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Abstract

Energy sources such as natural gas or coal can be used to perform work. The
work obtained by burning the sources, then the thermal energy resulted from burning
gas can be converted to mechanical or electrical energy. These processes governed by
thermodynamic cycles. The educational model of power plant by using thermodynamic
Rankine cycle.

The gas burned, the water evaporated in the boiler. The steam enters the turbine
with high pressure and superheated, then steam rotates the turbine blades to produce
work at turbine shaft with no problems. The shaft is connected with DC generator to
produce an electrical power. The exhausted steam from the turbine exhaust enters
condenser which is fitting with that exhaust. The condensed steam can be reused by

feed it to the boiler. Sensors are used in this system for more accuracy measurements.
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INTRODUCTION
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1.1 Introduction

The energy resources available in nature such as natural gas, petroleum, and coal can't be used
directly for most of the applications. These resources have to be transformed into a useful form
such as heat or electricity before their use. For example, natural gas must first be burned or
combusted to generate heat which is then used to produce steam for electricity generation. The
conversion of heat energy to mechanical or other forms of energy is governed by a series of
thermodynamic processes. Thermodynamic cycle is a series of thermodynamic processes that used

in power plants.

A station thermal power is a power plant in which the prime mover is steam driven. Water is
heated, turns into steam and spins a steam turbine which drives an electrical generator. After it
passes through the turbine, the steam is condensed in a condenser and recycled to where it was
heated; this is known as a Rankine cycle. The greatest variation in the design of thermal power
stations is due to the different fossil fuel resources generally used to heat the water. Some prefer
to use the term energy center because such facilities convert forms of heat energy into electrical
energy. Certain thermal power plants also are designed to produce heat energy for industrial
purposes of district heating, or desalination of water, in addition to generating electrical power.
Globally, fossil fueled thermal power plants produce a large part of man-made CO2 emissions to

the atmosphere, and efforts to reduce these are varied and widespread.

Almost all coal, nuclear, geothermal, solar thermal electric, and waste incineration plants, as
well as many natural gas power plants are thermal. Natural gas is frequently combusted in gas
turbines as well as boilers. The waste heat from a gas turbine can be used to raise steam, in a
combined cycle plant that improves overall efficiency. Power plants burning coal, fuel oil, or
natural gas are often called fossil-fuel power plants. Some biomass-fueled thermal power plants
have appeared also. Non-nuclear thermal power plants, particularly fossil-fueled plants, which do

not use co-generation are sometimes referred to as conventional power plants.

Commercial electric utility power stations are usually constructed on a large scale and
designed for continuous operation. Large companies or institutions may have their own power
plants to supply heating or electricity to their facilities, especially if the steam is created anyway
for other purposes. Steam-driven power plants have been used in various large ships, but are now
usually used in large naval ships. Shipboard power plants usually directly couple the turbine to the

ship's propellers through gearboxes.
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As seen in the Fig.1.1, the schematic of simple power plant cycle operation
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|
|
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u” Qout
H<+—— Cooling water

— Condenser

Fig.1.1: Schematic of the simple power plant operation by Rankin cycle

In this project, the cooling tower and stack neglected because the amount of the exhausted

steam and burned gas are small.

1.2 Objectives of the Project

The main purpose of this project is to establish and build an educational model of power plant
by using Rankine cycle, so the one who is interesting how power plant works, can make

experiments by using that model to understand the principle of working.
The importance of this project can be summarized in the following points:

1. Educational model of power plant.

2. Rankine cycle analysis.

3. Helps to understand the energy conversion.
4

Review some of power plant improvements.



1.3 Literature Review

Power plant is an assembly of a steam, where the electricity is generated by different
mechanical and electrical equipment with different processes. The basic components of the power

plants are steam turbine, steam condenser, feed water pump and boiler or steam generator.

1.4 Budget Estimation

Table 1-1: Budget estimation

No. Name of Parts Cost (NIS)
1. Steam Turbine (TS-532) 1350

2. Sensors 480

3. Digital Output Screen (LCD's) 830

4. Boiler with Components 580

5. Feed Water Pump with Components 370

6. Generator 60

7. Indicators 95

8. Belt 25

9. Other Components 727

1.5 Project Scope
1.5.1 Chapter One: Introduction
This chapter, gives an introduction about the project, it clarifies the system as a practical idea
and the table time.
1.5.2 Chapter Two: Rankine cycle analysis and improvements

This chapter includes the analysis of the Rankine cycle that used in the steam power plants,

and the possible improvements of the cycle.



1.5.3 Chapter Three: The main components of the project

This chapter descriptions of the main components of the steam power plants, which they are
micro steam turbine, boiler, steam condenser and feed water pump.
1.5.4 Chapter Four: The secondary components of the project

This chapter describes the secondary components that used between all the relevant system

components, they are sensors, gauges, etc.

1.6 Table Time

The time schedule shows the stages of developing in our work and the process of project

growth for the first semester and the second semester.

Table 1-2 Project Time-Schedule for First Semester

Week | 1| 23|45/ 6|7|8|9[10|11|12|13|14|15]|16
Process
Collecting
data and
literature
Analyzing of
data

Calculations

Searching on
the steam
turbine

Writing
the
documentation
Final
presentation




Process

Table 1.3 Project time-schedule for second semester

12

13

14

15

16

Week

Buying the
steam turbine

Buying
electronic parts

2

Assembling
the project

3| 4

5

6

7

8

9

10

11

Check the
project part
and perform
the initial
experiment

Perform final
experiment

Writing
the
documentatio

Final
presentation




CHAPTER TWO

Rankine Cycle and Improvements

Contents:

2.1 Introduction
2.2 The Simple Rankine Cycle
2.3 Analysis of the Power Cycle
2.4 Possible Improvements of the Thermal Efficiency
2.5 The Reheat Rankine Cycle
2.6 The Regenerative Rankine Cycle
2.6.1 Open Feedwater Heater
2.6.2 Closed Feedwater Heater
2.6.3 Comparison between the Open and the Closed Feedwater Heaters

2.7 The Cycle Calculations



2.1 Introduction

The Rankine Cycle is a thermodynamic cycle which converts heat into work. The heat is
supplied externally to a closed loop. Rankine cycle is the one used in steam power plants. The
most common fluid used in this cycle is water, but other fluids can also be used.

2.2 The Simple Rankine Cycle

Rankine cycle is ideal cycle for vapor power plants, which it does not involve any internal
irreversibility, the Fig.2.1 Shows the ideal Rankine cycle which it consist of the following

processes:

1) Process 1-2: Isentropic compression of the working fluid in the pump.

2) Process 2-3: Heat addition to working fluid at constant pressure in boiler.

3) Process 3-4: Isentropic expansion of in the working fluid in turbine from boiler pressure
to condenser pressure.

4) Process 4-1: Heat rejection from the working fluid at constant pressure in the condenser.

Wiurb,out

Turbine I j—;

Wpump,in

x

Wiurb.out
>

Pump Din

- dout /
2

»
1 " 2N 4
qﬂlll
W

pump,in

4

Condenser

(a) (b)

Fig.2.1: (a) The simple Rankine cycle; (b) Temperature-enthalpy diagram

According to the Fig.2.1 which explains the way of operating the cycle by using the schematic

and T-s diagram:



Water enters the pump at state 1 as saturated liquid and is compressed isentropically to the
operating pressure of the boiler. The water temperature increases somewhat during this isentropic
compression process due to a slight decrease in the specific volume of water. Water enters the
boiler as a compressed liquid at state 2 and will leave it as a superheated vapor at state 3, when
enters as superheated it will enters turbine, where it expands isentropically and produces work by
rotating the shaft connecting to electric generator. The pressure and temperature of steam drop
during this process to the values at state 4, where steam enters the condenser. At this state, steam

is usually a saturated liquid-vapor mixture with a high quality [1].

Steam is condensed at constant pressure in the condenser, which is basically a large heat
exchanger, by rejecting heat to a cooling medium such as a river and lake. Steam leaves the

condenser as saturated liquid and enters the pump, completing cycle.

