the turbine. The shaft is connected to the generator which 
rotates and generates electricity in proportion to the RPM. 
 
Steam power plants operate on both open and closed thermodynamic cycles 
using pressurized steam. The combustion process of the fuel takes place in a 
boiler from which the generated heat is used to heat the flowing pressurized 
steam. The boiler gives us an opportunity to use a variety of cheap and available 
thermal sources especially renewable sources such as biomass and biogas. 
Unfortunately these plants suffer from significant losses and disadvantages. 
These include flow losses, steam leakages, heat losses and the poor reputation 
of heat exchangers under the continuous heat transfer at higher temperatures 
and pressure. 
 
The performance of thermal power plant can be assessed in two ways; 
 
1. By finding the ratio of total power output/input 

 
2. By summing up all the losses in the power plant and subtracting them from 

the total power input into the plant. 
 
By identifying the losses in the plant, we can devise measures to minimize them 
which in turn improves the efficiency of the plant. We can also find ways of 
utilizing the waste heat from the boiler as well as the saturated steam from the 
steam turbine. 

1.2 Problem statement 

 
Thermal power plants are designed and constructed to generate mainly 
electricity and sometimes heat. However, many times the actual power output is 
less than the designed output despite a constant heat input. In many thermal 
power plants there are a lot of thermal losses especially on the surfaces of the 
equipment and in the exhaust steam. Unfortunately, many times thermal power 
plant management does not identify and monitor these losses but rather 
increases on the energy input into the plant in order to match the required power 
output. After installation of the power plant equipment, little attention is given to 
the progressive increment of energy losses and this decreases the performance 
efficiency of these plants. 
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This study will help thermal power plant managers especially in Uganda be able 
to identify the common areas of energy losses and how to minimize them and 
this will in turn improve on the efficiency of such plants. 

1.2 Objectives 

 

1.2.1 Main objective 

 
The main objective of this research is to improve the performance of a 
demonstration thermal power plant which generates electricity through a steam 
turbine which runs a generator. 
 

1.2.2 Specific objectives 

 
The specific objectives are; 
 
1. Obtaining and recording results of the necessary performance parameters for 

over a specified period 
 
2. Obtaining the energy losses of the plant as a percentage of the total energy 

supply to the plant and hence calculating the plant’s efficiency. 
 

3. Improving the performance of the power plant by reducing the losses. 

1.3 Justification 

 
In a developing country like Uganda only 12% of Ugandans have got access to 
electricity (Umeme annual report 2012, UBOS annual report 2012). This is 
mainly attributed among others, to the low power supply, low distribution of the 
power lines in the country and high electricity tariffs which is combined with low 
incomes by most of the rural population. However Uganda is endowed with a lot 
of energy potential embedded in biomass, solar, geothermal and fossil fuel. This 
creates a possibility of developing thermal power generation plants which can 
use both renewable and nonrenewable sources of energy especially those 
operating with water/steam as the working fluid. Water is the cheapest and most 
available working fluid.  Power generation through steam power plants is already 
proven technology in Uganda where an approximated 3.5% of the total 
generated power in the country is from steam power plants by KSL and KSW. 
 
However as noted above, there are many energy losses in these types of plants 
and we need to invest in them with the knowledge of how much energy we shall 
obtain as per investment due to the losses available in the systems. With the 
diversity of different fuels that can be used by thermal power plants, it makes it 
worth to make an investigation on the performance of such plants since they 
pose a huge potential for investment in order to increase power supply in the 
country. One of the biggest advantages with thermal power plants is that they 



 

Improvement of performance of a thermal power plant 

Bukenya Richard Orbadia Page 4 
 

can be designed to generate power from few kilowatts to even hundreds of 
megawatts. This makes it one of the smallest possible power plants that can be 
installed for small isolated communities including upcountry towns. 
 
Conducting a research on how to improve the efficiency of thermal power plants 
is therefore justified as this is one of the most viable power technologies that 
need to be developed for a developing country like Uganda. 

1.4 Scope 

 
The scope of this research was limited to; 
 

i. A demonstration thermal power   is located at the Faculty of Technology 
of Kyambogo University.  

 
ii. The research was as well limited to an investigation into energy input, 

output and losses in a thermal power plant.  
 

iii. Hence, the research concentrated on identification of energy loss areas 
and applied measures to mitigate some of the losses. 
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CHAPTER TWO: LITERATURE REVIEW 

 
This section will explain the theoretical operation of different Steam cycles. 

2.1 A simple boiler 

 
In a very simple case, a container is partially filled with water. The combustion of 
fuel generates heat which is transferred to the container and this makes the 
water evaporate. The steam then escapes through a pipe that is connected to a 
container and transported elsewhere. Another pipe brings in water (feed water) 
to the container to replace the water that has evaporated. Since the pressure 
level in the boiler has to be kept constant, the mass of the steam that escapes 
has to be equal to the mass of the water that is added. If steam leaves the boiler 
at a rate faster than that of water addition, the pressure in the boiler will fall. On 
the other hand if water is added to the boiler at a rate higher than the rate at 
which steam leaves the boiler, then the pressure in the boiler will rise. 
 
If more fuel is combusted, more heat is generated and transferred to the water. 
Thus, more steam is generated and pressure rises inside the boiler. On the other 
hand, if less fuel is combusted, less heat will be transferred to the water and less 
steam is generated which causes the pressure to drop. 

2.2 Theoretical steam cycle 

 
A steam cycle is one in which the working fluid is compressed, vaporized, 
expanded and condensed from where the cycle repeated. The state of the fluid is 
described by its pressure, volume and temperature. The theoretical steam cycle 
is called the Carnot cycle and this cannot be realistically achieved due to the 
following reasons; 
 
i. From the second law of thermodynamics, all processes are irreversible and 

hence the entropy will always increase. 

ii. The phase and properties of the working fluid keep changing 

iii. There are limitations in the equipment which handles the working fluid i.e. 

pumps, turbines, etc 

2.2.1 Components of a basic steam cycle 

 
A steam cycle is one in which the working fluid is compressed, vaporized, 
expanded and then condensed; the cycle in then repeated. The state of the fluid 
and its phase is defined by its pressure P, volume V and temperature T. Figure 1 
shows the layout of a simple steam power plant 
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Figure 1: Steam power plant layout 

 

 The liquid water is compressed to a high pressure by a pump. 

 The pressurized water is heated and vaporized in a boiler which is fuelled by 

any combustible fuel or nuclear fission. 

 The hot and compressed water vapor has now got a very high energy content 

which rotates the turbine and hence doing work. 

 From the turbine the expanded vapor enters a condenser which condenses 

the vapor back to liquid form and the cycle is repeated. 

 
Figure 2 and Figure 3 show sT   and sh diagrams for an ideal steam cycle 

 

 
Figure 2: T-S diagram for an ideal steam cycle. 