But also, in the actual cycle the irreversibilities which result from two main reasons, sources
heat losses and friction of fluid in the components of the cycle (pump, turbine, condenser and
boiler). These two sources effects on the performance of the cycle as shown in Fig. 2.2 by means
the performance of the components decrease and cycle efficiency .

T T
IDEAL CYCLE

[rreversibility
in the pump Pressure drop

in the boiler

N

Rl
\ Irreversibility \
{ in the turbine \

2a

2s

/l 4s da

(a) (b)

/I Pressure dl‘np/

in the condenser

Fig. 2.2: (a) Deviation between ideal and actual Rankine cycle; (b) The
effect of pump and turbine irreversibilities on the ideal Rankine cycle

The heat losses results from flow the steam through the various components, so increasing the
amount of heat transferred to the steam in the boiler to compensate the losses and obtaining the

same amount of the net work output.



The other main source is fluid friction which causes pressure drop in boiler, condenser and
pipes between various components. The water pumped pressure must increase that mean the
pressure inlet to boiler will increase and some of pressure drops in pipe will be compensated that
tends to increase somewhat pressure to turbine inlet, that requires a larger pump and larger work
input to pump.(see Fig.2.2)

2.3 Analysis of the Power Cycle

In the Rankine cycle system the main four components (turbine, boiler, condenser, pump)
which these devices steady-flow, so the analysis of all processes can be done under steady-flow
process. The potential and kinetic energy changes in the steam small so are neglected, so:

(qin - QOut) + (Win - Wout) = (hin - hout) (2.1)

When the pump and the turbine assumed to be isentropic (process 1-2). The conservation

energy of each one as following:
Pump work (q=0)

Wp,in = ha — hy (2.2)

Where h;the enthalpy of liquid at condenser pressure P,, and h, is the enthalpy of liquid at

state 2.

Now, in the process (2-3) for constant heat addition in the boiler where it dose not involve

work, boiler (w=0) as follows:

qin = h3 — h; (2.3)

For the process (3-4) Isentropic expansion in turbine which, turbine (q=0) as follows:

Wrout = h3 — hy (2.4)

10



For last process (4-1) when Heat rejection in condenser and the condenser does not involve

any work, condenser (w=0) as below:

Qout = hy — hy (2.5)

Finally, the thermal efficiency of the Rankine cycle can be determined by the ratio of the area

enclosed by cycle on T-s diagram to the area under the heat addition process, another way shown

as follows:
Whet = Wrout — Wp,in (2.6)
Whet Qout
Usp = =1- (27)
th qin qin

But there's a little change in the liquid density or specific volume due to increase in pressure
because pump handles water which is incompressible that causes increasing pressure. For

reversible adiabatic compression we using general property relation, we get
Tds = dh — vdP

dh = vdp

After integration we get the final equation as follows:

he1 — hey = v(P3 — Py) (2.8)

For small quantity of (hs; — hy,) of pump compared with turbine work wr o, and at low
pressure of boiler, is usually neglected. Then the equation of Rankine cycle efficiency became as
below:

hy — hs

- 2.9
hy— Tyt (2.9)

Utn =

For the actual Rankine cycle, the pump requires larger work input, but turbine produces small

amount of the work due to the irreversibilities. However, from Fig2.2b where 2a and 4a are the

11



actual exit states of the pump and turbine and so the 2s and 4s for isentropic, depend on that the

deviation of pump and turbine showing as below:

h25 - hl
== - 2.1
Up hyg — Iy (2.10)
h3 - h4a
= — 2.11
Ur hs — ha ( )

2.4 Possible Improvements of the Thermal Efficiency

Most of electric power in the world is produced by steam power plants, and even small

increases in the thermal efficiency can result in large savings of money and fuel consumptions.

The methods to improve the thermal efficiency of the power cycle is the same

e Increasing the average temperature (T,,,) at which heat is supplied in boiler.

e Decreasing the average temperature (Tg,,) at which heat is rejected in condenser.

To accomplish that’s, below discussed three ways:

1) Superheating the Steam to High Temperatures

By superheating the steam to high temperatures, the (Ty,,) at which heat is added to the steam
can be increased without increasing the boiler pressure. The effect of superheating the steam on
the performance of power vapor power cycle is shown in Fig.2.3. Superheating to higher
temperatures decreases the moistures content of the steam at the turbine exit and that ensures

longer life of turbine blades, which is desirable.

12



The temperature is limited by metallurgical considerations. Presently the highest steam

temperature allowed at the turbine inlet is about 620°C

T

Increase in wq,

S

Fig.2.3: The effect of superheating the steam to higher temperature on Rankine cycle

2) Increasing the Boiler Pressure

An increasing in the operating pressure of the boiler automatically increasing in the
temperature. That causing to increase the average temperature at which heat is added to the steam,
which tends to increase in the thermal efficiency of cycle. The effect of increasing the boiler
pressure on the cycle performance is shown in the Fig.2.4 .When the pressure increased, the cycle
will shift to the left and the moisture content of the steam will increase but that not recommend
for the turbine because it erodes the turbine blades and decreases the efficiency at the final

stage. This side effect can be corrected by reheating the steam.

3) Reducing the Condenser Pressure

Reducing in the operating pressure at the condenser inlet will decrease the temperature of the
steam, and that temperature at which heat is rejected, since the steam exits as a saturated mixture
in the condenser at the saturated temperature corresponding to the pressure inside. The effect is
shown in Fig.2.5.The inlet turbine remaining the same, but the input heat which represents under
colored area from (2-2") increase relatively small. Decreasing pressure of condenser from (4-4")

that affects to increase in the net work output, the thermal efficiency increased.

13



To take the advantage of the increased efficiencies at low pressures, the condensers of steam
power plants usually operates well below the atmospheric pressure. There is a lower limit to this
pressure depending on the temperature of the cooling medium. Lowering the condenser pressure

increases the moisture content of the steam at the final stages of the turbine

T
Increase 3 3
in wg. 7 ~ Tinax
Decrease
7 in wp.,
A1 B 4 4 N

Fig.2.4: The effect of increasing the boiler pressure on the Rankine cycle

¥ gl et
Increase in w,
"

Fig.2.5: The effect of lowering the condenser pressure on the Rankine cycle
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2.5  The Reheat Rankine Cycle

The reheat cycle has been used to solve the problem of excessive moisture at the final stages
of the turbine. This will allow the temperature in a constant boiler pressure to be increased, in
order to improve boiler efficiency.

The optimal way of increasing boiler pressure but not increase in the moisture content in the
exiting vapor is to reheat the vapor after it exits from a first-stage turbine and redirect this reheated
vapor into a second turbine. The schematic diagram of the reheat Rankine cycle shown in the
Fig.2.6. This differs from the basic Rankine cycle that takes place into two stages [2].

Low-prassure T
High-prassure turbine n
5 turbine _ Reheating
- High-pressure 3
Boiler
. ¥ Low-pressure
u turbine
Reheater
o3 8
] Py = Py = Papeat
Condenser ! - ~
Pump 1 6
2
i } -+ " .
(a) (b)

Fig.2.6: (a) The schematic of reheat cycle. (b) T-s diagram for reheating

Also the Rankine cycle consist the following processes:

In the first stage with high pressure turbine, the steam expanded isentropically to an
intermediate pressure and sent back to the boiler where it is reheated at constant pressure, usually
to the inlet temperature of the first turbine stage. In the second stage, the steam expands

isentropically, through a low-pressure turbine to the condenser pressure. According to the Fig.2.6b

din = Qprimary t Qreneat
qin = (hg —hy) + (hs — hy) (KJ/Kg) (2.12)

Weurb,out = Weurb,1 T Weurb,2

15



Wturb,out = (h3 - h4) + (hS - h6) (K]/Kg) (213)

As the number of stages increase, the expansion and reheat processes approach an isothermal

process at the maximum temperature.

2.6 The Regenerative Rankine Cycle

In the regenerative Rankine cycle, the working fluid, water, after emerging from the condenser
possibly as a subcooled liquid is heated by steam tapped from the hot portion of the cycle. This
can reduce the energy required to heat the high pressure water to its saturation temperature in the
boiler. This would avoid the necessity of condensing all of the steam. The feedwater refers to the
water entering the boiler and when the extracted steam and the condenser water are mixed it called
a feedwater heater device (FWH). Two types of FWH:

e Open feedwater heater: The condensate water is directly mixed with the steam in a mixing
chamber.
e Closed feedwater heater: In this type, not allowed for mixing two streams. Which the

water passes through tubes and the steam condenses on the outer surface of the tubes

2.6.1 Open Feedwater Heater

An open feedwater heater is basically a mixing chamber, the steam extracted from the turbine
mixes with the feedwater exiting the pump. The mixture leaves the heater as a saturated liquid at
the heater pressure. For more clarification, see the Fig.2.7 below. In this cycle, the steam enters
the turbine at the boiler pressure (stage 5) and expands partially in the turbine to an intermediate
pressure. Steam (YY) at this state is extracted and routed to the feedwater heater. The remaining

steam (at stage 7) expands completely to the condenser pressure.
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Turbine
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Condenser

Pump

(@) (b)

Fig.2.7: (a) Open feedwater schematic. (b) T-s diagram for open
feedwater

In the different components, the mass flow rates of the steam are different. If the mass flow
rate through the boiler is 7, it will be (1 — Y)m (see Fig2.7) through the condenser. Through the

boiler, the heat and work are as follows:

Qin = hs — hy (2.14)
Qous = (1 =Y)(h; — hy) (2.15)
Weurb,out = (1 = Y)(hg — hy) + (hs — ho) (2.16)
Wpump,in = (1 = YI)Wpump 1, + Wpump 2,in (2.17)
Where
Y = 1hg/mhs

Wypump 1,in = V1 (PZ - Pl)

Wypump 2,in = U3 (P4 - P3)
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The thermal efficiency of the Rankine cycle increases as a result of regeneration. When the
number of FWH's increased, the efficiency cycle increases. That number is governed by

economical considerations.

2.6.2 Closed Feedwater Heater

In closed feedwater heater, the extracted steam and the feedwater can be at different pressure,
they don’t mix. In the Fig.2.8 shows the schematic diagram of a steam power plant with one closed
feedwater, since we can increase the number of closed feedwater heater. The feedwater heater is
heated to the exit temperature of the extracted steam, which leaves the heater below the exit
temperature of the extracted steam because a temperature difference of at least a few degrees
required for any effective heat transfer to take place. The condensed steam the pumped to heater

or to the condenser through a trap or to the feedwater line.

L
Boiler
Mixing
1 chamber
5 .3
4L.®-7
= 5
(@) (b)
Fig.2.8: (a) Closed feedwater schematic. (b) T-s diagram of the closed
feedwater

2.6.3 Comparison Between the Open and Closed Feedwater Heaters

There are many differences between the open and the closed feedwater heaters, below in

table.2.1 shows some of these differences.
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Table 2-1: Comparisons between open and closed feedwater heaters

No. Open feedwater heater Closed feedwater
heater

1. Simple Complex

2. Inexpensive Expensive

3. Good heat transfer characteristics Bad heat transfer

2.7  The Cycle Calculations

The working pressure of the boiler is 3 bar absolute. By using superheated and saturated
steam tables, the cycle can be calculated as the following:

At boiler pressure P; = 3bar abs.

From superheated steam tables, the following data can be used:
h; = 2724.9 (k]/kg)

s; = 6.9917 (K] /kg.K)

At condenser pressure P, = 1bar abs.

Using saturated steam tables:

Tsat = 99.61 °C

h; = hy = 417.51 (kKJ/kg)

hg, = 2257.5 (k] /kg)

ve = 0.001043 (m?/kg) and vy = 1.6941 (m3/kg)
sf = 1.3028 (k]J/kg.K) and sg = 6.0562 (k]/kg.K)
h, =v(P, — P;) + hy

h, = 0.001043 X 2 x 103 + 417.51 = 419.59 (kJ/kg)

For superheated steam:

S3:S4_
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S4 = Sp + X X Sggq

6.9917 = 1.3028 + x(6.0562)

x=0.939

hy = hs +x X hyy

h, = 417.51 + (0.939) x (2257.5) = 2516.985 (k] /kg)
Win = hy — hy

Wi, = 419.59 — 417.51 = 2.086 (kJ/kg)

Qin = h3 — h,

Qin = 2724.9 — 419.59 = 2305.31 (kJ/kg)
Wour = h3 — hy

Wout = 2724.9 — 2516.985 = 207.915 (kJ/kg)
Qout = ha — 4

Qin = 2516.985 —417.51 = 2099.475 (KkJ/kg)
Wnet = Wout — Win

Wpet = 207.915 — 2.086 = 205.829 (kJ/kg)

Whet

X 100%

Qm

205.829

e — 0f, — 0,
5099475 X 100% = 9.8%

U

20



CHAPTER THREE

Main Components

Contents:

3.1 Steam Turbine
3.1.1 Introduction
3.1.2 Impulse Steam Turbine
3.1.3 Moving Blades Velocity Diagram
3.1.4 Advantages of Using Steam Turbine over Steam Engines
3.1.5 The Principle of the Turbine
3.2 Steam Condenser
3.2.1 Introduction
3.2.2 Surface Condenser or Indirect Contact Condenser
3.2.3 Advantages and Disadvantages of Surface Condensers
3.2.4 Design Formulas
3.2.5 Design Analysis
3.3 Boiler
3.3.1 Introduction
3.3.2 Gas Boiler
3.3.3 Boiler Mountings

3.3.4 Design Formulas

21



3.3.4 Design Analysis
3.3 Hand Pump
3.4.1 Introduction
3.4.2 Working Principle of the Hand Pump
3.4.3 Pump Components
3.4.4 Design Analysis
3.5 Tube
3.5.1 Introduction
3.5.2 Advantages of Copper Tube
3.5.3 Design Formulas

3.5.4 Design Analysis

22



3.1Steam Turbine

3.1.1 Introduction

The steam turbine is a prime mover in which the potential energy of the steam is
transformed into Kkinetic energy, and later in its turn is transformed into mechanical energy of
rotation of turbine shaft. The turbine shaft, directly or with other helping devices or tools, is

connected with the driven mechanism.

3.1.2 Impulse Steam Turbine

For impulse steam turbines, the steam enters from nozzle to blades, which blades start

moving and making work.

According to the Fig.3.1.1, that shows the diagrammatical of simple impulse turbine. The
top portion of the figure exhibits a longitudinal section through the upper half of the turbine ,
the middle portion shows one set of nozzle which is followed by a ring of moving blades ,while
lower part of the diagram indicates approximately changes in pressure and velocity during
flow of steam through the turbine . Since the expansion of the steam takes place in one set of

the nozzles.

As the steam flows through the nozzle its pressure falls from the steam chest pressure to
condenser pressure. Due to this relatively higher ratio of expansion of steam in the nozzles the
steam leaves the nozzle with a very high velocity. Refer to the Fig.3.1.1, it is evident that the
velocity of the steam leaving the moving blades is a large portion of the maximum velocity of
the steam when leaving the nozzle. The loss of energy due to this higher exit velocity is

commonly called the "leaving loss".
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" |«—Turbine blade

Turbine wheei
o Shaft

\
/f { i Turbine blade
| |

] [
\ Lost velocity
I

Condenser
pressure

Boiler pressure
Initial Steam
velocity

5 .
Fig.3.1.1: Diagrammatical of the simple steam impulse turbine

3.1.3 Moving Blades Velocity Diagram

Velocity of impulse steam turbine depends on the angles of inlet and outlet angles. In the

Fig.3.1.2 shows the velocity components of blade

Where

Cy; = Linear velocity of moving blade (m/s).

C, = absolute velocity of steam entering moving blade (m/s).
C, = absolute velocity of steam leaving moving blade (m/s).
Cy, = velocity of whirl at the entrance of moving blade (m/s).