Boiler 

T 

 

Pump 

Generator 
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Figure 3:  h-s diagram for an ideal steam cycle. Source: compedu.net 
 
This ideal steam cycle is also called the Rankine cycle 
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CHAPTER THREE: METHODOLOGY AND DATA COLLECTION 

3.0 Introduction 

 
This chapter describes the procedure followed in investigation of the 
performance of the steam power plant. The topics discussed include desk 
research, experimental investigation at Kyambogo University, data collection and 
analysis and economic analysis. 

3.1 Desk research 

 
The information collected was both qualitative and quantitative and was pertinent 
to the project. Information was obtained from lecture notes of Sustainable Energy 
Engineering, Thermodynamics text books, other researchers’ publications (which 
were obtained from the internet) and from useful internet sources like 
compedu.net. 

3.2 Experimental investigation 

 
All the necessary experiments were carried out using a demonstration thermal 
power plant which is located in the power section of the engineering faculty of 
the university. Kyambogo University is located in Kampala which also happens to 
be the capital city of Uganda. The university is both funded and administered by 
the government of Uganda under the Ministry of Education and Sports. 
 
The department of power obtained a demonstration steam power plant in the late 
1960s which plant aged with time and became unusable during the 1990s. It was 
however renovated from 2011 to enable demonstrations of power generation to 
students of different engineering disciplines. Currently, the plant runs a steam 
engine and a steam turbine. 
 
The plant has got a diesel fuel tank which stores the diesel fuel that is used to 
fire the boiler. There is also a feed water tank which is used to constantly supply 
feed water to the boiler. The water is then heated in the boiler where it turns into 
pressurized steam which is released at pressures between 8 bars – 18 bars.  
 
The steam then moves through steel pipes to the steam turbine which rotates 
and hence runs the generator. The steam is then moved through a condenser to 
the cooling tower as can be seen in the process diagram in figure 4 below. 
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 Stack 
 
 
 Generator 
 
 Turbine 
 
Fuel Cooling 
 Boiler Tower 
 
 
 
 Pump 
 

         Condenser 
 
 
 
 
Figure 4: The process diagram for the power plant 

3.3 Data collection and analysis 

 
This section describes how the different parameters of the cycle were obtained 
and recorded.  

3.3.1 Obtaining the energy input into the plant 

 
To obtain the energy input into the plant, we obtained the energy input into the 
boiler. This is the energy in the diesel fuel into the boiler. The volume of fuel 
consumed was recorded for a specific time from which calculations were based. 
 
The energy input into the boiler/plant was obtained by obtaining the energy in the 
diesel fuel that was used to fire the boiler and indicated below. 
 

 kWLHVmQ fuelfuelfuel           (3.1) 

 
Where; 

fuelQ  is the energy flow rate into the boiler 

fuelm  is the mass flow rate of the fuel into the boiler in [kg/s] 

t
V

m fuel


 , ρ is density of fuel  3/ mkg , V  is volume of fuel consumed  3m and 

t  is time  s  
3/840 mkg ,  
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fuelLHV  is the calorific value of the diesel fuel  kgkJ /500,43  

 

3.3.2 Obtaining the electrical power output of the plant 

 
This was attained by taking the electrical readings using a digital Multimeter 

which was used to obtain the voltage readings  V in volts and current readings 

 I in amperes. This was done from the peak revolutions per minute (rpm) until 

the minimum rpm obtained.    
 

 kWIVPel           (3.2) 

 

3.3.3 Obtaining the energy losses 

 
The energy losses were obtained by measuring and recording the surface 
temperatures and surface areas at all surfaces of the power plant. The obtained 
surface temperatures were used in the appropriate formulae to obtain the total 
heat/energy loss 
 

3.3.3.1 Energy losses in the boiler 

 

In the indirect method 
radashCOfglosses PPPPP      (3.3) 

 

i) 
fgP  = Flue gas losses which can be estimated from Siegerts formula  

 
 

Dry

refgas

fg
CO

ttk
P

2


         (3.4) 

 

 gasref tCt ,250 flue gas temperature in 0C,  
Dry

CO2
is the carbon dioxide 

fraction in %  on dry flue gas (obtained from combustion table) and k  is 
taken from the Siegerts formula diagram and is dependent on fuel type 
for which is diesel(oil) in this case 

 

ii) 
COP are the losses in the boiler due to the CO  in the flue gases which is 

caused by incomplete combustion of fuel.  
 

iii) 
ashP  are the energy losses in the boiler due to the residual ash after the 

combustion process.  
 

iv) 
radP are the radiation losses which were obtained by considering the surface 

temperature and area of the boiler throughout the experiment. This heat loss 
is proportional to the outer surface area of the boiler 
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From the Bureau of Energy Efficiency, India, the boiler radiation losses are given 
as 

    






















 9.68/9.6885.196957.1
55.5555.55

58.0
25.1

44

mas
as

rad VTT
TT

P

 
           (3.5) 
Where 
 

radP  = Radiation loss in 2/ mW  

mV    = Wind velocity inside the boiler room in sm /  

sT     = Surface temperature  K  

aT     = Ambient temperature  K  

 

3.3.3.2 Energy losses at other surfaces 

 
a) Energy losses at the insulated surfaces of the steam pipes 
 
The energy losses here were obtained by measuring the surface areas of the 
pipes’ insulating material and the corresponding surface temperatures and 
applied in the equation 3.5. 
 
b)  Energy losses at the non-insulated surfaces of the pipes 
 
The energy losses here were obtained by measuring the surface areas of the un-
insulated pipes and the corresponding surface temperatures and applied in the 
equation 3.5. 
 

3.3.4 Obtaining the mass flow rate of steam 

 
The power plant had one flow meter which was located after the condenser. On 
releasing steam to the turbine and the condenser, we noted that this flow meter 
was not functioning despite the steam flowing through. We collected all the 
available steam by directing it into a bucket with a known volume of water for a 
specified time. All the steam condensed and mixed with the available water in 
the bucked. We obtained the volume of collected steam by subtracting the initial 
volume of water from the final volume. The steam flow rate was obtained from 
the formula below 
 

ṁst = Density of water  3/ mkg x(Final volume-initial volume)  3m Time  s  (3.6) 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

4.1 Results 

 
This section looks at the data that was collected from the experiments, which 
was analyzed and discussed. We were able to carry out four experiments for 
which the first three we were unable to generate any electric power due to the 
failure of the steam turbine which had a damaged valve. We were able to obtain 
electrical power during the fourth experiment. On the earlier three experiments 
the failure to generate power was due to the fact that steam could not enter the 
steam turbine as there was a faulty valve. With help of the faculty machine 
workshop staff we were able to machine the damaged part and fixed the steam 
turbine. 
 
As noted earlier we were not able to reach close to our expected optimum 
performance of the boiler due to the uncertainty of the boilers ability to operate at 
pressure higher than 8bars without exploding and damaging all other plant 
equipment. We also noted that heating the steam to 8bars was the a steam 
pressure high enough to obtain the optimum RPM (5000) of the steam turbine 
whose highest designed steam pressure is 10.34bar (150ibf/in2) and indicated on 
the plate data below in figure 5. 
 

 
Figure 5: Data plate of the steam turbine 
 
We should note that the boiler was heated for the first 40 minutes in order to 
build the required pressure and then the steam was released to the turbine and 
consequently to the condenser. 
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4.2 The energy input into the plant 

 

 kWLHVmQ fuelfuelfuel          (4.1)

         
Where; 

fuelQ  is the energy flow rate into the boiler 

fuelm  is the mass flow rate of the fuel into the boiler in [kg/s] 

t
V

m fuel


 , ρ is density of fuel  3/ mkg , V  is volume of fuel consumed  3m and 

t  is time  s  

3/840 mkg ,  

fuelLHV is the calorific value of the diesel fuel  kgkJ /500,43  

 
The total volume of fuel consumed was noted over a specified period during the 
experiment. 
 
Table 1:Fuel rate consumption 

Time, s Volume, liters Volume, m3 

1,800 12.50748 0.01250748 

  skg
t

V
m fuel /10836824.51800/01250748.0840 3

  

skJLHVmQ fuelfuelfuel /901844.253500,4310836824.5 3    

 

WsJskJQ fuel 844.901,253/844.901,253/901844.253   

4.3 Obtaining the electrical power output of the plant 

.    
For three phase generator 
 

 kWIVPel           (4.2) 

 
Table 2:The obtained electrical power 

Rpm Voltage  Current  

Electrical power 

 W  

3000 209 19 3971 

2800 
  

0 

2550 125 11.4 1425 

2300 84 7.7 646.8 

2200 61 5.6 341.6 

2100 46 4.2 193.2 

2000 30 2.8 84 

1900 12 1.1 13.2 

1800 12 1.1 13.2 

1700 12 1.1 13.2 
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1600 12 1.1 13.2 

  
The highest Electrical power was realized at 3000 rpm which gave W971,3 . The 

generator was rated rpm3000  , V220  , A20 and kW4.4 The electrical energy 

obtained at 3000rpm was taken to be the peak power from the generator. Hence, 
since the highest rpm was of the generator was obtained, then the generator 
efficiency was computed as; 

%25.909025.0
4400

3971 el  

4.4 Obtaining the energy losses of the plant 

4.4.1 Energy losses in the boiler 

 
In the indirect method  
 

radashCOfglosses PPPPP         (4.3) 

 

i) 
fgP = Flue gas losses which can be estimated from Siegerts formula 

 

 
 

Dry

refgas

fg
CO

ttk
P

2


          (4.4) 

 

 gasref tCt ,250 flue gas temperature in C0 , 
Dry

CO2
is the carbon dioxide 

fraction in % on dry flue gas (obtained from the diagram) and k is taken 
from the Siegerts formula diagram and is dependent on fuel type for 
which is diesel(oil) in this case 

 

From the 
2CO  and 

2O  content diagram we used the set air excess factor of the 

boiler which was set at m = 1.37 from which we obtain the 
2CO  content as a 

function of air excess factor as 

%25.112 CO and the corresponding k  from the Siegerts formula diagram, 

85.0k  
 
Table 3:Flue gas losses with time 

Time, s 
Tstack, 
0C Tstack–250C 

Pflue gases, as a 
percentage of 
Pboiler Pflue gases, W 

10 108 83 6.271111111 15922.46675 

20 149 124 9.368888889 23787.78165 

30 176 151 11.40888889 28967.37927 

40 204 179 13.52444444 34,338.81384 

50 
  

0 0 

60 182 157 11.86222222 30118.40096 
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The optimum flue gas losses were taken at the maximum flue gas temperature 
obtained of 2040C after firing the boiler for 40 minutes and obtaining a pressure 
of 8bars which is the highest recommended boiler pressure due to the equipment 
old age. 

WP gasesflue 81384.338,34  

 
Figure 6 below shows the flue gas temperature gauge 
 

 
Figure 6:Flue gas temperature gauge 
 

ii) 
COP are the losses in the boiler due to the CO  in the flue gases which is 

caused by incomplete combustion of fuel. This loss was considered negligible 
due to the fact that diesel fuel was used for combustion with excess air 

37.1m which is above the factor of 1.2 and the combustion process was 
assumed to be complete. 
 

iii) 
ashP  are the energy losses in the boiler due to the residual ash after the 

combustion process. This also was taken to be negligible due to the fact that 
diesel fuel was being used which has got negligible ash mass fraction 

 

iv) 
radP are the radiation losses which were obtained by considering the surface 

temperature and area of the boiler throughout the experiment. This heat loss 
is proportional to the outer surface area of the boiler 

 
The radiation losses were obtained by application of equation 3.6 indicated 
below 

    9.68/9.6885.196957.1
55.5555.55

58.0
25.1

44























 maS
as

rad VTT
TT

P

 
Where, 

radP  = Radiation loss in 2/ mW  
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mV    = Wind velocity inside the experiment room in m/s (Air inside the room was 

assumed motionless) 

sT     = Surface temperature  K  

ambT     = Ambient temperature  K , 
298K

 

 
Table 4:Temperature of the boiler surfaces before firing stopped and hence releasing 
steam 

Temperature of surfaces (0C) 
  Time, s 10 20 30 40 

aT  31.7 37.9 49.5 58.4 

bT  68.7 104.8 96.4 134 

cT  

 
33.7 42.3 53.7 

 
Table 5:Heat losses at the boiler surfaces prior to release of steam 

Surface 
area 

 2m  

Perimeter 

 m  Length  m  

Area 

 2m  

Highest 
temperature 
obtained, 

C0  

Highest 
temperature 
obtained, 

K  

lossesradP , 

2/ mW
 

WlossesradP ,
 

aA  3.36 1.12 3.7632 58.4 356.4 818.3416 64097700.24 

bA  0.67 0.093 0.06231 134 432 2,533.291 9137584.5 

cA  3.36 1.12 3.7632 57.3 355.3 798.8438 61202477.72 

Total   7.58871   4,150.477 31,496.76281 

 
At optimum temperature;  

WP lossesrad 76281.496,31  

Boiler losses = 
lossesradgasesfuel PP   

 
= 34,338.81384W + 31,496.76281W 
 
= 65,835.57665W 

 

4.4.2 Energy losses at steam pipe surfaces 

 
Figure 7 shows the nature of insulation for the steam pipes and the exposure of 
the un-insulated joints. 
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Figure 7:The outlook of insulated and un-insulated portions of the steam pipes 
 
a) Energy losses at the insulated and non-insulated surfaces of the steam pipes 
 
The energy losses here were obtained by measuring the surface areas of the 
pipes’ insulating material and the corresponding surface temperatures and 
applied in the equation 3.6 below; 
 

    9.68/9.6885.196957.1
55.5555.55

58.0
25.1

44























 maS
as

rad VTT
TT

P

 
Where, 

radP  = Radiation loss in 2/ mW  

mV    = Wind velocity inside the experiment room in m/s (Air inside the room was 

assumed motionless) 

sT     = Surface temperature  K  

ambT     = Ambient temperature  K , 
298K 

 
Table 6:Heat losses at the pipe surfaces 

Temperature of surfaces(0C) 
 