Cyw, = velocity of whirl at the exit of moving blade (m/s).
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C¢, = velocity of flow at the entrance of moving blade (m/s).

C¢, = velocity of flow at the exit of moving blade (m/s).

C;, = Relative velocity of steam to moving blade at entrance.

C;, = Relative velocity of steam to moving blade at exit.

o = Nozzle angle .

Also nozzle angle can be defined angle with the tangent of the wheel at which the steam with velocity C, enters.
B = Angle wich the discharging steam makes with the tangent of the wheel at the exit of moving blade

6 = Entrance angle of moving blade..

@ = Exit angle of moving blade .

Inlet triangle
"C'

Fig.3.1.2: Moving blade velocity diagram

The steam jet comes out from the nozzle at velocity of (¢,) bumping to the blade at an
angle (). The tangential component of this jet (c,,) makes work on the blade. The axial

component (c;,) however does no work but let the steam goes through the turbine. While the
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blades movies with tangential velocity of (¢,,), the coming steam jet has a relative velocity
(¢,,) which makes an angle () with the wheel tangent. The steam then slips over the blade
without any shock at a relative velocity of (¢,) at an angle (@) with the tangent of the blades.
The relative velocity at the inlet (c,,) is the same as the relative velocity at the outlet (¢, ) if
there is no frictional loss at the blade. The absolute velocity (¢,) of leaving steam make an
angle (p) to the tangent at the wheel.

3.1.4 Advantages of Using Steam Turbine over Steam Engines

There are many advantages of using steam turbine over steam engines, the following some

of these advantages:

1) The thermal efficiency of a steam turbine is much higher than that of steam engines.

2) The steam turbine provides a higher output power much than steam engines. The steam
turbine can use in large thermal station.

3) The steam turbine doesn't require internal lubrication as there are no friction parts.

4) In a steam turbine there is no loss due to initial condensation of steam.

5) Obtaining high speed range is possible than in case of a steam engine.

3.1.5 The Principle of the Turbine

The type that used simple impulse turbine. It is designed much like the exhaust side of a
turbo-charger having the compressed steam enter into the turbine housing tangentially along
the blades, which drive the 3/16" hardened stainless steel shaft. The pressure then runs through
the blades working its way towards the middle of the rotor and exits out the center through the
1" standard copper exhaust pipe coming out the rear. The 1" copper pipe can then be fitted to
any other standard copper fitting to perhaps run to a condenser to convert the steam back into

water again and be recycled. As seen in the Fig.3.1.3 the steam turbine.

Its speed reaches approximately 30,000 rpm at 45 psi without load. The efficiency of this
type reaches 15%, with low efficiencies, the speed and power decreases and it reaches

approximately 8000 rpm and 15 watt.
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Fig.3.1.3: Simple impulse steam turbine
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3.2Steam Condenser

3.2.1 Introduction

Condenser is a device in which steam is condensed to water at a pressure less than the
atmosphere. Condensation can be done by removing heat from exhaust steam using cooling water.
During condensation, the working substance changes its phase from vapor to liquid and rejects
latent heat. When the tubes are kept cold by the circulation of water which removes the heat given

up by the condensing steam. This heat is called latent heat of vaporization or heat of condensation.

The functions of the condenser are improving the thermal efficiency of the cycle by reducing
the turbine exhaust pressure, and supplying the preheated feed water to the boiler [3].

3.2.2 Surface Condenser or Indirect Contact Condenser

In surface condensers, the exhausted steam and water don’t come into direct contact. The
cooling water passes through tube and the steam uniformly distributed over cooling water tube for
obtaining best works. When the steam contacts the relatively cold tubes, it condenses. This

condensing effect is a rapid change in the state from a vapor to liquid.

The air must be prevented from leakage in the condenser for better efficiencies. The leakage

of the air can causing the following effects:
1) Increased requirements of the cooling water :

Leakage the air in the condenser lowers the partial pressure of the steam. The saturation
temperature of the steam lowered, that increases the potential heat. Increasing in the potential heat

requires to increase in the amount of cooling water.
2) Decreasing the thermal efficiency:

Leakage the air in the condenser increases the back pressure on the prime mover. That

increases the losses of heat drop, as the heat losses increased the thermal efficiency decreases.
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3) Reduced heat transfer :

Leakage the air in the condenser reduces the rate of heat transfer from the steam because the
air has poor thermal conductivity, so the surface of the tubes of a surface condenser increased for

a given condenser capacity.
4) Corrosion:

The existence of the air in the condenser increases corrosion.

3.2.3 Advantages and Disadvantages of Surface Condensers
Advantages

1) It gives a pure condensate which can be recirculated as feed water to the boiler.
2) By regulating the flow of cooling water, the cooling of condensate can be controlled.
3) By reusing the condensate, which saves the cost of fresh water to be circulated and the

cost of its chemical treatment.

Disadvantages

1) Large amounts of cooling water requires.

2) The construction is complicated and requires higher installation costs.

3.2.4 Design Formulas

Speed of the steam output from the nozzle mustn’t become over sound speed. This prevents

the nozzle choke, so0 Vyyyna = 340 (m/s)

g = p X Vsouna X An (3.2.1)

Where
mg: Mass flow rate of steam (kg/s)
p: Steam density (kg/m?3)

Ay:Nozzle area (m?)
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The required heat rejection from the condenser is:

Qout = Mg X Qout

Where
Qout: Condenser heat output (Watt)

qout: The cycle work (k] /kg)

Reynolds number

D Xu

Re =
v

Where

Re: Reynold number. Dimenssion less
D: Pipe diameter (m)

u = Flow in pipe (m/s)

v: Kinematic viscocity (m?/s)

Nusselt number

Nuryrpuent flow = 0.023 x Re®8 x Pr®

_hxD
YET%

Where

Nu: Nusselt number.

h: Heat transfer coefficient (W/m?K).
Pr: Prandtl number.

n: 0.3 for cooling and 0.4 for heating.
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k: Conductivity (W/m.°C).

The overall heat transfer coefficient
Q =U X AXAT,
1

1A/ AL
ot 2mkl ARy,

U=

_ (Thz - Tcz) - (Thl - Tcl)
ln[(ThZ - Tcz)/(Thl - Tcl)]

AT,

Where

U: Overall heat transfer coefficient (W/m?°C)

AT: Mean temperature difference

A;,A,:Inner and outer diameters of tube (m?).

L: Tube length (m).

Ty, Tc: Temperatures for hot and cold fluids (°C or K)

(3.2.6)

(3.2.7)

(3.2.8)

As seen in the Fig 3.2.1, the temperature profile for counterflow in double pipe heat exchanger [4]

Ta

th,

Ie,

.

A

Fig.3.2.1: Counterflow double pipe heat exchanger

3.2.5 Design Analysis

Mg = p X Vsouna X An



mg = 1.13 X 340 X 44533 x 107 = 1.7 x 1073 kg/s

Qout = Mg X oyt

Qout = 1.7 X 1073 x 2099.5 x 103 = 3570 W

For water, assume flow speed 1 m/s and Pr = 1.8 and k = 0.66

D; = 0.0061 m and D, = 0.012Zm

Find h,,
D, Xu
Re = =2
v
el 0012x1
= 0478x10-6

When 2500 < Re < 1.25 x 10° the Nusselt number is
Nuryrpuient flow = 0.023 X Re%8 x prn

NUTurbulent flow = 0.023 X 25104%8 x 1.8%3 = 90.78

__hy XD,
 k

Nu

_90.78 X 0.66

_ 2
. — 4993 W/m?.K
Find hi

Dl-><u
v

Re =

0.0061 x 1

e = m =12761.5

NUyrbulent flow = 0.023 X 12761.5%8 x 1.803 = 52.7

_ 52.7 X 0.66

A 2
hy == ooe = 57045 W/m?.K

When

Ty, = 100°C, Ty, = 70°C, T, = 50°C, T., = 25 °C and K for copper = 401 (W/m.K)
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. (Thz - Tcz) - (Thl - Tcl)
B In[(Thy = Tez)/ (Thy — Teq)]

AT,

_ (70 -25) — (100 - 50)
~ In[(70 — 25)/(100 — 50)]

AT, = 47.45 °C

= 0.058

hini

—x = 0.0017
ln(ro/ri)

Q =UXAXAT,

2t X L X 47.45
0.058 + 0.033 + 0.0017

3570 =

L = 1.77 m the length of double pipe heat exchanger.
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3.3Boiler
3.3.1 Introduction

A boiler is an enclosed vessel that provides a means for combustion heat to be transferred into
water until it becomes heated water or steam. The hot water or steam under pressure is then usable
for transferring the heat to a process. Water is a useful and cheap medium for transferring heat to
a process. In other word, a boiler is a pressure vessel with burner or other energy source used to

convert thermal energy from one form to another. Example, burn gas to generate steam.