Time, 
min 

 
60 

 
80 

 
100 

 
120 

Td 139 145.9 130 120.9 

Te 57.8 30.5 32.2 39 

Tf 149.2 140 130 120.2 
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Table 7:Heat losses at the pipe surfaces 

 
Total heat losses at all other surfaces = 132,956.0301W 
 
 
Total heat losses of the system = Boiler losses + other surfaces losses 
  

   = 65,835.57665W + 132,956.0301W 
    

= 198,791.6068W 

4.5 Obtaining the mass flow rate of steam 

 
The steam flow rate was obtained from the formula below (Eq. 3.7): 

m  = Density of water[kg/m3] (Final volume–initial volume)[m3]/Time[s] 

 
Steam was collected for ondssec100  

Radius of the bucket mcm 109.09.10   

Increased height of water level in the bucket mcm 09.09   
The volume of steam that was condensed  

 

  skgmmkgmst /0167964.0100/103593.3/1000 333    

 
 

Locatio
n 

Perimeter 

 m  

Length 

 m  

Surface 
Area 

 2m  

Highest 
temperature 
obtained, 

 C0  

Highest 
temperature 
obtained, 

K  

2/, mWlossesrad
P  

WlossesradP ,
 

dA  0.35 0.47 0.1645 139 437 2675.03 440.0425036 

eA  0.34 1.26 0.4284 57.8 355.8 807.6882 346.0136102 

fA  0.34 0.69 0.2346 149.2 447.2 2976.246 698.2273715 

gA  0.35 1.6 0.56 34.2 332.2 423.311 237.0541378 

hA  0.12 0.295 0.0354 125.6 423.6 2303.686 81.55048886 

iA  0.35 2.315 0.81025 32.3 330.3 395.3244 320.311621 

jA  0.35 2.475 0.86625 32.3 330.3 395.3244 342.4497892 

kA  0.35 1.8 0.63 34.1 332.1 421.8268 265.7508868 

lA  0.35 1.845 0.64575 35.2 333.2 438.2206 282.9809487 

mA  0.35 2.39 0.8365 30.7 328.7 372.1064 311.2669848 

nA  0.44 2.53 1.1132 34.7 332.7 430.7503 479.5112529 

oA  0.44 6.3 2.772 35.4 333.4 441.2174 1223.054496 

pA  0.15 0.55 0.0825 129.3 427.3 2403.521 198.2904844 

Total   9.17935   14,484.25 132,956.0301 

3322 1067964.109.0109.0 mhr  
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4.6 Obtaining the energy available in the steam before the steam 
turbine 

 
The heat energy in the flowing steam to the steam turbine  

ststst hmQ            (4.5) 

 
The optimum temperature of steam before the turbine was obtained from the 
time steam was released as below; 
 
Table 8: Steam temperature recordings 

Time 

 min  

 
40 60 80 100 120 

CT
0

,1
 182 

154 162 147 130 

CT 0

2 ,  173 144 153 136 119 
 
Where; 
 

1T  is the steam temperature after the boiler 

2T  is the steam temperature before the turbine. 

 
There was no possibility to obtain the steam temperature after the turbine since 
there was no temperature gauge fitted. 
 

sth  (Enthalpy of saturated steam at C0173 ) read from tables kgkJ /6.2770
  

WkWkgkJskghmQ ststst 106.536,46536106.46/6.2770/0167964.0   

4.7 Obtaining the energy available in the steam utilized by the 
generator 

 
From table 2, the generator’s maximum electrical output is 3,971W with an 
efficiency of 0.9025. The energy utilized by the generator is hence 

el

el
gen

P
Q


  

 
 

9025.0
971,3  

 
 
Energy used for electrical power = 4,400W 
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4.8 Obtaining the energy lost with steam flow after the turbine. 

 
Due to the lack of a steam temperature gauge after the steam turbine, this 
energy was obtained by subtracting the energy utilized by the generator from the 
energy in the steam before the turbine. 

genstlost QQQ   

WW 400,4106.536,46   

 
Energy lost in steam after turbine = W106.136,42  

4.9 Analysis of the results 

 
Explanation of losses 
 
Unexplained losses of 8,575W (3.4%) were noted and these were attributed to 
 
i. The inaccuracy of the experimental method especially in taking readings.  

 
ii. Time lags between taking readings. This was because of movement from one 

point to another since all reading had to be taken by one person to ensure 
consistency. 

 
iii. Pressure losses between the steam exit from the boiler and the steam inlet 

into the turbine as shown in table 9 below: 
 

Table 9: Variation of pressure with time 

Time 
(mins) 10 20 30 40 60 80 90 100 110 

Pressure 
[bar] 

         
1P  0.25 0.85 3.65 8.1 5.25 5.25 4.8 3.75 2.2 

2P  

    
4.83 4.826 3.447 1.724 1.034 

 

Where 
1P  is the steam pressure at the boiler exit and 

2P  is the steam pressure at 

the turbine inlet. We note that 
21 PP  which indicates there were pressure losses 

in the steam along the pipes.  
 
Figures 8 and 9 below show the distribution of the losses 
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Figure 8: Chart showing the energy distribution in Watts 
 

 
Figure 9: Chart showing the energy distribution as a percentage of the boiler power 
 
From figure 9 above we note that only 1.6% of the heat is used for power 
generation indicating that 98.4% of the generated heat is lost.  
 
Overall losses = 98.4% 
 
The overall electrical efficiency of the plant = 1.6% 
 
 
 
 
 
 
 
 
 

65835 

132956 

8575 42136 

3971 

Energy distribution, W  

Boiler losses

Steam pipe surface losses

Other losses

Energy lost in steam after
turbine

Electrical power
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4.10 Discussion of Results 

 

4.10.1 Losses in the boiler 

 
From the charts above we note that 25.9% of the heat in the system is lost at the 
boiler. 13.5% is lost with flue gases where as 12.4% are radiation losses through 
the boiler surface. These loses cannot be minimized with the current setup of the 
boiler but some of the waste heat in the flue gases can be recovered through 
heat exchangers and used in the same laboratory for other leaning purposes in 
areas of heat transfer and thermodynamics. Figure 10 below shows the boiler 
that was used for the experiments. 
 

 
Figure 10: The plant’s boiler 

4.10.2 Losses in the pipe surfaces 

 
The losses on these surfaces constituted 52.4% of the total heat energy input 
into the plant. This was due to the poor and aged insulation material used on all 
the pipes as well as all the joints not being insulated. We also noted that the 
pipes used had a high emissivity due to the fact that they have lost some of their 
material properties. These pipes were insulated with glass fiber, as indicated in 
figure9below and covered with Aluminum foil but still the surface temperatures 
were noted to be high as indicated in table 6. 
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Indication of the insulation for the pipes 

 
These losses can be greatly reduced by replacing the old pipes and insulation 
material with new ones. 

4.10.3 Other Losses 

 
Onanalysis of the entire system, these losses were attributed to the following: 
 

 There were pressure losses at the bends and joints which gradually 
reduced the velocity of the steam as it approached the steam turbine. 
 

 There were minor steam leakages at the boiler and at the steam turbine. 
 

 There were some inaccuracies in taking readings. For more precise 
readings, the researcher had to take all readings at the same time without 
time lags. However, there were time lags in taking the readings as the 
researcher had to rush from one point to another. On top of that, the 
surface temperature readings were being taken with a Pyrometer which 
has to be focused at a point for some seconds. 
 

 The accuracy of the measuring instruments used could have led to an 
increased overall accuracy. Apart from the Pyrometer, all the other 
measuring instruments used were analogue and hence posing a high 
chance of inaccuracy of readings. 
 

 The method used to determine the steam flow rate was rather crude and 
could have led to such unexplained losses. This was because the plant 
had one steam flow meter which was also faulty.  
 

 
Hence, for more accurate readings,  
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 All the temperature and pressure gauges should be fixed and/or replaced 
where necessary.  
 

 There is need to install steam flow meters after the boiler, before and after 
the turbine and after the condenser.  
 

 All the minor steam leakages should be sealed off. 
 

 The researcher should work with a team of people to enable all the 
readings be taken at the same time 
 

4.10.4 Electrical Power Output 

 
The highest electrical power output was expected to be in the range of 46kW but 
this was not attained. This is because the available DC generator could only 
utilize 4.4kW and the rest was lost in steam to the condenser. Figure 11 shows 
the location of the Turbine, Generator and Electric load. 
 

 
 
 
 
 
 
Figure 11:Location of the generator and load 
 

 

 
 
 
 
 

Load 
Generator 
and Turbine 
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CHAPTER FIVE: IMPROVEMENT OF THE PLANT ELECTRICAL 
EFFICIENCY 

5.1 Identification of losses 

 
The main objectives of the research were to obtain the performance of the 
demonstration power plant and provide an alternative for improvement of the 
efficiency of the plant. It was established that the overall losses in the power 
plant were totaling to 98.4%. Only 1.6% of the supplied energy was put to use by 
the plant specifically by the generator. The losses were distributed as 
demonstrated here under: 
 

i. Losses in steam pipe surfaces  : 52.4% 
ii. Losses in the boiler    : 25.9% 
iii. Wasted/unused energy after turbine : 16.6% 
iv. Other losses     :   3.4% 

5.1.1 Losses in steam pipe surfaces 

 
These losses were identified to be caused by the following: 
 

 Both the insulation material and the pipes had become too old and hence 
their emissivity had become too high. This means that a lot of heat was 
being lost along the pipes yet some of this could be reduced by polishing 
the pipes and also replacing the insulation material with new one. These 
improvements would not entirely eliminate these losses but would reduce 
them reasonably. 
 

 Several sections of the pipes especially the joints and bends were not 
insulated al all. These too were emitting heat through their surfaces and 
they needed to be properly insulated as well in order to have a uniform 
heat distribution along the pipes. 

 

 There is a critical radius of insulation at which the heat loss is 
maximum. When insulation is added to a pipe, at first there is an increase 
in rate of heat loss and this is due to the fact that the heat loss surface 
area has been increased. However, on addition of more insulation material 
the heat loss reaches a maximum and then reduces. This reduction of 
heat loss is after the insulation has passed the critical radius. It was noted 
that the insulation in the pipes of the plant was below the critical radius 
and hence contributed to avoidable heat losses. 

 

5.1.2 Losses in the boiler 

 
We established that from the total boiler losses of 25.9%, 13.5% of these were 
losses with flue gases whereas 12.4% of the losses were radiation losses on the 
boiler surfaces. With the current plant set up that was being used to perform the 
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experiment, there was no change that could be done to reduce the losses on the 
boiler surface due to the fact that this would involve changing many parameters 
on the boiler. However, some heat could be recovered from the flue gases and 
used for other purposes but not generation of power.  
 
Considering the above factors, the best alternative to improve the plant’s 
efficiency was to install a new boiler with less capacity to match the available 
turbine and generator. We did not explore this alternative due to the cost 
implication involved as this would mean purchasing a new boiler. More to that is 
that the Faculty department which uses this power plant would require approvals 
from several other higher Authorities of the University to effect such a major 
change on a learning equipment. I hence opted to improve on the efficiency of 
the plant in its current status. 
 

5.1.3 Wasted energy in steam not utilized by the turbine. 

 
The maximum energy in the steam before the steam turbine was computed to be 
46.536kW. The turbine is designed to run at maximum rpm of 5000rpm whereas 
the generator is designed to run at maximum rpm of 3000rpm. Given the 
obtained generator’s electrical efficiency (ɳel) of 90.25%, the required energy to 
achieve the maximum power for the generator is computed as below: 
 
Pst, turbine = (Pel, gen)/ɳel 

 
Pst, turbine = 4.4kW/0.9025 
 
Pst, turbine = 4.875kW 
 
Hence the wasted energy in the steam (which reaches the steam turbine but not 
utilized to generate power) is 
 
46.536 – 4.875 = 41.661kW. 
 
Pwasted, turbine = 41.661kW 
 
Having identified the above, we also noted that there is no possible way of 
changing the system but rather to utilize the available energy in the steam before 
it reaches the turbine. 
 

5.1.4 Other losses 

 
These losses originally accounted for 3.4% of the energy in the plant and was 
attributed to: 
 

 Pressure losses in pipes 

 Minor steam leakages in the system 

 Inaccuracies in taking readings 

 Inaccuracies of the measuring instruments 
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5.2 Procedure to reduce the losses 

 
From the above noted four major losses, it was noted that the practically 
reducible losses without changing the current plant settings were those listed 
below: 
 

i. Reduction of losses in the steam pipes due to radiation (52.4%) 
ii. Reduction of losses at the Boiler (25.9%). 
iii. Reduction of losses due to the steam which reaches the steam turbine but 

is not utilized (16.6%).  
 
These three losses combined give a total loss of 94.9%. We can hence generally 
improve on the efficiency of the power plant without changing the set up of the 
plant by  
 

i. Improving on the steam pipes insulation,  
ii. Controlling the boiler parameters  
iii. Ensuring that the turbine receives just enough steam to make the 

generator run at optimum rpm of 3000rpm which shall ensure that there is 
no wasted steam. We can then utilize the remaining steam to useful power 
output.   

5.3 Reduction of heat losses in the steam pipes 

 
Here, two main tasks were undertaken as indicated below; 
 

i. Obtaining new insulation material and insulate all the surfaces including 
bends and joints. 

ii. Computing and obtaining the critical radius of insulation and ensuring 
that the new insulation exceeds this radius as much as possible. 

 

5.3.1 Obtaining the critical radius of insulation 

 
From the Mathematical Model (Dr. Allan Stevens of Rolls Royce- The Royal 
Academy of England) 
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Figure 12: 3D sketch of a metallic pipe with insulation. Source: Royal Academy of 
Engineering 
 
Assumptions 
 
1. The steam is not superheated so that some steam will be condensing on the 

inside of the pipe 
2. The entire inside of the pipe shall be at a constant temperature corresponding 

to the saturation temperature of water, Tsat at the steam pressure. 
3. The thermal conductivity of the metallic pipe of many orders of magnitude 

larger than that of the insulation material and hence we can assume that the 
temperature drop through the thickness of the pipe is negligible and the 
temperature at the outer surface of the pipe (hence the inner surface of the 
insulation) is also Tsat. 