3.3.2 Gas Boiler

A gas boiler is a boiler that uses gas as its fuel source. Natural gas is becoming an important
energy for heating and natural gas became one of important heating energy for gas boiler. A
vertical boiler used for obtaining a steam by burning natural gas in a combustion chamber.

As seen in the Fig.3.2.1, a vertical boiler with the mountings

Fig 3.2.1: Boiler

A very important characteristic of gaseous fuels is the ignition speed. It depends on the

percentage of gas in the air-gas mix.
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3.3.3 Boiler Mountings

Boiler mountings are the machine components that are mounted over the body of the boiler
itself for the safety of the boiler and for complete control of the process of steam generation. The
following mountings fitted to the boiler:

1) Pressure Gauge: It indicates the pressure of the steam in the boiler.
2) Steam Stop Valve: It regulates the flow of the steam from the boiler to the
steam pipe or from one steam pipe to the other. (see Fig.3.3.2)

STEAM
OUTLET

FLANGE *

STEAM  INLET
STOP VALVE

Fig.3.3.2: Steam stop valve

3) Water Level Indicator: It indicates the water level inside the boiler vessel.

Which the maximum pressure inside it 5 bar.

4) Two Springs Loaded Safety Valves: It prevents increasing the steam pressure
in the boiler to keep boiler from damage. One of them open when the pressure
reaches 4 bar and the second one can be adapted, and it adapted up to 3 bar as

experiment requirements.

5) Temperature Sensors: It indicates the temperature of the steam in the boiler

and in all relevant system.
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The boiler system comprises of feed water system, steam system and fuel system. The feed
water system provides water to the boiler and regulates it automatically to meet the steam demand.
Various valves provide access for maintenance and repair. The steam system collects and controls

the steam produced in the boiler.

Steam is directed through a piping system to the point of use. Throughout the system, steam
pressure is regulated using valves and checked with steam pressure gauges. The fuel system
includes all equipment used to provide fuel to generate the necessary heat. The equipment required
in the fuel system depends on the type of fuel used in the system.

3.3.4 Design Formulas

Mass flow rate exits from the boiler

AV
m=— (3.3.1)
Vr
m
h=— 3.3.2
= ( )
Where

m: Mass of water (kg)
AV:Volume of water (L)
At: Time

v¢: Specific volume of water (m3/kg)

The velocity of steam exits from the boiler

m
p XA

v = (3.3.3)

Where
A: Steam output area (m?)

p: Density of steam
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Mass Balance

Mip —Mpye = My —Myq = —Mg

Where

m;: The volume of water in the boiler before evaporating

m,: The volume of water in the boiler after evaporating

Energy balance

Ein — Eout = AEsystem
Qin — (Me X he) = (M3 X uy) — (My X uy)
Qin = hz — h,

Combining the mass and energy balances gives:
Qi = (my —my)h, + (Myu, — myuy)

The quality determination:

vV
Vy = —
2 m,
U, — Uf
xz =
Vrg

The internal energy determination at the final state

U, = Uf + (xz X ufg)
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Stresses

Referring to the Fig.3.3.3, when the value of the P, = 0 then the stresses in pressurized vessel can
be calculated as the following [5]:

(3.3.11)

(3.3.12)

According to the Fig.3.3.4, the longitudinal stresses exist when the end reactions to the internal
pressure are taken by the pressure vessel itself. This stress is found to be:

(a) Tangential stress {b) Radial stress
distribution distribution

Fig.3.3.4: Distribution of stresses in thick-walled cylinder
subjected to internal pressure.
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2
_T'i XPi

o=
2 42
¢ — 17

Assume o, =0, ,0,. =0, and o) = o3

_ [(oy — 0'2)2 + (0, — 0-3)2 + (0-3 — 0.1)2]1/2

Om 2
Where
o.: The tangential stress (MPa)
o,: The radial stress (MPa)
o): The longitudinal stress (MPa)
P:: The internal pressure (Pa)
P,: The external pressure (Pa)
ro,: The outside radius (m)
r;: The inside radius (m)

Om: Mechanical stress

Thermal stress
6o =a X AT X E

Ototal = Om + Otp

Where

6t Thermal stress

a: The coefficient of thermal expansion
AT: Temperature change (°C)

E: Modulus of elasticity (GPa)
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Factor of safety

7 (3.3.17)

Where

8y: Yield strength

Boiler Insulation

The boiler insulation is very important to reduce heat losses and increase the efficiency of the
boiler. (See Fig 3.3.5)

\

Fig.3.3.5: One dimensional heat flow through multiple cylindrical sections

A
B
c

The heat lose through multiple sections can be calculated as the following:

2ml(Ty — T,) (3.3.18)
1= In(r,/rm) ln(’b/rz) ln(r4/1”3) o
k4 kg ke

Where
k: Thermal conductivity of materials
I: Length of the cylinder (m)

r1,I,: Inside and outside radius (m)
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r3: The outside radius + rockwool thickness (m)

r,: The outside radius + rockwool thickness + stainless steel thickness (m)

3.3.5 Data Analysis

The boiler working pressure P = 3 bar = 300kPa, m; = 2.6 Land m, = 19 L

The properties of the water and steam at 300 kPa from appendix table (A-5) as the following:
ve = 0.001073 m3/kg

ur = 561.11 kJ/kg

ug = 1982.1 kJ /kg

hy = 1982.1 k] /kg

V07
M=y T0.001073° 008

qom_ 06 =0.36 x 103 kg/
M=AtT30 x60s &/3

V0006 o
V2T, T 19 T M/RE

v, —v  0.003 —0.001073

X, = = 0.003

vy 0.6058—0.001073
U = Ug + X, X ugg = 567.05 k] /kg
Ui@100 kpa = 417.9 KJ/kg

Qin — (Mg X he) = (M X Up) — (Mg X Uy)

Q;n = 1898.3 K /kg
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Stresses Calculations

For Pnhax = 4 kPa , thickness of boiler wall t =1.24 mm and the outside diameter D, =
0.16 m and inside diameter D; = 0.1587 m , also the radius of inside and outside are r, = 0.08 m
and D; = 0.0793 m

0.0793% x 4 x 10°
0.082 — 0.07932

il
o= () 5)
(

N————

x[1+ 0.087 = 53.081 MP
007932) ~ > a

_ (0.0793% x 4 x 10° 0082 \ o
or =\ 70.082 - 0.07932 007932)~ a
o = Tiz X Pi

L T} — 1}

_(0.0793% x 4 x 10°
°1=\70.082 — 0.07932

) = 25.4556 MPa

[(01 = 02)* + (02 = 05)° + (05 — 0)°]"/?
Om = 3

[(53.081 + 0.3971)2 + (—0.3971 — 25.4556)? + (25.4556 — 53.081)?]%/2
2

6 =
m = 56.32 MPa

Oip = a X AT X E

From appendix A table A-5

E =207 x 10° Pa

AT = 133.4 — 25 = 108.4°C

From the table 3.1 thermal expansion coefficient for carbon steel « = 10.8 x 107°
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Material Celsius Scale (°C-!)  Fahrenheit Scale (°F!)