4. The pipe length is too big compared to its diameter and so heat flow is 
essentially one-dimensional, in the radial direction only.  

 
From Fourier’s law of heat conduction, the heat flowing out of pipe of length L is 
given by; 
 

Q = -kAr

   

  
 ………………………………………………………………………………….(5.1) 

 
Where Q is the rate of flow of heat (W), k is the thermal conductivity of the 
insulation [W/(m.degK)], T is the temperature (K) and r is the radial distance (m). 
The area of the pipe is given by 
 

Ar = 2πrL …………………………………………………………………………..(5.2) 
 
The heat loss per unit length of pipe is given by 
 

P = 
 

 
………………………………………………………………………………..(5.3) 
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If we substitute (5.2) and (5.3) into (5.1) we then obtain 
 

P = -2πkr
   

  
 ………………………………………………………………………..(5.4) 

 
Now the heat which is transferred from the outside surface of the insulation to the 
surrounding air is given by Newton’s law of Cooling which states that 
 
Q = hAR+t(TR+t – Tair) 
 
Or 
 
P = 2πh(R+t)(TR+t – Tair) ……………………………………………………………(5.5) 
 
Where TR+t is the temperature off the outside surface of the insulation (K) and Tair 

is the temperature of the air. h is the heat transfer coefficient [W/(m2.degK)]. 
 
If we equate equations (5.4) and (5.5) w obtain  
 

 
   

  
 = 
 (   )(         )

 

 

 
………………………………………………….(5.6) 

 
If we separate variables and we integrate on both sides of the equation (5.6), we 
get 
 

Tsat – TR+t =
 (   )(         )

 
  (

   

 
) 

 
Now using equation (5.5) we can write 
 

Tsat – TR+t =
 

   
  (

   

 
)……………………………………………………(5.7) 

 
If we rearrange equation (5.5) we can also write 
 

TR+t – Tair =
 

   (   )
…………………………………………………………(5.8) 

 
By adding (5.7) and (5.8) we obtain 
 

Tsat – Tair = 
 

   
  (

   

 
)  

 

   (   )
 

 
Rearranging for P we get 
 

P = 
  (          )

⌊
 

 
  (

   

 
)  

 

 (   )
⌋
………………………………………………………..(5.9) 
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From previous experiments using equation 5.9 above and the following 
parameters as listed below: 
 
Tsat = 1000C = 373.15 deg K 
Tair = 200C    = 293.15 deg K 
R   = 0.06m 
k  = 0.13W/(m.degK) 
h  =  2W/(m2.degK) 
 
On substitution of thee above parameters into equation 5.9 we obtain  
 

P = 
  (       –       )

⌊
 

    
  (

   

 
)  

 

 (   )
⌋
……………………………………… (5.10) 

 
We now plot a graph of P against R+t to find the values of t at which P is 
maximum and the value at which the insulation actually starts to insulate. Hence 
the value of t for which P is less than its value when t=0. 
 

 
Figure 13:Graph of Power per unit length vs Radius. Source: Royal Academy of 
Engineering 
 
The graph shows that a minimum insulation of 0.005m is required for insulation 
to start being effective. 
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5.3.2 Installation of new insulation 

 
Lack of proper insulation results into large energy losses which in turn cost a lot 
of money on fuel. Insulation here may be described as those materials which 
retard the flow of heat energy by performing one or more of the following 
functions; 
 
1. Conserve energy by reducing heat losses. 

2. Control surface temperatures for personal safety and comfort. 

3. Enable temperature control of a process. 

4. Prevent vapor flow and water condensation on cold surfaces. 

5. Improve operation efficiency of the entire power system 

6. Prevent and/or reduce damage to equipment. 

 
Having assumed the minimum thickness of insulation of 5mm as showed above, 
the insulation on all the steam pipes was wrapped off and new insulation 
installed. This time it was made sure that even all bends and junctions are 
equally insulated.  

5.4 Results of the second experiment 

 
The experiment was performed again as indicated in Chapter four. However, 
unlike in the first experiments where readings were made from the time of firing 
the boiler, this time all readings were made after the plant had stabilized and 
started generating power and this was done for a period of exactly 30 minutes 
(1,800 seconds).  
 
Assumptions 
 
The following assumptions were considered during the time of obtaining 
readings; 
 
1. The mass flow rate of steam was now constant 
2. The fuel flow rate to the boiler was constant. 
3. The steam turbine was receiving adequate steam to make it rotate at 

maximum speed of 5000rpm. 
4. All the steam which was not required by the steam turbine was diverted to run 

the attached fly wheel. 
 

5.4.1 Energy input into the plant 

 
The energy input into the Boiler was obtained for the time when there was power 
generation. The Boiler was fired until a steam pressure of 8bars was attained. 
The steam was then released to flow to the Steam Turbine through the Steam 
pipes and hence running the generator.  
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The fuel computed was that consumed within the 30minutes of power generation. 
We noted that the fuel consumption rate dropped due to the fact that the Boiler 
had already attained the required pressure and now all that was required was to 
maintain the pressure 
 

 kWLHVmQ fuelfuelfuel  ……………………………………………………….(5.11)

         
Where; 

fuelQ  is the energy flow rate into the boiler 

fuelm  is the mass flow rate of the fuel into the boiler in [kg/s] 

t
V

m fuel


 , ρ is density of fuel  3/ mkg , V  is volume of fuel consumed  3m and 

t  is time  s  

3/840 mkg ,  

fuelLHV  is the calorific value of the diesel fuel  kgkJ /500,43  

 
The total volume of fuel consumed was noted over a specified period during the 
experiment. 
 
Table 10: Fuel rate consumption 

Time, s Volume, liters Volume, m3 

1,800 8.3021 0.0083021 

 

  skg
t

V
m fuel /1087431.31800/0083021.0840 3

  

 

skJLHVmQ fuelfuelfuel /53263.168500,431087431.3 3    

 
Qfuel = 168.53263kJ/s = 168,532.63J/s = 168,532.63W 
 

5.4.2 Electrical power output of the plant 

 
The plant has got a three phase generator which is run by the Steam turbine. 
The Voltage and Current of the Generator were measured when the generator 
has attained the maximum RPM of 3000rpm.  
 
For three phase generator 
 

 kWIVPel    …………………………………………………………………………………………………………
(5.12) 

 
Table 11:The obtained electrical power 

Rpm Voltage  Current  

Electrical power 

 W  

3000 209 19.0 3971.0 

3000 210 19.2 4032.0 

3000 208 18.8 3910.4 
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3000 211 19.4 4093.4 

3000 210 19.1 4011.0 

3000 212 19.5 4134.0 

3000 209 19.1 3991.9 

3000 210 19.1 4011.0 

3000 208 18.7 3889.6 

3000 209 18.9 3950.1 

Average 209.6 19.08 3,999.44 

  
The electrical power generated by the plant is 3,999.44W = 3.99944kW 
 
The average Electrical Power was computed as shown above from which the 
efficiency of the Generator was computed. The Generator was rated 3000rpm, 
220V 20A and 4.4kW.  
 