Aluminum 23.9(10)°° 13.3(10)°%
Brass, cast 18.7(10)° 10.4(10)°*
Carbon steel 10.8(10)~° 6.0(10)°°
Cast iron 10.6(10)~° 5.9(10)*%
Magnesium 25.2(10y°" 14.0{10)~%
Nickel steel 13.1(10)°° 7.3(10)°°
Stainless steel 17.3(10)° 9.6(10)F
Tungsten 4.3(10)°" 2.4{10)°%

Table 3.1: Thermal expansion coefficients

6ip = 242.339 MPa
Ototal = Om + Otn

61otal = 278.659 MPa

The 1018 (CD) is used as boiler material. Using table A-20

8, = 440 MPa
o)
n=- Y
Ototal
n=1.578

So the boiler is safe to use

Insulation

According to the Fig.3.3.5, the value of each radius is
r; = 0.08 m

r, = 0.08124 m

r; = 0.08124 4+ 0.015 = 0.09624 m

r, = 0.09624 + 0.09724 m
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k, = 45 W/m.K
kg = 0.48 W/m.K
ke = 16 W/m.K
AT = 133.4 — 25
2nl(T, — Ty)

17 n(p/r) | G/ | InGa/r3)
k, ks ke

q = 82.32 Watt

The heat losses from the boiler is q = 82.32 W
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3.4Hand Pump

3.4.1 Introduction

Hand pumps are manually operated pumps, they use human power and mechanical advantage
to move fluids or air from one place to another. They are widely used in every country in the world
for a variety of industrial, marine, irrigation and leisure activities. There are many different types
of hand pump available, mainly operating on a piston, diaphragm or rotary vane principle with a
check valve on the entry and exit ports to the chamber operating in opposing directions. Most hand
pumps have plungers or reciprocating pistons, and are positive displacement.

3.4.2 Working Principle of the Hand Pump

The simple hand pump works by using input and output ports, check valves, cylinder, piston,
seal and handle, see Fig.4.4.1. The working principle of the pump as the following:

1) Suction: The fluid entrance in the pump by input port when the handle move clockwise
(backward), the piston in the intake stroke.

2) Discharge: The fluid exits from the pump by output port when the handle move counter -
clockwise (inward), the piston in the exhaust stroke.

r—INLET PORT
/~OUTLET PORT
" —PISTON
\  rCYUINDER P2

HANDLE—/
f//

CHECK VALVES /4
SUCTION STROKE

DISCHARGE STROKE

Fig.4.4.1: The simple hand pump
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3.4.3 Pump Components

3.4

As shown in the Fig.4.4.1 the components of the simple hand pump, which contains:

1)

2)

3)
4)

5)

Body and Cylinder: The body and cylinder connected with each other by welding.
The diameter of the cylinder is 1.5" and the length of the cylinder is 12cm, the type of
material for the cylinder and body is brass to prevent corrosion.

Piston: The type of material used for the piston is aluminum, the length of the piston
is 5¢cm and the diameter of the piston is less than 1.5" so to maintain the clearance
distance.

Ring: The purpose of using ring is to prevent leakage.

Oneway Valve: The purpose of using oneway valve or (check valve) is to make liquid
passing in on direction and prevents return of fluid. The diameter of the check valve is
0.5".

Lever: The type of the material used is steel. The purpose of using lever is to moving

the piston to make suction and discharge.

4 Design Analysis :

The mass flow rate of the hand pump can be find as the following:

. n 2

Mpump :Zd XN X1 Xu, (3.4.1)

Ho = Hy X Um (3.4.2)
Qq

=— 3.4.3

T,

oy, = TL’L (3.4.1)

a
Where

N: Number of moving lever (suction and dischrage)

d: Piston diameter. (m)
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I: Cylinder length. (m)

U, Overall efficiency

Uy, Volumetric efficiency

Um: Mechanical efficiency
Q¢n: Theoritical flow rate
Qg4: Actual flow rate

Ti: Theoritical tourq

T,: Actual tourq

47



3.5Tube

3.5.1 Introduction

Copper tubing is most often used for supply of hot and cold tap water, and as refrigerant line
in HVAC systems. There are two basic types of copper tubing, soft copper and rigid copper.
Copper tubing is joined using flare connection, compression connection, or solder. Copper offers
a high level of corrosion resistance, but is becoming very costly.

3.5.2 Advantages of Copper Tube

Strong, corrosion resistant, copper tube is the leading choice of modern contractors for
plumbing, heating and cooling installations in all kinds of residential and commercial buildings.
There are seven primary reasons for this [6]:

1) Economical.

The combination of easy handling, forming and joining permits savings in installation time,
material and overall costs. Long term performance and reliability mean fewer callbacks, and that

makes copper the ideal cost-effective tubing material.
2) Lightweight.

Copper tube does not require the heavy thickness of ferrous or threaded pipe of the same
internal diameter. This means copper costs less to transport, handles more easily and, when
installed, takes less space.

3) Formable.

Because copper tube can be bent and formed, it is frequently possible to eliminate elbows and

joints. Smooth bends permit the tube to follow contours and corners of almost any angle.
4) Easy to join.

Copper tube can be joined with capillary fittings. These fittings save material and make
smooth, neat, strong and leak-proof joints. No extra thickness or weight is necessary to compensate

for material removed by threading.

48


http://en.wikipedia.org/wiki/Tap_water
http://en.wikipedia.org/wiki/Refrigerant
http://en.wikipedia.org/wiki/HVAC
http://en.wikipedia.org/wiki/Corrosion_resistance

5) Safe.

Copper tube will not burn or support combustion and decompose to toxic gases. Therefore, it
will not carry fire through floors, walls and ceilings.

6) Resists corrosion.

Excellent resistance to corrosion and scaling assures long, trouble-free service, which means

satisfied customers.

3.5.3 Design Formulas

1) Tank to pump and boiler:

n 2
Vaisp. = 7 X dp® Xl (3.5.1)
N = v (3.5.2)
Vdisp o
vV
Q = ? (3.5.3)
Q=vx4 (3.5.4)
T[ 2
A= 7 X D (3.5.5)
Where

Viisp: Pump volumetric diplacement (1)
dp: Piston pump diameter (m)

|: Strok diameter (m)

N: The required number of moving piston
Q: Flow rate (I/s)

v: Water speed in the tube (m/s)

A: Tube area (m)

D: Tube diameter (m)
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2) Tube between boiler and turbine
m=pXvXxA (3.5.6)
Other equations, listed in last sections.
Where
m: Boiler flow rate (m3/s)
p: Steam density (kg3/m3)

v: Steam speed in tube (m/s)

3.5.4 Design Analysis

1) Tube between the tank, pump and boiler
n 2
Vaisp. = 4 Xdp® X1
The piston diameter = 0.03675 (m) and the stroke length = 0.05 (m)
T
Vaisp. = 7 % (0.03675)% x 0.05 = 0.00053 (m?) = 0.053(1)

Assume the volume of the water used in the boiler = 2.5 (1), the number requires to achive that

volume is:
N = 25 _ 47 ti
~ 0053 /HMes

Assume the time requires to move the piston in one round = 3 (s), so the time requires for

N=47ist=3x47 =141 (s)

_ 20 =0.017 (1) = 0.000017 (m3
Q—141— : = 0. (m?)

Assume the speed of water in tube v =1 (m/s)
0.000017 =1x A

A =0.000017 (m?)
o
0.000017 = 7 x D?

D = 0.005 (m) = 0.204 (in)

The type used is K
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According to table of dimenssion and charactarestics of copper tube K type in appendix A table
2a.

D = 0.305 in the standard size is D = 1/,

2) Between boiler and turbine

The inlet diameter of tube from the boiler to the turbine is standard which is D = 3/16 and
this value obtained from the company that produced the turbine.

51



CHAPTER FOUR

Secondary Components

Contents:

4.1 Pressure Gauge

4.2 RPM Sensor

4.3 Temperature Sensors
4.4 Voltage Indicator

4.5 Ampere Indicator
4.6 Switch

4.7 DC Generator
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4 The Secondary Components

4.1 Pressure Gauge

Pressure gauge or barometer is a device used to measure the pressure of the water, steam, etc.
The pressure gauge used to measure pressure in the boiler pressure range 0 to 10 bar. Also, the
pressure in all relevant system is opened to the atm.

Fig.4.1: Pressure gauge

4.2 RPM Sensor

It used to measure turbine speed and display reading by digital display screen (Tachometer).

Its reading value between 60-9999 rpm.

Fig.4.2: Rpm sensor with digital display séreen
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4.3 Temperature Sensors

Thermocouple J-type sensor in boiler, which require digital indicator. A thermocouple is a
sensor for measuring temperature. It consists of two dissimilar metals, joined together at one end.
When the junction of the two metals is heated or cooled a voltage is produced that can be correlated
back to the temperature. The thermocouple alloys are commonly available as wire.

Technical specification for J-type sensor:

1) Temperature range 0°: to 750° C
2) Alloy combination : +lead (Iron Fe) and —lead( Copper-Nickel Cu-Ni)
3) Standard limits of error above 0°C : greater of 2.2°C or 0.4%

@) (b)

Fig.4.3: a) Digital indicator. b) Thermocouple sensor
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4.4 Voltage Indicator

Voltage indicator is a device that indicates the output volt from the generator by connection

wires.

-

Fig.4.4: Mechanical volt indicator

4.5 Ampere Indicator

Ampere indicator is a device indicates the output ampere from the generator by connection

wires.

Fig.4.5: Mechanical ampere indicator
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4.6 Switch

It used to switch between the temperature sensors, which provides different values by the same

digital indicator.

Fig.4.6: Switch

4.7 DC Generator

Generator is a device that directly convert mechanical energy into electrical energy by
incorporating a miniature permanent-magnet generator. The mechanical input power could be
derived from intermittent movements, which might be associated with the random motion of a
limb. Linear permanent-magnet generators systems which are capable of extracting and storing

energy from both reciprocating and intermittent motion.

The output power of the turbine between 10 -15 watt, the required generator power is near the
power of the turbine but the available one is less than the required type. Its speed approximately
reaches 4500 rpm. The speed reduction between the turbine and generator is 1.5 that achieved by

two pulleys, the turbine pulley is 25 mm and the generator pulley 37.5 mm.
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Fig. 4.7: DC generator

4.8 Lamps

Lamps used to prove the working of cycle by converting the thermal and mechanical power
into electrical power.

Fig 4.8: Lamps
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CHAPTER Five

Experiment Procedure and Results

Contents:

5.1 Purpose of the Experiment
5.2 Components of the System
5.3 Experiment Procedure

5.4 Calculations Result
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5.1 Purpose of the Experiment

The aim of this experiment is to understand the Rankine cycle system with the details of

each component, conduct the experiment and gather data analyze the system with obtained data.

5.2 Components of the System

Fig.5.1 illustrates the whole components of the system. Each component explained in last

chapters

Fig.5.1:Project components

1) Boiler

As shown in the Fig.5.2 the boiler with its components. The boiler contains two relief

valves, one of them open when the pressure reaches 4 bar abs and the other one can be

adapted up to 8 bar.
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Fig.5.2: Boiler

2) Steam Turbine
The steam turbine, shown in the Fig.5.3 which consists the following major components:

1. The housing and base is CNC'd from Aluminum 6061-T6.
2. The turbine blades and nozzle are machined from solid brass.

3. The steam exhaust is 1" copper pipe.
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Fig.5.3:Steam turbine

3) Condenser

The condenser, shown in the Fig.5.4, is counter flow double pipe condenser.

iA

Fig.5.4: Surface and double pipe heat exchanger
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4) Feed Pump

The feed pump, shown in the Fig.5.5, is simple hand pump. It can be work when the boiler

pressure is 1 bar abs.

Fig.5.5: Simple hand pump

5.3 Experiment Procedure
Follow these steps to operate Rankine cycle system:

Fill the boiler with 3 liters of water.

Close the steam admission valve.

Open fuel source.

Increase or decrease the amount of gas as required.

Turn digital screens on, to obtain experiment values.

o ok~ whnhPF

Wait until pressure in the boiler reaches 3 bar. Open the admission valve to drop pressure

to 2 bar then close the valve.

7. Repeat the process above.

8. When pressure reaches 3 bar again, open the valve slowly without decreasing pressure
too much.

9. Write the temperature readings in system components, switch between readings using

switch.
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10. Open the load switch (lamp) and write the output readings
11. Repeat the process for accurate readings.
12. Finish the experiment by close gas valve and open the steam admission valve till the

turbine stops.

5.4 Calculations

In this experiment we calculate the efficiency of the cycle and the relationship between the

volt and RPM. Below shows the data collected :

The lamp resistance is 1 ohm

Pressure
Tsat, actud Ty T, T; T, Tin Volt Rpm Water
(bar flow rate
°C) gaL)Jg °C) °C) (°C) (°C) (°C) (v) (1/min)
e
133. 9 131 96 41 58 23 2. 23 19
6 .8 3 .8 9 | 02 84 '
133. 5 131 96 42 60 22 1. 15 19
6 .8 A 1 1 9 05 12 '
138. 137 97 43 36 3. 36
6 2:5 .5 2 1 9 23 87 47 12
138. 137 97 42 62 2. 28
6 2:5 .6 2 9 T 23 1 13 12
140. 57 141 96 41 68 39 2. 27 3
6 ' 4 .8 2 1 v 51 12
143. 142 43 71 42 1. 19
6 3 .8 % 3 2 4 45 32 3

Where

T;: Steam temperature in the boiler
T,: Temperature after turbine

T;: Condensed steam temperature
T,: Temperature out from condenser

Ti,: Temperature of water enters to the condenser
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According to saturated steam tables and using interpolations, we obtain the following data:
where h; = h¢g 1 par = 417.51 (K] /kg)

g)gfzzﬁge‘; h, h, hs h, (kJ/kg)
2 4175 419.59 1426.9 1318.26
2 417.5 419.59 1426.9 1316.38
25 417.5 420.11 1442.69 1326.75
25 417.5 420.11 1442.69 1326.75
2.7 417.5 420.32 1449.006 1322.98
3 4175 420.63 1458.48 1334.30
s s in Wout Qout I Hevae ()
2 1007.3 108.6 900 108.63 10.7
2 1007.3 1105 88 110.52 10.9
2.5 1022.5 115.9 909. 115.93 11.3
2.5 1022.5 115.9 909 115.93 11.3
2.7 1028.6 126.02 905 126.02 12.2
3 1037.8 124.1 916 124.17 11.9
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CHAPTER SIX

CONCLUSIONS RECOMMENDATIONS AND
PROBLEMS

Contents:

6.1 Conclusions

6.2 Recommendations

6.3 Problems
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6.1 Conclusion

The efficiency of the cycle is approximately 10% and this efficiency is low because the
losses in the system components, the working pressures are low which approximately 2 bar and
this cycle is basic not improved cycle.

6.2 Recommendations

1. This project is a prototype. Which simulates the large stations and contains the basic
components. The basic cycle effects on the efficiency of cycle, so we recommend
that the efficiency can be increase by using one of improvement ways:

a. Reheat cycle.

b. Regenerative cycle.

2. Not available gas flow meter makes problem with boiler calculations, so we

recommend to use gas flow meter.

6.3 Problems

The problem with this project is affected by environmental conditions because the project

is small prototype and the percent of error in sensors reading.

66



67



References

[1] M. A. B. Yunus A. Cengel, Thermodynamics: An Engineering Approach, McGraw-Hill.

[2] E. RATHAKRISHNAN, FUNDAMENTALS OF ENGINEERING THERMODYNAMICS, PHI Learning Pvt. Ltd,
2005.

[3] R. K. Rajput, Thermal Engineering, Laxmi Publications, 2010.