ɳel = 3999.44/4400 = 0.9089 = 90.89%  
 

5.4.3 Mechanical energy generated by the plant. 

 
The plant is also fitted with a Steam engine on which a Fly wheel is connected. 
From the previous experiments we had noted that over 40kW of energy is wasted 
in steam which is sent to the Steam turbine but not utilized. Due to the fact that 
the turbine needs only a small portion of that steam. The energy in steam 
required by the turbine can be computed as given below.  
 
Pst = 4.4kW/ ɳel = 4.4/0.9089 = 4.841kW 
 
After establishing that there is plenty of wasted energy at the turbine (Energy 
which is not put to use), we ensured that we first have the generator to run at 
maximum RPM of 3000rpm. When the power generation at the generator 
stabilized, we opened a valve at a junction before the Steam turbine and directed 
some of the steam to the steam engine. The Steam engine started to run as we 
increased the flow rate of steam into it but a time was reached where the 
Generator’s RPM started dropping. We then slowly reduced the flow of steam 
into the steam engine so as to increase the flow of steam into the Steam Turbine 
so as to regain and maintain the maximum RPM of the Generator of 3000rpm.  
 
An equilibrium point was reached where the generator was running at 3000rpm 
the Steam engine was running too and all the readings were taken at that time. 
The Steam engine has got a Ravometer which we used to measure the RPM of 
the Flywheel from which we were able to compute the mechanical energy which 
was being generated.  
 
The Flywheel has got a shaft on which a gear box can be mounted to multiply the 
Torque and hence further increase the efficiency of the plant. However, our 
computation was only restricted to the Torque generated from the available 
Flywheel without any adjustments. The flywheel was able to revolve at a 
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maximum RPM of 600rpm. This indicated that there was enough energy in the 
steam to rum both the Turbine and Steam engine at the same time. 
 

5.4.3.1 Kinetic Energy possessed/stored by the Flywheel 

 
This can be expressed as 
 

Ef = 
 

 
 Iω2 …………………………………………………………………………..(5.13) 

 
Where 
 
Ef = Flywheel kinetic energy (Nm, Joule) 
I = Moment of inertia (kgm2) 
ω = Angular velocity (rad/s) 
1rad/s = 9.55rpm 
 
Moment of Inertia 
 
I = kmr2……………………………………………………………………………..(5.14) 
 
Where  
 
k = Inertial constant and this depends on the shape of the flywheel. For a wheel 
loaded at the rim, k=1 
 
m = mass of flywheel (kg) 
r = Radius of flywheel (m) 
 
The parameters obtained during the experiment were as below; 
 
m = 75kg 
r = 0.2692m 
k = 1 
600rpm 
 
Given 600rpm,  
 
ω = 600/9.55 = 62.827rad/s 
 
From equation 5.14 
 
I = kmr2 = 1 * 75 * 0.26922 = 5.4352kgm2 
 
Substituting ω and I in equation 5.13 
 

Ef = 
 

 
 Iω2 = ½ * 5.4352 kgm2 * 62.8272 rad/s 

 
Ef  = 10,726.998joules 
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We now convert the energy to watts 
 
Velocity, v = r*rad/s 
     v = 0.2692 * 62.827 
     v = 16.913m/s 
 
Ef = ½ mv2 ……………………………………………………………………(5.15) 
 
Ef = ½ * 75 * 16.9132 =  10,726.859j/s = 10,726.859W 
 
Ef = 10,726.859kW 
 
This is the mechanical power stored by the Flywheel. 
 

5.4.4 Obtaining the energy losses of the plant 

 

5.4.4.1 Energy losses in the boiler 

 
In the indirect method  

radashCOfglosses PPPPP  ………………………………………………………(5.13) 

 

i) 
fgP = Flue gas losses which can be estimated from Siegerts 

formula 
 

 
 

Dry

refgas

fg
CO

ttk
P

2


  ……………………………………………………………..(5.14) 

 

 gasref tCt ,250 flue gas temperature in C0 , 
Dry

CO2
is the carbon dioxide 

fraction in % on dry flue gas (obtained from the diagram) and k is taken 
from the Siegerts formula diagram and is dependent on fuel type for 
which is diesel(oil) in this case. 
 

From the 
2CO  and 

2O  content diagram we used the set air excess factor of the 

boiler which was set at m = 1.37 from which we obtain the 
2CO  content as a 

function of air excess factor as %25.112 CO and the corresponding k  from the 

Siegerts formula diagram, 

85.0k  
 
Table 12:Flue gas losses 

Tstack, 
0C Tstack–250C Pflue gases, W 

195 170 1,284.45 
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The flue gas losses were taken at the flue gas temperature obtained of 1980C 
after firing the boiler had stabilized. 
 
Pflue gases = 1,284.45W 
 
 

ii) Prad are the radiation losses which were obtained by considering the 
surface temperature and area of the boiler throughout the experiment. 
This heat loss is proportional to the outer surface area of the boiler 

 
The radiation losses were obtained by application of equation 3.6 indicated 
below 

    9.68/9.6885.196957.1
55.5555.55

58.0
25.1

44























 maS
as

rad VTT
TT

P

 
Where, 

radP  = Radiation loss in 2/ mW  

mV    = Wind velocity inside the experiment room in m/s (Air inside the room was 

assumed motionless) 

sT     = Surface temperature  K  

ambT     = Ambient temperature  K , 
298K

 

 
Table 13:Temperature of the boiler surfaces 

Position Temperature of surfaces (0C) 

aT  55 

bT  125 

cT  51 
 
Table 14:Heat losses at the boiler surfaces 

Surface 
area 

 2m  

Perimeter 

 m  Length  m  

Area 

 2m  

Highest 
temperature 
obtained, 

C0  

Highest 
temperature 
obtained, 

K  

lossesradP , 

2/ mW
 

WlossesradP ,
 

aA  
        
3.3600  1.12 3.7632 55 328 

                   
362.0496  

                   
96.2079  

bA  
        
0.6700  0.093 0.06231 125 398 

                
1,666.8631  

           
26,751.1329  

cA  
        
3.3600  1.12 3.7632 51 324 

                   
305.7784  

                   
81.2549  

Total   7.58871   
                         
2,334.6912  

           
26,928.5957  

 

Prad losses = 26,928.5957W 
 
Boiler losses =  Pflue gases  + Prad losses 
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= 1,284.45W + 26,928.5957W 
 

Total Boiler losses =  28,213.0457W 
 

5.4.4.2 Energy losses at steam pipe surfaces 

 
The surface areas of the pipes and the corresponding surface temperatures 
were obtained and energy losses here were computed when applied in the 
equation 3.6 below; 
 

    9.68/9.6885.196957.1
55.5555.55

58.0
25.1

44























 maS
as

rad VTT
TT

P

 
Where, 

radP  = Radiation loss in 2/ mW  

mV    = Wind velocity inside the experiment room in m/s (Air inside the room was 

assumed motionless) 

sT     = Surface temperature  K  

ambT     = Ambient temperature  K , 
298K 

 
Table 15:Heat losses at the steam pipe surfaces 

Locatio
n 

Perime
ter, m 

Lengt
h, m 

Surfac
e Area,  
m^2 

Average 
temperat
ure 
obtained
, deg_C 

Average 
tempera
ture 
obtaine
d, K 

  

 
 

0.41 0.47 0.1927 133.5 406.5                          
1,868.1064  

             
9,694.3770  

 
 

0.04 1.26 0.0504 54.3 327.3                             
352.0548  

             
6,985.2148  

 
 

0.4 0.69 0.276 145.1 418.1                          
2,159.0057  

             
7,822.4846  

 
 

0.41 1.6 0.656 32.5 305.5                                
74.5031  

                 
113.5718  

 
 

0.15 0.295 0.04425 121.4 394.4                          
1,584.5895  

           
35,809.9315  

 
 

0.41 2.315 0.94915 28 301                                
27.3636  

                   
28.8296  

 
 

0.41 2.475 1.01475 29.8 302.8                                
45.6086  

                   
44.9456  

 
 

0.41 1.8 0.738 32.1 305.1                                
70.1215  

                   
95.0155  

 0.41 1.845 0.75645 32.5 305.5                                                   

2/, mWlossesrad
P

WlossesradP ,

dA

eA

fA

gA

hA

iA

jA

kA

lA
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Heat losses at steam pipes = 77,850.0512W 
 
Boiler losses =  28,213.0457W 
 
Total losses due to radiation = Boiler losses + Steam pipe losses 
 
    =  28,213.0457  + 77,850.0512 
 
Total computable losses = 106,063,0969W 

5.5. Energy distribution 

 
Table 16: Distribution of energy in the plant 

Energy 
input into 
the Plant, 
W 

Electrical 
power 
output, W 

Mechanical 
power 
output, W 

Boiler 
losses, W 

Steam pipe 
losses, W 

Other 
losses, W 

168,532.63 3,999.44 10,726.859 28,213.0457 77,850.0512 47,743.234 

 
Figures 14 and 15 show the distribution of the energy and losses 
 

 74.5031  98.4904  

 
 

0.41 2.39 0.9799 27.3 300.3                                
20.5452  

                   
20.9666  

 
 

0.51 2.53 1.2903 30.5 303.5                                
52.9392  

                   
41.0286  

 
 

0.51 6.3 3.213 32.8 305.8                                
77.8107  

                   
24.2175  

 
 

0.18 0.55 0.099 126 399                          
1,690.0268  

           
17,070.9777  

Total     10.2599                              
8,097.1782  

           
77,850.0512  

mA

nA

oA

pA
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Figure 14: Energy distribution of the plant 
 
 
 

 
Figure 15:Energy distribution of the plant as a percentage 
 
We note from the above figures that the Plant’s energy efficiency has increased 
to 9% from the original 1.6%.  
 
Hence the overall efficiency of the plant increased to 9% 

5.6 Discussion of Results 

5.6.1 Energy output of the plant 

 

3,999.44 10,726.86 

28,213.05 

77,850.05 

47,743.23 

Energy Distribution, Watts 

Electrical power output

Mechanical power output

Boiler losses

Steam pipe losses

Other losses

3% 6% 

17% 

46% 

28% 

Energy as a percentage of boiler power 

Electrical power output

Mechanical power output

Boiler losses

Steam pipe losses

Other losses
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The overall efficiency of the Plant increased from 1.6% to 9%. We had earlier 
noted that the generator was producing maximum power but there was still 
enough steam to run another energy converting unit. We hence connected the 
steam engine ad it was also able to run at full capacity.  

5.6.2 Losses in the Boiler 

 
The boiler losses decreased from 25% to 17% and this was due to regulation of 
the parameters in the Boiler which included operation at a lower pressure. These 
losses can further be reduced by insulation of the boiler’s surface as well with 
appropriate insulation material. 

5.6.3 Losses at the Pipe surfaces 

 
The application of more insulation on the steam pipes reduced the losses at 
these pipes from 52.4% to 46%. We noted that the more insulation that is added 
the lower the losses at the pipes shall be attained.  
 
The losses here too could be further reduced by reducing the length of the pipes. 
This shall in turn reduce on the surface area through which heat is lost to the air.  

5.6.4 Other losses 

 
On analysis of the entire system, these losses were attributed to the following: 
 

 Most of these losses were due to the heat lost with steam which goes 
through both the Steam turbine and steam engine. The heat in the steam 
was not recovered at all. 
 

 There were pressure losses at the bends and joints which gradually 
reduced the velocity of the steam as it approached the steam turbine. 
 

 There were minor steam leakages at the boiler and at the steam turbine. 
 

 There were some inaccuracies in taking readings. The surface 
temperature readings were being taken with a Pyrometer which has to be 
focused at a point for some seconds. This temperature however may not 
necessarily be even throughout the entire surface. 
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

 
In this research the main objective was to improve the performance of a 
demonstration thermal power plant by obtaining the energy input, energy output 
and all the losses and these were obtained. 
 
The losses were originally noted to be so high that it wouldn’t be economical to 
run such a plant for power production unless there are measures undertaken to 
decrease the losses. The highest percentages of losses were noted in the steam 
pipes and these are reducible by changing the pipes insulation material. 
More losses were also noted with the Boiler through radiation to the surrounding 
The current price of electricity in Uganda is in the range of USD 0.25 per kWh 
but producing power with this plant would have the cost of production in the 
range of USD 0.58 per kWh. 
 
Considering the price of diesel fuel in Uganda which currently ranges at USD 
0.92 per liter, such boilers could be fired with Biofuels from Municipal Solid waste 
and Agricultural waste since Uganda is an Agro based economy where most of 
the waste is burnt in the fields. 
 
In conclusion, a lot of research needs to be carried out in thermal energy 
technologies considering the high thermal energy potential for Uganda especially 
in Biomass, Solar and Geothermal which have negligibly been tapped for power 
production. 

6.2 Recommendations 

 
In order to further improve on the performance efficiency of this demonstration 
thermal power plant, the following should be done; 
 
1. The insulation material was noted to still be lacking and this could further be 

increased such that the heat losses from the steam pipe surfaces are 
reduced to the maximum. 
 

2. The length of the steam pipes should be reduced by relocating the Boiler, 
steam turbine and steam generator. This shall in turn reduce the surface area 
of the steam pipes hence reducing the losses at their surfaces. 
 

3. The boiler surface losses cannot be eliminated completely but the efficiency 
of the boiler can be improved by thoroughly insulating it as well. 

 
4. The heat lost in the flue gases could be recovered and used foe experimental 

purposes in the same laboratory 
 

5. The steam leakages in the plant should be sealed off to avoid the related 
losses of both heat and the working fluid. 
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6. The boiler used in the plant should be changed for one with a smaller 

capacity since the steam turbine and steam engine uses only 9% of the 
available energy in the steam and this lowers the efficiency of the plant 
greatly. 
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