[4] J.P.Holman, Heat Transfer, McGraw-Hill International Edition.

[5] J. E. Shigley, Shigley's Mechanical Engineering Design, McGraw-Hill Education Pvt Limited, 2011.

[6] [Online]. Available: http://www.copper.org/publications/pub_list/pdf/copper_tube_handbook.pdf.

68



Appendix

892 | Thermodynamics

TABLE A-5

Saturated water—Pressure fable

Specific wolume, Internal energy, Enthalpy, Entropy,
mkg kdikg kkg klikg - K
Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat.
Press..  temp., liguid, vapar, liguid, Ewap., wapor, liquid, Evap., wvapor, liquid, Ewvap., wapar,
FkPa T,"C v Ve b, Ly Uy h, fig hg 5 Sg S
1.0 6.97 0.001000 129.19 25302 23552 23845 29.303 24844 2513.7 0.1059% B.B&90D B.9749

1.5 1302 0001001 87.964 54686 23381 23928 B4 6BE 24701 25247 0.1956 EB.B314 BEZTD
20 1750 0.001001 66.990 73.431 23255 23989 73.433 24595 25329 02606 B4621 B.7227
25 21.08 0001002 54.242 BEBE.422 23154 2403 B  BE424 24510 25394 03118 B.3302 EBE4Z1
30 2408 0001003 45654 100.98 23069 24079 10098 24439 25448 03543 B.2222 B5765

4.0 28.96 0.001004 34.791 121.39 2293.1 24145 121.39 24323 2553.7 04224 B.0510 BA4734
5.0 3287 0001005 28.185 137.75 22821 24198 13775 24230 2560.7 04762 7.9176 B.3938
7.5 40.2% 0.001008 19.233 168.74 2261.1 24298 168.75 240532 25740 05763 7.6738 B.2501

10 4581 0001010 14.670 191.79 22454 24372 19181 23921 25839 06492 7499 E.148R
15 5397 0001014 10.020 22593 22221 24480 22594 23723 25983 0.7549 7.2522 B.0071
20 60.06 0.001017 7.6481 25140 22046 24560 25142 23575 26089 08320 7.0752 7.9073
25 6496 0001020 6.2034 27193 21904 24624 27196 23455 2617.5 08932 69370 7.8302
an 69.09 0.001022 5.2287 28924 21785 24677 28927 23353 26246 09441 6.8B234 T.7675
a0 7586 0001026 39933 31758 21688 24763 317.62 23184 26361 1.026]1 66430 7.6691
50 81.32 0001030 3.2403 34049 21427 24832 34054 23047 26452 1.0912 6.5019 7.5931
75 9176 0001037 22172 38436 2111.8 24956.1 3B4.44 22730 26624 1.2132 6.2426 74558
100 9961 0.001043 1.6941 41740 20882 25056 41751 22575 26750 13028 6.0562 7T.3589

101.325 99.97 0.001043 1.6734 41895 2087.0 2506.0 419.06 22565 26756 1.2069 6.0476 7.2545
125 105597 0.001048  1.3750 44423 Z206B.E 25130 44436 22406 26849 13741 59100 7.2B41
150 111.35 0.001053 1.1594 46697 20523 25192 467.13 22260 2693.1 1.4337 57894 7.2231

175 116.04 0.001057 1.0037 48682 2037.7 25245 487.01 22131 27002 1.4850 5.8865 7.1716
200 120.21 0.001061 O.BERYE G04.50 20246 285291 650471 22016 27063 15302 55968 7.1270
225 12397 0.001064 0.79329 52047 20127 25332 520.71 2191.0 2711.7 1.5F0& B5.5171 7.0B77
280 127.41 0.001067 O.71873 53508 2001.B 28368 53535 21812 27165 16072 54453 7T.0525
275 130.58 0.001070 0.65732 548.57 19916 2540.1 54886 21720 27209 1.6408 53800 7.0207

300 13352 0.001073 060582 561.11 19821 25432 56143 21635 27249 16717 53200 65917
325 136.27 0.00107&6 0.56199 G7284 19731 285459 57319 21554 27286 1.7005 52645 6.9650
350 138.86 0.001079 0.52422 58389 19646 25435 5B4.26 2147.7 27320 1.7274 52128 65402
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Table A-20

Determinisiic ASTM Minimum Tensile and Yield Sirengths for Some HotRolled [HR) and Cold-Drawn [CD) Steels
[The srangths lisied are estimated ASTM minimum values in the size range 18 1o 32 mm (3 o 15 in). These
stiengths are suilable for use with the design facior defined in Sec. 1-10, provided the maierials conform o
ASTM Ad or AS6B requirements or are required in the purchase specifications. Remember that @ numbering
system is not a specification.]  Sowce 1986 SAE Handbook, p. 2.15.

2 3 4 5 [+ ] T B
Tensile Yield
SAE and/or Proces- Strength, Strength, Elongafionin Reductionin  Brinell
UNS No.  AlSI Na. sing MPa (kpsi) MPa (kpsi) 2 in, % Area, %  Hardness
100460 1006 HR 300 [43) 170 [24) 30 55 B&
C 330 [48) 280 [41) 20 45 5
G10100 1010 HR 320 [47) 180 [24) 28 50 5
C 370 (53) 300 [44) 20 40 105
10150 1015 HR 340 [50) 190 [27.5] 28 50 101
C 390 (58] 320 (47) 18 40 111
10180 1018 HR A00 [58) 220 (32) 25 50 116
C A40 [H4) 370 [54) 15 40 126
(10200 1020 HR 380 [53) 210 [30) 25 50 111
C A7D [68) 390 |57) 15 40 131
(10300 1030 HR 470 [68) 260 [37.5] 20 42 137
C 520 [76) 440 [64) 12 35 149
10350 1035 HR 530 [72) 270 [39.5] 18 40 143
C 550 (80) 460 [67) 12 35 163
G10400 1040 HR 530 (76) 200 [42) 18 40 149
C 590 [85) 490 [71) 12 35 170
10450 1045 HR 570 [82) 310 [45) 1& 40 163
C 630 191) 530 [77) 12 35 179
10500 1050 HR 620 [90) 340 [49.5] 15 35 179
C 490 (100] 580 [84) 10 30 197
10600 1060 HR &80 [98) 370 [54) 12 30 201
10800 1080 HR FFO N1 420 [&1.5] 1 25 229
G10550 1085 HR 820 (120 A&0 &) 1 25 248
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Table A-20

Deterministic ASTM Minimum Tensile and Yield Strengths for Some Hot-Rolled (HR) and Cold-Drawn (CD) Steels
[The strengths listed are estimated ASTM minimum values in the size range 18 to 32 mm (% to 14l in). These
strengths are suitable for use with the design factor defined in Sec. 1-10, provided the materials conform to ASTM

A6 or A568 requirements or are required in the purchase specifications. Remember that a numbering system is not a
specification.]  Source: 1986 SAE Handbook, p. 2.15.

2 3 4 5 [ 7 8
Tensile Yield
SAE and/or Process- Strength, Strength, Elongation in Reduction in  Brinell
UNS No.  AlSI No. ing MPa [kpsi) MPa (kpsi) 2in, % Area, % Hardness
G10060 1006 HR 300 (43) 170 (24) 30 55 86
CD 330 (48) 280 (41) 20 45 95
G10100 1010 HR 320 (47) 180 (26) 28 50 95
CD 370 (53) 300 (44) 20 40 105
G10150 1015 HR 340 (500 190 (27.5) 28 50 101
CD 390 (56) 320 (47) 18 40 111
G10180 1018 HR 400 (58) 220 (32) 25 50 116
CD 440 (64) 370 (54) 15 40 126
G10200 1020 HR 38D (35) 210 (30) 25 50 111
cD 470 (68) 390 (57) 15 40 131
G10300 1030 HR 470 (68) 260 (37.5) 20 42 137
cD 520 (76) 440 (64) 12 15 149
G10350 1035 HR 500 (72) 270 (39.5) 18 40 143
cD 550 (80) 460 (67) 12 15 163
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